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Abstract. TS1 CE2During the period 2012–2015, photoly-
sis frequencies were measured at the Peking University site
(PKUERS), a site representative of Beijing. We present a
study of the effects of aerosols on two key photolysis fre-
quencies, j (O1D) and j (NO2). Both j (O1D) and j (NO2) dis-5

play significant dependence on aerosol optical depth (AOD;
380 nm) with a non-linear negative correlation. With the in-
crease in AOD, the slopes of photolysis frequencies vs. AOD
decrease, which indicates that the capacity of aerosols to re-
duce the actinic flux decreases with AOD. The absolute val-10

ues of slopes are equal to 4.2–6.9×10−6 and 3.4×10−3 s−1

per AOD unit for j (O1D) and j (NO2) respectively at a solar
zenith angle (SZA) of 60◦ and AOD smaller than 0.7, both
of which are larger than those observed in a similar, previous
study in the Mediterranean. This indicates that the aerosols in15

Beijing have a stronger extinction effect on actinic flux than
absorptive dust aerosols in the Mediterranean. Since the pho-
tolysis frequencies strongly depended on the AOD and the
SZA, we established a parametric equation to quantitatively
evaluate the effect of aerosols on photolysis frequencies in20

Beijing. According to the parametric equation, aerosols lead
to a decrease in seasonal mean j (NO2) by 24 % and 30 %
for summer and winter, respectively, and a corresponding
decrease in seasonal mean j (O1D) by 27 % and 33 %, re-
spectively, compared to an aerosol-free atmosphere (AOD25

= 0). Based on an observation campaign in August 2012, we
used a photochemical box model to simulate the ozone pro-
duction rate (P (O3)). The simulation results shows that the
monthly mean daytime net ozone production rate is reduced
by up to 25 % due to the light extinction of aerosols. Through30

further in-depth analysis, it was found that particulate mat-

ter concentrations maintain a high level under the condition
of high concentrations of ozone precursors (volatile organic
compounds, VOCs, and NOx), which inhibits the production
of ozone to a large extent. This phenomenon implies a nega- 35

tive feedback mechanism in the atmospheric environment of
Beijing.

1 Introduction

Solar radiation plays an important role in atmospheric pho-
tochemistry, driving the photolysis of many key species. The 40

photolysis of ozone (O3), gaseous nitrous acid (HONO), and
carbonyl species, contributes to the primary production of
HOx (Volkamer et al., 2010). The photolysis of ozone pro-
duces O1D, which then reacts with H2O to form OH radicals;
these radicals are the main source of OH radicals in the tro- 45

posphere, as shown by Reactions (R1) and (R2). The strong
dependence of OH concentration on j (O1D) was found in
a number of field measurements (Ehhalt et al., 2000TS2 ;
Rohrer et al., 2014; Stone et al., 2012). In addition, the pho-
tolysis of NO2 produces O3P, and then O3P reacts with O2 50

to produce O3, as shown by Reactions (R3) and (R4), which
is the only significant chemical source of ozone in the tropo-
sphere (Finlayson-Pitts et al., 2000TS3 ). The photolysis fre-
quencies of Reactions (R1) and (R3) are j (O1D) and j (NO2),
respectively. 55

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

Published by Copernicus Publications on behalf of the European Geosciences Union.



2 W. Wang et al.: The impact of aerosols on photolysis frequenciesTS8

O3+ hv(λ < 330 nm)→ O1D+O2 (R1)

O1D+H2O→ 2OH (R2)

NO2+ hv(λ < 430 nm)→ NO+O3P (R3)

O3P+O2→ O3 (R4)

The photolysis frequencies are calculated by the following5

formula:

j =

λ2∫
λ1

F (λ)σ (λ,T )ϕ (λ,T )dλ. (1)

F (λ) is the actinic flux dependent on wavelength. Since the
photolysis rates are proportional to the actinic flux, and not
all stations acquire a 2π spectroradiometer or chemical acti-10

nometer for J measurements, several methods have been de-
veloped to determine actinic flux and photolysis frequencies
from ground-based measurements of irradiance (Kylling et
al., 2003; Kazadzis et al., 2000, 2004; Topaloglou et al.,
2005; Trebs et al., 2009). σ(λ,T ) is the absorption cross sec-15

tion of the species that is absorbed in the wavelength range
λ1-λ2. ϕ(λ,T ) is the quantum yield of the photodissociation
reaction product. λ and T represent wavelength species and
temperature, respectively.

The effect of aerosols on photolysis frequencies depends20

on the aerosol optical properties, solar zenith angle (SZA),
and altitude (Liao et al., 1999). The aerosol optical depth
(AOD) characterizes the integral of the extinction coefficient
of aerosols in the vertical direction. The light extinction of
aerosols includes scattering and absorption, which have dif-25

ferent effects on the actinic flux. Previous studies showed that
scattering aerosols can enhance the actinic flux throughout
the troposphere, while absorptive aerosols reduce the actinic
flux throughout the boundary layer (Jacobson, 1998; Dicker-
son et al., 1997; Castro et al., 2001; Flynn et al., 2010). To30

distinguish between these two components, single scattering
albedo (SSA) is defined as the ratio of the scattering coeffi-
cient to the total extinction coefficient. In areas with severe
aerosol pollution, aerosols can significantly affect photolysis
frequencies and ozone production. Studies in Los Angeles35

(Jacobson, 1998), Mexico City (Castro et al., 2001; Raga et
al., 2001; Li et al., 2011), São Paulo (de Miranda et al., 2005),
Houston (Flynn et al., 2010), Europe (Real et al., 2011TS4 ),
and Russia (Péré et al., 2015) have found that aerosols re-
duce ozone concentration by 5 %–30 % by attenuating pho-40

tolysis frequencies. Studies in the eastern United States have
shown that scattering aerosols increase ozone concentration
by 5 %–60 % by increasing the photolysis frequencies (Dick-
erson et al., 1997; He and Carmichael, 1999). Therefore, it is
necessary to quantitatively evaluate the effect of aerosols on45

photolysis frequencies for a better understanding of ozone
formation under highly polluted conditions.

Currently, the methods for quantitatively evaluating the in-
fluence of aerosols on photolysis frequencies mainly include
the radiative transfer model and the parameterization method 50

(Madronich et al., 1993TS5 ). The radiative transfer model
is based on an algorithm for calculating solar radiation and
photolysis frequencies (Madronich et al., 1999TS6 ). The ob-
served data of related influential factors of the photolysis fre-
quencies are taken as the model’s input to calculate the pho- 55

tolysis frequencies. This method comprehensively considers
the influence of aerosol optical properties on the photolysis
frequencies, but it does not necessarily reflect the true quan-
titative relationship in the atmosphere due to complicated
environmental conditions, and thus the simulated results do 60

not necessarily reproduce observed values well (Lefer et al.,
2003; Shetter et al., 2003TS7 ; Hofzumahaus et al., 2004).
For example, the simulated slope of j (O1D) vs. AOD by the
Fast-JX algorithm within the CHIMERE model was signif-
icantly smaller than the observed slope, particularly for the 65

high SZA values (Mailler et al., 2016). The parameterization
method is based on the observation data taken from a certain
region and is used to establish the parameterized relation-
ship between the photolysis frequencies and optical proper-
ties of aerosols (such as AOD). The method can reflect the 70

actual atmospheric environment conditions; it also considers
less influential factors and thus is easy to apply (Casasanta
et al., 2011; Gerasopoulos et al., 2012). The disadvantage of
this method is that the established parametric equations ap-
ply only to a specific region and cannot be extended to other 75

regions.
With rapid economic development and urbanization in

past decades, China’s atmospheric pollution has become
more and more severe, characterized by high concentrations
of particulate matter and ozone. Satellite observations indi- 80

cate that both the particulate matter and the ozone of east-
ern China are at higher levels compared with other locations
around the globe (Verstraeten et al., 2015; Ma et al., 2014).
Levels of pollution in the Beijing–Tianjin–Hebei region are
even more severe (Chang et al., 2009; Che et al., 2008; Zhang 85

et al., 2014, 2016). Therefore, it is necessary to study the ef-
fects of aerosols on photolysis frequencies and ozone pro-
duction in the urban areas of China.

Previous model studies have shown that aerosols in China
can affect ozone production by changing the photolysis fre- 90

quencies. Tang et al. (2004) used a sulfur transmission–
emission model (STEM) to discover that ozone concentra-
tion in north-eastern China was reduced by 0.1 %–0.8 % in
the sandstorm due to the change in photolysis frequencies.
Tie et al. (2005) used a global aerosol–chemical model to 95

show that aerosols caused j (O1D) and j (NO2) to decrease
in winter by 20 %–30 % and 10 %–30 %, respectively, and
in summer by 5 %–20 % and 1 %–10 %, respectively, result-
ing in 2 %–5 % and 2 % reductions in ozone concentration
in winter and summer, respectively. Li et al. (2011) used an 100

air quality model to estimate the changes in the photolysis
frequencies caused by sulfate, nitrate, ammonium, and min-
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eral dust aerosols in the central and eastern regions of China
from 1 June to 12 June 2006. This study showed that the
daily average j (O1D) in the troposphere at altitudes of 1,
3, and 10 km from the ground was reduced by 53 %, 37 %,
and 21 %, respectively, resulting in a decrease in the ozone5

concentration by 5.4 %, 3.8 %, and 0.10 % in the three lay-
ers. Lou et al. (2014) found that with aerosols, annual mean
photolysis frequencies, j (O1D)) and j (NO2), were simulated
to be reduced by 6 %–18 % in polluted eastern China, lead-
ing to reductions in O3 of up to 0.5 ppbv in those regions in10

spring and summer using a global chemical transport model
(GEOS-Chem). However, all of these studies base their re-
sults on model simulations. Research using long-term obser-
vational data to evaluate the effects of aerosols on photolysis
frequencies and ozone production in China has not yet been15

published.
Our overall goal is to quantitatively evaluate the effect of

aerosols in Beijing on photolysis frequencies and thus on
ozone production. First, the relationship between PM2.5 and
AOD was investigated. Second, based on long-term obser-20

vations (2012–2015) of photolysis frequencies, we discussed
the impact of AOD on photolysis frequencies (j (O1D) and
j (NO2)) in Beijing in detail. The relationship between pho-
tolysis frequencies and AOD is adequately compared with a
previous study in the Mediterranean (Casasanta et al., 2011;25

Gerasopoulos et al., 2012). Then, the quantitative relation-
ship between photolysis frequencies, AOD, and SZA was ac-
quired by the parameterization method, which could be used
to quantitatively evaluate the effect of AOD on photolysis
frequencies in Beijing. Finally, a photochemistry box model30

was used to evaluate the effect of aerosols on ozone produc-
tion.

2 Methodology

2.1 Measurement

From August 2012 to December 2015, j (O1D) and j (NO2)35

were measured continuously at the Peking University site
(PKUERS). The data of the period during October 2012
to March 2013 and August 2015 are missed due to instru-
ment maintenance and other measurement campaigns. The
site (39.99◦ N, 116.31◦ E) is located on the sixth floor of40

a campus building at Peking University, 20 km north-west
of Tiananmen Square. The height from the ground is about
30 m. The sampling point is surrounded by classroom build-
ings. Concentration level and composition of air pollutants
were thought to be similar to the downtown area and thus45

representative of the whole of Beijing (Wang et al., 2010; Xu
et al., 2011; Zhang et al., 2012, 2014).

The actinic flux was measured using a spectroradiome-
ter, and the photolysis frequencies were calculated from the
absorption cross section and quantum yield of each species50

(Shetter and Müller, 1999TS9 ). The spectroradiometer con-

sisted of a single monochromator with a fixed grating (Carl
Zeiss), an entrance optic with a 2π steradian (sr) solid angle
quartz diffusor, and a 2048 pixel× 64 pixel photodiode array
detector. The spectral measurements were performed with a 55

wavelength resolution of 2 nm, covering a wavelength range
of 290–650 nm (Hofzumahaus et al., 1999). A 1000 W Na-
tional Institute of Standard and Technology (NIST) traceable
lamp was used for calibration under laboratory conditions
(Bohn et al., 2008). The measured spectra were corrected for 60

dark signal and stray light. For j (O1D), the quantum yields
used were taken from Matsumi et al. (2002), while the ozone
cross section was derived from Daumont et al. (1992) and
Malicet et al. (1995). Measured temperatures were used to re-
trieve the ozone absorption cross section and quantum yield. 65

For j (NO2), the quantum yields used were taken from Bass
et al. (1976) and Davenport et al. (1978)TS10 , while the cross
section was derived from Jones and Bayes (1973), Harker
et al. (1977), and Davenport (1978). The calculated photol-
ysis frequencies had a time resolution of 10 s and an accu- 70

racy of ±10 % including uncertainties associated with the
quartz receiver and stray-light effects (Edwards and Monks,
2003)TS11 .

The optical properties of aerosols were measured by a
CIMEL solar photometer (AERONET level 2 data collec- 75

tion; http://aeronet.gsfc.nasa.gov/TS12 ), and the site selected
is the Beijing-CAMS site (39.93◦ N, 116.32◦ E), which is
6.4 km from PKUERS. The CIMEL solar photometer is
an automatic solar-sky scanning radiometer that uses se-
lected spectral channels. The instrumentation, data acqui- 80

sition, retrieval algorithms, and calibration procedure con-
form to the standards of the global AErosol RObotic NET-
work (AERONET) and have been described in detail by Fo-
tiadi et al. (2006). The solar extinction measurement was
performed every 3 min in the spectral range 340–1020 nm 85

for the calculation of AOD at wavelengths 340, 380, 440,
500, 675, 870, 970, and 1020 nm. Under cloudless condi-
tions, the overall uncertainty of AOD data is ±0.01 at λ
> 440 nm and ±0.02 at shorter wavelengths. In this study,
AOD at the wavelength of 380 nm was chosen for analysis. 90

This wavelength was selected as it is more representative of
j (NO2). Additionally, at this wavelength we can better com-
pare AOD with the results of Gerasopoulos et al. (2012).
The daytime clear-sky conditions were identified according
to the presence of AOD data of AERONET since AOD data 95

are unavailable under cloudy conditions. CE3AE and SSA
(440 nm) were also acquired from AERONET. In addition,
the SSA (525 nm) data were derived from a field campaign
undertaken in August 2012. The absorption and scattering
coefficients were measured with an aethalometer (AE-31, 100

Magee) and a Single Wavelength Integrating Nephelometer
(Aurora-1000), respectively, with a time resolution of 1 min.
As aerosol particles were dried by decreasing relative humid-
ity (RH) to < 40 % when SSA was measured, we used the
measured hygroscopic factor (Liu et al., 2009) and measured 105

RH to correct the SSA. The 5 min averages of AOD, SSA,
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and photolysis frequencies were analysed in this study. The
total ozone column was obtained by OMI (Ozone Monitor-
ing Instrument) for the years 2012–2015, using overpass data
(http://www.temis.nl/protocols/O3global.htmlTS13 ) (Henk et
al., 2003)TS14 . In addition, meteorological parameters such5

as temperature, relative humidity, and pressure were simul-
taneously observed at this site. Table 1 presents total O3 col-
umn, temperature, relative humidity, daytime clear-sky frac-
tion, and respective standard deviation for different seasons.

The analysis of the effects of aerosols on ozone produc-10

tion (Sect. 3.4) was based on the field campaign undertaken
in August 2012. The relevant contents and methods of ob-
servation are shown in Table 2. Since the time resolution
of volatile organic compounds (VOCs) is 1 h, all data anal-
ysed in Sect. 3.4 were processed as 1 h average values. In this15

study, we focused on the effects of aerosols on photolysis fre-
quencies and ozone production under cloudless conditions.

2.2 Radiative transfer model description

We use the Tropospheric Ultraviolet and Visible (TUV) ra-
diation model (version 5.3) provided by Sasha Madronich20

(Madronich, 1993). In order to solve the radiative transfer
equation, TUV uses the discrete-ordinate algorithm (DIS-
ORT) with four streams and calculates the actinic flux spectra
with a wavelength range of 280–420 nm in 1 nm steps and
resolution. Measured temperatures were used to calculate25

the absorption cross sections and quantum yields. The key
aerosol optical properties including AOD, SSA, and AE were
input into the model to test the effect of aerosols on photoly-
sis frequencies. AE(380/550 nm) is taken from AERONET,
and the mean value of 1.2 during June 2012–December 201530

is used in the TUV model.

2.3 Photochemical box model

The photochemical box model used in this study is based on
a regional atmospheric chemical mechanism (RACM2) de-
scribed by Goliff et al. (2013). The mechanism includes 1735

stable inorganic compounds, 4 intermediate inorganic com-
pounds, 55 stable organic compounds, and 43 intermediate
organic compounds. Compounds not specifically treated in
RACM2 are incorporated into species with similar functional
groups. The isoprene-related mechanism used in this model40

is the LIM mechanism proposed by Peeters et al. (2009).
In this study, the observed NO2, CO, SO2, C2−C12 non-
methane hydrocarbons (NMHCs), HCHO, photolysis fre-
quencies, temperature, pressure, and relative humidity were
used as constraints to simulate the concentrations of reactive45

radicals (RO2, HO2, and OH), intermediate species, and as-
sociated reaction rate constants. HONO was not measured
during the period and was calculated according to the con-
centration of NO2 and the observed ratio of HONO to NO2
at a site in Beijing, which had a marked diurnal cycle, a max-50

imum in the early morning (ratio values up to ∼ 0.05–0.08

in summer) and a decrease during daytime to values around
0.01–0.02 (Hendrick et al., 2014). The model was spun up
for 2 d once it started running in order to ensure that the sim-
ulation was stable. It was assumed that the lifetime of simu- 55

lated species removed by dry deposit was 24 h. The lifetime
corresponds to the assumed deposit rate of 1.2 cm s−1 and a
well-mixed boundary layer height of about 1 km (Lu et al.,
2012). Net ozone production is equal to the reaction rate be-
tween peroxy radicals (RO2 and HO2) and NO minus the loss 60

rate of NO2 and O3 as shown in Eqs. (2), (3), and (4) as de-
rived by Mihelcic et al. (2003)TS16 . The ozone production
rate (P (O3)), the ozone loss rate (D(O3)), and the net P (O3)
were calculated from the simulation results.

P (O3)=kHO2+NO [HO2] [NO]

+

∑(
kiRO2+NO

[
ROi2

]
[NO]

)
(2) 65

D(O3)=(θj
(

O1D
)
+ kOH+O3 [OH]+ kHO2+O3 [HO2]

+

∑
(kj alkene+O3

[
alkenej

]
)) [O3]

+ kOH+NO2 [OH][NO2] (3)
netP (O3)= P (O3)−D(O3) , (4)

where θ is the fraction of O1D from ozone photolysis that
reacts with water vapour, and i and j represent the number
of species of RO2 and alkenes, respectively. 70

3 Results and discussion

3.1 The correlation between PM2.5 and AOD

Compared with AOD, PM2.5 is a more common proxy for
evaluating the level of particulate matter pollution in spite
of AOD being a more closely related parameter of photol- 75

ysis frequencies. As a result, we attempted to analyse the
quantitative relationship between PM2.5 and AOD to eval-
uate the influence of PM2.5 on AOD and thus on photolysis
frequencies. The factors that affect this relationship include
aerosol type, aerosol size distribution, aerosol distribution in 80

the vertical direction, relative humidity (RH), and planetary
boundary layer height (PBLH) (van Donkelaar et al., 2010).
Figure 1 shows the correlation between AOD and PM2.5
in four different seasons. The determination coefficient (r2)
is 0.53, 0.58, 0.62, and 0.59 for spring (March, April, and 85

May), summer (June, July, and August), autumn (Septem-
ber, October, and November), and winter (December, Jan-
uary, and February), respectively. Meanwhile, the correla-
tion exhibits significant seasonal differences, having a rela-
tively smaller slope (23.56) in summer and a relatively larger 90

slope (73.76) in winter. This implies that PM2.5 in summer
has a stronger light extinction capacity than in winter. One
reason for the seasonal differences is the variation in RH
among different seasons (Table 1). There is higher RH in
summer (57.2 % on average) than in winter (30.4 % on aver- 95
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Table 1. O3 column concentration, temperature, relative humidity, daytime clear-sky fraction and respective standard deviation for different
seasons (spring: March, April, and May; summer: June, July, and August; autumn: September, October, and November; winter: December,
January, and February).

Season O3 column Temperature Relative humidity Clear-sky fraction
(DUTS15 ) (◦) (%) (%)

Spring 355± 37 16± 7.8 33± 18 41
Summer 310± 24 28± 4.2 57± 18 36
Autumn 304± 23 16± 7.4 46± 21 42
Winter 347± 28 0.53± 4.2 30± 18 41

Table 2. Instruments deployed in the field campaign undertaken in August 2012 and used for data analysis.

Parameters Measurement technique Time resolution Detection limit Accuracy

j (O1D) and j (NO2) Spectroradiometer 10 s – ±10 %
O3 UV photometry 60 s 0.5 ppbv ±5 %
NO Chemiluminescence 60 s 60 pptv ±20 %
NO2 Chemiluminescence 60 s 300 pptv ±20 %
CO IR photometry 60 s 4 ppb ±5 %
SO2 Pulsed UV fluorescence 60 s 0.1 ppbv ±5 %
HCHO Hantzsch fluorimetry 60 s 25 pptv ±5 %
VOCs GC-FID/MS 1 h 20–300 pptv ±15 %–20 %

age), leading to stronger hygroscopic growth of aerosol parti-
cles and thus resulting in a higher scattering ability of aerosol
particles. According to another study in Beijing, the higher
the RH, the smaller the slope, and the higher the PBLH,
the smaller the slope (Zheng et al., 2017). In addition, the5

slope was smaller for scattering-dominant aerosols than for
absorbing-dominant aerosols and smaller for coarse-mode
aerosols than for fine-mode aerosols (Zheng et al., 2017).
The slopes of the correlation between AOD (at 550 nm) and
PM2.5 in this study in summer and winter are equal to 42.210

and 119.2 µgm−3, respectively, close to those from Ma et
al. (2016) (54.9 and 110.5 µgm−3) and Xin et al. (2016) (55.2
and 93.4 µgm−3) but significantly smaller than those from
Zheng et al. (2017) (65–74 µgm−3 and 143–158 µgm−3).
The differences mainly depend on the aerosol composition15

and size distribution at different observational sites in Bei-
jing. Compared with other cities in North China (Tianjin,
Shijiazhuang, and Baoding) (Ma et al., 2016), the slope in
Beijing for winter is significantly higher. Consequently, us-
ing PM2.5 to estimate AOD has a large uncertainty due to20

multiple interference factors.

3.2 Seasonal and diurnal variability of AOD and
photolysis frequencies

The diurnal cycles of AOD are shown in Fig. 2. AOD dis-
plays obvious diurnal variation, with a relatively high level25

at noon and a low level at dawn and in the evening. The diur-
nal variation of PM2.5 is significantly different from AOD.
In addition, AOD has obvious seasonal differences, with

the highest AOD in summer and the lowest AOD in win-
ter. Conversely, PM2.5 in winter (42 µgm−3) is significantly 30

higher than in summer (35 µgm−3). In spite of lower PM2.5
in summer, AOD in summer is higher due to the stronger
extinction capacity of PM2.5 as discussed in Sect. 3.1. Fig-
ure 3 shows the diurnal variation of the photolysis frequen-
cies under cloudless conditions for each season. j (O1D) and 35

j (NO2) are both highest in summer, followed by spring and
autumn, and lowest in winter. This seasonal difference is
mainly determined by the difference in SZA for the four sea-
sons.

The observed mean daily maxima of photolysis frequen- 40

cies at this site are lower than those observed in the eastern
Mediterranean (Crete, Greece; 35◦20′ N, 25◦40′ E) (Gera-
sopoulos et al., 2012) by 7.8× 10−6

± 5.5× 10−6 and 5.5×
10−6
±1.8×10−6 s−1 for j (O1D) and 1.9×10−3

±1.2×10−3

and 3.3×10−3
±1.0×10−3 s−1 for j (NO2), in summer and 45

winter respectively. The corresponding lower photolysis fre-
quencies of Beijing than the eastern Mediterranean due to
SZA difference are 1.7×10−6 and 3.0×10−6 s−1 for j (O1D)
and 8.0× 10−5 and 6.6× 10−4 s−1 for j (NO2) according to
the TUV model under aerosol-free conditions, which are sig- 50

nificantly lower than observed decreased magnitudes. Addi-
tionally, we know that the temperature is lower in Beijing
during the winter compared to conditions in Crete. The mea-
sured mean temperature in Beijing during winter is equal to
0.53± 4.2◦ (Table 1). When we consider the temperature in 55

Crete is 10◦ higher than in Beijing, the lower j (O1D) of Bei-
jing than Crete is 5.5× 10−7 s−1, which is also not able to
compensate for the j (O1D) gap between the two sites dur-

www.atmos-chem-phys.net/19/1/2019/ Atmos. Chem. Phys., 19, 1–17, 2019
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Figure 1. Scatter plots between AOD at 380 nm and PM2.5 in four different seasons. The slope, intercept, and determination coefficient (r2)
were calculated.

Figure 2. Diurnal cycles of (a) mean AOD and (b) mean PM2.5 in
the four seasons under cloudless conditions.

ing winter. Taking into account the similar levels of ozone
column concentration in the two sites, the large gap of pho-
tolysis frequencies in the two sites is mainly attributed to
the higher AOD in Beijing (0.76± 0.75) than in the eastern
Mediterranean (0.27± 0.13).5

It can be seen from Fig. 3 that the difference between win-
ter and summer for j (O1D) is significantly larger than that for
j (NO2), for which the summer midday averages of j (O1D)
and j (NO2) are 5 times and 2 times those of winter, respec-
tively. There are two reasons for this phenomenon. One, com-10

pared with j (NO2), j (O1D) is more sensitive to the change in
SZA, and the same change in SZA results in a larger change
in j (O1D) than j (NO2). Two, the main influential factors of
j (NO2) under cloudless conditions are SZA and AOD, and
the influence of ozone column concentration and temperature15

on j (NO2) is negligible. However, j (O1D) is significantly af-

Figure 3. Diurnal cycles of (a) mean j (O1D) and (b) mean j (NO2)
in the four seasons under cloudless conditions.

fected by the ozone column concentration and temperature,
in addition to SZA and AOD. The higher ozone column con-
centration and lower temperature in winter than in summer
lead to the difference in j (O1D) further increasing (Table 1). 20

3.3 The correlation between photolysis frequencies and
AOD

3.3.1 The correlation between j (O1D) and AOD

In order to rule out the effect of SZA on photolysis frequen-
cies, we chose SZAs equal to 30 and 60◦ (±1◦) for analysis. 25

Figure 4 presents the dependence of j (O1D) on AOD at dif-
ferent levels of ozone column concentration at SZAs of 30
and 60◦ (±1◦). The ozone column concentration has a clas-
sification width of 30 DU. This relatively large classification
width is chosen to make sure that there are enough points to 30
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Figure 4. Dependence of j (O1D) on AOD (380 nm) at SZAs of
(a) 30◦ and (b) 60◦ and at different classes of ozone column concen-
tration: 300–330 DU (red), 330–360 DU (blue), and 360–390 DU
(green). The full lines are fitted by the exponential function.

fit the relationship between j (O1D) and AOD. j (O1D) ex-
hibits a clear dependence on AOD, with a non-linear neg-
ative correlation. The scatter of these points is mainly due
to variations in ozone column and temperature. As AOD in-
creased, the slope of j (O1D)-AOD gradually decreases, indi-5

cating that the ability of aerosols to reduce j (O1D) gradually
decreases with AOD. This result differs from that found in
Mediterranean, where j (O1D) was linearly negatively cor-
related with AOD (Casasanta et al., 2011; Gerasopoulos,
2012TS17 ). A larger variation range of AOD in Beijing (0–10

3) compared with Mediterranean (0–0.6) is one reason for
the difference.

For further analysis, the observed relation between j (O1D)
and AOD was compared with TUV-simulated results. Pan-
els (a) and (b) of Fig. 5 present the comparison between ob-15

served and TUV-simulated j (O1D) against AOD at a SZA
of 30 and 60◦ respectively and ozone column concentration
of 330–360 DU. The observed j (O1D) was at ozone column
of 330–360 DU and were scaled to the temperature of 298 K.
AE(380/550 nm) = 1.2, ozone column = 345 and tempera-20

ture = 298 K were used in TUV model for all simulations.
Mean Earth–Sun distance was used in the calculations of
TUV model and measured j values were scaled to the mean
Earth–Sun distance. At low AOD level (< 0.8), the observed
slope of j (O1D) vs. AOD is significantly larger than the sim-25

ulated slope at a SSA of 0.95 and slightly larger than the
simulated slope at a SSA of 0.85. With AOD increasing, the
observed slope decreases rapidly to the level smaller than the
simulated slopes.

The rapid change of the slope with AOD can be related to30

the variation of SSA at different AOD level. Figure 6 presents
the relationship between SSA and AOD. Figure 6a presents
the relationship between AERONET-based SSA (440 nm)
and AOD during 2012–2015. The result suggests a signifi-
cant positive correlation between SSA and AOD. Addition-35

ally, Fig. 6b also presents a significant positive correlation
between near-ground SSA (525 nm) from measurement cam-
paign in August 2012 and AOD. With the increase in AOD,
SSA is elevated; meanwhile, the slope of SSA vs. AOD is

Figure 5. The relationship between observed or TUV-simulated
photolysis frequencies and AOD (380 nm) at SZAs of 30 and 60◦.
For j (O1D), a total ozone column classification of 330–360 DU is
chosen. The red line represents observed average photolysis fre-
quencies; the blue line and green line represent TUV-simulated av-
erage photolysis frequencies at SSAs of 0.95 and 0.85 respectively.

gradually reduced. Similar results in other regions have been 40

obtained by Bais et al. (2005), Krotkov et al. (2005) and
Kazadzis et al. (2012). SSA characterizes the ratio of the
scattering extinction coefficient to the total extinction coef-
ficient (scattering extinction coefficient plus absorptive ex-
tinction coefficient) of aerosols. The smaller the SSA, the 45

higher the absorptive component and the lower the scat-
tering component of the aerosol and the stronger the abil-
ity of the aerosol to reduce the actinic flux (Dickerson et
al., 1997). Figure 6 indicates that aerosols in Beijing under
low AOD conditions had a higher proportion of absorptive 50

aerosol components than under high AOD conditions and, as
a result, had a stronger ability to reduce the photolysis fre-
quencies, which contributed to the rapidly reduced slope of
j (O1D) vs. AOD with AOD. However, due to the absence
of more SSA data of the period 2012–2015, we cannot give 55

more sufficient evidence for the dependence of SSA on AOD.
From another perspective, owing to the biomass burning and
soot emission generated from heating, the fine-mode heavily
absorbing aerosol percentage is higher in winter than in sum-
mer (Zheng et al., 2017; Liu et al., 2016; Zhang et al., 2013), 60

and thus aerosols in winter have a stronger ability to reduce
the photolysis frequencies. Table S1 in the Supplement in-
dicates that SSA in summer is significantly higher than in
winter. High AOD levels often appeared in summer, and low
AOD levels occurred mostly in winter (Fig. 2 and Table S1), 65

another fact that may also explain the rapidly reduced slope
of j (O1D) vs. AOD with AOD.

It is worth noting that the mean near-ground SSA (525 nm)
in August 2012 (0.88± 0.08) is significantly lower than the
mean AERONET-based SSA (440 nm) in the same period 70
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Figure 6. Correlation between SSA and AOD (380 nm). (a) SSA
(440 nm) is acquired from AERONET during 2012–2015. (b) SSA
(525 nm) is acquired from the near-ground measurement campaign
in August 2012.

(0.94± 0.02) and in summer (0.94± 0.02). The different
wavelength plays a minor role in the different SSA accord-
ing to the wavelength dependence of AERONET-based SSA
in the range of 440–1020 nm (Fig. S3). This difference is
mainly because the AERONET-based SSA represents the5

column, and in situ SSA happens near the ground. The effect
of the difference in SSA (0.88 vs. 0.94) results in photolysis
frequencies changing by 11 %–16 % according to the TUV
model. It means that due to the in situ SSA use, the photolysis
frequencies tend to be underestimated. Krotkov et al. (2005)10

and Corr et al. (2009) pointed out that SSA in the UV can be
lower than the visible. So in general this 11 %–16 % could
be less. The AERONET-based SSA generally reproduces the
slope of j (O1D) vs. AOD well in spite of it significantly un-
derestimating the absolute value of the slope in the low AOD15

range (AOD< 0.7), which is probably due to the uncertainty
of AERONET-based SSA in the low AOD range. In addition
to the uncertainty of SSA, SSA at both 440 nm and 525 nm
differs from the 305–315 nm wavelength range of j (O1D),
which is likely to lead to some uncertainties for the analysis20

of the relationship between j (O1D) and AOD.
Comparing Fig. 4a and b, we see that at AOD smaller than

1, the slope of j (O1D) vs. AOD exhibits a significant depen-
dence on SZA, and the slope at 30◦ of SZA is about 1.5–2.0
times larger than that at 60◦ of SZA. This result is similar25

to that of the observations made in the central Mediterranean
(Casasanta et al., 2011). For the purpose of comparison with
the study in the Mediterranean, the slope of j (O1D) vs. AOD
was calculated at AOD smaller than 0.7.

Table 3 presents the slope, intercept and determination co-30

efficient (r2) of linear fits of correlation between j (O1D)
and AOD for each ozone column class at AOD smaller than
0.7. At a SZA of 60◦ and O3 column concentration of 300–
330 DU, the respective slope of the linear regression indi-
cates a reduction of j (O1D) by 4.2×10−6 s−1 per AOD unit.35

Gerasopoulos et al. (2012) reported that the observed slope in
the eastern Mediterranean was equal to 2.4× 10−6 s−1 at an
O3 column of 300–320 DU. Casasanta et al. (2011) reported
that the observed slope in the central Mediterranean varied
from 2.7× 10−6 to 3.9× 10−6 s−1 TS18 at an O3 column of40

Figure 7. Dependence of j (NO2) on AOD (380 nm) in different
SZA classes. The classes of cos(SZA) are 0–0.2 (black), 0.2–0.4
(purple), 0.4–0.6 (green), 0.6–0.8 (blue), and 0.8–1 (red). The full
lines are fitted by the exponential function.

300–330 DU. All of these results are smaller than the value
of the present study, indicating that aerosols in Beijing had
a stronger extinction capacity on j (O1D) than those in the
Mediterranean that was influenced by both natural absorp-
tive aerosols and anthropogenic aerosols. A previous study 45

indicated that SSA in Beijing ranged from 0.80 to 0.86 (Gar-
land et al., 2009; T. T. Han et al., 2015, 2017; Tian et al.,
2015). The relatively low SSA in Beijing could be an impor-
tant reason for the stronger extinction capacity.

3.3.2 The correlation between j (NO2) and AOD 50

Unlike j (O1D), j (NO2) is negligibly affected by ozone col-
umn concentration and depends mainly on AOD and SZA
under cloudless conditions. Figure 7 presents the dependence
of j (NO2) on AOD at different SZA levels under cloudless
conditions. The cosine of SZA (cos(SZA)) is categorized ac- 55

cording to a width of 0.2. In the same category of cos(SZA),
j (NO2) displays a strong dependence on AOD. The scat-
ter of these points is due to the relatively large classifica-
tion width of SZA to a large extent. When cos(SZA) is at
its maximum level (0.8–1), the correlation between j (NO2) 60

and AOD is close to linear. When cos(SZA) decreases, the
correlation tends to be non-linear. Similar to j (O1D), the ob-
served slopes of j (NO2) vs. AOD are also larger than the
TUV-simulated slope at SSA of 0.95 and 0.85 when AOD is
smaller than 0.8 and decreased rapidly with increasing AOD 65

(Fig. 5c and d). The reason for this result is the same as that
for j (O1D) as explained above.
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Table 3. Slope, intercept, and the square of correlation coefficient (r2) of linear fits of correlation between j (O1D) and AOD for each ozone
column class at AOD smaller than 0.7.

SZA = 30◦ SZA = 60◦

O3 column Slope Intercept r2 Slope Intercept r2

(DU) (10−6 s−1) (10−6 s−1) (10−6 s−1) (10−6 s−1)

300–330 −6.2± 1.5 26± 1 0.34 −4.2± 0.4 7.7± 0.3 0.41
330–360 −6.5± 1.4 23± 1 0.40 −5.0± 0.3 7.1± 0.2 0.52
360–390 −9.5± 1.6 21± 1 0.52 −6.9± 0.6 7.6± 0.3 0.66

Table 4. Slope, intercept, and the square of correlation coefficient
(r2) of linear fits of correlation between j (NO2) and AOD for each
ozone column class at AOD smaller than 0.7.

cos(SZA) Slope Intercept r2

(10−3 s−1) (10−3 s−1)

0–0.2 −1.3± 0.1 1.5± 0.0 0.52
0.2–0.4 −2.4± 0.1 3.4± 0.0 0.41
0.4–0.6 −3.2± 0.1 5.5± 0.0 0.49
0.6–0.8 −2.1± 0.1 7.2± 0.1 0.38
0.8–1.0 −1.8± 0.1 8.1± 0.1 0.26

Table 4 presents the slope, intercept, and determination
coefficient (r2) of linear fits of correlation between j (NO2)
and AOD for each ozone column class at AOD smaller than
0.7. The slope of j (NO2) vs. AOD also displays a significant
dependence on cos(SZA). The slope increases as cos(SZA)5

increases from 0 to 0.5 and then decreases as cos(SZA)
increases from 0.5 to 1. At a SZA of 60◦± 1 (cos(SZA)
= 0.5± 0.015), the respective slope of the linear regression
indicates a reduction of j (NO2) by 3.4× 10−3 s−1 per AOD
unit. This result is larger than the value for non-dust aerosols10

(2.2× 10−3 s−1) and close to the value for dust aerosols
(3.1× 10−3 s−1) in the eastern Mediterranean reported by
Gerasopoulos et al. (2012).

3.4 The parameterization relationship between
photolysis frequencies, AOD, and SZA15

As analysed above, the photolysis frequencies (j (O1D) and
j (NO2)) strongly depended on AOD and cos(SZA) and could
be fit into Eq. (5) using a quadratic polynomial form. The
fitting parametric equations for j (NO2) are shown in Ta-
ble 5. For j (O1D), both the O3 column and temperature20

affect j (O1D) significantly. Figure S1 presents the depen-
dence of j (O1D) on ozone column at a low AOD level
(AOD< 0.3) and SZAs of (a) 30◦± 1◦ and (b) 60◦± 1◦, re-
spectively. The ozone column ranging from 270 to 400 DU
leads to j (O1D) reducing by about 50 %. In order to eval-25

uate the impact of temperature on j (O1D), we calculated
the ratio of j (O1D) at measured temperature to j (O1D)
at temperature = 298 K (j (O1D)/j (O1D)T=298 K) (Fig. S2).

j (O1D)/j (O1D)T=298 K varied from 0.82 to 1.03, indicat-
ing that temperature changed j (O1D) by no more than 30

21 %. Therefore, temperature played a minor role in chang-
ing j (O1D) compared with the ozone column. As a re-
sult, when we fitted the relationship among j (O1D), AOD,
and cos(SZA), the effect of the ozone column is consid-
ered but the effect of temperature is not considered. By fit- 35

ting the relationship in different ozone classes (classification
width= 30 DU), we found that the ozone column increasing
by 30 DU results in j (O1D) at a constant SZA and AOD
decreasing by 18 %. Therefore, the parametric equation for
j (O1D) is transformed into the form Eq. (6), which reflects 40

the influence of ozone column. The parameters a1–a6 corre-
spond to the ozone column range of 300–330 DU; thus we
use 315 DU as the weighted standard of the ozone column.
The fitting parameters a1–a6 for j (O1D) is shown in Table 6.

j (NO2)=a1+ a2AOD+ a3 cos(SZA)+ a4(AOD)2

+ a5AODcos(SZA)+ a6(cos(SZA))2 (5) 45

j (O1D)=[a1+ a2AOD+ a3 cos(SZA)+ a4(AOD)2

+ a5AODcos(SZA)+ a6(cos(SZA))2]
× [1+ (315 −O3 column)× 0.006] (6)

The coefficients of determination of the fitting equations
are greater than 0.95 for j (NO2) and j (O1D) in a certain
O3 column, indicating that both of the photolysis frequen- 50

cies strongly depended on AOD and cos(SZA), and the ef-
fect of other factors such as SSA and AE is integrated into
the constant term in the parametric equation. Since the ozone
column concentration has a greater influence on j (O1D) than
on j (NO2), the parameters of fitting equations for j (NO2) are 55

similar, but the parameters of fitting equations for j (O1D)
have a large fluctuation in different O3 column ranges (espe-
cially a1 and a2). The parametric equations can be used to
quantitatively evaluate the effect of AOD on photolysis fre-
quencies in Beijing. According to the parametric equations, 60

aerosols lead to a decrease in seasonal mean j (NO2) by 24 %
and 30 % and a decrease in seasonal mean j (O1D) by 27 %
and 33 % in summer and winter under clear-sky conditions,
respectively, compared to an aerosol-free atmosphere. The
decreasing ratio of the photolysis frequencies in winter is 65
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Table 5. The fitting parameters a1–a6 and determination coefficients of Eq. (5) for j (NO2).

a1 a2 a3 a4 a5 a6 r2

×10−3

−0.46± 0.05 −2.0± 0.03 13± 0.2 0.22± 0.01 0.32± 0.05 −4.0± 0.1 0.96

higher than in summer mainly due to the higher SZA in win-
ter.

The effect of aerosols on photolysis frequencies in Bei-
jing is compared with other studies. Real and Sartelet (2011)
reported a reduction in j (NO2) and j (O1D) of 13 %–14 %5

due to aerosols using the radiative transfer code Fast-J during
summer 2001 over European regions. Flynn et al. (2010) re-
ported that aerosols reduced j (NO2) by 3 % in Houston dur-
ing 2006 using the TUV model. Gerasopoulos et al. (2012)
reported that aerosols reduced j (NO2) and j (O1D) by 5 %–10

15 %, with a 5-year mean AOD at 380 nm equal to 0.27.
All of these results are lower than the reduction ratio of this
study, mainly due to the higher aerosol level in Beijing (4-
year mean AOD equal to 0.76± 0.75). Hodzic et al. (2007)
simulated a 15 %–30 % j (NO2) photolysis reduction during15

the 2003 European summer heatwave in the case of absorb-
ing biomass burning aerosols, with AOD at 550 nm equal to
0.7–0.8 and SSA at 532 nm equal to 0.83–0.87. The result of
Hodzic et al. (2007) is comparable with the reduction ratio of
this study, possibly due to the equivalent levels of AOD and20

SSA. In addition, Péré et al. (2015) simulated a higher reduc-
tion (20 %–50 %) in j (NO2) and j (O1D) along the transport
of the aerosol plume during the 2010 Russian summer wild-
fires episode. The higher reduction is due to the higher level
of AOD (peak value of AOD at 400 nm reached 2–4), even25

though SSA is very high (0.97).

3.5 The influence of AOD on ozone production

In order to explain the effect of aerosol light extinction on
ozone production, we used the data from the field observa-
tion campaign undertaken in August 2012. Ozone produc-30

tion depends on its precursors (NOx and VOCs), meteoro-
logical factors, and solar radiation. Solar radiation is the driv-
ing force for tropospheric photochemical reactions, in which
j (O1D) and j (NO2) are both important for ozone production.
On the one hand, the increase in j (NO2) promotes the photol-35

ysis of NO2, thereby accelerating the formation of ozone. On
the other hand, the increase in j (O1D) accelerates the photol-
ysis of ozone. In addition, the increase in the photolysis fre-
quencies will accelerate the photolysis of OVOC (especially
formaldehyde and acetaldehyde), HONO, and H2O2, result-40

ing in increases in OH and HO2, which will promote the reac-
tion between OH and VOCs and thus produce more RO2. As
a result, more ozone is produced by increasing the reaction
rate between RO2 (or HO2) and NO. However, the increase
in OH and HO2 also consumes ozone and NO2, which con-45

tributes to the increase in D(O3). In brief, the overall effect
of changes in photolysis frequencies on the sources and sinks
of ozone determines the change in the net ozone production
rate.

Ozone production (HO2 + NO, RO2 + NO), ozone loss 50

(O1D + H2O, HO2 + O3, O3 + OH, NO2 + OH, and O3 +

alkenes), and net ozone production rate during August 2012
were calculated using the box model. We used the observed
photolysis frequencies (i.e. j_obs), and the calculated pho-
tolysis frequencies by parametric equation under the condi- 55

tions of AOD equal to 0 (i.e. j_AOD= 0) were used to con-
strain the box model. The difference of simulated results in
the two scenarios can be attributed to the effect of aerosol
light extinction. As a result, the presence of aerosols causes
a decrease in both ozone production rate and loss rate, as is 60

shown in Fig. 8. Since the decreasing amplitude of the day-
time ozone production rate is far larger than that of the day-
time ozone loss rate, the mean daytime net production rate
of ozone is reduced by 25 %. This reduction is comparable
with the results of the study in Mexico City, where aerosols 65

caused a 20 % reduction in the ozone concentrations (Castro
et al., 2001). Studies in Houston and Crete have shown that
aerosols cause ozone production rates to decrease by about
4 % and 12 %, respectively, which are lower than those found
in this study (Flynn et al., 2010; Gerasopoulos et al., 2012). 70

The ratio of the observed photolysis frequencies to the
photolysis frequencies at AOD equal to 0 is defined as JIF
(Flynn et al., 2010). A JIF of less than 1 indicates that the
aerosols cause a decrease in the photolysis frequencies. Fig-
ure 9 shows the relation between P(O3)j_obs/P (O3)j_AOD=0 75

(or D(O3)j_obs/D(O3)j_AOD=0) and JIF. The majority of
JIF values were less than 1, with an average of 0.72, indi-
cating that aerosols greatly attenuated photolysis frequen-
cies due to high levels of AOD (average of 1.07) dur-
ing the observation period. P(O3)j_obs/P (O3)j_AOD=0 and 80

D(O3)j_obs/D(O3)j_AOD=0 are both linearly positively cor-
related with JIF, and the scatters are mostly above the 1 : 1
line. As can be seen from the Fig. 9, a 30 % reduction in
photolysis frequencies (JIF = 0.7) due to the presence of
aerosols results in a decrease in ozone production rate and 85

loss rate by about 26 % and 15 %, respectively. The decreas-
ing amplitude in the ozone production rate is greater than
the decrease in the ozone loss rate because the correspond-
ing processes of ozone production are all light-driven, but the
corresponding processes of ozone loss are not all light-driven 90

because the reaction of O3 with alkenes does not depend on
solar radiation. According to the simulated results, the reac-
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Figure 8. Mean daytime ozone production and loss terms in Au-
gust 2012. P(O3)j_obs, D(O3)j_obs, and net P(O3)j_obs repre-
sent ozone production rate, ozone loss rate, and net ozone produc-
tion rate under observed photolysis frequencies; P(O3)j_AOD=0,
D(O3)j_AOD=0, and net P(O3)j_AOD=0 represent ozone produc-
tion rate, ozone loss rate, and net ozone production rate under cal-
culated photolysis frequencies when AOD is equal to 0.

Figure 9. Correlation between P(O3)j_obs/P (O3)j_AOD=0 (or
D(O3)j_obs/D(O3)j_AOD=0) and JIF of j (NO2). Single data
points represent daytime hourly mean values.

tion of ozone with alkenes during this campaign accounts for
17 % of total ozone loss.

The diurnal profile of the mean ozone production and
loss rate is shown in Fig. 10. P (O3) peaks midday between
12:00 and 14:00 local time at 31 ppb h−1 TS19 without aerosol5

impact and 23 ppb h−1 with aerosol impact. The maximum
D(O3) also occurs between 12:00 and 14:00 at 4.2 ppb h−1

without aerosol impact and 3.5 ppb h−1 with aerosol impact.
There is little difference between aerosol-impact and aerosol-
free P (O3) (or D(O3)) in the hours of 06:00–11:00, but the10

Figure 10. Diurnal profiles of mean P(O3)j_obs, P(O3)j_AOD=0,
D(O3)j_obs, and D(O3)j_AOD=0 in August 2012 under clear-sky
conditions.

difference in the afternoon (12:00–18:00) is large, indicat-
ing that the reduction effect of aerosol on ozone production
mainly occurs during the afternoon.

The above analysis focuses on the effect of aerosol on
the ozone production due to aerosol light extinction. How- 15

ever, it does not consider the close relationship between
aerosol and ozone’s gaseous precursors in the actual atmo-
sphere. To explain this problem, we chose two adjacent days
(small SZA effect) with obviously different AOD levels: a
clean day (A day: August 21, 2012; AOD = 0.21, PM2.5 = 20

21.6 µgm−3) and a day with high aerosol pollution (B day;
26 August 2012; AOD = 3.2, PM2.5 = 125.0 µgm−3) (Ta-
ble 7). The difference in AOD between the two days can
be taken to represent the maximum daytime gap of AOD
for this month. The ozone column concentrations for these 25

two days were 302 and 301 DU, respectively, of which the
effect on j (O1D) is negligible. Under these conditions, the
j (O1D) value at noon decreases from 3.23× 105 s−1 on A
day to 1.29× 105 s−1 on B day (i.e., a 60 % reduction), and
the j (NO2) value at noon decreases from 8.26× 10−3 s−1

30

on A day to 4.19× 10−3 s−1 on B day (i.e., a 49.2 % reduc-
tion). As shown in Table 7, B day has higher AOD and higher
concentrations of gaseous pollutants. The concentrations of
CO, NO2, and HCHO and the OH reactivity of VOCs in B
day are much higher than in A day, with ratios of 3.6, 2.3, 35

and 2.0, respectively. The simultaneous increases of gaseous
pollutants and AOD are due to the fact that gaseous pol-
lutants (NOx , SO2, and VOCs) emitted by major pollution
sources in Beijing, including traffic and industry, have un-
dergone the processes of gas-phase oxidation and nucleation 40

to generate secondary particulate matter that contributes to
aerosol light extinction. Previous studies have reported that
secondary particulate matter has accounted for more than
60 % of total particulate matter during severe smog pollution
in Beijing summers (T. Han et al., 2015; Guo et al., 2014). 45

In addition, several studies have shown that secondary com-
ponents in particulate matter (especially secondary organics
and ammonium sulfate) have dominated the aerosol light ex-
tinction (Han et al., 2014, 2017; Wang et al., 2015). Obser-
vations made in Beijing during the summer of 2006 showed 50
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Table 6. The fitting parameters a1–a6 and determination coefficients of Eq. (6) for j (O1D) in the ozone column range of 300–330 DU.

a1 a2 a3 a4 a5 a6 r2

×10−3

1.1± 0.3 0.58± 0.17 −8.7± 0.9 0.63± 0.05 −7.5± 0.3 43± 1 0.96

that ammonium sulfate and ammonium nitrate contributed
44.6 % and 22.3 %, respectively, to the total extinction co-
efficient during a severe period of smog (Han et al., 2014);
in the summer of 2014 in Beijing, ammonium sulfate, sec-
ondary organic aerosols, and ammonium nitrate contributed5

30 %, 22 %, and 18 %, respectively, to the total extinction co-
efficient (Han et al., 2017).

As shown in Fig. 11, the simulation results indicate that the
net P (O3) of B day is 36.2 % higher than that of A day due
to higher concentrations of ozone precursors on B day. This10

result is consistent with the observed ozone concentrations,
of which the observed ozone concentration in B day is 2.2
times higher than that of A day. If we adjust the photolysis
frequencies level of B day to the level of A day, the net P (O3)
increases by 70.0 %, which indicates that the high level of15

particulate matter in B day greatly inhibits ozone production.
This result means that the system is under negative feedback,
thus keeping O3 at a relatively stable level. Table 8 summa-
rizes the average levels of gaseous pollutants and photolysis
frequencies for AOD less than 1 and greater than 1, as mea-20

sured during August 2012. It shows that the concentrations of
ozone’s precursors are higher and the photolysis frequencies
are lower at high AOD levels (AOD> 1) than those at a low
AOD level (AOD< 1). This result means that the negative
feedback mechanism is prevalent throughout the whole cam-25

paign period. Therefore, the prevention and control measures
of air pollution in Beijing need to incorporate this coupling
mechanism between particulate matter and ozone to achieve
effective control of these two main pollutants.

4 Conclusions30

Photolysis reactions are important driving forces for tropo-
spheric photochemical oxidation processes and ozone pro-
duction. In this study, we explored in detail the effects of
aerosols on photolysis frequencies and ozone production in
Beijing, based on a long observation period of 4 years. We35

have found the following:

1. There is a strong correlation between PM2.5 and AOD,
and the slope in summer is significantly smaller than in
winter, which indicates that aerosols in summer have a
more efficient extinction capacity than in winter.40

2. As AOD increased, the extinction effect of aerosol
on photolysis frequencies was decreased; this result
was probably related to a higher proportion of scat-

Figure 11. Diurnal profile of net P (O3) simulated by the box
model. Three cases are displayed: (1) A day (red circles), 21 Au-
gust 2012, with a low AOD level and high photolysis frequencies;
(2) B day (blue circles), 26 August 2012, with a high AOD level
and low photolysis frequencies; and (3) the photolysis frequencies
of B day adjusted to the level of A day with other conditions un-
changed (green circles). The specific conditions of A day and B day
are listed in Table 7.

tering aerosols under high AOD conditions than under
low AOD conditions. The slope of the correlation be- 45

tween photolysis frequencies and AOD indicates that
the aerosols in Beijing have a stronger extinction on ac-
tinic flux than absorptive dust aerosols in the Mediter-
ranean.

3. The influence of AOD on photolysis frequencies 50

was evaluated quantitatively by establishing paramet-
ric equations. According to the parametric equation,
aerosols lead to a decrease in seasonal mean j (NO2)
by 24 % and 30 % for summer and winter, respectively,
and a corresponding decrease in seasonal mean j (O1D) 55

by 27 % and 33 % respectively, compared to an aerosol-
free atmosphere.

4. In order to evaluate the effects of aerosols on ozone
production rate, we carried out an observation cam-
paign in August 2012. The results show that aerosols 60

reduced the net ozone production rate by 25 % by re-
ducing the photolysis frequencies. High concentrations
of ozone gaseous precursors were often accompanied
by high concentrations of particulate matter, which, to
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Table 7. Mean and standard deviation of observed data during daytime (06:00–18:00) for A day and B day.

Observed data A day: 21 August 2012 B day: 26 August 2012

AOD 0.21± 0.05 3.2± 0.4
PM2.5 (µgm−3) 22± 9 125± 16
O3 column (DU) 302± 3 301± 3
Temperature (◦C) 28± 3 28± 3
Relative humidity (%) 48± 10 55± 12
j (O1D) (s−1) 1.6× 10−5

± 1.2× 10−5 TS20 6.9× 10−6
± 5.2× 10−6

j (NO2) (s−1) 5.4× 10−3
± 2.9× 10−3 2.9× 10−3

± 1.7× 10−3

O3 (ppb) 40± 17 87± 53
NO2 (ppb) 11± 5 25± 10
CO (ppm) 0.24± 0.05 0.85± 0.14
VOC reactivity (s−1) 3.0± 0.7 6.4± 1.7
HCHO (ppb) 2.7± 1.1 47.4± 1.9

Table 8. Monthly mean and standard deviation of observed data during daytime (06:00–18:00) under the conditions of AOD less than 1 and
larger than 1 in August 2012.

Observed data AOD< 1 AOD> 1

AOD 0.43± 0.24 2.0± 0.8
PM2.5 (µgm−3) 26± 12 77± 47
O3 column (DU) 303± 4 302± 5
Temperature (◦C) 30± 4 29± 4
Relative humidity (%) 42± 16 57± 13
j (O1D) (s−1) 1.6× 10−5

± 1.1× 10−5 1.0× 10−5
± 0.7× 10−5

j (NO2) (s−1) 5.6× 10−3
± 2.4× 10−3 3.8× 10−3

± 1.7× 10−3

O3 (ppb) 52± 34 68± 46
NO2 (ppb) 16± 7.8 24± 9
CO (ppm) 0.47± 0.20 40.95± 0.47
VOC reactivity (s−1) 4.3± 1.74 6.2± 2.2
HCHO (ppb) 4.0± 1.4 46.5± 1.9

a large extent, inhibited excessive levels of ozone gen-
eration and reflected the negative feedback effect of the
atmospheric system. Therefore, the influence of aerosol
on photolysis frequencies and thus on the rate of oxida-
tion of VOCs and NOx to ozone and secondary aerosol5

is important for determining the atmospheric effects of
controlling the precursor emissions of these two impor-
tant air pollutants (aerosols and ozone).
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