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A B S T R A C T   

Lipids are important biogenic markers to indicate the sources and chemical process of aerosol particles in the 
atmosphere. To better understand the influences of biogenic and anthropogenic sources on forest aerosols, total 
suspended particles (TSP) were collected at Mt. Changbai, Shennongjia, and Xishuangbanna that are located at 
different climatic zones in northeastern, central and southwestern China. n-Alkanes, fatty acids and n-alcohols 
were detected in the forest aerosols based on gas chromatography-mass spectrometry. The total concentrations of 
aliphatic compounds ranged from 15.3 ng m− 3 to 566 ng m− 3, and fatty acids were the most abundant (44–95%) 
followed by n-alkanes and n-alcohols. Low molecular weight- (LFAs) and unsaturated fatty acids (UnFAs) showed 
diurnal variation with higher concentrations during the nighttime in summer, indicating the potential impact 
from microbial activities on forest aerosols. The differences of oleic acid (C18:1) and linoleic acid (C18:2) con-
centrations between daytime and nighttime increased at lower latitude, indicating more intense photochemical 
degradation occurred at lower latitude regions. High levels of n-alkanes during daytime in summer with higher 
values of carbon preference indexes, combining the strong odd carbon number predominance with a maximum at 
C27 or C29, implied the high contributions of biogenic sources, e.g., higher plant waxes. In contrast, higher 
concentrations of low molecular weight n-alkanes were detected in winter forest aerosols. Levoglucosan showed 
a positive correlation (R2 > 0.57) with high- and low molecular weight aliphatic compounds in Mt. Changbai, but 
such a correlation was not observed in Shennongjia and Xishuangbanna. These results suggest the significant 
influence of biomass burning in Mt. Changbai, and fossil fuel combustion might be another important anthro-
pogenic source of forest aerosols. This study adds useful information to the current understanding of forest 
organic aerosols at different geographical locations in China.   

1. Introduction 

Organic aerosols are important components of atmospheric particles 
with a key role in affecting global climate; they also participate in the 
biogeochemical cycles of nutrients and threaten human health by car-
rying toxic substances (Alpert et al., 2021; Crutzen, 1997; Lohmann and 
Feichter, 2005; Sicre et al., 1987). Primary and secondary organic 
aerosols affect the physical and chemical properties of the atmosphere, 
which originate from local sources or long-distance transport. The 

contribution of organic matter to forest aerosols can be as high as 90% 
(Kanakidou et al., 2005) including primary biogenic aerosol particles 
(Rivas-Ubach et al., 2021; Zhu et al., 2016) and oxidation products of 
biogenic volatile organic compounds (Wang et al., 2020a). In addition, 
anthropogenic emissions can also have a huge impact on forest aerosols 
(Shrivastava et al., 2019). They contribute to cloud condensation nuclei 
(CCN) and have potential indirect radiative effect for global aerosol 
system (DeMott et al., 2018; Lihavainen et al., 2009). 

As one of the most abundant organic materials of atmospheric 
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particulate matter, aliphatic compounds such as n-alkanes, fatty acids 
and n-alcohols are emitted from diverse sources. Generally, long chain 
aliphatic compounds are usually used as biomarkers. Kunst and Samuels 
(2003) summarized the biosynthetic pathways of wax components such 
as alkanes, alcohols and ketones and they began with long-chain even 
carbon fatty acids synthesis in the plastid that determined the molecular 
characteristics of strong odd/even carbon predominance of vegetable 
waxes. Rogge et al. (2002) also found similar substances from fine 
particles shed from leaf surfaces. Moreover, microbes such as eukary-
otes, mosses (Zelles, 1999) and marine phytoplankton also produce 
saturated fatty acids (>C20). In addition to biogenic sources, fossil fuel 
combustion including vehicle (Fraser et al., 2000; Schauer et al., 2002), 
and cooking (Wang et al., 2020b) are major anthropogenic sources for 
short carbon chain or unsaturated lipids. 

Furthermore, open and domestic biomass burning activities are also 
one of the major sources of organic aerosols, especially in forest areas 
(Andreae and Merlet, 2001; Chen et al., 2017). Fine et al. (2001) 
determined hundreds of organic compounds from several wood com-
bustion products. Incomplete burning of biomass also produces 
humic-like substances (HULIS) that get much attention due to its 
chemical complexity. Huo et al. (2021) reported that over 1000 com-
pound species including aromatic, aliphatic and alicyclic structures 
were found in PM2.5 samples collected from several typical biomass 
combustion products. Levoglucosan is an important molecular marker of 
biomass burning from pyrolysis of cellulose and hemicellulose, which is 
the most abundant organic species in the combustion process (Simoneit, 
2002; Simoneit et al., 1999). 

Spatial and temporal differences including diurnal and seasonal 
variations in aliphatic compounds have been discussed in previous 
studies, which described the contributions of biogenic and anthropo-
genic sources. For example, researchers had reported the ambient con-
centrations and molecular characteristics of aliphatic compounds in 
atmospheric aerosols in several urban (Alves et al., 2012; Fan et al., 
2020; Simoneit et al., 1991; Tao et al., 2017; Wang et al., 2006) and 
mountainous areas (Fu et al., 2008; Li et al., 2012; Simoneit et al., 1991) 
that are located in continental Europe, Asia and Oceania, and remote 
ocean including the Pacific, Indian Ocean, Atlantic (Chen et al., 2021; Fu 
et al., 2011; Kawamura et al., 2003), and even in deep sea sediments 
(Ohkouchi et al., 1997). Similar researches focusing on the source 
samples including plants (Bi et al., 2005), air emissions from motor 
vehicles (Schauer et al., 2002) and the particles emitted from biomass 
burning have also been conducted. In addition, Lyu et al. (2017) studied 
the size distributions of particle-associated n-alkanes, where short chain 
n-alkanes were enriched in accumulation mode and long chain n-alkanes 
were enriched in coarse mode due to the difference in volatility. Un-
saturated fatty acids such as oleic and linoleic acids were reported in 
aerosol samples and strong photodegradation in linoleic acid was found 
due to the multiple double bonds (Fu et al., 2008), and they could 
promote the formation of organic sulfates through the heterogeneous 
reaction of sulfur dioxide (Passananti et al., 2016). Mochida et al. (2002) 
found a positive correlation between the concentrations of low molec-
ular weight fatty acids and sea-salt, which proved the importance of high 
marine biogenic productivity. 

Some investigations have been conducted in forest areas such as the 
Amazon Forest (Hunter et al., 2017; Kourtchev et al., 2013; Shrivastava 
et al., 2019; Zhu et al., 2016), but there are limited studies on forest 
aerosols among different latitudes. Here, we collected daytime and 
nighttime aerosol samples in forest areas that are located from different 
geographical locations in China in summer and winter. The objectives of 
this study are to describe the latitudinal difference, diurnal and seasonal 
variations in n-alkanes, fatty acids and n-alcohols in forest aerosols and 
clarify the differences of atmospheric oxidation based on unsaturated 
fatty acids. We report the molecular characteristics of these aliphatic 
compounds and the contribution of biogenic and anthropogenic sources 
to forest aerosols. We also discuss the differences in the concentration 
characteristics, the relative abundances of high molecular weight 

aliphatic compounds and photochemical aging at different latitudinal 
regions. 

2. Experiments and methods 

2.1. Sample collection 

Total suspended particle (TSP) samples were collected at three forest 
areas in China. Mt. Changbai (42.40◦N, 128.47◦E, 736 m) is located in 
the northeast of China and is dominated by pine and fir forests. Shen-
nongjia (31.32◦N, 110.49◦E, 1259 m) is located in the central China with 
evergreen and deciduous broad leaved mixed forests. Xishuangbanna 
(22.5◦N, 110.89◦E, 894 m) is located in the southwestern of China with 
rainforests (Fig. 1). Daytime (8:00 to 19:30 LT) and nighttime samples 
(20:00 to 7:30 LT) were taken during the summer (11–28 August 2019) 
and winter (22 December 2019 to 8 January 2020) campaigns. High- 
volume samplers were used to sample at a flow rate of 1.0 m3 min− 1 

(Tisch TE-PM2.5 HVP-BL). All samples were collected onto quartz fiber 
filters that had been combusted at 450 ◦C for 6h, then were preserved at 
− 18 ◦C before analysis. 

2.2. Extraction and GC-MS analysis 

A total of 175 aerosol samples were analyzed for n-alkanes, fatty 
acids, n-alcohols and levoglucosan (Tables S1–S6). A small circular 
punch of each filter was cut and extracted three times ultrasonically in 
10 mL CH2Cl2/CH3OH (2:1, v:v) for 10 min, and were concentrated by a 
rotary evaporator under vacuum and dried under pure N2 gas. Subse-
quently, derivatization was performed by reaction with 60 μL N,O-bis- 
(trimethylsilyl) trifluoroacetamide (including 1% trimethylsilyl chlo-
ride) and pyridine mixture (5:1, v:v) in 70 ◦C for 3 h, 140 μL internal 
standard (C13 n-alkane, 1.43 ng/μL) was finally added and analyzed by 
gas chromatography/mass spectrometry (7890B/5977B, Agilent, USA). 

A total of 2 μL solution was injected and separated in DB-5MS fused 
silica capillary column (30 m × 0.25 mm × 0.25 μm). The GC oven 
temperature was hold at 50 ◦C for 2 min, then increased to 120 ◦C at 
15 ◦C/min and to 300 ◦C at 5 ◦C/min and then maintained at 300 ◦C for 
16 min. The MS detection was operated on EI mode at 70 eV and scanned 
from 50 to 650 Da. The recovery of this method was between 80% and 
120%, and the data were corrected for the field blanks. 

Fig. 1. The locations of forest aerosol sampling sites (Mt. Changbai, Shen-
nongjia, and Xishuangbanna). 
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3. Results and discussion 

In this study, n-alkanes, fatty acids, and n-alcohols were quantita-
tively measured in forest aerosols ranging from 15.3 ng m− 3 to 566 ng 
m− 3. Tables S1–S6 show the concentration ranges and average values 
with a standard deviation of these molecules in summer and winter 
aerosols. Table 1 compares the concentrations of lipid components in the 
present forest aerosols and those from other organic aerosols previously 
reported from marine, mountainous, and urban cites. 

3.1. Diurnal and seasonal variation in aliphatic compounds in forest 
aerosols 

3.1.1. n-Alkanes 
For the Mt. Changbai Forest aerosols, the concentrations of total n- 

alkanes (C18–C36) varied from 1.22 ng m− 3 to 91.4 ng m− 3 (average 12.0 
ng m− 3), which were similar to the forest aerosols (10.4–47 ng m− 3) 
reported in Greece (Kavouras, 2002). Among them, the concentrations 
were 18.0 ± 23 ng m− 3 during daytime, which were about 3 times 
higher than during nighttime (6.43 ± 6.4 ng m− 3) in summer (Table S1). 
As shown in Fig. 2a, higher concentrations of HMW n-alkanes (C25–C36) 
were observed in daytime due to higher ambient temperature and 
stronger solar radiation. The molecular distributions were characterized 

Table 1 
Comparison of concentrations (ng m− 3) for n-alkanes, fatty acids and n-alcohols with marine, mountain, urban city and other forest aerosol.  

Sample type n-Alkanes Fatty acids n-Alcohols Reference 

Species Concentration CPI Species Concentration Species Concentration 

Forest 
Mt. Changbai (TSP, summer) C18–C36 1.22–91.4 

(12.0) 
5.35 C12:0-C34:0, 

C16:1, C18:1, 
C18:2 

28.7–153 (44.7) C12–C32 2.67–60.8 
(9.20) 

this study 

Mt. Changbai (TSP, winter) 14.4–130 
(45.1) 

1.72 20.0–204 (65.0) 3.64–46.5 
(13.6) 

this study 

Shennongjia (TSP, summer) 2.77–23.7 
(9.24) 

2.56 35.7–133 (76.9) 3.54–14.0 
(8.48) 

this study 

Shennongjia (TSP, winter) 2.61–248 
(90.5) 

1.94 8.38–227 (103) 4.28–110 
(36.8) 

this study 

Xishuangbanna (TSP, summer) 2.32–36.1 
(11.1) 

2.02 77.1–551 (208) 4.77–19.5 
(9.41) 

this study 

Xishuangbanna (TSP, winter) 9.55–316 
(51.3) 

1.94 31.1–165 (64.0) 7.44–127 
(26.3) 

this study 

Northern Greece and Portugal 10.4–47.0 – C12:0-C28:0 14.0–194.0 – – Kavouras 
(2002) 

Abies boressi forest, Greece (TSP, 
summer) 

C16–C40 349.3–3486.0 2.9 C7:0-C34:0 123.8–3850.8 C10–C35 30.7–179.4 Casimiro et al. 
(2001) 

Marine 
Round-the world marine cruise 
(TSP) 

C19–C38 0.11–5.8 (1.8) 2.1 C8:0-C34:0, 
C16:1, C18:1 

0.08–15 (5.7) C8–C34 0.07–8.3 Fu et al. (2011) 

Western Pacific (Chichi-jima Is.) C20–C36 0.11–14.1 (1.8) 1.8 
(C25–C35) 

C12:0-C32:0 2.4–60.2 (13.8) C13–C34 0.18–19.7 
(2.2) 

Kawamura et al. 
(2003) 

Mountain 
Mt.Tai, China (TSP, summer) C20–C36 16.9–445 (161) 4.42 C10:0-C32:0, 

C18:1, C18:2 

63-783 (262) C18–C34 15.1–866 
(249) 

Fu et al. (2008) 

Mt.Tai, China (TSP, winter) C20–C36 7.68–619 (194) 4.63 C10:0-C32:0, 
C18:1, C18:2 

15.6–892 (287) C18–C34 11.1–1930 
(352) 

Fu et al. (2008) 

Mt. Emei, China (PM2.5, summer) C18–C35 171 ± 332 1.56 C8:0-C34:0, 
C16:1, C18:1, 
C18:2 

401 ± 419 – – Zhao et al. 
(2020) 

Mt. Hua, China (PM10, winter) C18–C35 122 ± 65 – – – – – Li et al. (2012) 
Rural area 

Giesta, Portuguese (PM10, summer) C13–C38 20–130 1.80 C7: 0-C35:0 >150 – – Pio et al. (2001) 
Urban 

Beijing, China (PM2.5, winter) C19–C36 40.1–1440 
(262) 

1.6 C8:0-C32:0, 
C16:1, C18:1, 
C18:2 

1010 C16–C32 24.1–612 
(109) 

Ren et al. 
(2016) 

Central Indo-Gangetic Plain, Indian 
(PM2.1) 

C17–C35 1430 ± 737 1.4 C12:0-C26:0 756 ± 234 – – Singh et al. 
(2021) 

Central Indo-Gangetic Plain, Indian 
(PM> 2.1) 

842 ± 490 1.3 620 ± 265 – – Singh et al. 
(2021) 

Tokyo, Japan C19–C36 1.1–2.8 (1.5) – – – – – Kawamura et al. 
(1995) 

Tianjin, China (PM2.5, winter) C19–C36 83.9–1152 
(343) 

1.21 C12:0-C32:0, 
C16:1, C18:1 

222-2090 (666) C12–C31 369-3930 
(1305) 

Fan et al. (2020) 

Fourteen Chinese Cities (PM2.5, 
summer) 

C16–C35 10-328 (143) 1.16 C9:0-C34:0/ 
C16:1, C18:1 

155-877 (473)/ 
17.4–213 (93.6) 

– – Wang et al. 
(2006) 

Fourteen Chinese Cities (PM2.5, 
winter) 

195-1433 (537) 1.17 C9:0-C34:0/ 
C16:1, C18:1 

318-3244 (1065)/ 
76–1955 (444) 

– – Wang et al. 
(2006) 

Central Alaska, USA (TSP, warm 
period) 

C16–C35 5.38–50.2 
(17.5) 

11.4 C12:0-C32:0 19-438 (82.2) C8–C34 10-107 (33.7) Boreddy et al. 
(2018) 

Central Alaska, USA (TSP, cold 
period) 

1.33–14.8 
(8.35) 

2.27 7-98 (487.7) 3.92–19.2 
(12.4) 

Boreddy et al. 
(2018) 

Troposphere 
Aircraft measurements over east 
and coastal China (PM2.5, winter) 

C16–C34 44-615 
(157–205) 

– C9:0-C34:0 26–223 – – Wang et al. 
(2007)  
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by strong odd-carbon-numbered predominance with a maximum at C27 
in summer, followed by C31, C25, C27, C29 and C23 (Fig. 3a). In addition, 
we found a significant diurnal variation in carbon preference index (CPI, 
the total concentrations ratio of odd carbon to even carbon n-alkanes) 
with higher values (7.05 ± 4.7) in daytime and lower values in night-
time (3.76 ± 1.9), which were similar to mountain aerosol in Japan 
(CPI>5) (Kawamura et al., 1995). These results proved the high 
contribution of biogenic sources such as terrestrial higher plant waxes to 
Mt. Changabi Forest aerosols (Gagosian et al., 1982). 

In winter, the total concentrations (C18–C36) increased significantly, 
which were 46.1 ± 42 ng m− 3 in daytime and 44.0 ± 29 ng m− 3 in 
nighttime and there was no diurnal difference (Table S2). The molecular 
distributions were characterized by weak odd-carbon-numbered pre-
dominance with a maximum at C25, followed by C23 or C27. Compared to 
summer aerosols, the average concentrations of low weight molecular n- 
alkanes (C18–C22) increased obviously (Fig. 3j) and higher ratios of LMW 
n-alkanes to HMW n-alkanes were found (1.03 in winter vs 0.507 in 
summer). Meanwhile, the CPIs were 1.81 ± 0.71 (daytime) and 1.64 ±
0.26 (nighttime), which were similar to that reported from urban or 
marine aerosols (Table 1). These results suggested forest aerosols were 
influenced by anthropogenic sources such as fossil fuel or biomass 
combustion that might be long-distance transported from urban regions 
(Kawamura et al., 2003). 

Similarly, the significant diurnal and seasonal variations were found 
for n-alkanes in Xishuangbanna forest aerosols. Their values were higher 

in daytime (average 16.3 and 61.5 ng m− 3) than in nighttime (average 
5.96 and 41.1 ng m− 3) (Tables S5–S6). In Shennongjia, the concentra-
tions were 98.5 ± 76 ng m− 3 (daytime) and 83.0 ± 80 ng m− 3 (night-
time) in winter, which are almost an order of magnitude higher than in 
summer (10.4 ± 4.7 ng m− 3 in daytime and 8.17 ± 5.2 ng m− 3 in 
nighttime) (Tables S3–S4). Interestingly, the concentrations of total n- 
alkanes in this study were lower than those in mountain aerosols such as 
Mt. Tai (average 194 ng m− 3 in summer) (Fu et al., 2008) and urban 
aerosols collected in Tianjin (average 343 ng m− 3 in winter) (Fan et al., 
2020), indicating that forest aerosols were less affected by human ac-
tivities compared to other continental aerosols. Their molecular distri-
butions were both characterized by a strong odd-carbon-numbered 
predominance with a maximum at C29, followed by C27 or C31 in summer 
and winter aerosols (Fig. 3b and k, Fig. 3c and l). The average CPI values 
for the samples from Shennongjia and Xishuangbanna in summer were 
2.56 and 2.02, respectively, and those were 1.94 in winter. The plant 
wax n-alkanes were calculated to provide evidence for the above con-
clusions (Simoneit et al., 1991). The average plant wax n-alkanes were 
40.7% in summer and 29.8% in winter for Shennongjia Forest aerosols. 
These results suggest a large difference in the contribution of biogenic 
and anthropogenic sources between summer and winter, which was 
consistent with the results in Mt. Changbai. 

3.1.2. Fatty acids 
A series of straight chain saturated fatty acids (C12:0-C34:0) and three 

Fig. 2. Diurnal variations in aliphatic compounds in summer and winter, the red point represents the differences of average values between day and nighttime forest 
aerosol samples. The bars mean the average concentration and the error bars mean the (upper) standard deviations of the concentration. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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unsaturated fatty acids (C16:1, C18:1 and C18:2) were detected in forest 
aerosols. They were most abundant species among the aliphatic com-
pounds, but were lower than those reported from non-forest areas 
(Table 1). In Mt. Changbai, the total concentrations of fatty acids varied 
from 28.7 to 153 ng m− 3 (Table S1), with the average summer and 
winter concentrations of 45.5 ng m− 3 and 71.4 ng m− 3 during the 
daytime and 43.7 ng m− 3 and 58.7 ng m− 3 during the nighttime, 
respectively, showing a significant seasonal variation instead of diurnal 
variation. Meanwhile, low molecular weight fatty acids (LFAs, ≤C19:0) 
were more abundant (average 32% and 41%) than high molecular 

weight (HFAs, ≥C20:0) and unsaturated fatty acids (UnFAs) (Fig. 4b). 
We found a significant diurnal variation in HFAs and UnFAs in 

summertime aerosols. The concentrations of HFAs in daytime were 
higher (average 15.7 ng m− 3) than in nighttime (average 7.28 ng m− 3) 
(Fig. 2a and Table S1), indicating that the emissions of terrestrial higher 
plant waxes were enhanced by higher temperature or solar radiation 
(Kawamura et al., 2004), being similar to HMW n-alkanes. In contrast, 
the concentrations of UnFAs in daytime (average 5.97 ng m− 3) were 
almost 2–3 times lower than those in nighttime (average 12.6 ng m− 3), 
suggesting the importance of photochemical degradation (Hu et al., 

Fig. 3. The molecular distributions of n-alkanes, fatty acids, n-alcohols in Mt. Changbai, Shennongjia and Xishuangbanna forest aerosols. The bars mean the average 
concentration and the error bars mean the (upper) standard deviations of the concentration. 
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2021; Kawamura and Gagosian, 1987). He et al. (2014) reported the 
oxidation productions such as ωC8 and ωC9 oxoacids of biogenic UnFAs 
emitted from higher plants, marine phytoplankton, and domestic 
cooking by ozone. The ratios of C18:n (C18:2 and C18:1) to C18:0 in this 
study were 0.473–3.34 (average 0.939 in daytime and 1.81 in night-
time). The values were much higher than that reported from Mt. Tai 
(average 0.1 in daytime and 0.15 in nighttime) (Fu et al., 2008), sug-
gesting forest aerosols were fresher and originated from higher plants. In 
addition, the concentrations of HFAs and LFAs in winter were 2–3 times 
higher than those in summer, but the concentrations of UnFAs decreased 
significantly in winter. 

Their molecular distributions were characterized by strong even 
carbon number predominance with maxima at C16:0 and C18:0, and HFAs 
also showed the strong even carbon number predominance with a 
maximum at C24:0 in summer and C26:0 in winter, in which C22:0, C24:0, 
C26:0 and C28:0 were dominant species (Fig. 3d and m). The CPIs (the 
ratio of concentrations of even carbon to odd carbon saturated C20:0- 
C32:0 fatty acids) varied from 4.88 to 18.5 in summer, which is higher in 
daytime (average 9.21) than in nighttime (average 8.51), and in winter 
the average CPIs decreased to 4.54 in daytime and 4.24 in nighttime 
(Tables S1–S2). 

Daytime and nighttime patterns and seasonal differences were also 
found in Shennongjia and Xishuangbanna Forest aerosol samples. The 
average concentrations of total fatty acids were 65.5 ng m− 3 and 115 ng 
m− 3 in daytime, and they were 87.6 ng m− 3 and 90.5 ng m− 3 in night-
time in Shennongjia Forest aerosol, these results showed different day/ 
night patterns between summer and winter. In summer, the concentra-
tions of UnFAs varied from 7.55 to 63.0 ng m− 3, which are higher in 
nighttime (average 29.5 ng m− 3) than in daytime (average 13.7 ng m− 3) 
(Table S3). Meanwhile both LFAs and HFAs in daytime were slightly 
lower than in nighttime, being different from Mt. Changbai Forest 
aerosols. On the contrary, they all showed same diurnal variations that 

higher values in daytime and lower values in nighttime in winter 
(Table S4 and Fig. 2e). In addition, the concentrations of saturated fatty 
acids increased obviously and UnFAs were just the opposite, which were 
similar to Mt. Changbai due to the influence of ambient temperature and 
biomass burning. 

In Xishuangbanna forest aerosols, the concentrations of total fatty 
acids varied from 77.1 to 551 ng m− 3 in summer, with average con-
centrations of 275 ng m− 3 in nighttime, which is almost 2 times higher 
than in daytime (141 ng m− 3) (Tables S5–S6). The UnFAs and LFAs 
showed diurnal variations with higher values (135 and 127 ng m− 3) in 
daytime and lower values (40.2 and 88.7 ng m− 3) in nighttime, which is 
more pronounced compared to Shennongjia Forest aerosols, where the 
average concentrations of HFAs were 12.4 ng m− 3 in daytime and 12.1 
ng m− 3 in nighttime, but the difference was not obvious (Fig. 2c). In 
winter, the average concentrations of HFAs and LFAs in daytime were 
(30.2 and 32.0 ng m− 3, respectively) higher than (13.7 and 29.0 ng m− 3, 
respectively) in nighttime. However, the UnFAs still showed high values 
in nighttime (average 12.5 ng m− 3) and low values in daytime (average 
7.63 ng m− 3), being different from Mt. Changbai and Shennongjia Forest 
aerosols (Fig. 2f), which might be related to higher ambient temperature 
in winter in Xishuangbanna. In these two forest aerosols, their molecular 
distributions were both characterized by strong even carbon number 
predominance with maximum at C16:0 and C18:0 (Fig. 3). In summer, 
HFAs showed the weaker even carbon number predominance with 
maxima at C24:0 followed by C22:0, C24:0 and C26:0. And in winter C22:0, 
C24:0, C26:0 and C28:0 were dominant species with maximum at C26:0 in 
Shennongjia and C24:0 in Xishuangbanna. The CPIs were 5.53 and 12.2 
in summer, which were higher than 4.59 and 3.33 in winter in Shen-
nongjia and Xishuangbanna, respectively. 

3.1.3. n-Alcohols 
In the study, C14–C32 n-alcohols were detected in forest aerosols from 

Mt. Changbai, Shennongjia, and Xishuangbanna sites. Their total con-
centrations were 10.7 ng m− 3, 8.58 ng m− 3 and 10.4 ng m− 3 during 
daytime and 7.77 ng m− 3, 8.39 ng m− 3 and 8.45 ng m− 3 during night-
time in summer that showed the significant day/night difference. In 
winter, they increased to 13.6 ng m− 3, 42.7 ng m− 3 and 32.2 ng m− 3 in 
daytime and 15.3 ng m− 3, 31.1 ng m− 3, and 20.5 ng m− 3 in nighttime. In 
addition, high molecular weight n-alcohols (HMW n-alcohols, ≥C19) 
showed significant diurnal variations with high values in daytime and 
low values in nighttime in winter aerosols, but the differences were not 
observed in Shennongjia and Xishuangbanna forest aerosol samples in 
summer (Fig. 2). 

Their molecular distributions are characterized by strong even car-
bon number predominance with Cmax at C28 in Mt. Changbai and Xish-
uangbanna, whose pattern suggested that n-alcohols were most likely 
derived from higher plant waxes (Gagosian et al., 1981). Moreover, the 
most abundant n-alcohols were C24 in Shennongjia Forest aerosols 
(Fig. 3). The average CPIs (the ratio of even to odd carbon of C20–C32 
n-alcohols) in Mt. Changbai, Shennongjia and Xishuangbanna were 
6.45, 3.70, and 7.83 in summer versus 4.75, 8.20, and 7.32 in winter, 
respectively. The lower values in Shennongjia may suggest that they 
were influenced by biomass burning activities (Kang et al., 2016). 

3.2. Latitude differences among forest aerosols 

The concentrations of total aliphatic compounds in Mt. Changbai, 
Shennongjia, Xishuangbanna forest aerosols in summer were 65.9 ± 48 
ng m− 3, 94.7 ± 28 ng m− 3, and 228 ± 100 ng m− 3, respectively, which 
increased with decreasing latitude in both daytime and nighttime. Fig. 2 
shows that the differences mainly depend on fatty acids instead of n- 
alkanes or n-alcohols, which account for 60–95% of total concentrations 
in these three forest aerosols. 

3.2.1. Atmospheric oxidation 
Oleic (C18:1) and linoleic (C18:2) acids are important unsaturated 

Fig. 4. Stacked column plots of (a) average concentrations and (b) relative 
abundances of LMW and HMW n-alkanes, fatty acids, n-alcohols, and unsatu-
rated fatty acids (UnFAs) in Mt. Changbai, Shennongjia, Xishuangbanna for-
est aerosols. 
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fatty acids in the atmosphere, which are derived from plant leaf surfaces 
or wood combustion (Fine et al., 2001; Rogge et al., 2002) with C18:2 >

C18:1, which have also been detected in bacteria, fungal spores, pollen 
(Rogge et al., 2002). Linoleic acid is more likely to be oxidized due to the 
two double bonds by ozone and OH radicals. Fig. 5 showed the diurnal 
differences of these two unsaturated fatty acids in forest aerosols at 
different latitudes. It is obvious that the differences in concentrations 
between daytime and nighttime increased with decreasing latitudes in 
summer, and due to the more intense photooxidation degradation in 
lower latitudes. Moreover, the highest values of the ratios of C18:1 to 
C18:2 were found in Shennongjia followed by Mt. Changbai and Xish-
uangbanna forest aerosols in daytime, which might be associated with 
the higher frequency of biomass burning events in Shennongjia (Fig. 6b). 
In previous studies, the concentrations of linoleic acid were always 
lower than oleic acids, and it even could not be detected in the atmo-
sphere due to biomass burning activities (Fu et al., 2008). 

3.2.2. LFAs and LMW n-alcohols 
LFAs showed significant latitudinal variations and higher concen-

trations in nighttime. Furthermore, a similar pattern was found for the 
ratios of LFAs to HFAs and LMW n-alcohols to HMW n-alcohols (Fig. 7e 
and h). Generally, LFAs and LMW n-alcohols were emitted from vascular 
plants and microbes (Kawamura et al., 2004). Previous studies had 
shown the higher contributions from fungal spores OA to forest aerosol 
in nighttime (Zhu et al., 2016), implying the different biogenic responses 
of plants or microbes under different climatic conditions. Higher 
ambient temperature or humidity in nighttime would promote the 
production of plant debris or microbial activities. 

3.2.3. HMW n-alkanes, fatty acids, and n-alcohols 
Compared to fatty acids, the concentrations of n-alkanes did not 

show significant latitudinal variations (Fig. 7a), but the ratios of LMW to 
HMW n-alkanes decreased with decreasing latitude. And the average 
chain length (ACL) values in summer and winter showed an opposite 
trend (Fig. 7c). These results suggest that higher concentrations and 
longer carbon chain of HMW n-alkanes were emitted more significantly 
in lower latitude to maintain the hardness of cuticular wax of plants 
against higher ambient temperature (Kawamura et al., 2003). Different 
from the above results, a similar pattern was not found of ACL values in 
HFAs and HMW n-alcohols. The ACL values in Shennongjia Forest 
aerosols were the highest in summer and lowest in winter, which might 
be related to biomass burning. 

Fig. 8 shows the triangular plots for relative abundances of HMW n- 
alkanes, HFAs and HMW n-alcohols in forest aerosols that are mainly 
derived from terrestrial higher plant waxes. In summer, HFAs in Mt. 
Changbai, Shennongjia, and Xishuangbanna aerosols were dominant 
components, which showed significant diurnal variations with the 
average relative abundances of 34.3%, 32.9% and 39.8% in daytime and 
40.1%, 39.6% and 57.2% in nighttime, respectively. In contrast, higher 
relative abundances of HMW n-alkanes occurred in wintertime forest 

aerosols, especially in Xishuangbanna. Fig. 8a shows the comparative 
distributions of high molecular weight lipids from mountain (category 
Y), marine (category X) or urban organic aerosols (category Z). Almost 
all of the nighttime aerosols in Xishuangbanna fall in category X that 
showed high relative abundances of HFAs. Kawamura et al. (2003) re-
ported the summertime aerosols in category X might be influenced by 
specific vegetation regions, being different from those in Asian Conti-
nent. Category Y was collected from Mt. Tai and the summer aerosols 
samples in Mt. Changbai also fall into this region, which might be 
indicated the consistency of mountain aerosols. In addition, most of the 
winter aerosol samples in these three forest areas and the summer 
aerosols in Shennongjia were plotted in category Z or the overlap area of 
category Y and Z, on the one hand, these results suggested 
biomass-burning was an important source in these forest aerosol sam-
ples in winter, which is supported by above conclusions. On the other 
hand, the winter aerosols were similar with urban aerosols in Beijing, 
indicating that anthropogenic sources might be another significant 
source of forest aerosols. 

3.3. Influence of biomass burning on aliphatic compounds 

As an important source of primary organic aerosols, biomass burning 
(BB) could emit a large amount of organic matter into the atmosphere. In 
previous studies, levoglucosan has been widely used as a molecular 
marker for BB (Fine et al., 2001; Simoneit et al., 1999). Fine et al. (2001) 
also reported n-alkanes were emitted from the combustion of wood with 
Cmax between C20 to C23. Moreover C10:0-C28:0 fatty acids, especially 
hexadecanoic acid (C16:0), were detected in smoke aerosols, showing 
even carbon number preference. 

Fig. 6 shows the temporal variations in levoglucosan and low and 
high molecular weight aliphatic compounds in Mt. Changbai, Shen-
nongjia and Xishuangbanna. In the summertime forest aerosols, the 
concentrations of levoglucosan in Shennongjia were higher than those in 
the other two forests, but weak correlations were found between levo-
glucosan and aliphatic compounds (Fig. S1), which suggested biomass 
burning was not the main source. According to the above results, sum-
mertime aerosols might be influenced by biogenic sources such as higher 
plants or soil microbes. It is worth noting that these were an event 
occurred during daytime in 22 Aug. In Mt. Changbai accompanied by 
the simultaneous increases of the concentration of levoglucosan and 
aliphatic compounds, but the relative abundances showed no difference 
compared with other clean days during this event (Fig. 6a and d). 

The relative abundances of HMW n-alkanes and n-alcohols increased 
obviously in forest aerosols in winter (Fig. 6 d-f). In Mt. Changbai, two 
periods of high concentrations of levoglucosan were observed in 26 Dec. 
(daytime) and 30 Dec. (whole day) followed by the increases of aliphatic 
compounds. Strong correlations were found between levoglucosan and 
low molecular weight aliphatic compounds such as LMW n-alkanes (R2 

= 0.85), LFAs (R2 = 0.88) and LMW n-alcohols (R2 = 0.91). These results 
suggest biomass burning was a significant source for Mt. Changbai 

Fig. 5. Diurnal differences of the concentrations of (a) C18:1, (b) C18:2, and (c) the ratios of C18:1 to C18:2 in summer in forest aerosols. The bars mean the average 
concentration and the error bars mean the (upper) standard deviations of the concentration. 
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Fig. 6. Temporal variations in the total concentrations and relative abundances of low and high molecular weight n-alkanes, fatty acids, n-alcohols, unsaturated fatty 
acids and levoglucosan (blue line) in (a, e) Mt. Changbai, (b, e) Shennongjia, and (c, f) Xishuangbanna forest aerosols. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. The total concentrations of (a) n-alkanes, (d) fatty acids and (g) n-alcohols, the ratios of (b) LMW to HMW n-alkanes, (e) FAs, (h) n-alcohols, and average chain 
length of (c) HMW n-alkanes, (f) HFAs, (i) HMW n-alcohols values in forest aerosols. The boxes encompass the 25th-75th percentiles, solid lines across boxes are mean 
values, whiskers are standard deviation (SD) values of mean values. 
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Forest aerosols, which might be associated with wood or coal combus-
tion for heating in northeast China. In Shennongjia, high concentrations 
of levoglucosan were detected in most aerosol samples, and strong 
correlations were found between levoglucosan and fatty acids and n- 
alcohols (R2 > 0.69), suggesting the aerosols were influenced by 
biomass burning that was similar to Mt. Changbai. 

Compared to Mt. Changbai and Shennongjia Forest aerosols, the 
temporal variations in levoglucosan and aliphatic compounds in Xish-
uangbanna showed poor consistency and the correlations were weak 
between levoglucosan and aliphatic compounds, indicating that biomass 
burning was not a major factor contributing to forest aerosols in this site. 
In addition, higher concentrations of HMW n-alkanes were observed 
between 21 Dec. And 22 Dec., the relative abundances were close to 60% 
that are different from other aerosols samples significantly. Worton et al. 
(2014) found the C22–C32 n-alkanes were emitted as combustion 
byproducts by motor vehicles, so the winter forest aerosols in Shen-
nongjia and Xishuangbanna were significantly influenced by fossil fuel 
combustion rather than biomass burning or higher plant wax. 

4. Conclusions 

In this study, diurnal and seasonal variations in n-alkanes, fatty 
acids, n-alcohols were investigated in forest aerosol samples from Mt. 
Changbai, Shennongjia and Xishuangbanna. High molecular weight 
aliphatic compounds in summer were more abundant in daytime, while 
higher concentrations of low molecular weight and unsaturated fatty 
acids were found in nighttime, implying the significant influence of 
terrestrial higher plants and microbes. Meanwhile, stronger atmospheric 
oxidation was observed in lower latitudinal site such as Xishuangbanna, 
which provided a good environment for the formation of secondary 
organic aerosols. In addition, the temporal variations in levoglucosan 
and aliphatic compounds showed strong consistency in Mt. Changbai 
and Shennongjia with a strong correlation (R2 = 0.57–0.91), but the 
similar pattern was not observed in Xishuangbanna. It can be concluded 
that biomass burning and fossil fuel combustion are important sources of 
high molecular weight lipid compounds in the forest atmosphere, 
especially in winter. 
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