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Environmental significance

Peroxyacetyl nitrate (PAN) plays a central role in transporting reactive nitrogen and
regulating ozone formation across urban, regional, and remote environments. Despite
decades of study, inconsistent measurement approaches and interpretations of PAN
chemistry continue to introduce uncertainty into assessments of nitrogen oxides
lifetimes, photochemical ozone production, and model performance. By critically
evaluating observational methods, chemical processes, and environmental
implications, this review clarifies how improved treatment of PAN can strengthen air-
quality analysis and atmospheric chemistry models under present and future climate
conditions.
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Peroxyacetyl nitrate (PAN) is a secondary pollutant formed through the photochemical oxidation of volatile organic

compounds (VOCs) in the presence of nitrogen dioxide (NO,). Since its identification in 1956, PAN has been recognized as a
major reservoir for nitrogen (NO,) and a component of photochemical smog and NO,. Its thermal instability makes PAN
lifetimes highly temperature dependent, with lifetimes ranging from minutes in the warm boundary layer to months in the
upper troposphere. This behavior allows PAN to transport NOy efficiently over regional and intercontinental scales,
influencing downwind ozone (O3) formation, oxidant cycling, and nitrogen deposition far from emission sources. PAN is lost
primarily through thermal decomposition, with slower removal via photolysis, heterogeneous uptake, and minor reactions
with OH and Cl. It correlates strongly with Os, responds nonlinearly to precursor changes, and its formation is often VOC-
limited in urban regions. While PAN decomposition can enhance downwind O3 formation, PAN is also toxic in its own right,
functioning as a potent lachrymator and phytotoxin that directly impacts human health and vegetation. Biomass burning,
haze chemistry, and free-tropospheric transport further modulate PAN abundance and seasonality. This review synthesizes
the current understanding of PAN chemistry, sources, and loss pathways; evaluates historical and modern measurement
techniques; and examines PAN’s role in photochemical smog, air quality, vegetation injury, and regional background O3. Key
uncertainties, including heterogeneous processing, indoor chemistry, and climate-driven shifts in PAN formation, are
highlighted as priorities for future research. A general analysis of the literature and future research directions are discussed.

methods progressed from photolysis of ethyl nitrite and dark
nitrogen pentoxide (N,Os) + acetaldehyde reactions to strong-
acid nitration of peracids with extraction into low-volatility
solvents such as tridecane®. These developments produced
stable, high-purity PAN standards and made PAN
measurements accessible to atmospheric chemists around the

1. Introduction
1.1 History

Peroxyacetyl (PAN, C3H30sN), also known as

peroxyacetic nitric anhydride or acetic nitric peroxyanhydride,

nitrate
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has been considered an important atmospheric constituent
since its first detection in Los Angeles smog in 1956 using long-
path infrared spectroscopy!®. Early smog investigations in
1940s—-1950s southern California, motivated by severe eye
irritation, rubber cracking, reduced visibility, and widespread
crop damage, led researchers such as Haagen-Smit, Middleton,
Darley, Stephens, and others to search for the unknown
oxidants responsible for “photochemical smog” > 6. Long-path
IR measurements in the mid-1950s revealed unusual absorption
features belonging to a mysterious “Compound X,” and
subsequent work ultimately confirmed its identity as PAN 46,

Later, advances in analytical techniques, like gas
chromatography with electron capture detection (GC—ECD),
enabled routine PAN quantification at ambient levels’, early
mass spectrometry provided structural confirmation. Synthetic
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world.

As measurement technology improved, it became clear that
PAN was more than a local smog irritant. PAN was detected
globally® and recognized as a major long-range reservoir for
NOy, a potent phytotoxin, and a key player in the chemistry
governing photochemical smog and downwind ozone (Os)
formation. The discovery of PAN in remote marine
environments further established its global importance®. Today,
PAN is understood as both a diagnostic marker of
photochemical processing and a central component of reactive
nitrogen cycling.

The past two decades have seen major advances in high-time-
resolution measurement techniques, satellite retrieval
capability, multiphase chemistry understanding, and global
chemical transport modeling. This review therefore places
particular emphasis on integrating these modern developments
with historical knowledge to provide an updated synthesis of
PAN’s role in the contemporary atmosphere.

1.2 Background
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PAN is formed almost entirely in situ through the photochemical
oxidation of non-methane hydrocarbons (NMHCs) in the
presence of nitrogen dioxide (NO,), and is the first and most
abundant member of the peroxyacyl nitrate (PAN) family, which
includes species such as peroxypropionyl nitrate (PPN) and
peroxymethacryloyl nitrate (MPAN), and other homologous
peroxyacyl nitrates 1% 1, Photooxidation of NMHCs produces
peroxyacetyl radicals (CHsC(O)O,), which then combine with
NO; to form PAN 1216, PAN is an important constituent of
reactive nitrogen species (NOy = NOx + HNO3 + PAN + PANs)Y?
and can contribute significantly to the NOy, budget in many
regions?0 1823,

PAN’s atmospheric behavior is controlled primarily by
temperature-dependent thermal decomposition in the lower
troposphere?*26 and by photolysis at higher altitudes?’. It is
slow to reaction with hydroxyl radicals (OH) and chlorine
radicals (Cl) radicals?8-3° and stable to heterogeneous loss3? 32,
Because PAN’s lifetime increases dramatically at low
temperatures, it can serve as a major NOx reservoir in cold
environments and can account for 50-90% of NO, under such
conditions33 34 Aircraft observations indicate that PAN
constitutes roughly 30% of NOy near 10 km altitude3.

Strong positive correlations between PAN and O; have allowed
PAN to be used to infer background 033641, and PAN is often
considered a better indicator of photochemical smog than O3
itself3% 42, 43, Because PAN is thermally stabilized at night, it
often persists longer than Oz under identical conditions.**.

1.3 Health and Vegetation Effects

PAN has long been recognized as a potent eye irritant and
strong phytotoxin® 3445, It is a lachrymator, causing tearing and
discomfort at very low concentrations, and early smog-era plant
damage, including the characteristic “bronzing” of leaves, was
directly attributed to PAN% 46, Controlled studies show PAN
causes cell injury in plant tissues*’-4%, with stomatal uptake rates
of 20-55 pmol m~2s7" at 250 pptv>°. Approximately 3% of global
NOx emissions may be removed via foliar PAN uptake, and PAN
deposition can account for up to 20% of total nitrogen
deposition in some regions, with ~80% of PAN-derived nitrogen
retained within leaves®°.

Toxicological studies in animals show that PAN causes severe
lung damage and respiratory tract irritation at sufficiently high
concentrations®?!, with human eye irritation occurring at ~0.64
mg m~3 after 2 hours. PAN is considered a weak mutagen>? 53,
but available data remain insufficient to assess carcinogenicity
or chronic health risks in humans.

Beyond acute vegetation injury, PAN also plays a broader role
in ecosystem nitrogen cycling. Early smog studies identified PAN
as a potent phytotoxic oxidant capable of causing foliar damage
and reduced crop productivity at elevated concentrations! 34
45, Subsequent experimental work has demonstrated that PAN
uptake can induce cellular injury and physiological stress
responses in plants#’-4°. Because PAN acts as a thermally labile
reservoir of reactive nitrogen, its deposition and decomposition
contribute to nitrogen inputs in terrestrial ecosystems, with
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foliar uptake alone accounting for several percent @f glabaldNOx
removal and up to ~20% of total nitrogé’dé&pEsiticrrind98me
regions>*. These interactions highlight the importance of PAN
not only as an atmospheric oxidant but also as a mediator
linking photochemical pollution to ecosystem nutrient
dynamics.

2. Atmospheric Chemistry

This section focuses on the chemical mechanisms governing PAN
formation and loss after emission of precursor species, independent
of their source origin. PAN plays a central role in tropospheric
oxidant chemistry because it is both a product of VOC-NOy
photochemistry and a major reservoir for reactive nitrogen. PAN’s
atmospheric behavior is governed by temperature-dependent
thermal decomposition, the rates of its formation reactions, and its
comparatively slow removal through photolysis, OH reaction, and
deposition. Together these processes determine its lifetime, spatial
distribution, and influence on O3 and oxidant budgets.

2.1 Chemical Reactions

2.1.1 Formation. PAN formation is governed by coupled NOy—
NMHC chemistry that characterizes photochemical smog.
Peroxy radicals (RO,®) are produced from the photooxidation
of biogenic and anthropogenic VOCs, and NO is readily
available in most polluted and many rural environments. The
reaction of RO,e with NO forms NO;:

RO + NO—>RO" + NO,

In the presence of sunlight, NO, photolysis produces
tropospheric Oz via the sequence:

NO,; + hv—>NO + 0
0+ 02 +M—>03

Peroxyacetyl radicals (CHsC(O)OOe®) are formed through the
photooxidation of a range of organic compounds, including
isoprene and carbonyls. Major precursors include
acetaldehyde, acetone, methylglyoxal, biacetyl, and other
ketones with the generic structure CHsC(O)R>>. Reaction of
NO, with the peroxyacetyl radical yields PAN:

CH3C(0)CH; + 20, + hu »CH3C(0)00" + CH;30,
CH3C(0)C(0)CH; + 20, + hv »2CH;C(0)00"
CH3CHO + 0, + NO3 »CH3C(0)00" + HNO;
NO, + CH;C(0)00" »CH3C(0)0ONO,

PAN can also be formed through the OH-initiated oxidation of
acetaldehyde in the presence of O, and NO,,%% 57

CH3CHO + OH —>CH;CO" + H,0
CH;CO" + 0,~CH;C(0)00"

NO, + CH;C(0)00" + M—CH;C(0)0OONO, + M

This journal is © The Royal Society of Chemistry 20xx
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This sequence competes with the direct conversion of NO to
NO, by peroxyacetyl radicals®8:

NO + CH;C(0)00* -CH;C(0)0" + NO,
NO + CH3C(0)00* -»CH3+ CO, + NO,
NO + CH;C(0)00" + 0, »CH30,+ CO, + NO,

followed by rapid secondary oxidation of CH3C(O)Oe5% 57,
Competition between PAN formation and NO oxidation
therefore directly couples PAN production to the local NO/NO,
ratio.

In polluted urban environments, PAN formation is
approximately proportional to [NO,] and competes with
peroxyacetyl radical reactions with NO>®. Under these
conditions, the steady-state PAN concentration scales with
[NO,]/[NO]. Because Os steady-state concentrations also
depend on the same ratio, the steady-state concentrations of
PAN and O; often exhibit a tight correlation, which has been
widely used to examine the local Os—PAN relationship>® 58,
PAN and Oj; thus tend to track one another temporally and
geographically in photochemical smog>%-61,

Peroxyacetyl radicals are generated from a broad set of
hydrocarbons and their oxidation products, as shown in Fig 1.
PAN and PPN can be formed from precursors such as acetone,
acetaldehyde, propionaldehyde, 2-butene, biacetyl, isoprene,
and any aldehyde that yields acyl radicals upon OH attack, with
nitric acid (HNOs) formation acting as a competitive sink>.
PAN-forming potentials have been quantified for several key
hydrocarbons (trans-2-butene, propene, ethene, n-butane,
toluene) under conditions of 100 ppb NO,, with reported PAN
yields of ~50, 33, 6, and negligible linear yields for ethene and
n-butane®2, PAN formation generally follows OH reactivity
trends of the parent hydrocarbons, since peroxyacetyl radicals
originate from acetaldehyde or methylglyoxal®2.

Despite its importance, PAN is not expected to photodissociate
efficiently in the lower troposphere because it absorbs only
weakly above ~290 nm?®®. It is also only moderately soluble in
water and reacts slowly with OH, meaning that aqueous-phase
scavenging and OH oxidation are relatively minor removal
pathways??- 5663, PAN is nevertheless ubiquitous in the
troposphere due to its efficient formation from common VOCs
and NOy and its extended lifetime at cooler temperatures.

A nighttime source of PAN arises from nitrate radical (NOs)
initiated oxidation of acetaldehyde:

CH3CHO + NO3— CH3C(0)" + HNO3

followed by rapid reaction of CH3C(O)e with O, or NO; to form
peroxyacetyl radicals and ultimately PAN®4, During the day, the
analogous CH3;CHO + OH pathway generates CH3C(O)e, which
undergoes the same sequence®. These NO3 and OH-driven
routes provide important nighttime and daytime sources of
peroxyacetyl radicals that feed into the PAN reservoir.

This journal is © The Royal Society of Chemistry 20xx
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Fig 1. VOC reactions to PAN formation.

2.1.2 Removal Mechanisms. Outside of thermal decomposition,
PAN loss occurs through a combination of heterogeneous
processes, deposition, aqueous-phase reactions, and relatively
slow gas-phase oxidation. PAN removal via OH is slow (k < 3 x
107" cm3 molecule™ s at 298 K), and both wet and dry
deposition processes are comparatively minor under most
conditions?’- %6, PAN deposition to surfaces is generally slow®”:
68 consistent with its modest water solubility and slow
hydrolysis in aqueous solutions3!. Measured dry-deposition
velocities are ~0.25 cm s™' over soil and grass and ~0.01 cm s™
over water and ocean surfaces®®, implying that deposition is a
minor daytime sink but can become more important at night
when mixing heights collapse and surface contact is
enhanced®.

Marine and fog environments provide additional complexity.
In fog events, observed decreases in PAN have been attributed
to its thermal decomposition followed by uptake of
peroxyacetyl radicals into fog droplets’, introducing a coupled
gas—aqueous loss mechanism that may be particularly
important in marine or coastal settings. At Arctic
temperatures, however, thermal decomposition is not the only
loss pathway; observations indicate additional sinks both at
the surface and aloft, including heterogeneous and multiphase
processes that are not yet fully constrained®® 72,

The physical properties of PAN further shape its removal. PAN
has a melting point of -48.5 °C and a boiling point of 104.5 °C,
with vapor pressure described by:

4586
In(P) = ———+19.04

J. Name., 2013, 00, 1-3 | 3
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where P is in hPa and T is in Kelvin®8. PAN is essentially
insoluble in water (Henry’s coefficient = 3.5 mol L™ atm™" at 22
°C) but is soluble in nonpolar organic solvents and hydrolyzes
in basic solutions®8 63,72, A parameterization of Henry’s law

constant:
5400

H=91 x 10—11exp(—T)
indicates a strong temperature dependence (AHso = -54.2 kJ
mol™)%°, but even at low temperatures, washout and rainout
remain relatively inefficient removal processes compared to
thermal decomposition.
Thermal decomposition is the dominant removal process for
PAN in most of the troposphere and is responsible for its
strong temperature sensitivity>>. PAN decomposes via N-O
bond homolysis to regenerate peroxyacetyl radicals and NO;:

CH;C(0)0OONO,—>NO, + CH3C(0)00"

The peroxyacetyl radical can then react with NO, HO,, or RO,e
to yield a variety of products, including CH3C(O)Oe, peroxides,
acids, radicals, and CO,°°. The acetoxy radical (CHsC(O)Oe®) is
thermally unstable and can decompose to CHsz® and CO»,
further feeding radical chains. The local concentrations of NO
and NO; thus not only control PAN formation but also
influence the fate of its decomposition products. Because this
radical pool regulates both NOx cycling and oxidant
production, PAN decomposition directly alters local ozone
chemistry and the HO4/ROx balance, especially in polluted or
NO-rich environments.

The thermal decomposition rate of PAN is both temperature-
and pressure-dependent, and typical tropospheric conditions
place PAN in the falloff regime of its unimolecular
decomposition®®. Over 280—-330 K, the rate constant can be
described by a Troe expression®®, which combines low-
pressure and high-pressure limits (ko and k) with a
broadening factor F = 0.3. Using this parameterization, k- is
~6.1 x 107 s7" at 298 K, and the effective first-order rate
constant for PAN decomposition at 298 K and 760 Torr is ~5.2
x 107* 57", corresponding to a lifetime of ~30-50 minutes®®.
These values underline why PAN is short-lived in warm
boundary layers but persists for long periods in cooler
environments, creating strong vertical gradients and making
PAN an efficient long-range NOy reservoir.

The temperature dependence of PAN decomposition can also

be expressed in Arrhenius form over the tropospheric range:2%
34

k]
“mol

—11
ko (s71) = 1.58 x 10%%¢ RT
which simplifies to”3

kj

““mol

-1
ko (Sil) =49 % 10736 T[Nz]

At 298 K this yields ko = 3.3 x 10™* 57" and a PAN lifetime of ~50
minutes, consistent with experimental constraints2® 3473,

4| J. Name., 2012, 00, 1-3
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ke (s7) = 5.4 X 10'%e  pol:104639/D6EA00017G

The Troe falloff expression for PAN is as follows for the range
of 280 K to 330 K56 74:

ko[M]

—a—F

Rl

where F is recommended to be 0.674, slightly higher than the

‘- fu+ (oasghaliny’y™

0.3 used in earlier literature®®.

PAN exists in a temperature- and NOx-dependent equilibrium
with its precursors (peroxyacetyl radicals and NO,)>®. At night,
decomposition of PAN in an environment with relatively high
NO (=10 ppb) can drive conversion of NO to NO, while
generating HCHO via subsequent CH3O oxidation®®, potentially
maintaining a reservoir of photochemically active species that
become important at sunrise:

CH30 + 0,— HCHO + HO,

This nighttime radical production pathway highlights that PAN
decomposition is not simply a sink but a source of chemically
active carbonyls and HO,, enabling early-morning radical
buildup once photolysis begins.

In the upper troposphere, where temperatures are typically
lower than the bottom of the troposphere, thermal
decomposition alone can give PAN lifetimes of days-to-
months, as seen in Fig 2. Under these conditions, photolysis
and OH oxidation must be included to accurately represent
PAN loss?7:34, as seen in Fig 3 which compares loss
mechanisms for PAN in the atmosphere. Because both thermal
decay and pressure-dependent kinetics slow dramatically with
altitude, PAN becomes increasingly photolabile aloft, shifting
its dominant loss mechanism from thermal decomposition to
UV-driven processes above ~5-7 km.

Overall, the strong Arrhenius behavior of PAN decomposition
explains its characteristic vertical structure, its sensitivity to
synoptic temperature changes, and its ability to redistribute
NOx over regional to hemispheric scales. Thermal
decomposition thus underpins nearly all aspects of PAN’s
atmospheric role, from local oxidant chemistry in warm
boundary layers to long-range NO, transport in the free
troposphere.

This journal is © The Royal Society of Chemistry 20xx
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Photolysis becomes an increasingly important PAN loss process
at higher altitudes where actinic flux is strong and
temperatures are low34. Early work by Aikin et al.!! proposed a
primary photolysis channel for PAN at 298 K:

PAN + hv— CH3C(0)00 + NO, + 03P =990 + 240 nm

Subsequent work by Mazely et al.! suggested that lower
threshold energies may allow significant internal energy
partitioning into the products. If NO; is produced with
sufficient internal excitation, secondary dissociation can occur:

PAN + hv— CH3C(0)00 + NO + 03P L =281 +35nm

PAN + hv— CH3C(0)00 + NO + 0'D A=195+15nm

These channels can lead, through subsequent radical
chemistry, to reformation of PAN, making photolysis both a
source and a sink in different parts of the chemical system®®.
Mazely et al.! also proposed additional direct dissociation
pathways, including:

PAN + hv— CH3C(0)0 + NO3 A=1025+215nm

Given the instability of the acetoxy radical, this channel yields
an effectively irreversible loss of PAN®®, NOs produced in this
way is itself readily photolyzed to NO or NO; by visible light,
returning NOx to the gas phase and releasing nitrogen that was
previously sequestered in PAN.

Additional secondary dissociation channels of NOs™ were

identified:!
PAN + hv— CH3;C(0)0 + NO, + 03P A=375=+30 nm
PAN + hv— CH3C(0)0 + NO, + 01D A =235+ 10 nm

and a suite of concerted, exothermic reactions involving bond
rearrangement and cleavage, such as:*

PAN + hv— CHs + CO, + NO3 A= 1395 + 340 nm

PAN + hv— CH3 + CO, + NO, + 03P A=415+30nm
PAN + hv— CH3 + CO, + NO, + 0'D A =250+ 10 nm
PAN + hv— CH3C(0)0 + 0, + NO, A =445+ 35 nm
PAN + hv— CH3C(0)0 + 0, + NO + 03P LA =209+ 10 nm
PAN + hv— CH3C(0)0 + 0, + NO+ 0'D A=157+3 nm

At 298 K, Mazely et al.! proposed two particularly important
exothermic channels:

PAN + hv— CH30 + CO, + NO,
AHyyn = —20 + 5 kcal/mol

AHpy, = —6 + 5 kcal/mol

J. Name., 2013, 00, 1-3 | 5
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The uncertainties in these energetics arise from the
experimental heats of formation of CHsC(O)O, CH3C(0)O,, and
PAN?,

From a practical standpoint, PAN photolysis in the atmosphere
is often summarized in terms of three main pathways with
thresholds near 1025, 990, and 445 nm,3* corresponding
broadly to NOs; + CH5C(O)OOQOe, NO, + CH5C(O)OOQe, and NO, +
0, + CH3C(0) products34. Quantum yields for NO, and NOs
formation are wavelength dependent. Mazely et al.%- 77
reported @(NO;) =0.83 £ 0.09 and ¢(NOs) = 0.30 £ 0.10 at 248
nm using N,Os photolysis as a reference. A later study revised
@(NOs) to 0.19 £ 0.04 after correcting the assumed N,Os
quantum yield, but still found good agreement with Mazely et
al.”® Harwood obtained ¢(NOs) = 0.41 + 0.10 at 308 nm, again
indicating strong wavelength dependence. Flowers et al.%¢
reported @(NOs) =0.31 + 0.08 at 289 nm, and later work
extending from 289-308 nm and at 312 nm found @(NO3) =
0.30 £ 0.07 and 0.39 + 0.07, respectively’®.

Taken together, these results show that PAN photolysis is
spectrally complex and yields multiple channels that either
recycle PAN precursors or irreversibly return NOy to the
atmosphere. Although photolysis is a minor sink in the
boundary layer compared to thermal decomposition, it
becomes increasingly important above ~5 km altitude, where
low temperatures slow thermal decay and allow PAN to act as
a photolabile NOy reservoir?7. 34 80,

2.2 Lifetime in the atmosphere

The atmospheric lifetime of PAN is strongly controlled by
ambient temperature and the local NO,/NO ratio®l. At
temperatures above 273 K, PAN lifetimes are typically on the
order of hours®?, while in the cold upper troposphere lifetimes
can extend to months!4. Zhang et al.83 reported an extreme
temperature dependence, with a PAN lifetime of 5.36 years at
247 K and only ~30 minutes at 298 K. PAN is also long-lived with
respect to oxidation by OH (=1 year at [OH] = 1 x 10°
molecule/cm?3) and with respect to photolysis in the boundary
layer (=30 days)?” 89, confirming that thermal decomposition
dominates its removal in most of the lower troposphere.

When photolysis alone is considered, the e-folding (1/e) lifetime
of PAN is on the order of ~3 months, whereas reaction with OH
proceeds with k < 3 x 107" cm?® molecule™ s™" and represents
only a minor loss pathway®®. Thus, in the lower and mid-
troposphere, PAN’s effective lifetime is set primarily by
temperature-dependent thermal decay. In contrast, at higher
altitudes where temperatures are low and actinic flux is strong,
PAN can persist long enough that photolysis and reaction with
OH become competitive with thermal decomposition?’: 34 80,
Overall, PAN’s lifetime spans from tens of minutes in a warm
polluted boundary layer to months in the cold upper
troposphere, which underpins its role as a long-range NO,
reservoirl“' 27, 34, 80, 83_

3. Atmospheric Sources
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Whereas Section 2 describes PAN chemistry from a mechanisticnine
perspective independent of emission contexe@hisssEEtidR Foteikes/G
on real-world precursor sources and transport processes that
control PAN variability.

PAN is not emitted directly into the atmosphere; instead, it is
produced secondarily through the photochemical oxidation of
volatile organic compounds (VOCs) in the presence of NOy. As such,
it is a secondary pollutant. Its atmospheric abundance therefore
reflects a combination of in situ formation, precursor availability,
temperature, and large-scale transport.

3.1 In-situ Formation

PAN formation begins with the production of peroxyacetyl (PA)
radicals during VOC oxidation. Anthropogenic carbonyls and
aromatics are major contributors in polluted environments,
supplying a substantial fraction of the PA radical pool®*.
Quantitative apportionment studies show that carbonyls
contribute roughly 59% of PAN formation, with aromatics
supplying ~26% and biogenic VOCs contributing ~10%°®. These
results emphasize the strong coupling between urban VOC
emissions and PAN production, especially during summertime
pollution episodes when photochemical activity is high?°.
Biogenic VOCs also play a substantial role. Isoprene oxidation
produces a family of peroxyacyl nitrates, that serve as source-
specific tracers of biogenic chemistry 84 Oxidation of
methacrolein and methyl vinyl ketone further contributes to the
PA radical pool °. Although biogenic precursors typically
constitute a smaller fraction of PAN formation than
anthropogenic carbonyls, they dominate in forested regions
and during periods of high isoprene emissions 7.

Biomass burning and wildfires represent major episodic sources
of PAN. Observations in African biomass-burning plumes show
strong enhancements in both PAN and PAA, with PAN/PAA
ratios evolving systematically as plumes age3!l. Similar PAN
enhancements have been reported in forest-fire outflow3? 85,
Because PAN is thermally unstable, it decays more rapidly than
PAA, making the PAN/PAA ratio a useful indicator of plume age
and transport history®*. Cold, lofted plumes in the free
troposphere allow PAN to persist longer, enabling it to be
transported over large distances 3% 32,

PAN can also increase during severe haze events. Under
stagnant wintertime or summertime haze conditions, elevated
radical production on aerosol surfaces, enhanced oxidation of
carbonyl precursors, and limited boundary-layer mixing can all
contribute to locally elevated PAN & 40, These environments
highlight the nonlinearity of PAN chemistry and its sensitivity to
both VOC composition and atmospheric stagnation.

3.2 Transport and non-local sources

Because PAN is thermally stable at low temperatures, it often
accumulates in the free troposphere, where it can comprise a
large fraction of NO,. Long-range transport is therefore a
dominant source of PAN for many regions. Trans-Pacific and
intercontinental transport events frequently deliver PAN-rich
air masses, with some studies showing ~21% increases in PAN
during strong outflow episodes and PAN comprising ~70% of
NO, 3686, Similar signatures appear in Siberian biomass-burning

This journal is © The Royal Society of Chemistry 20xx
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outflow and African fire plumes that have been lofted into the
free troposphere 31,3286,

PAN also plays an important role in the UTLS. Cold UTLS
temperatures greatly extend PAN’s lifetime, allowing it to act as
an efficient carrier of NO,>°. PAN has been observed in aircraft
corridors and upper-tropospheric flight tracks®®, and both
lightning-produced NO,®” and stratosphere—troposphere
exchange events 37:>7 contribute to enhanced PAN aloft.
Strong spatial and seasonal patterns further reflect these
transport influences. Northern Hemisphere PAN levels exceed
those of the Southern Hemisphere due to larger anthropogenic
VOC and NOy emissions’ and more frequent wildfire activity 3%
85 High-elevation sites such as Jungfraujoch, Mauna Loa, Mt.
Bachelor, and locations downwind of Los Angeles often exhibit
elevated PAN linked to upslope flows and subsidence of free-
tropospheric air3® 8, Seasonal maxima commonly occur in
spring and fall, when moderate temperatures and sufficient
actinic flux favor PAN stability and formation, while winter
suppression reflects limited photochemistry and summer
suppression often reflects rapid thermal lossC.

4. Measurement Techniques

PAN presents persistent analytical challenges due to its thermal
instability, tendency to decompose on surfaces, and moderate
solubility in water.>® These properties shape nearly all
measurement techniques and often influence instrument design as
much as the detection scheme itself. Historically, gas
chromatography (GC), particularly GC coupled with electron capture
detection (GC—ECD), provided the foundation for PAN
measurements. However, modern thermal-dissociation (TD)
methods paired with chemiluminescence, optical spectroscopy, or
mass spectrometry now offer substantially higher time resolution,
reduced sampling artifacts, and improved selectivity. PAN
measurement approaches can therefore be broadly categorized
into chromatographic, thermal dissociation—based, spectroscopic,
and mass spectrometric techniques, each involving trade-offs
between sensitivity, temporal resolution, and susceptibility to
interferences. The following subsections synthesize the principles,
performance characteristics, and limitations of the major
techniques used to quantify PAN in the atmosphere.

4.1 Calibration and Synthesis Techniques.

PAN poses hazards in laboratory settings. Stephens et al. (1969)
documented explosive accidents during PAN handling®®, noting
that liquid PAN is unsafe under pressure and that cold storage
can lead to condensation and detonation. Recommendations
include handling PAN primarily in vapor form diluted with inert
gases, maintaining storage temperatures above 10 °C, avoiding
pressurization, and using machined rather than cast fittings.
PAN vapor itself does not appear to pose a significant explosion
risk, but condensed PAN does. In one documented event,
decomposition produced carbon monoxide, carbon dioxide,
formic acid, methyl nitrite, and nitrogen dioxide after the
explosion8s,

The synthesis of PAN standards has historically been one of the
main limitations for accurate quantitative measurements, since

This journal is © The Royal Society of Chemistry 20xx

early preparation methods produced unstable mixtures dhat
required extensive purification.8 The firsPfAbBrEtoMPsyAERBSES
relied on the photolysis of alkyl nitrites in the presence of
oxygen, which generates PAN through the reaction

CHsONO + 2 0, + hv - CH;C(0)0ONO, + H,O0.

Although effective, this approach produced
byproducts that made routine calibration difficult.
Later methods focused on stabilizing PAN in a nonvolatile liquid
matrix at low temperatures.58 In this approach, PAN is produced
by nitrating peracetic acid and storing the resulting mixture at
-78 °C, where it remains stable for several weeks. The mixture
can then be introduced into a capillary diffusion tube held at 0
°C. Air flowing over the tube produces gas-phase PAN
concentrations from 1 to 50 ppb after removing residual nitric
acid with a nylon filter. This technique enabled more consistent
calibration sources.

Liquid PAN is extremely explosive at room temperature,® but
several protocols have been developed to allow safer handling
and storage. Nielsen et al.?° generated PAN in n-heptane at 0 °C
using 1.2 M peracetic acid and sulfuric acid. After reaction, the
mixture was poured over ice water and the organic phase was
separated, yielding PAN dissolved in heptane. Gaffney et al.?°
improved the stability of the product by substituting n-
tridecane for heptane, which reduced volatility and lowered the
associated risk.

A number of gas-phase photochemical routes have also been
used to generate PAN for laboratory calibrations. Photolysis of
acetaldehyde in the presence of NO in a flow reactor produces
PAN reproducibly.®> PAN can also be generated from acetone,
excess NO, O,, and UV light,%2% following the established
radical sequence:

numerous

CH3C(0)CH3 + 2 0, - CH3(0)00 + CH;00
CH3(0)00 + NO - CH5C(0)0 + NO,
CH300 + NO - CHs + NO,
CH3C(0)00 + NO, — CH;C(0)0ONO,

A minor channel (< 6%) produces methyl nitrate from reactions
involving CH3 radicals and NO.°> Batch synthesis of PAN is
prone to thermal decay, so continuous flow reactors remain the
preferred approach for maintaining a stable output over
extended periods.

Additional liquid-phase pathways have been developed, including
reaction of H,O, with acetic acid followed by nitration with HNOs in
the presence of H,SO, and tridecane at 0 °C. ° Other laboratory
routes include ethyl nitrite photolysis in a dynamic gas reactor
followed by GC purification,® Cl,-initiated acetaldehyde
photolysis,® and acetone photolysis at 254 nm.%° Together, these
methods provide a range of practical options for producing PAN
depending on the needs of the experiment and required stability of
the standard.

4.2 Gas Chromatography (GC).
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4.2.1 GC with electron capture detection (GC-ECD). Gas
chromatographic techniques provide high chemical specificity and
historically enabled the first routine PAN observations, but they are
limited by relatively long analysis times and potential sampling
losses. Reported GC—ECD detection limits typically range from ~1—
50 pptv depending on sampling configuration, analytical cycle time,
and the use of preconcentration strategies, with longer integration
times generally yielding the lowest detection limits.>7- 38 85, 91,97-101
55,70,102-106 nder optimized laboratory and field conditions, sub-
ppt sensitivity has been demonstrated, although performance in
routine deployments is more commonly constrained by sampling
artifacts and chromatographic cycle duration.

Campaign and field deployments have also demonstrated the
robustness of GC—ECD. Field studies in remote and upper-
tropospheric environments demonstrate that automated GC—
ECD systems can achieve low-ppt detection limits and maintain
stable performance under challenging sampling conditions,
including polar and airborne deployments107-109,

Cryogenic preconcentration is frequently integrated with GC—
ECD. Cryotrapping and related preconcentration approaches
can further enhance sensitivity and are widely used in low-
concentration environments such as the remote
troposphere.110. 111 However, cryosampling introduces known
sampling artifacts: several studies®? 112113 have documented
10-20% PAN loss during cryogenic concentration. These losses
require explicit correction, especially in the remote
troposphere where PAN concentrations are low and residence
times in sampling lines are long.

4.2.2 GC with alternative detectors. In addition to ECD, several
alternative GC detection schemes have been applied to PAN
with varying degrees of success. Chemiluminescence-based GC
approaches provide improved temporal resolution relative to
conventional GC—ECD systems, typically achieving sub-ppbv
detection limits with acquisition times of seconds to minutes
depending on configuration. 114117, pulse-discharge detectors
offer high sensitivity and good analytical precision, although
their deployment remains comparatively limited in field
studies®?. Coupling GC separation with negative-ion chemical
ionization mass spectrometry provides enhanced molecular
specificity and improved selectivity for PAN relative to
traditional detector configurations, albeit with longer
analytical cycle times and increased instrumental
complexity18,

Preconcentration strategies such as charcoal sorbent trapping
remain essential for achieving low detection limits and
facilitating intercomparison between GC—ECD and alternative
detection approaches® 120, Hybrid configurations combining
GC separation with cryogenic trapping and NO,
chemiluminescence detection can achieve sub-ppt sensitivity
under optimized conditions, although these systems
conceptually overlap with thermal-dissociation approaches
and are therefore less commonly used as standalone GC
methods®?2,
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4.3 Thermal Dissociation Approaches View Article Online

) . . DO\:lOlOSQ(DQ}EAOOONG
Thermal dissociation techniques allow near—real-time PAN

measurements but require careful inlet temperature control to
avoid interferences from other NO, species. TD techniques
decompose PAN into NO, or peroxyacetyl radicals in a heated
inlet prior to detection. Because thermal decomposition is rapid
relative to detection timescales, TD methods enable high-
frequency, near—real-time PAN measurements and have
become central to modern field campaigns.

4.3.1 Luminol-Based Chemiluminescence. Thermal dissociation

followed by chemiluminescent NO, detection represents one
of the earliest real-time PAN measurement strategies. These
systems provide moderate sensitivity and robust field
performance but require careful inlet temperature control to
prevent interferences from other thermally labile NOy
species'??2. Hybrid configurations incorporating cryogenic
preconcentration or optical detection have achieved sub-ppt
sensitivity under optimized conditions®%- 121,

4.3.2 Thermal Dissociation Cavity Ring-Down Spectroscopy (TD-
CRDS). TD-CRDS systems combine thermal conversion of PAN
to NO; with highly sensitive optical detection, enabling fast
time response and low-ppt detection limits. These instruments
typically employ dual-channel configurations to separate
thermally generated NO; from ambient backgrounds.
Performance is influenced by optical interferences (e.g., Os,
H,0, NO) and requires careful calibration of thermal
dissociation efficiency and spectroscopic corrections?®® 123,Non-
thermal CRDS systems are discussed separately in Section
4.3.2.

4.3.3 Thermal Dissociation Chemical lonization Mass Spectrometry
(TD-CIMS). TD-CIMS provides some of the highest sensitivities
currently achievable for PAN detection, with low-ppt detection
limits and sub-second time resolution in optimized
configurations. These systems rely on thermal conversion of
PAN to reactive radicals followed by ion—molecule detection,
offering strong molecular specificity but requiring careful
control of interferences such as peroxyacetic acid (PAA),
humidity effects, and ion chemistry perturbations.?6 124-127
Airborne implementations further demonstrate the versatility
of TD-CIMS for upper-tropospheric and remote-environment
measurements, although instrument complexity and
calibration requirements can limit routine deployment.'28
4.3.3 Thermal Dissociation Laser-Induced Fluorescence (TD-LIF).
TD-LIF approaches provide rapid time response and the ability
to differentiate multiple NO, species through temperature-
resolved dissociation schemes. These systems typically achieve
sub-ppbv detection limits with high temporal resolution,
although performance depends strongly on inlet temperature
control and fluorescence calibration stability.129-131,

4.4 Spectroscopic Analysis

Optical spectroscopic approaches offer calibration stability and
minimal sampling artifacts but typically have higher detection
limits and greater susceptibility to spectral interference.

This journal is © The Royal Society of Chemistry 20xx
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4.4.1 Fourier Transform Infrared Spectroscopy (FTIR). FTIR
detection of PAN exploits characteristic mid-infrared
absorption features and provides high chemical specificity with
excellent calibration stability. Detection limits vary widely
depending on optical pathlength and retrieval approach,
ranging from laboratory sub-ppb sensitivities to multi-ppb
limits in atmospheric applications.3 % 84 132,133 Ajrborne and
remote-sensing FTIR platforms provide important constraints
on PAN vertical distributions, although uncertainties remain
larger than for in situ techniques3> 61,

4.4.2 Cavity Ring-Down Spectroscopy (CRDS). Non-thermal CRDS
implementations enable optical detection of PAN-related species
with fast temporal resolution and moderate sensitivity. These
approaches benefit from stable spectroscopic baselines but require
careful correction for overlapping absorbers and calibration against
NO, standards?®34.

4.4.3 Satellite-Based PAN Retrievals. Satellite observations provide
global constraints on PAN distributions using thermal-infrared
retrievals, enabling analysis of long-range transport, biomass-
burning impacts, and upper-tropospheric nitrogen chemistry.
Current satellite products achieve sub-ppbv sensitivity with
uncertainties typically larger than those of in situ measurements
but provide uniquely valuable spatial coverage®® 135137

4.4.4 Defined absorption cross-sections. Accurate absorption
cross-sections underpin all spectroscopic PAN measurement
techniques. Laboratory and theoretical studies collectively
define PAN absorption behavior across the UV-VIS and IR
regions, forming the basis for both remote-sensing retrievals
and in situ optical detection® 14 138 These data form the basis of
the HITRAN®3® PAN dataset, which incorporates results from
several laboratory sources®% 141 to generate a composite IR
spectrum across the full 550-2200 cm™ region (Fig 4).
Additional UV-VIS cross-sections are available through the MPI-
Mainz UV-vis Spectral Atlas of Gaseous Molecules of
Atmospheric Interest!#?, which includes fourteen published
spectra?’s 143149 covering the 200-350 nm range (Fig 5).
Absorption cross-sections for acetylperoxy radical have also
been defined!? (Fig 6). Together, these datasets establish a
reliable set of cross-sections for PAN and allow analysis of both
its photolysis and thermal behavior across relevant atmospheric
wavelengths.

This journal is © The Royal Society of Chemistry 20xx
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4.5 Derivatization and conversion methods

Derivatization and conversion approaches provide alternative
strategies for PAN quantification but are used less frequently
due to limited time resolution and potential selectivity
challenges relative to thermal-dissociation and optical
techniques.1%9,

4.6 Mass Spectrometry (MS)

Direct mass-spectrometric detection of PAN offers high
chemical specificity and fast temporal response but generally
requires complex calibration strategies and careful control of
ion—molecule chemistry.

4.6.1 Chemical lonization Atmospheric Pressure Interface Time-of-

Flight Mass Spectrometry (CI-APi-TOF-MS). CI-APi-TOF-MS enables
simultaneous detection of multiple peroxyacyl nitrates with high
sensitivity and rapid acquisition rates, making it well suited for
process studies and chemical-mechanism evaluation.

4.6.2 Selected-lon Flow Drift Tube Proton Transfer Mass
Spectrometery (SIFDT-PTR-MS). PTR-based approaches such as
SIFDT-PTR-MS provide near-real-time detection of PAN with
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moderate sensitivity and are particularly useful in dynamic. ... onine

environments where rapid concentration ch@Rges0oléetnBEA00017G

5. PAN Modelling

Modeling studies of peroxyacetyl nitrate (PAN) span laboratory
chamber mechanisms, observation-constrained box models,
regional chemical transport models, and global Earth-system
simulations. Together, these modeling efforts illustrate PAN’s
dual role as both a diagnostic indicator of photochemical
processing and a key NOy reservoir that shapes downwind
Osformation, oxidant cycling, and long-range reactive nitrogen
export.

5.1 Early modeling and mechanistic development

The first generation of PAN modeling focused on validating
chemical mechanisms against chamber observations during the
1970s—1980s. Classic studies such as Dunker et al. developed
some of the earliest PAN isopleths, which compared predicted
PAN sensitivities in different chemical mechanisms and showed
strong model-to-model variability in PA radical production and
NO; availability!>2. These early works established that PAN, like
O3, exhibits strongly nonlinear dependence on the VOC/NOy
ratio, laying the foundation for modern sensitivity analyses.

5.2 Observation-based and box-model studies

Observation-constrained box models have provided key insight
into PAN formation pathways and model performance in
diverse environments. For example, a Photochemical Box
Model coupled with the Master Chemical Mechanism (PBM-
MCM) model has historically underestimated PANS®. This
underestimate was traced to insufficient treatment of regional
transport®®, highlighting PAN’s ability to accumulate upwind of
the measurement site and be imported into the local
photochemical system. Box-model studies have also quantified
the contributions of different VOC classes to PAN production:
carbonyls contribute ~59%, aromatics ~26%, and biogenic VOCs
~10%%°. These same models quantify how PAN formation
suppresses HOx and NO. while increasing NO, resulting in
reduced O3 formation rates which are estimated at 2.84 ppb O3
suppressed per 1 ppb PAN formed, with overall O; production
slowed by ~36%82°.

Other observation-based studies further show that PAN and O3
are tightly correlated in both time and space®?, allowing PAN to
serve as a proxy for regional background Os*' and as a more
reliable indicator of photochemical smog than Oz itself* 43,

5.3 Regional and global chemical transport modeling

Large-scale regional and global modeling has further clarified
PAN’s importance as a NOy reservoir and long-range transport
agent. At low temperatures, PAN can account for 50-90% of
NOy in the troposphere3? 34 and ~30% of NO, near 10 km
altitude®. Global models show that 11-30% of total NO,
originates from PAN decomposition!®3, confirming its major role
in remote NOx budgets. Sensitivity analyses indicate that PAN

This journal is © The Royal Society of Chemistry 20xx
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greatly enhances Oz formation in the remote northeastern
Pacific by releasing NOyx upon thermal decomposition; this
enhancement varies with synoptic transport patterns>3.
Models also show that megacities are exporters of PAN, which
transports NOx reservoir capacity far downwind, enabling O3
formation distant from the source region>* 8. Climate-driven
changes in temperature, radiation, precipitation, and wind
speed have already contributed to a global decline in PAN>4,
something now resolved in several global simulations.

5.4 Chambe studies and model evaluation

Early smog-chamber investigations established the mechanistic
sensitivity of PAN formation to hydrocarbon—NOx chemistry
and now form the foundation for modern chemical transport
and box models, which incorporate updated VOC oxidation
schemes, multiphase chemistry, and detailed peroxyacyl nitrate
formation pathways.'® 17 51, 52 As a result, chamber-derived
PAN sensitivities continue to serve as critical benchmarks for
evaluating model performance across chemical regimes.
Large-scale chamber-experiments have provided important
mechanistic insights into how PAN influences photochemical
smog formation. A 5800 L Teflon chamber at the Statewide Air
Pollution Research Center (University of California, Riverside)
was used to conduct controlled simulations at 300 K. 6 155
These studies demonstrated that the presence of PAN
significantly enhances smog production. PAN decomposition in
the presence of NO generates peroxyacetyl and NO, increasing
radical levels and accelerating O; formation. Systems containing
PAN showed faster hydrocarbon consumption, higher Os3
production rates, and larger peak Os; concentrations. The
experiments also suggested that PAN carried over from a
previous pollution episode can increase Os levels on the
following day by providing an early-morning source of NO, and
radicals. In the absence of sunlight, PAN was also found to react
with NO to produce additional NO,, which can further influence
early photochemistry.

A related set of 249 outdoor smog-chamber experiments
examined the formation of PAN and nitric acid in the Los
Angeles Basin. 17156 Eight chambers located at two Los Angeles
sites were filled with morning ambient air, after which NMHC
and NOx levels were systematically adjusted to simulate
different chemical regimes relative to a control. The results
were used to construct PAN isopleths (HC versus NOXx).
Reductions in hydrocarbons, NOx, or both resulted in lower PAN
concentrations, while only NOx reductions led to substantial
decreases in HNOs. However, decreasing NOx also increased O3
levels due to reduced titration, which required proportionally
larger hydrocarbon reductions to counteract the increase.
These chamber results highlight the nonlinear response of both
PAN and Os to precursor emissions and illustrate the need to
consider PAN chemistry when evaluating O3
strategies.Subsequent chamber studies have extended these
findings to other peroxyacyl nitrates, including MPAN formed
during isoprene oxidation, demonstrating similar nonlinear
sensitivity to NO,—VOC regimes and providing constraints on
secondary organic aerosol formation pathways.

This journal is © The Royal Society of Chemistry 20xx
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PAN isopleths have re-emerged in modern air-quality studies.
Recent efforts in China have used observation-based modeling
to generate net-PAN-production isopleths, showing that PAN
formation is overwhelmingly VOC-limited, not NOx-limited®”
158 These studies demonstrate that emission controls targeting
O3 generally also suppress PAN, and that PAN isopleths have
broadly similar shapes to Os isopleths, simply shifted toward
higher VOC/NOy ratios?7- 158, Global modeling work has applied
PAN isopleths to study vertical gradients and long-range
transport, showing distinct PAN-Os relationships across the
troposphere?®®,

Fuel composition can also influence PAN. Ethanol-gasoline
blends can increase peroxyacetyl radical and PAN production in
winter60, 161 The PAN-to-Os relative production ratio (RPR)
introduced by Sun et al. (2020) varies with precursor levels and
is highest under VOC-rich, NOx-poor conditions!62, PAN exhibits
strong source signatures: MPAN indicates biogenic sources,
whereas peroxypropionyl nitrate (PPN) correlates with
anthropogenic emissionst63-165,

5.6 PAN, SOA chemistry, and multiphase interactions in models

Modeling studies increasingly incorporate multiphase
chemistry affecting the broader peroxyacyl nitrate family. The
MPAN-isoprene pathway is explicitly represented in modern
mechanisms, with MPAN oxidation leading to low-volatility
organic acids, methacrylic acid epoxide (MAE), and related
species that significantly contribute to SOA formation even
though MPAN itself is not a nucleating vapori66 167,
Heterogeneous processing of PAN on real-world PM; s has been
observed and is modeled as a minor but non-negligible loss
pathway that produces particulate nitrate and oxidized organic
fragments®8, Co-variability between PAN and PM, s across haze
events confirms shared precursors and coupled oxidation
dynamics®® 170, and models increasingly treat PAN as both an
oxidant reservoir and a proxy for multi-phase radical chemistry.
PAN also participates in multiphase chemistry linked to haze.
Although PAN is not a primary nucleating species for secondary
organic aerosols (SOA) because it is too volatile and thermally
unstablel’0, field studies consistently show that PAN correlates
with elevated PM,s and haze intensity®® 170, Aerosol surfaces
may promote additional PAN formation via heterogeneous
radical sources, and PAN undergoes small but meaningful
heterogeneous uptake producing particulate nitrate and
oxidized fragments!®, The broader PAN family also intersects
with SOA pathways through peroxymethacryloyl nitrate to
methacrylic acid epoxide (MPAN - MAE) chemistry66 167 PAN-
like ions have been detected in 1-2 nm clusters by ion-cluster
spectrometry, but the signals are weak and do not indicate PAN-
driven nucleation!”?,

5.7 Emerging modeling areas

Several modeling areas have gained visibility recently:
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1. Urban boundary-layer chemistry: Modeling in
Shenzhen confirms PAN is strongly VOC-limited and
contributes to midday O3 peaks in high-temperature,
stagnant conditions!72,

2. Seasonal shifts: Models explain observed spring and
fall PAN maxima as arising from favorable
combinations of temperature, photolysis rates, and
carbonyl precursor availability>® 60110,

3. Fuel-change impacts: Modeling shows ethanol-
gasoline blends increase PA radical production and
raise PAN in winter160 161,

4. Aerosol-PAN interactions: Mechanisms now include

heterogeneous processing of PAN on PAH-rich
particles®.
Together, these advancements show that modern PAN

modeling now spans direct gas-phase chemistry, multi-phase
interactions, photochemical regimes, and long-range
transport—positioning PAN as one of the most important
integrative species in atmospheric chemistry.

6. Measurement Campaigns

Atmospheric measurements of PAN span more than six decades
and now encompass urban centers, rural regions, marine boundary
layers, and polar environments. Because PAN is formed entirely in
situ from VOC-NO, chemistry and exhibits strong temperature
sensitivity, its abundance varies widely across locations and
seasons. Long-term PAN records are uncommon, and most
observational knowledge comes from targeted field campaigns with
distinct chemical and meteorological contexts. The following
subsections summarize major features of PAN variability in different
environments and highlight characteristic ranges observed in each
setting. Each section includes a map of where PAN has been
measured in that type of environment (Figs 7-12) with
corresponding tables that list location, sampling period, mean
concentration, maximum concentration, and altitude above sea
level (Tables S1-5).

Fig 7. World map showing the locations where PAN has been measured. Regions appear
darker red the more that they have been studied.

6.1 Urban

Urban consistently exhibit the highest PAN
concentrations due to abundant anthropogenic VOCs and NOy

areas
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emissions that drive rapid photochemical formatipg.Jnokes
Angeles, PAN historically exceeded 20-30'ppB0deiing e0éete
smog episodes'’3-175, with strong co-variation with ozone and a
well-defined afternoon peak3*. Modern megacities such as
those in China continue to show large PAN burdens: autumn
observations in the rural North China Plain, downwind of major
urban centers, indicate that rapid PAN production can occur
even under low-NOy conditions because HCHO photolysis and
acetaldehyde oxidation substantially enhance peroxyacetyl
radical formation®’. Urban PAN formation often remains VOC-
limited, and studies show that PAN can reduce net O;
production by ~36% for each 1 ppb of PAN formed?®, reflecting
strong nonlinear sensitivity to precursor emissions. Although
peak values have declined in some cities as NOy emissions have
decreased'>*, urban regions still account for many of the highest
PAN concentrations measured globally.

Because PAN is long-lived at cold temperatures, it is a major
transport medium for NO, between atmospheric layers!’e.
Long-range transport influences PAN throughout the western
United States, with Siberian biomass burning and trans-Pacific
transport producing ~21% PAN variability and strong springtime
enhancements!’’. PAN is frequently elevated downwind of
urban centers34, including mountain sites northeast of Los
Angeles'’* 175 where concentrations have historically reached
up to 35 ppb #* 174175 Seasonal and diurnal patterns reinforce
its photochemical origin®?.

Fig 8. World map showing the locations where PAN has been measured in urban regions.

Regions appear darker red the more that they have been studied. 4% 43 59,61, 99,101, 110, 111,
116, 125, 150, 163, 165, 175, 178-210

6.2 Rural

Rural PAN measurements frequently reveal the combined
influence of transported pollution, biomass burning plumes,
and biogenic VOC oxidation. PAN often maximizes in spring and
fall>9. 0. 110 - reflecting seasonal changes in photochemistry,
biomass burning, and long-range transport. In regions
influenced by agricultural or forested landscapes, carbonyl
compounds dominate PAN formation, and model analyses
attribute ~59% of PAN production to carbonyl precursors, with
aromatics and biogenic VOCs contributing the remainderss.
Rural observations in Southeast China show strong daytime PAN
maxima and correlations with Oz and HCHO®, consistent with
photochemically driven radical production. Episodic biomass-
burning plumes can also dominate PAN variability in rural
environments, particularly during boreal fire seasons and

This journal is © The Royal Society of Chemistry 20xx
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springtime long-range transport events. Rural measurements
are also instrumental in diagnosing regime behavior: PAN
isopleths, broadly similar in shape to Oj; isopleths, have long
been wused to distinguish VOC- NOy-sensitive
COnditiOnSlSZ’ 157, 159, 211_

Observations demonstrate strong seasonal behavior: PAN often
maximizes in fall and spring>% % 110 Coastal observations in
Southeast China show spring/summer PAN peaks with strong
midday maxima and correlations with Oz and formaldehyde
(HCHO) that point to photochemically driven production®’.
Autumn observations in the rural North China Plain show that
even under low-NOy conditions, rapid PAN formation can occur
during haze events because HCHO photolysis and acetaldehyde
oxidation  significantly peroxyacetyl  radical
formation®’.

versus

increase

Fig 9. World map showing the locations where PAN has been measured in rural regions.

Regions appear darker red the more that they have been studied. 3% 41,43,55,57, 81, 85,92, 93,
97, 98, 100, 102, 113, 115, 118, 133, 160, 165, 174, 176, 177, 184, 201, 212-231

6.3 Marine

Marine PAN levels are generally low because NOy
concentrations are small and temperatures are cooler,
promoting PAN stability but limiting production. Early

measurements detected background PAN of 7-10 ppt in clean
marine environments!!3, and modern campaigns confirm
persistent low-ppt levels across the remote oceans!3 220, While
local PAN production is limited, marine regions often receive
long-range PAN transport from continental outflow, especially
during spring and periods of enhanced westerly flow. PAN can
thus serve as a tracer of intercontinental pollution transport,
with decomposition in the free troposphere supplying NOy that
shapes photochemistry far from source regions'’® 218, Marine
stratocumulus layers and cold oceanic boundary layers further
reinforce PAN’s role as a long-lived, temperature-controlled
NOy reservoir.

Global trends show decreasing PAN in many regions, possibly
driven by climate-related changes in temperature, radiation,
and meteorology>*. PAN is more abundant in the Northern
Hemisphere due to greater anthropogenic and fire-related VOC
emissions??l, Early global measurements found background
PAN in clean marine environments at 7-10 ppt!!3, and modern
observations confirm PAN’s presence throughout the free
troposphere and upper troposphere and lower stratosphere
(UTLS) 113,220 |In some remote regions, PAN decomposition can
explain all observed NOy in the free troposphere?18,

This journal is © The Royal Society of Chemistry 20xx

View Article Online

&:@@i.m%ﬁ@/@aﬁﬁﬁm@

Fig 10. World map showing the locations where PAN has been measured in polar regions.
Regions appear darker red the more that they have been studied.”? 80, 107, 220, 233, 238-246

6.4 Polar

Polar regions provide natural laboratories for studying PAN
under extremely low temperatures, where its lifetime can reach
months. In the Arctic and Antarctic free troposphere, PAN
frequently constitutes a major fraction of total NO,, in some
cases approaching 50-90%3% 34, The long lifetime allows
efficient accumulation and transport, and high-latitude PAN
abundances are strongly influenced by boreal wildfire emissions
and long-range transport from midlatitudes. Siberian biomass
burning contributes ~21% of PAN variability observed across

western North America, with pronounced springtime

enhancements!’’. At ground level, cold temperatures slow
thermal decomposition significantly, and PAN can persist
overnight or through multi-day stagnation events. Although
observations are fragmentary compared to those at mid-
latitudes, available data consistently highlight the central role
of PAN in polar NO, partitioning and long-range nitrogen
redistribution.

Fig 11. World map showing the locations where PAN has been measured in marine

regions. Regions appear darker red the more that they have been studied. 8% 103 105 108,
111-114, 128, 135, 153, 188, 232-237

6.5 Indoor

Although most PAN research has focused on outdoor and free-
tropospheric environments, several studies show that PAN also
occurs indoors at measurable levels. Indoor PAN arises from a
combination of outdoor infiltration and indoor photochemical
production, and its behavior has direct implications for
sampling strategy, instrument placement, and interpretation of
measured concentrations. Measurements in a near-zero-energy
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building (nZEB) in Sweden reported baseline indoor PAN levels
of ~0.3 ppb under unoccupied conditions and up to ~1 ppb
when the space was occupied??’. These enhancements were
attributed to reactions involving Os, nitrogen dioxide, terpenes,
and acetaldehyde, some emitted from the spruce wood
construction materials?*’. With adequate mechanical
ventilation, PAN concentrations declined to levels below
concern, underscoring the dominant role of ventilation
efficiency.

Indoor PAN measurements in museums and conservation
environments show concentrations up to ~0.7 ppb, primarily
driven by outdoor infiltration, and highlight PAN’s role in
oxidative damage to sensitive materials?48 24,

Natural ventilation strongly increases indoor PAN infiltration,
with indoor/outdoor ratios often approaching unity under
open-window conditions. Once buildings are sealed, indoor
PAN concentrations decrease rapidly due to thermal
decomposition and limited internal sources 250 251,

Indoor PAN chemistry nevertheless remains sparsely studied. A
Monte Carlo analysis using the INDCM model showed that
uncertainties in input parameters (e.g., air exchange rate,
radical production, material sinks) can significantly influence
predicted indoor PAN behavior, highlighting the need for
improved indoor mechanistic treatment?>2. Recent work has
also shown that cooking can generate measurable PAN indoors,
providing one of the few demonstrated indoor sources?>3 254,
These findings highlight that indoor PAN variability is dominated
by ventilation, infiltration efficiency, and rapid thermal
decomposition, with important implications for sampling
strategy. Because PAN lifetimes indoors are short and

infiltration-driven variability is high, minimizing residence times
in sampling lines and controlling inlet temperatures are
essential to prevent thermal decomposition losses during
measurement.

Fig 12. World map showing the locations where PAN has been measured indoors.
Regions appear darker red the more that they have been studied. 247- 248,250, 255

6.6 Biomass Burning

Increasing wildfire activity in many regions has renewed
attention to PAN as a key mediator of long-range reactive
nitrogen export from biomass-burning plumes. Biomass burning
represents one of the most important episodic sources of PAN
globally. Field campaigns in African savanna fires and boreal
wildfire plumes consistently show large PAN enhancements
associated with rapid photochemical processing of fire-emitted
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carbonyls and oxygenated VOCs.3V 32 Because RAN lifetimes
increase strongly at low temperatures, |6¥e&d biBMA3SEBUPAIAE
plumes often transport PAN efficiently over regional to
hemispheric scales. Long-range transport from Siberian and
trans-Pacific fire emissions has been shown to contribute
substantially to PAN variability in downwind regions.'””
Observations further indicate that PAN production in biomass-
burning plumes is tightly coupled to plume aging and secondary
oxidation chemistry, reinforcing PAN’s role as a key mediator of
long-range reactive nitrogen redistribution.3> 85 These
observations demonstrate that biomass-burning plumes
represent one of the dominant pathways for PAN injection into
the free troposphere, where subsequent thermal
decomposition regulates regional ozone formation far from
source regions.

PAN also contributes to PM,s interactions: polluted
environments show faster PAN production and higher mean
values?%6, Biomass burning produces large spikes in PAN in
Africa??3, and PAN/PAA (peroxyacetic acid) ratios are useful
indicators of plume age!?8. Overall, PAN’s chemistry is highly
nonlinear, seasonally variable, and tightly coupled to VOC
oxidation, NOy availability, transport, and atmospheric stability.

7. Past and Future Perspectives
7.1 Analysis

Taken together, historical observations, laboratory
measurements, and multi-scale modeling studies show that
PAN has moved from a “mysterious smog oxidant” to a central
organizing species in tropospheric reactive nitrogen chemistry.
Early work in Los Angeles and other polluted cities established
PAN as a strong eye irritant, a phytotoxin, and a key product of
hydrocarbon—NOy photochemistry, with peak mid-20th-century
concentrations reaching tens of ppb in urban cores. Long-term
monitoring now demonstrates that these extreme levels have
declined substantially in response to coordinated NOx and VOC
emission controls, even though modern megacities still
experience short-lived PAN enhancements during stagnation
events and wildfire intrusions.

Across environments, PAN behaves as both a sensitive, under-
utilized diagnostic of photochemical processing and a dominant
reservoir for NOy, especially in cold, elevated, or remote air
masses. Temperature-dependent lifetimes of minutes in the
warm boundary layer versus months in the cold upper
troposphere allow PAN to accumulate aloft and in export
plumes, then decompose to release NO, downwind, sustaining
O3 formation far from the original emission regions. Aircraft,
regional, and global models all highlight cases where PAN
accounts for a large fraction of NO,, particularly in the free
troposphere, Arctic, and biomass-burning plumes. This
reinforces the view that PAN is a controlling term in the long-
range redistribution of reactive nitrogen rather than a minor by-
product.

Observation-constrained box models and controlled smog-
chamber experiements further show that PAN formation is
strongly nonlinear with respect to its precursors. PAN isopleths

This journal is © The Royal Society of Chemistry 20xx
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consistently indicate regimes that are overwhelmingly VOC-
limited, broadly similar in shape to Oz isopleths but shifted
toward higher VOC/NOx ratios. These studies quantify the
dominant role of carbonyls and other oxygenated VOCs in PAN
production, and they also reveal that PAN formation can
simultaneously sequester NOy, suppress HOx and Oz production
locally, and yet enhance Os formation downwind when PAN
decomposes. Classic and modern chamber studies provide the
experimental basis for these nonlinear sensitivities and
continue to serve as critical benchmarks for evaluating chemical
mechanisms used in regional and global models.

PAN sits at the intersection of gas- and particle-phase
chemistry. Field campaigns in polluted and haze-prone
environments show that PAN correlates with elevated PM;s,
reflecting shared photochemical precursors and enhanced
oxidative processing. Laboratory work indicates that PAN
undergoes small but non-negligible heterogeneous uptake on
real-world aerosols, generating particulate nitrate and oxidized
organic fragments, while related peroxyacyl nitrates such as
MPAN participate in high-NOyx SOA formation pathways. PAN
therefore acts more as a facilitator and indicator of secondary
aerosol formation than as a direct nucleating vapor.

Indoor and cultural-heritage studies add a complementary
perspective, demonstrating that PAN infiltrates indoors,
contributes to material damage in sensitive environments, and
responds to building operation and indoor VOC sources.
Overall, the literature portrays PAN as an integrating species
that links local photochemical smog, long-range NO, transport,
aerosol chemistry, and climate-driven changes in temperature
and circulation. The same properties that once made PAN a
nuisance in early smog studies now make it one of the most
informative tracers of modern atmospheric oxidation and
reactive nitrogen budgets.

7.2 Gaps in PAN research

Despite this mature picture, several important gaps limit the
use of PAN as a fully quantitative constraint on atmospheric
chemistry. First, the global PAN observing system remains
sparse. Long, high-quality time series are concentrated in a few
North American, European, and East Asian regions, while
measurements in the tropics, Southern Hemisphere, high
latitudes, and over the oceans are fragmented or absent.
Vertical coverage is limited: aircraft campaigns are episodic, and
there are few routine free-tropospheric or lower-stratospheric
PAN observations, even though these layers are where PAN
lifetimes are longest and its role in NO, export is greatest.

Second, PAN’s multiphase and heterogeneous behavior is still
poorly constrained. Existing laboratory studies point to nonzero
uptake on real-world PM;s and potential reactions on
carbonaceous and PAH-rich aerosol, but the magnitude,
product distributions, and environmental dependence of these
processes remain uncertain. The role of aerosol-mediated
radical chemistry in sustaining PAN production during severe
haze episodes is also not fully quantified. Similarly, indoor PAN
chemistry has only been explored in a small number of buildings
and museums, leaving open questions about how building
materials, ventilation strategies, and indoor VOC mixtures

This journal is © The Royal Society of Chemistry 20xx

shape PAN lifetimes and impacts on human health,and.cultyral
heritage. DOI: 10.1039/D6EA00017G
Third, models still struggle to reproduce observed PAN
abundances and variability. Persistent underestimates in box,
regional, and global simulations have been attributed to
insufficient treatment of regional and vertical transport,
incomplete VOC oxidation schemes (particularly for
multifunctional carbonyls and biomass-burning tracers), and
oversimplified deposition and heterogeneous loss
parameterizations. PAN isopleths and PAN—O; relationships are
not yet routinely used as evaluation tools in chemistry—climate
and air-quality models, even though they provide a compact
way to test whether mechanisms capture the correct nonlinear
sensitivity to VOC and NOy emissions.

Fourth, climate-driven changes in temperature, circulation,
wildfire activity, and VOC emission patterns are expected to
reshape PAN formation and transport, yet there are relatively
few coordinated studies linking long-term PAN trends to these
drivers.  Existing analyses suggest that global PAN
concentrations may have declined alongside NOx emissions in
some regions while also responding to shifts in meteorology and
biomass burning, but this emerging picture is incomplete.
Addressing these gaps will require integrated efforts that
couple targeted laboratory work, expanded measurement
networks (including indoors), and model experiments that
explicitly treat PAN as a diagnostic of both chemistry and
climate forcing. Modeling studies need to be improved to be
used to study PAN-aerosol interactions, fuel-change impacts,
and PAN urban-boundary layer chemistry.

Beyond scientific gaps, there are also public-communication
and policy gaps. Current air-quality indices (e.g., the U.S. AQl)
do not explicitly include PAN, despite its role as a potent irritant
and an important NOx reservoir. Episodes in historically polluted
regions such as Los Angeles and modern megacities such as
Beijing demonstrate that PAN can reach levels of health concern
even when AQI categories are driven primarily by Oz and PMy s.
This mismatch suggests that future AQl frameworks or
supplemental indices may need to treat PAN more explicitly,
particularly during strong photochemical smog events.

A final area of limited understanding involves meteorological
regimes. Despite extensive work on PAN in urban, free-
tropospheric, and biomass-burning environments, PAN
behavior under persistent cold-pool inversions remains poorly
characterized. Stable boundary layers common in basins and
mountain valleys suppress vertical mixing, sharply reduce
thermal decomposition rates, and can allow PAN to accumulate
even when precursor VOCs and NOy are low. Preliminary field
campaigns in western North America suggest that nighttime
PAN formation via NOs; chemistry and potential heterogeneous
production on ice-coated surfaces may be enhanced during
multi-day inversion events. Because these conditions are
frequent in wintertime basins and can strongly influence O3
buildup during inversion breakup, dedicated studies integrating
meteorology, nighttime chemistry, and heterogeneous
processes are needed to understand PAN budgets in these
regimes.
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8. Conclusions

Despite more than five decades of study, PAN remains treated
inconsistently across atmospheric chemistry subdisciplines,
alternately framed as a passive NO, reservoir, a diagnostic of
photochemical aging, or a secondary pollutant of limited
regulatory relevance. This review demonstrates that such
compartmentalized interpretations obscure PAN’s central role
in coupling hydrocarbon oxidation, nitrogen transport, and
thermal stability across spatial and temporal scales. We show
that uncertainties in PAN measurement techniques, thermal
decomposition kinetics, and precursor attribution propagate
directly into errors in inferred NOy lifetimes, regional ozone
production efficiency, and model-observation closure. As a
result, PAN is not merely under-measured, but systematically
misinterpreted. Reconciling these inconsistencies is essential
for accurately diagnosing oxidative capacity in both polluted
and remote environments and for improving the treatment of
reactive nitrogen in chemical transport models under changing
climate conditions.

Peroxyacetyl nitrate (PAN) is now recognized as a cornerstone
species in tropospheric chemistry. Formed entirely in situ from
VOC oxidation in the presence of NO,, PAN exhibits a strongly
temperature-dependent lifetime and serves as a major
reservoir and long-range transport vector for NOx from the
boundary layer to the free troposphere and lower stratosphere.
Historical and modern observations demonstrate that PAN links
photochemical smog to downwind Oz formation,
vegetation injury, indoor air quality, and background oxidant
levels far from emission sources.

This review has synthesized the current understanding of PAN’s
formation pathways, loss processes, measurement techniques,
and roles in smog chemistry, NO, partitioning, aerosol
formation, and regional background Os. Laboratory and
theoretical work have established robust kinetic parameters,
absorption cross-sections, and quantum vyields, enabling
quantitative PAN detection from the UV to the IR. Field
observations across urban, rural, remote, biomass-burning, and
indoor environments show that PAN is both a sensitive indicator
of photochemical processing and a powerful tracer of long-
range pollution transport. Modeling studies, from box models
to global chemistry—climate simulations, highlight PAN’s
nonlinear response to VOC and NOy controls and its usefulness
as an under-utilized diagnostic of chemical mechanisms,
precursor emissions, and transport regimes.

At the same time, important uncertainties remain. Sparse
spatial and vertical observational coverage, incomplete
representation of heterogeneous and indoor processes, and
persistent model-measurement gaps still limit the use of PAN
as a fully quantitative constraint on oxidant chemistry and NOy
budgets. PAN behavior under cold-pool inversions and other
stable boundary-layer regimes is poorly characterized despite
its potential importance for wintertime basins and downwind
O3 buildup. Climate-driven shifts in temperature, circulation,
and wildfire activity are likely to further reshape PAN
distributions and lifetimes. Additionally, PAN is not explicitly
included in current air-quality indices, even though it is a potent

local
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irritant and can reach levels of health concern durjng.strong
photochemical smog events. DOI: 10.1039/D6EA00017G
Addressing these gaps will require targeted laboratory studies,
expanded measurement networks (including routine free-
tropospheric and indoor observations), and model experiments
that treat PAN explicitly as both a chemical species and a
diagnostic of VOC—NO,—oxidant interactions. With improved
mechanistic and observational constraints, PAN can serve as an
even more powerful integrative tool for evaluating atmospheric
chemistry, interpreting long-range transport, and guiding air-
quality and climate-chemistry assessment in a rapidly changing
world. Future progress in PAN research will depend on
integrating emerging multiphase chemistry, climate-driven
emission changes, and improved representation in Earth-
system models.
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