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Abstract

:

Biological particles may play an important role in the climate system by efficiently acting as ice nucleating particles (INPs) at a higher temperature range (e.g., above −20 °C where representative INPs such as mineral dust remain inactive), but there is an obvious lack of direct evidence that these particles serve in this manner. Here, we collected ambient particles under different weather conditions for identifying INPs that are active above −22 °C. The abundance of such efficient INPs increased during or following rainfall events. The extensive characterization of individual particles by three different analyses (particle morphology and composition, heat sensitivity of ice nucleation activities, and biological fingerprinting by DNA staining) revealed that efficient INPs have distinctly biological characteristics, which differ significantly from more abundant, representative, and relatively less active INPs, such as mineral dust. Additionally, by combining the heat-sensitivity experiments and DNA staining techniques, efficient INPs were found to contain heat-sensitive biomaterials and biological cells. Our findings provide direct evidence that biological particles are preferentially released into the atmosphere during rainfall events and act as important atmospheric INPs at higher temperature ranges (warmer than −22 °C), where typical INPs remain inactive.
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1. Introduction


Ice nucleation (IN) in clouds has a substantial impact on Earth’s climate by altering the radiative balance and precipitation processes in the atmosphere [1,2,3,4]. If the cloud droplets were composed of pure water, they would remain in the liquid phase until the temperature declined to as low as −38 °C, at which point they would crystalize via homogeneous nucleation [5,6,7]. However, ice crystals are present at much higher temperatures in actual clouds (i.e., in the mixed phase). This is due to the fact that ice nucleating particles (INPs) act as heterogeneous nuclei to initiate crystallization [3,8].



The abundance of ice crystals in such mixed-phase clouds leads to the modulation of precipitation and cloud life [9]. Therefore, a better understanding of the INPs involved in the formation of mixed-phase clouds is crucial for precisely predicting climate change and the water cycle on Earth’s surface, yet the total numbers of INPs in the temperature range relevant for the formation of mixed-phase clouds are believed to account only for approximately 1 out of every 105–106 ambient particles and supercooled droplets in the free troposphere [10,11,12]. Such scarcity makes the experimental characterization of atmospheric INPs extremely challenging, and IN in clouds is far less well-constrained than the activation of liquid-phase clouds by condensation [13]. Thus, understanding the IN processes better is crucial for the precise determination of ice-crystal concentrations, and, thus, the indirect climate effect.



A number of field and laboratory studies have reported that mineral dust particles are the dominant atmospheric INPs under conditions relevant for the mixed-phase cloud formation [14,15,16,17,18,19,20]. However, simulations of IN in the atmosphere have suggested the contribution of other types of INPs, as atmospheric mineral dust particles alone could not explain the observed INPs, especially at higher temperatures [9,15,21].



Other studies have indicated that biological particles, such as bacteria, spores, pollen, marine organic matter (OM) from the sea surface micro-layer, and the macromolecules extracted from those particles, have the potential to form ice at relatively high temperatures [22,23,24,25,26]. In particular, active microbes, such as Pseudomonas syringae, are known to have a high IN activity by producing IN-active proteins [27]. As these biological substances can form ice crystals at higher temperatures than the freezing temperature (e.g., −20 °C) of the representative INPs, they contribute not only to the initial formation of ice crystals in the cloud, but also the growth of ice crystal number concentration through the secondary ice crystal formation processes [2]. Although these biological INPs may only comprise a minor fraction of all INPs on a global scale, they could play a critical role in the evolution of clouds and associated precipitation [10,28,29].



Meteorological variables, such as precipitation and humidity, have been reported to influence the emissions of biological particles from plants [30,31]. Leaf surfaces are considered to be a habitat for representative IN-active microbes, such as P. syringae and Xanthomonas campestris [23]. For example, wet conditions turn habitats into better environments for microbial multiplication, and raindrops can aerosolize microbes on the leaf surface by impaction [30].



Several previous observations have shown that high concentrations of biological particles are associated with increased atmospheric INPs during precipitation, especially over semi-arid forest areas, the Amazon, and agricultural areas [31,32]. Additionally, Huffman et al., detected IN-active microbes in atmospheric particles by using DNA analysis. Based on their findings, it was noted that there is possibly a positive feedback loop between biological particles and INPs, wherein biological INPs promote precipitation, which, in turn, leads to the repeated release of biological particles [29,33,34,35]. However, the evidence in support of such theories is based on indirect findings that the INPs and biological particles in the atmosphere during rain follow similar concentration variations, despite the large difference in the number concentrations between the atmospheric INPs and biological particles.



Therefore, there is an obvious lack of more direct evidence that atmospheric biological particles indeed act as INPs. For that, it is necessary to precisely extract and identify individual INPs as a function of freezing temperature, followed by a detailed characterization to investigate whether there is any form of biological material involved. In this regard, although state-of-the-art online instruments, such as continuous-flow diffusion chambers, allow for the detection of INPs from ambient aerosols, the biological characterization of individual ice residues has not been readily performed, due to the scarcity of the INPs and the limitations in measurement techniques. The online methods typically cannot measure INPs at temperatures above −15 °C and with super-micron particle size, which is a range where biological particles might be dominating the INP population [34].



In order to complement for the above mentioned constraints related to the temperature range and particle size of the online methods, the droplet freezing method has been widely used to quantitatively assess the IN activities of atmospheric aerosols [15,36,37]. However, this approach cannot identify the exact particles that actually act as INPs, due to the fact that it is applicable only to a bulk of particle samples suspended in droplets. In order to complement these conventionally available approaches, we used the individual droplet freezing method (IDFM) in this study to identify individual INPs active at relatively high temperatures among the ambient particles collected under various weather conditions. This was followed by the application of three different types of individual particle analyses in order to provide the most direct insights into the IN activities of biological particles.




2. Sampling and Analysis


2.1. Identification of INPs by the IDFM


In order to accurately identify INPs among atmospheric particles under various weather conditions, we collected a total of 143 atmospheric particle samples at the Kanazawa University campus, Japan (36.54° N, 136.70° E; 149 m a.s.l.; Figure S1) from April to May and October to December of 2018. The sampling took place on a roof of an external passage connecting two buildings at approximately 10 m above ground. The sampling site was not in the vicinity of any agricultural fields but was surrounded by forested mountain slopes, which included patches of afforested cedar woods and natural hardwood forests. Samples were collected separately 31 times over 20 different days, depending on the weather conditions.



Atmospheric particles were collected using an impactor with a 50% cutoff diameter of 1.1 µm at a flow rate of 1.0 L min−1. A Si wafer substrate with a hydrophobic coating (Soft99, Glaco Corp., Osaka, Japan) was selected as the impaction plate. The sampling periods varied between 10 and 90 s (e.g., corresponding sampling volumes were 0.17–1.5 L), depending on the particle concentrations (particle diameter Dp > 1 µm) monitored simultaneously by an optical particle counter (HHPC-6, ARTI/Met One Instruments, Inc., USA) in order to preserve the original particle mixing state (i.e., by minimizing particle overlap and aggregation on the substrate). For the meteorological variables, we referred to the reports released by the Kanazawa local meteorological office, located approximately 8 km northwest of the sampling site.



The method of identifying INPs by the IDFM is detailed elsewhere [38]. In brief, the atmospheric individual particles deposited on the substrate first undergo droplet activation in the water supersaturated condition. As the temperature of the substrate is lowered to −30 °C, individual INPs can then be clearly identified under an optical microscope by the rapid growth of ice crystals. Finally, after heating the substrate to −5 °C (which is above the initial dew point), the nuclei are exposed again as a result of the evaporation and/or sublimation of water. Subsequently, various detailed individual particle analyses can be applied to the actual INPs.



The limitation of this technique is that the identification of both the water condensation and the IN by individual particles relies on the optical images, and, thus, only super-micron particles are detectable. This is the main reason why we confined our samples to the coarse particle mode. We have to admit that the IDFM is not the perfect method that can resolve all technical issues encountered in the IN experiments. The biggest advantage, by far, is that one can keep track and clearly identify which single particle was actually nucleating ice. In return, the quantitative comparisons of the IN concentration as a function of temperature with previous studies potentially bring some bias. Despite the uncertainties in quantitatively deriving IN activities by the IDFM, however, the IN active site densities of silver iodide and standard mineral particles such as Arizona Test Dust and kaolinite were consistent within an order of magnitude difference compared to those found in the literature [38].



In our previous study, we reported that mineral dust particles accounted for the majority of INPs acting at or above −30 °C, and no clear involvement of biological particles was found [38]. However, that study was conducted under unique atmospheric conditions, when a plume of Asian dust prevailed over the sampling location. Due to the predominance of dust particles, and the lower temperature setting used for identifying the INPs, the more efficient INPs active even at warm-temperature mixed-phase cloud conditions may have been overlooked. Therefore, in this study, the temperature control protocol of the IDFM was optimized to be more sensitive to INPs active at higher temperatures than the representative mineral dust.



The major differences in the temperature control used here from that in our previous study were the application of a slower cooling rate (10 °C/min) and the fact that the temperature was kept constant for ~10 s at −22 °C before it was further lowered to −30 °C to avoid miscounting INPs activated at warmer temperatures. This temperature interval at −22 °C was chosen based on the fact that the first set (accounting for ~1%) of the relatively IN-active Arizona Test Dust particles were reported to nucleate at or below this temperature both in previous studies [38] and in our system. Therefore, particles that form ice crystals at −22 °C or above in this method were identified as more efficient INPs than representative INPs (i.e., mineral dust). It was also confirmed that the modified temperature protocol did not affect the freezing onset temperatures of standard mineral dust particles in the lower temperature range. Additionally, the freezing onset temperature of highly IN-active silver iodide particles was confirmed to be −7 °C [39], demonstrating that the IDFM is also sensitive to INPs active at higher temperatures.




2.2. Individual Particle Analyses


The INPs identified using the IDFM were divided into groups to be characterized by three different analytical methods. The first group was subjected to morphological and chemical characterization. The OM and inorganic matter contained in the INPs were assigned based on the molecular bond structures obtained via micro-Raman spectroscopy (Nanofinder HE, Tokyo Instruments, Tokyo, Japan). The same particles were located and analyzed for their morphology and elemental compositions using scanning electron microscopy (SEM, S3000N, Hitachi, Tokyo, Japan) coupled with energy-dispersive X-ray spectroscopy (EDX, EMAX-500, Horiba, Kyoto, Japan).



The second group of INPs was tested for heat sensitivity. Previous studies have suggested that biological INPs tend to be heat-sensitive [22,25,40,41], and that the freezing temperature of droplets containing atmospheric particles decreases, as the IN activity of OM becomes inactive after heating [33,34,42]. The IN activities of several microbial genera have been shown to become inactive following heat treatment to at least 105 °C [43,44,45]. Therefore, in this study, the identified INPs were heated at 150 °C for 10 min on a hot plate, and the IN experiment was then repeated on the same particles to see if any change in the freezing temperatures occurred after heating. The coupled heat treatment and IDFM thus enabled identification of the biological INPs on an individual particle-basis.



The third group of INPs was tested for the presence of biological cells by staining them with a fluorescent dye. The change in fluorescence intensities following SYBR® Gold (Invitrogen Co., Carlsbad, CA, USA) staining was investigated under a fluorescence microscope [46]. The SYBR® Gold stain specifically binds with the single- and double-stranded DNA or RNA within organisms and increases their fluorescence intensities by more than 1000 times. As a result, as little as 25 pg of DNA can be detected with extreme sensitivity. In order to investigate whether the INPs identified by the IDFM contained or were composed of biological cells, fluorescence intensities of the same INPs before and after staining were compared.



To minimize the mobility of particles on the substrate by the dye solution, an SYBR® Gold stain solution (0.001 wt.%) was sprayed over the samples after INP identification by an atomizer for 3 min. The particles on the substrate were stained by incubating them in the dark at room temperature for 20 min. The particles before and after staining were observed under a fluorescence microscope, and the difference in their fluorescence intensities was then analyzed using ImageJ 1.51 software (https://imagej.nih.gov/ij/). Images were taken under identical exposure conditions before and after the staining, and the relative change in the fluorescence intensities were obtained by taking the difference of the average brightness of all pixels within the particles. It must be noted that, unlike the heat sensitivity experiments, in principle, this staining method is not sensitive to biological materials that do not contain DNA or RNA.





3. Results and Discussions


3.1. Relationship between Highly Active INPs and Weather Conditions


In this study, we observed a total of 51,917 particles by analyzing optical microscopic images, among which 538 were identified as INPs. Additionally, 21 INPs were found to be particularly IN-active and formed ice crystals even above −22 °C (INPT > −22). The highest freezing temperature recorded for one of the INPs was at −11.3 °C. It must be emphasized that this is a surprisingly high freezing temperature recorded for an ambient individual particle. It was surprising that INPs active at these high temperatures were captured in this study, given the relatively small number of particles counted, as these INPs were usually considered extremely rare (10−5–10−6 particles/L [3,47]). Additionally, no particles were found to nucleate ice crystals at temperatures above −25 °C in our previous study [38], although sampling was conducted during periods with elevated concentrations of mineral dust particles (i.e., representative INPs) during Asian dust episodes in February and April 2016.



Activated fractions, defined as the number of INPs/total observed particles for DP > 1.1 µm particles, at −30 °C and −22 °C are shown in Table S1. Despite some differences in the sampling periods, the activated fractions for DP > 1.1 µm at −30 °C fell within a relatively narrow range, between 2.3 × 10−3 and 33.2 × 10−3, and were roughly consistent with the INP concentrations observed in our previous study [38]. However, interestingly, the activated fractions were slightly higher than in our previous study (i.e., during Asian dust episodes), indicating that the elevated concentration of mineral dust did not necessarily result in higher activated fractions among coarse particles.



The INPT > −22 samples were identified in 10 periods. Based on the results of previous observations [29,34,35,40], we also focused on the association of INPs with different meteorological conditions, specifically, those in the presence or absence of precipitation. Here, the sampling periods during which precipitation was detected within 1 h before sampling were defined as rain samples, and the total activated fractions of these samples are shown in Figure 1 and compared to those sampled when there was no rain. The rain samples were also associated with higher relative humidity (RH > 70%) and notably wet ground surfaces near the sampling location. The activated fractions at −30 °C remained almost the same and were not affected by the rain. Meanwhile, most of the INPT > −22 (19 out of 21 INPT > −22) were identified in the samples collected during periods of rain.



The total activated fraction at −22 °C during rainfall events was ~6 times higher than for the samples collected without rain. In particular, the activated fractions in the rain samples were found to be significantly higher than those of the non-rain samples for temperatures above −25 °C (Figure S2). These increases in the fraction in the temperature region above −25 °C are consistent with the results of several laboratory experiments and observations, suggesting the contribution of biogenic particles [47,48,49]. These results are consistent with those of previous studies in that INP concentrations increase with rain [29,32], and supports the possibility that the proportion of INPs in atmospheric particles is increased by rain. Our results further suggested that the increase in the INP concentrations with rain occurred not only in large-scale forested regions, such as the Amazon, but also on a much smaller scale, local forested sites in Japan.



The abundance of efficient INPT > −22 was not necessarily correlated with the rainfall or precipitation intensity during sampling, but rather, they were always found during the periods with high relative humidity (RH > 70%), which included periods when the ground surface remained wet due to preceding rains. Therefore, as far as the sampling site in this study is concerned (a forested mountain site not greatly impacted by afforestation), the emissions of these efficient INPs into the atmosphere may be associated with the high humidity caused by rain rather than mechanical processes involving raindrops. Our previous study was conducted at the same site, and our findings also suggested that biological particles may be responsible for the increased concentration of INPs [33]. However, this was inferred mainly from the heat sensitivity of bulk aerosol samples. In this study, we verified the biological contribution to INPs on an individual particle-basis.




3.2. Biological Fingerprints of Efficient INPs


In order to characterize the particles identified as INPT > −22, every group of seven INPT > −22 was observed by using three different methods. The first group was subjected to morphological and chemical characterization by micro-Raman spectroscopy followed by SEM-EDX. We also measured 11 INPs that were only active between −22 °C to −30 °C (INP−22 < T < −30), as well as five inactive particles for reference. The peaks found in the Raman spectra were assigned to the clay minerals, carbonates, sulfates, nitrates, and OM contained in individual particles (Figure S3a) [38,50,51,52,53]. The elements of Na, Mg, Al, S, K, Cl, Ca, Ti, and Fe contained in the particles were semi-quantitatively analyzed by EDX (Figure S3b). Due to the overlap of C, Si, and P peaks from the sampling substrate, these elements could not be included in the analysis. However, particles showing significantly higher peak intensities of these elements than those in the background substrate were defined as particles containing those elements.



As a result of micro-Raman analysis (Figure 2a), more than half of the INP−22 < T < −30 showed fluorescence in the Raman spectra. Such fluorescence has been associated with clay minerals contained within particles [54,55]. In fact, most of these particles were classified as irregularly shaped mineral dust particles containing Al and Mg by the following EDX analysis. Meanwhile, all seven INPT > −22 exhibited no characteristic fluorescence of cray minerals by micro-Raman analysis, nor aluminum peaks that can generally be associated with mineral dust by EDX (Figure 2a). Additionally, these efficient INPs showed higher detection frequencies of organics and sulfates than either the inactive particles or INP−22 < T < −30; indeed, all of the INPT > −22 were found with significantly higher peaks of phosphorus than the background, as shown in Figure S3.



Atmospheric biological particles consist largely of OM by nature; therefore, they are often identified as particles containing elements, such as carbon and phosphorus, by EDX [56]. In fact, the electron microscope images of a few of the INPT > −22 (two out of seven particles) showed smooth oval outlines, which clearly differed from the representative inorganic and coarse aerosol particles, such as mineral dust or sea salt (Figure 2b,c). Their size, morphology, and composition strongly suggested that they were a sort of airborne microbe (e.g., spores). One particle that formed ice above −22 °C was also suggested to be a microbe from its size and morphology, which resembled those of spores (Figure 2b,c). From these results, the INP−22 < T < −30 were found to be predominantly mineral dust particles, consistent with previous studies. Meanwhile, the more efficient INPs were most likely to be biological particles in an external mixture (i.e., not attached to mineral dust particles).



The second group of seven INPT > −22 was tested for their heat sensitivity by comparing the freezing temperatures before and after heat treatment. Additionally, the relatively inefficient 32 INP−22 < T < −30 at temperatures above −22 °C were also tested for their heat sensitivity for comparison (Figure 3). As shown in Figure 3a, the INP−22 < T < −30 showed the least change in their IN activity following heat treatment, and the temperature difference was less than 12 °C (Figure 3a). Recall that the chemical analyses by micro-Raman and EDX showed that even the INP−22 < T < 30 contained OM (Figure 2a). The inactivation of IN activity of Oms contained in these particles by heat treatment might be responsible for the observed decrease in the onset temperature [57]. However, the majority (approximately 85%) of INP−22 < T < −30 were still active above the homogeneous freezing temperature (−38 °C) even after the heat treatment. In contrast, the majority (approximately 60%) of the INPT > −22 showed a complete loss of heterogeneous nucleation activity and showed significantly stronger heat sensitivity after heating. Therefore, these highly active INPs should not contain heat-tolerant INPs, such as mineral dust, but should rather be biological substances, such as proteins and lipids, which become inactive at least at 150 °C [43,44,45].



Finally, the changes in the fluorescence intensities of individual particles following SYBR® Gold staining were observed for the efficient INPT > −22, and compared to the relatively inefficient INP−22 < T < −30. The results of this nucleic acid staining indicated that the inefficient INPs showed almost no change in their fluorescence intensities following staining (Figure 3b). In contrast, the more efficient INPs, especially those collected during rainfall events, were found to show notable increases in their fluorescence intensities after staining.



In general, the nucleic acid staining protocol using SYBR® Gold dye involves the pretreatment of microorganisms by aldehyde solution to facilitate nucleic acid staining [58]. However, in this study, the pretreatment was omitted to avoid the risk of mobilizing and losing the very few INPs on the substrate. It must be noted that there is a chance that the current staining method may miscount biological particles that contain nucleic acid, but at least this will not create any positive bias (i.e., miss-identification of abiotic particles as biological ones). The change in fluorescence intensities observed in this study may be considered to reflect the lower limit of the detection of nucleic acid-containing particles. However, the applicability of this method was validated using laboratory-generated particles containing the genus Bacillus. Moreover, the characteristic increase in the fluorescence intensities of the efficient INPs is a clear indication that they contain nucleic acid in a high frequency. It is also an indication that the highly active INPs are enriched in biological components, including cells themselves, in this case.



The results from the all three analytical methods indicated that particles that nucleate ice crystals at temperatures below −22 °C were dominated by mineral dust. This is consistent with the classic view of INPs, which has been shown in previous studies [8,10,15,38]. Additionally, we found a very small number of particles that nucleated ice crystals at much higher temperatures, and they have now been shown to have characteristics that are distinct from the INPs active at lower temperatures; they can be termed as biological particles. Based on the multitude of individual particle characterizations, our results provide a direct fingerprint of biological particles as important atmospheric INPs, especially at higher temperatures, in which typical INPs, such as mineral dust particles, remain inactive.





4. Conclusions


In order to investigate the relation between INPs acting at higher temperatures and atmospheric conditions, we identified individual INPs out of the atmospheric particles collected under rainy and non-rainy conditions. To directly elucidate the contribution of biological particles as important sources of efficient INPs, the collected INPs were characterized using three different individual particle analyses: (i) particle composition (both molecular and elemental) and morphology, (ii) heat sensitivity of IN activity, and (iii) fluorescence observations by DNA staining.



We observed higher activated fractions of particles that formed ice crystals (by immersion freezing) during sampling periods with rain than those with no rain, specifically in the higher temperature range (>−22 °C). While the INPs acting at lower temperatures (<−22 °C) were suggested to be dominantly comprised of mineral dust particles, we found a small number of particles that act more efficiently as INPs at higher temperatures. These particles showed different chemical and physical properties from typical atmospheric INPs (e.g., mineral dust), and were further demonstrated to be mainly composed of biological substances. Due to the combined technical limitations of INP identification by IDFM (only concerns coarse particles in a small sampling volume) and the extreme scarcity of the atmospheric INPT > −22, we must note that our results still involve statistical uncertainty in terms or their abundance and atmospheric concentrations. However, it must also be emphasized that the current results provide direct evidence that (i) biological aerosols play important roles as efficient INPs, especially under high-temperature conditions and (ii) that these particles are released into the atmosphere preferentially during rainfall events.



In this study, we could not pinpoint the exact source or species involved in the release of biological INPs, nor the mechanisms of their release associated with precipitation. Though such specificity was beyond the scope of this study, we nevertheless attempted to narrow the potential sources based on circumstantial findings. For example, bacterial particles with high IN activity, such as P. syringae, have been proposed to be released into the atmosphere by the impact of raindrops on the surface of leaves [59]. However, as mentioned previously, the abundance of efficient INP T > −22 was not necessarily correlated with precipitation intensity during sampling. Therefore, the emissions of biological INPs into the atmosphere may be associated with biological processes (e.g., the release of fungal spores triggered by high relative humidity) rather than mechanical processes involving raindrops. However, further study is needed to fully reveal the emissions source.



Whatever the release mechanism may be, the results of this study imply that the terrestrial ecosystem has been actively involved in the development of the water cycle in the surface environment, at least in the region in concern and in similar climate zones in the mid-latitudes. The remaining concern may be that the current result is based on the particles collected close to the ground, which may not be directly applicable to the aerosol behavior at higher altitudes where cloud freezing actually takes place. It is beyond the scope of this paper, but to what extent (both in terms of time and space) such biological particles released near the ground as a response to rainfall would travel and be dispersed in the atmosphere remains a future task. Generally speaking, rainfall takes place in an area of convergence (hence updraft), and particles emitted from the ground surface may have a higher chance of being mixed vertically in a hydrostatically unstable condition.



Supposing that these particles were effectively dispersed at high altitudes in the atmosphere, there may potentially be a positive feedback loop between precipitation and biological INPs, wherein precipitation (and, thus, high humidity) triggers the release of biological particles by the ecosystem, which then leads to the dispersion of efficient INPs that are eventually incorporated into clouds and act to initiate ice crystal formation among super-cooled droplets, in turn triggering precipitation (cold rain) and so forth. The possible involvement of the ecosystem in the water cycle may have played an important role in the expansion of these habitats. Therefore, we suggest that deforestation, land use changes, and the associated degradation of biodiversity might have a significant influence on the abundance of atmospheric INPs, and, thus, on the microphysics and dynamics of clouds and precipitation in these regions, thereby affecting the regional and global climate.
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Figure 1. Ice nucleation (IN) activated fractions of samples with rain and without rain. These fractions yield the ratio of ice-nucleating particles (INPs) identified at respective temperatures (striped bar: −30 °C, solid bar: −22 °C) relative to the total number of particles observed by the individual droplet freezing method (IDFM). 






Figure 1. Ice nucleation (IN) activated fractions of samples with rain and without rain. These fractions yield the ratio of ice-nucleating particles (INPs) identified at respective temperatures (striped bar: −30 °C, solid bar: −22 °C) relative to the total number of particles observed by the individual droplet freezing method (IDFM).



[image: Atmosphere 10 00605 g001]







[image: Atmosphere 10 00605 g002 550] 





Figure 2. Summary of chemical and morphological characterization by micro-Raman analysis and scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX). The shading indicates INPs that formed ice crystals in individual particle chemical analysis: (a) above −22 °C (striped bar) and above −30 °C (solid gray bar); unfrozen particles are denoted by the white bars. Detection frequencies (a) were accounted for if the particle contained atomic ratios of elements (excluding C and P) exceeding 15% in semi-quantitative EDX analyses. Significantly higher peak intensities were found for carbon and phosphorus relative to the background substrate (Table S2). (b,c) Electron microscopic images showing the morphology of an efficient INP collected during a rainfall event. These INPs formed ice crystals at (b) −20.5 °C and (c) −20.3 °C using the IDFM. 
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Figure 3. (a) Comparison of freezing temperatures of INPs before and after heating. (b) Differences between the fluorescence intensities before and after staining using SYBR® Gold relative to the initial freezing temperature of the INPs (i.e., before treatment). Samples collected during rainfall events are denoted by open circles; solid gray circles denote samples collected in the absence of rain. In case the INPs did not show any nucleation in the second test, in heat treatment experiments (a), their freezing temperature was assumed to be −38 °C in order to obtain the temperature following the heat treatment. 
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