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Abstract

Recent studies associate particulate air pollution with adverse health effects; however, the exposure to indoor

particles of outdoor origin is not well characterized, particularly for individual chemical species. We conducted a field

study in an unoccupied, single-story residence in Clovis, California to provide data and analyses to address issues

important for assessing exposure. We used real-time particle monitors both outdoors and indoors to quantify nitrate,

sulfate, and carbon particulate matter of particle size 2.5 mm or less in diameter (PM-2.5). The results show that

measured indoor ammonium nitrate concentrations were significantly lower than would be expected based solely on

penetration and deposition losses. The additional reduction can be attributed to the transformation indoors of

ammonium nitrate into ammonia and nitric acid gases, which are subsequently lost by deposition and sorption to

indoor surfaces. A mass balance model that accounts for the kinetics of ammonium nitrate evaporation was able to

reproduce measured indoor ammonium nitrate and nitric acid concentrations, resulting in a fitted value of the

deposition velocity for nitric acid of 0.56 cm s�1. The results indicate that indoor exposure to outdoor ammonium

nitrate in Central Valley of California are small, and suggest that exposure assessments based on total particle mass

measured outdoors may obscure the actual causal relationships for indoor exposure to particles of outdoor origin.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

An understanding of the underlying causes of the

adverse health effects resulting from ambient particulate

matter (PM) is of major scientific importance. The

correlation of adverse health effects with PM concentra-

tions is based upon data from outdoor regional

monitoring sites (Dockery et al., 1993; Pope et al.,

1995). Yet most exposures occur indoors. Individuals

spend, on average, about 90% of their time indoors—

70% of that in homes (Jenkins et al., 1992). Improved

assessment of exposure is important to understanding
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the relationship between PM-2.5 and health. A key

element in the assessment of exposure to outdoor PM-

2.5 is characterizing the transport and fate of PM of

outdoor origin to the indoor environment.

Many investigators have examined the indoor con-

centrations of particulate mass and gaseous species,

including their transport into and out of buildings,

emissions and formation indoors, and interactions

between pollutants and the building surfaces and air

handling equipment (Wallace, 1996; Weschler, 2000).

The mass balance equation for transport into the

indoor environment includes terms to capture these

various sources, sinks, and transformation factors. For

particles, this mass balance can be described by the

following equation for the time rate of change of

indoor concentration CI;i;j (in mg/m3) of species i and
d.
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aerodynamic size j

dCI;i;j

dt
¼CO;i;jðPðjÞ l

1

þð1 � eSðjÞlSÞÞ � CI;i;jðlþ eRðjÞ lR

2

þ kdepðjÞÞ þ S i; j;T ;RH; xi;CI;i;j ;CO;i;j

� �3

þ F ði; j;T ;RH; xiÞ
4

þEði; jÞ
5

þ Kðj1; j2Þ
6

þHði; j;RHÞ;
7

ð1Þ

where CO;i;j (mg/m3) is the outdoor particulate concen-

tration. The rates (in h�1) for air infiltration, forced air

supply, and air recirculation are l; lS; and lR;
respectively. The penetration factor, P; filtration effi-

ciencies for supply and recirculation air, eS and eR; and

the deposition rate, kdep (h�1), are functions of particle

size. Term 3 of Eq. (1) corresponds to a phase change, S;
between the aerosol and gas phase species that occurs

due to differences between the indoor and outdoor

environments. It can be a complex function of particle

size, species, temperature, T ; relative humidity, RH, gas

phase concentrations, xi; and particle concentrations.

The fourth term, F ; is a chemical source term expressing

the formation of new particulate material by nucleation

due to the presence of gases within the house. The fifth

term is a particle emission rate, which will depend upon

the source type. The sixth term describes particle size

change, K ; due to coagulation, and the seventh term, H;
characterizes particle size changes due to water vapor

sorption. This equation neglects other indoor sources

such as resuspension.

Eq. (1) illustrates the complex nature of the indoor

concentrations of PM. Previous studies have measured

both indoor and outdoor particle concentrations as well

as performed measurements to characterize the house,

such as the ventilation rate, in order to understand what

fraction of indoor particulate is of outdoor origin and

what fraction is emitted or formed indoors. It is difficult

to decouple physical loss mechanisms that affect

particles of outdoor origin from changes in concentra-

tion due to indoor sources or particle chemical re-

actions. It is often assumed that PM is conserved

upon entry into a building. Any additional difference

between outdoors and indoors that cannot be accounted

for by physical loss mechanisms are attributed to

either an indoor source term or larger than expected

physical loss mechanisms. Few investigators have

incorporated a chemical reaction mechanism into their

data analysis (Brauer et al., 1991). Indeed, indoor

chemical reactions have been investigated much more

vigorously for gas phase species (Weschler and Shields,

1997; Weschler, 2000).

There is no a priori reason to believe that outdoor

aerosol would be non-reactive in the indoor environ-

ment. Buildings can be considered to be small chemical
reaction chambers embedded in the larger outdoor

atmosphere with different surface to volume ratios,

temperatures, and residence times, which interact with

and are influenced by the outside. While the chemical

reaction times for aerosols may be assumed to be too

long for their reactions to be of importance inside, this

has not been confirmed. Phase changes may also affect

particle concentrations, and may be rapid with respect

to residence times. Vapor sorption or reaction at the

surfaces inside the residence may be important to

the partitioning of semivolatile constituents between

the vapor and particle phases. A number of important

aerosol chemical species are prime candidates for

continued chemical interactions indoors, including

organic carbon and ammonium nitrate.

Ammonium nitrate, NH4NO3, is a major component

of atmospheric aerosol species, particularly in the

Western US (Seinfeld and Pandis, 1998; NARSTO,

2003, Report). Chow et al. (1993) indicated that it

accounts for 25% of the annual aerosol mass in the San

Joaquin Valley. Ammonium nitrate is volatile, existing

in equilibrium with its gas phase constituents, ammonia

(NH3) and nitric acid (HNO3). This process is described

by the reactions

NH4NO3ðsÞ2HNO3ðgÞ þ NH3ðgÞ; ð2Þ

NHþ
4 ðaqÞ þ NO�

3 ðaqÞ2NH3ðgÞ þ HNO3ðgÞ: ð3Þ

The equilibrium constants in Eqs. (2) and (3) depend on

ambient temperature and relative humidity. Tempera-

ture and relative humidity also impact the physical state

of the NH4NO3 particles, which deliquesce at approxi-

mately 60% relative humidity at ambient temperatures.

Experimental investigations of the thermodynamics of

ammonium nitrate in the atmosphere have generally

confirmed the soundness of this equilibrium assumption.

To investigate the dynamics of the transport and fate

of outdoor particles in the indoor environment, we

performed a controlled series of intensive field experi-

ments using an unoccupied, single-story residence in

Clovis, California, a suburb of Fresno, in California’s

San Joaquin Valley. The conditions in the residence were

manipulated to investigate a wide range of conditions

during several weeks of intensive measurements. The

measurements focused on providing data on indoor and

outdoor concentrations of PM-2.5 particles as a func-

tion of chemical concentration under a variety of house

ventilation, heating and cooling conditions. Indoor

sources were minimized to reduce their confounding

effect on indoor concentrations.

In this paper, we report on measurements of nitrate

aerosol and gaseous ammonia and nitric acid per-

formed under a range of experimental conditions. The

measurements are interpreted using a transient mass

balance model that includes physical loss terms and

ammonium nitrate phase transformations. The phase
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transformation is modeled using a particle evaporation

model. Concentrations of NH3 and HNO3 in the house

are calculated from coupled mass balance models, with

the particle evaporation serving as a source term. The

model is shown to be reasonably successful in reprodu-

cing both measured indoor ammonium nitrate and nitric

acid concentrations. The effect of temperature, air

change, and indoor concentrations on the phase change

will be discussed. The results have important implica-

tions concerning indoor exposures to ammonium nitrate

aerosol.
2. Methods

2.1. Experimental

The experimental facility is a three-bedroom, single-

story home (134 m2) constructed in 1972. The house has

standard height ceilings (2.4 m), a forced air heating and

cooling system, and ceiling fans. The structure is of

wood-frame construction over a crawl space. All the

floors were carpeted, with the exception of linoleum in

the kitchen and bathrooms. The rooms were lightly

furnished. The house is located in a residential suburb,

surrounded by homes of similar size and mature trees.

The flat topography of the area combined with the

mature vegetative growth near the home resulted in low

levels of wind loading around the building.

The chemical concentrations of indoor and outdoor

aerosols were measured simultaneously with 10-min

time resolution using the integrated collection and

vaporization cell (ICVC) system of Stolzenburg and

Hering (2000). Particles were collected by humidification

and impaction and analyzed by in situ flash vaporization

of the evolved vapor compounds. Nitrate concentrations

were measured from the evolved vapors using a

chemiluminescent monitor equipped with a molybde-

num catalyst to convert higher oxides of nitrogen to

nitric oxide. The sulfate quantization was performed by

analysis of the evolved sulfur dioxide by UV-fluores-

cence and total carbon was converted to carbon dioxide

and analyzed by non-dispersive infrared absorption. A

four-cell ICVC system was used to perform simulta-

neous indoor and outdoor measurements; one pair for

nitrate and one pair for a combined carbon and sulfate

measurement. The system was located in the living room

of the house; however, the outdoor sampling cells were

housed in an enclosure ventilated with outdoor air to

maintain the system at outdoor temperature.

Gas phase ammonia, nitrous acid, nitric acid and

sulfur dioxide were measured using an automated on-

line ion chromatograph (IC) system as described by

Fischer et al. (2003). Briefly, an IC system collected

water-soluble gases both indoors and outdoors using

wet effluent denuders, and measured the collected ions
using separate anion and cation chromatographs with

30-min time resolution.

Ventilation rates were measured using continuously

released sulfur hexafluoride (SF6) as a tracer gas,

measuring the concentration using a photoacoustic

analyzer (Breul & Kajer, Model 1302). Temperature

and relative humidity were measured both inside and

outside the house using dual temperature and relative

humidity probes (Vaisala HMD70Y) mounted in

aspirated shielded enclosures.

Experiments were conducted during three intensive

measurement periods; 9–23 October 2000, 11–19 De-

cember 2000 and 16–23 January 2001. During these

intensives, entry into the house was limited to a one-

hour period at midday to perform instrument checks

and flow calibrations. Instrument control and data

acquisition for all instruments were performed from

outside the house, allowing for minimal disturbance of

the indoor environment. Using the house as a labora-

tory, a range of conditions was explored during the

intensive by manipulating the ventilation rate and

indoor–outdoor temperature gradient through natural

or mechanical means. The house experienced infiltration

rates in the range of 0.2–0.5 air changes per hour (ACH)

when allowed to operate under naturally occurring

conditions. When the doors and windows were opened,

the ventilation rate could increase up to 1 ACH. In order

to further expand the experimental parameter space to a

regime where the residence time for air in the house

approached the time required for other processes, such

as deposition, to occur, we utilized mechanical ventila-

tion techniques to achieve rates in the range of 2–6

ACH. The forced-air heating/cooling system was used to

provide changes in the indoor/outdoor temperature

differential and to provide conditions of either no,

continuous, or intermittent fan operation. The filters in

the house air handling system were not modified before

the study and are typical of residential installations that

generally provide low filtration efficiency for PM-2.5.

2.2. Ammonium nitrate evaporation rate

When an ammonium nitrate particle penetrates into

the indoor environment, it is subjected to temperature

and relative humidity conditions that are typically

different from the outdoors. Due to interaction with

surfaces and possible indoor reactions, the indoor

concentrations of NH4NO3 and its gas phase counter-

parts, ammonia and nitric acid, will differ from those

measured outdoors. The ammonia nitrate system may

not be in equilibrium under these new indoor conditions,

causing the reaction to shift in the direction necessary to

reach equilibrium in its new surrounding. In the case

where the equilibrium shift favors the production of gas

phase species, there will be mass transport of gases via
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diffusion away from the particle (Seinfeld and Pandis,

1998).

The rate of evaporation is calculated using mass

transfer equations for the transition regime, which

describes the case where particle diameters are of the

same order as the mean free path of air. Neglecting

latent heat effects and assuming dilute conditions, the

diffusive molar flux from the particle in moles s�1 is

given in Seinfeld and Pandis (1998) as

Ji;Dp
¼ �2pDpDi;airF ðKn; aiÞðcNi � cs

i Þ; ð4Þ

where Dp is the particle diameter, Di;air is the diffusivity

of gas i in air, cs
i and cNi are the concentration of the

species at the particle surface and in the room,

respectively. Kn is the Knusden number, Kni ¼ 2li=Dp;
where li is the mean free path of molecules of gas i: The

function, F ðKn; aiÞ; allows us to move through the

transition regime from the continuum boundary, corre-

sponding to particle diameters much larger than the

mean free path, to the kinetic boundary, when particle

diameters are smaller than the mean free path. It has

been derived by Fuchs and Stutgin (1971) for this

purpose, and can be expressed as

F ðKni; aiÞ ¼
1 þ Kni

1 þ 0:3773Kni þ 1:33Knið1 þ KniÞ=ai

; ð5Þ

where ai is the mass accommodation coefficient for gas i:
The change in size of the ammonia nitrate particle can

be calculated using the theory detailed by Wexler and

Seinfeld (1990) and Dassios and Pandis (1999). The

concentrations of both ammonia and nitric acid are

assumed to be in thermodynamic equilibrium with the

particle at the particle surface. This equilibrium product

associated with reaction (2) is equal to the product of the

gas phase concentrations.

cNH3
� cHNO3

¼ KðT ;RHÞ; ð6Þ

The equilibrium coefficient, K(T,RH), can be calculated

using Stelson and Seinfeld (1982). This equilibrium

product must be corrected for the Kelvin effect. The

Kelvin effect accounts for the fact that the vapor

pressure over a curved surface exceeds that over a flat

surface by a factor of expðsvl=RTDpÞ: The stoichiome-

try of Eq. (2) requires that the molar flux of HNO3 and

NH3 away from the particle must equal the molar

consumption of NH4NO3 from the particle, or

�JNH3 ;Dp
¼ �JHNO3 ;Dp

¼ JNH4NO3 ;Dp
: ð7Þ

Combining the two boundary conditions gives the

following transition-regime rate of evaporation from or

condensation onto ammonia nitrate particles as
JNH4NO3
¼ 4pDp bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gþ 4DHNO3

DNH3
F ðKnHNO3

ÞF ðKnNH3
Þ

s 
where b and g are given by

b ¼ DHNO3
cNHNO3

F ðKnHNO3
Þ þ DNH3

cNNH3
F ðKnNH3

Þ; ð9Þ

g ¼ ½DHNO3
cNHNO3

F ðKnHNO3
Þ � DNH3

cNNH3
F ðKnNH3

Þ�2:

ð10Þ

A mass balance on the particle converts the molar flux

into the rate of change of the particle size

d

dt
r
p
6

D3
p fNH4NO3

� �
¼ JNH4NO3

MNH4NO3
; ð11Þ

where MNH4NO3
is the molecular weight of ammonium

nitrate, r is the particle density, and fNH4NO3
is the mass

fraction of the particle that is ammonium nitrate. Both

the particle density and the mass fraction of ammonium

nitrate are a function of relative humidity as the particle

absorbs water at and above the deliquescence relative

humidity. The mass fraction of the aerosol constituents

is calculated from the molality of the solution at a given

relative humidity. A formulation for the change in

density as a function of relative humidity can be found

in Tang et al. (1981).

2.3. Indoor dynamics of outdoor pollutants

The indoor concentrations of particles of specific size

and chemical composition can be described using the

mass balance model shown in Eq. (1). In applying this

model to the ammonium nitrate system, we assume that

coagulation (term 6) and hygroscopic growth (term 7)

have a negligible impact on indoor particle concentra-

tions. We further assume that the chemistry in the

ammonium nitrate/ammonia/nitric acid system occurs

on the existing particles. This precludes the formation of

new particles, and allows us to neglect the formation

term (term 4) of the mass balance model. The experi-

ment was specifically planned to minimize indoor

sources, so we assume that we can neglect term 5. While

we expect the air heating system to effect the indoor

concentrations of aerosols, we have not included this in

the nitrate analysis. Analysis of the sulfate data showed

that the effect of the ventilation system on particle loss

rates was small. The phase change term, term 3, can be

approximated as a first-order reaction

Sði; j;T ;RH;xi;CI;i;j ;CO;i;jÞ ¼ �
1

tevap
CNH4NO3ðaÞ: ð12Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðT ;RHÞ exp

svl

RTDp

� �!
; ð8Þ
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Thus, the mass balance equation reduces to the form

dCI;NH4NO3

dt
¼CO;NH4NO3

#Pl� CI;NH4NO3
ðlþ #kdepÞ

�
1

tevap
CI;NH4NO3

; ð13Þ

where #P and #kdep are a single value representative of the

mass median diameter of ammonium nitrate.

The change in the gas phase concentrations of

ammonia and nitric acid in the residence can be

described each as follows:

dCI;l

dt
¼CO;lPðlÞl� CI;l lþ vdep;l

S

V

� �

þ
1

tevap
CI;NH4NO3

RT

MNH4NO3
P
; ð14Þ

where CI;l and CO;l are the indoor and outdoor

concentration of gas l in ppb, respectively, vdep;l is the

deposition velocity of gas l in m/s, and S=V is

the surface to volume ratio of the residence in m�1.

Eq. (14) is similar to the particulate mass balance

formulation, where the gas is transported indoors from

outdoors with a penetration efficiency of PðlÞ; and lost

from the residence by exfiltration and deposition. The

last term describes the rate of increase in concentra-

tion of gas l due to the evaporation of the ammonium

nitrate particles by taking into account the stoichiome-

try of Eq. (2).

Eqs. (13) and (14) are a set of coupled rate equations

describing the rate of change of particulate ammonium

nitrate and gaseous ammonia and nitric acid. The set of

equations was solved using a ‘forward-marching’

numerical scheme, with a time step of 10 min, which

corresponds to the measurement interval for the

ICVC system. The time required for complete particle

evaporation, tevap; was evaluated at each time step by

solving Eq. (11) using the measured values of tempera-

ture and relative humidity as well as the current values

of the indoor gas concentrations. An initial particle size

of 0.5 mm was assumed for the ammonium nitrate

particles, based on measurements of the nitrate size

distribution for Southern California (Wall et al., 1988;

John et al., 1990). Correspondingly, a penetration

coefficient of 0.8 and a deposition rate coefficient of

0.12 h�1 were used based upon experiments performed

in the research house (Thatcher et al., 2002). A

penetration coefficient of 1 was assumed for ammonia.

Penetration coefficients for nitric acid of 0 and 1 were

used for air change rates o3 h�1 and >3 h�1, respec-

tively. The latter value of 1 is justified because high

ventilation rates were obtained using a fan mounted in

the master bedroom window (Lunden et al., 2003).
3. Results and discussion

Fig. 1 shows time series of concentrations of sulfate

and nitrate aerosol measured with the ICVC system for

two days from the fall and winter intensive measurement

periods. Fig. 1 also shows the ventilation rate and

indoor temperature measured during the same periods.

The ventilation rates measured from noon to mid-

night on 18 October and from noon to midnight on

16 December reflect the high values achieved using

mechanically driven ventilation. The oscillations in

temperature on 17 December indicate the cycling of

the heating system during a period of heating. There is a

great deal of variability in the indoor and outdoor

concentrations of both sulfate and nitrate, as well as a

difference between the indoor and outdoor concentra-

tions. In general, however, the difference between the

indoor and outdoor concentration decreases appreciably

during periods of high air change rates, particularly for

the sulfate aerosol. The most striking feature of the data

is that the difference between indoor and outdoor nitrate

concentrations is much greater than that measured for

sulfate, despite expected similarities in particle size

ranges. Sulfate is generally considered to be stable upon

transport from outdoors to indoors. The large decrease

in indoor nitrate concentration compared to those

measured outdoors clearly indicates a shift in equili-

brium toward the gas phase within the house.

The importance of the ammonium nitrate dissociation

reaction is further demonstrated in Fig. 2, which shows

results of the ICVC system for particulate nitrate and

gas phase ammonia and nitric acid measured by the

automated IC system for four different 12 h periods

during the January intensive. The indoor environment

for each 12 h period was manipulated as follows: (1)

ventilation rate of approximately 4 h�1 with the heat off,

(2) ACH B5 h�1 with the heat on at 20 C, (3) ACH

B0.3 h�1 with the heat off, and (4) ACH B1 h�1 with

the heat off. Note the correlation in outdoor ammonia

and outdoor nitrate measurements, particularly on

20 January. During the period from noon on 19 January

to noon on 20 January, the indoor ammonia levels are

correlated with the difference between the indoor and

outdoor nitrate levels; when the outdoor nitrate aerosol

concentration is much higher than inside, the indoor

ammonia concentration is higher than during other

periods. Indeed, throughout the entire measurement

campaign, the indoor ammonia levels were often higher

than those found outdoors due to nitrate dissociation.

During periods (1) and (2), the characteristic time for

nitrate penetration from outdoors was large enough to

balance the amount lost to dissociation, resulting in

relatively large indoor nitrate levels. This was one of the

few periods when significant levels of indoor nitrate were

observed. The addition of heat to the house between

conditions (1) and (2) is enough to cause a perceptible
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shift in equilibrium towards the gas phase. When the air

change rate was drastically lowered between conditions

(2) and (3), much of the nitrate dissociated, thereby

increasing the indoor ammonia concentrations.

Fig. 2 shows that the measured indoor nitric acid

concentrations were much lower than those measured

for ammonia. Indeed, the nitric acid concentration

indoors was low to undetectable throughout the entire

experiment. Based on Eqs. (2) and (3), equal amounts of

ammonia and nitric acid are formed initially, however,

the data show a large difference between the indoor

concentrations of these two gases. This is consistent with

the hypothesis that the gas phase nitric acid is sorbing to

the walls at faster rates than the ammonia, which

appears to accumulate in the gas phase. We attribute

this to acid–base chemistry that allows the nitric acid

preferentially to sorb to the walls. The loss of gas phase

nitric acid indoors serves to continue to drive the

equilibrium toward the right.

The times required for evaporation of an ammonium

nitrate aerosol particles calculated by the solution of

Eq. (11) are shown in Fig. 3. The graphs show the

evaporation time as a function of temperature for five

indoor ammonia concentrations ranging from 5 to

25 ppb. Figs. 3a and b show results calculated for 0.1

and 0.2 ppb of nitric acid, respectively. The results show

that the time required for particle evaporation, tevap; is a

strong function of all three variables. A change in

temperature of 10 C can change the evaporation time by

an order-of-magnitude, and an increase in indoor

ammonia concentrations from 5 to 25 ppb has a

comparable effect. At the temperatures most often

found indoors (20–25	C), the evaporation time ranges

from a few to tens of minutes. The reciprocal of the time

required for evaporation, 1=tevap as used in Eq. (14), can

be termed an evaporation rate and can be compared to

the other important time scales associated with processes
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minimum of 0.3 h�1 to a maximum of 18 h�1. These

values are of the same order of magnitude for the other

loss rates in the house, indicating that the kinetics of

particle evaporation can play a significant role in

determining the indoor ammonium nitrate concentra-

tions.

Fig. 4 shows the evaporation rate, 1=tevap; calculated

for the week long intensive measurement period in

January, 2001. The figure also includes the indoor

temperature and air change rate for the same time

period. The results show that the evaporation rate is a

strong function of temperature; higher temperatures

result in faster evaporation rates. The ventilation rate is

also an important variable; for example at noon on 20

January, the temperature does not change significantly,

while the air change rate drops precipitously, resulting in

an increase in the evaporation rate. Lowering the air

change rate reduces the concentration of nitric acid

indoors since it decreases the particulate nitrate infiltra-

tion rate thereby reducing the nitric acid source term—

while the loss rate of nitric acid to the house surfaces

remains unchanged.

The predicted indoor ammonium nitrate aerosol

concentrations are compared with measured indoor

nitrate in Fig. 5 for the same January intensive

measurement period. The figure also includes the indoor

temperature and air change rate for the same time

period. The agreement between the model results and

the measured indoor ammonium nitrate concentrations

is quite good. The fit is particularly notable because

there are no adjustable parameters in the ammonium

nitrate evaporation model. The fate of ammonium

nitrate aerosol, once transported into the house, is a
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complex function of ventilation rate, gas phase compo-

sition, temperature, and relative humidity. Fig. 5

illustrates that appreciable indoor nitrate levels occur
under two conditions: (1) when the temperature is low

and the particle evaporation rate is reduced and (2)

when the air change rate is high, increasing the rate at
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which particles lost to evaporation are replaced. Even

for reasonably high indoor temperatures, large air

change rates can result in appreciable indoor ammonium

nitrate concentrations, as reflected in the data in the

period from midnight to noon on 20 January.

Fig. 6 shows the model results for gaseous nitric acid

calculated for the same week long period in January.

The value of the deposition velocity that best fits the

data is 0.56 cm s�1. Also included on the graph are two

calculations performed for instantaneous particle eva-

poration and no particle evaporation. Neglecting

particle evaporation as an indoor nitric acid source

results in a gross under-prediction of the measured

concentrations. Conversely, neglecting the evaporation

kinetics and assuming instantaneous particle evapora-

tion overestimates the nitric acid concentration during

periods with high ventilation rates and low tempera-

tures.

The current field project was conducted during the fall

and winter months to coincide with the California

Regional Particulate Air Quality Study (CRPAQS),

which focused on capturing the high particulate loading

events that occur during the winter in the region. It is

interesting to speculate how the ammonium nitrate

behavior might change during other seasons. The

chemical mix of PM-2.5 in the summer is very different

than during the winter, and in general the overall
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particle concentrations are much smaller. In the late

spring through early fall, the San Joaquin Valley

experiences much warmer temperatures, which leads to

reduced concentrations of ammonium nitrate. Indoor

temperatures will be similar as those observed during the

winter, or larger if the residence does not have air

conditioning, meaning that particle evaporation times

will be at least the same order of magnitude if not faster

than those presented above. The loss of nitric acid to

indoor surfaces will continue at the same rate, and will

continue to drive particle loss indoors. The only

significant difference between cooler winter conditions

and the warmer summertime is a greater likelihood that

windows and doors may be left open. This can result in

large air change rates in the residence and similar indoor

and outdoor meteorology. Dissociation rates will be

much reduced, and while nitric acid will still be lost to

surfaces, the increased ventilation rate will result in

indoor/outdoor ratios of nitrate that can approach

unity.

There are few other studies that have simultaneously

measured both indoor and outdoor particulate nitrate

(Sinclair et al., 1985,1988; Brauer et al., 1991; Suh et al.,

1994; Allen and Miguel, 1995; Hering and Avol, 1996).

Sinclair et al. (1985,1988) and Brauer et al. (1991) both

found that measured indoor/outdoor ratio of nitrate was

lower than that measured for sulfate, indicating an
M
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additional loss term consistent with the dissociation and

evaporation of ammonium nitrate indoors. The differ-

ence between the indoor and outdoor levels in the study

by Brauer et al. (1991) during the summer was much

smaller than that measured during the winter. This study

was performed on multiple houses in the Boston

metropolitan area and it was specifically stated that air

conditioning was not used during the study period. This

would imply that windows were probably open during

the warm summer period, resulting in high air change

rates and a limited temperature differential between

indoors and outdoors. Based on the modeled results,

this condition would result in elevated indoor nitrate

levels compared to a more sealed house.

The results of Suh et al. (1994) and Allen and Miguel

(1995) both showed higher indoor concentrations of

nitrate aerosol compared to outdoor levels. The two

investigations were conducted in Pennsylvania and

Brazil, respectively. In both studies, the nitrate concen-

trations were significantly lower than those measured in

the present study. Nitrate aerosol is highly susceptible to

artifact error, which may be a factor at the low levels

measured in these studies. In addition, not all PM-2.5

nitrate is ammonium nitrate and the nitrate measured in

these studies could be in a different chemical form.

Many previous investigators have found that indoor

concentrations of nitric acid are significantly lower

that those measured outdoors (Salmon et al., 1990;

Hisham and Grosjean, 1991; Brauer et al., 1991; Allen

and Miguel, 1995; Suh et al., 1994). Suh et al. (1994)

found that the indoor concentration of HNO3 did

increase with increasing air change rate, consistent with

the present results. Salmon et al. (1990) and Hisham and

Grosjean (1991) also found that older buildings with

high air change rates or no climate control system had

higher indoor concentrations of HNO3. Brauer et al.

(1991) found a higher indoor/outdoor ratio of nitric acid

during the same summer period mentioned above, when

air change rates were probably elevated.

Salmon et al. (1990) measured nitric acid uptake by

the walls in a series of museums in Southern California

and found that in some of the buildings, the measured

flux exceeded the amount of HNO3 entering the building

with the ventilation air. Southern California also

experiences very high levels of ammonium nitrate

aerosol. This result strongly suggests that the dissocia-

tion of ammonium nitrate was an additional source of

nitric acid in these experiments. The researchers used

their flux measurements combined with the gas phase

concentration measurements to calculate apparent

deposition velocities to vertical surfaces. Their calcula-

tions resulted in deposition velocities ranging from 0.24

to 1.34 cm s�1, which is the same order of magnitude as

the present value of 0.56 cm s�1 calculated by best fit of

the model results to the measured indoor nitric acid

concentrations. The predicted values of the diffusion
limited deposition velocity range from 0.18 to 0.3 cm s�1

for friction velocities ranging from 0.3 to 0.5 cm s�1

(Cano-Ruiz et al., 1993; Morrison and Nazaroff, 2002).

We believe that the problems encountered when

measuring nitric acid concentration (Fischer et al.,

2003) bias our calculated results so that they are greater

than the theoretical maximum values.

Modeling indoor ammonia is much more complicated

than either ammonium nitrate aerosol or nitric acid.

Ammonia is much more complex than nitric acid, and its

sorption, desorption, and reactions are more strongly

dependent upon the variables that characterize the

house. For instance, no single deposition velocity can

successfully describe the measured time-resolved ammo-

nia concentrations. Current investigations are concerned

with determining the transport and fate of ammonia in

the indoor environment, and will be the subject of a

follow on publication.
4. Conclusions

We performed a series of simultaneous indoor and

outdoor measurements at a residence, providing real-

time, chemically speciated data for the significant

aerosol species of nitrate, sulfate, and carbon as well

as the gas species ammonia and nitric acid. The highly

time resolved data show considerable variability in both

the outdoor and indoor concentrations of PM-2.5

constituents. This results in a wide range of ratios of

indoor to outdoor concentrations that might not be

apparent in lower time resolved measurements. More

importantly, the dissociation and evaporation of the

nitrate aerosol reduced indoor concentrations signifi-

cantly. A simple mass balance model that accounts for

the kinetics of ammonium nitrate evaporation performs

well, reproducing both the measured indoor ammonium

nitrate and nitric acid concentrations. The fitted deposi-

tion velocity for nitric acid of 0.56 cm s�1 agrees well

with previous measurements.

These results suggests that exposure assessments

based on total particle mass measured outdoors may

obscure the actual causal relationships, especially for

indoor exposures to particles of outdoor origin. These

results indicate that indoor exposure to outdoor nitrate

in the San Joaquin Valley is small. Nitrate is a significant

outdoor pollutant in the Western United States;

ammonium nitrate concentrations are especially high

during the winter in California’s Central Valley, and can

often be the dominant aerosol. As sulfur emissions are

reduced in other regions of the United States, nitrate

aerosol will also constitute an increasingly significant

potion of the aerosol mass in other regions. The extent

to which ammonium nitrate may or may not be a

significant source of indoor exposure has important

policy implications for control of sources that lead to
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nitrate formation. These results emphasize the need for

chemical characterization of particulate matter and

further studies of the physical and chemical transforma-

tion processes that influence the indoor concentration of

particles of outdoor origin.
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