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Abstract

The nitrate radical (NO3) and dinitrogen pentoxide (N2O5) are normally considered only in the context of nighttime atmospheric chemistry.
Although their importance during the day is often small, it is not always negligible. Here, we present daylight observations of both compounds from
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the NOAA P-3 aircraft taken during the New England Air Quality Study in the summer of 2004. Observed mixing ratios agreed with pr
from a simple, rapidly established daytime steady state, although observed and calculated mixing ratios of NO3 were near the instrumental detect
limit. The observations have several implications for tropospheric chemistry during the daytime, including the loss of ozone through ph
NO3 to NO + O2, oxidation of biogenic volatile organic compounds (VOC), and conversion of NOx (=NO + NO2) to HNO3 via N2O5 hydrolysis.
The magnitude of each process is considered in comparison to its photochemically driven analog. For example, NO3 oxidation of�-pinene in
the presence of NOx contributes 10–40% of the total daytime oxidation rate. Hydrolysis of N2O5 increases the daytime conversion rate of Nx

to HNO3 by several percent, with a maximum of 13%, relative to OH + NO2. The implications of these observations for daytime NO3 and N2O5

reactions in a variety of locations and seasons are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The nitrate radical, NO3, has been observed and shown to be
an important oxidant during nighttime in the troposphere[1–6].
It is produced primarily from the reaction of NO2 with ozone.

NO2 + O3 → NO3 + O2 (1)

Although there has been considerable study of the role of NO3
in the dark, its importance to daytime atmospheric chemistry has
been considered in detail only recently[7]. The lack of atten-
tion is for good reason; its daytime concentrations are normally
quite small because NO3 is efficiently photolyzed in sunlight
and reacts rapidly with NO, which is a predominantly daytime
species.

NO3 + hν → NO2 + O (2a)

∗ Corresponding author.

NO3 + hν → NO + O2 (2b)

NO3 + NO → 2NO2 (3)

However, negligible concentrations do not mean neglig
importance of the species in the atmosphere. A relatively
flux (from several hundred to several thousand pptv h−1) of NO2
oxidation by O3 is required to support modest NO3 and N2O5
concentrations during the day, and in the process, there c
significant impacts on NOx, O3 and volatile organic compoun
(VOC).

The rate of NO3 production via reaction(1)is not significantly
altered between day and night, but its removal rate is incre
drastically during daytime. However, under conditions of ei
strong source strength (i.e., large NO2 and/or O3) or weak sinks
(e.g., reduced photolytic removal due to a decrease in sola
under clouds), significant sustained concentrations of gas
NO3 during the day are possible. Geyer et al.[7] have delineate
the conditions under which there can be several parts per tr
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(pptv) mixing ratios of NO3 in the daytime planetary boundary
layer. Further, if the conditions are right, the removal of NO3
by some processes can be comparable to or even larger than
that via photolysis and reaction with NO. Examples include the
scavenging of NO3 into cloud droplets[8,9], ozone destruction
in the stratosphere via the photolysis of NO3 to give NO + O2 [1],
forest canopies where NO3 could be a significant oxidizer for
biogenic organics emitted there[10], and processing of NOx and
O3 in urban areas where the concentrations of both constituents
are large enough to drive significant daytime NO3 production
[7].

Dinitrogen pentoxide, N2O5, forms from the addition of NO2
to NO3 and will also be present during the day in small con-
centrations under conditions favorable to the buildup of NO3.
Whereas removal processes for NO3 must be competitive with
its photolytic loss or NO reaction to be important during the day,
removal processes for N2O5 that are competitive with its ther-
mal dissociation to NO2 + NO3 will be of significance during
the day. Hydrolysis of N2O5 is one of the primary pathways for
conversion of NOx to nitric acid in the troposphere at night[11],
but there is little information on the daylight role of N2O5 in the
troposphere. As we will show below, however, this hydrolysis
can enhance nitric acid production rates in sunlight.

This paper describes in situ measurements of NO3 and N2O5
made in daylight from an aircraft using the high-sensitivity,
direct absorption method of cavity-ring down spectroscopy
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of the instrument and the reduction of the data to yieldj(NO3)
will be described in a forthcoming publication. The instrument
retrieves actinic fluxes between 280 and 690 nm at 1 nm res-
olution using two separate spectrometers, and NO3 photolysis
rates were calculated from the measured solar fluxes using lit-
erature values for the NO3 absorption cross section[17–19]and
quantum yield[20,21]. The CaRDS instrument for NO3 and
N2O5 detection has been described in detail elsewhere[22–24].
It detects NO3 optically on its strong visible absorption bands at
662 nm, and it detects the sum of N2O5 and NO3 simultaneously
on a second, heated channel that induces thermal decomposition
of N2O5 to NO3. Detection limits realized during NEAQS-ITCT
were 0.4–1 pptv for NO3 and 1–2 pptv for N2O5 (2σ, 1 s). As
described below, this sensitivity is sufficient for frequent obser-
vation of N2O5 during the day, and for occasional observation
of NO3.

Measurements of NO3 and N2O5 at levels near the instru-
mental detection limit during the day pose a particular challenge,
and there are several potential limitations to the accuracy of the
measurement. First, the instrument acquires a zero by titration
of NO3 with a small quantity (∼25 ppbv) of NO added to the
inlet, a procedure that is effective at night when there is little
NO in the air, but that is less effective during the day when the
small concentrations of NO3 are already in steady state with the
daytime levels of NO. In practice, this does not greatly affect
the zeros since the added NO is well in excess of the concentra-
t NO
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CaRDS). To our knowledge, this is the first report of di
easurements of N2O5 arising solely from a daytime sour

i.e., not remaining from the previous night). We compare t
bservations to predictions based on a rapidly established s
tate and discuss the implications of NO3 and N2O5 in the pres
nce of sunlight.

. Field campaign and experiment

The New England Air Quality Study-Intercontinental Tra
ort and Chemical Transformation (NEAQS-ITCT) field ca
aign in the summer of 2004 included deployments of se
obile platforms, including the NOAA WP-3D Orion aircra
ased out of Portsmouth, NH, and the NOAA research
el (R/V)Ronald H. Brown, which sampled the outflow of th
ew England region in the Gulf of Maine. Each platform c

ied a suite of instruments for detailed characterization of
hase composition, aerosol properties, radiation and mete
gy. Of interest for the current analysis were measurem
f O3, NO and NO2 via chemiluminescence[12], speciate
olatile organic compounds by proton transfer reaction m
pectrometry (PTRMS)[13], aerosol number and size via op
al particle counters[14] and speciated peroxy acetyl nitra
PANs) by thermal dissociation chemical ionization mass s
rometry (TD-CIMS)[15].

The observations and analysis described here are u
ecause they combine daytime, in situ measurements of3
nd N2O5 via cavity ring-down spectroscopy[16] with direct
easurements of the solar actinic fluxes that determine th
f NO3 photolysis,j(NO3), using spectral radiometers; this
newly developed capability in our laboratory, and the de
y
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ions normally present in the air, although for some largex

lumes this effect can reduce the apparent NO3 absorption sig
al. For measurement of N2O5, the NO present in the daytim
ir sample will partially titrate the NO3 that comes from therm
onversion of N2O5 during the residence time required for t
onversion in the heated inlet. We have made no attempt to
ect the data for this effect, which should normally be smal
ost data reported here, but could result in as much as a

eduction in the N2O5 concentration. Therefore, values repor
ere for daytime NO3 and N2O5 should be regarded as low

imits.
The most serious difficulty we encountered in the day

easurements was a small 662 nm absorption signal i
eated channel that was uncorrelated with the predicted2O5
oncentrations but that was correlated with the mixing rat
AN (CH3C(O)O2NO2) compounds. The origin of this sign

s unclear. The sensitivity was variable, between 0 and 4 pp
quivalent N2O5 signal per ppbv PAN, with a typical value le

han 1 pptv ppbv−1 when it was present. It could be an inst
ental artifact arising from thermal dissociation of a PAN t

ompound followed by radical reactions in the heated inlet
enerates an absorption at 662 nm. However, we are un
f a chemical reaction scheme that would generate an ab

ng species only in the absence of NO (e.g., schemes in w
he NO reacts with the peroxy radicals generated from the
issociation of PAN should lead to a small, negative absor
ignal due to the generation of NO2 from the NO titrant during
ackground acquisition). Furthermore, synthetic PAN sam

ntroduced into the heated inlet in the laboratory yielded
easurable 662 nm absorption signal. The other possibilit
eak atmospheric source for NO3 from chemical processes (e.
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photolysis, OH reactions, etc.) involving PAN or one of its spe-
ciated analogs. We are currently investigating both possibilities.

3. Calculated daytime steady states

Because photolytic destruction and NO reaction are rapid
NO3 sinks, the predicted daytime concentrations of NO3 and
N2O5 are quite small, at least for the summertime midlatitude
conditions described here. These large sink terms also serve
to establish a relatively rapid steady state in NO3, so that its
daytime concentration can be readily predicted. Consideration
of reactions(1)–(3)alone gives a steady-state expression for the
daytime NO3 concentration.

[NO3]Day = k1[O3][NO2]

k3[NO] + j2
(4)

Here,k1 andk3 are the bimolecular rate coefficients for reactions
(1) and(3) and j2 is the total first-order photolysis rate coeffi-
cient for NO3 (i.e., the sum due to channels(2a)and(2b)). Under
most daylight conditions, NO3 photolysis and reaction with NO
dominate over other losses such as NO3 reactions with VOC or
N2O5 hydrolysis. As noted by Geyer et al.[7] the [NO3] pre-
dicted by Eq.(4)becomes proportional to the square of the ozone
concentration for large NO mixing ratios when the termk3[NO]
dominates overj2 (e.g.,k3[NO] ≈ 10× j2 for NO = 3 ppbv and
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Here,Keq is the equilibrium constant for reaction(9). Numerical
modeling of the system including reactions(1)–(3), (9) vali-
dates the daytime steady-state expressions and shows that the
approach to steady state requires less than 2 min forT = 298 K
and NO2 concentrations up to 10 ppbv. At 273 K, both steady-
state expressions are still valid, but the time required for N2O5
to approach its steady state is approximately 1 h.

Reactions of NO3 with VOCs are unlikely to significantly
perturb the daytime steady-state concentrations predicted from
these expressions. The lifetime of NO3 with respect to VOC
reactions is typically on the order of minutes, whereas its life-
time due to photolysis and/or reaction with NO is typically a
few seconds or less. Hydrolysis of N2O5, on the other hand,
can perturb these steady states, but only if it is rapid. Under
warm conditions, even an N2O5 lifetime with respect to hydrol-
ysis of 10 min, the fastest that we have observed, leads to a
deviation from Eqs.(4) and(10) of <10% at 298 K. (As shown
below, however, even a small perturbation to the N2O5 daytime
steady state can be competitive with the reaction of OH with
NO2 as a daytime source for HNO3.) The deviation from the
steady-state expression for N2O5 can become larger at lower
temperatures where the thermal dissociation rate coefficient for
N2O5 becomes comparable to or even slower than its hydrolysis.
For the data analyzed here under midlatitude summer conditions
at low altitude, the steady-state expressions above are adequate.
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lear skies). Ifj2 is negligible, the ratio of NO2 to NO can be sub
tituted for the Leighton photostationary state expression[25].

O + O3 → NO2 + O2 (5)

O2 + hν + O2 → NO + O3 (6)

[NO2]

[NO]
= k5[O3]

j6
(7)

NO3]Day ≈ k1

k3

k5

j6
[O3]2, k3[NO] � j2 (8)

n the aircraft data presented here, the two terms in the de
nator of Eq.(4) were often comparable; photolysis, rather t
O reaction, was frequently the larger pathway for NO3 destruc

ion, so that Eq.(4), rather than(8), was more appropriate. This
istinct from the cases observed by Geyer et al.[7] from surface
easurements in Houston, TX, where daytime NO3 formation
as driven by large mixing ratios of NOx and O3, and NO3

eaction with NO was the dominant sink.
The concentration of N2O5 similarly follows a rapidly estab

ished steady state under warm conditions. This compound f
rom its equilibrium with NO3 and NO2.

O3 + NO2 � N2O5 (9)

ssuming that rate coefficients for reactions consuming N2O5
e.g., heterogeneous hydrolysis) are small in comparison to
or reactions that interconvert NO3 and N2O5 (true for warm con
itions wherek−9, the rate coefficient for the reverse of reac
9) is rapid), the daytime concentration of N2O5 is given by:

N2O5]Day= Keq[NO2][NO3]Day. (10)
-

s

e

. Observed daytime abundances

Daytime N2O5 was observable on several occasions du
EAQS-ITCT 2004. Daytime NO3, while observable, was ty

cally at or near the instrumental detection limit.
As an example of the small size of the NO3 signals,Fig. 1

hows a time series of one of the clearer comparison of mea

ig. 1. Top: time series of NO, NO2 and O3 mixing ratios from a flight on Jul
1, 2004. Bottom: time series of measured (averaged to 30 s) and calc
from Eq.(4)) NO3, overlaid with thej(NO3) values (right axis).
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Fig. 2. Top: flight track from August 6, 2004, color coded according to the
measuredj(NO3) and overlaid on a satellite image of the cloud pattern for that
day, illustrating the variation inj(NO3) observed as a result of clouds. Middle:
time series ofj(NO3), and measured (averaged to 5 s) and calculated (from Eq.
(6)) N2O5. Fine variability inj(NO3) comes from the broken cloudiness over
the Ohio River Valley. Bottom: time series of NO, NO2 and O3 mixing ratios.

and calculated NO3 from a P-3 flight on July 21. The flight track
on this day was mainly well to the east of New England over
the Atlantic Ocean. Values ofj(NO3) were consistently large,
frequently in excess of 0.2 s−1, possibly due to high albedo over
low-level clouds. The small peaks in the observed NO3 corre-
spond with the steady-state predictions at 15:15 and 19:15 UTC
At these times there was enough NO2 to generate a measurable
amount of NO3, but also, importantly, there was sufficient ozone
(i.e., >100 ppbv) to drive the oxidation of NO2, even in the case
wherej(NO3) was at its maximum, clear sky value.

Fig. 2 shows an example of the N2O5 observation from the
time series on August 6, a day when the P-3 sampled powe
plant plumes in the Ohio River Valley over Pennsylvania, Ohio
and West Virginia and then returned over the cities of New York
and Boston. This example illustrates the widespread presence
N2O5 during the day in the presence of large NOx sources and/or
persistent cloudiness that reduces the value ofj(NO3). The top
graph shows the flight track for this day, superimposed on a
satellite image showing the cloud pattern. The power plants ar
evident from the spikes in the NO2 time series in the lower graph
in the middle of the flight, while the urban plumes appear as
broader NO2 peaks near the end of the flight. The fine-structure
evident in thej(NO3) time series over the middle portion of the
flight correlates with the broken cloudiness along the flight track
over the upper Ohio River Valley. The clouds are expected to be

at the top of the approximately 1.5 km planetary boundary layer,
and the aircraft cruised at an altitude near 1 km in this region,
underneath the broken clouds. Interestingly, there was a consis-
tent, positive offset in the N2O5 signal throughout the region
wherej(NO3) was variable. This small signal was uncorrelated
with the structure in the time series of the PAN compounds (sam-
pled at 2 s resolution), which were present in small mixing ratios
(0.3± 0.1 ppbv for the sum of speciated PANs), although it is
impossible to rule out a contribution from the PAN-correlated
signal on the heated inlet to this signal. Other flights with sim-
ilar levels of PAN but less variability inj(NO3) (e.g., the first
leg of the July 15 flight described in the next section) exhibited
no discernible N2O5 signal, although as noted above, the sensi-
tivity to this signal was variable. Much of the structure that is
discernible above the baseline noise inFig. 2correlates with the
predictions of the daytime steady state calculated from Eq.(10),
which is driven partly by structure in NO2. Assuming it is not an
artifact due to PAN, the generally positive offset of slightly less
than 1 pptv in this region may be due to a similarity in the time
scale required for the approach to steady state and the time scale
on which these air masses are exposed to alternately larger and
smallerj(NO3) due to the intermittent cloudiness. August 6 was
a relatively cool summer day, with temperatures at the∼1 km
cruising altitude of 12–13◦C. At this temperature, the approach
to the daytime steady state for N2O5 requires roughly 10 min,
sufficient to slow the response of the system under conditions
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f variablej(NO3) and degrade some of the predicted struc
rom the daytime steady-state calculation, which assumes e
ially instantaneous response to changes in NOx or j(NO3).

Fig. 3 shows an expanded view of the latter portion of
ugust 6 flight, where the observed mixing ratio of N2O5 was
ell above the instrumental detection limit. Although this ev
ccurred in the late afternoon, it was still 2–3 h prior to lo
unset in this region. The increase in the observed N2O5 sig-
al was due mainly to increased NOx in the region near Ne
ork city and Boston and a decrease inj(NO3) due to cloudi
ess at the point where the flight track crossed into the c
eck off the New England coast. (Note that the satellite

ure, taken at a single point in time, does not accurately re
he particular clouds at any given point in the∼8 h flight, but
t does give a general picture of the cloud pattern on that
he agreement between the predicted daytime steady sta

he observed N2O5 is reasonable over most of this time peri
he lower graph inFig. 3shows a correlation plot between
bserved and calculated N2O5 mixing ratios. The only exceptio

s the period just after 21:15, where the observation exceed
rediction. Here, the observed signal correlated better wit
easured PANs (which varied up to 1 ppbv) than with the
icted daytime N2O5 steady state. This example demonstr

hat cloudiness can be a determining factor influencing3
nd N2O5 concentrations during the day. It also shows tha
imple daytime steady-state expressions for NO3 and N2O5 can
eproduce the observed mixing ratios, and that the pred
teady-state concentrations of NO3 and N2O5 can be used t
ssess their importance during daylight hours, even unde
itions where their mixing ratios may be too small to obse
efinitively.
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Fig. 3. Top: expanded view of the last two hours of the middle graph ofFig. 2.
Bottom: plot of observed (averaged to 5 s) vs. calculated (according to Eq.(6))
N2O5 for the time period in the top graph. The correlation is good and the slope
is 0.7, consistent with the N2O5 measurement being a lower limit, as discussed
in the text.

5. Tropospheric implications

Although the observed and predicted concentrations of NO3
and N2O5 are small in the presence of sunlight, they can still
have an impact on tropospheric chemistry. As noted in the intro
duction, the production rate of NO3 from the oxidation of NO2
by O3 is invariant with time of day, so that the flux through
this oxidation process is always large. The primary reason fo
neglecting NO3 during the day is that its photochemical destruc-
tion via channel(2a)leads to a null cycle.

NO2 + O3 → NO3 + O2 (1)

NO3 + hν → NO2 + O (2a)

O + O2 → O3 (11)

The sole result of this sequence is the absorption of photon
of visible light. Furthermore, channel(2a) is the primary path-
way for photolysis of NO3, with a quantum yield,Φ(NO2), of
approximately 0.87 from atmospheric photolysis[20]. All other
channels that effect some chemistry from the oxidation of NO2
by O3 during the day must compete with this rapid (j ∼ 0.2 s−1)
photolytic pathway. Nevertheless, there are several processe
that can be of some importance under certain conditions. Thes
include: (1) the perturbation of the Leighton photostationary
state between NO and NO2; (2) the photochemical destruction
o ion
o ase

chemistry from the uptake of NO3 into droplets. Several of these
topics have been discussed previously by Geyer et al.[7] in the
context of daytime NO3 observed at the surface under high NOx

and O3 conditions in Houston, TX. In this manuscript, we discuss
the first four topics from the analysis of single events observed
from the P-3 under conditions of generally lower NOx and O3
away from the Earth’s surface.

5.1. Perturbation of Leighton photostationary state

The only NO3 destruction channel that is large in comparison
to photolysis during the daytime is reaction of NO3 with NO.
The most important effect of this reaction is to modestly increase
the oxidation rate of NO to NO2 by O3.

NO2 + O3 → NO3 + O2 (1)

NO3 + NO → 2NO2 (3)

Net : NO + O3 → NO2 + O2

One measure of the magnitude of the increased NO oxidation
rate is the degree to which it perturbs the photostationary state
between NO and NO2 [25], described above (Eq.(7)). Geyer et
al. [7] have given an expression for the Leighton ratio perturbed
by the presence of NO3.
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[NO2]

[NO]
= k8[O3] + k3[NO3]Day

j9
(12)

or the majority of the daylight P-3 flights, the calcula
eighton perturbation due to NO3 was quite small, of the ord
.5%. There were a number of brief periods of high NOx and/or

ow sunlight where it reached a maximum of 5%, although e
perturbation of this size would be difficult to discern in
O and NO2 data. By comparison, the predicted Leighton p

ostationary state perturbation due to the presence of p
adicals, which also convert NO to NO2 (i.e., the key step i
hotochemical ozone production) can be on the order of

or HO2 + RO2 = 100 pptv[26]. Although the Leighton perturb
ion due to NO3 for the 2004 P-3 data was largely insignifica
urface measurements in Houston, TX, have shown that it c
omewhat more important for low-light conditions near su
7].

.2. Catalytic O3 destruction

Photodissociation of NO3 via its minor channel to giv
O + O2, with a quantum yield ofΦ(NO)≈ 0.13 for atmo
pheric photolysis[20], does not yield a null cycle but rath
eads to catalytic ozone destruction.

O + O3 → NO2 + O2 (5)

O2 + O3 → NO3 + O2 (1)

O3 + hν → NO + O2 (2a)

et : 2O3 + hν → 3O2
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Fig. 4. Top: map showing the flight track for July 15, 2004. Middle: time series
of NO and NO2 mixing ratios andj(NO3) from this flight. Bottom: calculated
O3 loss rate due to the catalytic O3 destruction cycle in Eq.(15) (red) summed
with Ox loss due to N2O5 hydrolysis (blue) and VOC oxidation (green).

The net loss rate for O3 by this process is rate limited by reaction
(1) times the fraction of the resulting NO3 that is lost to the minor
photolysis channel.

d[O3]

dt
= −2k1[O3][NO2]

Φ(NO)j2

j2 + k3[NO]
(13)

Here, the factor of 2 is due to the consumption of two O3 for each
NO3 photolysis event. The calculated loss rates for O3 by this
channel are illustrated from the time series of the July 15 flight
shown inFig. 4. As shown by the map in the top graph, this flight
initially sampled to the East, well out over the Atlantic Ocean,
and then returned over New York city and Boston. The initial
leg of this flight was characterized by relatively low NOx con-
ditions, while the latter half sampled urban plumes. Thej(NO3)
was variable over the entire flight, but particularly so toward
the end over the urban areas. This flight therefore contrasts th
importance of daytime NO3 and N2O5 chemistry under a variety
of conditions. The lower figure shows three contributions to the
odd oxygen, Ox, loss rate; the largest is the catalytic loss in Eq.
(13). There are additional daytime losses of Ox due to NO3–VOC
reactions and N2O5 hydrolysis that are also shown in this figure.
These will be described in the following sections. Loss rates
of Ox due to NO3 photolysis amounted to 10–50 pptv h−1 on
July 15, but only in the latter part of the flight where NOx was
present and mainly in discrete NOx plumes. The largest daytime
c ta s
w n-
i all
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as deposition, which can be estimated at∼500 pptv h−1 in the
daytime, continental boundary layer (e.g., deposition velocity of
0.4 cm s−1 in a 1.5 km mixed layer[27]). For comparison, local
production rates of ozone during the day can be on the order
of several ppbv h−1, and within urban plumes on the order of
10 ppbv h−1 [26,28]. Thus, the catalytic loss of O3 in the lower
troposphere due to NO3 photolysis may be on the order of 10%
of the loss due to deposition, although it is likely 1% or less of
the NOx-driven production in VOC rich environments.

5.3. Daytime NO3 oxidation of VOC

Oxidation of hydrocarbons during the day proceeds mainly
by reaction with OH and O3. Indeed, the small daytime con-
centrations of NO3 discussed in this manuscript would make a
negligible contribution to the oxidation of most hydrocarbons.
However, NO3 is highly reactive with unsaturated VOC in gen-
eral and with certain biogenic compounds in particular[5,29].
Since even the small daytime NO3 mixing ratios of∼0.5 pptv
are comparable to peak OH concentrations, VOCs with rate
coefficients for NO3 oxidation that approach those of their OH
reactions can be oxidized to a non-negligible extent during the
day by NO3. The two examples from the 2004 P-3 data that
can be readily analyzed include isoprene and the monoterpenes.
Both of these were measured with high time resolution and sensi-
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atalytic ozone loss rates calculated from the 2004 P-3 da
ere roughly 100 pptv h−1 within power plant plumes contai

ng significant NO2. Ozone loss rates of this order are sm
ut non-negligible in comparison to other losses for ozone
e

et

ivity by PTR-MS, although the monoterpenes include the
f �- and�-pinenes and related compounds, all of which
uite reactive toward NO3, O3 and OH. For simplicity, monote
enes will be treated as�-pinene, which is typically the large
bserved component.

The oxidation rates for isoprene and monoterpene
ptv h−1 for isoprene and�-pinene from the flight on July 1
re shown in the lower two plots ofFig. 5. The loss rates are t
roducts of the temperature-dependent rate coefficients fo
eaction of the VOC with the oxidant, the oxidant concentra
nd the VOC mixing ratio.

oss rate (pptv h−1) = kVOC+Oxidant× [Oxidant]× VOC (14)

he concentrations of OH and NO3 (shown in the upper plo
re calculated from a parameterization based on NO2, j(O3) (to

orm O (1D)) andj(NO2) [30], and from Eq.(4), respectively
he temperature-dependent rate coefficients are from the r
eview of Atkinson and Arey[31]. The upper trace of the low
wo plots is the ratio of the first-order loss rate coefficients
ach VOC with respect to NO3 to that for the sum of OH, O3
nd NO3 (i.e., the ratios of the rate coefficients times the ra
f the oxidant concentrations, or the first two terms on the r
and side of Eq.(14)), expressed as a percent. For isopr
hich has an OH reaction rate coefficient slightly more t
00 times that of NO3 at room temperature, the oxidation d

o the calculated NO3 is never more than a few percent of
otal. At the end of this flight, roughly two hours prior to lo
unset, there were two time periods where the predicted3-
riven oxidation of isoprene was near 10% of the total. T
vents were the coincidence of NOx plumes with lowj(NO3)
ndj(O3) under clouds. The upper trace shows that calcu
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Fig. 5. Top: calculated concentrations for OH and NO3 from the July 15 flight.
Middle: calculated loss rates for isoprene due to OH, O3 (×10) and NO3 (×10)
according to Eq.(14). Negative values are due to the scatter in the measured
VOC mixing ratio about zero in regions of low mixing ratio. The right axis gives
the ratio of the first-order loss rate coefficient for isoprene due to NO3 oxidation
to that for the sum of OH, O3 and NO3. Bottom: same as the middle plot, except
for monoterpenes, with O3 and NO3 losses scaled by 2× rather than 10×, and
with the rate coefficients taken as those for�-pinene.

NO3 exceeded calculated OH by a factor of up to 17 under
these conditions, the largest calculated daytime ratio of NO3 to
OH from the P-3 data. Unfortunately, neither the PTRMS VOC
instrument nor the CaRDS NO3 and N2O5 instrument was mea-
suring at this time. One potential consequence of NO3 oxidation
of isoprene during the day would be the formation of oxidation
products distinct from those due to OH or O3. For example, OH
reactions with isoprene lead largely to the formation of methyl
vinyl ketone and methacrolein, whereas NO3 oxidation leads to
the formation of unsaturated organic nitrates[32].

Monoterpene oxidation by NO3 is more important than iso-
prene oxidation because the ratios of the OH to the NO3 rate
coefficients are smaller (e.g.,kOH/kNO3 = 8.5 for �-pinene at
298 K) [31]. The lower plot ofFig. 5 shows the importance of
daylight monoterpene oxidation by NO3 for the July 15 flight.
Under the assumption that the oxidation rate coefficients for al
monoterpenes are equal to that of�-pinene, the ratio of NO3-
driven oxidation to the total varied between 10 and 40%. In
some cases, the first-order rate coefficient for NO3 oxidation
exceed that for OH. This result suggests that under cloudy con
ditions, monoterpene oxidation by NO3 can be quite significant,

and that even under clear sky conditions this oxidation can be
non-negligible. For example, a calculation using the steady-state
expressions given above shows that the fraction of the total
�-pinene oxidation due to NO3 (considering only gas phase
reactions with OH, O3 and NO3) under clear sky conditions
(j(NO3) = 0.2 s−1) varies between 3 and 10% for 2 ppbv of NO2
and O3 in the range 50–150 ppbv. AsFig. 5shows, this fraction
increases considerably under low-light conditions. Such effects
could be significant in environments such as forest canopies,
where light levels are low but significant oxidation of very reac-
tive biogenic hydrocarbons is known to occur[33,34].

These examples illustrate that NOx-driven VOC oxidation
via NO3 formation can be an important loss pathway during the
day for VOCs whose NO3 reaction rate coefficients are within a
factor of 100 times the OH rate coefficients. Other examples that
are not analyzed here include certain aromatic compounds, such
as phenols and styrenes, dimethyl sulfide (DMS), and oxida-
tion products of biogenic compounds such as 3-methylfuran.
It is important to stress the role of clouds in these oxida-
tion processes. Because clouds can decrease bothj(NO3) and
j(O3) simultaneously, NO3 oxidation under clouds will gener-
ally increase relative to OH. Furthermore, because late afternoon
cloudiness is common in summer, when biogenic VOC emis-
sions are important, NO3 oxidation may play a larger role than
previously considered in their oxidation. This result may have
implications for O formation in summer, which is driven by for-
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The preceding section noted that there can also be some

oss from the oxidation of VOC by NO3. This is because ea
O3 contains two odd oxygen (Ox) (i.e., oxidation of NO to NO3

equires two O3). Therefore, loss of NO3 to form, for example
rganic nitrates in reactions with VOC effectively removes
3 for every NO3 consumed. An upper limit to this odd oxyg

oss can be estimated from the lower traces ofFig. 5showing the
OC loss rates for NO3. The corresponding ozone loss rates
qual to twice the total NO3–VOC loss rates, assuming that
eaction leads to organic nitrates rather than to regenerat
O2 [35]. Summing both the isoprene and the monoterpene

ates shown in the figure gives a net ozone loss in the pre
f both NOx and VOC of several tens of pptv h−1, and this los
as been added to the total Ox loss calculation inFig. 4.

.4. Daytime hydrolysis of N2O5

The key step in the removal of NOx from the lower tropo
phere is the oxidation of NO2 to HNO3. During the day, thi
roceeds mainly by the reaction of OH with NO2, whereas a
ight, one of the most important pathways is the heterogen
ydrolysis of N2O5.

2O5 + H2O (Het) → 2HNO3 (15)

he daytime production rate of HNO3 via this mechanism
epends on the concentration of N2O5 and the first-order ra
oefficient for reaction(15), which in turn depends on the ava
ble aerosol surface area density,A (�m2 cm−3), the uptake
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Fig. 6. Top: calculated first-order rate coefficient for N2O5 hydrolysis on aerosol
surface, withγ(N2O5) = 0.02. Bottom: production rate for HNO3 from both
OH + NO2 and from N2O5 hydrolysis. Overlaid against the right axis is the ratio
of HNO3 production from N2O5 hydrolysis to the total production.

coefficient for N2O5 on the aerosol surface,γ(N2O5), and the
mean molecular speed for N2O5, cmean[36].

d[HNO3]

dt
= 2k15[N2O5]Day (16)

k15 ≈ 1

4
γ(N2O5)cmeanA (17)

Fig. 6 shows a comparison of the predicted rate of HNO3 for-
mation during the day from both OH + NO2 and from N2O5
hydrolysis for the July 15 flight discussed in the preceding sec
tions. Here, we have used calculated N2O5, the observed aerosol
surface area density (corrected upward by 30% to account fo
the change in particle diameter between the relative humidity
of the ambient air and that of the instrument[37]). The value
for γ(N2O5) is 0.02, based on laboratory measurements[38,39]
and a recent determination from nocturnal aircraft measuremen
[40]. The corresponding lifetimes of N2O5 with respect to het-
erogeneous hydrolysis are on the order of 15–45 min and ar
shown as first-order loss rate coefficients in the top graph. The
daytime HNO3 production rates inFig. 6 are estimates only
becauseγ(N2O5) has been taken as a constant; actualγ(N2O5)
in the atmosphere show considerable variability and may be
larger or smaller than those shown here.

As in the analysis of VOC oxidation, the calculated HNO3
production rate from daytime N2O5 hydrolysis is generally small
i ons,
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are as large as 13%. It is important to note that the aerosol sur-
face area densities were fairly modest, in the range from 150
to 600�m2 cm−3. Surface areas up to 2000�m2 cm−3 were
observed during this campaign, and values consistently above
1000�m2 cm−3 have been seen in areas with large SO2 emis-
sions from coal-fired power plants. Therefore, enhancements in
the conversion rate of NO2 to HNO3 due to N2O5 formation and
hydrolysis in power plant plumes, where there is considerable
NOx and sulfate aerosol from photochemical oxidation of SO2,
may be on the order of 5–10% under clear sky conditions and
larger under cloudy conditions. This effect could be important
in modeling the O3 forming potential of such plumes, where the
termination step in the NOx catalyzed formation of O3 is the
conversion of NO2 to HNO3.

As noted above, the conversion of NOx to HNO3 via N2O5
also results in a modest loss of O3 since the consumption of
each N2O5 results in the loss of three Ox. Again,Fig. 4 shows
this additional calculated Ox loss term summed with the others
due to NO3 and N2O5 production. The two additional terms due
to NO3–VOC reactions and N2O5 hydrolysis nearly double that
from NO3 photolysis to NO + O2 alone.

6. Conclusion
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2O5 from a daytime source. A simple daytime steady-s
xpression reproduces the observations and allows some f
redictions of their importance.

Reactions of NO3 and N2O5 perturb the photostationary sta
etween NO and NO2, catalytically destroy ozone, and enha

he oxidation rate for biogenic VOC and the conversion of NOx to
NO3. These effects are most significant under cloudy an
igh NOx conditions, where, for example, the contribution
xidation of�-pinene by NO3 or the production of HNO3 from
2O5 hydrolysis may be approximately as important as t
hotochemical analogs from OH reactions. The daytime c

stry of NO3 and N2O5 may also be of greater importance in ot
nvironments. The NEAQS-ITCT 2004 campaign took p
uring a summer that was characterized by low surface-
zone concentrations. Since the NO3 and N2O5 chemistry varie
s the square of the ozone concentration under some cond
articularly within urban plumes, it could make a larger con
ution than observed here during high O3 events in summer. I
inter, on the other hand, when the thermal equilibrium betw
O3 and N2O5 shifts strongly in favor of the latter, effects su
s N2O5 hydrolysis during the daytime could even domin
ver NO2 oxidation by OH. Furthermore, under cold conditio
T < 260 K, where the N2O5 lifetime exceeds 2 h[18]), N2O5
ould have a long enough thermal lifetime during the da
e transported in this form and to provide a continuous so
f daytime NO3 and NOx from its thermal dissociation. Su
ffects could be important in lofted NOx plumes (e.g., from thun
erstorm generated lightening NOx) at the colder temperatur
haracteristic of the upper atmosphere. Daytime NO3 chemistry
n the marine boundary layer can be important to the oxida
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of DMS and to multiphase chemistry of NO3 on fog droplets.
Therefore, further tests of all of the effects of daytime NO3 and
N2O5 chemistry from the comparison of in situ measurements
of NO3 and N2O5 to their predicted, daytime levels in a variety
of seasons and from different measurement platforms will be of
considerable interest.
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