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Abstract Ice-nucleating particles (INPs) play a key role in ice formation and cloud microphysics and thus
significantly impact the water cycle and the climate. However, our understanding of atmospheric INPs,
particularly their sources, emissions, and spatiotemporal variability, is incomplete. While the enhancement of
atmospheric INP concentrations with rainfall has been previously shown, a mechanistic understanding of the
process is lacking. Here, we link detailed precipitation observations with near-surface atmospheric INP
concentrations at a semiarid grassland site in Colorado. Considering the during-precipitation air samples, INP
concentrations positively correlate with cumulative rainfall kinetic energy and amount, suggesting that INP
aerosolization is induced by raindrop and hailstone impact. By additionally analyzing the INP content of
precipitation water, terrestrial source samples, and heat-treated samples, we demonstrate that local plants are the
most plausible source of rain-induced INPs during a precipitation event. Should INPs aerosolized by
precipitation rise to cloud height, they could influence cloud ice fraction and initiate precipitation resulting in an
aerosol-cloud-precipitation feedback.

Plain Language Summary Ice-nucleating particles (INPs) are natural particles released from the
land surface that play a key role in ice formation in clouds, the initiation step for the formation of precipitation in
many clouds and a factor in how clouds warm or cool the atmosphere through scattering and absorbing solar and
terrestrial radiation. Previously, unusual enhancement of atmospheric INP concentrations has been associated
with rainfall, but a mechanistic understanding of the process has not been confirmed. Using detailed
observations of precipitation and near-surface atmospheric INP concentrations, INP concentrations during
rainfall are found to correlate with cumulative rainfall kinetic energy and amount, suggesting that INP
aerosolization is induced by raindrop and hailstone impact. By additionally analyzing the INP contents of
precipitation water and terrestrial source samples, and their thermal stability, it is demonstrated that local plant
surfaces are the most important source of rain-induced INPs during a precipitation event. While this study
occurred at a semiarid grassland site in Colorado, USA, it can be expected to be active in any ecosystem. INPs
aerosolized by precipitation that reach cloud heights could affect how precipitation develops. Results provide a
potential mechanistic link for implementation in numerical models to study land-atmosphere-precipitation
interactions.

1. Introduction

After finding a bacterium in an ice crystal residue, Soulage suggested as early as 1957 that biological ice-
nucleating particles (INPs) are involved in the freezing of cloud droplets (Soulage, 1957). Three decades later,
the pioneering concept now known as the “bioprecipitation cycle” was introduced (Morris et al., 2014; Sands
et al., 1982), in which rainfall serves as a mechanism to aerosolize biological INPs that can rise to cloud height
where they can initiate rain. This hypothesis was supported by the identification of the potential plant pathogen,
Pseudomonas syringae, strains of which have an ice nucleation-active protein located in the outer cell membrane
(Wolber et al., 1986). These strains are more abundant on plants after intense rainfall (Hirano et al., 1996) and
have the ability to freeze water droplets at unusually warm temperatures, with the warmest value reported being
—1.2°C (Lindow et al., 1989). Meanwhile, a variety of biological INPs with different freezing mechanisms and
activation temperatures originating from surfaces such as soils, plants, and waters have been identified (Huang
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et al., 2021). Biological INPs tend to have a greater freezing efficiency at temperatures warmer than —15°C than
mineral INPs (Murray et al., 2012). While they maybe present in small number concentrations in clouds, their
activation leads to the formation of ice crystals, which can multiply (Korolev & Leisner, 2020) and are a pre-
requisite for a large fraction of precipitation globally (Miilmenstidt et al., 2015). This underlines the need for
increased observation of biological INPs (Burrows et al., 2022; DeMott & Prenni, 2010).

Based on recent evidence, INPs active at temperatures >—20°C (warm-temperature INPs) are predominantly
biological aerosol particles (Cornwell et al., 2023; Pereira Freitas et al., 2023). Therefore, their abundance cannot
be expected to be strongly related to the number concentrations of the general aerosol population (DeMott
et al., 2010; Mignani et al., 2021; Testa et al., 2021; Tobo et al., 2013). Atmospheric warm-temperature INP
concentrations vary substantially and are enhanced during rainfall. Some of the earliest evidence of increased INP
concentrations associated with precipitation events was observed in Australia, Japan, the United States, and
Canada (Bigg, 1958; Isaac & Douglas, 1973; Isono & Tanaka, 1966; Ryan & Scott, 1969). Investigations con-
ducted during summertime in a Colorado pine forest further advanced the understanding of the INP enhancement
associated with rainfall by showing concurrent increases of bioaerosol particles (Huffman et al., 2013; Prenni
et al., 2013; Tobo et al., 2013) by using high-temporal-resolution online INP measurements, fluorescence
detection, and microscopy techniques. In addition, the enhancement of INPs with precipitation has been reported
for different seasons and various regions using drop freezing methods (Conen et al., 2017; Gong et al., 2022; Hara
et al., 2016; Mignani et al., 2021; Testa et al., 2021). Some of these studies distinguished between periods with
rain and no rain at the observation site (Huffman et al., 2013; Testa et al., 2021; Tobo et al., 2013) have included
precipitation history along sampled air masses (Gong et al., 2022; Mignani et al., 2021), or considered local
rainfall intensity (Conen et al., 2017; Hara et al., 2016; Isaac & Douglas, 1973; Isono & Tanaka, 1966; Prenni
etal., 2013; Testa et al., 2021). Schneider et al. (2021) observed rain-induced increases in INP concentrations only
during two of the strongest precipitation events (i.e., roughly 0.6 mm) in June and September in a boreal forest in
Finland. The “rain-induced enhancement of INP concentrations may have been missed” because of longer
sampling times (i.e., 24—144 hr) according to the authors.

Aerosol particles can be emitted through the impact of raindrops, in addition to wind dispersal and active emission
processes (Frohlich-Nowoisky et al., 2016). Aerosolization via raindrop impact has been observed from both
plant leaves and soils under laboratory settings using high-speed imaging techniques (Gilet & Bourouiba, 2014;
Joung et al., 2017; Kim et al., 2019; Nath et al., 2019). This mechanism depends on, among other factors, the
microphysics of precipitation (i.e., the physical properties of raindrops). However, a causal mathematical rela-
tionship between precipitation parameters and the emission of INPs has not been established. Today, precipitation
measurements characterizing ground-based precipitation microphysics are available, using laser-based in-
struments like a particle size and velocity (Parsivel) disdrometer (Loffler-Mang & Joss, 2000). Such techniques
have already been applied in studies where understanding, representing, or predicting rainfall parameters is of
interest, such as in atmospheric and soil erosion sciences (Dolan et al., 2018; Wilken et al., 2018). Quantifying the
relationship between rainfall and INPs could facilitate the inclusion of rainfall as a driver of INPs in numerical
models, which typically use only aerosol particle-dependent INP parameterizations to date (Burrows et al., 2022).
As the probability of heavy precipitation increases due to climate change (Fischer & Knutti, 2016), it is partic-
ularly interesting to better understand and represent the interplay between aerosol particles, clouds, and
precipitation.

Here, we have collected samples at a northern Colorado semiarid grassland site during two spring periods over
several weeks and 15 precipitation events. We have collected high-volume filter samples (n = 66) at approxi-
mately 1.5 m above ground with high temporal resolution, focusing on sampling before, during, and after pre-
cipitation. Our primary goal was to investigate INP concentrations across precipitation events. We analyzed the
relationship between INP concentrations and detailed precipitation characteristics leveraging disdrometer ob-
servations. In addition, we assessed potential sources of rain-induced atmospheric INPs by analyzing precipi-
tation water (n = 15) and terrestrial source (n = 3) samples. We provide new, fundamental insights into factors
affecting INP variability near the Earth's surface for continental, temperate, semiarid grassland environments,
although we expect that these findings can be translated to better understand atmospheric INPs over other
ecosystems.
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Figure 1. Sampling site overview. (a) Geographical location of the sampling site (black star) and average total precipitation
(mm) for the month of June (1970-2000) for the USA (Fick & Hijmans, 2017). Sampling site in June 2022 (b) and June 2023
(c). SASS® 3100 sampler with a precipitation shield on a tripod (d). Note that the instruments are in the same location in
2022 and 2023.

2. Materials and Methods

We present observations collected within the Central Plains Experimental Range (CPER) near Nunn, Colorado,
USA, during late May-late June in both 2022 and 2023. The CPER, administered by the U.S. Department of
Agriculture, is located in the intermittently grazed shortgrass prairie of the North American Great Plains and is in
the rain shadow of the Rocky Mountains, with an average historical (1970-2000) June total precipitation of about
54 mm, as depicted in Figure l1a. Sampling took place during the BioAerosols and Convective Storms (BACS)
and the Biology Integration Institute: Regional OneHealth Aerobiome Discovery Network (BROADN) field
campaigns and was coordinated with the National Ecological Observing Network (NEON), which operates a site
within CPER. The data collection occurred during two consecutive spring periods that produced very different
amounts of precipitation. In June 2022, total precipitation was only 12 mm, while in June 2023, it reached
125 mm, as indicated by monthly U.S. Climate Reference Network (USCRN) data from a monitoring station near
Nunn, CO, situated 1.9 km east of the sampling site (from now on referred to as nearby USCRN station; Diamond
et al., 2013). This substantial interannual variation in precipitation had profound effects on vegetation cover at
CPER and in its surrounding area (see comparison of 28 June 2022 and 2023 of the MODIS Corrected
Reflectance product here: https://go.nasa.gov/456uTXZ, last access: 26 September 2024). In 2022, the landscape
consisted mainly of bare soil, dry grasses, and a minimal new growth on perennial small shrubs and cacti, whereas
in 2023, it was green, mainly due to lush growth of grasses, and larger and more verdant shrub canopies
(Figures 1b and 1c). Notably, in a statistical analysis of daily rainfall time series (Morris et al., 2017; Soubeyrand
et al., 2014) characterizing rainfall feedbacks of nearly 3,000 sites in the USA, the CPER area was identified as
having a positive rainfall feedback (see http://w3.avignon.inra.fr/rainfallfeedback/, last access: 26 September
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2024); a positive rainfall feedback was characterized as a precipitation event followed by a higher frequency of
subsequent rain events over 20 days than expected on average and is indicative of a self-sustaining nature of wet
periods at a site, or vice versa.

2.1. Sampling Descriptions

Sampling occurred at ground level in a native landscape (40.810°N, 104.778°W; 1,660 m above sea level,
Figure 1) in close proximity to the Semi-arid Grassland Research Center (SGRC), jointly operated by Colorado
State University and the U. S. Department of Agriculture. We sampled aerosol particles, precipitation, and other
potential terrestrial INP sources (i.e., soil, surface water and leaf water).

Aerosol particles were collected on filters with samplers that were mounted on tripods at 1-2 m above ground, and
included stainless steel precipitation shields. We used a SASS® 3100 sampler (Research International) operating
at 300 L min~! and associated removable 44-mm bioaerosol electret filters (here referred to as SASS filters;
product number: 7100-134-232-01; Figure 1d). In 2023, the SASS filters were sterilized with ethylene oxide
before use, a step that did not change the background INP levels of field blanks (Figure S1 in Supporting In-
formation S1). The collection efficiencies of these SASS filters are >50%, >70%, and >90% for particles of about
0.4 pm, 0.8 pm, and 2.5 pm in size, respectively (internal report by Research International). The SASS sampler
was deployed with the filter inlet facing upward and the air outlet oriented so that the air blew in a similar direction
as the prevailing wind. The SASS filters were collected over an average period of 2.6 hr and a standard deviation
of 1.6 hr, with a minimum of 26 min and a maximum of 9 hr (Table S1 in Supporting Information S1). They were
removed in the field using sterile, disposable forceps (TWD Scientific) and stored in sterile Petri dishes (Pall
Corporation), sealed with Parafilm®, and wrapped in aluminum foil. To ensure sterile fieldwork, we decon-
taminated surfaces, such as the filter holder and the gloves, with DNA AWAY® Surface Decontaminant (Mo-
lecular BioProducts) before use, positioned ourselves downwind of the samples during filter changes, and started
the sampler running with a 15-s delay. In addition, polycarbonate (PC) filter samples were collected at the same
location in 2022 using single-use open-face sterile plastic filter units (Nalgene, Waltham) with precleaned 0.2-pm
pore size, 47-mm Nuclepore PC filters (Whatman, GE Healthcare) as done previously (Beall et al., 2021; Testa
etal., 2021). For the PC filter collection, we used a vacuum pump (Model 2688CE44, Thomas) with a mean flow
rate of approximately 14 L min™" at standard temperature and pressure (STP, i.e., 0°C and 1,013.25 mbar). Mean
flow was calculated based on measurements at the beginning and the end of sampling using a flow meter (5,200
series, TSI). All particle sizes are expected to be collected with 100% efficiency on the PC filters except those
between 0.02 and 0.2 pm in diameter, a size window for which the collection efficiency drops to a minimum value
of about 70% for 0.1 pm-particles (Spurny & Lodge, 1972). The PC filters were removed in a portable laminar
flow hood using cleaned plastic forceps (Fine Science Tools) and stored in sterile Petri dishes (Pall Corporation).
The collection of PC filter samples was done concurrently with sampling of representative SASS filter samples.
The use of SASS filters for determination of INP concentrations was validated against the well-established
method using PC filters, with findings shown in Figure S2 in Supporting Information S1. We found that the
results of the two filter types were in agreement across the analyzed temperature spectrum. The PC filters
generally showed slightly higher INP values than colocated SASS filters for coinciding time windows, but the
differences were within a factor of five or less. This could be due to the PC filters collecting all particle sizes more
efficiently than SASS filters. Overall though, the results of the SASS filters match those of the PC filters quite
well across a wide dynamic concentration and temperature range. We therefore expect our results to be inde-
pendent of the filter type. Notably, Figure S2 in Supporting Information S1 is the only one that includes results
from PC filters; therefore, air or filter samples in this work refer to SASS filter samples.

Rain, including occasional hail, was collected during each precipitation event (i.e., precipitation event defined in
Section 2.4 (Sampling strategy [...]), see Table S1 in Supporting Information S1). Prior to the occurrence of
precipitation, large disposable plastic bags (Ziploc® Big Bag XL, individually repacked) were freshly opened and
carefully inserted, while wearing gloves and sleeves, into the sample container of the atmospheric deposition
sampler (ADS 00-120, N-CON Systems) with a collection container of 29 cm in diameter. The sampler auto-
matically opened and closed when precipitation was detected by a sensor in the device. Shortly after precipitation
fell, the precipitation water (rain or rain and melted hail stones) was transferred for storage, weighed, and frozen.
On average, 148 mL of water per precipitation sample were collected, with a minimum of 11 mL and a maximum
of 588 mL. For INP measurements, we filled a sterile 50-mL polypropylene Corning® centrifuge tube (hereafter a
50-mL tube) with precipitation water, sealed it with Parafilm, and wrapped it in aluminum foil.
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In 2022, one topsoil sample was collected from a representative soil cover (i.e., a mixture of bare soil, grass,
shrubs, and cacti). Soil from three different, proximate spots was scraped from the surface (0—1 cm) and placed
into a 50-mL tube. In 2023, surface water was collected from various ponds formed after precipitation using
20-mL syringes and transferred to 50-mL tubes. Additionally, we collected one plant leaf water sample during
light rain from Artemisia frigida (or prairie sagebrush). This drought-tolerant shrub, common at the site, has
green gray linear leaves about 1.5 cm in length covered with silky white hairs. Raindrops adhering to the
hydrophobic plant were sampled individually with a 20-mL syringe until a total of approximately 5 mL of
water was collected. Then, the water was poured into 50-mL tubes. After sampling, all samples were
immediately stored at —20°C until processing.

2.2. Immersion Freezing Ice-Nucleating Particle (INP) Measurements

The INP concentrations for our samples were determined using the Colorado State University ice spectrometer
(IS) (Demott et al., 2018). The IS analyzes liquid suspensions for immersion freezing across subzero tempera-
tures, typically down to approximately —29°C. INP estimates were derived using a well-established protocol
(Barry, Hill, Levin, et al., 2021; Testa et al., 2021), with minor adaptations tailored for SASS filter analysis, which
was applied for INP measurements for the first time in this study. In the laboratory, we strictly followed the clean
working methods described by Barry, Hill, Jentzsch, et al. (2021), which included processing samples in a laminar
flow hood. To resuspend aerosol particles from the SASS filters, we first quartered the filters using scissors (Fine
Science Tools), which were rinsed with deionized water (DI), decontaminated with DNA AWAY® Surface
Decontaminant, and left to dry within the laminar flow hood before use. We then placed one-three filter quarters
into cleaned 50-mL tubes and added 6-8 mL of DI, which was filtered through 0.1-um syringe filters (Puradisc,
Whatman, GE Healthcare). The tubes were then subjected to seven 10-s swirling cycles using a vortex mixer
(Thermo Scientific) set at 3,000 revolutions per minute (RPM). The same was done for PC filters, except that the
whole filters were used for suspensions, and the tubes were tumbled for 20 min (instead of vortexing) using a
previously described method (Barry, Hill, Levin, et al., 2021; Testa et al., 2021). Precipitation water samples, as
well as samples of surface water and leaf water, were melted at room temperature while tumbled with the rotator
at roughly 5 RPM. Typically, four serial dilutions were prepared from the undiluted sample in 11-fold steps, and
the suspensions of usually 32 aliquots of 50 pL were dispensed into polymerase chain reaction (PCR) plates
(OPTIMUM® uLTRA brand, Life Science Products). Note that for each sample, the DI used for the suspension
was also analyzed and used as background. The soil suspension was prepared by combining 5 g of thoroughly
mixed thawed soil sample with DI to reach a final volume of 20 mL. The mixture was then gently tumbled for
20 min. Subsequently, 3 mL of this suspension were diluted to a total volume of 30 mL. This resulting suspension
was used for distribution into PCR plates for IS measurements as well as four serial 20-fold dilutions.

The filled PCR plates were placed in aluminum blocks in the IS at room temperature and then were continuously
cooled at 0.33°C min~"'. Freezing of the wells was determined optically in 0.1-0.5-degree steps from periodically
taken images, which were automatically analyzed using custom-written LabVIEW code (Perkins et al., 2020) and
manually checked for accuracy. Some unrecognized freezing events, which occurred particularly at high tem-
peratures (typically above —10°C) had to be detected and added manually. Cumulative INP concentrations per
unit liquid of the sample were calculated using the Vali equation (Equation 13 in Vali, 1971), and then converted
to our chosen unit volume. To standardize the INP concentration, both aerosol and precipitation water samples
were converted to units per standard liter of air. For SASS filters, this involved determining the collected volume
at STP using the temperature and pressure measured at a nearby weather station averaged over each filter
collection period (as specified in Section 2.3 (Precipitation measurements [...])). For precipitation water samples,
0.4 g of cloud water per 1000 L of air were assumed as in Petters and Wright (2015). The uncertainty in this
estimate was stated as a factor of two on the basis of the range of cloud water contents associated with precip-
itating clouds (Petters & Wright, 2015), although the appropriate value of cloud water content related to pre-
cipitation from convective clouds at this site is not known.

For selected samples, we conducted several analyses to determine the characteristics of INPs. Initially, the
suspended sample was diluted by a factor of two. Subsequently, 2 mL of the diluted sample were subjected to two
treatments to investigate INP characteristics: heat treatments or hydrogen peroxide (H,O,) digestion. The sus-
pension underwent heat treatment for 20 min, following the method outlined in Hill et al. (2016), to test for heat
sensitivity. Here, this included exposure to two different temperatures: 50°C and 95°C. Furthermore, we con-
ducted an H,0, digestion using a 10% H,0O, suspension, and including heating to 95°C and exposure to UV-B
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light, as described in detail in Suski et al. (2018). The INPs that withstand the H,O, digestion provide an estimate
of the inorganic INPs (i.e., of mineral origin), while those eliminated provide an estimate of organic INPs. Note
that organic INPs are often subdivided into heat-labile biological and other organic INPs based on wet heating
above 90°C (Hill et al., 2016; Knopf et al., 2021; Suski et al., 2018), because different organic INPs exhibit
varying levels of temperature tolerance before losing their ice-nucleating ability. Because we determined heat
sensitivity at two temperatures, we refer to specific temperature-dependent heat-labile INPs (i.e., 50°C heat- and
95°C heat-labile INPs). As summarized in a table in Conen et al. (2022), certain INPs derived from bacteria or
fungi are considered heat-labile at low heat (i.e., <60°C). Conversely, INPs from pollen or lignin display
remarkable heat resistance, remaining functional even at temperatures as high as 95°C, and organic INPs obtained
from soils and decaying leaves generally withstand low heat but experience a significant reduction in ice-
nucleating activity >—15°C when exposed to temperatures close to boiling.

Background INP concentrations of SASS filters and precipitation bags were determined by collecting background
samples in the field, using the same handling and analyzing procedure as for the samples. The only difference is
that, for background air sampling, we placed a filter on the sampler holder for a few seconds without pulling air
through it, and for background precipitation sampling, we inserted a plastic bag into the bucket of the deposition
sampler and poured ultrapure water (nuclease-free water, Sigma-Aldrich) into it. For INPs active at —27°C, field
blank SASS filters contained less than 10,000 INPs per filter, whereas a field blank plastic bag contained less than
100 INPs per bag (Figure S1 in Supporting Information S1), the latter being comparable to values reported for
other plastic bags (Barry, Hill, Jentzsch, et al., 2021). Because background values accounted for only a smaller
percentage of the INPs per sampling unit (i.e., filter or bag) than those of the respective samples, they were
considered negligible.

For this study, a total of 66 SASS filter samples, 6 PC filter samples, 15 precipitation water samples, 3 terrestrial
source samples (soil, surface water, and leaf water), 5 background SASS filters, and 1 precipitation blank were
analyzed for INP measurements via immersion freezing using the IS.

2.3. Precipitation Measurements, Other Meteorological Parameters, and Weather Forecasts

The cumulative precipitation amount (or total precipitation, sumP) was calculated by dividing the total precip-
itation water volume collected with the deposition sampler by its horizontal area. We used a bag inside the
sampling container (to collect the precipitation water for further analysis, see Section 2.1 (Sampling descriptions))
and thus a diameter of 28 cm, accounting for the container's diameter and a 1-cm diameter loss due to imperfect
bag fitting. During the 2023 campaign, we expanded these precipitation measurements by deploying an OTT
Parsivel® disdrometer (OTT HydroMet). This laser-based instrument detects falling hydrometeors, categorizing
them into 32 size and velocity classes. A detailed description of this instrument can be found in the literature (e.g.,
Loffler-Mang & Joss, 2000; Tokay et al., 2014) or in the user manual (OTT HydroMet, 2017). The disdrometer
was positioned a few meters from the atmospheric samplers, at a laser height of approximately 1.5 m above the
ground. It operated continuously, collecting data at 30-s intervals, with occasional interruptions due to a defective
RS-485/USB interface converter. The manufacturer's postprocessing software provided 30-s resolved precipi-
tation microphysical parameters derived from the raw data (i.e., velocity and size bins of hydrometeors), such as
precipitation amount (P), precipitation intensity (PI), kinetic energy (KE), number of hydrometeors (N), and the
type of precipitation via weather code. We worked with the software output and determined the sum, mean, or
maximum of selected precipitation parameters for relevant time windows that coincided with the air sampling.
Note that KE is the KE of all the hydrometeors per measuring area and per time interval, and the cumulative KE
(sumKE) is the sum of the 30-s resolved KE values over the air sampling period.

In addition, we computed the sumP (sum of total precipitation over the air sampling periods) using five-minute
resolved observations of precipitation obtained from a weighing bucket gauge, obtained from the nearby USCRN
station (Diamond et al., 2013). The sumP determined using the deposition sampler closely matched those
calculated using the disdrometer (Figure S3a in Supporting Information S1), affirming the reliability of both
measurement approaches. Nevertheless, it is important to note that the disdrometer has a higher sensitivity when
measuring lower amounts of precipitation. In six sampling time windows where precipitation was captured by the
disdrometer, we were unable to determine precipitation amount with the deposition sampler. The lowest sumP
was 0.001 mm using the disdrometer whereas it was 0.18 mm from the deposition sampler. When comparing
sumP measured at the sampling site with data from the nearby USCRN station (for the same time windows), there
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were noticeable differences (Figure S3b in Supporting Information S1). This inconsistency can most likely be
attributed to the often convective, and thus highly spatially and temporally variable, nature of the raining storms
observed during our study (see Krajewski et al., 2003). Hence, we only relied on precipitation measurements
conducted at the sampling site.

In addition, one-minute mean values of air temperature and pressure were retrieved from the NEON measurement
tower (Metzget et al., 2019), located 2.7 km east of the sampling site. Mean values were calculated over the filter
sampling time windows and were used to calculate cumulative INP concentrations for SASS filters expressed in
standard liters of air.

Some members of the BACS team provided site-specific weather forecasts each morning. Forecasts were based
on radiosonde data and numerical weather predictions from multiple models. These forecasts helped to decide
whether sampling would be carried out on a particular day. The start and stop times for air and precipitation
sampling (Table S1 in Supporting Information S1) were determined throughout the day, guided by frequent on-
site weather observations and real-time radar images obtained through the use of RadarScope® (DNT), a weather
radar visualization application.

2.4. Sampling Strategy and Definitions of Precipitation Events and Samples

Our sampling strategy was to collect samples before, during, and after storms, defined here as precipitation events
(Table S1 in Supporting Information S1). Due to this sampling strategy, samples were primarily taken on days
with an unstable atmosphere and convection. When precipitation fell, it often originated from convective storms
that passed the site in the afternoon or evening. A precipitation event ideally includes three air samples: a pre-
precipitation sample, a during-precipitation sample, and a postprecipitation sample, along with one precipitation
water sample. We defined an air sample as one during precipitation when precipitation occurred at the site during
sampling. As described above, precipitation was detected with the disdrometer (sumP > 0.001 mm), or the less-
sensitive bag method if disdrometer data were not available. This classification resulted in a few cases where more
than one during-precipitation air sample was collected per event (Table S1 in Supporting Information S1).
Therefore, the number of samples per event varied. Also, if a storm occurred in the evening hours, a post-
precipitation air sample was often not taken in order to avoid the need for night sampling. If there was a risk of
lightning strikes, the filter change was delayed until access to the sampler was considered safe, sometimes leading
to the integration of a preprecipitation into a during-precipitation air sample. Ultimately, we considered a pre-
cipitation event to be a sequence of successive air samples that included at least one during-precipitation air
sample and a coinciding precipitation water sample. Note that no more than one precipitation event was
considered per day. A total of 15 precipitation events were sampled, four events in 2022 for which a total of
5.8 mm precipitation was measured, and 11 events in 2023 with a total of 29.3 mm precipitation (Table S1 in
Supporting Information S1). The minimum and maximum sumP measured during-precipitation air samples was
0.001 and 9.56 mm, respectively (Table S1 in Supporting Information S1).

3. Results
3.1. INP Concentrations in Air and Precipitation Water

Most INP concentrations in air and precipitation water analyzed in this study were within the range of previously
reported air and precipitation samples (Kanji et al., 2017; Petters & Wright, 2015) (Figure 2). At the inflection
point of cumulative INP spectra around —20°C and colder, the distribution of air samples followed a log-linear
distribution (Figure 2a). Warmer than approximately —20°C, the vast majority of air samples exhibited semilog-
linear distributions, including a minor “hump,” characterized by a steeper increase at temperatures warmer than
—10°C and a flatter rate of increase from —10°C to —20°C. However, a subset of samples deviated from this
pattern, displaying a moderate to pronounced hump in INP concentrations between —5°C and —20°C. A few of
these showed an extremely steep increase in INP concentrations between —5°C and —9°C, followed by near-
stagnant concentrations from —10°C to —20°C. The hump is a feature that has been previously shown to be
mainly caused by 95°-C-heat-labile INPs (Hill et al., 2016; Knopf et al., 2021; Suski et al., 2018). Notably, those
observed here contained remarkably high INP concentrations at freezing temperatures between —5°C and —12°C.
At —10°C, the maximum INP concentration was 2.4 per STP L~" air. In literature, greater respective concen-
trations were only reported in perturbed harvesting scenarios (Garcia et al., 2012). During-precipitation air
samples exhibited INP concentrations similar to pre- and postprecipitation air at temperatures below —20°C, but
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Figure 2. Cumulative ice-nucleating particle (INP) concentration as a function of freezing temperature for air and
precipitation samples. Panel (a) includes all analyzed air samples collected during spring 2022 and 2023. Panel (b) is similar
to panel (a) except that it includes all precipitation water samples. In panel (c), air and precipitation water samples from all 15
precipitation events are shown (see Table S1 in Supporting Information S1 summarizing all the samples). (a and b) Heat map
for which the color intensity indicates the number of data points that fell within a given bin. (c) The median (thick line) and
range between minimum and maximum values (light shaded area) are shown for precipitation water (dashdotted, light
green), during-precipitation air (solid, blue), and pre/postprecipitation air (dashed, dark purple). In the upper right corner of
each panel, the total number of samples taken into account is indicated. The dotted black lines show the envelope of
observations obtained from air samples summarized by Kanji et al. (2017), while the solid thin black lines show the envelope
of observations derived from precipitation samples as summarized by Petters and Wright (2015). The data from these two
publications are from digitized data points extracted from the respective figures using WebPlotDigitizer (https://automeris.
io/WebPlotDigitizer/, last access: 26 September 2024). Similar to Petters and Wright (2015), a cloud water content of
0.4 g m™> was assumed in this study to convert INP concentrations per volume of precipitation water to STP L™" air.

showed elevated concentrations of INPs active at warmer temperatures (Figure S4; Table S1 in Supporting In-
formation S1). The median and maximum INP concentrations at —10°C in during-precipitation air were at least
one order of magnitude greater than those in pre- and postprecipitation air (Figure 2c). Accordingly, the air
samples mainly responsible for the pronounced hump were those collected while it was precipitating, which
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Figure 3. Scaled density functions of atmospheric ice-nucleating particle (INP) concentrations. The color and line code indicates whether the air samples were collected
before (n = 12, dashdotted purple), during (n = 21, solid blue), or after (n = 9, dashed yellow) precipitation. The panels show data for eight INP freezing temperatures
between —8°C and —25°C. Median INP concentrations are shown as vertical lines. Note that the range of the x-axis varies between panels.

means that atmospheric warm-temperature INPs were enhanced during precipitation. This enhancement during
precipitation was especially pronounced in 2023 (Figure S5 in Supporting Information S1). Also, we found
highest warm-temperature INP concentrations in 2023 for pre- and postprecipitation air samples (Figure S5 in
Supporting Information S1). We note that the sample size for the comparison of INP concentrations from both
years is smaller, which limits the robustness of this comparison.

The INP distribution of the precipitation water samples (Figure 2b) followed a fairly log-linear distribution over
the entire temperature range. A pronounced hump was never observed. The shape of the INP distribution from
precipitation water, which is independent of the scaling factor used to normalize the INP concentrations per
precipitation water volume to STP L™" of air, resembled that of the pre-/postprecipitation air samples (i.e., those
without the pronounced hump). Assuming a content of 0.4 g cloud water per 1,000 L air to normalize the INP
concentration of precipitation water (Petters & Wright, 2015), the median INP concentration of precipitation
water was very similar to that of pre-/postprecipitation air along the entire temperature spectrum (Figure 2¢). The
similarity of the shape and median concentration of the INP distribution of precipitation water and pre-/post-
precipitation air, which contrast with those of air during precipitation, suggest precipitation water, and thus,
particles scavenged in and below clouds were probably a minor source of the enhanced warm-temperature INPs in
air during precipitation.

The frequency distributions and medians of log-scaled INP concentrations for air before, during, and after pre-
cipitation, at eight temperatures, is shown in Figure 3. For temperatures from —8°C to —15°C, the air before
precipitation had a slightly left-skewed, narrow distribution around the median with a right tail. Like the air before
precipitation, the air after it typically had a left-skewed peak although with a more pronounced right tail at the
warmest temperatures (>—13°C). Unlike pre-/postprecipitation air, the during-precipitation air had a broad,
bimodal distribution with the right peak higher than the left one at —8°C and —10°C. For —18°C, the distributions
of the three air classes were quite similar to each other. For temperatures from —20°C to —25°C, the air before
precipitation had more of a right-skewed peak than air during and after precipitation. These results suggest that
rain release processes (Frohlich-Nowoisky et al., 2016) generally dominated in-cloud and below-cloud wet
deposition processes (Ohata et al., 2016; Pruppacher & Klett, 2010) for warm-temperature INPs and vice versa for
INPs active at colder temperatures. This is in line with findings from an agricultural site in Argentina, where the
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Figure 4. Spearman's rank correlation matrix of ice-nucleating particle (INP) concentrations and rainfall parameters. The
matrix includes atmospheric INP concentrations at —8°C, —10°C, —13°C, —15°C, —18°C, —20°C, —23°C, and —25°C, as
well as variables obtained with the disdrometer (n = 14). The number of hydrometeors (N, #), precipitation intensity (PI,
mm h_l), precipitation amount (P, mm), and kinetic energy (KE, J m~2 h_') were determined in terms of cumulative (sum),
mean (mean), or maximum (max) values. The coefficients are indicated by colors and values. Different levels of correlation
significance are shown by stars; nonsignificant correlations (p-value > 0.05) are marked by “ns.” All samples were collected
during precipitation periods of the 2023 campaign.

ratio of concentrations of INPs at —12°C versus INPs at —25°C was greater for wet than dry days (Testa
et al., 2021). On one hand, the rain source effect may release certain biological aerosol particles efficiently
(Constantinidou et al., 1990; Kita et al., 2020) some of which may serve as warm-temperature INPs (Huffman
etal., 2013). On the other hand, the wet deposition processes (i.e., sink) may affect the aerosol particle population,
which reduces the INP concentrations active at warm and colder temperatures, making the overall effect of
precipitation on aerosol particle populations complex and requiring further investigation (Khadir et al., 2023). We
note that the warmer the nucleation temperature, the more the rain source effect was dominating the rain sink, as
shown in Figure 3. Moreover, the frequency distribution of during-precipitation warm-temperature INPs was
wider than preprecipitation air, which indicates that the net rain source strength varied significantly between
precipitation events. Furthermore, compared to preprecipitation air, postprecipitation air was enhanced with
warm-temperature INPs in a few cases. This likely depends on the trajectory of precipitating air masses, because
INP concentrations can stay elevated for a couple of hours in air masses that were precipitating (Mignani
et al., 2021).

3.2. Correlations Among INP Concentrations and Precipitation Parameters

Spearman correlations were calculated to determine the relationships between INP concentrations and aggregated
precipitation parameters for all during-precipitation air samples and precipitation water samples for which
coincident disdrometer data were available (Figure 4, Figure S8 in Supporting Information S1). These data were
collected only during the 2023 campaign. We considered INP concentrations for eight different temperatures
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between —8°C and —25°C, and selected precipitation-related variables, which were determined by their sum,
mean, and/or maximum value for each sampling period. The variables included number of hydrometeors (N),
precipitation intensity (PL, mm h™"), precipitation amount (P, mm), and kinetic energy (KE, J m™>h™"), the latter
being the KE of all the hydrometeors per measuring area and per time interval. Figure 4 reveals moderate to very
strong positive (and no negative) correlations between atmospheric INP concentrations and precipitation pa-
rameters (rs = 0.48-0.91 and 61/64 correlations significant (i.e., with p-value < 0.05)). Specifically, across all
temperatures analyzed, we observed the strongest correlations with cumulative KE (sum of KE for the air
sampling period, sumKE) (rs = 0.71-0.91 and p-values < 0.006). Furthermore, correlations were strong with
cumulative P (sumP), mean KE, maximum KE, and mean PI, and moderate with cumulative N, as well as
maximum PI. In contrast, correlations between INP concentrations of the precipitation water and the precipitation
parameters were neither clear nor significant (rs = —0.64-0.65 and 1/64 correlation significant, Figure S8 in
Supporting Information S1). Together with the findings presented above, these results show that INPs are effi-
ciently released into the lower atmosphere during precipitation, and that increasing values of the precipitation
parameter correspond to greater atmospheric INP concentrations. The highest and lowest correlations with
sumKE were found for atmospheric INPs at —13°C and —25°C, respectively. Because KE characterizes the
impact force of hydrometeors on land surfaces, our results strongly suggest that the impact of raindrops and
hailstones aerosolizes warm-temperature INPs from the local grassland surface. Prior studies have observed
aerosolization of particles due to raindrops impacting both plant surfaces (Gilet & Bourouiba, 2014; Kim
etal., 2019; Nath et al., 2019) and soils (Joung et al., 2017; Wang et al., 2016), processes sometimes referred to as
“plant sneezing” and “rain splash.” The latter, a well-known phenomenon in soil science research, describes how
soil particles become disaggregated and detached due to raindrop impact, an initial stage of rain-induced soil
erosion (Morgan, 2005).

Because sumKE exhibits the strongest correlation with INP concentration, we examined this relationship in
greater detail. We also included sumP into our further analysis, as it demonstrated a significant correlation with
INP concentration, and unlike other precipitation parameters, it was determined for all precipitation events
(n = 15) studied here, including those in 2022.

3.3. Correlating INP Concentrations With Precipitation Amount and Rainfall Kinetic Energy

The relationships between atmospheric INP concentrations during precipitation and the two precipitation pa-
rameters sumKE and sumP are effectively captured using simple linear regression models in log-log space
(Figure 5). Overall, empirical relationships between INP concentrations and sumKE and sumP were consistent
and clear. The mean R-squared values across the analyzed freezing temperatures were 0.62 for sumKE and 0.44
for sumP. A rough approximation of the relationships is that a two-order-of-magnitude increase in sumKE and
sumP correspond to INP concentration increases of roughly three, two, and one orders of magnitude for freezing
temperatures of —8°C, —13°C, and —20°C, respectively (Figure 5).

The data points collected in 2022 (n = 4) matched well with the broader data set from both years (n = 21).
However, the relationship between INP concentrations and sumP would not have been observed if only the data
from 2022 had been analyzed.

Notably, two data points with the highest and second-highest sumKE (Figure 5) were associated with precipi-
tation events involving hail, occurring on 27 May and 21 June, 2023. During these and several other events, we
observed the formation of surface ponding and runoff. While we lack specific data on surface ponding, there is no
indication here that partial coverage of the soil surface by water impeded a major aerosolization process. This is an
indication that bare soil is a minor source of rain-induced warm-temperature INPs, particularly at the warm end,
considering an entire precipitation event.

Furthermore, we identified two data points in our data set as outliers based on the visual inspection of the Cook's
distance, Q—Q, and residual plots. These points had Cook's distance values close to 0.5, which were larger than
those of the other data points. One outlier had the greatest INP concentrations at temperatures of —23°C and
—25°C (>5 x 10' STP L™! air), but only moderate sumKE and sumP (Figure 5). The data point was recorded
during precipitation that coincided with very high wind speeds (up to a 5-min average of 13.4 m s™") at the nearby
USCRN station (Diamond et al., 2013) and blowing dust/sand in the air during the passage of a front on 31 May
2023. The steep increase in INP concentration with decreasing freezing temperatures might be attributed to a
substantial contribution of INPs from dust/sand particles, which were mostly active at colder temperatures, thus
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Figure 5. Ice-nucleating particle (INP) concentrations versus precipitation amount and kinetic energy (KE). Scatterplot in log-log space showing the relationship
between INP concentrations (STP L™" air) for during-precipitation air and cumulative precipitation amount (sumP, mm, yellow) as well as cumulative KE (sumKE,
Jm~2h~", blue). Each panel represents INP concentrations at a different freezing temperature (from —8°C to —25°C). Symbols indicate the year of sampling (2022:
filled squares and 2023: open circles). Precipitation was determined using disdrometer data (n = 14) or the bag method (n = 7), with 2022 data exclusively from the bag
method. Solid lines represent linear regression models in log-log space for INP concentration versus sumP and sumKE. R-squared values of the power functions
predicting during-precipitation INP concentrations based on sumP (n = 21) and sumKE (n = 14) are indicated in the upper left and the lower right corners of each panel,
respectively. The identified outliers are indicated by a cross inside the circle. Note that the range of the y-axis varies between panels.

explaining the deviation from the regression. This aligns with the findings from Tang et al. (2022), who noted that
INP populations were affected by rainfall and dust at a site in central Cyprus. Note that we found low to moderate
positive Spearman correlation coefficients between during-precipitation INP concentrations and wind gusts
(maximal hourly value measured during the filter collection period at the USCRN station). Highest coefficients
and significant correlations (p < 0.05) were found for INPs active at —20°C and colder (Figure S6 in Supporting
Information S1). This suggests that wind gusts do not significantly aid the enhancement of warm-temperature
INPs during rainfall although they may aid the aerosolization process of cold-temperature INPs. The other
outlier corresponds to a data point with higher sumKE and sumP values but lower INP concentrations at tem-
peratures of —8°C and —10°C (<6 X 1073STPL™! air). This anomaly occurred in the afternoon on 4 June 2023
following atypical prolonged stratiform rainfall on the day before. One speculation is that the sources of INPs
available for aerosolization after prior persistent rain were already exhausted, resulting in a lack of rain-induced
atmospheric INPs and suggesting a time-dependent regeneration of the INP source. Excluding this outlier resulted
in higher correlation coefficients and lower p-values for the relationships between INP concentrations and all
precipitation parameters (Figure S7 in Supporting Information S1).

3.4. Potential Local Terrestrial Sources of Rain-Induced INPs

One during-precipitation air sample from 27 May 2023 was selected for INP treatments (Hill et al., 2016; Suski
et al., 2018) and compared to INP temperature spectra of terrestrial source samples collected at the site to infer
potential sources of rain-induced INPs (Figure 6). This air sample was specifically chosen for its pronounced hump-
shaped INP spectrum to obtain the best resolution of INP characteristics. The treatments revealed that the
precipitation-driven hump was primarily attributable to INPs of biological origin with no significant contribution
from inorganic INPs, because most INPs were labile to both, 95°C-heat and H,O, digestion (Figure 6a). Several
studies consistently associate the hump in INP spectra with biological particles (e.g., Barry, Hill, Levin, etal., 2021;
Garcia et al., 2012; Hill et al., 2016; Knopf et al., 2021; Suski et al., 2018; Testa et al., 2021; Tobo et al., 2014).
Applying the heat treatment of 50°C to the during-precipitation air sample showed that a large fraction of the
detectable biological INPs were sensitive to this temperature. Several known ice-nucleating bacterial and fungal
species exhibit characteristics consistent with these precipitation-induced INPs, that is, high apparent freezing
onset temperature and degradation under moderate heating (temperature range here is 30-60°C): the bacteria
Pantoea agglomerans (Erwinia herbicola) (Phelps et al., 1986) and Pseudomonas sp. (Pouleur et al., 1992), as well
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Figure 6. Cumulative ice-nucleating particle (INP) concentrations as a function of freezing temperature of selected air and
terrestrial source material samples and their treatments. The effect of treatments on during-precipitation air (a), leaf water (b),
and soil (c) samples are illustrated by color in panels (a—c) (untreated: black; 50°C heat treatment: orange; 95°C heat
treatment: red; and H,O,: purple). Untreated terrestrial samples are displayed in panel (d) and differentiated by color and
shape (soil: brown circles; leaf water: green triangles; surface water: blue crosses). Error bars show the 95% binomial
sampling confidence intervals. INP concentrations are given in STP L™" air in panel (a) and in g~" of sampling material (i.e.,
soil, leaf water, and surface water) in panels (b—d), assuming 1 mL of surface/leaf water corresponds to 1 g thereof.

as certain Fusarium strains and the fungi Acremonium implicatum and Isaria farinose (Kunert et al., 2019; Pummer
et al., 2015). In contrast, other species can be ruled out as potential sources of INPs active above —15°C because
they retain their ice-nucleating ability after exposure to 50°C-heat (e.g., Mortierella alpina or Fusarium avena-
ceum) (Frohlich-Nowoisky et al., 2015; Pummer et al., 2015). Overall, microbial INPs originating from plants tend
to be heat-labile at 50-60°C, in contrast to those from soils (Conen et al., 2022). Therefore, the most likely sources
of the rain-induced INPs of the air sample from 27 May 2023 are local plants. Note that below —20°C, the fraction of
95°C heat-stable INPs increased with decreasing freezing temperatures, which may indicate a shift in types and
sources of INPs (i.e., toward soil organic matter) with decreasing temperature.

The shapes of INP spectra of the untreated and 50°C-heat-treated leaf water sample were similar to those of the
during-precipitation air sample (Figures 6a and 6b). Both the air and leaf water samples had an apparent freezing
onset temperature of about —5°C, followed by a moderate increase in concentrations over a few degrees, a shallow
rate of increase between —10°C and —20°C, and an inflection point roughly around —20°C. After exposure to
50°C, a large fraction of leaf water INPs active above —17°C lost their activity, similar to what was observed for
the air sample. The response to heat of the INPs in the soil sample was different from that of the air and leaf water
samples. It showed a lower apparent freezing onset temperature around —6°C, followed by a steep increase within
a narrow temperature range (Figure 6¢). Additionally, the soil's ice-nucleating properties were largely unaffected
by the 50°C heat exposure. Interestingly, the surface water sample had an INP spectrum with a shape similar to the
leaf water sample, although it had more INPs per gram of material (Figure 6d). It could be that surface water
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represents a mixture of INPs from leaves and soils, because INPs from leaves are washed off from plants by rain
(Conen & Einbock, 2025) and soil particles are mixed into the surface water by raindrop impact (Kinnell, 1990).

All terrestrial materials analyzed here contained large amounts of warm-temperature INPs, which could have
contributed as sources of INPs to the atmosphere. More specifically, the results of a few samples suggest that the
source of the majority of airborne, rain-induced INPs observed during one precipitation event, especially those
active above —15°C, was likely dominated by plant leaves rather than by soil sources. Such dominance was noted
in wildfire emissions (Barry, Hill, Levin, et al., 2021) and at a high-altitude site (Einbock & Conen, 2024);
evidence is accumulating of a common source of warm-temperature INPs being from plant sources. It is plausible
that INPs from leaves could have been released into the atmosphere when raindrops and hailstones impacted the
leaves or the surface water.

4. Conclusions

In 2022 and 2023, we performed high-time-resolution near-surface INP measurements at a semiarid site, with
targeted sampling before, during, and after 15 rainfall events, including three hail storms. Air, precipitation water,
and terrestrial samples were collected for INP analysis in parallel with coinciding ground-based wind and rainfall
observations. Consistent with previous findings, we observed generally more INPs active above —20°C (i.e.,
warm-temperature INPs) in the air during precipitation than both pre- and postprecipitation conditions
(Bigg, 1958; Conen et al., 2017; Gong et al., 2022; Hara et al., 2016; Huffman et al., 2013; Isono & Tanaka, 1966;
Mignani et al., 2021; Prenni et al., 2013; Ryan & Scott, 1969; Testa et al., 2021; Tobo et al., 2013). Moreover, we
found that during-precipitation atmospheric INP concentrations positively correlated with the assessed weather
and rainfall parameters. Among these, cumulative rainfall KE (sumKE)—derived from disdrometer measure-
ments (Loffler-Mang & Joss, 2000)—showed the strongest correlations with INP concentrations for each of the
analyzed activation temperatures, with the highest correlation coefficient observed for INPs at —13°C (Spear-
man's ¥ = 0.91, p < 0.001, and n = 14). To our knowledge, this is the first study to compare ambient INP
concentrations with detailed rainfall microphysics.

Comparing INP spectra from air samples with samples of precipitation water (converted to per L air (Petters &
Wright, 2015)) revealed a close resemblance between the median spectra of precipitation water and the air from
pre- or postprecipitation. This suggests the precipitation water, and thus, particles scavenged from the air within
and below precipitating clouds were relatively minor sources of the elevated warm-temperature INPs in the lower
atmosphere during precipitation. Additionally, INP treatments (Hill et al., 2016; Suski et al., 2018) of four
selected samples (air, soil, surface water, and leaf water) showed that during-precipitation warm-temperature
atmospheric INPs lost their ice-nucleating activity after 50°C heat treatment, resembling the behavior of INPs
derived from plant leaf water in this study and the general expectations of certain bacterial and fungal INPs
(Conen et al., 2022). This contrasted with the 50°C resilience of soil INPs from the site and with general ex-
pectations for INPs emanating from pollen or their fragments, and some fungal INPs (Conen et al., 2022). Taken
together, our results provide compelling evidence for a pathway in which biological INPs are detached from local
terrestrial surfaces by the impact of raindrops and hailstones, considerably enhancing warm-temperature INPs in
the local air during the immediate period of rain and shortly thereafter. These findings significantly improve our
understanding of the emission pathway of INPs during rainfall.

Pre- and postprecipitation INP concentrations are likely a result of dilution and the attenuation or absence of the
rain-driven source in the air masses arriving at the measurement site. Nevertheless, rain-induced particles emitted
from the surface can be expected to be transported vertically and potentially reach cloud level, particularly given
that surface aerosol properties are well correlated with those in the boundary layer (Delle Monache et al., 2004).
This condition is particularly plausible during rainy conditions, which are often accompanied by strong winds, as
frequently observed in the High Plains during late spring (Smith et al., 2013). However, vertical transport studies
are needed to assess the flux of rain-induced particles to cloud-relevant heights. To address this, we recommend
combining large air volume sampling with short, targeted observation windows to capture emission events, and
vertical profiling using towers, balloons, or drone systems.

In this study, samples were taken in two spring seasons. The current data set remains too small to draw con-
clusions regarding interannual differences. Nonetheless, the contrasting precipitation frequency and amount, and
thus the vegetation cover in both springs at the measurement site (see Figure 1) could have influenced local
biological aerosol particle and INP emissions. While we chose a native grassland site in Colorado and primarily
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targeted short-lived convective storms, a broader assessment of precipitation-related INP emissions across
different land covers, seasons, years, and storm types is needed. In addition, a larger number of terrestrial samples,
including especially samples of different plant species, would be useful in future studies to better determine and
understand the source of rain-induced INPs.

Our results document a link between the concentrations of atmospheric INPs during rain and their emission
pathway. They also suggest that rainfall parameters are reasonable for predicting atmospheric INP concentrations
during rainfall, assuming that possible other parameters possibly influencing the relationship between rainfall and
INPs (e.g., land cover and storm type) are known. Because aerosolization of INPs may require some level of KE,
sumKE may represent a potential robust predictor of rainfall-induced INP emissions. For convective storms, for
which sumKE and cumulative precipitation amount (sumP) strongly correlate, sumP might be a reliable predictor
as well. Given that the latter is a routinely recorded meteorological parameter and does not require advanced
precipitation measurement techniques, it maybe a more practical predictor. Ultimately, this study supports
considering including rainfall as a driver for INPs in relevant parameterizations and numerical cloud models.
Such implementations, together with vertical profiling observation, will be useful to quantify precipitation-
induced INPs within clouds and further improve our understanding of aerosol-cloud-precipitation interactions.

Data Availability Statement

The INP data of this study are archived on the NCAR Earth Observing Laboratory Data Archive pages at https://
data.eol.ucar.edu/dataset/648.003 (Mignani et al., 2025). The INP data from Petters and Wright (2015) and
Kanji et al. (2017) were extracted from the respective figures using WebPlotDigitizer. Meteorological data from
the USCRN station near Nunn, CO, were provided by the National Centers for Environmental Information
(NCE]) (Diamond et al., 2013). Monthly precipitation data and 5-min average wind speed data were obtained
from the following website: https://www.ncei.noaa.gov/pub/data/uscrn/products/. The respective data sets were
selected based on the time resolution, year, and the station near Nunn (i.e., https://www.ncei.noaa.gov/pub/data/
uscrn/products/monthly01/CRNMO0102-CO_Nunn_7_NNE.txt and https://www.ncei.noaa.gov/pub/data/uscrn/
products/subhourly01/2023/CRNS0101-05-2023-CO_Nunn_7_NNE.txt). Wind gust data were obtained from
https://mesowest.utah.edu. Historical precipitation data were downloaded from the WorldClim data website
(Fick & Hijmans, 2017).
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