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PAN (CHzC(O)O,NOs) is often the most important chemical reservoir of reactive nitrogen compounds
throughout the free- and upper troposphere and provides a means of transport of reactive nitrogen
from source regions to more remote locations. Both PAN and PAA (peroxy acetic acid, CHsC(O)OOH)
are formed exclusively via reactions of the CHsC(O)O, radical, with PAA favoured under low NOx
conditions. We present airborne measurements of PAN and PAA taken with a chemical-ionisation mass
spectrometer on board the High Altitude-Long range (HALO) aircraft over the North and tropical Atlantic
Ocean west of Africa in August—September 2018. Our observations showed that mixing ratios of PAN
and PAA are enhanced in biomass-burning impacted air masses and we determined molar enhancement
ratios for both trace gases relative to CO and CH3CN. The PAA-to-PAN ratio was enhanced in biomass-
burning impacted air masses compared to background air, which may reflect the continued
photochemical formation of PAA in such plumes even after NOy has been largely depleted. This was
confirmed by the large ratio of PAN/(PAN + NOy), which was on average =0.8 at 7-8 km altitude and
approached unity in biomass burning impacted air masses. Although no measurements of total reactive
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DOI: 10.1038/d5ea00006h nitrogen species (NO,) or HNO3z were available, a major fraction of NOx was likely sequestered in the

rsc.li/esatmospheres form of PAN in this region, especially in air masses that had been impacted by biomass burning.

Environmental significance

This work deals with one of the most important atmospheric trace gases, PAN and the influence of biomass burning on its abundance over the North- and
tropical Atlantic Ocean west of Africa in August September. Along with PAN, airborne measurements of peroxy acetic acid (PAA) provide insight into the pro-
cessing of reactive nitrogen in biomass burning impacted air masses (from both African and Boreal fires) as they travel away from source regions.

1 Introduction CH ;C(0)0, + HO, — CH;C(O)OOH (PAA) + O, (Rla)

Our analysis focusses on two trace gases, peroxy acetic acid — CH3C(O)OH + 05 (R1b)
(CH3C(O)OOH, PAA) and peroxy acetyl nitric anhydride
(CH;3C(O)OONO,, PAN), which have a common precursor, the
peroxy acetyl radical, CH3C(0)O,.

— OH + CH3C02 + 02 (R].C)
CH;C(0)0, + NO, + M — CH;C(0)OONO, (PAN) + M (R2)
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thermal decomposition of PAN, which is highly temperature
dependent.

The central role of PAN in atmospheric chemistry has been
established for decades® and is documented in numerous
ground-level, airborne and remote-sensing measurements of its
abundance and in several model studies of, e.g. its global
distribution and role as a supplier (via long-range transport) of
NOy to remote regions.™** The lifetime of PAN can be as short as
10 minutes in the warm boundary layer but can increase to
weeks or months in the much colder free and upper tropo-
sphere where it is the principal reservoir of NOx."' PAN mixing
ratios can vary from a few pptv in remote regions to several ppbv
in heavily polluted air masses.* As well as sequestering NOy, the
formation of PAN converts an organic peroxy radical (CH;C(O)
0,) to a long-lived reservoir, thus affecting photochemical
ozone formation through NO to NO, conversion.

Ambient measurements of PAA in the gas phase are scarce,
though its observation in the boundary layer>*** and at higher
altitudes™** indicate that it is present throughout the tropo-
sphere. Recent airborne measurements of PAA indicate mixing
ratios of 50-100 ppt for the Northern (winter) and Southern
(summer and winter) Hemispheres with little variation with
altitudes up to 10 km. In contrast, in the Northern Hemisphere
in summer, up to 300 ppt were measured with the largest
mixing ratios generally found in the lowermost 4 km." PAA
contributes to the formation and ageing of secondary organic
aerosol," but unlike other organic acids, the direct emission of
PAA by the biosphere has not been documented.

Until recently, the lifetime of PAA was believed to be domi-
nated by reaction with the OH radical for which a rate coeffi-
cient of ~10~"" ¢cm® per molecule per s had been measured.'
However, new kinetic data has shown that PAA reacts orders of
magnitude more slowly (the rate coefficient is ~4 x 10~** cm?
per molecule per s at 298 K) and has a lifetime with respect to
reaction with OH of ~1 year. The reduction in the rate coeffi-
cient for OH + PAA results in a substantial increase in its global,
modelled concentration.'” Above the boundary layer, where
deposition is important,>® the dominant loss process for PAA is
thought to be photolysis, with a noon-time jJ-value at mid-
latitudes and cloud-free sky of ~7 x 1077 s ', which
(assuming equal length of day and night) results in a diel
averaged J-value of ~2.2 x 1077 s™' or a lifetime of several
weeks. Later, when analysing PAA datasets, we provide a more
detailed analysis of its sinks.

Biomass-burning contributes to the global budgets of many
trace gases'®' and can result in elevated mixing ratios thereof
over vast regions of the Indian and Pacific Oceans as well as the
tropical Atlantic Ocean. The main source regions for biomass
burning emissions are Central Africa during the dry-season
(November to March in the northern hemisphere, July to
October in the Southern Hemisphere), South America (from
August to October) and, to a lesser extent, the boreal forest
which has a short biomass burning season centred on July.>
Along with many volatile organic compounds, nitrogen oxides
are formed/released during biomass burning, the photochem-
ical transformation of which results in the formation of O3,>*
which is an important greenhouse gas at higher altitudes and
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respiratory irritant in the boundary layer, as well as particles
that may affect air quality, cloud formation and precipitation.
Observations indicate that PAN is formed rapidly in the pres-
ence of fire-generated NOx and non-methane hydrocarbons,**>*
with ~40% of initially fire-generated NOy partitioned to PAN.

Although PAA has been less frequently linked with biomass
burning, there are reports of PAA downwind of de-forestation
fires in biomass-burning plumes sampled a few hours after
emission® and in air masses over the boreal forest that were
impacted by biomass burning several days prior to the
measurement.>*?” PAA resulting from biomass burning has also
been observed following residual crop burning in China*® and
in hour-old biomass-burning plumes from Californian fires.*

In this work, we use airborne measurements of PAN and PAA
to derive relative enrichment ratios (compared to CO and
CH,;CN) to assess to what extent their abundance throughout
the North Atlantic troposphere is impacted by biomass burning
and to examine the extent to which NOy has been converted to
PAN in such air masses.

2 Methods

In August-September 2018 the High Altitude and Long-range
research aircraft (HALO) provided the platform to perform the
“CAFE-Africa” campaign (Chemistry of the Atmosphere: Field
Experiment in Africa). A total of 16 measurement flights were
conducted, mainly over the Tropical Atlantic west of Africa.*’ Sal
Airport (Cape Verde Islands) was the mission base.

In this paper, we focus on 4 flights in which the aircraft
intercepted biomass-burning impacted air masses, as evi-
denced by clearly enhanced levels of black carbon, CO and
CH;CN. These were flights F4, F10, F12 and F13, which were
conducted on the 10th, 24th, 29th and 31st of August, respec-
tively. The flight tracks, colour-coded by black-carbon, CO and
CH;CN levels are displayed in Fig. S1 of the ESI.t The altitudes
at which the biomass-burning plumes were intercepted (i.e., the
points on the flight tracks with enhanced black-carbon, CO and
CH;N) and the associated 10-day air-mass back-trajectories are
described in Section 3 (see also Fig. S17).

2.1 Measurement of PAN and PAA

The I-CIMS configured for airborne operation during CAFE-
Africa has been described recently in detail.** Briefly, I
primary ions were generated by passing CH;I through a *'°Po
ion source before reacting with atmospheric trace gases in an
ion-molecule reactor (IMR) held at a constant pressure of 24
mbar. PAN was detected as CH;CO, ™~ (m/z 59), which is formed
in the reaction between I and CH3C(O)O,, the latter generated
during the thermal dissociation of PAN in a heated inlet (~170 °
C, 100 mbar). PAA was also detected as CH3CO, , in this case
formed by the direct reaction of PAA with I". Clusters of I- with
PAA or with the CH3C(O)O, radical are not observed with this
CIMS even when declustering is switched off and is related to
collisional declustering at the gas-expansion between CDC and
octople-chamber.**
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In order to separate the signals of PAN and PAA, NO was
periodically added to the heated inlet to remove CH;C(O)O, and
thus eliminate sensitivity to PAN. A constant amount of H,0
was added to the IMR to reduce fluctuations in sensitivity to
PAN and PAA caused by air masses with different water content.
However, as the I-CIMS sensitivity to PAA is strongly dependent
on the ambient relative humidity® corrections to PAA mixing
ratios based on in-flight changes in the ratios of signals at m/z =
127 (I") and m/z = 145 (I" (H,O)) were applied.

The forward-facing trace gas inlet (TGI, located on top of the
aircraft) was configured to force RAM-air through % inch (OD)
PFA tubing sampling at an angle of 90° to the flight direction.
The 1 inch tubing was connected to a § inch (OD) PFA tube
attached to an exhaust plate at the underside of the aircraft to
create a fast “bypass” flow. The bypass flow was sub-sampled
(again at 90° and by 1 inch PFA tubing heated to 40 °C) by the
~1.3 L (STP) min~* flow into the I-CIMS. Prior to take-off, the
inlet line and TGI were flushed with nitrogen to prevent
contamination by the high levels of pollutant trace gases at the
airport. With this setup, PAA and PAN data points (m/z 59
integrated over 0.8 s) were taken every ~10 s.

Most flights were of ~8 hours duration, during which an
hourly, in situ PAN calibration was performed whereby PAN was
generated in a photochemical source**** and added to scrubbed
ambient air. Based on in situ calibrations from all flights, the
average sensitivity for PAN, normalised to 1 MHz signal at m/z =
127 from I, was 1.01 =+ 0.2 cts per pptv. PAA was calibrated once
during the campaign by simultaneously sampling the air flow
over a diffusion tube containing liquid PAA in acetic acid into
the I-CIMS and into a modified commercial instrument
“HypHop” (Model AL2021, Aero-Laser GmbH, Garmisch-
Partenkirchen, Germany) based on the horseradish peroxi-
dase/catalase/p-hydroxyphenyl acetic acid wet chemical fluo-
rescence measurement technique.**** The sensitivity for PAA
under dry conditions (i.e. with H,O added only to the IMR as
described above), normalised to 1 MHz signal at m/z = 127 from
I, was 1.64 cts per pptv.

The PAN measurements have an uncertainty of 25%, which
considers calibration reproducibility, potential systematic bias
in the mixing ratio of NO used to generate PAN, uncertainty in
the flows, uncertainty in the conversion factor for NO to PAN
(0.9 £ 0.05), the necessary subtraction of the PAA signal and its
interpolation and the potential loss of signal at m/z 59 due to
reaction of CH3;CO,~ with other gases exiting the calibration
source.* The detection limit for PAN (derived from 3¢ standard
deviations of the zero-signal) is ~10 pptv, resulting in a total
measurement uncertainty of 25% + 10 pptv. However, large
fluctuations in PAA concentrations (measured at the same mass
as PAN) can result in a worsening of the PAN detection limit
owing to interpolation uncertainty.

The uncertainty associated with the PAA measurement is
related to the accuracy of the internal HypHop calibration
(using a H,0, standard), the scavenging efficiency of PAA in the
scrubber (90 + 5%), the non-tested assumption that PAA
behaves like other acidic peroxides regarding the addition of
peroxidase and the fact that no in-flight calibrations were
possible, resulting in an estimated uncertainty of 50%. The
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limit of detection (based on 3¢ standard deviations of the zero-
signal obtained during scrubbing) was 10 pptv, resulting in an
overall measurement uncertainty of 50% + 10 pptv.

2.2 Measurement of NOy, CO, CH;CN and black-carbon

NO was measured using a two-channel chemiluminescence
detector CLD 790 SR (ECO Physics AG, Diirnten, Switzerland)
that has been modified for in situ field measurements.***” The
total measurement uncertainty for NO was 6% which includes
uncertainty in the NO-standard (NO in N,) used for calibration.
As NO, measurements using the CLD are likely to be contami-
nated by thermally labile peroxy-nitrates in the upper tropo-
sphere,”®* NO, mixing ratios calculated from
measurements of NO, O;, the NO, photolysis-frequency and
assuming photo-stationary steady-state.*’

CO was measured by mid-infrared, quantum-cascade laser
absorption spectroscopy (QCLAS) with “TRISTAR”, a multi-
channel spectrometer.*>*° The time resolution was 1 Hz and the
measurements were associated with a total uncertainty of 4.3%.
CH,;CN was measured at m/z 42.0339 using a customized Proton
Transfer Reaction Time of Flight mass spectrometer (PTR-TOF-
MS 8000, Ionicon Analytik GmbH Innsbruck, Austria) with
a limit of detection (3 times standard deviation) of 27 ppt and an
uncertainty of 25-29% (1 s resolution). Black-carbon concen-
trations were measured at 1 s time resolution with a single
particle soot photometer (SP2) manufactured by DMT (https://
www.dropletmeasurement.com/). The SP2 is sensitive to
refractory black-carbon-free particles in the optical size range
of about 180 < Dp <400 nm and to refractory black-carbon cores
in the size range of about 80 < dMEV < 500 nm, with a counting
efficiency close to unity.>

were

2.3 EMAC model calculations

We used the global, atmospheric chemistry-transport model
EMAC to calculate the temperature, photolysis frequencies (for
PAN and PAA), and OH, HO,, NO and NO, levels along air-mass
trajectories calculated by HYSPLIT*** using 1° meteorological
data (GDAS) extending 10 days back from the point and time of
interception of the biomass-burning impacted air mass by the
HALO-aircraft.

EMAC (ECHAM-MESSy) uses the 5th generation European
Centre Hamburg general circulation model (ECHAMS5 (ref. 54))
as the core atmospheric general circulation model.***® In this
study, we used EMAC (ECHAMS5 version 5.3.02, MESSy version
2.55.0) at T63L47MA-resolution, i.e. with a spherical truncation
of T63 (~1.8 by 1.8° in latitude and longitude) with 47 vertical
hybrid terrain following-pressure levels up to 0.01 hPa. The
model was weakly nudged in spectral space, applying New-
tonian relaxation of the parameters temperature, vorticity,
divergence and surface pressure to meteorological reanalysis
data.”” The model set-up is identical to the simulation RED
(reduced emissions due to lockdown, without cloud-aerosol
interaction)® where the model was evaluated against an aircraft
campaign over Europe. In addition, the model has been evalu-
ated on many occasions.”** For additional references, see
http://www.messy-interface.org. EMAC was used as a chemical-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport model without feedbacks between photochemistry,
radiation and atmospheric dynamics.*>*

3 Flights impacted by biomass-
burning

We used measurements of CH;CN, CO and black carbon to
identify periods in each flight where the air masses were clearly
impacted by biomass-burning. CH3;CN is produced almost
exclusively by biomass burning,**** which makes it an excel-
lent tracer for air masses that have been impacted by fires,
though it may also be formed during industrial and vehicular
combustion.®® CH;CN reacts only slowly with the OH radical
(k(240 K) ~1 x 10~ ** cm® per molecule per s) and thus has
a lifetime in the free troposphere of the order of years and can
be used to identify air masses that were impacted by biomass-
burning emissions several days (or weeks) prior to its
detection.

CO, often used as a biomass-burning tracer,* is formed with
high yield in vegetation fires. Combining the rate coefficient (at
240 K) of ~2 x 10~"* cm® per molecule per s for the reaction of
CO with OH and an approximate, diel averaged OH concentra-
tion of 1 x 10° molecule per cm?® results in a lifetime of ~58
days and thus, on time-scales of a few days, CO may be
considered a conservative marker of biomass-burning emis-
sions. However, CO is also formed in the subsequent photo-
chemical degradation of many organic trace gases that are co-
emitted during biomass burning and transported through the
atmosphere. As both CH;CN and CO are relatively long-lived,
they acquire high background levels that can make identifying
aged biomass-burning plumes difficult. For this reason, our
primary (qualitative) identifier of fresh biomass-burning emis-
sions is black carbon, which has a lifetime of ~1 week and
generally very low background levels compared to air masses
recently impacted by biomass burning. Black-carbon is also
emitted by industrial burning, however the black-carbon signal
in these regions over the Atlantic Ocean originates from
biomass-burning.>¢*¢°

In Fig. 1 we present binned data (red and blue data points,
1 min averages) and campaign averaged vertical profiles (black
data points) of CH3CN, CO, PAN and PAA for flights F04-F15
(Fig. 1b-e, black data points) as well as black-carbon particle
concentrations (Fig. 1a). The data covers a large region of the
tropical Atlantic west of and above the African coast (see
Fig. S17).

During CAFE-Africa, the Inter-Tropical Convergence Zone
(ITCZ) was located at roughly 5-15°N for longitudes between
0 and 25° east,”” and we accordingly delineate the data as
having been acquired either south (red data points) or north
(blue data points) of 10°N. In all three biomass-burning
tracers, black carbon, CH;CN and CO, the mixing ratios/
concentrations obtained at low altitudes south of the ITCZ
are greatly enhanced relative to those obtained at latitudes
>10°N. The south-north gradient reflects both the location of
biomass burning at this time of the year (African continent,
south of the ITCZ as shown in Fig. 1) and also efficient in-cloud
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scavenging of black carbon (for which the North-South
differences are most obvious) during transport through the
ICTZ. This data indicates that the air masses most strongly
influenced by biomass-burning emissions are located at low
altitudes (up to ~4 km) south of the ITCZ.” Between 5 and 14
km, the north-south gradient is less pronounced but still
apparent, with mixing ratios of CO and CH;CN obtained south
of the ITCZ generally above the mean at most altitudes. A
similar picture emerges for both PAN and PAA, with the largest
mixing ratios mostly obtained at low altitudes south of the
ITCZ. Exceptions to this (encircled in blue) are the data from
flight 10, where elevated PAN mixing ratios of up to ~700 pptv,
CO mixing ratios of almost 200 ppb and PAA mixing ratios of
up to 75 ppt were observed at altitudes of ~6-7 km north of the
ITCZ. As shown below, the air mass intercepted at this location
was impacted by biomass burning emissions originating from
boreal forest fires in the Northern US and Canada and
enhancements in black carbon and CH;CN, although less
obvious, are still apparent.

At altitudes above ~5 km the differences in PAN (or PAA)
when comparing measurements north of the ITCZ to those
south of the ITCZ are no longer significant. Biomass burning
clearly has a significant impact on the chemical composition of
the atmosphere throughout much of the free troposphere in the
region interrogated by the HALO flights during CAFE-Africa,
especially at altitudes below =4 km south of the ITCZ.

For our analysis of the impact of biomass burning, we now
focus on four flights (F04, F10, F12 and F13, see Fig. S1} for
flight tracks and levels of black-carbon, CH;CN and CO) in
which black-carbon particle concentration and the CH;CN and
CO mixing ratios provided unambiguous evidence of biomass-
burning influence for extended periods. Three biomass-
burning plumes were intercepted south of the ITCZ, and one
(F10) was intercepted at higher latitudes (25-30°N). Time series
of the altitude as well as CH;CN, CO, PAN and PAA mixing ratios
from these flights are displayed in Fig S2.}

Fig. S31 confirms the expected correlation between black-
carbon and CH;CN for biomass-burning impacted air masses.
Similar slopes (~1800 ppbv™') for black-carbon particle
concentration per ppbv of CH;CN are observed for the biomass-
burning plumes originating over the African Savanna in flights
FL4, FL12 and FL13. In contrast, the air mass impacted by
biomass burning in the US/Canada (FL10) was depleted in
black-carbon with a slope of a factor of ten lower. This differ-
ence is likely to reflect the slightly longer time of transport from
the fire and the influence of rain-out. However, for this analysis,
we only wish to indicate that elevated black-carbon and CH;CN
mixing ratios are (as expected) associated with biomass
burning.

3.1 Flight 04 on the 10th August 2018

During flight F04, the aircraft headed out in a south-south-
easterly direction, crossing the ITCZ and entering the
Southern Hemisphere at ~12:30 UTC at an altitude of ~12 km.
As shown in Fig S2,t greatly enhanced levels of black carbon
(>500 particles per cm®) were measured between 13:40 and

Environ. Sci.. Atmos., 2025, 5, 620-635 | 623
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Fig. 1 Vertical profiles of black carbon (a), CO (b), CHsCN (c), PAN (d) and PAA (e). The datapoints (1-minute averages) are colour-coded
according to latitude, with blue and red datapoints obtained north and south of 10°N (the approximate location of the ITCZ during the campaign).
The solid black circles are mean mixing ratios in 1 km bins. The open blue circles highlight elevated CO, CHsCN, PAN, PAA and black carbon north
of the ITCZ when the aircraft intercepted a biomass-burning plume from Canada/N.W. USA.

15:10 following a descent to altitudes of 2-3 km. Two distinct
maxima in black carbon particle concentration were observed at
13:52 (~930 cm ™ * at 2 km, 291 K) and 14:37 (~1200 cm® at 3
km, 284 K) and coincided with double maxima in the mixing
ratios of CO (~270 and 330 ppbv) and CH;CN (~0.59 and 0.64
ppbv). Both maxima were also present in the PAA dataset (~76
and 90 pptv), but only the second maximum (190 pptv) was
clearly defined for PAN. The different peak shape of the PAN
time series compared to CH;CN, CO and PAA is readily under-
stood in terms of the strong dependence of the PAN lifetime
(with respect to thermal dissociation) on temperature and, thus,
altitude.

624 | Environ. Sci.: Atmos., 2025, 5, 620-635

Fig. 2 displays a 10-day back-trajectory calculation using
HYSPLIT®>*® of the air mass intercepted at 14:00. The back-
trajectory indicates that the air had passed over active fires 4-
6 days previously at an altitude of between 3 and 5 km. Active
fire data (red data points) were obtained from the Fire Infor-
mation for Resource Management System (FIRMS) available
through NASA's Earth Observing System Data and Information
System and were recorded by the Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments on the satellites
TERRA and AQUA. Only fires detected with 100% certainty
during the time the back-trajectory crossed the continent are
plotted.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HYSPLIT back-trajectories (10 days, coloured by altitude)
starting at the time of interception of the biomass-burning plume
during flights 04, 10, 12 and 13. The black stars along the back-
trajectories are separated by 24 hours. The red dots are Terra-MODIS
fires detected during the first three weeks of August 2018. Only fires
detected with 100% certainty are plotted. Back-trajectories obtained at
1 min intervals 5 min prior to and after those shown are plotted in
Fig. S6.1

3.2 Flight 10 on the 24th August 2018

During flight 10, the aircraft flew in a north-west-westerly
direction before encountering (at ~13:30-15:00) biomass-
burning impacted air over a range of altitudes (4-8 km)
between 25 and 30 °N over the central Atlantic. Compared to
flight 04, black carbon number densities were low (<50 particles
per cm?), but CO levels were similar (~200 ppbv), and PAN levels
were as high as 500 pptv. A HYSPLIT back-trajectory (Fig. 2)
ending at the aircraft position at 14:00 indicates that the air
mass had passed over active fires in Western USA and British
Columbia (Canada) about 9 days prior to the measurement. In
2018, over 20 000 wild-fires were registered in the Western US
states with >20 000 km? (ref. 35) burnt and on 16th August 2018,
>500 wildfires were active in British Columbia, which in 2018
experienced its most intense fire season on record with over 13
000 km?* burnt.” The longer transport time for this plume will
have been partially responsible for the reduced concentration of
black carbon particles which have a lifetime of ~5-10 days,
though other factors (e.g. in-cloud scavenging) may have
contributed.

3.3 Flight 12 on the 29th August 2018

Flight 12 intercepted a biomass-burning plume at an altitude of
~3.9 km slightly south of the equator about 20° west of the
African coast. The black carbon concentration at the peak of the
plume (at 13:53, see Fig S21) was ~700 particles per cm?®. The
biomass-burning tracers, black carbon, CH;CN and CO were
highly variable over ~1 hour while flying at constant altitude
with 2nd maxima (0.57 ppbv CH3;CN and 240 ppbv CO) at
~14:28. Both maxima are also observed in the PAA dataset
(~200 and 180 pptv) but not in the PAN measurements. A
HYSPLIT back-trajectory (Fig. 2) ending at the aircraft position
at 13:53 indicates that ~6 days prior to the measurement, the air
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mass had passed over regions with active fires close to the West
African coast.

3.4 Flight 13 on the 31st August 2018

Flight 13 was a stacked flight on a roughly north-south transect
designed to explore vertical gradients on both sides of the ITCZ.
Typically, the aircraft stayed on a constant height level for 20-40
minutes before climbing/diving to a new altitude. Biomass
burning impacted air masses with high black carbon particle
number densities were intercepted on the outward leg, with
peaks in black-carbon concentration at 12:12 (310 cm ™ at
2.2 km) and at 13:50 (~500 cm ™ at 3.2 km). These maxima were
also observed in the CO (~160 and 240 ppbv), CH;CN (~0.25
and 0.35 ppbv) and PAA (~130 and 170 pptv) datasets. High
levels of CO and CH3;CN were also observed between 14:00 and
14:25 at an altitude of 7.7 km, during which the black carbon
concentration was <10 particle per cm®, but not zero. The
observation of enhanced CH;CN and CO at higher altitudes may
indicate rapid convective transport from burning regions with
wash-out of black carbon.” The back-trajectory (ending at 14:21
and an altitude of 7.7 km, see Fig. 2) indicates that the air mass
passed over biomass-burning regions ~5-7 days prior to the
measurement.

4 PAA, PAN, CO and CHzCN
correlations and molar enhancement
ratios

The biomass-burning-induced molar enhancement ratio (MER)
of a pair of trace gases can be derived from measurements of the
difference in mixing ratio of each species within a biomass-
burning plume compared to background levels or, more
readily (if high-time-resolution data are available) by correlating
mixing ratios and taking the slope of a linear regression.” In the
following, we differentiate between molar enhancement ratios
in aged biomass-burning plumes (MER), those close to fires
(MER,) and molar emission factors for trace gases directly
generated in the fire (MEF).

As both CO and CH;CN are known tracers of biomass
burning, and trace-gas enhancement ratios are often reported
relative to CO, we first examined the correlation between CO
and CH;CN during the biomass-burning impacted periods of
flights 04, 10, 12 and 13. The results, using 1-minute averaged
data, are displayed in Fig. 3. Note that in the figure legend, the
flights are subdivided into two or three parts reflecting differ-
ences in, e.g., flight altitude or different features in the time
series (see Fig. S2t and text below). On average, using data from
all 4 flights, we derive MER(CO/CH;CN) = 598 + 20 (FL04), 763
+ 20 (FL10), 571 4 75 (FL12) and 718 + 42 (FL13).

By comparison, relative (mol-based) emission factors of
MEF(CO/CH3CN) = 594 + 299 for the burning of Savanna/
grassland-biomass and 571 + 288 for the burning of the
boreal forest have been evaluated,®” whereby the uncertainties
reflect the quoted standard deviation of the biomass burning
events assessed. A more recent assessment®® reports a value of
498 + 40. Our values of MER(CO/CH;CN) (which do not account
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Fig. 3 Correlation between the biomass burning tracers CH3CN and
CO. The linear regressions are the molar enhancement ratios
MER(CO/CH3CN) and are equal to 598 + 20 (FLO4), 763 + 20 (FL10),
571 £ 75 (FL12) and 718 + 42 (FL13). The labels refer to different flight
segments. For example, BB4a refers to biomass-burning impacted
periods in flight 4 between 13:45 and 14:00.

for photochemical CO loss or formation during transport from
the fire to the interception of the plume by HALO) thus lie
within the range of previous observations of MEF(CO/CH;CN).
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Using the same approach, we now use the measurement data
to calculate the MER for PAN and PAA relative to both CO and
CH;CN. The correlation plots are displayed in Fig. 4 and the
slopes and associated flight altitude at the time of interception
of the plume are listed in Table 1. Literature MER values are
summarised in Table 2.

4.1 PAN: molar enhancement ratios (MER) relative to CO
and CH;CN

Based on the slopes of the correlation plots displayed in Fig. 4
(top left), we derive molar enhancement ratios for PAN relative
to CO, MER(PAN/CO) of 4-5 x 10~ * (FL04), 36-49 x 10" (FL10)
and 18 x 10" (FL12). The values of MER(PAN/CO) are thus
highly variable from flight to flight, which reflects variations in
the PAN loss rate (and also its photochemical formation) during
transport. The larger values of MER(PAN/CO) (flights F10 and
F12) are consistent with previous reports of PAN/CO relative
enhancement ratios derived from analysis of PAN and CO in
aged biomass-burning plumes, including 65 x 10 for
biomass-burning plumes of unknown origin observed over the
Eastern Mediterranean,” 53-75 x 10~ * for biomass-burning
plumes of varying age over the tropical South Atlantic,*® 38
and 41 x 10* for biomass-burning plumes over the tropical
Pacific at heights of between 3-10 km and 0-1 km, respec-
tively,””” 32 x 10~* for Central African biomass-burning®' and
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Fig. 4 Correlation between PAN and PAA and the biomass-burning tracers CHzCN and CO. The labels refer to different flight segments. For
example, BB4a refers to biomass-burning impacted periods in flight 4 between 13:45 and 14:00. For the plot of PAN versus CHsCN and both PAA

plot, the error bars are not shown to preserve clarity.
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Table 1 PAN/CO, PAN/CH3sCN, PAA/CO and PAA/CH=sCN molar enhancement ratios

MER(PAN/CO) MER(PAA/CO) FS FS FS  MER,(PAA/CO) MER,
AltY TT (x107%) MER(PAN/CH;CN) (x10 %) MER(PAA/CH;CN) (PAN) (PAA) (CO) (x107°) (PAA/CH;CN)

FLO4 (a) 1.94 43+03 0.62 + 0.07 D D

FLO4 (b) 3.22 5.0 + 0.3 0.35 + 0.03 28 + 3.3 0.22 + 0.03

MER 5 47403 0.49 + 0.15 28 + 3.3 0.22 + 0.03 1 8 87 28 0.26
FL10 (a) 7.32 36 + 11 2.0 +0.7 D D

FL10 (b) 5.5 49 +3 3.2+ 0.4 D D

FL10 (¢) 4.3 3945 3.94+0.8 ID D

MER 8 39+1 2.9 + 0.08 3942 0.31 £ 0.02 62 75 81 42 0.41
FL12 (a) 3.9 NLC NLC D D

FL12 (b) 4.0 18+ 3 0.9 + 0.1 D D

MER 6 18+3 0.9 + 0.1 5448 0.62 + 0.15 18 78 81 56 0.79
FL13 (a) 2.2 NLC NLC 129 + 12 0.60 + 0.13

FL13 (b) 3.2 NLC NLC 108 + 9 0.70 + 0.09

MER 7 — — 110 + 6 0.71 £ 0.07 82 70 8 135 1.01

“ Flight altitude (km) at point of interception of plume by HALO. TT = approximate transport time (days) from biomass-burning source region. FS =
fraction surviving transport, MER = molar enhancement ratio, MER, = molar enhancement ratio corrected for loss of PAA and CO during transport,
NLC = no linear correlation owing to lack of variation of one parameter, ID = insufficient data. FL04a (13:45-14:00), FL04b (14:06-15:07), FL10a
(13:26-13:35). FL10b (13:36-14:21), FL10c (14:25-15:00), FL12a (13:47-14:02), FL12b (14:10-14:30), FL13a (12:10-12:54), FL13b (12:59-13:53).

Table 2 Comparison of MERs from this work and the literature

Reference MER(PAN/CO) (x10™%) Plume age Location

Holzinger et al., 2005 (ref. 75) 65 “Aged” Eastern Mediterranean

Mauzerall et al., 1998 (ref. 26) 53-75 “Varying” Tropical S. Atlantic

Singh et al.,2004 (ref. 76) 38-41 — Pacific

Real et al., 2010 (ref. 21) 32 — Central Africa

Fiedler et al., 2011 (ref. 73) 21 — Africal Savanna

Alvarado et al., 2010 (ref. 27) 11-87 “Aged” Boreal forest

Wolfe et al., 2021 (ref. 31) 25-50 2-12 h California

Juncosa Calahorrano et al., 2021 (ref. 35) 200-500 <1 day to >3 days Western US

This work 5-49 5-9 days North/Tropical Atlantic

Reference MER(PAN/CH;CN) Plume age Location

Holzinger et al., 2005 (ref. 75) 3.25 “Aged” Eastern Mediterranean
MER(PAA/CO)

Reference (x107°) Plume age Location

Yokelson et al., 2009 (ref. 36) 13-26 minutes Yucatan

Wang et al., 2016 (ref. 38) 72 — —

Wolfe et al., 2021 (ref. 31) 20-150 Minutes-hours California

This work 28-129 5-9 days North/Tropical Atlantic

Reference MER(PAA/CH,;CN) Plume age Location

This work 0.2-0.7 5-9 days North/Tropical Atlantic

21 x 10~* for aged biomass-burning plumes originating over
the Southern Hemispheric African Savanna.”

For biomass-burning emissions originating from the boreal
forest, values of MER(PAN/CO) of 11-87 x 10 * have been re-
ported for aged plumes,* which is consistent with our values for
FL10 during which we intercepted a biomass-burning plume
originating from the Western-US/Canada. In situ-measurements
of Californian biomass-burning plumes reported MER values of
25-50 x 10~*3° which are roughly independent of plume age

© 2025 The Author(s). Published by the Royal Society of Chemistry

(2-12 hours) and broadly consistent with those observed in this
work. Values of MER(PAN/CO) derived from satellite measure-
ments of wildfires in the Western US in 2018 vary from >500 x
10~* for plumes less than 1 h old to ~200 x 10~ * for plumes
>3 h old.*

Mol-based enhancement ratios for PAN relative to CH;CN
measured during the HALO mission (Fig. 4, top right) are
MER(PAN/CH;CN) = 0.5 (FL04), 2.9 (FL10) and 0.9 (FL12). The
larger value obtained in FL10 is thus comparable to the only

Environ. Sci.. Atmos., 2025, 5, 620-635 | 627
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previously reported value” from measurements taken over the
Eastern Mediterranean whereby MER(PAN/CO) = 0.0065 and
MER(CH;CN/CO) = 0.002 convert to MER(PAN/CH,CN) = 3.25.

For both MER(PAN/CO) and MER(PAN/CH;CN), the lower
enhancement ratios observed during FL04 are likely to have
been caused by the efficient loss of PAN through thermal
decomposition during transport at low altitudes. Our EMAC
model results (see below) suggest that, for both FL04 and FL12,
practically all of the PAN formed early on during biomass
burning would have thermally decomposed (R3) during trans-
port. The fact that, despite the likely loss of all initially present
PAN during transport, a correlation between PAN and the
biomass-burning markers CO and CH;CN still exists, indicates
that PAN was (re)generated during transport and the rate of
production was proportional to the concentration of organic
and reactive nitrogen precursors (and thus CH;CN).

During FL13, the losses of PAN derived from EMAC j-values
and temperatures are much lower, which reflects transport at
higher altitudes and a slower rate of thermal decomposition.
Such effects will also contribute to the range of slopes and non-
linear correlation between PAN and CO or CH3;CN during FL12.
The fact that MER(PAN/CO) is highly dependent on the trans-
port altitude is also reflected in the lack of agreement in
modelled molar enhancement ratios between models that are
driven by different meteorology whereby MER(PAN/CO) values
between 18.7 x 10~ * and 70 x 10~ * have been reported.*

4.2 PAA: molar enhancement ratios (MER) relative to CO
and CH;CN

Based on the slopes of the correlation plots displayed in Fig. 4
(bottom left), we derive molar enhancement ratios for PAA
relative to CO, MER(PAA/CO), of ~28 x 10 ° (FL04), 40 x 10 °
(FL10), 54 x 10~° (FL12) and 110 x 10> (FL13). MER(PAA/CO)
values are thus somewhat less variable than those of MER(PAN/
CO), reflecting the fact that losses of PAA during transport from
the biomass-burning region to the point of interception are
much smaller than for PAN (see below) and, in contrast to PAN,
are not strongly influenced by the altitude at which transport
took place.

Measurements of PAA in biomass-burning impacted air
masses are limited, but simultaneous measurements of PAA
and CO close to crop-residue and deforestation fires in the
Yucatan have been used to derive initial emission ratios,
MER,(PAA/CO) from smoke that was only a few minutes old, of
20 4 10 x 107> (range 13-26 x 10~°) from three different fires.*
Observed an increase (over 1.4 hours) in the PAA mixing ratios
in aging plumes, which is consistent with the higher value of 72
x 10° reported for more aged plumes originating from crop
burning in the North China Plain.*® An increase in MER(PAA/
CO) with time was also recorded for smoke from Californian
fires® with MERo(PAA/CO) ~20 x 10~ in plumes a few minutes
old (and thus consistent with the observation of Yokelson
et al.*®) increasing to 150 x 10> for ~12 h old plumes.

As highlighted by Wolfe et al.,* the evolution of the PAA/CO
ratio in biomass-burning plumes is a complex function of the
organic material available for combustion, NO levels and the

628 | Environ. Sci.: Atmos., 2025, 5, 620-635
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formation of reactive radicals (e.g. OH) that can sustain oxida-
tion of primary emitted VOCs and thus the formation of radicals
required to generate PAA. The evolution of CH;CHO is of critical
importance to PAA (and PAN) formation as it represents an
important source of the CH3C(0O)O, radical precursor. Wolfe
et al.** have shown that CH;CHO levels peaked at ~2 hours after
emission and then decreased steadily (by a factor of =2) over
the next 10 hours.

From the four HALO flights, we derive MER(PAA/CH;CN)
values of 0.22 + 0.03 (FL04), 0.31 £ 0.03 (FL10), 0.62 + 0.15
(FL12) and 0.71 & 0.07 (FL13). As far as we are aware, there are
no previous values for MER(PAA/CH;CN) with which to
compare our data.

As mentioned above, PAN (and to a lesser extent PAA) that
was rapidly generated during biomass burning can be lost
during transport away from the fire, so that the MER is expected
to be time-dependent. In order to estimate the fractional losses
of PAN and PAA during transport from the biomass-burning
region to the point of interception by the aircraft, we used the
EMAC model to calculate time-dependent J-values (for PAA and
PAN) and OH concentrations along the HYSPLIT back trajec-
tories for each of the major biomass burning events observed in
flights 04, 10, 12 and 13.

In the calculation of the fractional loss, PAN was removed by
thermal decomposition (R3) and photolysis (R4a) and (R4b).

CH3C(O)02N02 + hv — CH3C(O)02 + N02 (R4a)

— CH;3CO; + NO3 (R4b)

Not all PAN that thermally decomposed or is photolysed in
(R4a) is lost as some fraction of the CH;C(O)O, radical thus
formed can react with NO, to reform PAN (via (R2)). The fraction
of CH3C(0)O, that reforms PAN depends on the relative
concentrations of NO,, NO and HO, (also taken from EMAC)
and associated rate coefficients for their reaction with CH;C(O)
0O,. Reaction with NO leads to the formation of CH;0, and thus
always results in a net loss of PAN, while reaction with NO,
reforms PAN, so that it is conserved. For reaction with HO,, the
only product that can regenerate CH;C(O)O, is PAA (formed at
ayield of ~25% (R1a)). However, as the regeneration of CH;C(O)
O, requires that PAA reacts with OH (rather than be photolysed),
this can be neglected (see below) and, to a very good approxi-
mation, the reaction of CH;C(0)O, with HO, will not lead to
reformation of PAN. In calculating an effective PAN loss rate, we
have taken its reformation into account by multiplying the
thermal loss rate coefficient or the photolysis frequency for
(R4a) by (1 — f), where fis a term that describes the fractional
conversion of CH3C(0)O, to PAN (see below). We see that
despite thermal dissociation to CH3;C(0)O, and NO,, the
nighttime losses of PAN are negligible as levels of radicals and
NO (which compete with NO, for reaction with CH3;C(0)O,) are
very low (and fis thus close to 1).

Fig. 5 presents the time-dependent, fractional losses of PAN
along the back-trajectory for FL0O4. In this case, almost none of
the PAN (red curve) formed early in the plume would have
survived transport from the biomass-burning region as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Calculated percentage of CO, PAA and PAN remaining after
transport from the biomass-burning region to the point of interception
during flights 04, 10, 12 and 13. The losses of CO, PAN and PAA were
calculated from modelled (EMAC) temperatures, pressures, photolysis
frequencies and OH-fields along the back-trajectories using rate
expressions described in the text. The PAN loss frequency via its
thermal decomposition or photolysis (to reform CHzC(O)O,) was
modified to take its reformation through CHzC(O)O, + NO, into
account (i.e. the rate coefficient or photolysis frequency of the channel
leading to CH3C(O)O, is multiplied by (1 — f)).

plume travelled part of the time at low altitudes (i.e., at high
temperatures). PAA may be lost via reaction with OH and
photolysis:

CH;C(O)OOH + OH — CH;3C(0)O; + H,O (R5)

CH;C(0)OOH + hv — CH;CO, + OH (R6)

Using the recently determined rate coefficient for (R5) (ks ~ 4
x 10~ ** em?® per molecule per s) and J-values based on evaluated
PAA cross-sections and a photodissociation quantum yield of
unity, we calculate that circa 86% of PAA formed early in
biomass-burning plumes would survive transport to the point of
measurement, with photolysis being by far the most import loss
process. Note this does not consider wash-out of PAA in, e.g.,
rain-generating convection.

Fig. 6 shows that For FL04, thermal decomposition domi-
nated the loss of PAN whereas photolysis was the dominant loss
process for PAA. Similar figures for flights FL10, FL12 and FL13
are found in the ESI (Fig. S4 and S5)T with the fraction surviving
transport listed in Table 1. In contrast to FL04, we see that
thermal losses for PAN were less important for e.g. FL13 where
the biomass-burning plume was intercepted at a higher
altitude.

The only loss process considered for CO was reaction with
OH, whereby between 75 and 90% of initially formed CO would
have survived transport.

CO + OH (+0,) — CO, + HO, (R7)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Details of the loss processes for PAA and PAN during transport
(using Hysplit back-trajectories) for flight FLO4. R-OH + PAA was
calculated from the model OH concentration and the temperature
dependent expression for the OH + CH3C(O)OOH rate coefficient. J-
PAN1 and J-PAN2 are the photolysis frequencies PAN via (R4a) and
(R4b), respectively. k-PAN is the pressure and temperature dependent
thermal decomposition rate coefficient for PAN, corrected for its
reformation via recombination of CHzC(O)O, and NO,. The
percentage loss of both PAA and PAN (red and blue lines) is the same
as in Fig. 5.

Neglecting the formation of PAA during transport away from
the biomass-burning area, we use a correction factor based on
the surviving fraction of each trace gas during transport to
calculate approximate values of MER, for PAA relative to CH;CN
and CO: the values obtained are listed in Table 1. As PAA and CO
have similar lifetimes MERy(PAA/CO) values are similar to
MER(PAA/CO), with the values increasing by a maximum of 22%
for flight FL13. As CH;CN is not considered to be reactively
removed to any significant extent during transport over such
short time periods, the correction to the MER(PAA/CH;CN)
values is related to loss of PAA only and close to a factor of 1.3 to
1.4 for all flights except for FL04 (where the factor is 1.16).

The value of MER,(PAA/CO) can be compared to the PAA and
CO measurements made by Yokelson et al?*® in biomass-
burning plumes that were a few minutes old. They report an
average value over three flights of MER(PAA/CO) = (19 + 10) X
10~° (range = 13-26 x 10~°), which is at the lower end of our
flight-to-flight variation in this parameter (range = 28-135 x
107°). Using their single reported value of MERy(CO/CH;CN) =

Environ. Sci.. Atmos., 2025, 5, 620-635 | 629
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232, we can also derive MERy(PAA/CH;CN) ~0.04 from their
data, which appears to be much lower than our values that lie in
the range 0.26-1. Notwithstanding that we are dealing with
potentially very different fuel types, some of the discrepancies
between the extrapolated values of MER,(PAA/CO) reported in
this work and those measured by Yokelson et al.®® are likely to
be related to photochemistry during the transport of the
biomass-burning plume. The poor agreement between the
values of MERy(PAA/CH;CN) may reflect that the photochemical
formation of PAA during transport results in a time-dependent
increase in this parameter, leading to larger values in older
plumes. This is consistent with the observation of Yokelson
et al.,* that the PAA mixing ratio increased with plume age.
Such effects may be difficult to detect in the case of MER(PAA/
CO) as both PAA are products of the photochemical degradation
of organic precursor trace gases abundant in biomass-burning-
plumes.

4.3 PAA to PAN ratios and controlling factors

The MERs presented above indicate that the relative PAN to PAA
enhancements in biomass-burning plumes is quite variable.
Several factors control the relative formation and loss rates of
PAN and PAA, both close to and remote from the biomass-
burning region. As both PAN and PAA are formed from reac-
tions of the peroxyacetyl radical (CH3;C(0)O,), the relative
abundance of HO,, NO and NO, as the plume initially cools,
dilutes and chemically ages will strongly influence the PAA-to-
PAN ratio. Biomass with a higher nitrogen content will modify
the NO,/HO, ratio in favour of PAN formation.

Initially, very close to the fire, O; levels are very low,”® the NO-
to-NO, ratio is large, and neither PAN or PAA are formed as the
CH;C(0)O,, radical is converted to CH;0, (and CO,). However,
within 10-20 min away from the fire photochemical O;
production has been observed.**

The gradual oxidation of NO to NO, (e.g, via reactions with
peroxy radicals) enables PAN to be formed, which, however, will
be short-lived and decompose thermally back to CH;C(O)O,,
which can react with HO, to form PAA. At larger distances from
the fire, as the plume rises and cools, the PAN lifetime will
increase. In addition, the photochemical degradation of
hydrocarbons released in the fire results in the formation of
precursors of CH;C(O)O, (notably CH;CHO and di-carbonyls™)
so that both PAN and PAA will be formed during transport and
the relative formation rates will depend on the relative abun-
dance of HO, and NO,.

The rate of initial vertical transport of the fresh plume
depends on the type of biomass burning and the phase
(smouldering or flaming) of the fire and has a strong impact on
the PAN-to-PAA ratio both close to and distant from the source.
Clearly, in biomass-burning impacted air masses, the absolute
mixing ratios of PAN and PAA and the PAN/PAA ratio depend
both on chemical processes that generate and destroy these
trace gases as well as on meteorological considerations.

Fig. 7 plots the PAA mixing ratios versus those of PAN for
flights FL04-FL08 and FL10-FL15. The PAA and PAN mixing
ratios are weakly correlated (R = 0.48) with a slope of 0.1 & 0.01.
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Fig. 7 Correlation between PAA and PAN for all CAFE-Africa flights.
The red data are associated with air masses influenced by biomass
burning (nBC > 20 cm™). The encircled data (at ~700 4 100 ppt PAN)
were from flight 10, which sampled biomass burning from high
latitudes.

The weak correlation reflects the potentially different lifetimes
of PAN depending e.g. on temperature when averaging over
many flights where the data were taken at different altitudes. As
shown in Fig. S57 the maximum daytime loss frequency for PAA
(mainly photolysis) was about 1-2.5 x 10 ° s™* resulting in
alifetime of ~5-12 days. In contrast, the total PAN loss term was
much more variable (between ~2 x 107® and 5 x 107> s7)
resulting in lifetimes of 6 days (at high altitudes where only
photolysis is important) to 6 hours at altitudes of 2-4 km.
Below, we examine a subset of the PAA/PAN ratio in airmasses
that were impacted by biomass-burning.

Fig. 7 colour-codes the data according to whether the black-
carbon particle concentration was above a threshold value of 20
particles per cm®, which is our indicator for air masses recently
(i.e., within a few days) impacted by biomass burning. For this
subset of the data (red data points), there is a cluster of
measurements around a PAA/PAN slope close to one, indicating
that PAA is more enhanced than PAN (by a factor of ~10) in aged
biomass-burning plumes compared to the background. As we
discuss below, in aged biomass-burning plumes, the PAN-to-
NOy ratio can be very large (and NOy very low), so further
chemical processing of the air mass will favour PAA rather than
PAN formation. Flight 10 appears to represent an exception as
the PAA/PAN ratio, both with and without biomass-burning
influence, is close to 0.1. As discussed above, there are many
potential reasons for variability in the PAA-to-PAN ratio in aged
biomass-burning impacted air masses, including differences in
the fuel type (reactive nitrogen content) and rate of vertical
transport (Western US/Canadian fires in flight 10 rather than
Savannabh fires in flights 4, 12 and 13). Also, wash-out of PAA in
FL10 during convective transport is likely to have played a major
role.

Insight into the variability of the PAN-to-PAA ratio can be
gained by examining the (in situ) photochemical processes that
lead to the formation of the acetyl-peroxy radical (CH3C(O)O,)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the factors that control whether this radical reacts to
generate PAN or PAA.

While not intended to be exhaustive, the reaction scheme
below shows the major routes to PAN and PAA and the known
photochemical sinks (i.e., excluding deposition) of both trace
gases:

OH + CH;CHO — CH;C(0)O, + H,0 (R8)
CH;C(O)CHj; + hv (0,) — CH3C(0)0O, + CH;30, (R9)
CH;C(0)0, + NO, + M — PAN + M (R2)
PAN + M — CH;C(0)0O, + NO, + M (R3)
CH;C(0)0, + NO — CH;0, + NO, + CO, (R10)
CH3C(0)O, + RO, — products (R11)
CH;C(0)0O, + HO, — PAA + O, (R1a)

— CH;3C(O)OH + O3 (R1Db)

— OH + CH;0, + CO, (R1c)

OH + PAA — CH;C(0)O; + H,0 (R5)
PAN + hv — CH;C(0)0; + NO, (R4a)
PAN + hv —» CH;0, + NO, + CO, (R4D)
PAA + hv — CH;0, + OH + CO, (R6)

Within this simplified scheme, the PAN production rate
(P-PAN) is given by:

P-PAN = ([OHJ[CH;CHOJks + [CH;C(O)CH3lo) x /(1)

where frepresents the fraction of CH;C(0O)O, formed that leads
to PAN.

[ = ka[NOLJ/(kx[NO,] + k1o[NO] + k1[HO;] + £11[RO;])  (2)

The terms k; and J; are reaction rate coefficients or photolysis
frequencies, respectively for reaction (Ri).

In a similar manner, the production rate of PAA (P-PAA) can
be approximated by:

P-PAA = ([OH][CH;CHOJkg + [CH;C(O)CH;]Js
+ [PANJk; + [PAN4,) X g 3)

where
g = ki[HO,Ja/(k2[NO,] + k1o[NO] + ki[HO,] + k11[RO3])  (4)

and « = kyo/(k1a + ki + ki), the branching ratio to PAA forma-
tion in the reaction between CH3;C(O)O, and HO,. The term
k11[RO,] represents the loss of the acetyl peroxy radicals via
reaction with other peroxy radicals (e.g., CH30,). For a fresh
biomass-burning plume (in the limit of PAN > zero and high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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initial NOy levels), the relative rates of production of PAN and
PAA are given by f/g, which is equivalent to k,[NO,]/k,[HO,]«. As
the plume ages (and PAN levels are high), the PAA production
term is enhanced by the term g([PAN]k; + [PAN]/,,), which will
especially be important if airmasses descend and warm so that
the thermal decomposition of PAN ([PAN]k;) contributes to PAA
formation. In addition, as hydrocarbon oxidation is still active
(and HOx radical generation continues), the term g will increase
as NOy levels are reduced in the aged plume. Further,
« increases with temperature further enhancing PAA generation
at low altitudes.

The large PAA-to-PAN ratios represented by the biomass-
burning impacted (red) datapoints in Fig. 7 can thus be
explained by (1) an increase in PAA production terms combined
with a decrease in PAN production terms as the air-mass ages
and NOy is converted to PAN, (2) by the loss of PAN (and
formation of PAA) as PAN-rich/NOx-poor air-masses descend to
lower (warmer altitudes) which favour the thermal decomposi-
tion of PAN, or a combination of both. While the PAA/PAN ratio
is to some extent controlled by the relative production term, an
analysis of this ratio in order to extract NO,/HO, ratios or HO,
levels as performed previously? is difficult for biomass-burning
impacted air masses of different plume age. We expect high
PAA/PAN ratios in very freshly generated plumes at low altitudes
in warm air where PAN is unstable, which will switch to lower
ratios at higher altitudes as long as NOy levels are still high and
PAN is generated. As the plume ages and NOy depletes, PAA
formation will gain in importance and the ratio will be
increased in time as PAN is photolyzed or the air mass descends
and PAN is thermally lost. Analysis of the 4 biomass-burning
impacted datasets revealed two different pairs of PAA/PAN
ratios. These were 0.58 £ 0.09 and 0.58 + 0.07 for flights 04
and 13 respectively. Lower values (0.1. & 0.01 and 0.12 + 0.02)
were obtained for flights 10 and 12, respectively. These data are
displayed as Fig. S7.f The larger PAA/PAN ratios observed
during flights 04 and 13 suggest either that the plumes were
more aged (i.e. PAN production is slow relative to PAA) or that
the initial fuel contained a larger hydrocarbon-to-nitrogen ratio.

4.4 Partitioning of NOy to PAN

As described above, chemically aged, biomass-burning
impacted air masses are expected to have converted signifi-
cant amounts of initially abundant NOyx to PAN or other long-
lived NOyx reservoirs such as HNO; during transport. Fig. 8
plots the ratio of PAN to (PAN + NOyx) mixing ratios and indi-
cates that at altitudes of 5-10 km, where PAN mixing ratios
maximise, the average value of PAN/(PAN + NOy) is >0.7. In
order to avoid values >1 (caused, e.g., by NOx mixing ratios lower
than the instrumental LOD), only data where NOx > 10 pptv was
used for the analysis. At the highest altitudes (e.g., at 13-14 km),
PAN/(PAN + NOy) decreases to approximately 0.4 + 0.1, which
indicates either less chemically aged air masses, the effects of
enhanced rates of PAN photolysis at high-altitudes and/or the
input of fresh NOx from the stratosphere. Similarly, at lower
altitudes, low values of PAN/(PAN + NOy) were observed, which
may result from the thermal decomposition of PAN to NOy
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Fig. 8 Conversion of NOx to PAN in chemically aged air masses. The
grey datapoints are from all flights where NOyx and PAN data were
available. The black datapoints are mean values (+1¢) for all flights
averaged over 1 km altitude bins; the red datapoints are those used for
the analysis of MER in biomass-burning impacted air masses.

following descent from higher altitudes. In air masses impacted
by biomass-burning (red data points) the PAN/(PAN + NOy) ratio
in the 4-10 km altitude range is very close to one. Clearly, the
photochemical aging of biomass-burning impacted air masses
seen over the west coast of Africa efficiently converts a very large
fraction of the initially available NOy into PAN, implying that
such air masses are sufficiently hydrocarbon-rich to be in the
NOy-limited regime with respect to, e.g., photochemical O;
formation. This also implies that the PAA to PAN ratio will
continue to increase in aging (hydrocarbon rich) biomass-
burning impacted air masses in which, to a large extent, NOx
has already been converted to PAN, but in which PAA produc-
tion will continue.?® The sequestering of high concentrations of
biomass-burning generated NOx in the form of PAN has
implications for the formation of ozone in remote regions.*
Following descent of PAN rich air at high altitudes to the warm
boundary layer NO, and CH;C(O)O, will be formed by the
thermal decomposition of PAN. NO, photolysis is the primary
source of photochemical O; and the CH;C(0O)O, radical will
enhance the pool of peroxy radicals (largely CH;0, and HO, in
remote regions) that can convert NO to NO,,

5 Conclusions

Correlations between PAN, PAA and tracers of biomass-burning
during four flights over the tropical to North Atlantic west of
Africa showed that PAA (like PAN) is present at enhanced levels
in biomass-burning impacted air masses. For PAN, a wide range
of molar enhancement ratios of 4-39 x 10~* (relative to CO) and
0.4-3.9 (relative to CH3CN) were observed, in broad agreement
with previous measurements over different regions. For PAA,
values of 28-110 x 10~ (relative to CO) and 0.2-0.7 (relative to
CH;CN) were obtained. The more compact ranges in molar
enhancement ratio for PAA compared to PAN reflect differences
in loss-process and lifetime, with estimates of the fractional
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survival of PAN during transport from biomass-burning region
to its measurement varying between 1 and 82% compared to 70—
86% for PAA. PAN was a significant reservoir of NOy for all air
masses encountered between 2 and 10 km where PAN/(PAN +
NOy) was >0.5. For air masses in which PAN was strongly
correlated with biomass-burning tracers, this value approached
unity, indicating that most NOx initially present in the biomass-
burning plume had been converted to PAN during transport.
This NOx sequestration limits Oz formation and the reforma-
tion (recycling) of OH radicals after reaction with CO and VOCs.
In these biomass-burning impacted air masses, the PAA-to-PAN
ratio was also enhanced, a result of continued photochemical
production of PAA even after PAN production stopped due to
the lack of NOy and also the conversion of PAN to PAA when air-
masses descend and PAN dissociates thermally to form the
CH;C(0)O, radical. This suggests that, in terms of photo-
chemical processing to form, e.g., Oz or PAN, the biomass-
burning-influenced air masses encountered during CAFE-
Africa were NOy limited. The sensitivity of the PAN-to-PAA
ratio to the initial nitrogen/organic mix in biomass-fires, the
levels of HOx and NOx during transport as well as the altitude
and temperature at which transport takes place make simula-
tion of this ratio an ultimate test for global chemical models.

Data availability

Data for this article (time series in ascii format of mixing ratios
of PAN, PAA, NO, NO,, CO, CH;CN and black-carbon as well as
aircraft location for each flight) are available at the Max-Planck
repository [EDMOND] at [https://doi.org/10.17617/3.2F0J4Z,
Edmond, V1].
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