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Abstract

Predictions of nitrous acid from the Community Multiscale Air Quality modeling system are compared with the

measurements from the 2001 Northeast Oxidant and Particle Study. Four different sources of nitrous acid were considered

in the study: gas-phase reactions, direct emissions, a heterogeneous reaction, and a surface photolysis reaction. When only

gas-phase reactions were considered in the model, the diurnally averaged mean bias, the normalized mean bias, the root

mean square error, and the normalized mean error of the model were �1.01 ppbv, �98%, 1.05 ppbv, and 98%,

respectively. However, the diurnally averaged mean bias, normalized mean bias, the root mean square error, and the

normalized mean error of the model improved to �0.42 ppbv, �41%, 0.45 ppbv, and 41%, respectively, when all sources

were considered. Model results suggest that the heterogeneous reaction and the surface photolysis reaction are the most

important sources of nitrous acid in the atmosphere, accounting for about 86% of the predicted nitrous acid. Emissions

and the gas-phase reactions were relatively minor sources and accounted for only 14% of the predicted nitrous acid. Model

predictions suggest that the heterogeneous reaction is the most significant source of nitrous acid at night, while the surface

photolysis reaction is the most significant source during the day. The addition of these sources increased the diurnally

averaged hydroxyl radicals and ozone by 10% and 1.4 ppbv, respectively.

Published by Elsevier Ltd.

Keywords: Nitrous acid; Homogeneous reaction; Heterogeneous reaction; Surface photolysis reaction; Emissions
e front matter Published by Elsevier Ltd.

mosenv.2007.12.065

ing author. Tel.: +1 919 541 2669;

1379.

ess: sarwar.golam@epa.gov (G. Sarwar).

ip with National Exposure Research Laboratory,

ntal Protection Agency, RTP, NC 27711, USA.
1. Introduction

Since the first identification of nitrous acid
(HONO) in the atmosphere (Perner and Platt,
1979), its presence has been observed in many urban
and rural environments (Harris et al., 1982; Lammel
and Perner, 1988; Appel et al., 1990; Vecera and
Dasgupta, 1991; Febo et al., 1993; Winer and
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Biermann, 1994; Zhou et al., 2002). For example,
Vecera and Dasgupta (1991) measured HONO
mixing ratios in Lubbock, Texas, and reported that
the nighttime mixing ratios ranged between 1.0 and
2.0 parts per billion by volume (ppbv), while the
daytime mixing ratios ranged between 100 and 500
parts per trillion by volume (pptv). Febo et al. (1993)
measured HONO mixing ratios of up to 10ppbv in
Milan, Italy. Winer and Biermann (1994) measured
HONO mixing ratios of up to 15ppbv in southern
California. Zhou et al. (2002) performed ambient
measurements at a rural site in New York and
reported a daytime HONO mixing ratio of 60pptv.
Most studies suggest that the observed HONO
mixing ratios are greater at night than during the
day.

The importance of HONO chemistry in produ-
cing hydroxyl radical (OH) is well known
(Winer and Biermann, 1994; Harrison et al., 1996;
Alicke et al., 2002, 2003; Acker et al., 2006).
Winer and Biermann (1994) reported that the
photolysis of HONO was responsible for the large
OH formation rate in the early morning hours
in southern California. Alicke et al. (2002) measured
ambient HONO and other chemical species in
Milan, Italy, and suggested that the photolysis
of HONO was the most significant source of
OH during the first 4–6 h after the sunrise. On a
daily basis, the photolysis of HONO contributed
up to 34% of total OH formation. Alicke et al.
(2003) measured ambient HONO near Berlin,
Germany, and also suggested that the photolysis
of HONO was the most significant source of OH
in the early morning hours. The photolysis of
HONO provided as much as 20% of daily
integrated OH. Acker et al. (2006) measured
HONO at a rural site in Germany during summer
2002 and 2004 and reported that the photolysis of
HONO produced 42% of the integrated photolytic
HOx (OH+HO2) formation (HO2 ¼ hydroperoxy
radical).

While the effect of HONO on OH is well known,
the chemical reactions producing HONO are not
well understood. Most air quality models employ
only homogeneous chemical reactions for HONO.
For example, the most updated Carbon Bond
(CB05) chemical mechanism contains five homo-
geneous reactions related to HONO (Yarwood
et al., 2005):

NOþNO2 þH2O! 2:0HONO; k ¼ 5:0� 10�40,

(1)
NOþOH! HONO;

k ¼
k0½M�

ð1þ k0½M�=k1Þ

� �
0:6f1þ½log10ðk0½M�=k1Þ�

2g�1 , (2)

k0 ¼ 7:0� 10�31
T

300

� ��2:6
,

k1 ¼ 3:6� 10�11
T

300

� ��0:1
,

HONOþ hg! NOþOH; J ¼ 0:002 s�1, (3)

OHþHONO! NO2 þH2O;

k ¼ 1:8� 10�11eð�390=TÞ;
(4)

HONOþHONO! NOþNO2 þH2O;

k ¼ 1:0� 10�20, (5)

where NO is nitric oxide, NO2 is nitrogen dioxide,
H2O is water vapor, k is the expression for a rate
constant, T the temperature in K, M the total
pressure in molecules cm�3, and J the photolysis rate
at a latitude of 401N (typical summer noon).
Chemical reactions in other widely used atmospheric
chemical mechanisms are also similar. For example,
the Carbon Bond IV (CB-IV) mechanism also
contains the same five chemical reactions for HONO
(Gery et al., 1989). The Statewide Air Pollution
Research Center (SAPRC-99) mechanism contains
four chemical reactions for HONO (Carter, 2000).

Several studies have indicated that the following
heterogeneous reactions can play a significant role
in HONO chemistry (Svensson et al., 1987; Calvert
et al., 1994; Ammann et al., 1998; Kleffmann et al.,
1998; Aumont et al., 2003):

NOþNO2 þH2O! 2HONO; (6)

NO2 þ aerosol surface

! HONOþ oxidized aerosol surface; (7)

2NO2 þH2O! HONOþHNO3; (8)

where NO is nitric oxide and HNO3 is nitric acid.
The heterogeneous reaction involving NO, NO2,
and H2O (reaction (6)) has been studied extensively;
its reported rate constant is quite uncertain and
varies by two orders of magnitude based on current
literature (Cai, 2005 and the references therein).
However, Kleffmann et al. (1998) suggest that it
is not a significant contributor to HONO. Ammann
et al. (1998) suggest that the reaction of NO2 on
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Fig. 1. Modeling domain used in the study.
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a fresh soot surface can produce HONO in the
atmosphere (reaction (7)); however, the recent
studies indicate that it may not be an important
pathway for HONO production in the atmosphere
since surface deactivation occurs within a few
minutes (Kleffmann et al., 1999; Arens et al., 2001).

Recent studies also suggest the possibility of the
production of HONO via surface photolysis (Zhou
et al., 2001, 2002, 2003; Vogel et al., 2003; Acker
et al., 2006). Zhou et al. (2001) performed labora-
tory experiments and ambient measurements at a
special trailer site in Alert, Canada, and indicated
that a significant formation of HONO occurs via
photochemical production in the snowpack. Zhou
et al. (2002) suggested the existence of a strong
daytime HONO source and proposed that the
photolysis of adsorbed HNO3 produces the daytime
HONO. Acker et al. (2006) reported elevated
daytime HONO mixing ratios and also suggested
the existence of an unknown daytime HONO source
in the atmosphere.

Studies have indicated that air quality models
that take into account only the homogeneous
reactions are not adequate to explain the observed
ambient HONO mixing ratios (Moussiopoulos
et al., 2000; Vogel et al., 2003). Moussiopoulos
et al. (2000) used a multilayer photochemical
dispersion model to investigate the role of hetero-
geneous sources on HONO. They applied the model
to simulate HONO in Milan, Italy, and concluded
that heterogeneous reactions were primarily respon-
sible for producing HONO; homogeneous reactions
did not contribute significantly. Vogel et al. (2003)
used a one-dimensional model to study the relative
importance of various HONO sources. They ap-
plied the model to simulate air quality at a site in
Germany and indicated that direct emissions and
heterogeneous reactions were the most important
sources of HONO at night. The predicted HONO
mixing ratios were lower than the observed data
during the day. When they added an artificial
photolytic source of HONO to the model, the
predicted HONO mixing ratios increased during the
day and agreed with the observed data. The use of
three-dimensional air quality models to study
HONO chemistry is limited. The objective of this
study is to use a three-dimensional air quality model
to evaluate the model performances for HONO by
comparing the model predictions with measure-
ments from the Northeast Oxidant and Particle
Study (NEOPS) and to assess the relative impor-
tance of four different HONO sources: direct
emissions, homogeneous reactions, heterogeneous
reactions, and surface photolysis.
2. Methodology

Model simulations were performed using the
Community Multiscale Air Quality (CMAQ) mod-
eling system (version 4.6; Binkowski and Roselle,
2003; Byun and Schere, 2006). The modeling
domain consisted of 124� 108 horizontal grid cells
over the eastern United States with 12-km grid
spacings and 14 vertical layers of variable thickness
between the surface and 100mb (Fig. 1). The
CMAQ chemical transport model was configured
to use the mass continuity scheme to describe
advection processes, the Asymmetric Convective
model version 2 (ACM2) (Pleim, 2007) to describe
vertical diffusion processes, the multiscale method
to describe horizontal diffusion processes, and an
adaptation of the ACM algorithm for convective
cloud mixing. Aqueous chemistry, aerosol pro-
cesses, and dry and wet deposition were also
included. The meteorological driver for the CMAQ
modeling system was the PSU/NCAR MM5 system
(version 3.5; Grell et al., 1994). Initial and boundary
conditions for this study were obtained from a
larger modeling domain consisting of 148� 112 grid
cells with a 36-km grid spacing for the continental
United States. Model simulations were performed
using the CB05 mechanism for 1–30 July 2001 with
a spin-up period of 7 days.

The 1999 National Emissions Inventory (version 3)
grown to 2001 was used to generate model-ready
emissions using the Sparse Matrix Operator Kernel
Emission (SMOKE) (Houyoux et al., 2000). The
Biogenic Emissions Inventory system (version 3.13)



ARTICLE IN PRESS
G. Sarwar et al. / Atmospheric Environment 42 (2008) 5760–5770 5763
was used to prepare biogenic emissions for the study
(Schwede et al., 2005).

2.1. Direct emissions

Thermodynamics and kinetics are not conducive
for HONO formation in combustion systems (Calvert
et al., 1994). However, HONO can form in combus-
tion systems as the temperature of the combustion
products is decreased. Measurements of HONO
emissions from combustion systems are somewhat
limited. Most studies have focused on the measure-
ments of HONO emissions from motor vehicles. Only
a few studies focused on HONO emissions from other
combustion sources. For example, Wormhoudt et al.
(2007) measured oxides of nitrogen (NOx) and
HONO emissions in aircraft exhausts and reported
that HONO emissions can range up to 7% of the
NOx emissions. HONO formations from indoor
combustion sources (kitchen stoves, kerosene and
propane space heaters, etc.) have also been measured
(Pitts et al., 1989; Brauer et al., 1990).

Several studies have focused on HONO emissions
from motor vehicles. For example, Kessler and Platt
(1984) reported an emissions ratio of 0.01 for
HONO/NOx for a diesel engine. They also reported
an emissions ratio of o0.0001 and 0.0015 for
HONO/NOx for a gasoline engine at a fuel-rich
and fuel-lean operating condition, respectively.
Calvert et al. (1994) reported an emissions ratio of
o0.001 for HONO/NOx for a catalyst-equipped
gasoline engine vehicle. Kurtenbach et al. (2001)
measured HONO and NOx emissions from three
vehicles: a diesel engine powered truck, a diesel
engine powered passenger car, and a gasoline engine
powered passenger car. They reported an emissions
ratio of 0.008, 0.0066, and 0.0053 for HONO/NOx

for the truck, the diesel engine powered car, and the
gasoline engine powered car, respectively. Since
emissions of individual vehicle depend on engine
type and operating conditions, an alternative
approach has been used for estimating HONO
emissions from on-road motor vehicles. In such
approaches, ambient HONO, NOx, and other
appropriate parameters are measured in road
tunnels in order to derive an estimate of HONO
emissions. Kirchstetter and Littlejohn (1996) con-
ducted such an experiment in the Caldecott tunnel
in San Francisco, California, and reported a value
of 2.9� 10�3 for the HONO/NOx emissions ratio.
Kurtenbach et al. (2001) conducted a similar study
in the Wuppertal Kiesbergtunnel and reported a
value of 8� 10�3 for the same ratio. For this study,
HONO emissions were estimated using a value of
8� 10�3 for the HONO/NOx emissions ratio for on-
road and off-road vehicles. HONO emissions are
currently not used in the CMAQ modeling system.

2.2. Heterogeneous reactions

The heterogeneous reaction involving NO2 and
H2O (reaction (8)) has been shown to be important
for HONO production in the atmosphere (Svensson
et al., 1987; Kleffmann et al., 1998; Vogel et al.,
2003). Laboratory studies suggest that reaction
(8) is first order in NO2 (Finlayson-Pitts and Pitts,
2000) and can occur on aerosol and ground
surfaces. Following Kurtenbach et al. (2001), this
heterogeneous reaction is implemented into the
CMAQ modeling system with a rate constant of
3.0� 10�3S/Vm�1 (S/V is the ratio of surface area
to volume of air). Aerosol surface areas are generally
much smaller than ground surface areas; thus
aerosol surface areas are less effective in producing
HONO in the atmosphere via this heterogeneous
reaction. However, the heterogeneous reaction on
aerosol surfaces was also included in the model for
completeness. Ground surface areas provided by
leaves can be estimated using the leaf area index
(LAI). Jones (2006) suggests that the use of LAI
underestimates leaf surface areas by at least a factor
of two since it accounts only for areas on one side of
the leaves. Thus, the S/V ratios for leaves were
estimated as follows:

S=V ¼ 2 LAI=surface layer height in the model:

(9)

Buildings and other structures can also enhance
ground surface areas in urban environments. How-
ever, estimates of these areas are not readily
available. In the absence of such information, an
ad hoc approach was used to estimate the ground
surface areas for buildings and other structures in
urban environments. Svensson et al. (1987) studied
the kinetics of the reaction involving NO2 and H2O
and suggested a value of 0.2m�1 for typical urban
environments. They, however, also indicated that
some building materials may provide an order of
magnitude greater surface area than their simple
projected surface areas due to porosity and rough-
ness. For this study, the S/V ratio for buildings and
other structures at the grid cell with the highest
urban environment was assigned a value of 0.3m�1.
The S/V ratios for buildings and other structures for
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other urban environments were linearly scaled to this
S/V ratio by assuming that the values are propor-
tional to the percent urban area in any grid cell.
Using this procedure, the total S/V ratio for the grid
cell containing northeast Philadelphia was estimated
to be 0.28m�1, which is much lower than the value
of 1.3m�1 used by Cai (2005) for New York. HONO
produced via the heterogeneous reaction on ground
surfaces was released into the first layer of the model.

2.3. Surface photolysis

Zhou et al. (2003) recently conducted laboratory
experiments and suggested that adsorbed HNO3 on
surfaces can undergo photolysis to produce HONO
and NO2. Adsorbed HONO and NO2 are then
released into the atmosphere via desorption. A
simplified photolysis reaction producing HONO and
NO2 was added to the CMAQ modeling system
(reaction (10)). Adsorbed HNO3 on ground surfaces is
assumed to equal the amount of HNO3 accumulated
over time by dry deposition since the last precipitation
event. The model assumes that any precipitation event
cleanses the adsorbed HNO3; thus it is reset to zero
following the precipitation event.

HNO3ðadsÞ ! 0:5HONOðadsÞ þ 0:5NO2ðadsÞ;

(10)

where HNO3(ads) is adsorbed nitric acid, HONO(ads)
is adsorbed nitrous acid, and NO2(ads) is adsorbed
nitrogen dioxide. The reaction can also produce
adsorbed ground state oxygen atom and OH, which
have been neglected in the study.

Zhou et al. (2003) reported a photolysis rate of
1.3� 10�3min�1 at noontime tropical conditions
for the surface photolysis of adsorbed nitric acid.
The reported value is 24 times greater than the
CMAQ-estimated photolysis rate of gaseous HNO3

in the lowest layer of the model during summertime
conditions (latitude 101N). The surface photolysis
rate of adsorbed HNO3 was estimated as 24 times
the photolysis rate of gaseous HNO3 used in the
CMAQ modeling system. HONO and NO2 pro-
duced via the surface photolytic reaction was
released into the first layer of the model.

2.4. Establishing the model to measurement

comparisons

Model predictions were compared with measure-
ments from the NEOPS between 1 July and 30 July
2001 in northeast Philadelphia (Philbrick et al.,
2002). The measurement site was located at the City
of Philadelphia’s Baxter water treatment plant
between the US Interstate 95 and the Delaware
River (4012.140N 7510.280W, Fig. 1). The site can be
characterized as an urban area and is situated about
13 km northeast of the city center. Ambient mixing
ratios of HONO and other chemical species were
continuously measured during the study. HONO
mixing ratios were measured using an ion chroma-
tography technique that has a detection limit in the
sub-pptv range and an accuracy of about 5%
(Simon and Dasgupta, 1995; Dasgupta, 2007).
Measured data from the study were averaged on
an hourly basis and used to calculate an average
diurnal profile. The mean bias (MB), normal mean
bias (NMB), root mean square error (RMSE), and
the normal mean error (NME) of the model’s
average diurnal profiles were calculated using
Eqs. (11)–(14) (Eder and Yu, 2006):

MB ¼
1

N

XN

1

ðCm � CoÞ, (11)

NMB ¼

PN
1 ðCm � CoÞPN

1 Co

, (12)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

1

ðCm � CoÞ
2

vuut , (13)

NME ¼

PN
1 jCm � CojPN

1 Co

, (14)

where Cm is the average predicted diurnal profile,
Co the average observed diurnal profiles, and N the
sample size.

The performance of the meteorological driver for
CMAQ (MM5) proved to be within state-of-science
capabilities. Gilliam et al. (2006) evaluated the
MM5 model performances for summer 2001 by
comparing the predicted meteorological fields with
observed data from the National Center for Atmo-
spheric Research. The MB, the mean absolute error
(MAE), and the index of agreement (IA) for
simulated 2-m air temperature for northeast US
were 0.67K, 2.43K, and 0.93, respectively. The MB,
the MAE, and the IA for predicted wind speed for
the northeast US were �0.12m s�1, 1.21m s�1, and
0.46, respectively. The MM5-predicted model per-
formances at a specific northeast Philadelphia
meteorological observation site were generally
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better than those of the entire northeast US
collectively. For example, the MB, the MAE, and
the IA for predicted water mixing ratio at northeast
Philadelphia were 0.31 g kg�1, 1.61 g kg�1, and 0.74,
respectively. The MB, the MAE, and the IA for
predicted air temperature at this site were 0.31K,
1.50K, and 0.92, respectively. The MB, the MAE,
and the IA for predicted wind speed at the site were
�0.28m s�1, 0.96m s�1, and 0.53, respectively. Air
temperature and wind speed during the month
ranged between 288 and 307K, and 2 and 9m s�1,
respectively. The mean air temperature in July 2001
was within 0.2K of the 30-year average temperature
(July) for the area. Meteorological conditions
during the study period were generally representa-
tive of the summer season of the area.

Four different model simulations (cases A–D)
were performed to assess the effects of various
HONO sources on the predicted HONO. Case A
used emissions that are typically used in the current
CMAQ modeling system and the standard CB05
mechanism. Case B used HONO emissions along
with emissions that were used in case A and the
CB05 mechanism. Case C used emissions that were
used in B, the CB05 mechanism, and the hetero-
geneous reaction (8). Case D used emissions that
were used in C, the CB05 mechanism, the hetero-
geneous reaction (8), and the surface photolysis
reaction (10).

3. Results and discussion

The model performances for ozone, aerosol
sulfate, aerosol nitrate, ammonium, and fine parti-
cles (PM2.5) are shown in Table 1 (case A). The
mean predicted ozone was greater than the mean
observed ozone; thus the model was biased positive.
The MB for ozone was 2.6 ppbv, the NMB was
Table 1

Model performance statistics for selected chemical species at northeast P

for case A)

Species Mean observed

(ppbv or mgm�3)
Mean model (ppbv

or mgm�3)
MB

mg

Ozone 36.9 39.4 2

Aerosol sulfate 5.4 5.2 �0

Aerosol nitrate 0.4 0.5 0

Ammonium 2.1 1.8 �0

PM2.5 11.8 12.8 1

Note: Unit of ozone in ppbv, units of aerosol sulfate, aerosol nitrate, a
6.9%, the RMSE was 7.3 ppbv, and NME was 18%.
The mean predicted aerosol sulfate was lower than
the mean observed value by 0.2 mgm�3. The MB for
aerosol constituents ranged between �0.3 and
1.0 mgm�3, the NMB between �13% and 19%,
the RMSE between 0.3 and 2.5 mgm�3, and the
NME between 8.8% and 46%. With the exception
of aerosol nitrate, the NMB and NME for each of
the aerosol constituents were less than 13% and
20%, respectively. The overprediction of aerosol
nitrate is caused by high values of the uptake
coefficient for the heterogeneous reaction involving
dinitrogen pentoxide and H2O used in the
model and was not the focus of the present study.
With the exception of aerosol nitrate, the model was
capable of reproducing the chemical species shown
in Table 1 at the NEOPS site.

The mean observed HONO was 1.04 ppbv for the
study period (Table 2). The mean predicted value
for case A was about 35 times lower than the
observed value. Thus, HONO was significantly
underpredicted compared to the observed data.
The MB and NMB for HONO were �1.01 ppbv
and 98%, respectively. The RMSE and NME for
HONO were 1.05 ppbv and 98%, respectively.
While the MB for case A was similar to some of
the chemical species shown in Table 1, the NMB
and NME were much larger than for any chemical
species shown in Table 1.

The average predicted and observed diurnal
HONO mixing ratios are presented in Fig. 2. The
observed HONO was greater at night than during
the day and remained relatively constant from
midnight to 7 am, then decreased from 7 am to
7 pm, then increased. The predicted HONO for case
A from midnight to 6 am was only about 0.01 ppbv,
then increased and peaked around noon, and then
continuously decreased. The predicted HONO for
hiladelphia (observed data are taken from NEOPS, model results

(ppbv or

m�3)

NMB (%) RMSE (ppbv

or mgm�3)
NME (%)

.6 6.9 7.3 18

.2 �3.7 0.7 8.8

.1 19 0.3 46

.3 �13 0.6 20

.0 8.1 2.5 18

mmonium, and PM2.5 are in mgm�3.
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Table 2

Model performance statistics for HONO at northeast Philadelphia (observed data are taken from NEOPS)

Cases Mean observed

(ppbv)

Mean model

(ppbv)

MB (ppbv) NMB (%) RMSE (ppbv) NME (%)

A 1.04 0.03 �1.01 �98 1.05 98

B 1.04 0.08 �0.96 �92 0.99 92

C 1.04 0.46 �0.57 �55 0.60 55

D 1.04 0.62 �0.42 �41 0.45 41

Fig. 2. A comparison of predicted diurnal HONO with observed

data from the NEOPS. Note: log scale for HONO.
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case A peaked during the day, while the observed
data peaked at night. The average predicted and
observed HONO mixing ratios during daytime
and at night are also presented in Table 3. The
maximum predicted HONO occurred during the
day, while the maximum observed HONO occurred
at night (Fig. 2 and Table 3). The average predicted
HONO for case A was two orders of magnitude
lower than the observed data at night and 21 times
lower during the day. Contrary to the observed
data, the predicted HONO mixing ratio for case A
was greater during the day by a factor of four over
the mixing ratio at night. Thus, the model failed to
capture the magnitude and the diurnal variability of
the observed data.

When HONO emissions were added to the model
(case B), the predicted HONO mixing ratio in-
creased at night, and was slightly higher than during
the day. However, the predicted HONO mixing
ratio was still lower than the observed data by a
large margin both at night and during the day. The
predicted HONO mixing ratio for case B during the
day increased by only a small amount compared to
case A, due to its high photolysis rate and higher
mixing heights during the day. The average pre-
dicted HONO for case B was lower than the
observed data by 12 times at night as well as during
the day. The NMB and NME for case B improved
to �92% and 92%, respectively.

When the heterogeneous reaction was also added
to the model (case C), predicted HONO mixing
ratios further increased. The mean predicted value
improved to 0.46 ppbv. The average predicted night
value reached to within 60% of the observed data at
night. While the predicted HONO mixing ratios
with case C during the day were greater than those
with case B, the predicted values were still
significantly lower than the observed data during
the day. The average predicted daytime HONO
mixing ratio was 4.2 times lower than the observed
data. The MB, NMB, RMSE, and NME for case C
improved to �0.57 ppbv, �55%, 0.60 ppbv, and
55%, respectively.

When the surface photolysis of adsorbed HNO3

was also added to the model (case D), the predicted
HONO mixing ratios increased during the day due
to the increased HONO production. The mean
predicted value improved to 0.62 ppbv. The average
predicted daytime value reached to within 80% of
the observed data. The MB, NMB, RMSE, and
NME for case D improved to �0.42 ppbv, �41%,
0.45 ppbv, and 41%, respectively.

The relative contribution of these sources to
predicted HONO is shown in Fig. 3. The hetero-
geneous reaction (Eq. (8)) was the largest contri-
butor, representing, on average, 54% of the
predicted HONO. It contributed up to 90% of the
predicted HONO at night, while its contribution
was much lower during the day. The surface
photolysis reaction (Eq. (10)) was the second largest
contributor and represented 32% of the predicted
HONO. Its contribution peaked during the day.
The average contribution of HONO emissions
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Table 3

Comparison of predicted HONO with observed data from the NEOPS

Case Night Day

Observed

HONO (ppbv)

Predicted

HONO (ppbv)

Observed/

predicted (ratio)

Observed

HONO (ppbv)

Predicted

HONO (ppbv)

Observed/

predicted (ratio)

A 1.26 0.01 126 0.85 0.04 21

B 1.26 0.10 12 0.85 0.07 12

C 1.26 0.78 1.6 0.85 0.20 4.2

D 1.26 0.79 1.6 0.85 0.47 1.8

Fig. 3. Relative contribution of different sources to HONO at

northeast Philadelphia (case D).
Fig. 4. Comparison of predicted daily averaged HONO with

observed data from the NEOPS.
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and homogeneous reactions were 9% and 5%,
respectively.

The daily averaged HONO mixing ratios for cases
A and D are compared to the observed data in
Fig. 4. The observed HONO ranged from 0.52 to
2.2 ppbv. However, the predicted HONO for case
A ranged only up to 0.06 ppbv. Predicted HONO
mixing ratios for case A were 1–2 orders of
magnitude lower than the observed data. The
predicted HONO for case D ranged from 0.12 to
1.59 ppbv and were in better agreement with the
observed data. The predicted HONO for case D was
generally also lower than the observed data.
Possible reasons that may have resulted in the lower
HONO prediction for case D compared to the
observed data include: (1) ground surface areas used
in the study may need further refinement. As
mentioned earlier, Jones (2006) suggests enhancing
the LAI by at least a factor of two. A value of two
was used in this study. Similarly, the S/V ratios for
buildings and other structures for urban environ-
ments may also need further refinement; (2) Bejan
et al. (2006) recently suggested that the photolysis of
o-nitrophenol can also produce HONO in the
atmosphere and stated that the production of
HONO via such sources can explain, in part,
daytime elevated observed HONO in the atmo-
sphere. The current study does not include such
sources; thus the predicted daytime HONO in the
current study are likely to be lower than the
observed values.

Aumont et al. (2003) used a two-layer box model
to investigate sources of HONO. They used HONO
emissions as well as a heterogeneous reaction on
aerosols and the ground, and considered surface
areas on aerosols and the ground for the hetero-
geneous reaction. They estimated the rate constant
for the heterogeneous reaction on aerosol as
0.25gcS, where g is the reactive uptake coefficient,
c the mean molecular speed of NO2, and S the
aerosol surface area per volume of air. They
estimated the rate constant for the heterogeneous
reaction on ground surfaces as fvd/h, where f is the
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weighting factor for the conversion of NO2 to
HONO (a value of 0.5 was used), vd the deposition
velocity for NO2, and h the mixing height. This
approach was implemented into the CMAQ model-
ing system for purposes of comparison and simula-
tions were performed for a 10-day period in July
2001. The average predicted HONO was lower than
the observed data by a factor of two at night and
seven during the day. Thus, our approach represents
a significant improvement.

As mentioned above, HONO undergoes photo-
lysis in the atmosphere to produce OH. The
inclusion of additional HONO sources enhanced
the diurnally averaged OH by only 10% with case D
compared to that of case A. However, the predicted
OH for case D increased by up to a factor of two
during the morning hours compared to that with
case A.

The impacts of additional HONO on ozone are
presented in Fig. 5. Predicted ozone mixing ratios
for case D increased by up to 2.4 ppbv compared to
those of case A. The increases started during the
morning hours and continued throughout the day.
However, the increases in the ozone mixing ratios
were not adequate to explain the observed early
morning rise. The diurnally averaged ozone for
case D increased by 1.4 ppbv compared to that of
case A. The increased ozone is a contribution of
additional oxidation of volatile organic compound
Fig. 5. Impact of additional HONO chemist
via enhanced OH as well as the photolysis of
additional NO2 generated from the surface photo-
lysis of adsorbed HNO3.

The observed ratio of HONO/HNO3 was 2.9
at night. For case A, the ratio was only 0.01 and
increased to 0.3 for case D. During the day, the
observed ratio was 0.73, compared to a value
of only 0.02 for case A, which increased to 0.2 for
case D.

4. Summary

Air quality simulations were performed using the
CMAQ modeling system. The MB, NMB, RMSE,
and NME for HONO predictions with only gas-
phase production were poor. The inclusion of
additional sources greatly improved the MB,
NMB, RMSE, and NME for HONO. The results
of this study suggest that heterogeneous reaction
and surface photolysis of adsorbed HNO3 are
important sources of HONO in the atmosphere.
Most air quality models, however, do not currently
account for these sources; thus, models tend to
significantly underpredict HONO. The implementa-
tion of the heterogeneous reaction into an air
quality model requires the estimation of surface
areas of leaves as well as surface areas of building
and other structures in urban environments. Surface
areas of leaves can be estimated using the LAI.
ry on ozone at northeast Philadelphia.
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However, estimates of surface areas of buildings
and other structures in urban environments are
currently not readily available; efforts should be
directed toward determining such values. The sur-
face photolysis of adsorbed HNO3 producing
HONO and NO2 during the day and the photolysis
of other compounds is an emerging topic. Together
with increased nighttime carry over due to improved
surface area estimates, photolysis may help to
provide the missing HONO source during the day,
without which model predictions remain under-
predicted compared to the observed data. Thus,
these reactions should be further explored in the
laboratory as well as field studies before they can be
confidently used in air quality models.
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