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a b s t r a c t

Non-refractory submicron aerosol (NR-PM1) species measured by an Aerodyne Aerosol Chemical
Speciation Monitor (ACSM) along with collocated gaseous species are used to investigate the impacts of
relative humidity (RH) on aerosol composition and evolution processes during wintertime in Beijing,
China. Aerosol species exhibit strong, yet different RH dependence between low and high RH levels. At
low RH levels (<50%), all aerosol species increase linearly as a function of RH, among which organics
present the largest mass increase rate at 11.4 mg m�3/10% RH. Because the particle liquid water predicted
by E-AIM model is very low and the temperature is relatively constant, the enhancement of aerosol
species is primarily due to the decrease of wind speed. While the rates of increase for most aerosol
species are reduced at high RH levels (>50%), sulfate presents an even faster increasing rate, indicating
the significant impact of liquid water on sulfate production. The RH dependence of organic aerosol (OA)
components is also quite different. Among OA components, coal combustion OA (CCOA) presents the
largest enhancement in both mass concentration and contribution as a function of RH. Our results
elucidate the important roles of liquid water in aerosol processing at elevated RH levels, in particular
affecting sulfate and CCOA via aqueous-phase reaction and gas-particle partitioning associated with
water uptake, respectively. It is estimated that aqueous-phase processing can contribute more than 50%
of secondary inorganic species production along with an increase of aerosol particle acidity during the
fog periods. However, it appears not to significantly enhance secondary organic aerosol (SOA) formation
and the oxidation degree of OA.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Relative humidity (RH) is a key factor influencing chemical
composition, size distributions, and optical properties of aerosol
particles (Day et al., 2000; Hallquist et al., 2009) and their associ-
ated radiative forcing impacts (Markowicz et al., 2003). RH affects
aerosol formation in a number of ways, e.g., aqueous-phase
: þ86 10 62041393.
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reactions and gas-particle partitioning (Altieri et al., 2008;
Hennigan et al., 2008). In particular, the effects of RH on the for-
mation of secondary organic aerosol (SOA) have been investigated
through both chamber studies and ambient measurements (Cocker
III et al., 2001; Hennigan et al., 2009), yet not well understood
because of the very complex functionalities and hygroscopicities of
organic compounds.

Organic aerosols (OA) comprise a major fraction of fine particles
(Kanakidou et al., 2005; Zhang et al., 2007a). However, current
models often have large uncertainties in predicting SOA (Volkamer
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et al., 2006), and the model bias increases as a function of relative
humidity suggesting a missing source of SOA from aqueous-phase
processing (Heald et al., 2011). Indeed, aqueous-phase production
of SOA might contribute equivalently to the gas-phase production
of SOA (Lim et al., 2010; Ervens et al., 2011). Recently, gas-particle
partitioning of water-soluble organic compounds (WSOC) associ-
ated with water uptake has been found to be an important pathway
for SOA formation (Hennigan et al., 2008). Despite this, the RH
dependence of gas-particle partitioning of WSOC may vary signif-
icantly at different sites because of different composition and aging
properties of OA (Zhang et al., 2012b). Most previous studies
investigating RH effects on aerosol chemistry are conducted in
summer and few of them are focused in winter. Given that aerosol
particle composition, hygroscopic properties, and oxidation degree
of OA often have large differences between summer and winter, the
RH dependent aerosol formation and evolution processes might be
quite different as well in the two seasons.

Fog processing associated with enhanced RH is an important
pathway to affect aerosol formation and evolution processes during
wintertime. Ge et al. (2012) found that aqueous-phase processing
during foggy days likely enhanced SOA formation and the oxidation
degree of OA. Similarly, Kaul et al. (2011) observed enhanced SOA
concentrations during foggy days, and also more acidic aerosol par-
ticles because of theoxidationof SO2 to sulfate. Enhancedproduction
of secondary inorganic species and increase of aerosol acidity were
also observed during fog episodes in Beijing (Sun et al., 2006). Fog
episodesoccur frequently in theNorthChinaPlainduringwintertime
(Quan et al., 2011; Zhang and Tie, 2011), and several fog episodes
were observed in this study. However, knowledge of the evolution of
aerosol particles, in particular OA, associated with aqueous-phase
processing during foggy days in winter in Beijing is rather limited.

In this work, we present an analysis of two-month measure-
ments of aerosol particle composition during wintertime in Beijing,
China. The ambient temperature throughout the study is generally
low, ranging from �8 to 12 �C, and the precipitation is rather small
except a few light snows during 2nde7th December, 2011, which
provides an ideal opportunity to investigate the RH effects on
aerosol processing at low ambient temperatures. Here we examine
the RH dependence of aerosol chemistry with a focus on the im-
pacts of RH on aerosol composition, processing, and evolution of OA
and its oxidation degree.

2. Experimental

2.1. Sampling

Submicron aerosol particles were measured in situ with an
Aerodyne Aerosol Chemical Speciation Monitor (ACSM) from 21
November, 2011 to 20 January, 2012 at an urban site in Beijing. The
site is located at a secondary-story building (w8 m high) in the
Institute of Atmospheric Physics, Chinese Academy of Sciences,
which is between the north 3rd and 4th ring road. Collocated
gaseous species including CO, O3, NO and NOy, and SO2 were
measured simultaneously by various gas analyzers from Thermo
Scientific. In addition, the meteorology data including relative hu-
midity, temperature, pressure, wind speed, wind direction, solar
radiation and precipitation were obtained from the meteorological
tower that is approximately 30 m away from the sampling site. The
detailed descriptions of the sampling site and measurements have
been given in Sun et al. (2013).

2.2. Data analysis

The mass concentrations and chemical composition of non-
refractory submicron aerosol species, including organics, sulfate,
nitrate, ammonium and chloride were analyzed with standard
ACSM data analysis software (v 1.5.1.1). In particular, a composition
dependent collection efficiency (CE) as suggested by Middlebrook
et al. (2012) was used to account for ACSM detection efficiency
that is mainly caused by the particle bounce effects at the vaporizer
(Matthew et al., 2008). The positive matrix factorization (PMF,
Paatero and Tapper, 1994) was performed on ACSM OA mass
spectra (m/z 12e120) to retrieve potential components with
different sources and processes. The results of PMF were further
evaluated with an Igor Pro-based PMF Evaluation Tool (PET, v2.06)
(Ulbrich et al., 2009). Four OA components were identified
including three primary factors, i.e., hydrocarbon-like OA (HOA),
cooking OA (COA), and coal combustion OA (CCOA), and one sec-
ondary factor, i.e., oxygenated OA (OOA). The four components
show distinct mass spectral profiles, time series, and diurnal cycles,
suggesting their different source characteristics and processes
(Fig. S1). HOA represents a traffic-related primary OA with mass
spectrum similar to that of diesel exhaust. COA shows a unique
diurnal cycle with prominent peaks appearing at meal times. CCOA
comprising the major fraction of OA (33% on average) is charac-
terized by pronounced diurnal cycle with highest concentration
occurring at nighttime. OOA with mass spectrum similar to that of
oxidized OA is a surrogate of SOA, the mass concentration of which
shows a gradual increase from morning to late afternoon, sug-
gesting the formation via photochemical processing during day-
time. The detailed investigations of sources and processes of OA
components have been given in Sun et al. (2013).

Extend Aerosol Thermodynamics Model (E-AIM, Model II) with
aerosol composition data (SO4

2�, NO3
�, and NH4

þ) from ACSM mea-
surements was used to predict liquid water content (LWC) in this
study (Clegg et al., 1998). The LWC was estimated with the for-
mation of solids prohibited because RH during this study was
generally low (<80%), the predicted LWC for most of timewas close
to zero if allowing the formation of solids. Fig. S2 shows the time
series of predicted LWC and the correlations between LWC and RH.
The LWC is rather low (<0.02 g m�3) below RH ¼w50%, indicating
the minor roles of aerosol water uptake at low RH levels. However,
a significant increase of LWC with increasing RH was observed at
RH>w50%, suggesting the importance of aerosol water at elevated
RH levels.

3. Results and discussion

3.1. RH effects on aerosol composition

Fig. 1 shows the variations of mass concentrations and mass
fractions of NR-PM1 species and OA components as a function of RH
throughout the study. The mass concentrations of most aerosol
species appear to increase linearly as a function of RH, yet the rate
of increase appears to be different at low and high RH levels. At low
RH levels (LRH < w50%), organics shows the largest mass
increasing rate (11.4 mg m�3/10% RH) among NR-PM1 species fol-
lowed by nitrate, ammonium, and sulfate (Table 1). By contrast, the
enhancement rates for most aerosol species are reduced by a factor
of w1.3e4.6 at RH > 50%, whereas sulfate shows an even faster
increasing rate (6.0 vs. 2.9 mg m�3/10% RH), suggesting the different
RH impacts on different aerosol species, and in particular the sig-
nificant impact on sulfate production. The OA components show a
similar RH dependence with faster increasing rates at low RH
levels. It’s interesting to note that RH shows weaker impacts on
primary HOA and COA than OOA and CCOA, likely due to their lower
oxidation degree and hygroscopicities (Wong et al., 2011). Fig. S3
shows the variations of meteorological variables as a function of
RH. As temperature and pressure are fairly constant across different
RH levels, wind speed shows a dramatic decrease at LRH levels, and
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Fig. 1. Variations of mass concentrations and mass fraction of NR-PM1 species and OA components as a function of RH. The data are grouped in RH bins (10% increment). The solid
circles refer to the mean values and the shaded areas indicate the 25th and 75th percentiles. The open circles and triangles refer to the average of the data during daytime and
nighttime, respectively.
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then remains low (<1 m s�1) at RH > 40%. Given that wind is very
efficient in cleaning up air pollutants inwinter in Beijing (Sun et al.,
2013), we conclude that the increase of aerosol species below
RH ¼ w50% is primarily due to the decrease of wind speed.
Consistently, the predicted fine particle liquid water at RH <w50%
is generally low (<0.02 g m�3), supporting that aqueous-phase
processing could not play significant roles. When the wind effects
are not significant at high RH (HRH) levels, the increasing rates are
correspondingly slowed down. Note HOA that is expected to be
non-hygroscopic is still elevated as the increase of RH, indicating
the continuous yet weak accumulation at HRH levels. This is also
consistent with the simultaneous enhancements of primary
gaseous species, e.g., NO, NOy, and CO. It should be noted that the
increasing rates at HRH levels are lower and the variations even
appear to be flat if not considering the data at RH > 80%. One
explanation is that the aerosol processing at RH > 80% might be
different from other HRH levels. In addition to the accumulation
processes associated with the stagnant meteorology, aqueous-
Table 1
The average rate of increase (mgm�3/10% RH) of NR-PM1 species and OA components
at low RH (<50%) and high RH levels (>50%). The rate of increase was obtained from
the linear regression slope of mass concentration vs. RH in Fig. 1.

Low RH High RH L/H ratio

Org 11.4 6.0 1.9
OOA 3.3 1.9 1.7
CCOA 4.6 3.5 1.3
COA 1.6 �0.1 e

HOA 1.9 0.7 2.7
SO4

2� 2.9 6.0 0.5
NO3

� 4.0 1.7 2.3
NH4

þ 3.0 2.2 1.4
Chl 1.5 0.3 4.6
phase processing, e.g., water-uptake and/or reactions associated
with enhanced LWC might also have played a significant role in
affecting aerosol composition and evolution at elevated RH periods,
for example sulfate (see Section 3.2 for details).

Fig. 2 presents the average chemical composition of NR-PM1 and
OA at low and high RH levels for the entire study. The average mass
concentration of NR-PM1 at RH > 50% is 113.7 mg m�3, which is
almost a factor of 3 of that at RH < 50%. All NR-PM1 species show
significant enhancements in mass concentrations by a factor of
49%
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Fig. 2. Average chemical composition of NR-PM1 and OA at (a) low RH (<50%) and (b)
high RH (>50%) levels.
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more than 2 at elevated RH periods, amongwhich sulfate shows the
largest enhancement by a factor ofw5 from 4 to 19 mg m�3. Despite
this, organics comprise the dominant fraction of NR-PM1 at both
LRH and HRH levels, contributing 57% and 49%, respectively. While
the contribution of nitrate, ammonium, and chloride to NR-PM1 are
close between LRH and HRH levels, the sulfate contribution shows a
significant enhancement from 10% to 17%, confirming the largest
impact of RH on sulfate production. Similar to NR-PM1 species, the
OA components show synchronous enhancements at high RH
levels, of which CCOA shows the largest enhancement by a factor of
3.5 from 6 to 21 mg m�3, whereas the enhancements of other OA
components are relatively close, generally by a factor ofw2. The OA
composition is quite different between LRH and HRH levels. While
the POA dominates OA composition at both LRH and HRH, ac-
counting for 71% and 66%, respectively, CCOA is the only OA
component showing an enhancement contribution at high RH
levels by 13%, indicating the significance of CCOA in air pollution at
elevated RH periods during wintertime. The OOA accounting for
approximately one third of OA, however, shows slightly lower
contribution at HRH than LRH (34% vs. 29%).

3.2. RH effects on aerosol processing

To evaluate the importance of aqueous-phase processing, all
aerosol species are normalized to HOA to exclude the accumulation
and/or dilution effects. This approach might have uncertainties
since the emissions of HOA are not constant throughout the day.
However, such effect might be reduced and insignificant when it is
averaged as a function of RH. Fig. 3 shows the variations of the
ratios of NR-PM1 species to HOA as a function of RH. All the ratios
were further normalized to the values at RH¼ 10e20%. As shown in
Fig. 3a, the RH appears to show minor impacts on sulfate produc-
tion below RH ¼ 40%. However, a large enhancement of SO4

2e

production, almost by a factor of 5 at RH ¼ 80e90% was observed.
Typically, aqueous-phase oxidation of SO2 is much faster than gas-
phase oxidation process (Seinfeld and Pandis, 2006). The oxidation
rate in aqueous-phase depends on the droplet pH and the con-
centrations of oxidants, e.g., hydrogen peroxide, ozone, and oxygen
(catalyzed by metals) (Shen et al., 2012). Fig. 3a shows the variation
of the fraction of sulfate in total sulfur (FSO2�

4
, Eq. (1)), which is also

known as sulfur oxidation ratio (SOR, Sun et al., 2006), as a function
of RH.
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n SO2�
4 þ n½SO2�

(1)

where n refers to the molar concentration of SO4
2� and SO2. Note

FSO2�
4

calculated here are expected to be lower than those previ-
ously calculated with SO4

2� in PM2.5 because a considerable fraction
of SO4

2� might exist in particles with diameter between 1 and
2.5 mm that ACSM cannot detect. Nevertheless, this would not affect
significantly the relationship between FSO2�

4
and RH. As shown in

Fig. 4a, FSO2�
4

presents an evident exponential relationship with RH
with minor dependence on temperature. The average FSO2�

4
at

RH < 40% is less than 0.05, indicating a very low sulfur oxidation
ratio. As RH increases, the FSO2�

4
rapidly increases and reaches a

value ofw0.23 at RH ¼ 80e90%. Because of low solar radiation and
O3 at elevated RH levels (Fig. S3d and i), photochemical production
of sulfate is expected to be low. Instead, the aqueous-phase
oxidation would play the major role. The aqueous-phase produc-
tion of sulfate is consistent with the corresponding reduction of SO2

at HRH levels, in particular beyond RH ¼ 70% with high LWC
(Fig. S3e). Similar SO2 reduction due to aqueous-phase oxidation
during fog episodes was also observed previously in the North
China Plain (Sun et al., 2006; Zhang and Tie, 2011).

The uptake of SO2 and further aqueous-phase oxidation could
increase aerosol particle acidity. For example, aerosol particles are
found to be acidic and cannot be fully neutralized during an intense
hazeefog episode in the winter of 2004 in Beijing (Sun et al., 2006).
Similarly,w60% of cloudwater samples collected atMountain Tai in
the North China Plain have pH values between 3 and 5, largely due
to the rapid oxidation of high concentration of SO2 in clouds (Shen
et al., 2012). In this study, we evaluate the particle acidity by
comparing the measured NH4

þ (NHþ
4 meas) with the predicted NH4

þ

(NHþ
4 pred) needed to fully neutralize SO4

2e, NO3
e and chloride

(Zhang et al., 2007b). The NHþ
4 pred can be calculated using Eq. (2) as

recommended by Zhang et al. (2007b).

NHþ
4 pred ¼ 18 �

 
2 � SO2�

4
96

þ NO�
3

62
þ Chl

35:5

!
(2)

As shown in Fig. 5, the correlation between NHþ
4 meas and

NHþ
4 pred shows an evident RH dependence, and the ratio of

NHþ
4 meas=NH

þ
4 pred varies from w1.01 at RH < 30% to w0.88 at
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RH > 60%, suggesting an increase of aerosol acidity as a function of
RH due to the aqueous-phase oxidation of SO2. This is also consis-
tent with the low ambient concentration of NH3 during wintertime
(Ianniello et al., 2011; Meng et al., 2011), which is likely not enough
to fully neutralize the newly formed acidic aerosol particles. The
HOA-normalized NO3

e does not present a large increase as SO4
2�, yet

w20e30% enhancement at HRH levels were observed. This sug-
gests that the RH impacts on aqueous-phase production of nitrate
during wintertime are limited.

The HOA-normalized OOA shows a quite different RH-
dependent behavior from SO4

2�, yet more similar to NO3
- (Fig. 3d).

Although the OOA concentration is elevated bymore than 50% from
RH ¼ 50%e90%, the HOA-normalized OOA is fairly constant across
the high RH levels (Fig. 3d), suggesting that aqueous-phase pro-
cessing at low ambient temperatures (�8 to 12 �C in this study)
appear not to significantly enhance SOA production in submicron
aerosols during wintertime in Beijing. This is somewhat different
from previous studies in summer in Atlanta, U.S. that a significant
enhancement of SOA formation due to water uptake occurred at
RH > w70% (Hennigan et al., 2008). One explanation is that the
oxidation degree of SOA inwinter is lower than that in summer. The
hygroscopicity of SOA is correspondingly low, and gas-particle
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partitioning associated with liquid water content would be less
sensitive. For example, Ge et al. (2012) found an enhancement of
SOA production during fog periods in winter in Fresno, CA, yet the
enhancement was not significant (w12%). In addition, the wet
scavenging or the growth of large OOA particles that ACSM cannot
detect under high LWC might also counteract the formation of SOA
although it cannot be evaluated in this study.

Fig. 4b shows the correlation between OOA and the sum of
secondary SO4

2e and NO3
e. OOA shows overall tight correlation with

secondary inorganic species (r2 ¼ 0.75), and the correlation is
strongly RH dependent with stronger correlation at lower RH levels
(e.g., RH < 20%, r2 ¼ 0.92, slope ¼ 0.86). While tight correlation
continues as the increase of RH, the slope ratio of OOA/(SO4

2eþNO3
e

), however, decreases gradually from 0.82 at RH < 30% to 0.40 at
RH > 60%. In fact, the value of 0.40 at RH > 60% is close to that
observed in summer when RH is generally high (Sun et al., 2010,
2012). These results suggest the different impacts of RH on pro-
cessing SOA and secondary inorganic species. Given the relatively
small influences of aqueous-phase processing on SOA production in
this study, the decrease of OOA/(SO4

2e þ NO3
e) is therefore primarily

due to the increased production of secondary inorganic species.
Also note that the particle phase water at low RH levels (<30%) is
negligible, thus the aqueous-phase production of secondary species
is expected to be small, and the secondary inorganic sulfate and
nitrate would be dominantly from photochemical production
(Khoder, 2002). If assuming that the ratio of OOA/(SO4

2e þ NO3
e)

associated with photochemical processing is constant across
different RH levels, we can estimate the relative contribution of
aqueous-phase production using Eq. (3).

SNaq ¼ SNtotal � OOA�
�

SN
OOA

�
LRH

(3)

where SN refers to the sum of sulfate and nitrate, and (SN/OOA)LRH
is the slope ratio of SN to OOA at LRH (<30%). Using this approach,
we estimate that aqueous-phase production could contribute
w50% for the enhancement of secondary inorganic species at
elevated RH levels (>60%) during wintertime. Also note that the
RH-dependent relationship between OOA and NO3

e is weaker than
that between OOA and SO4

2e (Fig. S4), consistent with the lower RH
dependence of nitrogen oxidation ratio (FNO�

3
¼ n½NO�

3 �=n½NO�
3 �þ

n½NO2�, n refers to molar concentration) than FSO2�
4

(Fig. S5). Results
here further illustrate that aqueous-phase processing contributes
differently to the enhancement of sulfate and nitrate at elevated
RH levels. Based on Eq. (3) and the correlations of OOA vs. sulfate,
and OOA vs. nitrate (Fig. S4), we estimate that aqueous-phase
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processing accounts for w70% of sulfate production at RH > 60%,
while<30% for the nitrate formation, which suggests that aqueous-
phase processing plays a more important role in production of
sulfate than nitrate. Although aqueous processing also played a role
in nitrate formation during wintertime, it appears not as significant
as that of photochemical production (Sun et al., 2013).

The HOA-normalized CCOA and chloride show similar and large
enhancements as a function of RH (Fig. 3c and f), and such en-
hancements are more significant below RH < 50%. Previous work
found that oxygenated compounds comprise a major fraction of
quantified organic species in the emissions of coal combustion from
industrial boilers, with 46e68% being organic acids (Zhang et al.,
2008). Therefore, high RH and liquid water that facilitates gas-
particle partitioning of semi-volatile WSOC might be the major
reason for the enhancement of CCOA. A recent study in Los Angeles
also observed an enhanced partitioning of soluble WSOC below
RH ¼ 60% (Zhang et al., 2012b). In addition, the increased organic
mass at high RH might also serve as an absorbing phase and
enhance the partitioning of WSOC (Zhang et al., 2012b). Similarly,
the increase of chloride as a function of RH is also likely due to gas-
particle partitioning associated with elevated particle liquid water.
Coal combustion is an important source of chloride during
wintertime in Beijing. Zhang et al. (2012a) found amolar ratio of 1.3
(mass ratio z0.24) for NH4

þ/SO4
2� from coal combustion, which is

lower than 2.0 that is needed to fully neutralize sulfate. This in-
dicates that aerosol particles from coal combustion are acidic. As a
result, chloride may exist partially in the form of HCl, which can
readily partition to aqueous-phase and increase the aerosol acidity
as well.

RH also exerts different impacts on processing primary and
secondary species between daytime and nighttime (Fig. 1). The
secondary species (SO4

2e, NO3
e, and OOA) shows small dayenight

differences as a function of RH, yet a slight enhancement of NO3
e

and OOA mass between RH ¼ 30e70% during daytime due to
photochemical processing (Fig. 1c and h). Such a daytime
enhancement is more evident in terms of the mass contributions of
NO3

e and OOA to NR-PM1 and OA, respectively. The NO3
e and OOA

exhibit small dayenight differences at RH > 70%, likely due to the
weak photochemical processing associated with the reduced solar
radiation and low O3 level (Fig. S3d and i). While the primary
species, e.g., CCOA and chloride, show relatively small dayenight
differences at low RH levels, the differences are significantly
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enlarged at high RH levels, e.g., HOA and CCOA owing to the much
enhanced primary emissions at nighttime (Sun et al., 2013).

3.3. RH effects on organic aerosol evolution

We further examined the impact of RH on the evolution of OA
during wintertime. Fig. 6a shows the variations of the signal frac-
tions of three AMSm/z’s (m/z 44, 43, and 57) in OA, i.e., f44, f43, and
f57 as a function of RH. m/z 44 (mostly CO2

þ) and m/z 57 (mostly
C4H9

þ at urban sites) have beenwidely used as AMS spectral tracers
for OOA, a surrogate of secondary OA, and HOA, a surrogate of
primary OA from fuel combustion emissions, respectively (Zhang
et al., 2005; Ng et al., 2011). f44 is also used to elucidate the
aging processes because of its tight correlation with the oxidation
degree (oxygen-to-carbon, O/C) of OA (Aiken et al., 2008). For
example, the highly oxidized low-volatility OOA (LV-OOA) shows
much higher f44 than less oxidized semi-volatile OOA (SV-OOA)
(0.17 � 0.04 vs. 0.07 � 0.04) (Ng et al., 2010). However, m/z 43
(mostly C3H7

þ and C2H3Oþ) has been observed to be a major frag-
ment of SV-OOA, and f43 can be used to indicate the semi-volatile
properties of OA (Ng et al., 2010). The aging of OA leads to an in-
crease of f44 and hygroscopicity, and a decrease of f43 and volatility
(Jimenez et al., 2009; Ng et al., 2010). In this study, f44 decreases
from w0.14 to w0.09 when RH varies from 10% to 50%, and then
remains fairly constant at RH > 50%. In contrast, f57 shows a
reversed trend as f44. Considering the enhancement of organic
mass loading as a function of RH below 50%, results here suggest
less oxygenated materials at higher organic mass loading. Further,
the dilution processes appear to increase the oxidation degree of
OA while decrease its mass loading at the same time. Such mass
loading dependent oxidation degree of OA have been observed in a
number of previous studies (Jimenez et al., 2009; Shilling et al.,
2009; DeCarlo et al., 2010). We also note that the contribution of
POA to OA is slightly elevated at RH < 50%, which might explain
somewhat the decrease of oxidation degree of OA. f44 and f57
exhibit minor variations at high RH levels, suggesting that aqueous-
phase processing does not change the oxidation degree of OA
significantly in this study. Yet, higher f44 and lower f57 during
daytime were observed, indicating that aqueous-phase processing
in the presence of solar radiation enhance the oxidation degree of
OA. Although previous studies suggest that fog processing could
enhance the oxidation degree of OA (Ge et al., 2012) and high RH
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also leads to enrichment of oxygenated species, in particular
organic acids (Sorooshian et al., 2010), our results appear not to
show such RH effects. This might be due to the competing effects of
the formation of small molecular weight products (e.g., organic
acids) with high oxidation degree, and oligomers with high mo-
lecular weight, yet low oxidation degree (Altieri et al., 2008),
leading to a minor effect on overall oxidation degree of OA. The
evolution of OA as a function of RH is further illustrated in the
triangle plot (f44 vs. f43) in Fig. 6b (Ng et al., 2010). As RH increases,
the OA evolves from the top region to the bottom of the triangle in
accompanywith a decrease of f44 and increase of f43, suggesting an
evident evolution process from more oxidized to less aged OA.

4. Conclusions

The impacts of RH on aerosol composition and processing dur-
ing wintertime have been examined in this study. Most aerosol
species exhibit strong yet different RH dependence, leading to
significantly different submicron aerosol composition between low
and high RH levels. While OA comprises the major fraction of NR-
PM1 across different RH levels, sulfate shows the largest increase of
the contribution to NR-PM1 from 10% at RH < 50% to 17% at
RH > 50%. Among OA components, CCOA presents the largest
enhancement as a function of RH. At elevated RH levels, aqueous-
phase processing plays a more significant role, particularly
affecting sulfate and CCOA, in comparison to the dominant accu-
mulation processes associated with the decrease of wind speed at
low RH levels. It’s estimated that fog processing of SO2 could
contribute w70% of sulfate production during wintertime in Bei-
jing, by contrast aqueous-phase production accounts for <30% for
the nitrate formation. Although aqueous-phase production con-
tributes significantly to secondary inorganic species and increases
the aerosol particle acidity, it appears not to enhance SOA pro-
duction significantly as previous study reported. Further, aqueous-
phase processing does not change much the oxidation degree of
OA, yet higher oxidation degree during daytime because of
aqueous-phase processing in the presence of solar radiation was
observed. Our results suggest that RH has different impacts on
processing organic and inorganic aerosols at low ambient tem-
peratures during wintertime. In particular, the RH shows the most
impact on sulfate and CCOA at elevated RH periods, which has
significant implications that priority should be taken to control the
emissions of SO2 and coal combustion for mitigation of air pollution
in hazeefog episodes during wintertime in Beijing, China.
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