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Abstract
The reaction between the nitrate radical (NO3 ) and volatile organic compounds (VOCs) can
lead to alkyl nitrates (ANs). Some alkyl nitrates tend to deposit on particles to form secondary
organic aerosols (SOA). The formation of SOA via the NO3 -initiated oxidation of VOCs with
high AN yields such as isoprene or monoterpenes like limonene thus forms an important, irreversible NOx loss path from the gas-phase and can be of great importance for air quality.
This work focusses on direct measurements of VOC-induced NO3 reactivity (k N O3 ) and ANs
by cavity ring-down spectroscopy (CRDS) in field, chamber and indoor measurements:
Two chamber studies deal with the NO3 + isoprene system: The first comprises 22 experiments
at the large environmental SAPHIR chamber of the research centre in Jülich (FZJ) in scope of
the NO3ISOP campaign and investigates the role of NO3 during the primary and secondary
oxidation of isoprene. Intercomparison of NO3 reactivities derived from VOC measurements
(Σki [V OC]i ), box-model and nonstationary-state calculations (using NO3 , NO2 , N2 O5 and O3
mixing ratios) verified that the NO3 reactivity measurements were accurate and allowed estimation of the rate constant for the reaction between NO3 and isoprene-derived peroxy radicals
(RO2 ). The second was performed with another Teflon chamber (SCHARK) and focused on
the quantification of isoprene-derived ANs (ISOP-NITs) with means of thermal-dissociation
CRDS. Detailed experiments revealed that sampling ISOP-NITs through heated quartz glass
inlets in the presence of O3 yields to broad thermal dissociation profiles (isotherms) of ISOPNITs overlapping with that of peroxy nitrates (PNs). A way to circumvent the interference of
ISOP-NITs in the detection of PNs is deployment of a Teflon inlet.
Measurements of k N O3 were also performed in a field campaign (TO2021) on the summit of
the Kleiner Feldberg (KF, 825 m above sea level). k N O3 was mainly determined by monoterpenes and in good agreement with Σki [V OC]i . k N O3 contributed with ca. 16% to the overall
NO3 daytime loss and 50-60 % to the nighttime loss, which is caused by soil emissions of NO.
Steady-state calculations allowed assessment of NO3 mixing ratios and intercomparison with
NO3 measurements during previous campaigns on the KF.
Furthermore, NO3 reactivity and mixing ratios of NO2 , O3 , NO3 as well as N2 O5 were measured for four days inside a laboratory. In the absence of NO, several pptv of N2 O5 were
detected, which was in good agreement with N2 O5 mixing ratios derived from steady-state
calculations. The indoor mixing ratios of NO3 and N2 O5 did not follow the typical diel cycle
since photolysis is inefficient inside. Unidentified VOCs formed a relevant NO3 sink.
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Zusammenfassung
Die Reaktion zwischen dem Nitrat-Radikal (NO3 ) und flüchtigen organischen Verbindungen
(VOCs) führt unter anderem zur Bildung von Alkylnitraten (ANs). Manche Alklnitrate deponieren dabei auf Partikel und bilden so sekundäre organische Aerosole (SOA). Diese Entstehung von SOA aus der NO3 -initiierten Oxidation von VOCs mit hohen Ausbeuten an ANs,
wie zum Beispiel im Falle von Isopren oder Monoterpenen wie Limonen, stellt einen wichtigen, irreversiblen Verlustprozess von NOx in der Gas-Phase dar und kann somit von großer
Bedeutung für die Luftqualität sein. Diese Arbeit fokussiert sich daher auf die direkte Messung von VOC-induzierter NO3 -Reaktivität (k N O3 ) und von ANs mittels Cavity-Ring-DownSpektroskopie (CRDS) im Rahmen von Kammer-, Feld- und Indoor-Messungen.
Zwei Kammer-Studien beschäftigen sich mit dem NO3 -Isopren-System: Die erste Studie umfasst 22 Experimente, die an der großen Atmosphären-Simulationskammer (SAPHIR) am Forschungszentrum Jülich (FZJ) im Rahmen der NO3ISOP-Kampagne durchgeführt wurden, und
untersucht die Rolle von NO3 während der primären und sekundären Oxidation von Isopren. Der Vergleich zwischen k N O3 , NO3 -Reaktivitäten aus VOC-Messungen (Σki [V OC]i ),
Modell-Simulationen und nonstationary-state-Rechnungen basierend auf Ratengleichungen
(sowie Messungen von NO3 -, NO2 -, N2 O5 - und O3 -Konzentrationen) zeigt nicht nur, dass
die direkten Messungen von k N O3 akkurat sind, sondern ermöglicht auch die Bestimmung
der Ratenkonstante für die Reaktion zwischen NO3 und aus Isoprenoxidation stammender organischer Peroxy-Radikale (RO2 ). Die zweite Kammer-Studie wurde mit einer anderen TeflonSimulationskammer (SCHARK) durchgeführt und fokussiert sich auf die Quantifizierung von
aus Isoprenoxidation stammenden organischen Nitraten (ISOP-NITs) mittels CRDS nach dessen
thermischer Dissoziation zu NO2 . Eingehende Experimente zeigen, dass das Leiten von ISOPNIT durch geheizte Quarzglas-Einlässe in der Anwesenheit von O3 während der Probennahme
zu einer Verbreiterung der thermischen Dissoziations-Profile (Isotherme) von ISOP-NITs führt,
sodass diese mit der von Peroxy-Nitraten (PNs) überlappen. Einen Weg diese Problematik der
Interferenz von ISOP-NITs in der Detektion von PNs zu umgehen bildet der Einsatz eines
Teflon-Einlasses.
Direkte Messungen von k N O3 wurden außerdem im Rahmen einer Feld-Kampagne (TO2021)
auf der Spitze des Kleinen Feldbergs (KF, 825 m über dem Meeresspiegel) durchgeführt. k N O3
wurde hauptsächlich von Monoterpenen bestimmt und ist in guter Übereinstimmung mit
Σki [V OC]i . VOC-induzierte k N O3 trägt mit ca. 16% am NO3 -Gesamtverlust bei Tag und
mit nur 50-60% bei Nacht bei, wobei letzteres durch NO-Emissionen aus Böden verursacht
wird. Steady-state-Rechnungen ermöglichen sowohl den Zugang zu NO3 -Konzentrationen
für TO2021 sowie den Vergleich mit NO3 -Messungen während vergangener Kampagnen auf
dem KF.
Desweiteren wurden k N O3 und NO2 -, O3 -, NO3 - sowie N2 O5 -Konzentrationen über vier Tage
in der Luft im Labor gemessen. In der Abwesenheit von NO, wurden einige pptv N2 O5 detek3
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tiert, was in guter Übereinstimmung mit den aus steady-state-Rechnungen ermittelten Werten
ist. Die NO3 - und N2 O5 -Konzentrationen folgen nicht dem typischen Aussenluft-Tagesgang,
da Photolyse von NO3 in Innenräumen vernachlässigbar ist. Nicht identifizierte VOCs stellen
selbst in Innenräumen einen signifikanten Verlustkanal für NO3 dar.

CHAPTER 1

Objectives and outline of the thesis

The main objective of this thesis is to gain a deeper insight into the fate of the nitrate radical
(NO3 ) and its role during the oxidation of volatile organic compounds (VOCs) in the atmosphere. All studies presented in this work deal with the reaction between NO3 + VOCs and
the products formed:
NO3 + VOC → products (e.g. alkyl nitrates)
In the following chapter the atmospheric relevance of this reaction is outlined. In order to
achieve the objective accurate quantification of NO3 reactivity and alkyl nitrate mixing ratios is necessary which was accomplished with instruments relying on the technique of cavity
ring-down spectroscopy (CRDS). This is why Chapter 2 introduces the reader not only to the
chemistry of nitrogen oxides and the role of NO3 in the troposphere, but also to the basic
principle of the CRDS technique.
The third chapter presents a summary of the results of chamber, field and indoor measurements investigating NO3 + VOC (e.g. isoprene, monoterpenes) reactions. Parts of the results
have already been or are about to be published in peer-reviewed journals and each study is
presented separately in Chapters 4-7:
• The first study in Chapter 4 deals with the evolution of the NO3 reactivity during a
chamber intensive of the NO3 + isoprene system (NO3ISOP campaign) exploring different atmospherically relevant regimes. The analysis presented in this work aims to
answer the question to which extent the NO3 radical further contributes to secondary
oxidation after the NO3 -initiated primary oxidation of isoprene. The results of this study
have already been published:
Dewald, P., Liebmann, J. M., Friedrich, N., Shenolikar, J., Schuladen, J., Rohrer, F.,
Reimer, D., Tillmann, R., Novelli, A., Cho, C., Xu, K., Holzinger, R., Bernard, F., Zhou, L.,
5
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Mellouki, W., Brown, S. S., Fuchs, H., Lelieveld, J., and Crowley, J. N.: Evolution of NO3
reactivity during the oxidation of isoprene, Atmos. Chem. Phys., 20, 10 459–10 475, DOI:
10.5194/acp-20-10459-2020, 2020.
• The second study in Chapter 5 also investigates the NO3 + isoprene system in a simulation chamber, but the focus is on the detection of its main reaction products, i.e. alkyl
nitrates (Wennberg et al., 2018), with means of thermal-dissociation CRDS. The results
have also already been published and draw attention to possible problems and drawbacks that may occur during the quantification of isoprene-derived organic nitrates via
their thermal dissociation:
Dewald, P., Dörich, R., Schuladen, J., Lelieveld, J., and Crowley, J. N.: Impact of ozone
and inlet design on the quantification of isoprene-derived organic nitrates by thermal
dissociation cavity ring-down spectroscopy (TD-CRDS), Atmos. Meas. Tech., 14, 5501–5519,
DOI: 10.5194/amt-14-5501-2021, 2021.
• In addition to the laboratory studies, the NO3 reactivity setup was deployed during a
field campaign (TO2021) on a semi-rural mountain site (Kleiner Feldberg), which is impacted by both biogenic and anthropogenic emissions. A quantitative analysis of the
competing NO3 loss processes (including reactions with monoterpenes and isoprene) in
order to estimate the daytime and nighttime fate of the NO3 radical is presented in a
manuscript that has been submitted recently:
Dewald, P., Nussbaumer, C.M., Schuladen, J., Ringsdorf, A., Edtbauer, A., Fischer, H.,
Williams, J., Lelieveld, J., and Crowley, J. N.: Fate of the nitrate radical at the summit of
a semi-rural mountain site in Germany assessed with direct reactivity measurements,
Atmos. Chem. Phys. Discuss., 1–35, DOI: 10.5194/acp-2022-163, 2022.
• Given the sparse availability of direct measurements of NO3 mixing ratios (Nøjgaard,
2010; Arata et al., 2018) and the lack of NO3 reactivity measurements in indoor environments, both quantities were measured in a four-day period inside a laboratory of the
Max-Planck-Institute for Chemistry in the city of Mainz. This pilot study was performed
with the intention of gaining insight into whether NO3 chemistry may be of importance
in indoor environments or not.

A summary of the conclusions and an outlook drawn from the above-mentioned studies are
given in Chapter 8.

CHAPTER 2

Introduction

Both anthropogenic and biogenic emissions of reactive trace gases strongly affect chemical
processes in the atmosphere and have a significant impact on climate and air quality (Crutzen
and Lelieveld, 2001; Lelieveld et al., 2008; Pozzer et al., 2012). Especially with the beginning of
the Industrial Revolution, processes like global warming as a consequence of increasing emissions of greenhouse gases like carbon dioxide (CO2 ) (IPCC, 2014) or stratospheric ozone (O3 )
depletion induced by emission of chlorofluorocarbons until the 1990s (Molina and Rowland,
1974; Crutzen, 1974; Solomon et al., 1986) emphasise the intensifying impact of anthropogenic
emissions on our ecosystem - a circumstance that Nobel laureate Paul Crutzen accounted for
by naming the epoch starting with the Industrial Revolution as "Anthropocene" (Crutzen and
Stoermer, 2000). The most recent assessment report of the Intergovernmental Panel on Climate Change (IPCC) clearly attributed the accumulation of climate extremes (e.g. heatwaves,
tropical cyclones) over the last years to human-induced processes. Moreover, the global surface temperature will increase by 1.5 - 2 °C, if greenhouse gas emissions are not rigorously
decreased (IPCC, 2021).
Beside the impact on climate, chemistry that is initiated in the troposphere additionally impacts air quality: Pollution of the air e.g. with simple nitrogen oxides (NOx = NO + NO2 )
and volatile organic compounds (VOCs) of biogenic or anthropogenic origin enhances under
certain conditions the formation of surface O3 and, especially in urban environments, may
lead to photochemical smog, which has negative effects on human health (Haagen-Smit, 1952;
Chameides et al., 1988; Kampa and Castanas, 2008). Regular exposure to polluted ambient air
increases the risk of suffering from cardiovascular diseases and reduces the life expectancy
(Lelieveld et al., 2015, 2020).
Hence, a deep understanding of atmospheric chemistry and its underlying mechanisms is crucial for assessing the role of tropospheric oxidation processes on air composition. Due to the
7
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harmful nature of O3 and nitrogen oxides in particular, the regulation of NOx emissions was
included in various climate protection programmes (BMU, 2016; MTES, 2019). The chemical
mechanisms taking place in a mixture of VOCs and NOx are complex and can, depending on
detailed conditions, result in efficient production of tropospheric ozone, which is toxic and
acts as greenhouse gas in the upper troposphere (Crutzen and Lelieveld, 2001; Duncan et al.,
2010; Pusede et al., 2015). For that reason, gaining insight into VOC oxidation processes as
well as identifying significant sinks of NOx in the troposphere are of great interest. The most
important oxidizing agents of VOCs in the troposphere are O3 , hydroxyl radicals (OH) and
nitrate radicals (NO3 ) (Finlayson-Pitts and Pitts, 2000). Latter originate from oxidation of NOx
by O3 and accounts for formation of alkyl nitrates (RONO2 , ANs) predominantly at nighttime
(Wayne et al., 1991; Ng et al., 2017). Such organic nitrates may deposit on particulate matter to
form secondary organic aerosols (SOA) and thus support irreversible NOx removal from the
gas phase (Fry et al., 2011; Ng et al., 2017; Fry et al., 2018; Mutzel et al., 2021) - an effect that can
become competitive with removal by direct formation of nitric acid (HNO3 ) via the reaction
between NO2 and OH (Romer Present et al., 2020). The non-methane VOC with the largest
emission into the atmosphere is isoprene, which is why its degradation is of high relevance
(Guenther et al., 2012). The oxidation of isoprene (and terpenes) by the nitrate radical was
identified to be an efficient NOx loss path, especially at night-time (Geyer and Platt, 2002; Fry
et al., 2011; Foulds et al., 2021). This process can consequently have an important impact on
the fate of NOx , which is the main motivation for this work on NO3 + VOC systems. An introduction into the tropospheric NOx chemistry and its role in the oxidation of VOCs is given
in the following sections of this chapter.

2.1

Chemistry of nitrogen oxides and other reactive nitrogen species in the troposphere

The atmosphere is formally divided into different layers. The measurements in this work deal
with processes that take place within the first 13-17 km, the troposphere. Molecular nitrogen
(N2 ) and oxygen (O2 ) with mixing ratios of 78 % and 21 % (values of dry air, Jacob (1999)) are
the most abundant species in air. Water vapour (H2 O) concentrations vary within the lower
percent range (Finlayson-Pitts and Pitts, 2000). Although air mainly consists of N2 and O2 ,
their importance on tropospheric chemistry is low (Crutzen and Lelieveld, 2001). Trace gases,
which owing to their high reactivity are only present in air with steady-state concentrations
in the parts per billion by volume (ppbv) to parts per trillion by volume (pptv) range or even
lower can have a strong impact on climate as already thoroughly discussed for the OH radical
(Monks, 2005; Lelieveld et al., 2016). The same applies to NOx , which may be oxidised to
further nitrogen species once released into the atmosphere (to initiate e.g. the reaction of
interest presented in Chapter 1). Mixing ratios of NOx vary from the lower pptv range in

2.1 Tropospheric chemistry of reactive nitrogen species
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Figure 2.1: Overview of atmospheric daytime and nighttime chemistry in relation to the photo-stationary NOx cycle
(blue). Processes impacting the NOx cycle predominantly during daytime (e.g. the ROx cycle) are within the yellow
box, processes mostly relevant at nighttime are marked by the blue box. This work will focus on the oxidation of VOCs
by NO3 (red). Note that primary products of NO3 -initiated VOC oxidation are RO2 as well (see Fig. 2.2) and that
e.g. ozonolysis of VOCs may contribute to formation of RO2 , HO2 and OH during both day- and nighttime. Scheme
inspired and partially adapted from Monks (2005), Phillips et al. (2016) and Liu et al. (2022).

remote areas (Stroud et al., 2002; Biswas et al., 2021), but increase to the ppbv range in urban
areas (Wagner et al., 2012).
As already outlined in Chapter 1, this work focusses on the chemistry of the nitrate radical.
Since NOx is necessary to initiate this chemistry, this chapter introduces the reader to NOx
chemistry and that of other reactive nitrogen species formed. The role of reactive nitrogen
species in relation to other important oxidants like OH or O3 and their context in tropospheric
oxidation chemistry has already been reviewed (Finlayson-Pitts and Pitts, 2000; Brown and
Stutz, 2012) and thus only a brief overview of the key reactions is given here. Starting with NOx
and its fate during daytime, the atmospheric fate of the nitrate radical, dinitrogen pentoxide
(N2 O5 ) and the oxidation products of VOCs are considered. An overview of the most relevant
reactions of nitrogen species in relation to other oxidation processes in the troposphere is
depicted in Fig. 2.1 and these reactions are discussed in particular on the following pages.

2.1.1

NOx and the Leighton relationship

The major sources of nitrogen oxides are of anthropogenic origin, e.g. from fuel combustion
processes or human-initiated biomass burning (Jacob, 1999; IPCC, 2014) typically emitted as
NO. The formation of NO occurs at high temperatures via thermal decomposition of molecular
oxygen to O atoms (R1) in the ground state (O(3 P), O onwards) and subsequent reaction with

10
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molecular nitrogen (R2 and R3) according to the Zel’dovich mechanism (Zel’dovich, 1946).
∆

O2 + M → O + O + M

(R1)

O + N2 → N O + N

(R2)

N + O2 → N O + O

(R3)

Alternatively, an example for biogenic sources of NOx are soils that emit nitric oxide arising
from e.g. microbial activity (Pilegaard, 2013).
In the presence of O3 , NO is then oxidised to NO2 (R4). During the daytime, NO2 is photolysed
to NO and O atoms (R5), which reform O3 in the termolecular reaction with molecular oxygen
(R6).
N O + O3 → N O2 + O2

(R4)

N O2 + hv → N O + O

(R5)

O2 + O + M → O3 + M

(R6)

As indicated in blue in Fig. 2.1 that gives a schematic representation of tropospheric NOx
chemistry, reactions R4 to R6 form a closed cycle in photo-stationary state as long as no other
processes converting NO to NO2 are involved (Leighton, 1961) - a cycle that is often referred
to as the Leighton relationship (Wayne et al., 1991; Finlayson-Pitts and Pitts, 2000).

2.1.2

Impact of NOx on daytime oxidation chemistry

This NOx cycle can be influenced by other oxidation processes and in turn has a significant impact on surface ozone concentrations (Crutzen, 1979). In the troposphere, the photo-stationary
state is affected by the presence of peroxy radicals (RO2 and HO2 , yellow area in Fig. 2.1) originating e.g. from the oxidation of VOCs. During the daytime, the most reactive and relevant
oxidizing agent for many VOCs is the OH radical (Larsen et al., 2001; Gligorovski et al., 2015;
Wennberg et al., 2018). It is mainly generated from the photolysis (λ ≤ 420 nm) of ozone leading to excited O(1 D) atoms (R7). A small fraction of O(1 D) reacts with water to form OH (R8),
while the majority undergoes collisional relaxation to the ground state (R9) (Lelieveld et al.,
2016). Note that quenching is not a net loss process since O3 is then reformed via (R6) under
atmospheric conditions.

O3 + hv → O(1 D) + O2

(R7)

O(1 D) + H2 O → 2OH

(R8)

O(1 D) + M → O + M

(R9)

2.1 Tropospheric chemistry of reactive nitrogen species
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In polluted environments, photolysis of nitrous oxide (HONO) or hydrogen peroxide (H2 O2 )
can represent an additional OH source (Finlayson-Pitts and Pitts, 2000). Moreover, ozonolysis
of isoprene or other alkenes yields OH radicals through the diel cycle at nighttime (Monks,
2005; Wennberg et al., 2018).
The OH radical itself can also remove NOx from the Leighton cycle via its reaction with NO2
to form HNO3 (R10), which is highly soluble in water, readily undergoes heterogeneous reactions and can deposit on particles (R11) (Finlayson-Pitts and Pitts, 2000).

OH + N O2 + M → HN O3 + M

(R10)

HN O3 + surf ace → products

(R11)

In addition, the OH radical may have an indirect impact on the Leighton relationship by reacting with VOCs, e.g. via H-abstraction as in case of methane (CH4 ) (Crutzen and Lelieveld,
2001; Monks, 2005): Due to high abundance of O2 , the fate of the resulting alkyl radical is the
formation of RO2 , which can convert NO to NO2 and thus influence the photo-stationary state.
Together with the photolysis of NO2 , this reaction sequence leads to the formation of ozone
and the net reaction reveals that NO2 can catalyse the production of O3 within this oxidation
process (sequence R12). A similar reaction sequence involving HO2 (alternatively originating
from photolysis of aldehydes or the OH-initiated oxidation of some VOCs) occurs during the
OH-initiated oxidation of CO (sequence R13). In this sequence, HO2 is converted to OH in the
presence of NO yielding to NO2 again catalysing O3 formation.
RH + OH → R + H2 O
R + O2 + M → RO2 + M
RO2 + N O → RO + N O2
N O2 + hv → N O + O(3 P )
O(3 P ) + O2 + M → O3 + M

net : RH + OH + 2O2 → RO + O3 + H2 O

(R12)
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Introduction

OH + O2 + CO → CO2 + HO2
HO2 + N O → N O2 + OH
N O2 + hv → N O + O(3 P )
O(3 P ) + O2 + M → O3 + M

net : CO + 2O2 → CO2 + O3

(R13)

Note that in both sequences, the outcome of the net reaction depends on the detailed air composition such as the VOC to NOx ratio (Crutzen and Lelieveld, 2001; Duncan et al., 2010; Pusede
et al., 2015): In case of low NOx concentrations, HO2 in sequence R13 may alternatively react
with O3 (and thus remove it instead of catalysing its production) or other HO2 . Similarily, in
sequence R12, RO2 radicals may react with HO2 or RO2 or even undergo unimolecular reactions in a low-NOx environment. The daytime (but also nighttime) oxidation of (non-methane)
VOCs includes a huge variety of closed-shell products including e.g. formaldehyde, glyoxal,
methacrolein or (in the presence of NOx ) organic nitrates. As organic nitrates may lead to
NOx removal (Fisher et al., 2016) from the gas-phase, this product class is described in more
detail at this point.

Organic nitrates
Organic nitrates are generally divided into the two classes of alkyl nitrates (RONO2 , ANs)
and peroxy nitrates (RO2 NO2 , PNs) and can serve as NOx reservoirs or sinks (Horowitz et al.,
2007). Peroxy nitrates can be subdivided into non-acyl (ROONO2 ) and acyl (RC(O)O2 NO2 )
peroxy nitrates. Non-acyl peroxy nitrates formed via R14 are not stable at ambient temperatures (thermal lifetime τ < 1 s at 298 K), which is why they are not important in the lower
troposphere, while acyl peroxy nitrates are longer-lived (e.g. τP AN ∼ 2440 s at 298 K) (Kirchner et al., 1999) and are the only PNs considered in this work. Acyl-PNs are formed from the
reaction between acyl peroxy radicals and NO2 (R15).
RO2 + N O2 + M → ROON O2 + M

(R14)

RC(O)O2 + N O2 + M → RC(O)O2 N O2 + M

(R15)

Acyl peroxy radicals are primarily produced during daytime from OH-initiated VOC oxidation processes and the photolysis of aldehydes or ketones (Finlayson-Pitts and Pitts, 2000).
The most prominent representative is peroxyacetyl nitrate (PAN, R = CH3 ), which globally is
formed mainly from acetaldehyde and methyl vinyl ketone (MVK) (Fischer et al., 2014). From

2.1 Tropospheric chemistry of reactive nitrogen species
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the oxidation of methacrolein (CH3 C(CH2 )CHO), one of many products from the daytime
oxidation of isoprene (mostly biogenic), peroxymethacryloyl nitrate (MPAN, R = CH2 CCH3 )
is formed (Wennberg et al., 2018). On the other hand, propionyl peroxy nitrate (PPN, R =
CH3 CH2 ) comes from the oxidation of propanal, which is mostly of anthropogenic origin
(LaFranchi et al., 2009). Analysing the species contributing to PNs can thus help to identify
whether an air mass is of biogenic or anthropogenic origin (Shepson et al., 1992).
Alkyl nitrates are thermally stable (thermal τ in the order of several days) (Morin and Bedjanian, 2017). During the daytime, ANs originate from the termolecular reaction between RO2
and NO (R16). A huge fraction of RO2 is alternatively consumed by the bimolecular reaction
with NO (R17) to form alkoxy radicals (RO) (Atkinson and Arey, 2003). Alkoxy radicals can
undergo bimolecular (or other) reactions to form further products (R18) (Orlando et al., 2003).

RO2 + N O + M → RON O2 + M

(R16)

RO2 + N O → RO + N O2

(R17)

RO + e.g. O2 → products

(R18)

Some low-volatility alkyl nitrates are of special interest as they are able to deposit on particles
to form secondary organic aerosols (SOA, R19) (Zare et al., 2018; Romer Present et al., 2020).
RON O2 + surf ace → products (e.g. HNO3 )

2.1.3

(R19)

Impact of NOx on nighttime chemistry

At night-time, additional processes as marked by the blue box in Fig. 2.1 gain in importance.
NO2 (which is not photolyzed in the dark) can be further oxidized to the nitrate radical NO3
(R20). Since NO3 is not only photolabile (mainly R21) but also highly reactive to NO (R22), it
has a short atmospheric lifetime (in the order of seconds) and is thus usually less relevant at
the daytime (Wayne et al., 1991). Note that both reactions lead to reformation of NO2 .
N O2 + O3 → N O3 + O2

(R20)

N O3 + hv → N O2 + O

(R21)

N O3 + N O → 2N O2

(R22)

However, owing to the lack of sunlight and (typically) also of NO, the nitrate radical becomes
an important oxidizing agent of VOCs at nighttime (Atkinson and Arey, 2003; Brown et al.,
2009; Ng et al., 2017; Liebmann et al., 2018; Wennberg et al., 2018). The NO3 radical is in a
thermal (highly temperature-dependent) equilibrium with NO2 and N2 O5 (R23). The latter
is dominant at lower temperatures and can, in competition to the direct heterogeneous NO3
sink, deposit on particles, serving as an indirect NO3 loss path (R24) (Wayne et al., 1991). In
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addition, the NO3 radical is highly reactive to VOCs that include double-bonds, e.g. isoprene
or monoterpenes like limonene or α-pinene (Ng et al., 2017; Wennberg et al., 2018).
N O2 + N O3

N 2 O5

(R23)

N2 O5 or NO3 + surf ace → products (e.g. HNO3 )

(R24)

N O3 + V OC → products (e.g. organic nitrates)

(R25)

The initial addition of NO3 in the presence of O2 leads to nitrated RO2 radicals that, after
further unimolecular or bimolecular reactions (e.g. with HO2 , RO2 , NO3 ), form closed-shell
products including organic nitrates (R25). This is the reaction of interest in this work since
this path may yield to irreversible removal of NOx from the gas-phase via R19 and thus has
an impact on air quality (Fisher et al., 2016; Zare et al., 2018; Romer Present et al., 2020; Foulds
et al., 2021). Despite its photolability and high reactivity to NO, NO3 -initiated VOC oxidation
can become a significant source of ANs even during the daytime as shown by direct NO3
reactivity measurements (Liebmann et al., 2018, 2019). Recent model calculations confirmed
that daytime NO3 accounts for up to 21% of organo-nitrates formed during summer months
(Foulds et al., 2021).
The NO3 + isoprene system
Isoprene is the non-methane VOC that is emitted with the largest rate during the day and usually of biogenic origin (Guenther et al., 2012). Nevertheless, various field studies showed that
isoprene can still be abundant in the early evening (Stroud et al., 2002; Brown et al., 2009) so
that its nighttime oxidation is also important with OH, NO3 and O3 being its most important
oxidizing agents (Wennberg et al., 2018).
The NO3 -initiated oxidation of isoprene is thus of great atmospheric relevance (Hamilton et al.,
2021). A simplified scheme of the first reaction steps in the NO3 + isoprene system is shown in
Fig. 2.2: The nitrate radical readily adds to double bonds - the isoprene molecule consequently
features two possible reaction sites, but NO3 predominantly attacks C1 (89 %) with almost
equal addition of O2 at the δ- or β-position under atmospheric conditions (Jenkin et al., 2015;
Wennberg et al., 2018). Further oxidation of the nitrated RO2 radicals via RO2 self-reactions or
by reaction with NO (at daytime), NO3 or HO2 yields to unsaturated, multifunctional nitrates
or to nitrated alkoxy radicals (Finlayson-Pitts and Pitts, 2000; IUPAC, 2022). In contrast to
isoprene-derived RO2 radicals from the OH-initiated path, unimolecular decomposition routes
become negligible under atmospheric conditions (Vereecken et al., 2021). Nitrated, isoprenederived RO may decompose to closed-shell products via reaction with O2 leading to e.g. carbonyl nitrates (under HO2 formation) or, depending on the isomer, release NO2 (Skov et al.,
1992; Kwan et al., 2012). Recent experimental and theoretical studies reveal that isoprenederived alkoxy radicals may both losing nitrate functionality by elimination of NO2 or form

2.1 Tropospheric chemistry of reactive nitrogen species
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Figure 2.2: NO3 -initiated oxidation of isoprene in the atmosphere and the resulting first-generation products (mostly
organic nitrates), adapted from IUPAC (2022). Note that products from C4 addition and isomers of δ- or β-RO2
radicals are omitted.

16

Introduction

epoxides (Vereecken et al., 2021). In any case, the product distribution and the overall organic
nitrate yield will strongly depend on the fate, i.e. dominating reaction path, of the RO2 radicals
formed (Kwan et al., 2012; Schwantes et al., 2015). In addition, especially if conditions are not
carefully chosen in chamber studies, isoprene-derived nitrates can be further oxidized e.g. by
ozone leading to other nitrates (e.g propanone nitrate) but also lead to NO2 elimination leading
to formation of e.g. methyl glyoxal (Nguyen et al., 2016). This not only reduces the observed
alkyl nitrate yields, but also expands the potential variety of products being detected within
this process. The alkyl nitrate yields reported for this system are high with measurements
between 60 and 100% (IUPAC, 2022). Note that most of the organic nitrates from this reaction
not only contain a double-bond but also are multifunctional (Wu et al., 2020). This renders
the oxidation mechanism complex and to subject of current research (as e.g. in Chapter 4).
The multifunctionality of isoprene-derived nitrates may also be the main reason for problems
that occur during the detection of the latter via their thermal decomposition to NO2 , which is
detailed in Chapter 5.

2.1.4

Assessment of NO3 lifetimes

As outlined in the previous section, knowledge of NO3 lifetimes towards VOCs in competition
with other NO3 loss processes is crucial to understand the atmospheric fate of NOx in some
environments. Prior to the development of an instrument being able to directly measure NO3
reactivity (named k N O3 throughout this thesis) (Liebmann et al., 2017), NO3 loss rates (LN O3 )
were deduced from NO3 , NO2 and O3 mixing ratios applying a stationary ("steady")-state approximation (Heintz et al., 1996; Geyer and Platt, 2002; Brown et al., 2003, 2007b; Crowley
et al., 2011; Sobanski et al., 2016b): In this calculation one assumes that the summed loss rate
LN O3 is in balance with the production rate PN O3 so that the time rate of change in the NO3
concentration is zero:
d[N O3 ]
= PN O3 − LN O3 [N O3 ] ≈ 0
dt

(2.1)

The oxidation of NO2 by O3 via R20 serves as the only significant NO3 source in the atmosphere (Wayne et al., 1991) so that the production rate is linked to the abundance of NO2 and
O3 :
PN O3 = k20 [O3 ][N O2 ]

(2.2)

Using Eq. 2.1 and Eq. 2.2 leads to NO3 loss rates LN O3 being the inverse of the NO3 lifetime
τN O3 :
LN O3 =

k20 [O3 ][N O2 ]
1
=
[N O3 ]
τN O3

(2.3)

2.1 Tropospheric chemistry of reactive nitrogen species
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Note that LN O3 derived from Eq. 2.3 includes every process resulting in NO3 loss, i.e. both
indirect losses via heterogeneous uptake of N2 O5 (R24) and direct NO3 uptake on particles as
well as homogeneous losses. This expression is only valid, if steady-state is achieved. Model
calculations imply that this is usually the case, when NO3 lifetimes are sufficiently short and
if the thermal equilibrium between NO2 , NO3 and N2 O5 is not perturbed by sudden changes
in NO2 (Brown et al., 2003). If direct measurements of both NO3 and N2 O5 are available, one
can extend the numerator by the derivatives of NO3 and N2 O5 with time as in Eq. 2.4:
k22 [O3 ][N O2 ] − d[NdtO3 ] − d[Ndt2 O5 ]
1
=
LN O3 ,nss =
[N O3 ]
τN O3 ,nss

(2.4)

This equation as presented in McLaren et al. (2010) is still valid if steady-state is not achieved,
equilibrium with N2 O5 is still required though.
If no NO3 measurements are available, the NO3 reactivity (or lifetime) can be used to calculate
NO3 mixing ratios, if all loss processes are known (Liebmann et al., 2018): The contribution
of VOCs (R25) in this work is accessible by direct measurements of k N O3 but can alternatively
be deduced from the sum of the product between the concentration of each VOC ([V OC]i )
and the corresponding rate coefficient ki for its reaction with NO3 . This necessitates however
that measurements of all VOCs being reactive to NO3 are available. Analogously the impact
of reaction with NO (R22) can be added. During the daytime, photolysis frequencies (JN O3 )
have to be taken into account as well. The impact of heterogeneous uptake of N2 O5 (R24)
can be added if the heterogeneous loss frequency (fhet,indir ) and the equilibrium constant for
R23 (K23 ) are known. Direct heterogeneous uptake of NO3 can be added directly with the
corresponding loss frequency (fhet,dir ). Summing up all contributions leads to the following
expression for LN O3 :
LN O3 = Σki [V OC]i + k22 [N O] + JN O3 + K23 [N O2 ]fhet,indir + fhet,dir

(2.5)

Another way to deduce NO3 reactivities that is shown in this work in Chapter 4, is with
the help of box model simulations using a chemical degradation scheme. But this method also
relies on observations and necessitates a deep knowledge of all oxidation processes affecting
NO3 .

2.1.5

Meteorological impact on NO3 lifetimes

Beside all the purely chemical aspects described above, boundary-layer chemistry can be
highly impacted by meteorological effects: One aspect, which can be observed with changing
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Figure 2.3: Temporal evolution of the atmospheric boundary layer: During the daytime, convective mixing results
in a vertically mixed layer. At night, a statically stable nocturnal boundary layer (NBL) with reduced vertical mixing
forms. Above the top of the NBL a residual layer that is mostly decoupled from ground emissions builds up. This
illustration is taken from Brown and Stutz (2012).

height and stability of the nocturnal boundary layer (NBL), are characteristic vertical profiles
of nighttime NO3 mixing ratios and NO3 reactivity (Brown et al., 2007a; Sobanski et al., 2016b).
In contrast to the free atmosphere, the boundary layer is highly influenced by emissions and
heat fluxes undergoing a diel cycle as depicted in Fig 2.3: At daytime, the air is well mixed due
to convective forces. During the nighttime on the other hand, especially during fair weather,
the ground temperature can be lower than that of the surrounding air. As a consequence, a
statically stable layer, in which vertical mixing is strongly reduced, forms (Stull, 1988, 2017)
and trace gases that are emitted near the ground are not necessarily homogeneously mixed
within the NBL. If this is fulfilled for trace gases like NO or alkenes that are the main atmospheric reactants for NO3 (Ng et al., 2017), this effect results in increasing NO3 lifetimes and
concentrations (or decreasing NO3 reactivities) with increasing height as observed in measurements and model calculations of vertical profiles (Stutz et al., 2004; Geyer and Stutz, 2004;
Brown et al., 2007a).

2.2

Detection of atmospheric trace gases with means of
cavity ring-down spectroscopy

As mentioned at the beginning of this chapter, the results and conclusions of this work are
based on chamber and field measurements made with two custom-built cavity ring-down spectrometers. Consequently, the basic principle of this measurement technique is outlined in this
section. For more detailed insights into CRDS please refer to the thorough reviews e.g. by
Berden et al. (2000) or Brown (2003). Generally, there are different kinds of CRDS techniques,
but this section focusses on cavity ring-down spectroscopy with modulated light sources as
applied for both instruments in this work. A typical setup of such a cavity ring-down spec-

2.2 Detection of atmospheric trace gases by CRDS
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Figure 2.4: Scheme of an exemplary cavity ring-down spectrometer and the resulting signal using a modulated light
source, adapted from Brown (2003).

trometer is depicted in Fig. 2.4. CRDS is based on conventional absorption spectroscopy considering the attenuation of the intensity of light proceeding through an absorbing medium. A
relation between this change of the intensity and the concentration of the absorbing species
is described by the Lambert-Beer law. However, the species of interest (e.g. NO2 , NO3 ) are
usually only abundant in very small concentrations (i.e. in the order of pptv to ppbv) in the
atmosphere. As a consequence, their absorption would only lead to a very small attenuation
compared to the background intensity of the light source, which is why modifications of the
conventional absorption spectroscopy setup are necessary in order to increase the sensitivity
sufficiently. A way to achieve this is to introduce both a modulation of the light source and to
increase the optical path length by forcing multiple passes through the absorbing medium with
highly reflective mirrors. As indicated in Fig. 2.4, the core of each CRDS setup is the cavity
consisting of two high-reflectivity mirrors (reflectivity R ∼ 0.99998). Emission of a modulated
laser diode with a wavelength matching with an absorption band of the analyte is coupled
into the cavity. A detector, in this case a photomultiplier, monitors the intensity of the light
exiting the cavity. Light that entered the cavity during the on-phase of the laser is reflected
several times between the two mirrors resulting in an effective optical path length of typically
several tens of kilometres. During the off -phase, a small fraction of light (the mirrors have a
transmission of 20 ppm) is coupled out of the cavity during each passage resulting in a monoexponential decay ("ring-down") of the light intensity. With the help of electronic components
these decay constants (ring-down times) are extracted. If no species that absorbs or scatters at
the wavelength of the light source is inside the cavity, the ring-down (or decay) time is τ0 and
only determined by the characteristics of the cavity (mostly the performance of the mirrors
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Figure 2.5: Absorption cross section of the nitrate radical (Orphal et al., 2003) and emission spectrum of the laser
diode used in the NO3 reactivity setup in the range between 660-665 nm.

and Rayleigh scattering) itself. As soon as a species that absorbs at the wavelength of the light
source is present in the cavity, the ring-down time is shortened to τ. The extent of the change
between τ0 and τ, forming the basis of this technique, is determined by the concentration of
the analyte [X] and thus allows estimation of the latter using Eq 2.6.
[X] =

L 1 1 1
·
·( − )
d σ c τ τ0

(2.6)

Beside the ring-down times τ0 and τ as well as the speed of light c, the effective cross-section
σ , which is derived from the overlap between the absorption band of the analyte and the normalised emission spectrum of the light source, is needed. Furthermore, to avoid contamination
of the mirror surface (which would drastically reduce τ) the mirrors are typically purged with
synthetic air. This reduces the mechanical distance L to an effective (optical) distance d.
An example of the of the spectral overlap between the NO3 absorption spectrum (Orphal et al.,
2003) with a typical emission of the red laser diode implemented in the NO3 reactivity setup
is shown in Fig. 2.5. The effective cross-section can be derived from the convolution of the
reference absorption spectrum and the normalised laser emission spectrum. Note that the
presence of an additional species absorbing at the same wavelength (e.g. H2 O) would cause an
additional reduction of the ring-down time and thus bias the measurement. In case of NO3 , τ0
is estimated on a regular basis by titration with NO which allows selective elimination of NO3
while other species (e.g. H2 O) are unaffected. Some species like N2 O5 or alkyl nitrates can be
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detected indirectly via their thermal dissociation (TD-CRDS) to NO3 (R26) or NO2 (R27) prior
to entering the cavity as described for example in Sobanski et al. (2016a).

N2 O5 + ∆ → N O3 + N O2

(R26)

RON O2 + ∆ → N O2 + RO

(R27)

22

Introduction

CHAPTER 3

Overview of Results

I. The NO3 + isoprene system
As already pointed out in the introductory chapters, the fate of the NO3 radical in atmospherically relevant systems, especially the reaction between NO3 and isoprene, forms focus of the
analysis presented in this work. Chamber studies provide well-defined conditions and thus
give, in contrast to the complexity of ambient air, a great opportunity to evaluate the impact
of particular reaction paths in more detail. The first two publications thus deal with chamber
studies of the NO3 + isoprene system:
a) The role of NO3 in primary and secondary oxidation
In Chapter 4, I investigate the evolution of the NO3 reactivity in scope of a series of experiments in a large environmental outdoor chamber in Jülich (NO3ISOP campaign). Isoprene is
of high atmospheric relevance (Guenther et al., 2012) and NO3 becomes its major oxidant at
nighttime (Wennberg et al., 2018) leading to formation of alkyl nitrates in high yields (IUPAC,
2022). The involvement of NO3 in secondary oxidation of initially formed radicals or closedshell products has not been directly measured so far. I compared my direct NO3 reactivity measurements with expected reactivities from VOC measurements (Σki [V OC]i , mostly isoprene
only), non-stationary-state reactivities (as in Eq. 2.4) using NO3 , NO2 and O3 measurements
according to McLaren et al. (2010) as well as to model calculations using the Master Chemical
Mechanism (MCM v3.3.1) (Jenkin et al., 2015). The intercomparisons revealed that closed-shell
products do not contribute to the isoprene-induced NO3 reactivity significantly and that a rate
coefficient of 4.6 x 10−12 cm3 molecule−1 s−1 for the reaction of NO3 with isoprene-derived
RO2 radicals is necessary in order to bring modelled and non-stationary state reactivities into
agreement. This value is twice the value used in MCM, which is based on the one measured for
23
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the reaction between NO3 and ethyl peroxy radicals (Jenkin et al., 2015; IUPAC, 2022). Consequently, this study contributes to reassess the atmospheric isoprene oxidation mechanism
(Vereecken et al., 2021). This result is also in accordance with an analysis presented in Hjorth
et al. (1990) who indirectly estimated a rate coefficient of 5 x 10−12 cm3 molecule−1 s−1 for
an alkene-derived RO2 radical ((CH3 )2 C(ONO2 )C(CH3 )2 O2 ) more similar to isoprene-derived
RO2 .
b) Detection of isoprene-derived organic nitrates
In Chapter 5 on the other hand, I highlight challenges encountered when products, i.e. organic
nitrates, from the NO3 + isoprene system are quantified with the TD-CRDS setup described
in Sobanski et al. (2016a). To date, mostly unsaturated compounds such as isopropyl nitrate
and peroxy acetyl nitrate (PAN) have been used as reference compounds to characterize setups used to detect alkyl and peroxy nitrates based on their thermal dissociation (Day et al.,
2002; Di Carlo et al., 2013; Wild et al., 2014; Thieser et al., 2016; Sobanski et al., 2016a; Keehan
et al., 2020). I used a Teflon chamber (SCHARK) situated in a laboratory of the Max Planck
Institute for Chemistry (MPIC) to generate isoprene-derived organic nitrates that in contrast
to such reference compounds are, as already shown in Fig. 2.2, mostly multifunctional and
unsaturated (Wennberg et al., 2018; Wu et al., 2020). This study reveals that the separate
detection of isoprene-derived peroxy and alkyl nitrates by their thermal dissociation can be
biased by ozone-assisted, heterogeneous reactions of the multifunctional organic nitrates on
the surface of heated quartz glass inlets. This behaviour is not observed for saturated reference compounds and this study underlines the importance of characterizing instruments with
molecules that are actually abundant in the atmosphere under conditions as close as possible
to those found in outdoor environments. In addition, I present a way to effectively circumvent
this problem by deploying a thermal dissociation inlet made of PFA instead of quartz glass for
the detection of PNs.
II. Field measurements of NO3 reactivity
In Chapter 6, I analyze field measurements of NO3 reactivity at the summit of the Kleiner
Feldberg mountain. I compared NO3 reactivities to reactivities expected from measurements
of VOCs, NO and actinic fluxes (as in Eq. 2.5). As already observed during the NO3ISOP campaign in Jülich, the measured NO3 reactivities were in excellent agreement to those calculated
from VOC concentrations and the corresponding rate coefficient for the reaction with NO3
(Σki [V OC]i ). The analysis reveals that NO3 was mainly consumed by monoterpenes (84%)
predominantly emitted by e.g. coniferous trees (Hakola et al., 2003, 2012) and that isoprene
(7%) was of minor importance. At daytime, reactions with VOCs contributed with ca. 16%
to the overall NO3 and thus is competitive to the OH-initiated path of alkyl nitrate formation. This is in agreement with NO3 reactivity measurements in a boreal forest and on top
of the Hohenpeissenberg mountain, where VOC-induced daytime NO3 reactivity contributed
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with ca. 20 % to the overall NO3 loss (Liebmann et al., 2018, 2019). During the nighttime,
reaction with NO (R22) became competitive with VOC oxidation (R25) as an NO3 loss path.
Stationary-state calculations (as in Eq. 2.3) allowed me the conversion of overall NO3 loss
rates (as in Eq. 2.5) and NO3 production rates to NO3 mixing ratios. Intercomparison with
direct NO3 measurements during previous campaigns between 2008 and 2015 on the Kleiner
Feldberg showed that during TO2021, NO3 loss rates were higher, while NO3 production rates
(PN O3 ) were comparably low.
III. Indoor measurements of NO3 reactivity
Measurements of NO3 , NO2 , O3 , N2 O5 mixing ratios and NO3 reactivity were carried out
inside a laboratory of the MPIC situated in the city of Mainz for four days over weekend in
order to check the relevance of NO3 radicals in indoor chemistry. In Chapter 7, I show that this
measurement gives comprehensive information on the fate of NO3 as I measured both NO3
reactivity and ambient NO3 (and N2 O5 ) mixing ratios simultaneously as already carried out
during the NO3ISOP campaign. In contrast to TO2021, every NO3 loss path including heterogeneous reactions are included in the measurement and the overall loss rate (from Eq. 2.3.) so
that I was able to check for consistency with the sum of particular loss rates (as in Eq. 2.5). The
NO3 reactivities often exceeded the upper detection limit of 1.7 s−1 when several tens of ppbv
of NO were present in the laboratory. This is accompanied by both NO2 production and O3
depletion, so that PN O3 drastically decreased. Under these conditions neither N2 O5 nor NO3
was detected. During VOC-dominated periods, when PN O3 and NO3 reactivities were mostly
between 0.1 and 0.4 s−1 (thus much higher than during TO2021), several pptv of N2 O5 but still
no NO3 was observed. Steady-state mixing ratios of N2 O5 were in excellent agreement with
the measurement, but at the same time up to 2 pptv NO3 were expected. Filter losses form the
most likely explanation for the lack of NO3 according to the measurements. The abundance
of N2 O5 was decoupled from the day-night-transitions, due to low photolysis rates of NO3 in
the laboratory even at daytime. These results are consistent with the observations reported
in the only available literature about indoor NO3 measurements (Arata et al., 2018; Nøjgaard,
2010) in which detectable amounts of NO3 in indoor environments were only observed when
NO was quantitatively depleted by artificial addition of O3 . With this pilot study, I emphasize
that NO3 may be a relevant indoor oxidant in ventilated buildings.
Author contribution
I performed the measurements of NO3 reactivity and NO2 mixing ratios during the NO3ISOP
and TO2021 campaign as well as all measurements in the laboratory except for the CIMS measurement of PAN and CRDS measurements of NOx . I did all the presented analysis and wrote
the manuscripts. I drew the above-mentioned conclusions and put them into context of the
cited literature.
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CHAPTER 4

Evolution of NO3 reactivity during the oxidation of isoprene

The results of the study in this chapter have already been published in the peer-reviewed journal Atmospheric Chemistry and Physics. The publication is thus reproduced on the subsequent
pages and deals with the following:
The underlying chemistry during the oxidation of isoprene by NO3 under typically atmospheric conditions was investigated with the SAPHIR environmental chamber of the research
centre in Jülich (Forschungszentrum Jülich, FZJ) in scope of the NO3ISOP campaign in a series of 22 experiments in which NO2 (5-30 ppbv) and O3 (50-100 ppbv) forming NO3 via
R20 were mixed with isoprene (3-22 ppbv) under dry and humid conditions. I compared
directly measured NO3 reactivities with reactivities derived from (1) VOC measurements,
(2) nonstationary-state calculations and (3) model calculations based on the Master Chemical Mechanism (MCM). These comparisons suggested that NO3 does not contribute the secondary oxidation of closed-shell products and that the rate coefficient for the reaction between
isoprene-derived peroxy radicals (RO2 ) and NO3 is higher than expected by the MCM.
Author contribution
I performed direct measurements of NO3 reactivity as well as of NO2 , analyzed the presented
data sets, did the model calculations, wrote the manuscript and, with the help of John N.
Crowley, revised it. All named co-authors provided auxiliary data and commented on the
manuscript. Please refer to the section "Author contribution" in the publication itself for detailed information.
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Abstract. In a series of experiments in an atmospheric simulation chamber (SAPHIR,1 Forschungszentrum Jülich, Germany), NO3 reactivity (k NO3 ) resulting from the reaction of
NO3 with isoprene and stable trace gases formed as products was measured directly using a flow tube reactor coupled
to a cavity ring-down spectrometer (FT-CRDS). The experiments were carried out in both dry and humid air with variation of the initial mixing ratios of ozone (50–100 ppbv), isoprene (3–22 ppbv) and NO2 (5–30 ppbv). k NO3 was in excellent agreement with values calculated from the isoprene mixing ratio and the rate coefficient for the reaction of NO3 with
isoprene. This result serves to confirm that the FT-CRDS returns accurate values of k NO3 even at elevated NO2 concentrations and to show that reactions of NO3 with stable reaction products like non-radical organic nitrates do not contribute significantly to NO3 reactivity during the oxidation of
isoprene. A comparison of k NO3 with NO3 reactivities calculated from NO3 mixing ratios and NO3 production rates
suggests that organic peroxy radicals and HO2 account for
∼ 50 % of NO3 losses. This contradicts predictions based
on numerical simulations using the Master Chemical Mechanism (MCM version 3.3.1) unless the rate coefficient for
1 Simulation of Atmospheric PHotochemistry In a large Reaction

reaction between NO3 and isoprene-derived RO2 is roughly
doubled to ∼ 5 × 10−12 cm3 molecule−1 s−1 .

1

Introduction

The atmospheric oxidation of volatile organic compounds
(VOCs) of both biogenic and anthropogenic origin has a
great impact on tropospheric chemistry and global climate
(Lelieveld et al., 2008). Isoprene is one of the major organic (non-methane) compounds that is released in the environment by vegetation and contributes ∼ 50 % to the overall emission of VOCs into the atmosphere (Guenther et al.,
2012). The most important initiators of oxidation for biogenic VOCs in the atmosphere are hydroxyl radicals (OH),
ozone (O3 ) and nitrate radicals (NO3 ) (Geyer et al., 2001;
Atkinson and Arey, 2003; Lelieveld et al., 2016; Wennberg
et al., 2018). Our focus in this study is on NO3 , which is
formed via the sequential oxidation of NO by ozone (Reactions R1 and R2). During the daytime, NO3 mixing ratios
are very low, owing to its efficient reaction with NO (Reaction R6) and its rapid photolysis (Reactions R7 and R8).
Generally, NO3 is present in mixing ratios greater than a few
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parts per trillion by volume (pptv) only at night-time, when
it can become the major oxidizing agent for VOCs including
isoprene (Reaction R5). In forested regions, reactions with
biogenic trace gases, however, can contribute significantly to
the daytime reactivity of NO3 (Liebmann et al., 2018a, b).
Moreover, NO2 , NO3 and N2 O5 exist in thermal equilibrium (Reactions R3 and R4) so that the heterogeneous loss
of N2 O5 (and NO3 ) at surfaces (Reactions R9 and R10) impacts on the lifetime of NO3 in the atmosphere (Martinez et
al., 2000; Brown et al., 2003, 2006, 2009b; Crowley et al.,
2010).
NO + O3 → NO2 + O2

(R1)

NO2 + O3 → NO3 + O2

(R2)

NO2 + NO3 + M → N2 O5 + M

(R3)

N2 O5 + M → NO2 + NO3 + M

(R4)

NO3 + isoprene → products (e.g. RONO2 , RO2 )

(R5)

NO3 + NO → 2NO2

(R6)

NO3 + hν → NO + O2

(R7)

NO3 + hν → NO2 + O

(R8)

N2 O5 + surface → products (e.g. HNO3 )

(R9)

NO3 + surface → products (e.g. particle nitrate)

(R10)

RONO2 + surface → products (e.g. HNO3 )

(R11)

Although isoprene is mainly emitted by vegetation at daytime (Sharkey and Yeh, 2001; Guenther et al., 2012), during
which its main sink reaction is with the OH radical (Paulot
et al., 2012), it accumulates in the nocturnal boundary layer
(Warneke et al., 2004; Brown et al., 2009a) where reactions
of NO3 and O3 determine its lifetime (Wayne et al., 1991;
Brown and Stutz, 2012; Wennberg et al., 2018). The rate constant (at 298 K) for the reaction between isoprene and NO3
is 6.5 × 10−13 cm3 molecule−1 s−1 , which is several orders
of magnitude larger than for the reaction with O3 (1.28 ×
10−17 cm3 molecule−1 s−1 ) (Atkinson et al., 2006; IUPAC,
2020) and thus compensating for the difference in mixing
ratios of NO3 (typically 1–100 pptv) and O3 (typically 20–
80 ppbv) (Edwards et al., 2017). NO3 is often the most important nocturnal oxidant of biogenic VOCs (Mogensen et
al., 2015), especially in remote, forested environments where
it reacts almost exclusively with biogenic isoprene and terpenes (Ng et al., 2017; Liebmann et al., 2018a, b). The reaction between isoprene and NO3 leads initially to the formation of nitro isoprene peroxy radicals (NISOPOO, e.g.
O2 NOCH2 C(CH3 )=CHCH2 OO) that can either react with
NO3 , forming mostly a nitro isoprene aldehyde (NC4CHO,
e.g. O2 NOCH2 C(CH3 )=CHCHO) and methyl vinyl ketone
(MVK) or react further with other organic peroxy (RO2 ), or
hydroperoxy (HO2 ) radicals, forming nitrated carbonyls, peroxides and alcohols (Schwantes et al., 2015).
The organic nitrates formed (RONO2 ) can deposit on particles (Reaction R11); therefore, the NO3 + isoprene system
contributes to the formation of secondary organic aerosol

(SOA) (Rollins et al., 2009; Fry et al., 2018). Together with
heterogeneous uptake of N2 O5 or NO3 on particle surfaces
(Reactions R9 and R10), the build-up of SOA from isoprene
oxidation products forms a significant pathway for removal
of reactive nitrogen species (NOx ) from the gas phase; a detailed understanding of the reaction between isoprene and
NO3 is therefore crucial for assessing its impact on SOA formation and NOx lifetimes.
In this study, the NO3 -induced oxidation of isoprene was
examined in an environmental chamber equipped with a large
suite of instruments, including a cavity ring-down spectrometer coupled to a flow tube reactor (FT-CRDS) for direct NO3
reactivity measurement (Liebmann et al., 2017). The NO3
lifetime in steady state (the inverse of its overall reactivity)
has often been derived from NO3 mixing ratios and production rates, with the latter depending on the mixing ratios of
NO2 and O3 (Heintz et al., 1996; Geyer and Platt, 2002;
Brown et al., 2004; Sobanski et al., 2016b). The steady-state
approach works only if NO3 is present at sufficiently high
mixing ratios to be measured (generally not the case during
daytime), breaks down to a varying extent if a steady state is
not achieved (Brown et al., 2003; Sobanski et al., 2016b), and
may be influenced by heterogeneous losses of NO3 or N2 O5
(Crowley et al., 2011; Phillips et al., 2016), which are difficult to constrain. Comparing the steady-state calculations
with the FT-CRDS approach (which derives the NO3 reactivity attributable exclusively to VOCs) can provide insight into
the main contributions to NO3 reactivity and its evolution as
the reaction progresses. In the following, we present the results of direct NO3 reactivity measurements in the SAPHIR
(Simulation of Atmospheric PHotochemistry In a large Reaction) environmental chamber under controlled conditions
and explore the contributions of isoprene, peroxy radicals
and stable oxidation products to NO3 reactivity over a period of several hours as the chemical system resulting from
NO3 -induced oxidation of isoprene evolves.
2

Measurement and instrumentation

An intensive study of the NO3 + isoprene system (NO3ISOP
campaign) took place at the SAPHIR chamber of the
Forschungszentrum Jülich over a 3-week period in August
2018. The aim of NO3ISOP was to improve our understanding of product formation in the reaction between NO3 and
isoprene as well as its impact on the formation of SOA. Depending on the conditions (high or low HO2 /RO2 , temperature, humidity, and daytime or night-time), a large variety
of oxidation products, formed via different reaction paths,
exist (Wennberg et al., 2018). During NO3ISOP, the impact
of varying experimental conditions on the formation of gasphase products as well as secondary organic aerosol formation and composition was explored within 22 different experiments (see Table 1). Typical conditions were close to those
found in the atmosphere with 5 ppbv of NO2 , 50–100 ppbv of
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O3 and 3 ppbv of isoprene, or (when high product formation
rates were required) NO2 was raised to 25 ppbv and isoprene
to 10 ppbv. The high O3 mixing ratios in the chamber ensured that NO was not detectable (< 10 pptv) in the darkened
chamber.
The first 11 experiments of NO3ISOP were dedicated
to gas-phase chemistry; in the second part seed aerosol
((NH4 )2 SO4 ) was added and the focus shifted to aerosol
measurements. Due to a contamination event in the chamber,
the experiment from the 7 August is not considered for further analysis. The SAPHIR chamber and the measurements
and instruments that are relevant for the present analysis are
described briefly below.
2.1

The SAPHIR chamber

The atmospheric simulation chamber SAPHIR has been described in detail on various occasions (Rohrer et al., 2005;
Bossmeyer et al., 2006; Fuchs et al., 2010), and we present
only a brief description of some important features here: the
outdoor chamber consists of two layers of FEP (fluorinated
ethylene propylene) foil defining a cylindrical shape with a
volume of 270 m3 and a surface area of 320 m2 . The chamber
is operated at ambient temperature and its pressure is ∼ 30 Pa
above ambient level. A shutter system in the roof enables the
chamber to be completely darkened or illuminated with natural sunlight. Two fans result in rapid (2 min) mixing of the
gases in the chamber, which was flushed with synthetic air
(obtained from mixing high-purity nitrogen and oxygen) at
a rate of 250 m3 h−1 for several hours between each experiment. Leakages and air consumption by instruments leads to
a dilution rate of typically 1.4 × 10−5 s−1 . Coupling to a separate plant chamber enabled the introduction of plant emissions into the main chamber (Hohaus et al., 2016).
2.2

NO3 reactivity measurements: FT-CRDS

The FT-CRDS instrument for directly measuring NO3 reactivity (k NO3 ) has been described in detail (Liebmann et al.,
2017) and only a brief summary is given here. NO3 radicals
are generated by sequential oxidation of NO with O3 (Reactions R1 and R2) in a darkened, thermostated glass reactor at a pressure of 1.3 bar. The reactor surfaces are coated
with Teflon (DuPont, FEPD 121) to reduce the loss of NO3
and N2 O5 at the surface during the ∼ 5 min residence time.
The gas mixture exiting the reactor (400 sccm) is heated to
140 ◦ C before being mixed with either zero air or ambient air
(at room temperature) and enters the FEP-coated flow tube
where further NO3 production (Reaction R2), equilibrium reaction with N2 O5 (Reactions R3 and R4), and NO3 loss via
reactions with VOCs/NO (Reactions R5/R6) or with the reactor wall (Reaction R10) take place. NO3 surviving the flow
reactor after a residence time of 10.5 s is quantified by CRDS
at a wavelength of 662 nm. The NO3 reactivity is calculated
from relative change in NO3 concentration when mixed with
https://doi.org/10.5194/acp-20-10459-2020
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zero air or ambient air. In order to remove a potential bias by
ambient NO3 /N2 O5 , sampled air is passed through an uncoated 2 L glass flask (∼ 60 s residence time) heated to 45 ◦ C
to favour N2 O5 decomposition before reaching the flow tube.
Ambient NO3 (or other radicals, e.g. RO2 ) is lost by its reaction with the glass walls. In addition to the reaction of interest (Reaction R5), Reactions (R2) to (R4) and (R10) affect the measured NO3 concentration so that corrections via
numerical simulation of this set of reactions are necessary
to extract k NO3 from the measured change in NO3 concentration, necessitating accurate measurement of O3 , NO and
especially NO2 mixing ratios. For this reason, the experimental setup was equipped with a second cavity for the measurement of NO2 at 405 nm as described recently (Liebmann
et al., 2018b). In its current state the instrument’s detection
limit is ∼ 0.005 s−1 . By diluting highly reactive ambient air
with synthetic air, ambient reactivities up to 45 s−1 can be
measured. The overall uncertainty in k NO3 results from instability of the NO3 source and the CRDS detection of NO3
and NO2 as well as uncertainty introduced by the numerical simulations. Under laboratory conditions, measurement
errors result in an uncertainty of 16 %. The uncertainty associated with the numerical simulation was estimated by Liebmann et al. (2017), who used evaluated rate coefficients and
associated uncertainties (IUPAC), to show that the uncertainty in k NO3 is highly dependent on the ratio between the
NO2 mixing ratio and the measured reactivity. If a reactivity of 0.046 s−1 (e.g. from 3 ppbv of isoprene) is measured
at 5 ppbv of NO2 (typical for this campaign), the correction
derived from the simulation would contribute an uncertainty
of 32 % to the resulting overall uncertainty of 36 %. For an
experiment with 25 ppbv of NO2 and 10 ppbv of isoprene,
large uncertainties (> 100 %) are associated with the correction procedure as the NO3 loss caused by reaction with NO2
exceeds VOC-induced losses. Later we show that data obtained even under unfavourable conditions (high NO2 mixing
ratios) are in accord with isoprene measurements, which suggests that the recommended uncertainties in rate coefficients
for Reactions (R3) and (R4) are overly conservative.
The sampled air was typically mixed with ∼ 50 pptv of
NO3 radicals, and the reaction between NO3 and RO2 radicals generated in the flow tube (Reaction R5) represents a
potential bias to the measurement of k NO3 . In a typical experiment (e.g. 3 ppbv of isoprene), the reactivity of NO3 towards
isoprene is 0.046 s−1 . A simple calculation shows that a total
of 20 pptv of RO2 radicals has been formed after 10.5 s reaction between NO3 and isoprene in the flow tube. Assuming a
rate coefficient of ∼ 5 × 10−12 cm3 molecule−1 s−1 for reaction between NO3 and RO2 , we calculate a 5 % contribution
of RO2 radicals to NO3 loss. In reality, this value represents a
very conservative upper limit as RO2 is present at lower concentrations throughout most of the flow tube, and its concentration will be significantly reduced by losses to the reactor
wall and self-reaction. In our further analysis we therefore do
not consider this reaction.
Atmos. Chem. Phys., 20, 10459–10475, 2020
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Table 1. Experimental conditions in the SAPHIR chamber during the NO3ISOP campaign.
Date
31 July
1 August
2 August
3 August
6 August
7 August
8 August
9 August
10 August
12 August
13 August
14 August
15 August
16 August
17 August
18 August
19 August
20 August
21 August
22 August
23 August
24 August

T
(◦ C)

H2 O
(%)

25–35
22–31
23–38
30–42
20–44
20–41
22–28
20–27
17–28
14–36
28–24
18–24
20–28
20–28
18–26
14–31
16–31
20–26
20–30
18–33
18–31
17–23

0
0
0
1.3–2.7
1.4
0.45–0.6
0
0
0
0
0
0
1.3–2
1.6
1.2–1.7
1.3–1.4
0.07
1.2–19
1.5–1.9
1.3–17
1.5–2.2
1–1.6

D/N
N
N
N
D→N
N→D
N
N
N
N
N→D
N
N
N
N→D
N→D
N→D
N
N
N
N
N
N

O3
(ppbv)

NO2
(ppbv)

Isoprene
(ppbv)

Seed aerosol

90–120
85–115
85–120
45–100
40–110
45–60
75–115
65–115
40–65
70–115
75–110
70–110
80–115
80–115
0–400
80–110
0–110
85–130
55–130
75–110
45–100
85–110

1–5
2–5
2–5
1–5
1–6
3–4.5
13–30
6–2.5
3–5.5
4–12
12–23
13–22
8–21
2–5
0–17
2–5
0–20
3–5
2–5
2.5–8.5
3.5–5
2.3–5.5

0
1.2
2.5
2.5
3.2
2.3
8
3
1.8
3
6
13
9
3
0
3.5
3
6
4.5
5
4
22

–
–
–
–
–
–
–
–
–
–
–
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
–
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
NH4 HSO4

Notes

contamination
CO and propene
CO
reduced fan operation
isobutyl nitrate, calibration
β-caryophyllene
MVK, N2 O5 as NO2 source
β-caryophyllene
CO and propene
plant emissions
β-caryophyllene

D/N denotes if the experiment was conducted with the chamber roof opened (D: daytime) or closed (N: night-time) and in which order a transition was done. Only
maximum values of measured isoprene are listed.

2.3

VOC measurements: PTR-ToF-MS

During the NO3ISOP campaign, isoprene and other VOCs
were measured by two different PTR-ToF-MS (proton transfer reaction time-of-flight mass spectrometer) instruments.
The PTR-TOF1000 (IONICON Analytic GmbH) has a mass
resolution > 1500 m/1m and a limit of detection of < 10 ppt
for a 1 min integration time. The instrumental background
was determined every hour by pulling the sample air through
a heated tube (350 ◦ C) filled with a Pt catalyst for 10 min.
Data processing was done using PTRwid (Holzinger, 2015),
and the quantification and calibration was done once per day,
following the procedure as described recently (Holzinger et
al., 2019).
The Vocus PTR (Tofwerk AG and Aerodyne Research
Inc.) features a newly designed focusing ion–molecule reactor, resulting in a resolving power of 12 000 m/1m (Krechmer et al., 2018). Calibration was performed on an hourly
basis for 5 min. The isoprene measurements of the two instruments agreed mostly within the uncertainties (14 %).
An exemplary comparison between the two instruments of
an isoprene measurement can be found in the Supplement
(Fig. S1). For the evaluation of the experiment on the 2 August, only data from the PTR-TOF1000 were available. For
all the other experiments of the campaign, isoprene and

monoterpene mixing ratios were taken from the Vocus PTR,
owing to its higher resolution and data coverage.
2.4

NO3 , N2 O5 , NO2 , NO, and O3 measurements

The NO3 /N2 O5 mixing ratios used for analysis are from a
harmonized data set including the measurements from two
CRDS instruments. Data availability, quality and consistency
with the expected NO3 /N2 O5 /NO2 equilibrium ratios were
criteria for selecting which data set to use for each experiment. Both instruments measure NO3 (and N2 O5 after its
thermal decomposition to NO3 in a heated channel) using
cavity ring-down spectroscopy at a wavelength of ∼ 662 nm.
The 5-channel device operated by the Max Planck Institute
(MPI) additionally measured NO2 and has been described
recently in detail (Sobanski et al., 2016a). Its NO3 channel has a limit of detection (LOD) of 1.5 pptv (total uncertainty of 25 %); the N2 O5 channel has a LOD of 3.5 pptv
(total uncertainty of 28 % for mixing ratios between 50 and
500 pptv). Air was subsampled from a bypass flow drawing
∼ 40 SLPM through a 4 m length of 0.5 in. (inner diameter,
i.d.) PFA (perfluoroalkoxy alkane) tubing from the chamber.
Variation of the bypass flow rate was used to assess losses of
NO3 (< 10 %) in transport to the instrument, for which correction was applied. Air entering the instrument was passed
through a Teflon membrane filter (Pall Corp., 47 mm, 0.2 µm
pore), which was changed every 60 min. Corrections for loss
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of NO3 and N2 O5 on the filter and inlet lines were carried
out as described previously (Sobanski et al., 2016a).
The second CRDS was built by the NOAA Chemical Sciences Laboratory (Dubé et al., 2006; Fuchs et al., 2008, 2012;
Wagner et al., 2011; Dorn et al., 2013) and operated by the
Institut de Combustion, Aérothermique, Réactivité et Environnement (ICARE). During the NO3ISOP campaign, the
NOAA-CRDS was positioned beneath the chamber, and air
was sampled through an individual port in the floor. The sampling flow rate was 5.5–7 L min−1 through a Teflon FEP line
(i.d. 1.5 mm, total length about 0.9 m) extending by about
50 cm (i.d. 4 mm) with 25 cm (i.d. 4 mm) in the chamber. A
Teflon filter (25 µm thickness, 47 mm diameter, 1–2 µm pore
size) was placed downstream of the inlet to remove aerosol
particles and changed automatically at an interval of 1.5–2 h,
depending on the conditions of the experiments, such as the
amount of aerosol in the chamber. The instrument was operated with a noise equivalent 1σ detection limit of 0.25 and
0.9 pptv in 1 s for the NO3 and N2 O5 channels, respectively.
The total uncertainties (1σ ) of the NOAA-CRDS instrument
were 25 % (NO3 ) and −8 %/+11 % (N2 O5 ).
NO2 mixing ratios were taken from a harmonized data set
combining the measurements of the 5-channel CRDS with
that of the NO3 reactivity setup as well as the NOx measurement of a thermal dissociation CRDS setup (Thieser et al.,
2016). The NOx measurement could be considered a NO2
measurement since during dark periods of the experiments
NO would have been present at extremely low levels. The total uncertainty associated with the NO2 mixing ratios is 9 %.
NO was measured with a LOD of 4 pptv via chemiluminescence (CL; Ridley et al., 1992) detection (ECO Physics,
model TR780), and ozone was quantified with a LOD of
1 ppbv by ultraviolet absorption spectroscopy at 254 nm
(Ansyco, ozone analyser 41M). Both instruments operate
with an accuracy (1σ ) of 5 %.
2.5

Box model

The results of the chamber experiments were analysed using a box model based on the oxidation of isoprene by
NO3 , OH and O3 as incorporated in the Master Chemical
Mechanism (MCM), version 3.3.1 (Saunders et al., 2003;
Jenkin et al., 2015). In this work, the analysis focusses on
the fate of the NO3 radical, so the oxidation of some minor
products was omitted in order to reduce computation time.
Moreover, the most recently recommended rate coefficient
(IUPAC, 2020) for the reaction between NO3 and isoprene
(k5 = 2.95 × 10−12 exp(−450/T ) cm3 molecule−1 s−1 ) was
used instead of the value found in the MCM v3.3.1, which is
6.8 % higher. Chamber-specific parameters such as temperature and pressure as well as the time of injection and amount
of trace gases added (usually O3 , NO2 and isoprene) were
the only constraints to the model. The chamber dilution flow
was implemented as first-order loss rates for all trace gases
and wall loss rates for NO3 or N2 O5 were introduced (see
https://doi.org/10.5194/acp-20-10459-2020
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Sect. 3.2). The numerical simulations were performed with
FACSIMILE/CHEKMAT (release H010, date 28 April 1987,
version 1) at 1 min time resolution (Curtis and Sweetenham,
1987). The chemical scheme used is listed in the Supplement
(Table S1).
3

Results and discussion

An overview of the experimental conditions (e.g. isoprene,
NO3 , NO2 and O3 mixing ratios) on each day of the campaign is given in Fig. 1. The temperature in the chamber was
typically between 20 and 30 ◦ C but increased up to 40 ◦ C
when the chamber was opened to sunlight. The relative humidity was close to 0 % during most of the experiments before 14 August. After this date, the experiments focussed on
secondary organic aerosol formation and humidified air was
used.
We divide the experiments into two broad categories according to the initial conditions: type 1 experiments were
undertaken with NO3 production from 5 ppbv of NO2 and
100 ppbv of O3 . The addition of isoprene with mixing ratios
of ∼ 3 ppbv resulted in NO3 reactivities of around 0.05 s−1
at the time of injection. The NO3 and N2 O5 mixing ratios
were typically of the order of several tens of parts per trillion
by volume (pptv) in the presence of isoprene under dry conditions. During humid experiments (with seed aerosol), NO3
mixing ratios were mostly below the LOD in the presence of
isoprene, owing to increased uptake of NO3 /N2 O5 on particles. An exceptionally large isoprene injection (∼ 20 ppbv)
resulted in the maximum NO3 reactivity of 0.4 s−1 on the
24 August. In type 2 experiments, higher NO3 production
rates were achieved by using 25 ppbv of NO2 and 100 ppbv
of O3 . In these experiments, with the goal of generating high
concentrations of organic oxidation products, isoprene mixing ratios of 10 ppbv resulted in reactivities of ∼ 0.2 s−1 at
the time of isoprene injection. Owing to high NO3 production rates, several hundred parts per trillion of NO3 and a
few parts per billion of N2 O5 were present in the chamber.
Figure 1 shows that once isoprene has been fully removed
at the end of each experiment, the NO3 reactivity tends towards its LOD of 0.005 s−1 , indicating that the evolution of
the NO3 reactivity is closely linked to the changing isoprene
mixing ratio.
3.1

Comparison of k NO3 with calculated reactivity
based on measurements of VOCs

The VOC contribution to the NO3 reactivity is the summed
first-order loss rate coefficient attributed to all non-radical
VOCs present in the chamber that can be transported to the
FT-CRDS according to Eq. (1):
X
k NO3 =
ki [VOC]i ,
(1)

Atmos. Chem. Phys., 20, 10459–10475, 2020

32

10464

P. Dewald et al.: Evolution of NO3 reactivity during the oxidation of isoprene

Figure 1. Overview of the temperature (T ); relative humidity (RH); VOC-induced NO3 reactivity (k NO3 ); and the O3 , NO2 , NO3 , N2 O5 ,
and isoprene mixing ratios during the NO3ISOP campaign. The yellow shaded area in the upper panel represent phases of the experiment
when the chamber roof was opened. The ticks mark 12:00 UTC of the corresponding day.

where ki is the rate coefficient (cm3 molecule−1 s−1 ) for the
reaction between a VOC of concentration [VOC]i and NO3 .
Reliable values of k NO3 and VOC data are available from
the 2 August onwards (see Table 1 for experimental conditions) and were used to compare FT-CRDS measurements
of k NO3 with 6ki [VOC]i . For most of the experiments,
isoprene was the only VOC initially present in the chamber, and at the beginning of the experiments k NO3 should
be given by k5 [isoprene], with the latter measured by the
PTR-MS instruments (see above). On the 9 and 21 August, both isoprene and propene (100 ppbv) were injected
into the chamber; the summed NO3 reactivity from these
trace gases was then k5 [isoprene] + kpropene [propene], with
kpropene = 9.5×10−15 cm3 molecule−1 s−1 at 298 K (IUPAC,
2020). As no propene data were available, the propene mixing ratios were assessed with the model (see above) based
on injected amounts as well as subsequent loss by oxidation chemistry (mainly ozonolysis) and dilution. On the
22 August, coupling to a plant emission chamber permitted the introduction of monoterpenes and isoprene into the
main chamber so that the NO3 reactivity was k5 [isoprene] +
kmonoterpenes [monoterpenes]. The uncertainty in 6ki [VOC]i
was propagated from the standard deviation of the isoprene
and monoterpene mixing ratios and from the uncertainties
of 41 % in k5 , 58 % in kpropene (IUPAC, 2020) and 47 % in
kmonoterpenes (average uncertainty of three dominant terpenes;
see below).

Figure 2a depicts an exemplary time series of k NO3 and
6ki [VOC]i between the 9 and 13 August. The measured
k NO3 and values of 6ki [VOC]i calculated from measured
isoprene (and modelled propene in the case of the 9 August) are, within experimental uncertainty, equivalent, indicating that the NO3 reactivity can be attributed entirely to
its reaction with isoprene (and other reactive trace gases like
propene) injected into the chamber.
The correlation between k NO3 and 6ki [VOC]i for the entire campaign data set is illustrated in Fig. 2b. Type 2 experiments (high NO2 mixing ratios) were included despite the
unfavourable conditions for measurement of k NO3 , which result in large correction factors via numerical simulation (see
above). The data points obtained on the 14 August display
large variability, which is likely to have been caused by nonoperation of the fans leading to poor mixing in the chamber.
An unweighted linear regression of the whole data set yields
a slope of 0.962 ± 0.003, indicating excellent agreement between the directly measured NO3 and those calculated from
Eq. (1). The intercept of (0.0023 ± 0.0004) s−1 is below the
LOD of the reactivity measurement. A correlation coefficient
of 0.95 underlines the linearity of the whole data set despite increased scatter caused by the unfavourable conditions
during type 2 experiments. Note that data from the 7 August (chamber contamination) were not used. On the 15 and
21 August, additional flushing of the chamber with synthetic
air (150–300 m3 ) and humidification shortly before the actual beginning of the experiment resulted in a constant back-
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Figure 2. (a) 4 d time series of k NO3 and 6ki [VOC]i . The total
uncertainty in k NO3 was calculated as described by Liebmann et
al. (2017) and is indicated by the grey shaded area. The red shaded
area shows the associated uncertainty of the calculated reactivities
and are derived from error propagation using the standard deviation of the isoprene mixing ratios and an uncertainty of 41 % for
the rate coefficient for reaction between NO3 and isoprene (IUPAC,
2020). The ticks mark 00:00 UTC of the corresponding date, and
yellow shaded areas represent periods in which the chamber roof
was opened. (b) Correlation between 6ki [VOC]i and k NO3 measurements. The red line represents a least-squares linear fit to the
entire data set, while the black line illustrates an ideal slope of 1 : 1.

ground reactivity in k NO3 of 0.04 s−1 on the 15 August and
0.012 s−1 on the 21 August. High background reactivity was
not observed during other humid experiments if the chamber
was flushed extensively with synthetic air (∼ 2000 m3 ) during the night between experiments and if the additional flushing was omitted. The trace gas(es) causing this background
reactivity could not be identified with the available measurehttps://doi.org/10.5194/acp-20-10459-2020
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Figure 3. Measured reactivity (k NO3 , black data points) and reactivity calculated from Eq. (1) (red data points), which is equivalent to k5 [isoprene]. The grey shaded area represents the total uncertainty in k NO3 ; the red shaded areas represent the total uncertainty in k5 [isoprene] and were estimated as explained in
Fig. 2. (a) 20 August: type 1 experiment with initial mixing ratios of NO2 = 4.6 ppbv and O3 = 120 ppbv. (b) 23 August: only
O3 (100 ppbv) and isoprene (4 ppbv) were initially present.

ments, but they are probably released from the chamber walls
during flushing and humidification. In order to make a detailed comparison with the VOC data, the background reactivity, which was fairly constant, was simply added.
A more detailed examination of k NO3 data from two type 1
experiments (low NO2 ) is given in Fig. 3. The grey shaded
areas indicate the total uncertainty associated with the FTCRDS measurement of k NO3 (Liebmann et al., 2017); the
scatter in the data stems mostly from the correction procedure via numerical simulation.
On the 20 August (Fig. 3a), in addition to NO2
and O3 , (NH4 )2 SO4 seed aerosol (∼ 50 µg cm−3 ) and βcaryophyllene (∼ 2 ppbv) were injected at 08:40 UTC in order to favour formation of secondary organic aerosol. The
Atmos. Chem. Phys., 20, 10459–10475, 2020
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instrument was zeroing until shortly after the injection of
this terpene. As the lifetime of β-caryophyllene is extremely
short in the chamber under the given conditions (∼ 150 s),
only the small fraction of unreacted β-caryophyllene contributes to the k NO3 signal observed after 08:40 UTC. At
09:20, 10:13 and 11:50 UTC isoprene was injected into the
chamber, resulting in step-like increases in the measured
NO3 reactivity. Each increase in reactivity and the ensuing
evolution over time match well with the calculated values of
k5 [isoprene] (red data points). The red shaded area indicates
the overall uncertainty in the latter. Clearly, within experimental uncertainty, the NO3 reactivity is driven almost entirely by reaction with isoprene, with negligible contribution
from stable, secondary products.
During the experiment of the 23 August (Fig. 3b), only isoprene and ozone were present in the chamber for the first 4 h.
Isoprene depletion is dominated by ozonolysis at this phase,
whereas the sudden drop in k NO3 is caused by an increased
dilution flow during humidification of the chamber around
10:00 UTC. The absence of NO2 results in a more accurate, less scattered measurement of k NO3 and underscores the
reliability of the measurement under favourable conditions.
All of the observed reactivity can be assigned to isoprene
that was injected at 06:52 UTC. This implies that stable secondary oxidation of products from isoprene ozonolysis (such
as formaldehyde, MACR (methacrolein), MVK) are insignificant for k NO3 , which is consistent with the low rate coefficients (e.g. kMACR+NO3 = 3.4 × 10−15 cm3 molecule−1 s−1
as highest of the three; IUPAC, 2020).
The results of a type 2 experiment with NO2 mixing ratios
of ∼ 20 ppbv as well as higher isoprene mixing ratios (injections of ∼ 8 and ∼ 3 ppbv under dry conditions) are depicted
in Fig. 4a. Despite the requirement of large correction factors to k NO3 owing to the high NO2 to isoprene ratios, fair
agreement between measured k NO3 and the expected reactivity is observed for each of the isoprene injections at 07:30,
09:20 and 10:50 UTC. The agreement may indicate that the
uncertainty in k NO3 (grey shaded area), which is based on
uncertainty in, for example, the rate coefficient for reaction
between NO3 and NO2 (Liebmann et al., 2017), is overestimated.
In Fig. 4b we display the results of an experiment on
12 August, in which the initially darkened chamber (first
∼ 4 h) was opened to sunlight (final 4 h). NO2 mixing ratios varied between 12 and 4 ppbv and isoprene was injected
(∼ 3 ppbv) three times at 05:55, 07:40 and 09:45 UTC. During the dark phase, measured k NO3 follows k5 [isoprene].
At 11:00 UTC the chamber was opened to sunlight, during
which approximately 5 ppbv of NO2 , 200–150 pptv of NO
and < 1 ppbv of isoprene were present in the chamber. In this
phase, the loss of NO3 was dominated by its photolysis and
reaction with NO. Within experimental uncertainty, the measured daytime k NO3 after correction for both NO2 and NO
(correction factors between 0.05 and 0.02) during the sunlit
period was still close to k5 [isoprene].

Figure 4. Measured (black) and expected (red) NO3 reactivity using Eq. (1). The corresponding uncertainties were estimated as described in Fig. 2 and are indicated as shaded areas. (a) Type 2 experiment is from the 13 August under dry conditions with initial mixing
ratios of NO2 = 25 ppbv and O3 = 104 ppbv. (b) Experiment from
the 12 August is with NO2 mixing ratios between 7 and 12 ppbv
and initial mixing ratio of O3 = 79 ppbv. The yellow shaded area
denotes the period with the chamber roof opened after 11:00 UTC.

On the 22 August, the SAPHIR chamber was filled with
air from a plant chamber (SAPHIR-PLUS) containing six
European oaks (Quercus robur) which emit predominantly
isoprene but also monoterpenes, mainly limonene, 3-carene
and α-pinene (van Meeningen et al., 2016).
The time series of measured NO3 reactivity (k NO3 , black
data points) after coupling to the plant chamber at 08:00 UTC
is shown in Fig. 5. Data after 11:40 UTC are not considered,
because the chamber lost its pressure after several recoupling attempts to the plant chamber. Also plotted (red data
points) is the NO3 reactivity calculated from 6ki [VOC]i ,
whereby both isoprene and the total terpene mixing ratio
(up to 500 pptv) were measured by the Vocus PTR-MS.
As only the mixing ratio of the sum of the monoterpenes
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The oxidation of isoprene by NO3 in air results in the formation of stable (non-radical) products as well as organic
peroxy radicals (RO2 ) that can also react with NO3 . As radicals (e.g. NO3 , RO2 and HO2 ) are not sampled by the FTCRDS, the equivalence of k NO3 and k5 [isoprene] indicates
that non-radical, secondary oxidation products do not contribute significantly to the NO3 reactivity.
3.2

Figure 5. Results from 22 August between 08:00 and 11:40 UTC.
Comparison between k NO3 (black data points, uncertainty as grey
shaded area) and NO3 reactivity calculated from 6ki [VOC]i (red
data points) using the measured isoprene and 6monoterpenes mixing ratios. The associated uncertainty (red area) was derived by error propagation by considering the standard deviations of the VOC
mixing ratios as well as the uncertainties of the rate coefficients
(41 % for k5 and 47 % for kmonoterpenes ). The uncertainty of k NO3
was estimated as explained in Fig. 2. The contribution of isoprene
to the observed reactivity is indicated by the area in purple.

was known, an average value of the very similar NO3 rate
coefficients (IUPAC, 2020) for limonene, 3-carene and αpinene was used for the calculation of 6ki [VOC]i with
kmonoterpenes = 9.1×10−12 cm3 molecule−1 s−1 (analogously
averaged uncertainty of 47 %). Figure 5 indicates very good
agreement between measured and calculated NO3 reactivity, with ∼ 70 % of the overall reactivity caused by isoprene,
which is indicated by the purple shaded area. Despite being
present at much lower mixing ratios that isoprene, the terpenes contribute ∼ 30 % to the overall NO3 reactivity, which
reflects the large rate constants for reaction of NO3 with terpenes.
The experiments described above indicate that, for a chemical system initially containing only isoprene as the reactive
organic trace gas, the measured values of k NO3 can be fully
assigned to the isoprene present in the chamber over the
course of its degradation. During the NO3ISOP campaign,
not only NO3 reactivity but also OH reactivity (k OH ) was
measured; the experimental technique is described briefly in
the Supplement. A detailed analysis of the OH reactivity data
set will be subject of a further publication, and in Fig. S1 we
only compare values of k NO3 and k OH obtained directly after
isoprene injections, where k OH should not be significantly
influenced by the reaction of OH with secondary products.
As shown in Fig. S2, isoprene concentrations derived from
both k NO3 and k OH are generally in good agreement when
[isoprene] < 5 ppbv.
https://doi.org/10.5194/acp-20-10459-2020

Steady-state and model calculations: role of RO2
and chamber walls

The contribution of RO2 , HO2 and stable products to NO3 reactivity was examined using a box model based on the chemical mechanistic oxidation processes of isoprene by NO3 , OH
and O3 as incorporated in the Master Chemical Mechanism,
version 3.3.1 (Saunders et al., 2003; Jenkin et al., 2015; Khan
et al., 2015). A numerical simulation (Fig. 6) of the evolution
of NO3 reactivity was initialized using the experimental conditions of the first isoprene injection on 10 August (5.5 ppbv
NO2 , 60 ppbv O3 and 2 ppbv isoprene, dry air), including
chamber-specific parameters such as temperature, the NO3
and N2 O5 wall loss rates (quantified in detail below), and
the dilution rate. In the model, NO3 reacts with both stable
products and peroxy radicals. One of several major stable
oxidation products according to MCM is an organic nitrate
with aldehyde functionality (O2 NOC4 H6 CHO, NC4CHO).
As the corresponding rate coefficient for the reaction of this
molecule with NO3 is not known, MCM uses a generic rate
coefficient based on the IUPAC-recommended temperaturedependent expression for acetaldehyde + NO3 scaled with a
factor of 4.25 to take differences in molecular structure into
account. The maximum modelled mixing ratio of NC4CHO
was ∼ 5 ppbv in type 2 experiments, which would result in a
NO3 reactivity of 0.001 s−1 . This value is below the instrument’s LOD and would only become observable at extremely
low isoprene concentrations. As apparent in Fig. 6, the contribution of stable oxidation products (blue) to the NO3 reactivity is insignificant compared to the primary oxidation of
isoprene (red).
Since the rate coefficients for reaction of isoprene-derived
peroxy radicals and NO3 are (unlike NO3 +HO2 ) poorly constrained by experimental data, the MCM uses a generic value
of 2.3 × 10−12 cm3 molecule−1 s−1 , which is based on the
rate coefficient for the reaction between NO3 and C2 H5 O2 .
The modelled overall NO3 reactivity when reactions with
RO2 and HO2 are included (black line) is on average 22 %
higher than the reactivity associated only with isoprene,
with the major contributors to the additional NO3 reactivity being nitrooxy isopropyl peroxy radicals (O2 NOC5 H8 O2 ,
NISOPOO) formed in the primary oxidation step. As neither RO2 nor HO2 radicals will survive the inlet tubing (and
heated glass flask) between the SAPHIR chamber and the
FT-CRDS instrument, our measurement of k NO3 does not include their contribution. The measured values of k NO3 (black
data points) scatter around the isoprene-induced reactivity
Atmos. Chem. Phys., 20, 10459–10475, 2020
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during periods of low reactivity at the end of an experiment
when isoprene was already depleted can lead to a temporary
breakdown of the steady-state assumption. In order to circumvent this potential source of error, the non-steady-state
NO
reactivities (knss 3 ) based on NO3 and N2 O5 measurements
(McLaren et al., 2010) were calculated using Eq. (3).
NO3
knss
=

Figure 6. Experimental results for k NO3 and numerical simulation
(MCM v3.3.1) of the NO3 reactivity following the first isoprene
injection of the experiment on the 10 August. The simulation was
run with 1 min resolution; initial conditions were 60 ppbv of O3 ,
5.5 ppbv of NO2 and 2 ppbv of isoprene and used actual chamber
temperatures, which increased from 293 to 301 K during the course
of the experiment. Wall losses of NO3 and N2 O5 were parameterized as described in the text. Individual contributions to the NO3 reactivity of isoprene, peroxy radicals and secondary oxidation products are highlighted.

(red), which is understood to result from the minor role of
stable (non-radical) oxidation products (blue) in removing
NO3 and the exclusion of peroxy radicals in the measurement.
Another method of deriving NO3 reactivity is to calculate it from NO3 (and/or N2 O5 ) mixing ratios and production
rates under the assumption of steady state as has been carried out on several occasions for the analysis of ambient NO3
measurements (Heintz et al., 1996; Geyer and Platt, 2002;
Brown et al., 2004; Sobanski et al., 2016b). In contrast to
our direct measurement of k NO3 , all loss processes (including reaction of NO3 with RO2 and HO2 and uptake of NO3
and N2 O5 to surfaces) are assessed using the steady-state calculations. A comparison between k NO3 and NO3 reactivity
based on a steady-state analysis should enable us to extract
the contribution of peroxy radicals and wall losses of NO3
in the SAPHIR chamber. In steady state, the NO3 reactivity
NO
(kss 3 ) is derived from the ratio between the NO3 production
rate via Reaction (R2) with rate coefficient k2 and the mixing
ratios of O3 , NO2 and NO3 (Eq. 2).
NO3
kss
=

k2 [O3 ] [NO2 ]
[NO3 ]

(2)

Acquiring steady state can take several hours if the NO3 lifetime is long, temperatures are low or NO2 mixing ratios are
high (Brown et al., 2003). In the NO3ISOP experiments,
the NO3 reactivities were generally high, and steady state
is achieved within a few minutes of isoprene being injected
into the chamber. However, NO2 reinjections in the chamber

3]
− d[Ndt2 O5 ]
k2 [O3 ] [NO2 ] − d[NO
dt
[NO3 ]

(3)

This expression is similar to Eq. (2) except for the subtraction
of the derivatives d[NO3 ]/dt and d[N2 O5 ]/dt from the proNO
NO
duction term. A comparison of kss 3 and knss 3 is given in the
Supplement and verifies the assumptions above: as soon as
NO
NO
isoprene is injected into the system, kss 3 and knss 3 are equivNO3
alent (see Fig. S3a), but kss shows short-term deviations
at NO2 reinjections (see Fig. S3b). As the non-steady-state
reactivities are less affected by such events, the latter were
used for the comparison with the measured NO3 reactivities. The steady-state and the non-steady-state calculations
are only valid if equilibrium between NO3 and N2 O5 is established. Moreover, the N2 O5 measurements are usually less
sensitive to instrument-specific losses under dry conditions.
For this reason, measured NO3 mixing ratios were checked
for consistency with the equilibrium to N2 O5 using the equilibrium constant Keq for Reactions (R3)/(R4) as well as the
measured N2 O5 and NO2 mixing ratios as denoted in Eq. (4)
for this analysis. In the case when a significant deviation was
observed, NO3 mixing ratios from [NO2 ], [N2 O5 ] and Keq
were used.
[NO3 ]eq =

[N2 O5 ]
Keq [NO2 ]

(4)
NO

A time series of measured k NO3 and calculated knss 3 is depicted in Fig. 7a, which shows the results from experiments
NO
in the absence of aerosol only. It is evident that knss 3 is much
NO
NO
NO
higher than k 3 . In Fig. 7b we plot k 3 versus knss 3 : an
unweighted, orthogonal, linear fit has a slope of 0.54 ± 0.01
and indicates that the measured values of k NO3 are almost a
NO
factor of 2 lower than knss 3 . Propagation of the uncertainties
in k2 (15 %; IUPAC, 2020) and the NO3 , NO2 and O3 mixing
ratios (25 %, 9 % and 5 %, respectively) results in an overall
NO
uncertainty of 31 % for knss 3 , which cannot account for its
NO
deviation to k 3 .
NO
The fact that knss 3 is significantly larger than k NO3 indicates that NO3 can be lost by reactions other than those
with reactive, stable VOCs that can be sampled by the FTCRDS instrument. As discussed above, RO2 represents the
most likely candidate to account for some additional loss
of NO3 ; the numerical simulations (MCM v3.3.1) predict
an additional reactivity of the order of ∼ 22 % based on a
generic value for kNO3 +RO2 . However, in order to bring k NO3
NO
and knss 3 into agreement, either the RO2 level or the rate
coefficient for reaction between NO3 and RO2 (especially
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Figure 8. Analysis of the contribution of wall losses of NO3 and
NO
N2 O5 to NO3 reactivity, knss 3 , are using experimental data during
isoprene-free periods on the 1 August (red) and 2 August (black).
Least-squares linear fit of the data is shown with a black line and
NO
N2 O5
yielded to an intercept kwall3 of 0.016 s−1 and to a slope kwall
of
−4
−1
3.28 × 10 s . For the sake of better clarity, error bars are not
included.

N2 O5 uptake (Reaction R9) and to derive first-order loss rates
wall and k wall ) of NO and N O according to Eq. (5) (Al(kNO
3
2 5
N2 O5
3
lan et al., 2000; Brown et al., 2009b; Crowley et al., 2010;
McLaren et al., 2010).
NO

N O

NO3
2 5
knss
= kwall3 + kwall
Keq [NO2 ]

Figure 7. (a) Overview of measured (black) and calculated NO3
reactivity with Eq. (3) (red). The ticks mark 00:00 UTC of the corresponding day. The yellow areas denote periods with an opened
chamber roof. For the sake of clarity, the uncertainties are not inNO
cluded. (b) Correlation plot between k NO3 and knss 3 . The red line
represents an unweighted, orthogonal linear regression (R 2 = 0.97)
of the complete data set.

NISOPOO) would have to be a factor of 2 larger than incorporated into the model (see below). Alternatively, losses
NO
of NO3 (and N2 O5 ) to surfaces enhance knss 3 but not k NO3 .
As no aerosol was present in the experiments analysed above,
the only surface available is provided by the chamber walls.
In order to quantify the contribution of NO3 and N2 O5
NO
wall losses to knss 3 , we analysed the experiments from the
1 and 2 August during isoprene-free periods, i.e. when no
RO2 radicals are present and (in the absence of photolysis
and NO) uptake of NO3 (or N2 O5 ) to the chamber walls
represents the only significant sink. Consequently, plotting
NO
knss 3 from this period against Keq [NO2 ] enables separation
of direct NO3 losses (Reaction R10) from indirect losses via
https://doi.org/10.5194/acp-20-10459-2020

(5)

The results from the isoprene-free periods of experiments on
the 1 and 2 August are shown in Fig. 8. A linear regression
N2 O5
of the data yields a slope (kwall
) of (3.28 ±1.15) × 10−4 s−1
NO3
and an intercept (kwall ) of (0.0016 ± 0.0001) s−1 , indicating
that NO3 losses dominate and that heterogeneous removal
of N2 O5 does not contribute significantly to the overall loss
rate constant of ∼ 0.002 s−1 . The data reproducibility from
one experiment to the next indicates that the NO3 /N2 O5 wall
loss rates are unchanged if the experimental conditions, i.e.
dry air and no aerosols, are comparable. Humidification of
the air, on the other hand, may facilitate heterogeneous reactions of NO3 or N2 O5 with the chamber walls and increase
corresponding loss rates. This might be an explanation for
NO
observation of a larger difference between k NO3 and knss 3
during an experiment under humid conditions on the 6 August (Fig. 7b, blue triangles). Lack of extensive isoprenefree periods on this day impede the extraction of wall loss
rates with this approach: even after subtraction of k NO3 from
NO
knss 3 , Eq. (5) is not applicable in experiments once isoprene
is present (and becomes the dominant sink of NO3 ) as reactions of RO2 indirectly co-determine the NO2 mixing ratios.
For further analysis, the wall loss rate constants of NO3
and N2 O5 were fixed as long as there was neither humidity nor particles in the chamber, and they are considered inAtmos. Chem. Phys., 20, 10459–10475, 2020
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variant with time after isoprene injections. This implicitly assumes that low-volatility oxidation products that deposit on
chamber walls do not enhance the reactivity of the walls to
NO3 . As these products have less double bonds than isoprene
and react only very slowly with NO3 , this assumption would
appear reasonable.
We examined the effect of introducing the NO3 and N2 O5
wall loss rate constants calculated as described above into
the chemical scheme used in the box model (MCM v3.3.1).
The results from three different model outputs for the experiment on the 2 August are summarized in Fig. 9, which compares simulated and measured mixing ratios of NO3 , N2 O5 ,
NO2 , O3 and isoprene (following its addition at 11:00 UTC)
as well as the measured and non-steady-state NO3 reactiviNO
ties k NO3 and knss 3 . The omission of NO3 /N2 O5 wall losses
(model 1) results in simulated NO3 and N2 O5 mixing ratios
up to 1400 and 1600 pptv, respectively, during the isoprenefree period, which exceed measurements by factors of 4–8.
This is because the only loss process for these species in
this phase is the dilution rate that is 2 orders of magnitude
lower than the estimated wall loss rates. Such high amounts
of NO3 /N2 O5 in the parts per billion range result in rapid depletion of nearly half of the total injected isoprene within the
first minute, which is why model 1 cannot describe the measurements either before or after the injection. Model 2 (red
lines) includes the estimated wall loss rates and reproduces
the measurements more accurately: the NO2 and O3 mixing
ratios are accurately simulated. Furthermore, NO3 and N2 O5
mixing ratios that are only 10 % to 30 % higher than those
NO
measured and therefore NO3 reactivities lower than knss 3 (orange circles) are predicted.
The evolution of the isoprene mixing ratio is reproduced
by the model, which is why k NO3 (mostly determined by
k5 [isoprene], purple area) is only slightly lower than the simulated overall reactivity by model 2. After quantification of
NO3 /N2 O5 wall losses, NO3 +RO2 reactions remain the only
source of additional NO3 reactivity to explain the difference
NO
between k NO3 and knss 3 . As already mentioned above, the
model may underestimate the effect of RO2 -induced losses
of NO3 either because the RO2 mixing ratios are underestimated or because the rate coefficient kRO2 +NO3 is larger than
assumed.
The result of a simulation (model 3) with kRO2 +NO3 set to
4.6 × 10−12 cm3 molecule−1 s−1 (twice the generic value in
MCM v3.3.1) is displayed as the blue lines in Fig. 9. The
O3 , NO2 , N2 O5 and isoprene mixing ratios are only slightly
affected by this change in the reaction constant, whereas its
impact on the NO3 mixing ratios as well as on the reactivity
is very significant. The higher rate coefficient for reaction of
NO3 with RO2 would be sufficient for the observed discrepNO
ancy between the overall reactivity knss 3 and k NO3 within the
uncertainties associated with the analysis. Optimum agreement irrespective of uncertainties would be achieved with a
value of 9.2 × 10−12 cm3 molecule−1 s−1 for kRO2 +NO3 (i.e.
a factor of 4 higher than in MCM), which is demonstrated in

a comparable experiment under dry conditions on the 10 August (see Fig. S4 in the Supplement).
There are only few experimental studies on reactions
of NO3 with RO2 , and the rate coefficient for reaction
of NO3 with isoprene-derived RO2 has never been measured. For the reaction between NO3 and the methyl peroxy radical (CH3 O2 ), values between 1.0 × 10−12 and 2.3 ×
10−12 cm3 molecule−1 s−1 have been reported (Crowley et
al., 1990; Biggs et al., 1994; Daele et al., 1995; Helleis
et al., 1996; Vaughan et al., 2006), with a preferred value
of 1.2 × 10−12 cm3 molecule−1 s−1 (Atkinson et al., 2006).
Increasing the length of the C−C backbone in the peroxy
radical appears to increase the rate coefficient, with values of 2.3 × 10−12 cm3 molecule−1 s−1 preferred for reaction of NO3 with C2 H5 O2 (Atkinson et al., 2006), whereas
the presence of electron-withdrawing groups attached to the
peroxy carbon atom reduces the rate coefficient (Vaughan
et al., 2006). A single study of the reaction between NO3
and an acylperoxy radical indicates that the rate coefficient (4.0 × 10−12 cm3 molecule−1 s−1 ) may be larger than
the MCM adopted value of 2.3 × 10−12 cm3 molecule−1 s−1
(Canosa-Mas et al., 1996). Similarly, an indirect study
(Hjorth et al., 1990) of the rate coefficient for the reaction between NO3 and a nitro-substituted C6 peroxy radical ((CH3 )2 C(ONO2 )C(CH3 )2 O2 ) reports a value of 5 ×
10−12 cm3 molecule−1 s−1 , which may be appropriate for
longer-chain peroxy radicals derived from biogenic trace
gases. In light of the large uncertainty associated with the
kinetics of RO2 + NO3 reactions, a rate coefficient of 4.6 ×
10−12 cm3 molecule−1 s−1 for reaction between NISOPOO
and NO3 is certainly plausible.
We note, however, that use of a faster rate coefficient
for the reaction between RO2 and NISOPOO, RO2 isomerization processes and differentiation between the fates
of the main NISOPOO isomers as proposed by Schwantes
et al. (2015) would result in lower RO2 mixing ratios.
If kNISOPOO+RO2 in MCM v3.3.1 is set to a value of
5 × 10−12 cm3 molecule−1 s−1 (average over all isomers,
Schwantes et al., 2015), a slightly higher value of 5.2 ×
10−12 cm3 molecule−1 s−1 for kRO2 +NO3 would be necessary
to bring modelled and measured NO3 reactivity into agreement within associated uncertainties. Conversely, increasing
RO2 concentrations by the required factor of 2 would necessitate a significant reduction in the model rate coefficients for
RO2 + RO2 or RO2 + HO2 reactions, which contradicts experimental results (Boyd et al., 2003; Schwantes et al., 2015)
and is considered unlikely.
NO
Differences in measurement of knss 3 and modelled
NO3 reactivity could also result from incorrectly modelled product yields, owing to the simplified mechanism used, which, for example, does not consider in detail the formation of methyl vinyl ketone (MVK) via
β-NISOPOO isomers or the reaction between NO3 and
other main products like hydroxy isopropyl nitrates (e.g.
O2 NOCH2 C(CH3 )CHCH2 OH, ISOPCNO3) and nitrooxy
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Figure 9. O3 , NO2 , NO3 , N2 O5 and isoprene mixing ratios and NO3 reactivity on 2 August (black). The grey shaded area symbolizes
the overall uncertainty associated with each measurement. Orange circles denote the reactivity obtained using Eq. (3). The results of the
numerical simulation using MCM v.3.3.1 with NO3 and N2 O5 wall loss rates set to 0 s−1 (model 1) are shown by black lines. The model
output with introduction of NO3 and N2 O5 wall loss rates of 0.016 s−1 and 3.3 × 10−4 s−1 , respectively, for each of the reactants is shown
by a red line (model 2), whereas the blue line (model 3) shows the result of model 2 with the rate coefficient for reaction between NO3 and
RO2 set to 4.6 × 10−12 cm3 molecule−1 s−1 , which is twice the value estimated by the MCM.

isopropyl hydroperoxide (O2 NOCH2 C(CH3 )CHCH2 OOH,
NISOPOOH). However, none of these products is expected
to react sufficiently rapidly with NO3 to make a difference: the rate coefficient for reaction of NO3 with MVK
is < 6 × 10−16 cm3 molecule−1 s−1 and that for 2-methyl3-butene-2-ol (a comparable molecule to ISOPCNO3) is
1.2 × 10−14 cm3 molecule−1 s−1 at 298 K (IUPAC, 2020).
Even parts per billion amounts of these products would not
cause significant additional NO3 reactivity.
On the other hand, the FT-CRDS will underestimate the reactivity of NO3 if products that are formed do not make it to
the inlet (i.e. traces gases with high affinity for surfaces). One
potential candidate for this category is NISOPOOH, formed
in the reaction between NISOPOO and HO2 . There are no kinetic data on the reaction of NO3 with NISOPOOH, though
given the lack of reactivity of NO3 towards organic peroxides it is very unlikely that the rate coefficient would be
larger than for NO3 +O2 NOCH2 C(CH3 )=CHCHO. Analysis
of one experiment (9 August, Fig. 7b), in which HO2 production (and thus the yield of NISOPOOH) was enhanced by the
addition of propene and CO, shows that the difference beNO
tween k NO3 and knss 3 on that day is comparable to those of
the other experiments. This would also indicate that the influence of the potential non-detection of the hydroperoxide
on the analysis should be low.
https://doi.org/10.5194/acp-20-10459-2020

All in all, the results of the analysis above strongly suggest that the difference between directly measured and nonNO
steady-state reactivity knss 3 is caused by reactions of NO3
with RO2 with the results best explained when a rate coefficient of ∼ 5 × 10−12 cm3 molecule−1 s−1 is used. Quantifying the impact of peroxy radicals on the fate of NO3 , however, is challenging. The rate coefficients for RO2 + NO3 are
scarce and uncertain and the rate constants for self-reaction
of RO2 derived from NO3 + isoprene have not been determined in direct kinetic measurement but via analyses of nonradical product yields.

4

Summary and conclusion

Direct measurements of NO3 reactivity (k NO3 ) in chamber
experiments exploring the NO3 -induced oxidation of isoprene showed excellent agreement with NO3 loss rate constants calculated from isoprene mixing ratios, thus underlining the reliability of the reactivity measurements even under
unfavourable conditions with as much as 25 ppbv of NO2 in
the chamber. The main contributor to the overall uncertainty
in k NO3 is the correction (via numerical simulation) for the
reaction of NO3 with NO2 and the thermal decomposition
of the N2 O5 product. The results of the NO3ISOP campaign
Atmos. Chem. Phys., 20, 10459–10475, 2020
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indicate that previously derived overall uncertainties (Liebmann et al., 2017) that considered an uncertainty of 10 %
in the rate coefficients of both reactions (Burkholder et al.,
2015) and an 8 % uncertainty for the NO2 mixing ratios are
too large.
The measured reactivity, k NO3 , could be completely assigned to the reaction between NO3 and isoprene, indicating that contributions from reactions of non-radical oxidation products are minor, which is consistent with predictions
of the current version of the Master Chemical Mechanism.
Values of NO3 reactivity as calculated from NO3 and
N2 O5 mixing ratios and the NO3 production term were found
to be a factor of ∼ 1.85 higher than the directly measured
NO3 reactivities (k NO3 ). A box model analysis indicates
that the most likely explanation is a larger fractional loss
of NO3 via reactions with organic peroxy radicals (RO2 )
formed during the oxidation of isoprene. A rate coefficient
(kRO2 +NO3 =∼ 5 × 10−12 cm3 molecule−1 s−1 ) is necessary
to align model predictions (MCM v.3.3.1) and observations
within associated uncertainties.
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CHAPTER 5

Detection of isoprene-derived organic nitrates via TD-CRDS

The results of the study in this chapter have already been published in the peer-reviewed
journal Atmospheric Measurement Techniques. The publication is thus reproduced on the subsequent pages and deals with the following:
Whilst the previous chapter focussed on the fate of the NO3 radical itself, this chapter turns the
attention to the organic nitrates that are formed in the NO3 + isoprene system (see Fig. 2.2). I
generated such isoprene-derived organic nitrates (ISOP-NITs) in another simulation chamber
(SCHARK) and monitored the ISOP-NITs with a thermal-dissociation cavity ring-down spectrometer (TD-CRDS) as described in Sobanski et al. (2016a). However, the separate detection
of peroxy nitrates and ISOP-NITs is impeded when a quartz glass thermal-dissociation inlet
is used in the presence of O3 . In this study, I investigate potential interfering species and the
role of surface-catalysed processes. Using a thermal-dissociation inlet made of PFA for the
detection of peroxy nitrates forms a viable solution for this problem.
Author contribution
I performed all measurements except the CIMS measurement of PAN, did the analysis and
model calculations, wrote the manuscript and, with the help of John N. Crowley, revised it.
Please refer to the section "Author contribution" in the publication itself for detailed information.
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Abstract. We present measurements of isoprene-derived organic nitrates (ISOP-NITs) generated in the reaction of isoprene with the nitrate radical (NO3 ) in a 1 m3 Teflon reaction
chamber. Detection of ISOP-NITs is achieved via their thermal dissociation to nitrogen dioxide (NO2 ), which is monitored by cavity ring-down spectroscopy (TD-CRDS). Using thermal dissociation inlets (TDIs) made of quartz, the
temperature-dependent dissociation profiles (thermograms)
of ISOP-NITs measured in the presence of ozone (O3 ) are
broad (350 to 700 K), which contrasts the narrower profiles
previously observed for, for example, isopropyl nitrate (iPN)
or peroxy acetyl nitrate (PAN) under the same conditions.
The shape of the thermograms varied with the TDI’s surfaceto-volume ratio and with material of the inlet walls, providing clear evidence that ozone and quartz surfaces catalyse the
dissociation of unsaturated organic nitrates leading to formation of NO2 at temperatures well below 475 K, impeding the
separate detection of alkyl nitrates (ANs) and peroxy nitrates
(PNs). The use of a TDI consisting of a non-reactive material
suppresses the conversion of isoprene-derived ANs at 473 K,
thus allowing selective detection of PNs. The potential for interference by the thermolysis of nitric acid (HNO3 ), nitrous
acid (HONO) and O3 is assessed.

1

Introduction

Understanding the atmospheric fate of nitrogen oxide (NO)
and nitrogen dioxide (NO2 ) is critical as both trace gases
have a great impact on air quality and human health (Crutzen
and Lelieveld, 2001; Lelieveld et al., 2015). Ambient mea-

surements of trace gases that function as NOx reservoirs
or sinks (where NOx = NO + NO2 ) are thus needed to provide insight into NOx removal and transport. Organic compounds with nitrate functionality can serve as NOx reservoirs
in the troposphere (Thornton et al., 2002; Horowitz et al.,
2007) and are generally categorized as peroxy nitrates (PNs,
RO2 NO2 , with peroxy acetyl nitric anhydride (PAN) being
its most abundant representative in the troposphere) and alkyl
(aliphatic) nitrates (ANs, RONO2 ). PNs are formed via the
reaction of organic peroxy radicals (RO2 ) with NO2 (Reaction R1); ANs are formed via the minor (termolecular) channel of the reaction of RO2 with NO (Reaction R2a). The competitive bimolecular process leads to alkoxy radicals (RO,
Reaction R2b). During the daytime, RO2 is formed mainly
by the oxidation of volatile organic compounds (VOCs) by
hydroxyl radicals (OH) in air (Reaction R3), with ozonolysis
important at night (Reaction R4):
RO2 + NO2 + M → RO2 NO2 + M

(R2a)

RO2 + NO → RO + NO2

(R2b)

VOC + OH(+O2 ) → RO2 + products

(R3)

VOC + O3 (+O2 ) → RO2 + products.

(R4)

At night-time, when OH radicals and NO are significantly
less abundant, the NO3 radical can initiate the oxidation of
many VOCs that contain a double bond (Ng et al., 2017).
NO3 , formed in the oxidation of NO2 by O3 (Reaction R5), is
photolysed rapidly by sunlight (Reaction R6) and also reacts
efficiently with NO (Reaction R7) so that it is generally of
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RO2 + NO + M → RONO2 + M
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minor importance during the day (Wayne et al., 1991).
NO2 + O3 → NO3 + O2

(R5)

NO3 + hν → NO + O2

(R6)

NO3 + NO → 2NO2

(R7)

NO3 readily undergoes reactions with many unsaturated
organic trace gases of biogenic origin including isoprene,
monoterpenes and sesquiterpenes to form organic nitrates in
high yields (Ng et al., 2017; Wennberg et al., 2018; Mellouki
et al., 2021). The focus of this work is the formation of organic nitrates in its reaction (in air) with the C5 -diene isoprene (ISOP, Reaction R8):
NO3 + ISOP(+O2 ) →→ ISOP-NIT,

(R8)

where ISOP-NIT represents an isoprene-derived nitrate.
Approximately 500 Tg yr−1 of isoprene is released to the
atmosphere (Guenther et al., 2012), and a large fraction
of the organic nitrates formed at night-time is attributed
to the reaction between NO3 and isoprene (Reaction R8)
(Carlton et al., 2009). The atmospheric oxidation of isoprene
involving OH, O3 and NO3 as oxidizing agents is complex
and leads to a huge variety of products (Ng et al., 2017;
Wennberg et al., 2018) including multifunctional, unsaturated nitrates such as O2 NOCH2 C(CH3 )=CHCHO,
O2 NOCH2 C(CH3 )=CHCH2 OH
or
O2 NOCH2 C(CH3 )=CHCH2 OOH among other secondary
oxidation products like dinitrates or epoxides (Wu et al.,
2021).
Studies of the NO3 -induced oxidation of isoprene in air report AN yields between 60 % and 100 % (Barnes et al., 1990;
Berndt and Boge, 1997; Perring et al., 2009; Kwan et al.,
2012; Schwantes et al., 2015; IUPAC, 2021; Wu et al., 2021;
Brownwood et al., 2021), and the NO3 -induced oxidation of
isoprene is responsible for a dominant fraction of organic nitrates observed in rural environments with strong biogenic
emissions (Beaver et al., 2012). The major fate of isoprenederived organic nitrates formed in the boundary layer is deposition onto particulate matter to form nitric acid (HNO3 )
or secondary organic aerosols (SOAs) leading to largely irreversible removal of NOx from the gas phase (Ng et al., 2008;
Rollins et al., 2009; Fry et al., 2018; Hamilton et al., 2021).
Individual isoprene nitrates have been measured selectively in the atmosphere by mass-spectrometric methods
(Wolfe et al., 2007; Wu et al., 2021). An alternative detection
scheme, in which the sum of all atmospheric PNs (6PNs)
and ANs (6ANs) are separately measured, takes advantage
of their different C–N bond energy by combining thermal
dissociation to NO2 (Reactions R9 and R10) with detection
of the latter with means of laser-induced fluorescence (TDLIF) or cavity ring-down spectroscopy (TD-CRDS).
RO2 NO2 + M → RO2 + NO2 + M
RONO2 + M → RO + NO2 + M

(R9)
(R10)

Several instruments using thermal dissociation inlets consisting of fused silica (quartz) with residence times between tens
to hundreds of milliseconds have been described in the literature (Day et al., 2002; Paul et al., 2009; Wild et al., 2014;
Sobanski et al., 2016; Thieser et al., 2016; Keehan et al.,
2020). In these instruments, quantitative conversion of PAN
is reported for temperatures between 375 and 420 K. Generally, the temperature dependence of the instrument’s response to ANs has been tested using mostly saturated organic nitrates such as isopropyl nitrate (iPN) and isobutyl nitrate, which are dissociated to NO2 at temperatures between
500 and 675 K. The temperatures at which PNs and ANs are
quantitatively converted to NO2 thus differ by ∼ 200 K and
are largely independent of their organic backbone (Kirchner et al., 1999; Wild et al., 2014) allowing separate measurement of the sum of all alkyl nitrates (6ANs) and of
the sum of all peroxy nitrates (6PNs). These observations
have provided the basis for analysis of field data in which
an unknown mixture of PNs and ANs are present. We note,
however, that most of the first-generation ANs formed in the
NO3 + isoprene system still contain a double bond (Barnes
et al., 1990; Skov et al., 1992; Schwantes et al., 2015),
which renders them more reactive towards oxidizing agents
than, for example, iPN. A well-characterized thermogram for
aliphatic nitrates derived from the oxidation of, for example,
isoprene is thus a pre-requirement for extracting the mixing
ratios of PNs and ANs from ambient measurements when using a TD inlet. To date, only one such thermogram has been
presented (Brownwood et al., 2021) which appears to be the
result of a single experiment (i.e. no variation of experimental conditions) using a sample that was not stable over time.
The thermogram also features slopes before and after the AN
transition temperature, which is consistent with the ideal behaviour of, for example, iPN.
In this study, we generated ISOP-NITs by reacting isoprene and NO3 in a Teflon simulation chamber and used
a custom-built, five-channel cavity ring-down spectrometer
(CRDS) (Sobanski et al., 2016) to analyse the organic nitrates formed. In the presence of O3 we find that ISOP-NIT
does not behave like the saturated analogue iPN in our quartz
TD inlet and we characterized the processes (both gas-phase
and surface-catalysed processes) that lead to the observed
behaviour. We also examined the potential role of surfacecatalysed dissociation of HNO3 and nitrous acid (HONO) to
NO2 as well as the effect of humidity as a potential bias to
measurements of PNs and ANs.

2 Experiment
2.1

Simulation chamber

In order to analyse organic nitrates formed from the
NO3 + isoprene system under realistic operational conditions for the five-channel CRDS (e.g. normal sample flow
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rates), we constructed a dynamic, flow-through simulation chamber “SCHARK” (Simulation CHamber for Atmospheric Reactions and Kinetics) of volume 1 m3 (cubic, all
sides ∼ 1 m long) made of PFA foil of 0.005 in. (∼ 0.13 mm)
thickness (Ingeniven). The chamber is operated at ambient
pressure and temperature; a magnetically coupled, Tefloncoated propeller-type stirrer situated in the centre of the
chamber floor ensures continuous mixing of the air. The
trace-gas inlets and sampling ports were located at opposite
corners of the cubic chamber to reduce the potential of sampling gas that had not yet mixed. The PFA foil is surrounded
by a 120 × 120 × 120 cm cube constructed of four Perspex
and two steel walls; the interspace (0.7 m3 ) is permanently
flushed with 1 SLPM (L (STP) min−1 ) of dry synthetic “zero
air” in order to avoid contamination through permeation of
trace gases present in the laboratory air. The Perspex walls
serve as observation windows and were covered with lighttight material during the experiments described here.
Zero air was provided by passing pressurized air through
a commercial air purifier (CAP 180, Fuhr GmbH). Humidification of the air was achieved with a permeation source
(MH-110-24-F-4, Perma Pure LLC) filled with deionized
water. Typical total flow rates of 15 or 23 SLPM zero air
into the chamber result in exchange rates kexch of 2.7 or
4.2 × 10−4 s−1 , i.e. lifetimes of gases in the chamber of
∼ 40–60 min. Note that in “flow-through” operation, the concentrations of trace gases in the chamber are controlled both
by chemical processes and by the rate of flow into (and out
of) the chamber so that “steady state” is achieved on the order
of hours.
Ozone mixing ratios in SCHARK were measured by sampling 2 SLPM through a ∼ 3 m long section of 0.25 in. (outer
diameter, OD) PFA tubing to a commercial ozone monitor
(2B Technologies, model 205) with a detection limit of ∼ 1
part per billion by volume (ppbv) and 5 % uncertainty. O3
measurements were also used to establish the time required
(under standard flow conditions) to achieve complete mixing
within the chamber (< 1 min) and to derive the exchange rate
by monitoring the exponential rise or decay of O3 when its
supply was switched on or off (Fig. S1 in the Supplement).
O3 (up to 600 ppbv) was generated by passing a fraction of
the air flowing into the chamber through a UV-transparent
cuvette (∼ 70 cm3 ) illuminated by a low-pressure Hg lamp
(PenRay) that dissociated O2 (to O atoms and thus O3 ) at
185 nm.
A known flow of isoprene entered the chamber as a dilute
sample from a 12 L stainless-steel storage canister (Landefeld GmbH) which was prepared manometrically from evaporation of pure isoprene (Acros Organics, 98 %) and mixed
with helium (5.0, Westfalen). The isoprene concentration in
the storage canister was quantified indirectly by measuring
the NO3 reactivity via flow-tube CRDS (Liebmann et al.,
2017; Dewald et al., 2020) and was found to be 46.5 ppmv,
in agreement (within 15 %) with the manometrically derived mixing ratio. A gas sample of isopropyl nitrate (Sigma
https://doi.org/10.5194/amt-14-5501-2021
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Aldrich, 58 ppmv in N2 5.0, Westfalen) was prepared in a
similar fashion.
Two methods of in situ NO3 generation were employed. In
the first, NO3 was produced in the chamber via the reaction
of NO2 with O3 (Reaction R5), whereby O3 was generated
as described above and NO2 was taken from a bottled sample (Air Liquide, 1 ppmv in N2 ). Typical concentrations of
NO2 and O3 were 6–10 and 100–160 ppbv, respectively. Alternatively, NO3 was generated in the thermal decomposition
of N2 O5 (Reaction R11) which was eluted into the chamber
by passing a regulated flow of N2 over N2 O5 crystals held at
temperatures between −78 and −70 ◦ C.
N2 O5 + M → NO3 + NO2 + M

(R11)

N2 O5 was synthesized by the sequential, gas-phase oxidation
of NO (5 % in N2 , Westfalen) in an excess of O3 (Davidson et
al., 1978) and trapped at −78 ◦ C (acetone and dry ice). In this
case, O3 was obtained by electrical discharge through oxygen (5.0, Westfalen) using a commercial generator (Ozomat
Com, Anseros). Note that the latter method enables us to generate NO3 in the chamber in an O3 -free environment.
2.2

Detection of organic nitrates by cavity ring-down
spectroscopy (CRDS)

Simultaneous measurements of the mixing ratios of NO2 ,
NO3 , N2 O5 , 6ANs and 6PNs in the SCHARK chamber
were made using a five-channel cavity ring-down spectrometer (CRDS) that has been described in detail (Sobanski et al.,
2016), and only a brief summary of key features of the instrument is given here. Each of the five cavities consists of FEPcoated (FEPD 121, DuPont) stainless-steel tubes which are
equipped with two high-reflectivity mirrors (see below) supported 90 cm apart (L). The volumes in front of the mirrors
are purged with dry synthetic air, which results in a reduction of the effective optical path length from 90 to 62.1 cm
(d). The standard expression Eq. (1) is used to derive incavity concentrations [X] from the difference in ring-down
constant in the absence (k0 ) and presence (k) of an absorber
X:
[X] =

1
L
·
· (k − k0 ) ,
d cσeff

(1)

where c is the speed of light and σeff is the effective crosssection derived from the overlap of the laser emission and
the NO2 (Vandaele et al., 1998) or NO3 absorption spectrum
(Orphal et al., 2003).
Three of the cavities are operated at 409 nm for detection
of NO2 , whereby 409 nm light is provided by a square-wavemodulated (2500 Hz) laser diode. The three 409 nm cavities,
thermostated to 303 K and typically operated at a pressure
of ∼ 733 hPa, sampled from SCHARK at a total flow rate of
6 SLPM, which initially passes through a 2.3 m long PFA inlet (1.5 m with OD 0.25 in. and 0.8 m with OD 0.125 in.) before being split into three equal flows. One flow is directed to
Atmos. Meas. Tech., 14, 5501–5519, 2021
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a cavity via an unheated, 60 cm long PFA tube (0.375 in. OD)
to measure NO2 . The other two flows are directed through
thermal dissociation inlets (TDIs) in which PNs and ANs
are converted to NO2 . At the given conditions (i.e. flow rate,
pressure, residence time in the heated section), keeping our
TDI at temperatures close to 448 K results in quantitative
conversion of PNs to NO2 so that the cavity sampling via this
inlet measures the sum of PNs + NO2 . Heating our second
TDI to ≈ 650 K results in the complete conversion of ANs
to NO2 so that the sum of ANs + PNs + NO2 can be measured as described in the literature cited in the introduction.
The choice of material for these TD inlets has a profound
influence on the results obtained, as described below.
The standard deviation (2σ ) of consecutive baseline measurements defines the limits of detection (LODs), which are
38, 44 and 90 pptv for [NO2 ], [6PNs] and [6ANs] respectively under laboratory conditions. The total uncertainty for
the NO2 measurement is 9 %, which includes uncertainty in
the (effective) NO2 cross-sections. For the measurements of
ANs and PNs the associated uncertainties are highly dependent on the concentrations of other trace gases and the corrective procedure accounting for radical recombination effects
(Sobanski et al., 2016).
For simplicity, we refer to the three cavities as the “NO2
cavity” (room-temperature inlet), the “PN cavity” (TD inlet at circa 473 K in which 6PNs + NO2 are measured)
and the “AN cavity” (TD inlet at circa 673 K in which
6ANs + 6PNs + NO2 are measured).
The remaining two cavities of the CRDS were operated at
662 nm (laser modulation at 625 Hz) for detection of NO3 .
While one cavity is thermostated to 303 K (and detects NO3
only), the second one (as well as an FEP-coated glass reactor located upstream) is thermostated to 373 K so that N2 O5
is stoichiometrically converted NO3 and the summed mixing ratio of NO3 and N2 O5 is obtained. The two 662 nm
cavities sampled air from SCHARK at a total flow rate of
15 SLPM through a ∼ 1.5 m 1/4 in. (OD) PFA tube. Corrections to the mixing ratios were made to account for loss of
NO3 and N2 O5 during transport to and through the cavities. Using the method described in Sobanski et al. (2016),
NO3 transmission was found to be 89 % in both cavities. The
NO3 and N2 O5 measurements are not central to this study
but allowed the quantitative surveillance of NO3 (and indirect N2 O5 ) consumption by isoprene.
Figure 1 shows three types of thermal dissociation inlets
(TDIs) used to convert organic nitrates to NO2 . In the original version of this instrument (Sobanski et al., 2016) the
6PNs and 6AN cavities sampled via 12 mm ID quartz TD
inlets (TDI-1), with a length of 55 cm, the first ∼ 10 cm of
which was wrapped with heating wire. In order to reduce
bias caused, for example, by the reformation of the organic
nitrate after its thermal dissociation, this section was filled
with glass beads (Sigma-Aldrich G9268, ø ∼ 0.5 mm) to provide a surface for heterogeneous loss of radicals. The glass
beads were supported on a 2 cm thick glass frit and reduce the

P. Dewald et al.: Quantification of ISOP-NIT by TD-CRDS

Figure 1. Schematic diagram of the thermal dissociation inlets TDI1, TDI-2 and TDI-3.

pressure downstream by ≈ 28 hPa compared to TDI-1. Problems associated with temperature-dependent flow resistance
through these small beads and the need for an extra filter (upstream) to prevent their transport into the inlet lines when
flows were temporarily reversed (e.g. during instrument shutdown) led us to switch to larger beads (Merck, ø = 3 mm),
and these were used throughout this study in TDI-1. TDI-2
is made of a quartz glass tube with the same dimensions as
TDI-1 but features a longer heated section (20 cm) and is free
of additional surfaces like glass beads or frits. TDI-2 is thus
similar to many other thermal dissociation inlets described in
the literature (see above). TDI-3 is constructed from a 55 cm
long PFA tube (0.375 in. OD), where the first 20 cm is heated.
The melting point of PFA is lower than the temperature required to thermally dissociate ANs, so TDI-3 could only be
used for the measurement of PNs + NO2 . The temperature
of the external wall of the TD inlets was measured with a
K-type thermocouple situated at the centre of the heated section, which was insulated with mineral wool. At a flow rate
of 2 SLPM and an operating pressure of 733 mbar, approximate residence times in the inlets without glass beads are
0.20 s (in TDI-2 at 650 K) and 0.13 s (TDI-3 at 450 K) when
assuming a homogeneous temperature distribution equal to
that measured on the outer wall of the tubing.
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3

Results and discussion

Figure 2 shows the result of an experiment in which 150 sccm
NO2 (1 ppmv in air) was flowed into SCHARK along with
isoprene (7 sccm of 46.5 ppmv in He) and 24 SLPM zero air
of which 5 SLPM was passed over the low-pressure Hg-lamp
zero air to generate O3 (∼ 96 ppbv). NO2 was sampled (as
usual) via the room-temperature PFA inlet, the 6PNs (473 K)
and 6AN cavities (673 K) both sampled via TDI-1 (quartz
tube with glass beads). O3 was added at 09:30 and NO2 at
10:00 (all times are local times, LT).
Just prior to the addition of isoprene at 12:00 LT, the system is close to steady state with ∼ 5 ppbv NO2 and 92 ppbv
O3 . After subtraction of the measured N2 O5 mixing ratios, a
residual signal of ∼ 100 pptv is detected in both the PN and
AN channels, which may be caused, as discussed below, by
interference of HNO3 in the AN channel and a memory effect of the glass beads in the PN channel (Sect. 3.1 and 3.2).
Note that after addition of isoprene, both NO3 and N2 O5 are
reduced drastically (NO3 ∼ 3 pptv, N2 O5 ∼ 5 pptv) and the
thermal dissociation of N2 O5 no longer contributes to NO2
signals in the PN and AN channels (Sobanski et al., 2016;
Thieser et al., 2016).
At 14:00 LT, the cavity sampling from the 673 K TD inlet indicated ∼ 610 pptv for the summed mixing ratio of
6ANs + 6PNs, whereas the cavity sampling from the 473 K
TD inlet (6PNs) indicated ∼ 400 pptv. Since the signal in the
6AN channel includes both the contribution of peroxy and
alkyl nitrates, this implies that only 210 pptv (34 %) of the
detected products can be attributed to alkyl nitrates, which
is inconsistent with the high yields (60 %–100 %) of ANs
that result from the reaction of NO3 with isoprene (Barnes
et al., 1990; Berndt and Boge, 1997; Perring et al., 2009;
Rollins et al., 2009; Kwan et al., 2012; Schwantes et al.,
2015; IUPAC, 2021; Brownwood et al., 2021). Compared
to ANs, we expect the mixing ratios of, for example, PAN,
O2 NOCH2 C(CH3 )=CHC(O)O2 NO2 or methacryloyl peroxynitrate (MPAN) in this system to be negligible as their precursors such as O2 NOCH2 C(CH3 )=CHCHO (Jenkin et al.,
2015) or methacrolein (Kwok et al., 1996; Berndt and Boge,
1997; Schwantes et al., 2015) are oxidized only inefficiently
in the dark. The formation of PNs only takes place once isoprene has been depleted so that secondary oxidation of the
above-mentioned aldehydes by OH or NO3 leading to further acyl-peroxy radicals (which form PNs) become at least
competitive to the primary oxidation of isoprene. This is
however never the case in the present experiments as isoprene is continuously flowed into the chamber and remains
according to model calculations (see below) at a level of
≈ 11.4 ppbv. Given the high abundance of O3 and isoprene
in this system, ozonolysis of the latter together with the associated formation and decomposition of Criegee intermediates to acetylperoxy radicals CH3 C(O)O2 (Nguyen et al.,
2016; Vansco et al., 2020) should make PAN the most important, potential contributor to a signal in the PN cavity. Howhttps://doi.org/10.5194/amt-14-5501-2021

5505
ever, according to the branching ratios given in Nguyen et
al. (2016), this reaction path is a minor one and CH3 C(O)O2
(and thus PAN) should be formed in negligible amounts.
In order to identify the origin of the unexpectedly high
6PN signal when NO3 and isoprene are mixed in the dark,
thermograms of the NO3 + isoprene system were recorded
in an experiment where ∼ 2.8 ppbv of isoprene-derived nitrates (as measured with TDI-2 at 625 K) was generated by
flowing NO2 (200 sccm of 1 ppmv) and isoprene (9.8 sccm
of 46.5 ppmv) in 15 SLPM dry synthetic air (with 5 SLPM
over the Hg lamp for generation of ∼ 150 ppbv O3 ). Similar to the experiment in Fig. 2, N2 O5 mixing ratios are expected to be suppressed to a few parts per trillion by volume under these conditions so that its thermal dissociation
(to NO2 ) did not contribute to the 6PN and 6AN signals.
Using this chemical system, we simultaneously measured
ISOP-NIT thermograms once steady state established using
TDI-1 (quartz, glass beads, 10 cm heated section) and TDI-2
(quartz, no glass beads, 20 cm heated section) both initially
held at 703 K. Subsequently, both TDIs were cooled to ambient temperature over a period of ∼ 1.75 h. The 6AN signals
from this experiment are plotted against the inlet temperature
in Fig. 3a to generate the ISOP-NIT thermogram. This is displayed along with an isopropyl-nitrate thermogram (iPN, red
data points) measured using the same inlets under the same
flow conditions but using iPN diluted to 5.5 ppbv in dry synthetic air sampled directly through a PFA line (together with
1.5 ppbv NO2 impurity) to the instrument.
For iPN, we observe a well-defined onset of thermal dissociation at ∼ 525 K with a plateau (maximum conversion)
at ∼ 650 K as reported previously for this set-up (Sobanski et al., 2016). When measuring iPN, TDI-1 results in a
slightly steeper thermogram than TDI-2 in the 575–650 K
range, which may be related to changes in gas flow and heat
transfer within the inlet caused by the glass beads. Neither
TD-inlet type results in dissociation to NO2 at temperatures
< 500 K. In contrast, the ISOP-NIT thermograms (normalized to the signal at the plateau at 625 K of TDI-2) indicate
formation of NO2 over a much broader range of temperatures
(350–700 K).
The effect of humidifying the air was examined in an almost identical experiment conducted with NO2 (150 sccm
of 1 ppmv) and isoprene (7 sccm of 46.5 ppmv) in 15 SLPM
synthetic air with relative humidity (in SCHARK) of 33.5 %
at 22 ◦ C. In this case, ∼ 2.3 ppbv ISOP-NIT was formed. The
thermograms obtained with TDI-1 and TDI-2 under these
conditions are depicted in Fig. 3b. The broad thermogram
measured with TDI-1 is very similar to that obtained under dry conditions (Fig. 3a), although even at room temperature an additional NO2 signal of 500 pptv is detected.
Sampling via TDI-2 yields an ISOP-NIT thermogram that
has similar features to that obtained under dry conditions, although the peak at ∼ 400 K has well-defined minima on both
flanks and is shifted to higher temperatures. In separate experiments, humidified synthetic air (RH = 40 %, 23 ◦ C) and
Atmos. Meas. Tech., 14, 5501–5519, 2021
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Figure 2. Evolution of the mixing ratios of NO2 , 6PNs, 6PNs + 6ANs, N2 O5 and O3 when flowing 150 sccm NO2 (from 1 ppmv bottle),
7 sccm isoprene (from a 46.5 ppmv cylinder) and 24 SLPM of zero air (of which 5 SLPM was passed over a PenRay lamp) into SCHARK.
Isoprene was added at 12:00 LT after the system was close to steady state. Note that the NO2 and N2 O5 mixing ratios were subtracted from
the organic nitrate signals (b).

NO2 (10.8 ppbv) were sampled through a PFA line directly to
the instrument. The thermogram (in the absence of isoprene
or ISOP-NIT) using TDI-2 was recorded and can be found
in the Supplement (Fig. S2) revealing that the presence of
water and NO2 in the inlet is sufficient to reproduce some
features displayed in Fig. 3b with TDI-2. It is well known
that H2 O and NO2 can react on surfaces to form HONO and
HNO3 (Pitts et al., 1984; Finlayson-Pitts et al., 2003), and
their formation in SCHARK was verified in Sect. 3.1. In the
presence of H2 O, the efficiency of conversion of ISOP-NIT
to NO2 drops to about 5 % at ∼ 460 K. This is much less
than under dry conditions whereby 20 % conversion of ISOPNIT was observed between 375 and 475 K (Fig. 3a). Within
a framework for surface-catalysed conversion of ISOP-NIT
to NO2 presented below, this observation can be interpreted
as arising from the competitive adsorption to the surface of
nitrated hydroperoxides and H2 O; i.e. H2 O (which is vastly
more abundant) reduces the surface coverage of the organic
nitrate at the surface.
The results in Figs. 2 and 3 show that separate detection
of ANs and PNs based on their thermal dissociation can be
problematic for the NO3 + isoprene system. Identifying the
cause of this and providing potential solutions to circumvent
the problem is the aim of this work. To do this, we first focus on the “dry” experiment and highlight two regions of the

thermograms in which large deviations from the expected behaviour are observed.
3.1
3.1.1

Thermograms of ISOP-NIT
Region I (T > 648 K)

Figure 3a indicates that, at temperatures above 648 K (shaded
region I), the behaviour of the two TDIs diverges significantly: while use of TDI-1 (glass beads) results in an increase in NO2 with increasing temperature, the use of TDI-2
leads to a decrease in the NO2 signal in the same temperature
range. The increase in NO2 continues at temperatures above
that required to convert ANs to NO2 , which implies the presence of a NO2 -containing trace gas where the NO2 moiety is
more strongly bound than in ANs.
In order to assess to which extent this behaviour is potentially caused by inorganic trace gases that are not directly related to isoprene oxidation, an experiment with only
NO2 (2.75 ppbv) and O3 (146 ppbv) in 23 SLPM dry synthetic air was performed. The steady-state concentration of
N2 O5 + NO3 was measured as 78 pptv. The resulting thermograms using TDI-1 and TDI-2 and after subtraction of
the signal from the NO2 cavity (i.e. unheated inlet) are depicted in Fig. 4. No significant additional signal is observed
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Figure 4. Temperature-dependent NO2 detection when sampling
2.75 ppbv NO2 and 146 ppbv O3 in 23 SLPM dry synthetic air from
SCHARK through TDI-1 and TDI-2. The signal from the NO2 cavity (no TDI) has been subtracted from both datasets. The mixing
ratios of N2 O5 + NO3 (with associated uncertainty) are indicated
by the blue area.

Figure 3. (a) Thermograms (relative to the signal at 650 K) of
isoprene-derived organic nitrates (ISOP-NIT) and isopropyl nitrate
(iPN) obtained with TDI-1 (solid symbols) and TDI-2 (open symbols) under dry conditions. (b) Absolute thermograms of ISOP-NIT
obtained with TDI-1 (solid symbols) and TDI-2 (open symbols) under humid conditions (RH = 34 %, 22 ◦ C). Regions (I and II) with
unexpected detection of NO2 are shaded yellow. Error bars denote
standard deviation (1σ , 30 s) of the signal.

below 475 K (region I) in either of the inlets. In region II
(T > 675 K) on the other hand, we observed an increase
(by ∼ 500 pptv) in the signal at 703 K with TDI-1, whereas
∼ 50 pptv is lost in TDI-2. In order to identify the trace
gas(es) responsible for the signals observed in the system
without isoprene, an iodide chemical ionization mass spectrometer (I-CIMS; Eger et al., 2019) described in the Supplement (Sect. S8) was coupled to the experiment. As shown
in the Supplement (Fig. S3) both HNO3 and nitrous acid
(HONO) were observed as soon as O3 and NO2 were present
in the chamber and their formation is enhanced in the preshttps://doi.org/10.5194/amt-14-5501-2021

ence of water vapour, which is a common phenomenon in
Teflon chambers (Pitts et al., 1984). We also found that reversing the flows and sampling the air into the CIMS after
passing through the TDI-1 or TDI-2 (at 475 K) resulted in
removal of the HNO3 . Sampling through TDI-1 also led to
loss of HONO.
Various TD-CRDS and TD-LIF instruments report the detection of HNO3 as NO2 following thermal dissociation at
temperatures around 700 K (Day et al., 2002; Wild et al.,
2014; Thieser et al., 2016). The sensitivity of the present
set-up to HNO3 was investigated by sampling nitric acid
from a calibrated permeation source (Friedrich et al., 2020)
via TDI-1 and TDI-2 simultaneously. In these experiments,
22 ppbv HNO3 (with 780 pptv NO2 impurity) in dry synthetic air was delivered to the TDIs along with 350 ppbv O3 .
The HNO3 mixing ratio was derived using a known permeation rate (Friedrich et al., 2020) and dilution factor. Figure 5
shows the temperature-dependent conversion efficiency of
HNO3 to NO2 in the presence of ozone (squares) with TDI-1
(black solid symbols) and TDI-2 (open symbols). Conversion
of HNO3 to NO2 starts at ∼ 550 K and increases with rising temperature. At 680 K, the conversion efficiency is 23 %
for TDI-1 and 8 % for TDI-2. No significant conversion of
HNO3 to NO2 was observed when ozone was absent (blue
data points) and was drastically reduced when the synthetic
air was humidified to RH = 55 % at room temperature (red
data points). The effect of water vapour is consistent with
previous observations on the effect of humidity (Sobanski et
al., 2016; Thieser et al., 2016; Friedrich et al., 2020).
The decomposition of HNO3 to NO2 thus only occurs
in the presence of ozone under dry conditions, and its rate
increases greatly at T > 650 K. This is consistent with the
observations in Fig. 3b for TDI-1 and represents a likely
Atmos. Meas. Tech., 14, 5501–5519, 2021
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3.1.2

Figure 5. Thermograms of nitric acid (22 ppbv) in either dry (black)
or humidified air (RH = 55 % at 23 ◦ C, red) obtained with TDI-1
(closed squares) and TDI-2 (open squares). The O3 mixing ratio
was either zero or 350 ppbv in the non-humidified experiment and
350 ppbv in the humidified experiment. The error bars denote standard deviation (1σ , 1 min) of the signal.

explanation for the increase in signal when sampling from
SCHARK to investigate the NO3 + isoprene system. The apparently more efficient (∼ factor three) conversion of HNO3
to NO2 in TDI-1 than in TDI-2 is explained by the loss of
NO2 at high temperatures in TDI-2 through the reaction with
O atoms (see Sect. 3.2). In TDI-1 this is prevented by the removal of O atoms by the glass beads (e.g. via scavenging or
surface-catalysed recombination to O2 ).
The ozone-assisted conversion of HNO3 to NO2 cannot be explained by known gas-phase processes as the reaction between HNO3 and O(3 P) (Reaction R12) has a
low rate coefficient (k13 < 3 × 10−17 cm3 molecule−1 s−1 at
298 K; Burkholder et al., 2016) and results mainly in the formation of OH and NO3 (Reaction R12). The more efficient
conversion of HNO3 to NO2 in TDI-1 (with glass beads)
compared to TDI-2 indicates that a surface-catalysed process
involving either ozone or O(3 P) is involved (Reaction R13).
HNO3 + O(3 P) → NO3 + OH
3

HNO3 + O3 or O( P) + surface → NO2 + products

(R12)
(R13)

Assuming that, in a Langmuir–Hinshelwood type process,
the first step in the surface-catalysed reaction is physical
adsorption of HNO3 to the surface, the strong reduction in
conversion of HNO3 to NO2 under humid conditions is explained by the competitive adsorption of HNO3 and H2 O,
the latter favoured by its much larger concentrations. That is,
H2 O drives HNO3 from the surface and thus protects it from
surface reactions.

Region II (T = 350–475 K)

In region II (350–475 K, shaded area in Fig. 3), instead
of the near-zero signal expected in the absence of significant amounts of PNs or N2 O5 , we observe a monotonic increase in NO2 with the temperature which is a factor of ∼ 2
steeper in TDI-1 than in TDI-2. The signal in TDI-1 at 475 K,
where only PNs are expected to dissociate, is ∼ 50 % of the
maximum signal at 650 K. There are several potential explanations for this behaviour, which include the following:
(1) the formation and detection of thermally less stable ANs
(e.g. including dinitrates), which dissociate at lower temperatures than, for example, iPN; (2) the formation of non-acyl,
isoprene-derived peroxy nitrates (RO2 NO2 ) that are sufficiently long-lived to build up to appreciable concentrations
in SCHARK; and (3) chemical processes taking place in the
TD inlets that convert ISOP-NIT to NO2 . Scenario (1) appears unlikely as several studies have shown that the O–N
bond strength in various alkyl nitrates is very similar (Hao et
al., 1994; Wild et al., 2014). We also note that the formation
of dinitrates (in the absence of NO) only takes place when
isoprene levels are very low and the first-generation nitrates
formed in the NO3 + isoprene reaction can react with a further NO3 . This can be ruled out for the present experiments
in which the isoprene mixing ratio is always much larger than
that of the first-generation nitrates formed, which in any case
react much more slowly with NO3 than does isoprene. The
second explanation requires that RO2 formed in the initial
reaction between NO3 and isoprene react with NO2 to form
RO2 NO2 . Given our experimental conditions, we would indeed expect that the main fate of any RO2 formed in the
reaction between NO3 and isoprene is reaction with NO2 ,
which will dominate over self-reaction or reaction with NO3 ,
other RO2 or HO2 . Non-acyl RO2 NO2 are however generally
highly thermally unstable, with lifetimes (at room temperature) of seconds or minutes, with respect to re-dissociation to
RO2 + NO2 .
For isoprene-derived RO2 NO2 to contribute to the signal observed in region II would require that the RO2 –NO2
bond strength be comparable to those of acyl nitrates such as
PAN. The dominant 1,4-peroxy radical formed when NO3
reacts with isoprene has a nitrate group separated by two
carbon atoms from the peroxy carbon. It seems unlikely
that this could have a stabilizing effect on the O–N bond in
RO2 NO2 in the same way that an α-carbonyl group does. Indeed, chamber experiments investigating the products of the
NO3 + isoprene reaction in detail (Barnes et al., 1990; Wu et
al., 2021) have identified neither acyl- nor non-acyl-RO2 NO2
as stable or semi-stable products formed from primary oxidation.
In support of scenario 3, Sect. 3.2 to 3.3 describe the evidence for chemical reactions leading to NO2 formation that
bypass the thermodynamic barrier for direct NO2 formation
but are surface-catalysed and require the presence of O3 in
either SCHARK or in the inlet. These processes are peculiar
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to alkyl nitrates with a C=C double bond and thus have not
been observed in TD inlets tested only with saturated alkyl
nitrates such as the frequently used isopropyl nitrate.
3.2

The role of O3

To further investigate the conversion of ISOP-NITs to NO2
at low temperatures in the TD inlets, we generated NO3 via
the room-temperature thermal decomposition of N2 O5 , thus
ruling out chemical processes that were initiated or catalysed
by O3 .
In these experiments, N2 O5 was transported into
SCHARK by passing a flow of 0.1 SLPM dry synthetic air
over a crystalline N2 O5 sample cooled to −78 ◦ C with further dilution in a 15 SLPM flow of zero air. The combined
concentration of N2 O5 + NO3 that remains after the reaction
with ∼ 22 ppbv isoprene (7 sccm of 46.5 ppmv) was measured as 40.5 pptv. The use of high isoprene concentrations
guarantees that the thermal decomposition of N2 O5 does not
contribute significantly to the thermograms. Under these conditions several parts per billion by volume of ISOP-NIT were
formed. A constant flow (2 SLPM) of zero air was passed
over a low-pressure Hg lamp and added between the sampling port of SCHARK and the inlets and TD inlets of the
NO2 , PN and AN cavities. This way the O3 mixing ratio in
the TD inlets could be varied without affecting the chemistry
in the chamber.
Figure 6 presents the results of one such experiment in
which ISOP-NIT was sampled from SCHARK using TDI1 and TDI-2, both initially held at 703 K with thermograms
obtained by decreasing the temperature of both inlets in
25 K steps. At each temperature step (periods of 20 min),
after recording the signal under O3 -free conditions (black
squares), a low (40–54 ppbv, green triangles), medium (97–
111 ppbv, blue triangles) and high (185–219 ppbv, orange circles) mixing ratio of O3 was added in front of the TD inlets.
Before cooling to the next temperature, the signal without O3
was measured again and agreed within 30–150 pptv to the
value at the beginning of the corresponding period. To enable comparison with “ideal” behaviour, the thermogram of
isopropyl nitrate (iPN, red circles) recorded from an experiment while flowing 162 ppbv O3 (and 3 ppbv NO2 impurity)
through SCHARK is also plotted.
Figure 6a displays a thermogram obtained when sampling
ISOP-NITs from SCHARK via TDI-1 (glass beads). In the
presence of O3 , the thermograms are very broad with substantial NO2 formation between 350 and 475 K (shaded region II) and in this sense are comparable to those displayed
in Fig. 3, where NO3 was obtained from the reaction of
NO2 with O3 . In region I, the effect of going from ∼ 50 to
∼ 200 ppb of ozone is to increase the NO2 generated drastically. This is the opposite of that observed when sampling
via TDI-2 and thus in agreement with the results of the experiment depicted in Fig. 3, where the increase in signal was
assigned to detection of HNO3 . For the experiments in which
https://doi.org/10.5194/amt-14-5501-2021

Figure 6. (a) Thermograms of isoprene-derived nitrates generated by mixing N2 O5 (as NO3 source) and ∼ 20 ppbv isoprene
in SCHARK under dry conditions and sampling via TDI-1. The
mixing ratio of O3 (added only to the inlets) was varied from 0
to 202 ppbv. A thermogram of isopropyl nitrate (iPN) in the presence of 162 ppbv O3 (and 3 ppbv NO2 impurity) sampled through
the same TDI is shown for comparison. The black solid line is a
Boltzmann sigmoidal fit of the ozone-free experiment. The error
bars show the standard deviation of the signal (1σ ). (b) Same as (a)
but using TDI-2.

NO3 was generated in the room-temperature thermal dissociation of N2 O5 , HNO3 can arise from reactions of N2 O5 with
moisture on the walls and is present as impurity in the N2 O5
sample. As described above, the presence of glass beads has
two effects which operate in the same direction in this temperature regime: the conversion of HNO3 to NO2 is catalysed
by the surface provided by the glass beads, and at the same
time the loss of NO2 (via reaction with O(3 P)) is reduced as
O(3 P) is scavenged by the glass surface.
For TDI-1, the thermograms obtained without ozone
(black squares) differ greatly to those in which ozone was
present. Without ozone, NO2 is not generated at temperatures
lower than 550 K but its concentration increases rapidly at
temperatures above ∼ 600 K with no indication of a plateau
being reached. The thermograms obtained in this NO3 –
isoprene system using TDI-1 in the absence of ozone bear
little resemblance to that of iPN. Furthermore, during peAtmos. Meas. Tech., 14, 5501–5519, 2021
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riods without ozone or heat in TDI-1, compounds of lower
volatility like ISOP-NITs or HNO3 appear to deposit on the
glass beads and frit. This would form an explanation for a
“memory effect” observed for TDI-1, whereby after exposure to HNO3 or organic nitrates during unheated periods,
an increase in the NO2 signal followed by a slow decrease
taking several hours is observed as soon as pure synthetic
air and ozone were added to the flow through the heated inlet. An example of this phenomenon is shown in Fig. S4 in
which (at peak signal) 60 ppbv of NO2 was detected just by
heating TDI-1 to 703 K in the presence of O3 in synthetic
air. In order to avoid bias in results caused by this effect,
a cleaning procedure was adopted prior to all experiments
whereby the inlet was heated to 703 K and exposed to ozone
in synthetic air until a constant, low residual signal, usually
between 20 and 200 pptv, was established. This memory effect seen for TDI-1 is also observed when a thermogram of
ISOP-NIT (generated in a system similar to the experiment
in Fig. 3) is measured by going from cold to hot temperatures
(Fig. S5).
In Fig. 6b we present the results of the same experiment
using TDI-2. The non-zero signal (∼ 250 pptv) at temperatures between ∼ 320 and 450 K) results from instability in
the baseline. In the absence of ozone, the organic nitrates
generated in the NO3 -initiated oxidation of isoprene follow
a well-defined thermogram (black squares and solid line) between 475 and 650 K, which is very similar to the thermogram measured for iPN (red circles). The addition of ozone
does not result in the formation of NO2 in region II but does
induce NO2 losses for temperatures above 650 K (region I).
The fact that ISOP-NIT was not converted to NO2 at temperatures < 475 K suggests that the observation of a large signal
in Fig. 3a (region II, white squares) is linked to O3 -induced
chemistry in SCHARK, which will be discussed in more detail in Sect. 3.3. The loss of NO2 in region I increases with
increasing amounts of O3 with ∼ 35 % of the NO2 formed at
625 K lost when O3 was increased to ∼ 200 ppbv. The same
behaviour is observed in the thermogram of iPN, which confirms that this process is independent of the nature of the nitrate but solely linked to thermal decomposition of O3 and
subsequent reactions of O(3 P) with NO2 .
3.2.1

Thermal dissociation and gas-phase reactions of
O3 and O(3 P)

An important clue to the underlying chemical processes that
lead to the conversion of ANs to NO2 at temperatures lower
than those required to break the O–N bond is the fact that
the thermogram of iPN (measured with TDI-1) is not significantly affected by the presence of 163 ppbv O3 , whereas
thermograms of ISOP-NIT, the vast majority of which are
unsaturated, are greatly broadened when O3 is present.
It is well known that O(3 P) reacts rapidly (via electrophilic
addition) to C=C double bonds (Leonori et al., 2015), and
we thus assessed the potential impact of NO2 formation via

reactions of O3 or O(3 P) (formed in the thermal dissociation
of O3 in the TDIs) with ISOP-NIT.
The concentration of O(3 P) in the TDIs depends on the
concentration and rate of thermal decomposition of O3 and
thus on the gas temperature as well as its rate of recombination with O2 , reactions with O3 , NO2 , isoprene, isoprene
nitrates and loss to the walls:
O3 + M → O(3 P) + O2 + M

(R14)

3

(R15)

3

(R16)

O( P) + O2 + M → O3 + M
O( P) + O3 → 2O2
3

O( P) + surface → products
3

(R17)

NO2 + O( P) → NO + O2

(R18)

ISOP-NIT + O3 → products + NO2

(R19)

3

ISOP-NIT + O( P) → products + NO2

(R20)

ISOP + O3 → products

(R21)

3

(R22)

ISOP + O( P) → products.

The contribution (in addition to the thermal dissociation
of ISOP-NIT) to NO2 formation via Reactions (R19) and
(R20) in TDI-2 was assessed via numerical simulation (FACSIMILE/CHEKMAT release H010; Curtis and Sweetenham,
1987). The rate coefficients for the most important reactions
are listed in Table 1; the complete reaction scheme is listed
in the Supplement (Sect. S9). Reaction times in heated and
unheated section of TDI-2 were calculated from the temperature, internal diameter of the quartz tube and the flow
rate. The rate coefficients for the gas-phase reactions of isoprene (IUPAC, 2021) and 2-methyl-2-butene (Herron and
Huie, 1973) with O(3 P) and O3 were used as surrogates for
the reactions of ISOP-NIT for which data are not available.
The temperature-dependent dissociation rate coefficient of npropyl nitrate was used to account for NO2 from the thermal
dissociation of isoprene-derived nitrates (Morin and Bedjanian, 2017). Wall loss of O(3 P) in the instrument was estimated to be 90 s−1 using the method as described in Thieser
et al. (2016) and implemented in the model run.
The initial conditions for the simulation were 1 ppbv
ISOP-NIT, 10 ppbv isoprene and 5 ppbv NO2 at a cavity pressure of 724 hPa and a temperature of 298 K. The results obtained are shown by black curves in Fig. 7. For temperatures
up to 575 K the simulated thermograms with and without
O3 are almost identical, whereas at higher temperatures, the
amount of NO2 exiting the inlet decreases because of its reaction with O(3 P) (Reaction R17), in broad agreement with
the experiments carried out using TDI-2 as shown in Fig. 3b.
The model simulations show (Fig. 7) that almost no O(3 P) is
formed by the thermal dissociation of O3 at the lower temperatures of region II. Only at higher temperatures is a significant fraction of O3 (27 % at 703 K) converted to O(3 P) with
the majority subsequently lost at the inlet walls. These calculations underline the observation that the low temperature
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Table 1. Central reactions used for numerical simulation of the thermal dissociation of organic nitrates in TDI-2.
Reaction

Rate constant

Reference

ISOP-NIT + M → RO + NO2 + M
O3 → O(3 P) + O2
O(3 P) + O2 + M → O3 + M
O(3 P) + O3 → 2O2
O(3 P) + ISOP-NIT → products + NO2
O(3 P) + ISOP → products
O(3 P) + wall
O(3 P) + NO2 → NO + O2
O3 + ISOP → products
O3 + ISOP-NIT → products + NO2

3.16 × 1015 exp(−19676/T ) s−1
Pressure dependent (see text)
6.0 × 10−34 (T /300)−2.6 [M] cm3 molecule−1 s−1
8.0 × 10−12 exp(−2060/T ) cm3 molecule−1 s−1
3.9 × 10−12 exp(680/T ) cm3 molecule−1 s−1 a
3.5 × 10−11 cm3 molecule−1 s−1 (298 K)
90 s−1
5.1 × 10−12 exp(198/T ) cm3 molecule−1 s−1
1.05 × 10−14 exp(−2000/T ) cm3 molecule−1 s−1
1.05 × 10−14 exp(−2000/T ) cm3 molecule−1 s−1 b

Morin and Bedjanian (2017)
Peukert et al. (2013)
IUPAC (2021)
IUPAC (2021)
Herron and Huie (1973)
Paulson et al. (1995)
See text
IUPAC (2021)
IUPAC (2021)
IUPAC (2021)

Notes: a value for 2-methyl-2-butene used. b Value for isoprene used.

at low temperatures. Altogether, these observations indicate
that a surface-catalysed reaction involving ozone is the process most likely to be responsible for the conversion of ISOPNIT to NO2 at temperatures below those required for the gasphase thermolysis.
3.2.2

Figure 7. Black lines and data points denote simulated, fractional
conversion of n-propyl nitrate to NO2 for TDI-2 without and with
O3 (200 ppbv). Red lines and data points denote simulated fractional conversion of O3 to O(3 P) within the heated section of TDI-2
with and without wall loss of O(3 P). Error bars denote the standard deviation (1σ ) of the fractional conversion changing over time
passed in the heated section.

formation of NO2 from ISOP-NIT seen when using TDI-1
cannot be explained with known gas-phase chemistry.
In summary, the experimental observations and the numerical simulations indicate that the presence of O3 is required
in the inlet for TDI-1 and in the chamber for TDI-2 to generate NO2 from isoprene-derived nitrates at temperatures less
than 475 K. We have shown that the generation of NO2 from
alkyl nitrates at low temperatures using TDI-1 requires that
the organic nitrate has a double bond and that, while gasphase reactions of O(3 P) are responsible for the loss of NO2
at high temperatures, they are not responsible for the conversion of isoprene-derived nitrates at lower temperatures in
either of the TD inlets. The presence of glass beads (large
surface area) favours the formation of NO2 from ISOP-NIT
https://doi.org/10.5194/amt-14-5501-2021

Surface-catalysed reactions with ozone

Quartz tubes contain impurities and surface defects that can
provide reactive sites (RSs) at elevated temperatures, and the
surface-catalysed chemistry of ozone on, for example, mineral silicates is well known (Bulanin et al., 1994; Hanisch and
Crowley, 2003a, b; Usher et al., 2003). O3 can be surfacecatalytically converted to O2 (Reaction R25) by the formation and loss of reactive, oxygenated surface sites (RSOs)
via Reactions (R23) and (R24).
RS + O3 → RSO + O2

(R23)

RSO + O3 → RS + 2O2

(R24)

2O3 → 3O2

(R25)

In order to test for ozone loss in our set-up, O3 in synthetic air was passed through the TDIs. The O3 mixing ratio
prior to entering the inlets was measured continuously using the ozone monitor (UV absorption). The ozone exiting
the TD inlets was converted to NO2 (by addition of 1 ppmv
NO (Reaction R4) in a 1.5 m long PFA tubing with 0.5 in.
OD and a residence time of 5.2 s) and then measured in the
409 nm cavities. Figure 8a shows the results of such an experiment for TDI-1. The concentration of ozone before entering the inlets was 20.5 ppbv (open dots), which was detected
as 17.1 ppbv after passing through the inlet at 298 K (black
squares, 11:15 to 11:55 LT). This represents a transition efficiency of 0.83, which matches that expected when considering the reaction time, NO concentration and the rate coefficient (k4 = 1.9 × 10−14 cm3 molecule−1 s−1 , IUPAC, 2021).
At ≈ 12:00 LT, upon heating the inlet to 473 K the ozone
exiting TDI-1 was depleted by up to 27 %, while heating to
Atmos. Meas. Tech., 14, 5501–5519, 2021
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Figure 8. Time series of O3 mixing ratios before and after passing
though TDI-1 (a) or TDI-2 (b).

573 K results in further loss (up to 40 %). An analogous experiment using TDI-2 (Fig. 8b) showed that while some O3
was also lost (e.g. 4 % at 573 K), this was much less than
in TDI-1. As the gas-phase thermal decomposition of O3 is
negligible under these conditions (0.6 % at 575 K, Fig. 7),
the loss of O3 when passing through the TD inlets indicates
that surface-catalysed ozone decomposition takes place (Reactions R23 and R24), especially in TDI-1 where larger surface areas are available.
We now consider the possibility that the conversion of
isoprene-derived nitrates to NO2 can be catalysed by surfaces in the presence of O3 . We note that previous work has
shown that the heterogeneous ozonolysis of alkenes on glass
or other surfaces can be more efficient than its analogous,
gas-phase process (Dubowski et al., 2004; Stokes et al., 2008;
Ray et al., 2013) and now consider the possibility that RSO is
the mediating reactive species in TDI-1 in our experiments.
RSO + ISOP-NIT → NO2 + products

(R26)

We first examine the possible contributors to ISOP-NIT
formed in the reaction of NO3 with isoprene, in which
the dominant initial step (in air) is a sequential 1,4 addition of NO3 and O2 to form δ- and β-peroxy radicals,
e.g. O2 NOCH2 C(CH3 )=CHCH2 OO (Schwantes et al.,
2015). In the presence of NO3 , RO2 or HO2 , the peroxy
radicals react further to form “first-generation” isoprene
nitrates which contain carbonyl, hydroperoxidic and
alcoholic groups such as O2 NOCH2 C(CH3 )=CHCHO,
O2 NOCH2 C(CH3 )=CHCH2 OOH
and
O2 NOCH2 C(CH3 )=CHCH2 OH, respectively. Note that
most of the known, first-generation organic nitrates retain a
C=C double bond.
A hypothetical ISOP-NIT degradation scheme involving
the initial attachment of RS-O to the remaining double bond
is given in Fig. 9. We consider only the fate of the most stable surface adducts, i.e. tertiary radical in case of δ-products
and secondary radicals in case of β-products. Both radical adducts will react with O2 to form organic peroxy radicals which may undergo H shifts (via five- or six-membered
rings) resulting in formation of a radical with its unpaired
electron in the direct vicinity of the nitrate functionality. Such
unimolecular processes may become competitive to bimolecular reactions under atmospheric conditions (Møller et al.,
2019). A possible fate of this radical is decomposition to
form a carbonyl compound via NO2 elimination (Hjorth et
al., 1990; Berndt and Boge, 1995; Vereecken et al., 2021).
For δ-products, the tertiary product may also eliminate NO2
under the formation of an epoxide.
With TDI-2, the conversion of ISOP-NIT to NO2 at low
temperatures (region I) is only observed when O3 is present
in the chamber (Fig. 3a), but not when it is added only to
the inlet (Fig. 6b) implying that the presence of O3 as an
oxidizing agent in SCHARK is the main difference between
these two reaction systems. This suggests that the ozonolysis
of isoprene may play an important role. As the reaction between isoprene and O3 leads to the formation of OH and additional HO2 (Zhang et al., 2002; Malkin et al., 2010; Cox et
al., 2020), the fraction of RO2 reacting with HO2 in this system is enhanced when compared to the experiments in which
NO3 was generated from N2 O5 . The major product from the
reaction between nitrated δ- and β-peroxy radicals with HO2
is hydroperoxides, such as O2 NOCH2 C(CH3 )=CHCH2 OOH
(Schwantes et al., 2015). With the intention of assessing the
effect of O3 on hydroperoxide yields, further model calculations were performed using the Framework for 0-D Atmospheric Modelling (F0AM) (Wolfe et al., 2016). The NO3
isoprene oxidation scheme is still the subject of current research and uncertain, which is why the Master Chemical
Mechanism (MCM, version 3.3.1, http://mcm.leeds.ac.uk,
last access: 7 August 2021) (Jenkin et al., 2015) and the Reduced Caltech Isoprene Mechanism Plus (RCIMP, version
5, https://data.caltech.edu/records/247, last access: 7 August 2021) (Wennberg et al., 2018; Bates and Jacob, 2019)
were applied. Figure 10 shows the calculated fraction of hy-
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Figure 9. Possible mechanism for surface-catalysed conversion of first-generation ISOP-NIT in TDI-1. RS-O represents a reactive surface
site.

droperoxides to ISOP-NIT using both models and mixing
22 ppbv isoprene with either 10.8 ppbv NO2 and 150 ppbv
O3 (runs 1 and 3) or 3 ppbv N2 O5 (runs 2 and 4) to achieve
NO3 in a flow-through chamber with an exchange rate of
2.73 × 10−4 s−1 . Generally, the MCM predicts higher hydroperoxide yields than RCIMP. A possible reason might be
that MCM has higher rates of HO2 reformation from reactions of isoprene-derived alkoxy radicals than RCIMP does.
For that reason, MCM only predicts an increase in the hydroperoxide yield by a factor of 1.33 when the NO3 source
is changed from N2 O5 to NO2 + O3 (model runs 1 and 2),
whereas RCIMP predicts a factor of 2.56 (model runs 3
and 4). The calculations thus broadly support the hypothesis
that unsaturated, nitrated hydroperoxides are involved in the
low temperature (surface-catalysed) formation of NO2 from
ISOP-NIT. Indeed, hydroperoxides not only have high affinity for surfaces but also have a rather weak O–O bond with a
dissociation energy of ≈ 45 kcal mol−1 (Bach and Schlegel,
2020), and several routes to surface-catalysed elimination
of NO2 appear feasible. Decomposition of isoprene-derived
hydroperoxides within the sampling line has been observed
for other instruments (Rivera-Rios et al., 2014). A possible
degradation mechanism for an isoprene-derived hydroperoxide which is abundant from the NO3 + isoprene system
(Schwantes et al., 2015) is depicted in Fig. 11. In this case,
O2 NOCH2 C(CH3 )=CHCH2 OOH coordinates via hydrogen
bonds to the SiO2 surface prior to cleavage of the O–O bond
to form OH and an alkoxy radical. The latter may dissociate
via unimolecular reactions to form closed-shell products under elimination of NO2 (Wennberg et al., 2018; Vereecken et
al., 2021).

https://doi.org/10.5194/amt-14-5501-2021

Figure 10. Simulated fractional contribution of hydroperoxy nitrates to ISOP-NIT using schemes taken from the MCM (red) and
from RCIMP (black). The simulations reproduce the experimental conditions in Figs. 3 and 6, with 22 ppbv of isoprene together
with either 3 ppbv N2 O5 as NO3 source (runs 1 and 3) or 10.8 ppbv
NO2 + 150 ppbv O3 (runs 2 and 4).

3.3

Elimination of O3 and surface-catalysed conversion
of ANs at low temperatures

Our findings clearly show that the combination of heated
quartz surfaces and ozone catalyse the decomposition of the
unsaturated nitrates formed in the reaction between NO3 and
isoprene at temperatures below 473 K. While the exemplary,
surface-catalysed processes depicted in Figs. 9 and 11 fulfil the requirement of conversion of ISOP-NIT to NO2 , we
stress that these are purely hypothetical and we cannot state
Atmos. Meas. Tech., 14, 5501–5519, 2021
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Figure 11. Potential degradation pathways of isoprene-derived hydroperoxides on a heated quartz surface.

with any certainty that they are the reactions responsible for
our observations. While it would be highly interesting to
investigate such processes using different (e.g. surface sensitive) techniques, this is clearly beyond the scope of this
paper and of the experimental capabilities of this research
project. Instead, we take the more pragmatic approach and
indicate potential methods to eliminate such unwanted reactions when using TD inlets.
In principal, as the processes that convert ISOP-NIT to
NO2 are clearly surface-catalysed (involving formation of
RSO), their impact can be reduced by using a surface that
does not support formation of RSO. We therefore tested
a third TD inlet (TDI-3), consisting of 55 cm PFA tubing
(0.375 in. OD) with a 20 cm heated section. PFA tubing has
been routinely used as TDI for measurement of, for example, PAN, as it is relatively unreactive to the peroxy radicals formed (Phillips et al., 2013). The C–F bond of PFA is
very strong and nonpolar, which should reduce the formation of RSO as well as adsorption of ISOP-NIT to the surface. The performance of a TDI made of PFA (TDI-3) was
examined by performing an experiment with SCHARK analogous to the one shown in Fig. 2. The resulting time series of
NO2 , 6PNs (using TDI-3 heated to 448 K) and 6ANs (using TDI-2 heated to 648 K) are depicted in Fig. 12. At first,
O3 (5 SLPM synthetic air passed over a Hg lamp) and NO2
(200 sccm of 1 ppmv) in 25 SLPM dry synthetic air were constantly introduced into SCHARK. After detectable amounts
of NO3 and N2 O5 had been formed, isoprene (9.8 sccm of
46.5 ppmv) was added leading (as expected) to almost quantitative depletion of NO3 and N2 O5 .
During the following 3 h the signal in the 6AN cavity
(TDI-2) increased to ∼ 1.2 ppbv, while the signal in the 6PN
channel (∼ 40 pptv) was close to the detection limit. A CIMS
measurement obtained during this experiment validates that
PAN mixing ratios are lower than 50 pptv. This result already
confirms that (1) the ANs derived from NO3 + isoprene reac-

tion are not detected at T < 448 K when PFA is used instead
of quartz and (2) as expected, there is no significant generation of peroxy nitrates in these experiments which would be
detectable with both ovens at T = 448 K (see Fig. S6 in the
Supplement).
This result not only confirms that the previous detection of
ISOP-NITs at low TD-inlet temperatures when using TDI-2
and especially TDI-1 was caused by heterogeneous reactions
at the quartz surface, but also provides a solution to the problem of the separate measurement of 6ANs and 6PNs using
TD inlets.
We recall, however, that the reason for adding glass beads
to the inlet was to suppress recombination reactions of NO2
with peroxy radicals by providing a surface to scavenge the
latter. The use of a PFA tube rather than quartz will certainly
exacerbate this effect, as the rate of loss of RO2 to PFA surfaces is expected to be lower than on quartz (Wooldridge
et al., 2010). This implies that corrective procedures based
on numerical simulation may be necessary in some environments as shown by Thieser et al. (2016), and this may limit
the useful deployment of the method to regions where NOx
levels are sufficiently low that reaction of RO2 with NO and
NO2 become insignificant. In addition, similar to the observations of Sobanski et al. (2016), ClNO2 can interfere with
the detection of ANs. The experiment shown in Fig. S7 reveals that ClNO2 is detected with TDI-2 at 698 K, but not
with TDI-3 at 448 K.

4

Summary, conclusions and implications for
atmospheric measurements of 6PNs and 6ANs

We have shown that the detection of isoprene-derived organic
nitrates via its thermal dissociation in quartz/glass inlets can
(in the presence of O3 ) be accompanied by undesirable side
reactions which broaden the thermograms and thus impede
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Figure 12. Mixing ratios of NO2 , 6PNs with TDI-3 and 6PNs + 6ANs with TDI-2 obtained from constant introduction of 200 sccm NO2 ,
and 9.8 sccm isoprene in 25 SLPM (of which 5 SLPM was passed over a PenRay lamp to generate O3 ) dry synthetic air into SCHARK. A
CIMS measurement of PAN is appended (blue squares).

the separation of PN and AN signals by sampling through
TD inlets at different temperatures as is commonly practised. While our experiments deal with the nitrates formed in
the NO3 -initiated oxidation of isoprene, it is very likely that
similar broadening of thermograms would also occur with nitrates formed from the oxidation of other terpenoids, as some
organic nitrates derived from night-time oxidation of, for example, limonene still contain a double bond (Fry et al., 2011)
and/or contain hydroperoxy groups.
Specifically, we find that the presence of O3 in either the
quartz TD inlet or in a Teflon simulation chamber results in
the generation of NO2 from isoprene-derived nitrates in TD
inlets made of quartz at temperatures less than 475 K and that
this only occurs when the organic nitrate either has a double bond or a hydroperoxy group (or both). The formation
of NO2 from ISOP-NIT was accelerated in the presence of
glass beads, which indicates that a surface-catalysed reaction
involving ozone and reactive surface sites is the process most
likely to be responsible both for the conversion of ISOP-NIT
to NO2 at low temperatures (375–475 K) and the conversion
of HNO3 to NO2 at high temperatures (> 550 K). By avoiding the use of O3 or using a non-quartz TD inlet, we were
able to show that the ISOP-NIT thermogram is entirely consistent with those of saturated alkyl nitrates.
We show that surface-catalysed reactions on quartz TD inlets involving O3 represent a potential source of bias in meahttps://doi.org/10.5194/amt-14-5501-2021

surements of 6ANs and 6PNs during field observations, especially when isoprene is abundant. For example, we previously reported results from two campaigns carried out using the TD-CRDS system described here on the same rural
mountain site (Kleiner Feldberg) and season (but in different years). We found that the average, relative abundance of
6PNs and 6ANs was quite different with 6ANs ≈ 6PNs
during the PARADE campaign in 2011 and 6PNs > 6ANs
during the NOTOMO campaign in 2015 (Sobanski et al.,
2017). In 2011, the TD inlet was a quartz tube (i.e. similar
to TDI-2) (Thieser et al., 2016), whereas in 2015 the inlet
contained glass beads (i.e. similar to TDI-1) (Sobanski et al.,
2016). With our present understanding of the role of surfaces
and O3 in TD inlets, we cannot rule out that the observations during 2015 were biased to lower values for 6ANs and
higher values for 6PNs, although, as discussed by Sobanski
et al. (2017), there are other, meteorological factors which
would have contributed.
For the detection of PNs we have shown that (at the lower
temperature required to thermally dissociate PNs to NO2 )
surface catalytic effects that convert ANs (or other species)
to NO2 can be completely avoided by using a TD inlet made
of a non-reactive material like PFA (TDI-3). In this case, O3
does not appear to have any impact.
When using a quartz TD inlet for conversion of
ANs + PNs to NO2 at higher temperatures, the surface reAtmos. Meas. Tech., 14, 5501–5519, 2021
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actions that shift thermograms to lower temperatures are of
less significance as, in any case, the role of the TD inlet is
to convert all ANs and all PNs to NO2 . However, in order to
avoid detection of HNO3 or HONO other materials may be
more suitable than quartz. Sapphire, commonly used in microwave discharge generated plasmas owing to its high purity and non-reactive surface, may represent a useful alternative. Under humid conditions, some of the observed interferences become negligible: HNO3 appears not to interfere with
the AN measurement, and the interference of ANs to the PN
measurement is reduced in TDI-2, but not in TDI-1.
This study emphasizes the importance of characterizing
thermal dissociation inlets under conditions which are similar to those found in the atmosphere. We recognize that the
impact of surface catalytic processes will vary from one inlet to the next (even if made from the same material), and
all quartz TDIs will not necessarily exhibit the same degree
of conversion of biogenic VOC-derived ANs at low temperature. For this reason, thermograms should be measured using
trace gases that are abundant in the atmosphere and the effect
of, for example, O3 and water vapour should be thoroughly
investigated.
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CHAPTER 6

Measurements of NO3 reactivity on the Kleiner Feldberg

The results presented in this study have been published as an open discussion in the peerreviewed journal Atmospheric Chemistry and Physics. For that reason, the manuscript is reproduced on the subsequent pages and deals with the following:
The NO3 reactivity setup was deployed during the TO2021 campaign which took place in July
2021 at the Taunus Observatory on top of the Kleiner Feldberg mountain (825 m above sea
level). I compared the NO3 reactivities to reactivities expected from actinic flux, VOC and NO
measurements. Furthermore, I calculated fractional loss paths (reactions with VOCs, NO and
photolysis) of NO3 in the gas-phase in order to assess both dominant daytime and nighttime
fate of the nitrate radical. With the help of drone-assisted measurements of vertical temperature profiles, I discuss the impact of boundary layer dynamics on NO3 lifetimes. At nighttime,
significant amounts of NO were present and plant physiological processes or microbial activity
in soils are suspected to account for this. Calculations of steady-state NO3 mixing ratios (as in
Eq. 2.3), NO3 production rates (as in Eq. 2.2) overall NO3 loss rates enabled intercomparison of
results from TO2021 with NO3 measurements during previous campaigns on this site. During
TO2021, NO3 loss rates were higher, whereas NO3 production rates were lower compared to
the other campaigns between 2008 and 2015.
Author contribution
I performed measurements of NO3 reactivity and of NO2 , did the presented analysis and model
calculation, wrote the manuscript and, with the help of John N. Crowley and others, revised
it. Co-authors provided auxiliary measurements and commented on the manuscript. Please
refer to the section "Author contribution" in the manuscript itself for details.
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Abstract. The reactivity of NO3 plays an important role in modifying the fate of reactive nitrogen species at nighttime. High
reactivity (e.g. towards unsaturated VOCs) can lead to formation of organic nitrates and secondary organic aerosol, whereas

10

low reactivity opens the possibility of heterogeneous NOX losses via formation and uptake of N2O5 to particles.
We present direct NO3 reactivity measurements (𝑘𝑁𝑂3 ) that quantify the VOC-induced losses of NO3 during the TO2021
campaign at the summit of the Kleiner Feldberg mountain (825 m, Germany) in July 2021. 𝑘𝑁𝑂3 was on average ~ 0.035 s-1
during the daytime, ~ 0.015 s-1 for almost half of the nights and below the detection limit of 0.006 s-1 for the other half, which
may be linked to sampling from above the nocturnal surface layer. NO3 reactivities derived from VOC measurements and the

15

corresponding rate coefficient were in good agreement with 𝑘𝑁𝑂3 , with monoterpenes representing 84 % of the total reactivity.
The fractional contribution F of 𝑘𝑁𝑂3 to the overall NO3 loss rate (which includes additional reaction of NO3 with NO and
photolysis) were on average ~16 % during the daytime and ~50-60 % during the nighttime. The relatively low nighttime value
of F is related to the presence of several tens of pptv of NO on several nights. NO3 mixing ratios were not measured but steadystate calculations resulted in nighttime values between < 1 pptv and 12 pptv. A comparison of results from TO2021 with direct

20

measurements of NO3 during previous campaigns between 2008 and 2015 at this site revealed that NO3 loss rates were
remarkably high during TO2021, while NO3 production rates were low.
We observed NO mixing ratios of up to 80 pptv at night which has implications for the cycling of reactive nitrogen at this site.
With O3 present at levels of mostly 25 to 60 ppbv, NO is oxidised to NO2 on a time-scale of a few minutes. We find that to
maintain NO mixing ratios of e.g. 40 pptv requires a ground-level NO emission rate of 0.33 pptv s-1 (into a shallow surface

25

layer of 10 m depth). This in turn requires rapid deposition of NO2 to the surface (vdNO2 ~ 0.15 cm s-1) to reduce nocturnal NO2
levels to match the observations.

1 Introduction
Nitric oxide (NO) and nitrogen dioxide (NO2) are atmospheric pollutants, which exert a great impact on climate and air quality
(Pozzer et al., 2012; Lelieveld et al., 2020). As NO2 is the source of boundary layer ozone (O3, which is phytotoxic and a cause

1
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of respiratory illness), understanding the processes that remove NOx (= NO + NO2) are of great importance (Crutzen and
Lelieveld, 2001; Lelieveld et al., 2016; Edwards et al., 2017). The formation of long-lived or soluble organic nitrates during
the oxidation of volatile organic compounds (VOCs) provides a mechanism to convert NOX to NOZ (where NOz includes both
organic and inorganic nitrates in the gas- and particle-phase), which may be transported away from the source region or
removed via dry- or wet-deposition, respectively (Rollins et al., 2012; Present et al., 2020).

35

The major initiators of VOC oxidation are hydroxyl radicals (OH), ozone (O3) and the nitrate radical (NO3) (Ng et al., 2017;
Wennberg et al., 2018) with OH reactions most important during the daytime (Lelieveld et al., 2008). The NO3 radical is
generally considered to be important only at nighttime (Brown and Stutz, 2012) although in some environments, it can also
contribute substantially to the oxidation of unsaturated VOC during the day (Liebmann et al., 2018a; Liebmann et al., 2018b).
NO3 is formed almost exclusively in the sequential oxidation of NO by O3 (R1 and R2). During daytime, NO3 is lost via rapid

40

photolysis (R5 and R6, with a lifetime of seconds) and an efficient reaction with NO (k7 = 2.6 x 10-11 cm3 molecule-1 s-1 at 298
K) (IUPAC, 2022), which result in low mixing ratios (Wayne et al., 1991). NO3 also reacts with NO2 to form dinitrogen
pentoxide (N2O5), which is in thermal equilibrium with NO 3 and NO2 (R3, R4).

45

50

NO + O3  NO2 + O2

(R1)

NO2 + O3  NO3 + O2

(R2)

NO3 + NO2 + M  N2O5 + M

(R3)

N2O5 + M  NO3 + NO2 + M

(R4)

NO3 + hv  NO + O2

(R5)

NO3 + hv  NO2 + O

(R6)

NO3 + NO  2NO2

(R7)

Reactions R1 - R4 can result in permanent loss of NOx from the gas phase through deposition or uptake to particles of e.g.
NO3 or N2O5 (R8, R9) (Crowley et al., 2011; Phillips et al., 2016).
N2O5  particle (or deposition)

(R8)

NO3  particle (or deposition)

(R9)

In forested regions during the night, NO3 reacts predominantly with unsaturated volatile organic compounds (VOC) often of
55

biogenic origin such as isoprene or monoterpenes, which results in the formation of alkyl nitrates (RONO2) (R10) (Hallquist
et al., 1999; Fry et al., 2014; Wu et al., 2021). Depending on the biogenic VOC involved, the RONO2 formed may have low
volatility and may deposit to surfaces or transfer to the particle phase to form secondary organic aerosols (SOA) (R11) (Place
et al., 2022). The reaction between NO3 and BVOC consequently represents a loss of NOX from the gas-phase and thus has
an impact on air quality via suppression of ozone formation and increases in SOA levels (Fry et al., 2011; Romer Present et

60

al., 2020).
NO3 + VOC (+ O2)  RONO2

(R10)

RONO2  deposition/SOA

(R11)

2
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The nocturnal NO3 lifetime close to the surface is generally short (typically in the range of minutes) owing to the build-up in
concentration of reactive gases emitted from the biosphere into a shallow nocturnal boundary layer (Liebmann et al., 2018a;
65

Liebmann et al., 2018b). Longer NO3 lifetimes (sometimes exceeding 1 hour) have been derived from NO 3 measurements in
very clean regions (Allan et al., 2000; Martinez et al., 2000), from measurements in the overlying residual layer using towers
and aircraft platforms (Stutz et al, 2004; Brown et al., 2007a; Brown 2007b) and at mountain sites where the meteorological
situation results in the measurement location being above the nocturnal surface layer (Carslaw et al., 1997; Brown et al., 2016;
Sobanski et al., 2016).
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The lifetime of NO3 has often been derived using a stationary-state approximation, which relies on direct measurements of
NO3, NO2 and O3 (Heintz et al., 1996; Allan et al., 1999; Geyer et al., 2001; Brown et al., 2004; Brown et al., 2009; Stutz et
al., 2010; Sobanski et al., 2016). This method is limited to periods when NO3 mixing ratios are above the instrumental detection
limit, which (depending on instrument performance) may restrict the method to periods when NO3 production rates are high
and NO3 reactivities (i.e. the inverse of NO3 lifetimes) are low. This is usually not the case during the daytime or even during
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the nighttime in areas with high BVOC emissions (Liebmann et al., 2018a). Direct NO3 reactivity measurements not only
extend the accessibility to daytime reactivities but also, together with measurements of NO, NO3, photolysis rates (𝐽𝑁𝑂3 ) and
VOCs, enables the determination of the fate of the NO3 radical throughout the diel cycle. Recent direct NO3 reactivity
measurements and model calculations (Liebmann et al., 2019; Foulds et al., 2021) suggest that NO3 also contributes to daytime
alkyl nitrate formation, which typically occurs through the OH-initiated oxidation of BVOC in the presence of NO (Wennberg
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et al., 2018). Quantifying the contribution of NO3 + VOC reactions to the NO3 reactivity is thus central in understanding the
role of NO3, in e.g. SOA formation and NOX lifetimes.
In this study, the fate of the NO3 radical on the semi-rural Kleiner Feldberg mountain (in the south-west of Germany) in July
and August 2021 (TO2021 campaign) during both day- and nighttime is analysed by direct measurements of NO, photolysis
rates (𝐽𝑁𝑂3 ) and the first-order NO3 loss-constant resulting from reaction with VOCs (𝑘𝑁𝑂3 ). Measurements of VOCs that are
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reactive towards NO3 enable us to calculate their fractional contribution to 𝑘𝑁𝑂3 . With the help of NO3, NO2, NO and O3
measurements we derive NO3 loss-terms via the steady-state assumption (𝐿𝑁𝑂3 ) for previous campaigns at this site to assess
the impact of differing meteorological and chemical conditions.

2 The TO2021 campaign
The TO2021 campaign took place in July and August 2021 at the Taunus Observatory (TO) at the summit of the Kleiner
90

Feldberg mountain (825 m above sea level). A detailed description of the location has been given elsewhere (Crowley et al.,
2010) and only a brief summary is given here. The Kleiner Feldberg is mostly surrounded by coniferous forest, but an area at
the summit (~ 100 m2) is cleared of trees and hosts the meteorological measurements of the German Meteorological Service
(Deutscher Wetterdienst, DWD) and permanent measurement containers of the University of Frankfurt and the Hessian
Agency for Nature Conservation, Environment and Geology (Hessisches Landesamt für Naturschutz, Umwelt und Geologie,
3
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HLNUG). The summit itself is covered with bushes and, especially to the north, with blueberry shrubs. The mountain tops of
Altkönig (798 m a.s.l.) and Großer Feldberg (878 m a.s.l.) are in the direct vicinity (< 3 km). Air arriving from the south-west
and south-east is impacted by anthropogenic emissions from the densely populated cities of Frankfurt, Wiesbaden and Mainz
(20-30 km), whereas air from the north-west, north and north-east is cleaner, with no major cities for 50-70 km.
2.1 Instrumentation

100

For the duration of the TO2021 campaign, two (stacked) containers including the instruments operated by the Max-PlanckInstitute for Chemistry (MPIC) were set up on the site. If not stated otherwise, the instruments sampled from a high-volumeflow stainless-steel tube (10 m3 min-1, 0.2 s residence time) sucking air from ca. 10 m above the ground. Each instrument with
measurements used in the analysis is described below.
2.1.1 NO3 reactivity

105

The Flow-Tube Cavity Ring Down Spectrometer (FT-CRDS) setup used to quantify VOC-induced NO3 reactivity (Liebmann
et al., 2017) consists of a Teflon coated (FEPD 121, Chemours) glass flow-tube reactor, in which a flow of ambient air is
mixed with 30-60 parts per trillion per volume (pptv) of synthetically generated NO3.
NO3 is generated by the sequential oxidation of NO and NO2 (3.5 sccm of 1 parts per million per volume (ppmv) in N2, Air
Liquide) by O3 (generated by passing synthetic air over a Hg lamp) in an upstream Teflon-coated glass reactor (thermostated
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to 30°C at a pressure of 1.3 bar) in 400 standard (STP) cubic centimetre per minute (sccm) synthetic air. The flow exiting the
NO3 source is passed through ca. 15 cm ¼ inch (in.) outer diameter (OD) PFA tubing that is heated to 140°C so that N2O5 is
quantitatively decomposed to NO3 and NO2 (R4). The flow from the NO3 source is then mixed with either 2800 sccm synthetic
or ambient air and passed through the flow-tube reactor where it resides for time t. The synthetic air used to measure zero
reactivities was provided by a commercial zero-air generator (CAP 120, Fuhr GmbH) and humidified to ambient level with a
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permeation tube (PermaPure, MH-070-24F-4) immersed in deionized water. The ambient air was sampled from the high-flow
inlet through ¼ in. (OD) PFA tubing equipped with a Teflon membrane filter (2 µm pore, 47 mm diameter, Pall Corp.).
NO3 surviving the flow-tube was detected by CRDS at 662 nm. The ring-down time in the absence of NO3 was determined
every ca. 5 min by adding an excess of NO (3 sccm of 100 ppmv in N2). NO3 reactivities are deduced from the relative change
in NO3 mixing ratio in ambient air compared to synthetic air. Dynamic dilution of the ambient air with synthetic air was used
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to keep the NO3 reactivity in a measureable range when sampling highly reactive air masses.
Since the NO3 mixing ratio is affected by reactions R1-R4, R7 and R9 in addition to the reaction of interest (R10), a numerical
simulation procedure that corrects for the impact of NO and NO 2 is necessary to extract the NO3 reactivity towards VOCs
(𝑘𝑁𝑂3 ). The validity of this correction procedure was checked by adding a known amount of NO (1-6 sccm of 245 parts per
billion per volume (ppbv) NO in N2, Air Liquide) every two hours during the zeroing periods throughout the campaign. As
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shown in Fig. S1a of the Supplement, the model was able to reproduce the observed NO3 mixing ratios reliably. A further
calibration sequence during the campaign, in which five different amounts of NO were added, is displayed in Fig. S1b. The
4
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flow-tube predominantly used during TO2021 features a residence time of t = 9.5 s and an NO3 wall loss rate of 0.001 s-1. The
limit of detection (LOD) is mainly defined by the stability of the NO3 source and baseline, which were improved by
thermostating both the NO3 source and the flowtube and insulating the cavity from thermal gradients in the container so that a
130

signal-stabilty related uncertainty of 16% was achieved. For the numerical simulation procedure, ambient O3, NO and NO2
mixing ratios and rate coefficients for (R1-R4, R7) were deployed. Liebmann et al. (2017) showed with the help of Monte
Carlo simulations that the uncertainty associated with this simulation is dependent on the ratio between ambient NO2 and 𝑘𝑁𝑂3 .
Assuming a typical daytime situation for TO2021 (𝑘𝑁𝑂3 ~ 0.04 s-1, [NO2] = 2 ppbv NO2) the numerical simulation introduces
an uncertainty of 15 %, resulting in an overall uncertainty of 22 %. However, if for example 𝑘𝑁𝑂3 is 0.006 s-1 in the presence
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of 1 ppbv NO2 (as occasionally detected during the nighttime), the uncertainty caused by the simulation increases to ca. 50 %.
During TO2021, the instrument’s LOD was 0.006 s-1 for this flowtube.
Between the 23rd and 25th July, a larger flow-tube was tested with the intention of extending the LOD to lower reactivities. The
residence time (20 s during the day or 32 s during the night according to position of a moveable injector) and wall loss rates
were characterised during the campaign as detailed by Liebmann et al. (2017). The factor ~3 longer residence time at night
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compared to the smaller flow-tube should have extended the LOD to 0.003 s-1. However, the larger flow-tube suffered from a
larger NO3 wall loss rate (> 0.04 s-1), which effectively worsened the LOD. For this reason, the deployment of this flowtube
was stopped after two days.
During the nighttime, before being mixed with synthetic NO3, the air was sampled through a 2 L uncoated glass flask (40 s
residence time) that was heated to 35°C. This ensures that ambient NO3 and N2O5 does not reach the flow tube to bias the
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measurement. The NO mixing ratios that were used in the numerical simulations were corrected (typically by a factor of 0.6)
for the reaction with ambient O3 during residence in the flask.
2.1.2 NO2 , NO, O3 and actinic flux
Owing to the importance of co-located NO2 measurements for interpretation of the 𝑘𝑁𝑂3 data, the FT-CRDS set up has a
second inlet and cavity to measure NO2 (Liebmann et al., 2018b) with a total measurement uncertainty (defined by noise and
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baseline stability) of 8 % and a LOD of 168 pptv (4 s). A further CRDS-based measurement of NO2 was made using a thermaldissociation cavity ring-down spectrometer (TD-CRDS) (Friedrich et al., 2020) for measurement of NOX and NOY. At
nighttime, when NO was generally < 80 pptv, the NOX channel of this instrument essentially measures NO2. The inlet of the
NOX / NOY instrument was located on the container roof, ~ 2 m to the north and 2 m lower than the top of the high-flow inlet.
In addition, NO2 was measured with a chemiluminescence (CLD) setup (ECO Physics, CLD 790 SR) equipped with a
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photolytic converter to convert NO2 to NO (Tadic et al., 2020; Nussbaumer et al., 2021). This instrument also provided the
campaign NO data-set. Calibration (using a dynamically diluted, secondary 5 ppm NO standard) was carried out every 2 hours.
The LODs for NO and NO2 were 7 and 10 pptv, respectively, the total measurement uncertainties were 9 and 19 % for NO
and NO2.
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The three sets of NO2 measurements are compared in the Supplement (Fig. S2). A bivariate linear regression (York, 1966) of
160

the data sets yields offsets below the LOD of the FT-CRDS NO2 cavity in both cases. An excellent agreement with the TDCRDS measurement is observed (slope of 0.99), while a fair agreement (slope of 1.09) within associated uncertainties is
achieved for the intercomparison with the CLD measurement. O3 was measured via UV absorption with two identical,
commercial ozone monitors (2B technologies, model 205) that were cross-calibrated after the campaign. The instrument
background was estimated ca. every two days with synthetic air from the zero-air generator. The uncertainty associated with
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this measurement is 5 % and the LOD is 2 ppbv.
Actinic flux measurements were made by a spectral radiometer (Metcon GmbH) installed on top of the upper container and
converted to photolysis frequencies for NO3 (𝐽𝑁𝑂3 ) using evaluated absorption cross sections and quantum yields (Burkholder
et al., 2016) with an overall uncertainty of ca. 15 % (Friedrich et al., 2021).
2.1.3 VOC measurements

170

VOCs were measured from the 15th to 31st July with a proton-transfer-reaction time-of-flight mass-spectrometer (PTR8000,
IONICON Analytik GmbH) (Jordan et al., 2009; Bekö et al., 2020) with a time resolution of 20 s, operated with hydronium
ions (H3O+) at a pressure of 2.2 mbar and an E/N of 137 Td. Mixing ratios of isoprene, monoterpenes and sesquiterpenes are
derived from calibrating to a gas standard containing isoprene, α-pinene and β-caryophyllene (Apel-Riemer Environmental
Inc., Colorado, USA). The limit of detection lies in the range of tens of ppt and the uncertainty is defined to be below 20 %.
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A second PTR-ToF-MS (VOCUS, Tofwerk AG) provided uncalibrated VOC data for the period between 20th July and 6th
August (Krechmer et al., 2018). In order to extend data availability, the VOCUS data for isoprene, monoterpenes and
sesquiterpenes were scaled to that of the PTR8000 data set during the common time period.
Both PTR-ToF-MS were located in a permanent container of the TO, ca. 8 m distant from the MPIC container. Air was sampled
from the roof of the container (ca. 8 m) through a heated inlet line equipped with a polytetrafluoroethylene (PTFE) filter.

180

2.1.4 Temperature and relative humidity profiles
Deployment of a drone (EVO-X12, multikopter.de) equipped with a commercial gas sensor (BME680, Bosch Sensortech
GmbH) enabled the measurement of vertical profiles of pressure, temperature and relative humidity (time resolution of 1 s) to
a height of 100 m AGL.

3 Results and Discussion
185

An overview of the key meteorological and trace-gas measurements used in the analysis for the TO2021 campaign period from
July to August 2021 is given in Fig. 1. Grey shaded areas mark the nighttime periods; sunrise during the measurement period
was at ~ 03:30 and sunset at ~ 19:30 UTC. 𝑘𝑁𝑂3 shows a distinct daytime to nighttime variability and generally follows the

6

71

https://doi.org/10.5194/acp-2022-163
Preprint. Discussion started: 7 March 2022
c Author(s) 2022. CC BY 4.0 License.

summed mixing ratio of monoterpenes (MTs) which were present at maximum mixing ratios (during the day) of typically
between 150 and 400 pptv.
190

Wind speeds were predominantly between 2 and 4 m s-1 with most wind-sectors represented, although wind from the east and
south-east originating from the Frankfurt area (SE) were rarely encountered. The local wind-directions and speeds during
TO2021 are displayed as a wind rose in Fig. S3a in the Supplement.
There were several periods of rain and fog during TO2021, which is reflected by high relative humidities (RH) mostly between
75 and 100 % at moderate temperatures between 12 and 20°C. Ozone mixing ratios varied between 20 and 60 ppbv. The CLD
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setup observed NO mixing ratios close to (10 to 20 pptv) or below the LOD of 7 pptv on ca. half of the nights, but also returned
values of between 20 to 80 pptv for prolonged periods on some nights. Daytime NO mixing ratios were between 0.5 ppbv and
2 ppbv, with maximum values around midday. Spikes in NO mixing ratios caused by vehicles at the site were removed from
the dataset. NO2 mixing ratios (as measured with the FT-CRDS setup) were generally between 1 and 2 ppbv, with occasional
values of up to 6 ppbv. Photolysis rates of NO3 (𝐽𝑁𝑂3 ) of ca. 0.15 s-1 were detected at noon. The data-gap between the 3rd and
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5th July was caused by a power-failure.
3.1 NO3 reactivity
As is evident from Fig. 1, 𝑘𝑁𝑂3 followed the trend in monoterpene mixing ratios and was generally higher during the daytime
compared to the night. As illustrated in a wind rose in the Supplement (Fig. S3b), 𝑘𝑁𝑂3 displayed no clear dependence on wind
directions. A closer examination of the data reveals that the nights can be roughly divided into two types: On 15 of the 34
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nights, NO3 reactivities remained well above the instrument’s LOD of 0.006 s -1 (from now on defined as “Type-1” nights),
whereas during 14 nights 𝑘𝑁𝑂3 was predominantly lower than 0.006 s-1 (“Type-2”). The other 5 nights showed a transitional
behaviour between those two types.
An example of a Type-1 night is shown in Fig. 2a. Following a late evening value of 𝑘𝑁𝑂3 ~ 0.1 s-1 the NO3 reactivity decreased
during darkness from 0.08 s-1 at 20:00 UTC to 0.02 s-1 at 03:00 UTC. During this period, northerly winds with speeds around

210

4 m s-1 prevailed and the decrease in reactivity cannot be related to a change in air-mass origin. At the same time, we observed
a decrease in temperature (~17 to ~13 °C) that was accompanied by an increase in the relative humidity (78 to 98%) and a
quasi-continuous reduction in O3 mixing ratios from ~35 to ~25 ppbv. Note that ca. 20-30 pptv of NO were detected during
this night, implying that reaction R7 would represent a significant loss process for NO3. A detailed discussion of this aspect
follows in section 3.4.
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Figure 2b shows an example of a Type-2 night with a sharp decrease of 𝑘𝑁𝑂3 from ~ 0.02 s-1 just before sunset to below the
LOD (0.006 s-1) within the first hour after sunset. As for Type-1, there is no significant change in the wind direction. However,
in contrast to the Type-1 example, after a slight increase just after sunset, O 3 was roughly constant and significantly higher
throughout the night with NO below the detection limit during the entire night. In addition the temperature (14  1 °C) and
relative humidity (70  5 %) were roughly constant, the latter significantly lower than for the Type-1 example.
7
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Low NO3 reactivities at nighttime (i.e. Type-2 nights) can result from low rate of emission of biogenic VOCs (e.g. owing to
low temperatures) but can also be associated with strong vertical gradients, which effectively decouple ground level emissions
from the air above. For the latter case, we are dealing with a shallow surface layer with its top below the inlet, so that air is
sampled from the nocturnal boundary or residual layer (Brown and Stutz, 2012) in which the NO3 lifetimes can be very long.
This phenomenon has been reported for this and other mountain sites (Carslaw et al., 1997; Brown et al., 2016; Sobanski et
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al., 2016; Liebmann et al., 2017; Liebmann et al., 2018b). Slow exchange between the surface layer and the residual layer can
result in strong gradients in trace gases such as O3, which undergoes dry-deposition in the surface layer but is long-lived in
e.g. the residual layer. The situation for NO2 is more complex as it may be formed from the O3-induced oxidation of nearsurface emissions of NO and also lost via (slow) reaction with O 3 and dry-deposition (Brown et al., 2003b; Stutz et al., 2004;
Brown et al., 2007a).
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Figure 3 displays the campaign-averaged diel cycles of 𝑘𝑁𝑂3 (along with O3, RH, T, NO and MTs) classified according to
Type-1 or Type-2 nights. 𝑘𝑁𝑂3 was on average around 0.015 s-1, during Type-1 nights, with a daytime reactivity of 0.04 s-1
(Fig. 3a). The observed orders of magnitude for 𝑘𝑁𝑂3 are consistent with the directly measured nighttime NO3 reactivities
ranging between < 0.005 and up to 0.06 s-1 during three nights in July 2015 (NOTOMO campaign) with the same instrument
(Liebmann et al., 2017).
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By definition, the median nighttime reactivity for Type-2 nights is at the instrument’s LOD, while the median daytime
reactivities prior to Type-2 nights are very similar to those observed prior to Type-1 nights. The median diel cycles for O3 (Fig.
3b) differ significantly for the two types: during Type-1 nights O3 decreases continuously (consistent with previous
observations on this site (Handisides, 2001)), while during Type-2 nights, O3 mixing ratios remain fairly constant and higher.
There are also significant differences in the median NO mixing ratio, with nightime values (Fig. 3f) mostly below or close (10-
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12 pptv) to the LOD during Type-2 nights and values of 30-40 pptv during Type-1 nights.
The lower nighttime 𝑘𝑁𝑂3 values observed during Type-2 nights compared Type-1 nights is accompanied by lower (factor
~2.5) monoterpene mixing ratios (Fig. 3c). The median temperature during Type-2 nights are only up to 1 K colder than
compared to Type-1 nights (Fig. 3d), which, based on the expression (𝐸𝑀𝑇 ∝ exp(𝛽(𝑇 − 297𝐾)) with β = 0.1 K-1, (Guenther
et al., 1993)) results in a change of only 10% and is thus insufficient to explain the differences observed in MT on these
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nights.
With values of 85-95 %, the median relative humidity (Fig. 3e) was higher by around 5 % (and increased continuously) during
Type-1 nights, than for Type 2, for which a much smaller increase from 82 to 87 % was observed.
In summary, in addition to very low NO3 reactivity, Type-2 nights are characterized by (1) larger and constant O3 mixing
ratios, (2) lower but constant RH, and (3) low concentrations of reactive trace gases like NO and monoterpenes. These
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observations support the presence of a very shallow surface layer with its top located below the tip of the inlet and decoupling
of the sampled air from ground-level emissions (i.e. of NO and VOCs). Previous observations of strong gradients in NO3
mixing ratios and low reactivities have showed that decoupling of the air-mass from ground-level emissions can lead to NO3
lifetimes of up to hours (Allan et al., 2002; Brown et al., 2016; Sobanski et al., 2016). In order to test the hypothesis that low
8
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NO3 reactivities observed during Type-2 nights are the result of sampling from the nocturnal boundary layer (NBL), we
255

mounted temperature and relative humidity sensors on a multi-copter drone to measure gradients in these parameters on the
night of 22-23rd July, which is the same night as depicted in Fig. 2b.
The drone was located ~ 20 m to the NE of the inlet, the starting height (ground level) was about 12 m lower than the top of
the inlet. The drone flew a vertical profile with the first ascent/descent started before sunset at 18:30 UTC (blue dotted line,
F1 in Fig. 2b) and a second after sunset at 20:20 UTC (red dotted line, F2 in Fig 2b). The flights were restricted to heights of
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~ 100 m above ground level owing to operational restrictions in the vicinity of Frankfurt airport.
The gradients in potential temperature , for the two flights are shown in Fig. 4a. At 18:30 UTC (blue curve), the potential
temperature increases gradually with altitude (positive stratification) as expected for a well-mixed boundary layer (Stull, 1988;
Brown et al., 2007b). In contrast, the potential temperature gradient measured at 20:20 UTC reveals a strong increase in the
first 3 m, which represents the nocturnal surface layer. Above this, the potential temperature increases more slowly until ca.
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20 m above the ground. This zone (shaded in red) represents the stable NBL above which the potential temperature is almost
independent of height (neutral stratification), which is the typical behaviour of the residual layer (Stull, 1988; Brown et al.,
2007b). The gradient in relative humidity (Fig. 4b) after sunset indicates a similar vertical structure with the top of the NBL
characterized by a minimum in the relative humidity (Brown 2007b), also explaining why RH was, on average, lower during
Type-2 compared to Type-1 nights (Fig. 3e). The approximate height of our inlet was situated ca. 10 m above the ground and
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the profile of  implies that the air we sampled was from a NBL decoupled from ground-level emissions and in which vertical
mixing is weak (Brown and Stutz, 2012). Under this scenario, NO originating from soil emissions and VOCs from plant
emissions are trapped in the surface layer and only inefficiently entrained into the NBL. Unfortunately, owing to delays in
obtaining permission to fly the drone, unfavourable weather conditions and other logistical considerations, these two flights
on this one night are the only ones in which vertical profiles of temperature and RH were obtained. None-the-less, these
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observations provide important clues to how the meteorological situation can influence NO3 reactivity and NO levels at inlet
height.
3.3 Contribution of VOCs to 𝒌𝑵𝑶𝟑
As described above, 𝑘𝑁𝑂3 includes the contribution of VOCs only and it is thus expected to correlate with the summed firstorder loss rates, Σ𝑘𝑖 [𝑉𝑂𝐶]𝑖 derived from the concentration [VOC]i of each VOC and the corresponding rate constant (ki) for
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its reaction with NO3, provided that all VOCs with a significant contribution were measured.
Unsaturated organic compounds (often of biogenic origin such as isoprene or terpenes) are generally the dominant reaction
partners for NO3 in forested environments (Ng et al., 2017). During TO2021, several hundreds of pptv of isoprene,
monoterpenes and sesquiterpenes were detected during the second half of the campaign when VOC measurements became
available (see Fig.1 and Fig.S4). Owing to their low rate coefficients (IUPAC, 2022), alkanes, aromatics and saturated,
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oxygenated species such as acetaldehyde, acetone and methanol were found to contribute negligibly to 𝑘𝑁𝑂3 . Consequently,
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only isoprene and the sum of mono- and sesquiterpenes are relevant for analysis. GC-MS measurements from a previous
summer campaign at this site (Sobanski et al., 2017) derived fractional contributions to MT of 50.5%, 28.9% and 20.6% for
-pinene, limonene and myrcene, respectively. Using an accordingly weighted average of evaluated kinetic data (IUPAC,
2022), we derived an effective rate constant of k = 8.9 x 10-12 cm3 molecule-1 s-1 for NO3 + monoterpenes reactions at this site.
290

To calculate NO3 loss rates resulting from its reaction with sesquiterpenes, we used the IUPAC-recommended rate coefficient
for NO3 + β-caryophyllene. Neglecting the uncertainty associated with the assumption that the MT mixture was the same in
both campaigns and combining the uncertainty in the measured VOC mixing ratios (20 %) and in the effective rate coefficient
(25 %) leads to an overall fractional uncertainty of 33 % in each term of Σki[VOC]i.
In Fig. 5a we present a time-series of 𝑘𝑁𝑂3 and ki[VOC]i. Clearly, 𝑘𝑁𝑂3 and Σki[VOC]i agree within associated uncertainties
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most of the time. The poorer agreement observed around the 16th July may have been related to the presence of fog and droplets
in the sampling line and that around the 24th July was most probably caused by conditioning effects when switching between
flow-tubes. As indicated by the area in purple, the NO3 reactivity was almost entirely determined by the reaction with
monoterpenes. Figure 5b focusses on the Type-2 night previously shown in Fig. 2b (but all 𝑘𝑁𝑂3 < LOD set to 0.006 s-1)
suspected to be impacted by a boundary layer effect. Within associated uncertainties, the VOC measurements confirm that
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VOC-induced NO3 reactivities are close to or below 0.006 s-1 for this period. The average contribution of the VOCs to
Σki[VOC]i is depicted in Fig. 5c and shows that 84% of the overall reactivity is caused by monoterpenes, while isoprene and
sesquiterpenes contribute 7% and 9% respectively.
Figure 6 plots Σki[VOC]i versus 𝑘𝑁𝑂3 for which a bivariate regression yields a slope of 1.04 ± 0.03 (2σ) and an intercept of
(6.6 ± 0.4)  10-3 s-1. A slope close to unity suggests near closure for the NO 3 reactivity budget while the intercept is the
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equivalent to the reactivity caused for example by 27 pptv of β-caryophyllene or an overestimation of NO by just 18 pptv. We
recall however, that speciated monoterpenes were not measured in TO2021 and the effective rate constant was based on the
(non-testable) assumption that the summertime monoterpene composition at this site has remained unchanged over the last 10
years. The true uncertainty associated with the slope is expected to be close to 30%, suggesting that the very good agreement
may be partially fortuitous. None-the-less, we can conclude that the vast majority of the reactivity measured directly results
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from NO3 + monoterpene interactions.
3.4 Fractional contribution of VOCs to NO 3 losses throughout the diel cycle
The dominant, direct gas-phase loss of NO3 occurs via photolysis (𝐽𝑁𝑂3 ) reaction with NO (k7[NO]) and reaction with VOCs
(𝑘𝑁𝑂3 ). Neglecting depositional losses of NO3, the fractional contribution F of 𝑘𝑁𝑂3 to the overall NO3 loss rate constant,
𝐿𝑁𝑂3 , is thus given by:

315

𝐹 =

𝑘 𝑁𝑂3
𝐿𝑁𝑂3

=

𝑘 𝑁𝑂3

(Eq.2)

𝑘 𝑁𝑂3 +𝐽𝑁𝑂3 +𝑘7 [𝑁𝑂]
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Based on measured 𝑘𝑁𝑂3 , [NO] and 𝐽𝑁𝑂3 (calculated from actinic flux measurements), we calculated time dependent values of
each loss process throughout the campaign. The resulting mean diel cycle of F is depicted in Fig. 7.
During the daytime, photolysis and reaction with NO were the dominant loss processes for NO3, as expected. The fractional
contribution of VOC-induced losses is low at noon (~ 9 %) but increases to up to 30% in the afternoon. The NOX levels at this
320

site are such that, between sunrise and sunset, reaction with NO is on average (± 1σ) the dominant loss process for NO3 (53 ±
20 %), followed by photolysis (31 ± 19 %) and reaction with VOCs (16 ± 15 %). This non-negligible contribution of VOCs to
the daytime losses of NO3 is in broad agreement with field measurements in a boreal forest in Finland and on top of the
Hohenpeissenberg mountain, where values of ~20 % were reported (Liebmann et al., 2018a; Liebmann et al., 2018b). This
underlines that NO3, often considered to be important only at night, also contributes to the oxidation of BVOC during the day

325

and thus potentially to the formation of organic nitrates (in competition to OH- and O3-initiated oxidation) throughout the diel
cycle for example (Liebmann et al., 2019; Foulds et al., 2021).
At nighttime, in the absence of actinic radiation (to convert NO2 to NO) and local anthropogenic emissions, NO levels are
generally suppressed by reaction with O3. Fig. 7 reveals that 50-60 % of NO3 was lost via reaction with VOCs at nighttime
during TO2021, the remaining fraction reacting with NO (R7). The contribution of NO to the nighttime NO3 reactivity is larger

330

than previously observed with the 𝑘𝑁𝑂3 -FT-CRDS instrument where reaction with VOCs was identified as the only significant
loss process (Liebmann et al., 2018a; Liebmann et al., 2018b). A significant average contribution from NO is readily
understood when one considers the large rate coefficient for reaction with NO3 (k7 = 1.8 x 10-11 cm3 molecule-1 s-1 at 298 K
(IUPAC, 2022)) and NO mixing ratios well above the detection limit on many nights. Fig. 8 reveals a large night-to-night
variability in the NO mixing ratio with minimum values close to the detection limit and maxima > 80 pptv. In the absence of

335

local anthropogenic sources, soil emissions constitute the most likely source of NO at this site. Assuming that reaction with
O3 represents the only NO loss process, and that stationary state as in Eq. 3 is achieved (a valid assumption as the lifetime of
NO is only a few minutes in the presence of 20-40 ppbv of O3) NO emission rates (𝐸𝑁𝑂 ) of 0.18 to 0.47 pptv s-1 are necessary
to reproduce the observed nighttime NO mixing ratio within a surface layer of 10 m height.
𝐸𝑁𝑂 = [𝑁𝑂] ⋅ 𝑘1 [𝑂3 ]

340

(Eq. 3)

In the absence of measurements of NO soil emission fluxes at the site and recognising that that these are highly dependent on
temperature, season, soil humidity and degree of fertilization (Pilegaard, 2013), we take an annual mean NO emission flux of
1 kg ha-1 yr-1 for temperate, uncultivated grassland (Ludwig et al., 2001) to derive (assuming the same layer height of 10 m)
an NO emission rate of 0.27 pptv s-1, which lies within the range quoted above. As the summit of the Kleiner Feldberg is
covered with blueberry bushes and surrounded by coniferous forest and that soils impacted from blueberry plants or spruce

345

can support higher NO net fluxes than grass-covered soils (Bargsten et al., 2010), significant NO soil emissions at the summit
of the Kleiner Feldberg appear to be plausible. Figure 8 also reveals that the highest levels of NO observed at 10 m height
occur when O3 values are lowest. Anti-correlated NO and O3 mixing ratios are often observed when plumes of freshly emitted
NO is mixed into aged air masses containing O3 and is a result of reaction R1 which converts NO to NO2. For our observations
at 10 m height, chemistry (temperature dependent kinetics), boundary layer dynamics (extent of mixing/decoupling of surface
11
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layer and NBL) and plant physiology (emission rates of NO) may all contribute to the extent to which NO and O3 react. As
the large night-to-night variability in the NO mixing ratios cannot be explained by temperature-dependent changes in the rate
coefficient k1 or in the emission rate of NO, we conclude that boundary layer effects dominate and that the height of the surface
layer and the degree to which NO is entrained from the surface layer into the NBL are the main controlling factors. We consider
two limiting cases: 1) When the top of the nocturnal surface layer is above the inlet, and mixing is sufficient to homogenize

355

the air within the first 10 m above the ground, NO originating from the soil can react with O 3 via R1 (Aneja et al., 2000). This
would correspond to observations during Type-1 nights. 2) When the surface-layer is less than 10 m deep and is decoupled
from the NBL, soil emitted NO is not sampled by the inlet (ca. 10 m above the ground) and the measured NO mixing ratios
are at the instrument’s LOD. In this case, levels of O3 in the NBL remain high, as e.g. observed around 21 July. In reality,
trace-gas gradients within the lowest layers will control the extent of mixing and case 1) will only operate when high wind

360

speeds induce turbulent mixing close to the surface. We conclude that the variability in nighttime NO and the anti-correlation
with O3 (see Fig. S5a) reflect rapid changes in boundary layer dynamics and vertical mixing within the lowest layers. Similarly
high variability in NO3 mixing ratios has been attributed to a related phenomenon (Crowley et al., 2011). We note that if the
time-scales over which boundary-layer dynamic change is less than the lifetime of NO, our steady-state assumption breaks
down. None-the-less, the presence of up to 90 pptv of NO at nighttime in the presence of 20-40 ppbv of O3 implies significant

365

production of NO2.
We examined the nighttime generation of NO2 using box model calculations (FACSIMILE/CHEMCAT (Curtis and
Sweetenham, 1987)) employing Reactions R1 to R4 and R7 with IUPAC-recommended, temperature-dependent rate
coefficients (S5 of the Supplement) and constrained by measurements of NO, O3, ambient temperature and pressure. Known
loss processes for NO2 at night are the slow reaction with O3 (to form NO3) and with NO3 to form N2O5 (R2–R4) and deposition

370

to surfaces (e.g. foils, soil). Note that this simulation considers R1 as the only NO2 source and that it is only valid if chemistry
and transport happen on a similar time scale.
Figure 9 plots the measured nighttime NO2 mixing ratios (black symbols) together with the model output using vdNO2 = 0.015
cm s-1 (which is based on a mean nighttime NO2 deposition for foliar surfaces (Delaria et al., 2018) and a value that is a factor
10 larger (vdNO2 = 0.15 cm s-1) in both cases assuming a surface layer height of 10 m to derive loss rate constants of 1.5  10-5

375

and 1.5  10-4 s-1 respectively. Clearly, the larger deposition velocity is necessary to roughly align measured and simulated
NO2 mixing ratios. Such large NO2 deposition velocities have previously been evoked in order to bring observed NO 2 levels
and NO emission rates into agreement (Jacob and Wofsy, 1990) and our average, nighttime deposition velocity of 0.15 cm s-1
is comparable to values of 0.1-0.57 cm s-1 determined in boreal coniferous forests (Rondon et al., 1993) at night and 0.096 cm
s-1 obtained in a temperate coniferous forest (Breuninger et al., 2013).

380

The interaction of NO2 with foliar surfaces, which can serve as both source and sink of NO2 is complex (Breuninger et al.,
2013; Delaria et al., 2018) and a scenario in which the high (but variable) nighttime NO mixing ratios result from soil emissions
while NO2 is simultaneously deposited on foliar surfaces is conceivable. Given that the stratification of the lowermost
atmosphere at TO2021 was only examined on one night, and considering the likely variability in NO emission rates and NO2
12
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deposition velocities (Ludwig et al., 2001; Ganzeveld et al., 2002), our interpretation of the nighttime NO and NO2 data remains
385

speculative. Considering the lack of correlation between wind direction and abundance of nighttime NO (Fig. S5b), an
alternative, point NO emission source (e.g. an NO bottle, or exhaust line) seems unlikely. Interferences by other trace-gases
or reasons for bias of the CLD instrument could not be identified as causes for the high nocturnal levels of NO.
3.5 NO3 mixing ratios
During the TO2021 intensive, ambient NO3 mixing ratios were not monitored. However, as both the total loss term 𝐿𝑁𝑂3 and

390

the production term (𝑃𝑁𝑂3 = (𝑘2 [NO2 ][O3 ]))are known, we can derive NO3 mixing ratios by assuming that NO3 is in steadystate, i.e. that loss and production are balanced and the derivative of the NO3 mixing ratios is independent of time. Steady-state
calculations of NO3 lifetimes or NO3 mixing ratios have been carried out in numerous studies (Platt et al., 1984; Geyer and
Platt, 2002; Brown et al., 2011; Crowley et al., 2011; Liebmann et al., 2018a; Liebmann et al., 2018b) and have shown to be
valid, when NO3 reactivities are high enough and the chemical equilibrium to N2O5 (R3 and R4) is not perturbed by sudden

395

changes in NO2 mixing ratios (Brown et al., 2003a; Dewald et al., 2020). Steady-state NO3 mixing ratios can be calculated
with Eq. 4,
[𝑁𝑂3 ]𝑠𝑠 = 

𝑃𝑁𝑂3
𝐿𝑁𝑂3

=

𝑘2 [𝑁𝑂2 ][𝑂3 ]

(Eq. 4)

𝑘 𝑁𝑂3 +𝐽𝑁𝑂3 +𝑘7 [𝑁𝑂]

which neglects both direct and indirect, heterogeneous loss of NO3 (R8 and R9). Previous estimates of the NO3 loss by aerosol
uptake on the Kleiner Feldberg returned values of ≈ 0.001 s-1 or lower (Crowley et al., 2010; Phillips et al., 2016; Sobanski et
400

al., 2016) and are consequently insignificant compared to the average nighttime overall NO3 loss rate of ≈ 0.03 s-1.
Figure 10 displays a time-series of the calculated overal NO3 loss-constant, production rate and steady-state mixing ratios for
TO2021. Nighttime NO3 losses vary typically between < 0.006 s-1 and 0.03 s-1, while the daytime losses were as large as 0.3
s-1. The NO3 production rate was, on average, close to ~ 0.02 s-1 at nighttime, increasing to 0.1 s-1 during the day when NO2
and/or O3 mixing ratios were large. NO3 mixing ratios thus calculated are lower than about 6 pptv for all nights (one exception

405

of 12 pptv on the 10th July) and well below 2 pptv for most of the nights.
3.5.1 Comparison with previous NO3 measurements at the Kleiner Feldberg
NO3 measurements with which to compare the present data-set have been recorded at the Kleiner Feldberg during campaigns
in 2008, 2011, 2012 and 2015 for which key details (including names and acronyms) are summarized in Tab.1:
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Table 1: Nighttime NO3 mixing ratios, median production rates and median nighttime loss rates at the top of the Kleiner Feldberg.
Campaign

Reference

Period

𝑷𝑵𝑶𝟑

# Nights

NO3

k8

10-3 s-1

pptv

-3 -1

0.033

2.2b

< LOD – 65a

21 (4)

0.044

4.5

b

< LOD – 250

(< LOD)
TO2008
PARADE

Crowley et al, 2010
Sobanski et al., 2016

May 2008
Aug-Sep

𝑳𝑵𝑶𝟑

pptv

6 (0)

s-1

k9

10 s

10-3 s-1

1.6

< 0.2

a

2

2011
INUIT

This work

Aug 2012

16 (4)

0.049

3.7b

< LOD – 190a

NOTOMO

Sobanski et al., 2017

Jul 2015

24 (10)

0.049

7.5b

< LOD – 50a

< 5 – 40d
TO2021

This work

Jul 2021

34 (14)

27a

0.025

0-12b

< 6 – 40c
Notes: # Nights = Number of nights with measurements, the number in brackets represents the number of nights where either the NO3 mixing
ratio or the directly measured value of 𝑘 𝑁𝑂3 was below the LOD. Direct (k8) and indirect (k9) loss rates of NO3 by heterogeneous uptake of
NO3 and N2O5 were calculated only for TO2008 and PARADE. adirectly measured.
contribution only.

415

ddirectly

bsteady-state

calculation. cdirectly measured; VOC

measured for 3 nights, no NO measurements available (Liebmann et al., 2017). TO2008 = Mini (un-named)

campaign with only NO3, NO, O3 and NO2 measurements. PARADE = PArticles and RAdicals: Diel observations of the impact of urban
and biogenic Emissions, INUIT = Ice NUclei research UnIT, NOTOMO = NOcturnal chemistry at the Taunus Observatory: insights into
Mechanisms and Oxidation.

The first measurements of NO3 (and N2O5) at the Kleiner Feldberg were performed on 6 nights in May 2008 (Crowley et al.,
420

2010) (this data set is referred as TO2008), on 21 nights in July 2011 (PARADE campaign (Sobanski et al., 2016)), on 16
nights in August 2012 (INUIT campaign) and in September 2015 during the NOTOMO campaign (Liebmann et al., 2017;
Sobanski et al., 2017). All previous NO3 data sets except for INUIT have been published. The time-series of the NO3, NO2, O3
mixing ratios (and resulting 𝑃𝑁𝑂3 and 𝐿𝑁𝑂3 according to Eq. 4) from each of the campaigns used for this analysis are
reproduced in the Supplement (S6, Fig. S6-S9) together with key features of the instruments used (Tab. S1).

425

The presence of nearby industrial centres imparts a strong wind-direction dependence on the composition of the air (and
especially NOX) at the Kleiner Feldberg with densely populated cities (and thus anthropogenic sources of NO x) located in the
SE and SW sectors. An overview of the prevailing wind directions and NO2 mixing ratios during each campaign are
summarized in Fig. 11. The lowest, average NO2 mixing ratios were encountered during TO2008 (air arriving mainly from the
East) and TO2021 which had a large contribution of air mases arriving from the North and West but almost none from the

430

Frankfurt area (SE-SSE). TO2021 is the only campaign with a significant contribution of air masses arriving from the “clean”
Northern sector and the generally lower NOX levels during TO2021 may also have been a result of changes in vehicle usage
in the region as a higher fraction of locally employed people worked from home as a result of the COVID-19 pandemic
(Reifenberg et al., 2021).

14
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Figure 12 indicates that, in comparison to the previous summer campaigns (PARADE, INUIT and NOTOMO) the temperatures
435

were lower during TO2021 with the maximum value of 22 °C being ~10 °C lower than the maximum value during NOTOMO.
TO2021 and PARADE had the highest incidence of very humid days, with a median RH of > 80 % for TO2021 and > 75%
for PARADE while for TO2008 the median relative humidity (~51 %) was the lowest.
For comparison of the nighttime NO3 mixing ratios, periods of daytime-nighttime transitions (when NO3 mixing ratios strongly
change at sunrise or sunset) were excluded. The NO3 mixing ratios (lower panel), loss rates (middle panel) and production

440

rates (upper panel) for each campaign are depicted in Fig.13 as a box-and-whisker plot. Note that nights on which the NO3
mixing ratios were > 0 but below the instrument’s LOD, were taken into account, whereas for the calculation of 𝐿𝑁𝑂3 in the
campaigns prior to TO2021, reactivities derived from NO 3 mixing ratios below the LOD (i.e. < 1.5 pptv) were excluded from
the analysis so that 𝐿𝑁𝑂3 is not biased by values associated with high uncertainties.
Figure 13a shows that, during PARADE, INUIT and NOTOMO, the nighttime NO3 production rates were similar in terms of

445

both median values (~ 0.05 pptv s-1) and range. Throughout these three campaigns, high production rates (above 0.3 pptv s-1)
were occasionally observed, which for PARADE (Sobanski et al., 2016) were linked to winds originating from urban regions.
Figure 13a also reveals that the median, nighttime NO3 production rates during PARADE, INUIT and NOTOMO were higher
than during TO2008 and TO2021 (0.033 and 0.025 pptv s-1) which was driven by the lower NO2 mixing ratios in TO2008 and
TO2021 for which air from the cleaner easterly and northerly sectors was encountered more frequently. Campaign-averaged

450

diel cycles of O3 in the Supplement (Fig. S10) indicate that O3 during TO2008 and TO2021 were not substantially lower (even
higher in the case of TO2008) than during PARADE, INUIT and NOTOMO.
Figure 13b shows clearly that, with a median value of 0.028 s-1, the nighttime NO3 loss rates (𝐿𝑁𝑂3 ) during TO2021 were
significantly higher than for all other campaigns, which were 0.0075 s-1 for NOTOMO, 0.0045 s-1 for PARADE, 0.0037 s-1
for INUIT and 0.0022 s-1 for TO2008. A partial explanation for the greater NO3 loss term during TO2021 is found in the

455

nighttime NO mixing ratios, which were significantly larger than those measured in e.g. TO2008 or PARADE. The effect of
removing the contribution of NO reaction to 𝐿𝑁𝑂3 during PARADE (and TO2008) is minimal, as NO was close or below the
LOD (4-10 pptv) on most nights (Crowley et al., 2010; Sobanski et al., 2016), which is confirmed by the corresponding
campaign-averaged diel cycles of NO mixing ratios (Fig. S11). In contrast, subtraction of the contribution to NO3 reactivity of
the high nighttime levels of NO observed during TO2021, would reduce 𝐿𝑁𝑂3 to ~0.011 s-1 (red, horizontal line in Fig. 13b)

460

which is more comparable to that observed during e.g. NOTOMO and PARADE.
We note that, in general, the comparison of NO3 loss rates derived via the steady-state method and direct reactivity may be
complicated by the fact that the steady-state method only works when NO3 is above the detection limit (often a result of low
reactivity) whereas the direct measurement of NO3 losses performs best when reactivities are high. However, Σki[VOC]i
suggests that 𝐿𝑁𝑂3 was never below 0.002 s-1 on Type-2 nights. As shown in the Supplement, setting values of 𝑘𝑁𝑂3 < 0.006

465

s-1 to 0.002 s-1 would only occasionally lead to [NO3]ss > 10 pptv (Fig. S12a) and thus only have a small impact on the
distribution of NO3 mixing ratios (Fig. S12b), so that this bias cannot be fully responsible for the observed difference.
15
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None-the-less, Fig. 13a and 13b indicate that TO2021 was exceptional in that 𝑃𝑁𝑂3 was the lowest of all campaigns at the
Kleiner Feldberg while 𝐿𝑁𝑂3 was the highest, which result in a calculated median NO3 mixing ratio of just 0.7 pptv. This
contrasts greatly with median NO3 mixing ratios of 15, 10, 11 and 4 pptv observed during TO2008, PARADE, INUIT and
470

NOTOMO (Fig. 13c) on the Kleiner Feldberg.
As alluded to above, this difference is partially caused by unusually high nighttime NO levels, but also results from the low
NO3 production rate during TO2021. During PARADE, INUIT and NOTOMO, NO3 mixing ratios above 100 pptv were
measured and linked to nights with exceptionally long NO 3 lifetimes. For PARADE, this was suggested to be a result of
sampling from above the surface layer, where NO3 lifetimes can be large owing to the decoupling from ground-level emissions

475

(Brown et al., 2003b; Sobanski et al., 2016). While there is evidence for a similar situation for TO2021 on 21 Jul (Fig. 4), in
the absence of vertically resolved meteorological data on the other nights, it is not clear whether purely meteorological effects
are responsible for the observed low reactivities on 14 nights or whether reduced emission rates of reactive trace-gases
additionally play a role. We are presently developing a drone-borne NO3 instrument to provide vertical gradients in NO3 (as
well as T and RH) in order to help resolve this issue.

480

4 Summary and conclusions
The fate of the NO3 radical at the summit of the Kleiner Feldberg during the TO2021 intensive in July 2021 was assessed with
the help of direct NO3 reactivity and VOC measurements. Directly measured NO3 reactivities towards VOCs (𝑘𝑁𝑂3 ) were on
average ~ 0.011 s-1 at night and as large as ~ 0.04 s-1 during the day. NO3 reactivities derived from VOC measurements showed
an excellent agreement with 𝑘𝑁𝑂3 throughout the diel cycle with VOC-induced NO3 losses by monoterpenes dominating with
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a contribution of > 80 %. Sesquiterpenes and isoprene contributed with 9  5 % and 7  4 %, respectively.
During the daytime, NO removed on average 53 ± 20 % of the NO3, photolysis and reaction with VOCs contributed ~31 ± 19
and ~ 16 ± 15 % respectively. The daytime contribution of VOC-induced reactivity was highly variable and ranged from ca.
10 % at noon to 30 % in the afternoon implying that NO3 can contribute significantly e.g. to alkyl nitrate formation during
daytime.

490

𝑘𝑁𝑂3 was predominantly below the LOD of 0.006 s-1 on 14 of the 34 nights. On one night, for which a vertical temperature
and RH gradient were measured, the low NO3 reactivity was associated with reduced vertical mixing and the decoupling of a
shallow surface layer from the layer above in which the trace-gas inlet was situated.
In the absence of direct measurements, NO3 mixing ratios during TO2021 were calculated from the total loss rate constant
(VOCs, photolysis, NO) and the NO3 production rate to enable comparison with directly measured NO3 mixing ratios during

495

four previous campaigns between 2008 and 2015 at the Kleiner Feldberg. For TO2021, NO3 loss rates were ca. a factor 3-5
higher than during previous campaigns while NO3 production rates were the lowest. Consequently, the calculated steady-state
mixing ratios of NO3 are much lower than those directly measured during TO2008, PARADE and INUIT and NOTOMO. The
exceptionally high nighttime NO3 loss rates during TO2021 are partially related to the presence of several tens of pptvs of NO,
16
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so that VOC-induced losses were 50-60 % of the overall loss term. This is in stark contrast to previous observations in forested
500

environments where reactions with VOCs were the only relevant nighttime loss path of NO 3. The observation of NO at levels
of 20-80 pptv at nighttime in the presence of 30-40 ppbv of O3 imply large rates of NO2 formation. Constrained box-model
calculations suggest that rapid losses of NO2 via e.g deposition would necessary in order to reproduce the observed nighttime
NO2 mixing ratios. In order to confirm this hypothesis, measurements of NO emission and NO2 deposition rates on the Kleiner
Feldberg under similar meteorological conditions are necessary.

505

Overall, the intercomparison of the NO3 mixing ratios and NO3 reactivity revealed high variability in data obtained over a long
period on the same site and emphasizes that not only chemical effects but also boundary-layer dynamics and plantphysiological processes may have a great impact on observations.

Coda and Data Availability. Data of the TO2021 campaign is available upon request at https://keeper.mpdl.mpg.de/ to all
510

scientists agreeing to the data protocol. The data of all other campaigns is available upon request from the corresponding
author. The FACSIMILE code used for the box model can be found in the Supplement (S5).
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Figures

740

Figure 1: Overview of key measurements during the TO2021 campaign with wind direction (WD), temperature (T), sum of monoterpenes
(MT), wind speed (WS), relative humidity (RH), NO3 photolysis rate coefficient (𝑱𝑵𝑶𝟑 ). Meteorological data was provided by the German
Meteorological Service (DWD). Nighttime periods are shaded grey. The x-axis ticks are at 00:00 UTC.
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Figure 2: Time-series of directly measured NO3 reactivity (𝒌𝑵𝑶𝟑 ) together with auxiliary measurements during Type-1 (a) and Type-2 nights
night (b). F1 and F2 mark times at which drone-assisted temperature and relative humidity profiles wer measured. The grey-shaded area
represents nighttime. Abbreviations are defined in caption of Fig.1. The shaded areas in the colour of the lines denotes the corresponding
uncertainty of the measured parameter.
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760

Figure 3: Median diel profiles of (a) directly measured NO3 reactivities, (b) O3 mixing ratios, (c) monoterpenes, (d) temperature, (e) relative
humidity, and (f) NO mixing ratios classified by night types (Type-1 in black, Type-2 in red). The grey shaded area represents the nighttime
period. The shaded areas in line colour represent the 25th and 75th percentiles. The blue lines denote the LODs of the instruments used to
measure NO3 reactivity and NO.
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Figure 4: Vertical profiles of potential temperature (a) and relative humidity (b) at the summit of the Kleiner Feldberg at 18:30 UTC (blue)
and 20:20 UTC (red). The nocturnal boundary layer (NBL) at 20:20 UTC is shaded red.
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770
Figure 5: (a) Time-series of 𝒌𝑵𝑶𝟑 and Σki[VOC]i. Dashed blue line marks the LOD of the 𝒌𝑵𝑶𝟑 measurement. The purple shade represents
the contribution of monoterpenes. (b) Same as (a) but with a detailed view of the night between the 22nd and 23rd July presented in Fig.2b
(c) Pie-chart of fractional contributions of isoprene, monoterpenes and sesquiterpenes to Σki[VOC]i over this time period.
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Figure 6: Plot of 𝑘𝑁𝑂3 versus Σki[VOC]i. The red solid line represents an orthogonal distance regression (ODR) with a slope of 1.04 and an
intercept of 6.6 x 10-3 s-1.
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800

Figure 7: Mean, fractional contribution (F) of 𝒌𝑵𝑶𝟑 to the overall NO3 loss rate over the diel-cycle. The grey shaded area represents the
standard deviation (1σ) of the mean values. Orange shaded area indicates daytime. The pie-chart shows the mean fractional contribution to
NO3 loss of reaction with NO, photolysis and reaction with VOCs during the daytime.
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Figure 8: Nighttime NO mixing ratios (colour-coded by O3 mixing ratios) during TO2021. The x-axis Ticks represent 00:00 UTC.
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Figure 9: Time-series of measured nighttime NO2 mixing ratios during TO2021 (black squares) and modelled NO2 mixing ratios using
deposition loss constants of 1.5 x 10-5 s-1 (Model 1, red circles) and 1.5 x 10-4 s-1 (Model 2, blue triangles).
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830
Figure 10: Upper panel: NO3 production (left) and loss rates (right) during TO2021. Lower panel: steady-state NO3 mixing ratios. Ticks
represent 00:00 UTC. Grey shaded areas denote nighttime.
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835

Figure 11: Wind roses indicating the dependence of NO2 mixing ratio on the wind direction during TO2008, PARADE, INUIT, NOTOMO
and TO2021. Wind directions were provided by HLNUG for TO2008 and NOTOMO, by a weather station in PARADE and INUIT
(Drewnick et al., 2012) and by the German meteorological service DWD in TO2021.
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Figure 12: Distributions of (a) temperature and (b) relative humidity during five campaigns at the Kleiner Feldberg between 2008 and 2021.
Boxes represent the range between the first and third quartiles, whiskers denote the full range of values.
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845

Figure 13: NO3 production rates (a), loss rates (b) and mixing ratios (c) measured during 5 campaigns on the summit of Kleiner Feldberg
between 2008 and 2021. Boxes represent the range between the first and third quartiles, whiskers denote the full range of values. The red
line represents the median of directly measured 𝑘𝑁𝑂3 during TO2021 at nighttime.
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CHAPTER 7

NO3 reactivity inside a laboratory

The results of the following chapter have not yet been published and deal with a pilot study
on indoor measurements of NO3 mixing ratios and NO3 reactivity. Together with measurements of NO2 , O3 and NOx , not only the NO3 production rate via R20 (see Eq.2.2) but also
the important NO3 loss rates through R22 and R25 become accessible. This test measurement
serves to estimate, whether there are conditions during which NO3 may become a significant
indoor oxidant.
Author contribution
I did all measurements except for NOx and NO2 , performed the presented analysis and wrote
the chapter.

7.1

Introduction

The majority of human lifetime is spent inside, which is why indoor air quality is in the focus of
current research (Klepeis et al., 2001). Similarly to tropospheric chemistry outdoors, the major
oxidants are O3 , OH and NO3 (Weschler et al., 1992; Weschler and Shields, 1997). Whereas the
role of O3 and OH are thoroughly investigated (Weschler and Shields, 1996; Weschler, 2000;
Carslaw et al., 2017), studies about the role of the nitrate radical during indoor oxidation are
very limited (Nøjgaard, 2010; Arata et al., 2018). Especially considering the diminished NO3
photolysis rates that are expected to occur indoors, the nitrate radical may become a more
potent oxidizing agent (Weschler et al., 1992). Given the fact that terpenes, which are highly
reactive towards NO3 , often become abundant in indoor environments due to their occurrence in cleaning products, the NO3 radical may be a dominant oxidizing agent considering
typical indoor concentrations of OH, O3 and NO3 (Nazaroff and Weschler, 2004). As depicted
101
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in Fig. 2.1, the NO3 production (and its whole subsequent chemistry) relies on the abundance
of ozone and NO2 . However, predominantly in residential, unventilated environments with
high anthropogenic impact, indoor ozone is rapidly depleted (Zhang and Lioy, 1994). However, indoor ozone (and NOx ) concentrations are often elevated in buildings equipped with
ventilation systems (Weschler, 2000) so that indoor NO3 production rates potentially increase,
and measurable steady-state concentrations of NO3 may occur in indoor environments. Arata
et al. (2018) detected several pptv of NO3 in a residential kitchen, as long as the NO3 production
rate was artificially forced high enough by continuous addition of 40 ppbv O3 with an ozone
generator. This observation underlines that in (un)ventilated rooms, high NO3 loss rates make
it difficult to assess the impact of the nitrate radical. Up to now, no direct indoor NO3 reactivity
measurements have ever been reported. In addition, with outbreak of the COVID-19 pandemic,
the thorough ventilation of indoor environments is favoured (Bhagat et al., 2020; Shah et al.,
2021), which should also support the transport of O3 and NOx into the rooms. A simultaneous
indoor measurement of NO3 mixing ratios, NO3 production rate and NO3 reactivity would
thus help to gain a deeper insight into the fate of NO3 radicals in this closed environment. For
that reason, the nitrogen oxides NO, NO2 , NO3 and N2 O5 were measured together with O3
and NO3 reactivity inside a laboratory serving as a ventilated test-indoor-environment over a
weekend period in October 2021.

7.2

Experimental

The three CRDS instruments deployed to quantify NO, NO2 , NO3 , N2 O5 mixing ratios and
NO3 reactivity were already described in Chapter 4, which is why descriptions of these below
mostly focus on modifications. The indoor environment, a ventilated laboratory of the MPIC,
is described and characterized subsequently.

7.2.1

Instrumentation

NO3 reactivity
Briefly, the underlying measurement principle of this set-up is based on comparing the NO3
mixing ratios observed in synthetic air (which forms the reference point of no NO3 reactivity,
i.e. k N O3 = 0) with that in ambient air. To achieve this, synthetic or ambient air is mixed with
∼ 30-50 pptv of NO3 provided by an in-situ source based on the subsequent oxidation of NO
by O3 (R4 and R20). In a fluoroethylenepropylene-coated (FEPD-121, Chemours) reactor, this
mixture is allowed to react within the residence time of 10.5 s. The residual NO3 is sampled
through an injector inside the flow-tube to the cavity, where it is quantified with means of
CRDS at a wavelength of 662 nm. During the residence in the flow-tube, the resulting NO3
concentration is not only determined by the loss process of interest, i.e. NO3 + VOCs (R25),
but also by reaction with NO (R22), the thermal equilibrium to N2 O5 and NO2 (R23) and loss
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on the reactor walls (with loss rate kwall = 0.001 s−1 ). As presented in Liebmann et al. (2017),
a numerical simulation procedure taking measured NO and NO2 mixing ratios into account
is carried out in order to correct for the impact of these processes so that the NO3 reactivity
exclusively towards VOC, named k N O3 , is deduced. The instrument’s lower LOD is typically
0.005 s−1 . Diluting highly reactive ambient air with synthetic air extends the upper LOD to
1.7 s−1 . The total uncertainties are mostly determined by the numerical simulation procedure
in polluted environments like the laboratory and highly dependent on the ratio between NO2
and k N O3 (Liebmann et al., 2017).
Air was sampled with 3 standard (STP) litres per minute (SLPM) through a ca. 1.5 m 1/4 inch
(in.) outer diameter (OD) PFA tube equipped with a polytetrafluoroethylene (PTFE) membrane
filter (2 µm pore, 47 mm diameter, Pall Corp.).
NO3 and N2 O5
NO3 and N2 O5 mixing ratios were monitored with two cavities of the 5-channel CRDS setup
that was used for the study in Chapter 5 and is thoroughly described in Sobanski et al. (2016a).
Both cavities are also based on the detection of NO3 at a wavelength of 662 nm using a laser
diode modulated at 625 Hz. One cavity is thermostated to 303 K and only detects ambient NO3 ,
while the second one is equipped with a Teflon-coated quartz glass tube connected upstream,
both thermostated to 373 K. All ambient N2 O5 is dissociated to NO3 (R26) prior to entering
the second cavity, thus measuring NO3 + N2 O5 . The NO3 transmission through both cavities
was found to be 89 %, so N2 O5 is deduced by simple subtraction of NO3 mixing ratios from
the channel with unheated inlet. The NO3 and N2 O5 measurements are associated with ca.
25 % uncertainty. The LODs for NO3 and N2 O5 were 1.5 and 3.5 pptv respectively. Air was
sampled with a total flow of 15 SLPM through 1 m 1/4 in. PFA tubing and a PTFE membrane
filter (2 µm pore, 47 mm diameter, Pall Corp.).
NOx and NO2
NOx and NO2 mixing ratios were monitored with the TD-CDRS instrument as characterized
in Friedrich et al. (2020). The setup features two cavities both operated with a square-wave
modulated laser diode at a wavelength of 405 nm and is generally able to detect NO2 at ambient temperature. Prior to the first cavity, an excess amount of O3 is added to the sampled
ambient air and passed through ca. 1 m 1/2 in. PFA tubing in order to convert all NO to NO2
(R4). This way, the sum of NO and NO2 (NOx ) is detected. The second cavity, usually used to
detect NOy , was modified for this experiment and directly samples 3 SLPM ambient air (without O3 addition) through a Teflon membrane filter (see above), so that only NO2 is detected.
NO mixing ratios were then derived by subtracting NO2 from NOx . For the NO2 measurement,
the LOD is 41 pptv and the total uncertainty is 8 %. In case of the NO mixing ratios, the LOD
is 98 pptv and the total measurement uncertainty is 11 %.
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Figure 7.1: Sampling diluted ambient air with the NO3 reactivity setup before and after opening a limonene bottle
inside the laboratory at 12:37 UTC. (a) Time series of NO3 mixing ratio in the flowtube. (b) Difference between NO3
mixing ratios before and after the release of limonene. The red line represents an exponential decay fit.

Other measurements
O3 mixing ratios were recorded with a commercial ozone monitor (2B Technologies, model
205) that has a detection limit of 2 ppbv and and delivers values associated with an uncertainty
of 5 %. Actinic fluxes were measured with a spectral radiometer (Metcon GmbH) and, with
the help of evaluated quantum yields and absorption cross-sections, converted to photolysis
frequencies (J) of NO3 . Relative humidity and temperature were measured with a commercial
sensor (1st Innovative Sensor Technology, HYT939) at the NO3 reactivity setup by sampling
separately 0.5 SLPM ambient air through ca. 1 m 1/4 in. PFA tubing.

7.2.2

Laboratory and characterization

The laboratory used to carry out is darkened and has a size of ∼ 90 m3 . During the whole
measurement period the instruments quantifying the above-mentioned trace gases were the
only experiments operated. In addition to these three CRDS setups, the SCHARK is placed inside the laboratory. The chamber was flushed with 5 SLPM synthetic air throughout the whole
measurement period. To avoid contamination of the sampled air by the experiments itself, any
air exiting the CRDS setups and the chamber was lead to an exhaust. The NO bottles used to
run the CRDS setups were stored in a separate ventilated safety cabinet and each line thoroughly checked for leakages in order to ensure that the indoor chemistry is only impacted by
the exchange with outdoor air from the ventilation system which was operated in night-mode
(i.e. reduced exchange rate) throughout the whole period. Room light was switched off during
the whole weekend and at night during work days.

Important parameters to characterise are the mixing time and air exchange rate within the laboratory. For this reason, indoor air (diluted in humidity-matched synthetic air) was sampled
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with the NO3 reactivity setup and mixed with ∼ 50 pptv NO3 originating from the source. During a period with fairly constant ambient NO3 reactivity, a limonene bottle ((S)-(−)-limonene,
96 %, 100 mL, Sigma-Aldrich) was opened in the middle of the laboratory room for 15 s at
12:37 UTC. The time series of remaining measured NO3 with the FT-CRDS setup is shown in
Fig.7.1a: At 12:38 UTC, limonene already reaches the FT-CRDS setup in one of the corners of
the room and the NO3 sharply decreases. This observation thus suggests that homogenisation
of the air is achieved within 1 minute. Furthermore, it takes ∼ 20 minutes to re-establish the
initial NO3 mixing ratio ([NO3 ]0 ) prior to limonene exposure.
The lifetime of limonene serves as measure for the air exchange rate inside the laboratory.
To deduce the exchange rate from the NO3 signal, the difference between [NO3 ]0 and measured NO3 was plotted against the time t with the time-point of limonene emission defined as
t = 0s. Figure 7.1b shows the resulting plot and an exponential fit of the data implying an air
exchange rate kexchange of 0.0015 s−1 during reduced fan operation mode. This corresponds to
an air exchange rate of 5.4 h−1 , a value that is comparable to those found in buildings equipped
with ventilation systems and in other indoor air studies (Bekö et al., 2020). On the other hand,
this room is not representative for residential indoor environments, where air exchange rates
are with typically ∼ 0.5 h−1 significantly lower (Arata et al., 2021). These considerations are
only valid under the condition that during the measurement, air exchange was the only loss
process for limonene inside the laboratory. Assuming potential steady-state indoor concentrations of 1 pptv NO3 (only expected for periods when NO is completely depleted), 18 ppbv
O3 (as observed in this room, see below) and 105 molecules cm−3 OH as most potential oxidizing agents and using the corresponding IUPAC-recommended rate coefficients would lead
to a summed loss rate of ∼ 4 x 10−4 s−1 . Gas-phase reactions could consequently contribute to
27% to the observed overall loss rate in Fig. 7.1b, which would reduce kexchange to 4 h−1 . The
role of deposition processes of limonene on surfaces or particles available in the laboratory are
difficult to constrain, which is why this experiment was repeated with 2,3-dimethyl-2-butene
(DMB). DMB has a similar reactivity towards NO3 and OH and a rate coefficient only one order
of magnitude higher for the reaction with O3 (IUPAC, 2022). Loss due to gas-phase oxidation
should thus be comparable to that of limonene. On the other hand, DMB is with a vapour
pressure of 133 hPa at 293 K much more volatile than limonene (2.04 hPa at 293 K) (GESTIS,
2022) and, as a consequence, deposits less efficiently on surfaces. Exponential regression of
the data yields an exchange rate of 4.32 h−1 (see Fig. D.1). The initially derived value of 5.4
h−1 hence serves as an upper limit.
Impact of outside air
The laboratory is located inside the Max Planck Institute for Chemistry building which is in
direct vicinity to commercial, residential as well as university buildings, in the suburb of Mainz
(∼ 5 km to the city center) and surrounded by busy two- and four-lane roads (Friedrich et al.,
2020). Mainz itself (217 000 inhabitants) is situated in the highly populated Rhine-Main area
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close to Frankfurt and Wiesbaden. Air sampled from outside (and inside) is thus expected to be
polluted with mostly anthropogenic emissions. Due to usage of the ventilation system, the air
composition inside the laboratory should be highly impacted by the air composition outside.
The chemistry considered in these experiments is mainly determined by the abundance of O3
and NO2 . To get an idea how much the inside air differs from the outside air, NO2 and O3
mixing ratios were subsequently measured inside and outside (same inlet line passed through
a port, 12 m above ground level).
Figure 7.2 shows the resulting time-series and reveals that the inside to outside ratio (I/O ra-

Figure 7.2: Comparison between mixing ratios of O3 (black) and NO2 (blue) inside the laboratory and outside the
building.

tio) of O3 is <1, whereas in case of NO2 a value > 1 is obtained. This observation implies that
indoors, O3 is effectively titrated by NO which produces further NO2 . As shown below, this
explanation is consolidated by simultaneous measurements of NO, NO2 and O3 (see below).
One aspect to take into account is the potential loss of O3 and NOx during their transport
through the ventilation system. The effect of heterogeneous losses of organic compounds of
lower volatility within the ventilation system may be of even higher significance.
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Figure 7.3: 4-day period of NO3 , NO2 , NO, N2 O5 , NO3 reactivity, relative humidity (RH) and temperature (T)
measurements inside a laboratory. The grey area in the upper panel shows the contribution of k N O3 to LN O3 . In the
second panel, calculated NO3 (red) and N2 O5 (black) mixing ratios using Eq. 7.2 and Eq. 7.3 are shown with solid
lines, while measured values are represented by squares in the same color. Yellow shaded areas mark daytime.

7.3

Results and Discussion

An overview of the data set is depicted in Fig 7.3. The corresponding approximate sunrise and
sunset times are marked in orange and the plot reveals that most of the N2 O5 was measured
during the day. The temperature inside the laboratory was 297-298 K with relative humidities
between 30-37 %. The O3 and NO2 mixing ratios are strongly anti-correlated during the day
and vary between 0-25 ppbv and 4-20 ppbv respectively. NO was also highly variable ranging from values below the LOD of 98 pptv and 40 ppbv. As soon as several ppbv of NO were
present in the room, the NO3 reactivity setup reached its upper detection limit (1.7 s−1 in this
configuration) since all NO3 from the source was titrated thus impeding the quantification of
k N O3 . During NO-depleted periods, the VOC-induced NO3 reactivity was typically around 0.1
- 0.4 s−1 . Several pptv of N2 O5 were detected under these conditions, whereas the NO3 signal
remained below the instrument’s LOD of 1.5 pptv at all time.
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Comparison to steady-state calculations

In order to evaluate the reliability of the NO3 and N2 O5 measurements, steady-state calculations of NO3 as described in Chapter 2 were performed. In this case, the NO3 loss rate is the
sum of the directly measured (VOC-induced) NO3 reactivity (k N O3 , R25) and the NO-induced
loss (R22):
LN O3 = k N O3 + k22 · [N O]
(7.1)
Rearranging Eq. 2.3 in Chapter 2 leads to steady-state NO3 concentrations [NO3 ]ss :
k20 [O3 ][N O2 ]
(7.2)
L N O3
N2 O5 mixing ratios [N2 O5 ]eq can be derived according to R23 using the IUPAC-recommended,
temperature-dependent equilibrium constants Keq (Wayne et al., 1991; Brown, 2003; Crowley
et al., 2010):
[N2 O5 ]eq = Keq [N O2 ][N O3 ]ss
(7.3)
[N O3 ]ss =

Overall uncertainties in [N O3 ]ss and [N2 O5 ]eq take uncertainties in measured mixing ratios
(NO2 , O3 ), NO3 reactivity (variable) and rate coefficients (k20 , k23 , k−23 ) into account. During
NO-rich periods, neither NO3 nor N2 O5 was detected because overall NO3 loss rates clearly
exceed NO3 production rates. During these periods, the O3 concentrations drop below the
monitor’s LOD of 2 ppbv, whereas NO mixing ratios reach the ppbv range because O3 is consumed in reaction with NO (R4). This is why each sharp drop of O3 mixing ratios close to the
LOD is accompanied by both sharply increasing NO and NO2 mixing ratios. At the same time,
NO3 production rates are directly correlated with the O3 concentrations and approach zero
( 0.005 pptv/s), while the NO3 loss rates mostly follow the NO concentrations and surpass
the upper LOD of 1.7 s−1 . The lack of NO3 (and N2 O5 ) is thus supported by both low NO3
production rates and titration with NO.
On the other hand, there are periods with N2 O5 mixing ratios well above the CRDS instrument’s LOD. Up to 12 pptv N2 O5 were detected on a Saturday afternoon inside the laboratory,
when (1) the NO3 production rate increased to approximately 0.15 pptv ·s−1 , (2) no detectable
amounts of NO were present and (3) the NO3 reactivity was low. Note that in the analysis NO3
loss via photolysis (mostly through the path R21) is not important. To analyse the system as
long as significant amounts of N2 O5 (and NO3 ) were abundant in the laboratory, a case study
focussing on the daytime period on the 17th October is considered in more detail in Fig.7.4. The
temperature was fairly constant at 297.8 K with relative humidities between 25-30 %. NO2 was
always present with mixing ratios varying between 5 and 15 ppbv. At the beginning, between
8 and 10 UTC, neither NO3 nor N2 O5 is measured which agrees with steady-state calculations.
At that time, the reaction with NO is the dominant loss process of NO3 with loss rates between
1 and 5 s−1 . After 10 UTC, NO concentrations decrease from 2 ppbv to below 98 pptv, which
is why O3 mixing ratios and NO3 production rates increase to ∼ 20 ppbv and 0.12 pptv s−1
respectively. During this period, reaction of NO3 with VOCs becomes the only remaining loss
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Figure 7.4: Case study of the 4-day period of NO3 , NO2 , NO, N2 O5 , NO3 reactivity, relative humidity (RH) and
temperature (T) measurements inside a laboratory. Shaded areas represent the total measurement uncertainty of trace
gas measurements or calculated steady-state NO3 /N2 O5 mixing ratios. Error bars denote associated uncertainties in
NO3 and N2 O5 measurements. See caption of Fig. 7.3 for further details.

process with a rate of ∼ 0.1 s−1 . According to Eq. 7.2, this would lead to a steady-state NO3
mixing ratio of ∼ 1.2 pptv and N2 O5 mixing ratios ranging between 4 and 8 pptv. While the
measured N2 O5 concentrations are well reproduced by Eq. 7.3, no NO3 was detected during
the whole measurement period, clearly disagreeing with steady-state mixing ratios obtained
with Eq. 7.2. In this calculation neither photolysis of NO3 nor deposition of NO3 or N2 O5 were
considered which would increase LN O3 and hence decrease steady-state NO3 concentrations.
However, due to the thermal equilibrium between NO3 and N2 O5 , any additional loss of NO3
would lead to a decrease in the observed N2 O5 mixing ratios and vice versa. Since measured
and calculated values of N2 O5 mixing ratios agree while that of NO3 do not, selective loss
of NO3 during the sampling process forms a more likely explanation: NO3 and N2 O5 were
sampled through a short (< 1 m) 1/4 in. OD PFA tubing with 15 SLPM to keep the residence
time short enough. However, the air was passed through a Teflon (PTFE) filter that was not
changed between Friday and Monday. During field measurements it is common to change the
filter on an hourly basis to avoid losses on the filter that become contaminated with particles
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over time (Sobanski et al., 2016a). As shown in Fig.D.2 in Appendix D, the inlet filter significantly became contaminated during the weekend and depending on the composition of the
particles NO3 may be lost on the filter, while N2 O5 is not. A previous study sampling urban
aerosols in the same area (ca. 300 m apart from this site) revealed that NO3 readily deposited
on such particles, while N2 O5 was lost much less efficiently (γN O3 /γN2 O5 > 15 with γ being
the heterogeneous uptake coefficient) (Tang et al., 2010). This would support the scenario that
the heterogeneous uptake of N2 O5 is insignificant compared to the indirect N2 O5 loss via NO3
+ VOCs, while all ambient NO3 is removed by the contaminated filter surface.

7.3.2

Fate of the NO3 radical in the laboratory

The comparison between the direct measurements and steady-state calculations of NO3 and
N2 O5 implies that the reactions with NO and VOCs are the only important NO3 loss processes
in the laboratory, the contribution of heterogeneous reactions and photolysis are negligible.
The abundance of airborne particles is (as verified by measurements in the laboratory conducted by John N. Crowley using a scanning mobility particle sizer) lower than outside, which
appears plausible considering that the air is passed through the ventilation system prior to
entering the room. Negligible NO3 photolysis in indoor environments in the absence of natural sunlight is known (Weschler et al., 1992; Carslaw, 2007; Arata et al., 2018). This was
verified with measurements of actinic fluxes within the laboratory. As depicted in Fig. D.3
in the Supplement, photolysis rates of NO3 were well below 5 x 10−4 s−1 . In the direct vicinity to the room lights, JN O3 increases to up to 0.004 s−1 , which is still of minor importance
compared to the observed measured NO3 reactivities mostly between 0.1 and 0.4 s−1 during
VOC-dominated periods. In order to quantify the fraction F of NO3 that is lost to VOCs, the
ratio between the directly measured NO3 reactivity k N O3 and the overall NO3 loss rate LN O3
was calculated:
F=

k N O3
k N O3
= NO
LN O3 k 3 + k20 [N O]

(7.4)

A time-series of the resulting F compared with k N O3 from this 4-day period is depicted in
Fig. 7.5. It is evident that NO3 + VOC is a significant contributor to NO3 at all times (mostly
20-40%) and > 90 % during some periods, when N2 O5 (and thus calculated NO3 ) was > LOD.
At the same time, NO3 reactivities (0.05-0.2 s−1 ) are lowest during this time period. VOC measurements are not available making an assignment of the observed reactivities to individual
trace gases impossible. Given the urban location of the institute, isoprene or monoterpenes are
not expected to be present at high mixing ratios. Moreover, the laboratory was not cleaned
during the measurements, so that monoterpenes originating from cleaning products (Arata
et al., 2021) should not contribute. Kurtenbach et al. (2002) identified that cresols are emitted
from traffic and can become a significant sink for NO3 in urban environments. On the other
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Figure 7.5: Time series of the directly measured NO3 reactivities (red) and its fractional contribution F to the overall
NO3 loss rate (black). Yellow shaded area represents daytime period outside.

hand, given their low vapour pressure of 0.15 hPa at 298 K (p-cresol, GESTIS (2022)) and high
reactivity to OH radicals (IUPAC, 2022) it is very unlikely, that cresols are transported to the
laboratory. Moreover, compounds related to traffic emissions are expected to coincide with
periods when NOx concentrations are high. Turning the focus to anthropogenic emissions,
short-chained alkenes such as propene, pentene or substituted butenes (Warneke et al., 2007)
are much more likely to contribute to the observed NO3 reactivities.

7.4

Summary and conclusions

NO3 reactivity was measured together with NO, NO2 , O3 , N2 O5 and NO3 mixing ratios over
a 4-day-period inside a ventilated, dimmed laboratory. Detectable amounts of N2 O5 (up to 12
pptv) only arose when NO was quantitatively converted to NO2 but O3 was left to produce
NO3 . No NO3 was detected at any time which is most probably owed to inlet filter losses. Intercomparison between measured N2 O5 mixing ratios with those derived from a steady-state
approximation using measured k N O3 , NO, NO2 , O3 , the corresponding rate coefficients and
the equilibrium constant were in agreement within uncertainties, confirming that neither heterogeneous reactions nor photolysis are relevant NO3 loss paths in this study. Furthermore,
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the calculations revealed that steady-state concentrations of up to 2 pptv of NO3 were expected inside the laboratory. Reactions with VOCs and NO form the only relevant loss paths
with VOC-induced losses contributing mostly with between 20-100% rendering NO3 + VOCs
a competitive loss path during most of the time inside the laboratory. This consolidates the
hypothesis that NO3 may become a significant indoor oxidant for VOCs, as longs as the NO3
production rate is high enough and at the same time NO3 (and O3 ) not entirely consumed
by NO. Finally, this pilot study suggests that further measurements of NO3 mixing ratios and
NO3 reactivity especially together with VOC measurements in other (ventilated) indoor environments are required.

CHAPTER 8

Conclusions and outlook

In the scope of this work, the NO3 + isoprene system was investigated in two chamber studies, namely (1) during the NO3ISOP campaign with the SAPHIR chamber in Jülich and (2) in
laboratory experiments with our own Teflon chamber SCHARK.
The analysis obtained during NO3ISOP focused on NO3 reactivity and direct NO3 measurements in order to investigate the role of the NO3 radical during the isoprene oxidation process.
Direct NO3 reactivity measurements revealed that NO3 reactivity was entirely determined by
isoprene suggesting that secondary oxidation of closed-shell products forms an insignificant
loss path. Nonstationary-state calculations using NO3 production rates and measured NO3
mixing ratios according to McLaren et al. (2010) expands the view to overall NO3 loss rates,
i.e. every NO3 loss path including losses on chamber walls and reactions with radicals is taken
into account. Intercomparison between measured, calculated and modelled NO3 reactivities
implies that the rate coefficient for the reaction between NO3 and isoprene-derived RO2 is
twice the value expected from reference alkyl peroxy compounds such as the ethyl peroxy
radical (Jenkin et al., 2015; IUPAC, 2022). For isoprene-derived RO2 , this rate coefficient has
never been directly measured so that kinetic measurements of the latter are required to test
previous results based on model calculations (Hjorth et al., 1990; Dewald et al., 2020). The fate
of the initially formed RO2 radicals determines which kind of products are actually formed in
this system and consequently also the yield of alkyl nitrates (Schwantes et al., 2015; Wennberg
et al., 2018) that might contribute to the sequestering of NOx .
The second chamber study carried out with the SCHARK dealt with the detection (based on
TD-CRDS) of the main product species formed by the NO3 + isoprene system, namely alkyl
nitrates. In contrast to commonly used reference compounds for ANs such as isopropyl nitrate, isoprene-derived organic nitrates show broad dissociation profiles interfering with the
detection of PNs. Laboratory investigations imply that this phenomenon is linked to ozone113
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assisted heterogeneous reactions on the quartz glass walls of the thermal-dissociation inlets.
This underlines the importance of characterizing instruments with compounds actually abundant in the atmosphere and, in addition, as close as possible to ambient conditions, i.e. humidity and complex mixtures, that can be found in the troposphere. Note that alkyl nitrates
in field measurements may also originate from other VOCs than isoprene (Ng et al., 2017) so
that future work should include chamber studies with e.g. NO3 + monoterpenes. Such experiments should become routine for proper characterization of instruments based on TD so that
it can be checked if the newly designed thermal dissociation inlets are also suitable for ANs
derived from monoterpenes and verify the reliability of the measurements under real ambient
conditions.
NO3 reactivity was measured during a field campaign (TO2021) on the Kleiner Feldberg. Comparison with VOC measurements showed, that monoterpenes contributed 84% to the measured
NO3 reactivity, while isoprene and sesquiterpenes contributed only 7% and 9% respectively.
This emphasizes again the necessity of more chamber studies investigating the reaction between NO3 and mixtures of monoterpenes in order to assess the role of the nitrate radical in the
evolution of the oxidation process. During TO2021, the fractional contribution of k N O3 was
on average ca. 16% during the daytime. This is in broad agreement with findings of previous
studies (Liebmann et al., 2018, 2019; Foulds et al., 2021) and indicates that even during daytime
NO3 can significantly contribute to alkyl nitrate formation. Because of the abundance of NO
even at nighttime on this site, k N O3 contributed 50-60 % at night, which is low compared to
previous field measurements (Liebmann et al., 2018, 2019). Measurements of NOx fluxes near
the soil at this site would help to constrain the origin of nighttime NO in particular. Steadystate calculations enabled deduction of NO3 mixing ratios and allowed comparison to previous
NO3 measurements performed during four other campaigns between 2008 and 2015. The intercomparison underlined the high variability of the results, most likely induced by boundary
layer dynamics and lock-down regulations due to the COVID-19 pandemic. Moreover, the
intercomparison emphasizes that simultaneous measurements of NO3 mixing ratios and NO3
reactivity are desirable, as both measurements complement mutually and potentially allow
closure of the nitrogen budget. Finally, further drone-assisted measurements of temperature
profiles (or of other parameters) are necessary to investigate the effect of boundary layer dynamics.
Given the sparse availability of indoor NO3 and NO3 reactivity measurements, both were measured together with NO, NO2 , O3 and N2 O5 inside a laboratory over a four day period. This
pilot study showed that N2 O5 as well as NO3 are abundant indoors both day and night. Steadystate calculations of N2 O5 showed good agreement with measured N2 O5 within uncertainties
and demonstrate the power of simultaneous measurements of k N O3 and NO3 . Moreover, given
the high variability of the fractional contributions of k N O3 to the overall NO3 loss rate, it is
worth studying the importance of the NO3 radical in ventilated indoor areas in more detail
together with measurements of VOCs.
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Box-Model

35

Table S1: Reactions, rate coefficients and definitions in the model used for analysis. The isoprene oxidation scheme until the 3 rd / 4th
generation from the Master Chemical Mechansism (MCM) version 3.3.1 is used (Jenkin et al., 2015). Any change from MCMv3.3.1
is annotated.
Reaction

Reaction constant

Annotations

NOx chemistry
N2O5  NO3 + NO2

((1.3e-3*(T/300)@-3.5*exp(-11000/T))*M*
(9.7e14*(T/300)@0.1*exp(-11080/T)))/((1.3e-3*
(T/300)@-3.5*exp(-11000/T))*M+(9.7e14*(T/300)@0.1*
exp(-11080/T)))*10@(log10(0.35)/(1+(log10((1.3e3*(T/300)@-3.5
*exp(-11000/T))*M/(9.7e14*(T/300)@0.1*exp(-11080/T)))
/(0.75-1.27*log10(0.35)))@2))

NO2 + NO3  N2O5

((3.6e-30*(T/300)@-4.1)*M*(1.9e-12*(T/300)@0.2))
/((3.6e-30*(T/300)@-4.1)*M+(1.9e-12*(T/300)@0.2))*
10@(log10(0.35)/(1+(log10((3.6e-30*(T/300)@-4.1)*
M/(1.9e-12*(T/300)@0.2))/(0.75-1.27*log10(0.35)))@2))

NO + O3  NO2 + O2

1.8E-11*exp(110/T)

NO2 + O3  NO3 + O2

1.4E-13 * exp (-2470/T)

NO + O3  NO2 + O2

2.07E-12 * exp (-1400/T)

NO3 + CO 

4E-19

OH + NO2 HNO3

((3.2e-30*(T/300)@-4.5)*M*(3.0e-11))/

Hjorth et al., 1986

((3.2e-30*(T/300)@-4.5)*M+(3.0e-11))*10@(log10(0.41)/
(1+(log10((3.2e-30*(T/300)@-4.5)*M/(3.0e-11))/
(0.75-1.27*log10(0.41)))@2))
OH + NO3 HO2 + NO2

2E-11

HO2 + NO3  OH + NO2

4E-12

OH + NO  HONO

((7.4e-31*(T/300)@-2.4)*M*(3.3e-11*(T/300)@-0.3))/
((7.4e-31*(T/300)@-2.4)*M+(3.3e-11*(T/300)@-0.3))*
10@(log10(0.81)/(1+(log10((7.4e-31*(T/300)@-2.4)*M/
(3.3e-11*(T/300)@-0.3))/(0.75-1.27*log10(0.81)))@2))

HO2 + NO  OH + NO2

3.45E-12*exp(270/T)

HO2 + NO2  HO2NO2

((1.4e-31*(T/300)@-3.1)*M*(4.0e-12))/
((1.4e-31*(T/300)@-3.1)*M+(4.0e-12))*10@(log10(0.4)/
(1+(log10((1.4e-31*(T/300)@-3.1)*M/(4.0e-12))/
(0.75-1.27*log10(0.4)))@2))

HO2NO2 + OH  NO2

3.2e-13*EXP(690/T)

HO2NO2  HO2 + NO2

((4.1e-5*exp(-10650/T))*M*(6.0e15*exp(-11170/T)))/
((4.1e-5*exp(-10650/T))*M+(6.0e15*exp(-11170/T)))*
10@(log10(0.4)/(1+(log10((4.1e-5*exp(-10650/T))*M/
(6.0e15*exp(-11170/T)))/(0.75-1.27*log10(0.4)))@2))
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OH + HONO  NO2

2.5e-12*EXP(260/T)

OH + HNO3  NO3

2.40E-14*EXP(460/T) + ((6.50E-34*EXP(1335/T)*M)/
(1+(6.50E-34*EXP(1335/T)*M/2.70E-17*EXP(2199/T))))

HOx chemistry
OH + O3  HO2

1.70E-12*EXP(-940/T)

HO2 + O3  OH

2.03E-16*(T/300)@4.57*EXP(693/T)

OH + HO2 

4.8E-11*EXP(250/T)

HO2 + HO2  H2O2

2.20E-13*(1+(1.40E-21*EXP(2200/T)*H2O))*EXP(600/T)

OH + H2O2  HO2

2.9E-12*exp(-160/T)

OH + CO  HO2

1.44E-13*(1+(M/4.2E19))

Primary oxidation of isoprene
NO3 + C5H8  NISOPO2

2.95E-12 * exp (-450/T)

O3 + C5H8  CH2OOE +

0.3 * 1.03E-14 * exp (-1995/T)

IUPAC, 2019

MACR
O3 + C5H8  CH2OOE + MVK

0.2 * 1.03E-14 * exp (-1995/T)

O3 + C5H8 

HCHO +

0.3 * 1.03E-14 * exp (-1995/T)

HCHO +

0.2 * 1.03E-14 * exp (-1995/T)

MACROOA
O3 + C5H8 
MVKOOA
OH + C5H8  CISOPA

0.288*2.7E-11 * exp (390/T)

OH + C5H8  CISOPC

0.238*2.7E-11 * exp (390/T)

OH + C5H8  ISOP34O2

0.022*2.7E-11 * exp (390/T)

OH + C5H8  ME3BU3ECHO

0.02*2.7E-11 * exp (390/T)

+ HO2
OH + C5H8  PE4E2CO + HO2

0.042*2.7E-11 * exp (390/T)

OH + C5H8  TISOPA

0.288*2.7E-11 * exp (390/T)

OH + C5H8  TISOPC

0.102*2.7E-11 * exp (390/T)

Secondary oxidation
(1st generation)
NISOPO2 + HO2  NISOPOOH

0.706*2.91E-13 * EXP(1300/T)

NISOPO2 + NO3  NISOPO +

2.3E-12

NO2
NISOPO2 + RO2  ISOPCNO3

0.2*1.3E-12

NISOPO2 + RO2  NC4CHO

0.2*1.3E-12

NISOPO2 + RO2  NISOPO

0.6*1.3E-12

CH2OOE  CH2OO

0.22*1E6

CH2OOE  CO

0.51*1E6

CH2OOE  HO2 + CO + OH

0.27*1E6

MACR + NO3  MACO3 +

3.4E-15

HNO3

3
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MACR + O3  HCHO +

0.12*1.4E-15*EXP(-2100/T)

MGLYOOB
MACR + O3  MGLYOX +

0.88*1.4E-15*EXP(-2100/T)

CH2OOG
MACR + OH  MACO3

0.45*8.0E-12*EXP(380/T)

MACR + OH  MACRO2

0.47*8.0E-12*EXP(380/T)

MACR + OH  MACROHO2

0.08*8.0E-12*EXP(380/T)

MVK + O3  MGLOOA +

0.5*8.5E-16*EXP(-1520/T)

HCHO
MVK + O3  MGLYOX +

0.5*8.5E-16*EXP(-1520/T)

CH2OOB
MVK + OH  HVMKAO2

0.3*2.6E-12*EXP(610/T)

MVK + OH  HMVKBO2

0.7*2.6E-12*EXP(610/T)

HCHO + NO3  HNO3 + CO +

5.5E-16

HO2
HCHO + OH  HO2 + CO

5.4E-12 * exp (135/T)

MACROOA  C3H6
MACROOA



0.255*1E6

CH3CO3

+

0.255*1E6

HCHO + HO2
MACROOA  MACROO
MACROOA



OH +

0.22*1E6
CO

0.27*1E6

+CH3CO3 + HCHO
MVKOOA  C3H6

0.255*1E6

MVKOOA  CH3O2 + HCHO

0.255*1E6

+ CO + HO2
MVKOOA  MVKOO

0.22*1E6

MVKOOA  OH + MVKO2

0.27*1E6

CISOPA + O2  CISOPAO2

3.5E-12

CISOPA + O2  ISOPBO2

3E-12

CISOPC + O2  CISOPCO2

2E-12

CISOPC + O2  ISOPDO2
ISOP34O2

+

HO2

3.5E-12


2.91E-13 * EXP(1300/T)

ISOP34OOH
ISOP34O2 + NO3  ISOP34O +

2.3E-12

NO2
ISOP34O2 + RO2  HC4CHO

0.1*2.65E-12

ISOP34O2 + RO2  ISOP34O

0.8*2.65E-12

ISOP34O2 + RO2  ISOPDOH

0.1*2.65E-12

ME3BU3ECHO

+

NO3



3.3E-13

NC526O2
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0.33*1.6E-17

ME3BU3ECHO + O3  HCHO

0.67*1.6E-17

ME3BU3ECHO

+

O3

CH2OOC + CO2C3CHO

+ CO2C3OOB
ME3BU3ECHO

+

OH



0.712*7.3E-11

+

OH



0.288*7.3E-11

C530O2
ME3BU3ECHO
ME3BU3ECO3
PE4E2CO + NO3  NC51O2

1.2E-14

PE4E2CO + O3  CH2OOB +

0.43*1E-17

CO2C3CHO
PE4E2CO + O3  HCHO +

0.57*1E-17

CO2C3OOA
PE4E2CO + OH  C51O2

2.71E-11

TISOPA + O2  ISOPAO2

2.5E-12*exp(-480/T)

TISOPA + O2  ISOPBO2

3E-12

TISOPC + O2  ISOPCO2

2.5E-12*exp(-480/T)

TISOPC + O2  ISOPDO2
Secondary

oxidation

3.5E-12
(2nd

generation)
NISOPOOH + OH  NC4CHO

1.03E-10

+ OH
NISOPO + O2  NC4CHO +

2.50E-14*EXP(-300/T)

HO2
ISOPCNO3 + OH  INCO2

1.12E-10

NC4CHO + NO3  NC4CO3 +

4.25*1.4E-12*EXP(-1860/T)

HNO3
NC4CHO + OH  C510O2

0.52*4.16E-11

NC4CHO + OH  NC4CO3

0.48*4.16E-11

NC4CHO + O3  NOA +

0.5*2.4E-17

GLYOOC
NC4CHO + O3  GLYOX +

0.5*2.4E-17

NOAOOA
CH2OO + CO  HCHO

1.2E-15

CH2OO + NO2  HCHO + NO3

1E-15

MACO3 + NO3  CH3C2H2O2

1.74 * 2.3E-12

+ NO2
MACO3 + HO2  CH3C2H2O2

0.44 * 5.2E-13*EXP(980/T)

MACO3 + HO2 

0.66 5.2E-13*EXP(980/T)

MACO3 + RO2  CH3C2H2O2

0.7*1E-11

MACO3 + RO2 

0.3*1E-11

5
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MGLYOOB  MGLYOO

0.18*1E6

MGLYOOB  OH + CO +

0.82*1E6

CH3CO3
MGLYOX + NO3  CH3CO3 +

2.4*1.4E-12*EXP(-1860/T)

CO + HNO3
MGLYOX + OH  CH3CO3 +

1.9E-12*exp(575/T)

CO
CH2OOG  CH2OO

0.37*1E6

CH2OOG  CO

0.47*1E6

CH2OOG  HO2 + CO + OH
MACRO2

+

HO2

0.16*1E6


0.625*2.91E-13 * EXP(1300/T)

MACROOH
MACRO2 + NO3  MACRO +

2.3E-12

NO2
MACRO2 + RO2  ACETOL
MACROHO2

+

HO2

9.2E-14



0.625*2.91E-13 * EXP(1300/T)



2.3E-12

(MACROHOOH)
MACROHO2

+

NO3

MACROHO + NO2
MACROHO2 + RO2  (div)

1.4E-12

MGLOOA  CH3CHO

0.2*1E6

MGLOOA  OH + CO +

0.36*1E6

CH3CO3
MGLOOA  CH3CO3 + HCHO

0.2*1E6

+ HO2
MGLOOA  MGLOO

0.24*1E6

CH2OOB  CH2OO

0.24*1E6

CH2OOB  CO

0.4*1E6

CH2OOB  HO2 + CO + OH
HMVKAO2

+

HO2

0.36*1E6


0.625*2.91E-13 * EXP(1300/T)

(HMVKAOOH)
HMVKAO2 + NO3  NO2 +

2.3E-12

HMVKAO
HMVKAO2 + RO2  (div)
HMVKBO2

+

HO2

2E-12


0.625*2.91E-13 * EXP(1300/T)

(HMVKBOOH)
HMVKBO2 + NO3  NO2 +

2.3E-12

HMVKBO
HMVKBO2 + RO2  (div)

8.8E-13

C3H6 + O3  CH2OOB +

0.5*5.5E-15*EXP(-1880/T)

CH3CHO

6

138

C3H6 + O3  CH3CHOOA +

0.5*5.5E-15*EXP(-1880/T)

HCHO
C3H6 + NO3  PRONO3AO2

0.35*4.6E-13*EXP(-1155/T)

C3H6 + NO3  PRONO3BO2

0.65*4.6E-13*EXP(-1155/T)

C3H6 + OH  HYPROPO2

0.87* ((8e-27*(T/300)@-3.5)*M*(3.0e-11*(T/300)@-1))/
((8e-27*(T/300)@-3.5)*M+(3.0e-11*(T/300)@-1))*
10@(log10(0.5)/(1+(log10((8e-27*(T/300)@-3.5)*M/
(3.0e-11*(T/300)@-1))/(0.75-1.27*log10(0.5)))@2))

C3H6 + OH  IPROPOLO2

0.13* ((8e-27*(T/300)@-3.5)*M*(3.0e-11*(T/300)@-1))/
((8e-27*(T/300)@-3.5)*M+(3.0e-11*(T/300)@-1))*
10@(log10(0.5)/(1+(log10((8e-27*(T/300)@-3.5)*M/
(3.0e-11*(T/300)@-1))/(0.75-1.27*log10(0.5)))@2))

CH3CO3 + HO2  CH3CO2H +

5.2E-13*EXP(980/T)

O3
CH3CO3 + NO3  NO2 +

4E-12

CH3O2
CH3CO3 + RO2  CH3CO2H

0.3*1E-11

CH3CO3 + RO2  CH3O2

0.7*1E-11

MACROO + CO  MACR

1.2e-15

MACROO + NO2  MACR +

1E-15

NO3
CH3O2 + HO2 

3.8E-13*EXP(780/T)*(1-1/(1+498*EXP(-1160/T)))

CH3O2 + HO2  HCHO

3.8E-13*EXP(780/T)*(1/(1+498*EXP(-1160/T)))

CH3O2 + NO3  CH3O + NO2

1.2E-12

CH3O2 + RO2  CH3OH

0.5* 2*1.03E-13*EXP(365/T)*0.5*(1-7.18*EXP(-885/T))

CH3O2 + RO2  HCHO

0.5* 2*1.03E-13*EXP(365/T)*0.5*(1-7.18*EXP(-885/T))

MVKOO + CO  MVK

1.2E-15

MVKOO + NO2  MVK + NO3

1E-15

MVKO2 + HO2  (MVKOOH)

0.625*2.91E-13 * EXP(1300/T)

MVKO2 + NO3  NO2

2.3E-12

MVKO2 + RO2  (div)

2E-12

CISOPAO2

+

HO2



0.706*2.91E-13 * EXP(1300/T)

ISOPAOOH
CISOPAO2 + NO3  CISOPAO

2.3E-12

+ NO2
CISOPAO2  C536O2

0.5*2.20E10*EXP(-8174/T)*EXP(1.00E8/T@3)

CISOPAO2  C5HPALD1 +

0.5*2.20E10*EXP(-8174/T)*EXP(1.00E8/T@3)

HO2
CISOPAO2  CISOPA

5.22E15*EXP(-9838/T)

CISOPAO2 + RO2 CISOPAO

0.8*2.4E-12
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0.1*2.4E-12

CISOPAO2 + RO2  ISOPAOH

0.1*2.4E-12

ISOPBO2 + HO2  ISOPBOOH

0.706*2.91E-13 * EXP(1300/T)

ISOPBO2 + NO3  ISOPBO +

2.3E-12

CISOPAO2

+

RO2

HC4ACHO

NO2
ISOPBO2 + RO2  ISOPBO

0.8*8E-13

ISOPBO2 + RO2  ISOPBOH

0.2*8E-13

CISOPCO2

+

HO2



0.706*2.91E-13 * EXP(1300/T)

ISOPCOOH
CISOPCO2 + NO3  CISOPCO

2.3E-12

+ NO2
CISOPCO2  C537O2

0.5*2.20E10*EXP(-8174/T)*EXP(1.00E8/T@3)

CISOPCO2  C5HPALD2 +

0.5*2.20E10*EXP(-8174/T)*EXP(1.00E8/T@3)

HO2
CISOPCO2  CISOPC

3.06E15*EXP(-10254/T)

CISOPCO2 + RO2  CISOPCO

0.8*2E-12



0.2*2E-12

CISOPCO2 + RO2  ISOPAOH

0.2*2E-12

ISOPDO2 + HO2  ISOPDOOH

0.706*2.91E-13 * EXP(1300/T)

ISOPDO2 + NO3  ISOPDO +

2.3E-12

CISOPCO2

+

RO2

HC4CCHO

NO2
ISOPDO2 + RO2  ISOPDO

0.8*2.9E-12

ISOPDO2 + RO2  HCOC5

0.1*2.9E-12

ISOPDO2 + RO2  ISOPDOH

0.1*2.9E-12

ISOP34OOH + OH  HC4CHO

9.73E-11

+ OH
ISOP34O  MACR + HCHO +

1E6

HO2
HC4CHO + OH  C58O2

0.829*1.04E-10

HC4CHO + OH  HC4CO3

0.171*1.04E-10

ISOPDOH + OH  HCOC5 +

7.38E-11

HO2
NC526O2 + NO3  NO2 +

2.3E-12

NC526O2 + RO2 

9.20E-14

CH2OOC  CH2OO

0.18*1E6

CH2OOC  HO2 + CO+ OH

0.82*1E6

CO2C3CHO + NO3  HNO3 +

4* 1.4E-12*EXP(-1860/T)

CO2C3CO3

8

140



7.15E-11

CO2C3OOB  C4CO2O2 + OH

0.82*1E6

CO2C3OOB  CO2C3OO

0.18*1E6

C530O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C530O2 + NO3  NO2 +

2.3E-12

CO2C3CHO

+

OH

CO2C3CO3

C530O2 + RO2 
ME3BU3ECO3

9.2E-14
+

HO2



0.44*1.4E-12*EXP(-1860/T)

C45O2 + OH + NO2
ME3BU3ECO3 + HO2 

0.56*2.91E-13 * EXP(1300/T)

ME3BU3ECO + NO3  C45O2

1.6*2.3E-12

+ NO2
ME3BU3ECO3 + RO2  C45O2

1E-11

NC510O2 + HO2 

0.625*2.91E-13 * EXP(1300/T)

NC510O2 + NO3  NO2 +

2.3E-12

NC510O2 + RO2 

8.8E-12

CO2C3OOA  C4CO2O2 + OH

0.36*1E6

CO2C3OOA  CH2COCH2O2

0.2*1E6

+ HO2
CO2C3OOA  CH2COCH3

0.2*1E6

CO2C3OOA  CO2C3OO

0.24*1E6

C51O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C51O2 + NO3  NO2 +

2.3E-12

ISOPAO2 + HO2  ISOPAOOH

0.706*2.91E-13 * EXP(1300/T)

ISOPAO2 + NO3  NO2 +

2.3E-12

ISOPAO
ISOPAO2 + RO2  HC4ACHO

0.1*2.4E-12

ISOPAO2 + RO2  ISOPAO

0.8*2.4E-12

ISOPAO2 + RO2  ISOPAOH

0.1*2.4E-12

ISOPCO2 + HO2  ISOPCOOH

0.706*2.91E-13 * EXP(1300/T)

ISOPCO2 + NO3  NO2 +

2.3E-12

ISOPCO
ISOPCO2 + RO2  HC4CCHO

0.1*2E-12

ISOPCO2 + RO2  ISOPAOH

0.1*2E-12

ISOPCO2 + RO2  ISOPCO

0.8*2E12

Secondary oxidation (3

rd

+

generation)
INCO2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

INCO2 + NO3  NO2 +

2.3E-12

INCO2 + RO2 

2.9E-12
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NC4CO3 + HO2  NOA + CO+

0.44*5.2E-13*EXP(980/T)

HO2 + OH
NC4CO3 + HO2 

0.66*5.2E-13*EXP(980/T)

NC4CO3 + NO3  NOA + CO +

1.74*2.3E-12

HO2 + NO2
NC4CO3 + RO2 

0.3*1E-11

NC4CO3 + RO2  NOA + HO2

0.7*1E-11

+ CO
NOA + OH  MGLYOX + NO2

1.3E-13

C510O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C510O2 + NO3  NO2

2.3E-12

C510O2 + RO2 

9.2E-14

GLYOOC  GLYOO

0.11*1E6

GLYOOC  OH + HO2 + CO +

0.89*1E6

CO
GLYOO + NO2  GLYOX +

1E-15

NO3
NOAOOA  NOAOO

0.11*1E6

NOAOOA  OH + NO2 +

0.89*1E6

MGLYOX
NOAOO + NO2  NOA + NO3

1E-15

CH3C2H2O2  CH3CO3 +

0.35*1E6

HCHO


CH3C2H2O2

HCHO

+

0.65*1E6

CH3O2 + CO
MGLYOO + NO2  MGLYOX

1E-15

+ NO3
MACROOH + OH  ACETOL

3.77E-11

+ CO + OH
MACRO  ACETOL + CO+

1E6

HO2
MACROHO  MGLYOX +

1E6

HCHO + HO2
MGLOO + NO2  MGLYOX +

1E-15

NO3
HMVKAO



MGLYOX

+

1E6

CH3CO3

+

1E6

HCHO + HO2
HMVKBO



HOCH2CHO
CH3CHOOA  CH3CHOO

0.24*1E6
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CH3CHOOA  CH3O2 + CO +

0.36*1E6

OH
CH3CHOOA  CH3O2 + HO2

0.2*1E6

CH3CHOOA 

0.2*1E6

CH3CHOO+ CO  CH3CHO

1.2E-15

CH3CHOO + NO2  CH3CHO

1E-15

+ NO3
PRONO3AO2 + HO2 

0.520*2.91E-13 * EXP(1300/T)

PRONO3AO2 + NO3  NO2 +

2.3E-12

PRONO3AO2 + RO2 

0.2*6E-13

PRONO3BO2 + HO2 

0.520*2.91E-13 * EXP(1300/T)

PRONO3BO2 + NO3  NO2 +

2.3E-12

PRONO3BO2 + RO2 

0.2*4E-14

HYPROPO2 + HO2 

0.520*2.91E-13 * EXP(1300/T)

HYPROPO2 + NO3  NO2 +

2.3E-12

HYPROPO2 + RO2 

8.8E-13

IPROPOLO2 + HO2 

0.520*2.91E-13 * EXP(1300/T)

IPROPOLO2 + NO3  NO2 +

2.3E-12

IPROPOLO2 + RO2 

2E-12

MVKOOH + OH  VGLYOX

2.55E-11

MVKOOH + OH  MVKO2

1.90E-12*EXP(190/T)

VGLYOX + NO3 

2.0*1.4E-12*EXP(-1860/T)

CH3CO2H + OH  CH3O2

8E-13


0.05*1.54E-10

ISOPAOOH + OH  IEPOXA +

0.93*1.54E-10

ISOPAOOH

+

OH

HC4ACHO

OH
ISOPAOOH + OH  ISOPAO2

0.02*1.54E-10

HC4ACHO + NO3  HC4ACO3

4.25*1.4E-12*EXP(-1860/T)

+ HNO3
HC4ACHO + O3  ACETOL +

0.5*2.4E-17

GLYOX
HC4ACHO + O3  CO +

0.5*2.4E-17

HC4ACHO + OH  C58O2

0.52*4.52E-11

HC4ACHO + OH  HC4ACO3

0.49*4.52E-11

C58O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C58O2 + NO3  NO2 +

2.3E-12

C58O2 + RO2 

9.2E-14

HC4ACO3 + HO2 

5.2E-13*EXP(980/T)

HC4ACO3 + NO3  NO2 +

1.74*2.3E-12

HC4ACO3 + RO2 

1E-11
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HC4ACO3  HO2 +

2.20E10*EXP(-8174/T)*EXP(1.00E8/T@3)

CISOPAO  C526O2

0.19*1E6

CISOPAO  HC4CCHO + HO2

0.63*1E6

CISOPAO  HO2 + M3F

0.18*1E6

C526O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C526O2 + NO3  NO2 +

2.3E-12

C526O2 + RO2 

9.20E-14

C526O2  CO + OH

3.00E7*EXP(-5300/T)

M3F + NO3  NO2 +

1.9E-11

M3F + O3 

2E-17

M3F + OH  HO2 +

9E-11

C536O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C536O2 + NO3  NO2 +

2.3E-12

C536O2 + RO2 

9.20E-14

C536O2  CO + OH

3.00E7*EXP(-5300/T)

C5HPALD1 + NO3  OH +

4.25*1.4E-12*EXP(-1860/T)

HNO3 +
C5HPALD1

+

O3



0.73*2.4E-17

MGLYOOA
C5HPALD1 + O3  MGLYOX

0.27*2.4E-17

MGLYOOA  MGLYOO

0.11*1E6

MGLYOOA  CH3CO3 + OH

0.89*1E6

+CO
C5HPALD1 + OH  OH +

5.2E-11

ISOPAOH + OH  HC4ACHO+

0.5*9.3E-11

HO2
ISOPAOH + OH  HC4CCHO

0.5*9.3E-11

+ HO2
HC4CCHO + NO3  HC4CCO3

4.25*1.4E-12*EXP(-1860/T)

+ HNO3
HC4CCHO + O3 

2.4E-17

HC4CCHO + OH  C57O2

0.52*4.52E-11

HC4CCHO + OH  HC4CCO3

0.48*4.52E-11

HC4CCO3 + HO2 

5.2E-13*EXP(980/T)

HC4CCO3 + NO3  NO2 +

1.74*2.3E-12

HC4CCO3 + RO2 

1E-11

C57O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C57O2 + NO3  NO2 +

2.3E-12

C57O2 + RO2 

9.20E-14

ISOPBOOH + OH  IEPOXB +

0.92*5E-11

OH
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ISOPBOOH + OH  ISOPBO2

0.08*5E-11

IEPOXB + OH  IEB1O2

0.5*9.05E-12

IEPOXB + OH  IEB2O2

0.5*9.05E-12

IEB1O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

IEB1O2 + NO3  NO2 +

2.3E-12

IEB1O2 + RO2 

9.20E-14

IEB1O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

IEB1O2 + NO3  NO2 +

2.3E-12

IEB1O2 + RO2 

8.8E-13

ISOPBO  MVK + HCHO +

1E6

HO2
ISOPBOH + OH  ISOPBO

3.85E-11

ISOPCOOH + OH  HC4CCHO

0.05*1.54E-10

+ OH
ISOPCOOH + OH  IEPOXC +

0.93*1.54E-10

OH
ISOPCOOH + OH  ISOPCO2

0.02*1.54E-10

IEPOXC + OH  IEC1O2

0.719*1.5E-11

IEPOXC + OH 

0.281*1.5E-11

IEC1O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

IEC1O2 + NO3  NO2 +

2.3E-12

IEC1O2 + RO2 

9.2E-14

CISOPCO  C527O2

0.3*1E6

CISOPCO  HC4ACHO

0.52*1E6

CISOPCO  HO2 + M3F

0.18*1E6

C527O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C527O2 + NO3  NO2 +

2.3E-12

C527O2 + RO2 

8.8E-13

C527O2  CO + OH

3.00E7*EXP(-5300/T)

C537O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C537O2 + NO3  NO2 +

2.3E-12

C537O2 + RO2 

9.2E-14

C537O2  CO + OH

3.00E7*EXP(-5300/T)

C5HPALD2 + NO3  OH +

4.25*1.4E-12*EXP(-1860/T)

HNO3 +
C5HPALD2

+

O3



0.73*2.4E-17

MGLYOOC
C5HPALD2 + O3  MGLYOX

0.27*2.4E-17

C5HPALD2 + OH  OH

5.2E-11

ISOPAOH + OH  HC4ACHO

0.5*9.3E-11

+ HO2
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ISOPAOH + OH  HC4CCHO

0.5*9.3E-11

+ HO2
ISOPDOOH + OH  HCOC5 +

0.22*1.15E-10

OH
ISOPDOOH + OH  IEPOXB +

0.75*1.15E-10

OH
ISOPDOOH + ISOPDO2

0.03*1.15E-10

OH + HCOC5  C59O2

3.81E-11

C59O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C59O2 + NO3  NO2 +

2.3E-12

C59O2 + RO2 

9.2E-14

ISOPDO  MACR + HCHO +

1E6

HO2
ISOPDOH + OH  HCOC5

7.38E-11

HC4CO3 + HO2 

0.56*2.91E-13 * EXP(1300/T)

HC4CO3 + HO2  MACR +

0.44*2.91E-13 * EXP(1300/T)

HO2 + OH
HC4CO3 + NO3  MACR +

1.5*2.3E-12

HO2 + NO2
HC4CO3  MACR + HO2
CO2C3CO3

+

HO2

1E-11


0.44*2.91E-13 * EXP(1300/T)

CH3COCH2O2
CO2C3CO3 + HO2 
CO2C3CO3

+

0.56*2.91E-13 * EXP(1300/T)

NO3



1.74*2.3E-12

CH3COCH2O2 + NO2
CO2C3CO3  CH3COCH2O2

1E-11

CH3COCH2O2 + HO2  OH +

0.15*1.36E-13*EXP(1250/T)

CH3COCH2O2 + HO2 

0.85*1.36E-13*EXP(1250/T)

CH3COCH2O2 + NO3  NO2 +
CH3COCH2O2

+

RO2



2.3E-12
0.2* 2*(3.5E-13*8E-12)@0.5

ACETOL
CH3COCH2O2 + RO2 
CH3COCH2O2

+

RO2

0.6* 2*(3.5E-13*8E-12)@0.5


0.2* 2*(3.5E-13*8E-12)@0.5

MGLYOX
CO2C3OO + CO 

1.2E-15

CO2C3OO + NO2  NO3 +

1E-15

C4CO2O2 + HO2 

0.625*2.91E-13 * EXP(1300/T)

C4CO2O2 + NO3  NO2 +

2.3E-12

C4CO2O2 + RO2 

8.8E-12

C45O2 + HO2 

0.625*2.91E-13 * EXP(1300/T)

C45O2 + NO3  NO2 +

2.3E-12
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C45O2 + RO2 

1.3E-12

ISOPAO  C524O2

0.25*1E6

ISOPAO  HC4CHO + HO2

0.75*1E6

C524O2 + HO2 

0.706*2.91E-13 * EXP(1300/T)

C5242 + NO3  NO2 +

2.3E-12

C5242 + RO2 

2.9E-12

ISOPCOOH + OH  HC4CCHO

0.05*1.54E-10

+ OH
ISOPCOOH + OH  IEPOXC +

0.93*1.54E-10

OH
ISOPCOOH + ISOPCO2

0.02*1.54E-10

ISOPCO  HC4ACHO + HO2

0.75*1E6

ISOPCO  HC4CCHO + HO2

0.25*1E6

β-caryophyllene

Jenkin et al., 2012

BCARY + NO3  NBCO2

1.9E-11

NBCO2 + NO3 

2.3E-12

BCARY + O3  BCAOO

0.435*1.2E-14

BCARY + O3  BCBOO

0.435*1.2E-14

BCARY + O3 

0.13*1.2E-14

BCAOO  BCSOZ

8E1

BCBOO  BCSOZ

1.2E2

SAPHIR chamber
Y + OH  HO2

1.44E-13*(1+(M/4.2E19))

OH background reactivity; behaving
like CO (Fuchs et al., 2013)

Z + wall 

3.86E-6

NO3 + wall 

1.6E-3

Wall loss NO3

N2O5 + wall 

3.3E-4

Wall loss N2O5

Wall loss for O3, H2O2, HO2, HONO
and HNO3 (Richter, 2007)

Definitions
RO2

NISOPO2 + ISOP34O2 + CH3C2H2O2 + MACO3 + MACRO2

organic peroxides

+ MACROHO2 + CH3CO3 + HMVKAO2 + HMVKBO2 +
CH3O2 + MVKO2 + CISOPAO2 + ISOPBO2 + CISOPCO2 +
ISOPDO2 + NC526O2 + C530O2 + M3BU3ECO3 + C45O2 +
NC51O2 + C51O2 + ISOPAO2 + ISOPCO2 + INCO2 + NC4CO3
+ C510O2 + PRONO3AO2 + PRONO3BO2 + HYPROPO2 +
IPROPOLO2 + C536O2 + C537O2 + INAO2 + C58O2 +
HC4CO3 + CO2C3CO3 + CH3COCH2O2 + C4CO2O2 +
C527O2 + C526O2 + HC4ACO3 HC4CCO3 + C57O2 + C59O2
+ C524O2
kNO3_all

C5H8*2.95E-12*exp(450/T) + BCARY*1.9E-11 + C3H6*4.6E13*exp(-1155/T) +

(2.3E-12*(NISOPO2 +

15
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ISOPAO2

+

overall NO3 reactivity

ISOPBO2 + ISOPCO2 + ISOPDO2 + CH3C2H2O2 + MACO3 +
MACRO2 + MACROHO2 + HMVKAO2 + HMVKBO2 +
MVKO2 + INCO2 + CISOPAO + CISOPAO2 + (NC4CO3*1.74)
+ C510O2 + NBCO2 + PRONO3AO2 + PRONO3BO2 +
HYPROPO2 +

IPROPOLO2 +

INAO2 + C524O2

+

(HC4ACO3*1.74) + (1.6*HC4CO3) + C58O2 + INB1O2 +
(HC4CCO3*2.74) + INDO2 + C57O2 + C59O2 + C51O2 +
IEB1O2 + IEB2O2 + IEC1O2 + ISOP34O2 + CISOPCO2 +
NC526O2 + C527O2 + C526O2 + C536O2 + C537O2 + C530O2
+ C45O2 + 1.6*M3BU3ECO3 + INB2O2 + NC51O2 +
1.74*CO2C3CO3 + CH3COCH2O2 + C4CO2O2)) + (4E12*CH3CO3) +
(1.2E-12*CH3O2) + (HO2*4E-12) + (5.5E-16*HCHO) + (4E19*CO)

+

1.4E-12*EXP(-1860/T)*(NC4CHO*4.25

+

HC4ACHO*4.25 + HC4CCHO*4.25 + 2.4*MGLYOX +
4*CO2C3CHO

+

4.25*C5HPALD1

+

4.25*C5HPALD2

+2*VGLYOX) + 3.3E-13*ME3BU3ECHO + (M3F*1.9E-11) +
(1.2E-14*PE4E2CO)
kNO3_stable

C5H8*2.95E-12*exp(450/T) + BCARY*1.9E-11 + C3H6*4.6E-

NO3 reactivity measurable by FT-

13*exp(-1155/T) + (5.5E-16*HCHO) + (4E-19*CO) + 1.4E-

CRDS

12*EXP(-1860/T)*(NC4CHO*4.25
HC4CCHO*4.25

+

+

2.4*MGLYOX

+

HC4ACHO*4.25

+

4*CO2C3CHO

+

4.25*C5HPALD1 + 4.25*C5HPALD2 +2*VGLYOX) + 3.3E13*ME3BU3ECHO + (M3F*1.9E-11) + (1.2E-14*PE4E2CO)
M

P*(3.24E16)*(298/T)

Total molecular concentration using
measured pressure P in Torr and
temperature T in K
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Exemplary comparison of isoprene measurements

Figure S1: Amounts of isoprene during parts of the experiments on the 3 rd and 6th August as measured by the two available PTRToF-MS instruments Vocus (black) and PTR1000 (red).
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Comparison of 𝒌𝑶𝑯 and 𝒌𝑵𝑶𝟑
During NO3ISOP, 𝑘 𝑂𝐻 was measured with an instrument based on laser photolysis – laser induced fluorescence (LP-LIF)
(Hofzumahaus et al., 2009; Lou et al., 2010; Fuchs et al., 2017a; Fuchs et al., 2017b). Ambient air was passed at a flow rate of
19 L min-1 through a flow tube and part of the air was drawn into an OH fluorescence detection cell. OH radicals were produced
within a few nanoseconds in the flow tube by pulsed laser-photolysis of O3 (at 266 nm) with subsequent reaction of O( 1D)

60

atoms with water vapour. OH concentration profiles were recorded by LIF, with 𝑘 𝑂𝐻 determined from the exponential decay
constant after correction for diffusion / wall loss (1.8 ± 0.15 s-1). The time resolution of the 𝑘 𝑂𝐻 measurements was 90 s with
a limit of detection of 0.5 s-1. The resulting accuracy of 𝑘 𝑂𝐻 is (5-10) % ± 0.2 s-1 at NO mixing ratios below 20 ppbv.
Each isoprene injection results in an increase in reactivity of both OH and NO3. Within the first few minutes after an isoprene
injection, the contribution of secondary oxidation products to both 𝑘𝑁𝑂3 and 𝑘 𝑂𝐻 is negligible. Hence, the increase in the OH-

65

and NO3 reactivity (∆𝑘 𝑂𝐻 and ∆𝑘𝑁𝑂3 ) directly after an isoprene injection scales with the amount of isoprene injected and the
corresponding rate coefficient (𝑘𝑁𝑂3 + 𝐶5 𝐻8 = 6.5  10-13 cm3 molecule-1 s-1, 𝑘𝑂𝐻+𝐶5𝐻8 = 1  10-10 cm3 molecule-1 s-1 at 298 K
(IUPAC, 2019)). For any particular injection, both approaches should lead to similar isoprene concentrations as shown in Eq.
S1.
[Isoprene] =

70

∆𝑘 𝑂𝐻
𝑘OH+C5 H8

=𝑘

∆𝑘 𝑁𝑂3

(S1)

𝑁𝑂3 +𝐶5 𝐻8

Figure S2 plots the isoprene mixing ratios derived from measurements of ∆𝑘 𝑂𝐻 versus those derived from ∆𝑘𝑁𝑂3 . For
experiments with isoprene mixing ratios below ~5 ppbv a slope of 0.88 ± 0.11 was obtained. During two injections, when high
concentrations of isoprene (~11 and ~22 ppbv) were injected in the chamber, the ∆𝑘 𝑂𝐻 measurement returns isoprene mixing
ratios that are significantly lower than those derived from ∆𝑘𝑁𝑂3 and the mixing ratio expected from the amount of isoprene
injected. On these days, a combination of the low laser power and a small number of points to fit the (rapid) exponential decay

75

mean that the OH reactivity must be considered a lower-limit.
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Figure S2: Isoprene mixing ratios deduced from ∆𝒌𝑶𝑯 against those from ∆𝒌𝑵𝑶𝟑 under the usage of Eq. (S1) for isoprene injections
of different experiments (days). The error bars denote the associated uncertainties in ∆𝒌𝑵𝑶𝟑 (4-70%, Liebmann et al., 2017) and
𝒌𝑵𝑶𝟑+ 𝑪𝟓𝑯𝟖 (41% (IUPAC, 2019)) and ∆𝒌𝑶𝑯 (10%, for [isoprene] < 5 ppbv) and 𝒌𝑶𝑯+𝑪𝟓𝑯𝟖 (15% (IUPAC, 2019)). The black line
indicates the case of ideal 1:1 correlation, the red line shows an orthogonal linear regression (slope: 0.88 ± 0.11, intercept: 0.17 ±
0.23) for data points < 5 ppbv.
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Validity of the steady-state assumption
85

𝑁𝑂

The validity of the steady-state assumption was checked with the help of a correlation plot between the steady-state (𝑘𝑆𝑆 3 )
𝑁𝑂

and non-steady-state (𝑘𝑛𝑠𝑠3 ) reactivity as depicted in Fig. S3a. A slope close to 1 is found for most of the experiments. At
injection points of NO2 or at low reactivities larger differences are observed which are related to short-term perturbation of the
equilibrium between NO3 and N2O5 and deviation from steady-state.

90

NO3
NO3
Figure S3b compares 𝑘ss
with 𝑘nss
on the 2nd August. Between 9:00 and 11:00 UTC only NO2 and O3 were injected into

chamber so that the influence of the chamber alone (reaction with the walls and the dilution flow) determines the NO 3 losses.
As the NO3 loss rate is low under these circumstances, nearly half an hour is necessary to achieve steady-state. This is
NO3
NO3
confirmed by the difference between 𝑘nss
and 𝑘ss
. Under the experimental conditions, the equilibrium between NO3 and
NO3
N2O5 is reached more rapidly than the steady state (Brown et al., 2003). Consequently, 𝑘nss
acquires a constant value earlier

95

NO3
NO3
NO3
than 𝑘ss
. A reinjection of NO2 at ~10:50 perturbs the stationary-state and therefore strongly affects 𝑘ss
whereas 𝑘nss

remains mostly unchanged. After the injection of isoprene the high NO3-reactivity means that the steady-state assumption
becomes valid, which leads to an agreement between the two methods.

(a)

100
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(b)
(a)

𝑵𝑶

105

𝑵𝑶

Figure S3: (a) Steady-state 𝒌𝑺𝑺 𝟑 and non-steady-state 𝒌𝒏𝒔𝒔𝟑 reactivities sorted by experiment. The dotted line through the origin
with a slope of 1 represents perfect agreement. (b) Comparison between steady- (red) and non-steady-state (blue) reactivities on the
experiment of the 2nd August. The respective uncertainties obtained from error propagation of the uncertainties in 𝒌𝟐 (15%; IUPAC,
2019) and the NO3 , NO2 and O3 mixing ratios (25%, 9% and 5%, respectively) are indicated by areas in the same colour of the data
points.
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Figure S4: O3, NO2, NO3, N2O5 and isoprene mixing ratios as well as the NO3 reactivity on the experiment of the 10th August (black).
The grey shaded area symbolizes the overall uncertainty associated with each measurement. Orange circles denote the non-steadystate reactivity obtained from Eq.(3). The results of the numerical simulation using MCM v.3.3.1 (with NO 3 and N2O5 wall loss rate
of 0.016 s-1 and 3.3 x 10-4 s-1 respectively) for each of the reactants is shown by a red line, whereas the blue line shows the result of
the same model with a doubled reaction constant for NO3 + RO2 reactions (𝒌𝑵𝑶𝟑+𝑹𝑶𝟐 = 9.2 x 10-12 cm3molecule-1s-1).
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Figure S1: (a) Time-series of O3 in the SCHARK at a flow rate of 15 SLPM dry zero-air. The Penray lamp used to generate O3 was
switched on at ~12:50 LT and switched off at 13:28 LT. The growth and depletion of the O3 signal are reproduced by exponential
expressions to derive the exchange constant (kexch) (b) Dependence of kexch on the total flow rate into the SCHARK. The linear regression
indicates kexch = 1.82 x 10-5 s-1 SLPM-1.
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Figure S2: Dependence of NO2 detection on TD temperature when sampling a mixture of 10.8 ppbv NO 2 in 15 SLPM humidified
synthetic air (RH = 40%, 23°C) through TDI- 2. The NO2 signal measured in the NO2 cavity (unheated inlet) has been subtracted. The
error bars represent standard deviation (1σ, 1 min) of the signal.
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Figure S3: CIMS measurement of HNO3 and HONO during an experiment in which NO2 (10.8 ppbv) and O3 (150 ppbv) were mixed in
the SCHARK. At 16:30 LT the zero-air was humidified (RH = 23%, 23°C). Periods during which air from the SCHARK was first passed
through TDI-1 or -2 prior to entering the CIMS are marked in blue and orange respectively. When the air was heated to 400 K while
flowing through TDI-2 (yellow hatched) no effect was observed in the signal.
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Figure S4: Unexpected detection of NO2 in dry synthetic air when adding 120 ppbv O3 to TDI-1. Initially, TDI-1 was at room
temperature, with heating (to 703 K) of the TDI starting at ~14:20. When sampling via TDI-1 ~ 60 ppbv of NO2 were observed, while no
signal was registered when sampling into the NO2 cavity through a cold inlet.
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Figure S5: Mixing ratios of ISOP-NIT when sampling via TD-1 and TD-2 and different temperatures. ISOP-NIT was
formed by flowing NO2 (150 sccm of 1 ppmv) isoprene (9.8 sccm of 46.5 ppmv) and O3 in 15 SLPM synthetic air into the
SCHARK. The solid and dotted lines in the upper panel indicate the temperature of each TDI. At ~15:15 LT (when the
signals were stable and the system in steady-state) the TDI temperatures were decreased to obtain a thermogram. For 30 min,
starting at 16:30 LT both TDIs were kept close to room temperature before being re-heated to ~700 K at 17:00 LT. The
strong increase in signal (above that observed at e.g. 15:00) observed when sampling via TD-1 indicates that ISOP-NIT can
deposit on the glass beads and frit at lower temperatures. This effect is not observed for TDI-2 and is clearly related to the
use of the glass-beads.
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Figure S6: Thermograms of peroxy acetyl nitrate (PAN) obtained when sampling via TDI-2 and TDI-3. PAN (together with ~ 1.2 ppbv
NO2) was produced from a photochemical source as described recently (Eger et al., 2019) using the 285 nm photolysis of acetone in the
presence of NO (Warneck and Zerbach, 1992; Flocke et al., 2005). The error bars represent standard deviation (1σ, 1 min) of the signal.
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Figure S7: Mixing ratios of NO2, PNs (measured with TDI-3 at 448 K) and ClNO2 (measured with TDI-2 at 698 K) recorded with the TDCRDS setup during an experiment in which Cl2 (1-10 sccm of 50 ppmv in N2) was passed through a glass bulb with sodium nitrate and
diluted in 10 SLPM dry synthetic air. Variation of the amounts of ClNO 2 and NO2 was achieved by changing the flow of Cl2. The NO2
signal measured with an unheated inlet was subtracted from the channels with TDIs. Note that, as expected, no signal additional to NO2
was observed with TDI-3 at 448 K. Using TDI-2 at 698 K, ClNO2 was detectable implying that it interferes detection of ANs.
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S8 Detection of PAN, HONO and HNO3 with I-CIMS
A chemical ionization mass spectrometer using iodide primary ions (I-CIMS) described recently (Dörich et al., 2021) was
deployed to detect PAN, HONO and HNO3. The I-CIMS was coupled to the SCHARK via  2m of ¼ inch PFA tubing
heated to 40 °C. The flow rate through the PFA-tubing was ~2.1 SLM. Iodide anions were generated by passing 4 sccm of
400 ppmv methyl iodide (CH3I in N2) diluted in 750 sccm N2 (Westfalen, 5.0) through a 370 MBq polonium ( 210Po) source.
PAN was thermally dissociated in an heated inlet (PFA tube at 170°C, residence time of 40 ms) to peroxy acetyl radicals
which are detected as acetate ions CH3CO2- (m/z 59) after reaction with I - (Phillips et al., 2013). Calibration was performed
using a photochemical PAN source (Warneck and Zerbach, 1992). HNO3 was detected as the I-(HNO3) cluster ion at m/z 190
and calibrated using an HNO3 permeation source characterised by optical absorption. HONO was detected as NO2- (m/z 46)
using acetate anions (Veres et al., 2008) generated by adding a high concentration of PAN to the TD-inlet.
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S9 Reaction scheme used for numerical simulations in inlets
*

Thermolysis of ozone and alkyl nitrates

;

* ======================================================= ;
variable N2O5 NO3 NO OH HO2 HNO3 H2O2 HONO
HO2NO2 H2O ISOP O PROD PROD1 PROD2 ISOPNIT O3 NO2
;
* ------------------------------------------------------- ;
* INITIAL CONCENTRATIONS
;
* ------------------------------------------------------- ;
parameter O3i
3.53e12
;
parameter NO2i
8.83e10
;
parameter ISOPi 1.8e11
;
parameter NO3i
8.82e7
;
parameter N2O5i 8.82e8
;
parameter NOi
0.0e10
;
parameter O2
;
parameter k1 k2 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12 k13 k14;
parameter k15 k16 k17 k18 k19 k20 k21 k22 k23 k24 k25 k26 ;
parameter k27 k28 k29 k30 k31 k32 k33 k34 k35
;
parameter M
;
parameter ISOPNITi 1.8E10
;
parameter kWall 90
;
* -------------------------------------------------------- ;
parameter P 543.478
;
parameter T 298
;
* --------------------------------------------------------;
*
;
COMPILE GENERAL
;
M = P * 3.24E16 * 298/T
;
O2 = 0.2*M
;
**
;
COMPILE INITIAL
;
N2O5 = N2O5i
;
NO2 = NO2i
;
O3 = O3i
;
O2 = O2i
;
NO = NOi
;
NO3 = NO3i
;
ISOP = ISOPi
;
ISOPNIT = ISOPNITi
;
**
;
COMPILE EQUATIONS
;
* --------------------------------------------------------;
* HOx and NOx chemistry
;
*---------------------------------------------------------;
% k1
: N2O5 = NO3 + NO2
;
% k2
: NO2 + NO3 = N2O5
;
% k3
: NO + NO3 = NO2 + NO2
;
% k4
: NO2 + O3 = NO3 + O2
;
% k5
: NO + O3 = NO2 + O2
;
% k6
: OH + O3 = HO2 + O2
;
% k7
: HO2 + O3 = OH + O2 + O2
;
% k8
: OH + HO2 = H2O + O2
;
% k9
: OH + NO2 = HNO3
;
% k10
: OH + NO3 = HO2 + NO2
;
% k11
: HO2 + NO3 = OH + NO2 + O2
;
% k12
: OH + H2O2 = HO2 + H2O
;
% k13
: HO2 + HO2 = H2O2 + O2
;
% k14
: OH + NO = HONO
;
% k15
: HO2 + NO = OH + NO2
;
% k16
: HO2 + NO2 = HO2NO2
;
% k17
: HO2NO2 + OH = NO2 + H2O + O2
;
% k18
: OH + HONO = NO2 + H2O
;
% k19
: OH + HNO3 = NO3 + H2O
;
% k20
: HO2NO2 = HO2 + NO2
;
*-------------------------------------------------------;
* ISOPRENE oxidation
;
*-------------------------------------------------------;
% k21*0.74
: ISOP + O3 = PROD
;
% k21*0.26
: ISOP + O3 = OH
; IUPAC recommended yield
% k22
: ISOP + NO3 = PROD
;
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% k23
: ISOP + OH = PROD
;
*-------------------------------------------------------;
* Ox chemistry
;
*-------------------------------------------------------;
% k24
: O3 = O + O2
; Peukert et al.
% k25
: O + O3 = O2 + O2
; IUPAC
% k26
: O + O2 = O3
; IUPAC
% k27
: O + H2O = OH + OH
;
% kWall
: O =
;
% k28
: NO2 + O = O2 + NO
; bimolecular
% k29
: NO2 + O = NO3
; termolecular
% k30
: NO3 + O = O2 + NO2
;
% k31
: O + NO = NO2
;
*-------------------------------------------------------;
* Thermolysis of alkyl nitrates
;
*-------------------------------------------------------;
% k32
: ISOPNIT = NO2 + PROD1
;
% k33
: ISOPNIT + O = NO2 + PROD2 + O2
;
% k34
: ISOP + O = PROD
;
% k21
: ISOPNIT + O3 = NO2 + PROD2 + OH
;
*-------------------------------------------------------;
*Rate equations
;
k1 = ((1.3e-3*(T/300)@-3.5*exp(-11000/T))*M*
(9.7e14*(T/300)@0.1*exp(-11080/T)))/((1.3e-3*
(T/300)@-3.5*exp(-11000/T))*M+(9.7e14*(T/300)@0.1*
exp(-11080/T)))*10@(log10(0.35)/(1+(log10((1.3e-3*(T/300)@-3.5
*exp(-11000/T))*M/(9.7e14*(T/300)@0.1*exp(-11080/T)))
/(0.75-1.27*log10(0.35)))@2))
; N2O5 decomp IUPAC
k2 = ((3.6e-30*(T/300)@-4.1)*M*(1.9e-12*(T/300)@0.2))
/((3.6e-30*(T/300)@-4.1)*M+(1.9e-12*(T/300)@0.2))*
10@(log10(0.35)/(1+(log10((3.6e-30*(T/300)@-4.1)*
M/(1.9e-12*(T/300)@0.2))/(0.75-1.27*log10(0.35)))@2))
; NO2 + NO3 IUPAC
k3 = 1.8E-11*exp(110/T)
;IUPAC NO + NO3 (220-420)K
k4 = 1.4E-13 * exp (-2470/T)
;IUPAC NO2 + O3 (230-360)K
k5 = 2.07E-12 * exp (-1400/T)
;IUPAC NO + O3 (195-310)K
k6 = 1.70E-12*EXP(-940/T)
;IUPAC OH + O3 (220-450)K
k7 = 2.03E-16*(T/300)@4.57*EXP(693/T)
;IUPAC HO2 + O3 (250-340)K
k8 = 4.8E-11*EXP(250/T)
;IUPAC HO2 + OH (250-400)K
k9 = ((3.2e-30*(T/300)@-4.5)*M*(3.0e-11))/
((3.2e-30*(T/300)@-4.5)*M+(3.0e-11))*10@(log10(0.41)/
(1+(log10((3.2e-30*(T/300)@-4.5)*M/(3.0e-11))/
(0.75-1.27*log10(0.41)))@2))
; IUPAC HNO3 formation
k10 = 2E-11
; IUPAC OH + NO3 (298K)
k11 = 4E-12
; IUPAC HO2 + NO3 (298K)
k12 = 2.9E-12*exp(-160/T)
; IUPAC OH + H2O2 (240-460)K
k13 = 2.20E-13*(1+(1.40E-21*EXP(2200/T)*H2O))*EXP(600/T)
; IUPAC H2O2 formation (230-420)K
k14 = ((7.4e-31*(T/300)@-2.4)*M*(3.3e-11*(T/300)@-0.3))/
((7.4e-31*(T/300)@-2.4)*M+(3.3e-11*(T/300)@-0.3))*
10@(log10(0.81)/(1+(log10((7.4e-31*(T/300)@-2.4)*M/
(3.3e-11*(T/300)@-0.3))/(0.75-1.27*log10(0.81)))@2))
; IUPAC HONO formation
k15 = 3.45E-12*exp(270/T)
; IUPAC HO2 + NO (200-400)K
k16 = ((1.4e-31*(T/300)@-3.1)*M*(4.0e-12))/
((1.4e-31*(T/300)@-3.1)*M+(4.0e-12))*10@(log10(0.4)/
(1+(log10((1.4e-31*(T/300)@-3.1)*M/(4.0e-12))/
(0.75-1.27*log10(0.4)))@2))
; IUPAC HO2 + NO2
k17 = 3.2e-13*EXP(690/T)
; IUPAC HO2NO2 + OH (210-300)K
k18 = 2.5e-12*EXP(260/T)
; IUPAC HONO + OH (290-380)K
k19 = 2.40E-14*EXP(460/T) + ((6.50E-34*EXP(1335/T)*M)/
(1+(6.50E-34*EXP(1335/T)*M/2.70E-17*EXP(2199/T))))
; IUPAC OH + HNO3
k20 = ((4.1e-5*exp(-10650/T))*M*(6.0e15*exp(-11170/T)))/
((4.1e-5*exp(-10650/T))*M+(6.0e15*exp(-11170/T)))*
10@(log10(0.4)/(1+(log10((4.1e-5*exp(-10650/T))*M/
(6.0e15*exp(-11170/T)))/(0.75-1.27*log10(0.4)))@2))
; IUPAC HO2NO2 decomposition
k21 = 1.05E-14*exp(-2000/T)
; O3 + ISOP - IUPAC
k22 = 2.95E-12*exp(-450/T)
; NO3 + ISOP - IUPAC
k23 = 2.1E-11*exp(465/T)
; OH + ISOP - IUPAC
k24 = (37800*(T@-4.37)*EXP(-13738/T))*M*(1370000000000000*
(T@-0.67)*EXP(-13080/T))*10@(LOG10((1-0.647)*
EXP(-T/0.000391)+0.6417*EXP(-T/8680.74)+EXP(-6060.75/T))/
(1+(LOG10((37800*(T@-4.37)*EXP(-13738/T))*M/
(1370000000000000*(T@-0.67)*EXP(-13080/T)))/
(0.75-1.27*LOG10((1-0.647)*EXP(-T/0.000391)+0.6417*
EXP(-T/8680.74)+EXP(-6060.75/T))))@2))/

10

167

((37800*(T@-4.37)*EXP(-13738/T))*M+(1370000000000000*(T@-0.67)*
EXP(-13080/T)))
; O3 thermolysis (T>700K), Peukert et al., 2013
k25 = 8E-12*exp(-2060/T)
; IUPAC O + O3 (200-400)K
k26 = 6.0E-34*((T/300)@-2.6)*M
; IUPAC O + O2 (200-300)K
k27 = 8.44E-14*(T@0.946)*exp(-8571/T)
; O(3P) + H2O (250-2400)K Lifshitz et al., 1990
k28 = 5.1E-12*exp(198/T)
; IUPAC NO2 + O (220-420)K
k29 = ((1.3e-31*(T/300)@-1.5)*M*(2.3e-11*(T/300)@0.24))/
((1.3e-31*(T/300)@-1.5)*M+(2.3e-11*(T/300)@0.24))*10@(log10(0.6)/
(1+(log10((1.3e-31*(T/300)@-1.5)*M/(2.3E-11*(T/300)@0.24))/
(0.75-1.27*log10(0.6)))@2))
; IUPAC termol NO2 + O
k30 = 1.7E-11
; IUPAC NO3 + O (298K)
k31 = ((1.0e-31*(T/300)@-1.6)*M*(5e-11*(T/300)@-0.3))/
((1.0e-31*(T/300)@-1.6)*M+(5e-11*(T/300)@-0.3))*10@(log10(0.85)/
(1+(log10((1.0e-31*(T/300)@-1.6)*M/(5e-11*(T/300)@-0.3))/
(0.75-1.27*log10(0.85)))@2))
; IUPAC O + NO
k32 = 7.34E15*exp(-19676/T)
k33 = 3.9E-12*exp(680/T)
k34 = 3.5E-11
**
COMPILE INSTANT
open 7
"thermo.sim" new
**
COMPILE BLOCK 3
PSTREAM 3
**
COMPILE BLOCK 4
T = 425
**
COMPILE BLOCK 5
T = 298
**
COMPILE BLOCK 6
T = 303
**
PSTREAM 3 7
time O3 O NO2 M T PROD1 PROD2 ISOPNIT
**
when
1) time = 0 + 0.01*128 call block 3
2) time = 0.007 call block 4 restart
3) time = 0.335 call block 5
restart
4) time = 1.08 call block 6 restart
**
*hmax 0.01
BEGIN
STOP

; thermolysis n-propylnitrate
; 2-methyl-2-butene - Herron & Huie, 1973 (298-400K)
; Paulson et al., 1995 (298K)
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
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S1 Calibration of the FT-CRDS with NO

5
Figure S1: (a) Measured and simulated mixing ratios of (synthetic) NO3 in the flow-tube obtained after adding 152 pptv of
NO ca. every two hours. Ticks represent 00:00 UTC. (b) Comparison between measured and simulated mixing ratios after
adding five different, known amounts of NO (values in brackets denote added NO concentrations in pptv). The red line
represents a York fit (slope = 1.01 and an intercept of -0.3 pptv). Dashed line indicates 1:1 agreement.
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10

S2 Intercomparison of NO2 measurements

Figure S2: Correlation between NO2 mixing measured with the FT-CRDS setup and (a) night-time NOx mixing ratios
measured with the TD-CRDS setup (b) NO2 mixing ratios measured with the CLD instrument. The red solid line indicates a
York fit, while the dashed blue line represents an ideal 1:1 agreement.
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S3 Wind direction and NO3 reactivity

Figure S3: Wind rose of (a) wind speed and (b) NO3 reactivity measured during the TO2021 campaign.
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S4 VOC measurements

20

25

Figure S4: (a) Time-trace of PTR-MS measurements (PTR8000) of isoprene (black squares, left axis), the sum of
monoterpenes (ΣMTs, blue triangles, left axis) and the sum of sesquiterpenes (ΣSTs, red circles, right axis) during the second
half of the TO2021 campaign. Major ticks mark 00:00 UTC. (b) Time-series of monoterpenes signals (upper panel) and
sesquiterpene signals (lower panel) from the VOCUS data (red) scaled to the calibrated data from the PTR8000 setup
(black).
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S5 Nighttime NO: Model calculation and correlation plots
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* NIGHTIME NO EMISSION SIMULATION
;
* ==================================
;
variable N2O5 NO3 NO2 O2
;
* ------------------------------------------;
* INITIAL CONCENTRATIONS
;
* ------------------------------------------;
parameter T 284.6
;
parameter O3i 6137372069288.082
;
parameter NOi 1E-99
;
parameter P 688
;
parameter M
;
parameter k1
;
parameter k2
;
parameter k3
;
parameter k4
;
parameter k5
;
parameter kVOC
;
parameter kVOCi 0.03561
;
parameter NO
;
parameter <5> INPARAM
;
parameter varia press temp ozone EM
;
parameter kdep 1.5E-5
;
* ----------------------------------------------------;
*
;
COMPILE GENERAL
;
M = P * 3.24E16 * (298/T)
;
**
;
COMPILE INITIAL
;
NO = NOi
;
O3 = O3i
;
kVOC = kVOCi
;
**
;
COMPILE EQUATIONS
;
* -----------------------------------------------;
% k1
: N2O5 = NO3 + NO2
;
% k2
: NO2 + NO3 = N2O5
;
% k3
: NO + NO3 = NO2 + NO2
;
% k4
: NO2 + O3 = NO3 + O2
;
% k5
: NO + O3 = NO2 + O2
;
% kVOC
: NO3 =
;
% kdep
: NO2 =
;
* ------------------------------------;
*Rate equations
;
k1 = ((1.3e-3*(T/300)@-3.5*exp(-11000/T))*M*
(9.7e14*(T/300)@0.1*exp(-11080/T)))/((1.3e-3*
(T/300)@-3.5*exp(-11000/T))*M+(9.7e14*(T/300)@0.1*
exp(-11080/T)))*10@(log10(0.35)/(1+(log10((1.3e-3*(T/300)@-3.5
*exp(-11000/T))*M/(9.7e14*(T/300)@0.1*exp(-11080/T)))
/(0.75-1.27*log10(0.35)))@2))
; N2O5 decomp IUPAC
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k2 = ((3.6e-30*(T/300)@-4.1)*M*(1.9e-12*(T/300)@0.2))
/((3.6e-30*(T/300)@-4.1)*M+(1.9e-12*(T/300)@0.2))*
10@(log10(0.35)/(1+(log10((3.6e-30*(T/300)@-4.1)*
M/(1.9e-12*(T/300)@0.2))/(0.75-1.27*log10(0.35)))@2))
k3 = 1.8E-11*exp(110/T)
k4 = 1.4e-13 * exp (-2470/T)
k5 = 2.07e-12 * exp (-1400/T)
**
COMPILE INSTANT
open 7
"no3.sim" new
open 20 "forFAC.dat" old
**
COMPILE BLOCK 3
PSTREAM 3
**
COMPILE BLOCK 4
READ 20 INPARAM <5>
varia = INPARAM<0>
press = INPARAM<1>
temp = INPARAM<2>
ozone = INPARAM<3>
EM = INPARAM<4>

; NO2 + NO3 IUPAC
;IUPAC
;IUPAC
;IUPAC
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
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P = press
T = temp
NO = EM
O3 = ozone
KVOC = varia
**
PSTREAM 3 7
time NO NO3 NO2 O3 N2O5 M T kVOC
**
when
1) time = 0 + 600*1798 call block 3
2) time = time + 600 call block 4 restart
**
*hmax 0.1
BEGIN
STOP
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;
;
;
;
;
;
;
;
;
;
;
;
;
;
;

130
Figure S5: (a) Nighttime NO mixing ratios plotted against O3. The red line represents a linear, least-squares fit (correlation
coefficient r is −0.69). (b) Dependence of nighttime NO mixing ratios on the wind direction.
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Table S1: Overview of the key parameters of the set-ups deployed to measure NO2, O3 and NO3 mixing ratios during the
TO2008, PARADE, INUIT and NOTOMO campaign on the Kleiner Feldberg.

Campaign

NO2

O3

(Reference)

NO3

LOD (Uncertainty)
Method; Reference

TO2008

80 pptv (10%)

2 ppbv (5%)

1-2 pptv (15%)

(Crowley et al., 2010)

CLD; Crowley et al., 2010

UV, Crowley et al., 2010

CRDS; Schuster et al. 2009

PARADE

30 pptv (6%)

1 ppbv (5%)

2 pptv (15%)

(Sobanski et al., 2016b)

CRDS; Thieser et al., 2016

UV; Drewnick et al., 2012

CRDS; Schuster et al., 2009

INUIT

30 pptv (6%)

1 ppbv (5%)

2 pptv (15%)

CRDS; Thieser at al., 2016

UV; Drewnick et al., 2012

CRDS; Schuster et al., 2009

NOTOMO

60 pptv (6.5%)

2 ppbv (2%)

1.5 pptv (25%)

(Sobanski et al., 2017)

CRDS; Sobanski et al., 2016a

UV; Sobanski et al., 2016b

CRDS; Sobanski et al., 2016a
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Figure S6: Time-series of NO3, NO2 and O3 mixing ratios as well as NO3 production and loss rates during the TO2008
campaign. Major ticks represent 00:00 local time. Data was published in Crowley et al. (2010).
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Figure S7: Time-series of NO3, NO2 and O3 mixing ratios as well as NO3 production and loss rates during the PARADE
campaign. Major ticks represent 00:00 UTC. Data was published in Sobanski et al. (2016b).
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Figure S8: Time-series of temperature, NO3, NO2 and O3 mixing ratios as well as NO3 production and loss rates during the
INUIT campaign. Major ticks represent 00:00 UTC.
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Figure S9: Time-series of NO3, NO2 and O3 mixing ratios as well as NO3 production and loss rates during the NOTOMO
campaign. Major ticks represent 00:00 UTC. Data was published in Sobanski et al. (2017).
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Figure S10: Median diel cycles of O3 mixing ratios measured during TO2008, PARADE, INUIT, NOTOMO and TO2021.
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Figure S11: Median diel cycles of NO mixing ratios during TO2008 (black) and PARADE (red). Both measurements were performed
with a previous modification of the same CLD setup (Li et al., 2015) described in the main text. Dashed line mark the LODs during the
corresponding campaigns. Grey shaded areas denote the nighttime period.
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Figure S12: (a) Calculated NO3 mixing ratios according to Eq. (4) for TO2021 with values for 𝒌𝑵𝑶𝟑 < LOD set to 0.002 s-1. (b) Same as
Fig. 13c in the main text but using nighttime NO3 mixing ratios as in Fig. S12a.
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Supplement to Chapter 7

Figure D.1: Difference between NO3 mixing ratios before and after the release of 2,3-dimethyl-2-butene (DMB)
similar to the experiment described in Fig. 7.1. The red line represents an exponential decay fit.

Figure D.2: left: A new, unused filter for comparison. right: Teflon filter situated in front of the red channel after
sampling lab air between friday afternoon and monday morning during the period in Fig.7.3. The filter is clearly
darkened due to deposition of particles.
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Figure D.3: Photolysis rates of NO2 (black line) and NO3 during the day inside the laboratory. Orange shaded area
marks the period when the roomlight was switched on. A small but negligible photoloysis rate < 0.005 s−1 was found
for NO3 . No significant photolysis rates were observed for neither of the molecules as soon as room light was switched
off.
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