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HIGHLIGHTS

e We have examined the spatial and temporal variations of aerosol impacts on Os.

e We have quantified the role of each and all heterogeneous reactions.

o Heterogeneous reactions reduce O3 in eastern China by 10—18% on an annual mean basis.
o Concentration of O3 in Pearl River Delta is most sensitive to the impacts of aerosols.
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Concentrations of tropospheric O3 and aerosols are coupled
through the formation and growth of aerosols, heterogeneous re-
actions, and aerosol-induced changes in photolysis rates. With the
rapid urbanization and economic development, observed aerosol
concentrations are especially high in China (Cao et al., 2007;
Andreae et al., 2008; Gu et al., 2011; Zhang et al., 2012), suggest-
ing that aerosols in China can have large impacts on O3
concentrations.

Previous global and regional modeling studies have shown that
aerosols influence O3 concentrations in China by heterogeneous
reactions. Liao and Seinfeld (2005) found that simulated surface-
layer O3 concentrations over eastern China can be reduced by
25—30% due to heterogeneous reactions on sulfate (5042’), nitrate
(NO3 ™), ammonium (NH4"), organic carbon (OC), sea salt, and
mineral dust aerosols, accounting for the hydrolysis of N,Os, irre-
versible absorption of NO3, NO;, and HO, on wetted aerosol sur-
faces, mineral dust uptake of SO,, O3, and HNOs, as well as the sea
salt uptake of SO; in a coupled global chemistry—aerosol—climate
model based on the Goddard Institute for Space Studies (GISS) GCM
II' at 4°x5° resolution. Tie et al. (2005) used a coupled global
aerosol—chemistry model, Model for Ozone and Related Chemical
Tracers (MOZART) with a horizontal resolution of 2.8°x2.8°, to
study the impacts of heterogeneous reactions on O3 by considering
the heterogeneous reactions of HO, and CH,O0 on sulfate aerosol as
well as the uptake of O3 on black carbon (BC). They found that O3
concentrations were reduced by 10—15% and 5—10% in eastern
China in winter and summer, respectively. Pozzoli et al. (2008)
showed that surface-layer O3 concentrations were reduced by
18—23% over the Transport and Chemical Evolution over the Pacific
(TRACE-P) region in March of 2001, when all the heterogeneous
reactions listed in Liao and Seinfeld (2005) were considered in the
coupled ECHAM5-HAMMOZ model with a spatial resolution of
2.8°x2.8°. Xu et al. (2012) used the Community Multi-scale Air
Quality Model (CMAQ) with a horizontal resolution of 4 km to study
the impacts of heterogeneous reactions on O3 during a high O3
episode occurred in Beijing in June 26—27, 2000. They reported that
the impacts of heterogeneous reactions on O3 depend on the local
NO,/VOC ratio. For example, the absorption of NO, by aerosols was
found to increase O3 at noon by 4—20 ppbv (or 3—14%) in VOC-
limited urban areas and to decrease O3 by 4—10 ppbv (or 3—7%)
in NOy-limited sub-urban areas.

Previous modeling studies have also shown that aerosols can
influence O3 in China by altering photolysis rates. Tang et al. (2004)
found that O3 concentrations were reduced by 0.1-0.8% in north-
eastern China during the dust event of April 4—14, 2001, by using
the Sulfur Transport and Emissions Model (STEM) with a spatial
resolution of 80 km, as a result of the dust-induced changes in
photolysis rates. Tie et al. (2005) showed that surface-layer
photolysis rates J(O3) and J(NO,) in eastern China were reduced,
respectively, by 20—30% and 10—30% in winter as well as 5—20%
and 1-10% in summer, leading to reductions in surface-layer O3
concentrations by 2—4% in winter and less than 2% in summer. Li
et al. (2011) used a regional Nested Air Quality Prediction Model
System (NAQPMS) with a horizontal resolution of 81 km to esti-
mate the changes in photolysis rates in central eastern China by
5042, NO3;~, NH4 ™", OC, BC, and mineral dust aerosols during June
1—-12, 2006. They reported that aerosols reduced daytime average
J(0'D) in layers below 1 km, 1-3 km, and 3—10 km by 53.3%, 37.2%,
and 20.9%, respectively, which led to changes in O3 concentrations
by —5.4%, —3.8% and 0.1% in those three layers, respectively.

Few previous studies examined the combined impacts of aero-
sols on O3 by both heterogeneous reactions and aerosol-induced
changes in photolysis rates. Martin et al. (2003) considered the
heterogeneous reactions of HO,, NO,, NO3, and N,O5 as well as the
optical properties of SO42~, BC, OC, sea salt, and mineral dust in the

global three-dimensional Goddard Earth Observing System chem-
ical transport model (GEOS-Chem) at 2° x2.5° resolution, and found
that O3 concentrations were reduced by 5—10 ppbv (10—15%) over
northeastern China in March and by up to 5 ppbv over North China
Plain in August of 1997. This study, however, excluded the impacts
of hydrolysis of N>Os, did not consider NO3 and NH{ aerosols in the
calculation of photolysis rates, and did not examine the spatial and
temporal variations of the impacts of aerosols on O3 concentrations
in China.

The studies cited above underscored the important impacts of
aerosols on tropospheric O3 in China. The goal of this study is to
examine systematically the impacts of aerosols on O3 concentra-
tions in China using the nested-grid version of the GEOS-Chem
model with a horizontal resolution of 0.5° latitude by 0.667°
longitude driven by the assimilated meteorological fields. We pay
special attention to (1) the spatial and temporal variations of the
impacts of aerosols on O3, and (2) the role of each and all hetero-
geneous reactions. We focus especially on the impacts in four
heavily polluted regions in China, including Beijing—Tianjin—
Tanggu (BTT, 35°—40°N, 114°—120°E), Yangtze River Delta (YRD,
29.5°—32.5°N, 118°—122°E), Pearl River Delta (PRD, 21°—23.5°N,
112—116°E), and Sichuan Basin (SCB, 28°—31.5°N, 102.5°—107.5°E).

The description of model and numerical experiments is pre-
sented in Section 2. Simulated concentrations aerosols and O3 are
presented and evaluated in Section 3. Sections 4 and 5 examine,
respectively, the impacts of aerosols on concentrations of O3 by
heterogeneous reactions alone and by changes in photolysis rates
alone. The combined effects are presented in Section 6 and the
associated model uncertainties are discussed in Section 7.

2. Model description
2.1. GEOS-Chem model

We simulate concentrations of O3 and aerosols using the one-
way nested-grid capability of the global chemical transport model
GEOS-Chem (version 9.1.2, http://acmg.seas.harvard.edu/geos)/).
GEOS-Chem is driven by the GEOS-5 assimilated meteorological
fields from the Goddard Earth Observing System of the NASA Global
Modeling Assimilation Office. The nested domain for Asia (70—
150°E, 10°S—55°N) has a horizontal resolution of 0.5° latitude by
0.667° longitude and 47 vertical layers up to 0.01 hPa. Tracer con-
centrations at the lateral boundaries are provided by a global GEOS-
Chem simulation at 4° latitude by 5° longitude horizontal resolu-
tion and updated in the nested-grid model every 3 h (Chen et al,,
2009).

The GEOS-Chem model has fully coupled O3—NOy—hydrocarbon
chemistry and aerosols including SO42~/NO;~/NH4* (Park et al.,
2004; Pye et al., 2009), OC and BC (Park et al., 2003), sea salt
(Alexander et al., 2005), and mineral dust (Fairlie et al., 2007).
Tropospheric O3 is simulated with about 80 species and over 300
chemical reactions (Bey et al., 2001). Partitioning of nitric acid and
ammonia between the gas and aerosol phases is calculated by
ISORROPIA II (Fountoukis and Nenes, 2007). SOA formation con-
siders the oxidation of isoprene (Henze and Seinfeld, 2006),
monoterpenes and other reactive VOCs (ORVOCs) (Liao et al., 2007),
and aromatics (Henze et al., 2008). The mineral dust and sea salt
aerosols are not considered in this study.

2.2. Heterogeneous reactions on aerosols

Heterogeneous reactions on anthropogenic aerosols in the
GEOS-Chem model are listed in Table 1, including hydrolysis of
N,0s5 (Evans and Jacob, 2005), irreversible absorption of NO3 and
NO, on wet aerosols (Jacob, 2000), and the uptake of HO, by
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Table 1
Uptake coefficients for heterogeneous reactions on aerosols surfaces.
Reactions Aerosols Uptake coefficients References
R1 N,05 —2HNO3 Sulfate/nitrate/ammonium YN205" Evans and Jacob (2005)
N,05 —2HNO3 Black carbon 0.005 Sander et al. (2003)
N,05 —2HNO3 Organic carbon 0.03 (RH > 57%); RH x 5.2 x 1074 (RH < 57%) Thornton et al. (2003)
R2 NO;XHNO; Wet aerosols” 0.001 Jacob (2000)
R3 NO,; —0.5HONO + 0.5HNO3 Wet aerosols® 0.0001 Jacob (2000)
R4 HO, —0.5H, 0, Sulfate/nitrate/ammonium® 0.07 Thornton et al. (2008)
HO, —0.5H,0, Wet aerosols? Yroz2® Thornton et al. (2008)

a
b
¢ Sulfate/nitrate/ammonium aerosols in the boundary layer of continents.
d

T

TN 05 = 1080 » (2.79 x 1074 +1.3 x 1074 x RH — 3.43 x 1076 x RH? +7.52 x 1078 x RH3); §(T) = —4 x 1072 x (T — 294) for T > 282 K; B(T) = 0.48 for T < 282 K.
Sulfate, nitrate, ammonium, and organic carbon aerosols are considered to be wet when RH > 50.

Yho, = %; Fr = kme(Xg — m&;’%xﬂq 35 kme = %5 ki is the rate constant for interfacial mass transport in the free molecular regime, o is the mean molecular speed
W ef

of HO,, Xqq is the steady state concentration of HO; at the aerosol surface, Hf is the effective Henry’s law constant, R is the universal gas constant, T is temperature, Nay is
Avagadro’s number, rp is particle radius, and X is the gas-phase number density of HO.

aerosols (Thornton et al., 2008). Hydrolysis of N,Os on wetted
aerosol surfaces is calculated as a function of aerosol type, relative
humidity, and temperature (Table 1), following Evans and Jacob
(2005). For the absorption of NO; and NO3 by wet aerosols, yno,
is in the range of 10~4—10~32 on the basis of laboratory studies
(DeMore et al., 1997; Harrison and Collins, 1998), and the measured
YNo, is in the range of 2 x 107—10"2 (Exner et al,, 1992, 1994;
Rudich et al,, 1996). In the GEOS-Chem model, the uptake co-
efficients yno, and yyo, are assumed to be 0.0001 and 0.001 (Jacob,
2000), respectively. The uptake coefficient vy, is calculated as a
function of temperature for all aerosol species except that a value of
0.07 is specified for SO42~/NO3;~/NH4* aerosols in the continental
boundary layer (Thornton et al., 2008). The uptake coefficient of
N2Os5 (Yn,0,) Was used in previous modeling studies and led to
improved agreement between simulated and observed O3 con-
centrations (Evans and Jacob, 2005; Pozzoli et al., 2008). It should
be mentioned that Mao et al. (2013) suggested a new 7o, of 1.0 to
produce H;0 in the presence of dissolved Cu and Fe; the impact of
the assumed vy, on simulated O3 concentrations will be discussed
in Section 7.

2.3. Gas-phase photolysis

Rates of 55 photolysis reactions in the GEOS-Chem model are
computed every time step using the Fast-] radiative transfer code
(Wild et al., 2000; Bian and Prather, 2002), which has 6 wavelength
channels covering 289—412.45 nm and accounts for absorption by
0 and O3, Rayleigh scattering, and radiative effects of clouds and
aerosols. We consider the radiative impacts of SO42~/NO3~ /NH,4+,
0OC, and BC aerosols on photolysis rates in this study. The optical
properties of aerosols are calculated as described in Martin et al.
(2003) and Drury et al. (2010).

2.4. Emissions

Global emissions of O3 precursors, aerosol precursors, and
aerosols in the GEOS-Chem model generally follow Park et al.
(2003, 2004), in which anthropogenic emissions of CO, NOy, SO»,
and NMVOCs in the Asian domain have been overwritten by David
Streets’ 2006 emission inventory (http://mic.greenresource.cn/
intex-b2006). Emissions of NH3 are taken from Streets et al.
(2003) and a scaling factor is used to reduce the total NH3; emis-
sion in China from 13.5 Tg yr~! in Streets et al. (2003) to the most
recent estimate of 9.8 Tg yr~! by Huang et al. (2012). Table 2
summarizes the annual emissions of NO,, CO, NMVOCs, SO,, NH3,
0C, and BC in eastern China (110—126°E, 20—50°N).

Monthly variations of SO, NOy, NH3, OC, and BC emissions are
shown in Fig. 1, which follow those in Zhang et al. (2010) and Wang
etal.(2013). Because of the winter energy use, emissions of CO, SO,

0C, and BC are the highest in winter months. Emissions of NMVOCs
are the highest in July, because biogenic emissions are the
maximum at high temperatures (Guenther et al, 2006). The
emissions of NH3 are the highest in June as a result of the agri-
culture practice and high temperatures (Wang et al., 2013).

2.5. Numerical experiments

We perform the following GEOS-Chem simulations to examine
the relative importance and the combined impacts of

Table 2
Annual emissions of ozone precursors, aerosol precursors, and aerosols in eastern
China (20°—50°N, 110°—126°E).

Species Eastern China
NO, (TgNyr~1)

Aircraft 0.01
Anthropogenic 4.88

Biomass burning 0.01
Fertilizer 0.09
Lightning 0.16

Soil 0.16

Total 5.32

CO(TgCOoyr™Y)

Anthropogenic 130.89
Biomass burning 1.11
Total 132.00
NMVOCs (Tg Cyr~ 1)

Anthropogenic 6.71
Biomass burning 0.05
Biogenic 9.50
Total 16.26
S0, (TgSyr™")

Aircraft 0.002
Anthropogenic 11.55
Biomass burning 0.004
No_eruption volcanoes 0.21
Ship 0.11
Total 11.88
NH; (Tg Nyr~")

Anthropogenic 6.64
Natural 0.41
Biomass burning 0.02
Biofuel 0.23
Total 7.29
oC(TgCyr™ ")

Anthropogenic 0.74
Biomass burning 0.06
Biofuel 0.99
Biogenic 0.29
Total 2.08
BC(TgCyr™1)

Anthropogenic 0.68
Biomass burning 0.007
Biofuel 0.27
Total 0.95
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heterogeneous reactions and the aerosol-induced changes in
photolysis rates on O3 concentrations in China (Table 3):

(1) CTRL: The control simulation of O3 with all heterogeneous
reactions listed in Table 1 and the effect of aerosols on
photolysis rates.

(2) NOALL: The same as the CTRL simulation but without the
heterogeneous reactions and the effect of aerosols on
photolysis rates.

(3) HETG: The simulation of O3 with heterogeneous reactions
but without the effect of aerosols on photolysis rates. A set of
four simulations are performed to quantify the role of each
heterogeneous reaction: 1) HETG_AIl has all the heteroge-
neous reactions listed in Table 1; 2) HETG_noN,Os is the
same as HETG_AIl except that it does not consider the hy-
drolysis of N,Os; 3) HETG_noNOy is the same as HETG_AIl
except that it does not account for the aerosol uptake of NO;
and NOs; and 4) HETG_noHO, is the same as HETG_AIl but
does not account for the aerosol uptake of HO,.

(4) EMIS: Sensitivity studies to examine how the impacts of
aerosols (through heterogeneous reactions and changes in
photolysis rates) on O3 change with aerosol concentra-
tions. Emissions of OC are increased by 100—400% over
China based on the comparisons of simulated OC concen-
trations in the CTRL simulation with measurements (see
Section 3.3).

The differences in simulated O3 between CTRL and NOALL
simulations represent the combined impacts of heterogeneous re-
actions and the aerosol-induced changes in photolysis on O3 con-
centrations. The differences between CTRL and HETG_AIl represent
the impacts of aerosols on O3 by altering photolysis rates. The roles
of all and each of heterogeneous reactions can be quantified by
(HETG_AII-NOALL),  (HETG_AIl-HETG_noN;0s), (HETG_All—
HETG_noNOy), and (HETG_AIl-HETG_noHO,), respectively. All
simulations are integrated for the period of 1 January to 31
December of year 2005 after a 6-month model spin up.

3. Simulated concentrations of aerosols and O3 in China
3.1. Aerosols

Fig. 2 shows the simulated seasonal mean surface-layer con-
centrations of S04%~, NO;~,NH4 ™, BC, OC, and PM, 5 (sum of SO42~,
NO3~, NH4". BC, and OC) in China from the CTRL simulation. Sulfate
concentrations of 15—25 pg m~> are simulated over the SCB
throughout the year and over the BTT in JJA and SON. Concentra-
tions of NO3 and NHZ in DJF and SON are higher than those in MAM
and JJA, which can be explained by the low temperatures that favor
ammonium nitrate formation. Concentrations of BC and OC over
eastern China are the highest in DJF, with the maximum values of

Table 3
Experimental design.
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Fig. 1. Monthly variations in emissions of NO, (Tg N month™!), NMVOCs
(Tg € month™'), SO, (Tg S month~!), NH3 (Tg N month~'), OC (Tg C month~), BC
(Tg C month~1), and CO (Tg CO month~') over eastern China (20°—50°N, 110°—126°E).
Emissions shown are the total values of anthropogenic and natural sources listed in
Table 2. The left axis is for NOy, NMVOCs, SO,, and NHs, and the right axis is for CO.

5-10 and 10—15 pg m~3, respectively, as a result of the winter
heating. On an annual mean basis, nitrate is simulated to be the
most abundant aerosol species over eastern China, followed by
S04%~, NH4* OC, and BC.

3.2. Ozone

Fig. 2 also shows the simulated seasonal mean surface-layer
concentrations of O3 in the CTRL simulation with all heteroge-
neous reactions and the effect of aerosols on photolysis rates.
Concentrations of O3 in eastern China are the lowest in December—
January—February (DJF) because of the weak photochemistry.
Concentrations of O3 in eastern China in MAM and SON are in the
ranges of 40—55 ppbv and 35—50 ppbv, respectively. The maximum
03 concentrations over eastern China are simulated to be 60—
75 ppbv in JJA. Note that the high O3 concentrations of exceeding
70 ppbv over the Tibet Plateau in MAM result from the transport of
O3 from the stratosphere to troposphere (Wild and Akimoto, 2001).

3.3. Comparisons of simulated concentrations with measurements

Simulated concentrations of O3 and aerosols in China using the
one-way nested-grid capability of the GEOS-Chem have been
evaluated in studies of Wang et al. (2011, 2013) and Fu et al. (2012).
Wang et al. (2011) demonstrated that the model captures well the
magnitude and seasonal variation of surface-layer concentrations
and column burdens of O3 in China. Wang et al. (2013) found that

Experiments Heterogeneous reactions

Effect of aerosols on photolysis rates

Emissions

CTRL With all heterogeneous reactions listed in Table 1 Yes
NOALL With no heterogeneous reactions No
HETG_AIl With all heterogeneous reactions listed in Table 1 No

HETG_noN,Os  With all heterogeneous reactions listed in Table 1  No

except for the uptake of N,Os

HETG_noNOy With all heterogeneous reactions listed in Table 1 No
except for the absorption of NO, and NO3
HETG_noHO, With all heterogeneous reactions listed in Table 1 No

except for the uptake of HO,
EMIS With all heterogeneous reactions listed in Table 1 Yes

Default (with emissions described in Section 2.4)
Default
Default
Default
Default
Default

Default but with increases in OC emissions by 2—5 times
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simulated concentrations of SO42~, NO3~, NH, " at 22 sites in East
Asia exhibited annual biases of —10%, +31%, and +35%, respectively,
and Fu et al. (2012) reported that the simulated annual mean
concentrations of BC and OC averaged over rural and background
sites were underestimated by 56% and 76%, respectively.

The major purpose of model evaluation here is to see whether
the version of the GEOS-Chem model we use can capture the
magnitude of the observed aerosols and Os. The seasonal mean
measured concentrations of S04, NO;~, NH4 ™", BC, and OC were
taken from Zhang et al. (2012), which were PMjp mass
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concentrations measured at 7 urban sites and 7 remote sites around
China over 2006—2007 (Fig. 3(a)). The observed concentrations
listed in Zhang et al. (2012) are multiplied by 0.6 to convert PM1o—
PM, 5 for model evaluation following the suggestions in Zhang et al.
(2002). The scatter plots of simulated versus observed seasonal
mean concentrations of SO42~, NO;~, NH, ", BC, and OC at 14 sites
are displayed in Fig. 3(b)—(f). The concentrations of SOZ~, BC, and
OC are underestimated by about 41%, 55%, and 69%, respectively.
The low biases in simulated BC and OC agree closely with those
reported by Fu et al. (2012). Nitrate aerosol concentrations are
overestimated by 61%, suggesting that NH3 emissions are over-
estimated in China (Wang et al., 2013).

The monthly or seasonal mean measured concentrations of
03 were collected from the literature (Table 4). Most observa-
tions were conducted over years of 2001—2009. The scatter plots
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of simulated versus observed seasonal mean O3 concentrations
are shown in Fig. 4 for the simulations with and without the
impacts of aerosols on O3 (CTRL and NOALL). Consideration of all
heterogeneous reactions (hydrolysis of N,Os, irreversible ab-
sorption of NO3 and NO», and the uptake of HO, by aerosols) in
the CTRL simulation improves the simulated O3 concentrations
in China; the model overestimates O3 concentrations with
average biases of 9% and 33% in the CTRL and NOALL simula-
tions, respectively.

Comparisons of simulated versus observed concentrations of all
aerosol species and Oz show high correlation coefficients, with
values of R? ranging from 0.70 to 0.97. These high R? values indicate
that the model can capture the spatial distributions and seasonal
variations of each aerosol species and O3z despite the biases in
simulated concentrations.
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Fig. 3. (a) Locations with measured aerosol concentrations. The 4 polluted regions examined in this study are also shown, including Beijing—Tianjin—Tanggu (BTT, 35°—40°N, 114°—
120°E), Yangtze River Delta (YRD, 29.5°—32.5°N, 118°—122°E), Pearl River Delta (PRD, 21°—23.5°N, 112—116°E), and Sichuan Basin (SCB, 28°—31.5°N, 102.5°—107.5°E). Fig. 3b—f show
the comparisons of simulated concentrations of sulfate, nitrate, ammonium, BC, and OC aerosols with measured values, respectively. Also shown is the 1:1 line (dashed) and linear
fit (solid line and equation). R is the correlation coefficient between simulated and measured concentrations.
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Table 4
Comparisons of simulated O3 concentrations with measurements.
Locations Time periods 03 concentrations (ppbv)
Observed GEOS-Chem
CTRL NOALL
Longfengshan (44.7°N, 127.6°E) Aug. 1994—]Jul. 1995 Spring 37.3 +£5.89 43.59 54.22 Yan et al. (1997)
Summer 329 +7.14 44,70 51.43
Fall 39.84 + 6.76 35.76 42.18
Winter 29.1 +3.00 31.97 40.89
Shangdianzi (40.7°N, 117.1°E) 2004—2006 Spring 473 45.26 54.70 Lin et al. (2008)
Summer 429 58.38 68.20
Fall 435 39.49 47.00
Winter 36.8 40.02 49.56
Lin’an (31.3°N, 120.4°E) Aug. 1994—]Jul. 1995 Spring 38.8 + 8.30 48.40 60.54 Yan et al. (1997)
Summer 30.6 + 7.99 51.12 58.72
Fall 504 + 10.75 43.89 52.78
Winter 36.9 +9.08 35.53 44.76
Nov. 2003—Nov. 2004 Spring 36.34 48.40 60.54 Yang et al. (2008)
Summer 37.80 51.12 58.72
Fall 31.75 43.89 52.78
Winter 23.74 35.53 44.76
Dec. 1999 32 33.56 41.86 Yan et al. (2003)
Jun. 2000 40 54.26 63.18
18th Feb.—30th Apr., 2001 34 45.81 58.51 Wang et al. (2004)
Waliguan, Qinghai-Tibetan Plateau (36.3°N, 100.9°E) Aug. 1994—]Jul. 1995 Spring 52.2 +4.21 53.42 60.26 Yan et al. (1997)
Summer 60.9 + 6.87 55.64 59.86
Fall 42.1 £4.16 49.65 55.14
Winter 424 +2.73 51.43 59.73
20th Apr.—23rd May, 2003 58+ 9 54.89 60.63 Wang et al. (2006)
15th Jul.—16th Aug., 2003 54 +11 54.18 58.82
Changshu (30.3°N, 119.4°E) Jun. 2000 45 55.18 64.07 Yan et al. (2003)
Dec. 1999 22 32.64 40.34
Fenghuangshan (40.5°N, 124°E) 16th Feb.—2nd Mar., 2001 30.2 37.83 47.53 Takami et al. (2006)
13rd Jan.—25th Jan. 2000 322 33.36 40.79
Qingdao (36.5°N, 121°E) 24th Feb.—15th Mar., 2002 26.6 41.41 48.49
16th Feb.—28th Feb., 2001 235 39.64 46.91
15th Jan.—28th Jan., 2000 35.9 34.97 4243
Miyun (40.5°N, 116.8°E) 2006 Spring 48.7 431 52.02 Wang et al. (2011)
Summer 57.8 56.4 70.21
Fall 393 37.8 45.62
Winter 27.0 38.5 48.41
Nanjing (32.1°N, 118.7°E) Jan. 2000—Feb. 2003 Spring 27.0 48.67 59.41 Tu et al. (2007)
Summer 22.8 53.19 60.70
Fall 18.4 43.08 52.55
Winter 141 32.75 42.38
Hong Kong (22.2°N, 114.2°E) 1994—-2007 Spring 355 43.2 49.80 Wang et al. (2009)
Summer 19.8 36.1 38.11
Fall 42.7 49.1 57.31
Winter 37.8 441 48.36
Guangzhou (23.1°N, 113.3°E) Oct. 2004 29 50.62 63.35 Zhang et al. (2008)
Xinken (22.6°N, 113.6°E) Oct. 2004 49 54.34 64.25
PRD region Oct. 2004 68 57.07 67.20
(a) CTRL Ozone (b) NOALL Ozone
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Fig. 4. The comparisons of simulated concentrations of O3 with measurements for (a) the CTRL run and (b) NOALL simulation.
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4. Simulated impacts of aerosols on tropospheric O3 by
heterogeneous reactions

4.1. Impacts on surface-layer concentrations of NOy, OH, and O3

4.1.1. NOy

To understand the impacts of heterogeneous reactions on
surface-layer O3, we examine firstly the impacts of each and all
heterogeneous reactions on surface-layer NOy concentrations. NOy
is defined as NO + NO; + NO3 + HNO; in the GEOS-Chem simu-
lation. In the presence of all heterogeneous reactions, simulated
NO, concentrations show reductions in all seasons in China (Fig. 5).
The simulated reductions are the largest in DJF, with the maximum
reductions reaching 12—14 ppbv over Henan and Hubei provinces
in central China. The reductions in NOy are much smaller in other
seasons, with maximum reductions of 2—4 ppbv in MAM and JJA
and of 4—8 ppbv in SON over the North China Plain.

Both the hydrolysis of N;Os and the absorption of NO; and NO3
are simulated to lead to reductions in NO,, whereas the uptake of
HO, is found to lead to small increases in NO, concentrations (Fig. 5).
With the assumed uptake coefficients, the absorption of NO, and
NOj is simulated to be the dominant factor that leads to reductions
in NOy in all seasons; the largest reductions in NOy are 6—9 ppbv
over the North China Plain and in the middle and lower reaches of
the Yangtze River in DJF, as a result of the highest concentrations of
NOy in this season and the direct removal of NOy from the atmo-
sphere, and the reductions in NOy are in the range of 1—4 ppbv in

DJF

MAM and JJA and of 2—6 ppbv in SON. Over eastern China, the
maximum reductions in NOy by hydrolysis of N,Os5 are 1—4 ppbv in
DJF and 0.5—2 ppbv in other seasons. The uptake coefficient of N,Os
is dependent on temperature and relative humidity, which is
calculated to be higher in winter than in summer in the northern
mid-latitudes (30—60°N), as reported by Evans and Jacob (2005)
using the same vy,q, in the GEOS-Chem model. The uptake of
HO, by aerosols leads to slightly positive changes in NO,, because
the depletion of OH increases the lifetime of NO, via reduction of the
reaction NO, + OH (Martin et al., 2003).

In our work the presence of all heterogeneous reactions is
simulated to lead to reductions in NOy by 20—80% in DJF and by 5—
30% in JJA over eastern China, which are smaller than the per-
centage reductions in NOy reported by Dentener and Crutzen
(1993). With larger uptake coefficients (yn,0o, = 0.1, and
Yno, = 0.1 on sea salt and 103 on other aerosols) than those in our
study (Table 1), Dentener and Crutzen (1993) found that the het-
erogeneous reactions of NOs and NO3 reduce zonal mean NOy by
60—80% in winter and by 20—30% in summer in the mid-latitudes
of Northern Hemisphere. In the presence of all heterogeneous re-
actions, NOy is simulated to decrease by 5—30% in March of year
2005 in our study. However, Martin et al. (2003) found increases in
NOy concentration of 10—30% by aerosol uptakes of HO,, NO,, and
NOs in March of year 1997 by using an earlier version of the GEOS-
Chem model. The higher uptake coefficient of yyg, of 0.2 in Martin
et al. (2003) led to a significant reduction in OH and hence longer
lifetime of NOy.
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Fig. 5. Simulated impacts of aerosols on seasonal mean surface-layer NO, concentrations (ppbv) by all heterogeneous reactions (HETG_AII-NOALL), the uptake of N>0s (HETG_All—
HETG_noN,0s), the absorption of NO, and NO3; (HETG_AIl-HETG_noNOy), and the uptake of HO, (HETG_AIl-HETG_noHO5).
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4.1.2. OH

The production of OH radical is initiated by photolysis of O3
(Seinfeld and Pandis, 2006) and the loss of OH in highly polluted
regions is mainly through NO, + OH (Jacob, 2000). Simulated im-
pacts of heterogeneous reactions on seasonal mean surface-layer
OH concentrations are shown in Fig. 6. Compared to the NOALL
simulation, the consideration of all heterogeneous reactions (re-
actions of N,Os, NO,, NO3, and HO, on aerosol surfaces) in HET-
G_All increases OH concentrations over polluted areas in eastern
China and reduces OH concentrations in relatively clean regions
such as western China; the simulated changes in surface-layer OH
concentrations  exhibit the largest increases of 70—
90 x 10* molecules cm~ in DJF over southeastern China and SCB
whereas prevailing decreases of 30—60 x 10* molecules cm~3 in JJA
in a large fraction of eastern China. Pozzoli et al. (2008) reported
reductions in surface-layer OH concentrations of 5% and 18% over
the northern (25—45°N, 120—155°E) and southern (10—25°N, 110—
155°E) TRACE-P regions, respectively, in March of 2001. In this
study, changes in OH of +1% and —16% are simulated in March of
2005 (not shown) in these two regions, respectively, with the same
YN,05+ YNO,» aNd YNg, as in Pozzoli et al. (2008) but a smaller yyq, of
about 0.07 than that of 0.2 in Pozzoli et al. (2008).

The hydrolysis of N2Os is simulated to increase surface-layer OH
concentrations by up to 20 x 10% molecules cm 2 in a large fraction
of eastern China in DJF and in polluted North China Plain and
Yangtze River Delta in other seasons, which can be explained by
reductions in NOy in these VOC-limited regions (Fig. 5), leading to
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-
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increases in O3 and hence increases in OH. On the contrary, the
reductions in NOy by hydrolysis of N,Os5 are simulated to lead to
decreases in OH in NOy-limited suburban regions in eastern China.

The absorption of NO, and NOs is simulated to be the dominant
factor that leads to increases in OH in all seasons, as a result of the
less removal of OH by the reaction of NO, + OH and the increases in
OH through photolysis of HONO produced by absorption of NO,
(Table 1). The large increases in OH of 50—70 x 10* molecules cm™—3
are found over eastern China in DJF and SON because of the largest
concentrations of aerosols (Fig. 2) and the largest reductions in NOy
by absorption of NO, and NOs (Fig. 5). The maximum increases in
OH over the YRD are about 50—60 x 10% molecules cm 3 in MAM
and JJA.

The reaction of HO, is simulated to lead to negative changes in
OH concentrations via removal of HOx from the atmosphere, with
maximum reductions in OH of 50—80 x 10* molecules cm~ in JJA
over the North China Plain (as a result of the relatively high aerosol
concentrations and the most sufficient OH in summer) and of 30—
50 x 10% molecules cm 3 over southeastern China in other seasons.

4.1.3. Ozone

Simulated impacts of each and all heterogeneous reactions on
seasonal mean surface-layer O3 concentrations are shown in Fig. 7.
In DJF, the presence of all heterogeneous reactions is simulated to
reduce O3 concentrations by 8—12 ppbv in northern China and by
4—8 ppbv over the Tibet Plateau, as a result of the dominant impact
of hydrolysis of N,Os. On the contrary, DJF O3 concentrations in

JJA SON
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Fig. 6. Simulated impacts of aerosols on seasonal mean surface-layer OH concentrations (10* molecules cm~3) by all heterogeneous reactions (HETG_AII-NOALL), the uptake of
N,0s (HETG_AIlI-HETG_noN,0s), the absorption of NO, and NO3 (HETG_AIl-HETG_noNOy), and the uptake of HO, (HETG_AIl-HETG_noHO,).
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Fig. 7. Simulated impacts of aerosols on seasonal mean surface-layer O3 concentrations (ppbv) by all heterogeneous reactions (HETG_AIl-NOALL), the uptake of N,Os (HETG_All—
HETG_noN,0s), the absorption of NO, and NO3 (HETG_AIl-HETG_noNOy), and the uptake of HO, (HETG_AIl-HETG_noHO5).

southern China are simulated to increase as a result of the domi-
nant impact of absorption of NOy by aerosols, with the maximum
increases in O3 reaching 3—6 ppbv in SCB. Concentrations of O3 in
MAM, JJA, and SON all show larger reductions in eastern China than
in western China; simulated reductions in eastern China are 6—
14 ppbv in MAM and SON and 4—12 ppbv in JJA. On an annual mean
basis, the presence of all heterogeneous reactions is simulated to
lead to reductions in O3 by 10—18% over eastern China. It should be
noted that the locations of maximum reductions in O3 are not
necessarily the places of maximum PM; 5 concentrations, which
will be discussed further below.

With the assumed uptake coefficients in this study, the hydro-
lysis of N2Os is simulated to be the dominant factor that leads to
reductions in O3 in all seasons. Although the uptake of HO> is also
simulated to reduce O3 concentrations, the magnitude of re-
ductions is smaller (Fig. 7). With the absorption of HO, by aerosols
alone, our simulated reductions in annual mean concentration of
O3 are 1—6 ppbv, which are smaller than the annual mean re-
ductions of 11—15 ppbv found over eastern China in Mao et al.
(2013), since Mao et al. (2013) used an updated large YHO, of 1.0
in the GEOS-Chem model. It is interesting to note that the uptake of
N,05 has large impacts nationwide whereas the impacts of the
absorption of NOy and HO;, uptake are mainly found over the
polluted eastern China. The assumed uptake coefficient of NyOs5
reaction is about 0.02—0.03 from surface to 600 hPa altitude in the
middle latitudes of Northern Hemisphere (Evans and Jacob, 2005)
and N,Os exists in the lower to middle troposphere (Bell et al.,

2005), which lead to reductions in O3 in China by reducing O3 in
the upstream areas such as Europe. However, the absorption of NO;
and NOjs is less important in the lower to middle troposphere
because of the smaller uptake coefficient (Table 1). Although vy, is
about 0.01-0.05 below 4 km in the middle latitudes of North
Hemisphere (Thornton et al., 2008), reductions in O3 are mainly at
the surface because O3 production is sensitive to changes in HOx in
VOC-limited areas (Seinfeld and Pandis, 2006).

We also examine the net chemical production of O3 (chemical
production — chemical loss) in the lowest 2 km of the model layers
in the presence of each and all heterogeneous reactions (Fig. 8).
Compared to the NOALL simulation, heterogeneous reactions in
HETG_AIl are simulated to lead to negative net O3 production in
MAM, JJA, and SON in China except for the positive net O3 pro-
duction found in the VOC-limited BTT in MAM and SON. The
negative net O3 production results from the decreases in NOy
(Fig. 5), contributing to the large reductions in Os in the presence of
all heterogeneous reactions (Fig. 7). In DJF, however, positive net O3
production is simulated in eastern China and SCB as a result of the
reactions of NO, and NOs, because eastern China and SCB are
generally VOC-limited in winter (Liu et al., 2010). The uptake of NO,
and NOj3 by aerosols reduces NOy but increases OH (Figs. 5 and 6),
leading to increases in O3 production in the VOC-limited regions via
enhanced HO, yield and accelerated conversion of NO—NO, (An
et al,, 2013). Both the hydrolysis of N,Os and the uptake of HO;
lead to generally negative net O3 production in eastern China
throughout the year, consistent with the changes in NO, (Fig. 5) and
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the reductions in OH (Fig. 6). Note that the net chemical production
is only one of the factors that contribute to the changes in O3 in
Fig. 7; the changes in Os in a specific location are coupled with the
transport of O3 from surrounding areas.

4.1.4. Impacts on monthly O3 concentrations over the four polluted
regions

The impacts of heterogeneous reactions on monthly O3 con-
centrations over the four polluted regions BTT, YRD, PRD, and SCB
are shown in Fig. 9. In BTT, in the presence of all heterogeneous
reactions, large reductions in O3 of 7.7—10.3 ppbv (or 13.5-21.6%
relative to the values simulated in NOALL) are simulated in
January—September and lower reductions of 4.9—7.1 ppbv (or
12.3—-17.2%) are found in October—December. The hydrolysis of
N,Os5 has the largest impact on O3 concentrations in BBT, followed
by the uptake of HO, and the absorption of NO,. In YRD, PRD, and
SCB, the impacts of heterogeneous reactions are generally the
smallest in summer, since aerosol concentrations are the lowest in
this season (Fig. 9) as a result of the removal of aerosols by pre-
cipitation associated with the summer monsoon. The largest re-
ductions of O3 in YRD are simulated to be 11.2 ppbv (or 19.9%) in
MAM, and those in PRD are 10.1 ppbv (or 17.1%) in MAM. The im-
pacts of all heterogeneous reactions are the most significant in SCB,
with reductions in O3 exceeding 14 ppbv (or 21.5%) in March and
November.

The impact of aerosols on O3 concentration by heterogeneous
reactions can be characterized by the ratio of change in O3

concentration (A[O3]) to local PM; 5 level ([PM;5]), ROP = A[O3]/
[PM35]. The annual mean values of ROP are calculated to
be —0.14, —0.17, —0.27, and —0.16 ppbv (pg m~>)~! over BTT, YRD,
PRD, and SCB, respectively. Values of ROP show relatively small
monthly variations in BTT and YRD; ROP varies between —0.07
and —02 ppbv (ug m~>)"' in BIT and between -0.11
and —0.23 ppbv (g m~3)~! in YRD. Values of ROP in PRD and SCB
exhibit large monthly variations and two negative maxima; the
largest negative values of ROP are —0.51 ppbv (g m—>)~! in March
and —0.36 ppbv (pg m~3)"' in November in PRD and
are —0.32 ppbv (g m3)~'in March and —0.25 ppbv (ug m—3)"'in
October in SCB. Per unit mass of aerosols may lead to different
changes in O3 concentration in different polluted regions in China,
since the uptake coefficients are dependent on local chemical
composition of aerosols, relative humidity, temperature, and the
concentrations of O3 also depend on local chemical (e.g., NOy to
VOC ratio) and meteorological conditions.

5. Simulated impacts of aerosols on surface-layer O3 by
altering photolysis rates

5.1. Simulated aerosol optical depths (AODs)

Fig. 10 shows the simulated seasonal mean AODs in the CTRL
simulation. Accounting for sulfate, nitrate, ammonium, BC, and OC
aerosols, simulated seasonal mean AODs are in the ranges of 0.4—
0.7 and 0.3—0.5 over YRD and PRD, respectively. In BBT, while AODs
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Fig. 9. Simulated monthly impacts of each and all heterogeneous reactions on surface-layer O3 concentrations (ppbv, left axis) over polluted regions of (a) BTT, (b) YRD, (c) PRD and
(d) SCB. Black line represents simulated monthly variations in PM, 5 concentrations (ug m~>, first right axis) and red line represents the ratio of change in O to concentration of
PM, 5 aerosol (ROP as defined in the text, ppbv (ug m~3)~1, second right axis) for each region. See Fig. 3a for definitions of regions of BTT, YRD, PRD, and SCB. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Comparisons of simulated seasonal mean aerosol optical depth (AOD) (left
column) with the MODIS AOD (right column) for year of 2005.

are 0.4—0.7 in DJF, MAM, and SON, AODs are 0.7—1.0 in JJA as a
result of large aerosol concentrations (Fig. 2) and high relative
humidity in this season. Over SCB, seasonal mean AODs are 0.5—0.8
in MAM and JJA, 0.7—1.0 in SON, and 0.9—1.2 in DJF. The simulated
seasonal distributions of AODs agree well with those retrieved from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
(Fig. 10), but the model overestimates AODs in DJF and un-
derestimates AODs in PRD in all seasons. The high biases of AODs in
DJF can be explained by the overestimates of nitrate aerosol (Fig. 3)
in that region.

5.2. Impacts on surface-layer O3

The impacts of aerosols on surface-layer O3 concentrations by
altering photolysis rates are obtained by examining the differences
in O3 between the CTRL and HETG_AIll simulations (CTRL—HET-
G_All) (Fig. 11). With aerosols, annual mean photolysis rates,
J(03 — O('D)) and J(NO,), are simulated to be reduced by 6—18% in
polluted eastern China, leading to reductions in O3 of up to 0.5 ppbv
in those regions in MAM and JJA. The reductions in O3 in SON are
0.5—2 ppbv in BTT and 1-2 ppbv in SCB, which are much smaller
than the impacts by heterogeneous reactions. The largest re-
ductions of 3—6 ppbv in O3 are simulated in SCB in DJF, which can
mainly be attributed to the high biases of simulated AOD. Our
simulated small changes in O3 by aerosol-induced changes in
photolysis rates agree with previous studies by Tie et al. (2005) and

CTRL - HETG_AIl O: [ppbv]
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Fig. 11. Simulated changes in seasonal mean surface-layer O3 concentrations (ppbv)
through aerosol effect on photolysis rates (CTRL—HETG_All).
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Fig. 12. Simulated impacts of aerosols on seasonal mean surface-layer O3 concentra-
tions with all heterogeneous reactions and changes in photolysis rates (CTRL—NOALL).
Left column shows changes in ppbv and right column shows percentages changes in
CTRL simulation relative to NOALL.
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Real and Sartelet (2011), who reported less than 4% changes in O3
concentrations by aerosol radiative effect.

6. Combined impacts of aerosols on O3 by heterogeneous
reactions and changes in photolysis rates

Fig. 12 shows the net impacts on O3 concentration by aerosols
through both heterogeneous reactions and changes in photolysis
rates. The reductions in O3 are simulated all over China in all sea-
sons, except that small increases in O3 of 0—3 ppbv are found over
SCB in DJF. Relative to NOALL, concentrations of Oz in CTRL are
simulated to be reduced by 8—24% north of 30°N in DJF and by 12—
20% in a large fraction of China in MAM. The similar percentage
reductions in O3 are also found in JJA and SON, but the reductions in
these two seasons occur mainly over the polluted areas.

7. Uncertainties with model results

The results presented in previous sections indicate that het-
erogeneous reactions have large impacts on surface-layer O3 in
China. These results rely on the assumed uptake coefficients, some
of which have large uncertainties. For example, Macintyre and
Evans (2010) showed high sensitivity of O3 to value of yy,q, be-
tween 0.001 and 0.02; O3 burden over 30—90°N is simulated to

0.2 T T T T

increase by 7% as yy,o, is varied from 0.02 to 0.001. Furthermore,
we follow the study of Thornton et al. (2008) to assume 7y, to be
calculated as a function of temperature, relative humidity, and
particle size for all aerosol species (Section 2.2) except that a value
of 0.07 is specified for sulfate/nitrate/ammonium aerosols in the
continental boundary layer. As a result, the calculated vy, is in the
range of 0.005—0.05 over eastern China. Recent study of Mao et al.
(2013) suggested a new vy, of 1.0 to produce H,O in the presence
of dissolved Cu and Fe  through reactions of
HO; + HO; = H,0;, + 09, HO, + H,0, —OH + O, + H,0, and
HO, + OH— 0, + H,0 instead of the uptake of HO; to form H,0,
listed in Table 1. With the uptake of HO, by aerosols alone, Mao
et al. (2013) simulated an annual mean reductions in O3 by 11—
15 ppbv over eastern China in 2005 (east of 100°E), which are much
larger than the reductions of 1—5 ppbv by the uptake of HO; in our
study. We also note that in our simulation of the impacts of aerosols
on gas-phase photolysis rates, aerosol species are treated as an
external mixture in the calculation of aerosol optical properties. As
shown by Liao et al. (1999), an external mixture of BC with scat-
tering aerosols leads to smaller reductions in photolysis rates than
an internal mixture.

Uncertainties in model results also arise from the simulated
aerosol concentrations. In our study, sulfate concentrations are
underestimated by 31% and nitrate concentrations are
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overestimated by 61% (Section 3.3), which indicate that the total
impact on O3 concentrations by secondary inorganic aerosols are
probably reasonable because of the assumed same uptake co-
efficients on these two aerosols and the same optical properties
(refractive index) of sulfate and nitrate used in the calculation of
photolysis rates. Considering that concentrations of OC are under-
estimated by about 69% in this work (Fig. 3), we perform sensitivity
simulations to see how the impacts of aerosols on O3 may change
with increased OC emissions (EMIS—CTRL). As OC emissions are
increased from default values to 5 times the default values (emis-
sions of other aerosols or aerosol precursors are kept unchanged),
03 concentrations are simulated to decrease by less than 0.8 ppbv
over all the four polluted regions. This can be explained by that
N,Os is already depleted in the CTRL simulation (not shown) and
hence increases in OC in the atmosphere in simulation EMIS cannot
lead to large reductions in NO, and Os (Fig. 13). Moreover, the up-
take coefficient of HO; on OC (about 0.02 in Thornton et al., 2008) is
smaller than that on sulfate/nitrate/ammonium aerosols, which
also causes small changes in Os.

Note that the heterogeneous reactions on mineral dust aerosols
can influence O3 concentrations in China (Tang et al., 2004; Liao and
Seinfeld, 2005; Tie et al., 2005; Pozzoli et al., 2008; Fairlie et al.,
2010), especially in spring when dust concentrations are the
highest. For example, Tang et al. (2004) simulated decreases in O3
concentrations by 3—7% over eastern China during a dust event in
April 4—14, 2001, and Pozzoli et al. (2008) found that simulated
surface-layer O3 concentrations can be reduced by 2—3% by het-
erogeneous reactions on mineral dust aerosol over the TRACE-P
region in March of 2001.

8. Conclusions

We use the global chemical transport model GEOS-Chem to
quantify the impacts of aerosols (SO42~, NO;~, NH, ", BC, and OC)
on tropospheric O3 concentrations over China through heteroge-
neous reactions (including hydrolysis of N;Os, irreversible ab-
sorption of NO3 and NO, on wet aerosols, and the uptake of HO, by
aerosols) and changes in photolysis rates. Consideration of these
impacts of aerosols improves the simulated O3 concentrations in
China; the averaged biases in simulated O3 in China are +9%
and +33% with and without the impacts of aerosols, respectively.

The impacts of heterogeneous reactions on O3 are simulated to
exhibit large spatial and temporal variations. In DJF, the presence of
all heterogeneous reactions is simulated to reduce O3 concentra-
tions by 8—12 ppbv in northern China but to increase O3 concen-
trations by 3—6 ppbv in southern China. Reductions in O3
concentrations are found to occur all over China in other seasons,
with reductions exceeding 6 ppbv in a large fraction of China in
MAM and over eastern China in JJA and SON. On an annual mean
basis, the heterogeneous reactions are simulated to lead to re-
ductions in O3 in eastern China by 10—18%.

Different heterogeneous reactions play different roles in influ-
encing O3 concentrations in China. Both the hydrolysis of N,O5 and
the uptake of HO, are simulated to lead to reductions in 03. With
the assumed uptake coefficients in this work, the hydrolysis of N,Os
has a dominant role in reducing O3 concentrations in China. On the
contrary, the absorption of NO, and NOj3 is found to lead to in-
creases O3 concentrations by 3—10 ppbv in DJF and by up to 3 ppbv
in other seasons. The uptake of NO, and NOs by aerosols reduces
NOy but increases OH, leading to increases in O3 production in the
VOC-limited regions via enhanced HO; yield and accelerated con-
version of NO to NO,. Our model results also show that the uptake
of N,Os5 has large impacts on O3 nationwide whereas the impacts of
the absorption of NOy and HO, uptake are mainly found over the
polluted eastern China. The hydrolysis of N,Os leads to reductions

in O3 in China by reducing Os in the upstream areas in the middle
latitudes in the Northern Hemisphere.

The impact of aerosols on O3 concentration through heteroge-
neous reactions is characterized in this work by the ratio of change
in O3 concentration to local PM; 5 level (ROP = A[O3]/[PM;5]). The
locations of maximum reductions in O3 are not necessarily the
places of maximum aerosol concentrations; the annual mean
values of ROP are calculated to be -0.14, —0.17, —0.27,
and —0.16 ppbv (pg m~3)~! over the heavily polluted regions of
Beijing—Tianjin—Tanggu, Yangtze River Delta, Pearl River Delta, and
Sichuan Basin, respectively. The impacts of aerosols on O3 through
altering photolysis rates are simulated to be much smaller than the
effects of heterogeneous reactions in China.
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