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ABSTRACT

This work presents a unique data set of simultaneous measurements of the two closely
linked atmospheric trace gases peroxyacetyl nitrate (PAN) and peracetic acid (PAA) in
the remote, tropical troposphere. The measurements were obtained using a Chemical
Ionisation Mass Spectrometry (CIMS) instrument during the two Chemistry of the At-
mosphere Field Experiments (CAFE) aircraft campaigns, CAFE Brazil and CAFE Pacific,
aboard the High Altitude and Long Range Research aircraft (HALO) aircraft. The field
experiments spanned a vertical range between a few hundred meters above the ground
up to an altitude of almost 15 km.

The limit of detection (LOD) per flight for PAN varied between 20-60 parts per trillion
(ppt) during CAFE Brazil and between 10-22 ppt during CAFE Pacific. The LOD of PAA was
between 5-33 ppt and 4-11 ppt during the two campaigns. The measurement sensitivity
for PAN was derived from in-flight calibrations in dry air at altitudes above 10km to
avoid matrix effects of by-products of the photochemical calibration source in humid
air masses. A correction factor of around 0.86 was introduced to account for losses of
the detecting acetate anion (7} =59) on formic acid. A total measurement uncertainty
of around 30 % was assigned to the PAN measurements. Between the CAFE Brazil and
CAFE Pacific the CIMS calibration was changed to produce isotopically labeled PAN
which removed the memory effects after an in-flight calibration.

The instrument’s sensitivity to PAA was humidity corrected and calibrated in during-
and post-campaign ground experiments. Due to the lack of in-situ calibrations and in-
consistencies between different calibration methods, an uncertainty of around a factor
of 2 must be taken into consideration when using the PAA data.

The CAFE Brazil campaign was conducted above the pristine Amazonian rainfor-
est around the city of Manaus between December 2022 and January 2023, during
the transition between the dry and wet season. Median PAN levels of the 12 anal-
ysed flights during CAFE Brazil were maximum in mid-tropospheric altitudes (6-10 km)
around 100ppt. In contrast, measured PAA was generally highest at low altitudes,
with a median almost up to 500ppt, except during flights explicitly targeting con-
vective outflow, which led to PAA maxima in the mid- and upper troposphere. The
sampled air masses were characterized by a low PAN-to-PAA ratio (median 0.3 at
mid-troposphere), reflecting the dominance of biogenic volatile organic compounds
(VOC)-driven hydrocarbon chemistry compared to higher-NO + NO;, (NOy) regions.
The high mid-tropospheric PAN/(PAN+NOXx)-ratio of 80 % highlighted the importance
of PAN as a reservoir species of NO + NO;, (NOy) in tropical Amazonia and indi-
cated a NO,-limited PAN formation in this region. The comparison with the global
chemical-transport model ECHAM/MESSy Atmospheric Chemistry (EMAC) revealed
that methyl glyoxal (MGLY) was the most important (approx. 29 % of total model
peroxyacetyl (PA)-production) single immediate PAN and PAA precursor during CAFE
Brazil, compared to acetaldehyde (approx. 17 %) and acetone (approx. 9 %). Overall,
isoprene oxidation products were responsible for almost three quarter of the total PA
formation in the model.
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The CAFE Pacific campaign was performed one year later, based in Cairns, Australia,
and covered a large area between 130-165°E and 0-45°S above the Australian conti-
nent and the Southern Pacific. A special target region was the Indo-Pacific Warm Pool
region in the north-east of Cairns, where PAN and PAA mixing ratios where close to
or below the instrument’s detection limit. In general, the CAFE Pacific campaign was
characterized by low PAN and PAA levels, with medians of around 50 ppt and 100 ppt,
respectively, during 12 analysed flights in the mid-troposphere. In comparison to the
CAFE Brazil campaign, the relative contribution of the immediate biogenic PA-precursor
MGLY was lower during CAFE Pacific (approx. 16 % of total model PA-production) based
on EMAC model simulations. In contrast, the higher relative contributions of acetone
(approx. 26 %) and acetaldehyde (approx. 22 %), which can have both biogenic and an-
thropogenic origins, indicated the mixture of different sources of PAN and PAA during
CAFE Pacific. The presence of different air masses from different source regions was
also confirmed by tracer-tracer correlations and back-trajectory calculations, which
showed that sampled air masses originated from both maritime and continental re-
gions. The influence of long-range transported pollution via the jet-stream, such as
biomass burning emissions from southern Africa, on the sampled PAN and PAA mixing
ratios appeared to be relatively small, as indicated by backward trajectory analysis.

Compared to the air masses sampled during the previous CAFE Africa campaign
above the tropical Atlantic, the impact of fresh biomass burning plumes on the ob-
served PAN and PAA levels during CAFE Brazil and CAFE Pacific was much less sig-
nificant, based on the analysis of black carbon (BC) and satellite observations of open
tires. In contrast to air masses during CAFE Brazil and CAFE Pacific, the PAN-toPAA ratio
reached up to a factor of 6 during CAFE Africa, highlighting the seasonal and regional
variability of PAN and PAA in the troposphere.

Calculated PA formation based on the measured precursors revealed that the high
acetaldehyde levels (around 100ppt in the mid-troposphere) measured with the gas
chromatography-mass spectrometry (GC-MS) instrument during CAFE Brazil and CAFE
Pacific are in contradiction to the observed low levels of PAN and PAA. The GC-MS ac-
etaldehyde measurements exceeded the EMAC simulations up to a factor of 25, under-
scoring the gap between the current understanding of atmospheric sinks and sources
of acetaldehyde and the observational data basis.

In addition, steady-state calculations of PAN and PAA based on model PA-radical
concentrations resulted in much steeper gradients than in the modelled and measured
vertical profiles of both species. That indicated that, in the model, convective mixing
leads to significantly flatter vertical profiles in both regions, Amazonia and southern
Pacific, than what would be expected in a chemical steady state.

In the case of the CAFE Brazil campaign, the EMAC model generally represented ob-
served PAN well with a slight tendency of underestimation (by 20-50 %). In contrast,
PAA was overestimated by EMAC (by 12-70%). The overestimation of PAA was even
larger with 300-500 % during CAFE Pacific, exceeding possible measurement uncertain-
ties by far. These discrepancies may have several reasons in the model such as the
incomplete or inaccurate loss and production processes of the PA-radical, insufficient
parameterisation of lightning NO, and convection or underestimation of cloud scaveng-
ing effects on organic peroxides.
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The tropical aircraft measurements emphasized the need for comprehensive mea-
surements of air composition in the troposphere in order to improve global model pre-
dictions with regard to PAN and PAA, notably in tropical remote areas, where sparce
measurement data is available to date. In particular, this requires precise knowledge of
the tropospheric distributions of the organic precursor species and the reactive trace
gases NO, and OH + HO; (HOy).

KURZFASSUNG

Diese Arbeit prasentiert einen einzigartigen Datensatz simultaner Messungen der bei-
den eng miteinander verbundenen atmosphédrischen Spurengase Peroxyacetylnitrat
(PAN) und Peressigsaure (PAA) in der sauberen, tropischen Troposphére abseits sig-
nifikanter anthropogenen Quellen. Die Messungen wurden mit einem chemischen
Ionisations-Massenspektrometer (CIMS) durchgefiihrt an Bord des Forschungsflug-
zeugs HALO wihrend der beiden Feldexperimente zur Chemie der Atmosphire (CAFE)
FlugzeugKampagnen CAFE Brazil und CAFE Pacific durchgefiihrt. Die Flugexperimente
umfassten Messungen innerhalb eines vertikalen Bereichs von einigen hundert Metern
tiber dem Boden bis hin zu einer Hohe von fast 15 km.

Die Nachweisgrenze fiir PAN variierte zwischen den Fliigen zwischen 20-60 ppt
wiahrend der CAFE Brazil Messkampagne und zwischen 10-22 ppt wahrend der CAFE Pa-
cific Messkampagne. Die Nachweisgrenze von PAA lag zwischen 5-33 ppt und 4-11 ppt
in den jeweiligen Kampagnen. Die Messempfindlichkeit fiir PAN wurde aus Kalibra-
tionsmessungen wiahrend des Flugs in trockener Luft in Hohen {iber 10 km abgeleitet,
um Matrixeffekte von Nebenprodukten der photochemischen Kalibrationsquelle in
feuchten Luftmassen zu vermeiden. Ein Korrekturfaktor von etwa 0,86 wurde einge-
fithrt, um Verluste des detektierenden Acetat-Anions (7} =59) auf Ameisensdure zu
berticksichtigen. Eine Gesamtmessunsicherheit von etwa 30% wurde auf die PAN-Mes-
sungen abgeschitzt. Die Messempfindlichkeit fiir PAA wurde in BodenExperimenten
wéhrend und im Anschluss der Messkampagnen bestimmt und der Abfall der Mess-
emp findlichkeit mit Feuchte auf Basis von Laborexperimenten korrigiert. Aufgrund
des Mangels an In-situ-Kalibrierungen und der Inkonsistenz zwischen verschiedenen
Kalibrierungsmethoden ist bei der Verwendung der PAA-Daten eine mogliche Unsicher-
heit von etwa einem Faktor 2 zu berticksichtigen.

Die CAFE Brazil-Kampagne wurde tiber dem intakten Amazonas-Regenwald rund
um die Stadt Manaus zwischen Dezember 2022 und Januar 2023 durchgefiihrt, wih-
rend des Ubergangs zwischen der Trocken- und Regenzeit. Die mittleren PAN-Werte
der 12 analysierten Messfliige aus CAFE Brazil waren in mittel-troposphéarischen Hohen
(6-10 km) mit etwa 100 ppt am hochsten. Im Gegensatz dazu war die gemessenen Mis-
chungsverhiltnisse von PAA im Allgemeinen in niedrigen Hohen am hdchsten, mit
einem Median von fast 500 ppt. Aufinahmen bildeten die Fliige mit dem Ziel konvek-
tiven Ausfluss zu messen und bei denen PAA-Maxima in der mittleren und oberen
Troposphére beobachtet wurden. Die beprobten Luftmassen in CAFE Brazil durch ein
niedriges PAN-zu-PAA-Verhiltnis (Median 0,3 in der mittleren Troposphére) gekennze-
ichnet, was die groflere Bedeutung der biogenen, fliichtigen organischen Verbindungen
(VOC) auf die atmosphérische Kohlenwasserstoffchemie im Amazonasgebiet im Vergle-



ich zu NOy-reicheren Regionen widerspiegelt. Das hohe PAN/(PAN+NOx)-Verhéltnis
von 80 % in der mittleren Troposphire unterstreicht die Bedeutung von PAN als Reser-
voirspezies von NOy iiber dem Amazonas-Regenwald und deutet auf eine Limitierung
der PAN-Bildung durch NOy in dieser Region hin. Der Vergleich mit dem globalen
chemischen Transportmodell EMAC zeigte, dass Methylglyoxal (MGLY) der wichtigste
(ca. 29 % der gesamten Modell-Peroxyacetyl (PA)-Produktion) der unmittelbaren Vor-
laufer von PAN und PAA wihrend CAFE Brazil war, verglichen mit Acetaldehyd (ca.
17 %) und Aceton (ca. 9 %). Insgesamt waren Isopren-Oxidationsprodukte fiir fast drei
Viertel der gesammten PA-Bildung im Modell verantwortlich.

Die CAFE Pacific-Kampagne wurde ein Jahr nach CAFE Brazil von Cairns, Australien,
aus durchgefiihrt und umfasste ein grofses Messgebiet zwischen 130-165°E und o-
45°S tiber dem australischen Kontinent und dem Siidpazifik. Ziel war insbesonders
die Beprobung der Warmwasserregion Region Indo-Pazifische Ozean nord-ostlich von
Cairns, wo Mischungsverhiltnisse von PAN und PAA nahe oder unterhalb der Nach-
weisgrenze des Instruments beobachten wurden. Im Allgemeinen war die CAFE Pacific-
Kampagne durch niedrige PAN- und PAA-Werte gekennzeichnet. Die Mediane der 12
analysierter Messfltigen lagen fiir PAN und PAA bei etwa 50 ppt bzw. 100ppt in der mit-
tleren Troposphére. Im Vergleich zur CAFE Brazil-Kampagne war der relative Beitrag
des unmittelbaren biogenen PA-Vorldufers Methylglyoxal (MGLY) wihrend der CAFE
Pacific niedriger (ca. 16 % der gesamten Modell-PA-Produktion), basierend auf EMAC-
Modellsimulationen. Im Gegensatz dazu deutet die hoheren relativen Beitrdge von
Aceton (ca. 26 %) und Acetaldehyd (ca. 22 %), die sowohl biogenen als auch anthropo-
genen Ursprungs sein konnen, auf eine Mischung verschiedener Quellen von PAN und
PAA wahrend CAFE Pacific hin. Das Zusammenspiel unterschiedlicher Luftmassen aus
unterschiedlichen Quellregionen wurde durch Tracer-Tracer-Korrelationen und berech-
nete Riickwirts-Trajektorien untermauert. Die beproben Luftmassen stammten sowohl
aus maritimen als auch kontinentalen Regionen. Der Einfluss weitrdumig verfrachteter
Verunreinigungen tiber den Jetstream, wie beispielsweifie Emissionen aus Biomassever-
brennung im siidlichen Afrika, auf die gemessenen Mischungsverhiltnisse von PAN
und PAA erschien eher unerheblich, wie die Riickwirtsanalyse der Flugbahnen zeigte.

Im Vergleich zu den wahrend der vorherigen CAFE Africa-Kampagne gemessenen
Luftmassen iiber dem tropischen Atlantik war der Einfluss frisch verbrannter Biomasse
auf die CAFE Brazil und CAFE Pacific PAN- und PAA-Messunge deutlich unbedeutender,
basierend auf der Analyse von Rufs (BC) und Satellitenbeobachtungen offener Feuer.
Im Gegensatz zu den von PAA gegentiber PAN dominierten Luftmassen wahrend CAFE
Brazil und CAFE Pacific, iiberstieg die median PAN Mischungsverhiltnisse die von PAA
wihrend CAFE Africa im Median mehr also um den Faktor 6, was die saisonale und
regionale Variabilitit von PAN und PAA in der Troposphére deutlich macht.

Steady-State-Berechnungen von PAN und PAA auf Basis gemessener Aceton und Ac-
etaldehyd Daten zeigten, dass die wihrend CAFE Brazil und CAFE Pacific mit dem
GC-MS-Instrument gemesenen hohen Acetaldehyd-Werte (ca. 100 ppt in der mittleren
Troposphidre) im Widerspruch zu den beobachteten niedrigen PAN- und PAA-Werten
stehen. Die GC-MS-Acetaldehyd-Messungen {iberstiegen die EMAC-Simulationen um
bis zu einen Faktor von 25, was die Liicke zwischen dem aktuellen Verstindnis der
atmospharischen Senken und Quellen von Acetaldehyd und der Messdatenbasis un-
terstreicht. Dariiber hinaus fiihrten Steady-State-Berechnungen von PAN und PAA auf
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Basis von Modell-PA-Radikalkonzentrationen zu viel steileren Gradienten als in den
modellierten und gemessenen vertikalen Profilen beider Spezies. Das deutete darauf
hin, dass im Modell konvektive Durchmischung zu deutlich flacheren vertikalen Pro-
file in beiden Regionen, Amazonien und Siidpazifik, fiihrt, als von einem chemische
stationdren Zustand erwartet werden wiirde.

Im Fall der CAFE Brazil Messkampagne konnte das EMAC-Modell die beobachteten
PAN-Mischungsverhiltnisse im Allgemeinen gut simulieren mit nur einer leichten Un-
terschatzung (um 20-50 %). Im Gegensatz dazu iiberschitze das Model die gemesse-
nen PAA Mischungsverhéltnisses deutlich (um 12-70 %). Diese Uberschitzung von PAA
war wihrend CAFE Pacific noch auffilliger, mit 300-500 %, was den Bereich moglicher
Unterschiede durch Messunsicherheiten deutlich {ibersteigt. Diese Abweichungen der
Modell-Ergebnisse kann viele mogliche Griinde habe, wie beispielsweifse unvollstandige
oder inakkurate Verlust- und Produktionsprozesse des PA-Radikals, unzureichende
Parametrisierung von NOx-Bildung durch Blitze und Konvektion oder Unterschitzung
von Wolkenauswaschungseffekten auf organische Peroxide.

Die tropischen Flugzeugmessungen unterstreichen die Notwendigkeit umfassender
Messungen der Luftzusammensetzung in der Troposphédre, um die globale Modell-
Vorhersagen im Bezug auf PAN und PAA zu verbessern insbesondere in den von Men-
schen unbeeinflussten tropischen Gebieten, wo bisher nur wenige Messdaten verfiigbar
sind. Dazu ist insbesondere ein prazises Wissen tiber die troposphirische Verteilung
der organischen Vorldufer sowie der reaktiven Spurengase NO, und HOy erforderlich.
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INTRODUCTION






CHARACTERISTICS OF THE TROPOSPHERE

Peroxyacetyl nitrate (PAN) (CH3C(O)O,NO;) and peracetic acid (PAA) (CH3C(O)OOH)
are important tropospheric trace gases whose atmospheric distribution is governed by
a complex interplay of chemical and physical processes. This chapter provides an intro-
duction to the properties and characteristics of atmosphere, with a focus on the tropical,
remote troposphere, where aircraft PAN and PAA measurements were conducted with
a CIMS instrument.

The troposphere is the lowest layer of the Earth’s atmosphere extending from the
ground surface to an altitude of 10-15km (Seinfeld and Pandis, 1998). In this layer,
most weather phenomena occur, including the formation of clouds, precipitation, wind
etc.. The height of the troposphere varies with latitude and time of year, generally in-
creasing from the poles towards the equator.

The troposphere comprises approximately 8o % of the total atmospheric mass (Seinfeld
and Pandis, 1998) and 99 % of the atmospheric water vapour®. The troposphere is char-
acterised by a temperature profile that decreases with altitude due to a decrease in air
pressure and rapid vertical, turbulent mixing driven by strong radiative heating at the
surface.

However, exceptions to this decreasing temperature profile can occur in the boundary
layer, the first few hundred meters to 2 km of the troposphere, which is directly affected
by surface friction. Temperature inversions, where surface temperatures are lower than
those aloft, frequently occur at night or in the vicinity of warm fronts.

Above the troposphere lies the stratosphere, where temperatures increase with alti-

tude, hindering fast vertical mixing. The stratosphere is separated from the troposphere
by the tropopause.
The temperature increase in the stratosphere is attributed to the excess heat released
by the so called "Chapman cycle" (Reactions 1-4), which occurs above approx. 30km
altitude. In this cycle, ozone is formed by the photolysis of oxygen by ultra violet (UV)-
radiation (Reaction 1). The stratospheric ozone is essential for life on Earth, as it
strongly absorbs UV-light (Reaction 4). As a result of the stratospheric ozone layer, the
actinic flux reaching the troposphere has wavelengths longer than 2gonm (Finlayson-
Pitts and Pitts Jr., 2000).

Oz +hv(A <242nm) — 20 (1)
O+0,+M—-03+M (2)
O+03—20; (3)

O3 +hv(A <1200nm) - O+ 0, (4)

M denotes a collision partner.

https://scied.ucar.edu/learning-zone/atmosphere/layers-earths-atmosphere, last access: 2ond May
2025.
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CHARACTERISTICS OF THE TROPOSPHERE

1.1 DYNAMICS IN THE TROPOSPHERE

While species emitted at the Earth’s surface can ascend to the upper troposphere within
hours to days, depending on meteorological conditions, vertical mixing in the strato-
sphere occurs on a time scale of months to years (Finlayson-Pitts and Pitts Jr., 2000;
Holton et al., 1995). The chemical composition of air masses in the stratosphere is
distinct from that in the troposphere, as the stratosphere contains significantly more
ozone and only minimal water vapour. The upper troposphere (UT) and the lower
stratosphere are not only strongly coupled by large-scale stratospheric circulations but
also small-scale processes such as deep convective uplift in the tropics or stratospheric
intrusions at tropopause folds in the extra-tropics (Holton et al., 1995). Transport be-
tween the stratosphere and troposphere is a critical process for atmospheric chemistry
and can lead for example to stratospheric ozone depletion due to the intrusions of
anthropogenic emissions from the troposphere. Inversely, stratospheric intrusions can
serve as a source of tropospheric ozone.

In addition to vertical transport, the troposphere is also impacted by large-scale hor-
izontal transport. The global circulation patterns are driven by thermal equalisation of
the radiative forcing imbalance between the polar regions and the Equator. The three
circulations cells - Hadley cell, Ferrell cell, and Polar cell - as well as the subtropical
and polar jet streams, are a result of the movement of warm air towards the cool polar
regions and the Coriolis force induced by Earth’s rotation. The Intertropical Conver-
gence Zone (ITCZ), where large-scale upward motion of tropospheric air occurs, acts
as a barrier between the northern and southern hemispheres, meandering around the
equator. While mixing within a hemisphere occurs on a timescale of about 1-2 months
(Seinfeld and Pandis, 1998), inter-hemispheric exchange is in the order of 15 months
and is primarily controlled by mid- and upper tropospheric mixing (Finlayson-Pitts
and Pitts Jr., 2000).

1.2 AIR COMPOSITION AND TRACE GASES IN THE TROPOSPHERE

The air we breathe is a vital resource, and the understanding of its chemical com-
position is a fundamental aspect of atmospheric science. Trace gases play a crucial
role in the chemical composition of the atmosphere as they impact Earth’s radiative
budget, the oxidative capacity, particle formation, air quality, and human health. Con-
sequently, the comprehension of their present and future distribution as well as their
impact on climate, is a central objective of atmospheric research (Schlager, Grewe, and
Roiger, 2012). In contrast to the major components of air (nitrogen (N,), oxygen (O,)
and noble gases like predominately Argon) which have maintained relatively stable
concentrations over time, the amount of trace gases varies widely, ranging from a few
ppt to part per million (ppm) (Schlager, Grewe, and Roiger, 2012; Seinfeld and Pandis,
1998). The regional and global distribution of trace gases is influenced by many factors,
including transport and mixing dynamics, as outlined in Section 1.1, as well as the in-
terplay between their sources and sinks, chemical reactions, interactions with radiation,
aerosols, and clouds. Major sources of trace gases arise from anthropogenic industrial
processes like fossil fuel combustion, biomass burning, agriculture, vegetation, volca-
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noes, and oceans (Schlager, Grewe, and Roiger, 2012). The atmospheric lifetime of trace
gases spans a wide range, from seconds to thousands of years, and depends on their
removal processes, including chemical reactions, biological activity, interactions with
radiation, aerosols and particles, wet and dry deposition, and uptake by ocean and
the Earth’s surface. Long-lived trace gases, like carbon dioxide (CO,), methane (CH,),
nitrous oxide N,O, and halocarbons, act as greenhouse gases, strongly impacting the
radiative budget of the atmosphere (Schlager, Grewe, and Roiger, 2012). This work fo-
cuses on shorter-lived reactive trace gases which control the oxidative capacity of the
atmosphere, i.e., its "cleansing efficiency" of atmospheric pollutants and trace gases.

1.3 OXIDATION IN THE TROPOSPHERE

The majority of species emitted into the atmosphere undergo a process of oxidation,
whereby they are converted into substances with higher chemical oxidation states and
increased water-solubility until they are removed from the atmosphere by wet and dry
deposition (Seinfeld and Pandis, 1998). The key oxidative species in the troposphere
are the hydroxyl radical (OH) and ozone (O;), and their catalytic cycles dominate the
atmospheric chemistry (Schlager, Grewe, and Roiger, 2012).

OH reacts with most trace species in the atmosphere, and despite its relatively low
daytime concentrations, typically in the order of 10°molec.cm ™3 (Seinfeld and Pandis,
1998), it is the major oxidant in the atmosphere. For example, OH can abstract hy-
drogen from organic compounds, forming thermodynamically stable water (Finlayson-
Pitts and Pitts Jr., 2000), or attack the double bonds of alkenes. Although the reaction
rates of O; with organics are orders of magnitude smaller than those of OH, the re-
moval process of alkenes forming ozonoids and Criegee intermediates remains sig-
nificant due to the much higher abundance of O;, with typical concentrations in the
order of 10'>molec.cm ™3 (Finlayson-Pitts and Pitts Jr., 2000; Seinfeld and Pandis, 1998).
During nighttime hours, oxidation reactions via photolytically unstable NO; can also
become relevant (Brown and Stutz, 2012).

While approximately 9o % of atmospheric ozone is found in the stratosphere, where
it serves as a protective shield against Uv-radiation, 10 % of total ozone are present
in the troposphere (Lelieveld and Dentener, 2000; Seinfeld and Pandis, 1998). Since
ozone absorbs both, ultraviolet and infrared radiation, tropospheric ozone can act as
greenhouse gas. Furthermore, ozone is a toxic air component with harmful effects on
both plants and human beings (Haagen-Smit, 1952). In the troposphere, O; is primarily
formed through the photolysis of NO,. Additionally, stratospheric intrusions can serve
as a source of tropospheric ozone, transporting ozone-rich air from the stratosphere
into the troposphere.

NO; +hv(A <420nm) — NO + O(3P) (5)
O(P)+02+M = 03+M (6)
At typical tropospheric ozone concentrations, NO reacts within minutes with ozone

reforming NO, (Reaction 7) which photolyses quickly back into ozone during daytime,
hence leading to the recycling of ozone. As a result of this cycle, a photo-stationary
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steady-state is established between NO, and ozone during daytime, which is often
described as the Leighton relationship (Leighton, 2012).

NO + 03 — NO; + 03 (7)

The most important sink of O; in the troposphere is photolysis which results in the
formation of OH by the reaction of water with the fraction of excited O(*D) (Reaction
10) which is not quenched back to O in the ground state immediately reforming ozone
(Seinfeld and Pandis, 1998).

In remote regions, where NOy levels are low compared to anthropogenically influenced
regions, both HO, and OH can react with ozone (Reactions 8 and 9), serving as sink of
ozone while recycling HO,.

HO; 4+ 03 — OH +20, (8)
OH+ 03 — HO, + 0> (9)

Due to the higher solar radiation in tropical regions, both production and loss rates
of ozone are greatest in these areas and, and result in a relatively short lifetime for
tropical ozone (Schlager, Grewe, and Roiger, 2012).

OH in the troposphere can result from primary and secondary sources. The pho-
tolysis of ozone is the major primary source of OH in the troposphere (Lelieveld et
al., 2016). Zonal OH is highest in the tropics at low latitudes, due to the high water
vapour concentrations combined with the high incoming UV radiation (Crutzen and
Zimmermann, 1991; Lelieveld et al., 2016).

O3 +hv(A <336nm) — O('D) + 0, (10)
O('D) + H,0 — 20H (11)

In addition to the photolysis of ozone, other sources of OH in the troposphere are the
photolysis of nitrious acid (HONO) and hydrogen peroxide (H,O,), the ozonolysis of
alkenes, and the reaction of HO, with NO (Reaction 12) (Seinfeld and Pandis, 1998).
Recent model simulations suggested that the recycling of OH in radical reaction chains
can be twice as large as the the primary production in the free troposphere (Lelieveld
et al., 2016).

HO3 + NO — OH + NO> (12)

For example, in remote marine regions or high-altitude areas, where no significant
sources of VOC are present, OH is lost through reactions with CO (Reaction 13) and
CH, (Reaction 15) (Finlayson-Pitts and Pitts Jr., 2000).

OH+CO — H+ CO, (13)
H+0;4+M — HO, + M (14)
OH + CHy 22 CH30, + H,0 (15)

HO, is formed through various reactions in the troposphere that produce H or HCO,
most importantly the photolysis of formaldehyde (HCHO), see Reactions 16-18, but
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also via higher aldehydes. HO, is essentially a product of the oxidation of organic
compounds in the troposphere (Finlayson-Pitts and Pitts Jr., 2000).

HCHO + hv — H+HCO (16)
H+0,+M — HO, +M (17)
HCO + 0, — HO, + CO (18)

1.4 ATMOSPHERIC FUEL: NOX-VOC CHEMISTRY

Nitrogen oxides, comprising NO + NO; (NOy), are pivotal species in tropospheric
chemistry as they significantly impact the oxidative capacity of the atmosphere and
drive the formation of ground-level O; (Crutzen, 2016; Lelieveld and Dentener, 2000).
The major global source of NO, is anthropogenic fossil fuel combustion (Ehhalt et al.,
2001). Other sources are soil release, followed by biomass burning, lightning, aircraft
emissions, and the photo-dissociation of transported N,O from the stratosphere (Se-
infeld and Pandis, 1998). The majority of reactive nitrogen emissions occur as nitric
oxide (Singh, 1987). In the troposphere, NO is oxidized to NO, by reactions with O,
(Reaction 7) and HO, (Reaction 12), as well as with various organic peroxy radicals
(RO,). Notably, reactions like 19-21, where NO is catalytically oxidised to NO, with-
out depleting ozone, are primarily responsible for the accumulation of ozone in the
boundary layer during photochemical smog events (Singh, 1987).

RH + OH 22 RO, + H,0 (19)
RO, +NO % aldehydes and ketones + NO;, + HO; (20)
NO, +hv 2% NO + 03 (21)

The RO, radicals, which serve as "fuel" for the production of O;, are a result of
the oxidation of alkyl radicals (R) produced via the oxidation or photolysis of VOCs
(Atkinson and Arey, 2003). VOCs encompass a wide range of carbon-containing com-
pounds such as alkanes, alkenes, aromatic hydrocarbons, and oxygenated compounds
(Atkinson and Arey, 2003; Williams and Koppmann, 2007). Typical biogenic VOCs, such
as those emitted from tropical rain forests, include isoprene (C;Hg), monoterpenes
(Cy0Hy6) like alpha-pinene, and sesquiterpenes (Ringsdorf et al., 2024). However, VOCs
are also emitted by anthropogenic industrial activities and fossil fuel combustion.

OH reacts readily with VOCs such as alkanes, as shown in Reactions 19. In the pres-
ence of NO,, this reaction can initiate a cycle that not only oxidises VOCs but also NO
to NO, leading to ozone enhancement. A typical sequence of OH initiated oxidation of
an alkane is depicted in Figure 1.4.1, highlighting the interplay between HO, NO,, and
VOC chemistry. This sequence produces aldehydes (HC(O)R) and ketones, while OH is
recycled and NO is oxidised to NO,. The further breakdown of the chain products can
lead to the formation of PAN and PAA, as will be discussed in Chapter 2.
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00
OH + RCH,R Oz, HoO + RCHR

H02

RCH < | R— CH —R
O,

Figure 1.4.1: Typical oxidation sequence of hydrocarbons high-NO, conditions in the tropo-
sphere initiated by OH and recycling OH. The cycle also leads to the oxidation
of NO to NO, and hence impacts O; production. Figure taken from Finlayson-
Pitts and Pitts Jr. (2000).

The chain reaction can be terminated by the formation of acids or the self reaction
of the hydroperoxyl radical (Reactions 22 -24) (Finlayson-Pitts and Pitts Jr., 2000).

OH+NOs; +M — HNO3 +M (22)
HO> + HO; +M — Hy05, +02, + M (23)
RO, + HO,; — ROOH + O, (24)

In summary, the sequence of reactions in the atmosphere can be described as follows:
alkyl radicals R are converted into alkylperoxy radicals RO,, which in turn lead to
the formation of NO, and hence ozone in the presence of NO. However, in remote
atmospheres, where NO levels are low, typically in the order of 40 ppt, the reaction of
RO, with HO, or other RO, can occur (Finlayson-Pitts and Pitts Jr., 2000).

1.5 REACTIVE NITROGEN IN THE ATMOSPHERE

Nitrogen is an essential nutrient for all living organisms, but its chemical stability ne-
cessitates conversion to a more reactive state to be utilized by organisms. In nature,
this can be achieved by the actions of certain bacteria and microorganisms, as well as
lightning. However, the majority of reactive nitrogen is released through anthropogenic
activities in the form of NO + NO; (NO,) (Galloway et al., 2004). Globally, emissions
from the combustion of fossil fuels are the largest source of NOy in the troposphere, ex-
ceeding natural sources resulting from soil emissions, lightning, biomass burning, and
intrusions from the stratosphere (Lamarque et al., 1996). In the atmosphere, NO, are
quickly transformed into a variety of oxidised reactive nitrogen species. The lifetime of
NO, with respect to OH is typically less than one day in summer and a few days in win-
ter, limiting its transport to a few hundred kilometers (Singh, 1987). Total reactive nitro-
gen is defined as the sum of NO, and all its oxidation products, and is usually denoted
as NOx + HONO + N,05 + PAN 4+ RONO; + ROONO; + NO3 + HNO4 + ... (NOy).
Wei et al. (2024) combined measurements from various aircraft missions, including
the National Aeronautics and Space Administration (NASA) DC-8 aircraft during the
ARCTAS, SEAC4RS (Toon et al., 2016), KORUS-A1 (Crawford et al., 2021), and the four
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Atmospheric Tomography mission (ATom) (Thompson et al., 2022) missions, as well
as JAGOS commercial aircraft measurements. They found that PAN globally dominates
NOy in the upper troposphere (UT) with a fraction of 30-64, %, followed by NO, (7-11 %),
HNO, (6-13 %), and HNO; (7-11 %). Since measured NOy levels frequently exceed the
sum of individually measured NOy species, the contribution of PANSs in the nitrogen
budget and a potential missing source of NOy, had been suggested (Fahey et al., 1986;
Singh, 1987).

Given the relatively short lifetime of NO,, longer-lived reactive nitrogen species such
as PAN play a crucial role in the global distribution of NO, (Moxim, Levy, and Kasib-
hatla, 1996). Nitrogen species which can exist in equilibrium with NO, are referred to
as reservoir species.

The rapid reaction of NO, with OH leads to the formation of nitric acid (HNOj;), which
is typically removed from the atmosphere through dry and wet deposition within 1-
10days and is considered as a sink of NOx (Singh, 1987). However, in the UT, where
HNO; does not undergo strong wet and dry deposition, HNO; can also serve as
a reservoir species, releasing NO, through photolysis with a lifetime in the order of
months in the UT.

The oxidation of non-methane volatile organic compound (NMVOC) in the presence of
NOy can also lead to the formation of longer-lived reactive nitrogen species, most im-
portantly PAN (Crutzen, 2016; Huey, 2007). In contrast to most other reservoir species,
peroxyacetyl nitrate species can be very long-lived (up to several month) in certain
atmospheric conditions, allowing for long-range transport of NO, and making PAN-
type species crucial for the global NO.-budget (Singh, 1987). In the mid-troposphere,
the fraction of PAN to the sum of PAN and NOy can be 50 to 100 %, underscoring its
importance as NO,-reservoir species (Crowley et al., 2025; Roberts, 1990; Singh, 1981a).
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PAN and PAA are secondary pollutants, which are not (or not significantly) directly
emitted but are formed in the atmosphere from the same precursor, the PA-radical
(CH3C(0)0;), as depicted in Figure 2.0.1. PA results from the oxidation of aldehydes
with OH or the photolysis of ketones and dicarbonyls (Roberts, 2007). The precursor
species of PA can either be emitted directly or be the result of the oxidation of NMVOC,
as described in Section 1.4.

Even though the formation of PAN and PAA is closely linked, as both species are
formed from the same organic peroxy-radical precursor, PAN and PAA play different
roles in the chemistry of the atmosphere and global climate. This chapter provides an
introduction to the significance of PAN and PAA in the atmosphere, their origin, and
their global impact.

Aldehydes Ketones,
Dicarbonyls

l +OH

PA radical
CH,C(0)o,

NOZ/ \HO2
PAN PAA
CH5C(0)O,NO, CH,C(0)OOH

Figure 2.0.1: Simplified chemical scheme of PAN and PAA formation in the troposphere. NMVOC
species are either photolysed (yellow) or oxidised (brown) to form the precursor
peroxyacetyl (PA)-radical.

2.1 SIGNIFICANCE OF PAN IN THE ATMOSPHERE

The significance of PAN in the atmosphere and its impact on human health has been
recognized for decades (Lovelock, 1977; Singh, 1987; Singh, 1981b). PAN plays a central
role in the chemistry of the troposphere on local to global scales (Finlayson-Pitts and
Pitts Jr., 1997). Its importance extends beyond highly polluted urban areas, where it
was first discovered, to remote regions due to its link to the VOC-NOy cycle (Singh,
1981a).

PAN, CH3C(0O)O2NO;, is the simplest and most abundant member of the class of
peroxycarboxylic nitric anhydrides (PANs, RC(O)OONO,) with R=CH;. PANs are pre-
dominantly formed in the complex VOC-NO, photochemistry by the photo-oxidation of

11
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NMVOC, as depicted in Figure 2.1.1. PANs are therefore considered an important tracer
of photochemistry. The chemical key features of PANs are the carbonyl group (C=0)
and the nitrate group (—ONO;) (Roberts, 2007). Like many organic nitrates, PANs have
explosive potential (Brauer et al., 1989). The fraction of PAN to total PANs is typically
75-90 % (Fischer et al., 2014; Roberts et al., 2002; Wolfe et al., 2007). The next most preva-
lent PAN compound is peroxy propionyl nitrate (PPN) with R = C,H; which can be 8-
20 % of the abundance of PAN in urban areas (Gaffney and Marley, 2021; Roberts, 2007).
PPN is considered a marker of anthropogenic activity because it is exclusively formed
from anthropogenic hydrocarbons (Roberts, 2007). Another important PAN compound
is peroxymethacrylic nitric anhydride (MPAN) with R=CH,C(CH;) which is formed
from the isoprene oxidation product methacrolein (MACR) and is hence a marker for
biogenic activity. In isoprene-rich areas, MPAN/PAN ratios are typically 5-10 % (Gaffney
and Marley, 2021) but can even reach up to 25 % in urban areas % (Roberts, 2007).

Dissociation, isomerisation,
fragmentation

R(C=0)R

R+ CO,

NO—I—» NO,
NO,

2 RC=0 2 RC(0)00 = |RC(O)OONO,

voc % R % RO, P> RO B

NO, HO, R(F_p)H Hozl peroxyacyl nitrates
OH%OZ 303 RC(O)OH,
CH,=CHR RC(O)OOH

Peroxyacids

Direct emissions

Figure 2.1.1: Formation of PANs (RC(O)OONO,, blue) in the atmosphere from primary and
secondary emissions (ellipses) of non-methane vOC via aldehydes and ketones
(black box) involving HO, and NO, chemistry. The same pathway can also lead to
the formation of peroxyacids (red), for example PAA. Based on Roberts (2007) and
Seinfeld and Pandis (1998).

The relative abundance of PAN-type compounds formed in the VOC-NO, chemistry
depends on the mixture of NMVOC precursors. Hence, the mixture of PANs in an air
mass can be used as a an indication of the mixture of VOCs involved in the photo-
chemical production process of ozone (Roberts, 2007). The majority of NMVOC can
form PAN precursors even though their efficiency is highly variable (Roberts, 2007).
Since the formation of PANSs is closely linked to the non-methane hydrocarbon cycle,
changes in NMVOC emissions, such as those induced by a change of organic fuel use,
can impact the distribution of PAN and other secondary pollutants in the atmosphere
(Brauer et al., 1989; Grosjean, 1992).

The compound peroxyacetyl nitrate (PAN) was first discovered by infrared spec-
troscopy as a toxic constituent of photochemical smog in Los Angeles in the 19505,
causing eye irritation and crop damage (Haagen-Smit, 1952; Stephens, 1987). Even
though PAN levels in polluted atmospheres are roughly a factor of ten lower than
ozone, PAN is more toxic than ozone on a molecular basis due to its oxidative effect
and the ability to interact with lipid membranes (Brauer et al., 1989). PAN is a potent
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lachrymator and the long-term exposure to PAN can even lead to skin cancer?. PAN not
only impacts air quality and human health (Lovelock, 1977) but is also responsible for
serious plant injury in polluted areas, as it is phytotoxic and causes bronzing of the
leaves (Taylor, 1969). PAN has helped to characterize the photochemical smog chemistry,
as it is a direct indicator of organic peroxy radical levels (Brauer et al., 1989; Gaffney
and Marley, 2021). The formation of PAN requires the same precursor peroxy radicals
that produce tropospheric ozone.

PAN plays a central role in the chemistry of the troposphere on local to global scales,
as it is the principal tropospheric reservoir species of NO, in many regions, especially
above the boundary layer (Finlayson-Pitts and Pitts Jr., 1997; Finlayson-Pitts and Pitts
Jr., 2000; Singh, 1981b). Singh et al. (2007) analysed aircraft measurements over North
America and found that PAN is the major carrier of reactive nitrogen in the UT, in con-
trast to the lower troposphere, where HNO; is the dominant NO, reservoir. In contrast
to inorganic NOy reservoir species, like NO;, HNO;, and N,Os, the total atmospheric
lifetime of PAN can be in the order of months in the upper troposphere.

The lifetime of PAN is highly temperature dependent, as PAN is in thermal equilib-
rium with the PA-radical and NO, (Equation 25).

CH3C(O)02N02 = CH3C(O)02+NOZ (25)

For example, in the middle troposphere, where temperatures typically range from -10
to -50 °C, PAN has a lifetime of weeks with respect to thermal dissociation (around 14
days at -10 °C) to months. In contrast, its lifetime in the boundary layer is significantly
shorter with 1.7h at 20 °C3. The stability of PAN in cold conditions allows it to store up-
lifted NO, from polluted areas, transport it over long distances around the globe, and
release it to pristine regions when air masses sink down and warm up. The lifetime of
NO, was estimated in summertime, continental US-American field-experiments to be
around 4-8 hours which limits its transport to a few hundred kilometers while it can
be stored and transported in the form of PAN, over more than 10000 km in the upper
troposphere (Singh, 1987). Moxim, Levy, and Kasibhatla (1996) reported an enhance-
ment of NOy in remote areas by a factor of 2-5 through PAN transport which impacts
the global ozone and OH formation. The long-range transport of NO, in form of PAN
can lead to significant enhancements of ozone, especially in remote areas (Jiang et al.,
2016; Schultz et al., 1999). On a regional scale, PAN chemistry can reduce ozone produc-
tion in highly polluted NO, source regions as PAN formation becomes more efficient
than ozone production (Roberts et al., 1995). PAN levels can be highly variable in space
and time (Payne et al., 2017): In urban areas, measured PAN mixing ratios reached over
10 parts per billion (ppb), while PAN mixing ratios in pristine regions can be as low as a
few ppt. The knowledge and understanding of the seasonal, regional, and global distri-
bution of PAN is necessary for the understanding and modeling of the global oxidant
distribution.

https://www.dwd.de/EN/research/observing_atmosphere/composition_atmosphere/trace_gases/
cont_nav/pan_node.html, last access: 315t March 2025.
see reference in footnote ? on page 13.
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2.1.1  Atmospheric sources of PAN

PAN has no important source in the stratosphere (Singh, 1987). Instead, it is quasi
uniquely formed in the photochemistry of hydrocarbons and NOy in the troposphere,
as shown in Figure 2.1.1. The most dominant immediate organic PAN precursors are
the oxidation of acetaldehyde (CH3CHO) and the photolysis of acetone (CH3zC(O)CH3)
and methyl glyoxal (MGLY) (CH3C(O)CHO) (Fischer et al., 2014) forming the PA-radical.
To a smaller degree, other NMVOC precursors, like the isoprene oxidation products
methylvinyl ketone (MVK) and MACR also contribute to the PA formation (Fischer et
al., 2014; LaFranchi et al., 2009). Fischer et al. (2014) simulated PAN observations from
aircraft campaigns with global 3-D chemical transport modeling (GEOS-Chem) with
improved NMVOC representation and estimated that acetaldehyde represents 44 % of
the global source of immediate PA-radical precursors, followed by MGLY (30 %) and
acetone (7 %). The residual 19 % resulted from diverse isoprene and terpene oxidation
products. The origin of these precursor species can be direct emission as well as sec-
ondary formation. With respect to primary emissions, the most important NMVOCs
responsible for global PAN formation are isoprene (37 %) and alkanes (14 %) (Fischer
et al., 2014).

The sources of the immediate and indirect precursors of PAN are manifold and can
originate form both biogenic (vegetation, plants, etc.) and anthropogenic activities (fos-
sil fuel combustion, industry, perfumes, etc.). Biogenic emissions of VOC are dominated
by isoprene, with tropical vegetation being the major global source (Guenther, 2013).
According to the simulations of Fischer et al. (2014), in the northern hemisphere, an-
thropogenic sources are dominant outside the growing season, while in the Australian
free troposphere, the convective updraft of biogenic NMVOC together with lightning
NOy leads to PAN formation. In addition to fossil fuel burning and natural VOC emis-
sions, mid-infrared satellite observations revealed that biomass burning significantly
contributes to the global PAN distribution and is responsible for the upper tropospheric
spring maximum of PAN in the southern hemisphere (Moore and Remedios, 2010). The
link between precursor emissions and secondary pollutant formation is non-linear and
is additionally dependent on meteorology (Stavrakou et al., 2021). For example, dras-
tic changes in NO, emissions observed in four worldwide mega-cities during COVID
lockdown led to changes in PAN in both directions, increases and decreases (Shogrin
et al., 2024). Fischer et al. (2014) found that PAN concentrations in general were more
sensitive to NMVOC emissions than NO, emissions, except in fire-dominated regions.

2.1.2  Sinks of PAN

In contrast to the complex production mechanisms of PAN, its atmospheric sinks are
much better defined. The loss of PAN -and PANSs in general- in the atmosphere is a
combination of thermal decomposition, photolysis, deposition to vegetation and natu-
ral surfaces, and oxidation by atmospheric by OH (and NOs;). The relative contribution
of the loss terms significantly depends on altitude (Roberts, 2007).
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In the lower and mid-troposphere, thermal dissociation is the most important sink
of PAN (Roberts, 2007), leading to the release of NO, and organic precursors, as shown
in Reaction Equation 35.

CH3C(O)O2NO; +M — CH3C(0)0O2 +NO; + M (35)

In contrast, in the upper troposphere (UT), where PAN is thermally very stable, e.g.

42 years at 230K (Singh, 1987), photolysis in the ultra violet/visible (UV/VIS) spectrum
becomes relevant, even if it is a slow process. With respect to photolysis the lifetime of
PAN in the UT is approximately 3 months (Talukdar et al., 1995).
The loss of PAN via the reaction with OH is considered a minor loss process (rate co-
efficient < 3 x 10~ Ycm3molec.”'s™! at 298 K#.), since photolysis exceeds the loss of
PAN via the reaction with OH throughout the entire troposphere by almost an order
of magnitude. The reaction of PAN with chlorine atoms (Cl) is similarly slow as the
one with OH but is even about 103 less important in the UT and the stratosphere with
respect to estimated relative abundances of Cl and OH (Roberts, 1990). Similarly, PAN
does not significantly react with other typical tropospheric species, like CO, SO,, NO,,
water, and ozone (Brauer et al., 1989).

Loss of PAN in the troposphere due to wet deposition are considered negligible
due to the low Henry’s law coefficient of approx. 4.1 mol/1 per atmospheric pressure
(Brauer et al., 1989; Kames and Schurath, 1995; Roberts, 1990). The solubility of PAN in
water is orders of magnitude less compared to nitric acid under normal atmospheric
pH conditions of 4-5 (Brauer et al., 1989). In contrast, PAN is highly soluble in non-
polar organic solvents, like tridecane, which is used for its aqueous synthetic chemical
production.

Leaf-level studies have observed the uptake of PAN into leaf stomata, suggesting
that PAN is a provider of nitrogen for vegetation (Sparks, Roberts, and Monson, 2003).
Daytime dry deposition velocities of around 10mm/s have been measured in forest
areas by eddy covariance NO, flux experiments (Turnipseed et al., 2006). However,
when compared to thermal decomposition rates, the deposition rates resulting from
these deposition velocities are minor for typical daytime boundary layer heights in
the tropics, which range from 1-3 km (Engeln and Teixeira, 2013). The deposition rates
could become relatively more significant in the nocturnal boundary layer (Andersen
et al., 2025), especially at high latitudes during winter (Turnipseed et al., 2006).

2.2 SIGNIFICANCE OF PAA IN THE ATMOSPHERE

Organic hydroperoxides (ROOHSs) play an important role in atmospheric chemistry
as they serve as a reservoir of HO,, which in turn impact gas-phase oxidation rates
and the radical budget (Crounse et al., 2006; Wennberg et al., 1998). Peroxycarobxylic
acids (RC(O)OOH), like peracetic acid (PAA) (CH3C(O)OOH), account for nearly half
of total global ROOH budget (Khan et al., 2015). PAA is ubiquitous in the atmosphere
with mixing ratios reaching up to 1ppb in urban and rural areas (Crowley et al., 2018;
Phillips et al., 2013; Zhang et al., 2010) and tens to hundreds ppt in the UT (Crowley

4 https://iupac-aeris.ipsl.fr/datasheets/pdf/HOx_V0C44.pdf, last access: 15t July 2025
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et al., 2025; Travis et al., 2020). However, measurements of PAA are sparse.

Due to their high solubility, ROOHs can by taken up by aerosol or cloud droplets,
promoting the formation and aging of secondary organic aerosol (SOA). Docherty et al.
(2005) found in chamber experiments that organic peroxides contributed 47-85% of
total mass of SOA formed from monoterpenes «-pinene and 3-pinene. PAA may play a
potentially important role in SOA formation, as it undergoes aqueous phase oxidation
on HSO3 at atmospheric pH levels (Lind, Lazrus, and Kok, 1987). PAA was found to
make up around 10 % of the total ROOH observed at a rural mountain site Germany
(Fels and Junkermann, 1994).

PAA is also an organic acid, and as such, it contributes to the acidity of the atmo-
sphere which has impacts, among others, on aerosol formation, air quality, and acid
deposition (Baker et al., 2021; Finlayson-Pitts and Pitts Jr., 2000). The most abundant
organic acids in the gas phase are formic acid (HCOOH) and acetic acid (CH3COOH).
Together, they make up the largest part of the total gas-phase acidity in the atmosphere
(Grosjean, 1992).

Due to its oxidative and antimicrobial properties, PAA is widely used in industry as
disinfectant and sterilant in various applications, including food, medical, and wastew-
ater treatment (Henneken et al., 2006). However, PAA has also been shown to have toxic
effects on human beings, for example causing skin and eye irritations.

PAA have also garnered research interest as its presence in the atmosphere is closely
linked to PAN due to their common peroxy-radical precursor CH3C(O)O; (see Fig-
ure 2.0.1). Both PAN and PAA are formed competitively from the chain reactions with
VOCs, depending on the abundance of NO, or HO,, respectively. PA reacts with HO, in
three pathways (Reactions 32a- 32¢) but only in Reaction 32a PAA is formed. However,
the dominant pathway is Reaction 32c as classified by the International union of pure
and applied chemistry (IUPAC)>.

CH3C(0)O3 + HO3 — CH3C(O)OOH + 0, (32a)
— CH3C(O)OH + O3 (32b)
— CH3C(0O)O+ OH+ 03 (320)

PAA is often used as an indicator of photochemical activity. The relative abundance of
PAN to PAA can provide an indication of the relative ratio of NO, and HO, (Crowley
et al., 2018; Crowley et al., 2025). Furthermore, PAA represents not only a sink of HO,,
but also a sink for the PA-radical, which impacts the PAN formation.

2.2.1  Atmospheric sources of PAA

In contrast to other organic acids, no significant direct sources of PAA (CH3C(O)OOH)
are known. However, minor releases from industrial uses cannot be fully avoided (Hen-
neken et al., 2006).

Having the same organic precursors like PAN, the origin of PAA can also be linked to
both biogenic and anthropogenic sources. In the lowermost troposphere at atmospheric

5 https://iupac-aeris.ipsl.fr/datasheets/pdf/HOx_VOC54.pdf, last access: 27th May 2025.
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pressure and moderate temperatures, the reaction rate coefficients of PAN and PAA from
the PA-radical are comparable, according to IUPAC recommendations. Generally, due to
the presence of pollution by NO,, the production of PAN is usually favoured over PAA.
However, in clean environments or aged air pollution, HO,-levels can compete with
NO, levels (Crowley et al., 2018). For example, in the lower troposphere in remote,
tropical regions, PAA formation can significantly exceed PAN formation because low-
NO, conditions are combined with relative high temperatures (Crowley et al., 2018).
Warm conditions lead to the rapid dissociation of PAN, releasing the PA-radical, which
can be a source of PAA in this region. In contrast to PAN, PAA is thermally stable in
the tropical, warm boundary layer, and its lifetime with respect to photolysis is in the
order of 1-2 weeks. In rural, mountainous sites in China, the measured PAA levels of
0.2-0.1 ppb on sunny days were majorly attributed to local photochemical production
(Zhang et al., 2010).

Biomass burning is an additional source of many trace gases (Andreae, 2019; An-
dreae and Merlet, 2001) and was found to be not only a source of PAN but also of PAA
in young and aged air masses. (Crowley et al., 2025; Phillips et al., 2013; Wang et al.,
2016; Wolfe et al., 2021; Yokelson et al., 2009).

2.2.2  Sinks of PAA

Like other acids, PAA can be removed from the atmosphere by reactions with OH as
well as through wet or dry deposition (Finlayson-Pitts and Pitts Jr., 2000).

Recent kinetic experiments have shown that the reaction of PAA with OH is very
slow, with a rate constant of around 4 x 10~ cm3molec.”'s~! (Berasategui et al.,
2020). This results in a lifetime of PAA with respect to typical OH concentrations of
about one year (Crowley et al., 2025). Compared to the losses of photolysis, which
have frequencies of around 1 x 107%1/s) and lead to lifetimes in the order of weeks,
the reaction with OH is hence a minor sink.

While in the upper troposphere, the major sink of PAA is photolysis, in the planetary
boundary layer, deposition becomes important (Berasategui et al., 2020).

The solubility of PAA is around 670-840M/atm at 298K (Sander, 1999), wherefore
wet and dry deposition can become an important sink when photolysis rates are low.
In forested regions, at high humidity nighttime conditions, the efficient deposition of
PAA onto moist surface has been observed (Phillips et al., 2013).

2.3 REGIONAL AND GLOBAL DISTRIBUTIONS OF PAN AND PAA

The distributions of PAN and PAA can exhibit significant spatial and temporal vari-
ability. To understand and quantify their global and regional distributions, a range of
measurement strategies have been employed, including remote sensing from space as
well as airborne and ground-based in-situ measurements. These measurement strate-
gies are briefly introduced in this section. Additionally, the current state of the art in
simulating PAN and PAN in global chemical-transport models is outlined.
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2.3.1  Global remote-sensing observations of PAN

The observation of PAN from space allows for the monitoring of its large-scale dis-
tribution and temporal evolution in the atmosphere. This is achieved through high-
resolution infrared spectrometer satellite measurements, typically at the absorption
bands of 794 cm™ or 1163 cm™ (Gaffney and Marley, 2021). The signature of PAN in the
infrared remote sensing spectra in the upper troposphere was first retrieved from the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)-B2 stratospheric
balloon instrument by Remedios et al. (2007). The first global distribution of PAN was
then reported by Glatthor (2007) based on the infrared emission spectra between 664-
800 cm™ observed with MIPAS-E onboard the ENVIronmental SATellite (ENVISAT) (Fis-
cher et al., 2008) in 150 polar orbits in October to December 2003.

Glatthor (2007) found a strong difference in PAN levels between the northern and south-
ern hemispheres in this year. In the northern hemisphere, high average background
levels of low- and mid-tropospheric PAN around 125 ppt at 8 km altitude were present,
likely caused by industrial pollution. The highest PAN signal in the northern hemi-
sphere was found above China and the Chinese sea with around 250 ppt. In contrast,
in mid- and high latitudes in the southern hemisphere, PAN mixing were substantially
lower, ranging between 50-75 ppt, due to less anthropogenic pollution (Glatthor, 2007).
The impact of the South American and African biomass burning season was clearly vis-
ible in the sub-tropical southern hemisphere by a large biomass burning plume with
elevated PAN mixing ratios between 200-700 ppt between 20-40 °S, reaching from Brazil
over the Southern Atlantic, Central and South Africa towards Australia at altitudes be-
tween 8-16 km. In the tropics, the MIPAS-observations had large data gaps below 8 km
altitudes due to cloud contamination. Above 15 km altitude, PAN levels of the northern
hemisphere were lower compared to those in the southern hemisphere due to begin-
ning subsidence over the Arctic (Glatthor, 2007).

Further MIPAS-E observations emphasised the high seasonal and spatial variability of
PAN. Moore and Remedios (2010) found a strong inter-annual variability of PAN in the
upper troposphere and lower stratosphere at high latitudes (up to 400ppt averaged
variability a year) but also in the tropics (150 ppt), which was closely linked to biomass
burning regions and growing seasons. The observations in January 2003, which cov-
ered the biomass burning season in sub-Saharan Africa, found a layer of PAN mixing
ratios higher than 300 ppt at 300hPa, clearly showing inter-continental transport from
Central Africa to the Amazonian region. With the beginning of the growing season
on the northern hemisphere in March, PAN mixing ratios over Europe and continen-
tal North America drastically increased. The inter-hemispheric difference was most
pronounced during August, with maximum PAN above western Siberia.

Further space-borne limb-viewing measurements of PAN other than from MIPAS
(Glatthor, 2007; Remedios et al., 2007; Wiegele et al., 2012) have been reported, includ-
ing those from the Fourier-Transform Interferometer ACE-FTS (Coheur et al., 2007) and
the Infrared Atmospheric Sounding Interferometer (IASI) (Coheur et al., 2009). These
measurements have addressed the chemical composition of biomass burning plumes.
Nadir-viewing satellite observations from MetOp Infrared Atmospheric Sounding In-
struments (IASI) and Aura Tropospheric emission spectrometer (TES) (Alvarado et
al., 2011; Clarisse et al., 2011; Jiang et al., 2016; Payne et al., 2017; Zhu et al., 2015)
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have provided higher sensitivity to PAN in the lower troposphere. Payne et al. (2017)
compared TES observations of PAN in the tropics in 2005 and 2006 to GEOS-Chem
model data, confirming the MIPAS findings of an October maximum, the peak season
of biomass burning. However, the strong inter-annual variability observed in north-
ern central Africa in December was not associated with changes in biomass burning,
but rather with a combined effect of biogenic emissions and lightning. Combining
GEOS-Chem model data, aircraft measurements, and TES satellite observations, the
seasonality of PAN was shown to have an important impact on the global tropospheric
abundance of ozone (Jiang et al., 2016).

However, satellite data coverage is subject to interferences, particularly with water
vapour, which can lead to high uncertainties, especially in the tropics where cloud
coverage is frequent.

2.3.2 Airborne measurements of PAN and PAA in the tropics

In contrast to satellite observations, which primarily provide columns densities of
trace gases, aircraft measurements allow high-resolution vertical sampling between
the lower and the upper troposphere. In addition, aircraft observations provide a pos-
sibility to target tropical regions where satellite observations are gappy due to the high
cloud coverage.

A significant number of aircraft measurement campaigns have targeted the northern
hemisphere, with a focus on PAN measurements. For example, the SONEX campaign
sampled above the northern Atlantic (Talbot et al., 1999), INTEX-A (Singh et al., 2006),
INTEX-B (Singh et al., 2009), and ITCT 2K2 (Roberts et al., 2004) targeted northern
America. The TRACE-P campaign (Russo et al., 2003) targeted the western Pacific and
Asian continent, while arctic and subarctic regions were sampled during ARCTAS Al-
varado et al., 2010; Jacob et al., 2010 and POLARCAT-GRACE (Roiger et al., 2011).
PAN was measured via an electron capture gas chromatograph (GC-ECD) (Singh and
Salas, 1983; Singh, Thompson, and Schlager, 1999) aboard the DC-8 aircraft during
SONEX, INTEX-A, INTEX-B, TRACE-P, and ARCTAS. The ITCT 2K2 campaign was
conducted with the NOAA WP-3D aircraft, where PAN was also measured via GC-ECD
(Flocke et al., 2005). During POLARCAT-GRACE, PAN was measured with via a chem-
ical ionisation ion trap mass spectrometer (CI-ITMS) aboard the German Aerospace
Center (DLR) research aircraft Falcon. PAA was measured simultaneous to PAN only
during the INTEX-A, INTEX-B, and ARCTAS DC-8 aircraft campaigns with a CIMS
instrument based on negative ion cluster chemistry of CF;0™ (Crounse et al., 2006).

In contrast, aircraft observations are sparse in remote, tropical areas, especially in
the southern hemisphere.

The first aircraft PAN measurements above the Brazilian Amazon Basin were performed
during wet season in April-May 1987 in the framework of the NASA ABLE 2B expedi-
tion (Singh et al., 1990) based in Manaus and Belem, Brazil. An electron capture gas
chromatographic PAN instrument (Singh and Salas, 1983) was mounted aboard the
Lockheed Electra aircraft, which limited measurements to a maximal altitude of about
6km. In the framework of the NASA Tropospheric Experiments (GTE), a series of
aircraft missions with the DC-8 aircraft were performed which included the three cam-
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paigns PEM-West A, PEM-Tropics A, and TRACE-A, targeting tropical, remote areas.
The campaigns took place in the same time of the year (September-October) within
five years (1991, 1992 and 1996) (Singh et al., 2000b). During these campaigns, PAN was
measured with a GC-ECD instrument.

A large-scale and multi-seasonal attempt to address the most remote areas of the globe
was the ATom experiment, which included four complete nearly pole-to-pole global
circuits across the Southern Ocean and the Arctic (Thompson et al., 2022). The first
two ATom deployments took place in July-August 2016 (ATom1, south hemispheric win-
ter) and January-February 2017 (ATom2, south hemispheric summer) to evaluate the
oxidation capacity over the remote oceans. During the four ATom campaigns, PAN was
measured via electron capture gas chromatography (Elkins, Moore, and Kline, 2002;
Wofsy, 2011), and PAA with the Caltech CIMS instrument based on negative ion cluster
chemistry of CF;07, as described in Crounse et al. (2006).

In Section 5.5.1 and Section 5.5.1, the vertical profiles from HALO aircraft observa-
tions during CAFE Brazil and CAFE Pacific, respectively, are compared in detail to those
obtained in aircraft campaigns in the free troposphere above the Amazonian rain forest
(Singh et al., 1990, 1996a) and Western Pacific (Singh et al., 1996b, 2000b; Travis et al.,
2020) from NASA’s DC-8 aircraft and remote observations with the Russian Geophys-
ica aircraft (Keim et al., 2008).

2.3.3 Ground-based measurements of PAN and PAA

Since the first ground-based measurements of PAN in 1960 in Los Angeles, USA, PAN
has been measured at many sites across the globe, reporting daily maximum values
up to 70 ppb (Gaffney and Marley, 2021). The reduction of hydrocarbon emissions from
vehicles has helped to decrease levels of PAN and its analogs in cities, but still the high-
est levels of PANs are observed in urban areas, driven by the high abundance of VOC
and NO and leading to high photochemical ozone levels (Gaffney and Marley, 2021;
Roberts, 2007).

The diurnal cycle of PAN in remote areas is in general characterized by photochemi-
cal production, but is also controlled by meteorology. Observations at a highly pristine
high-altitude remote site in the southern Tibetan Plateau showed similar diurnal cy-
cles of O5 and PAN, with a steep morning rise and flat daytime plateau (Xu et al., 2023).
Variations in the diurnal cycle were associated with boundary layer development and
down-mixing of free-tropospheric air, as well as day-to-day effects like stratospheric
O; entrainment or transported pollution (Xu et al., 2023).

Simultaneous measurements of PAN and PAA were taken during summertime at the
SMEAR II-station in the Finnish boreal forest, within the framework of the HUMPPA-
COPEC campaign. Mixing ratios were generally below 1 ppb (except for the sampling
of biomass burning affected air masses), reflecting the low abundance of NOy in the
rural area (Crowley et al., 2018). Despite the similar photochemical generation routs,
the average diurnal cycle of PAA peaked about 2 hours later than the one of PAN, which
was explained by the increasing loss rates of PAN with temperature (Crowley et al.,
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2018). PAA formation was favoured over PAN when temperature and photochemical
activity were highest.

A good correlation between PAA, ROOH, and H,O, was observed, indicating the im-
portant contribution of PAA to total organic peroxides (Crowley et al., 2018; Phillips
et al., 2013). Boundary layer measurements of PAA in rural sites in China suggest that
PAA was mostly produced in local photochemical production and was increasing with
temperature, solar radiation, and ozone, but decreasing with NO, and humidity (Zhang
et al., 2010).

2.3.4 PAN and PAA in global chemical transport models

Global chemical transport models have been used to simulate the spatial and tempo-
ral distributions of PAN and PAA on Earth. However, the simulation of these species
is challenging due to the complexity and uncertainty of NMVOC sources and their cor-
responding chemistry, as well as the critical impact of vertical transport especially on
PAN mixing ratios (Fischer et al., 2014). Uncertainties arise from various factors such as
the parametrization of biomass burning emissions, lightning, and convection.

Simulations of PAN with the global 3-D chemical transport model GEOS-Chem have
shown that PAN is more sensitivities to NMVOC emissions than NO, emissions in most
regions of the world (Fischer et al., 2014). Observed PAN levels could be reproduced
by using updated emission factors of NMVOCs and adapting emissions from open fires
and biomass burning (Fischer et al., 2014). However, models still face challenges in
resolving the contradiction between measurements of acetaldehyde to simulations and
measurements of PAN and NO, (Millet et al., 2010; Travis et al., 2020). Travis et al. (2024)
pointed out the role of higher PANs, which were added to the chemistry to scale the
PAN simulations to observations.

GEOS-Chem simulations significantly underestimated both acetaldehyde and PAA
compared to aircraft measurements (Travis et al., 2020). The underestimation appeared
throughout the year and in both hemispheres. Even the addition of ocean sources of
VOCs by 3-9 % could not reconcile the discrepancy between measurements and model,
indicating the need for precise emission estimates.

While improvements have been made in the model simulations of PAN (Fischer et al.,
2014), the model bias for acetaldehyde and PAA remains a problem (Travis et al., 2020).
Having difficulties in correctly representing both PAN and PAA has implications on
modeling performance of the oxidative capacity of the atmosphere. In the framework
fo this work, the CIMS observations are compared to the global chemical-transport
model EMAC.

21






OBJECTIVES AND METHODS OF THIS THESIS

3.1 STRUCTURE OF THE THESIS

This thesis comprises the presentation and analysis of airborne, tropospheric measure-
ments of the two atmospheric trace gases PAN and PAA in remote, tropical regions
which were performed with a Chemical Ionisation Mass Spectrometry (CIMS) instru-
ment.

In the first part of the thesis, background information about the principles of tropo-
spheric chemistry were given highlighting the role of PAN and PAA. This chapter points
out the objective of this thesis and introduces the analysis tools used for the interpre-
tation of the PAN and PAA measurements.

The instrument details of CIMS are described in Part ii including calibration methods,
technical improvements of the instrument, data processing information and an assess-
ment of the measurement uncertainties.

Part iii focuses on the two tropical airborne missions CAFE Brazil and CAFE Pacific pre-
senting the observations of PAN and PAN and investigating the air mass composition
with respect to origin, aging and pollution sources.

Lastly, a general picture of PAN and PAA in remote tropical areas is drawn in Part iv by
comparison with the previous CAFE Africa campaign.

3.2 AIM OF THE THESIS

This work addresses the investigation of the distribution of the important NO,-reservoir
species PAN and the closely linked organic peroxide PAA in the tropical, remote upper
troposphere, where measurement data is rare.

The CAFE aircraft campaigns comprise three measurement between 2018 and 2024
campaigns called CAFE Africa, CAFE Brazil, and CAFE Pacific which aimed to provide
a comprehensive understanding of atmospheric chemistry and particle formation pro-
cesses in the tropical troposphere. The instrumental equipment aboard the research
aircraft HALO® was identical during all three CAFE campaigns. Measurement data used
in the framework of this this provided by other instruments than CIMS aboard HALO
are referenced in Section 3.3.

The focus of this work are the CAFE Brazil campaign, based in Manaus, Brazil and
the CAFE Pacific campaign based in Cairns, Australia. The first one focused on the
air composition above the tropical Amazonian rain forest and took place in December
2022 and January 2023. CAFE Pacific targeted the austral tropical, marine and conti-
nental, remote troposphere. A detailed description of the aircraft campaigns and is
given in Section 5.2 and Section 6.1, respectively. An overview of the location of the

6 Further information on https://halo- research.de/, last access: o7 July 2025.
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CAFE campaigns and the measured PAN mixing ratios along the flight tracks is given
in Figure 3.2.1. The location of the Hyytidlad forest station (SMEAR 1I) is also marked
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Figure 3.2.1: PAN mixing ratios along the flight tracks of all three CAFE campaigns. The location
of our most recent ground-based campaign Biosphere-Atmosphere Interactions
and the Reactive Nitrogen Budget: Vertlcal Profiles of Key Species (BAIRN-VIP) in
Hyytiald, Finland, is also marked. The PAN data of CAFE Africa was processed and
provided by John Crowley.

in Figure 3.2.1 where I most recently operated CIMS during the ground-based measure-
ment campaign BAIRN-VIP in the boreal forest in Finland. While the CAFE campaigns
were dedicated to the tropical, upper troposphere, the BAIRN-VIP campaign focused on
the surface layer and its vertical variability. A brief overview of the preliminary PAN
data of this campaign is given in Section 9.2.

In this thesis, I present and analyse the measured PAN and PAA data of the CAFE
Brazil and CAFE Pacific campaigns with the aim to:

¢ Provide an observational data basis of vertically resolved PAN and PAA levels in
the remote, tropical, upper troposphere for the improvement of global climate
models,

* Analyze the origin and transport of PAN and PAA in the sampled air masses
above the Amazon rain forest and above Australia and the Western Pacific also
in comparison to the measurements above the central Atlantic west of Africa, and

¢ Quantify the contribution of PAN to the NO,-budget in the remote, tropical atmo-
sphere in all CAFE measurement campaigns.

3.3 PAYLOAD OF THE HALO AIRCRAFT DURING CAFE CAMPAIGNS

The CIMS instrument was mounted on board of HALO of the DLR as one of 16 mete-
orological, particle and gas phase instrument from the participating universities and
research institutes Goethe University Frankfurt, Max Planck Institute for Chemistry,
Mainz (MPIC), Karlsruhe Institute of Technology (KIT), Leibniz Institute for Tropo-
spheric Research (TROPOS) and Forschungszentrum Jiilich (Fjz). The HALO aircraft is
a modified Gulfstream Aerospace Corporation G550 business jet allowing the flexible
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installation and operation of scientific instrumentation(Giez et al., 2021). The configu-
ration of the instrumentation aboard HALO was identical for all CAFE campaigns and
was described for the BLUESKY /CAFE-EU aircraft campaign above Europe by Voigt
et al., 2022. In Table 1, measurement data provided from other instruments than CIMS
are listed. They were used in this thesis in order to analyse and interpret the origin of
the observed PAN and PAA mixing ratios. The table includes a short overview of the
measured species and references to more detailed instrument descriptions.

Instrument | Used species Data owner/provider Reference
static air
temperature,
static pressure,
BAHAMAS | longitude, DLR/Andreas Giez Giez et al., 2022
latitude,
humidity,
altitude?
GC-MS Acetaldehyde MPIC/B. Krumm Bour.t soukidis et al., 2017
Curtius et al., 2024
Acetone, . . . .
PTR-MS Acetonitrile MPIC/N. Tripathi Tripathi et al., 2025
NOAH NO MPIC/C. Nussbaumer®3 | Nussbaumer et al., 2021
HYPHOP H,O,, RO,4 MPIC/]. Hamryszczak Hamryszczak et al., 2023a
Ort et al., 2024,
;ﬁﬁ{ilz/ CcO MPIC/L. Ort Roder et al., 2024,
Wienhold et al., 1998
FAIRO O, KIT/FE. Obersteiner> Zahn et al., 2012
HALO-SR photolysis rates | FJZ/B. Bohn Bohn and Lohse, 2017
SP2 black carbon TROPOS/M. Pohlker, Holanda et al., 2020

Y. Yang

Table 1: References of used measurement data from other instruments than CIMS aboard HALO
during the CAFE campaigns. 'WGS84 elliptical height. *Data for CAFE Brazil available
under https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2024JD041168.
3Data for CAFE Pacific available under https://agupubs.onlinelibrary.wiley.com/
doi/full/10.1029/2024GL112788. 4Data for CAFE Brazil available under https://
zenodo.org/records/10010971. 5Data available under https://zenodo.org/records/
15689969.

The Basic HALO Measurement and Sensor System (BAHAMAS) instrument is a per-
manent installation in HALO developed by the Data Science Group of the Flight Exper-
iments Facility of DLR. BAHAMAS provides basic meteorological data during all flight
experiments from six total air temperature inlets in the aircraft nose section, GPS an-
tennas and an instrumented nose boom (Giez et al., 2021).

The GC-MS instrument is a custom-built fast gas chromatography-mass spectrome-
try (GC-MS) system with a liquid nitrogen cryogenic system and a commercial quadru-
pole mass spectrometer measuring 35 VOC species like hydrocarbons, oxygenated VOCs
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and aromatics from sub-ppt to ppb levels at a time resolution of 3 min (Curtius et al.,
2024). For this thesis, the greatest interest was in acetaldehyde measurements of the GC-
MS instrument because acetaldehyde is one of the major precursors of PAN and PAA.
The GC-MS detects acetaldehyde at 7 =29 and a retention time of 0.42 min. The uncer-
tainty associated with the provided acetaldehyde data varies between 10-20 % between
flights depending on the the quality of calibration and background measurements. The
LOD was between 30-90 ppt during CAFE Brazil. The status of the acetaldehyde data for
CAFE Pacific is still preliminary and has higher uncertainties (personal conversation
with Bianca Krumm).

Measurements of acetone, another PAN and PAA precursor, and acetonitrile, a biomass
burning tracer, were provided by the PTR-MS which is a proton-transfer-reaction mass
spectrometry instrument equipped with a time-of-flight mass spectrometer and had
average LODs of 6 ppt and 16 ppt respectively during CAFE Brazil. For CAFE Pacific, only
preliminary data is available of these two species. Acetaldehyde was also measured
by the proton-transfer reaction mass spectrometry (PTR-MS) but not used because of
the still ongoing investigations for interferences with water and ozone in the data. A
manuscript about the final PTR-MS data including acetone and acetaldehyde during
CAFE Brazil and CAFE Pacific is in preparation (private communication with Nidhi Tri-
pathi)

Nitrogen Oxides Analyzer for HALO (NOAH) measures NO based on chemilumines-
cence from excited NO,* from the reaction of NO with O; which is added in excessive
amounts. In a second channel, NOAH includes a photolytic converter photolysing NO,
to NO at a wavelength of around 395nm being able to detect the sum of NO, and
thermally labile nitrates (Curtius et al., 2024; Nussbaumer et al., 2024).

Due to the interferences of NO, reservoir species on the NO,-channel, no direct
measurements of NO, are available. However, daytime NO, derived from an extended
photostationary state (PSS) calculation based on NO, O;, HO, and RO, concentrations
and NO, photolysis frequency for CAFE Brazil by Hartmann (2024) was used. Since
measurements of RO, and HO, measurement data were not available at this point,
Hartmann (2024) used simulated data of CH;0, and HO, for the calculation of PSs-
NO.. Hence, the measurement based NO, data during CAFE Brazil is not independent
of model simulations. In comparison to the simple Leighton relationship (Equation 27),
which neglects losses of NO with HO, and peroxy radicals, the extended PSS equation
leads to approx. a factor of two (10-15 ppt) higher results (Hartmann, 2024).

For CAFE Pacific, only the simple Leighton relationship based on the steady-state
assumption in Equation 27 was applied to calculate measurement based NO, which
is valid in the absence of rapid changes in light intensity or reactant concentrations
and in polluted areas where the impact of peroxy radicals on NO oxidation is small
(Leighton, 2012).

k7[NO;][03]

[NO2]pss = ]N—Oz (27)

where jNO; is the photolysis frequency of NO, to NO and O(3P) and k7 is the reac-
tion rate between NO and O; forming NO, and O,. As shown by Hartmann (2024)
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for CAFE Brazil, the impact of peroxy radicals on the photo stationary state concentra-
tions of NO, might not be negligible in remote, tropical areas, the uncertainty on the
measurement based NO, used for the CAFE Pacific analysis has a higher uncertainty
possibly also in the range of a factor of 2.

As described in Section 4.4.1, the HYdrogen Peroxide and Higher Organic Peroxides
monitor (HYPHOP) monitor was used to calibrate PAA during ground-based experi-
ments because the instruments detects organic peroxides based on dual-enzyme flu-
orescence spectroscopy (Hamryszczak et al., 2023a). Cross-calibrations with HYPHOP
were performed together with Zaneta Hamryszczak, Dirk Dienhart and Antonia Hart-
mann.

CO was measured with two instruments via infra red absorption spectrometry. One
with a tunable diode laser (TRISTAR) and one with a quantum cascade laser (ATTILA)
(Ort et al., 2024). The TRISTAR provided 1s CO data with an flight-dependent total
measurement uncertainty between 2.3-9.8 % for CAFE Brazil and between 4.2-7.8 % for
CAFE Pacific data.

The Fast accurate airborne ozone instrument (FAIRO) is able to measure ozone (O3 )
between an 3-5000ppb at a frequency of 10Hz based on a dry chemiluminescence de-
tector calibrated by a dual-beam ultra violet photometer (Zahn et al., 2012).

The charge-coupled device (CCD) array spectroradiometer of FjZ (HALO-SR) derives
photolysis frequencies of atmospheric species by measuring actinic flux densities in a
spectral range of 280-650nm (Bohn and Lohse, 2017). For steady-state calculations of
PAN, PAA and NO, I used photolysis frequencies of O;, HNO;, HNO,, CH;COCH;,
PAN, CH;CHO, NO, and H,O, from the SR instrument at 1s integration time.

The soot photometer (SP2) instrument is an eight-channel Single particle Soot Pho-
tometer with a Nd:YAG Laser at 1064 nm detecting time-dependent scattering and
incandescence signals of particles in the size range of 200-400nm diameter (Holanda
et al., 2020). Since the data is not yet calibrated, the raw incandescence signal was used
as a qualitative indicator of the presence of refractory black carbon particles.

3.4 CAMS PREDICTIONS FOR FLIGHT PLANNING

For flight-planning during the CAFE campaigns, the PAN forecasts by Copernicus At-
mospheric Monitoring Service (CAMS) provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF) were used by the mission principle investigators.
CAMS provides a global forecast of more than 50 chemical species including PAN in
a 0.4 °x0.4° resolution for pressure levels between 1-1000hPa twice a day based on
satellite observations merged with an atmospheric computer simulation. The chemical
mechanism of the integrated forecast system (IFS) is an extended version of the Carbon
Bond 20057. The service package provided by ECMWF extra for the CAFE campaigns in-

https://confluence.ecmwf.int/display/CKB/CAMS%3A+Global+atmospheric+composition+forecast+
data+documentation, last access: 151 April 2025.
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cluded several pressure layers and forecasts for four times a day. CAMS also provides
assimilated forecast data with re-processed observations in the EAC4 reanalysis data
set with time steps of 3 h (Flemming et al., 2017) which is usually available after several
months.

For the post-campaign analysis of CAFE Brazil, I compared measurements to the
CAMS reanalysis data EAC4 at five pressure levels (250hPa, 300hPa, 600 hPa, 850 hPa,
1000 hPa) and four times per day (oh, 6h, 12h and 18h coordinated universal time
(UTCQ)). In the case of CAFE Pacific, the reanalysed data was not yet available at the time
of the analysis, wherefore I used forecast data for the pressure levels 250 hPa, 300 hPa,
500 hPa, 850 hPa and 1000 hPa at oh and 12h UTC.

3.5 HYSPLIT BACKTRAJETORIES

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)® is an atmospheric
transport and dispersion model that computes single air parcel trajectories based on
the Lagrangian approach provided by National Oceanic and Atmospheric Administra-
tion (NOAA) (Stein et al., 2015).The PC-based trajectory model Version 5.2 was used to
calculate 10-days backward trajectories along the flight tracks to investigate the origin
or sample air masses during CAFE Brazil and CAFE Pacific. One-degree archived meteo-
rological data from the Global Data Assimilation System (GDAS)? run by the National
Weather Service National Center for Environmental Prediction (NCEP) of NOAA. The
HYSPLIT trajectories are a useful tool for a qualitative analysis but are highly depen-
dent on the meteorological conditions and the used vertical transport method which
leads to horizontal deviations around 40 % of the traveled distance(Harris, Draxler, and
Oltmans, 2005).

36 FIRMS SATELLITE OPEN FIRE OBSERVATIONS

A helpful tool, to qualitatively estimate the impact of biomass burning and open fires
on the sampled air mass composition are the Fire Information for Resource Manage-
ment System (FIRMS) satellite observations provided by NASA’s Earth Observing Sys-
tem data. The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments
globally detect fire events under relatively cloud-free conditions at 1 km-pixel resolu-
tion and are mounted aboard the two satellites Aqua and Terra™®.

3.7 EMAC MODEL

In the framework of this work, the observations of PAN and PAA are compared to the
general circulation model ECHAM/MESSy Atmospheric Chemistry (EMAC). The EMAC
model couples the Modular Earth Submodel System (MESSy2) (Jockel et al., 2010) to
the fifth generation of the General Circulation Model European Centre HAMburg gen-
eral circulation (ECHAM) model (Jockel et al., 2006). The horizontal resolution of the

8 https://www.arl.noaa.gov/hysplit/, last access: 16th May 2025.
9 https://www.ready.noaa.gov/gdasl.php, last access: 16th May 2025.
10 https://modis-fire.umd.edu/af.html, last access: 29™ May 2025.
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3.7 EMAC MODEL

model is 1.875°x 1.875°and 31 layers up to 10hPa were used whereof 22 layers are
in the troposphere. EMAC includes the Mainz Organic Mechanism (MOM) chemistry
scheme (Pozzer et al., 2022; Sander et al., 2019) as well as a lightning parametrization
(Grewe et al., 2001; Kurz and Grewe, 2002) and the convection parametrization CON-
VECT"'. The model was used to calculate atmospheric species along the flight track
every 12 min. Matthias Kohl did the simulation for CAFE Brazil and Anna Martin for
CAFE Pacific with the identical model set-up.
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Figure 3.7.1: Schematic of the PAN and PAA chemistry scheme implemented in EMAC. Photolysis
are marked with yellow arrows, reactions with OH in brown. Loss reactions of
the PA precursor radical and its immediate precursor CH;CO leading to other
products than PAN (blue) or PAA (red) formation are marked with gray arrows.

A schematic of the PAN and PAA-chemistry implemented in MOM is illustrated in
Figure 3.7.1. Gas phase reaction rates concerning PAN and PAA formation and loss re-
actions are take from the latest recommendations from IUPAC'?. EMAC includes a myr-
iad of organic precursors leading to the formation of the CH3CO-radical via photoly-
sis (yellow arrows), oxidation with the OH-radical (brown) or by the photo-oxidative
degradation of isoprene. The reaction of CH3CO to CH3C(O)O; happens quasi instan-
taneously and almost completely, only a negligible percentage (3-8 %) follows another
reaction pathway with O, forming formaldehyde instead of PA. The PA radical is in-
volved in various reactions with organic peroxy radicals (RO,) as well as NO and NO;.
Both, PAN and PAA are uniquely formed via the PA-radical depending on the abun-
dance of NO, and HO, relative to the other reactants. The unimolecular decomposition
of PAN to PA is highly temperature dependent but can also be induced by photolysis.
PAN can also be photolysed to CH;, NO; and CO,, subsequently forming CH;CO, and
being permanently lost. The most relevant tropospheric loss terms of PAA considered

https://envmodel.ipa.uni-mainz.de/submodels- convect/, last access: 15'Eh May 2025.
https://iupac.aeris-data.fr/catalogue/#/catalogue/classifications/gap, last access: 15th May
2025.
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in the model are photolysis and the reaction with OH. The reaction of PAA with OH
(Reaction Equation 42) is in principle also a source of PA but is not depicted as it is very
slow with a reaction rate coefficient of 4 x 10~ "#cm3molec.~'s™! (Berasategui et al.,
2020) and hence quasi negligible.

38 STEADY-STATE CALCULATIONS OF IN-SITU PRODUCED PAN AND PAA

In order to estimate PAN and PAA in-situ production and derive a chemical steady-state
concentration based on available measurement data for HALO instruments, a simplified
chemical scheme compared to EMAC (Figure 3.7.1) is used as shown in Figure 3.8.1. A

Acetone Acetaldehyde
+ OH
PA
CH;C(0)O
+ NO/ \ HO,
PAN
CH5C(0)0O,NO, CH3C(O)OOH
{+OH
v

Figure 3.8.1: Schematic of the simplified reaction scheme for PAN and PAA formation and
losses used in the steady-state assumption.

steady-state condition is reached when the temporal change of a component is zero
and hence the sum of all production terms equal the sum of all loss terms. The steady-
state concentration of a species ([species]ss) can then be calculated as in Equation 28.

. _ Pchem + Ptrans
[species|ss =

I—chem + Ltrans =+ Lde'pos (28)
It is worth noting that the simplified steady-state calculation considers only chemical
production (Pchem) and loss terms (Lcnem). Specifically, sources (Pirans) and losses
(Ltrans) due to vertical and horizontal transport, as well as dry and wet deposition
(Laepos), are left out. Therefore, the simply chemical steady-state may not be valid un-
der conditions in which other processes than chemical production and loss terms be-
come dominant, e.g. in the case of long-lived species. In addition, the chemical steady-
state assumption can also not be applied in phases of twilight, where low photolysis
rates are too low to establish a steady state.

In this simplification, which was previously described by Crowley et al. (2025), only
the two PA precursors acetone and acetaldehyde (Fischer, Reidmiller, and Jaffe, 2008)
which form PA via photolysis (Reaction 29) and oxidation with OH (Reaction 30) re-
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spectively are considered. MGLY was not included because none of the instruments
aboard HALO measured MGLY.

CH3C(O)CH; + hv 222 CH3C(0)0; + CH305 (29)
CH3CHO + OH —22 CH;C(0)0; + H,0 (30)

The reaction of PA-radical (CH3C(O)0O;) with NO, (Reaction 31) forming PAN com-
petes with the reaction of formation of PA with HO, (Reaction 32) and hence the PAA
formation (Equation 32a).

CH3C(0)0; +NO, + M —» CH3C(0)0,NO, + M (31)
CH3C(0)O2 + HO2 — CH3C(O)OOH + 0> (32a)
— CH3C(O)OH + O3 (32b)
— CH3C(0O)O+0OH+ 0O, (32¢0)

Competing loss reactions with PA other than NO (Reaction 53) are neglected.
CH3C(0)O2 + NO — CH3 +CO, + NO; (53)

Daytime mixing ratios of NO; are usually very low because of its rapid loss by pho-
tolysis (Brown and Stutz, 2012) and are considered not relevant in our simple daytime
steady-state assumption. The role of loss reactions of PA with RO; is dependent on the
availability of organics and will be discussed in the application cases.

3.8.1 PAN steady-state equations

From the above equation one can derive the following PAN production rate (Ppan) in
molec.
cm3xs’

Ppan = ([OH][CH3CHO] x k30 + [CH3C(O)CH3] x J29) x f (33)
with f being the fraction of the PA-radical leading to PAN formation:

o K31NO,] o
= 131INO,] & K32[HO,] 1 K53[NO] 34

The considered loss terms of PAN in the simplified reaction scheme are due to ther-
mal decay (Reaction 35) and photolysis (Reaction 36). Losses of PAN towards reaction
with OH have been neglected because the reaction rate coefficient of PAN + OH is be-
low 10~ cm3molec.~'s~! according to IUPAC and is hence not relevant in the UT at
typical OH mixing ratios compared the photolysis loss processes.

CH3C(O)O2NO2 +M — CH3C(0)0O3 +NO2 +M (35)

CH3C(0)0,NO; +hv — CH3C(0)0, + NO, (36a)
CH3C(O)O2NO2 +hv — CH3CO, + NO3 (36b)
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Since PAN re-dissociates into the PA-radical (Reaction 35 and Reaction 36a) and lead-
ing to reformation of PAN, only the fraction (1-f) is lost via these pathways (Reaction
37). Therefore, the loss rate of PAN (Lpan) can be formulated as given in Reaction 37.

Lpan = J36b+ (1 —1) x (J36a + k35) (37)
Assuming a steady-state of production and loss terms, where
d[PAN
[dt . Ppan(t) —Lpan[PAN](t) =0

the steady-state concentration of PAN (PANss) can be calculated as given in Equa-
tion 38.

P
PANss = = (38)

3.8.2 PAA steady-state equations

Like for PAN, the production rate of PAA consists of a term for acetone photolysis
and acetaldehyde oxidation but also includes a term from the PA released due to the
thermal dissociation of PAN (Reaction 39).

Ppaa = ([OH][CH3CHOJ x k30 + [CH3C(O)CH3] x J29 4+ [PAN] x k35) x g (39)

The factor g defines the fraction of PA forming PAA, which corresponds to the factor f
in the PAN production (Equation 34).

B K32[HO,] .
9= ¥31INO,] + k32[HO,] + k53[NO]

The factor g includes the term o which represents the partitioning of the three reaction
pathways of PA with HO, (Reactions 32a-32c). The fraction « is defined by the ratio
of the competing reaction rates(Equation 41) retrieved from IUPAC. Depending on the
temperature, in the low and mid-tropospheric region o is usually between 20-40 %.
B k32a
%7 k32a 1 k32b + k32
Considered losses of PAA in the atmosphere included photolysis (Reaction 43) as
well as the reaction with OH (Reaction 42). However, based on the latest research
findings, the reaction of PAA + OH Equation 42 takes place very slowly in atmospheric
temperatures (< 4 x 107" ecm3molec.”'s7 ) (Berasategui et al., 2020) and is hence
almost negligible compared to the photolysis of PAA.

CH3C(0)OOH + OH — CH3C(0)03 + H,0 (42)
CH3C(0)OOH + hv — CH305 + OH + CO, (43)

o (40)

(41)

The total loss rate Lpa o of PAA can be formulated as in Equation 44.
Lpaa = J43 + [OH] x k42 (44)

Similar to the steady-state concentration of PAN, the simplified state state concentration
of PAA is then given by Equation 45.

Ppaa
Lpaa

PAAss = (45)
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3.8.3 Production terms via modelled PA

For comparison between the EMAC model PAN and PAA mixing ratios and a steady-
state calculation, the modelled concentration of the PA-radical (CH3C(O)O3) can be
directly used instead of calculating its production from only acetone and acetaldehyde.
The production terms for PAN and PAA are then given by Reaction 46 and Reaction 47
respectively.

Ppanviapa = [CH3C(0)03][NO;] x k31 (46)
Ppaaviapa = [CH3C(0)0,][HO;] x k32a (47)

Using the same loss terms for PAN and PAA described in Equation 37 and Equation 44,
a steady-state concentration can be derived as described in Equation 48.

P .

PANssviaPA = % (48)
P .

PAASSyiapa = —oViaPA (49)

Lpaa
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CIMS DATA CALIBRATION

In this chapter, the Chemical Ionisation Mass Spectrometry (CIMS) measurement tech-
nique is described in detail. Additionally, the necessary calibrations and correction
factors for PAN and PAA data processing of the CIMS instrument are explained. Follow-
ing a technical description of the instrument, experiments and improvements on the
calibration method made in the framework of this thesis are presented. Finally, sources
of measurement uncertainties are listed and quantified. The understanding of potential
uncertainties related to the CIMS measurements of PAN and PAA is essential for inter-
preting the results and drawing conclusions from the data collected during the CAFE
Brazil and CAFE Pacific campaigns.

4.1 ADVANTAGES OF THE CIMS MEASUREMENT TECHNIQUE

Historically, PAN was first measured during the extensive smog events in Los Angeles
in the 1960s by infrared spectroscopy (Stephens, 1969; Stephens, 1987; Tuazon, Winer,
and Pitts, 1981). The detection limits of these early measurements were in the range
of a few ppb at an almost 1km long path-length (Tuazon, Winer, and Pitts, 1981). A
significant improvement in transportability and sensitivity was achieved with gas chro-
matography (GC) measurements using an electron capture detector (ECD) (Blanchard
et al., 1990; Flocke et al., 2005). These measurements had a LOD of 2 ppt but were limited
by slow sampling frequencies of a few minutes (Flocke et al., 2005). In addition, dif-
ferent types of mass-spectrometry methods, such as Negative Ion Chemical Ionization
Mass Spectrometry (LOD of approx. 15 ppt at retention times of 2.6 min) (Tanimoto et al.,
1999) and PTR-MS (LOD approx. 7oppt at 15s integration time) (Hansel and Wisthaler,
2000), were developed to measure different types of PAN-type species. Most recently,
the mass spectrometry based on chemical ionisation (CIMS) had been further devel-
oped using I or SF, as reagent ions and including a thermal dissociation (TD) area,
which allows fast measurements of a series of peroxyacyl nitrates and dinitrogen pen-
toxide by thermally generating acylperoxy radicals (Huey, 2007; Slusher, 2004). The
use of these primary ions enables the detection of a broad variety of atmospheric rel-
evant species (Huey, 1995). The major advantage of the CIMS measurement technique
is its fast response time of around 1s at LODs of a few ppt. Additionally the CIMS tech-
nique is robust against vibrations, pressure changes, or temperature changes and is
transportable, making it suitable for aircraft application in contrast to GC instruments
(Roiger et al., 2011; Slusher, 2004).

In the framework of this work, aircraft measurements focusing on the upper tropo-
sphere were performed, where PAN levels are expected to be in the range of a few ppt
up to a ppb. The CIMS instrument had previously achieved an LOD (2 0) of 3-4 ppt at
an integration time 1s by using a **°Po ion source (Eger et al., 2019). Details about the
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current configuration of the instrument and its detection limits are described in this
chapter.

4.2 DETECTION OF PAN AND PAA WITH AN I -CIMS

Mass spectrometry is a widely used tool in atmospheric sciences to separate the com-
ponents sampled air masses by their mass-to-charge-ration (m/z). The ionisation of the
target gas can be achieved by different methods, which vary in the degree of fragmen-
tation. In contrast to hard ionization techniques, such as electron ionisation, chemical
ionisation, as used by CIMS, is considered a "soft" technique, resulting in minimal frag-
mentation of the resulting ions of the target gas. The separation of the resulting ions
occurs based on their behaviour in elector-magnetic fields.

4.2.1  Instrument description

The configuration of the CIMS instrument, as applied during different aircraft cam-
paigns with the HALO (Gulfstream Gs550), is depicted in Figure 4.2.1. The CIMS is in-
stalled in an aircraft rack with dimensions 65 cm x 55 cm x 140 cm and has a total weight
of 135kg. The measurement principle is based on thermal dissociation of PAN (TD-
CIMS) and iodine I™ as reagent ion (Slusher, 2004; Zheng et al., 2011). The instrument
details and its ion-source have been described elsewhere (Dorich, 2023; Dérich et al.,
2021; Eger et al., 2019; Phillips et al., 2013).
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Figure 4.2.1: Scheme of the CIMS instrument designed for aircraft experiments, adapted from
Dorich (2023).

A brief description of the measurement principle is given in the following.
Air is sampled via a trace gas inlet (TGI) facing in the direction of flight at the top of
the research aircraft at a constant mass flow of 1.4 standard liter per minute (sim) (F1 in
Figure 4.2.1) due to a critical orifice with a diameter of 0.8 mm and the inlet pressure
regulation which keeps a constant pressure of 100 mbar (p1 in Figure 4.2.1) in front of
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the Ion molecule reactor (IMR). Due to this set-up, aircraft measurements up to a height
of 15km are possible. The inlet, consisting of 1/4"-perfluoroalkoxyalkane (PFA)-tubing,
is heated to 42°C (T1 in Figure 4.2.1) to reduce the surface-residence time of trace
gases. The bypass is connected in such a way that ambient air flows orthogonally to the
inlet to reduce the number of large particles entering the instrument. The bypass can
be flushed with nitrogen (F6 in Figure 4.2.1) to protect the instrument from extremely
polluted air as for example during take-off and landing. For ground applications, the
TGI is replaced by a 2 um pore size teflon membrane filter (Pall).

In order to establish the instrumental background signal, the sampled air is scrubbed
by steel wool heated to 140 °C removing acids and nitrates without affecting the mix-
ing ratio of H,O. Afterwards, the sampled air flows through the thermal dissociation
region (TDR), where PAN is converted to CH3C(O)O; and NO, (Rection 35). The TDR is
circa 20cm long, heated 1/2"-PFA tubing. The optimal temperature of the TDR, where
dissociation of PAN is maximal and losses of the PA-radical are minimal, was derived
in laboratory experiments as described in Section 4.5.4 and lies between 150-180°C
(T2 in Figure 4.2.1). The IMR is the region where the target gas ionized by the reagent
ions I~ and is kept at a constant pressure of 18 Torr (24 mbar, p2 in Figure 4.2.1). The
estimated residence time in the IMR is 4oms (Dorich et al., 2021). The reagent ions are
produced by photoionization of methyl iodide (CH;I) (see Section 4.2.2) wherefore a
flow of 5-20standard cubic centimeter (scem) (F4 in Figure 4.2.1) is dilluted in 750 sccm
of dry nitrogend (F3 in Figure 4.2.1).

In the presence of water, I~ forms water clusters (I" (H20),) which can react at
different reaction rates with the target species and form product ions with different
numbers of water molecules attached (Jost et al., 2003). Therefore, a careful correction
of sensitivity towards humidity must be applied which is discussed in Section 4.5.2.
Previous laboratory experiments have shown that in dry air below a relative humidity
of 2% the sensitivity of PAA drops drastically (Phillips et al., 2013) which corresponds
to a mixing ration of H,O of approximately 1e!®molec.cm™3. In the UT at pressures
around 240hPa and -40 °C, typically mixing ratios of water are around 500 ppb which
corresponds to 3.9¢'?molec.cm 3. To avoid the sensitivity drop in the dry conditions
in the UT, the CIMS is equipped with an internal humidifier adding a constant amount
of humidity to the IMR. The humidifier consists of a 1/4" PFA tubing filled with distilled
water and an inner 1/8" GoreTex tubing flushed with 50 sccm of N, (F5 in Figure 4.2.1).
It is assumed that the relative humidity inside the inner tubing is about 100% due
to the permeation of water through the inner tubing. The humidified 50sccm N, are
diluted in the total flow to the IMR (ca. 2200 sccm) which results in a minimum relative
humidity inside the IMR of approximately 2.3 %.

The cluster-ions are de-clustered in the collision dissociation chamber (CDC) region
subsequent to the IMR. The CDC region includes an octopole ion guide to accelerate
and collimate the ion beam and is kept at a pressure of o.6 mbar (p3 in Figure 4.2.1).
The housing potential (UcpcHouse) applied to the CDC is switched between -22.8V
(strong declustering) and -20.5V (weak declustering) for the detection of the primary
ions I at 7+ =127 and the first water cluster at 7+ =145 (I" (H20)) respectively. Thus,
the number of water molecules inside the IMR can be derived via the ratio between
[™ (mass to charge ratio between 7+ =127 and - =145 as described in Section 4.5.1.
Unfortunately, in the CIMS configuration declustering cannot fully be excluded even
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the lowest possible declustering potentials and hence the detection of weakly bound
adducts is precluded.

After the CDC, another octupole ion guide focuses and guides the negatively charged
product ions at a pressure of around 6x10~3 mbar (p4 in Figure 4.2.1) and an electric
potential of +20V. The ions are separated by their mass to charge ratio () via a
quadrupole mass filter at a pressure of approx. 9x10~> mbar (p5 in Figure 4.2.1). The
direct and alternating voltage at the quadrupole mass filter defining the mass to charge
ratio (m/z)-ratio which gets through to the detector is controlled by a radio-frequency
generator (Balzer QMH 410-3, 1.44 MHz). During a campaign, 3-10 different m/z-ratios
are selected to be monitored. The incoming ions are counted with a channel electron
multiplier detector (ITT Ceramx 75550M). Each m/z is resolved into 8 individual chan-
nels. The integrated signal in raw counts for at a given m/z are calculated by the sum
of these 8 channels.

4.2.2  lon chemistry

Iodide (I7) allows soft ionization with low fragmentation during the ionisation pro-
cess and is a widely used reagent ion for CIMS instruments (Huey, 2007; Lee et al.,
2014; Phillips et al., 2013; Slusher, 2004). I, which has a large mass-to-charge ratio is
(7 =126.905), is a weak gas-phase base and has a high electro-negativity. Therefore,
iodide can be used to detect many ubiquitous atmospheric species via electron transfer
or proton abstraction (Huey, 1995; Lee et al., 2014). time-of-flight (ToF) spectrometer
coupled CIMS instruments are able to detect a wide range of more polar and acidic
VOCs based on I adduct chemistry in the range of 7F =25-625 (Lee et al., 2014). High-
resolution and lower detections limits are achieved by using the large negative mass
defect (8, = —0.096 Th) of iodide as an additional degree of separation of the product
ions (Lee et al., 2014) and allowed the detection of adducts with binding enthalpies to
iodide higher than about 26 cal/mol (Iyer et al., 2016).

A vacuum ultra violet (V-UV) lamp, as described by Dérich (2023), is used to photo-
ionize methyl iodide (CH3I) at 116.5 nm (photon energy = 19.64 €V) and 123.5 nm (pho-
ton energy = 10.03 €V, exceeding the ionization potential of 9.54eV of CH3I (Ji et al,,
2020)). The photoelectrons attach to CH3I and form I~ which is used to detect both
PAN (CH3C(0O)O2NO2) and PAA (CH3C(O)OOH) as CH3C(O)O™ at 7+ =59 via the
following reaction scheme:

CH3C(0O)O2NO3 +M — CH3C(0)0O32 +NO2 +M (50)
CH3C(0)0, + T~ — 10 + CH3C(0)O~ (51)
CH3C(O)OOH + I~ — HOI 4+ CH3C(0)O— (52)

PAA is directly ionized by the reaction with I~ forming CH3C(O)O~ (Reaction 52).
In contrast, PAN is first thermally dissociated in the TDR to form CH3C(O)O; (Reaction
50) which is then ionized to CH3C(O)O™ in the IMR (Reaction 51).

To differentiate the signal of PAN and PAA on > =59, NO is periodically added in front
of the TDR to titrate the contribution of PAN to 7* =59 (Reaction 53).

CH3C(0)0; + NO — CHs 4+ CO5 + NO; (53)
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Similarly to the PAN-detection method, the CIMS instrument can also detect other PAN-
homologues such as PPN (C2Hs C(O)O2NO;; 7+ =73), MPAN (7 =85), peroxyisobutyryl
nitrate (PiBN) ( =8y7) and trifluoroacetyl nitrate (fPAN) (7} =111).

4.3 PAN CALIBRATION

The raw CIMS signal is given in ion counts in defined integration time. Assuming that

only a few percent of the reagent ions are consumed in the ionisation process and hence

their concentration is approximately constant, the concentration of the target gas [P]

can be derived from the raw signal of the target gas P~ via the following equation:
[P~]

[P] = m (54)

In Equation 54, the raw counts of the target gas [P] (; =59) are normalized by the
raw signal from the primary ion (R™, 7+ =127) to account for drifts in the primary
ion signal for example due to variations in the ion source, ion transmission or detector
response. Se¢¢ is the effective instrument sensitivity and represents the product of an
effective rate constant and an effective reaction time (Huey, 2007). The instruments
effective sensitivity can be derived from a calibration standard with a known amount
of the analyte. It can be optimized by adjusting flows, electric potentials and resolution
(Eger, 2019) but may vary depending on many factors like temperature and humidity.
Hence, S¢fr must be monitored regularly. Therefore, the CIMS contains an internal
photochemical source (see Section 4.3.1) producing a PAN calibration standard which
is added before the TDR to the IMR (F2 in Figure 4.2.1). The automatized calibration
sequence is described in Section 4.3.2.

4.3.1 Internal photochemical source

The photochemical source is a quartz glass reactor with a volume of 150ml in which
PAN is formed via the photolysis of acetone at 285 nm and the reaction with NO (Eger
et al., 2019; Flocke et al., 2005, Warneck and Zerbach, 1992). A ventilator next to the
reactor prevents the reactor from getting too hot. The formation of PAN taking place
inside the reactor is described in the following reaction scheme:

CH3C(0)CH; + hv 22 CH3C(0)0;, + CH30; (29)
CH30, +NO 22 HCHO + HO, + NO; (55)
CH3C(0)0, + NO — CH; + CO; + NO; (53)
CH3C(0)O; + NO; + M —3 CH3C(0)0,NO, + M (31)
CH3C(0)O; + HO; —3 CH3C(O)OOH + 0, (32a)
— CH3C(O)OH + O3 (32b)

— CH30, + OH (32¢)

The CIMS instrument is equipped with gas mixtures (Air Liquide) in bottles of 0.4 -
21 which are used to run the photochemical source to provide a constant and well-
defined amount of PAN for regular calibrations during field experiments. According
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to the previous reaction scheme, each NO molecule yields to the formation of a NO,
molecule via Equation 53 or Equation 55 and hence to a PAN molecule. In reality the
conversion is slightly less than 100 %. The conversion efficiency of NO to PAN was
determined by Eger et al. (2019) to be 0.9 - 0.95 which is in line with reported values in
the literature (Patz et al., 2002; Volz-Thomas, Xueref, and Schmitt, 2002). Based on this
assumption, the concentration of PAN produced in the source (cpan) can be calculated
as follows from the concentration of NO (cno) and the flow rates of NO (Fnos) and
acetone (Fqcet):

Fnos
(FN os + Facet)

cpan (in source) = cno X x conversion efficiency (57)

The flow out of the photochemical source is added to the IMR (F2 in Figure 4.2.1) where
it is diluted in the total instrument flow (Fcipms = 1400scem). Hence, the amount of
PAN in the IMR is given by Equation 58.

F
cpan (in IMR) = ¢cno X _NOS o conversion efficiency (58)
Fcims

The calibration concentration of PAN for the different campaigns is given in Table 2.

CAFE Brazil CAFE Pacific BAIRN-VIP
CH3I/N2(Fcr,1) 200ppm (5sccm) | 200 ppm (5sccm) | 200 ppm (20 sccm)
Acetone/Synair (Fqcet) | 200 ppm (50sccm) | 200 ppm (40sccm) | 10 ppm (37 sccm)
Acetone C-isotope 12¢ 13¢C 13¢C
NO/Nz(Fnos) 1ppm (5sccm) 1ppm (5sccm) 0.25 ppm (5 sccm)
NO/N2(FnoT) 0.1 % (10sccm) 0.1 % (5sccm) 0.1 % (5sccm)
PAN in source 82 ppb 100 ppb 27 ppb
PAN in IMR 3.214 ppb 3.214 ppb 0.804 ppt

Table 2: PAN calibration concentrations during three measurement campaigns CAFE Brazil, CAFE
Pacific and BAIRN-VIP, based on used gas mixtures and flow rates in standard cubic
centimeter (sccm).

Based on the calibration concentration, the instruments sensitivity for PAN can be
derived in normalized counts per ppt.

4.3.2  In-flight calibrations

During field experiments, the CIMS runs in a fully automated cycle, alternating between
the following six process states (ProcState) which are controlled by an in-house built
controller unit:

1. Ambient: measuring ambient air

2. PanTit: adding NO to ambient air to remove the contribution of PAN type species
to the total signal by titration of the CH3C(O)O; radical in the inlet

3. Zero: scrubbing ambient air
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4. PanCal: adding calibration standard from the internal photochemical source
5. CalTit: adding NO to titrate the contribution of PAN to the total calibration signal

6. Protect: flushing the inlet with N, at take-off and landing (triggered by an aircraft
speed-limit below 15m/s)

The duration of Ambient and PanTit ProcStates was set to 2.5 min during CAFE Brazil

and BAIRN-VIP and to 2min during CAFE Pacific. A calibration cycle (Zero + PanCal +
CalTit) was performed at least once per hour, usually automatized but could option-
ally be paused or manually triggered by the in-flight operator in HALO to optimize
data coverage. The averaged signal during the PanCal ProctState must be corrected
by the subsequent average CalTit signal to obtain the net contribution of PAN from
the calibration standard. The result of all in-flight in-situ calibrations for CAFE Brazil
(left panel) and CAFE Pacific (right panel) is shown in Figure 4.3.1 with respect to the
altitude where the calibration took place. As seen in Figure 4.3.1, the normalised PAN
signal per primary ion (- =127) is dependent on altitude (and hence humidity) but
decreasing almost linearly below an altitude of about 10km. Since the laboratory ex-
periments described in Section 4.5.2 showed that the instrument sensitivity to PAN is
basically independent on humidity, this loss in calibration signal was attributed to ma-
trix effects in wet air masses with by-products of the photochemical source leading
to a loss of CH3C(O)O™ anions in the IMR. As will be discussed in Section 4.5.3, a
correction factor of ca. 0.86 was applied to account for these losses of CH3C(O)O™ an-
ions during calibration and only the high-altitude in-situ calibrations in dry air masses
were considered for the in-situ calibration. More specifically, for each flight an average
calibration signal from the calibrations above 10km altitude (gray dashed line in Fig-
ure 4.3.1) was used to derive the flight-wise PAN sensitivity.
On average, the normalized PAN signal ( nT// ;15297) from high-altitude in-flight calibra-
tions was 0.15 4 0.02 during CAFE Brazil and 0.11 £ 0.0.1 during CAFE Pacific. Knowing
the PAN concentration in the IMR provided by the photochemical source (see Table 2),
one can derive the sensitivity in each calibration cycle in the unit of normalized signal
per ppt (m59/m127 per ppt) which is 5.6 £ 0.7 x 107> and 4.0 £ 0.4 x 107> for CAFE
Brazil and CAFE Pacific respectively.
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Figure 4.3.1: Normalized PAN signal from calibrations during all PAN measurement flights dur-
ing CAFE Brazil (left panel) and CAFE Pacific (right panel). The gray dashed line
indicates the altitude threshold of 10 km above which data were used for the anal-
ysis.
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4.3.3 Isotopic standard

As shown in Table 2, the PAN concentration used for calibration is approximately 3 ppb,
which significantly exceeds the expected PAN levels in remote areas. During CAFE
Brazil, a memory effect of the calibration PAN concentration was observed. Specifi-
cally, an exponential decrease in ambient PAN was found during the first 30s after
every calibration cycle. To mitigate this issue, the photochemical source was modified
to use 3C isotopically labeled acetone instead of the usual **C in the subsequent mea-
surement campaigns CAFE Pacific and BAIRN-VIP. The 3C-labeld acetone contains two
3C atoms, which allowes the produced PAN (and PAA) in the photochemical source to
be detected at 7+ =61 instead of 7+ =59, thereby differentiating it from ambient PAN.
The isotopically labeled "3C-PAN from the calibration standard exhibits the same ion
chemical behavior as "C-PAN (Roiger et al., 2011; Zheng et al., 2011).

A mixture of around 200 ppm isotopically labeled acetone was prepared by mixing a
commercial 99 % Acetone-"3C (Aldrich) with synthetic air. Furthermore, the mass res-
olution at small masses was improved to a full width at half maximum of less than
1amu in order to separate the peak at 7% =61 from neighbouring peaks at 7 =59
and 7} =62, as shown in Figure 4.3.2. The use of isotopically labeled calibration stan-
dard eliminates the memory effects of exceeding calibration concentrations on ambient
measurement, thereby improving the data quality.

counts
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Figure 4.3.2: Spectrum of synthetic air mixed with the CIMS internal photochemical sources run
with 3C-acetone, showing that the peak at 7* =61 is clearly separated from the
peaks on F =59 and 7t =62.

In contrast to periodic calibrations as described in Section 4.3.2, a continuous cali-
bration system can be implemented when using the isotopically labeled standard. The
major advantage of a continuously added isotopically labeled standard is a contin-
uous monitoring of the instruments performance and sensitivity in all kinds of air
masses. For example, successful airborne CIMS measurements of SO, have been per-
formed with a continuously added isotopically labeled calibration standard (Roiger
et al., 2011; Thornton et al., 2002; Zheng et al., 2011). A continuous calibration system



4.4 PAA CALIBRATION

was tested during CAFE Pacific, but it encountered an interference of the isotopically
labeled acetate anion (CH3C(O)O~, 7+ =61) with acetic acid, which is detected as well
at 7+ =59 via Reaction 59. This process is irrelevant if only **C-atoms are available, but
it leads to a significant overestimation of PAN if acetic acid levels in the atmosphere are
high.

13CHI3C(0)0™ +'2 CHI?C(0)OH —'3 CHI3C(0)OH +'2 CH}2C(0)O~  (59)

4.4 PAA CALIBRATION

In the framework of this thesis, different calibration methods for PAA were tested dur-
ing and in between the measurement campaigns.

During CAFE Brazil, a PAA diffusion source was used to cross-calibrate against the
HYPHOP instrument (see Section 4.4.1). Unfortunately, during CAFE Pacific, the cross-
calibrations with HYPHOP did not work due to technical problems with HYPHOP and
post-campaign calibrations in the laboratory had to be performed. In the laboratory,
a PAA permeation source was analysed using a wet-chemical method involving the
oxidation of iodide to triiodide (I3) and its detection in solution (see Section 4.4.2).
This method was also applied during the BAIRN-VIP ground-campaign in Finland.

Figure 4.4.1 shows the resulting relationships between the normalized PAA signal
(m59/m127) and the PAA mixing ratio derived with the different methods at the given
primary water cluster ratio (m145/m127). The slope of the linear relationship in Fig-
ure 4.4.1 gives the calibration factor at the specific m145/m12y ratio during the experi-
ment. The humidity dependency of PAA is discussed in Section 4.5.2.
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0.014. —°- CAFE Brazil (HYPHOP): 0.0125 m59/m127 at 0.036 m145/m127
——- CAFE Pacific (KI): 0.0185 m59/m127 at 0.022 m145/m127 ”
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Figure 4.4.1: Calibration factors used for the three measurement campaigns CAFE Brazil, CAFE
Pacific, and BAIRN-VIP, based on either a cross-calibration with HYPHOP or the
potassium iodide (KI)-method at the ratio m145/mi27 at which the experiments
were performed.
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4.4.1  PAA cross-calibration with HYPHOP

The HYPHOP monitor measures hydrogen peroxide (H,O,) and organic peroxides
(ROOH) by dissolving theses gases into the liquid phase and analysing them based
on dual-enzyme fluorescence spectroscopy (Hamryszczak et al., 2023a).

HYPHOP was operated aboard HALO during all CAFE campaigns. In ground exper-
iments during CAFE Brazil, the two instruments CIMS and HYPHOP wer connected in
series after a PAA diffusion source diluted in a total flow of synthetic air of 71/min at
1.5bar. The distance between CIMS, mounted in the front of the aircraft, and HYPHOP,
mounted in the back, was bridged by a 8m long 1/4"-PFA tubing. In front of the
HYPHOP inlet, a T-piece of PFA was connected serving as overflow. The PAA diffusion
source consists of a glass tube filled with a commercial Peracetic acid solution (35 %)
in acetic acid (ThermoFisher) and was added to the flow via a bypass in front of both
instruments outside of the aircraft. The PAA-diffusion source was closed with a valve
which was opened for a few seconds after a stabilisation time of around 1.5h. The
resulting spike in PAA and its exponential decrease is depicted in Figure 4.4.2.
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Figure 4.4.2: Measured PAA concentration with Figure 4.4.3: Linear fit to HYPHOP’S PAA mea-
HYPHOP (red) and simultaneously surements versus normalized

measured counts on 7+ =59 with
CIMS (black) from a PAA diffusion
source in a ground experiment
on 18th of December 2022 during
CAFE Brazil.

counts on CIMS, derived from the
experiment shown in Figure 4.4.2.
The slope gives the CIMS measure-
ment sensitivity for PAA. Data
points are colour-coded with the

time of the experiment.

Inside HYPHOP, the sampling air first passes through a stripping coil of glass where
the peroxides are dissolved in a buffer solution of potassium hydrogen phthalate (KHP)
and sodium hydroxide (NaOH) in purified water with a pH of 6. The stripping effi-
ciency of PAA was determined experimentally by Bauer (2012) to 0.89 & 0.06. Subse-
quently, the sampling solution is divided into two similar reaction channels, one mea-
suring the total concentration of hydroperoxides and one where catalase is added to
destroy H,O, allowing only organic peroxides to survive. The catalase destruction ef-
ficiency of H,O, in this channel lies between 0.95 and 0.99, according to Hamryszczak
et al. (2023a). Note that in watery solutions, PAA is in equilibrium with H,O,:

CH3C(O)OH +H0, = CH3C(O)OOH + H,0 (60)
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Hence, inside HYPHOP PAA is partly converted into H,O, while the remaining PAA will
be measured as organic peroxide. Assuming that the amount of H,O, in the head-
space of the diffusion source is negligible and only PAA diffuses into the sampling
air, the H,O, signal given by HYPHOP only results from the reaction of PAA with H,O
(Reaction 60). The total concentration of hydroperoxides provided by HYPHOP divided
by the stripping efficiency gives the concentration of PAA during the experiment. Fig-
ure 4.4.3 shows the linear correlation between normalized counts on 7 =59 measured
with CIMS and the concentration of PAA measured with HYPHOP during the ground ex-
periment performed on 18th of December 2022 during the CAFE Brazil campaign. The
slope of the linear fit gives the measurement sensitivity of CIMS on PAA in normalized
counts per ppb and is also depicted in Figure 4.4.1 (green dash-dotted line).

4.4.2  UV/VIS-spectroscopy of PAA in Kl-solution

The method is based on the oxidation of Iodide ions (I”) by PAA in acidic solution
forming triiodide ions (I3) as shown in Reaction 61 (Awad and Ohsaka, 2003) and is
from here on referred to as "KI-method". In the KI-method, the mixing ratio of PAA in
the outflow of an in-house built permeation source is quantified via optical absorption.

CH3C(0)0O, +2I" +2H" — CH3C(O)OH+1, + H,0 (61)
L+ =13 (62)

The absolute concentration of I3 in the solution can be measured via UV/VIS spec-
troscopy based on Lambert-Beer’s law of absorption (Equation 63):

AN =cx1xe() (63)

In Equation 63, A(A) is the wavelength dependent absorption, c the concentration of
the absorbent in the solution, 1 the path length, and e(A) the material specific mo-
lar extinction coefficient. The triiodide extinction coefficient €(A) was determined by
Awtrey and Connick (1950) to be 264001/mol/cm at 353 nm. The triiodide extinction
coefficient spectrum e(A) measured by John Crowley was used as reference spectrum.
The reference spectrum was obtained by adding a known amount of I, to a concen-
trated KiI-solution and normalising the absorbance spectrum to the second extinction
maximum at 353 nm of the absorbance spectrum by Awtrey and Connick (1950).

The in-house built permeation source consisted of a glass tube where a coiled ap-
prox. 1m long piece of 1/16"- PFA-tubing is immersed in commercial PAA solution
(35 % peracetic acid in acetic acid, ThermoFisher). The permeation source was flushed
by a constant flow of nitrogen (N3). To quantify the PAA concentration in the outflow
of the permeation source, a solution of 5.2 g KI in highly diluted sulfuric-acid (around
2.5x1073H,S04mol/l) was prepared. To prevent the iodide from being oxidised by
dissolved O,, the Ki-solution was constantly deoxygenated by flowing nitrogen until
shortly before using it. After de-oxygenation, a sample volume of 20ml (Vsampte) of
the KI-solution was taken and filled into a light-protected glass vessel. The sample KI-
solution was flushed by the outflow of the permeation source with a flow (Fyybbier)
of 20scem for 40-180min (tyubbling). Afterwards, the sample solution was filled in a
cuvette of 3cm length to measure its absorbance in the UV/VIS-spectra of a deuterium
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Figure 4.4.4: Absorption spectrum of triiodide measured in the KI-sample solution flowed with
PAA from a permeation source for 155min on 10th September 2024 during the
BAIRN-VIP measurement campaign in Finland (red) and fitted triiodide extinction
coefficient reference spectrum (black). For further details regarding the reference
spectrum, please refer to the accompanying text. The coefficient of determination
2 and the derived concentration of I3 from the experiment is given in the lower
left corner.

lamp (Hereus L2D2"3). The Charge Coupled Device (CDC)-spectrometer (ocean op-
tics USB4000'4) is responsive to 200-1100nm. The background subtracted absorbance
spectrum of the sample solution was fitted with a ordinary least square method to the
reference spectrum of Awtrey and Connick (1950) (Figure 4.4.4). According to Lambert-
Beer (Equation 63), the absorption and the extinction are linearly correlated. Hence,
dividing the fitting factor by the length of the cuvette gives the concentration of triio-
dide ions [I5] in the sample solution. Given the sample volume, the bubbling time of
KI-solution with PAA, and the bubbling flow, one can calculate the mixing ratio of PAA
(MRpaA) from [I5] with the following equation:

MRpaa =

5] > Vsampte x efficiencypubbler X frac raa (64)
Foubbler X thubbling 202

Base on experiments by Friedrich (2015) with two bubblers in series which showed
quasi no residual PAA uptake in the second sample solution, therefore 100 % uptake of
PAA by the Kl-solution (efficiencypubbler = 1) is assumed. The contribution of H,0;
from the permeation source (frac AN ) was set to o assuming that H,O, in the liquid

phase did not permeate through the ’iubing of the permation source into the gas flow.
Figure 4.4.5 shows that the triiodide ion concentration is indeed linearly correlated
to the bubbling time in all experiments (r = 0.97) leading to a mixing ratio of PAA
(MRpaa) of approx. 120ppb. Details to all performed KI calibration experiments are

https://uvison.com/download/Hamamatsu/L2D2info.pdf, last access: 02.04.2025.
https://spectrecology.com/wp-content/uploads/2020/11/USB4000-Data- Sheet.pdf, last access:
02.04.2025.
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4.5 POST-CAMPAIGN LABORATORY STUDIES

given in Figure A.o.4 in the appendix. The permeation rate of the permeation source
can be calculated from the derived mixing ration MRpaa and Fyypbier. Diluting the
outflow of the permeation source in a known flow of synthetic air and measuring the
PAA signal at CIMS promptly after the determination of the permeation rate, allows to
derive the sensitivity of CIMS towards PAA. For the post-campaign calibration of CAFE
Pacific PAA data, the average of experiments M21-M26 (see Figure A.o.4) were used
to derive the sensitivity of 0.0185 4 0.0051 m59/m127 per ppt shown in Figure 4.4.1.
During the BAIRN-VIP in Finland, the three KI calibration experiments finland-finland3
were performed and led to an average sensitivity of 0.0030 £ 0.025 m59/m127 per ppt.
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Figure 4.4.5: Linear fit (red line) through the measured triiodide concentration depending on
the bubbling time of the KI-solution with PAA. The data is derived from laboratory
experiments (M21-M26) and experiments during the field campaign in Finland
(finland1-3).

Like PAA, H203 can produce I3 in the same way (Reaction 65) even though the re-
action rate is much slower than PAA with I~ (Awad, Oritani, and Ohsaka, 2003; Xiao
et al., 2019). Since PAA in water is in an equilibrium with acetic acid and H,O, (Reac-
tion 60), the unknown contribution of H,O; from the permeation source is a source of
uncertainty in this method.

H,0, + 217 +2HT — I, +2H,0 (65)

4.5 POST-CAMPAIGN LABORATORY STUDIES

The ion chemistry in the IMR of the CIMS is impacted by many factors like absolute
humidity, temperature, and impurities in the gas mixtures. To quantify these effects
and the accuracy of derived mixing ratios of PAN and PAA, a number of post-campaign
experiments were performed in the laboratory and are presented in this section.
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4.5.1 mi127/mi145 ratio as a measure of humidity

The primary-ion signal (- = 127) depends on the concentration of CH;], the output of
the ionization lamp, the ion transmission, and the efficiency of the detector. Changes
may be induced each time instrument settings are changed, the instrument is switched
on and off or is transported. Even though the effective sensitivity of the instrument
(Equation 54) may change, the signal relative to other measured massed should behave
similarly. The ratio of * =145 (I"(H20))) to 7+ =127 (I") was used as a measure
of the mixing ratio of H,O in the IMR to derive the humidity dependency of the mea-
surement sensitivity. As described in Section 4.2.1, the declustering potential applied
to UcDCHouse i set to -22.8V when measuring 7+ =127 which declusters weakly
bound structures like water clusters. Hence, the signal on 7+ =127 represents the sum
of unbound I~ ions and its declustered water clusters I~ (H,0),. When measuring
m

7 =145, UcbcHouse is set at -20.5V and a fraction of approx. 1/6 of I7(H20)) sur-

vives the CDC region (Dorich et al., 2021).

The relationship between mi145/mi127 and relative humidity was experimentally
derived in ground experiments for each campaign. In the experimental set-up, CIMS
sampled an excess of synthetic air with a T-piece in front of the inlet line serving as
overflow. To humidify the synthetic air, a bypass through a glass gas wash-bottle con-
taining distilled water was added to the inflow. By partly opening the bypass valves,
the amount of humidity can be varied and was measured via a humidity sensor. The
maximum reached humidity hereby was around 8o %. All experiments were performed
at atmospheric pressure at ambient temperature. Taking into account the pressure re-
duction until the IMR, one can calculate the number of molecules per cubic centimeter
inside the IMR via the saturation water pressure at a given temperature and the ideal
gas law.

Figure 4.5.1 shows the mi45/mi2y ratio plotted against the number of water
molecules in the IMR as it was measured during or in the following the different cam-
paigns. The data sets were fitted with a logarithmic function (f(x) = ¢ x In(a —b x x)).
I and H,O are in equilibrium in the IMR with the equilibrium constant K.4 (Equa-
tion 66) which was estimated to be keq = 1.16 x 1075 cm3molec.™! at 298K by
Dorich et al. (2021). The form of the curve can be explained by the fact that the sig-
nal on 7+ =127 includes not only the equilibrium concentration of I but as well the
declustered water adduct (I (H,O)) which leads to a flattening towards higher humid-

ity.
(" (H20)]

kea = 9,00

(66)
The ratio of m145/mi2y for the three campaigns followed the same fit function, but
resulted in different fit parameters because the relative sensitivities at 7+ =145 and
7+ =127 were different. The relationships from Figure 4.5.1 were used to compare the
relative sensitivity dependency on humidity for the different campaigns as described in
the following Section 4.5.2. The y-axis offset of the curves is caused by the continuous
flow of humidified air added inside the CIMS to the IMR as described in Section 4.2.1.
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Figure 4.5.1: Relationship between the ratio m145/mi27 and water molecules inside the IMR
during all measurement campaigns. The error bars indicate the standard deviation
for each measurement point. Data points were fitted with the natural logarithmic
function, as given in the lower left corner.

During the aircraft campaigns, H,O mixing ratios were measured aboard HALO with
the BAHAMAS instrument. Exemplarily, the correlation between BAHAMAS mixing ratios
and CIMS m145/mi27 ratio is shown in Figure 4.5.2 which shows a similar logarithmic
relationship. It can be concluded that the use of m145/m127 as a measure of H,O in
the IMR was justified.

4.5.2 Sensitivity dependence on humidity

The change in sensitivity for PAN and PAA due to humidity was tested in laboratory
experiments for the configurations of the CIMS instrument for each measurement cam-
paign. The chemical ionisation measurement technique is sensitive to humidity because
the primary ions are able to form water clusters and these cluster may react with dif-
ferent rate coefficients with the trace gas to be detected (Jost et al., 2003; Zheng et al.,
2011). Hence, the instrument sensitivity for any particular trace gas may depend on the
abundance of H,O-clusters and the extent of declustering of these weak-bonds (Eger
et al., 2019).

It is known that the detection of PAA has a quite complex dependence on humidity
(Phillips et al., 2013) while there is no or only little dependency expected for PAN (Eger,
2019; Slusher, 2004).
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Figure 4.5.2: Relationship between CIMS m145/mi127 ratio and measured humidity with the
BAHAMAS instrument aboard HALO in research flight (RF)17 on 15" February 2024
during CAFE Pacific. Data was fitted with the logarithmic function given in the
lower left corner.

4.5.2.1 Experimental set-up

The humidity dependence of CIMS” PAN measurements were quantified for the in-situ
calibrations of the internal photo-chemical source as well as for a diffusion source
added via a bypass to the flow of synthetic air to the CIMS in ground set-up. The
diffusion source is a glass tube closed by valves and filled with PAN sample solution
diluted in tridecan (Wiist et al., 2024). To avoid the decay of PAN in the solution, the
diffusion source was at 0 °C during the experiments. Relative humidity (RH) was added
to the synthetic air flow with a gas washer cylinder of glass as described in Section 4.5.1
and measured with a humidity sensor (Innovative sensor technology'>) attached to the
tubing via a T-piece in approx. 50cm distance to the gas washer cylinder.

The same set-up applies for the calibration with a PAA diffusion source consisting
of a commercial PAA solution (35 % peracetic acid in acetic acid, ThermoFisher). The
results of the calibrations subsequent to the respective CAFE campaign are depicted in

Figure 4.5.3.
4.5.2.2  PAA humidity dependency

As depicted in the right panel of Figure 4.5.3, for PAA, an increase in sensitivity due
to humidity was observed in the very low relative humidity region (o-5 %), followed
by a drop in sensitivity by a factor of 2.5 at a relative humidity of 60 % compared to

https://www.ist-ag.com/en/products/humidity-module-compact-and-pressure-tight-0, last access:
05.05.2025.
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Figure 4.5.3: Changes in the relative measurement sensitivity of PAN (left panel) and PAA (right
panel) due to humidity, derived from post-campaign laboratory calibrations with
either an internal photo-chemical source (photochem) or an externally added diffu-
sion source (diffusion). For comparison, literature values from Phillips et al. (2013)
are added (brown) which were obtained from previous in-house experiments on
the CIMS-instrument.

the maximum sensitivity. This non-monotonic humidity dependence is consistent with
previous in-house experiments on the CIMS-instrument by Phillips et al. (2013).

The reason for this non-monotonic humidity dependence is not yet clear, but is likely
due to different detection mechanisms of PAA. PAA is assumed to be detected via Re-
action 52, where I~ ionizes PAA, forming CH3C(O)O™ ('} =59). The same reaction
could also occur with I7(H,0O) instead of I, at a faster rate, which would explain the
increase at very low humidity.

To operate CIMS under dry conditions, such as in the UT, the CIMS instrument contains
an internal humidifier that adds a constant relative humidity of approximately 2.3 %
to the IMR (see Section 4.2.1). However, the decrease in PAA sensitivity with higher hu-
midity must have a different reason.

Phillips et al. (2013) found that PAA is also detected at 7* =203 and 7* =221 at
lower declustering energies and suggested another detection mechanism via Reaction
67 and Reaction 68. If the CH3C(O)OOHI~ and the CH3C(O)OOHI~(H;0) are not
de-clustered in the CDC into CH3C(O)O~, this would lead to a negative humidity de-
pendence of PAA.

I~ + CH3C(0)OOH — CH3C(O)OOHI™ (m/z = 203) (67)
I~ (H,0) + CH3C(0)OOH — CH3C(0)OOH)I™ (H20)(m/z = 203) (68)

Based on laboratory experiments, the campaign specific humidity correction factor for
PAA with respect to m145/m127 as a measure of humidity (see Section 4.5.1) is given
in Figure 4.5.4.

4.5.2.3 PAN humidity dependency

The instrument sensitivity on PAN is much more stable towards humidity than for PAA,
as depicted in the left panel of Figure 4.5.3. However, a slight loss of sensitivity (factor
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Figure 4.5.4: Linear fits to the relative sensitivity drop in PAA with respect to m145/m127 which
are used as humidity correction factor. Bright coloured data points are from ex-
periments with the internal photo-chemical source, dark coloured points from
experiments with an external diffusion source.

1.25) at 60 % RH compared to 0 % RH is observed in the laboratory experiments of this
work.

The reason for the observed loss in sensitivity could be due to different reaction rates
of water-ion-clusters. Slusher (2004) also saw a decrease of approximately 10 % in PAN
sensitivity at 80 % relative humidity, which was attributed to the reaction

I (H20)n + CH3C(0O)O2 - I0+ CH3C(O)O™ (H20)n (69)

being much slower n > 1 than the reaction of I~ without or with only one water clus-
ter (Reaction 51). As the decreasing trend is observed for both types of PAN sources
(diffusion or photochemical) in the experiments, this indicates rather an ion chemistry
effect than matrix effect due to co-emitted species by the photo-chemical source.

In contrast to the laboratory experiments with clean synthetic air (20% O, in N,),
matrix effects may play a bigger role during in-flight calibrations. During in-flight cali-
brations, ambient air is scrubbed by passing through heated steel-wool, which removes
acids and thermally unstable trace gases, but does not affect water.

During both CAFE campaigns, a strong negative dependence of PAN’s sensitivity with
humidity was observed, similar to PAA, during in-flight calibrations, see Figure 4.5.5.
This might be due to the high concentration of organic by-products produced in the
photo-chemical PAN calibration source which can be react with the acetate anions
(7 =59). The acetate anions react with organic acids such as formic or propionic
acid via proton transfer (Mielke and Osthoff, 2012; Veres et al., 2008) (see Reaction 59)
with different dependencies on humidity.

Due to this complexity, only calibrations under dry conditions at high altitudes (>10km)
were used. In the dry air masses the PAN calibration concentrations were reproducible,
see Figure 4.3.1.
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Since the laboratory experiments showed no or only weak dependence on humidity
for PAN, which was in agreement with literature, no humidity correction factor was
applied to the PAN field measurements. The variations in PAN calibrations under dry
conditions are added to the total measurement uncertainty (see Section 4.7).
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Figure 4.5.5: Humidity sensitivity of in-flight calibrations for PAN (left column) and PAA (right
column) during CAFE Brazil (upper row) and CAFE Pacific (bottom row).

4.5.3 Losses of acetate anion from the internal photo-chemical source

During CAFE Pacific campaign, the '3C-isotopically labeled PAN source was used.
During the flights, a significant increase in signal at 7+ =45 and 7+ =46 was observed
every time the internal calibration source was added to the flow (increase in 7+ =61),
as shown exemplarily for RF12 data in Figure 4.5.6. The shown detail in Figure 4.5.6
was taken at a constant measurement altitude with little variation in primary ion signal
(7 =127) and ambient PAN and PAA signal (7 = 59). Therefore, the increase on 7+ =45
and 7 =46 is clearly caused by the addition of the calibration source, what is discussed
in this section.

The photochemical source not only produces PAN. but also significant amounts
of other trace gases such as acetic acid (AA) (CH3C(O)OH), formic acid (HCOOH),
formaldehyde (HCHO), and methyl hydroperoxide (MHP) (CH;OOH). Previous stud-
ies suggested high concentrations of acids and other oxidised organics formed in the
photochemical PAN source (Wiist et al., 2024). This was also underscored by simulations
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Figure 4.5.6: Raw counts at 7> =45, 7+ =46, 7+ =59, 7+ =61 and* =127 from RF12 on ond

February 2024 during CAFE Pacific, including three in-flight calibrations indicated
by the rise of counts on 7+ =61 (fourth row). The data was taken at constant flight
altitude of around 14 km (last row).

of the chemical processes happening inside the photochemicaly source performed by
John Crowley in a Flow and chemistry simulator (FACSIMILE) model (Chance et al.,
1977), the results are shown in Figure A.o.5 in the Appendix.

After leaving the photochemical source, the products pass through the TDR region
and then reach the IMR within less than o0.2s via a 1.2m long 1/8" metal tubing. The
thermal dissociation of PAN in the TDR creates acetate anions (CH3COO~, 7 =59),
which can react with other trace gases from the photochemical source (Veres et al.,
2008) leading to a loss of signal on * = 59.
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Figure 4.5.7: Raw counts on m/zs during a laboratory experiment performed on 21st September
2023. CIMS was run with synthetic air in calibration mode adding the outflow of the
internal photo-chemical source run with non-isotopic acetone (**C). The stepped
changes in counts indicate the addition of NO for titration. Different titration flows
of NO were set for each titration step, varying between 1-10sccm.

In Laboratory experiments, CIMS was run with synthetic air and added the inter-
nal photochemical calibration source. When adding NO to titrate the PA-radical and
measure the background signal at 7F =59, a drop on - =45 and an increase on
7+ =46 (Figure 4.5.7) was observed. The effect intensified when varying the flow of
NO for titration (FyoT) between 1-10scem. However, the ratio of 7 =59 over the sum
of 7+ =45 and 7 =59 stays constant for all flows of FyoT and is the same when
titrating or not (Figure 4.5.8). This indicates a constant loss of acetate anions (} =59)

to HCOO™ (7 =45) via the detection of formic acid as shown in Reaction 7o0:
CH3C(0)O™ + HCOOH — CH3C(O)OH+HCOO™ (70)

Equation 70 is possible because of the low gas-phase acidity of the acetate ion and
has been reported in literature (Mielke and Osthoff, 2012; Veres et al., 2008). Since 7+ =
45 and 7 =46 were not measured during CAFE Brazil, a constant correction factor of
0.86 based on these laboratory experiments was used. In the case of CAFE Pacific, where
7 =45 and 7} =46 were measured, a flight-wise correction factor was derived. The
measured correction factor for 7 =45 and 7* =46 during CAFE Pacific was in the range
of 0.86-0.87, which is in agreement with the post-campaign laboratory derived factor of
0.86 used for the analysis of CAFE Brazil measurements. This agreement supports the
assumption that the 3C-Acetone (see Section 4.3.3) used during CAFE Pacific and the
non-isotopic acetone used during CAFE Brazil behave chemically similarly. Note that
isotopic formic acid is detected on 7 =46 instead of 7+ =45 during CAFE Pacific, see
Figure 4.5.9 and the correction factor is hence defined as mé61/(m45+m46+mé1). For
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Figure 4.5.8: Ratio of m59/(m45+m59) from the internal photo-chemical source with (blue
squares) and without (brown triangles) titration for different titration flows of
NO (FnoT). Derived from the laboratory experiments on 21st September 2023, as
displayed in Figure 4.5.7.

each flight the average factor of all in-flight calibrations is used.

In the *2C ion-chemistry, the increase of 7F =46 during titration seen in Figure 4.5.7
is more difficult to explain. One may expect possible reactions of the acetate anion
with NO, NO,, HNO; and HONO, which can lead to the formation of NO,™ ('} =46)
(Reactions 71-74).

CH3C(0)O™ +NO; — CH3C(0)O + NO5 (71)
CH3C(0)O™ +NO — CH3CO +NO; (72)
CH3C(0)O™ + HNO3 — CH3C(O)OOH + NO; (73)
CH3C(0)O~ + HONO — CH3C(O)OH +NO5 (74)

However, with respect to electron affinities and enthalpies of formation, only Reac-
tion 74 is possible, as demonstrated in the following:
The electron affinity of the acetyloxyl radical (CH;C(O)O) is 314kJ/mol or 3.25eV
(Wang, Woo, and Wang, 2006), which is higher than the one of NO, (2.27 eV16). Hence,
the donation of an electron to NO, in Reaction 71 will not happen. Looking at the
enthalpy of formation at room temperature (A;H®) for CH;C(O)O™ (-506 k] /mol)*7,
NO (9okJ/mol)*®, and NO,~ (-192k]J/mol)'® shows that Reaction 72 is endothermic
and will also not take place. Same applies for Reaction 73 where A¢H® of HNO; is
-134kJ /mol™® and -337k]J/mol for CH;C(O)OOH (Tyndall et al., 2001).
In contrast, Reaction 74 is exothermic because AfH® of HONO and CH;C(O)OH is
-77kJ /mol*® and -432kJ/mol*®, respectively.

After NIST Chemistry WebBook recommendation, https://webbook.nist.gov, last access: 03.04.2025 .
https://atct.anl.gov/Thermochemical%20Data/version%201.122e/species/?species_number=365, last
access: 03.04.2025.


https://webbook.nist.gov
https://atct.anl.gov/Thermochemical%20Data/version%201.122e/species/?species_number=365

18

4.5 POST-CAMPAIGN LABORATORY STUDIES

Se‘d:mgs| stripchart  spectrum ‘

xmin LJ: 0 max I"_j' 256 T I"_}' 0 e 'f'jl 0 | linear ” legarithmic |

6000 -

5500
5000 -]
45001

13C acetone
e

3500

L e — N R s s e e S s e S s s s st s s e S R
40 41 42 43 M 45 46 47 48 49 50 51 52 53 34 55 36 57 58 59 60 61 62 63 B4 65 66 67 68 69 VO
mass

Figure 4.5.9: CIMS spectrum of the internal photo-chemical source in synthetic air for m/z be-
tween 40 and 70. The internal photo-chemical source was first run with C-
Acetone (white) and afterwards with 3C-Acetone (red). Taken from laboratory
experiments on 20th September 2023.

Hence, HONO remains the most likely candidate for the conversion of * =59 to
m

7 =46 even though the origin of HONO is not entirely clear. A possible source could
result from impurities of NO, in the NO titration flow which can form HONO in sur-

face reactions with water.

The following measures were applied to reduce the unwanted losses of acetate anion
to organic acids like formic acid (7} =45 resp. > =46 with '3C-acetone) and HONO
(7 =46).

First, a 15cm long 1/2"-PFA tubing filled with a 0.3 nm molecular sieve of metal alumi-
nosilicate (ROTH, Typ 564'®) was added to the flow of titration NO in front of the IMR
in order to remove HONO in the NO titration gas, which can be formed from possible
impurities of NO,. The molecular sieve reduced the signal on 7 =46 by around 40 %
(see Figure A.0.1 in the Appendix).

Secondly, a lower flow of NO titration gas (FnoT1) was used during CAFE Pacific com-
pared to CAFE Brazil (see Table 2). As seen in Figure 4.5.7, a lower flow of NO titration
lowered the absolute signal on 7F =46 during titration but not the organics to PAN
ratio (Figure 4.5.8).

To reduce the matrix effects from organic acids co-emitted from the source (Mielke and
Osthoff, 2012), a factor 20 lower gas mixture of acetone was used during the BAIRN-VIP
campaign (see Table 2). This is an effective measure to simplify the chemistry in the
photo-chemical source, since the formation of organic acids is quadratic in radical den-
sity and thus ion acetone concentration. To ensure an excess of acetone and stay in the

https://www.carlroth.com/de/de/molekularsiebe/molekularsieb-3-%C3%A5/p/8487.3, last access:
06.05.2025.
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NO limited linear regime of PAN formation, also the concentration of NO inserted in
the photo-chemical source (Fnos) had to be lowered by a factor of 4. The PAA to PAN
ratio from the internal photo-chemical source was reduced from approximately 50 %
during CAFE Brazil and CAFE Pacific to approximately 10 % during BAIRN-VIP.

4.5.4 TDR temperature

The fundamental principle of the thermal dissociation (TD)-CIMS relies on the ther-
mal decomposition of PAN, which happens in the TDR region (see Figure 4.2.1). The
TDR is an approximately 20cm long heated 1/2"-PFA tubing. With a total mass flow
of 1400scem the residence time in the TDR is in the order of 6oms at 1 Bar. Zheng et
al. (2011) found that the instruments sensitivity strongly depends on the structure of
the molecule and the dissociation temperature and is hence specific for each PAN-type
species.

In the experimental set-up to determine the optimum TDR-temperature, an identi-
cally TDR tubing to the one inside the CIMS was built and mounted it outside of the
instrument. This ensures that sensitivity changes result purely from TDR temperature
changes and are not related to changes in temperature in the IMR. In the experimental
set-up, the internal photochemical source was used and CIMS run with synthetic air.
For the given PAN levels, the NO titration signal (CalTit) was already subtracted from
the total signal on 7+ =59 and the PAA is given by the CalTit ProcState.

In the beginning of the experiment, the TDR was switched off at room temperature
and then switched on leading to a continuous increase in temperature until Trpr
reached 100 °C. From here on, manual steps of 10-20 °C were made to receive a higher
resolution in the most sensitive temperature range. Since the temperature sensor is
wrapped with glass wool around the heating wire and does not give the temperature
directly inside the TDR. Therefore, between the manual set temperature steps 5-7 min-
utes conditioning time were given to ensure the inside TDR temperature can adapt to
the set TDR temperature. The results of the laboratory experiment on 17th April 2023
are shown in Figure 4.5.10. In the case of PAA, the normalized counts during titration
stay more or less constant with increasing TDR temperature until 150 °C, before they
drop by around 15 % at 180 °C indicating a loss of PAA due to thermal decay.

In the case of PAN, below 75 °C the signal on the normalized counts only a few per-
cent because PAN is not thermally dissociated to PA and hence not detected at 7+ = 59.
The thermal decay of PAN to PAN increases with temperature leading to steep increase
of the normalised counts by a factor of 6 from low TDR temperatures compared to the
maximum at 150 °C. Above 150 °C, the sensitivity decreases again indicating losses of
PA due to thermal decay. The results are in agreement with other TD-CIMS characteriza-
tions (Mielke and Osthoff, 2012; Zheng et al., 2011), which also found optimal dissoci-
ation temperatures between 160-180 °Cfor PAN. Based on these experiments, Trpgr was
changed from the previously used 180 °C during CAFE Brazil to 150 °C for CAFE Pacific
and BAIRN-VIP to optimize both, the yield of PAN and PAA through the TDR region.
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Figure 4.5.10: Laboratory experiment on 17th April 2023: Sensitivity of PAN (left panel) and PAA
(right panel) dependent on the temperature of the TDR (TTpr).
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As described in Section 4.3.2, during measurement campaigns CIMS runs with a pro-
grammed data capturing cycle which means it switches automatically between ambi-
ent, titration and calibration process states (ProcStates). For the analysis, the raw data
was treated in the following steps, which are described in detail in this section:

=

. Separating data per ProcState
2. Basic data filtering (Section 4.6.2)
3. Determination of LOD and background subtraction from raw signal (Section 4.6.3)

4. Smoothing of primary ion signal and normalization of signal (Section 4.6.4)

Similar, to the treatment of the in-flight calibrations, the net PAN signal is extracted
from the total PAN+PAA ambient signal on 7+ =59 by subtracting the average PAA
signal on 7 =59 from the subsequent titration step (PanTit). The PAN data was final-
ized by applying a calibration factor from the high-altitude in-flight calibrations, as
discussed in Section 4.3.2, with a correction for 7* =59 loss on 7+ =45 and 7 =46
(see Section 4.5.3).

In the case of PAA, the counts measured during the PanTit ProcState were corrected
for instrument background (typically around 5counts) and converted into mixing ra-
tios using the calibration factors given in given in Figure 4.4.1, as discussed in Sec-
tion 4.4. Additionally, a correction for sensitivity loss due to humidity was applied,

according to Section 4.5.2.

4.6.1  Sampling frequency

The sampling frequency is dependent on the number of measured m/zs, the averaging
time per mass (dwelltime), and the timestep (dwellwait) in between. A dwellwait of
typically 3o0ms is applied between the scanning of each m/z to ensure that changed
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m/z detected species dwelltime dwellwait Ugectuster

dummy 10 10ms 50ms -22.8V
59 PAN, PAA 100 mMs 30ms -22.8V
73 PPN 100ms 30ms -22.8V
85 MPAN 100mMS 30ms -22.8V
87 PiBN 100 MS 30ms -22.8V
111 fPAN 100mMs 30ms -22.8V
127 I~ 10ms 30ms -22.8V
145 [7(H20) 10ms 150 ms -20.5V

Table 3: Initial settings during the CAFE Brazil campaign defining measured mass to charge
ratios (m/zs), corresponding timings, and declustering potential Ugeciuster- A mea-
surement frequency of 0.22 Hz is obtained by adding together the integration time per
channel of each m/z (dwelltime) and the waiting time in between the different m/z’s
(dwellwait). For technical reasons, a dummy m/z is added, which also adds up to the
total measurement frequency.

voltages by the radio-frequency generator are leveled out. The monitored m/zs and
their corresponding timings and voltage settings per channels during the different
tield campaigns are given in Table 3, Table 4, and Table 5.

The time between two consecutive measurements at 7> =59 is given by the sum of
dwellwait times and 8 times the sum of dwelltime times, because each m/z is measured
on 8 channels (see Section 4.2.1). The time between two consecutive measurements is
about 55, 125 and 9s for the three different campaigns CAFE Brazil, CAFE Pacific and
BAIRN-VIP, which corresponds to the sampling frequencies 0.22 Hz, 0.08 Hz and 0.11 Hz,
respectively. For an easier handling of the measurement data, raw data time stamps
were resampled to full seconds directly after separating the data per ProcState.

The time between two PAN measurements, which are separated by a PAA measure-
ment (PanTit), depends on the duration of the ambient and the PanTit ProcStates. As
mentioned in Section 4.3.2, this duration was 2.5 min during CAFE Brazil and 2min
during CAFE Pacific leading to a measurement frequency of 0.007 Hz and 0.008 Hz re-
spectively.

Calibrations for other PAN-type species mentioned in Table 3, Table 4, and Table 5
have not been performed in the framework of this thesis but the analysis would be
similar to the procedure applied to 7+ =59.

4.6.2  Data filtering

Data, where technical issues appeared, were flagged and excluded from the analysis.
This concerns parts of the first three flights during CAFE Brazil, where the pressure
regulation in the IMR failed during altitude changes due to a blockage in the scrubber.
Therefore, a filter was applied dropping data when Pipmr was outside 18 0.5 Torr.
A loose contact in the preamplifier of the detector led to sudden drops in 7+ =127,

wherefore, a high pass filter was applied to 7* =127. Research flight RF12 in CAFE
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m/z detected species dwelltime dwellwait Ugecluster
dummy 10 10ms 50ms -22.8V
45 HCOOH 200ms 30ms -22.8V
46 HONO, H3COOH 200ms 30ms -22.8V
59 PAN, PAA 200ms 30ms -22.8V
61 13C-PAN, -PAA 200ms 30ms -22.8V
73 PPN 200 mMS 30ms -22.8V
127 I~ 200ms 30ms -22.8V
145 I7(H20) 200ms 30ms -20.5V

Table 4: Like Table 3, but for initial settings during the CAFE Pacific campaign. The defined
number of target mass to charge ratios (m/zs) and timings add up to a measurement
frequency of 0.08 Hz.

m/z detected species  dwelltime dwellwait Ugectuster
dummy 10 10ms 50ms -22.8V
45 HCOOH 100 MS 30ms -22.8V
46 HONO,H3COOH  100ms 30ms 228V
59 PAN, PAA 100 ms 30ms 228V
61 13C-PAN, -PAA 100ms 3oms -22.8V
62 HNO;? 100 MS 30ms -22.8V
73 PPN 100ms 3o0ms -22.8V
87 PiBN 100ms 3oms -22.8V
127 I~ 100mMs 3oms -22.8V
145 I7(H,0) 100 MS 30ms -20.5V
173 HCOOH? 100 Ms 30ms 228V
190 HNO;(H,0) @ 100 MS 30ms -20.5V

Table 5: Like Table 3, but for initial settings during the BAIRN-VIP campaign. the defined number
of target mass to charge ratios (m/zs) and timings add up to a measurement frequency
of 0.11 Hz. Dbrich et al. (2021), PLeather et al. (2012) and Treadaway et al. (2018).

Brazil had to be entirely rejected because of a continuous loss of 7+ =127. As men-
tioned in Section 4.3.3, in CAFE Brazil, the first 30s of ambient measurements after a
calibration where excluded due to memory effects resulting from high concentrations
of PAN during calibration.

During CAFE Pacific, in total less than 6 hours of data gaps occurred. During the
transfer flight from Cairns back to Germany, the instrument was not working.
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Overall, the data coverage in all campaigns was nearly complete except the before
mentioned minor technical issues. An overview of flight specific analysis parameters
and results is given in Figure A.o.2 and Figure A.0.3 in the appendix.

4.6.3 Limit of detection

The limit of detection (LOD) for PAA is determined by background counts in the absence
of a source.

Due to the memory effect of the calibration signal, the zero measurements during the
flights could not be used.

However, the instrumental background can be derived during Protect mode, when the
instrument is flushed with pure nitrogen. This mode is automatically active on ground
before take-off and after landing when HALO moves below a speed limit of 15m/s.
Consequently, CIMS is protected from heavily polluted air on the ground.

After switching on, CIMS usually needs at least 15-20 min conditioning time for exam-

ple to stabilise the ion source, the calibration source and flush out humidity or other
contaminates which may have accumulated on ground. Therefore, the background
counts before take-off are usually 50 % higher than after landing. As shown exemplar-
ily for RF15 during CAFE Pacific in Figure A.0.6 in the Appendix, typical background
counts before takeoff are round 6 counts and 3 counts after landing. NO information of
the temporal evolution of the background signal during the flights is available.
To determine the LOD for PAA, the averaged counts during protect mode after land-
ing were used, which are listed in Table 8. Since the difference in background signal
before takeoff compared to after takeoff is only a few counts. Given the PAA sensitive
of around 1counts per ppt, the drift in the background signal impacts the final PAA
signal only in the order of 3-5ppt and is hence negligible compared to the uncertainty
resulting from the humidity correction and the calibration factor, as will be discussed
in Section 4.7.

The LOD for PAN is dependent on the variability of consecutive PAA signals which are
interpolated and subtracted from the total signal on 7+ = 59. To account for variability
induced by rapidly changing PAA background signals for example when the aircraft
changed the flight altitude, a rolling window method was applied to derive the stan-
dard deviation from consecutive PAA measurements. Since one PanTit ProcState takes
2-2.5min, the chosen interval of 10min assures that at least two consecutive PanTit
periods are included in the rolling standard deviation. The LOD on PAN measurements
is given by three times the standard deviation (30) from the rolling window method
on * =59 counts during titration and is typically around 60 counts (approx. 20 ppt) as
shown exemplarily for RF15 during CAFE Pacific in Figure 4.6.1.

In Table 6 the range of the derived LODs for flights during CAFE Brazil and CAFE
Pacific are given. A detailed overview of the LOD for the single flights are given in
Figure A.o.2 and Figure A.0.3 in the Appendix.
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Figure 4.6.1: Counts on 7* =59 recorded in research flight RF15 during CAFE Pacific in ambi-
ent air (blue) and added titration (orange). The threefold standard deviation of a
rolling window with the time interval 10min on the averaged and interpolated
counts in PanTit mode is marked by the shaded area. The gray shaded area marks
the time on ground during a refueling stop. The gray line indicates measurement
altitude.

CAFE Brazil | CAFE Pacific
PAN LOD 20-60 ppt 10-22 ppt

PAA LOD 5-33 ppt 4-10 ppt

Table 6: Range of the limit of detection (LOD) of CIMS for PAN and PAA, derived for all measure-
ment flights during the two aircraft campaings CAFE Brazil and CAFE Pacific.

4.6.4 Smoothing of primary ion signal

Since the raw signal on 7* =59 is normalized to the primary ion signal (* =127
and 7F =145), a high noise in the primary ion signals would introduce an artificially
high variability on both PAN and PAA measurements. Applying a rolling mean of 25
data points, reduces the original noise of around 6 % in 7+ =127 by half, as shown in
Figure 4.6.2.

For the analysis of CAFE Pacific data, instead of the rolling mean method, the inter-
polated ProcState average was used to smooth 7 =127, because 7 = 127 was effected
by titration. During ambient measurements 7* =127 was almost 5% higher than dur-
ing titrating (Figure 4.6.3). This decrease during titration is probably due to a chemical
matrix effect with the titration NO as discussed in Section 4.5.3.

4.7 DISCUSSION OF MEASUREMENT UNCERTAINTIES

This section aims to assess total measurement uncertainty (TMU) associated with the
PAN and PAA measurements during CAFE Brazil and CAFE Pacific. An overview of
the quantifiable uncertainties are presented in Table 7 and Table 8 for PAN and PAA,
respectively, during both campaigns CAFE Brazil and CAFE Pacific. However, not all
uncertainties can be quantified exactly due to the lack of statistics and will add up to

65



66

CIMS DATA CALIBRATION

40000 — 6666

\
35000 h i ) R
e e 12
30000 i o #‘nﬁ#-é—‘—""\a#@!"‘w-’

80000

14
12

| ‘ 10 .
25000 b
| ml27 L\ 75000
20000 ’ e m127 smoothed | 8
ml45 \

e ml45 smoothed | 6

70000

fe:]
altitude/km

counts
counts

15000 65000

altitude (km)

10000 o a 60000 6 ; 4
H . 1
e ml27% ambpient average
55000 i
8000 | 2 9 "n127k anTit aver g? Jl ] 2
i 50000 flaggéd | L\ |
0 ; === ry
0 ] Q \\] M M O ] O M Q (8]
,Q,:O \’D;D @1‘3 \,9;9 _LQ'.O 13"'0 “0-9 07?‘0 00,-9 06'9 0@;9 @‘9
uTC uTcC

Figure 4.6.2: Raw  (light colours) and Figure 4.6.3: Raw (lime) and smoothed (dark-

smoothed (dark colours) pri- green) primary ion signal 7 =
mary ion signal at F =127 127 compared to interpolated
(green) and * =145 (red), averages per ProcState ambient
shown exemplary for research (blue) and PanTit (red), shown ex-
flight RF20 during CAFE Brazil. emplary for research flight RF15

during CAFE Pacific.

the TMU. Additionally, flight-wise information is given in Figure A.o.2 and Figure A.0.3
in the Appendix.

4.7.1  Measurement uncertainty on PAN

The range of measurement sensitivities for PAN given in Table g represents the range
of PAN sensitivities derived in the 12 analysed measurement flights during each cam-
paign based on the high-altitude in-flight calibrations in dry air (see Section 4.3.2).
The sensitivities were obtained by dividing the average of the dry in-flight calibrations
for PAN by the calculated PAN concentration of the internal source (Equation 58). The
uncertainty range listed in Table 7 associated to the measurement sensitivity is statis-
tically derived from the standard deviations of the in-situ calibrations during a flight,
excluding possible systematic errors.

Additional sources of uncertainties for PAN measurements arise from imprecise gas
mixtures for the calibration gas, the NO conversion efficiency, possible impurities in
the NO titration gas, and losses of the calibration signal on formic acid (* =45 or
Tt =46 with 3C calibration standard).

The uncertainty on the calibration NO standard supplied by the manufacturer is around
5 %. The conversion efficiency of NO to PAN had been determined previously by Eger
et al. (2019) with an uncertainty of about 5%, too.

The loss of the acetate anion in the IMR to formic acid, which is a by-product of
the photo-chemical source, was estimated in post-campaign laboratory experiments
for CAFE Brazil during which 7 =45 was not measured. It was observed that dur-
ing CAFE Pacific, that the ratio between 7* =45 and ¥ =46 to * =59 and 7* =61
("3CH3COO0™) varied between the flights between 6 % (0.85-0.89) between the flights,
hence this relative error is assigned on the formic acid correction factor of 0.86 applied

to CAFE Brazil PAN data. The uncertainty on the formic acid correction factors mea-
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sured during CAFE Pacific represent the standard deviation of the during the in-flight
calibrations. Hence, the statistical relative errors on the PAN measurements sum up to
10-15 % during CAFE Brazil and 7-13 % during CAFE Pacific.

However, potential systematic errors have to be taken into account.
An unquantified source of uncertainty is the potential loss of the calibration signal due
to complex matrix effects with organic acids (Mielke and Osthoff, 2012), which were
only quantified for formic acid. As shown in Figure A.o.17 in the Appendix, the ratio
between other reactants with & =59 formed in the photo-chemical source to formic

acid ([PAA]H[EQSS%I] [HNOS}) inferred from the FACSIMILE simulation of the photo-
chemical source, is close to one. Hence, it can be assumed that potential losses of the
acetate anion to other by-products of the photochemical source, notably acids, could
be similar in size to that due to formic acid. The correction factor of 0.86 is similar to a
loss of 14 % , therefore the potential uncertainty from other acids could be in the range
of 14 % but also more.

The formation of HONO, which is most likely responsible for the signal on 7 =46
(NO5) is a potentially significant source of uncertainty. The impact of HONO, which
is introduced by impurities of NO, in the NO titration flow, could be different every
time the NO bottle is replaced. Unfortunately, > = 46 was not monitored during CAFE
Brazil. During CAFE Pacific 7F =46 was monitored but overlapped with the isotopic
formic acid signal and hence cannot be quantified separately.

To account for this potential systematic uncertainties, an upper limit TMU for PAN mea-
surements of around 30 % is recommended instead of the lower limit for the statistical

error as given in Table 7.

PAN uncertainty CAFE Brazil rel. err. CAFE Pacific  rel. err.
in-flight 59 0 m/z59 0
cal. signal 0.13-0.20 #prt 4-12% | 0.09-0.12 =555 2-9%
1. tion f
cat. cotrec 1c?n o‘r 0.86 ca. 6% 0.85-0.89 1-2%
loss to formic acid
NO concentration o a
<5 Yo
gas standard
NQ Fonversion 0.9 & 5%b
efficiency
Total error 10-15 % 7-13 %

Table 7: Quantified statistic uncertainties and their relative errors for PAN measurements with
CIMS during CAFE Brazil and CAFE Pacific. *Air Liquide, bEger et al. (2019). "Lower
limit of uncertainty. The recommended TMU including possible systematic errors is
30 % (upper limit) for PAN during both campaigns, as discussed in Section 4.7.1.

4.7.2  Measurement uncertainty on PAA

The major source of uncertainty for PAA measurements is the instrument’s sensitivity
to PAA, specifically the applied calibration factors given in Table 9.
Since the CIMS instrument lacks an integrated in-flight PAA calibration system, calibra-

67



68

CIMS DATA CALIBRATION

tions were performed in ground-experiments as described in Section 4.4. The derived
calibration factors, presented in Figure 4.4.1, were scaled for the humidity e.g. the av-
erage ' =145 to 7 =127 ratio during the calibration.

As evident from Figure 4.4.1, the sensitivity on PAA significantly changed between
the campaigns possibly due to transport. The CIMS sensitivity on PAA actually varied
by a factor of 1.5 between the two subsequent aircraft campaigns and by a factor of 4
between CAFE Pacific and the subsequent ground campaign BAIRN-VIP.

Hence, using post-campaign calibrations, like in the case for CAFE Pacific, is possibly
error prone. Therefor, a factor of 1.5 on the uncertainty of the calibration factor for
CAFE Pacific based on inter-campaign variations seems realistic. It is also noteworthy
that four attempts were made to derive the PAA sensitivity during CAFE Pacific via the
cross-calibration of a permeation source with the HYPHOP instrument. Unfortunately,
these measurements had to be rejected due to instrumental problems of HYPHOP lead-
ing to unstable signals on organic peroxides and H,O,. In post-campaign laboratory ex-
periments, a PAA permeation source was quantified simultaneously via the KI-method
and the HYPHOP. The resulting sensitivities of the CIMS instrument for PAA were by a
factor of three different. Since the HYPHOP issues had not been resolved until that point,
the sensitivity derived from the KI-method was considered more reliable. However, the
high discrepancy between the different calibration methods could indicate a potential
systematic error and both calibration methods, the KI-method and the cross-calibration
wiht HYPHOP, should be further developed.

A similarly high factor of uncertainty could be argued to apply for CAFE Brazil mea-
surements due to the lack of reproducibility of the calibration. In the case of CAFE
Brazil, only one successful cross-calibration of a diffusion source sampled simulta-
neously by CIMS and HYPHOP was performed during the first half of the campaign.
A second attempt for a cross-calibration was made in January but had to be rejected
due to calibration issues of the HYPHOP instrument caused by intruded water. Yet, the
resulting sensitivity of this failed calibration experiment was almost twice than the one
derived in December. Since between December and January, there was a break of about
10days without measurement flights due to Christmas holidays, and potential change
in sensitivity cannot be excluded during the time of inactivity in the humid, and warm
tropical environment. RF12, which took place directly after the break, had technical
issues, indicating that the instrument conditions may have changed. Eight out of the
twelve analysed flights during CAFE Brazil took place in January and may therefore
have a higher uncertainty on the PAA sensitivity.

In addition, it has been assumed that the sensitivity does not significantly change
during a single campaign, which may not be the case. To estimate the potential error of
a constant calibration factor for PAA during one campaign, it is assumed that variability
of the instrument’s PAA sensitivity during the flight is comparable to the variability of
the sensitivity for PAN. The PAN calibration varied by maximum 12 % in a flight during
CAFE Brazil and 9 % in a flight during CAFE Pacific.

An attempt to quantify a lower limit of the TMU on the PAA measurements based
on statistical errors is given in Table 8. The TMU on the HYPHOP measurements during
the cross-calibration is taken from Hamryszczak et al. (2023a) and includes the uncer-
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tainty on the stripping efficiency as well as systematic errors on titration, mass flow
controllers, reading errors, and others.

Since the measurement principle of HYPHOP is based on the detection of H,O,, there
could be an interfering contribution of H,O, from the head-space of the diffusion
source. Berasategui et al. (2020) estimated the contribution of H,O, from the head-
space to be about 1%, which is consistent with the ratio of water vapour pressures
between PAA and H,O,. This error is negligible compared to the major uncertainty on
sensitivity from the lack of reproducible experiments, as discussed above.

The given statistical error of 27 % on the KI-method results from the standard devi-
ation of the six performed calibration experiments. Further uncertainties result from
the extinction cross-section off triiodide used as a reference, as discussed by Friedrich
(2015). Friedrich (2015) listed literature values of the extinction cross-section which var-
ied by 15 % (Awtrey and Connick, 1950; Bichsel and Von Gunten, 1999; Jung et al., 2014;
Palmer, Ramette, and Mesmer, 1984; Troy et al., 1991).

Additional uncertainties may result from systematic experimental errors, the spec-
trometer resolution (1.5nm), measurement uncertainties on volume, time, and mass
measurements, which are not quantified. The interference with H,O, can also be an
issue in the KI-method because the oxidation of iodide to triiodide is not only possible
via PAA but also via H,O, (Reaction 65). It is unknown how much of the dissolved
H,O, in the PAA solution permeates through the PFA tubing and contributes to the
source signal.

Besides the calibration method itself, another significant source of uncertainty on the
PAA measurement data is the humidity correction of the sensitivity. The given uncer-
tainty of 5-8 % in Table 8 is the statistical error on the slope of the linear fit derived from
laboratory experiments on relative sensitivity loss with respect to the ratio m145/mi2y.
The relative uncertainty for each PAA measurement resulting from the humidity cor-
rection (REpqm) is calculated by multiplying the error on humidity calibration slope
(RE1in) and by the humidity factor (facyym) depending on the m145/mi27 ratio at
each measurement point with Equation 75.

REHum = REiin X calfac (75)

Hence, the relative uncertainty reaches from the humidity correction reaches up to
40 % in for the wettest measurement points during CAFE Brazil and up to 10 % for the
wettest measurement points during CAFE Pacific.

Adding the TMU from the respective PAA calibration method, the total statistic error
on PAA measurements is between 15-42 % during CAFE Brazil and 45-90 % during CAFE
Pacific, as given in Table 8. As discussed previously, the potential uncertainties on the
calibration methods are more likely a factor of 2 on the dry PAA data points, exceeding
the given statistical TMU of each calibration method by far.

48 SUMMARY OF MEASUREMENT SENSITIVITY, TOTAL UNCERTAINTIES AND LIM-
ITS OF DETECTION

The instrument sensitivity on PAN and PAA has been discussed previously in this chap-
ter and is summarized in Table 9 for both campaigns CAFE Brazil and CAFE Pacific.

69



70

CIMS DATA CALIBRATION

PAA uncertainty CAFE Brazil rel. err. CAFE Pacific rel. err.
off-line a o KI stat. error 27 %

) i TMU HYPHOP 13 % .. o
calibration I3 extinct. coeff. 15 %
H202 . . o . o

o diffusion source 1% permeation source 1%
contribution
humidity 2.5 4 0.2 ™45 8% 8.3 4 0.4 ™45 5%
calibration ' © mi2z ' mi27
humidity

1-5 1-2

corr. factor
Total error 15-42 %" 31-62 %"

Table 8: Quantified statistic uncertainties and their relative errors for PAA measurements with
CIMs during CAFE Brazil and CAFE Pacific. *Hamryszczak et al. (2023a). Lower limit of
uncertainty. The recommended TMU including possible systematic errors is a factor of
2 for PAA measurements during both campaigns, as discussed in Section 4.7.2.

CAFE Brazil CAFE Pacific
PAN B /259 - 259
sen51t1V1ty 4.8 — 73 X ]0 Sm/;ziéxppt 3.2 —45x 10 Sﬁl./;r‘ll-ziéxppt
PAA -5 /z59 -5 /259
sensitivity 1.21 10 "1/22727&9?‘5 216 x 10 m/22717><vpt

Table 9: CIMS instrument sensitivities for PAN and PAA derived during CAFE Brazil and CAFE
Pacific. The sensitivity range for PAN represents the span of the flight-wise derived
calibration factor based on in-flight calibrations. The PAA sensitivity was calculated
campaign-wise from ground experiments.

The range of LODs for PAN and PAA reached in the flights during CAFE Brazil and
CAFE Pacific have been listed previously in Table 6. In average the LOD of PAN during
CAFE Brazil was 29ppt +24% 13ppt=+15% during CAFE Pacific. In the case of PAA
the average LOD during CAFE Brazil was 11 +7ppt and 6 £2 ppt during CAFE Pacific,
respectively.

The total measurement uncertainty of PAN and PAA has been discussed in Sec-
tion 4.7.1 and Section 4.7.2 and were estimated to around 30% for PAN and 100 %
for PAA, respectively. In contrast to the PAN measurements, the CIMS sensitivity for
PAA decreases with humidity. To account for the uncertainty induced by the humidity
correction for PAA data, a humidity dependent uncertainty is added to each PAA mea-
surement point. A maximum uncertainty of 40 % and 10 % was assigned to the wettest
PAA measurement points during CAFE Brazil and during CAFE Pacific, respectively.

In summary, the total measurement uncertainty in ppt attributed to PAN and PAA
during both campaigns CAFE Brazil and CAFE Pacific is calculated as follows:

TUMpaa =LOD + [PAA] X REHum X 2

(76)
(77)
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Here, [species] denotes the measured mixing ratios in ppt and REnym the relative hu-
midity correction error as given in Equation 75.






Part II1

RESULTS AND DISCUSSION






CAFE BRAZIL

In this chapter, the measurements of PAN and PAA above the Amazonian rainforest dur-
ing the CAFE Brazil measurement campaign are presented. The derived vertical profiles
are compared with reported tropospheric measurements above the rainforest. Trajecto-
ries of sampled air masses are shown and the potential transport of biomass burning
plumes from Africa is discussed. The PAN and PAA measurements are compared to
the EMAC model, with a focus on understanding the observed levels and vertical dis-
tributions of these species. Additionally, the EMAC simulation is used to quantify the
relative contribution of different precursor species to the in-situ formation of PAN and
PAA. Furthermore, the role of PAN as a source and reservoir of NO, relative to other
nitrogen containing (NOy) species, as well as the role of PAA as a reservoir species of
HO,, is analysed. This analysis aims to provide insights into the complex PAN and PAA
chemistry in the remote, tropical troposphere above the Amazonian rainforest and the
importance of PA-precursor related chemistry during CAFE Brazil.

5.1 THE ROLE OF THE AMAZONIAN RAINFOREST

The Amazonian rainforest has a profound impact on the regional weather and climate
in the tropics, as well as on a global scale, due to its role as the largest global source of
VOC (Guenther, 2013). This results in a high abundance of organic precursors to PAN,
which in turn affects the production and distribution of PAN and its homologues. How-
ever, the impact of specific NMVOC, particularly isoprene, lightning-NO, and biomass
burning on the PAN production and is not yet well quantified (Roberts, 2007). Aircraft
measurements of PAN in this region are sparse, with only a few studies available (Singh
et al., 1990, 1996a). Furthermore, measurements of PAA are even less common in this
region. Yet, these kind of measurements are needed to answer open questions such as
the role of PAN as a source of NO, in remote areas and hence its impact on O; chem-
istry. Moreover, the Amazonian region is particularly sensitive to climate change and
threatened by deforestation (Malhi and Phillips, 2005), which further complicates the
prediction of future PAN levels and distributions.

5.2 CAFE BRAZIL CAMPAIGN DESCRIPTION

Between 20.11.2022 and 29.01.2023 16 research flights (RFo5-RF20) were performed
above the Amazonian rainforest as part of the CAFE Brazil aircraft measurement cam-
paign, which was based at Manaus Airport, Brazil (3.03° S, 60.04° W, UTC-4 hours). The
instrumental payload used during these flights is described in Section 3.3.

CIMS successfully measured PAN and PAA in 12 RFs with only minor data gaps (see
Section 4.6.2). The flight tracks used for further analysis are depicted in Figure 5.2.1
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Figure 5.2.1: Flight tracks where CIMS measured PAN and PAA during the CAFE Brazil cam-
paign between December 2022 and January 2023. The campaign base in Manaus
is marked as well as the location of the Amazon Tall Tower Observatory (ATTO)
research station.

and covered a geographical extent from approximately. 75° W to 47° W and 12°S to
5°N, as well as an altitude range of approximately 300-14000m, resulting in a total
traveled distance of almost 70.000 km.

Note that, flight RF12 was excluded from the analysis due to technical issues. Addition-
ally, during the transfer flights between Germany and Brazil (RFo3, RFo4, RF21, RF22)
as well as during RFo8, RFog and RF19, the CIMS instrument was run with an SF_ chem-
istry scheme to detect SO, on a trial basis, and therefore did not measure PAN and PAA.

The primary objective of the CAFE Brazil campaign was to investigate the tropo-
spheric oxidation photochemistry and the mechanisms of new particle formation (NPF)
in the anthropogenically almost unperturbed and natural environment of the Amazo-
nian rainforest (Curtius et al., 2024). The city of Manaus, with a population of 2 million
inhabitants, is surrounded by 1000-2000 km of pristine rainforest in each direction, al-
lowing for the investigation of unpolluted air masses (Wendisch et al., 2016).
Furthermore, the CAFE Brazil aircraft measurements aimed to bridge the gap between
the permanent tower observations at the Amazon Tall Tower Observatory (ATTO) sit,
which are limited to 340m altitude, and satellite observations of the upper troposphere,
lower stratosphere (UTLS). Therefore, the ATTO station was overflown in most of the
flights.

As depicted in Figure 5.2.1, the research flights targeted almost exclusively continental
regions. The research flights RFo6 and RF14 towards the far south of Manaus targeted
deforested areas, in contrast to the intact rainforest in the surroundings of Manaus.
The flight patterns also included late evening and nocturnal flights (RF13, RF16, RF18)
and early morning flights (RF15, RF17, RF20) to cover night time chemistry and particle
formation after the onset of sunrise.

The highest data capture was in the high altitudes between 9-15 km, since many flights
included parts focusing on the sampling of outflow from convective cumulus clouds.
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Figure 5.2.2: Frequency of measured wind directions with BAHAMAS aboard HALO in December
2022 (left) and January 2023 during CAFE Brazil. The wind speed is colour-coded.

Some flights were also dedicated to sample the tropical forest boundary layer (RF15)
and perform vertical profiling (RFo5, RFoy, RF18).

5.2.1 Meteorological conditions and back trajectories

The CAFE Brazil campaign took place during the transitioning phase of dry to wet sea-
son. The campaign was divided into two halves, with the first half in December, when
the conditions were still relatively dry and hot. After the Christmas break, the second
half of the campaign took place in January, during which time rain events became
more frequent.

Basic meteorological parameters including wind speed and direction, cabin and out-
side temperature, pressure etc. were recorded during the flights by the BAHAMAS in-
strument onboard the HALO aircraft (Giez et al., 2022).

As depicted in Figure 5.2.2, the predominant wind direction captured during the
January flights was clearly from the South East, indicating a continental origin. In
December, the wind direction was more equally distributed, ranging from northeast to
southeast. In addition, high wind speeds between 25-30 m/s were slightly less frequent
during December than during January.

5.3 HYSPLIT TRAJECTORY ANALYSIS

In order to investigate the origin of the sampled air mass, 10-days backward trajecto-
ries were calculated for every minute along the flight track using the HYSPLIT model of
NOAA in Version 5.2. (see Section 3.5)
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Figure 5.3.1: Backward trajectories calculated with HYSPLIT every ten minutes along the flight
tracks of CAFE Brazil. The panels are separated by altitude of the starting point
along the flight track: Low altitudes (green, bottom panel), mid-altitudes (orange,
middle panel), and high altitudes (red, upper panel). The trajectories go back 10
days in time.

The trajectories of the sampled air masses circulated above the continent, showing
no distinction between December and January. As depicted in Figure 5.3.1, the origin
of the sampled air masses was largely dependent on the sampling altitude.
Trajectories starting at mid- (8-11km, yellow) and high altitudes (> 12km, red) with
few exceptions randomly circulate over the continent. This suggests that the impact of
long-range transport from other continents on the observed PAN and PAA levels in mid-
and upper troposphere was likely low.

In contrast, most of the low altitude trajectories (<3km, green) originated from the
central Atlantic and West Africa, and surpass the north-west coast of Brazil, where
satellite observations recorded biomass burning events (see Section 5.3.1). Hence, the
low-altitude trajectories could potentially be impacted by urban pollution and/or
biomass burning for source regions on the South American continent or West Africa.
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Figure 5.3.2: 10-day back-trajectories calculated with HYSPLIT for every 10 min along the flight
track of RF17 on 18 January 2023 during CAFE Brazil, colour-coded by air temper-
ature.

However, with respect to trans-Atlantic transport, it remains unclear whether the con-
ditions during these low-altitudes trajectories were conducive for the long-range trans-
port of PAN and PAA over such a long distance, considering potential photochemical
and thermal losses as well as wash-out by precipitation.

To address the question of thermal decay of PAN during the travel from West Africa
to Amazonia, the temperatures along the trajectory are depicted in Figure 5.3.2 for the
example of RF17. In Figure 5.3.2, it is observed that the air masses which traveled from
west Africa stayed at low altitudes, with relatively high temperatures ranging from
approximately 280 to 300 K. With respect to the short lifetime of PAN at these tempera-
tures in the order of maximum a few days, it would not be possible to transport PAN
from West-Africa to Brazil. However, during transport PAN and PAA are continuously
generated in hydrocarbon-rich air masses. The continuous photochemical formation of
PAN and PAA in aged biomass burning plumes (5-9 days) has been reported showing
an increasing importance of PAA compared to PAN with air mass age (Crowley et al.,
2018).

5.3.1 FIRMS observations of open fires and biomass burning

Biomass burning is a significant source of air pollution in Brazil, particularly in the
Amazon region during the dry season (July-December) (Holanda et al., 2020). The pol-
lution from biomass burning is not only a result of local fires but also of long-range
transport from other continents. Previous studies have shown that transatlantic trans-
port of pollution dominates the northern and central Amazonian aerosol population
during the early biomass burning season (July to September) (Holanda et al., 2020).
However, this transport is less significant in the later biomass burning season (October
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- December) (Holanda et al., 2020).

Given that the CAFE Brazil campaign took place at the end of the Amazonian dry
season and outside the peak-season of transatlantic transport, low impact of biomass
burning on the air mass composition is expected.

In Figure 5.3.3 depicts the open fires detected with confidence higher than 95 % by
the MODIS instrument provided by the NASA FIRMS® tool during the CAFE Brazil cam-
paign. The total total number of events in the depicted area above central and southern
America and tropical Africa during two months of December and January is approx-
imately 16000, with hot spots in northern tropical Africa at around 10°N and coastal
areas in southern America.

Upon comparing to the detected fire events from the previous month, it is evident that
fires above Brazil decreased from November to December, whereas fires in northern
tropical Africa increased (see Figure A.o.7 in the Appendix).

In Brazil, most of the fire events were observed along the north-east coast. In this re-

gion, the vast majority of the fire events took place in the beginning to mid-December
2022, while fire events during January 2023 were few. In contrast, the density of fire
events in the sampling area for CAFE Brazil is low during both months.
In summary, the satellite observations indicated that fire activities in Amazonia during
CAFE Brazil were generally low, but exhibited a temporal pattern that was consistent
with expectations in the region during this time period. Specifically, fire activities were
more pronounced at the beginning of the campaign and decreased during the transi-
tion from dry to wet season.

20°N Jan 28
10°N Jan16
®
Jan 07 ©
0 g S
Dec 28°G
10°S 3
. Dec 17 °
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Figure 5.3.3: Detected open fires by MODIS with high confidence (>0.95) above Brazil and trop-

ical Africa between December 2022 and January 2023, colour-coded by date. The
flight tracks during CAFE Brazil are marked in blue.

5.4 PAN AND PAA MEASUREMENT RESULTS DURING CAFE BRAZIL

Figure 5.4.1 shows the measured PAN and PAA during the CAFE Brazil campaign with
the CIMS instrument along the flight tracks. In general, PAN and PAA levels were ele-

19 https://firms.modaps.eosdis.nasa.gov/map, last access: 08.04.2025.
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Figure 5.4.1: Measured PAN (left panel) and PAA (right panel) with CIMS along the flight tracks
during CAFE Brazil.

vated during December compared to January, reflecting the change of season from dry
to wet season. Overall, PAA levels dominated over PAN levels, which is in agreement
with the expectation for low-NO, and high biogenic emissions.

As seen in Figure 5.4.2, the highest PAN values were observed during RFo5 on 4t
December and RF10 on 16" December 2022, peaking around 320 ppt at around 10 km
altitude. RF10 was designed to measure convective outflow and is analyzed in detail in
Section 5.4.2.

A sharp single PAN peak occurred around 16:45UTC in RF14, reaching almost 350 ppt
when HALO crossed a local biomass burning plume. Visible biomass burning plumes
were also spotted during RF11.

PAA mixing ratios generally varied strongly with altitude Maximum PAA at low alti-
tudes was measured above ATTO in RFoy on 9" December 2023, as shown in detail in
Section 5.4.1. Due to the constant high altitude during RF20 on 26 January 2023, PAA
and also PAN were varying little during this flight, as shown in detail in Section 5.4.3.

5.4.1 RFoy: Stacked profiles above ATTO

In order to investigate the vertical distribution of PAN, PAA and related precursors
species above the unperturbed Amazonian rainforest, the example of RFoy was chosen,
which was designated to vertical profiling. In contrast to most of the other flights dur-
ing CAFE Brazil, RFoy did not explicitly target convective outflow, and therefore can be
considered as a pristine background flight. In addition, the data coverage of this flight
was almost complete, since most of instruments were running without any issues. This
makes RFo7 an ideal candidate for the applications of steady-state calculations, which
are useful to understand the production and loss processes of PAN and PAA during
CAFE Brazil.

RFo7 was conducted on 9"h December 2022, starting at 11:00 local time in the morn-
ing and lasting until 20:00 local time in the night, hence covering the transition phase
to darkness. The target area was the pristine Amazonian rainforest above the ATTO re-
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Figure 5.4.2: Time series of PAN (blue) and PAA (red) measured by CIMS aboard HALO for all
analysed flights during CAFE Brazil. The flight altitude is depicted in gray.

search tower, where a stacked flight pattern was performed. The flight altitude ranged
from less 1 km above the ground to more than 13 km altitude.



5.4 PAN AND PAA MEASUREMENT RESULTS DURING CAFE BRAZIL

5.4.1.1 PAN and PAA along the flight track of RFoy

A three-dimensional depiction of PAN and PAA measured along the flight pattern of
RFo7 is shown in Figure 5.4.3. It is apparent that PAA mixing ratios were highest close
to the boundary layer and decreased with altitude. In contrast, PAN was elevated in the
mid-troposphere and was close to the detection limit at the lowest altitudes due to its
rapid thermal decay. Notably, when approaching Manaus, an urban pollution peak in
PAN and PAA was captured during the descending phase of the flight.
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Figure 5.4.3: 3D-representation of measured PAN (left panel) and PAA (right panel) along the
flight track of RFoy on 9 December 2022. The location of Manaus and the research
station ATTO are marked for orientation.

5.4.1.2 Vertical profiles of measured species during RFoy

14 —e— CIMS 14 14

o
i

12 12 12

-
N

10 10 10

o
o

—&— NOAH PSS 8

8 —e— PTR-MS
® -®m- EMAC ’ .

EMAC

Altitude (km)

I

4 g

211 —e— NOAH
B

. " N
2 o —0— CIMS 2z 21 —e— GC-MS I 2! T»
-m- EMAC EMAC ~-®m- EMAC & \g.
00 100 200 0 0 500 1000 00.0 0.5 0.2 0.4 9 1072 107! 100 00.5 10 1.5
PAN (ppt) PAA (ppt) NO (ppb) NO; (ppb) Acetaldehyde (ppb) Acetone (ppb)

Figure 5.4.4: Vertical profiles of measured (grey round dots) and modelled (coloured squares)
species aboard HALO during RFoy on 9" December 2022 during CAFE Brazil.

Figure 5.4.4 presents the vertical profiles of PAN and PAA in RFoy, along with the ver-
tical profiles of simultaneously measured precursor species aboard HALO, namely NO,
NO,, acetaldehyde and acetone. Additionally, the vertical profiles of the corresponding
model simulations of the EMAC model for each species are also depicted.

The measured median vertical PAN profile exhibits an inverse C-shaped distribution,
with a maximum around 8km, reaching peak values of single measurements up to
more than 200ppt. Towards higher altitudes, median PAN mixing ratios decrease to
less than 100 ppt. This mid-tropospheric PAN maximum is much less pronounced in
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the modelled data. The EMAC simulations slightly underestimate PAN at most altitudes
with the maximum deviation at mid-altitudes around 55 %.

In contrast, the model generally overestimates PAA (20-85 %), with the maximum de-
viation at mid-altitudes. However, both the modelled and observed PAA mixing ratios
follow the same vertical distribution, with an increase from o to 2 km altitude and then
a continuous decrease towards higher altitudes.

The vertical profiles of the organic species acetaldehyde and acetone also show decreas-
ing mixing ratios with increasing altitude, which is typical for organic species emitted
in the boundary layer and being increasingly subject to photolysis and oxidation to-
wards the free troposphere. The EMAC model and the measured acetone mixing ratios
are consistent with the observations below 4 km altitude but underestimate the obser-
vations between 15 and 42 %. The discrepancy was highest at the highest altitudes.
However, there is a striking discrepancy of more than an order of magnitude between
modelled and measured acetaldehyde levels. This discrepancy was also observed in
the other flights during the campaign and in the subsequent CAFE Pacific campaign
and will be discussed in Section 7.7.

The EMAC model also represents the NO, levels well, although it tends to over estimate
NO. in the boundary layer.

5.4.1.3 Steady-state PAN and PAA calculated for RFoy

In order to investigate the impact of photochemical production of PAN and PAA, the
simplified chemistry scheme, as as previously described in Section 3.8, was applied to
RFO7.

The steady-state concentrations of PAN and PAA were calculated based on the two
precursors acetone and acetaldehyde only to compare their relative impact on PAN and
PAA formation. Note that the calculation does not include MGLY, which is also a major
PA precursor, because no measurements of this species are available.

The same steady-state calculations were made with two data sets, one mainly based
on measured data aboard HALO and one based on the same species simulated in EMAC.
In both cases, HO, mixing ratios provided by EMAC were used because measurement
data was not available. In addition, measured and modelled data was filtered at PAN
photolysis frequencies below 1e~7 1/s to assure a photochemical steady-state. Temper-
ature dependent reaction rates based on IUPAC recommendations were implemented.
Since the time steps of the EMAC model output is 12 min, all measurement data was re-
sampled to 12 min averages before doing the calculation. The 12-min resampled input
data used for the steady-state calculations along the timeseries of RFo7 is depicted in
Figure A.0.8.

Figure 5.4.5 presents the vertical profiles of calculated PAN (left panel) and PAA (right
panel) with the steady-state assumption for RFoy during CAFE Brazil, compared to the
CIMS measurements of PAN and PAA of this flight.

While measured PAN at high altitudes above 12 km was around 100 ppt, the steady-state
PAN levels based on measured acetaldehyde and acetone exceeded even 1 ppb at these
altitudes. This deviation of more than an order of magnitude is primarily due to the ox-
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Figure 5.4.5: Vertical profiles of measured (blue dots) and modelled (gray dots) PAN (left panel)
and PAA (red and gray dots resp. in the right panel) in RFoy during CAFE Brazil.
The profiles are compared to either calculated steady-state concentrations based
on measured acetone, acetaldehyde, photolysis frequencies, and NO, aboard HALO
(+HO, from EMAC) (purple squares) or data of the same species but entirely based
on the EMAC model (black squares). The medians are marked by the solid lines.

idation of acetaldehyde, as evident from the production rates depicted in Figure 5.4.6.
The high PA-radical production resulting from the high levels of measured acetalde-
hyde also impacts the steady-state PAA concentration, which overestimated measured
PAA levels by more than an order of magnitude, except at the highest altitude bin.
Therefore, it becomes clear that the measured acetaldehyde levels are not compati-
ble with measured PAN and PAA levels, unless the used model OH concentrations are
wrong by more than a factor of 10.

In contrast, the modelled acetaldehyde, combined with model HO,, model acetalde-

hyde, model photolysis frequencies and model NOy, leads to steady-state PAN-mixing
ratios close to the observed ones. If the steady-state assumption was applicable, this
would indicate that the only included precursors, acetone and acetaldehyde, were suf-
ficient to explain the observed PAN levels.
However, in the case of PAA, the steady-state assumption based on EMAC model data
exceeds the measured and modelled PAA at altitudes below 4 km by an order of magni-
tude, while it underestimates PAA at higher altitudes by up to two orders of magnitude.
This can be explained by vertical transport shifting organics from the lower troposphere
to the upper troposphere, which means that steady-state is not applicable.

5.4.1.4 Production terms of PAN and PAA in RFoy

To compare the relative contribution of the two investigated precursors acetone and ac-
etaldehyde leading to the formation of PAN and PAA in the simple steady-state scheme,
the single production terms in Equation 33 and Equation 39, respectively, calculated
for RFoy during CAFE Brazil are depicted in Figure 5.4.6. Except for the production
term from acetaldehyde, measured (solid lines) and model data (dashed lines) are in
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good agreement.

Based on model data, the photolysis of acetone (pink) is more important than the
oxidation of acetaldehyde by OH (lime) for both PAN and PAA production in altitudes
above 4 km. Below 4 km altitude, the reaction of acetaldehyde with OH becomes dom-
inant over acetone photolysis because of the high abundance of acetaldehyde in low
altitudes. Due to the enhanced model NO, below 2 km compared to the observations,
the PAN production term from acetaldehyde even exceeds the one based on measure-
ment data.

The simple steady-state scheme also includes a production term of PAA from the PA-
radicals released in the thermal decay of PAN. As seen in the right panel in Figure 5.4.6,
the PAA production term from PAN loss (blue) becomes similarly important than pro-
duction from acetaldehyde at low altitudes, where PAN is thermally not stable but PAA
is. Below 4 km altitude, the loss of PAN contributes at a similar rate as the oxidation of
acetaldehyde to the formation of PAA based on model data.
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Figure 5.4.6: Contribution of acetaldehyde and acetone to the production of PAN (left panel)
and PAA (right panel) from measured (HALO) and modelled (EMAC) data in
the steady-state calculation, plotted against altitude, applied to RFoy during CAFE
Brazil. The right panel further includes the production of PAA from PA-radicals
released by the dissociation of PAN (blue).

5.4.1.5 Loss terms of PAN and PAA in RFoy

In contrast to the production terms, the loss terms shown in Figure 5.4.7 do not dif-
fer significantly between the model (dashed lines) and measurement data sets (solid
lines), since they involve less complex chemistry (see Equation 37 for PAN losses and
Equation 44 for PAA losses).

As shown in the left panel in Figure 5.4.7, the loss terms of PAN are dominated by pho-
tolysis (yellow) in high altitudes. Conversely, the thermal loss of PAN (cyan) dominates
below 6 km.

In the case of PAA (right panel), photolysis (yellow) is the primary mechanism for the
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loss of PAA at all altitudes. The loss rate of PAA via the reaction with OH (cyan) is
almost an order of magnitude lower.
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Figure 5.4.7: Vertical profiles of loss terms of PAN (left panel) and PAA (right panel) from mea-
sured (HALO) and modelled (EMAC) data in the steady-state calculation, applied
to RFoy during CAFE Brazil.

5.4.1.6  Total atmospheric lifetimes of PAN and PAA during CAFE Brazil

The sum of the loss terms is the inverse of the total atmospheric lifetime.

Figure 5.4.8 depicts the median total atmospheric lifetimes of PAN (blue) and PAA
(red) calculated from all flights during CAFE Brazil via the loss terms in steady-state
scheme. As seen in Figure 5.4.8, the lifetime of PAN strongly increases with increasing
altitude, from less than an hour in the boundary layer up to 2-3 weeks in the UT. In
contrast, the total atmospheric lifetime of PAA decreases with increasing altitude, as
photolysis increases. During CAFE Brazil, the total atmospheric lifetime of PAA is more
than 10days in the lower troposphere, while it is only 5-6 days in the UT. Note that
deposition of PAA in the boundary layer can play a role, which was not included in this
estimate.

This significant difference in atmospheric lifetimes highlights the importance of con-
sidering the different thermal stability of these species when interpreting their vertical
distributions.

5.4.2 RF10: Convective outflow

RF10 was designed to investigate the outflow of convective updraft above the Amazo-
nian rainforest northwest of Manaus, extending even out to deforested areas. Therefore,
this flight was chosen as an example to investigate the impact of convection during
CAFE Brazil on the vertical profiles of PAN and PAA.

The flight was conducted on 16" December 2022 and lasted for approximately
8 hours.
During the flight, the air masses in the vicinity of several visible convective cloud sys-
tems were sampled. The flight pattern included a helix pattern around a convective
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Figure 5.4.8: Calculated median atmospheric lifetimes of PAN and PAA plotted against altitude
(left axis) and temperature (right axis) for all flights during CAFE Brazil, based on
modelled HO,, measured temperature, and measured photolysis frequencies.

cell and a zig-zag pattern in the outflow of another convective cell. The first half of the
flight covered daylight while the second half occurred in the evening and night.

A time series of measured species during RF10 is depicted in Figure 5.4.9, where
some phases of detected convective outflow are marked (green shaded areas) as well
as lightning activity (orange shaded area) and the overfly of a deforested area (brown
shaded area) based on the flight protocol.

In general, PAN and PAA were highest during RF10 of all flights during CAFE Brazil.
During this flight, PAA was notably elevated in high altitudes, reaching up to 1ppb.
Additionally, other organics, such as acetone (magenta), were elevated. Unfortunately,
acetaldehyde was not measured during this flight. Frequent spikes in NO (golden)
and NO, (cyan) where observed, especially in the proximity of convective systems.
This suggests, that the observed NO, during RF10 was strongly influenced by lightning
activity, which is the most import source of NO, in the upper tropical troposphere
(Lamarque et al., 1996).

The location of the marked areas along the flight track is depicted in Figure 5.4.10,
where PAA mixing ratios along the flight track are colour-coded. Notably, high PAA lev-
els (>750 ppt) were observed at the north-west end of the flight track around 21:00 UTC,
when convective outflow was encountered at flight level FL370 (approx. 12 km). Ace-
tone levels were also high during this time,approx. 1.3 ppb, as shown in Figure 5.4.9.
Since NO, was retrieved with a PSS assumption from the measured NO, O;, photoly-
sis frequencies of NO, and modelled peroxy radicals, observation-based NO, is only
available during daytime. The EMAC model and observations of NO agree well during
both day and night. During night, the modelled NO, is strongly elevated. This indi-
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Figure 5.4.9: Time series of measured PAN, PAA, NO, NO,, acetone, and ozone aboard HALO of

RF10 on 16" December 2022 during CAFE Brazil. EMAC 12-min model data for the
species are depicted with black squares. The altitude is depicted in gray in the
lowest panel. The shaded areas indicate selected times impacted by convection
(green), lightning (orange) and above deforested area (brown).
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Figure 5.4.10: PAA mixing ratios colour-coded along the flight track of RF10 during day (left
panel) and night (right panel). The timings of outflow, lightning, and deforested
area are marked as in Figure 5.4.9.

cates the entry of NO, in the mid- and upper troposphere in the model most likely due
to lightning of convection. In addition, ratio between NO, and NO increases towards
NO, due to the absence of photo dissociation.

As a consequence of convection, the profile of PAA depicted in Figure 5.4.11 exhibits
a significant maximum between 10-12 km and is similar in shape to that of acetone. In
contrast, the vertical profiles of PAA and acetone presented in Figure 5.4.4 derived for
RFo7, which was not dedicated to convective outflow sampling, does not exhibit such
a strong upper tropospheric maximum.
The uplifting of biogenic VOC from the residual layer to the UT up to 12 km altitude
above the Amazon by deep tropical convection has been reported for isoprene, iso-
prene oxidation products and monoterpenes during CAFE Brazil (Tripathi et al., 2025).
Tripathi et al. (2025) showed that despite their typical atmospheric lifetimes in the order
of minutes to hours, these species could accumulate during night at high altitudes after
convective updraft due to the lack of photochemically produced OH radicals, but they
rapidly oxidized at daybreak promoting particle formation. In contrast, no significant
difference is seen during day and night in the profiles of PAA and acetone, reflecting
their longer lifetimes in the order of 5-7 days for PAA and weeks for acetone in the mid-
and upper troposphere.
There is also a PAN maximum between 10-12km, but the low-NO, conditions clearly
favour PAA production over PAN from the uplifted organic precursors.

5.4.3 RF2o0: high altitude flight

RF20 was conducted on 26" January 2023 and was an early morning flight with the
objective of tracing the photochemistry-induced temporal evolution of an air mass and
particle growth above the cloud deck at sunrise. To achieve this, the aircraft performed
a series of eight-shaped patterns, which were shifted downwind of a convective system
with time at a constant altitude.

A time series of measured PAN and PAA and relevant precursor species or tracers is
depicted in Figure 5.4.12. The onset of photochemistry is indicated by the photolysis
frequency of PAN (j(PAN)) provided by the SR instrument.

After 12h21 until 16h30 UTC (8h21-12h30 local time) the aircraft remained at a constant
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Figure 5.4.11: Vertical profiles of acetone and PAA during day and night in RF10 during CAFE
Brazil. The medians are marked by the solid lines.

altitude of around 12 km (FL370), performing eight-shaped patterns. While PAA stayed
approximately constant around 400 ppt during this time, PAN was mostly around 50 ppt
but showed repeated enhancements up to around 150ppt. These enhancements are
marked in Figure 5.4.12 by the blue shaded areas. NO, and O; were also increased
during theses phases while acetaldehyde seemed to be slightly lower. This indicates
photochemical production of PAN alongside ozone from organic precursors in the pres-
ence of NO,.

The SP2 instrument measuring BC, a tracer of fresh (< approx. 1 week) biomass burning,
registered small peaks of a few counts (<10) during the elevated PAN phases, indicating
a possible pollution of open biomass burning or anthropogenic combustion processes.
The PAN-to-PAA ratio increased from a background of around 15 % up to 25-32 % dur-
ing blue shaded phases, reflecting the presence of air masses with a higher content of
NOy favouring PAN production over PAA from the organic precursors like acetaldehyde.
As seen in Figure 5.4.12, the EMAC model (squares) does not capture the enhancements
of PAN, NO and O;. The enhancements are probably to small scale to be resolved by
the EMAC model. Additionally, the model underestimates the PAA levels in the UT sig-
nificantly. This could also be a result of the sub-grid parametrization of convection in
the model not being able to resolve the traced convective air mass.

Figure 5.4.13 depicts the location of the PAN enhancement phases as circles on the
flight track. From this figure, it is observed that the first three PAN elevation phases
took place in the north-eastern edges of the flight pattern while the fourth PAN maxi-
mum was captured when heading back towards Manaus. Hence, the fourth phase is
not part of the eight-pattern and it is unclear if it results from the same air mass or an
urban pollution plume.
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Figure 5.4.12: Time series of measured PAN, PAA and relevant precursor species or tracers

(NO, NO,, acetaldehyde, ozone, black carbon, and photolysis frequency of PAN)
aboard HALO in RF20 on 26" January 2023 during CAFE Brazil. The altitude is
depicted in the lowest panel. The blue shaded areas mark times of elevated PAN.
EMAC 12-min model data for the species is depicted with black squares.
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Figure 5.4.13: Measured PAN along the flight track of RF20 during CAFE Brazil. Locations of
repeatedly occurring PAN enhancements, as depicted in Figure 5.4.12, are marked.
The prevailing wind direction is indicated by the blue arrow.

5.4.3.1 PAN predictions by the CAMS model during RF20

The presence of an upper tropospheric PAN plume at this location was also confirmed
by the reprocessed Copernicus Atmospheric Monitoring Service (CAMS) model prod-
uct with EAC4 data, which was analyzed for the pressure levels 1000 hPa, 850 hPa, 600,
300 and 25 hPa.

Figure 5.4.14 depicts the reprocessed CAMS model PAN at 250 hPa at two timings over-
lapped with the time-wise matched PAN measurements along the flight track at 200 hPa.
As seen in Figure 5.4.14, the PAN plume moved between 12hoo UTC and 18 UTC with
the direction of the wind from south-east towards Manaus. The flight track probably
crossed this plume in its north-eastern extend, as indicated by the elevated PAN mea-
surements at this location.

Away from the PAN plume, the CAMS model estimates generally lower PAN mixing ra-
tios over the pristine rainforest around Manaus in the south-west of Manaus, which is
consistent with the CIMS observations. However, CAMS overestimates the absolute level
of PAN by around a factor of 25.

5.4.3.2 Trajectory analysis for RF20

An examination of the origin of the air mass measured at 11.5-12.5km altitude dur-
ing RF20, as depicted in Figure 5.4.15, reveals that approximately half of the 10-days
back trajectories calculated wiht HYSPLIT arise from uplift over the South American
continent, particularly at the coastal regions and southern Brazil. The other half of
the trajectories have traveled at high altitudes from the eastern pacific, descending to
12 km altitude.

The trajectories belonging to the points of elevated PAN are marked in green and orig-
inate from southern Brazil/northern Argentina, except for the fourth point, which
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Figure 5.4.14: PAN simulations by CAMS based on EAC4 reanalysis data at 250 hPa altitude for
12hoo UTC (upper panel) and 18hoo UTC (lower panel) with corresponding PAN
measurements of CIMS above 200hPa in a 3h-range around these times. Mixing
ratios of PAN are colour-coded with differing scales for CAMS simulations (left
colour bar) and CIMS observations (right colour bar) by a factor of 25.
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Figure 5.4.15: 10-days back trajectories calculated with HYSPLIT for every 1omin along the
flightpath of RF20 during CAFE Brazil, starting at an altitude range between 11.5-
12.5km (left panel). A subset of trajectories belonging to the points of elevated
PAN in this altitude range, as marked in Figure 5.4.13, is shown in the right panel.
Trajectories are colour-coded with altitude.

originates from the eastern Pacific. It is worth noting that looking at single trajecto-
ries has a high degree of uncertainty. However, based on the ensemble of trajectories,
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it seems likely that the air masses with elevated PAN originate from convective up-
lift over the Southern American continent potentially containing pollution from open
biomass burning or anthropogenic combustion activities possibly mixed with cleaner
air masses from the eastern Pacific.
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Figure 5.5.1: Binned vertical distribution of PAN (upper panels) and PAA (lower panels) along
latitude (left column) and longitude (right column) measured during CAFE Brazil.
The colour of the pixels indicate the mean mixing ratio at this location.

Figure 5.5.1 presents the PAN and PAA measurements during the entire CAFE Brazil
campaign, plotted against latitude and longitude.
In terms of latitude, the data coverage was highest between o-5°S, see left column
panels in Figure 5.5.1. Vertical profiles further south, between 5-12°S, were obtained
from the flights RFo6, RF14 and RF18. In contrast, very few data points were captured in
the northern hemisphere north of 2 °N, which were obtained from RF16 and RF17, only.
The limited data coverage north of the equator makes quantitative analysis challenging
in this region.
In terms of longitude, most flights sampled east and south-east of Manaus in between
57-67 °W. A significant gradient longitude-wise cannot be observed for either PAN nor
for PAA in the right column panels of Figure 5.5.1.
The zonal distribution of PAN derived during CAFE Brazil is consistent with the results
from global models, which simulated higher PAN in the tropical southern hemisphere
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than in the northern tropical hemisphere during the months of December to Febru-
ary. Specifically, no significant difference along the sampled longitude range between
50-70 °W is expected from the models (see Fischer et al., 2014, and references in Sec-
tion 2.3.4). Hence, the zonal PAN observations are in agreement with simulations from
global models in the sampled area and season.

5.5.0.1 Seasonal changes in PAN and PAA profiles during CAFE Brazil

As described in Section 5.2.1, during the campaign, the transition between the Ama-
zonian dry and wet season took place. This season change is also observed in PAN
and PAA measurements, which were generally higher during December (dry season)
compared to January (wet season).

An examination of the vertical profiles in Figure 5.5.2 reveals that the mid-tropo-

spheric maximum PAN is less pronounced in January (approx. 8o ppt) than in December
(approx. 120 ppt, but the shape is similar. The mid-tropospheric PAN maximum between
6-11km is a result of the loss and production terms, as it was shown in Section 5.4.1
for the example of RFo7y.
The PAA profile differs more significantly between the season and between flights, with
a median being almost a factor 2 different, notably at altitudes around 3 km and 11 km.
This is connected to the fact, that CAFE Brazil targeted convective updraft in many
flights and did not sample background conditions. As it was shown for RF10 in Sec-
tion 5.4.2, convection contributed to a PAA maximum at high altitude around 12 km.
However, the height of convective outflow may be different depending on the convec-
tive system and meteorological conditions. For example, in the December plot of PAA
(upper right panel in Figure 5.5.2), single measurements of PAA reached up to 1ppb
around 8 km altitude. Theses data points result mainly from RF11, which also targeted
convective outflow in a similar region to RF10. During January, the median PAA profile
is almost flat with altitude until it decreases above 12 km altitude from around 320 ppt
to 140 ppt.

5.5.1  Comparison to previous field measurements above the Amazon

Few aircraft measurements of PAN in the mid- and upper troposphere have been re-
ported in literature above the Amazonian rainforest or in the surround regions, to
which the CAFE Brazil measurements can be compared, as it was described in Sec-
tion 2.3.2. PAA was not measured during the campaigns used for comparison, which
are described in the following and are shown Figure 5.5.3.

The ABLE 2B expedition above the Brazilian Amazon Basin in April-May 1987 is spa-
tially comparable to the sampling area of CAFE Brazil and was the first time PAN was
measured above the Amazonian forest canopy. Singh et al. (1990) found that PAN mix-
ing ratios measured with an electron capture gas chromatographic instrument (Singh
and Salas, 1983) increased with height and were 1-5 times higher than NOy levels (black
dash dotted line in Figure 5.5.3). The PAN behaviour was found to be similar to that of
ozone and non-methane hydrocarbon-NO,-precursors, indicating photo-chemical pro-
duction of PAN (Singh et al., 1990). However, the maximum flight altitude reached
during the ABLE 2B campaign was 6 km only.
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Figure 5.5.2: Measured vertical profiles of PAN (left column) and PAA (right column) during
December 2022 (upper row) and January 2023 (bottom row). The medians of the
gray data points are marked with solid lines.

Five years later, in September-October 1992, Singh et al. (1996a) measured PAN over the
southern tropical Atlantic ocean using another electron capture-gas chromatography
instrument (Fishman et al., 1996) during the TRACE-A aircraft campaign. The flight
tracks were mainly located above marine regions but also included continental flights
above the Amazon rainforest. Air masses were classified by a CO threshold into clean
background and biomass burning/anthropogenic pollution influenced (Singh et al.,
1996a). The clean background profile (CO < 8oppb) of the TRACE A campaign is de-
picted by the dashed black line in Figure 5.5.3.

Keim et al. (2008) retrieved PAN profiles around Sdo Paulo in the UTLS (8-20km alti-
tude) by aircraft limb measurements in the mid-infrared (775-820 cm™) with the MIPAS
instrument. Although PAN exhibits strong features in thesis spectral range, 10 interfer-
ing species had to be considered. The MIPAS-STR instrument was mounted aboard
the Russian high-altitude aircraft Geophysica. The part below 15km of the PAN profile
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derived from the MIPAS-STR is depicted in Figure 5.5.3 by the dotted lack line.
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Figure 5.5.3: Comparison of median vertical PAN profiles of CAFE Brazil (green dots, this work)
to reported measurements above or close to Brazil from Singh et al. (1990) (brown
stars), Singh et al. (1996a) (black squares), and Keim et al. (2008) (gray triangles).

The median PAN profile based on all CIMS measurements during CAFE Brazil (green)
is compared to the previously described measurement campaigns in Figure 5.5.3. It is
worth noting that during CAFE Brazil, most of the flights had a certain part dedicated
to sampling convective outflow. The exceptions were flights RFo5-RFoy, which all took
place in the first half of the campaign. With respect to the seasonal change, it is difficult
to separate the influence of convection from this profiles.

However, ABLE 2B took place during the Amazonian wet season, which was charac-
terised by high convective activity, too. Singh et al. (1990) reported high and moderate
convective impact for several flights and ABLE 2B might hence be comparable to CAFE
Brazil conditions with respect to convective conditions.

The profile from the ABLE 2B is very close to the observe PAN profile of CAFE Brazil
below 4 km altitude but increase less steep above 4 km altitude.

The PAN measurements during CAFE Brazil fit well to the non-polluted profile mea-
sured during the TRACE-A campaign. Deviations are strongest at low altitudes below
2km and around the PAN maximum at 1okm. Also Singh et al. (1996a) reported ex-
tensive cloudiness and convective activity in the ITCZ region(s-10 °N) impacting the
measured air compositions.

MIPAS-STR measurements also found the maximum PAN around 10 km altitude but de-
rived a much more pronounced and narrower maximum.

Overall, the CIMS measurements are consistent with expectations on atmospheric
composition based on previous measurements in remote and pristine regions and add
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an important contribution to the sparse data sets available. In addition, the CIMS mea-
surements provide a unique data set of simultaneous measurements with PAA, which
have not been reported for the Amazonian basin until now.

56 COMPARISON TO EMAC MODELLED PAN AND PAA DURING CAFE BRAZIL

It was seen in the flight-wise comparison for RFoy in Section 5.4.1, that the EMAC
model, in principle, represents the characteristic profiles of PAN and PAA well but tends
to underestimate PAN and overestimate PAA. To validate if this holds for the whole
CAFE Brazil, in this section, the measured median PAN and PAA of all flights during
the CAFE Brazil campaign are compared to numerical simulations of the EMAC model.
Furthermore, the origin of the PA-radical in the model and its partitioning into PAN
and PAA are investigated.

5.6.1 Vertical Profiles of PAN and PAA

Figure 5.6.1 shows the median profiles of PAN and PAA of all analyzed flights during
CAFE Brazil compared to the EMAC simulations, which gives a similar picture as ob-
served in the example of RFoy. The order of magnitude and the overall shape of the
vertical profiles are quite similar between model and measurements for both PAN and
PAA, but the model underestimates PAN on average by a factor of 0.8 and overestimates
PAA by a factor of 1.2. The highest deviations between the model and the measurements
are in the mid and upper troposphere for PAN and in the mid and lower troposphere
for PAA.

As previously discussed for the example of RFo7 in Section 5.4.1, these are the alti-
tude regions where the steady-state concentrations of PAN and PAA are expected to
be highest. This indicates that the reason of the higher discrepancy between model
and measurements in these altitude regions could be related to inaccurate chemical
production mechanisms.

5.6.2 Relation between PAN and PAA

The PAN-to-PAA ratio is an indicator of the partitioning of the reactions of the PA-radical
with NO, and HO, and the sum of both indicates the availability of the PA-radical. In
polluted regions, PAN formation usually dominates PAA formation but in the organic
rich, pristine air like during CAFE Brazil, PAA can be dominant, especially when ther-
mal loss rates of PAN become relevant, e.g. in low altitudes or uplifted warm air masses.
Accurately capturing the relationship between PAN and PAA correctly is considered as
an ultimate test for global chemical models (Crowley et al., 2025).

As seen in the left panel of Figure 5.6.2, the discrepancy in the PAN-to-PAA-ratio
between the CIMS measurements and the EMAC model varies from a factor of 1.6 to 2.8
with the largest difference observed in the upper troposphere around 14 km and mid-
altitudes around 8 km due to the underestimation of PAN. In the lowermost altitude,
the difference reaches even 2.4. However, this must be compared with caution, as at low
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Figure 5.6.1: Vertical median profiles from EMAC model results (dashed lines) compared to CIMS
measurements (solid line) of PAN (in blue) and PAA (in red) during CAFE Brazil.
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Figure 5.6.2: Vertical profiles of the PAN-to-PAA-ratio (left) and the sum of PAN+PAA (right) for
CIMS measurements (purple dots) and EMAC model data (magenta squares) for all
analysed flights during CAFE Brazil. The medians are marked by the dashed and
solid lines.

altitudes PAN values can be very low and even small differences significantly change
the ratio.

As depicted in the right panel in Figure 5.6.2), it is observed that the EMAC model
overall represent the sum of PAN and PAA well, taking into account the large mea-
surement uncertainties especially on PAA. The average excess of 13% of the model
compared to the measurements is below possible measurement uncertainties of PAN
(ca. 30%) and PAA (ca. 100 %). The agreement of the sum of PAN and PAA between
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Figure 5.6.3: Median vertical profiles of MGLY (purple), acetone (pink), and acetaldehyde (lime)
simulated by EMAC during CAFE Brazil.

model and measurements indicates indicates that the concentration of PA-radicals in
the model is well represented but the overprediction of PAA and the underprediction
of PAN suggests that there is a model bias towards a high HO, /NO,-ratio.

5.6.3 PA-radical production and loss terms in the model

As it was explained in Section 3.7 and depicted in Figure 3.7.1, a large number of
organic trace gases are implemented in the MOM-Chemistry scheme used in EMAC
leading to the formation and losses of the PA-radical. The major direct contributions
are expected to come from oxidation of acetaldehyde and the photolysis of MGLY and
acetone (Fischer et al., 2014), which will be investigated in this section.

5.6.3.1 EMAC production terms of PA

The EMAC model output provides production terms of the PA-radical from single
species, which was used to investigate the absolute and relative contribution of the
major PA-radical precursors acetone, acetaldehyde and methyl glyoxal (MGLY) to the
modelled total PA production.

The median profile of modelled mixing ratios of these three precursors species is
depicted in Figure 5.6.3. Generally, the mixing ratios of all three precursors, MGLY, ace-
tone and acetaldehyde decrease with increasing altitude since their major sources are
in the boundary layer. Acetone is much more abundant than the other two precursors
with mixing ratios reaching up to 1.25ppb at low altitudes and 600 ppt at high altitudes.
At 4km altitude, mixing ratios of acetaldehyde and MGLY are comparable and both
around 150 ppt. Below 4km altitude, mixing ratios of MGLY are higher than those of
acetaldehyde but decrease more strongly with altitude.
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Figure 5.6.4: Median vertical profiles of the absolute contribution of acetone (pink), acetalde-
hyde (lime), and MGLY (purple) compared to the total modelled PA-radical pro-
duction (darkblue) during day (left panel) and night (right panel), based on EMAC
simulations for the full CAFE Brazil campaign. Note that the scale of the logarith-
mic x-axes differ by orders of magnitude.

As seen in Figure 5.6.4, despite the lower abundance of MGLY and acetaldehyde,
their relative contribution to PA-formation can exceed that of acetone, especially at low
altitudes. In Figure 5.6.4, the model data was separated into nighttime and daytime ac-
cording to the photolysis frequency of PAN (j(PAN)). Night was defined where j(PAN)
was zero (right panel), and day, when j(PAN) > Te=71/s, excluding phases of dawn
(left panel).

Generally the PA production is highest at low altitudes during both, night and day, due
to the availability of organic precursors.

During the day, the production of PA from MGLY (purple) is dominant over acetone
(pink) and acetaldehyde (lime) at all altitudes because of the high photolysis frequency
of MGLY, which is in the order of 7 x 107> at ground level at Manaus according to the
Tropospheric Ultraviolet and Visible Radiation Model (TUV) model*. This means for
the results of the steady-state calculations of PAN and PAA applied previously to RFo7,
which only included acetone and acetaldehyde, that the expected in-situ production
would be significantly higher when including MGLY. The absolute contributions of ace-
tone and acetaldehyde are similar above 6 km altitude, while below this altitude the
oxidation of acetaldehyde dominates.

Since the photolysis of acetone and MGLY does not take place during the night,
acetaldehyde becomes the most dominant PA-precursor. Note that additional to the
photolysis of MGLY, which is the major pathway to form PA from MGLY, the MOM-
chemistry scheme also includes oxidation pathways of MGLY with OH and NO; form-
ing PA wherefore the production of PA from MGLY is not zero at nighttime.

In general, during the night the total production of PA (darkblue) is between a factor
3 at 6km up to a factor of 320 at 14km altitude lower than during the day. Below

20 https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/, last access: gth ]uly 2025.


https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/

56 COMPARISON TO EMAC MODELLED PAN AND PAA DURING CAFE BRAZIL

14 '\‘ "{ " '* 14 '\\ - \:;\. -=- PA + NO3
12 ) i‘ ! I{ 5 \.\ '-; N - PP§+NR002
: 1 N h w \(\ PA: NO
10— % R o110 : . 2
3 e 3 <. \-=- PA+ HO;
1 Fé ~ e
= [ ; q’l" = \\ \ ‘-
o 8 | R o 8 S U
L] T 5
o : \ e o 7} LR N
2 ’ 1 2 . %
S 61 1 L ! 6 L B N
n LY -
< ~ g A < - 'f‘ A \_
4 N \\ .\\ S 4 S A \\ \\
\-\ L} ';- L] LN ) [ ] L}
Y r Y} » a & )
2 \ | 2 \ % / ’
1i. \\. ir { g b,
. » ot 5 e \‘-\\\
0 0
107 103 103 101 10-° 107 103 103

daytime PA loss rate (ppt/s) nighttime PA loss rate (ppt/s)

Figure 5.6.5: Median vertical profiles of modeled loss rates of the PA-radical in reactions with
NO; (pink), RO, (green), NO (yellow), NO, (blue) and HO, (red) during day (left
panel) and night (right panel) during the CAFE Brazil campaign. Note that the scale
of the logarithmic x-axes differ by orders of magnitude.

8 km altitudes, a significant deviation between total PA production and the sum of PA
production from acetaldehyde and MGLY is observed. This indicates that other PA pre-
cursor reactions become significant in the model. According to the MOM-chemistry
scheme, approximately 15% of the products of the ozonolysis of isoprene (Reaction
78) lead to the formation of PA. Measured mixing ratios of isoprene at 1 km altitude
above the Amazon rainforest during CAFE Brazil were in the order of 1 ppb (Tripathi
et al., 2025). With typical ozone mixing ratios of around 20ppb at this altitude and a
reaction rate coefficient of around 1.28 x 10~ cm3molec.~'s~! according to IUPAC,
production rates of PA from isoprene are in the order of 8.5 x 10~%ppt/s, which may
explain the relatively high total PA production in the model during the night at low
altitudes. Minor contributions result also from the ozonolysis of isoprene productions
products, such as MVK and MACR.

CsHg + O3 — products (78)

5.6.3.2 EMAC loss terms of PA

Similar to the production terms, also the loss terms of PA are orders of magnitude
lower during the night, except for reaction with NO;, see Figure 5.6.5. As a result, the
reaction of PA with NO; plays a relatively larger role during the night. However, even
during the night, the losses of PA via NO; are still a factor of 1000 lower at all altitudes
than the dominant loss processes with RO,.

During both night and day, the losses of PA decrease with altitude, except for the loss
due to the reaction of PA with NO, which increases due to increasing NO in the UT. In
the UT, NO is the dominant loss of PA during the day, while it is negligible during the
night. In the lower troposphere below 6 km altitude, the losses with RO, radicals are
dominant during both day and night.

The loss of PA with NO, is directly linked to the formation of PAN (Reaction 31).
In contrast, only a fraction of the reaction of PA with HO, leads to PAA formation
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Figure 5.6.6: Vertical profiles of branching ratios of the reaction of PA + HO,, calculated with
reaction rate coefficients recommended by IUPAC and the simulated temperature
and pressure profiles during CAFE Brazil.

(Reactions 32a-32c). As seen in Figure 5.6.6, the reaction of PA with HO, mainly leads
to the formation of acetic acid (AA) in altitudes above 9.5 km and to CH;0O, at altitudes
below. The branching ratio of the reaction forming PAA (e.g. the fraction « defined in
Equation 41) decreases from 37 % at the lowest altitude to 19 % at the highest altitude.

During the day, at all altitudes, the loss with HO, significantly exceeds the loss with
NO.,, underscoring that in the model the formation of PAA is favoured over the for-
mation of PAN. During the night, the loss reaction of PA with NO, leading to PAN
formation dominates in the UT but is comparable to the loss via RO, in mid-altitudes
and less important at lower altitudes than 6 km.

5.6.3.3 Relative contribution of loss and production terms

Figure 5.6.7 presents the modelled relative contributions to the PA-radical budget dur-
ing the entire CAFE Brazil campaign, including phases of dawn.

In the left panel of Figure 5.6.7, it is observed that the three precursor species acetone,
acetaldehyde and MGLY contribute together around 50% to the total PA-production
in the model, averaged over all altitudes. The major contribution results from MGLY,
with around 27-42% and a maximum in the lower troposphere. The second biggest
contribution results from acetaldehyde (8-18 %), followed by acetone (0.5-12 %), whose
contributions both increase with altitude. At altitudes lower than 5km the photolysis
of acetone plays a negligible role. The residual fraction (37-58 %) results mostly from
other isoprene photo-oxidation products.

Since acetone and acetaldehyde together only account for a maximum of about 30 %
of the PA-radical production in the model, it becomes clear that the steady-state con-
centrations of PAN calculated for RFo7 based on model acetone and acetaldehyde is not
sufficient. This is underlined by the fact that PAA steady-state concentrations exhibited
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Figure 5.6.7: Relative contribution of the main organic PA-precursors to model PA-production
(left panel) and fractional losses of the PA-radical (right panel) in the EMAC model
simulations for the full CAFE Brazil campaign, plotted against altitude.

a very different profile than observed PAA, even though the steady-state PAN approxi-
mately fitted to the observation.

In contrast to the production terms, the relative significance of the different loss
terms of the PA-radical is highly different with altitude, see right panel in Figure 5.6.7.
While in the UT above 10 km NO is the major loss process of PA, the reaction with HO,
peaks in the mid altitude-range and the sum of RO,-species make up the dominant
fraction at altitudes below 6 km. Figure 5.6.7 shows that on average only a few percent
(1-7 %, blue line) of the PA-radical actually forms PAN. Over the whole profile, PA + HO,
exceeds PAN formation up to a factor of 20. Note that the vast majority of flight hours
during CAFE Brazil took place during the day, hence the average relative contributions
are dominate by the daytime chemistry.

5.6.4 Role of Isoprene

The Amazonian rainforest is a huge source of biogenic VOC, with isoprene being the
dominant compound emitted from vegetation (Gomes Alves et al., 2023; Guenther,
2013; Wang et al., 2024).

Isoprene (C5Hg) is an alkene which is emitted by a wide variety of mostly deciduous
vegetation as by-product of photosynthesis and/or photo-respiration (Seinfeld and
Pandis, 1998). Typical atmospheric concentrations range from 0.2 to 30ppb (Seinfeld
and Pandis, 1998). Due to the combination of high temperatures and high biomass den-
sity, isoprene emissions are largest in the tropics (Seinfeld and Pandis, 1998). Isoprene
is not only highly reactive towards OH, but also towards ozone and NO;, which can at-
tack at the double bonds. The atmospheric lifetime is in the order of minutes to hours.
The photo-oxidation of isoprene can lead to many products such as PAN-precursors
like methacrolein (MACR), methylvinyl ketone (MVK) and in further photo-oxidation
steps to acetaldehyde and MGLY (Fischer et al., 2014; Paulson and Seinfeld, 1992). Tro-
pospheric mechanisms suggest that approximately 30 % of isoprene oxidation leads to
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MGLY formation (Tyndall et al., 1995).

MGLY is predominantly produced in second- and third-order generation of isoprene

oxidation while global primary sources of MGLY such as biomass burning (5 %), biofuel
use (3 %) or other anthropogenic emissions (5 %) are minor (Fu et al., 2008).
During the day MGLY (CH3C(O)CHO) has a total atmospheric lifetime around 2 hours,
which is mostly due to photolysis. To a smaller extent also OH initiated oxidation,
dry and wet deposition and uptake by aerosols and cloud droplets, which lead to
SOA formation (Fu et al., 2008), impact the lifetime of MGLY in the atmosphere. The
photolysis of MGLY leads to the formation of the PA-radical (Reaction 79).

CH3COCHO + hv 2% CH;C(0)0; + HCO (79)

Similar to isoprene, MGLY can be oxidized by OH and NO;, which can also lead to PA
formation. The reaction of MGLY with OH accounts for 99 % of the gas phase oxidation
(Fu et al., 2008). The rate of Reaction 8o is comparable to acetaldehyde reacting with
OH at room temperature, but has a distinct negative temperature dependence (Tyndall

et al., 1995).
CH3COCHO + OH — CH3C(O)CO +H,0 (80)

In Section 5.6.3, it was seen, that the relative contribution of the three major PA-

precursors acetone, acetaldehyde and MGLY differs with respect to altitude and time
of the day. Averaging the EMAC simulations along the flight track over the full CAFE
Brazil campaign, results in the relative contributions depicted in Figure 5.6.8.
Figure 5.6.8 shows that the major contribution to the PA production in EMAC comes
from MGLY (purple). This dominant role is readily understood by the high availability
of isoprene emissions above the Amazonian rainforest and is in agreement with other
global chemical transport model results (Fischer et al., 2014). The global average of
PA formation from MGLY estimated by Fischer et al., 2014 was also around 30 %, but
the relative contribution varied significantly depending on the altitude, region and sea-
son for example being dominant in the tropics above tropical rainforests. The relative
contribution of acetaldehyde (lime) and acetone (pink) to PA-production during CAFE
Brazil above the Amazon rainforest together account only for about a quarter of the
total model PA production.

Figure 5.6.9 depicts selected PA precursor reactions contributing to the residual frac-
tion "others" (red) of 44.1 % in Figure 5.6.8. As seen in Figure 5.6.9, the "other" PA pre-
cursors result mainly from isoprene oxidation products, such as diverse MVK (18.7 %,
blue) and Hydroxy-Biacetyl (brown).

Almost 10 % of "other" PA precursors is attributed to CH3;COCH, 0O, (orange), which is
formed in the reaction of acetone with OH. Relative small contributions to PA formation
result from the thermal dissociation of PAN (green) and other PAN-type species (red).
Note that during CAFE Brazil, the highest data coverage was at high altitudes, there-
fore the average over the EMAC simulations along the flight track represents mostly the
conditions in the UT, where the thermal decomposition of is PAN very slow. A minor
contribution to PA production in the model results from the slow photolysis of PAA.
The fraction "unspecified" (pink) includes a number of not further specified reactions
as well as reactions which were specified but contributed less then 1% to the total PA
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Figure 5.6.8: Mean contributions of the im- Figure 5.6.9: Relative contributions of selected PA

mediate PA-radical precursor precursors in the EMAC model to the
species acetone, acetaldehyde, fraction "others" in Figure 5.6.8. The
and methyl glyoxal (MGLY) fraction "unspecified" (pink) includes
during the CAFE Brazil cam- all unspecified reactions and reactions
paign based on EMAC simula- which contribute less than 1% to the
tions along the flight track. total PA production.

production. Most of these reaction also involve isoprene oxidation products.

Hence, this analysis strongly suggests, that the underlying PA formation chemistry
above the amazonian rain forest is predominately driven by isoprene and its oxidation
products.

5.6.4.1 Implications for methyl hydroxide production

The important role of isoprene chemistry during CAFE Brazil raises the question wether
non-methane chemistry may be more dominant than methane chemistry with respect
to methyl hydroperoxide (MHP) (CH3z OOH) formation in pristine, biogenic hydrocarbon-
rich environments like the Amazonian rainforest. It was shown in Section 5.6.3.3, that
a large fraction of PA reacts with NO, RO, and HO, and does not lead to the formation
of PAN or PAA. The losses of the PA radical via the reaction with NO, RO, and HO,
lead mainly to the formation of methyl peroxy radicals (CH30;). The methyl peroxy
radical forms MHP in the reaction of HO, (Reaction 81).

CH305 + HO2 — CH300H + O, (81)

MHP is one of the most abundant hydroperoxides in the atmosphere reaching max-
imum mixing ratios between 4.3-8.6ppb at low altitudes in the remote atmosphere
(Allen et al., 2022). The methyl peroxy radical is primarily formed during the oxida-
tion of methane (CH,) with OH (Reaction 82).

CHq4 + OH 2% CH30, + H,0 (82)

The current global average levels of methane are 1934 ppb>'. Reaction rate coeffi-
cients for Reaction 82 are between 6 x 10~ '>cm3molec.”'s~! at low altitudes and
4.5 x 10~ 15cm3molec.”'s~! at about 14 km altitude according to ITUPAC. Modelled me-
dian OH concentrations during CAFE Brazil increase from 1 x 10°molec.cm ™3 at low

21 https://gml.noaa.gov/ccgg/trends_ch4/, last access: 9th July 2025.
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Figure 5.6.10: Median vertical profile of methyl peroxy radical production rates via the loss
reactions of PA with NO, RO, and HO, (green) derived from the EMAC model for
CAFE Brazil simulations compared to the production via the oxidation of methane
(yellow) assuming a constant CH, mixing ratio of 1934 ppb.

altitudes to 4.7 x 10°molec.cm ™2 at high altitudes, which leads to the altitude depen-
dent production of CH30; depicted in yellow in Figure 5.6.10.

This production rate is compared to the production form the modelled PA reactions
with NO, RO, and HO, (green in Figure 5.6.10). It can be seen that, in terms of CH30,
production, PA chemistry dominates over methane chemistry at altitudes below 4km
up to a factor of 2 but decrease strongly with increasing altitude. At 14 km altitude
CH30; and hence MHP formation is factor two lower via PA than via methane. This
suggests that above the amazonian rainforest, PA chemistry significantly contributes to
MHP formation and can even exceed the production from methane. It is worth noting
that there is a high uncertainty on the branching ratios®* of the reaction PA + HO, for
the low temperatures in the UT. Hence, the formation of CH30; from the reaction of
PA + HO, could be even larger if the reduction in branching ratio to this channel with
increasing altitude (purple line in Figure 5.6.6) is less strong than IUPAC suggests.

5.7 ROLE OF PAA AS HOX RESERVOIR

It was seen that mixing ratios of PAA exceeded the ones of PAN significantly in the
sampled air masses during the CAFE Brazil campaign due to the dominance of HO,
over NO,. As mentioned in Section 2.2, PAA is considered as a reservoir of HO,. To
investigate its relative importance of PAA as HO, reservoir species in comparison to
total organic peroxides, the CIMS measurements of PAA are compared with HYPHOP
measurements of H,O, and ROOH (Hamryszczak et al., 2023a).

As seen in Figure 5.7.1, the vertical profiles of H,O, and organic peroxides are very
similar in shape and magnitude. Both exhibit a maximum between 1-2km altitude

8th July 2025.
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Figure 5.7.1: Vertical profiles of measured H,O, (left panel), and ROOH (right panel) during
CAFE Brazil. The medians are marked by the solid lines.

between 1-1.2 ppb and decrease towards higher altitudes to 60 and 100 ppt, respectively.

The ratio of PAA/(PAA + H,O, + ROOH) is depicted in Figure 5.7.2, indicating that
the relative importance of PAA increases strongly with altitude. While the median ratio
is around 17 % at the lowest altitude, it reaches up to 100 % at high altitudes. Keep in
mind the high measurement uncertainties on PAA and total organic peroxides and sta-
tistical effects of different sampling frequencies of the two instruments, which can lead
to ratios above 1. This indicates that in the UT, PAA is the dominant organic peroxide
above the Amazonian rainforest highlighting its importance as HO, reservoir species.

58 ROLE OF PAN AS A NOX RESERVOIR

The partitioning between NO and PAN can be used to estimate the conversion of ini-
tially abundant NO, to PAN in chemical aged air masses (Crowley et al., 2025).

The PAN-to-PAN+NO, ratio is plotted in Figure 5.8.1, where data with NO, below the
detection limit of 8 ppt was excluded. Measurement data was resampled to 2-min fre-
quency, and model data only includes flights during CAFE Brazil when PAN was mea-
sured. The median PAN/(PAN+NOy) ratio has an almost symmetric inverse C-shape
with its maximum in the mid-troposphere around 8 km, where also maximum PAN
values were observed. Single measurements of the PAN-to-PAN+NO ratio reached up
to 95 % and the median at 8 km lies around 8o %.

Due to the thermal instability of PAN, the ratio decrease below 8km with lower alti-
tudes. At higher altitude, the ratio decrease with altitude because of increasing (light-
ning) NOy and slightly decreasing PAN. The shape of the profile is similar for both the
model and the measurement data, but the model data underestimates the observations
in average by a factor of about 0.8 which is consistent to the factor of PAN underesti-
mation by the model.
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Figure 5.7.2: Vertical profile of the ratio PAA/(PAA + H,O, + ROOH) based on CIMS and HYPHOP
measurements during CAFE Brazil. The median ratio is marked by the solid line.
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5.8.1 PAN as source of NOx

It was seen in Figure 5.8.1 that depending on the altitude, a significant fraction of reac-
tive nitrogen can be stored in form of PAN. As a reservoir species, PAN can also release
the stored NO, by photolysis and thermal decay serving as a source of NO,.

In order to estimate the contribution of PAN to the NO, budget in comparison to other
NOy-species, a steady-state calculation scheme was applied assuming that the only
sources of NO, in the atmosphere result from a loss of reactive nitrogen. Hence, fresh
contributions, like for example from lightning, aircraft exhaust, stratospheric down-
welling or convective uplift of pollution, are not included. Therefore, the difference
between the steady-state concentration of NO, to the measured NO, will give an indica-
tion of the role of fresh NO, sources - most importantly lightning - compared to sources
from reservoir species.

The steady-state calculation focuses on the major NO-reservoir species in the UTC
PAN, NO;, HNO, and methyl peroxy nitrate (MPN) (Wei et al., 2024). The production
of NOy from PAN is calculated from thermal decay and photolysis with correction for
reformation of PAN from the PA-radical as given in Equation 37, which was also used
for the steady-state calculation of PAN described in Section 3.8. NO;, HNO, and MPN
can lead to the production of NO, in the atmosphere by Reactions 83-88.

HNO3 + OH — H,O0+ NO3 (83)
HNO3 +hv — OH+ NO; (84)
CH30,NO, + M — CH30, + NO; +M 85)
HNO,4 +M — HO, + NO; + M (86)
HNO, + OH — H,0 + 0, + NO> (87a)
— H>0, 4+ NOg3 (87b)

— HO, + HNO;3 (87¢)

HNO, + hv — OH + NO3 (88a)
— HO, +NO; (88b)

M denotes a collision partner. Reaction coefficients were taken from latest IUPAC rec-
ommendations. Reaction 87b and 87c were neglected as these pathways represent less
than 5 % and 1 % respectively 23.

During daytime, NOj3 is rapidly photolysed and leads quasi instantaneously to NOx-
formation via Reaction 89 and 9o and is hence counted as NOy in the steady-state
calculation.

NO3 +hv - NO+ 0> (89)
—NO>+0(P) (90)

23 https://iupac-aeris.ipsl.fr/datasheets/pdf/NOx11.pdf, last access: 6th June 2025.
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Figure 5.8.2: Vertical median profiles of measured (yellow solid line with dots) and EMAC model
NOy (yellow dashed line with squares). The dash-dotted yellow line indicates the
steady-state concentration of NO, based on contributions of the four NO, species
PAN (blue), HNOj; (green), HNO, (red) and MPN (purple).

The only loss processes of NO, considered in the steady-state calculation, are the
gas-phase reactions of NO, during day-time (Reaction 91-92). Since photolysis of NO,
leads to the recycling of NO ("Chapman-cycle), it is not a sink.

NO; + OH+M — HONO; +M
NO+OH+M — HONO+M

(91)
(92)

NO, in the form of HNO; is easily removed from the atmosphere by dry and wet depo-
sition and is hence considered as a sink of atmospheric NO,. Equal to Equation 38 used
for the steady-state PAN calculation, the steady-state concentration of NOy is derived by
the ratio between the total production terms and the total loss terms.

Since HNO;, HNO, and MPN were not measured aboard HALO during CAFE Brazil,
EMAC simulations of these species were used. The steady-state calculation was applied
including daytime EMAC model data defined by a photolysis frequency of PAN greater
than Te="1/s.

It is observed in Figure 5.8.2 that in the UT above 10 km altitude, there is an increasing
discrepancy with altitude between steady-state NO, and model output NO. In the high-
est altitude range around 14 km, contributions from the four considered NOy-species
only cover less than 10% of modelled and measured NO, during CAFE Brazil. There-
fore, the major source of NO, in the UT results from fresh entries most likely lightning,
which is considered to be the most significant source of NOy in the tropical troposphere
(Lamarque et al., 1996). Since during CAFE Brazil targeted outflow areas of convective
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updraft during many flights, convection of pollution from the boundary layer may also
play a role in explaining the discrepancy.

Among the four species, the oxidation and photolysis of HNO, is the dominant source
of NO, from reservoir species followed by HNO; and PAN while the thermal decay
of MPN is negligible. The fraction of PAN contributing to the NO, budget in the UT is
around 3-4 % decreasing with altitude. Due to the high thermal stability of PAN in the
UT, the release of NO, is slow making PAN only a minor source of NO in mid- and high
altitudes even though a high fraction of NOy is stored there in the form of PAN.

Below approx. 8 km altitude, calculated steady-state concentrations exceed measured
NO, which is probably mostly due to the fact that scavenging and dry deposition of
HNO; and HNO, were not included.

5.9 SUMMARY OF THE CAFE BRAZIL ANALYSIS

In this chapter, the unique data set of PAN and PAA measurements above the Ama-
zonian rainforest during the CAFE Brazil campaign was presented and compared to
model predictions and previous measurements. Three research flights were analysed
in detail with respect to the impact of in-situ production, convection and horizontal
transport of PAN and PAA.

Steady-state concentrations of PAN and PAA in RFoy

Steady-state concentrations for PAN and PAA from acetone and acetaldehyde precursors
were applied to the flight RFoy, which sampled staked profiles above the Amazonian
rainforest above the ATTO tower. The results showed that the measured high acetalde-
hyde concentrations in the free troposphere are incompatible with the observations of
PAN and PAA.

The discrepancy between measured acetaldehyde, using the GC-MS instrument, and
modelled values, using the EMAC model, was around a factor of 25 , indicating that the
acetaldehyde measurements are challenging our present understanding of its sources
and lifetime in the atmosphere (Millet et al., 2010). The steady-state concentration of
PAN derived from EMAC model data fitted well to the observations, showing that ace-
tone and acetaldehyde contribute almost equally to PA formation during RFoy at alti-
tudes above 4 km, while at lower altitudes the oxidation of acetaldehyde becomes more
important.

The total atmospheric lifetime of PAN and PAA in the UT was estimated to be 2-3 weeks
and 5-6 days respectively.

Convective outflow in RF10

RF10 was investigated as an example of convective outflow measurements. The vertical
profile of PAA showed an extraordinary maximum around 12 km altitude during this
flight, which was also observed in other VOC profiles, such as acetone. These observa-
tions underscore the role of tropical, vertical transport of trace gases from the boundary
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layer on the air mass composition in the UT.

Horizontal transport in RF20

The chemical aging of an air mass was investigated in a quasi-Lagrangian experiment
during the high-altitude flight RF20 in which a PAN-layer around 12km altitude was
observed and was repeatedly probed.

The location of the PAN-layer was compared to the CAMS model used for flight plan-
ning. The horizontal extension of the plume in the model fitted to the observations,
but was a factor of 25 higher than the measurements.

HYSPLIT backward trajectories were calculated to analyse the origin of the sampled air
mass, showing a mixture of updraft from the South American continent and trans-
ported maritime air from above the western Pacific.

Regional and seasonal distribution of PAN and PAA during CAFE Brazil

The campaign took place at the onset of rain season. The occurrence of biomass burn-
ing events was generally low and decreased from December to January, as indicated
by FIRMS satellite observations of open fires. However, according to backward trajec-
tory analysis, a significant fraction of the sampled air masses during CAFE Brazil had
traveled at low altitudes above the north-west coast of Brazil, a region with higher
densities of fire events, suggesting a potential impact of biomass burning emissions on
the sampled PAN and PAA mixing ratios. A slight seasonal distinction in PAN and PAA
vertical profiles was observed, with higher mixing ratios during December compared
to January, reflecting the transition from dry to wet season.

The regional distribution of PAN was qualitatively in agreement with global chemical-
transport models.

Vertical profiles of PAN and PAA compared to previous measurements

Compared to the limited number of reported vertical PAN measurements in the mid-
and upper troposphere above the Amazonian rainforest, the vertical PAN profile de-
rived during the CAFE Brazil campaign agreed in shape and magnitude with previous
measurements.

The large range of altitudes from a few hundred meters above the ground to almost
15 km altitude probed during CAFE Brazil provides a previously unavailable dataset
of simultaneous PAN and PAA measurements above the Amazonian rainforest. This
dataset offers a unique opportunity to investigate the vertical distribution and chem-
istry of these species in the pristine, tropical troposphere above the Amazonian rain-
forest.
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Comparison to the EMAC model

The PAN to PAA relationship was compared between CIMS measurements and the EMAC
model, which underestimated PAN observations on average by a factor of 0.8 and over-
estimated PAA observations by a factor of 1.2. This may indicate that, while the mod-
elled total production and loss rates of the PA radical are reasonable, the partitioning
between NO, and HO,, which defines the PAN-to-PAA ratio, is biased towards HO,
The analysis of the PA-radical production in the EMAC model showed that MGLY was
overall the dominant single PA-precursor during CAFE Brazil, followed by acetaldehyde
and acetone. During the night, production rates were significantly lower and pathways
such as the ozonolysis of isoprene can become relatively more important.

The large residual fraction of PA production in the model, which did not result from the
three major precursor acetone, acetaldehyde and MGLY, was dominated by isoprene ox-
idation products. This highlighted the dominance of biogenic VOCs, notably isoprene,
on PA formation above the Amazonian rainforest.

The rate of MHP formation from PA radical reactions was compared to the one from
methane oxidation, showing that at low altitudes the production of MHP by non-
methane chemistry can be up to a factor of 2 stronger than from methane.

Importance of PAN and PAA as reservoir species of NOx and HOx

The ratio of PAA/(H,0,+ROOH) was investigated to evaluate the relative contribution
of PAA to the total of organic peroxides. The ratio strongly increased with altitude and
reached around 100 % in high altitudes, highlighting the importance of PAA as a HOx
reservoir species.

The role of PAN as NOy reservoir species was discussed. The median PAN-to-PAN+NOy
ratio reached up to 80 % in the mid-altitudes demonstrating the significance of PAN as
a NO, reservoir. The NO,-steady-state calculation based on EMAC NO, species demon-
strated that only a minor fraction (3-4 %) of PAN is expected to contribute as a source
of NO, in the UT, where HNO, is a more important reservoir species. Measured and
modelled NO, agreed well on average over the whole campaign. The discrepancy be-
tween steady-state NO, from reservoir species and measured and modelled NO, shows
that lightning generated NOy is rapidly transformed into reservoir species that do not
re-release NO, on short time scales. This will happen following (long-range) transport
and e.g. subsidence allowing PAN to thermally dissociate to release NO.
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This chapter presents the CIMS measurements of PAN and PAA during the CAFE Pacific
aircraft campaign. After an overview of the general findings, three research flights are
analysed in detail. Based on these example flights, the role of horizontal and vertical
transport, biomass burning and in-situ production is discussed. Lastly, the observa-
tions are compared to the global chemical transport model EMAC.

6.1 CAFE PACIFIC CAMPAIGN DESCRIPTION

The CAFE Pacific campaign took place during the Australian monsoon in January
and February 2024 and included 18 research flights (RFs) plus 6 transfer flights. The
research aircraft High Altitude and Long Range Research aircraft (HALO) had the
same instrumental payload as in the other Chemistry of the Atmosphere Field Exper-
iments (CAFE) campaigns (Voigt et al., 2022). The campaign was based at the Airport
of Cairns (16.88°S, 145.75 °E) on the north-east coast of Australia. During RFo6-RF11,
the CIMS was run with a continuous calibration flow of isotopic "3C-PAN on a trial ba-
sis which turned out to suffer from significant impact of acetic acid as described in
Section 4.3.3. Therefore, these flights were excluded from further analysis. In all other
research flights, a half-hourly calibration cycle was applied using isotopically labeled
PAN similar to the cycle during CAFE Brazil. The flight tracks of all included flights
in the continued analysis are depicted in Figure 6.1.1. The local time in Cairns is ten
hours before UTC.

240202 RF12
240204 RF13
240207 RF14
240209 RF15
240211 RF16
240215 RF17
240216 RF18
240219 RF19
240222 RF20
240223 RF21
240224 RF22
e 240228 RF23

10°S

e o o ° 0

20°S ¢

30°5

40°5

130°E 140°E 150°E 160°E

Figure 6.1.1: All flight tracks during CAFE Pacific where PAN and PAA was successfully measured
by CIms.
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Figure 6.1.2: Occurrence of wind directions during CAFE Pacific, as measured by the BAHAMAS
instrument aboard HALO. Colours were assigned according to the sampling loca-
tion, with red indicating air masses sampled north of 10 °S, blue between 10-16 °S
and green south of 16°S The colour gradation indicates the wind speed, as de-
fined in the legend.

The main aim of the campaign was to investigate pristine, marine tropospheric chem-
istry including photo-oxidation chemistry, radical cycling and new particle formation.
Research flights were performed in a region between 130-165 °E and -45-0 °S.

A special target region was the Indo-Pacific Warm Pool (IPWP) where sea surface tem-
peratures are generally warmer than 28 °C throughout the year and major convective
updraft takes place bringing a lot of latent heat into the upper troposphere with global
impact (De Deckker, 2016). The warm pool region is also characterized by low ozone
concentrations due to the high mixing ratios of water and actinic flux leading to fast
losses of O; and the formation of OH (Rex et al., 2014). The prevailing El Nifio con-
ditions of the Southern Oscillation in the year 2024 shifted the location of the IPWP
further north-east towards the central Pacific. Despite the longer distance from Cairns,
three specially designed research flights were able to investigate this region. RF21 is
described in detail in Section 6.4.

In addition, specific flight routes were dedicated to different focus areas targeting for
example: emissions from coastal mangroves, phytoplankton activity above coral reefs,
differences between continental-marine air and tropospheric-stratospheric air. To reach
these goals, the flight-time had to be extended from the usual 8 h to 10h in some cases,
which required a stop-over for refueling. This concerns RF10 and RF18 targeting the
warm pool region, and RF15 which was a north-south transect through the whole Aus-
tralian continent until Tasmania, where stratospheric intrusions were reached. RF15 is
described in detail in Section 6.3.
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Figure 6.1.3: Measured PAN (left panel) and PAA (right panel) with CIMS along flight tracks,
averaged for 2 min during CAFE Pacific.

6.1.1 Meteorological conditions

Due to the large sampling area and altitude range, the sampled air masses have very
different wind directions and hence origins, see Figure 6.1.2. In measurement flights
south of Cairns (<16°S, green), the prevailing wind direction is from the west with
frequent high wind speeds above 3o0m/s indicating the influence of the southern
jet stream. Around Cairns (16-10°S, blue), wind directions were almost equally dis-
tributed. Towards the equator (> 10°S, red), most sampled air masses came from the
Pacific in the east. With respect to altitude, the wind direction of sample air masses
above 12km is clearly dominated by east-winds while mid- and low altitudes wind-
directions are more equally distributed with a second slightly favoured direction from
north-west (not shown).

6.1.2 Overview PAN and PAA measurements

The measured PAN and PAA along the flight track are more heterogeneously distributed
than during CAFE Brazil due to the large sampling area and the differences in air mass
origins. As seen in Figure 6.1.3, PAN mixing ratios were generally low, ranging from
below the LOD to a maximum of 100ppt in 2min averages. The lowest values were
reached above the Indo-Pacific Ocean north-west of Cairns while enhancements of
PAN were seen around Cairns and continental areas. An overview of PAN and PAA
measurement during all flights in CAFE Pacific is given in Figure 6.1.4 illustrating the
highly different flight designs and measured mixing ratios.

Besides probably urban pollution plumes from Cairns captured at altitudes below
2km, maximum PAN is found at an altitude of 8-10km with single values reaching
above 100 ppt, see left panel in Figure 6.1.5. Median PAN in the mid-altitude maximum
is around 50 ppt.

As seen by the different scaling of the x-axis in Figure 6.1.5, PAA levels generally
exceed PAN levels reaching peak values up to 300 ppt. Minimum PAA levels were ob-
served in the lowest and highest altitude bins close or below the detection limit. In the
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Figure 6.1.4: Time series of measured PAN (blue) and PAA (red) with CIMS aboard HALO of all
analysed measurement flights during CAFE Pacific. The flight altitude is marked

in gray.
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Figure 6.1.5: Median profiles of PAN (left panel) and PAA (right panel) during CAFE Pacific.
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Figure 6.2.1: Sampling areas of the CAFE Pacific campaign (blue) and the compared aircraft
campaigns. Note that only the data in the southern hemisphere (SH) of the ATom
campaigns within the orange rectangle was included in the comparison.

mid-troposphere between 4-10km altitude, minimum PAA levels were around 20 ppt,
see right panel in Figure 6.1.5.

6.2 VERTICAL PROFILES OF PAN AND PAA ABOVE THE SOUTHERN PACIFIC

Simultaneous aircraft measurements of PAN and PAA above the tropical western pacific
and especially the southern hemisphere are rare, as mentioned in Section 2.3.2. In this
section, the CAFE Pacific measurements are compared to four aircraft campaigns which
were considered to be the most comparable ones in terms of regional and seasonal
comparability. However, the sampling area of the compared campaigns do not or only
partially overlap with the one investigated by CAFE Pacific, as depicted in Figure 6.2.1.
The area studied during the CAFE Pacific campaign is a unique feature of the campaign
compared to previous aircraft measurement.
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Previous aircraft campaigns in the Southern Pacific

The PEM-West A aircraft campaign of the Global Tropospheric Experiment (GTE) series
sampled above the western pacific (0-50 °N and 120-180 °E) during September-October
1991 to study the budget and chemistry of reactive nitrogen at minimum outflow from
the Asian continent (Hoell et al., 1996). Since PEM-West A sampled exclusively in the
northern hemisphere, the comparison is only conditionally meaningful. Singh et al.
(1996b) derived an average tropical/equatorial ( 15 °N) PAN profile of GC-ECD measure-
ments on board of DC-8 aircraft during PEM-West A for clean background conditions
(gray triangles in Figure 6.2.2).

The southern/central Pacific region (10-30°S) was targeted five years later again in
September/October by the PEM-Tropics A mission to show the presence of distinct
pollution plumes in the middle-tropical troposphere (Singh et al., 2000a). The sampled
air during PEM-Tropics A was characterised by low C,H,/CO ratios indicating the ag-
ing of fresh pollution plumes from biomass burning regions in South Africa and South
America during the long-range transport towards South Pacific (Singh et al., 2000a).
Singh et al. (2000a) derived the vertical profile of PAN measured above tropical ocean
areas during PEM-Tropics A which is marked in Figure 6.2.2 (gray dash-dotted line
with star markers).

The flight tracks of the two campaigns ATom1 and ATom2, were nearly identical sam-
pling above the Atlantic and the Pacific between approximately 60 °N and 60 °S but
covered different seasons. The gray dashed line with squared markers in Figure 6.2.2
shows the median PAN profile during the southern hemispheric winter and the dot-
ted line with circle markers the median of southern hemispheric winter. The profile
includes only data captured on the southern hemisphere and excludes land crossings
episodes (Travis et al., 2020).

Comparison of PAN profiles

As seen in Figure 6.2.2, the median PAN profile during CAFE Pacific (blue) is comparable
in shape and magnitude to the profiles derived during the missions ATom1-2 (orange).

The profile of PEM-West A (brown) is slightly lower than the one of CAFE Pacific,
which is probably due to the fact that PEM-West A sampled in the northern hemi-
sphere. However, the profile of PEM-West A is still within in the same magnitude than
CAFE Pacific.

In contrast, the profile of PEM-Tropics A (purple) exceeds the profile of CAFE Pacific
almost up to a factor of 2. This is probably caused by the frequently sampled biomass
burning plumes during PEM-Tropics A campaign leading to an enhancement of mid-
and upper tropospheric PAN (Singh et al., 2000a). As will be discussed later, biomass
burning activity was rather low during CAFE Pacific.

All median profiles are characterised by a continuous increase between boundary
layer and mid-troposphere. Median PAN levels in the boundary layer are quasi zero
during all campaigns, due to the thermal instability of PAN. In the mid-troposphere
around 8 km altitude, PAN levels are approximately between 20-60 ppt in all campaigns.
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Figure 6.2.2: Comparison of median vertical PAN profiles during CAFE Pacific (blue points, this
work) to reported measurements above the western- and southern Pacific by Singh
et al. (1996b) (brown triangles), Singh et al. (2000a) (purple stars), and Travis et
al. (2020) (orange squares and circles). Further descriptions of the campaigns are
given in the text.

While the maximal sampling altitude was limited to 10 km during ATom and 12 km dur-
ing PEM-West A and PEM-Tropics A, the CAFE Pacific measurements provide a unique
data set up to an altitude of more than 14km. The median PAN levels during CAFE
pacific do not significantly decrease between 8 km altitude and 14 km, which could be
a result of mixing and transport and will be discussed later.

Comparison of PAA profiles

PAA was only measured during the ATom campaigns with a Caltech negative-ion cluster
CIMS instrument (Crounse et al., 2006).

As depicted in Figure 6.2.3, the CIMS measurements of PAA (red) are in a comparable
range to the ATom data (orange) reported in Travis et al. (2020) considering the high
uncertainty (approx. 30-100 %) on the absolute values of the CIMS PAA data (see Table 8).

However, the shapes of the vertical profiles differ significantly. While the median
vertical PAA profiles derived from the first two ATom campaigns have a C-shape with
a maximum above 100 ppt at low altitudes and also at 10 km, the median vertical PAA
profile from CAFE Pacific is almost constant around 8o ppt above 4 km altitude, as it was
also observed for PAN.

The difference is most substantial at the low altitudes, where PAA measured during
ATom reaches 120-140 ppt while the median of the PAA measurements during CAFE Pa-
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Figure 6.2.3: Comparison of median vertical PAA profiles from CAFE Pacific (red, this work) to
reported measurements above the Southern Pacific during ATom1 (orange dashed
line with square markers) and ATom2 (orange dotted line with circle markers)
(Travis et al., 2020).

cific decreased to close to detection limit.
During CAFE Pacific, PAA data below 2 km altitude was a mixture from samples above
the ocean and land masses. PAA above the Australian continent and along coast lines
was clearly enhanced compared to above the ocean (see Figure A.0.9 in the Appendix).
Note that in the ATom PAA profile, data from land-crossings was excluded, wherefore
PAA below 2 km altitude was dominated by maritime boundary layer measurements.
A possible explanation for the substantial difference in shape between the observed
vertical profile of PAA during CAFE Pacific and ATom, could be the result of convection
and entrainment during CAFE Pacific. If PAA rich air from the boundary layer was
shifted to the mid-troposphere by convective updraft leading to an inversely shaped
profile to the one of ATom, where deep convection uplifting PAA may have been less
frequent.
This hypothesis is supported by the EMAC model results for CAFE Pacific, which also
predicted lower PAA in the lower troposphere than in the upper troposphere, which
will be discussed later.

63 RF15: A NORTH-SOUTH TRANSECT FLIGHT

The highest levels of PAN were detected in research flight RF15 which took place on
oth - 10t February 2024 with respect to UTC time. RF15 was specially designed to reach
as far south as possible to probe stratospheric air masses. During the 12h long flight
track, continental air masses were sampled by crossing over the Australian continent in
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Figure 6.3.1: Time series of PAN and PAA measurements in RF15 on oth - 10th February 2024

during CAFE Pacific. The timings of helix patterns are marked by the coloured
shaded areas.

a north to south transect approximately along 145°E longitude. Between Cairns in the
north end of the flight track and Cape Grim on Tasmania in the south, three vertical
profile measurements were performed by spiraling up and down between 1-14 km alti-
tude in a helix pattern. A refueling stop was made close to Melbourne (144.5°E, 38.0°S)
between 3:38 and 4:35 UTC on 10" February. By reaching a southern latitude of more
than 40°S, it was possible to intercept air masses with stratospheric influence.

The three profiling helix patterns were performed between 22:05-23:32 UTC on oth
February (northern helix, 146.8°E, 23.9°S), 1:48 - 2:44 UTC on 10" February (southern
helix, 144.4°E, 40.4°S) and 5:41-6:50 UTC (central helix, 144.7°E, 30.4°S) as marked in
Figure 6.3.1. The time between the three helices was approximately 4hours with the
tirst helix (in the north) at 9:00 local time and the third one (central) shortly before
sunset around 17:00 local time.

6.3.1 PAN and PAA vertical profiles during RF15

The location of the vertical helices is marked on the flight track in the right panel of
Figure 6.3.2 and the corresponding measured vertical PAN profiles during the helices
are shown in the left panel in Figure 6.3.2 for PAN. The same plot is shown for PAA in
Figure 6.3.3 respectively.

The vertical profiles of median PAN mixing ratios showed the typical maximum (40-
9o ppt) around 8 km altitude during the two continental (green and brown) helices. The
maximum PAN during the southern helix (blues) was located slightly higher around
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Figure 6.3.2: PAN along the flight track (right panel) and vertical profiles (left panel) correspond-
ing to the encircled positions of up- and downward spirals (helix), measured dur-
ing RF15 on 9-10" February 2024 during CAFE Pacific. Note that due to geographi-
cal overlaps, only the last data points during the helices are visible.

11,km with median mixing ratios around 50 ppt. In general, observed PAN levels during
the southern helix were lowest compared to the two other helix. The difference between
PAN levels measured during the southern helix and the two other helix patterns is most
pronounced at low altitudes. Specifically, median PAN levels were factor 3-5 higher
during the central and northern helix compared to the southern helix.

The southern helix was performed above the ocean in the absence of strong anthro-
pogenic sources and captured very low PAN values close to detection limit. In contrast,
the two other helix patterns were performed above the continent, where enhanced PAN
were observed at low altitudes. Since temperatures at 1 km were around 20°C, the life-
time of PAN was in the order of 1-2h according to current IUPAC recommendation for
the thermal decay coefficient of PAN?4. This suggests that the observed PAN at low alti-
tudes must have been produced from sources on the Australian continent rather than
being transported from distant source regions. Since most of inland Australia is neither
inhabited nor industrialised, sources of NO, and organic precursors of PAN may result
from vegetation fires.

In contrast to PAN, PAA is thermally stable in the warm boundary layer and its
lifetime is determined by photolysis (Berasategui et al. (2020, and references in Sec-
tion 2.2.2)). The vertical profiles show, that the mixing ratios PAA in the low altitudes
vary strongly depending on wether it was sampled above maritime or continental re-
gions. The three profiles reach similar mixing ratios in the mid troposphere around
4-9 km altitude but differ significantly by their shape.

In the central helix, PAA was highest (up to 150 ppt) below 2 km altitude above the con-
tinent decreasing with altitude.

During the southern, maritime helix, only a few ppt were measured in the low altitude
probably due to the absence of source. PAA mixing ratios increased with altitude up
to around 8 km, where also PAN was maximal, but the decrease again towards higher
altitudes.

24 https://iupac-aeris.ipsl.fr/datasheets/pdf/R00_15.pdf, last access: 10th June 2025.
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Figure 6.3.3: PAA along the flight track (right panel) and vertical profiles (left panel) correspond-
ing to the encircled positions of up- and downward spirals (helix), measured dur-
ing RF15 on 9-10" February 2024 during CAFE Pacific. Note that due to geographi-
cal overlaps, only the last data points during the helices are visible.

In the case of the northern, continental helix, PAA was almost continuously increas-
ing with altitude. At low altitudes, a median of around 8o ppt was reached while in
the upper troposphere around 11km, a median of about 150ppt was observed. This
high concentration in high altitudes could be a result of in-situ formation of PAA in
the boundary layer in the morning which was uplifted in the upper troposphere by
convective updraft.

The three very different local PAA profiles underline the high spatial and temporal
variability of PAA.

6.3.2 PAN correlation to other tracers in the northern Helix in RF15

To gain insights about the potential sources of PAN measured during the helices, the
correlations to other measured trace gases was investigated. In Figure 6.3.4, PAN mea-
surements during the first, northern helix pattern are plotted against ozone, carbon
monoxide, acetonitrile and acetone.

Figure 6.3.4 shows that the composition of air masses sampled in the northern helix,
differ significantly by altitude and can be roughly distinguished into three regimes:
low (<4km), mid (4-7km) and high altitude (>7km) air masses. These three regimes
are most clearly seen in the correlation of PAN to measured ozone and also to some ex-
tent in the plot against CO and acetonitrile. The different regimes indicate the complex
mixture of the sampled air masses being a result of different sources.

As outlined in Section 1.4, ozone production depends on similar precursors as PAN
(NOy and vOC). Hence, the linear correlation between ozone and PAN in mid- and high
altitude air masses above 7 km underlines the presence of in-situ production contribut-
ing to the observed PAN levels.
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Figure 6.3.4: Correlation of PAN to Ozone (top left panel), CO (top right panel), acetonitrile (bot-
tom left panel) and acetone (bottom right panel) measured aboard HALO during
the northern helix of RF15 during CAFE Pacific.

The origin of CO in the troposphere can be biogenic as well as anthropogenic and can
hence indicate different types of sources. The major source of CO in the troposphere is
oxidation of methane by OH, followed by biomass burning. Since CO is also emitted by
combustion and industrial process, CO can be used as a tracer of anthropogenic activity.
However, background levels are relatively high because of its long atmospheric lifetime
of about 1month in the tropics and 4month in mid-latitudes (Seinfeld and Pandis,
1998). In low altitude air masses, PAN and CO showed two distinct linear correlations,
one for air masses below 4 km (dark blue) and one for air masses between 4-6 km
(light blue).

During RF15, only a few counts on black carbon have been detected by the SP2 instru-
ment indicating no significant impact by fresh biomass burning (Figure A.0.13 in the
Appendix). However, a linear correlation between PAN and acetonitrile can be observed
in low altitudes (<4 km) as it was seen also for CO. Acetonitrile is a more long lived
biomass burning tracer. Hence, the correlation between PAN and CO and acetonitrile
indicates a possible impact of aged biomass burning on the air mass composition.

Next to acetaldehyde and MGLY, acetone is an ubiquitous oxygenated species in the
atmosphere and one of the most important precursors of PAN (Fischer et al., 2014). Ace-
tone is directly emitted from anthropogenic and biogenic sources as well as biomass
burning and is also produced in the atmosphere by VOC oxidation (Fischer et al., 2012).
No clear linear correlation between acetone and PAN for all altitudes is seen.
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Figure 6.3.5: Calculated 10 day-backward trajectories with HYSPLIT for PAN measurements below
1.5km altitude during the vertical profiling helices. The trajectories are colour-
coded with altitude and PAN mixing ratios are given at the trajectories’ starting
points.

6.3.3 Back-trajectory analysis RF15

To investigate the origin of the air masses measured during the vertical profiling,
10 days-backward trajectories were calculated with HYSPLIT*> for every minute along
the flight track similar as described in Section 3.5 and also applied for the analysis
for CAFE Brazil in Section 5.3. Note that trajectory calculations have to be used with
caution because they are highly dependent on the starting location, the meteorological
input data and the used vertical transport method, which causes the major uncertainty
(Harris, Draxler, and Oltmans, 2005).

Figure 6.3.5 shows that the trajectories from air masses sampled below 1.5 km during
the central and northern helix have passed in low altitudes above big coastal cities like
Brisbane, Sydney and Canberra within the last 1-2days. Above the cities, air masses
would have been loaded with urban pollution allowing PAN to form from NO, and
organic precursors explaining the correlation between CO and PAN depicted in Fig-
ure 6.3.4. The trajectories corresponding to the low altitudes during the southern helix,
which took place above the ocean close to Tasmania, do not pass over obvious anthro-
pogenic source regions in the previous 1-3 days which fits to the low measured PAN
levels.

As shown in Figure 6.3.6, a part of the trajectories of air masses sampled at high alti-
tudes (>10.5km) during the central and the southern helix traveled in the subtropical
jet. This opens the possibility of long range transport of PAN resulting from biomass
burning or anthropogenic pollution from southern Africa.

The trajectories which pass above southern Africa traveled there at altitudes above
8km, so deep convection would be required to mix anthropogenic pollution from the
boundary layer to this altitudes. Biomass burning plumes could be effective in bringing
up NOy and organic PAN and PAA precursors. According to NASA’s Earth Observing

25 https://www.ready.noaa.gov/HYSPLIT.php, last access: 10th June 2025.


https://www.ready.noaa.gov/HYSPLIT.php
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Figure 6.3.6: Calculated 10 day-backward trajectories with HYSPLIT for PAN measurements above
10.5 km altitude during the vertical profiling helices. Trajectories are colour-coded
by altitude and PAN mixing ratios are given at the trajectories’ starting points.
FIRMS Fire events above southern Africa detected with a confidence of 100 % by
satellite data from AQUA and TERRA with the MODIS instruments between 1.1.-
9.2.2024 are marked in red.

System Data FIRMS from the MODIS instrument on the satellites TERRA and AQUA?%,
biomass burning activity in southern Africa was low during January until 9! February
2024 (269 detected events with confidence of 100 %), see red dots in Figure 6.3.6.
Therefore, it seems unlikely that long range transport of biomass burning or anthro-
pogenic pollution plays a major role for the measured PAN at high altitudes during RF15
in CAFE Pacific. In addition, in biomass-burning plumes the absolute mixing ratios of
PAN and PAA as well as their ratio depend on multiple factors like for example the
type and phase of biomass burning, the rate of initial vertical transport, meteorological
conditions etc.

The temporal evolution of the air composition in potential biomass burning plumes
is highly complex and the ratio between PAN and PAA is quite variable (Crowley et al.,
2025), which makes it difficult to draw conclusions on the PAN and PAA ratio in an
air mass after 10 days of transport. In the case of the northern helix, all trajectories
indicate origins from the east over the ocean, where no strong sources are expected.
However, both, PAN and PAA levels, were elevated at 10-12km so the origin of the
PA-radical remains unclear.

6.3.4 CAMS forecasts of PAN for RF15 during CAFE Pacific

As explained in Section 3.4, a forecast product of Copernicus Atmospheric Monitoring
Service (CAMS) simulating the distribution of several trace gases was used during the
campaign for flight planning.

In Figure 6.3.7, the CIMS measurements of PAN are compared with the forecast data
set of CAMS? in low (1000hPa, left panel) and high (250hPa, right panel) altitudes

https://firms.modaps.eosdis.nasa.gov/map/, downloaded on 16 May 2025.
https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?
tab=download, downloaded on 18™ December 2024.


https://firms.modaps.eosdis.nasa.gov/map/
https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?tab=download
https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?tab=download
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Figure 6.3.7: Global forecast of PAN by CAMS for RF15 during CAFE Pacific colour-coded by mix-
ing ratio. The white ellipses mark the area of the flight track. Measured PAN is
plotted for the corresponding pressure levels 1000hPa (left panel) and 250hPa
(right panel) for 6hours around midnight (UTC) and is marked as colour-coded
dots according to mixing ratio. Note that the scale of the colour-codes differs by
a factor of 20 for CAMS and CIMS levels. Generated using Copernicus Atmosphere
Monitoring Service information (2024).

around midnight (UTC). Note that the color-code sacles are different by a factor of 20
for CAMS and CIMS PAN data.

Near the ground at 1000 hPa, CAMS predicted elevated PAN levels above 2 ppb above
the south-western Australian continent, where CIMS also measured higher PAN levels
but only up to around 100 ppt. Also the horizontal location of the predicated PAN layer
at 250hPa by CAMS fits surprisingly well to the hot-spots of the measured PAN, even
for the filaments of the plume. However, also here the CAMS PAN levels are a factor 20
higher than the observed ones by CIMS.

The same general observation yields also for the analysis of other measurement
flights during CAFE Pacific (see Figure A.0.14 in the Appendix). It seems that the CAMS
forecast product is able to predict approximately the horizontal extend of PAN plumes,
but the model has crucial deviations (more than factor twenty) in magnitude of pre-
dicted absolute mixing ratios. In addition, the predicted altitude of the PAN layer is
highly uncertain compared to observations which was seen as well when comparing
CAMS reanalysis data to CAFE Africa (not shown) and CAFE Brazil PAN measurements
(Figure 5.4.14).

Hence, with respect to flight planning, CAMS is considered as a useful tool to approx-
imately locate the horizontal extent of PAN plumes. However, the CAMS predictions
must be regarded with caution considering the essential overestimation in absolute
levels of PAN and the uncertainty in the vertical location.

64 RF21: WARM POOL FLIGHT

The lowest PAN levels were measured during RF21 which targeted the Indo-Pacific
Warm Pool region. The gh long flight took place on 23%"-24™ February 2024 going
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Figure 6.4.1: PAN measurements colour-coded along the flight track of RF21 during CAFE Pacific.
The location where a vertical profiling helix pattern was performed is marked
by the green circle. The background picture of predicted surface ozone around
0:00 UTC was generated using Copernicus Atmosphere Monitoring Service infor-
mation (2024).

straight towards the north-east from Cairns until the edge of the warm pool where
a helix pattern for vertical profiling was performed (1 °N, 158 °E) between 1:22 and
3:38 UTC, see Figure 6.4.1. The location of the warm pool was estimated with the help
of the surface ozone forecast from CAMS?.

As predicted by the CAMS forecast, ozone levels were low above the Indo-Pacific
region, going down to around 10 ppb, see green points in Figure 6.4.2. The low ozone
values are a result of HO, reactions with O3 and the low NO levels (Nussbaumer et al.,
2025). If there is little NO, this will not lead to NO, and thus photochemical formation
of ozone is stopped. Nussbaumer et al. (2025) explained the lack of lightning induced
NOy in the UT above the warm pool by non-electrified convection.

Apart from take-off and landing, PAN was constantly close to or below the detection
limit counting less than 5 ppt in the lowest level above the warm pool (blue dots in Fig-
ure 6.4.2). These observations suggests that PAN does not play a major role as reservoir
and source of NO, above the Indo-Pacific warm pool.

Also PAA mixing ratios (red dots in Figure 6.4.2) were the lowest observed during
the campaign varying between 10 ppt at low altitudes above the warm pool and around
3oppt at high altitudes. This is readily understood by the absence of terrestrial VOC
sources. At the end of the flight during the calibration leg at an altitude of around 5km
PAA increased up to 250 ppt when approaching the coast together with Ozone and a

https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?
tab=overview, downloaded on 22" February 2024 from the service package especially designed for
CAFE Pacific and only active during the campaign.


https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?tab=overview
https://ads.atmosphere.copernicus.eu/datasets/cams-global-atmospheric-composition-forecasts?tab=overview
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Figure 6.4.2: Time series of PAN (blue) and PAA (red) measurements from RF21 during CAFE
Pacific. Ozone data (green) from the FAIRO instrument is given in ppb and scaled
by a factor of 10 for better visibility. The time span when a vertical profiling helix
pattern in the warm pool region was performed is shaded in green.

slight increase in PAN. This could be an indication for photo-chemical production from
organic precursors in warm air with high organic content.

6.4.1  Maritime versus continental flights

In total, three flights were dedicated to investigate the IPWP region north-east of Aus-
tralia (RF13, RF18, RF21). Conversely, two flights were directed south-west of cairns
sampling above the Australian continent (RF15 and RF19).

To investigate the characteristics of the maritime flights in contrast to the continental
flights, Figure 6.4.3 shows the flight tracks and the mean vertical PAN profile for the
continental (brown) and maritime (orange) flights. Both profiles show a maximum
around 8 km altitude but in general slightly higher PAN levels were detected during
the continental flights. The two PAN profiles differ greatest at altitudes below 3km
PAN, where mean PAN mixing ratios were larger above the continent. At the lowest
altitude, the mean of continental flights reached around 50 ppt while above the ocean
PAN was close to the limit of detection. The PAN peaks at the lowest level during
the continental flights indicate the presence of local pollution plumes and in-situ PAN
production. Note that RF18 included a refueling stop on the Solomon islands. When
approaching the islands, a peak of PAN up to 200 ppt next to a visible biomass burning
plume was measured, which was excluded from the median of the maritime flights
(orange line).

Figure 6.4.4 shows the 10-days-backward trajectories investigating the origin of the
sampled air masses below 4km. The trajectories of both groups, maritime and conti-
nental flights, traveled most of the time above the ocean. In the case of the Warm Pool
flights, most trajectories originated from the Southern Pacific. The trajectories from
the continental flights mostly originated from the Southern Ocean but also partly sur-
passed the continent at low altitudes where air masses could possibly be impacted
by pollution or biogenic emissions explaining the enhanced PAN in the profile at low
altitudes. Due to the long lifetime of PAN in the mid- and upper troposphere and the
manifold of sources, the differentiation between "maritime" and "continental" flights at
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Figure 6.4.3: Flight tracks of selected "continental" (brown) and "maritime" (orange) flights dur-
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Figure 6.4.4: Calculated 10-days back trajectories with HYSPLIT for every 10 min along the flight
tracks. Data only includes trajectories starting below 4 km altitude for continental
flights RF15 and RF19 (left panel) and maritime flights RF13, RF18, and RF21 (right
panel).

these altitudes is not reasonable. This is underlined by the little difference between the
two profiles at mid- and high altitudes.

65 RF17: IMPACT OF IN-SITU PRODUCTION

To better understand the role of in-situ production of PAN and PAA during CAFE Pacific
from the two measured PA precursor species acetone and acetaldehyde onboard HALO,
the simplified reaction steady-state scheme explained in Section 3.8.1 is applied to the
CAFE Pacific data set of RF17.

Flight RF17 was chosen because it has a complete data coverage for almost all instru-
ments aboard HALO. In addition, RF17 has a high vertical data coverage in an altitude
range between 400 m above sea level and almost 14 km altitude.
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Figure 6.5.1: Measured PAN (left panel) and PAA (right panel) by CIMS along the flight track of
RF17 on 14" February 2024 during CAFE Pacific. The approximate location of the
targeted coral reef area is encircled (green dotted).

6.5.1  RF1y flight description

RF17 took place from midday local time (UTC + 10h) until the late evening on the 14"
of February 2024 and targeted the coral reef area south east of Cairns. The flight pat-
tern depicted in Figure 6.5.1 was gh long and included two parallel walls of stacked
altitudes, one directly above the coral reef area and the other one above the open ocean,
as well as the four vertical helix climbs. PAN measurements reached values up to 100 ppt
and PAA up to 200 ppt. No distinction was observed between reef and non-reef areas
with regard to the PAN and PAA measurements.

6.5.2 Input data sets for the steady-state calculation of RF17

The steady-state calculation was run with two different data sets, a measurement based
(HALO) and a model based (EMAC) data set. The species and meteorological parameters
long the time series of RF1y for both data sets are depicted a in Figure A.o.10 in the
Appendix.

The measurement data in the first data set results from instruments onboard HALO
as referenced in Table 1. NO, data was derived from ozone, NO and actinic flux data
via the simple photo stationary state assumption (Equation 277) which does not include
peroxy radicals. Since the concentration of NO is critical for the calculation of the PSs
as well as for the steady-state calculation of PAN, a value of 1 ppt was assigned to data
reported to be below the detection limit of NO. The median of NO measurements is in
agreement with EMAC model simulations of NO, which were only a few ppt low alti-
tudes, as shown in the left panel in Figure 6.5.3. In the original data set, NO data below
the detection limit was assigned 5 ppt (1 0) which would already lead to a significant
amount of NO, and hence PAN at low altitudes above the sea where no NO source
except the rare shipping traffic is expected. Further, for the calculation of the PSS, twi-
light phases were excluded by filtering data by photolysis frequencies of NO, (j(NO3))
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below 0.0045 1/s which represents approx. 20 % of the maximum j(NO;) reached.
Since the data set from the spectroradiometer (SR) aboard HALO does not provide di-
rectly the photolysis frequency of PAA, a scaled photolysis rate of H,O, for the HALO
data set was used. The fixed scaling factor of about 10 % was derived from the ratio of
j(PAA) to j(H202) simulated by a TUV model provided by the Atmospheric chemistry
observations and Modeling Lab*for 15" February of 2024 at Cairns (16 °S, 146 °E) and
8 km altitude. This approximation is valid because the absorption cross section of H,O,
and PAA in the actinic spectrum behaves similar due to the OOH-group but differs in
magnitude3°.

Measurement data of HOx was not available wherefore OH and HO, were taken from
EMAC simulations along the flight track. All measurement data was resampled to time
steps of 12 min to fit with the EMAC data set.

The second data set for the steady-state calculation consists purely out of modelled
data by EMAC including PAN, PAA, precursor species, photolysis frequencies and me-
teorological parameters. The EMAC model configuration was the same as used for the
analysis of CAFE Brazil data presented in Section 5.6.

6.5.3 Modelled and measured photolysis frequencies for RF17

In both data sets, photolysis frequencies for PAN, Acetone and PAA were filtered by a
lower limit of j(PAN) > le~’, which would otherwise falsely induce extremely high
steady-state concentrations when the loss rates become very low.

The median vertical profile of the filtered j-values from the SR instrument and EMAC
simulations are shown in Figure 6.5.2. Model and measurements are in good agreement
except in high altitudes between 8-12km for the photolysis rate of PAA where EMAC
overestimates j(PAA) by around 50 %. This can be explained by thin cirrus cloud layers
above the aircraft reducing the actinic flux, which were observed during the flight but
are not resolved in the EMAC model. However, j(PAA) does not affect the steady-state
for PAN as it only enhances the loss rate of PAA at these altitudes impacting the steady-
state concentration of PAA. The reaction rates for all reactions in the simple steady-state
scheme are based on the latest IUPAC recommendations3* for the HALO measurement
data set as well as for the EMAC model data set. Generally, the photolysis frequencies,
temperature and pressure data are well represented by the EMAC model.

6.5.4 Vertical profiles of modelled and measured precursor species in RF17

Since in both data sets HO, data is taken from the model, the HALO and the EMAC data
set differ in principle only by in NO,, acetone and acetaldehyde. Figure 6.5.3 shows
the vertical median profiles of theses species for measurement data from NOAH, GC-MS
and PTR-MS compared to model data from EMAC. The EMAC simulation fits well to the

https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/, last access: 15t May 2025.
https://uv-vis-spectral-atlas-mainz.org/uvvis_data/cross_sections_plots/Organics%20(acids)
/CH3C(0)00H_lin.jpg, last access: 12" May 2025.
https://iupac.aeris-data.fr/catalogue/#/catalogue/classifications/gap, last access: 14th May
2025.


https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/
https://uv-vis-spectral-atlas-mainz.org/uvvis_data/cross_sections_plots/Organics%20(acids)/CH3C(O)OOH_lin.jpg
https://uv-vis-spectral-atlas-mainz.org/uvvis_data/cross_sections_plots/Organics%20(acids)/CH3C(O)OOH_lin.jpg
https://iupac.aeris-data.fr/catalogue/#/catalogue/classifications/gap
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Figure 6.5.2: Median vertical profiles of filtered photolysis frequencies for the data set based on
measurements (SR) and model data (EMAC) used for the steady-state calculation
for RF17 during CAFE Pacific.
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Figure 6.5.3: Vertical profiles of PAN and PAA precursor species of 12-min resampled measure-
ment data (coloured dots) and modelled EMAC data (gray squares) for RF17 during
CAFE Pacific. The lines represent the medians.

almost flat profile of acetone around 500 ppt measured by the PTR-MS instrument. In con-
trast, acetaldehyde simulations are two orders of magnitude (approx. factor 50) lower
than measurements from the GC-MS instrument. The EMAC acetaldehyde is highest at
4km altitude around 40 ppt and decreases with increasing altitude to less than 20 ppt.
The medians of measured acetaldehyde varies from around 230 ppt at low altitudes to
7o ppt at high altitudes. Given the LOD of the GC-MS between 30-90 ppt, the instrument
would not be able to resolve the low acetaldehyde data simulated with EMAC. Looking
at the NO, profiles, EMAC fits well to the NO observations below 8 km, where basically
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Figure 6.5.4: Measured PAN (blue dots) and simulated PAN by EMAC (cyan dots) along the flight
track of RF17 on 14 February 2024 during CAFE Pacific. Squares indicate cal-
culated steady-state concentrations for PAN based on measurement data aboard
HALO (orange) and EMAC data (black). Note that the data from HALO instruments
is divided by a factor of 50 to fit the scale.

no NO is present. Above 8 km altitude, EMAC substantially overestimates NO by a fac-
tor of 4 at 8km altituden up to a factor of about 60 at 14 km altitude. Consequently,
EMAC also overestimates NO, above 11 km altitude. The strong enhancement of NO,
PSS between 3-4km altitude is not seen in the EMAC data and may be a result of a
sampled local pollution plumes.

6.5.5 Steady-state PAN along the flight track of RF17

As seen in Figure 6.5.4, on 4™ of February during RF1y, measured PAN levels were
between o and approximately 100ppt. At the low flight legs above the ocean below
1km altitude, PAN signals were below the detection limit of the CIMS, indicating the
absence of PAN, which is expected due to its short thermal lifetime in the boundary
layer. Maximum PAN appears around 8 km altitude. In general, the EMAC model (cyan
dots) agrees well with the measured PAN (blue dots in Figure 6.5.4). Since the model
has time steps of 12 min, shorter features of PAN enhancements cannot be represented
by the model. However, the model results fit to the lower limit of PAN enhancements.

In Figure 6.5.4, the steady-state concentration from the HALO data set is divided
by a factor of 50 (orange squares) to be comparable to the PAN measurements (blue
points) and the results of the steady-state calculation based on the EMAC data set (black
squares). The factor 50 represents approximately the difference in acetaldehyde data
between EMAC and GC-MS measurements.

It is observed that the steady-state results of the HALO data set qualitatively follows
the PAN measurements even though it is quantitatively off by more then the factor 50.
This substantial difference is not understandable with the current knowledge of pho-
tochemical production of PAN from acetaldehyde. That means that the acetaldehyde
measurements from the GC-MS and the PAN measurements from CIMS are not compati-
ble which is discussed in detail in Section 7.7.
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Figure 6.5.5: Vertical profiles of production terms (left panel) and loss terms (right panel) of
PAN, calculated with the simplified chemical reaction scheme for steady-state cal-
culations for RF17 during CAFE Pacific, based on measurement data from instru-
ments aboard HALO (solid lines) and model simulations by EMAC (dashed lines).

The steady-state concentration of PAN calculated based on EMAC data is much closer
to the PAN measurements, but it still overestimates the measured PAN levels at altitudes
higher than 5km. This means the expectations from in-situ production of PAN via
acetone and acetaldehyde are higher than the observation indicating non-steady-state
conditions.

This is also underlined by the fact that the steady-state results based on EMAC data
of just the two precursors acetone and acetaldehyde exceeds the EMAC PAN simulation
also by more than factor of 3 at mid and high altitudes. This suggests that the steady-
state assumption might not applicable to long-lived trace such as PAN in the mid- and
upper troposphere, which are subject to both vertical and horizontal transport.

6.5.6 Production and loss terms of PAN in RF17

The contributions of the different two production terms (left panel) and loss terms
(right panel) of PAN included in the steady-state scheme are depicted in Figure 6.5.5.

The production terms depicted in Figure 6.5.5 result from the photolysis of acetone
(pink) and the oxidation of acetaldehyde (lime) based on measured (solid lines) and
modelled (dashed lines) data. Note that the model includes a number of other sources
of PA-radical precursors such has MGLY or other isoprene oxidation products which are
not considered in this steady-state analysis.

The relative contribution of acetone and acetaldehyde to PAN production is quite dif-
ferent between the HALO and the EMAC data set: Due to the high levels of acetaldehyde
provided by the GC-MS instrument, the production terms for the HALO data set are en-
tirely dominated by acetaldehyde. In contrast, the production derived from the EMAC
data set is slightly dominated by acetone at all altitudes (pink dashed line) compared
to acetaldehyde oxidation (lime dashed line).
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Figure 6.5.6: Median vertical profiles of the fraction f (left) and g (right) of the PA radical form-
ing PAN (blue) or PAA (red), respectively, calculated based on measurement data
(solid lines) and model EMAC data (gray dashed lines) in RF17 during CAFE Pacific.

The difference in the loss terms between both data sets is much less significant and
is comparable for the photolysis loss as well as for the thermal loss. The less smooth
shape of EMAC thermal loss is an effect of the 12 min coarse data.

As seen in the right panel in Figure 6.5.5, the loss of PAN is dominated by ther-
mal decomposition until an altitude of approximately 7km. At this altitude, both loss
terms, photolysis and thermal decomposition, are around le °1/s leading to a total
atmospheric lifetime of PAN around 6 days. At low altitudes, PAN rapidly decomposes
thermally. At high altitudes, the atmospheric lifetime is determined by the photolysis
rate and is around 1-2 month at 14 km altitude.

6.5.7 Fractions of PAN and PAA formation from the PA-radical in RF17

The formation of PAN and PAA exclusively happens via the reaction of the PA-radical
(CH3C(0)0,) with either NO, or HO, (Atkinson et al., 2006). The fraction of PA form-
ing PAN or PAA crucially depends on the availability of NO, and HO, and their ratio
to the major competing loss reaction with NO (see Section 3.8). In the simple reaction
scheme used for the steady-state calculations, this fraction is denoted as f (Equation 34)
for PAN and g (Equation 40) for PAA.

The median vertical profile of f and g is shown in Figure 6.5.6 including the defi-
nition of f (Equation 34) and g (Equation 40) in the respective panels. The fractions f
and g were calculated using either EMAC data for NO, NO, and HO, or a mixture of
measurement data (labeled HALO) for NO and NO, and EMAC simulation of HO, as
the HALO-HO; data are not yet available.

The fraction f of PA forming PAN during RF17 generally decreases with altitude except
for the enhancement around 4km in the HALO measurement data set caused by the
peak in NO, (left panel in Figure 6.5.6). At low altitudes, as much as 20 % (25 %) of PA
is converted into PAN for the EMAC (HALO) data set because of the availability of NO.,.
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However, at these altitudes PAN is thermally not stable and the high f fraction will
not lead to an increase in PAN concentration. At around 14 km altitude, where PAN is
much more long-lived, less than 5 % of the PA leads to PAN formation according to the
EMAC data set. In contrast, f is still around 5-20 % when calculating with measurement
based NO, because of lower NO concentrations favouring PAN production over losses
of the PA radical to NO. When using measurement data from HALO instruments, the
derived median fraction f is between 1.5-4.5 times higher than the f from EMAC data.
The fraction f not only affects the production rate of PAN but it also impacts the loss
terms, which are modified by (1-f) (see Equation 37) to account for the reformation of
PAN from the PA-radical. Since f becomes smaller at high altitudes, the term 1-f gets
closer to 1 which means recombination of PAN is less important there compared to low
altitudes.

As seen in the right panel of Figure 6.5.6, the fraction g of PA forming PAA is in the
range of 5-25% but decreases less steeply with altitude. The deviation between the
measurement and model data set are negligible below 8 km altitude. At high altitudes,
g is close to o according to the EMAC data set, while with the low measured NO g is
still around 10 %.

The low fractions of both, f an g, in the UT show that most of the PA-radical neither
forms PAN nor PAA. The major loss of the PA-radical in the UT is most likely NO, which
forms CHj; rapidly oxidising to CH;0O,. Reactions with RO, may also play a role and
also the the competing reactions with HO, forming CH;C(O)OH (Reaction 32b) and
CH;0, (Reaction 32c). The fraction o, which represents the fraction of the reaction of
PA with HO, forming PAA, decreases from 38 to 24 % from the low to the high altitudes.
Hence, the majority of the PA reactions lead to the formation of methylperoxy radicals
and acetic acid.

The ratio between f and g - which is the same as NO,/HO, x « - is depicted in
Figure 6.5.7 for the example flight RF17 for measured (HALO) and modelled (EMAC)
data. When relying on measured NO, data, the ratio f/g varies around 1 and is in
average 1.2 indicating a slight preference for PAN. In contrast, the f/g fraction from
purely EMAC data has a clear preference for PAA below 11km altitude with a ratio of
around o.5. In the highest altitude, EMAC data leads to a value of 12 for f/g due to
the high modelled NO, and low modelled HO, in theses altitudes. The differences in f
and g between measurements and model result from differences in NO, because in both
data sets HO, data from EMAC was used. As shown in Figure 6.5.3, EMAC simulations
underestimated NO, and overestimated NO compared to measurements resulting in
lower f and g. The analysis of f and g showed how critical the relation between HO,
and NO, data are for the formation of PAN and PAA and highlights the importance of
an accurate model representation of NO. The lightning parametrization in the model
is a probable cause for the overestimation of NO in the UT is discussed in Section 6.7.

6.5.8 Steady-state calculation of PAN and PAA via the modelled PA-radical for RF17

Since EMAC also provides model concentrations of the PA-radical, the production rate
of PAN can be calculated directly via PA and its reaction with NO, instead of its pre-
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Figure 6.5.7: Ratio between f/g factors in RF17 during CAFE Pacific defining the ratio between
PAN and PAA production based on measurement data (purple) and EMAC model
data (lime).

cursors acetone and acetaldehyde as described in Section 3.8.3. The calculation directly
via the PA-radical can be used as a test of consistency for the model. The production
terms of PAN and PAA are simply calculated based on the concentration of PA and NO,
and HO,, respectively, and the corresponding reaction coefficient (Equation 46 and
Equation 47). For the calculation, the same loss terms as in the steady-state calculation
via acetone and acetaldehyde are used because they are only depending on photolysis
frequencies and thermal decay.

The resulting vertical profile of steady-state PAN calculated via the model PA con-
centration is depicted in the left panel in Figure 6.5.8 (gray squares). The calculation
via PA exceeds measured PAN (blue points in left panel) and modelled PAN by EMAC
(light blue points) by approximately a factor of 3-5 in mid and high altitudes. This dis-
crepancy demonstrates that a simple chemical steady-state assumption is not sufficient
to explain the vertical distribution of PAN, because it neglects vertical and horizontal
mixing as well as the complex organic chemistry associated with the PA radical. Theses
processes are included in global-chemical transport models like EMAC, which provide
a more accurate representation of the PAN profile.

6.5.9 Role of ROz in as a loss of PA-radical in RF17

The equation for the factor f (Equation 34) neglects the fact that the PA radical may
also react with other peroxy radicals (RO,) apart from HO,. RO, are formed from OH
initiated oxidation of VOCs and play an important role for the oxidation processes in
the atmosphere (Atkinson and Arey, 2003).
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Figure 6.5.8: Left panel: Median vertical profile of PAN calculated in steady-state directly via
the concentration of the PA-radical given by EMAC (gray squares) with a f-factor
neglecting RO, (dark blue dashed line in the right panel) compared to measured
PAN by CIMS (blue dots) during RF17 in CAFE Pacific. The orange line represents
the result of the calculation via PA radical with a modified f-factor including an
additional term for losses of PA by reactions with RO, shown in the right panel
(orange dashed line).

Since EMAC includes a multitude of RO, reactions with PA at corresponding reaction
rates, the extraction of the sum of RO, and an average reaction rate is not simple. To
estimate the possible impact of the neglected RO, reactions in the example of RF17y,
another term in the denominator of f is added which is proportional to the reaction
with HO,:

P k31[NO3]
~ k31[NO32] +k32[HO2] + k53[NO] + k32[HO3] x factorro,

(93)

The orange curve in the left panel in Figure 6.5.8 shows the resulting steady-state PAN
profile assuming a factor ten higher PA loss with RO, than with HO,. This increased PA
loss does only change the resulting steady-state concentration of PAN by a few percent,
because f is already very small in the upper and lower troposphere. The right panel
in Figure 6.5.8 shows that f in the model is around 7%, at 8km (blue dashed line).
The additional RO,-losses decreased f to around 1 % at this altitude (orange dashed
line). The factor f is only included in the loss terms in the calculation directly via the
PA-radical, which becomes then close to 1 and is hence negligible. Therefore, even an
infinitely high RO, contribution can not explain the factor 3-5 difference to the model
PAN of EMAC. Hence, the major difference must result from vertical transport and
also horizontal transport of air masses with different chemical histories at different
altitudes.

6.6 ROLE OF CONVECTION DURING CAFE PACIFIC

Convective vertical mixing is a key process in understanding and modeling the dis-
tribution of atmospheric species due to transport of precursors, energy and moisture
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changing the chemical reactivity and sink processes. Specifically in the tropics, con-
vection plays a significant role in transporting substantial amounts of VOC between
the boundary layer, middle and upper troposphere (Bardakov et al., 2022). Lelieveld
and Crutzen (1994) estimated that convective updrafts in thunderstorms impact the O,
lifetime significantly and lead to a net 20 % reduction in total tropospheric ozone. For
shorter lived compounds, this difference may even reach up to 100 % (Tost et al., 2010).
Without convection at clear sky conditions, vertical transport from surface to the top of
the troposphere takes weeks in contrast to hours due to convective transport in form
of cumulus clouds (Ouwersloot et al., 2015).

However, accurately representing this process in global models remains a challenge.
Convective clouds are too small scale to be resolved in models and need to be param-
eterised, which is associated with high uncertainty (Arakawa, 2004; Tost et al., 2010).
In the global chemical-transport EMAC model, convection is parameterized with CON-
VECT3? by sub-grid processes in grid boxes of approximately 200km x 200 km.

Since the mass exchange rate due to convection is difficult to extract from the model,
the average vertical updraft speed per grid-cell derived from the EMAC output is used
to roughly estimate the strength of convection compared to calculated in-situ produc-
tion rates and losses.

For example, a single convective system may have dimensions such as 20km x 20km,
which is a factor 100 smaller than a grid-cell in EMAC. Hence, the local velocity could
be a factor 100 higher than the average updraft velocity of a grid cell. As seen in Fig-
ure A.0.19 in the Appendix, the maximum deep convective updraft velocity during
January 2023 reached in both grid cells, above ATTO and above Cairns, was approxi-
mately 0.3m/s at 6 km altitude. This suggests that a single convection cell may have
speeds around 30m/s, allowing an air parcel to rise to 6 km altitude within around
3-4 min (Personal communication with Matthias Kohl).

In contrast, the time it takes to establish a steady-state can be approximated by the loss
rate constant and the first order production rate). In the case of PAN, this duration is
estimated via Equation 94 for altitudes where thermal decay dominates the dominant
loss of PAN.

1
~ X50 + k31[NO,]

tss (94)
Typical reaction coefficients, retrieved from the steady-state calculation for RF17 dur-
ing CAFE Pacific, at 6 km altitudes are around 1.0 x 10~ "Tcm3molec.~'s~! for k31 and
1.5 x 1071 /s for k50. With typical NO, concentrations of around 2.3 x 108molec.cm ™3
at this altitude, this results in an approximate time to establish a steady state of about
7 min.

Hence, vertical mixing due to convection can be much faster than in-situ production in
mid-tropospheric altitudes during CAFE Pacific.

Convection processes are suggested to significantly contribute to the flattening of
the PAN and PAA vertical profiles compared to the expected shape from a steady-state
calculations via the modelled PA- radical during CAFE Pacific.

32 https://envmodel.ipa.uni-mainz.de/submodels-convect/, last access: 14th May 2025.
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Figure 6.6.1: Vertical median profiles of calculated steady-state (SS) mixing ratios of PAN (left
panel) and PAA (right panel) via EMAC PA (gray dashed lines) for all flights during
CAFE Pacific, compared to the observations by CIMS (solid lines with circles) and
modelled results from EMAC (solid lines with squares).

It was seen in the example of RF17 (left panel in Figure 6.5.8), that the calculated
steady-state concentration of PAN via PA PAN (gray) has a pronounced maximum be-
tween 8-12km altitude, while the measured and modelled profile is rather flat in this
altitude range, only slightly increasing towards higher altitudes.

The same observation is made, when applying the steady-state calculations to the
EMAC data set including all flights during CAFE Pacific, as depicted in Figure 6.6.1.
Modelled median PAN (light blue) of all flight of CAFE Pacific is more than a factor
3 lower than calculated steady-state PAN via PA (gray dashed line in the left panel of
Figure 6.6.1) in the mid- and upper altitude range.

In the case of PAN, vertical updraft from the boundary layer would lead to a dilution of
PAN levels in the mid- and upper troposphere. This is because almost no PAN is present
below 2km altitude due to the short thermal lifetime of PAN in the tropical boundary
layer of less than 1h (see Figure 6.6.2). Since the mixing of PAN-free air from the bound-
ary layer with PAN-richer air in the mid- and upper tropospheric is faster than it takes
to establish the steady-state between in-situ production via the organic precursors and
the photolysis dominated loss rates, dilution of PAN mixing ratio at these altitudes is
expected.

On the other hand, steady-state calculation of PAA via model PA (dashed gray line
in the right panel of Figure 6.6.1) leads to comparable PAA levels to observed median
PAA (red) in the upper troposphere, but exceeds the observation by more than a factor
200 in low altitudes <3 km. While the profile of the steady-state PAA steeply decreases
with altitude, the median measured and modelled PAA profile increase with altitude
until 4 km and is rather flat above.

In contrast, the lifetime of PAA in the boundary layer due to photolysis is almost two
weeks (see Figure 6.6.2). Therefore, the vertical transport of PAA-rich air in the bound-
ary would lead to an increase of PAA levels in mid- and upper troposphere.

145



146

CAFE PACIFIC

14 —60
12
—-40
10 G
£ o
o 8 -203
e ©
2 o
E= o
< 6 g
0 [
4
2 —e— PAN loss by temperature and photolysis [2q
—e— PAA loss by OH and photolysis
0% 5 10 15 20

atmospheric lifetime (days)

Figure 6.6.2: Vertical profiles of median lifetimes of PAN and PAA during CAFE Pacific, calculated
from the loss rates in the steady-state scheme based on measurement data.

Since the shape of EMAC modelled PAN and PAA is in good agreement to the obser-
vations, it is suggested that the vertical profiles of PAN and PAA during CAFE Pacific
are controlled by vertical mixing rather than chemistry in the UT but also by altitude
dependent chemistry in the source regions and along back-trajectories.

A similar plot to Figure 6.6.1 for all flights during CAFE Brazil is depicted in Fig-
ure A.0.16 in the Appendix showing that the same discrepancy between model PAN
and PAA and corresponding steady-state calculations via model PA is also prevalent for
the EMAC simulations above the Amazon rainforest. Since production and loss rates
for PAN and PAA were in similar orders of magnitude during CAFE Brazil than those of
CAEFE Pacific, this indicates, that convection plays also a significant role on the vertical
distribution of sampled PAN and PAA during CAFE Brazil and a chemical steady-state
assumption for PAN and PAA may not be applicable.

6.7 ROLE OF LIGHTNING NOX DURING CAFE PACIFIC

NOy from lightning is one of the largest natural global atmospheric sources as the high
temperatures in lightning strikes can break the triple bond of unreactive nitrogen (N;)
and produces NO in the atmosphere together with molecular oxygen (Galloway et al.,
2004).

NO quickly reacts with O; in the atmosphere and forms NO, leading to a steady-
state when photolysis frequencies of NO, are high. In the tropics, where most light-
ning occurs, lightning is clearly the dominant source of NOy in the upper troposphere
compared to aircraft emissions, stratospheric intrusions or convective uplift from the
boundary layer (Lamarque et al., 1996), but still its quantification is highly uncertain.
Estimates for produced NO molecules per flash vary between 2-40 x103° (Schumann
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and Huntrieser, 2007). Beirle, Huntrieser, and Wagner (2010) derived NO, column den-
sities from satellite observations above active thunderstorms based on the analysis of
1800 flash events per hour which were below expected literature NO, column densities
by more than one order of magnitude.

The precise representation of lightning in deep convective transport in models and
its influence on the air composition in the tropical UT is a subject of scientific research
(Barret et al., 2010).

The lightning parametrization used in the EMAC model is based on Grewe et al.
(2001) and Kurz and Grewe (2002). Tost, Jockel, and Lelieveld (2007) evaluated the
EMAC model towards lightning observation and NO, production comparing the two
different parametrisation schemes based on Grewe et al. (2001) and Price and Rind
(1992) and found a wide range of spatial and temporal variability in both cases. Even
though satellite observations of flashes were very accurate, the NO production per
flash is not a constant but among other dependent on flash strength, extension, flash
type and branching (Tost, Jockel, and Lelieveld, 2007).

The comparison of modelled NO by EMAC to measured NO using the NOAH instru-
ment during CAFE Africa showed in general a good agreement, with median
NOemac/NOnoaH = 0.97, but had substantial deviations in single flights above
10km altitude due to inaccurate representation of lightning NO (Tadic et al., 2021).
The importance of lightning NO during CAFE Africa and CAFE Brazil was also high-
lighted by Nussbaumer et al. (2024), who compared the measured NO with modelled
NO from EMAC with and without lightning emissions. The location of flight tracks
during CAFE Africa coincided with the location of the ITCZ and hence maximum deep
convection and lightning activity leading to 40 % of the data points being impacted by
lightning (Nussbaumer et al., 2024).

During CAFE Brazil flight tracks were a little further away from the ITCZ but still
leading to 20% of measurements being impacted by lightning (Nussbaumer et al.,
2024).

During CAFE Pacific, lightning NO was only found in Northern Australia while in
all other target regions lightning was absent (Nussbaumer et al., 2025).

Comparing the vertical median profiles of modelled NO from EMAC and measured
NO from the NOAH instrument for all flights in February 2024 during CAFE Pacific,
shows that the model overestimates NO substantially in mid and upper troposphere
(left panel in Figure 6.7.1). Generally, measured NO was low during CAFE Pacific and
measurements were often below the 1 o detection limit of NOAH of approx. 5 ppt. Data
points below the LOD were originally assigned 5ppt (1 0) as an upper limit. However,
5ppt would lead to a significant amount of NO, which was derived via the PSS cal-
culation from NO, Ozone and j(NO;). Therefore, the value for data below the L.OD
was reduced to 1 ppt for a more realistic calculation of NO,. As seen in the right panel
in Figure 6.7.1, the NO, vertical median profiles of EMAC and the PSS NO, based on
measurement data with reduced values below the detection limit agree well except at
the highest altitude above 14 km. Below 14 km the profiles are almost constant between
9-14 ppt for EMAC and 2-17ppt for measurement based NO,. At low altitudes below
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Figure 6.7.1: Vertical profiles of NO (left panel) and NO, (right panel) of measurement data
(medians as solid lines) and EMAC simulations (medians as dashed lines) for all
flights in February during CAFE Pacific. Measured NO below the detection limit
of the NOAH instrument of approx. 5 ppt (10) was set to 1 ppt to not induce false
signals on NO, which was derived with a photostationary state (PSS) assumption.

2 km median NO, of 35ppt is reached in both data sets.

The discrepancy between measured and modelled NO seen in Figure 6.7.1 during
CAFE Pacific, was already addressed by Nussbaumer et al. (2025), who found that the
EMAC model was able to represent NO from lightning above the continent, but substan-
tially overestimated maritime lightning NO especially in the Warm Pool region. The
non-electrified deep convection taking place in the Warm Pool region leading to low
NO and hence low ozone in the UT was not represented in EMAC (Nussbaumer et al.,
2025). Nussbaumer et al. (2025) estimated the model overestimation of OH resulting
from the overestimation of NO in the remote regions by a factor of 3-4, which is also
crucial for the formation of PAN and its precursors.

In the case of RF1y, the model overestimation of NO was shown in Figure 6.5.3
and can also be explained by the difficulties of modeling lightning NO. Calculated
back-trajectories with HYSPLIT for RF17 showed that the air masses measured at high
and mid altitudes traveled above the Northern Australia (see Figure A.o.12 in the Ap-
pendix) where high lightning activity took place Nussbaumer et al. (2025).

With respect to the model discrepancies to NO, it is surprising that EMAC simulations
of PAN are fitting so well to measured PAN and also the results of the steady-state PAN
with EMAC based precursor data in the showcase RF17. To investigate the sensitivity of
the steady-state PAN to NOy, the model NOy in the steady-state calculation was replaced
by measured NOx.

Figure 6.7.2 shows the resulting steady-state concentration of model data with mea-
sured NOy (olive) compared to steady-state purely based on model data (black). Mea-
sured (blue) and modelled PAN (light blue) are also depicted as reference. Replacing
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Figure 6.7.2: Vertical profiles resulting from steady-state (SS) calculations for PAN during RF17
when using data from the EMAC model (black) compared to measured (blue) and
modelled PAN (lightblue). The olive coloured profile was calculated by replacing
the modelled NO, by measured NO from the NOAH instrument and the derived
NO, from the Pss with ozone.

the modelled NO, from EMAC in our steady-state calculation by NO, based on measure-
ment data, leads to about a factor 2 higher PAN levels in mid- and higher altitudes than
with model NO, because of the slower losses of the PA-radical to NO even though less
NO, is available.

Despite the high uncertainty involved on the "measured” NO,, which was derived
from the Leighton ratio without considering peroxy radical reactions with NO, these
calculations illustrate the high sensitivity of PAN levels to NOy levels. Given the discrep-
ancy of model NO to measured NO in the mid- and upper troposphere, it is possible
that EMAC predicts PAN values right for erroneous reason.

6.8 COMPARISON OF PAN-TO-PAA RATIO TO THE EMAC MODEL

As already mentioned in Section 5.6.2, the relationship between PAN and PAA indicates
whether a PA-radical forms a PAN or PAA molecule. The PAN-to-PAA ratio can be used
to evaluate the consistency of global chemical models, as it is in principle predicated
on the ratio between NO, and HO..

Figure 6.8.1 shows the ratio between modelled and measured PAN (blue) and PAA
(red) in the median vertical profile. The ratio of PAN is slightly below 1 below gkm
altitude and almost 1 above gkm altitude. Hence, the EMAC simulation only slightly
underestimates the measured PAN, which was also seen in the example of RF17.

In contrast, PAA is overestimated by the model by a median factor of 3-4.5 at mid
altitudes and up to a factor 6 at low and high altitudes.
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Figure 6.8.1: Vertical median profiles of the ratio between EMAC modelled and CIMS measured
PAN (blue) and PAA (red) for all analysed flights during CAFE Pacific.
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Figure 6.8.2: PAN-to-PAA ratio (left panel) and sum of PAN and PAA (right panel) for measured

data by CIMS (purple circles) and modelled data by EMAC (magenta squares). The
lines represent the medians.
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Figure 6.8.2 compares the ratio (left panel) and the sum (right panel) between mea-
sured and model PAN and PAA for all analysed flights during CAFE Pacific.
The left panel in Figure 6.8.2 shows the resulting PAN-to-PAA ratio from Figure 6.8.1.
As a result of the strong overestimation of PAA in the model, the PAN-PAA-ratio of the
model (purple) is around a factor of 5-6 lower at mid- and high altitudes compared to
the observed PAN-to-PAA ratio (magenta).
As can be seen in the right panel in Figure 6.8.2, the sum of PAN and PAN is a factor of
2-4 higher in the model compared to the observations.

This indicates, that EMAC’s substantial overestimation of PAA is not only attributable

to a wrong partitioning between PAN and PAA based on a wrong ratio between NO, to
HO,, but also to the total amount of the available PA-radicals i.e. most likely due to an
overestimation of PA production.
The ratio between f and g as a measure of the partitioning between PAN and PAA for-
mation was discussed in the example of RF17 (Section 6.5.7) and showed that, based
on model data, PAA formation dominates PAN formation by roughly a factor 2 almost
up to 11 km altitude. In addition, convective updraft of warm, PAN-free but VOC- and
PAA-rich air from the boundary layer to the mid- and high altitudes would shift the
PAN-to-PAA even further in favour of PAA.

This discrepancy between model and measured PAN and PAA ratio is not only an
issue in EMAC but was also observed in other global chemical transport models. Travis
et al. (2020) simulated the ATom observations above the remote southern Pacific with
the GEOS-Chem global chemical transport model and reported substantial differences
in PAA model predictions even though the results for PAN were comparable. In contrast
to EMAC, GEOS-Chem slightly overestimated PAN and largely underestimated PAA un-
derlining the difficulty in modeling the partitioning between PAN and PAA.

69 SUMMARY OF THE CAFE PACIFIC ANALYSIS

In this chapter, the CIMS measurements of PAN and PAN above the Australian continent
and the remote southern tropical Pacific during the CAFE Pacific campaign in January
and February 2023 were presented and were shown to be a valuable contribution to the
sparse available observational data in the mid- and upper-troposphere in this region,
expanding the altitude range of observations up to 14km. The research flights RF15,
RF21 and RF17 were analysed in detail in order to evaluate the role of vertical and
horizontal transport, biomass burning and in-situ production of PAN and PAA.

Vertical profiles of PAN and PAA during CAFE Pacific

To summarise the observations made during the CAFE Pacific campaign in January
and February 2023, it was noted that the sampled air masses above western Australia
and the southern pacific ocean were dominated by PAA compared to PAN by more
than a factor of 2. PAN mixing ratios were generally low with a median maximum
around 50 ppt between 8-10km altitude. The median profile of PAA median was rather
flat around 100 ppt but decreased below 4 km.
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The median vertical profiles for PAN and PAA during CAFE Pacific were in agreement
with reported measurements in literature except for the decrease of PAA in the low
altitudes.

Air mass composition in the north-south transect flight RF15

The vertical distribution of PAN and PAA was analysed for the continental flight RF15
which included three vertical helix patterns. The correlation with other trace gases
showed that the composition of the sampled air masses was distinct for different alti-
tude. It was suggested that the measured PAN during RF15 resulted from a mixture of
sources on the Australian continent whereas biomass burning seemed to play a minor
role compared to in-situ production from biogenic and anthropogenic pollution based
on the tracer-tracer correlation.

The role of long-range transport of polluted air from southern Africa via the subtropi-
cal jet for air masses sampled south of 30°S was investigated with the help of HYSPLIT
trajectories and NASA'’s FIRMS fire observations which proposed that transported PAN
and PAA resulting from biomass burning in Africa was rather unlikely.

The CAMS forecast used for flight planning was compared to observations of PAN. The
CAMS model predictions fitted well with respect to horizontal location of PAN layers
but overestimated the magnitude of PAN levels by more than a factor 20.

Sampling the Indo-pacific Warm Pool in RF21

The analysis of RF21 showed the absence of PAN above the Indo-Pacific warm Pool
wherefore PAN is probably not a significant source of NOy in this region. Low PAN and
PAA mixing ratios where also observed during the two other maritime flights heading
towards the north-east of Cairns (RF13 and RF18). The PAN profile of the three maritime
flights was compared to the continental flights RF15 and RF19. PAN was only slightly
high in mid- and upper tropospheric altitudes during continental flights compared to
the maritime flights but below 4 km altitude PAN was enhanced by about 50 ppt above
the continent.

Steady-state calculations for RF17

The role of in-situ production PAN and PAA was investigated in the example of flight
RF17 with the help of of steady-state calculations based on measurement data and
EMAC model data. These calculations assume acetaldehyde and acetone to be the
only precursors of PAN. The results for RF17 pointed out, that measurements of PAN
and acetaldehyde were not compatible with respect to expected PAN production from
acetaldehyde. The large discrepancy between measured and modelled acetaldehyde
around a factor of 50 leads to a similarly large discrepancy in the steady-state calcula-
tion of PAN between modelled and measured data sets.

The PAN steady-state concentration derived from model overestimated the observations



69 SUMMARY OF THE CAFE PACIFIC ANALYSIS

by a factor of two. The sensitivity of the steady-state PAN to NO, was demonstrated,
thereby showing that overestimation of model NO in the high altitudes led to lower
PAN formation at these altitudes.

The production of PA-radical in the steady-state calculation with model data was dom-
inated by acetone compared to acetaldehyde. The difference to steady-state calculation
directly via the model PA showed that acetone and acetaldehyde together account for
only half of the PA-production in the model.

The steady-state PAN based on the direct calculation from model PA concentrations was
a factor of 4 higher than observations. The discrepancy was discussed with respect to
the role of RO, and convection. The neglect of loss reactions of the PA-radical with RO,
in the simple steady-state scheme could only account for a difference of maximally
around 10 % due to the low fraction of PA forming PAN or PAA. It was hypothesised
that vertical transport in the form of convection would be dominant over in-situ pro-
duction, and that this would consequently define the PAN profile during CAFE Pacific.

Comparison to the EMAC model

The comparison of PAN and PAA measured by CIMS to simulations of the global 3D-
model EMAC for all flights during CAFE Pacific showed generally good agreement to
the PAN observations but overestimated PAA mixing ratios by a factor 4-6. The ma-
jor differences between model and measurements in the PAN-to-PAA ratio highlights
the complexity and challenges in modeling tropospheric chemistry in state-of-the art
global models like the EMAC model. In view of the considerable uncertainty surround-
ing atmospheric acetaldehyde levels and the model discrepancy for the significant re-
active precursor NO, it is conceivable that the good model-measurement agreement
for PAN may result from a fortunate cancelling of systematic biases.
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INTER-COMPARISON BETWEEN THE CAFE AIRCRAFT
CAMPAIGNS

In this chapter, the two previously presented campaigns CAFE Brazil and CAFE Pacific
are compared with each other and with the CAFE Africa campaign, which was the first
of the three tropical CAFE aircraft campaigns. Together, these three campaigns provide
an comprehensive measurement basis in the tropical, remote areas, see Figure 3.2.1.

This comparison aims to highlight the differences and similarities between the three
CAFE campaigns and the characteristics of the sample air masses. The three CAFE cam-
paigns are compared with respect to their vertical profiles of PAN and PAA, the PAN-to-
PAA ratio, as well as the significance of PAN as a NO, reservoir species. The role of fresh
biomass burning during the three campaigns is discussed with respect to black carbon
measurements, and example flights are shown for each of the three campaigns.

Based on EMAC simulations, the contributions of biogenic PA-radical precursors are
compared between CAFE Brazil and CAFE Pacific and set in relation to simulated global
averages. In addition, the correlation of PAN with peroxy propionyl nitrate (PPN) is com-
pared between CAFE Brazil and CAFE Pacific to investigate the impact of anthropogenic
emissions on the sampled air masses during the campaigns.

7.1 CAFE AFRICA CAMPAIGN DESCRIPTION

The CAFE Africa aircraft campaign was conducted in August and September 2018 above
the Atlantic west of the African coast, utilizing the HALO research aircraft with the
same instrumental pay load as during CAFE Brazil and CAFE Pacific. A total of 12 scien-
tific measurement flights (FLog-FL15) were performed from Sal, Cape Verde (16.75°N,
22.95°W), excluding test flights and transfer flights. The location of the campaign pro-
vided an opportunity to investigate the impact of the ITCZ on the tropospheric physical
and chemical processes in this region (Tadic et al., 2021). CIMS was operated by Philip
Eger and Raphael Dorich and PAN and PAA data was analyzed by John Crowley. PAN
and PAA measurements along the flight tracks are depicted in Figure 7.1.1 where the
flights which Crowley et al. (2025) identified as biomass burning impacted are labeled
with flight number.

The corresponding vertical profiles of PAN and PAA during CAFE Africa are depicted
in Figure 7.1.2.

7.2 VERTICAL PROFILES OF PAN AND PAA DURING ALL CAFE CAMPAIGNS

The median vertical profiles of measured PAN and PAA mixing ratios for all three air-
borne CAFE campaigns are depicted in Figure 7.2.1.

The observed PAN mixing ratios were highest during CAFE Africa, followed by CAFE
Brazil and then CAFE Pacific. Notably, during CAFE Africa, individual PAN data points
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Figure 7.1.1: Measured PAN (left) and PAA (right) mixing ratios along the flight track during the

CAFE Africa campaign in August-September 2018 based on Sal, Cape Verde. Data
provided by John Crowley. The measurement flights which were clearly affected
by biomass burning, according to Crowley et al. (2025), are marked with their
flight numbers.
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Figure 7.1.2: Measured vertical profiles of PAN (left) and PAA (right) during CAFE Africa. The

solid lines denote the medians, points represent individual data points.
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Figure 7.2.1: Measured PAN (left panel) and PAA (right panel) profiles for the three CAFE cam-
paigns CAFE Africa (brown), CAFE Brazil (green), and CAFE Pacific (blue). The solid
lines indicate the medians, dots represent individual data points.

reached a maximum of approximately 600 ppt in the mid-troposphere around 6 km.
These points were significantly influenced by biomass burning, as previously reported
by Crowley et al. (2025), and contributed to the pronounced mid-tropospheric maxi-
mum of PAN with a median above 200 ppt.

This mid-tropospheric PAN enhancement is also seen during CAFE Brazil, albeit at ap-
proximately two times lower levels. Furthermore, PAN mixing ratios remained elevated
until the maximal flight altitude of approximately 14.5km, which was attributed to
in-situ PAN formation from uplifted VOCs and lightning-generated NO, as discussed in
Chapter 5.

In contrast, air masses sampled during CAFE Pacific were generally much less polluted
by PAN compared to the other two CAFE campaigns. Peak PAN values were detected at
low altitudes (<2km) and reached only up to 150 ppt, indicating the presence of local
pollution plumes. The vertical profile of CAFE Pacific exhibited a similar shape to that
of CAFE Brazil (i.e. low PAN below 8km altitude, almost constant above) but mixing
ratios approximately two times lower.

Generally, the median vertical distribution of observed PAA during the three CAFE

campaigns exhibits a relatively flat or slightly decreasing trend with increasing alti-
tude, but the magnitude of the median PAA differs at certain altitudes by more than a
factor 5 between the campaigns.
As previously discussed, the major sink of PAA is photolysis, which increases with
altitude (see Figure 5.4.7). Consequently, a decreasing trend of PAA with increasing al-
titude is anticipated. Convection was explicitly targeted during CAFE Brazil and CAFE
Pacific, which may contribute to the less steeply decreasing vertical profile as a result
of vertical updraft (see Section 6.6).

During CAFE Africa, PAA mixing ratios were generally very low (< 100ppt) with a
clear decreasing trend with altitude. The high PAA mixing ratios observed at 2-4 km
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Figure 7.3.1: Measured vertical profiles of PAN/PAA-ratio during all three CAFE campaigns. The
solid lines indicate the medians, dots represent individual data points.

altitude may be attributed to the transport of organic-rich air from the continental
boundary layer, potentially via biomass burning plumes.

In contrast, the highest levels of PAA were observed during CAFE Brazil, with a median
maximum of around 500 ppt at low altitudes above the boundary layer and individual
data points exceeding mixing rations above 1 ppb.

PAA during CAFE Pacific was relatively evenly distributed above 4 km altitude, indicat-
ing the role of vertical mixing. However, below 4 km altitude, PAA was highly variable
in median decreasing towards the ground.

7.3 PAN-TO-PAA RATIO DURING ALL CAFE CAMPAIGNS

As discussed in Section 5.6.2 and in Section 6.8, the partitioning between PAN and PAA
gives an indication about the availability of NO, and HO, since both PAN and PAA
are competitively formed via the PA radical depending on the availability of NO, and
HO, respectively. The median vertical profile of PAN-to-PAA ratios for all three CAFE
campaigns is depicted in Figure 7.3.1.

During CAFE Africa (brown), PAN dominated over PAA up to a median factor of
6, indicating a significantly higher abundance of NO, relative to HO, as a result of
the high impact of biomass burning on the sampled air masses. Crowley et al. (2025)
demonstrated that the PAN-to-PAA ratio in biomass-burning plumes changes due to
cooling, dilution and chemically aging etc., and is quite variable. At high altitudes,
individual data points resulted in PAN-to-PAA ratios even higher than 40 due to the
low PAA values, which result from the flights Flog, Flio, Fli2 and Fl13 marked in
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Figure 7.1.1 during which plumes with highly elevated PAN and BC were observed.
Removing these flights from the data set does not significantly change the median
PAN-to-PAA ratio (see Figure A.0.18). This indicates that the sampled air was generally
mixed with a high load of biomass burning products, as the campaign took place in
the middle of the African biomass burning seasons (see Section 7.5.1).

In contrast, during the CAFE Brazil and CAFE Pacific campaigns, PAA was more abun-

dant than PAN. The median PAN-to-PAA ratio was always below one, highlighting the
role of biogenic organics driven chemistry in pristine, low-NOy regions.
VOC induced HO,-chemistry was found to be especially important during CAFE Brazil,
which is expected since tropical forests, notably the Amazonian rainforest, are known
to be a significant source of biogenic VOCs (Guenther, 2013). During CAFE Brazil, the
PAN-to-PAA ratio was lowest among the three campaigns. The median ratio was close
to zero at the lowest altitudes. The mid-tropospheric PAN maximums led to a slight
maximum (approximately 0.3) of the PAN-to-PAA ratio between 6-8 km altitude. In high
altitudes, the ratio increased again up to almost 0.5 above 14 km.

During CAFE Pacific, the median PAN-to-PAA ratio was similar to that during CAFE
Brazil, but with a slightly more pronounced maximum between 6-8 km altitude, with
a ratio of approximately o.4. In addition, variations of the PAN-to-PAA-ratio were signif-
icantly higher during CAFE Pacific than during CAFE Brazil, notably in the highest and
lowest altitude range, where peak ratios up to 12 were reached. The high variability
of the PAN-to-PAA-ratio during CAFE Pacific reflects the diverse mixture of PAN sources
during CAFE Pacific.

The comparison of the PAN-to-PAA ratio between the three campaigns revealed sig-
nificant differences in air mass composition in the probed regions and seasons which
was most drastically seen in the differences of PAA levels. Presumably HO, from the
oxidation of organics dominated over NO, during CAFE Brazil and CAFE Pacific in com-
parison to CAFE Africa, where, biomass burning PAN dominated over PAA.

7-4 PAN-TO-NOX RATIO DURING ALL CAFE CAMPAIGNS

The PAN/(PAN+NOy)-ratio during the three CAFE campaigns was used to investigate the
significance of PAN as a reservoir species of NO, in the tropical troposphere. Figure 7.4.1
depicts the measured median vertical profile of the PAN/(PAN+NOy)-ratio derived from
the three campaigns, including only data measurement data above the instruments
LODs for each species. The underlying profiles of NO and NO, from the NOAH instru-
ment are depicted in Figure A.o.15 in the Appendix.

As depicted in Figure 7.4.1, the median profiles of the PAN/(PAN+NOy)-ratio exhib-
ited a maximum at mid-altitudes and decreasing trends towards low and high altitudes
across the three campaigns, even though the trends are much more pronounced during
CAFE Africa (brown) and CAFE Brazil (green) than during CAFE Pacific (blue).

The decreasing trend of the ratio towards low altitudes can be attributed to the
thermal decomposition of PAN to NO,, resulting in a lower partitioning of PAN in the
PAN+NO, mixture.
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Figure 7.4.1: Vertical profiles of the PAN/(PAN+NO,) during all three CAFE campaigns. Data be-
low the LODs were excluded. The solid lines indicate the medians, dots represent
individual data points.

Conversely, the decrease towards high altitudes, reaching a ratio of approximately
0.3, is not only an effect of the slightly decreasing PAN with altitude (see Figure 7.2.1)
but primarily due to an increase in NO,, especially during CAFE Africa and CAFE Brazil
(see Figure A.o.15 in the Appendix). High NO in the UT results most likely from fresh
NO, from lightning, as previously discussed in Section 6.7.

Since lightning NO, was rarely observed during CAFE Pacific (Nussbaumer et al.,
2025), this could explain the less steep decrease of the PAN/(PAN+NOy)-ratio in the
high altitudes during CAFE Pacific compared to the other two CAFE campaigns.

However, the magnitude of the ratio during the CAFE Pacific campaign differs sub-
stantially to CAFE African and CAFE Brazil, being roughly a factor of 2 lower at the
mid-tropospheric maximum.

During CAFE Africa, the mid-tropospheric maximum in the PAN/(PAN+NO,)-ratio
between 5-8 km was the most pronounced one, with a median ratio around 0.8-0.9.
The strong impact of biomass burning during the campaign lead to ratios near 1 in
individual air masses due to the chemical conversion of NO, into PAN in biomass-
burning plumes (Crowley et al., 2025). The inverse-C-shape of the profile resembles
the shape of the vertical PAN profile (see Figure 7.2.1).

Similarly to CAFE Africa, an inverse-C-shaped profile of the PAN/(PAN+NO,)-ratio
was observed during CAFE Brazil even though the impact of biomass burning was
much less significant during CAFE Brazil. The mid-tropospheric maximum during CAFE
Brazil is slightly lower than during CAFE Africa with a ratio between 0.7-0.8. (Crowley
et al., 2025) proposed that PAN formation during CAFE Africa was NOy limited, rather
than VOC limited. Based on the almost similarly high PAN/(PAN+NO,), this hypothesis
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seems to also apply to CAFE Brazil where air masses were even richer in organics than
during CAFE Africa yet the PAN levels were lower.

The lowest ratio of PAN/(PAN+NO,) was observed during CAFE Pacific. Note that data
below the detection limit was removed as PAN and NO observations were frequently
close or below the detection limit during CAFE Pacific.

The maximum median ratio reached during CAFE Pacific was around 0.4, which reflects
the low observed PAN levels and suggests that the formation of PAN might be VOC
limited or that there is a greater entry from fresh NO, in relative terms. However, there
is a higher uncertainty during CAFE Pacific on the NO, levels which were derived from
the Leighton-ratio (Equation 27) without the consideration of peroxy radical reactions
which were included for the NO, calculation in CAFE Brazil (Hartmann, 2024).

In contrast to CAFE Africa and CAFE Brazil, where a strong decrease of PAN/(PAN+NOy)
in high altitudes was observed, the profile of CAFE Pacific decreased only slightly from
0.4 to 0.3 above 8 km altitude. The flatter profile in high altitude was a result of the flat
PAN and NO profiles (see Figure A.o.15) at these altitudes. The low observed NO in
the UT was attributed to non-electrified convection (Nussbaumer et al., 2025).

The amount of NO, stored in PAN has its maximum at mid-tropospheric altitudes
around 6-10km varying between 40-90% across the three tropical aircraft campaigns.
The measurements showed that PAN is a significant reservoir of NO, during all CAFE
campaigns, yet the PAN/(PAN+NO,) ratio was significantly lower during CAFE Pacific
than during CAFE Africa and CAFE Brazil.

7.5 THE ROLE OF BIOMASS BURNING DURING ALL CAFE CAMPAIGNS

Biomass burning (BB) plays a crucial role in shaping the composition of the Earth’s
atmosphere and is considered one of the largest sources of trace gases and aerosols
globally (Andreae, 2019; Andreae and Merlet, 2001). Open vegetation fires not only re-
lease greenhouse gases such as CO, or CH,, but also of VOCs and NO,(Andreae, 2019),
which are precursors to PAN and PAA.

Aircraft and satellite observations have confirmed the photochemical formation of PAN
in biomass burning plumes (Clarisse et al., 2011; Coheur et al., 2007; Holzinger et al.,
2005). In boreal BB plumes, it has been found that approximately 40 % of initial NOy
is converted into PAN within the first few hours after emission (Alvarado et al., 2010).
Pyroconvective updraft of BB emissions are considered the primary source of PAN in
the UTLS, which is supported by the clear correlation between the seasonality of PAN
enhancements to fire activity observed globally by satellite measurements (Moore and
Remedios, 2010; Tereszchuk et al., 2013). Due to its high instability towards tempera-
ture, the formation and transport of PAN in aged biomass burning smoke plumes are
complex and dependent on various factors, including the height of injection, the com-
position of vegetation etc. (Crowley et al., 2025).

The detection of PAA in biomass burning plumes has also been reported in literature
recently (Wang et al., 2016; Wolfe et al., 2021).

To investigate the impact of BB, the correlation of PAN and PAA with typical biomass
burning tracers such as CO, ozone, acetone, acetonitrile (CHz CN) and black carbon (BC)
can be analyzed. This approach was employed in Section 6.3.2 for a section of flight
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RF15 during CAFE Pacific. These species are co-emitted in plumes and were measured
onboard of HALO during the campaigns.

The tracer-tracer correlations can provide valuable insights into the type and age of
biomass burning emissions.

For example, CO is relatively long-lived (approximately 58 days) in the atmosphere
with respect to OH-oxidation (Crowley et al., 2025) and is ubiquitous in the tropo-
sphere due to a variety of primary and secondary sources such as the oxidation of
methane and non-methane hydrocarbons, industrial combustion processes and biomass-
burning (Andreae, 2019; Seinfeld and Pandis, 1998). Hence, CO is a general marker for
burning activities and organic oxidation processes. CO is also involved in tropospheric
ozone production (Fishman and Crutzen, 1978).

Acetonitrile has been shown to be a useful indicator of biomass burning which is as-
sumed to be its predominant source in the atmosphere (De Gouw et al., 2003). However,
the lifetime of CH3CN in the UT with respect to OH can be in the order of years which
leads to high background levels making it difficult to identify aged biomass-burning
plumes (Crowley et al., 2025).

In contrast, BC has very low background levels and has an atmospheric lifetime of sev-
eral days making it an ideal tracer of fresh BB. Holanda et al., 2020 demonstrated this by
calculating backward trajectories for the air masses sampled during the ACRIDICON-
CHUVA campaign in September 2014, which showed that the detected black-carbon
rich layer at 3.5km resulted from biomass burning smoked transported from west
Africa over the South Atlantic to the Amazon basin (Holanda et al., 2020).

Ozone is produced from the same precursors as PAN (see Section 2.1.1) and hence is
also a by-product of biomass burning.

Beside anthropogenic and biogenic sources, acetone was found to be directly emitted
by biomass burning but also secondarily formed within the plume (Holzinger et al.,
2005). The global annual mean lifetime of acetone is around 2 weeks (Fischer et al.,
2014).

7.5.1  Biomass burning during CAFE Africa

The African biomass burning season occurs during November-March in the north-
ern hemisphere and between May-October in the southern hemisphere (Ichoku, 2020).
Satellite observations have shown a peak in transatlantic transport of pollution lay-
ers in August/September (Holanda et al., 2020). Consequently, the CAFE Africa cam-
paign took place during the expected maximum of the Southern Hemispheric African
biomass burning season.

Crowley et al. (2025) analysed the CAFE Africa CIMS measurements and identified sig-
nificant impact of biomass burning, particularly during the four flights FLo4, FL1o,
FL12 and FL13 (see Figure 7.1.1). These flights were characterized by clearly enhanced
levels of BC, CO and CH3CN. FLog, FL12 and FL13 sampled biomass burning from the
African continent, while biomass burning during FL10 was traced back to Canada and
north-west America (Crowley et al., 2025). FL10 probed north of the ITCZ, which was
located around 10°N during CAFE Africa measurements (Crowley et al., 2025).

The air masses impacted by biomass burning contributed to the pronounced PAN max-
imum at mid-tropospheric altitudes (Crowley et al., 2025).



7.5 THE ROLE OF BIOMASS BURNING DURING ALL CAFE CAMPAIGNS

200 . PAN (CIMS) * —= BC(SP2) |go05
2 400 «  PAA (CIMS) “ 9
e ﬁ o s JAFE |600%
2300 It e ;lﬁ‘. AFRICA S
© ol 'l' : 3 “ TR | )00 8

. ©
£100| | 1] Yt § Yool o 2005
et - "
O ________ ———— LR R R S RI— — — — O
o 0 0 o 0 o o o 0 o
N O RN XN PV N IR ORG RN TIPS

UTC

Figure 7.5.1: Time series of PAN (blue), PAA (red), and black carbon (BC) (black) measurements
at FL12 during CAFE Africa. BC is given in raw counts per cubic centimeter (#/cc).

Exemplary, the time series of PAN, PAA and black carbon (BC) measurements during
FL12 are shown in Figure 7.5.1. The signal from BC was very clear, with counts reach-
ing up to approximately 700. The coincidence of PAN, PAA and BC peaks demonstrates
the impact of fresh (within approx. a week) biomass burning on PAN and PAA observa-
tions.

7.5.2  Biomass burning during CAFE Brazil

The CAFE Brazil campaign took place at the end of dry season/beginning of wet season
and hence outside the major biomass burning season in Amazonia.

In Figure 5.3.3 in Section 5.3.1, it was shown that FIRMS satellites observations of fire
events were low above the Amazonian rainforest during CAFE Brazil and decrease
towards the second half of the campaign when the rain-season started.

Based on the back-trajectory analysis for CAFE Brazil described in Section 5.3, it seemed
unlikely that PAN formed in BB plumes from the west coast of Africa was transported
to the Amazonian basin at high altitudes.

In contrast to CAFE Africa, the signal of the SP2 instrument from BC was mostly
only a few counts during the CAFE Brazil campaign. The BC signal was strongest dur-
ing RFoy, reaching up to 50 counts per cubic centimeter, as depicted in Figure 7.5.2.
Peaks in BC above 400 counts were observed twice, once during RF11 and once during
RF14, when HALO passed through visible biomass burning plumes below 1 km altitude.
These peaks were accompanied by a spike in NO (> 500 ppt). However, the time inside
the plume was so short that CIMS captured only one data point for PAN and none for
PAA.

RFo7 targeted the pristine Amazonian rainforest above ATTO and was analyzed in
detail in Section 5.4.1.
Note that the shown SP2 data in Figure 7.5.2 represents the uncalibrated incandescence
signal of refractory BC, which is linearly proportional to the mass of rBC in the particle
(Holanda et al., 2020; Laborde et al., 2013).
Like PAA, BC was enhanced in the boundary layer during RFo7 on 9.12.2022, see Fig-
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Figure 7.5.2: Time series of PAN (blue), PAA (red), CO (orange), and acetonitrile (lime) mixing
ratios as well as counts per cubic centimeter of the SP2 BC (black) in RFoy during
CAFE Brazil. The flight altitude is marked in gray in the background. Note that CO
and acetonitrile mixing ratios are given in ppb and have been multiplied with a
factor of 10 and 5, respectively, for better visibility in the plot.

ure 7.5.2. The increased PAA in the boundary layer could result from biogenic hydrocar-
bon chemistry but the coincidence of peaks with BC indicates aged biomass burning.
Also CO (orange) is enhanced in the boundary layer, which suggest burning emissions.
The enhancements of BC in the low altitudes were not correlated with PAN, which aligns
with the hypothesis of aged biomass burning plumes in the low altitudes, where PAN
has thermally dissociated and PAA is formed in the organic rich air masses. Acetonitrile
measurements showed no enhancements during the whole flight (lime), so the biomass
burning effect is probably weak.

Hence, the effect of biomass burning on the probed air masses during CAFE Brazil
is much less obvious than during CAFE Africa. With respect to BC measurements, fresh
BB probably plays only a minor role on the PAN and PAA mixing ratios during CAFE
Brazil. The impact of aged biomass burning plumes, where the PAN-to-PAA ratio shifted
towards PAA, could be possible.

7.5.3 Biomass burning during CAFE Pacific

During CAFE Pacific, the uncalibrated signal from BC in the SP2 signal was generally
below 20 counts and hence even less than during CAFE Brazil. It is worth noting that
the SP2 instrument had technical problems especially in high altitudes during several
flights during CAFE Pacific. However, the contribution of fresh biomass burning during
CAFE Pacific seemed to be generally low when the instrument was working with the
exception of a few distinct biomass burning plumes plumes.

The maximum of registered counts on BC occurred during RF18, when the aircraft
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Figure 7.5.3: Time series of PAN (blue), PAA (red), and CO (orange) mixing ratios as well as
counts per cubic centimeter of the SP2 BC (black) in RF22 during CAFE Pacific. The
flight altitude is marked in gray in the background. Note that CO mixing ratios
are given in ppb and have been scaled by a factor of 2 for better visibility.

passed close to a visible biomass burning plume just before landing in Honiara on the
Solomon islands, with a BC peak up to 600 counts.

As an example of the general low BC levels, the time series of PAN, PAA and BC
measured in RF22 during CAFE Pacific is shown in Figure 7.5.3. During RF22, the SP2
instrument was running throughout the whole flight. The flight headed north of Cairns,
sampling at low altitudes above the mangrove coast regions, and reached until Papua
New Guinea. The maximum BC (above 20 counts) was reached in the boundary layer,
but the peaks where not correlated with neither PAN nor PAA. CO is slightly enhanced
in the low altitudes, especially between 2:00-3:00 UTC, but is generally much lower
compared to the example flight RFo7 considered for CAFE Brazil in Section 7.5.2. Also
acetontirile was constantly low during RF22 (not depicted), indicating no significant
sources of biomass burning.

76 ROLE OF BIOGENIC EMISSIONS DURING CAFE BRAZIL AND CAFE PACIFIC

In Section 5.6.4, the role of biogenic emissions and notably isoprene was discussed
during CAFE Brazil by analysing the modelled contributions to the PA-radical concen-
tration.

Figure 7.6.1 compares the relative contributions of the immediate PA-radical precursors
acetone, acetaldehyde and MGLY in the EMAC simulations of CAFE Brazil (left panel) to
the simulations of CAFE Pacific (right panel). The fraction "others" includes essentially
isoprene photo-oxidation products other than MGLY.

In Section 5.6.3, it was found that methyl glyoxal (MGLY) plays a dominant role in
producing of the PA-radical in the EMAC simulations for CAFE Brazil as a result of high
isoprene emissions. The sum of MGLY and other isoprene oxidation products were
responsible for almost three quarters of the total modelled PA-production (left panel in
Figure 7.6.1) highlighting the importance of isoprene emissions from the Amazonian
rainforest and their subsequent photo-oxidation on the formation of PAN and PAA.
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Figure 7.6.1: Relative contribution of different PA-radical precursor species to total PA-
production in the EMAC model for CAFE Brazil (left pie) and CAFE Pacific (middle
pie). The right pie represents global means of immediate PA-precursors derived
with the global GEOS-Chem model based on Fischer et al. (2014).

According to the EMAC simulations, the relative contribution of MGLY during CAFE
Pacific is around 16 %, which is almost half of the contribution during CAFE Brazil.
Acetone was found to be the major PA-precursor during CAFE Pacific (approx. 26 %),
closely followed by acetaldehyde (approx. 22 %). Hence, acetone and acetaldehyde to-
gether made up almost half of the total PA-production, indicating a higher relative
contribution of non-biogenic emissions resulting probably from a mixture of industrial
and (anthropogenic) biomass burning processes.

The right pie-plot in Figure 7.6.1 shows that in the EMAC model results for CAFE
Brazil and CAFE Pacific the contribution of acetaldehyde as immediate PA-precursor
was less than half compared to the global mean derived with the GEOS-Chem model
by Fischer et al. (2014). In contrast, the fraction of "others" was notably higher during
EMAC simulations than the global mean of GEOS-Chem. While the contribution of
acetone to PA-formation during CAFE Brazil was comparable to the global mean, the
fraction simulated for CAFE Pacific exceeded the global mean by more than a factor
3. Since the EMAC simulations for acetone agreed well during both campaigns, CAFE
Brazil and CAFE Pacific, the different relative importance of acetone highlights the
regional differences between Amazonia and southern Pacific and its impact on PAN
and PAA formation.

Opverall, the discussed deviations from the global average area are in agreement with
the regional and seasonal differences stated by GEOS-Chem for the sampled tropical
regions.

7.7 DISCREPANCY BETWEEN MEASURED AND MODEL ACETALDEHYDE

According to global simulations, acetaldehyde (CH3CHO) is a major precursor of PAN
accounting for around 44 % of global PA production (Fischer et al., 2014).
Acetaldehyde is ubiquitous in the atmosphere and has direct as well as indirect
sources. Photo-oxidation of VOCs like alkanes, alkenes and ethanol is the largest source
of acetaldehyde in the atmosphere (Atkinson et al., 2006). Global 3-D simulations using
the GOES-Chem model estimated net ocean emission to be the second largest global
source of acetaldehyde followed by terrestrial sources from decaying plants, biomass
burning, and anthropogenic emissions (Millet et al., 2010).
The major sink of acetaldehyde is the reaction with OH leading to atmospheric life-
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Figure 7.7.1: Vertical profiles of measured (lime dots) and modelled (olive squares) acetalde-
hyde for all analysed flights during CAFE Brazil (left panel) and CAFE Pacific (right
panel). Solid lines represent medians.

times in the order of a day (Atkinson et al., 2006). The concentration of acetaldehyde
decreases with increasing altitude as its major sources are at ground level and the life-
time is short enough to prevent mixing to high altitudes. Generally, over the ocean
lower acetaldehyde concentrations and weaker vertical gradients are observed (Millet
et al., 2010).

While simulated and measured acetaldehyde mixing ratios in the continental boundary
layer generally agree well, aircraft measurements using PTR-MS or GC-MS instruments
reported high acetaldehyde levels in the free troposphere, which are not represented
by models and disagree with measured and modelled PAN-to-NOy ratios (Millet et al.,
2010). The discrepancy between acetaldehyde measurements and models has led to
a debate about a potential missing global source of oxygenated VOC and is a long-
standing problem (Singh et al., 2001, 2004; Travis et al., 2020; Wang et al., 2019).

The comparison of modelled and measured vertical profiles of species involved in
PAN and PAA formation in the example of RF17 during CAFE Pacific, showed that EMAC
predicted lower concentrations of acetaldehyde by more than one order of magnitude,
while acetone was well represented, see Figure 6.5.3 in Section 6.5.5. The observation
that EMAC represents well the vertical profile of measured acetone while the difference
to measured acetaldehyde is very large holds not only for RF17 during CAFE Pacific but
also in general for all flights during both campaigns CAFE Brazil and CAFE Pacific.

Figure 7.7.1 shows the median vertical profiles of measured (lime) and modelled
(olive) acetaldehyde for all analysed flights during CAFE Pacific and CAFE Pacific.

In the case of CAFE Brazil (left panel), GC-MS measurements of acetaldehyde excess
EMAC acetaldehyde mixing rations by a factor between 2-25, with a tendency to in-
crease with altitude.

Similarly, in the case of CAFE Pacific (right panel), measured acetaldehyde exceeds the
model by a factor of 14-28. For example, at the lowest altitudes the GC-MS instrument
recorded a median acetaldehyde of around 300 ppt while EMAC simulations resulted
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in around 20 ppt. While EMAC acetaldehyde in the upper troposphere has decreased to
a few ppt only, measured acetaldehyde is still around 50ppt. Note that, acetaldehyde
data for CAFE Pacific is still in a preliminary status and may vary in a finalized version
by 30-50 % (personal conversation with Bianca Krumm).

It is known that measurements of acetaldehyde with mass spectrometry suffers from
background problems (Apel et al., 2008; Northway et al., 2004) which is critical espe-
cially in pristine regions like those sampled during CAFE Pacific. Northway et al. (2004)
suspected the formation of acetaldehyde from ozonolysis of unsaturated organic com-
pounds on Teflon tubing leading to a falsely enhanced signal on acetaldehyde. Artifi-
cial signal enhancement in the presence of high ozone (>150ppb) in dry air was also
found in acetaldehyde measurements of the GC-MS instrument mounted aboard (Ernle,
Ringsdorf, and Williams, 2022). An ozone scrubber was added at the inlet of the HALO-
GC-MS to minimize this effect. However, before the sampled air reaches the scrubber,
it passes through a 2m long heated Teflon tubing between the trace gas inlet (TGI) of
the HALO aircraft and the instrument. Therefore, the possibility of an artificial acetalde-
hyde background can not be completely ruled out.

In summary;, it is questionable if the high acetaldehyde levels in the southern tropics
provided by the GC-MS aboard HALO are reliable as the acetaldehyde measurements
stand in stark contrast to modelled acetaldehyde from EMAC and is beyond the range
of possible measurement uncertainties assigned to acetaldehyde. In addition, it was
shown in Section 6.5.6 that the production rates of the PA-radical derived from the
measured acetaldehyde in a steady-state assumption would lead to PAN levels around
a factor 50 higher than observed PAN. Hence, the GC-MS measurements are in contra-
diction to the CIMS measurements of PAN.

78 PPN AS A TRACER OF ANTHROPOGENIC POLLUTION DURING CAFE BRAZIL
AND CAFE PACIFIC

Peroxy propionyl nitrate (PPN) (C2H5C(O)O2NO;) is a PAN-type species almost ex-
clusively formed via propanal (Roberts et al., 2001), resulting from anthropogenic
hydrocarbon sources (Roberts, 2007). Therefore, PPN can be used as a marker for
anthropogenic-driven atmospheric chemistry (Hansel and Wisthaler, 2000; LaFranchi
et al., 2009). The lifetime of PPN is approximately 30 % lower than that of PAN (LaFranchi
et al., 2009). While the thermal decomposition of PPN is about 15 % slower than PAN,
the photolysis of PPN is approximately double as fast as that of PAN (Roberts, 2007).
The ratio of PPN/PAN gives an indication of the contribution of urban/anthropogenic
pollution. The PPN-to-PAN ratio has been frequently observed in field studies, sug-
gesting that anthropogenic hydrocarbon sources lead to ratios in the range of 12-20 %
(Roberts, 2007). Theses ratios can be lowered by the presence of biogenic driven hy-
drocarbon chemistry favouring the production of PAN over PPN production (Roberts,
2007). For example during the INTEX-B aircraft campaign, which focused on tracing
long-rang transport of Asian pollution, a strong correlation of PPN with PAN was found
(r,=0.96) with an average PPN-to-PAN ratio of approximately 6.5 %(Wolfe et al., 2007).
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Figure 7.8.1: Raw counts from PPN (7 = 73) versus raw counts from PAN (7 = 59) for all flights
during CAFE Brazil (left panel) and CAFE Pacific (right panel). The gray shaded area
marks the range of typical PPN-to-PAN ratios reported by Roberts (2007). The black
line indicates the mean slope of the measurements and its standard deviation.

The CIMS detects PPN on > =73 (Flocke and Weinheimer, 2003; Wolfe et al., 2007,
2009). Previous studies showed, the CIMS sensitivity towards PAN and PPN is almost
similar (Dorich, 2023; Roiger et al., 2011; Slusher, 2004). Hence, the ratio of the titration-
subtracted counts between 7+ =73 and 7+ =59 approximately represents the PPN-to-
PAN ratio. Note that the PPN measurements were not calibrated and it is assumed that
the relative sensitivity to PAN does not change.

Figure 7.8.1 shows the measured PPN-to-PAN ratios during all analysed flights of the
two campaigns CAFE Brazil (left) and CAFE Pacific (right) compared to the typical ratios
reported by Roberts (2007).

As seen in the left panel in Figure 7.8.1, during CAFE Brazil, the PPN-to-PAN ratio was
very similar during all flights with an average of of 2.740.4 % (black line) and hence
significantly lower than the reference values of 12-20% in anthropogenic influenced
areas. In general, raw counts on PPN were few during CAFE Brazil, ranging between o
and 40 counts, which indicates low contribution of anthropogenic hydro carbon chem-
istry. In addition, PPN and PAN were not very well correlated during CAFE Brazil, with
r-values between 0.27 and 0.55.

During CAFE Pacific, the slopes of PPN plotted against PAN varied between 1-3 %
and were in average almost half as steep (1.4+0.6 %, black line) as during CAFE Brazil.
The higher relative standard deviation of about 45 % during CAFE Pacific indicates the
higher variability between flights and the presence of distinct anthropogenic pollution
plumes. In most of the flights during CAFE Pacific, no clear correlation between PPN
and PAN was observed (r-values below o0.5), except during the continental flight RF15 (r
= 0.63). In this flight counts on PPN reached above 40 in a single plume when approach-
ing the city Melbourne for a refueling stop (see detailed analysis of RF15 inSection 6.3).

Overall, based on the small signal on 7> =73 and the low PPN-to-PAN ratios of
maximum 3 %, the total anthropogenic influence in the remote areas sampled during
both campaigns, CAFE Brazil and CAFE Pacific, is rather low compared to biogenic
chemistry.
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Figure 7.9.1: Comparison between measured (solid lines) and EMAC model (dashed lines) me-
dian vertical profiles of PAN (blue) and PAA (red) during CAFE Brazil (left panel)
and CAFE Pacific (right panel).

7.9 PAN AND PAA PROFILES IN CAFE BRAZIL AND CAFE PACIFIC COMPARED TO
THE EMAC MODEL

The vertical profiles of PAN and PAA have been compared between the observations
and the EMAC model results for CAFE Brazil and CAFE Pacific in Figure 5.6.1 and Fig-
ure 6.8.2. To highlight the differences between the performance of the EMAC model
for both campaigns, Figure 7.9.1 compares PAN (blue) and PAA (red) median vertical
profiles of simulations and measurements of both campaigns.

In both campaigns, the EMAC simulations underestimated PAN only slightly, but over-
estimated PAA much more significantly.
The underestimation of PAN during CAFE Brazil was generally low (between 20-50 %)
with a maximum at mid-tropospheric altitudes around 8 km. This also holds for the
EMAC comparison with the CAFE Pacific PAN observations, where at some altitudes the
EMAC model even closer to the observations with deviations of only a few percent.

In contrast, the overestimation of model PAA becomes much more drastic during
CAFE Pacific. While the difference to the observations during CAFE Brazil was between
12-70 %, during CAFE Pacific model PAA exceeded the observations by 300-500 % in-
creasingly with altitude. Even though the uncertainty on the PAA calibration might be
as high as a factor of 2, this discrepancy is beyond possible measurement uncertainties.
As previously discussed, the production of PAN and PAA in the atmosphere is closely
linked to each other.

Hence, the deviations between modelled and observed PAN-to-PAA ratios indicate that
the chemical model Mainz Organic Mechanism (MOM) used in EMAC needs to improve
on NO, and HOy predictions and their relative abundance to get both species PAN and
PAA right.

As previously discussed in Section 6.5.8, the correct representation of all of the many
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reactions contributing to the production and the loss of the PA-radical in the model is
essential.

In addition, a for the strong deviation of modelled PAA could be related to underesti-
mated losses by wet deposition, such as rainout in clouds, which is implemented in the
model based on the Henry’s solubility of a substances (Discussions during the CAFE
data meeting on 23,4 June 2025).

It has been reported for CAFE Africa, that the EMAC model tends to overestimate H,O,
particularly at high altitudes in the southern hemisphere (Hamryszczak et al., 2023b),
which was attributed to an underestimation of cloud scavenging. Since H, O, is a reser-
voir species of HO, it is closely linked to PAA. Hence, a possible underestimation of
cloud scavenging could also lead to an overestimation of PAA especially under tropi-
cal, cloudy conditions. A detailed look into solubility thresholds for cloud scavenging
within the EMAC-MOM model could be subject of further investigation in order to im-
prove the model’s performance in predicting PAA concentrations.
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Part IV

CONCLUSION






SUMMARY

Within the scope of this work, the performance and data calibration system for the
CIMS instrument were thoroughly described. Additionally, the measurement results
obtained from its deployment in the aircraft campaigns CAFE Brazil and CAFE Pacific
were presented. The key findings of this research are summarized in this chapter.

8.1 SUMMARY ON CIMS CHARACTERISTICS AND DATA CALIBRATION

In Section 4.1, the CIMS measurement technique was described and the instrument
set-up during campaigns and in laboratory experiments was explained in detail. The
overall performance of the CIMS instrument during CAFE Brazil and CAFE Pacific was
excellent, with only a few hours of data loss observed throughout the duration of the
experiments.

Limit of detection

The limit of detection (LOD) for PAN was derived from the variability of consecutive
PAA measurements and varied between flights between 20-60 ppt during CAFE Brazil
and between 10-22 ppt during CAFE Pacific.

The instruments LOD on PAA was based on the background counts when flushing with
pure nitrogen directly after the flight and was between 5-33 ppt for flights during CAFE
Brazil and 4-10 ppt for flights during CAFE Pacific.

Instrument sensitivity on PAN

The flight-wise derived instruments sensitivity for PAN during CAFE Brazil and CAFE
Pacific in count on 7} =59 per primary ion signal (7} =127) and per ppt ranged be-
tween 4.8 —7.3 x 107> and 3.2 —4.5 x 107>, respectively.

The PAN calibration-factors resulted from the average of in-situ calibrations above
10 km per flight to avoid matrix effects of by-products of the photochemical-calibration
source in humid air masses on the detecting acetate anion (CH3C(0O)O™). As a rea-
son for the losses of the acetate anion, the detection of formic acid and HONO via
CH3C(0)O™ (% =59) in the IMR was suggested. A correction factor of about 0.86 was
applied to account for these losses of the acetate anion leading to signals on 7+ =45
and 7 =46.

In contrast to the in-flight calibrations with the internal photochemical source, this ma-
trix effect with humidity was not observed in the post-campaign laboratory studies,
which showed no or only a weak humidity dependency on the instruments sensitivity
on PAN. This was in agreement with reported experiments in literature and justified

the neglect of a humidity effect on the PAN sensitivity.
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SUMMARY

Instrument sensitivity on PAA

The instruments sensitivity on PAA was derived via two different ground calibration
methods. For CAFE Brazil a cross calibration between CIMS and the HYPHOP instrument
of a PAA diffusion source was used. This resulted in a sensitivity of 1.2 x 107> nor-
malised counts on 7+ =59 per ppt, which is about a factor 4-6 lower than for PAN.

For CAFE Pacific (and also during the subsequent BAIRN-VIP campaign), PAA was cal-
ibration via the absorption of triiodide formed by the reaction of PAA in a potassium-
iodide solution ("KI-method"). The derived calibration factor for PAA during CAFE Pa-
cific was 2.16 x 107>, which is a factor 1.8 higher than during CAFE Brazil. This big
difference between the PAA calibration between the campaigns underlines the instru-
ments variability with transport and the need of regular calibration during campaigns
to quantify potential sensitivity changes between flights.

In addition, the PAA data was corrected for sensitivity losses due to humidity with a
factor -2.5 mz145/mz127 for CAFE Brazil and -8.3 mz145/mz127 for CAFE Pacific. The
relative loss of the instruments sensitive on PAA measurements with respect to rela-
tive humidity was shown due be consistent between the campaigns and experiments
reported in literature leading to a loss in signal of about 60-70 % at 60 % relative hu-
midity.

Total measurement uncertainties

The total measurement uncertainty (TMU) of CIMS for PAN including potential system-
atic errors was estimated to be up to 30%, but at least 10-15% for CAFE Brazil and
7-13 % for CAFE Pacific based on statistic errors, which could be quantified. The quan-
tifiable statistic error for PAA was 15-42 % for CAFE Brazil and around 45 % for CAFE
Pacific depending on the humidity. However, it was highlighted the uncertainty on PAA
calibration factor for dry measurements could be up to a factor 2 including potential
systematic uncertainties and due to the lack of reproducible calibration experiments.

Isotopic calibration standard and technical improvements

Between the two aircraft campaigns the instruments sensitivity on 7+ =61 was im-
proved to use 3C-isotopically labeled PAN as calibration standard. The "3C-isotopically
labeled PAN-standard was successfully applied to the CIMS instrument for the first time
during CAFE Pacific. In addition, the temperature of the TDR was reduced from 180 °Cto
150 °Coptimizing the yield of PAN and PAA through the TDR region.

8.2 FIELD MEASUREMENT RESULTS

In this work, airborne field measurements of PAN and PAA in two tropical regions,
the Amazonian rain forest and the Southern Pacific/north-east Australia have been
analysed and compared with each other and to the previous CAFE Africa campaign
above the tropical Atlantic west of Africa. The analysis of CAFE Brazil and CAFE Pacific,
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which took place approximately 1 year after each other, comprised 12 measurements
flights each.

The CAFE Brazil and CAFE Pacific results provide a valuable contribution to the sparse
in-situ data basis in tropical remote troposphere.

CAFE Brazil

A detailed summary for the CAFE Brazil campaign analysis was given in Section 5.9).
In brief, the observations PAN and PAA during CAFE Brazil showed that PAA exceeded
PAN mixing ratios by up to a factor of 5 in the mid-troposphere underlining the dom-
inance of HO, over NO, chemistry due to the high biogenic emissions and low NO,
conditions.

The meteorological conditions (winds from south east, transition from dry- to wet
season, few open fire events in the sampling area) indicated that the role of biomass
burning was rather low in the beginning of the CAFE Brazil campaign and decreased
further towards the end of the campaign.

As a general trend, mixing ratios of PAN and PAA were higher in the first month of the
campaign, than in the second month, reflection the change of season.

The analysis with HYSPLIT trajectory analysis indicated that air masses originated or
had circulated above the South American continent within 10days before. Only few
trajectories traced back to east Africa where biomass burning took place.

CAFE Pacific

CAFE Pacific covered a large sampling area (130-160 °E, 0-40 °S) and was characterised
by generally low PAN (median <50 ppt) and low PAA (median <100 ppt) levels. Especially
low values with mixing ratios close or below the detection limit were observed above
in the Indo-Pacific warm pool area.

The tracer-tracer correlations of PAN to CO, Ozone, acetone and acetonitrile during
an example flight above the continent showed that air masses results from mixture of
anthropogenic and biogenic precursors. HYSPLIT trajectories to sampling areas as far
south as 40° were shown to have traveled with the subtropical jet stream. However,
a significant contribution of long-range transported PAN and PAA from pollution in
southern Africa was not observed. A more detailed summary for the CAFE Pacific
campaign is given in Section 6.9).

Impact of Biomass burning compared to CAFE Africa

BC observations were used as a tracer of fresh biomass burning and exemplarily com-
pared during all three CAFE campaigns. The strong BC signature and correlation to PAN
observed during CAFE Africa, was not applicable during CAFE Brazil and CAFE Pacific
where only few and relatively low peaks in BC were observed. In addition, few open
fire events were detected by FIRMS satellite observations, which indicated low impact
of fresh biomass burning pollution during both, CAFE Brazil and CAFE Pacific.
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SUMMARY

Acetaldehyde discrepancy

Calculated PA formation from measured precursors revealed that observations of ac-
etaldehyde are in contradiction to observed PAN and PAA levels. In addition, measure-
ments of acetaldehyde exceeded model simulations of EMAC in both campaigns, CAFE
Brazil and CAFE Pacific, by more than an order of magnitude. Considering known arti-
facts of the GC-MS measurement technique and the fact, it was suggested that measured
acetaldehyde mixing ratios most likely have a large positive bias.

EMAC comparison

The comparison of CIMS measurements during CAFE Brazil to the EMAC simulations
showed overall a good agreement for both PAN and PAA, with a tendency of the model
to underestimate PAN (in average factor 0.8) and overestimate PAA (in average factor
1.2). While EMAC simulations were very close to the PAN observations during CAFE
Pacific, the model overestimated PAA even more drastically (in average factor 4.5) indi-
cating a large positive model bias towards HO,.

While NO observations and model predictions fitted well during CAFE Brazil, the
model overestimated NO substantially in the UT during CAFE Pacific. With respect to
the high sensitivity of the PAN-to-PAA ratio on the NO,-to-HO, ratio, the good model-
measurement agreement in terms of PAN may reflect a fortuitous cancelling of system
biases in the model.

Steady-state from model PA

The calculated levels of PAN and PAA from the steady-state calculations based on
model PA-radical showed that the model PA concentrations would lead to a multiple
times higher PAN levels than observed in the mid- and upper troposphere during both
campaigns, CAFE Brazil and CAFE Pacific. Besides horizontal transport processes, con-
vection was proposed to explain the discrepancy between steady-state and model as
mixing times were estimated to be faster than the time a chemical steady-state for PAN
needs to be established. The neglect of losses of the PA-radical to RO, in the steady-state
assumption was found to only be able to account around 7 % in the upper troposphere
during CAFE Pacific but could explain the factor 3-5 discrepancy.

PA-radical precursors

The analysis of contribution the three PA-radical precursors acetone, acetaldehyde and
methyl glyoxal (MGLY) in the EMAC simulation showed, that MGLY was the dominant
single PA precursor above the Amazonian rain forest (approx 30 %). In general, iso-
prene oxidation products, including MGLY, made up almost three quarter of the total
model PA production, which highlighted the importance of biogenic emissions, notably
isoprene, during CAFE Brazil. It was pointed out that the non-methane driven chem-
istry may exceed the impact of methane oxidation with respect to MHP formation at
low altitudes, indicating the significance of PA-precursor related chemistry during the
CAFE Brazil campaign.



8.2 FIELD MEASUREMENT RESULTS

In contrast, isoprene oxidation products including MGLY only represented half of the
model PA concentrations during CAFE Pacific. During CAFE Pacific, acetone contributed
the most to total model PA production (approx. 26 %), closely followed by acetaldehyde
(approx. 22 %). This indicated both, biogenic as well as anthropogenic sources of PA-
precursors.
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9.1 CIMS AIRCRAFT MEASUREMENTS
PAA calibration

To reduce potential uncertainty of PAA sensitivity and to quantify possibly sensitivity
variation during a campaign, in future campaigns more frequent calibrations should
be done. Mor laboratory tests would be required,especially in inter-comparison with
instruments such as HYPHOP.

Measurements of Acetaldehyde

The steady-state calculations showed that the GC-MS acetaldehyde measurements are in
contradiction to the CIMS measurements. Therefore, the GC-MS acetaldehyde measure-
ments need to be evaluated with respect to possible interferences from formation of
acetaldehyde, for example in surface reactions with ozone at the PFA tubing inside the
instrument. Alternatively, new methods (e.g. mass spectrometry with new ionisation
schemes) and new sampling strategies need to be developed.

Model investigations

The results demonstrated the importance of simultaneous and precise measurements
of PAN and PAA and its precursors species in order to validate and improve the models
simulations especially in remote areas.

In addition, an evaluation of the convective mass-transport in the EMAC model could
be helpful to quantify its relative importance compared to in-situ formation of PAN and
PAA from the PA-radical. Further, the cloud scavenging of organic peroxides, notably
PAA, should be checked in the MOM-chemistry scheme used in EMAC to improve the
model predictions on PAA.
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OUTLOOK

9.2 BAIRN-VIP: GROUND-BASED MEASUREMENTS IN FINLAND

I prepared and operated the CIMS instrument during the BAIRN-VIP campaign. As the
finalization of the data is still in progress, preliminary findings are presented in this
section to provide an outlook on possible research questions.

BAIRN-VIP campaign description

The Biosphere-Atmosphere Interactions and the Reactive Nitrogen Budget: Vertlcal
Profiles of Key Species (BAIRN-VIP) ground campaign was conducted in the boreal for-
est around Hyytiéla, Finland, from 27" August to 28" September 2024. The CIMS was
installed in a measurement container alongside a suite of instruments measuring NO,,
NOy, ozone, NOj-reactivity, PANs and alkyl nitrates (ANs) at the foot of the 35 m high
walk-up tower of the SMEARII forest station?3 at 61,8 °N, 24.3 °E surrounded by Scots
pine stand.

As a follow-up campaign of the previous Influence of Biosphere-Atmosphere Interac-
tions on the Reactive Nitrogen budget (IBAIRN) campaign in 2016, BAIRN-VIP focuses on
the vertical gradients of reactive nitrogen species during both, day and nighttime, with
the aim of understanding NO;, OH and O; initiated biogenic VOC oxidation within
and above the canopy. In contrast to IBAIRN, where CIMS was stationed at a fixed loca-
tion at 6m altitude on the tower within the canopy (Eger et al., 2020), an automated
vertically moving inlet system was implemented to sample a step-wise altitude profile
between 1-28 m altitude within approximately half an hour.

CIMS performance

The CIMS instrument was operated continuously throughout the entire campaign, uti-
lizing the gas mixtures listed in Table 2 and the target mass-to-charge ratios specified
in Table 5. The resolution on 7+ =61 had been improved since the isotopic 3C-PAN
calibration standard was applied.

In total, ambient measurements of PAN and PAA were only interrupted for less than
27h during the one month of measurements, primarily due to the regular replacement
of the particle filters in the vertical inlet and for the purpose of experiments with CIMS.
The ground-based experiments included recording of mass spectra, humidity sensi-
tivity studies, variations of NO flow studies and PAA calibration with the KI-method.
Specifically, three Ki-calibrations of PAA were performed on 10" September 2025, and
were found to align with previous laboratory results, as it was shown in Figure 4.4.5.

Preliminary data treatment

The PAN signal was derived by subtracting the interpolated titration signal, similar to
the procedure applied during the aircraft campaigns. However, this procedure might
not be applicable in phases when the vertical inlet was moving due and strong vertical
gradients of PAA were present.

8th June 2025.
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Figure 9.2.1: Time series of preliminary PAN and PAA measurements during the ground-based
BAIRN-VIP campaign in Finland in autumn 2024. Phases of elevated PAN are marked
by the yellow rectangle.

It is worth noting that no correction for humidity or for other possibly interfering
species, such as HNO;, has been applied yet to the data, and this remains an outstand-
ing task.

Furthermore, the data has not been normalised to the primary ion signal, as it is still
under investigation if the m145/mi2y ratio during BAIRN-VIP holds as a measure of
humidity.

Overview of preliminary data

Figure 9.2.1 presents the time series of preliminary PAN and PAA data during the
BAIRN-VIP campaign. Maximum PAN was observed between 9-12' September 2024.
The backward trajectories calculated with HYSPLIT during this phase indicate that air
masses may have traveled in low altitudes with temperatures up to 300K above big
European cities such as Tallinn, Minsk, and Kiev within the previous 3 days, see Fig-
ure 9.2.2. This suggests that the observed high PAN levels during this phase may be
related to the transport of anthropogenic pollution from these urban areas.

As an example of the diurnal cycle of PAN and PAA, the time series and vertical pro-
file of PAN and PAA is depicted for 12" September 2024 in Figure 9.2.3. Due to a strong
temperature inversion during the night between 12" and 13", a clear decreasing gra-
dient of PAN and PAA towards low altitudes was observed in both species during the
night. In future analysis, the diurnal cycle of PAN and PAA may be analysed in more
detail and also compared with other tracers such as ozone and NOy in order to under-
stand the interaction between biosphere and anthropogenic pollutants. Furthermore,
the deposition rates of PAN and PAA from the vertical gradients may be retrieved after
a detailed treatment of the data providing insights to the fate of these species in the
boundary layer.
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Figure 9.2.2: 3-days backward trajectories calculated with HYSPLIT for the phase of elevated PAN
between g-12" September 2024, as marked in Figure 9.2.2.
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Figure 9.2.3: Left panel: time series of PAN (blue) and PAA (red) measured on 12 September
2024 during BAIRN-VIP. The lines indicate the 150s averaged data. Nighttime is
marked by the gray shaded areas. The sampling altitude is marked by the gray
line in the background. Right panel: Daytime (solid line) and nighttime (dashed
line) vertical profiles of PAN (blue) and PAA (red), derived from the data depicted
in the left panel.



PartV

APPENDIX






SUPPLEMENTARY PLOTS

187



188

surr

5000

m45

4000

12:

1000

m46

500

12:

20000

18000

mb59

12:

~. 110000
[
—
£ 105000

12

Figure A.o

LEMENTARY PLOTS

1 T
15 12:20 12:25 12:30 12:35 12:40 12:45 12:50 12:55

T T T T 1 T T T
15 12:20 12:25 12:30 12:35 12:40 12:45 12:50 12:55

15 12:20 12:25 12:30 12:35 12:40 12:45 12:50 12:55

1
---- switch bypass molecular sieve -
CalTit i

i

1

:15 12:20 12:25 12:30 12:35 12:40 12:45 12:50 12:55
uTC

.1: Time series of a laboratory experiment on 26" September 2023 investigating the

effect of a 0.3nm molecular sieve inserted in the flow of titration NO. CIMS runs
with synthetic air and the internal photo-chemical source is added. The gray
shaded area marks the time when titration NO is added. The molecular sieve
was inserted from the beginning of the experiment and bypassed after the black
dashed marked time.
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Figure A.0.4: Overview of all performed Ki-calibration experiments. Experiments M21-M26 were used to derive the PAA sensitivity for CAFE Pacific
measurements after the campaign. Finland1-Finland3 were performed during the BAIRN-VIP campaign and used for the analysis of PAA
measurements during this campaign.
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Figure A.o.5: Temporal evolution of species produced inside the CIMS internal photo-chemical
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Figure A.o.7: Satellite observations of open fire events by the MODIS instrument with confidence
above 95 % during November 2022, provided by FIRMS.
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Figure A.0.8: Time series of resampled 12-min measured (HALO, solid lines) and modelled
data (EMAC, dashed lines) of RF17 used for the steady state calculation. Refer-
ences to the data can be found in Table 1.
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Figure A.0.9: Measured PAA with CIMS during CAFE Pacific at altitudes below 2 km.
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Figure A.o.11: Time series of the PAN steady state calculation output for RF17 during CAFE Pa-

cific.
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Figure A.o0.12: 10-days back-trajectories calculated with HYSPLIT for RF1y during CAFE Pacific,
colour-coded by measurement altitude ranges.
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Figure A.o.13: Time series of PAN (blue), PAA (red), and black carbon (BC) (black) measurements
in RF15 during CAFE Pacific. BC was measured with the SP2 instrument and is
given in raw counts per cubic centimeter (#/cc).
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Figure A.o0.15: Measured vertical median profiles of NO (left) and NO, (right panel) during all
three CAFE campaigns. Only data above the instruments LOD is included. Note
that NO, is calculated via photo stationary state assumptions from NO.
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Figure A.0.16: Vertical profiles of steady state (SS) calculated PAN (left panel) and PAA (right
panel) via EMAC PA (gray dashed line) for all flights during CAFE Brazil compared
to observations (solid line with circles) and modelled results (solid line with
squares).
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acid in the photo-chemical source based on the FACSIMILE simulation in Fig-
ure A.0.5.
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