
Atmos. Chem. Phys., 12, 2959–2968, 2012
www.atmos-chem-phys.net/12/2959/2012/
doi:10.5194/acp-12-2959-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Direct N2O5 reactivity measurements at a polluted coastal site

T. P. Riedel1,2, T. H. Bertram 3, O. S. Ryder3, S. Liu4, D. A. Day4,5, L. M. Russell4, C. J. Gaston4, K. A. Prather 3,4, and
J. A. Thornton1

1Department of Atmospheric Sciences, University of Washington, Seattle, USA
2Department of Chemistry, University of Washington, Seattle, USA
3Department of Chemistry and Biochemistry, University of California, San Diego, USA
4Scripps Institution of Oceanography, San Diego, USA
5Cooperative Institute for Research in the Environmental Sciences, University of Colorado, Boulder, USA

Correspondence to:J. A. Thornton (thornton@atmos.washington.edu)

Received: 15 November 2011 – Published in Atmos. Chem. Phys. Discuss.: 5 December 2011
Revised: 6 March 2012 – Accepted: 8 March 2012 – Published: 26 March 2012

Abstract. Direct measurements of N2O5 reactivity on am-
bient aerosol particles were made during September 2009
at the Scripps Institution of Oceanography (SIO) Pier facil-
ity located in La Jolla, CA. N2O5 reactivity measurements
were made using a custom flow reactor and the particle mod-
ulation technique alongside measurements of aerosol parti-
cle size distributions and non-refractory composition. The
pseudo-first order rate coefficients derived from the particle
modulation technique and the particle surface area concen-
trations were used to determine the population average N2O5
reaction probability,γ (N2O5), approximately every 50 min.
Insufficient environmental controls within the instrumenta-
tion trailer led us to restrict our analysis primarily to night-
time measurements. Within this subset of data,γ (N2O5)

ranged from< 0.001 to 0.029 and showed significant day-
to-day variations. We compare these data to a recent param-
eterization that utilizes aerosol composition measurements
and an aerosol thermodynamics model. The parameteriza-
tion captures several aspects of the measurements with simi-
lar general trends over the time series. However, the param-
eterization persistently overestimates the measurements by
a factor of 1.5–3 and does not illustrate the same extent of
variability. Assuming chloride is internally mixed across the
particle population leads to the largest overestimates. Re-
moving this assumption only partially reduces the discrep-
ancies, suggesting that other particle characteristics that can
suppressγ (N2O5) are important, such as organic coatings or
non-aqueous particles. The largest apparent driver of day-to-
day variability in the measuredγ (N2O5) at this site was the
particle nitrate loading, as inferred from both the measured
particle composition and the parameterizations. The relative

change in measuredγ (N2O5) as a function of particle nitrate
loading appears to be consistent with expectations based on
laboratory data, providing direct support for the atmospheric
importance of the so-called “nitrate effect”.

1 Introduction

Nitrogen oxides (NOx ≡NO + NO2) influence air quality and
climate by regulating tropospheric ozone (O3) production
and hydroxyl radical (OH) abundances which in turn af-
fect aerosol mass formation and the lifetime of the green-
house gases such as methane (Jacob, 2000; Logan et al.,
1981; Shindell et al., 2009). NOx is present largely through
emissions from anthropogenic activities such as motor ve-
hicle use, industrial processes, agriculture, and power gen-
eration. These emissions have steadily increased since pre-
industrial times and are expected to continue increasing glob-
ally (Ohara et al., 2007; Yienger, 1999).

Understanding NOx removal pathways is crucial to accu-
rately assessing its impacts. In the troposphere, conversion
of NOx to HNO3 is the dominant removal process due to
the efficient wet and dry deposition of HNO3. During the
daytime, NOx is converted to HNO3 by OH. At night in the
presence of ozone, NOx is converted into the nitrate radi-
cal, NO3, by reaction of NO2 with O3. The nitrate radical
can react with a variety of different volatile organic com-
pounds (VOC) or again with NO2 to form dinitrogen pen-
toxide, N2O5, which can react on aerosol particles. Noctur-
nal reactions of NO3 and N2O5 to terminal products such
as alkyl nitrates and nitric acid are thought to account for
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20–80 % of NOx removal in polluted regions (Alexander et
al., 2009; Brown et al., 2004; Dentener and Crutzen, 1993).
These previous studies have assumed that N2O5 reactions
on particles proceed solely via a hydrolysis channel to form
two HNO3 molecules. Laboratory studies and recent field
work has shown that N2O5 reactions on chloride contain-
ing aerosol particles can efficiently proceed through a second
channel to form nitryl chloride, ClNO2, in both continental
and marine locations (Behnke et al., 1997; Finlayson-Pitts et
al., 1989; Osthoff et al., 2008; Roberts et al., 2009; Thorn-
ton et al., 2010). ClNO2 is a photolabile compound that re-
leases atomic chlorine and NOx upon photolysis, its forma-
tion thereby decreases nocturnal NOx losses due to HNO3
formation while liberating a strong oxidant. The importance
of this second channel has implications for both the reactive
halogen budget and the efficiency of photochemical ozone
production. Moreover, there remains significant uncertainty
in the efficiency of N2O5 reactions on atmospheric particles.

The heterogeneous reaction rate of N2O5 on aerosol par-
ticles is calculated from the product of two quantities, the
collision frequency between N2O5 molecules with particle
surface area in a volume of air and the probability that N2O5
reacts given a collision,γ (N2O5), also called the reactive
uptake coefficient. This relationship is shown in Eq. (1)
whereω is the average molecular speed of an N2O5 molecule
(m s−1) and SA is the surface area concentration of aerosol
particles (m2m−3).

d[N2O5]

dt
=

γ (N2O5)[N2O5]SAω

4
(1)

Eq. (1) neglects any limitations resulting from gas-phase
diffusion to the particle surfaces which are likely negligi-
ble under our measurement conditions (γ (N2O5) < 0.05 and
rp <2 µm). γ (N2O5) represents the net result of multiphase
chemistry that is a complex function of various particle prop-
erties including chemical composition, liquid water content,
particle phase state (solid vs. liquid), mixing state, mor-
phology of particle constituents across the size distribution,
and pH. Routine, quantitative measurements of the afore-
mentioned particle properties in ambient air are rare at best,
and the fundamental dependence ofγ (N2O5) on some of
these properties, in particular organic composition and mix-
ing state is lacking. Therefore, our understanding of the ab-
solute and relative rates of N2O5 reaction channels in am-
bient particles remains poor. These issues also pose signifi-
cant challenges for accurately incorporating these processes
in atmospheric chemical models. Models must parameterize
the reaction probability based on laboratory studies that use
highly idealized particle compositions, and then also make
assumptions about the mixing state of atmospheric particles.

Laboratory studies have shown thatγ (N2O5) can span
several orders of magnitude depending upon particle compo-
sition and phase state (Hallquist et al., 2003; Hu and Abbatt,
1997; Kane et al., 2001; McNeill et al., 2006; Mozurkewich
and Calvert, 1988; Robinson et al., 1997). Particulate water,

chloride, nitrate, and organic particle coatings can all have
effects on the N2O5 reaction probability (Bertram and Thorn-
ton, 2009; Bertram et al., 2009b; Cosman and Bertram, 2008;
Folkers et al., 2003; Mentel et al., 1999; Park et al., 2007;
Thornton et al., 2003; Thornton and Abbatt, 2005; Wahner et
al., 1998). These findings have led to the development of a
working mechanism, Reactions (R1)–(R4).

N2O5(g) ↔ N2O5(aq) (R1)

N2O5(aq)+H2O(l) → H2ONO2
+(aq)+NO3

−(aq) (R2a)

H2ONO2
+(aq)+NO3

−(aq) → N2O5(aq)+H2O(l) (R2b)

H2ONO2
+(aq)+H2O(l) → H3O+(aq)+HNO3(aq) (R3)

H2ONO2
+(aq)+Cl−(aq) → ClNO2(aq)+H2O(l) (R4)

Increases in particulate liquid water enhanceγ (N2O5), ulti-
mately up to a value limited by Reaction (R1), by increasing
the rates of solvation and hydrolysis reactions of accommo-
dated N2O5 molecules (R2 and R3) (Bertram and Thornton,
2009; Thornton et al., 2003). The presence of particulate
nitrate hinders N2O5 uptake, commonly called the “nitrate
effect”, presumably by forcing the solvated N2O5 intermedi-
ate back to reactants (R2b) (Wahner et al., 1998). The pres-
ence of particulate chloride provides an additional reaction
channel for the solvated N2O5 intermediate (R4) (Behnke et
al., 1997; Finlayson-Pitts et al., 1989; Roberts et al., 2009).
This additional nucleophile can change the product distribu-
tions and increase the rate of N2O5 uptake in particles by
overcoming the nitrate effect (Bertram and Thornton, 2009).
That is, there is a connection, in terms of particle chloride
content, betweenγ (N2O5) and the branching ratio that pre-
dicts the ClNO2 produced per reaction of N2O5 on aerosol
particles (φ).

φ(ClNO2) =
RateR4

RateR3+RateR4
(2)

The presence of organic compounds and their effect on the
reaction probability remain a particular challenge to assess.
Surface active organics and organic coatings generally ap-
pear to lowerγ (N2O5) (Cosman et al., 2008; Folkers et al.,
2003; McNeill et al., 2006; Park et al., 2007; Thornton and
Abbatt, 2005).

Parameterizations ofγ (N2O5) as a function of particle
composition, based on the above laboratory findings, have
only recently begun to be tested with field observations, a
step that is ultimately necessary for accurate representation
of nocturnal NOx processes in large-scale chemical transport
models (Bertram and Thornton, 2009; Brown et al., 2009).
Bertram et al. (2009b) using the same direct reactivity ap-
proach described here, illustrated thatγ (N2O5) depended
strongly on particulate organic matter loading during a stag-
nation event in which SOA mass increased substantially rel-
ative to inorganic components. Theγ (N2O5) decreased with
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increasing particulate organic mass fraction, which would be
inconsistent with a purely hygroscopic organic aerosol.

Brown et al. (2006) used observations of NO2, O3, NO3
and N2O5 to determine the steady state lifetime of N2O5
from which they estimatedγ (N2O5). In that study, and
more recently, they demonstrated high spatial variability in
γ (N2O5), but a specific cause or causes in the variability
were not clear from the available data (Brown et al., 2006,
2009).

We used the direct reactivity approach described in
Bertram et al. (2009a) to make in situ measurements of the
N2O5 reactivity on ambient aerosol particles over the course
of two and a half weeks in a polluted coastal environment (La
Jolla, CA, USA). These data represent the first such measure-
ments in a coastal region. This region routinely receives fresh
and aged sea spray as well as particles associated with urban
pollution, and therefore provides a broad range of particle
types over which to study the response ofγ (N2O5). Using
aerosol composition and meteorological measurements, we
illustrate a strong influence of particulate nitrate on the ob-
servedγ (N2O5) over the course of the study that is quantita-
tively consistent with that expected from laboratory studies.
Other mechanisms of suppression are also apparent, but re-
main to be conclusively identified.

2 Site description and methods

Measurements of N2O5 reactivity and other variables were
made continuously from 11–28 September 2009, at the
Scripps Pier (32.867◦, −117.257◦) located on the Scripps
Institution of Oceanography on the UC San Diego campus
in La Jolla, CA. Supporting measurements included size-
resolved non-refractory aerosol composition from an Aerosol
Mass Spectrometer (AMS), aerosol size distributions, NOx,
O3, and meteorological measurements such as temperature,
relative humidity, pressure, wind speed and direction.

Ambient temperature (T ), relative humidity (RH), and
wind speed and direction measurements were obtained from
an existing weather station operated by SIO (archived data
can be found athttp://meteora.ucsd.edu/wxpages/scripps.
html). RH governs particle water content as well as the re-
action efficiency of N2O5 on the flow reactor walls and is
thus an important variable both in ambient air and within the
flow reactor. We determined the RH within the flow reactor
from the ambient RH andT by assuming constant water va-
por mixing ratio between ambient air and the air sampled into
the flow reactor. A high time resolution temperature mea-
surement taken in the instrument trailer adjacent to the flow
reactor apparatus was used with ambient RH and T to cal-
culate a flow reactor RH. The ambient and flow reactor RH
are shown in Fig. 1a for the entirety of the study. Charac-
teristic of a coastal setting, ambient RH was typically about
70 % with little diurnal cycle except for a few days during
which continental flow dominated bringing low RH. Due to
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Fig. 1. Meteorological conditions during the measurement cam-
paign.(A) The ambient relative humidity (RH %) is shown in blue.
The calculated flow reactor RH is shown in olive. The large swings
in flowtube RH accompany rapid temperature swings in the instru-
ment trailer during the daytime.(B) A wind rose illustrating the
nighttime wind conditions at the measurement site.

persistently warmer conditions within the trailer compared
to ambient air, RH within the flow reactor was consistently
lower than that outside. This condition suggests a possible
biasing ofγ (N2O5) low relative to its actual value in ambi-
ent air, though most recent laboratory studies illustrate only a
weakγ (N2O5) dependence on RH for aqueous solution par-
ticles at RH> 50 % (Davis et al., 2008; Folkers et al., 2003;
Thornton et al., 2003). As illustrated in Fig. 1b, a range of
air mass source regions were sampled during the campaign.
The wind rose represents only wind direction and speeds for
the periods between 09:00 p.m.–06:30 a.m. local time, when
the bulk of the N2O5 reactivity measurements were obtained,
so it is a subsample of all conditions experienced during the
campaign. Nonetheless, clean marine air, marine air mixed
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with coastal urban pollution, and continental air were sam-
pled during the campaign providing a variety of particle types
and histories which are described in detail elsewhere (Liu et
al., 2011).

Number size distributions were measured from 0.01–
0.6 µm at ambient RH with a Scanning Mobility Particle
Sizer (SMPS) (TSI Inc. 3010 CPC & TSI Inc. 3081 DMA)
and from 0.6–20µm at 15–30 % RH using an Aerodynamic
Particle Sizer (APS) (TSI Inc. 3321). Aerosols sampled into
the SMPS were drawn through a short length of insulated
tubing to maintain the RH at near ambient levels. These dis-
tributions were then converted to surface area concentrations
(SA). The SMPS derived surface areas were not corrected
for the lower RH in the flow reactor compared to ambient,
and therefore represent an overestimate of the SA in this size
range contributing to observed N2O5 reactivity. This over-
estimate would lead toγ (N2O5) observations that are biased
low depending on the actual hygroscopic growth factor of
these particles. Assuming the particles are pure ammonium
sulfate, our reportedγ (N2O5) values may be biased low by
at most 50 %. The sampling configuration of the inlet and
the reactivity apparatus (described below) was such that large
particles were unlikely to efficiently transit to the flow reactor
due to inertial impaction. Using the APS measured surface
area distribution, scaled by a pure ammonium sulfate hygro-
scopic growth factor, we estimate that on average, approxi-
mately 60 % of the supermicron surface area is lost in tran-
sit to the flow reactor (Baron and Willeke, 2001). Much of
the supermicron surface area is lost when sampling at 2 slpm
through the 90 degree tee from the 14 slpm flow which re-
sults in a d50 ∼2.5 µm. Moreover, during actualγ (N2O5)

measurements, the fraction of the scaled APS surface area
estimated to reach the flow reactor was found to be on the
order of 13 % (±10 %) of the SMPS reported surface area.
Therefore, we neglected it in the analyses performed here,
leading to population averageγ (N2O5) that are possibly bi-
ased slightly high as a result. Neglecting this may also induce
some variability in the agreement between observations and
predictions due to a varying contribution of the supermicron
particles to N2O5 reactivity. The focus here is on the submi-
cron particle contribution to N2O5 reactivity.

Non-refractory size-resolved particle composition over the
size range of 0.01–1 µm was measured using an Aerodyne
quadrupole aerosol mass spectrometer (AMS). The AMS co-
sampled from the same inlet as the N2O5 reactivity appara-
tus described below. Mass concentrations of organics, sul-
fate, ammonium, nitrate, and chloride were obtained at five
minute time resolution. In addition, post-campaign positive
matrix factorization (PMF) analysis separated the organic
mass concentration into three factors: oxidized (aged com-
bustion and biogenic SOA), biomass burning, and marine or-
ganic aerosol; OOA, BBOA, and MOA, respectively (Liu et
al., 2011). These factors illustrate the variety of air masses
sampled during the study period. Collectively we refer to
the organic species as particulate organic mass (POM). These

aerosol composition measurements and a recently developed
N2O5 reaction probability parameterization were used to de-
rive predictions of the N2O5 reaction probability for com-
parison with measurements. The parameterization estimates
the reaction probability given the aerosol nitrate, chloride,
and liquid water content (Bertram and Thornton, 2009). The
latter were obtained using an online aerosol thermodynamic
equilibrium model (AIM) (Wexler and Clegg, 2002) with
the measured non-refractory ammonium, sulfate, nitrate, and
chloride mass loadings, and flow reactor RH as inputs. Non-
refractory chloride does not include chloride from sea salt,
which is not quantitatively measured by the AMS. Organic
species were assumed to not contribute to the overall particle
water content and were not included in the aerosol model-
ing. This assumption is appropriate if organics are indeed hy-
drophobic and do not inhibit water uptake. Over the course
of this study, there was significant alkane character to the
organic mass which would support the assumption that or-
ganic species were hydrophobic (Liu et al., 2011), but we
do not have direct knowledge of the particle hygroscopicity.
We also used the AMS size-resolved particle composition to
calculate surface area weighted N2O5 reaction probabilities.
The net result was not substantially different to the simpler
approach using the bulk mass composition, which we report
here.

N2O5 reactivity was measured using a similar version of
the flow reactor apparatus described previously (Bertram et
al 2009). Briefly, ambient air was sampled from 4 m above
the pier (15 m a.s.l.) at 14 standard liters per minute (slpm)
through a 6 mm inner diameter (ID) stainless steel tube.
2 slpm was drawn through a 90◦ tee from the main 14 slpm
flow and sent through a 1 meter long, 6 mm ID stainless
steel tube to the flow reactor. Air then passed into a con-
ical aluminum entrance to the flow reactor, either directly
or first through a glass woven filter that removed∼99 % of
the aerosol surface area. The reaction of excess NO2 with
ozone, produced from the photolysis of O2 in high purity air,
served as the N2O5 source. A 40 standard cubic centime-
ters per minute (sccm) flow of N2 containing the N2O5 from
the relatively constant (±2 %) source was then added to the
ambient air stream. The main body of the flow reactor is a
15 cm inner diameter, 90 cm long stainless-steel tube which
was coated with a halocarbon wax to suppress wall reactions.
The dimensions and flow rate gave a residence time (tres) of
∼8 min. N2O5 eluting from the flow reactor was monitored
using an iodide ion (I−) chemical ionization mass spectrom-
eter (CIMS) described previously (Kercher et al., 2009).

By monitoring the N2O5 source output with the CIMS and
periodically filtering out aerosol particles, the N2O5-particle
reaction probability was retrieved by the so-called particle
modulation technique. A representative measurement cy-
cle is shown in Fig. 2. Under an assumption of constant
wall loss conditions between filter on/off states, the relative
changes in the N2O5 signal (SIG) between the filter on/off
states was used to extract the pseudo first order rate constant

Atmos. Chem. Phys., 12, 2959–2968, 2012 www.atmos-chem-phys.net/12/2959/2012/



T. P. Riedel et al.: Direct N2O5 reactivity measurements at a polluted coastal site 2963

for N2O5-particle reactions (khet) about every 50 min. We al-
lowed 15 min of equilibration time between filter states and
then averaged the N2O5 signal for 10 min. The resultingkhet
was then used along with the measured particle surface area
concentration (SA) to calculate the reaction probability, as
shown in Eqs. (3) and (4). The single-point precision for a
reaction probability measurement at a particle surface area
concentration of 100 µm2cm−3 is ±0.01 and decreases to
±0.003 with a surface area concentration of 300 µm2cm−3.
This imprecision is driven primarily by random variations
in source output and detector noise and thus adjacent mea-
surements can be averaged to reduce the scatter. A more
complete discussion of the reactivity apparatus and its ca-
pabilities can be found in other publications (Bertram et al.,
2009a,b).

khet= −

ln
(

SIGw/

SIGw/o

)
tres

(3)

γ (N2O5) ≈
4khet

ωSA
(4)

2.1 Data quality and averaging

The most significant challenge to obtaining meaningful re-
activity measurements was maintaining a relatively constant
temperature within the instrument trailer over the course of
a filter on/off/on cycle. Large temperature swings affect the
relative humidity, and fluctuations in RH change the wall loss
rate within the flow reactor (Bertram et al., 2009a).

In light of these effects, we instituted a fairly rigorous data
quality filter. We reject any reaction probabilities obtained
when the RH in the flow reactor measured at the end of a
filter on/off/on cycle was more than 2 % different from that
measured at the start. Large variations in flow reactor RH,
inferred from trailer temperature swings, were most evident
during the daytime hours as the instrument trailer heated up
and personnel entered and exited the trailer. The nighttime
temperatures were much more stable. Therefore 72 % of the
106 reaction probabilities that passed the quality assurance
checks occurred at night between 09:00 p.m. and 06:30 a.m.
local time. During these time periods the winds (shown in
Fig. 1b) came predominantly from the SSE, corresponding
to urban San Diego and La Jolla, CA, and the NNW poten-
tially bringing air from the Los Angles urban area. Addition-
ally, we reject any data where NO concentrations exceeded
750 pptv to avoid artificial reactivity changes caused by the
NO3/N2O5 equilibrium (Bertram et al., 2009b).

Reactivity measurements that passed the above criteria
were then averaged into 24 h bins, primarily to reduce point-
to-point variation in the data caused by measurement impre-
cision. For figures showingγ (N2O5), we report the bin mean
as points, the standard deviation (1σ) to illustrate point-
to-point variability within the bin as vertical bars, and the
measurement error obtained by error propagation using the
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Fig. 2. (A) Select data illustrating the capabilities and precision of
the reactivity apparatus over a single aerosol filter ON/OFF/ON cy-
cle. Aerosol Filter ON indicates particles are not present in the flow
reactor. Aerosol Filter OFF indicates when the reactor is sampling
ambient particles. The size of the three large markers represents the
95 % confidence range of signals incorporated in the average.(B)
Ambient RH (blue dashed line), calculated flow reactor RH (olive
dotted line), and particle surface area concentrations are shown for
the same period. Surface area is only shown for the Filter OFF sta-
tus and set to zero for the Filter ON status to illustrate the particle
surface areas within the flow reactor.

SA precision dependence discussed above as gray shading.
For comparison purposes, predictions ofγ (N2O5) from the
parameterization were similarly averaged using only values
generated from data obtained coincident with each individual
reactivity measurement.

3 Results and discussion

The surface area concentration contributed by particles less
than 0.6 µm in diameter is shown in Fig. 3a, and the AMS
reported non-refractory aerosol composition is shown in
Fig. 3b. In general, over the course of the study, parti-
cle surface area correlated well with aerosol mass loadings.
In terms of particle composition, two distinct periods are
apparent over the study. The first period (days 254–260)
was marked by high sulfate loadings with comparatively low
POM and nitrate loadings. The bulk of the particle compo-
sition for this period is likely ammonium sulfate or ammo-
nium bisulfate. Ammonium loadings largely followed sulfate
trends. Ammonium sulfate aerosol is hygroscopic and an ef-
ficient substrate for N2O5-particle reactions, soγ (N2O5) for
this period are expected to be relatively high. The second
period (days 261–272) has a notable drop in sulfate loadings
and a substantial increase in particulate nitrate accompanied
by an increase in POM. The largest nitrate loadings occurred
when winds were out of the NNW, and the air may have orig-
inated from the Los Angeles area as noted above. Compared
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particle composition for the study period with organics (shown in
greens) differentiated by factor analysis as oxidized organic aerosol
(OOA), biomass burning organic aerosol (BBOA), and marine or-
ganic aerosol (MOA). In general, high particle surface area corre-
lated well with aerosol mass loadings indicating only a few periods
in which submicron particle surface area were influenced by fresh
sea salt emissions.

to the first period,γ (N2O5) is expected to be relatively low in
the second period due to an increase in the nitrate effect and
the potential for non-hygroscopic organic species to lower, in
a relative sense, the liquid water content or form coatings.

Sea salt chloride mass is not measured efficiently by the
AMS, so the reported non-refractory chloride data represent
a lower limit to actual particulate chloride loadings. Small
chloride loadings relative to nitrate (Cl−moles/NO−

3 moles
∼0.1) have been shown to be able to negate the nitrate effect
in laboratory studies (Bertram and Thornton, 2009). If the
particles are internally mixed, then, in some instances dur-
ing this study, the non-refractory chloride measured by the
AMS, while a lower limit, is still large enough to overcome
the nitrate effect and presumably driveγ (N2O5) higher.

The mean of allγ (N2O5) measured during the Pier study
was 0.0054 with a standard deviation of 0.005, and the mea-
surements ranged from a minimum of 3× 10−5 to a maxi-
mum of 0.029. We bin and average the 106 reaction prob-
abilities into daily (24-h) bins requiring at least 3 reaction
probability measurements per bin. The time series is shown
in Fig. 4a as black squares. The vertical lines indicate the 1σ

variation of points within the bin. The gray shading repre-
sents the instrumental error obtained by propagating the SA-
dependent precision (see above) through the averaging.
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neglecting the chloride dependence.(B) 24-h bins of the mole ra-
tio of particulate water predicted by the AIM model and the AMS
reported nitrate loadings.

As seen in Fig. 4a,γ (N2O5) during the early portion of the
study (days 254–260) was relatively high, indicating efficient
hydrolysis of N2O5 consistent with the high sulfate mass
loadings relative to nitrate loadings. The meanγ (N2O5) for
this first period was 0.008. This period also included the
campaign maximumγ (N2O5) of 0.029. After day 260, the
increase in the nitrate mass fraction coincides with a drop
in γ (N2O5) to a mean of 0.004 for this period. Figure 4b
shows the mole ratio of particulate water to particulate ni-
trate. Particulate water estimates are predicted from the ther-
modynamic aerosol equilibrium model. The two have com-
peting effects onγ (N2O5) as described above, and these ef-
fects are most apparent in the binnedγ (N2O5) values when
the nitrate loadings increase after day 260. During the early
portion the mole ratio is biased toward H2O with values near
75, but as the study progresses the ratio changes toward ni-
trate with mean values near 12, andγ (N2O5) drops accord-
ingly. The nitrate effect is most obvious in the period be-
tween days 260 and 262 where the binnedγ (N2O5) drops
from 0.005 to 0.001 as the water to nitrate mole ratio drops
from 20 to 6. Starting at day 262, the rise in the water to
nitrate ratio coincides with increases inγ (N2O5). Addition-
ally, on day 269 the water to nitrate ratio shows a campaign
minimum which also aligns with the minimum inγ (N2O5).

Daily parameterized reaction probabilities are also cal-
culated using the Bertram and Thornton (2009) parameter-
ization with reported aerosol mass loadings and estimated
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particulate water from the AIM thermodynamic equilibrium
model. The AIM model has been shown in other publications
to reasonably estimate the particulate water content based on
the inorganic particle composition (Engelhart et al., 2011).
These predictions are shown with the 24-h binnedγ (N2O5)

values in Fig. 4a. Predictions from the parameterizations
were averaged using only output from the time periods for
which a validγ (N2O5) measurement existed. The full re-
action probability parameterization includes a chloride de-
pendence, and predictions from this full parameterization are
shown as red circles. The full parameterization estimates are
consistently higher than the observedγ (N2O5). Given the
uncertainty in how chloride mass is distributed throughout
the particle surface area distribution based on the AMS mea-
surement, we also test the other extreme by neglecting the
presence of particulate chloride in the parameterization. The
estimates from the parameterization with chloride set equal
to zero are also shown in Fig. 4a as blue squares. Even when
neglecting aerosol chloride, the parameterized reaction prob-
abilities remain on average 1.5 to 3 times larger than the ob-
served. This result indicates either that there are deficiencies
in the parameterizations when applied to ambient aerosols,
such as a neglected form of N2O5 reactivity suppression, or
alternatively, that there is a systematic bias in the field mea-
surements. That said, both parameterized reaction probabil-
ities broadly correlate with observed N2O5 reaction proba-
bilities on average, showing maximum values in the early
part of the study and depressions between day 260–262 and
on day 269. Indeed, the parameterizations even show simi-
lar day-to-day variations, except the variations are much less
pronounced in the parameterizations than in the observations.

The overestimates of the parameterizations are especially
large during the first period of the study when particulate ni-
trate loadings are low. As noted above, some of the over-
estimation of the full parameterization may be caused by
the assumption that chloride is internally mixed across all
particles. The parameterization also has no explicit depen-
dences on POM, the effects of which represent an area re-
quiring more research. Similarly we neglect particle phase
transitions and assume all particles are metastable solutions.
Thus, if effloresced aerosol components were present in the
atmosphere, then the parameterization would likely overesti-
mateγ (N2O5) given its strong dependence on particle phase
(Thornton et al., 2003). Despite these deficiencies, the pa-
rameterization still manages to capture much of the day-
to-day variability inγ (N2O5). Moreover, the exclusion of
particulate chloride from the parameterization doesn’t vastly
change the day-to-day behavior in the predictions relative
to the observations. This result implies that nitrate concen-
trations relative to water must explain a significant amount
of this variation in the parameterizations, and presumably
that in the observations as well. In Fig. 5 we illustrate the
extent to which the nitrate effect can explain the observed
variations inγ (N2O5) by binning the 24 h reaction proba-
bilities (measured and parameterized) as a function of the
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Fig. 5. (A) The observed dependence of N2O5 reaction probabil-
ities (black squares) on the water to nitrate mole ratio (i.e. “the
nitrate effect”). Parameterized reaction probabilities are also in-
cluded for comparison.(B) Observed (black squares) and param-
eterized reaction probabilities normalized to maximum values. For
both panels, the shaded area represents estimated error from the
precision of the measurement technique. The bars represent the 1σ

variation of 24-h averaged points in each bin.

corresponding particulate water to nitrate ratios. We chose
the water to nitrate bin widths such that the bins covered an
appropriately large span of mole ratios over which the ni-
trate effect is apparent. Each bin has a minimum of three
24-h average points (corresponding to at least 9 raw observa-
tions). Figure 5a shows that the parameterization estimates
follow the overall shape in the observedγ (N2O5) relative
to the water to nitrate mole ratio. However, in an absolute
sense, the persistent overestimate of the observed data is also
clear. When the observations and predictions are normalized
to their respective maximum values in Fig. 5b, the agree-
ment between the binned observations and the parameteri-
zation becomes most apparent. Here the observations follow
quite well the functional dependence on the water to nitrate
mole ratio as predicted by the parameterization. The Scripps
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Pier observations therefore suggest that the magnitude of the
nitrate effect found in laboratory studies and recent parame-
terizations (e.g. Wahner et al., 1998; Bertram and Thornton,
2009) is consistent with that found in the atmosphere at least
for the range of conditions sampled.

Using in situ measurements made in Seattle, WA, Bertram
et al. (2009b) foundγ (N2O5) was suppressed with increas-
ing POM to sulfate mass ratios. The POM/SO4 ratios in
that study spanned a range of approximately 2–12. In con-
trast, over the course of the Scripps Pier study, 90 % of the
POM/SO4 ratios were below 2. The Seattle observations
showed an appreciable suppression ofγ (N2O5) at POM/SO4
ratios above 6, whereas our observations exhibit similar
γ (N2O5) values but at the significantly lower POM/SO4 ra-
tios. Bertram et al. (2009b) argued that the decreasing trend
in γ (N2O5) with increasing POM/SO4 in Seattle could be
partly explained by a correlated increase in the nitrate ef-
fect if the increasing POM did not significantly contribute to
liquid water content. Indeed, such a correlated impact be-
tween POM and nitrate appears in the Scripps Pier dataset as
well. However, the differences in POM/SO4 between these
two locations indicate that either the organic components in
the particles sampled at the Scripps Pier were substantially
more effective at loweringγ (N2O5) per contribution to par-
ticle mass than those in Seattle, or still another driver of
γ (N2O5) variability is operating at the Scripps Pier location.
The explicit role of organics species onγ (N2O5) remains to
be determined and should be a topic of future investigations.

Additionally we estimated the ClNO2 branching ratio
(φ(ClNO2) – also referred to as the yield) using the reac-
tivity apparatus. Uncalibrated ClNO2 signals were moni-
tored by the CIMS during the N2O5 uptake experiments.
Despite the uncertainties resulting from the uncalibrated sig-
nals,φ(ClNO2) values obtained are consistent with the low
γ (N2O5) values. The meanφ(ClNO2) was∼10 % with a
standard deviation of∼10 %. It should be stated that under
atmospheric conditions it is likely that significant ClNO2 for-
mation occurs on supermicron particle surface area, the ma-
jority of which is likely lost in transit to the flow reactor as
we describe above. Therefore these yield estimates are likely
lower limits. With this in mind, the ClNO2 yields show no
appreciable trend with AMS measured chloride, H2O/NO3,
or POM/SO4. Experiments of this type certainly warrant ad-
ditional investigations.

4 Conclusions and atmospheric implications

We report direct in situ measurements of the N2O5-aerosol
reaction probability taken in the late summer in La Jolla, CA,
using a recently developed heterogeneous reactivity appara-
tus. Particulate nitrate appears to have the most important
day-to-day influence on the measured reaction probabilities
during the study. The suppression effect of nitrate can be
clearly seen in daily averages, and the observed dependence

on the water to nitrate ratio within ambient particles closely
resembles the expected relationship based on previous lab-
oratory studies. Given the prevalence of particulate nitrate
in polluted urban areas, especially during winter when N2O5
chemistry is likely to be most important, chemical transport
models should incorporate the nitrate effect into N2O5 reac-
tion probabilities used therein. Our results suggest the ex-
isting parameterizations adequately capture the nitrate effect
for the conditions sampled at the Scripps Pier. While the ni-
trate effect is likely a significant contributor to the variations
in the Scripps Pierγ (N2O5) measurements, the data also il-
lustrate that an unidentified, yet persistent, means of suppres-
sion exists in addition to the nitrate effect, perhaps connected
to POM but the mechanism remains unclear.

Though chloride is expected to be an important driver of
the N2O5 reaction probability, it does not appear to play a
large role in the reaction probabilities reported here. This
conclusion is based on the fact that predictions which include
the expected chloride effect in a bulk sense have worse agree-
ment with observations compared to those which assume
particulate chloride is negligible in the particles that domi-
nate the surface area of the submicron mode. This finding
has important implications not only for accurately predicting
γ (N2O5) in models, but also for determining the efficiency
of halogen activation by N2O5. Assuming chloride was inter-
nally mixed across the submicron particle size distribution,
and importantly, in particles containing nitrate, led to a large
overestimate ofγ (N2O5) compared to observations. Given
the connection between theγ (N2O5) and the branching ra-
tio to ClNO2 production (see Eq. 2), these results imply that
ClNO2 production in this coastal environment may not be
100 % efficient. Thus, to further our understanding of ClNO2
production efficiencies, closure experiments that utilize si-
multaneous quantitative measurements of size-resolved inor-
ganic particle composition andγ (N2O5) alongside a suite of
important nighttime constituents will be necessary.
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