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ARTICLE INFO ABSTRACT

Investigation on the aerosol characteristics, surface visibility (Vis) and meteorology at BGS
(Baguanshan, Qingdao) and LNA (Lin'an, Zhejiang) shows that the ambient aerosol chemical
composition and light extinction are relative humidity (RH) dependent. At higher RH, both the
strengthened hygroscopic growth and the more efficient oxidization (of the precursor gases and
formation of the secondary sulfate and nitrate) contribute to the increase of the mass fraction of the
hygroscopic species, which consequently results in the increase of the aerosol mass extinction
efficiency (MEE) and Vis reduction at the two Chinese coastal sites. MEE and chemical composition
of the aerosol vary significantly under different regional transport ways; the airmasses from the
ocean directions are associated with higher RH, higher sulfate mass fraction and greater MEE at
BGS, while MEEs are smaller and associated with lower RH and lower sulfate fraction for the
airmasses from the continent directions. Vis shows better correlation with PM, 5 and PM;o mass
concentrations when RH effect on aerosol hygroscopic growth is considered. At BGS, the sulfate
mass fraction in PM, 5 and PM; (in average 32.4% and 27.4%) can explain about 60.7% and 74.3% of
the variance of the aerosol MEE, respectively; sulfate and nitrate contribute to about 61% of the light
extinction. RH plays a key role in aerosol extinction and visibility variation over this coastal area of
China. Formation of the secondary aerosol (especially sulfate and nitrate) as well as hygroscopic
growth under favorable (more stable and humid) meteorological conditions should be paid
adequate attention in regulation of air quality and Vis improvement over eastern China in addition
to the routine emission control measurements.
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1. Introduction China (Qiu and Yang, 2000; Fan et al., 2005; Che et al., 2007;

Deng et al., 2008; Chang et al, 2009), which have raised
worldwide concern (Tao et al, 2012; Zhao et al, 2013).
Although a lot of efforts have been implemented to improve
air quality as well as to control the occurrence of fog and haze
events in China, the effects of these measurements (without
full understanding and consideration of the weather and

Increase in energy consumption along with urbanization
and industrialization has led to more frequent air pollution
episodes (Chan and Yao, 2008) and low visibility (Vis) events in
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climate background of the recently accelerated intensification
of these severe haze and fog events) are mostly limited. A key
challenge that still remains is to find and pay adequate attention
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to the major contributors to the aerosol extinction and Vis
impairment during these typical air pollution episodes over the
region.

It is well known that the hygroscopic growth of the aerosol
affects its optical characteristic (such as the single-scattering
albedo and the refractive index; Zieger et al,, 2013) and size
distribution, which have important implications to the radiative
forcing (Chylek et al., 1995; Kotchenruther et al., 1999; Wang
et al,, 2008; Rastak et al., 2014) and the variation of Vis (Noll
et al., 1968; Charlson, 1969). Aerosol hygroscopicity is also
important for accurate satellite retrieval (Wang and Martin,
2007). A recent study over eastern China (ECN) found that in
addition to emission, the relative humidity (RH) is an important
meteorological factor (except for the wind speed and regional
transport of the pollutants) contributing to the variation of Vis
(Quetal, 2014), and regional statistics for the 136 stations show
that RH is strongly correlated with the detrended Vis (calculated
through subtracting the linear trend from the original time series
of Vis) in winter over ECN from 1973 to 2012 (R = -0.81,
P < 0.0001, n = 40); higher RH and more humid environment
are found to be more favorable for the hygroscopic growth of the
particles and subsequently Vis decline.

Along the same line, increase of the aerosol optical depth
(AOD) is found to be associated with increase of the total
column water vapor content (CWV, Smirnov et al., 2002; Eck
et al., 2008). Bi et. al (2014) found a strong positive correlation
between AOD and CWV at Beijing during the severe haze
episodes in January 2013, and they attributed the large
accumulation mode particles then to the coagulation through
both condensation and gas-to-particle conversion processes.
Through comparison of the dry and ambient aerosol light
extinction coefficient (Beyc), Jung et al. (2009a) estimated the
contribution of the aerosol water content to light extinction.
The aerosol water content was found to contribute significantly
to the light extinction (about 51.4% and 68.4% during the
biomass burning and the long-range transport periods) under
Asian continental outflow (Jung and Kim, 2011). Jung et al.
(2009a) further found that the effect of aerosol water content
on Vis impairment and light extinction is mainly due to
increases of the (NH4),SO4 and NH4NOs concentrations in the
Pearl River Delta region.

Indeed, Li et al. (2013) reported that the chemical
composition of the aerosol has an influence on its optical
properties (especially the single scattering albedo) in urban
Shanghai. Sulfate is found to be a major aerosol species
contributing to Vis reduction in USA (Malm et al, 1994). A
study in Beijing found that sulfate, nitrate and organic carbon
mass contributed to about 42.2%, 24.9% and 15.7%, respectively,
of light extinction in summer 2006 (Jung et al., 2009b). On the
other hand, the formation of secondary hygroscopic aerosol
(such as SO3~, NO3, and NHYF) is found to be an important
mechanism of haze over Beijing (Zhao et al., 2013). Secondary
pollutants including the hygroscopic species were the major
chemical components during haze days in Guangzhou (Tan
et al, 2009). Sun et al. (2014) also reported that the secondary
inorganic species play enhanced roles in the haze formation
and their contributions elevated during haze episodes in
Beijing in January 2013. Furthermore, RH is found to have
important impacts on aerosol composition (especially sulfate
and coal combustion organic aerosol) during winter in Beijing
(Sun et al.,, 2013).

How does RH influence the chemical composition and
optical properties of the aerosol (and consequently contribute
to Vis degradation)? As RH and water vapor are important to
light extinction and AOD, what is the impact of the variation in
water vapor supply and RH under different regional atmo-
spheric transport ways to aerosol extinction and Vis impair-
ment? Further clarifying these questions in coastal area of
China is important to air quality regulation and Vis improve-
ment measurements over the region.

Here we use observations of surface Vis and meteorology as
well as measurements of aerosol mass concentration and
chemical composition at two sites over coastal China to
investigate the RH influences on aerosol composition, extinction
and Vis variation. The enhanced aerosol extinction is linked with
the increase of the mass fraction of sulfate and nitrate at
elevated RH. Both the RH effects on formation of the secondary
species and on hygroscopic growth are considered. The results
of this study will be helpful to better understand the effect of
meteorology (in this case RH variation) on the light extinction of
aerosol and Vis decline over the coastal area of China.

2. Data and method
2.1. Sampling and chemical analysis of PM

Measurements of aerosol mass concentration and chemical
composition were conducted during a year-round campaign at
two sites: (1) Baguanshan (BGS, 36° 04’ N, 120° 20’ E, 76 m
above sea level) in a residence district of Qingdao, a coastal city;
(2) Lin'an (LNA, 30° 17’ N, 119° 44’ E, 138 m asl), a rural site in
the east of the Plain of Yangtze River Middle and Lower
Reaches. The two sites are located in ECN (with the Yellow Sea
or the East China Sea to the east and mainland China to the
west), a region with dense population, upgrowth industry, and
significant anthropogenic emissions. In summer, East Asian
summer monsoon is the major synoptic system with humid
climate; in spring there is input of Asian dust to the region.

Bulk 24-h (from 9:00 AM to 9:00 AM the next day) PM, 5 and
PM;o (particulate matter with diameter less than 2.5 pm and
10 pm) samples were collected every other day from May 2007
to June 2008 at BGS with a MiniVol™ air sampler (Airmetrics,
Oregon USA) operating at a flow of 51 min~". At LNA, bulk 24-h
(9:10 AM to 9:10 AM the next day) PM, s samples were collected
from March 2004 to June 2005 with an R&P 2025 sampler
(Rupprecht & Patashnick, USA) at a flow rate of 16.7 | min™!;
except for sampler maintenance, from March 3, 2004 to January
11, 2005 one sample was collected every other day, while from
January 12 to June 8, 2005 one sample was collected every day.

Aerosol particles were collected on 47 mm diameter
Whatman quartz microfibre filters (QM/A, Whatman Ltd,
Maidstone, UK) (preheated at 800 °C for 4 h to remove
contaminants). The filter samples were equilibrated for at least
24 h under a constant RH between 30% and 40%, then aerosol
mass was determined gravimetrically using an electronic micro-
balance with 1 pg sensitivity (ME 5-F, Sartorius AG, Goettingen
Germany ), which is referred to as dry mass in this study. Samples
were stored in a refrigerator at 4 °C before chemical analysis.

The analytical techniques used have been described
previously (Qu et al., 2008). Chemical analyses of the water-
soluble ions, including SO3~, NO5', NH7, Ca® ", Mg?*, K™, Na™,
NO3, CI~ and F~, were conducted using a Dionex® 600 ion
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chromatograph (IC) equipped with an ED50A electrochemical
detector (Dionex Corp, Sunnyvale, CA, US). Concentrations of
trace elements were determined by a proton-induced X-ray
emission (PIXE) method; eighteen elements were analyzed but
only the concentration of Fe was used here to estimate the
contribution of mineral dust aerosol. All data were corrected for
backgrounds from the average of blank filters.

2.2. Vis, meteorological data and MEE

Vis and meteorological data are extracted from the Global
Summary of Day (GSOD) database (ftp://ftp.ncdc.noaa.gov/pub/
data/gsod), which has undergone extensive automated quality
control and been widely used (Chang et al., 2009; Wang et al.,
2009). The horizon Vis is derived from the visual range measured
by professional observers using reference objects at known
distances. Daily Vis was estimated by averaging the observations
(for the day with at least four records) with an uncertainty of
0.1 km (China Meteorological Administration, 2003).

Not available at LNA, the Vis and meteorological data at
Hangzhou (a city about 50 km east) are used to study the
relationship with aerosol concentration and composition (ob-
tained at LNA). Hence as expected, the result at LNA is not ideal
as it should be.

The mass extinction efficiency (MEE) of aerosol, defined as
the ratio of the extinction coefficient to the (dry) PM mass
concentration (Si et al.,, 2005), is also computed. Here the light
extinction coefficient (Bey) is derived from Vis based upon
Koschmieder's formula:
Beye = 3.912/V, (1)
where Bey is the volume extinction coefficient and V denotes
Vis (in km).
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Note that Vis shows exponential decay with the increase of
MEE (will be discussed in Section 3.6 and illustrated in Fig. 8);
high MEE is generally associated with low Vis.

2.3. Trajectory cluster

The aerosols were also categorized into different transport
clusters to evaluate the extinction at BGS (Fig. 1, Section 3.5.).
Three-day airmass backward trajectories (four times each day,
00:00, 06:00, 12:00 and 18:00 UTC) were calculated with the
NOAA HYSPLIT4 trajectory model (Draxler and Hess, 1998) by
using the NCEP (National Center for Environmental Prediction)
final analysis meteorological data. Because of the relatively
simple and flat plain topography in the nearby region, the end
points for the trajectories were set to 500 m above surface at
BGS. The trajectories were divided into distinct clusters by
using a trajectory clustering method (Arimoto et al., 1999);
squared Euclidean distances were used to determine the
similarities between trajectories and Ward's method was
used to make hierarchical cluster.

3. Results and discussion
3.1. lon balance of the aerosol and its implication

lon balance evaluation has been used to check the
speciation data and to find the probably undetected ion species
(Jain et al,, 2000; Zhang et al.,, 2002). The anion and cation
equivalences (micro-equivalents per cubic meter, peq m~>)
were calculated as:
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Fig. 1. Location and 3-day backward trajectory clusters for BGS (Clusters A-J). China continent is shaded with gray. The proportion of the trajectories belongs to each
specific cluster in all the trajectories, the mean relative humidity (RH), sulfate (S03 ) proportion in PM; and PM; o mass extinction efficiency (MEE) for the trajectory
clusters are also presented; boldface indicated RH, sulfate proportion and MEE for the trajectory clusters with mean RH >70%.
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Cation equivalence (peq m>

= [Na™] + [NH, ]+ [K7] + [Mg?t] + [ca®]. ®

Fig. 2 shows that the cation equivalence is in deficit to
neutralize the anions at BGS and LNA, reflecting the character-
istic of an acidic air pollution aerosol (Maxwell-Meier et al,
2004). The ion imbalance (cation equivalence minus anion
equivalence) is found to be negatively correlated with PM mass
concentration (R = 0.223 and 0.102, n = 157, P < 0.0001 for
PM, 5 and PM,, at BGS, R> = 0.327, n = 200, P < 0.0001 for
PM, 5 at LNA) and positively correlated with Vis (R> = 0.240
and 0.144, n = 157, P< 0.0001 for PM, 5 and PM;¢ at BGS, R? =
0.0605, n = 200, P < 0.0005 for PM,5 at LNA). The more
negative value of the ion imbalance (i.e. the more acidic
aerosol) is associated with higher PM mass concentration and
lower Vis, which reflects the nature of an acidic pollution air
and that aerosol in the more polluted air is more acidic,
implying the increase of the sulfate and nitrate during the
regional air pollution episodes.

As introduced in Section 2.1, anthropogenic emissions are
significant in this region. The anthropogenic secondary particles
(i.e., sulfate, nitrate and other components) are found to be
mainly enriched in the fine mode, while Na™, Mg?™, Ca®>* and
other alkaline cations which can neutralize the anions are
mainly presented in coarse mode (Krivacsy and Molnar, 1998);
this probably has resulted in higher anion equivalence at BGS
and LNA. These ion balance results are consistent with the high
frequency of acid rain (97.5%) and the low pH of precipitation
(4.04) in Lin'an (Lin et al., 2004). The similar deficit of cation
equivalence was also reported for aerosol over the Yellow Sea
and the Bohai Sea (Xue et al, 2011). The simulated high
concentrations of sulfate and nitrate over the coastal areas of
China (Ge et al,, 2011) are also consistent with our result here.

3.2. Variation of Vis and its relationship with PM and RH

Fig. 3 clearly shows that low Vis is generally associated with
high PM concentration and high RH (marked by dash vertical
lines), while high Vis is generally associated with low PM
concentration and low RH (marked by dot dash vertical lines)
at BGS. This is also true for variations of Vis, RH and PM, 5 mass
concentration at LNA. Details about relationship between
PM, 5, PM;o and their major components are also provided in
Supplementary material 1.

3.0

To address the effect of hygroscopic growth, the RH
corrected PM concentration is calculated from the dry PM
concentration (gravimetrically determined in the laboratory)
according to the formula “r(RH)/r(dry) = (1-RH)™ ", u= 4.4
for the polluted atmospheric particles (Kasten, 1969; Sun,
1985).” Here r(RH) is the radius of the (swelling) particle under
the ambient RH, r(dry) is the radius of the dry particle; and the
densities of the swelling and dry particles are assumed
identical. A moderate correlation is found between Vis and
the dry PM concentration on all weather days (R?> = 0.323 and
0.285 for PM, 5 and PM; ¢ at BGS; R> = 0.194 for PM, 5 at LNA).
In contrast, a better correlation is found between Vis and the
RH corrected PM concentration on all weather days (Fig. 4b, d
and f), and this correlation is even better than that between Vis
and the dry PM concentration only on clear days (Fig. 4a, c and
e). Hence hygroscopic growth is an important factor affecting
the Vis-PM relationship. More analysis on Vis in different PM
and RH bins follows in Section 3.6.

3.3. Variation of the mass fraction of aerosol components with RH

Sulfate (SO3~) mass fraction in PM shows an exponential
growth accompanied with the increase of RH (Fig. 5a and b).
Similarly, the nitrate (NOs3) proportion in PM;o also
increases with the increase of RH (positive correlation,
R?> = 0.157, n = 157, P < 0.0001). Such an increase of the
sulfate and nitrate fraction at elevated RH is consistent with the
negative correlation between the ion imbalance and RH (R?> =
0.113 and 0.0729, n = 157, P < 0.0001 for PM,5 and PM;, at
BGS); that is, the more negative ion imbalance (i.e., more acidic
aerosol) is associated with higher RH, suggesting that the more
humid condition tends to be favorable for the formation of more
acidic aerosol (probably due to increased contribution from
sulfate and nitrate). Combined with the results in Section 3.1, the
more negative ion imbalance (and the more acidic aerosol) is
associated with higher PM mass, lower Vis and higher RH, which
is probably a result of enhanced oxidization of the precursor
gases and formation of the secondary sulfate and nitrate at
elevated RH.

Indeed, Pu and Yang (2000) have reported that water
content of the aerosol (which is associated with the ambient
RH) is essential for the oxidization of sulfur dioxide and
nucleation of sulfate (in which water vapor serves as a source of
the hydroxyl radical (OH), Seinfeld and Pandis, 2006), and the
acidification of aerosol tends to be of more extent under high
RH condition. Sun et al. (2013) also reported the significant
impact of liquid water on sulfate production at high RH levels

L L L
7 Y=1.15x +0.089, R’ =0.904, n=157, P<0.0001

Anion equivalence / (eq/m’)
Anion equivalence / (peq/m’)

(a) BGS PMzs |

s n n L L L L L
¥ =1.13X +0.092, R =0.857, n=157, P<0.0001 .7 1.6 Y=1.12X+0.037, R® =0.883, n=200, P<0.0001 o

Anion equivalence / (peq/m’)

(b) BGS PM1o (c) LNA PM2.s

00 05 1.0 15 20 25 00 05 1.0
Cation equivalence / (peq/m’)

Cation equivalence / (ueg/m’)

15 20 25 00 02 04 06 08 1.0 12 14
Cation equivalence / (ueg/m’)

Fig. 2. lon balance evaluation between water-soluble cations and anions in (a) PMy s, (b) PM; at BGS and (c) PM, 5 at LNA. The equivalence of the cations is generally in
deficit to neutralize the anions at both sites, reflecting the characteristic of slightly acidic pollution aerosol (Maxwell-Meier, 2004).
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Fig. 3. Time series of (top) ambient relative humidity (RH), (middle) horizon visibility (Vis), (bottom) PM, 5 and PM;, mass concentration at BGS from May 2007 to June
2008. The solid horizon line in the middle panel indicates the Vis equal to 10 km, the minimum value for Vis to be graded as “fine” at a given day (China Meteorological
Administration, 2010). The dash vertical lines indicate the low Vis days, generally corresponding to high PM concentration and high RH. The dot dash vertical lines
indicate the high Vis days, generally corresponding to low PM concentration and low RH.

(>50%). These studies support our conclusion here that the
more humid condition favors the formation of secondary
sulfate. Such RH effect on the oxidization of sulfur dioxide and
acidification of the aerosol probably has important implications
to light extinction and potential acid deposit over this coastal
area of China.

As a major component, sulfate (S037) accounts for 32.4%
and 27.4% of PM; 5 and PM; masses at BGS, and 28.9% of PM, 5
mass at LNA. As higher RH over this coastal area is favorable for
the formation of sulfate and nitrate, controlling emissions of
the precursor gases such as SO, and NO, is still an important
strategy for Vis and air quality improvement over the coastal
area of China, even if the occurrence of fog and haze (mostly
due to favorable stable meteorology) is more difficult to be
reduced artificially.

On the contrary, dust proportion in PM shows an exponen-
tial decay as RH increases (Fig. 5c and d), which is possibly due
to more efficient wet scavenging under high RH conditions, but
may also reflect seasonal co-variation of RH and dust aerosol.
While dust contribution to the total aerosol is less in summer
and autumn (when RH at a higher level), its contribution
becomes more important in spring and winter (when RH is
lower). Here dust concentration is estimated from elemental Fe

which is found to account for 4% of Asian dust (Zhang et al.,
2003).

3.4. Relationship of MEE with RH, PM and the mass fraction of
aerosol components

MEE is found to be mass and RH dependent; it shows
exponential decay with the increase of PM mass concentration
(Fig. 6d, e and f) and exponential growth with the increase of
RH (Fig. 6a, b and c; probably reflecting the enhanced light
scattering due to the increased fraction of sulfate and nitrate as
discussed in Section 3.3). The threshold values in Fig. 6 indicate
the sensitive areas within which MEE responds more efficiently
with the change of PM concentration and RH, similar as the
results in Qu et al. (2013).

Accompanied with the increase of RH, similar increase is
found for MEE (Fig. 6a, b and c) and the sulfate proportion
(Fig. 5a and b). Furthermore, there is a positive correlation
between MEE and the sulfate proportion (Fig. 7a, b and c), in
which the sulfate proportion can explain about 60.7% and 74.3%
of the variance of MEE for PM, 5 and PM;q at BGS, and about
30.6% of the MEE variance for PM, 5 at LNA (MEE derived from
Vis at Hangzhou but PM, s obtained at LNA). In addition, a
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positive correlation is also identified between MEE and the
nitrate proportion (R?> = 0.226 and 0.360, n = 157, P < 0.0001
for PM, 5 and PM;q at BGS). As the sulfate and nitrate fractions
increase at elevated RH (discussed in Section 3.3), increase of
the ambient aerosol extinction efficiency (as well as decrease of
Vis) is thus associated with increase of the major hygroscopic
components (such as sulfate and nitrate probably due to the
enhanced oxidization and formation of secondary sulfate/
nitrate) as RH increases in this coastal area of China. This result
is consistent with Yoon and Kim (2006) which reported
enhancement of aerosol extinction and scattering with the

increase of RH, also consistent with Jung et al. (2009a) which
found that the effect of aerosol water content on Vis impairment
and light extinction is mainly due to increases of the (NH4),S04
and NH4NO; concentrations.

Contrary to the increase of MEE associated with the increase
of the sulfate and nitrate fraction (Fig. 7a, b, ¢ and discussion
above), MEE shows exponential decay with the increase of dust
proportion (Fig. 7d and e). These results are similar as those of
Day and Malm (2001) that higher fractions of soluble inorganic
compounds (sulfate and nitrate) produce growth curves of
greater magnitude than do higher concentrations of either
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nitrate and on the enhancement of aerosol extinction tend to be
more important than the contribution from the mineral dust
aerosol (which occasionally impacts this region in spring).

organic carbon or soil material. Over this coastal area of China
with frequently more humid weather, RH effects on the
oxidization of the precursor gases and formation of sulfate/

5 L L L L L L L L L 50 L L L L L L L L L . . . . . . . .
i
MEE=4.47E-4RH™-0.0779RH"+4.48RH-79.5, R"=0.557 ° MEE=2.21E-4RH™-0.0362RH"+1.97RH-32.0, R’=0.476 MEE = 7.98E-7exp[RH/5.13]+9.10, R’ = 0.730 o!
'
504 E
s Y7 (a) BGS PM2zs oo [ 5 (b) BGS PM1o [ s (c) LNA PMzs I
& ° & = '
E T E B E '
> / > > 0] ) L
5 %07 [ 5 %9 [ &
s 2 =] kel
% g B g § 30 r
c < p c
S 0] L 8 2] m B8 I s
3 3 n g 5
-] £ . § 209 F
H H " "a H
@ @ m ‘mgg H
10-] t 10 L
2 ° £ % £ 10 2 b
& L] )
o shg
o 9 _m-
0 T T T T T T T T 4 T T o T T T T T T T T T T T T T
10 20 30 40 5 60 70 8 9 100 0O 10 20 30 4 5 60 70 8 90 100 0 20 30 40 5 60 70 8 90 100
Relative humidity (%) Relative humidity (%) Relative humidity (%)
s s s s s s 4 L L L L L L L L L L 100 L L L
MEE = 3.71E5"exp[-PM, /1.08]+42.1"expl-PM, /19.9]+5.26, ' = 0.709 MEE = 18.6%exp[-PM, /23.9]+18.6%exp[-PM,,/23.9+4.10, R* = 0.697 MEE = 5.49'exp[-PM, /57.2]+299"expl-PM, /8.47+8.27, R = 0.546
7040 r
= i
c) | s 5 ' - )
e 604 ‘(d) BGS PMZ'SN\” T MEE=453'0xp[-PW, /19.8] P2 sl (e) BGS PM”.E MEE = 16.4°expl-PM,/26.4] L Né’ 80 (f.y LNA PM2s 3 MEE = 99.8'expl PN, /13.8] r
> ! L3RR 26ES oxpl-PM, 2244547, £ ! Sy HO4'0xpL P, 26.41+4.32, < \ Sl sensexlPm /13810005 K = 0967
g sl u R=0953 g L7 R =0947 g q EREI
] el ER Y g : = 2 ] 60 L
£ 1o o] 4 g '* £ | g o \ g
31 ] 3 \ 3 \
5y LI Fos 2, EE RN b ' o FRY
H fo] b0 s " I $ ' § %
£ 3] 8 L NP SR ) PE e I R PN . 2 40 \ g st L
% 3 % \ 3 % 20 3 e
s 3 I 3 o
o AN o BT 0 R 7 I 50 B0 °
8 209 bin averaged PM, , mass concentration (ug m") o2 10 bin averaged PM,, mass concentration (ug m”) L @
z H = 0] L
= 10 L= o ] s
n. <] x LIy Ll T
-9-L0 -
% %ﬁ% o~ ® Bm 0
T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400 450 500 550 0 50 100 150 200

PM,  mass concentration (ug m?)

PM,, mass concentration (ug m”)

PM,_mass concentration (ug m”)

Fig. 6. The relationship between the mass extinction efficiency (MEE) of aerosol with (a) relative humidity (RH) and (d) PM, s mass concentration at BGS; (b), (e), same
as (a), (d) but for PMy; (c), (f), same as (a), (d) but for PM, 5 at LNA. The insets on the upper right of Fig. 6d, e and f show corresponding relationship between the bin
averaged variables. The thick black arrows in Fig. 6a, b and ¢ (Fig. 6d, e and f) indicate the threshold value of RH (PM concentration); beyond the RH threshold (below the
PM concentration threshold) MEE responds more efficiently with the increase of RH (PM concentration).



W.J. Qu et al. / Atmospheric Research 153 (2015) 500-511

80 1 1 1 1 1 1 1 1 1 1
Y = 0.259X, R=0.607, n = 157, P < 0.0001
704 £

(a) BGS PM2.s

60 £

PM, ; Mass extinction efficiency (mzlg)

Sulfate (SO"') proportion in PM, , (%)

80 L L L L L
Y =0.385X, R*=0.306, n = 200, P < 0.0001

(c) LNA PM2.s o

60+ r

- - 2
PM, ; Mass extinction efficiency (m/g)

100 120

Sulfate (SO"') proportion in PM, . (%)

60 . . .
Y =16.2*exp[-X/8.79]+5.01, R’=0.169

(d) BGS PM2.s i

50+

@
E °
g
£ 404 : L
£ 3
o
g o ¢ [
E LI
3 20 ¢ L
2 0\\§‘ ® @
=
= 10 ’&‘ ° [
o ."0 <
‘ _________ ‘_____4
0 T T
0 40 60 80

Dust proportion in PM, . (%)

PM,; Mass extinction efficiency (mzlg)

PM, Mass extinction efficiency (m%lg)

507

40 1 1 1 1 1 1 1 1 1 1
Y = 0.240X, R=0.743, n = 157, P < 0.0001

(b) BGS PM1o

w

=}
1
T

| _-
.. a ’/”
PRGN |
20 a I [
-
= A g
a -
10 = -.jﬁ-" s % L
m
=] -.. =}
=]
=]
a
0= T T T T T T T T

T T
0 10 20 30 40 50 60 70 80 90 100 110

Sulfate (SO‘Z) proportion in PM, | (%)

50 . . . . .
Y =15.9*exp[-X/24.6]+2.09, R°=0.189
] (e) BGS PM1o [
o
30 +
0%
<
201 o 0 [
. o
¢
N N X <& o
104 sz; &80 & L
o O o
, %Wé% oo
0 80 100 120

Dust proportion in PM, (%)

Fig. 7. The relationship between the mass extinction efficiency (MEE) of aerosol and sulfate (S03 ) proportion in (a) PM, 5 and (b) PM; at BGS; (c) same as (a) but for

PM, 5 at LNA; (d), (e), same as (a), (b) but for dust proportion at BGS.

Note here the “significantly” higher MEE values in Fig. 6a, b
and c are found to be associated with higher RH. In this study the
MEE is calculated as the ratio of the extinction coefficient to the
dry PM mass concentration. In the more humid environment,
hygroscopic growth of the particles should contribute more
efficiently to the ambient aerosol mass, thus the dry PM concen-
tration should be much less than the ambient PM concentration,
which might consequently result in the high MEE then.

3.5. Aerosol MEE and sulfate proportion for different transport
clusters

Comparison between two categories of the backward
trajectory clusters to BGS gets similar result. The trajectories

from the direction of ocean (clusters A, B, C, D and ]) have
average RH larger than 70% (76%-91%, Fig. 1 and Table 1), the
sulfate proportions in PM are within 30%-41%, and MEE are
within 6.8-20 m?/g. These values are greater than their
counterparts for the trajectories from the continent (clusters
E, F, G, H and I; RHs within 52%-67%, the sulfate proportions
within 16%-19%, MEE within 3.2-4.6 m?/g). Especially, the two
trajectory clusters only occurring in summer (B and C) are
associated with higher temperature (28 °C and 25 °C), higher
RH (81% and 91%), higher sulfate proportion (62% and 57% for
PM, 5, 41% and 38% for PM;,) and higher MEE in m?/g (13 and
27 for PM, 5, 9.0 and 20 for PM;). In summary, high (low) MEE
occurs under the influence of humid (dry) airmass from the
ocean (continent). This finding has important insights for Vis
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Table 1

Contribution percentage of each trajectory cluster and the corresponding mean ambient temperature, relative humidity (RH), visibility as well as mass concentration, sulfate proportion and mass extinction efficiency (MEE) for

PM, 5 and PM; at BGS.

MEE (m?*/g)

Sulfate (S037)

Mean mass

Visibility (km)

RH (%)

Temperature (°C)

Proportion of all trajectories (%)

Trajectory cluster

concentration (ug m—>)

proportion (%)

PMio PM 5 PMio

36

PM, 5

PMio
120

PM;5

Sum

40

Winter
15

Autumn
40

Summer
67

Spring
35

9.1
9.0
20
6.8
4.0

12
13
27
1

a1
38
30
17
18
16
19
16
38
27

40
62
57
35

30.2
248
89.9

89.5
27.2
20.6
64.9

6.8
13

83
10
11
11

78
81
91
76
64
58
52
67

19°
28
25
19

0.85
091
10

0.55
4.1
27

14

34
13

12

<muA

7.0
55
7.5
6.5

27

124
108
102
150
139

69.0

2.6
6.3

1.6
14

0.25
0.74

39
4.1

23
27

73.7

13

17

61.0
108

12

3.9

2.1
17
10

4.7
27
21

1.9

19
12

2.3
20
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©
<

24
21

8.0
10

9.0
5.5

3.7

N
Ll

5.2
15

89.9

59
82

0.25
7.8

9.3

13

36
32

99.6
119

84.4

4.7

2.9

2}
©

9.4

85.4

8.4

71

14

Total

2 Boldface indicates value of ambient temperature, RH, sulfate proportion and MEE of PM for trajectory clusters with mean RH >70%.

variation over this region; that is, for the airmass from the
ocean or from the direction of water vapor supply, considerable
aerosol extinction is expected due to the enhanced formation of
the secondary aerosol species, which is associated with Vis
impairment.

Except for 27 m?/g of MEE for cluster J, the statistics of the
PM, s MEE for the other trajectory clusters are within 5.2-
15 m?/g, which are less than or comparable with the MEE
reported for sulfate (15.6 or 15.7 m?/g) in previous studies
(Pandolfi et al, 2011; Li et al, 2013). The cause of the
“significantly” higher MEE (27 m?/g) associated with the
highest RH (91%) for cluster ] is similar as explained in the
end of Section 3.4.

3.6. Roles of PM and RH in the Vis-MEE relationship

Vis shows exponential decay with the increase of MEE
(Fig. 8). In the range with MEE >30, the decrease of Vis is mainly
controlled by the increase of PM concentration rather than by
the increase of MEE (top panel). While in the range of MEE <30,
both the increase of MEE and increase of PM concentration
contribute to Vis decline.

Colors in the bottom panel (Fig. 8) indicate bins of RH. In the
range with MEE >30, RH is generally larger than 85% and Vis
less than 4 km, probably reflecting Vis decline during fog when
hygroscopic growth plays an important role. In the range of
MEE <20, the points in different RH bins mix; decrease of Vis
probably results from mixed effects, such as the increase of PM
concentration, hygroscopic growth and other factors.

Finally, the mass (concentration) ratio between PM, 5 and
PM;q is 0.731 at BGS, while the MEE ratio between PM, 5 and
PM is 1.17; PM, 5 contribution to the extinction is thus about
86% (0.731 x 1.17). PM,5 is the major contributor to the
aerosol mass (73%) and extinction (also see Supplementary
material 1).

3.7. Contribution of sulfate and nitrate to aerosol extinction

Using the IMPROVE (Interagency Monitoring of Protected
Visual Environments) method (http://vista.cira.colostate.edu/
improve/Tools/ReconBext/reconBext.htm), we reconstruct the
extinction coefficient (Bey) of sulfate and nitrate at BGS,

Bext (Mm’l) — 3f(rh)[Sulfate] + 3f(rh)[Nitrate] (4)

where [Sulfate] and [Nitrate] are the mass concentrations
calculated based on the forms of (NH4),S0, and NH4NOs, and
f(rh) is the relative humidity correction factor for converting
dry extinction values to ambient extinction (http://vista.cira.
colostate.edu/improve/Tools/humidity_correction.htm). Note
here that the concentrations of organic matter and light-
absorbing carbon are not measured in this study, and only the
Bext Values of sulfate and nitrate are reconstructed using the
IMPROVE method; while the total light extinction coefficient
(total Bey;) is calculated according to formula (1) in Section 2.2.

Vis shows exponential decay accompanied with the
increase of the Bey, of sulfate and nitrate (which can explain
about 74% of the variance of Vis); increase of the sulfate and
nitrate Bey and decrease of Vis are generally associated with
the increase of RH (Fig. 9a). The By of sulfate and nitrate is


http://vista.cira.colostate.edu/improve/Tools/ReconBext/reconBext.htm
http://vista.cira.colostate.edu/improve/Tools/ReconBext/reconBext.htm
http://vista.cira.colostate.edu/improve/Tools/humidity_correction.htm
http://vista.cira.colostate.edu/improve/Tools/humidity_correction.htm
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found to account for about 61% of the total By at BGS (Fig. 9b),
comparable with the result of Jung et al. (2009b) that sulfate
and nitrate contribute to about 42.2% and 24.9% (respectively)
to the light extinction in Beijing in summer 2006. These
analyses suggest that sulfate and nitrate are major contributors
to the light extinction and consequently Vis degradation in this
coastal area of China.

4. Conclusion

The influence of RH on the chemical composition and light
extinction of the aerosol at two sites in coastal area of China was
examined in this study. Enhancement of the ambient aerosol
extinction is found to be associated with the increase of the

mass fraction of sulfate and nitrate in PM when RH increases.
The aerosol exhibits a cation deficit at both BGS and LNA, and
higher aerosol acidity is associated with higher PM concentra-
tion, lower Vis and higher RH, suggesting that the more humid
condition tends to be favorable for the formation of the
pollution episodes associated with more acidic aerosol, probably
due to increased contributions from sulfate and nitrate which
resulted from more efficient oxidation of the precursor gases
and formation of the secondary species and strengthened
hygroscopic growth. Sulfate and nitrate are found to be the
major contributors to the light extinction (about 61% at BGS)
and Vis degradation over the coastal area of China. The
contributions of sulfate and nitrate to light extinction (and Vis
impairment) become more important at elevated RH. RH affects

20
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the chemical composition of the aerosol and consequently alters
its optical properties, which has important implications to Vis
degradation over the region.

The hygroscopic species (sulfate and nitrate) and RH are
found to be crucial factors contributing to Vis degradation.
With hygroscopic growth in consideration, the RH corrected
PM concentration shows better correlation with Vis than the
dry PM concentration. As the precursor gases of sulfate and
nitrate are at high concentration in ECN due to intensive
emission, RH thus plays a key role in the oxidization of the
precursor gases and formation of the secondary species as well
as hygroscopic growth, its contribution to aerosol extinction
and implications on the severe, frequent, long-durative and
widespread haze and fog (Vis impairment) events over ECN
should be considered (in addition to controlling of the
emissions) in formulating strategies to improve air quality
and Vis in the region.

Different from the general knowledge that the maritime
origin airmass is always associated with fresh air and presumably
high Vis, our results show that at BGS the airmasses from the
ocean directions are associated with higher RH, higher sulfate
mass fraction, higher MEE and consequently lower Vis compared
with those from the continental directions. RH and water vapor
supply strongly affect formation of the secondary hygroscopic
aerosol species (such as sulfate and nitrate) and hygroscopic
growth. The contrast in the aerosol extinction for the airmasses
from the ocean and from the continent suggests that the
aerosol optical properties varied under different circulation
patterns, its influence on Vis degradation should be carefully
considered.

The findings of this research are useful in study and
predication of the low Vis events and regulation of the regional
air pollution episodes. Future study on accurate parameteriza-
tion of the ambient aerosol mixed by the hygroscopic species,
dust and carbonaceous components based on in situ measure-
ment is warranted to better understand optical properties of
the aerosol and related Vis impairment over coastal China.
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