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ABSTRACT

The Weather Research and Forecasting/Chemistry model (WRF-Chem) was updated by including pho-
toexcited nitrogen dioxide (NO2) molecules, heterogeneous reactions on aerosol surfaces, and direct emissions
of nitrous acid (HONO) in the Carbon-Bond Mechanism Z (CBM-Z). Five simulations were conducted to
assess the effects of each new component and the three additional HONO sources on concentrations of major
chemical components. We calculated percentage changes of major aerosol components and concentration
ratios of gas NO, (NOy,) to NO, and particulate nitrates (NO3 ) to NO, due to the three additional HONO
sources in the North China Plain in August of 2007. Our results indicate that when the three additional
HONO sources are included, WRF-Chem can reasonably reproduce the HONO observations. Heterogeneous
reactions on aerosol surfaces are a key contributor to concentrations of HONO, nitrates (NOj ), ammonium
(NHJ), and PMa.5 (concentration of particulate matter of <2.5 um in the ambient air) across the North
China Plain. The three additional HONO sources produced a ~5%-20% increase in monthly mean daytime
concentration ratios of NO3 /NO,, a ~15%-52% increase in maximum hourly mean concentration ratios
of NO3 /NOy, and a ~10%-50% increase in monthly mean concentrations of NO; and NHJ across large
areas of the North China Plain. For the Bohai Bay, the largest hourly increases of NO3 exceeded 90%, of
NHI exceeded 80%, and of PMs 5 exceeded 40%, due to the three additional HONO sources. This implies
that the three additional HONO sources can aggravate regional air pollution, further impair visibility, and
enhance the incidence of haze in some industrialized regions with high emissions of NO, and particulate
matter under favorable meteorological conditions.
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Introduction

observed (Su et al., 2008; An et al., 2009; Qin et al.,

Nitrous acid (HONO) is one of the major sources of
the hydroxyl radical (OH), which is the key oxidant in
the atmosphere. Direct emissions, gas-phase reactions,
and heterogeneous reactions are generally considered
as HONO sources, but the detailed formation mecha-
nism of HONO is still under discussion. High HONO

concentrations in urban or rural areas are frequently
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2009; Yu et al., 2009), but most current air-quality
models, such as WRF-Chem, cannot reproduce HONO
observations very well, particularly in the daytime, due
mainly to the only inclusion of gas-phase production of
HONO (Li et al., 2010; An et al., 2011; Li et al., 2011).
Recently, Sarwar et al. (2008) added HONO emis-
sions by using the HONO/NO,, emission ratio of 0.8%,
2NOy 4+ H30 + aerosol/ground surfaces — HONO
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+ HNOg, and HNOj3 (adsorbed) + hvy — 0.5HONO
(adsorbed) 4+ 0.5NO; (adsorbed) into the Community
Multiscale Air Quality model (CMAQ) (Foley et al.,
2009). HONO simulations were improved, but obvious
discrepancies between simulated and observed HONO
concentrations still existed in the daytime period (Sar-
war et al., 2008). Li et al. (2008) proposed a new pro-
duction mechanism of HONO through photoexcited
NOg chemistry (Rno2s, where S means photoexcited).
The importance of Ryoss is still argued (Crowley and
Carl, 1997; Wennberg and Dabdub, 2008; Sarwar et
al., 2009; Ensberg et al., 2010; An et al., 2011; Li
et al., 2011). For heterogeneous reactions, Li et al.
(2010) considered both aerosol and ground surface
reactions in WRF-Chem; however, field experiments
showed a good correlation between concentrations of
particulate matter and HONO (An et al., 2009), or
between aerosol surface area and HONO concentra-
tions (Ziemba et al., 2010), suggesting that aerosol
surface is the dominant reaction substrate and that
stationary sources (e.g., buildings and soils) are likely
insignificant (Ziemba et al., 2010). Additionally, Li
et al. (2010) used a relatively high emission ratio of
2.3% for HONO/NOx to calculate direct emissions of
HONO. This could lead to overestimation of HONO
concentrations in the air. Recently, Su et al. (2011)
have suggested that soil nitrites are a source of HONO
emissions, but nitrite concentrations in soils are gen-
erally low (Cleemput and Samater, 1996), and related
field observations are scarce. Based on the current un-
derstanding of HONO sources, An et al. (2011) and
Li et al. (2011) incorporated heterogeneous reactions
on aerosol surfaces (Rpet), an improved parameteriza-
tion scheme (see section 2.2) for direct emissions of
HONO (Rem), and Rno2s, which could be important
in areas where NO, emissions are elevated (e.g., the
North China Plain), into WRF-Chem and found that
the three additional HONO sources (i.e., RNo2s, Rhet,
and Ry, ) significantly improved HONO simulations in
comparison with observations from differential optical
absorption spectroscopy (DOAS) (Zhu et al., 2009),
particularly in the daytime.

The purpose of this study was to compute the con-
tributions of Rno2s, Rhet, Rem, and the three addi-
tional HONO sources (Rxo2s, Rhet, and Rep) to con-
centrations of major chemical components and to esti-
mate percentage enhancements of major aerosol com-
ponents (i.e., NO3, NH, SO?L_, and also PMs 5) due
to the three additional HONO sources in the North
China Plain, where emissions of NO, and particulate
matter (PM) are high (Zhang et al., 2009). Changes
were calculated in concentration gas ratios of NO,
(i.e., NOyg = NO + NO3 + NO3 + PAN + HNO3 +
HONO + HNO4 + N205) to NOy (i.e., NOy = NOyg +

particulate nitrates) and particulate nitrates (NO3') to
NO, due to the three additional HONO sources. The
implications of these results were analyzed and were
discussed in section 3.

2. Methodology

2.1 WRF-Chem model setup

The WRF-Chem version 3.2.1 (Grell et al., 2005;
Fast et al., 2006) was utilized in this study. Physical
and chemical schemes for simulations followed those
of An et al. (2011) and Li et al. (2011). Two nested
domains were used in the simulation; domain 3 cov-
ered the North China Plain (An et al., 2011; Li et
al., 2011). We used 28 vertical model layers from the
ground to ~50 hPa, with the first layer 28 m above the
ground. Initial and boundary conditions for meteoro-
logical fields were obtained from NCEP reanalysis data
applied to nudging every 6 h, and initial and bound-
ary conditions for chemical fields were constrained us-
ing the output of the Model for Ozone and Related
chemical Tracers,version 4 (MOZART-4) (Emmons et
al., 2010) every 6 h. Anthropogenic emissions of sulfur
dioxide (SO2), nitrogen oxides (NO,,), carbon monox-
ide (CO), volatile organic compounds (VOCs), PMjy,
PMs 5, black carbon (BC), and organic carbon (OC)
were taken from Zhang et al. (2009), and those of NHj
were adopted from Streets et al. (2003). Changes in
NH3 emissions between 2000 and 2006 were insignif-
icant (Zhang et al., 2009). Biogenic emissions were
computed on the basis of the work of Guenther et al.
(1993) and Simpson et al. (1995). Five model simula-
tions (cases A, B, C, R, and E) were conducted to cal-
culate contributions of each component as well as the
three additional HONO sources to concentrations of
major chemical components in percentage change con-
centrations of NO;, NHZLL7 SOZf, and PMs 5, and con-
centration ratios of NO,,/NO, and NO3 /NO,, due to
the three additional HONO sources in the North China
Plain in August 2007. Case R used the Carbon-Bond
Mechanism Z (CBM-Z) and the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) (Za-
veri et al., 2008). Cases A, B, C, and E were extensions
of case R by inclusion of RNo2s, Rem, Rhet, and the
three additional HONO sources (Rno2s + Rhet + Rem),
respectively (see section 2.2, Table 1).

2.2 Parameterization of the three additional
HONO sources

For Rpet (NO2 —0.5 HNOs+ 0.5 HONO), we fol-
lowed the recommendation of Jacob (2000):

r 4\t
khc = Sa < b + ) )
‘ Ds  uy



NO. 1

Table 1. Five simulated scenarios used in this research

Case Photo-excited NO2 chemistry HONO emissions
R
A v
B v
C
E v v

where kpe; denotes the first-order rate constant and
S, is the aerosol surface area per unit volume of air.
S, was derived from aerosol mass concentrations and
number density in each bin set by the MOSAIC mod-
ule. Aerosols considered in MOSAIC are composed of
sulfate, nitrate, ammonium, chloride, sodium, other
inorganics, organic carbon (OC), elemental carbon
(EC), and water. r, represents the particle radius (m).
D, denotes gas molecular diffusion coefficients esti-
mated as 107° m? s7! (Dentener and Crutzen, 1993).
u is the mean molecular speed of NOy (m s™1). ~
denotes the uptake coefficient of NOg, taken as 10~4
(Jacob, 2000).
HONO emissions (Rep,) were computed using

Rem = [0.023 x fov +0.008 x (1 = fov)] x frs

where fpy stands for the NO, emission ratio of diesel
vehicles to total vehicles. The averaged fpy was 62%
in China in 2006 (Li et al., 2011). frs is the NO,
emission ratio of the traffic source to all anthropogenic
sources. The value of 0.8% has been suggested by
Kurtenbach et al. (2001) and was used by Aumont
et al. (2003), Sarwar et al. (2008), and An et al
(2009). A fraction of 2.3% of the NO, emitted in diesel
exhaust can be heterogeneously converted to HONO
(Gutzwiller et al., 2002), and this fraction was utilized
in this research. Rpe; and Ryoos were added to the
CBM-Z mechanism, as introduced by Li et al. (2011).

3. Results and discussion
3.1

Comparison of simulations and observa-
tions

HONO concentrations measured by DOAS in Bei-
jing on 13-25 August 2007 were obtained from Zhu et
al. (2009). Ozone (O3), NO,, and PM; were simulta-
neously monitored at the 325-m meteorological tower
in Beijing (Li et al., 2011). Li et al. (2011) demon-
strated good agreement between Oz and NOgy mea-
surements from DOAS and the O3 and NO; analyzers
in Beijing. The correlation coeflicients were 0.97 for O3
and 0.83 for NOs. Compared with gas-phase reactions
(case R), the inclusion of Rpet, Rem, and Ryoss in
WRF-Chem (case E) led to significant improvements
in HONO simulations of measurements at the 325-m
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NO2 heterogeneous production  Gas-phase production

v v
v

meteorological tower in Beijing (Fig. la and Table 2).
For example, the root mean square error was reduced
by ~50%, and the correlation coefficient improved to
0.97 from 0.19 (Table 2). However, HONO simulations
for case E were overestimated by comparison with ob-
servations due to overprediction of PM observations
(Fig. 1d) and the exclusion of HO2 heterogeneous re-
actions on aerosol surfaces. The HOs heterogeneous
loss on aerosol surfaces (2 HO3 — HyO3) considered
in Li et al. (2011) lowered HONO simulations when
Fig. 1a of this study was compared to Fig. 6a in Li et
al. (2011). The uncertainty of the heterogeneous up-
take coefficient of HOy was high (Thornton and Ab-
batt, 2005), and the reaction of 2 HOy —H30, was
not a source of HONO, so the HO5 heterogeneous re-
action was excluded from this research and will be
investigated in the near future. The three HONO
sources can improve daytime Os simulations, espe-
cially the peak concentrations. Daytime mean value
of O3 was enhanced by 2.5 ppb, and the maximum
hourly value was enhanced by 21 ppb (35%) at 1200
LST 16 August. NOz nighttime simulations improved
significantly, with the mean value reduced by 5.4 ppb,
mainly due to the heterogeneous reaction on aerosol
surfaces (Li et al., 2011). PM;o simulations for cases
E and R were reasonable in most cases, except for
the period 21-25 August (Fig.1d). For this period,
PMj simulations for cases E and R were substantially
overestimated (Fig. 1d), and further investigation was
needed. The calculated mean nitrate concentration for
case R was 20.13 ug m~3, while that for case E was en-
hanced to 26.94 pg m~3 due to the additional HONO
sources. NO3 peaks were significantly enhanced, sim-
ilar to the results of Li et al. (2010).

3.2 Impacts of each and the three additional
HONO sources on major gas components

Rno2s was shown to enhance the monthly mean
daytime (~0700-1900 LST) HONO by a maximum of
60 ppt (Table 3), being lower than 100 ppt in the East-
ern and Western United States (Sarwar et al., 2009).
Rno2s and photolysis of HONO can produce more OH,
which reacts with VOCs to yield more HO5. More HO9
can accelerate conversion of NO to NOs and result
in more O3 (Table 3). On the other hand, increases
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Fig. 1. Comparison of simulated concentrations of (a) HONO, (b) Os, (c¢) NO2, (d) PMio, and (e) NO3
for cases E and R with observations from the 325-m meteorological tower in Beijing on 13-25 August 2007.

No observations were available for NO5 .

in OH can lead to HNOj3 enhancements through the
reaction of NOy + OH — HNOj3. The reaction of
HNO3; + NH3 — NH4NOj3 yields noticeable increases
of NO; and NHJ, with a maximum of 3.0 pg m—3
(Table 3). Rem produces greater increases of HONO
in the nighttime (2000-0600 LST) than in the day-
time (Table 3) due to daytime photolysis of HONO.
Ryt plays a pivotal role in the formation of HONO,
NOj3, NHf and PMy 5 in both daytime and night-
time: Rpet yielded an increase of 3.4 ppb of maximum
monthly mean nighttime HONO, maximum monthly
mean daytime NOj was enhanced to 13.3 ug m~— and
maximum monthly mean daytime PMs 5 was enhanced
to 18.1 ug m~3 (Table 3). When the three additional
HONO sources were considered, the largest increases
in monthly mean daytime were 0.6 ppb for HONO, 4.0
ppt for HOg, 17.0 pug m=3 for NO3, 5.5 pg m~3 for
NH;, and 23.9 pg m~3 for PMy 5 (Table 3). For O
simulations the three additional HONO sources lead

to ~1-20 ppb increases in maximum hourly averages
(Fig.2a) and ~1-4.9 ppb enhancements of monthly
daytime averages (Fig.2b), with maximum values lo-
cated areas of elevated emissions in the North China
Plain or along the Bohai Bay (see discussion in section
3.3).

3.3 Impacts of the three additional HONO
sources on major aerosol components

Percent changes in concentrations of air pollutants
due to the three additional HONO sources were de-
fined as (Cgp — Cr)x100%/CRr, where Cg and Cgr
denote concentrations of air pollutants for cases E
and R, respectively. The three additional HONO
sources (RNoO2s, Rhet, and Rep) resulted in ~10%-—
50% enhancements of NO3, ~10%-40% increases of
NHj, ~6%15% enhancements of SO3~, and ~3%-
12% increase of PMs 5 in major cities of the North

Table 2. Model performance statistics for HONO diurnal-averaged simulations of measurements at the 325-m meteoro-

logical tower in Beijing on 13-25 August 2007.

Case Observed mean (ppb) Simulated mean (ppb) NMB (%) RMSE (ppb) RC
R 1.02 0.08 —-92 1.10 0.19
E 1.02 1.12 29 0.66 0.97

Note: NMB, RMSE, and RC denote the normal mean bias, the root mean square error, and the correlation coefficient, respectively.
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Table 3. Maximum monthly mean daytime (0700-1900 LST) and nighttime (2000-0600 LST) enhancements of Os,
HONO, OH, HO2, HNO3, NO3, NHJ, SO3~, PMa2.5, and NO3 /NO, due to photo-excited NOs chemistry (case A—case
R), direct emissions of HONO (case B—case R), heterogeneous reaction on aerosol surfaces (case C—case R) and the
three additional HONO sources (case E—case R). The unit of O3, HONO, and HNO3 is ppb, that of OH and HOg is
ppt, and that of NO3, NHI, SOZ‘, and PMy 5 is ug m~3, and that of NO; /NO, is %. A percentage change is shown
in parentheses, and a nighttime enhancement is shown behind a slash and its corresponding percentage change is shown
both behind a slash and in parentheses

Species Case A—case R Case B—case R Case C—case R Case E—case R
O3 2.0 (4.2) 0.4 (0.9) 3.4 (7.5) 4.9 (11.7)
HONO 0.06 (70.0) 0.09/1.0 (118.4/>200) 0.4/3.4 (>200/>200) 0.6/4.5 (>200/>200)
OH 0.03 (19.4) 0.01 (7.9) 0.09 (55.7) 0.1 (83.6)
HO- 0.7 (15.6) 0.3 (7.4) 3.2 (59.6) 4.0 (88.9)
HNOs3 0.2 (4.6) 0 02 (0.9) 0.5/0.2 (14.5/40.7) 0.8/0.2 (18.7/40.7)
NOZ 3.0 (7.0) 4 (1.6) 13.3/13.2 (47.7/47.6) 17.0/14.1 (53.9/51.0)
NH} 1.0 (6.2) 1 (1.5) 4.2/3.9 (34.5/35.1) 5.5/4.3 (39.7/38.1)
S02~ 0.3 (4.0) 2 (1.7) 1.5 (13.7) 1.8 (16.6)
PMa.s 4.5 (2.7) 7 (0.6) 18.1/17.5 (13.4/8.8) 23.9/18.8 (16.5/9.6)
NO3 /NO, 3.2/1.1 0 6/0.5 17.9/5.9 19.5/6.3

China Plain (i.e., Beijing, Tianjin, Baoding, and Shi- production of NO3, NH, SOi_, and PM5 5. By con-

jlazhuang; Fig. 3) where emissions of NO,, PM, NHs,
and SOy are high (Streets et al., 2003; Zhang et al.,
2009). Elevated emissions of NO, and PM produced
more HONO and HNOj3 through the reaction of Ryet in
both daytime and nighttime (Table 3). High emissions
of NO, further enhanced HONO through the reaction
of Rnoss in the daytime and direct emissions (Rem) in
both daytime and nighttime (Table 3). Enhancements
of HONO yielded more OH through the photolysis of
HONO, finally producing high Os (Fig.2). On the
other hand, increases of OH and HNOj3 together with
high emissions of NH3 and SO5 were favorable for the

trast, areas with relatively low emissions of NO,,, PM,
NHj;, and SO2 had low percentage increases of NOj,
HI, SO , and PMa 5 (Fig.3) and minor enhance-
ments of 03 (Fig. 2) due to minor increases of OH pro-
duced through the three additional HONO sources. In
the nighttime, Rje; produced large enhancements of
NO; and NHJ, with a maximum of ~40% (figures
not shown); however, increases of SO~ were <9%.
The largest hourly increases in NO3 and NH; usu-
ally ranged from 20% to 60%. Those of SO3~ and
PMs 5 were generally between 10% and 25% over most
areas of the North China Plain, except the Bohai Bay

113°E  114°E 115°E 116°E 117°E

[ppb]

5 10 15 20

3°E 114°E 115°E 116°E 117°E

[ppb]

0 1 2 3 4 5

Fig. 2. Largest enhancements of (a) daily maximum 1-h O3 and (b) monthly mean daytime (0700
1900 LST) enhancements of O3 due to the three additional HONO sources (case E—case R) in
August 2007.
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Fig. 3. Monthly mean daytime (0700-1900 LST) percentage increases of (a) NO3, (b) NHJ, (c)
80327, and (d) PM2 5 due to the three additional HONO sources in the North China Plain.

a) NO;
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Fig. 4. Largest hourly percentage increases of (a) NOj, (b) NHJ, (c) SO3™, and (d) PMa.5 due to
the three additional HONO sources in the North China Plain in August 2007.
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(Fig.4). For the Bohai Bay, the largest hourly en-
hancements of NO3, NHf, and PMa 5 >90%, 80%,
and 40%, respectively (Fig.4). Compared with inland
areas of the North China Plain, the Bohai Bay has low
heights of the atmospheric boundary layer (ABL) and
abundant moisture (An et al., 2011). Low heights of
the ABL can increase surface concentrations of air pol-
lutants (e.g., PM and NO,). Elevated PM concentra-
tions and abundant moisture can enhance the aerosol
surface area per unit volume through aerosol hygro-
scopic growth and lead to more production of HONO
and HNOjs through the reaction of Ry.i. Additionally,
high NO, concentrations and abundant moisture are
favorable for Rxo2s which produces OH and HONO
in the daytime. Large increases in HO, (OH + HO3)
concentrations due to the additional HONO sources
and high emissions of NH3 (Streets et al., 2003) re-
sulted in significant enhancements of NO; and NH,
which led to enhancements of PMy 5 (Table 3).

3.4 Impacts of the three additional HONO
sources on NO,,/NO, and NO; /NO,

For case R, high emissions of NO, led to

large monthly mean daytime concentration ratios of
NO,,/NO, in major cities over the North China Plain

(CaseR)

a) NO,/NO

y

c) NO§:’NOy (CaseR)
N

AN ET AL. 63

(e.g., Beijing, Tianjin, Baoding, and Shijiazhuang,
and other locations), with a maximum of 91% in Bei-
jing (Fig.5a). Spatial distribution of NO,,/NO, for
case E is very similar to that for case R (Fig.5b),
but NO,,/NO, showed no noticeable decreases when
Figs. ba and b were compared. By contrast, large con-
centration ratios of NO3 /NO,, with a maximum of
71%, were located in relatively low NO, emission ar-
eas (Fig.5c), because nitrates in the air mainly come
from chemical reactions. Increases in concentration
ratios of NO3 /NO, were obvious when Figs.5c and
d were compared. Differences between Figs.ba and b
and between Figs. 5¢ and d indicate that the three ad-
ditional HONO sources produced >5% of the monthly
mean daytime decreases in NO,z/NO, and >5% of
the monthly mean daytime increases in concentration
ratios of NO3 /NO, in large areas, with high emissions
over the North China Plain with a maximum decrease
of NO,,/NO, and a maximum increase of NO5 /NO,
of ~20% (Figs.5e and f). In the nighttime, Rpqt and
Rem led to ~3%-6% reductions in NO,,/NO, and
~3%-6% increments in NO3 /NO, in large areas of
the North China Plain (figures not shown). The max-
imum increases of NO3 /NO, in the daytime were
higher than those in the nighttime because Rnoa2s,
Rpet, and Rem in the daytime produced greater in-

113°E

114°E 115°E 116°E 117°E

_10

113°E 114°E  115°E 116°E 117°E [9%]

Fig. 5. Monthly mean daytime (0700-1900 LST) concentration ratios (%) of (a, b) NOyg to NO,
and (¢, d) NO3 to NO, for cases R and E, and differences (%) in the monthly mean daytime
concentration ratios of (e) NOyg to NO, and (f) NO; to NO, between cases E and R over the

North China Plain in August 2007.
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creases of NO3 than Rpe¢ in the nighttime (Table 3).
For hourly mean concentration ratios, the largest de-
creases of NO,; /NO, and the maximum increases of
NO; /NO,, were between 15% and 52% in most ar-
eas of the North China Plain, except the Bohai Bay
where the largest decreases of NO,s/NO, and the
maximum increases of NO; /NO, reached 52% (fig-
ures not shown) due to low heights of the ABL and
rich moisture.

Substantial increases in monthly mean concentra-
tions, maximum hourly mean concentrations of aerosol
components, particularly NO3 and NHZLL, noticeable
increases in monthly mean concentration ratios and
the maximum hourly mean concentration ratios of
NO3 /NO, due to the three additional HONO sources
have significant implications. High emissions of NO,
and PM produce elevated concentrations of HONO
or HNOg3 through Ry or Rno2s or Rpet. Elevated
HONO concentrations can yield more OH radicals in
the daytime, leading to more formation of O3, NOg,
NHZL"7 SO?L_ and PMs 5 under high emissions of NO,,
NH;s, and SOs. At night, Ry and the reaction of
HNO3 + NH3 — NH4NO3 result in increases of NO3,
NHZLL, and PMs 5. Compared with that of gas HNOs,
NHj, and SO,, dry deposition velocity of NO3, NH)LL7
and SOZ_ is small (Zhang et al., 2004), so NO3 , NHZL"7
and SO?L_ are favorable for long-range transport which
aggravates regional air pollution. On the other hand,
elevated concentrations of NO3, NHJ, and SO~ to-
gether with their hygroscopic growth can cause visi-
bility impairment and enhance the incidence of haze
under stagnant weather conditions.

4. Conclusions

Three additional HONO sources (i.e., Rno2s, Rhet,
and Rep,) were incorporated into WRF-Chem and
five simulations were conducted over the North China
Plain in August of 2007. Results show that HONO
simulations were substantially improved when Ryxoa2s,
Rhpet, and Rep, were included in WRF-Chem (e.g., the
root mean square error decreased by ~50%, and the
correlation coefficient improved to 0.97 from 0.19).
Ryt significantly enhance concentrations of HONO,
NOj3, NHf, and PMy 5 in the North China Plain.
The three additional HONO sources yielded signifi-
cant increases in monthly mean concentrations of ma-
jor aerosol components, particularly NO; and NH,
with a maximum of ~50%, in major cities of the
North China Plain (i.e., Beijing, Tianjin, Baoding, and
Shijiazhuang). The three additional HONO sources
produced ~5%-20% increases in monthly mean con-
centration ratios of NO; /NO,, ~15%-52% increases
in the largest hourly mean concentration ratios of

NO3; /NO,, and ~20%-60% hourly increases of NO3
and NHJ in most areas of the North China Plain ex-
cept the Bohai Bay, where largest hourly enhance-
ments of NO;, NH, and PMa s >90%, 80%, and
40%, respectively. These results have important im-
plications for atmospheric projections in that regional
air pollution will be aggravated, visibility will be im-
paired, and the incidence of haze will be increased in
some regions with elevated emissions of NO, and PM
under favorable weather conditions when the three ad-
ditional HONO sources are considered.

The uncertainty of Rpet comes mainly from the
heterogeneous uptake coefficient of NOg () and the
aerosol surface area per unit volume (S,). The ~
value ranges from 107¢ to 1072 (Jacob, 2000) and
can depend on air temperature, relative humidity, and
aerosol components. The modeling study conducted
by Bian and Zender (2003) used a v value of 4.4x107°
for mineral dust. A value of 10~* recommended by
Jacob (2000) was used for considered aerosols in this
research (see section 2.2). Field and laboratory experi-
ments need to be done to reduce the uncertainty of the
v values. The uncertainty of S, is closely related with
that of emission inventories, meteorological conditions,
and aerosol hygroscopic growth. For HONO emissions
we have considered the suggestions of both Kurtenbach
et al. (2001) and Gutzwiller et al. (2002), and we have
used a reasonable expression (Ren, see section 2.2).
The uncertainty of Rxog2s mainly originates from that
of the rate constant for the reaction of electronically
excited NOy with water. For this research, the mean
value of 9.1x107* c¢m?3 molecule™! s™! was used (Li
et al., 2011). Further experiments are required to re-
duce the uncertainty of the rate constant.
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