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Abstract

Air quality models consider the formation and deposition of nitric acid ðHNO3Þ on surfaces to be an irreversible sink

of atmospheric nitrogen oxides ðNOxÞ and therefore an effective termination step in the ozone formation cycle.

However, experimental evidence suggests that the reaction of gaseous nitric oxide with nitric acid on surfaces may

convert HNO3 to photochemically active NOx: A first-order simulation of this surface-mediated renoxification process

is performed using an air quality model of the South Coast Air Basin of California. Peak ozone concentrations are

predicted closer to observed values in regions regularly underpredicted by base case models. In certain regions, ozone

predictions are enhanced by as much as B30 ppb or B20% compared to the baseline simulation. These results suggest

that renoxification processes may be a key to resolving long-standing shortcomings of air quality models, in addition to

reconciling ½HNO3�=½NOx� ratios in remote regions. This study also illustrates that the surface terrain may play a more

active chemical role than hitherto considered in air quality models.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Air quality models predict concentrations of ambient

species through numerical solution of equations that

mathematically describe physical and chemical processes

in the atmosphere. The traditional role of the terrestrial

surface in the evolution of atmospheric species in three-

dimensional Eulerian chemical transport models is well

defined. First, physical characteristics of the terrain

affect the stability of the boundary layer and transport

of species therein. Second, the terrain serves as a

location for the emission of atmospheric species from

anthropogenic and natural sources. Finally, the terrain

provides surfaces for deposition of gases and deposition/

settling of particles. Deposited species are lost irrever-

sibly to the ground and do not undergo any further

reaction in the models.

The mechanism leading to ozone formation in urban

regions is well understood. Hydroxyl radicals (or other

atmospheric oxidants) initiate the oxidation of organic

compounds to form organic peroxy ðRO2Þ and hydro-

peroxy ðHO2Þ radicals. RO2 and HO2 radicals oxidize

nitric oxide (NO) to nitrogen dioxide ðNO2Þ: Nitrogen

dioxide then photolyzes to form NO and ground-state

oxygen atom, Oð3PÞ; which undergoes an association

reaction with oxygen to form ozone. The photodissocia-

tion of ozone regenerates hydroxyl radicals propagating

the reactions in a cycle. The formation of nitric acid

ðHNO3Þ from the reaction of NO2 and OH

NO2 þ OH-HNO3; ð1Þ

is considered a dominant termination step in the ozone

formation cycle through efficient surface deposition and/

or partitioning to the aerosol-phase (Meng et al., 1997).

However, there is evidence that nitric acid deposited on
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natural and anthropogenic surfaces could undergo

further chemical processing.

Laboratory results from Finlayson-Pitts and co-

workers (Mochida and Finlayson-Pitts, 2000; Saliba

et al., 2000, 2001) show that gaseous nitric oxide reacts

with nitric acid adsorbed on silica surfaces at relative

humidities around 50%,

NOðgÞ þ HNO3ðsurfaceÞ-NO2 þ HONO; ð2Þ

to form nitrogen dioxide and nitrous acid (HONO). The

investigators detect small amounts of gas-phase HONO

indicating that the fate of the nitrous acid product in the

experimental system may be further reaction with

adsorbed nitric acid or a surface-mediated self reaction,

HONO þ HNO3ðsurfaceÞ-NO2 þ NO2 þ H2O; ð3Þ

HONO þ HONO-NO þ NO2 þ H2O: ð4Þ

In brief, Reactions 2–4 could contribute to ‘renoxifica-

tion’ of the atmosphere—the regeneration of nitrogen

oxides ðNOx ¼ NO þ NO2Þ from nitric acid.

The conversion of HNO3 to NOx has been suggested

in previous studies in order to reconcile discrepancies

between modeled and observed ½HNO3�=½NOx� ratios in

the remote troposphere. Theories include the liquid-

phase reaction of HNO3 and formaldehyde in aerosol

particles to generate formic acid and ultimately NOx

(Chatfield, 1994) and the reduction of HNO3 to NOx

on soot particles (Hauglastine et al., 1996; Lary

et al., 1997). However, recent investigations show that

surface saturation occurs quickly on soot particles, i.e.

the number of active surface sites responsible for the

reduction of HNO3 are not regenerated after reaction

(Kirchner et al., 2000; Disselkamp et al., 2000). The

HNO3-soot renoxification process is therefore rendered

insignificant (Longfellow et al., 2000; Saathoff et al.,

2001) leading to further study of alternative renoxifica-

tion theories. Although such disparate ½HNO3�=½NOx�
ratios have not been reported in polluted urban areas

amid high emissions of nitrogen oxides, it is reasonable

to infer that renoxification processes may occur to a

certain extent in urban regions as well. In this manu-

script, we explore for the first time the influence of

renoxification initiated by Reaction 2 to the ozone

chemistry of an urban environment.

2. Model formulation

The CalTech Airshed Model is applied to the South

Coast Air Basin of California simulating conditions

present during the 1987 South Coast Air Quality Study

(SCAQS) on 27–28 August 1987 (Meng et al., 1998). The

model incorporates a size-resolved and chemically

resolved dynamic aerosol module within a three-dimen-

sional gas-phase model. Derivation of meteorological

fields, such as inversion base heights, and gas-phase

emissions data are described by Harley et al. (1993).

Gas-phase chemistry in the model is based on the LCC

mechanism of Lurmann et al. (1987) with extensions by

Harley et al. (1993). Derivation of particulate matter

emissions data and treatment of secondary organic and

inorganic aerosol formation are summarized by Meng

et al. (1998).

In addition to Reaction 2, nitric acid can also be

produced in the model via hydrogen atom abstraction

from volatile organic compounds by nitrate radicals and

via the gas-phase hydrolysis of dinitrogen pentoxide

ðN2O5Þ: At the present moment, hydrolysis of N2O5

following uptake into the aqueous component of aerosol

particles is not included in the CIT Airshed model.

The atmospheric diffusion equation,

@ci

@t
þ u � rci ¼r � ðK � rciÞ þ Riðc; t;TÞ

þ Eiðx; tÞ 	 Siðx; tÞ ð5Þ

describes the temporal and spatial evolution of gas-

phase species. In the above equation, ci are the elements

of the concentration vector c; t is time, x represents the

spatial coordinates ðx; y; zÞ; u represents the wind field

components ðu; v;wÞ; K is the eddy diffusivity tensor, Ri

is the net chemical production or loss of species i; and T

is temperature. Ei and Si are the emission and removal

fluxes of species i:
Dry deposition at the surface is a significant removal

process of gas-phase species. The deposition flux is

expressed in terms of a deposition velocity, vd: Seinfeld

and Pandis (1998) present a detailed treatment of the

determination of deposition velocities. In brief, the

deposition velocity is considered via electrical analogy as

the inverse of the sum of three resistances in series,

vd ¼
1

rt
¼

1

ra þ rb þ rc
; ð6Þ

where rt is the total resistance. The first of the individual

resistances, ra; represents the limitation due to turbulent

transport down through the atmospheric surface layer,

i.e. the aerodynamic resistance. After crossing the surface

layer, gas-phase species encounter a thin quasi-laminar

sublayer where transport to the surface is governed by

molecular diffusion and denoted by rb; the quasi-laminar

resistance. Finally, a canopy resistance, rc; represents the

limitation due to uptake on the surface. Nitric acid

is predicted by the CIT Airshed model to deposit on

65–80% of all surface contacts of nitric acid. For nitric

oxide, deposition is much less effective with only 2–6%

of surface contacts resulting in deposition.

By removing the canopy (uptake) resistance term

from the expression for the deposition velocity, a

contact velocity can be extracted, i.e.

vcontact ¼
1

ra þ rb
: ð7Þ
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The contact velocity is dependent on parameters such as

wind velocity, surface roughness and atmospheric

stability.

Renoxification in the model is determined by evaluat-

ing two processes: the deposition rate of gas phase nitric

acid and the surface contact rate of nitric oxide. The rate

of Reaction 2, R2; is determined by selecting the rate-

limiting of these two processes and dividing by the

height of the first vertical layer, H1;

R2 ¼ minimumfvd½HNO3�; vcontact½NO�g=H1: ð8Þ

The NO2 and HONO products are released to the gas

phase. Further surface reactions are not considered in

the simulation. Fig. 1 illustrates the magnitude of the

deposition rate for nitric acid and the surface contact

rate for nitric oxide.

Finlayson-Pitts and coworkers performed experi-

ments on silica surfaces only. Although silica surfaces

are present on soils and building materials, a variety of

natural (soil, mineral, plant) and anthropogenic (bitu-

minous, metal, concrete and glass) surfaces are also

present in urban environments. These surfaces, and

coatings (paints and sealants), may influence the

probability of Reaction 2. However, the rate of reaction

appears to be dependent on the number of monolayers

of surface-adsorbed water, with an optimal experimental

value reported as B3 monolayers (Saliba et al., 2001).

Other experiments show that typical urban surfaces hold

approximately 3 water monolayers over a wide range of

relative humidities (Lammel, 1999), thus supporting the

transfer of the silica-surface experimental results to

other materials.

The appropriateness of the model rate for Reaction 2

depends on a variety of factors. Indeed, a reaction

probability of unity is chosen and limited solely as

described earlier. The true reaction probability is

expected to be much less. However, the representation

within the model is conservative in several aspects.

During intervals when the surface contact rate of NO

becomes rate-limiting, accumulation of nitric acid on

surfaces may occur. Particulate nitrate that has depos-

ited or settled to the terrestrial surface may also provide

added sites for Reaction 2 to occur. The aerosol surface

area to air-parcel volume ratio ðSaerosol=VairÞ in the

model reaches values up to 0:06 m	1; indicating that in

some regions aerosol particles may provide as much

surface area (albeit not entirely as nitric acid) as an

idealized flat model terrain within 17 m of ground level

and provide up to B65 times the surface area of a flat

terrain up to the top boundary of the model ð1100 mÞ:
Aerosol nitrate mass is highly available in many regions

of the model, as illustrated in Fig. 2 by plotting
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Fig. 1. Model predicted HNO3 deposition and NO surface contact rates for Riverside for 27–28 August 1987; solid line: HNO3

deposition rate, dashed line: NO surface contact rate.
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predicted hourly HNO3 deposited mass and 1-h average

aerosol nitrate mass loading at the lowermost computa-

tional cell containing the city of Riverside. (The cell has

a height of 12:98 m and is 5 km � 5 km wide.) Reaction

2 is not considered on aerosol particles due to the

complexities of determining the extent of reaction on

internally-mixed aerosol particles containing nitric acid,

nitrate salts and other inorganic/organic components.

However, reaction on aerosol particles is expected.

Other uncertainties also exist with respect to para-

meters within the CIT Airshed model, e.g. surface

roughness and land use data. Notwithstanding

the uncertainties, this simulation provides insight on

the effect of potentially several renoxification processes

on urban ozone chemistry. Sensitivity studies are

performed to gauge the extent of renoxification neces-

sary to affect ozone concentrations in the Southern

California Air Basin.

3. Results and discussion

Fig. 3 shows the effect of the renoxification on ozone

concentrations compared to a base case model simula-

tion. Measured ozone concentrations are also shown. In

general, second-day data are preferred for model

evaluations since these values are less affected by any

artifacts introduced via initial conditions and better

represent the chemical mechanism (or emission scenario)

being evaluated.

Fig. 3 illustrates that inclusion of the renoxification

mechanism increases second-day ozone peaks to values

more consistent with ambient measurements than in the

base case simulation. Two potential routes accountable

for the increased ozone exist. First, the ozone formation

cycle may be intensified due to conversion of NO to NO2

at the surface. The NO2 produced in the reaction may

photolyze to form ozone directly (the sole reaction

responsible for tropospheric ozone generation). Second,

the nitrous acid product undergoes photodissociation to

NO and OH and thus propagates the NOx–VOC ozone

cycle.

Predicted NOx concentrations of the renoxification

simulation are similar to those of the base case

simulations. The mean ratio of predicted renoxification

½NOx� versus ½NOx� calculated by the base case

simulation is 97%76% ð1sÞ: However, Fig. 4 shows

that HONO concentrations are elevated in the renox-

ification simulation by an order of magnitude above

values predicted in the base case simulation. From these

observations, it can be inferred that the increased ozone

predictions are a result of elevated HONO levels. The
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Fig. 2. Model predicted hourly HNO3 deposited mass and 1-h average aerosol nitrate mass load for Riverside ð5 km � 5 km �
12:98 m cell); solid line: deposited HNO3; dashed line: aerosol nitrate load.
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Fig. 3. Ozone concentration time series for 27–28 August 1987 for (a) Central Los Angeles (b) Riverside and (c) San Bernardino; solid

line: renoxification, dashed line: base case, open circles: measurements.
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relative changes of other nitrogen species are also shown

in Fig. 4. Lastly, total PM10 nitrate also showed little

variance between the simulations, with a mean ratio of

105%78% ð1sÞ:
Table 1 shows that addition of Reaction 2 increases

predicted peak ozone concentrations by as much as

33 ppb in Riverside. Overall, peak ozone concentrations

are predicted closer to observed values. In particular, the

ozone peak in Central Los Angeles, a region where

the photochemical models regularly underpredict

ozone concentrations, is increased from 61% to 86%

of observed values—an improvement of 25%. No other

chemical process has been able to reconcile differences in

ozone predictions in this area. Obtaining greater fidelity

between observed 1-h peak O3 values and predicted

concentrations in 25 km2 computational cells is an

important task in air quality models, as both the

National Ambient Air Quality Standards and California

Ambient Air Quality Standards are based on 1-h peak

ozone concentrations.

In addition to peak fidelity, other statistical compar-

ison between the renoxification and base case simulation

is provided in Table 2. The period between 9:00 a:m: and

9:00 p:m: on 28 August, 1987, is used to calculate a 12-h

mean ozone concentration, standard deviation and the

root-mean-square, RMS; of the model predictions.

(During this time period ozone concentrations are above

background values and are not lowered due to nighttime

titration by nitrogen oxides.) The root-mean-square is

obtained as the square root of the mean squared
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Fig. 4. Relative change in model predictions for 27–28 August 1987: renoxification vs. base case simulation.

Table 1

Comparison of predicted and observed peak ozone concentrations for 28 August 1987

Peak ozone Peak ozone Peak ozone Improvement

observed base case renoxification base case vs.

measurements simulation simulation renoxification

ppb ppb Model vs. obs. ppb Model vs. obs. ppb %

Central LA 110 67 61% 95 86% 28 25%

Riverside 240 187 78% 220 92% 33 14%

San Bernardino 230 214 93% 229 B100% 15 7%
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deviation of predicted values from observed data, i.e.

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1
ðci;pred 	 ci;obsÞ

2

r
; ð9Þ

where N is the number of data points analyzed.

All statistical measurements of the renoxification simu-

lation shown in Tables 1 and 2 are either as reliable or

show a marked improvement when compared to the

base case simulation except for the 12-h mean and RMS

ozone values at San Bernardino. This late-morning and

early-afternoon dampening of ozone concentrations

recalls that uncertainties may also exist in measured

data, as these can be influenced by localized events or

have inherent defects. However, both models are unable

to replicate this intriguing feature observed during the

SCAQS episode in San Bernardino.

Another important feature of the renoxification

simulations is the prediction of double ozone peaks at

the Riverside and San Bernardino sites. Although the

observed values do not show clearly a presence of a

double peak, these double peaks have been a common

occurrence in the downwind regions of the South Coast

Air Basin of California. Once more, no other chemical

process has been able to reproduce such effects in air

quality models.

Notwithstanding the uncertainties in the treatment

of Reaction 2, sensitivity runs were performed by

lowering the probability of Reaction 2 by successive

orders of magnitude. At a reaction probability of

0.1, ozone concentrations were found to be typically

within 2% of the predictions of the base case simulation.

Further studies should be performed in order to

determine the appropriateness of the modeling approach

used in this first-order study. In addition, other

renoxification processes should be explored, particularly

in aerosol particles, since inclusion of renoxification

processes appears to resolve some lasting, important

shortcomings of air quality models.

4. Conclusion

A first-order simulation of a surface-mediated renox-

ification process has been performed. Inclusion of the

reaction of gaseous nitric oxide with deposited nitric

acid into an air quality model of the South Coast Air

Basin of California indicates that renoxification pro-

cesses may resolve long-standing deficiencies of air

quality models. The shortcomings include the accurate

prediction of ozone concentration peaks in the Los

Angeles area and the prediction of double-peaks in

downwind areas of the basin.

Undoubtedly, there are several uncertainties that must

be addressed before the renoxification process explored

in this paper can be quantified accurately by atmo-

spheric models. However, results suggest that inclusion

of some renoxification processes may be an important

mechanism in reconciling ozone predictions with ob-

servations in urban regions, in addition to reconciling

½HNO3�=½NOx� ratios in remote regions. Finally, this

study also illustrates that the surface terrain may play a

more active chemical role than hitherto considered in air

quality models.
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