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Abstract. Fatty alcohols (FAs) are major components of plant leaf surface lipids emitted into the atmosphere as primary 

biological aerosol particles (PBAPs). FAs in the atmosphere can act as ice-nucleating particles to form clouds that affect 

climate through radiative forcing and precipitation processes. Secondary FAs (SFAs) in plant waxes can act as tracers for 

PBAPs. However, the specific plant species that contribute to the atmospheric emissions of SFAs, as well as the factors 10 

controlling the SFA amount of atmospheric SFA emissions, remain poorly understood. In this study, we collected size-

segregated aerosols and leaf samples from various plant species at a cool-temperate forest site in Hokkaido, northern Japan, 

mainly in spring and autumn. n-nonacosan-10-ol was the most abundant SFA in the aerosols, which resided mostly in the 

supermicrometer size range, with the maximum concentration observed in spring. Among all plant leaves examined, n-

nonacosan-10-ol was identified only in coniferous leaf samples. Despite the limited data, the mass of n-nonacosan-10-ol per 15 

leaf exhibited a seasonal difference similar to that of the aerosol SFA concentrations between spring and autumn. Our results 

suggested that the amount of n-nonacosan-10-ol in aerosols was primarily controlled by the number of n-nonacosan-10-ol 

coniferous trees, which was determined by the phenology. Overall, our findings suggest n-nonacosan-10-ol can be used as a 

tracer compound for PBAPs originating from conifer leaf wax, which can be used to estimate the atmospheric emission flux 

of PBAPs on a global scale.  20 

1 Introduction 

Primary biological aerosol particles (PBAPs) are emitted directly from natural sources associated with terrestrial and natural 

biota and can be an important component of organic aerosol and can act as ice nuclei (IN) to affect climate through cloud 

formation (e.g. Hader et al., 2014; Tobo et al., 2013; O'Sullivan et al., 2015; Lukas et al., 2020). PBAPs include microorganisms, 

dispersal units, fragments, and excretions of different biological organisms, such as bacteria, pollen, plant debris, and fungi 25 

(Després et al., 2012). Additionally, they also include the release of liquid and solid secretions from organisms into the 

atmosphere as aerosols (Després et al., 2012). Qiu et al. (2017) suggested that monolayers of n-alkyl alcohols with carbon 

numbers up to 30 can act as efficient ice nucleants based on molecular simulations. This potential has been supported by 

experimental evidence, which showed that fatty alcohol particles have significant ice nucleation ability depending on the 



2 
 

carbon chain length (Mehndiratta et al., 2024). This ice nucleation ability is a common characteristic of long-chain fatty 30 

alcohols (FAs) (Vazquez De Vasquez et al., 2020). Moreover, FAs, known as terrestrial lipid biomarkers, can be transported 

over long distances originating from terrestrial sources and reaching remote oceans, which can affect the IN activity (Chen et 

al., 2021). Primary FAs (PFAs) can be easily oxidized to carboxylic acids in the aqueous phase, with aldehydes being the 

intermediate components (Yu et al., 2005). Compared to PFAs, secondary FAs (SFAs) are chemically more stable owing to 

less H-abstraction (Koivisto et al., 2015). Therefore, SFAs in atmospheric aerosols are expected to serve as tracers for specific 35 

sources of PBAPs. 

SFAs are important wax components in higher plants. Most tubules (tube-like epicuticular wax structures) which possess 

microscopic structures visible on leaf surfaces, belong to a group of secondary alcohol tubules and predominantly comprise 

nonacosanol and its homologues (Huth et al., 2021). The Aerosol Characterization Experiments-Asia campaign detected two 

SFAs, namely n-nonacosan-10-ol and n-nonacosan-5,10-ol, in ambient aerosols at ground sites in the western North Pacific 40 

(Simoneit et al., 2004). Simoneit et al. (2004) indicated that SFA compounds in aerosols are an input of plant waxes from 

forests, which comprise both soft and hardwoods. Miyazaki et al. (2019) identified five SFAs in atmospheric aerosols at two 

forest sites in Japan and reported, for the first time, that the mass concentrations of these SFAs exhibit distinct seasonal 

variations. They showed that SFAs exhibit pronounced peaks during the growing season (from March to May) at each forest 

site, indicating that SFAs in aerosols primarily originate from plant waxes and can be useful tracers for PBAPs. Cui et al. 45 

(2023) evaluated the mass size distributions of five SFAs in atmospheric aerosols at a forest site and reported the peaks shift 

from larger size (> 10 μm) in spring to smaller size ranges (1.9–3 μm) in autumn. They suggested that the senescence status 

of plants affects the aerosol particle size of SFAs. Gagosian et al. (1987) emphasized that aerosol lipids can be transported 

from the land surface to the ocean over a relatively short timescale of a few days. This implies that the influence of aerosol 

SFAs is not limited to local atmospheric environments, but also on regional scales (e.g., IN activity). Overall, previous studies 50 

have suggested that SFAs in plant leaves can be emitted into the atmosphere as PBAPs, potentially influencing cloud formation 

through IN at a regional scale. 

Although previous studies have suggested that plant waxes are the primary source of aerosol SFAs, the specific plant species 

contributing to the atmospheric emissions of SFAs and the factors controlling the emission processes are not well understood. 

In this study, we aimed to elucidate the specific plant species acting as a source of SFAs in aerosols based on simultaneous 55 

sampling of size-segregated aerosols and leaves of different plant species at a cool-temperate forest site. Additionally, we also 

evaluated the influence of meteorological factors, such as local wind speed and precipitation, to better understand the 

atmospheric emission process of SFAs from plant leaves.  

2 Experimental Design and Methodology 

Ambient aerosol and plant leaf samples were collected from the Tomakomai (TMK) experimental forest site (42°43′ N, 141°36′ 60 

E) in the western part of Hokkaido, the northernmost island of Japan (Hiura, 2001). The experimental forest spans 2715 ha 
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and is located near the city centre of Tomakomai, which faces the Pacific Ocean. The study site is located approximately 60 

km south of Sapporo (Fig. 1). The experimental forest site comprises a mixed cool-temperate forest consisting of mature and 

secondary deciduous trees and man-made coniferous trees with various types of forest floor cover (Hiura, 2001, 2005). The 

dominant tree species were Quercus crispula (Mongolian oak), Acer pictum (mono maple), the human-planted species Larix 65 

leptolepsis (Japanese larch), Abies sachalinensis (Sakhalin fir), and Picea glehnii (Sakhalin spruce). The forest floor is mainly 

covered by Dryopteris crassirhizoma and Parasenecio kamtschaticus. The average height of the dominant tree species in the 

forest ranged from 15 m to 20 m, and the leaf area index ranged from 3.3–4.9 m2 m−2.  

Monthly average temperatures in the TMK experimental forest range from –3.2°C to 19.1°C, and the average annual 

precipitation is 1450 mm (Hiura, 2001). The snow cover reaches a maximum depth of 50 cm between December and March. 70 

The predominant local wind direction in autumn and winter is from the north, which is covered by forested areas. In contrast, 

air masses are typically transported from the south (from the oceanic region passing over coastal urban areas) during summer 

(Miyazaki et al., 2019). 
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Figure 1: Location of the study site where aerosol and plant leaves were sampled (©copyright by Google Map). 

 

2.1 Size-segregated aerosol sampling 

Size-segregated aerosol samples were collected on prebaked quartz fibre filters using a high-volume air sampler (Model 120SL; 90 

KIMOTO Electric Co., LTD, Osaka, Japan) attached to a cascade impactor (Model TE-234; Tisch Environmental, Cleves, 

OH, USA). The aerosol sample was collected in five stages at a flow rate of 1130 L min−1, without controlling temperature 

and humidity. Aerosol particles with aerodynamic diameter (Dp) < 0.95 μm were collected at the bottom stage of the impactor 

(hereafter submicrometer particles). In contrast, supermicrometer particles (Dp > 0.95 μm) were collected from the upper four 
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stages of the impactor. The mass concentration of the total suspended particles (TSP) was defined as the sum of aerosol 95 

particles collected across all five stages of the impactor. The duration of each sampling was approximately one week. Our 

previous studies showed that mass concentrations of SFAs in forest aerosols increased in spring and autumn (Miyazaki et al., 

2019; Cui et al., 2023). Consequently, the present study particularly focused on these two seasons to elucidate sources of SFAs 

in aerosols. At this forest site, aerosol sampling was conducted from 2–23 May (spring) in 2024, 1–8 August (summer) in 

2023, and 3–24 October (autumn) in 2023. The lack of data in winter was due to heavy snow accumulation exceeding 1-m 100 

height around the sampling site.  

2.2 Leaf sampling of different plant species 

Plant leaf samples were systematically collected at the beginning or end of each aerosol sampling at a frequency of 

approximately once every1–2 weeks. The leaves were sampled from three broad-leaved deciduous tree species, which included 

Q. crispula (Mongolian oak), Acer pictum (mono maple), and Acer palmatum (Japanese maple), and two coniferous evergreen 105 

tree species, which included Abies sachalinensis (Sakhalin fir), and Picea glehnii (Sakhalin spruce). Additionally, leaf samples 

were obtained from two ground-cover plant species, D. crassirhizoma and Parasenecio kamtschaticus. These species were 

selected because they dominate the study site in the forest.  

Broad leaves were randomly collected from different branches of the tree. As conifer leaves at different growth stages coexist 

in the same individual tree (Liu et al., 2020), whole branches with different leaf stages were collected during conifer leaf 110 

sampling. The plant leaf samples were stored at 4 ℃ in a refrigerated room prior to analysis. In this study, the measurement 

results of SFAs in the leaf samples are shown for samples collected in spring (9, 16, and 23 May in 2024), summer (1 August 

2023), and autumn (3, 17, and 31 October in 2023). 

2.3 Measurement of SFAs in aerosol samples 

To measure SFAs, a filter cut (3.8 cm2) of the bottom stage of the impactor was used for the analysis of the submicrometer 115 

particles, whereas 8.8 cm2 of the filter cut from each of the upper four stages was analyzed for the supermicrometer particles. 

Uniformity of the particle deposition on to the filter was evaluated by analyzing filters cut from the center and edge of one 

filter to find that the difference in the collected aerosol mass between the two different parts was less than 6%. Each filter 

sample was extracted using a mixture of dichloromethane (DCM) and methanol (MeOH) (2:1, v/v). The hydroxyl functional 

groups (−OH) in the extracted samples were derivatized using a mixture of 50 μL N,O-bis-(trimethylsilyl) trifluoroacetamide 120 

(BSTFA) and 10 μL pyridine to form trimethylsilyl (TMS) ether (−OTMS) (Fu et al., 2009). For each sample, 2 µL of the 

TMS derivative was injected into a capillary gas chromatograph (GC8890, Agilent Technologies) equipped with a fused silica 

capillary column (DB-5MS) and coupled to a mass spectrometer (MSD5977B, Agilent Technologies). The GC–MS analysis 

was performed in the splitless injection mode to minimize volatilization loss of long-chain SFAs. The total ion chromatograms 

(TICs) of the five derivatized SFAs were identified, and the peak was identified based on detailed interpretation of the EI mass 125 

spectral data (mass spectrometric fragmentation patterns) together with their comparison to data in the literature as well as 
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exact mass measurements using a high-resolution gas chromatograph-time-of-flight mass spectrometer (GC-TOF-MS; JMS-

T100GCV, JEOL), as described by Miyazaki et al. (2019). Quantification of the mass was performed using 140 µl of internal 

standard (1.43 ng µL−1 of C13 in hexane), which was added to the derivatized sample just before the injection into the GC-MS. 

The concentrations of SFAs were determined by the MS peak area of TMS derivative of SFA relative to that of the internal 130 

standard. Figure 2 presents the molecular structures of the five SFAs identified in the present study.  
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Figure 2: Molecular structures of secondary fatty alcohols (SFAs) identified in this study: (a) n-nonacosan-10-ol (C29), (b) n-
nonacosan-5,10-diol (C29), (c) n-nonacosan-10,13-diol (C29), (d) n-heptacosan-10-ol (C27), and (e) n-heptacosan-5,10-diol (C27). 

 

2.4 Bulk water-insoluble organic carbon (WIOC) in aerosol samples 145 

To derive mass concentrations of WIOC, we measured the mass concentrations of organic carbon (OC) and water-soluble 

organic carbon (WSOC). The mass concentration of OC was measured using a Sunset Lab OC/EC analyzer. To measure 

WSOC concentration, a filter cut was extracted with ultrapure water and filtered with a disc filter (Millex-GV, 0.22 μm, 

Millipore, Billerica, MA, USA), followed by injection of the extracts into a total organic carbon analyser (Model TOC-LCHP, 

Shimadzu) The OC and WSOC concentrations were calculated using filter blanks. The mass concentration of WIOC was 150 

defined as the difference between that of OC and WSOC (i.e., [WIOC] = [OC] – [WSOC]). 

2.5 Measurements of SFAs in plant leaf samples 

All leaf samples were dried in a desiccator at room temperature. Initially, both broadleaf and coniferous leaf samples were 

extracted without grinding. If SFAs were not detected, the corresponding samples were then ground and homogenized in a 

mortar to try to detect SFAs again. In general, SFAs in plant waxes exist in both free and esterified forms. Free-form SFAs 155 

were extracted from individual leaves of each species using a mixture of DCM and MeOH (2:1, v/v) in an ultrasonication bath, 

and the extracts were filtered through quartz wool. To quantify the total mass of SFAs (free + esterified forms), the extracts 

underwent alkaline hydrolysis procedure (Angst et al., 2017) with methanolic KOH at 80 °C for 3 h to measure esterified forms 
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of SFA mass in addition to the free forms. Ultrasonication was applied for the first 15 min of each hour to prevent excessive 

heating. After cooling, the hydrolysates were re-extracted with DCM and MeOH (2:1, v/v) and subsequently combined with 160 

KOH extracts. The combined solution was filtered and acidified to pH1 using 30% (w/w) concentrated hydrochloric acid (HCl). 

The acid fractions were separated from the extracts by liquid-liquid extraction. The solution in the organic layer was evaporated 

and concentrated using a rotary evaporator and then dried under N2. Once the solvent was completely removed, the final 

extracts of both the free (without hydrolysis) and esterified (with hydrolysis) forms were derivatized using BSTFA and pyridine 

(5:1, v/v). The derivatization and subsequent identification procedures were the same as those used for the analysis of free-165 

form SFAs in aerosols. The extracted samples were injected into the GC–MS using the same procedure as that used for the 

aerosol samples. In this study, the SFA mass per leaf, both in free and total (free + esterified) forms, was derived. 

3 Results and Discussion 

3.1 Seasonal differences in the mass concentrations and mass size distributions of SFAs in aerosol samples 

Figure 3 shows the typical mass size distributions of the five SFAs in the aerosol samples collected at the Tomakomai (TMK) 170 

experimental forest site from 2–9 May, 2024. n-nonacosan-10-ol was the most abundant SFAs identified in all samples, 

followed by n-nonacosan-5,10-diol. The majority of the SFAs mass resided in the supermicrometer (Dp > 0.95 𝜇m) size range. 

The dominance of n-nonacosan-10-ol with the majority of the mass in the supermicrometer size was observed in all the aerosol 

samples, which has been also reported for other forest sites (Miyazaki et al., 2019; Cui et al., 2023). In this study, n-nonacosan-

10-ol is mainly discussed as a representative compound of SFAs. 175 
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Figure 3: Mass size distributions of secondary fatty alcohols (SFAs) recorded between 2 May and 9 May in 2024. 185 

Figure 4 shows the mass concentrations and fractions of n-nonacosan-10-ol in submicrometer particles and TSP. The data of 

the individual samples are summarized in Table S1. The concentration of n-nonacosan-10-ol in TSP was the highest in spring 

(180.3±38.1 ng m-3), followed by autumn (13.6±11.3 ng m-3) and summer (4.73 ng m-3). The maximum concentration of n-

nonacosan-10-ol in spring has also been observed at other temperate and cool-temperate forest sites (Miyazaki et al., 2019; 
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Cui et al., 2023). The average concentrations of n-nonacosan-10-ol in the TSP in spring were similar to those reported for the 190 

same forest site in a different year (Miyazaki et al., 2019). In contrast, the observed mass concentrations of n-nonacosan-10-

ol in spring were approximately 20 times higher than those observed at the Sapporo Forest Meteorology Research (SPR) site, 

which is a mixed cool-temperate forest consisting of deciduous trees (Cui et al., 2023). As shown above, the majority of the 

SFA mass resided in the supermicrometer size range across all seasons. Specifically, the mass of n-nonacosan-10-ol in the 

supermicrometer size range accounted for 77.7%, 67.5%, and 82.0% of the total mass in spring, summer, and autumn, 195 

respectively. 
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Figure 4: Mass size concentrations of n-nonacosan-10-ol in submicrometer particles (Sub-μm P; white bars) and total suspended 
particulate matter (TSP; gray bars) collected at the TMK site in spring (2–23 May 2024), summer (1–8 August 2023), and autumn 
(3–24 October 2023). For spring and autumn, each value represents the average of three sample sets weekly obtained. In summer, 210 
the value of the single sample set is shown because only one sample was obtained in that season. The open circles show the mass 
ratios of sub-μm P to TSP. Note that the left y-axis is shown on a logarithmic scale to show the large variation of the mass 
concentrations in each particle size range. 

 

Figure 5 presents the mass size distributions of n-nonacosan-10-ol in the aerosols during each season. In spring, the peak 215 

diameter of n-nonacosan-10-ol was larger than 7.2 μm. On the other hand, such peak was not evident in autumn, when the 

peak was observed in rather smaller size range. Cui et al. (2023) reported a similar seasonal trend in the mass size distribution 

of SFAs in aerosols at another cool-temperate forest site (SPR site). They also showed that the peak of the SFA mass size 

range was in a similar range to that of the supermicrometer particles in spring, whereas the relative contribution of the mass in 

the smaller size ranges in the supermicrometer particles became larger in autumn. Their results suggested that SFAs originate 220 

mostly from plant waxes and that the leaf senescence status is likely an important factor controlling the size distribution of 

SFAs. As the seasonal change in the size distributions of aerosol SFA in this study is similar to that observed by Cui et al. 

(2023), the current results suggest that plant leaf wax is a possible source of aerosol SFA. 
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 225 
Figure 5: The mass size distributions of n-nonacosan-10-ol in aerosols obtained in (a) spring (means of multiple samples collected 
during 2–23 May 2024), (b) summer (a single sample collected during 1–8 August 2023), and (c) autumn (means of multiple samples 
collected during 3–24 October 2023). 

 

3.2 n-nonacosan-10-ol in plant leaf samples 230 

To elucidate the contributions of plant wax to atmospheric aerosols and the specific plant species acting as sources of SFAs in 

atmospheric aerosols, SFAs in the leaf samples were examined for all plant leaves collected at the study site. In this study, the 

limit of detection (LOD) was defined as the concentration with a signal-to-noise ratio (S/N) of less than 3, which was 

determined to be 0.01 ng m⁻³. As shown in Table 1, among the leaf samples collected from all plant species, n-nonacosan-10-

ol was only identified in the leaves of Abies sachalinensis (Sakhalin fir) and Picea glehnii (Sakhalin spruce). n-nonacosan-10-235 

ol was not detected in the broadleaf samples examined in this study. Sakhalin fir was the most widely distributed conifer tree 

species in the study area, but its sample could not be obtained in winter because the area was inaccessible owing to snow 

accumulation during that season. 

 

Table 1: Detection of secondary fatty alcohols (SFAs) in the seven plant species sampled from the study site. ND 240 
indicates that a compound was not detected, whose concentration was below the lower limit of detection (LOD; 0.01 ng 
m⁻³). 
 

Plant Type Scientific Name Common Name Detection of 
SFAs  

Broad-leaved tree 

Quercus crispula Mongolian oak ND 

Acer palmatum Japanese maple ND 

Acer pictum Mono maple ND 

Coniferous tree 
Abies sachalinensis Sakhalin fir Detected 

Picea glehnii Sakhalin spruce Detected 
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Ground cover plant 
Dryopteris crassirhizoma Thick stemmed wood fern ND 

Parasenecio kamtschaticus –  
(Herbaceous species) ND 

 

Because SFAs in plant leaf waxes typically exist in both free and esterified forms, Figure 6 compares the SFA mass per conifer 245 

leaf in the free form with that in all (free and esterified) forms. The mass of SFAs in the free form (69.2 ± 7.32 μg) was 

substantially larger than that in the esterified form (2.17 ± 1.23 μg), showing that n-nonacosan-10-ol in the conifer leaf samples 

was predominantly in the free form. The dominance of the free form of n-nonacosan-10-ol in the conferring leaves is also 

supported by previous studies (Kolattukudy, 1976; Kolattukudy et al., 1989). Therefore, it is reasonable to compare free-form 

n-nonacosan-10-ol in aerosols with that in conifer leaves. 250 
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Figure 6: Mass of n-nonacosan-10-ol per conifer (Abies sachalinensis) leaf in the free and all (free + esterified) forms from samples 
collected on 9 May 2024. Bars indicate the standard deviation of the average mass of three replicate leaves collected from similar 
positions on a conifer tree. The original data set shown in the figure is listed in Table S1. 

 

3.3 Seasonal variations in the mass of n-nonacosan-10-ol in conifer leaves 265 

We investigated the seasonal variations in the mass of n-nonacosan-10-ol in conifer (Sakhalin fir) leaves to assess the possible 

link between the plant wax of conifer leaves and atmospheric aerosols in terms of the atmospheric emission of SFAs. The 

positions of the plant leaves on the branches defined in this study are shown in Fig. S1. The most abundant leaf type among 

the conifer species sampled in this study was located in the middle of the branches (Fig. S1). Figure 7 shows the mass of n-

nonacosan-10-ol per needle leaf in the middle of the branch during each season. The average mass of n-nonacosan-10-ol was 270 

largest in spring (62.1±15.0 μg), followed by autumn (58.3 ± 5.06 μg) and summer (16.2 ± 1.66 μg), although the difference 

in the mass between spring and autumn was insignificant. Nevertheless, the difference in the mass of n-nonacosan-10-ol in the 

conifer leaf samples at least between spring and summer was similar to that of the mass concentration in aerosols (Fig. 4), 

implying a potential role of n-nonacosan-10-ol in linking plant phenology with atmospheric aerosol chemical composition. 
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Figure 7: Mass of n-nonacosan-10-ol per confer leaf at the study site. The data of conifer leaves were taken from Sakhalin fir (Abies 285 
sachalinensis) for spring, summer and autumn. Bars indicate the standard deviation of the average mass in leaf samples measured 
in each season, with all leaves collected from the middle part of branches. Detailed sample information is provided in Table S4. 

 

 A similar seasonal trend of the n-nonacosan-10-ol mass in plant leaves was reported for Pinus pinaster (Nikolić et al., 2020), 

where the mass fraction of n-nonacosan-10-ol to leaf cuticular wax in needle leaves was slightly higher in spring (79.0%) than 290 

in autumn (75.2%). Jenks et al. (2002) suggested that the amount of plant leaf wax varies depending on the developmental 

stage of the plant leaf. In the present study, the largest mass of n-nonacosan-10-ol in the leaf samples was observed in spring, 

which could be attributed to the active generation and regeneration of plant waxes during the growing season (Mohammadian 

et al., 2007). Interactions between phylogeny and meteorological parameters (e.g., temperature and precipitation) can influence 

plant physiological characteristics (Wang et al., 2018). The conifer leaves sampled in summer were older than those sampled 295 

in spring, and their surface waxes were substantially degraded by the local wind and precipitation. Moreover, the capacity for 

wax synthesis is likely reduced by heat stress (Jenks et al., 2002). In contrast, the increase in SFA mass in the leaf samples in 

autumn can be explained by the hydrophobicity of the waxes in that season to protect plants against water loss (Kreyling et al., 

2012). Plants protect themselves from water loss by increasing the turnover of wax components towards hydrophobic aliphatic 

compounds under cold stress, which is supported by the findings of previous studies on conifer species (Cape and Percy, 1993; 300 

Shepherd and Wynne Griffiths, 2006; Kreyling et al., 2012).  

The tubular wax crystals contain SFAs usually ranging from approximately 0.5 to 3 μm (Koch et al., 2009). Wax particles 

remain in older leaves where the size of the wax tends to be smaller than the maximum size range (Tomaszewski, 2004). In 

other words, the wax production in newly formed leaves is accompanied by both vertical and horizontal expansion, with the 

maximum diameter of wax structures reaching 11–14 μm as plant leaves develop. This size range corresponded to mass size 305 

range of the SFAs in the aerosols observed in the present study (Fig. 5). Seasonal differences in the size distributions of SFAs 

in aerosols shown in Fig. 5 suggests that the size distribution was closely linked with the structural characteristics of leaf waxes. 
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Seasonal variations in SFA mass observed in both atmospheric aerosols and plant leaves suggested that plant phenology likely 

influenced SFA emissions. As a representative SFA, n-nonacosan-10-ol is not only a major component of Sakhalin fir leaf 

waxes but is also abundant in waxes produced by several plant species (e.g. Dommisse et al., 2007; Zhang et al., 2024), 310 

including Pinus halepensis (58% of total leaf epicuticular waxes; Matas et al., 2003), Tropaeolum majus (67% of total leaf 

waxes; Koch et al., 2006), and Pinus pinaster (77% of total leaf cuticular waxes; Nikolić et al., 2020). SFAs commonly exist 

in many plant species and are formed during wax biosynthesis in leaves, which occurs via several pathways (Post-Beittenmiller, 

1996). Among SFAs, n-nonacosan-10-ol is the major component of tubular plant wax crystals (Dommisse et al., 2007), which 

is consistent with observations made for leaf samples in the present study. Although the detailed SFA biosynthetic pathways 315 

in plant leaves remain unclear, Zhang et al. (2024) proposed a possible mechanism involving elongation intermediates. The 

presence of SFAs in plant leaf wax provides insights into the potential formation process of SFAs in atmospheric aerosols. 

The presence of SFAs in plant leaf wax serves as the foundation for multiple hypotheses regarding their biosynthesis and 

provides insights into the potential formation process of SFAs in atmospheric aerosols. Although the biosynthetic mechanisms 

of SFAs in plant leaves are not fully understood, information about SFA distribution along branches may provide additional 320 

insights into their formation. As a new leaf appears at the tip of a conifer branch, leaves at different positions on the branch 

represent their growth stages, thereby providing information on how leaf age affects wax accumulation. 

Figure 8 shows the mass of n-nonacosan-10-ol in conifer leaves at the middle and top positions of a branch obtained in spring 

and autumn. In both seasons, the mass of n-nonacosan-10-ol in the leaves in the middle position was approximately twice that 

of leaves obtained from the top. This difference can be explained by wax accumulation synchronizing with leaf development, 325 

which is more pronounced in leaves at the middle position (Busta et al., 2017). The following section further examines how 

leaf senescence affects SFA mass in conifer leaves. 
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Figure 8: The mass of n-nonacosan-10-ol per Sakhalin fir (Abies sachalinensis) leaf in different position of one branch in spring (25 
May 2023) and autumn (3 Oct 2023). Bars indicate the standard deviation of the average mass of three coniferous leaf samples. The 340 
data set shown is listed in Table S2. 
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3.4 Dependence of the n-nonacosan-10-ol mass on senescent status of conifer leaves 

We investigated the dependence of SFA mass on the senescent status of conifer leaves. Figure 9 compares the mass of n-

nonacosan-10-ol per leaf at three different positions on one branch obtained on 3 October 2023. In addition to top and middle 345 

positions, “brown” parts of the conifer leaves on a branch are defined in Fig. S1 in the Supplementary Material. Brown leaves 

occupy a minor fraction of the total conifer leaves and are the most senescent among all parts of conifer leaves. Brown leaves 

(140 μg) accounted for the highest fraction in the total mass of n-nonacosan-10-ol, followed by the green mature leaves at 

middle positions (67.1 μg). Brown leaves exist on branches for a long time after senescence, with complete resorption processes 

(Yuan et al., 2018). The large mass of SFAs (i.e., leaf wax) in brown leaves can be explained by the continued activity of wax 350 

biosynthetic genes during leaf senescence (Laila et al., 2017), followed by the accumulation of plant wax from the inner to the 

outer leaves in senesced plant leaves. This continued activity may function as a protective mechanism against certain plant 

species; however, the exact mechanism remains largely unknown. Our results indicated that SFA mass in conifer leaves 

depends on the plant growth stage and senescence status. 

 355 

 

 

 

 

 360 

 

 

 

 

 365 

 
Figure 9: The mass of n-nonacosan-10-ol per Sakhalin fir (Abies sachalinensis) leaf in different positions of one branch in autumn 
(3 Oct 2023). Bars indicate the standard deviation of the average mass from three coniferous leaves. The data set shown is listed in 
Table S2. 

 370 

3.5 Possible key process in the emission of aerosol SFAs 

The possible factors controlling SFAs concentrations in ambient aerosols at the study site were examined to determine the 

atmospheric emission processes of SFAs from conifer leaves. Figure 10 compares the average mass concentrations of n-
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nonacosan-10-ol in aerosols with those of n-nonacosan-10-ol in Abies sachalinensis (Sakhalin fir) leaves. The figure also 

shows the average wind speeds and accumulated precipitation in spring and autumn, when the mass of n-nonacosan-10-ol in 375 

both aerosols and conifer leaves showed large values.  

In spring, the temporal trend of n-nonacosan-10-ol mass concentrations in aerosols was similar to that of the local wind speeds 

and n-nonacosan-10-ol mass in the leaves. In contrast, the relationship between aerosols and accumulated precipitation was 

not clear. Local winds can typically blow off plant wax from the leaf surface into the atmosphere, which is a common 

atmospheric emission process for PBAPs (Tegen and Schepanski, 2018). At higher wind speeds, plant waxes can be removed 380 

from leaves through mechanical processes caused by aerodynamic forces and leaf-to-leaf contact, such as crystal fracturing 

and abrasion (Shepherd and Wynne Griffiths, 2006). Our findings suggested that local wind speeds and the amount of wax on 

conifer leaves are important factors that control the mass concentrations of SFAs in aerosols in spring. 

 

 385 
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Figure 10: (a, b) Mass concentration of n-nonacosan-10-ol in TSP, (c, d) average local wind speeds, (e, f) accumulated precipitation, 390 
and (g, h) the mass of n-nonacosan-10-ol in the conifer leaves during each period/day in spring (a, c, e, g) and autumn (b, d, f, h). In 
(f), accumulated precipitation during Oct 10–17 was zero.  

 

Precipitation can remove SFAs, both atmospheric aerosols and plant wax, from leaf surfaces. In spring, the size of aerosol 

SFAs was predominantly coincided with the supermicrometer range (Fig. 5) and can be removed more efficiently by 395 

precipitation than submicrometer particles (Rathnayake et al., 2017). Even after removal by precipitation, the concentration 

level of PBAPs often recovers within hours to days after rainfall ceases (e.g., Guo et al., 2016), which occurred on a timescale 

of within one week of aerosol sampling in the present study. Although it was difficult to systematically explain the effect of 

precipitation on the temporal trend of aerosol SFA concentration in this study, the SFA mass in conifer leaves, combined with 

local wind speeds, likely increased the atmospheric aerosol concentrations of SFA in spring. 400 

The seasonal difference in the SFA mass concentration in aerosols between summer and autumn was more significant than the 

difference in the SFA mass in conifer leaves. The relationships among aerosol SFA concentrations, local wind speeds, 
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precipitation, and SFA mass in leaves were not clear in autumn. In spring, larger plant wax particles may be more easily 

removed from the leaf surface and emitted into the atmosphere through the physical processes described above. On the other 

hand, plant wax in autumn is generally smaller than that in spring and can be removed less from the leaves into the atmosphere. 405 

These processes can partly result in seasonal differences in atmospheric SFA emissions from conifer leaves. However, the 

formation mechanism of tubules (a type of plant wax structure in which SFAs are the major constituents) remains poorly 

understood (Huth et al., 2021). Therefore, further research is required to elucidate these underlying processes. 

We further investigated the influence of site-specific factors (e.g., abundance and differences in coniferous species) on aerosol 

SFA concentration levels. Figure 11 compares the average mass concentrations of n-nonacosan-10-ol in bulk aerosols (in all 410 

size ranges) reported for different forest sites during spring. The average mass concentration of n-nonacosan-10-ol in spring is 

greatest at Fuji-Hokuroku (FHK) flux research site (212±232 ng m–3; Miyazaki et al., 2019), followed by TMK site (180±38.1 

ng m–3; the present study study). Among the three sites, the average concentration is significantly lower at SPR site (10.2±10.3 

ng m–3) (Cui et al., 2023). The differences in the concentrations of aerosol SFAs at the three forest sites can be attributed to 

differences in the types and abundance of coniferous tree species. The predominant tree species at the FHK site are conifers, 415 

including Japanese larch (Larix kaempferi Sarg.) interspersed with evergreen needle-leaf species (Pinus densiflora and Abies 

homolepis) (Takahashi et al., 2015). The TMK site consists of mature and secondary deciduous trees, together with coniferous 

trees planted by humans, where coniferous trees are not the dominant species. The SPR site is mainly covered with broadleaf 

trees, with fewer coniferous trees than the FHK and TMK sites (Nakai et al., 2003). At those three forest sites, the average 

local wind speeds observed during each sampling period at each site were in the similar range of 2.4–3.0 m s−1 during each 420 

aerosol sampling period. Therefore, the differences in the mass concentrations of n-nonacosan-10-ol in aerosols between the 

conifer-rich sites (TMK and FHK) and the broadleaf-dominated site (SPR) indicate that conifer leaves are the primary source 

of aerosol SFAs. 

 

 425 
Figure 11: The average mass concentrations of n-nonacosan-10-ol in aerosols reported for three different forest sites in spring. 
Each aerosol samples were obtained at Sapporo (SPR) Forest Meteorology Research Site (Cui et al., 2023), Tomakomai (TMK) 
experimental forest, and Fuji-Hokuroku (FHK) flux research site (Miyazaki et al., 2019). For details of each forest site, see text. 
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Figure 11: (a) Mass size distribution of bulk water-insoluble organic carbon (WIOC) compared with that of n-nonacosan-10-440 
ol (2–9 May 2024). (b) A scatterplot of the mass concentrations between n-nonacosan-10-ol and bulk WIOC (2–9 May 2024). 

 

 

We found that SFAs can be used as tracers for PBAPs originating from coniferous leaf waxes. Cui et al. (2023) suggested that 

atmospheric emissions of SFAs from plant leaf wax could be an important factor controlling the aerosol mass concentration 445 

of WIOC in spring (i.e., growing season). In this study, the average mass concentration ratio of n-nonacosan-10-ol to WIOC 

was 0.11±0.02 (ng ng−1) in spring. Notably, the aerosol mass size distributions of n-nonacosan-10-ol and WIOC were similar 

in the spring (Fig. 12a). A significant linear correlation was observed between their mass concentrations during that season, 

with a coefficient of determination (R²) of 0.90 (Fig.12b), indicating that plant leaf wax is an important factor controlling the 

aerosol mass concentration of bulk WIOC in spring. These findings further support the use of SFAs as effective tracers of 450 

PBAPs originating from coniferous leaf waxes. 

At the TMK site, the aboveground biomass (AGB) of the conifer plantations accounted for approximately 43% of the total 

AGB (Hiura, 2005). Coniferous trees are the dominant species in boreal forests and are major components of temperate forests, 

where boreal and temperate forests account for 32% and 14% of global forest cover, respectively (Pan et al., 2011). The results 

of this study, together with those of previous studies on aerosol SFAs, suggest that coniferous leaf wax is an important source 455 

of PBAPs, particularly in spring.  

4 Conclusions 

In the present study, we investigated plant species as sources of SFAs in atmospheric aerosols based on the mass size 

distributions of aerosol SFAs and leaf samples simultaneously obtained from a cool-temperate TMK forest site. Among the 

five SFAs identified, n-nonacosan-10-ol was the most abundant in the aerosols. The concentration of n-nonacosan-10-ol in the 460 
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bulk aerosol was highest in spring, followed by autumn. For all the samples, the size range of most SFAs coincided with the 

supermicrometer (Dp > 1 μm) range, which accounted for 78% of the total aerosol mass. In particular, the mass size distribution 

of n-nonacosan-10-ol exhibited a peak diameter of > 7.2 μm in spring. On average, the peak size of n-nonacosan-10-ol mass 

shifted to smaller ranges in autumn compared to spring. This seasonal difference in the size distribution of aerosol SFAs was 

similar to that observed at other forest sites in Sapporo (Cui et al., 2023).  465 

Among the leaf samples of various plant species collected at the study site, n-nonacosan-10-ol was detected in the leaf samples 

of two coniferous evergreen species, Sakhalin fir (Abies sachalinensis) and Sakhalin spruce (Picea glehnii). In contrast, SFAs 

were not detected in the broad leaves of deciduous tree species. This result was supported by a previous study that showed that 

n-nonacosan-10-ol is generally found in the leaf waxes of conifers (Matas et al., 2003). Additionally, most of the n-nonacosan-

10-ol (97%) in the conifer leaf samples was found in the free (non-esterified) form, which was consistent with previous findings 470 

reported in the literature (Kolattukudy, 1976; Kolattukudy et al., 1989).  

The mass of n-nonacosan-10-ol per needle leaf was largest in spring, followed by autumn. This seasonal trend was attributed 

to the significant production and accumulation of plant leaf wax in spring and autumn, similar to that of aerosols. The 

comparison between SFAs in the aerosol and leaf samples and meteorological parameters suggested that the atmospheric 

emission strength of n-nonacosan-10-ol from the leaf surface was influenced by the phenological stage of the coniferous leaves 475 

and local wind speeds, particularly in spring. Overall, the results suggest that n-nonacosan-10-ol, the major SFA compound, 

can be used as a tracer of PBAP originating from coniferous leaf wax. Considering the global coverage of the biomass of 

coniferous trees, their wax should be considered as a potential source of PBAPs, which can reduce uncertainties in estimating 

the atmospheric emission flux of PBAP. 
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