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Abstract: Relative humidity (RH) has a significant and complex effect on aerosols because of the aqueous phase process and 
gas-particle partition. The mass concentration and size distribution of organic aerosols, sulfate, nitrate, ammonium, and chloride 
were measured using high-resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS). These measurements were rec-
orded from Aug. 5 to Sept. 23, 2016 in Binjiang District, Hangzhou, China, during which period more than 78% of the readings 
showed an RH over 60%, while the average temperature was 26 °C. Correlation analysis was applied to inorganic aerosol meas-
urements while positive matrix factorization (PMF) was applied for source apportionment of organic aerosols (OA). The pattern of 
fixation of ammonium in aerosols changed as the RH increased, suggesting that RH enhances nitrate participation in particles, 
while sulfate is scavenged by droplets. All species of non-refractory submicron particles (NR-PM1) showed an increase in their 
peak size as the RH increased. Primary OA (POA) continuously accumulated as the RH increased. When RH<60%, oxygenated 
OA (OOA) increased with increasing RH because of oxidation; semi-volatile OOA (SV-OOA) had a higher mass concentration 
during the daytime than at nighttime, indicating that the aqueous phase process and photochemistry synergistically affect the 
formation of oxygenated SV-OOA. When RH>60%, there was a relatively slow decrease in OOA, dominated by the wet removal 
effect rather than oxidation. The degree of oxidation of OA decreased as RH increased; this can be explained by most of the OOA 
with higher hygroscopicity being removed as droplets. 
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1  Introduction 
 

Atmospheric aerosols markedly affect the radia-
tive balance in the Earth’s atmosphere and play a 

central role in climate (Solomon, 2007; Tong et al., 
2015, 2016a, 2016b, 2017). They also have a signif-
icant impact on human health (Davidson et al., 2005). 
Submicron particles (PM1, aerodynamic diameter less 
than 1 μm) have a greater effect on the environment 
and human health because of their longer lifetime and 
smaller gravity settlement effect and a greater effect 
since they penetrate deeper into the lungs. Aerosols 
contain organic and inorganic compounds, and or-
ganic aerosols (OA) play a major role in fine particles 
(Kanakidou et al., 2005; Zhang et al., 2007a). Organic 
aerosols can be divided into primary organic aerosol 
(POA) and secondary organic aerosol (SOA). POA is 
direct outputs from pollutant sources such as vehicles 
and plants, while SOA is formed by nucleation, 
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condensation, and heterogeneous reaction of precur-
sors (Canagaratna et al., 2007). However, the uncer-
tainties around aerosol properties and the mechanism 
of aerosol formation make their effects unpredictable. 

It is well known that relative humidity (RH) 
plays an important role in the chemical composition, 
size distribution, and optical properties of aerosols 
(Day and Malm, 2001; Hallquist et al., 2009; Sun et 
al., 2013; Gilardoni et al., 2014). RH affects aerosol 
formation in different ways, such as via gas-particle 
partition and the aqueous phase reaction. Seinfeld et 
al. (2001) suggested that water condensed on particles 
due to increasing RH favors SOA condensation, es-
pecially with the participation of semi-volatile water- 
soluble organic components (WSOC), i.e. the gas- 
particle partition coefficient is influenced by RH, and 
SOA production is elevated, followed by further ox-
idation (Hennigan et al., 2009). Lim et al. (2010) and 
Ervens et al. (2011) suggested that oxidation pro-
cesses in the aqueous phase might contribute almost 
as much mass as the gas phase. Fog events are defined 
by liquid water content in the absence of visibility 
measurements in several studies (Gilardoni et al., 
2014; Chakraborty et al., 2016). By comparing SOA 
formation on foggy days and non-foggy days, Kaul et 
al. (2011) suggested that the enhanced SOA produc-
tion on foggy days is due to the aqueous phase pro-
cess, while aerosol acidity is increased by the oxida-
tion of SO2. Ge et al. (2012) supported the conclusion 
that fog processes enhance SOA production and the 
degree of oxidation. Collett et al. (2008) showed that 
fog scavenging reduces aerosol loading by promoting 
wet removal. It is worth mentioning that most fog 
processes are studied during the winter, in the tem-
perature range from −5 °C to 20 °C (Sun et al., 2006; 
Kaul et al., 2011; Ge et al., 2012). 

Non-refractory PM1 (NR-PM1) can be measured 
by high-resolution time-of-flight aerosol mass spec-
trometry (HR-ToF-AMS), which provides the mass 
concentration and size distribution of organic mass, 
sulfate, nitrate, ammonium, and chloride (Jayne et al., 
2000; Decarlo et al., 2006; Canagaratna et al., 2007; 
Jimenez et al., 2009). Recent advances in analytical 
methods for aerosol mass spectrometry (AMS) data 
and PMF factors provide a platform for further re-
search on aerosols (Lanz et al., 2007; Ulbrich et al., 
2008; Zhang et al., 2011). 

The time scale of the oxidation process for dif-
ferent sources is reported in few studies. The potential 
aerosol mass (PAM) oxidation flow reactor (OFR) 
was developed and used for the measurement of the 
time scale of the oxidation process (Tkacik et al., 
2014; Ortega et al., 2016). Aging measurements of 
vehicular exhaust in a highway tunnel indicated peak 
SOA production after 2.5 d of atmospheric equivalent 
photochemical aging (Tkacik et al., 2014). A fit of 
field and reactor data result in a timescale of SOA 
formation of about 0.3 d and fragmentation-  
dominated heterogeneous oxidation and net mass loss 
with a timescale of about 50 d in the Los Angeles 
area. These evidences support for hourly RH meas-
urement to explore the oxidation process.  

In the present study, HR-ToF-AMS was used to 
measure and analysis PM1 in Hangzhou in summer, 
with a mean temperature of 26 °C, higher than those 
in other studies. The effect of RH on the evolution and 
size distribution of submicron aerosols, including 
organic and inorganic species, is explored here.  

 
 

2  Methods 

2.1  Sampling 

Field measurements were conducted in an en-
vironmental monitoring station (on the roof of an 
eight-floor building) in Binjiang District (30°12′29.6″ 
N, 120°12′43.3″ E), Hangzhou. NR-PM1 were 
measured in situ by a HR-ToF-AMS. The observa-
tions were continuously recorded from Aug. 5, 2016 
to Sept. 23, 2016 excepting calibration and mainte-
nance periods. A PM2.5 cyclone (URG-2000-30ED, 
Aerodyne Research Inc., USA) and half inch copper 
tube were used to induce the sample into the AMS. 
The sample was dried via a Nafion tube (Dryer-50, 
Aerodyne Research Inc., USA) before the inlet. 

The HR-ToF-AMS was operated in mass-  
sensitive V-mode and high-mass-resolution W-mode 
in alternating 5-min periods. In V-mode, the AMS 
cycled through the mass spectrum (MS) and efficient 
particle time-of-flight (ePToF) modes every 10 s. In 
W-mode, no ePToF data were collected due to the 
limited signal-to-noise (S/N) ratio. Meteorological 
parameters such as solar radiation, RH, temperature, 
and gas species including CO, NO2, SO2, and O3 were 
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measured contemporaneously. These data were pro-
vided by the environmental monitoring station. These 
data as a function of RH are shown in Fig. S1. 

2.2  Data analysis 

The HR-ToF-AMS measured the mass concen-
tration and chemical composition of NR-PM1 species. 
The unit mass spectrum data were analyzed using a 
ToF-AMS Analysis Toolkit (SQUIRREL, 1.57I); the 
high-resolution data were analyzed with ToF-AMS 
HR Analysis (PIKA, 1.16I). In particular, the collec-
tion efficiency (CE) was improved by the method of 
Middlebrook (Middlebrook et al., 2012), which was 
used to account for AMS detection efficiency that is 
mainly caused by the particle bounce effects at the 
vaporizer (Matthew et al., 2008). Positive matrix 
factorization (PMF) was performed on AMS organic 
aerosol HR mass spectra (m/z 12–120) to retrieve 
potential components with different sources and 
processes (Paatero and Tapper, 1994). The results of 
PMF were further evaluated using an Igor Pro 
(6.37.2)-based PMF Evaluation Tool (PET, v2.08D) 
(Ulbrich et al., 2008). Four OA components were  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

identified: low-volatility oxygenated OA (LV-OOA), 
semi-volatility oxygenated OA (SV-OOA),  
hydrocarbon-like OA (HOA), and cooking OA 
(COA). More details about these four components are 
shown in Fig. S2, including their mass spectral pro-
files and time series. These suggest their different 
source characteristics and processes.  

The liquid water content (LWC) was calculated 
by the ISORROPIAII model (http://isorropia.eas. 
gatech.edu/index.php?title=Code_Repository). The 
LWC as a function of RH is also shown in Fig. S1. The 
input aerosol inorganic data (sulfate, nitrate, ammo-
nium, and chlorine) are derived from the AMS data.  

 
 

3  Results and discussion 

3.1  RH impact on aerosol components 

The mass concentration and mass fraction of the 
NR-PM1 and OA components are shown as functions 
of the RH in Fig. 1. In Fig. 1, the mass concentration 
of sulfate when RH<60% showed a significant dif-
ference between daytime and nighttime. When  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Variation of mass concentration and mass fraction of NR-PM1 and OA species as a function of RH 
Data are grouped in RH bins with 10% increments. The shaded areas indicate the 25th and 75th percentiles. The solid colored 
circles, white squares, and white triangles refer to the mean, day mean, and night mean, respectively. Org: organic 
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RH>60%, the mean values are similar, suggesting 
that photooxidation may influence sulfate formation 
at lower RH values. However, Fig. 1 shows that ni-
trate has almost the same mean value during day and 
night, suggesting that photooxidation of nitrate is 
probably not as important as other oxidation mecha-
nisms. Nitrate shows a similar variation with NO2 in 
Fig. S1, indicating that NO2 emission enhances the 
nitrate formation. More details are discussed in Sec-
tion 3.3. The relative proportions of NR-PM1 com-
ponents are shown in Fig. 2. Organic compounds 
form a dominant proportion, and are elevated as RH 
increases when RH<60%, but their relative propor-
tion begins to fall as RH increases above 60%. The 
nitrate fraction increases from 2.7% to 14.5%; at the 
same time, the nitrate mass concentration also in-
creases. This indicates that the aqueous phase process 
might play a significant role in nitrate formation. The 
sulfate fraction of NR-PM1 continuously decreases 
from 32.4% to 14.0% as the RH increases, and the 
sulfate mass concentration also decreases in general. 
The trend shown for sulfate in NR-PM1 is opposite to 
that found by Sun (2013); however, the conditions are 
totally different. The mass concentration of chlorine 
is about 0.3 μg/m3, and its fraction is about 1%. 
Chlorine was too small to see variations. Ammonium 
shows a weaker dependency on RH; the fixation of 
ammonium is associated with sulfate and nitrate and 
is discussed in more detail in Section 3.3. It can be 
seen from Fig. S1 that LWC shows a growth trend as 
RH increases, possibly indicating that wet removal is 
responsible for organic aerosol reduction even for 
NR-PM1 (Collett et al., 2008). Fig. 1 shows that the 
mass concentrations and mass fractions of chlorine 
and nitrate have a similar growth trend as RH in-
creases. The data obtained when RH<30% are a little 
deficient in this study; however, RH<30% is shown 
for comparison to other conditions of RH. 

The proportions of the OA factors are shown in 
Fig. 3. The fraction of LV-OOA continuously de-
creases as RH increases, so wet removal mainly acts 
on more oxygenated and aged aerosols caused by 
their higher hygroscopicity. LV-OOA shows the 
same tendency as sulfate, consistent with sulfate be-
ing influenced by wet removal. The mass concentra-
tion and fraction of SV-OOA are similar to those of 
organics in NR-PM1. 

When RH<60%, all OA components’ mass 

concentration (SOA and POA) increase with RH, and 
the POA (HOA and COA) shows a weaker relation-
ship with RH. Although the mass concentrations of 
SV-OOA and LV-OOA both increase with RH, O3 
shows a continuous decreasing with RH elevated in 
Fig. 2, supporting the view that O3 oxidation could 
not play a significant role. LV-OOA and SV-OOA 
mass fractions show the opposite tendency, suggest-
ing that the increase in organic mass is dominated by 
SV-OOA. It should be noted that the daytime mean of 
SV-OOA is obviously higher than the nighttime 
mean, indicating that photochemical oxidation is 
important for the formation of SV-OOA.  

When RH>60%, the daytime mean and 
nighttime mean of SV-OOA become closer, so the 
decrease in SV-OOA is not obviously affected by 
light. It is possible that the wet removal effect over-
whelms the SV-OOA formation. The OOA (SV-OOA 
and LV-OOA) mass concentration begins to fall as 
RH increases; this phenomenon can be explained 
because OOA has greater hygroscopicity leading to 
more efficient scavenging. The nighttime mean of 
HOA is higher than the daytime mean, which means 
that the HOA mass growth rate in the daytime is 
slower than that at nighttime, because HOA is more 
oxygenated and aged by photochemical reactions. 
Meanwhile, the increasing degree of oxidation of OA 
will increase their hygroscopicity, followed by their 
participation with water particles (Wong et al., 2011). 

3.2  RH impact on aerosol distribution 

The size distribution of NR-PM1 species divided 
at RH=60% is shown as a unimodal distribution in 
Fig. 4, where Dva means the aerodynamic diameter, 
and M means the mass concentration. The mass 
concentration of chlorine is close to zero, so it cannot 
show a variation. However, the peak particle diameter 
of other species (about 600 nm) when RH>60% is 
larger than the peak size (about 500 nm) when 
RH<60%, indicating that increased RH enhances 
particle size growth. Both peak sizes belong to the 
accumulation mode (50 nm<Dva<2000 nm) (Decarlo 
et al., 2004). 

As shown in Table 1, organics have a lower peak 
size mass concentration at RH>60%, as does sulfate, 
possibly suggesting that they are internally mixed 
with each other and simultaneously scavenged by wet 
removal (Gilardoni et al., 2014). This explanation is 
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consistent with the data shown in Fig. 3. The peak 
size mass concentrations of nitrate, ammonium, and 
chlorine show different extents of growth. Variation 
in nitrate is the greatest, which seems to suggest that  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Peak size mass concentration 

Species 
Peak size mass concentration (μg/m3)

RH<60% RH>60% 
Organic 17.03 14.19 
Sulfate   9.29   7.00 
Nitrate   1.33   4.29 

Ammonium   6.02   6.42 
Chlorine   0.12   0.31 

Fig. 4  Size distributions of NR-PM1 components divided 
at RH=60% 
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Fig. 2  Variation of mass concentrations of NR-PM1 and composition of the species fraction as a function of RH. Data are 
grouped in RH bins with 10% increments 
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the effect of the aqueous phase process or water-taken 
participation of nitrate is vital in this study. 

Fig. S3 explores the size distribution varying 
with RH, and presents a different picture compared 
with the size distribution over time, where the size 
increases smoothly and continuously. RH does not 
increase continuously with time, so these pictures are 
full of burrs. Fig. S3 shows that the variation of RH 
seems to have little effect on the size distribution of 
organics, sulfate, and ammonium. There is no ap-
parent variation in chlorine due to its tiny mass con-
centration. For the size distribution of nitrate, high 
RH has an obvious effect on mass concentration while 
low RH does not, supporting the idea that the aqueous 
phase process or water-taken participation may pro-
mote the size growth of nitrate-containing NR-PM1. 

3.3  RH impact on inorganic 

The formation of sulfate and nitrate will increase 
the acidity of aerosol particles. Acidity is an im-
portant factor for the secondary particle formation 
(Gao et al., 2004). NR-PM1 particle acidity is evalu-
ated by the ratio of the measured NH4

+ to predicted 
NH4

+, as NH4
+ should be neutralized by SO4

+, NO3
−, 

and Cl− with other metal cations and organic acids 
removing a little (Zhang et al., 2007). Eq. (1) is used 
to calculate the predicted NH4

+: 
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4SO
F   is shown as a 

function of RH in Fig. 6a. The nitrogen to oxidation 
ratio (NOR) is similar to the SOR and the total ni-
trogen is considered as the sum of NO2 and nitrate 
(Fig. 6b, Eq. (3)). 
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RH, sulfate is predominantly formed by reacting with 
OH radicals in the gas phase; in high RH, sulfate is 
formed mainly by reacting with oxidants (such as O3 
and H2O2) in the aqueous phase, when the aqueous 
process rate is almost an order of magnitude higher 
(Middleton et al., 1980; Saxena and Seigneur, 1987; 
Seigneur and Saxena, 1988; Seinfeld and Pandis, 
2012; Shen et al., 2012). The formation of nitrate is 
more complex as there are many nitrogen-containing 
species that are interconverted in the atmosphere 
(NO, NO2, N2O5, etc.). Hydrolysis of N2O5 is favored 
by water content and acidity. Sun et al. (2013) showed 
an outstanding increase of SOR and NOR with in-
creasing RH in winter in Beijing. However, in the 
present study the SOR and NOR vs. RH relationships 
shown in Fig. 6 have obscure functions, which cannot 

be fitted as in (Sun, 2013). The formation of sulfate 
and nitrate cannot be simply explained by the aque-
ous-phase process and the enhancement of hydrolysis 
of N2O5. Factors contributing to SOR and NOR are 
complicated. For example, Pathak (2009) indicated 
that nitrate formation is related to aerosol pH, aerosol 
water, aerosol mass, and total reactive nitrogen in a 
study of Beijing and Shanghai. These parameters are 
believed to be important to heterogeneous chemistry, 
and therefore deserve further detailed research. 

The relationship between 2
3 4NO SO

C C   and 

2
4 4NH SO

C C   is used to study 
3NO

C   and 
4NH

C   at dif-

ferent 2
4SO

C   levels, and is indicative of the pathway 

of the reaction between ammonia and nitric acid and 
other formation processes of nitrate in different con-
centrations of sulfate (Pathak et al., 2004, 2009; 
Huang et al., 2011; He et al., 2012; Squizzato et al., 
2013). The regression equation of Fig. 7a is 
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The intercept with the x-axis (i.e. 2
4 4NH SO

C C  ) 

is 2.28. This intercept is different from 1.5 (Pathak et 
al., 2004; Huang et al., 2011), because it is relative to 
other inorganic salts and requires further study to 
verify its accuracy. Pathak et al. (2004, 2009) defined 

the excess 
4NH

C   as  
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Fig. 7b shows that the regression slope is 0.91 with the 
Pearson coefficient of 0.97. That this slope is close to 1 
indicates that the excess 

4NH
C   is almost completely 

neutralized by nitrate and chloride. Pathak et al. (2004, 
2009) reported that when 2

4 4NH SO
1.5,C C    i.e. ex-

cess 
4NH

0C    in rich-ammonium region, increases of 

nitrate via the gas-phase homogeneous reaction be-
tween ambient ammonia and nitric acid are signifi-
cant. In a poor-ammonium region, heterogeneous 
reactions not involving NH3 predominate, are most 
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likely the hydrolysis of N2O5 on preexisting aerosols 
(Pathaket al., 2009). The data in the present study are 
from an ammonium-rich region, suggesting that 
gas-phase homogeneous reaction overwhelms the 
hydrolysis of N2O5 in nitrate formation. 

The correlations of sulfate and nitrate with 
ammonium partitioned and colored by the RH are  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

shown in Figs. 8 and 9. The Pearson coefficient of 
sulfate with ammonium decreases slightly as RH 
increases, suggesting that ammonium in particles is 
preferably in the form of ammonium sulfate 
((NH4)2SO4) at low RH while the slightly alkaline 
conditions exclude the formation of NH4HSO4.  

Conversely, the Pearson coefficient of nitrate 
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increases as RH increases (except in the range 
40%<RH<50%), indicating that ammonium nitrate 
(NH4NO3) as the dominant form participates in aer-
osols as the RH increases. In general, the Pearson 
coefficients of sulfate and ammonium remain at a 
high level (about 0.9) over the whole RH range while 
those of nitrate and ammonium show a very signifi-
cant change as the RH increases. This is most likely a 
consequence of the fact that (NH4)2SO4 is the domi-
nant form for ammonium fixation in aerosols, while 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

increasing the RH enhances aerosol NH4NO3  

formation. 
It is notable that the ratio of sulfate to ammo-

nium decreases as the RH increases. According to the 
formulae of (NH4)2SO4 and NH4NO3, the corre-
sponding relative molecular mass ratios 

( 2
4 4SO NH

m m  and 
3 4NO NH

m m  ) are 2.67 and 3.44. As 

Table 2 shows, the maximum ratios are 2.40 and 2.07. 
It should be noticed that the maximum ratios 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Regression line slope 

RH 2
4 4SO NH

m m   
3 4NO NH

m m   2
4 3 4SO NO NH

( )m m m    

RH<40% 2.40 0.10 2.50 

40%<RH<50% 2.26 0.06 2.32 

50%<RH<60% 1.74 0.72 2.46 

60%<RH<70% 1.49 1.09 2.58 

70%<RH<80% 1.13 1.50 2.63 

80%<RH<90% 0.98 1.67 2.65 

RH>90% 0.77 2.07 2.84 
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are in different RH bins, but the ratios summation 
seems to increase with the increase of RH. Probably 
the nitrate makes up for or even exceeds the loss of 
ammonium fixed by sulfate. The mass concentration 
of ammonium is supposed not to be influenced by RH 
as shown in Fig. 1. Based on the hypothesis that 
ammonium is constant in this study, it can be con-
cluded that sulfate is indeed decreasing and nitrate 
increasing as the RH increases. Possibly the  
aqueous-phase reaction enhances the nitrate mass and 
sulfate is scavenged by droplets in particles. Fur-
thermore, NH4NO3 is produced by the gas-phase 
homogeneous reaction and RH enhances its partici-
pation in particles. 

3.4  Impact of RH on organics 

The signal fraction of OA from the AMS spec-
trum can reflect some variations in OA. In AMS the 
fragments such as m/z 43, m/z 44, and m/z 57 are the 
signal that can be detected, and it also has a total 
organic aerosol signal (OA). f43 (fraction of m/z 43) 
can be calculated by 

 

f 43 ( /  43) OA.m z                        (6) 

 
f44 and f57 can be calculated by similar method. f44 
and f57 have been widely used as tracers for OOA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(SV-OOA and LV-OOA) and HOA, with little effect 
of biomass burning. OOA is considered as a surrogate 
of the secondary OA; the others are supposed to be 
surrogates of primary OA (Ulbrich et al., 2008; Aiken 
et al., 2009; Ng et al., 2011b). f43 plays an important 
role in distinguishing SA-OOA from LV-OOA (Ng et 
al., 2010), as LV-OOA has a higher O/C ratio (i.e. 
oxidation degree) and lower volatiles than SV-OOA. 
The aging of OA leads to a decrease in f43 and vola-
tiles, and increases in f44, the O/C ratio, and hygro-
scopicity (Jimenez et al., 2009; Ng et al., 2010). f60 is 
used as a tracer of biomass burning (Schneider et al., 
2006; Alfarra et al., 2007), and other organic aerosols 
like carboxylic acids and cooking emissions also 
contribute to the f60 signal (Decarlo, 2008; Mohr et 
al., 2009; Aiken et al., 2010; He et al., 2010). 

As shown in Fig. 10, f60 forms a constant pro-
portion of the aerosols at around 0.1%–0.2%. The 
background values measured by Decarlo (2008) and 
Aiken et al. (2009) are about 0.3%. Meanwhile, our 
PMF results show no biomass burning organic aero-
sol (BBOA) factor, so biomass burning in this study 
had little effect on OA. f43 shows a similar trend with 
organics but with less variation. f44 falls as RH in-
creases, and it can be concluded that the OOA espe-
cially LV-OOA undergoes wet scavenging with  
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increasing RH. However, f57 presents an opposite 
trend, with f57 increasing as f44 decreases, indicating 
that an RH increase may enhance the POA participa-
tion in particles, especially for some water-soluble 
components. In addition, increasing RH leads to more 
efficient wet removal of OOA, especially LV-OOA. 

A plot of f44 vs. f43 and a Van Krevelen (V-K) 
diagram (H:C vs. O:C) were used to explore the de-
gree of oxidation of OA. Ng et al. (2010) used a tri-
angular plot to visualize the relative contributions of 

2CO  (m/z 44) and 2 3 2 7C H O C H   (m/z 43). With 

increasing degree of oxidation of OA, the points in the 
triangle gather up and move to the top of the triangle. 
Heald et al. (2010) placed the HR-AMS-derived H:C 
and O:C ratios in the V-K diagram to infer composi-
tional changes due to different chemical processes. 
Kroll et al. (2011) utilized the H:C and O:C ratios to 
estimate the average carbon oxidation state (OSc≈ 
2×O:C−H:C) and used it as a metric to evaluate the 
degree of oxygenation of organics. The OSc is also 
shown in a V-K diagram here. Ng et al. (2011a) 
showed that ambient OOAs clustered with a slope of 
about −0.5 in the V-K diagram and OSc of −1.5 to 1.0 
in the carbon oxidation state space. The OSc field is 
fitted with points. 

Figs. 11 and 12 support the conclusion that the 
degree of oxidation of OA decreases as RH increases, 
and this highlights the importance of wet scavenging 
for OOA. Fig. 11 shows an increase at low RH and a 
decrease at high RH, which is similar to SV-OOA in 
Fig. 3, and shares the same explanation. In Fig. 12, the 
intercept and slope of the regression line are 2.14 and 
−0.87, respectively. The best-fit line in the work of 
Heald et al. (2010) has an intercept of 2 (when O:C=0, 
H:C=2), and it is assumed that SOA precursors are 
alkenes (only one C=C double bond), cycloalkanes, or 
arbitrarily long acyclic alkanes. Our intercept is a little 
higher than 2, which suggests that the SOA precursors 
in our study comprise the above components mixed 
with a small amount of alkanes. The slope of the fitted 
line can be used to infer the composition of OA and 
the chemical processes in OA formation (Heald et al., 
2010; Ng et al., 2011a). The slope is −0.87 here, which 
is between −0.5 (Ng et al., 2011a) and −1 (Heald et al., 
2010), suggesting carboxylic acid formation with and 
without fragmentation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
4  Conclusions 

 
In this study, the impact of RH on aerosol 

composition, size distribution, and aging processes 
were examined in Hangzhou from Aug. 5 to Sept. 23, 
2016. Most measurements show a high correlation 
with RH. Nitrate and chlorine mass concentrations 
and mass fractions continuously increase with in-
creasing RH. However, many species show differ-
ences between low RH and high RH conditions (di-
vided at RH=60%). When RH<60%, organics show a 
rapid rate of increase when all other factors are in-
creasing. While OOA (LV-OOA and SV-OOA) in-
crease is due to the oxidation of OA, POA increase is 
due to a slight accumulation in particles. It is notable 
that SV-OOA shows a significant difference between 
the day and night means, indicating that the aqueous 
phase process and a synergistic photochemical effect 
promote oxygenated SV-OOA formation. When 
RH>60%, organics show a relatively slow rate of 
decrease as OOA is predominantly removed by the 
wet removal effect rather than oxidation, while POA 
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is still accumulated. The mechanism of POA accu-
mulation requires further study. Sulfate also shows a 
decreasing tendency, assuming that wet removal 
overwhelms aqueous phase oxidation.  

In NR-PM1, all species show a peak size growth 
as RH increases. The organic and sulfate peak size 
mass concentrations become lower while the mass 
concentrations of other species, especially nitrate, 
become higher as a consequence of the wet removal 
effect on OOA and sulfate and aqueous-phase process 
enhancing nitrate formation. The pH of the particles 
seems to be a little alkaline without observed effect of 
RH. SOR and NOR were at a low level showing little 
effect of RH, because of the fact that the total emis-
sion level is relatively low in this period. NH4NO3 
replaces (NH4)2SO4 as the dominant pattern of am-
monium fixation with increasing RH. This study was 
performed in an ammonium-rich region, which means 
that nitrate increase via the gas-phase homogeneous 
reaction between ambient ammonia and nitric acid is 
significant. Nitrate is the most significant species 
leading to aerosol growth when RH>60%, and this is 
therefore a good prospect for controlling emissions of 
NOx. 

This study was not influenced by emissions from 
biomass burning. Based on the regression intercept 
and slope in the V-K diagram, SOA precursors are 
assumed to be alkenes (only one C=C double bond), 
cycloalkanes, or arbitrarily long acyclic alkanes 
mixed with small amounts of alkanes, while the oxi-
dation reaction of OA is carboxylic acid formation 
with and without fragmentation. 
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题 目：中国杭州夏季相对湿度对难溶性的亚微米级气溶

胶演化的影响 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

目 的：研究湿度对气溶胶的影响。 

创新点：首次研究气溶胶中铵盐的存在形式，为研究相对

湿度对大气中气溶胶的影响做了补充。 

方 法：1. 利用高分辨飞行时间气溶胶质谱仪采集的外场

数据分析各组分时序浓度和粒径分布，并通过正

矩阵因数分解模型进行来源解析。2. 通过研究各

种物质和解析的因子随湿度的变化，探讨湿度对

气溶胶演化的影响。3. 通过相关性处理探究铵在

气溶胶中的存在形式。 

结 论：在相对湿度大于 60%时，湿祛除效应对有机物中

的二次有机气溶胶及硫酸盐的影响较大，而硝酸

盐受液相反应生成作用影响更大。湿度从低到高

时，气溶胶中铵的存在形式由硫酸铵向硝酸铵过

渡。 

关键词：相对湿度；气溶胶组成；粒径分布；湿法去除；

液相反应 
 


