hv NO,
CH;COCH;, CH,C(0)0, -—h_A' PAN
V,

CH,

CH;00H

hv, H,0
Oy ————
w

HNO;,/@/: ,

!

|

J

Measurements of Atmospheric OH and HO, Radicals by
Laser-Induced Fluorescence on the HALO Aircraft during
the OMO-ASIA 2015 Campaign

Christopher Kinstler

Energie & Umwelt/Energy & Environment
Band/Volume 495
ISBN 978-3-95806-477-5

lJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment Band/Volume 495







Forschungszentrum Jiilich GmbH
Institut fur Energie- und Klimaforschung
IEK-8 Troposphare

Measurements of Atmospheric OH and HO,
Radicals by Laser-Induced Fluorescence on
the HALO Aircraft during the OMO-ASIA 2015

Campaign

Christopher Klnstler

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment

Band/ Volume 495

ISSN 1866-1793

ISBN 978-3-95806-477-5



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368
Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb
Umschlaggestaltung: Grafische Medien, Forschungszentrum Jilich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2020
Schriften des Forschungszentrums Jiilich
Reihe Energie & Umwelt/Energy & Environment, Band/Volume 495
D 38 (Diss. Kéln, Univ., 2020)

ISSN 1866-1793
ISBN 978-3-95806-477-5

Vollstandig frei verfligbar tber das Publikationsportal des Forschungszentrums Jilich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0
By which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Kurzzusammenfassung

Ziel dieser Arbeit ist die Chemie atmosphéarischer OH und HO, Radikale in
der oberen Troposphédre im Rahmen der Oxidation Mechanism Observati-
on (OMO) Kampagne wahrend des Asiatischen Sommer Monsuns 2015 zu
untersuchen. OH und HO, Konzentrationen wurden auf Basis eines Laser in-
duzierten Fluoreszenz Instrumentes (AirLIF) auf dem deutschen Forschungs-
flugzeug HALO vom Mittelmeer bis zu den Malediven gemessen. Die gemes-
senen Daten werden mit theoretischen Modelvorhersagen verglichen um das
Verstandnis atmosphérischer Oxidationsprozesse zu verbessern. Zu diesem
Zweck wurde das zuvor am Forschungszentrum Jilich entwickelte AirLIF
Instrument vollstdndig im Labor charakterisiert und verschiedene Kalibrier-
konzepte angewendet und verglichen. Die OMO Radikalmessungen wurden
anschliefend ausgewertet und den berechneten OH und HO, Radikalkon-
zentrationen eines null-dimensionalen chemischen Box-Models gegeniiber ge-
stellt.

Um Verluste wegen der hohen OH Radikalreaktivitit zu minimieren, wird die
gesammelte Luft mit Hilfe eines in die Auflenhaut von HALO installierten In-
let Shrouds zunéchst um einen Faktor 10 verlangsamt und erst dann von einer
Diise in eine Niederdruckzelle im Flugzeug gesaugt. Die Detektion von OH
findet dort dann mittels Laser angeregter Fluoreszenz statt. HOs wird inner-
halb der Zelle zuvor durch Reaktion mit NO teilweise in OH konvertiert. Zur
Auswertung der gemessenen Signale benotigten sowohl der OH als auch der
HO, Kanal von AirLIF umfassende Charakterisierungen um samtliche Flug-
bedingungen wihrend OMO Asien zu erfassen. Dazu wurden unter anderem
verschiedene Kalibrierkonzepte angewendet und kombiniert um die OH und
HO, Empfindlichkeiten als Funktion der Flughohe, Umgebungsdruck und
Temperatur zu bestimmen. Diese beinhalteten die bereits etablierten boden-
gebundenen Kalibrationen auf dem Flugfeld um absolute Anderungen in der
Empfindlichkeit festzustellen. Die relative Abhangigkeit mit der Flughohe
wurde separat im Labor mit einer fiir diese Zwecke neu entwickelten photo-
chemischen Radikalquelle gemessen, die es gestattet Kalibrationen bei Unter-
druck durchzufithren um die Auflendriicke wihrend des Fluges zu simulieren.
Fiir den OH Kanal gibt es die zusétzliche Option einer in-flight Kalibration
im Innern des Inlet Shrouds. Diese ist jedoch auf Flughohen unterhalb 10 km
beschrinkt, da die Radikalerzeugung durch kiinstliche Wasserdampfphotoly-
se zu klein wird.



Zur Simulation der Flugbedingungen verwendeten andere Forschungseinrich-
tungen bisher verschiedene Diisendurchmesser um den Massenfluss durch die
Zelle zu dndern, statt den Vordruck zu variieren. Im Rahmen eines Konsis-
tenzchecks wurden beide Methoden verglichen und deren Aquivalenz bestétigt.
Unstetigkeiten in der Druckabhéngigkeit der OH Kalibrationskurve héngen
jedoch vermutlich mit Anderungen in den Gasexpansionsbedingungen zu-
sammen und sind daher diisenspezifisch nur mit der neu entwickelten Radi-
kalquelle detektierbar. Wahrend der Laborcharakterisierungen des HO, Ka-
nals wurde festgestellt, dass der urspriinglich angenommene statische Umge-
bungsdruck auf Grund der hohen Stromungsgeschwindigkeit iiber der HO9
Dise tatséchlich zu einem verringerten effektiven HO, Einlassdruck fiihrt.
Mit Hilfe der Software ANSYS Fluent konnte dieser zu einem real geringeren
Massenfluss fithrende Effekt herausgerechnet werden.

Die OMO Kampagne erstreckte sich zeitlich vom 21. Juli bis zum 27. August
2015 und war in drei Phasen eingeteilt. Bis zum 01. August 2015 war HALO
auf dem Flughafen von Paphos (Zypern) stationiert und beschriankte sich
zunédchst auf Flugrouten iiber Zypern und dem Mittelmeer. Wéahrend der
zweiten Phase lag der Ausgangsflughafen auf Gan (Malediven). Dadurch bo-
ten sich zugleich Flugziele wie Bahrain westlich, aber auch Sri Lanka 6stlich
von Indien an. Ab dem 10. August bis zum Ende der Kampagne befand
sich HALO wieder auf Zypern, von wo aus dann die Arabische Halbinsel,
Agypten und Griechenland als Primérziele gewéihlt wurden. Gegen Ende der
Kampagne stattete HALO auch dem Vulkan Mount Enta einen Besuch ab.
Im Ganzen beinhaltete die OMO Asien Kampagne 17 Fliige, die mit bis zu
15 km Hoéhe zum Teil die Tropopause erreichten. Das AirLIF Instrument lief
zu 2/3 der Zeit problemlos. Andere Institute die an OMO teilgenommen ha-
ben waren das Karlsruher Institut fiir Technologie (KIT), das Deutsche Zen-
trum fir Luft- und Raumfahrt (DLR), das Max-Planck Institut fiir Chemie
(MPIC Mainz) und die Universitéten Bremen, Wuppertal, Heidelberg und
Leipzig. Das MPIC Mainz betrieb zur Messung von OH und HO, Radikalen
ein zweites LIF Instrument, so dass mit OMO Asien erstmalig zeitgleiche
HOy Flugzeugradikalmessungen verglichen werden kénnen.

Der Vergleich der Ergebnisse beider - AirLIF und HORUS - in-flight OH
und HO; Radikalmessungen als Teil dieser Arbeit zeigt sowohl flugweise
als auch im Allgemeinen eine gute Ubereinstimmung der von beiden Grup-



pen durchgefithrten Kalibrationen. Es wird das OH und HO, Vertikalpro-
fil bis zu 15km anhand der wesentlichen atmosphéirischen Parameter wie
CO und NO die Einfluss auf das HO, Budget nehmen diskutiert. Mit Hilfe
eines einfachen analytischen Ansatzes wird das HO5/OH Verhéltnis unter-
sucht. Dieses zeigt gute Ubereinstimmung mit den Messungen oberhalb 7km
Flughohe, jedoch darunter Abweichungen bis zu einem Faktor 3. Ferner wer-
den die Vertikalprofile im Rahmen eines null-dimensionalen chemischen Box-
Models berechnet, in dem wichtige Spurengase durch die Flugzeugmessun-
gen anderer Instrumente wahrend OMO vorgegeben werden. Hier zeigt sich
gute Ubereinstimmung innerhalb der Fehlertoleranzen zwischen 7km und
11.5km, wobei unterhalb 7km OH um bis zu einen Faktor 2.5 tiberschétzt
und HO, korrekt vorhergesagt wird. Dies deckt sich mit der Unterschitzung
des HO5/OH Verhéltnisses bis zu einem Faktor von 3 welcher durch das ana-
lytische Model vorhergesagt wurde. Oberhalb 11.5 km werden sowohl OH als
auch HOs jeweils um einen Faktor 2.5 zu hoch prognostiziert. Diese Diskre-
panz kiirzt sich allerdings im HO,/OH Verhéltnis heraus und deutet somit
entweder auf fehlende HO, Senken oder iiberschiatzte HO, Quellen hin. Die
beobachteten Abweichungen werden zum Schluss durch eine Empfindlich-
keitsstudie zu erkldren versucht. In der unteren Troposphére ist die nahelie-
gendste Erklarung wohl auf fehlende VOC Reaktivitat zuriickzufiihren, die
hauptséchlich fiir OH eine Senke darstellt. Durch leichte Erhohung der OH
Reaktivitat (0.11/s) wegen fehlender VOC Messungen wéhrend der OMO
Asien Kampagne, konnte die Diskrepanz fiur OH bei zeitgleicher Aufrechter-
haltung der Ubereinstimmung fiir HO, weitestgehend geschlossen werden.
Lediglich unterhalb von 2km verblieb eine Abweichung um bis zu einen
Faktor 2.5. Umgekehrt gab es in der oberen Troposphéire Hinweise auf eine
Uberschiitzung des durch das von EMAC MPIC vorhergesagten Formalde-
hyd, welches zu einer gleichzeitigen Erhohung von OH und HO, fiihrt.

Diese Arbeit liefert Hinweise fir technische Verbesserungen zukiinftiger LIF-
Flugzeuganwendungen.






Abstract

The goal of this work was to investigate the chemistry of atmospheric OH and
HO, radicals in the upper troposphere during the Asian summer monsoon pe-
riod 2015 within the Oxidation Mechanism Observation (OMO) campaign.
Concentrations of OH and HOy were measured by a laser-induced fluore-
scence instrument (AirLIF) on the German research aircraft HALO between
the Mediterranean Sea and the Maldives in the Indian Ocean. The measured
data are compared to theoretical model predictions in order to test the under-
standing of atmospheric oxidation processes. For this purpose the precedingly
developed AirLIF instrument at Forschungszentrum Jiilich was thoroughly
characterized in the laboratory and different calibration concepts applied and
compared. The radical measurements during OMO were then evaluated and
a zero-dimensional chemical box-model calculation for the expected OH and
HO, radical concentrations was tested against the measurement results.

For the radical measurements using the AirLIF instrument on HALO, the
ambient air is first sampled and decelerated by a factor of 10 inside a shrou-
ded inlet. The air is then expanded into a measurement cell at low pressure
inside the aircraft, where OH is detected by laser excited fluorescence. The
OH and HO, channel of AirLIF needed to be characterized for the flight con-
ditions during OMO. Different calibration concepts have been applied and
combined to determine the OH and HO, detection sensitivities as a function
of flight altitude, ambient pressure and temperature. These include the well-
established ground-based calibrations between flights to track the absolute
sensitivities. The relative dependence with altitude was measured in the la-
boratory using a newly designed photochemical radical source which allows
calibration at reduced pressure to simulate ambient air pressure at flight con-
ditions. For the OH-channel as an additional option an in-flight calibration
unit inside the shrouded inlet was used. It is however limited to below 10 km,
because the radical production by the artificial photolysis of ambient water
vapour becomes too small.

To simulate the in-flight conditions, other research groups have confided in
using different nozzle sizes to change the mass-flow through the system ins-
tead of varying ambient pressure. As part of a consistency check, both me-
thods have been compared in detail and it is confirmed that they essentially
agree. However, discontinuities in the pressure dependence of the OH cali-



bration curve are presumably related to a change in conditions of the gas
expansion and are thereby unique to a specific nozzle. The correct detec-
tion of this jump in sensitivity is therefore limited to the newly developed
radical source. During the laboratory characterization of the HO5 channel a
fluid dynamical effect on the HO5 nozzle was discovered which is due to the
lacking shrouded inlet and led to an overestimated HO, inlet pressure, origi-
nally assumed to be static ambient pressure. It was possible to correct this
by calculating the true mass flow through the nozzle using the computational
fluid dynamics (CFD) software ANSYS Fluent.

The OMO campaign took place from 21 July until 27 August 2015 and was
divided in three phases. Till 01 August 2015 HALO was stationed on the
airport of Paphos (Cyprus) and mainly flew over Cyprus and the Mediterra-
nean Sea. During the second phase HALO was stationed on Gan (Maldives)
aiming for the flight targets Bahrain and Sri Lanka, west and east of India
respectively. From 10 August till the end of the campaign, HALO was again
stationed on Cyprus and covered the Arabian Peninsula, Egypt and Greece as
primary flight targets. At the end of the campaign for two flights Mount Etna
was visited. In total OMO Asia comprised 17 flights up to 15km of which
AirLIF measured 2/3 of the time. Other institutes involved in OMO were
the Karlsruhe Institute of Technology (KIT), the German Aerospace Cen-
ter (DLR), the Max-Planck Institute for Chemistry (MPIC Mainz) and the
universities Bremen, Wuppertal, Heidelberg and Leipzig. The MPIC Mainz
provided a second LIF instrument measuring OH and HO, radicals contem-
poraneously for the first time.

Both, AirLIF and HORUS OH and HO; in-flight measurements are inter-
compared flight-wise showing a general good agreement of their calibrations.
The vertical profile of OH and HO5 up to 15km is discussed in particu-
lar with respect to important atmospheric controlling parameters such as
CO and NO. The HO5/OH ratio is then analyzed by a simple analytic ap-
proach. It is found that the latter is well explained above 7 km, while below
a gap of a factor up to 3 remains. The altitude profiles and oxidation pro-
cesses are further studied by using a zero-dimensional chemical box-model
which is constrained by parameters measured by other instruments during
the OMO campaign. Good agreement of OH and HOs is found between 7 km
and 11.5 km, while below 7km OH is overestimated by a factor of 2.5 and HO,
is predicted correctly within the combined model-measurement uncertainty.



This result is consistent with the underestimation of the HOo/OH ratio by
up to a factor of 3 which is in agreement by the analytical model. Above
11.5km both, OH and HO,, are overestimated by a factor up to 2.5. In the
HO,/OH ratio however, this overestimation cancels out which indicates that
there is either a missing HO, termination reaction or an overestimated HO
primary source in the model. The discrepancies observed in the upper and
lower troposphere are finally addressed by sensitivity studies. In the lower
troposphere these are most likely due to missing VOC reactivity, which pri-
marily acts as an OH sink. The addition of a small amount of OH reactivity
(0.11/s) due to unmeasured VOCs during the OMO Asia campaign, closed
the gap for OH, while HO, stayed in agreement. Only below 2km a dis-
crepancy of the HOy/OH ratio by a factor up to 2.5 remained. In the upper
troposphere there are indications, that formaldehyde from the EMAC MPIC
model is overestimated, which results in a contemporaneous increase in OH
and HO,.

This work, in particular the correction necessary to the HOy channel, hints
to further technical improvements for prospective LIF-aircraft applications.
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Chapter 1

Introduction

The main constituents of the earth’s atmosphere are nitrogen, oxygen and argon.
They together make up over 99.9 % by volume (here and from now on mixing ratios
are always with respect to volume) of dry air. Beside these permanent gases, which
are homogeneously mixed in the lowest 100 km, the atmosphere contains a variable
amount of water vapour that is mainly present in the lower troposphere. The other
part of atmospheric air essentially consists of COy (407 ppm) with minor additions
of methane (1.8 ppm), molecular hydrogen and noble gases such as helium, neon
and krypton whose mixing ratios are in the same range (Finlayson-Pitts and Jr.,
2000). Reactive traces gases are present only in orders of magnitude smaller mixing
ratios (ppb, ppt). While the bulk species oxygen and nitrogen can be photolized
in the upper atmosphere by solar radiation and thereby engage in photochemistry,
the influence of atmospheric traces gases on the living conditions on Earth is much
broader. Greenhouse gases not only interact with solar, but also with terrestrial
radiation and thereby affecting Earth’s climate twofold. They either arise due to
natural or anthropogenic emissions (e.g. COy, CHy, N2O, Chlorofluorocarbons) or
by photochemical processes (e.g. ozone, organic aerosols, nitrate- and sulphate-
aerosols). The strongest greenhouse gas is water vapour, which is affected implicitly
via temperature variations and therefore promotes a self-enhancing feedback mecha-
nism. Trace gases such as NO,,, CO, Oz, SO2, HNO3 and H5SO, are toxic pollutants
which deteriorate air quality (Finlayson-Pitts and Jr., 2000).

Since the industrial revolution started in 1750, many different trace gases have in-
creased in atmospheric concentrations by a substantial amount due to increasing an-
thropogenic emissions. COq levels have increased by 48 % up to today (2019) while
they have been below 300 ppm for the last 3 million years prior. Similarly methane
levels have been varying between 350 and 700 ppb in the past million years, but
have risen to 1800 ppb up to today only since 1750 (Stocker and Qin, 2013). Today
anthropogenic vs. natural methane sources are in ratio roughly 2:1. Natural emis-
sions mainly stem from wetlands, termites and oceans while human sources are due
to livestock, landfills, rice cultivation - in particular from the strongly growing Asian
agricultural regions -, coal mining and biomass burning (Saunois et al., 2016). Both
COy and methane are major greenhouse gases that are drivers of climate change
(Stocker and Qin, 2013). Apart from the impact on global climate, trace gases
from industry and traffic — e.g. CO, NO,, SO, ammonia and VOCs — lead to poor



air quality within cities, in particular also because it is coupled to photochemical
ozone generation and thus smog events (Finlayson-Pitts and Jr., 2000). In addition,
noxious trace gases can also originate from biomass burning and intense farming.
Many of the emitted trace gases are not water soluble and have to undergo oxidation
processes before they are eventually removed from the atmosphere (cf. Chapter 2).
These oxidation processes are initiated by radicals which are highly reactive. The
most prominent of all is the OH radical which together with the HO, radical builds
the HO, radical group. In this way for example CO is oxidized to COy which is
then washed out. Another example is the removal of NO,: NO can react with O3 to
form NOj. NOj then reacts with OH to form HNOs, which will eventually deposit
at ground.

Most radical measurements are ground based, but few measurements on aircraft
have been around since 20 years, which however were mainly initiated by American
groups (cf. Section 2.4.1). These campaigns prevalently concentrated on the Pa-
cific, North-Atlantic and North-America whilst only very little took place in Europe,
Middle East and the Asian Region. One reason has been the lack of an adequate
research aircraft in Europe and Asia with intercontinental cruising range that could
reach altitudes up to 15 km while still maintaining a decent payload to carry enough
instruments for a sufficient coverage of atmospheric trace gases and radical mea-
surements. With the introduction of the new German High Altitude and LOng
range research aircraft (HALO) in 2009, a suitable measurement platform has be-
come available to the German science community. HALO is run by the DLR and
stationed in Oberpfaffenhofen (http://www.halo.dlr.de/).

During July/August 2015 HALO’s first mission to study tropospheric photochem-
istry was the Oxidation Mechanism Observation (OMO) campaign over the Mediter-
ranean Sea, the Arabian Peninsula, the Arabian Sea and the Indian Ocean, which
set three major goals to understand the

1. Oxidation processes and the free radical chemistry of HO, in the upper tro-
posphere

2. Influence of the Asian Summer Monsoon on atmospheric chemistry
3. Long-distance transport of air pollution.

The first topic is subject of the present work. The chemistry of HO, radicals in
the upper troposphere during the Asian Summer Monsoon is investigated using cor-
responding measurements on board of HALO and a state-of-the-art chemical box
model for interpretation. The radical measurements were performed by two laser-
induced fluorescence (LIF) instruments - AirLIF (Forschungszentrum Jiilich) and
HORUS (Max-Planck Institute for Chemistry Mainz) -, which for the first time
measured OH and HO, radicals contemporaneously at the Middle East and over
the Indian Ocean west and east of India till the Maldives. The AirLIF instrument
was developed at Forschungszentrum Jilich (institute IEK-8) with technical sup-
port from the Central Institute of Engineering, Electronics and Analytics (ZEA).
The new instrument was tested in the laboratory for ground-based conditions by




Broch (2011), before the instrument was deployed on HALO for the first time dur-
ing the OMO-EU test campaign in January 2015.

In the present work the OH and HOy measurement channels of the instrument have
been characterized for the flight conditions during OMO. Different calibration con-
cepts have been applied and combined to determine the OH and HO, detection
sensitivities as a function of flight altitude, ambient pressure and temperature (cf.
Chapter 4). These include ground-based calibrations between flights to track the
absolute sensitivities. The relative dependence with altitude is measured in the
laboratory using a newly designed photochemical radical source which allows cali-
bration at reduced pressures to simulate ambient air pressure at flight conditions.
Part of the calibration procedure includes the proper characterization of the cali-
bration source itself. For the OH-channel there is the additional option to use an
in-flight calibration unit inside the shrouded inlet. It is however limited in use to
below 10km, because it relies on ambient water vapour. To simulate the in-flight
conditions, many groups have relied on using different nozzle sizes to change the
mass-flow through the system instead of varying ambient pressure. As part of a
consistency check, both methods will be compared in detail. For the proper applica-
tion of the entire calibration procedure, possible interferences will be discussed and
parametrized corrections will be applied if necessary.

Chapter 5 will give a brief introduction to the aims and the course of the campaign
with participants and time schedule. This is followed by a description of the AirLIF
radical measurements and - for the first time - an in-flight inter-comparison with
flight-wise time series and a full campaign correlation. The vertical profile of OH
and HO, up to 15 km will be discussed in particular also with respect to important
atmospheric controlling parameters such as CO and NO. The HO5/OH ratio will be
analysed by a simple analytic approach. In the last part a zero dimensional chemical
box model is advised with the attempt to predict OH, HOy and HO2/OH, which are
then compared to the in-flight measurements. After the discussion of the vertical
model profiles, the most important radical sources and sinks are analysed in order to
explain possible model gaps i.e. overestimation of radicals in the upper troposphere
and near ground. Finally the measurement-model discrepancies are addressed via
sensitivity runs.

Chapter 6 summarizes all the important results. Additional information to individ-
ual flight tracks and measurements during OMO, as well as model input and results
can be found in the Appendix.




Chapter 2

Fundamentals of Tropospheric
Chemistry

2.1 Atmospheric chemical composition

Dry atmospheric air consists mainly of nitrogen (78.1%), oxygen (20.95%) and
argon (0.93%). In addition the atmosphere contains a variable amount of water
vapour (0-4%). Even though these gases make up over 99.9 % of atmospheric air by
volume, only the last per-mille of trace gases is responsible for air quality and climate
change. These remaining trace gasses essentially consist of COy (407 ppm) with
minor additions of methane (1.8 ppm), molecular hydrogen (550 ppb) and noble gases
such as helium (5.24 ppm), neon (18.18 ppm) and krypton (1.14 ppm) (Finlayson-
Pitts and Jr., 2000). Reactive trace gasses such as CO, NOy, ozone, VOCs and
others are present only in even lower mixing ratios (ppb, ppt).

photochemical
decomposition
by OH radicals

aaaaaa

emissions deposition

Figure 2.1: Hardly soluble substances are emitted by natural (lightning, volcanism),
biogenic (land use) and anthropogenic (industry, traffic, energy production) activities.
Initiation of oxidation due to reactions with OH radicals lead to better soluble substances
which can then be washed out by rain. (Broch, 2011)



Vertical structure of the atmosphere

Most of the trace gases are emitted into the atmosphere and undergo chemical reac-
tions including direct photolysis by solar radiation and reactions with photochemi-
cally formed oxidants like OH (hydroxyl radicals) and ozone. The reaction with OH
controls in most cases the rate of atmospheric trace gas removal (Levy, 1972). This
is of importance, because temperatures are typically too low for direct oxidation
by oxygen to take place. Compounds which are destroyed photo-chemically are for
example O3 and NOs, however in most cases solar photons carry too little energy,
because short wavelengths below 300 nm are absorbed by ozone in the stratosphere.

Trace gases like CO, SO, NO, (NO 4+ NO,y) and VOCs are emitted by anthro-
pogenic activities (traffic, industrial activities, energy production, biomass burning
etc.) and natural processes (e.g. lightning, volcanism, cf. Figure 2.1). Furthermore,
VOCs and methane are produced by the biosphere i.e. landfills, livestock farming
and use of fossil fuel as well as naturally from wetlands, termites and oceans.

These trace gases are then attacked by OH which initiates oxidation chain-reactions
whose stable products can be deposited dry or wet (Ehhalt, 1999). Photochemical
oxidation involves the formation of OH primarily by the photolysis of ozone and re-
action of O('D) with water vapour (cf. Reaction R2 and R3). The oxidation of trace
gases leads to secondary pollutants like HCHO, H,O2, HNO3, HySO,4 and eventually
particles by condensation of highly oxidized molecules which are transported and
finally either dissolved in rain and washed out or taken up by plants (cf. Section 2.3).

On the one side OH radicals are relevant for the self-cleaning capacity of the atmo-
sphere to remove primary pollutants, while on the other side the formation of these
secondary pollutants can lead to significant air-quality issues particularly in densely
populated areas with high emissions of contaminants like CO and NOs. This can
be seen in major cities like Beijing where large amounts of VOCs, NO, and sunlight
lead to strong smog-events due to ozone (Chan and Yao, 2008).

Among others, H,O, CO,, CHy, O3 and N2O are the major so called greenhouse
gases ordered with respect to their significance as the drivers of the prevalent climate
change (Stocker and Qin, 2013). Although water vapour is not primarily emitted in
the conventional sense, warming due to COy results in higher water vapour concen-
trations by increased saturation vapour pressure which leads to an amplifying feed
back mechanism. Since methane is a greenhouse gas which is only degraded by OH,
this indicates to the importance of OH. Its lifetime of roughly eight years, results
in the relatively large methane levels of 1.8 ppm. Tropospheric Ozone - as a toxic
greenhouse gas - is essentially created due to photo-chemical oxidation of CO and
VOCs by OH (cf. Section 2.3.2).

2.2 Vertical structure of the atmosphere

The atmosphere has a layered structure which is depicted in Figure 2.2 (left panel)
with dependencies of pressure and temperature on altitude. In general, the pressure
decreases exponentially with height (barometric formula). The lower atmosphere is
called the troposphere and is characterized by a linear temperature profile with a
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Figure 2.2: Left: Vertical profiles of temperature and pressure in the atmosphere be-
tween sea level (0km) and 50km altitude. The vertical course of the temperature gives
rise to different atmospheric layers (troposphere, stratosphere, mesophere, ...) which are
separated by reversal of the temperature gradient (Finlayson-Pitts and Jr., 2000). Right:
Vertical profiles of water vapour and ozone in the atmosphere between ground (0km) and
50 km altitude. Values are annual means for mid-latitudes (AFGL, 1986).

negative gradient called the lapse rate typically in the range of 5-10 °C/km (the lower
value applies to humid air, the higher value to dry air).

As the saturation vapour pressure of water follows Clausius-Clapeyron’s equation,
its mixing ratio will decrease nearly exponentially with altitude being =1 % near
ground and ~10 ppm at 13km (cf. Figure 2.2, right panel). In contrast ozone mix-
ing ratios are relatively low near ground (~50 ppb) and increase slowly until 10 km.
Above they quickly rise up to 10 ppm in the stratosphere where ozone is formed from
O, photolysis. Global lower tropospheric ozone is strongly influenced by transport
from higher altitudes for example during atmospheric inversion. Minor contribu-
tions also stem from the photo-chemical oxidation of CO and VOCs.

As solar radiation is driving the entire tropospheric chemistry (cf. Chapter 2.3), its
vertical distribution must be known. Figure 2.3 shows an example of the vertical
distribution of solar UV measured under cloud free conditions between 0 and 12km
height above the Aegean Sea. The shown wavelengths cover the range 298-420 nm
where the most important photolysis reactions take place. As can be seen there is
no strong dependence on altitude under cloud-free conditions in particular for the
higher wavelength range.

Above the troposphere the temperature lapse rate gradually changes sign. This
region called the tropopause is characterized in the International Meteorological
Vocabulary of the World Meteorological Organization as the lowest level at which the
lapse rate decreases to 2 °C/km or less, provided that the average lapse rate between
this level and all higher levels within 2 km does not exceed 2 °C/km (Secretariat of the
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Figure 2.3: Actinic flux profile over the Aegean Sea under cloud-free conditions measured
and simulated for different wavelengths. crosses: 298 nm, triangles: 305 nm, diamonds:
310 nm, squares: 325 nm, stars: 380 nm, circles: 420 nm (Hofzumahaus et al., 2002)

World Meteorological Organization, 1992). The focus of this subsequent work is
mainly limited to the troposphere.

2.3 Tropospheric HO, radical chemistry

2.3.1 OH sources

The OH radical plays an essential role in the degradation of various atmospheric
trace gases. Its high reactivity results in very low concentrations of the order of
10%/cm? (Finlayson-Pitts and Jr., 2000) though it is still capable to turn over large
amounts of trace gases into their soluble products. The major global source of OH is
the photolysis of ozone (O3). The photo-dissociation of O3 by solar radiation yields
O(®P) atoms at wavelengths below 1180 nm and electronically excited O(*D) atoms
at wavelengths below 340 nm (Takahashi et al., 2002)

Os+hv  —  OFP)+ 0, (X*3;) A<1180nm  (R1)
Os+hv  —  O('D)+ 0, (a'A,) A<340nm.  (R2)

The reaction of O(*D) atoms with water vapour yields OH
O('D) + H,O0 — 20H. (R3)

Besides Reaction R3 O(!D) can also lose its energy via collisions with ambient
molecules (N3, Og) which is referred to as quenching. O(®P) then reacts back to
ozone

o'D)+M — OCP)+M (R4)
OCP)+0,+M — O3+M. (R5)




OH sources

For Reactions R2 - R5, the rate equations for O(*D) and OH can be written as

d[O(*D .
AIOCDN _ o'y oy
| —
production
— (Foupysxs [Na] + kogp) o, [0a] + kop)ymo [H20]) [O('D)] (2.1)
destruction
d [OH
[dt ] = 2kO(ID)+HzO [HQO] [O(lD)} = POH,03 (22)

where Pog o, is the production rate of OH and j(O'D) is called the photolysis
frequency for O(*D) and can be calculated from the photon-flux Fy (also called
actinic radiation [Photons/om?snm]), the absorption cross-section o ([cm?]) and the
quantum yield ® of O'D (Matsumi et al., 2002)

§(0'D) = //\CIDOLD()\,T) 00y (N T) In(A) dA. (2.3)
The rate constants k; for Reactions R3 and R4 are given in Table 2.1. For typical

Table 2.1: Rate constants for the reaction of major air constituents (N2, Oz, HoO) with
Oo('D).

reaction ¢ source

R4 O'D + Ny [ 215-107" exp (1K) [ JPL (2015)

R4 | O'D+0, | 395 10" exp(®
R3 | O'D+ H,0 | 1.63-1071 exp (©

JPL (2015)
) | JPL (2015)

O ||t
%wﬁxﬂ
N~—"1

pressures in the troposphere between 200 and 1000 hPa the O('D) lifetime is of the
order of nano-seconds (given by the part in the round bracket of the destruction

term). Therefore it is sufficient to approximate Equation 2.1 by its steady state

d 1
value 1[OétD>} ~ 0. Plugging this into Equation 2.2 gives a production rate of OH

due to the photolysis of ozone given by

Pon,o, = 2j(0'D) [03] ®on (2.4)
with the branching ratio

ko(py+m,0 [H20]
ko@py+n, [N2] + ko(ip)+0, [O2) + kopy+mo [H2O]

Doy = (2.5)
Obviously this quantity is independent of the number density of ambient air and
can as well be written solely in terms of mixing ratios. For 1% of water vapour,
for example, it gives a yield of 7%. As water vapour decreases exponentially with
altitude, also the yield follows accordingly, being only 0.01 % at 13 km.

In the polluted atmosphere, photolysis of nitrous acid (HONO) is another important
source of OH. This process takes place at wavelengths below 390 nm.

HONO+ hyr — OH+NO A < 390 nm. (R6)




Degradation of trace gases by OH

Significant concentrations however have been only observed in the planetary bound-
ary layer (PBL), with highest values near the ground (Li et al., 2014). Small amounts
are produced by the pressure dependent reaction

OH+NO+M — HONO+M, (R7)

while most is produced heterogeneously at the Earth’s surface. Due to the relatively
short lifetime with respect to photolysis, HONO produced in the PBL does not reach
the free troposphere, because transport times are usually of the order of a week.

Another significant contribution to OH production can be the ozonolysis of alkenes.
Ozone adds to the alkene double bond to create an intermediate ozonide which is
unstable and subsequently breaks into a carbonyl oxide (Criegee) and a carbonyl-
compound. The OH molecule is eventually attained by further re-arrangements
involving H-shifts on the Criegee, followed by a final decomposition. The production
depends on the alkene and typically larger alkenes produce more OH. On the other
hand most of these alkenes react strongly with OH itself which limits the importance
of this pathway to night-times where the other sources do not play a role (Bey et al.,
2001). Since most alkenes are short-lived they as well seldomly arrive at the free
troposphere.

2.3.2 Degradation of trace gases by OH

Most reactive trace gases in the atmosphere are degraded by OH. In case of CO and
VOC oxidation, peroxy-radicals are formed which can regenerate OH by reaction
with NO. One of the most important reaction is the degradation of CO

CO+O0H -2 CO,+HO,, (RS)

producing a hydro-peroxy radical HO,. OH also attacks methane forming an or-
ganic peroxy radical CH3O5 which by reaction with NO eventually forms HO, and
formaldehyde

CH,+OH 2% CH;0,+ H,0 (R9)
CH;0, +NO —» CH;0 + NO, (R10)
CH;0+0, — HCHO + HO,. (R11)

In a similar way this is true for a general class of volatile organic compounds (VOC)

RH+OH -2 RO, +H,0 (R12)

eventually producing HO, and an aldehyde (or ketone). The rate determining step
in the degradation of trace gases is the reaction with OH. In Reactions R9 - R11 for
example, the reaction of methane with OH proceeds over the order of 8 years while
the subsequent reactions are very fast compared to the former.




OH sources

As do the peroxy radicals above, also HOs will react with NO which finally regen-
erates OH and at the same time forms NO,

NO+HO, —s NO,+ OH. (R15)

The OH-recycling has a stabilizing effect on the OH-concentration and leads to an
efficient trace gas removal mechanism. As a result of the interconversion between
OH and HO, both radicals are collectively referred to as HO, (= OH + HOs,).
Since the OH radical is highly reactive with a lifetime of only a second at ground
conditions, its concentration is small and of the order 10%/cm®. Since transport
processes are on the scale of a few metres per second the concentration is only
dependent on the local concentrations of the reactive species.

In competition to NO, HO, also reacts with ozone

but for typical ambient ozone and NO mixing ratios over continental Europe of 40
ppb and > 10 ppt respectively, Reaction R15 is faster than Reaction R16 by a factor
of more than 4000 (Atkinson et al., 2004). In clean air with NO concentrations <10
ppt Reaction R16 starts to dominate though.

The degradation of NO by HO; is not the only pathway, in fact it can also react
with ozone

During daytime NO, can photolyse back to NO to produce ozone which is indeed
the major production process within the lower troposphere

NOy+hr  —  O(P)+NO A < 420nm (R18)
OFP)+0;+M — O3+M M =Ny, 0. (R19)

If Reaction R17 would be the only NO5 production process, every Oz produced by
R18 and R19 would have been consumed in Reaction R17 and the combined process
would be neutral with respect to ozone. However Reaction R15 and R13 and likewise
anthropogenic and biogenic emissions act as a source to NOy and give rise to a net
ozone formation (Ehhalt, 1999). On the contrary there is loss in ozone with a lack of
NO,, because then HO, mainly destroys ozone by Reaction R16 without producing
NOs. A simple expression can be given for the number of ozone molecules produced
per turned over HOy molecule involved

AO3z  kris [NOJ — kgig (O3]

AHOy  kris [NO] + kgrie [O3]
From this result the 10 ppt threshold for NO can be approximated (Carpenter et al.,
1997).

Oxidation products in the VOC degradation process like formaldehyde (HCHO) in
Reaction R11 can again contribute to the HO, concentration

(2.6)

HCHO + OH 2% HO, + CO + H,0 (R20)
HCHO+hv — Hy;+CO A < 360 nm (R21)
HCHO + hv 2 2HO, + CO A < 335nm. (R22)
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Figure 2.4: Simplified scheme of the HO, cycle (red) relevant for upper tropospheric
conditions. The blue arrows show the sources contributing by photolysis.

The first and second reaction are neutral with respect to the HO,, concentration while
the last one contributes with 2 HO, radicals. Effectively about 0.3 HO, radicals are
formed per degraded methane molecule (Ehhalt, 1999).

2.3.3 Radical sinks

The above mentioned reactions of OH with CO, CHy;, RH and HCHO produce
peroxy radicals (HO5, RO2) which regenerate OH by reaction with NO. This radical
cycle can be terminated by radical-radical reactions, which eliminate HO, radicals
from the atmosphere.

OH+OH — H,O+O0 (R23)

OH+HO, — HyO+0, (R24)

HO; + HO, (+H20) — Hy05+ 0y (+H20) (R25)
RO; + HO; — ROOH + O, (R26)

RO, + RO, —  products. (R27)

Because of the small OH concentration, Reaction R23 and R24 play a negligible role,
whereas Reaction R25 and R26 can be of significant magnitude. Another important
radical loss process is

OH+NO,+M —» HNO3+M  M=N,,0,. (R28)

11
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In a similar manner, HO4 reacts with NOy forming HNO4
HOy +NOy;+M — HNO, + M. (R29)

Nevertheless in warm air (298 K), it is thermally unstable and decomposes back
within seconds

HNO,+M -2 HO,+ NO, + M. (R30)

In the lower troposphere, the products of Reactions R25 - R28 are generally lost
by deposition. In the upper troposphere, loss by deposition is generally slow and
some components like HNO,4 are thermally stable at low temperatures. Due to
the extended lifetime, the product species can be considered as reservoir species of
radicals and NO, in the free troposphere.

2.3.4 HO, chemistry in the upper troposphere

In the previous chapters the main focus applied to atmospheric chemistry in the
lower troposphere. In the upper troposphere however, there are several obvious
differences.

1. Physical conditions

e Pressure: With increasing altitude the pressure drops exponentially ac-
cording to the barometric formula. Since lower pressure means a de-
creased collision rate, this slows down the overall chemistry quadratically.
While the lifetime of OH is roughly 1s near ground, it will increase to
about 1min at 13km altitude. There are also pressure dependent rate-
constants for some reactions (e.g. OH + CO, OH + NO,).

« Temperature: In the adiabatic atmosphere approximation, the tem-
perature decreases linearly with altitude which in most cases reduces the
rate-constants additionally. A prominent example for such a change due
to temperature is the NOs to NO ratio following from Equation R17 -
R18

[NOs]  kgiz [Os]
NG/

(2.7)

which at ground has approximately a value of 3 to 5. As the ozone
concentration increases by roughly a factor of 2 from ground to 13km
and additionally the rate constant reduces about a factor of 10 due to
temperature, the ratio reverses its behaviour at higher altitudes and con-
sequently also HO, is progressively suppressed.

¢ Humidity: The saturation vapour pressure follows Clausius-Clapeyron’s
equation. Thus water vapour mixing-ratios will decrease nearly exponen-
tially which affects the primary HO, production by over three orders of
magnitude (cf. Reaction R3).

12



HO, chemistry in the upper troposphere

2. Photochemical products like HoOo, CH300H, HNO3 or HNOy are only slowly
removed by transport and represent reservoir species. The deposition proceeds
by slow downward movement of air-masses on bigger scales and typically takes
several days. If available, uptake in cloud droplets can be fast however, while
in the presence of sunlight radicals and NO, are reactivated

HNO3+hvr — OH+NO, A < 350 nm (R31)
HyO+hy — OH+OH  A<557nm (R32)
ROOH + hv -2 R’CHO + OH + HO, (R33)
22, RO, + HO, (R34)

HNO; + hv  — HO,+NO, A< 325nm. (R35)

All of these compounds constitute an additional OH sink viz

H,0p + OH  —  HO, + Hy,O

CH;00H + OH — CH,0, + H,O
HNOs; + OH — NOjs + H,0
HNO, + OH —» NO,+ O, + H,0.

3. Most of the short lived pollutants emitted at ground do not reach the upper
troposphere, as the transport time to the latter is of the order 10 days (Ja-
cob et al., 1997). From this it is expected, that the general chemistry will
be more simple compared to ground, where lots of different VOCs and other
biogenic compounds make the chemistry rather complex. Nevertheless, deep
convection plays a significant role in the tropics, where convective injections
of peroxides (HyOy, CH30O0H) perturb the typically simple chemistry (Jaegle
et al., 1997). Similarly fast vertical transport of acetone can play an important
role, as photo-chemically excited acetone can decompose prior to quenching
at higher altitudes (Wennberg et al., 1998).

Deep convection also plays a role in the Asian Monsoon with transport times
less than one hour. The impact of such events on the global atmospheric
composition and climate is still an unsolved problem and currently investigated
(Lelieveld et al., 2018; Gottschaldt et al., 2018; Vogel et al., 2016).

Due to the low pressure, acetone can become an important source of HO,, contrary to
ground chemistry where photolised acetone typically quenches prior to fragmentation

CH;COCH3 + v 223 CH5C(0)0, + CH30, (R40)
CH;C(0)0, + NO -2 CH;0, + CO, + NO, . (R41)

The acetyl-peroxy radical can be converted to a methyl-peroxy-radical in the pres-
ence of NO which subsequently contributes to HO, via Reaction R10 and R11.
Under cold conditions in the upper troposphere, more likely though is the addition
of NOy to form PAN

CH3C(0)0, +NO, 5 CH3C(0)O,NO,. (R42)

13
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It is another reservoir species, which can be photolysed back or decompose thermally
in the lower troposphere in warmer air

hv,A

PAN ™3 CH;C(0)0, + NO,. (R43)

2.4 HO, chemistry studies on aircraft

2.4.1 Aircraft campaigns

There are significantly fewer studies on the chemistry of the free troposphere com-
pared to investigations on the ground. First highly sensitive and reliable mea-
surements of tropospheric OH and HO, radical concentrations were reported from
ground-based field campaigns in the early 1990’s using LIF at 308 nm excitation
wavelength, CIMS and DOAS techniques (Heard and Pilling, 2003).

First airborne measurements were achieved in the upper troposphere and lower
stratosphere (6-21 km) in the STRAT campaign 1995/96 by LIF using 282nm ex-
citation wavelengths on board of the NASA aircraft ER-2 (Jaegle et al., 1997). The
application of 282 nm was not an issue as discussed earlier, because almost no water
vapour is present at these altitudes to interfere.

In 1995 first ventures were done by F. Eisele (Mauldin IIT et al., 1998) during the
ACE-1 campaign on board the NCAR C-130 to address the lower troposphere (0-6
km) measuring HO, radicals with the CIMS (chemical ionization mass-spectrometer).
Other measurements using CIMS were done by Cantrell et al. during the TRACE-
P campaign on a P-3B (Cantrell et al., 2003a). Brune et al. (Brune et al., 1998)
measured HO, radicals using LIF (called ATHOS, 308nm) during the SUCCESS
campaign which eventually covered the troposphere up to 12 km on-board the NASA
DC-8 aircraft. Their second campaign (SONEX) using LIF (308nm) dates back to
2000, again on the NASA DC-8 (Faloona et al., 2000).

Tropospheric US research air-crafts (DC-8, P-3B, C-130) have been used since then
for many more airborne missions that took place mainly over North America, the
North Atlantic Ocean, the Arctic and the Pacific Ocean e.g. (Olson et al., 2006),
(Jaegle et al., 2001). The US aircraft have generally high scientific payloads (6-15
tons) that allow to carry a large suite of instruments for the measurement of HO,
and other trace gases. Nevertheless they lack the capacity to reach altitudes above
12km. First airborne radical measurements of OH and HO, by European research
groups were performed by the Max-Planck Institute Mainz (MPIC) measuring HO
with LIF (called HORUS, 308nm) on a Learjet 35A (< 10km) in the GABRIEL
campaign over the Amazonian rainforest in Suriname 2005 (Martinez et al., 2010)
and in the HOOVER campaign over Europe 2007 (Regelin et al., 2013). Around
the same time, the university of Leeds measured HO, with LIF (308 nm) on a BAe
146-300 aircraft (< 10km) in the AMMA campaign 2006 above West Africa (Stone
et al., 2010).
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In Germany and Europe, there was for a long time a general lack for a large tro-
pospheric research aircraft. Since 2009 the German research aircraft HALO - a
modified Gulfstream G550 - is available for global atmospheric research that allows
to perform flights over large, intercontinental distances and that can reach high al-
titudes (up to 15km). It has enabled to perform first HO, measurements in the
troposphere up to 15km altitude by two LIF (308 nm) instruments (FZJ, MPIC)
during the OMO mission 2015 between the Eastern Mediterranean and the Indian
Ocean (this work).

2.4.2 HALO

The general need for a high-flying long-range tropospheric aircraft gave rise to
the HALO consortium which consists of the DFG (Deutsche Forschungsgemein-
schaft) representing the German universities and the six German research cen-
tres which comprise the research centres in the Helmholtz Association (Helmholtz-
Gemeinschaft; HGF) and the institutes of the Max Planck Society (Max-Planck-
Gesellschaft; MPG) as the main users besides the DLR. The aim was to modify a
Gulfstream G550 business jet for use as a research aircraft.

Table 2.2: Technical details for the research aircraft HALO. (DLR, 2009)

dimensions airplane

length 29.4m
height 7.9m
wing-span 28.5m
# inlets 23
# viewports 6
dimensions cabine
length 15.3m
height 1.88 m
width 2.24m
volume 47.3m3

flight characteristics

max. cruising altitude 15545 m
mean cruising altitude 13100 m
max. aircraft speed 0.885 Ma
cruising range at 0.8 Ma 12500 km
max. payload 3000 kg
elect. power supply 55 kW

for scientific instruments

HALO is run by the DLR and stationed in Oberpfaffenhofen near Munich since 24
of January 2009. It is deployed to study various atmospheric and meteorological
phenomena from local to global scales such as atmospheric self cleaning, chemistry
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HALO

Figure 2.5: Research aircraft HALO during landing at DLR Oberpfaffenhofen. (DLR,
2009)

and dynamics of the upper troposphere and lower stratosphere, but also general
weather and climate change. As the name stands, HALO is capable to fly over 15km
reaching the tropopause at the equator and even surpassing it at mid-latitudes. Some
technical details of the airplane are given in Table 2.2. During August/September
2015 it was deployed on Cyprus and Gan (Maldives) for the purpose of the OMO
campaign (Ozidation Mechanism Observation). The instrumental set-up for the
application of the AirLIF on HALO had to be modified compared to the well-
established ground based instruments (cf. Chapter 3).
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Chapter 3

HO, Measurement Instrument

3.1 OH detection by laser induced fluorescence

The laser induced fluorescence technique (LIF) was first reported by the Zare group
as a selective method for spectroscopic detection of molecules by narrow-bandwidth
lasers (Tango et al., 1968). First LIF studies on OH radicals were performed in the
early 1970s in the laboratory (Hogan and Davis, 1974; Becker et al., 1974) using
tunable dye lasers which had been invented 1967 (Sorokin et al., 1967; Schaefer and
Schmidt, 1967). First attempts to measure OH radicals by LIF in the atmosphere
were performed at the Ford Motor Company in Michigan, USA (Baardsen and Ter-
hune, 1972; Wang and Davis, 1974) using pulsed laser radiation for excitation at a
characteristic absorption line at 282nm. The excited molecules radiate by sponta-
neous emission called fluorescence whose photons are detected by a photomultiplier.
Since ambient air is composited of various substances, it is important not to choose
a wavelength which would in addition excite another molecule as well leading to
unwanted cross-interference. Figure 3.1 shows a scheme of a variety of transitions
of the OH radical from the electronic ground state X2II to the first excited state
A%¥;*. Each electronic state has several vibrational states with different mode num-
bers v = 0,1,2,... with energy-differences being small compared to the electronic
ground and first exited state. Likewise a rotational quantum number N splits each
vibrational state into sub-states whose energy-differences again are in magnitude
much smaller than those of the different vibrational states. The notation using a
double prime next to a quantum number refers to the electronic ground state, while
one prime corresponds to the excited state. The electronic A-X transition of OH
has two strong vibrational bands, the 1-0 and 0-0 bands, which can be used for
highly sensitive OH detection (Figure 3.1). The 1-0 band is located at 282 nm, the
0-0 band at 308 nm. When a selected rotational state in OH (A4, v = 1) is excited,
the populated rotational state redistributes over the different rotational states of
the v = 1 vibrational band due to collisions with the ambient molecules within a
few nano-seconds at atmospheric pressure. This is called rotational relaxation (RR).
The rate constants for rotational relaxation are faster than for electronic quenching,
in case of nitrogen as collision partner by a factor of 10 (Lengel and Crosley, 1977).
Similarly vibrational relaxation (VR) redistributes into the v* = 0 band towards
thermal equilibrium before going back into the electronic ground state via emission
of a photon. The rate constant for vibrational relaxation (v' = 1 — 0) is 3 times
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Figure 3.1: Simplified scheme with various absorption lines from the electronic ground
state (underneath the dashed line) to the first excited state (above). The shown electronic
ground state has vibrational quantum number v” = 0. In the first electronically excited
state the vibrational ground state v’ = 0 is at the right side with excitation wavelength of
308 nm whereas the vibrationally first excited state v’ = 1 is seen at the left with excitation
wavelength 282nm. (Broch, 2011)

faster than for electronic quenching (Lengel and Crosley, 1978) and roughly 30 %
of the molecules in the v" = 1 band choose this path. The other 70% return to
the electronic ground state either by fluorescence (282nm) or collisional quenching.
Therefore when OH is excited at 282nm, fluorescence can be observed at 282nm
and 308 nm. For OH detection, this excitation scheme has the advantage that flu-
orescence at 308 nm can be easily separated by an optical interference filter from
scattered laser light at 282nm. Such a simple optical discrimination between laser
and fluorescence wavelengths is not possible, when 308 nm is used for excitation.
For these reasons, first measurements of atmospheric OH used the 282nm excita-
tion scheme (Wang and Davis, 1974; Davis et al., 1976). However, soon it was
discovered that OH measurements at ambient pressure and 282 nm excitation artifi-
cially produce OH by laser photolysis of ozone (cf. Reaction R2, R3) in higher than
ambient concentrations (Wang et al., 1976; Davis et al., 1981).

In 1984 Hard and O’Brien (Hard et al., 1984) presented a modified version of the LIF
OH detection system which they termed FAGE (Fluorescence Assay by Gas Expan-
sion). In this set-up the air is sampled through a critical orifice into a low pressure
region - called detection cell - where OH is eventually detected by LIF. FAGE has
a few systematic advantages over the conventional LIF at that time. The decreased
pressure in the cell (typically a factor 100) reduces the amount of ozone generated
interference drastically, which however as it turned out was still enough of a problem
when 282 nm was used (Crosley and Smith, 1990). Only the introduction of 308 nm
LIF FAGE would finally lead to the long sought after breakthrough that managed to
measure lower tropospheric OH to a large extent without the problematic interfer-
ences (Stevens et al., 1994; Holland et al., 1995). At the same time interference-free
measurements have succeeded in the stratosphere using 282 nm, since the very low
water vapour concentration works in favour in diminishing artificial OH generation
(Wennberg et al., 1994).
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Using 308 nm over 282nm has the additional advantage, that the ozone absorption
cross-section is greatly reduced by a factor of 30, while the OH absorption cross-
section is increased by a factor of 4. Obviously the reduced pressure also lowers the
amount of OH radicals that are quenched to the ground state instead of fluorescing.

3.2 OH measurement principle

The excitation spectrum of the OH radical schemed in Figure 3.1 has strong ab-
sorption lines within the A?X-X2I1(0,0)-band at 308 nm. The de-excitation can take
place via emission of a photon or by collisional deactivation. The corresponding
lifetime 7 is calculated from

1 1

T Trad

+ 3 kS M) (3.1)

i
where

o Twa: natural radiative lifetime of the OH radical (688ns, (German, 1975))
often expressed by the Einstein coefficient A = 7.} of spontaneous emission.

o k$d: rate constant for collisional deactivation by air molecules [em®/s] (i =
N27 027 HQO)

o [M;]: number density of air constituent ¢ [molec/ems] .

The radiative lifetime and the quenching constants of excited OH (A,v" = 0) de-
pend on the rotational quantum state (McDermid and Laudenslager, 1982). The
effective lifetime of excited OH therefore depends on the rotational distribution in
v’ = 0, which undergoes rotational relaxation after laser excitation. In practice
(see further below), the OH fluorescence is collected with some time delay which is
usually sufficient for relaxation to a thermal rotational distribution in v' = 0. This
redistribution pattern will however be the same for all measurements as long as the
air temperature is constant and it is thus reasonable to use such measured effective
values instead. For the major constituents of air - Ng, Oy and HO - the effective
rate constants for quenching under thermalized conditions are given in Table 3.1.

The rate equation for the excited radicals OH* reads
d
T [OH"] = — (A+ k,[M]) [OH"] , (3.2)

with the solution [OH*] = [OH"], exp [~ (A + k, [M]) t]. Here k, is short-hand for
the mean quenching rate constant >, z; k¢4 where z; is the mixing ratio of the
i-th gas constituent. The rate equation expresses the change of the number of
excited OH radicals per volume and time with contribution due to quenching and
by natural emission. The time-dependent fluorescence intensity after excitation can
be expressed as the number of photons () per volume and time emitted isotropically
in any direction

% [v] = +A[OH"] . (3:3)
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Table 3.1: Effective rate constants for collisional deactivation of excited rotationally
thermalized OH radicals in the state A2X%(0) at 293K for the major components of air.
(Heard and Henderson, 2000)

Quenching Constant

[1x 1071 em® ]

No 3.14 £ 0.1
02 141 £ 04
H>O 66.7 £ 0.5

Counting the photons within a time-interval [AT¢, ATe + T¢] using the solution
above, it follows

[v] = [OH] {exp [— (A + kg [M]) ATe] — exp [= (A + k4 [M]) (ATe + To)]} -

A
O A+ k,[M]

n(ATc)

(3.4)

This quantity is directly proportional to the measured signal if the detection volume,
the solid angle of the detection volume seen by the detector and the efficiency of the
photon detection system is known (Broch, 2011). The last two factors in Equation
3.4 are called the fluorescence yield 1. The first factor A++q[M] is the fraction of
excited OH radicals which emit a fluorescence photon. The second factor repre-
sents the proportion of fluorescence photons recorded within a given time window
(counting gate). The process of gated fluorescence counting is depicted in Figure

3.2 schematically. Within this picture the maximum of the laser pulse is assumed

1) 1 Figure 3.2: Scheme of the gated photon
laser pulse counting during an OH-fluorescence mea-
surement. (Broch, 2011)
2) detector amplification 1. Laser pulse
: 2. During the laser pulse the detector
. amplification is switched off to pre-
: vent the detector from being damaged
3) by scattered laser light
OH* - fluorescence
3. Time-dependence of OH-fluorescence.
%\ The shaded area represents the time-
window in which the photons are
4) AT counted
cg::tlng 4. The counting gate starts at time AT
g after the laser pulse and has a width
Tc of T¢
time >
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to be at ¢ = 0. During this time the detector is switched off in order to prevent
damage by scattered laser light. After some time when the intensity of the laser
pulse has sufficiently dropped the detector is switched back on again. At time AT
the detection system starts counting the fluorescence photons for the time-span of
Tc. This process repeats with the frequency of the laser repetition rate. For the
AirLIF system the length of the counting gate T¢ is 496 ns, while the delay of photon
counting AT¢ is 112 ns and 80 ns for OH and HO, respectively. Detector amplifica-
tion is turned on roughly a few nano-seconds before the counting starts. A typical
half-width of the laser pulse is 35ns.

The OH fluorescence is superimposed by non-resonant background which is partly
laser generated and partly laser independent (dark signal of detector and ambient
light). The number of counted photons (N,,) per laser pulse is then given by

Non = Nou + N+ Ns + Np . (3:5)
Non: OH fluorescence photons
Np:  laser dependent non-resonant background
Ng:  ambient light, solar radiation

Np:  dark signal of photon detector

The dark signal of the photon detector is much smaller than the other signals.
The total number of counted photons N, lies typically in the range of only 0.01
counts per laser pulse. In order to achieve a good signal-to-noise ratio, the signal
is accumulated over an integration time of 5 seconds at a laser repetition rate of
3kHz. The background contributions are handled in separate ways since the laser
generated background is proportional to laser-power while the sun-background is
not. The laser-independent background (Ng + Np) is measured in a second time
window (Ty,, = 20000 ns) with a long delay (24 800 ns) after laser dependent signals
have decayed to zero. The signal is scaled to the length of the first time window
(counting gate) by a factor T /T and subtracted from the total counts N, of the
first time window. This procedure yields the signal Nog + Ny, which is proportional
to the laser power P,,. When the laser wavelength is tuned off-resonance such that
no OH is excited (= Nyg), the same procedure yields Ny, only, also proportional to
the laser power P,g. Thus, tuning the laser between on- and off-resonance positions
allows to distinguish between Noy and Np, (Broch, 2011). This procedure repeats
with each laser shot (laser repetition rate: 1;,) and integrating over several shots
normalized to 1s integration time gives the signal Som in units [¢ts/mw |

<Non - % Nsun) Vir (Noff - % Nsun) Vry
Son = TPon — TPOH . (3.6)

3.3 HO,; measurement principle

It is also possible to detect HO5 radicals with the instrumental set-up for the detec-
tion of OH-radicals described above. This indirect method uses chemical conversion
(Reaction R15) within the measurement cell by addition of a well-defined flow of
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Figure 3.3: Section of the OH spectrum around 308 nm for various inlet pressures rep-
resenting altitudes between 0 and 15km. AirLIF uses the @Q1(3)-line for excitation at
308.1548 nm while the P;(1)-line is at 308.1671 nm.

NO at the entrance of the detection cell (Holland et al., 2003; Fuchs et al., 2011).
Depending on the amount of NO added the ambient HO, is converted to OH with
efficiency ko which is then detected by laser induced fluorescence. In an analogous
way to Equation 3.5 the signal is constituted by various contributions

Non = Nuo, + Nou + N, + Ns + Nyxo + Np . (37)

Apart from the already known quantities, Nyo, is the number of counts due to con-
verted HO,. This adds to the counts induced by OH already present in ambient air.
The addition of NO gives rise to background Nyo whose precise origin is not quite
clear (Li et al., 2014). It can nevertheless be characterized by an additional NO
background measurement and is a laser-power dependent quantity which means NO
contributes to the OH concentration by some unknown reaction. The magnitude is
small compared to ambient signals.

By removing the background contributions like in the previous section and then
normalizing with respect to laser-power and integration time finally gives the di-
mensional signal

S = Sou + SH()2 = SHOX~ (38)

To extract information about the HO5 concentration it is therefore necessary to know
the contribution of the signal due ambient OH. In the present work two separate
measurement cells are used for OH and HO,, to address this.
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3.4 AirLIF instrument

A detailed description of the entire instrument can be found in Broch (2011). Broch
discusses the AirLIF measurement system for OH and HO, as designed for the de-
ployment on HALO (complete set-up, individual measurement racks, mounting on
aircraft, dimensions, weight and power consumption; lasersystem, vacuum pumps,
LIF data acquisition), but also a test version of the OH measurement cell and its
characterization in the laboratory for ambient pressures at 1 atm. Broch also inves-
tigates the application of AirLIF at flight conditions theoretically. In this section the
focus lies on the set-up and measurement conditions of the OH- and HOs-channel
as it was deployed during OMO. A complete characterization of the instrument at
flight conditions up to 15km altitude is given in the subsequent chapter.

3.4.1 OH channel

OH inlet system

The application of AirLIF (FZJ) on HALO required some changes in the layout
compared to previous instrument versions for ground based measurements (Holland
et al., 2003; Lu et al., 2012; Fuchs et al., 2016). In the latter the detection volume
was close to the orifice as depicted in Figure 3.4. Cell pressure is typically around
5hPa with a pinhole diameter of 0.4 mm for the nozzle. Since OH detection takes
place close behind the orifice, the detection volume is only the small overlap of the
laser beam (308nm) and the narrow gas jet of the critical expansion behind the
pinhole. The photo multiplier collects the fluorescence perpendicular to the plane
spanned by the gas jet and the laser beam. It is a characteristic property of a critical

ESTIESY ARSI
N ¥

¥
§
H
H
L

Laser

Figure 3.4: Scheme of the detection cell used for ground based applications. The distance
of the nozzle to the detection volume is close with only 5 to 10 cm and the cell pressure is
in the order of 5 hPa. The sampled air crosses the detection cell as a free jet without wall
contact. (Broch, 2011)

nozzle, that the velocity of the expanding air reaches Mach 1 at the bottleneck of the
orifice. For short distances (5 to 10 cm) the air flow will stay confined in a narrow jet
with velocities of about 200m/s when it crosses the laser beam. For this reason, OH
in the gas expansion does not get into contact to the chamber walls, where it would
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be destroyed by wall reaction. In the AirLIF instrument, however, an additional
inlet tube with a length of 220mm is required to transfer air from outside the
airplane into the OH detection cell inside the aircraft cabin (Figure 3.5). The nozzle
(pinhole diameter: 1 mm) is located at the entrance of the inlet tube which has the
same internal pressure as the detection cell. Due to the length of the inlet tube and
the reduced pressure, some OH is lost by diffusion to the reactive wall in the tube
(cf. Chapter 4). The inlet tube is sticking in a shrouded inlet which decelerates the
incoming air flow during flight. The reduction of the air flow velocity reduces OH
losses in the inlet tube (cf. Section 3.4.2) and enables in-flight calibration of OH (cf.
Section 4.2.1). The OH inlet for HALO was developed in cooperation between the

566 mm
Figure 3.5: Cross section
drawing of the OH cell installed
on HALO with the shrouded in-
let outside the air plane guiding
air to the nozzle. (Broch, 2011)

Shroud

Outer deceleration tube
Inner deceleration tube
OH nozzle

OH inlet tube

OH measuring cell
Detection optics
Detector

UV unit (cf. Figure 4.3)

inside plane

© XN o W

direction of flight
—_—

Institute for Energy and Climate - Troposphere (IEK-8) and the Central Institute
of Engineering, Electronics and Analytics (ZEA) at Forschungszentrum Jiilich. The
design is a modification of the shrouded inlet originally devised by Eisele et al.
(1997) for application on a C-130 aircraft. The HALO inlet is optimized for the
much higher flight altitudes (< 15km) and higher velocity of HALO (200-250 m/s)
compared to the C-130 (8km, 140-150 m/). It is a 3-stage system in which the
velocity is decelerated successively without generating any turbulence in front of
the nozzle (cf. 1,2,3 in Figure 3.5). The computational fluid dynamics (CFD)
simulations done at ZEA showed a decrease in velocity in the inner deceleration
tube by a factor of 10 going from 250m/s to 25m/. This has been confirmed during
OMO which is shown in Figure 3.6 (top panel). The correlation is linear with a ratio
outside vs. inside of roughly 11.3. These velocities of 20m/s are in fact crucial in
order to be able to detect OH at all (cf. Section 3.4.2). They are calculated by means
of a Pitot-tube which measures the differential Ap;, ¢ and total inlet pressure pijet-
The temperature in the inner deceleration tube can be calculated by Bernoulli’s
principle (Landau and Lifshitz, 1987)

1+ 551 Ma?
1 Ap;

1 £—1 Apinlet

+ K DPinlet

T'inlet = Tamb (39)
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Figure 3.6: Correlation between true ambient airspeed vy, vs. inlet air speed viyjet, tem-
perature rise AT = Tiylet — Tamp and relative ram pressure Ap/pamb = (Pinlet — Pamb)/Pamb
in the inner deceleration tube. Since the air velocity inside the inlet can be neglected in
the kinetic energy term, temperature rise does only depend on the ambient air velocity
Vamb, While the relative ram pressure depends on vamp and Thyp. The temperature rise
has a simple quadratic relationship to the ambient velocity i.e. AT ~ vgmb. Relative ram
pressure rise on the other hand can be simply expressed in terms of the Mach number (Ma)

only, that is Ap/pamp ~ (1 + "“T_l Maz) “~! _ 1. The solid black line in the bottom panel
represents this theoretical curve where the static ambient temperature dependence of the
Mach number is fitted against true ambient airspeed from the in-flight data. Even though
the dependence of the inlet air velocity appears linear with respect to the ambient air
velocity, no exact relationship can be given, as it would be the result of a solution to the
Navier-Stokes equations with complex boundary conditions. For important parameters
altitude dependencies can be found in the Appendix B.3. Colour code date in 2015.
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where Ma is the Mach-number given by the on-board BAHAMAS system and x =
1.4 is the adiabatic exponent for air. p;, T;,v; are the pressure, temperature and
velocity respectively of (static) ambient air (i = amb) or inside the inlet (i = inlet,
cf. Table B.1). Note that the denominator is essentially 1, because Ap/p < 1, so
that the static inlet temperature can be identified with the total inlet temperature.
Equivalently the temperature rise can be calculated by the formula AT = Tije, —
Tomb = % when the inlet air velocity is neglected (specific gas constant R).
With this good approximation also the (total) inlet pressure can be calculated by
using the adiabatic equation

K

Tintet ) rol

.10
Tamb (3 )

Pinlet = Pamb (
instead of measuring it. Finally the inlet velocity is extracted by the formula again
associated to Bernoulli

2Ap inlet

Pinlet

(3.11)

Vinlet ==

which was used in the denominator of Equation 3.9. The Pitot-tube is placed directly
behind the nozzle within the deceleration tube as seen in Figure 3.5 (behind 4. seen
from direction of flight).

OH measuring cell

As shown in Figure 3.5 the OH cell sits directly underneath the inlet-system. It is
pushed against the upper flange by a bayonette-closure. A long tube guides the air

section laser axis section detection axis
T nozzle
«——— tube purge — |
g
g
3 bayonette
™
cell purge /_ aperture
filter solar blind
laser

concave mirror

detection volume

Figure 3.7: Left: Section of the OH cell seen from the axis of the detector Right:
Section seen from the axis of the laser (Broch, 2011)
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Table 3.2: Important parameters for the OH cell.

repetition rate 3000 Hz
UV-power ~20 mW
beam diameter 8 mm
pulse duration (FWHM) 35ns
spectral bandwidth (FWHM) 2.5pm
excited OH-line Q1(3) (308.1541 nm)
Photon counter
Delay in photon counting (A7) 112ns
length of counting gate (T¢) 496 ns
OH cell
tube length 220 mm
tube diameter 39 mm
distance nozzle - detection volume 322 mm
nozzle diameter 1mm
inlet tube heating (set) 293K
inlet tube temperature (measured) 285K-295K
pumping speed accredited to OH cell ~2 54-T2 m® /n
cell purge flow 0std/min”
baffle purge flow 0.2 std1/min”
tube purge flow 0.8 std /i
transmission of optical filter 2%
focal length/lens diameter 75mm/75 mm
quantum yield of photomultiplier 11%

* std = 273.15K,1013.25 hPa

into the cell. Directly behind the nozzle a tube purge is installed which has tangential
pinholes. The idea is to create a rotating sheath flow of nitrogen (Ns) which helps to
confine the sampled air in the centre of the inlet tube. The distance between nozzle
and detection volume is 322 mm. As seen in Figure 3.7 the laser and detection optics
are aligned orthogonal to the symmetry axis of the tube. The laser passes multiple
baffles to suppress stray-light before it enters the detection volume. These apertures
can be flushed with nitrogen as well. The detection optics are aligned perpendicular
to the laser with a mirror installed opposite to it to collect additional light. In
front of the detector a narrowband filter (Filtrop AG 447026, 309.5 + 2nm, FWHM
= 8 4 2nm, Ty = 72%) only allows light of the correct wavelength to bypass.
The distance of the detection cathode itself to the centre of the detection volume is
200mm. Because of its small aperture a system of lenses collects photons emitted
in a larger solid angle and focusses them onto the cathode. Several other system
parameters for the OH cell are summarized in Table 3.2.
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3.4.2 HO,; Channel
HOQ Inlet

In contrast to the OH cell, the HO, cell does not have a shrouded inlet system. For
OH the shrouded inlet is necessary in order to prevent major losses of OH at the
walls of the inlet tube when the aircraft travels with high speed. It is well known
that the expansion jet at the orifice of the nozzle is of the order of Mach 1 whereas
the speed of ambient air perpendicular to the sampling axis is of similar order at
higher flight altitudes (cf. Figure B.1). In a simplified picture the vectorial addition

| without inlet (HO,) | | with inlet (OH) |

Vamb ~ Viube Vamb << Viube

Vamb

Figure 3.8: Left: The velocity of ambient air without a shrouded inlet is of the same
order as the sampling velocity through a critical nozzle (Mach 1) vamp ~ vtupe- OH losses at
the walls are inevitable due to its high reactivity. Right: The shrouded inlet decelerates
ambient air flow by a factor of 10. Air is therefore sampled almost perpendicular to
the cross-section of the inlet tube making diffusion-driven losses the predominant factor.
(Figure kindly provided by S. Broch)

of the velocities seen in Figure 3.8 on the left will lead to a resulting vector (red)
which indicates that sampled air will hit the wall close behind the nozzle, giving rise
to major losses due to the high reactivity of OH. The HOs detection cell did not
have such an inlet-system since HO4 is much less reactive compared to OH.

During OMO EU in the beginning of 2015, both measurement channels of the AirLIF
instrument were tested in-flight for OH measurements. In the HO, channel, a flow
of nitrogen replaced the NO flow, which is normally used for HO, conversion. This
set-up allowed to test the influence of the different inlets on the detection of OH
radicals, which are very sensitive to wall losses. At high altitudes (> 5km) and
correspondingly high flight velocities, large OH signals were measured in the OH
channel, but no OH signal was detectable in the HO, channel. At low altitudes
and low velocities, both channels recorded OH signals of similar magnitude (cf.
Figure 3.9). This test demonstrates the importance of the shrouded inlet for the
measurement of highly reactive species such as OH.
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OMO-EU Flight Malta 25.01.2015 ® OH cell

v HO, cell without
addition of NO

6 T T T
above 5km

OH signal [cts/Vs]
altitude asl [km]

10:00 12:00 14:00
time (UTC)

Figure 3.9: During OMO-EU (January 2015) OH was measured simultaneously on the
OH- and HOg cell without NO-addition. While the OH cell sampled through the shrouded
inlet, the HO2 nozzle sampled directly from not decelerated ambient air. For altitudes
above 5km OH on the HOs cell broadly scatters around zero, while OH on the OH cell
shows distinct signals greater zero. This confirms the assumption, that OH is essentially
lost in the inlet tube of the HO9 cell before it can be detected in the measurement cell.

direction of flight
—_—

HO, inlet tube

outside

view-port .
flange

399 mm

— NO addition

* HO, cell

detection volume

detector

Figure 3.10: Section of the HOy inlet with cell. In contrast to the OH channel the
HOg cell does not have a shrouded inlet system. The NO addition is done right before
the entrance into the detection volume, approximately 50 mm before its centre which is
399 mm behind the nozzle. (Broch, 2011)
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It also shows that OH was completely lost in the HO, channel as it was used during
OMO. The in-flight calibration system, which is part of the shrouded inlet of the
OH channel (cf. Figure 3.5), is not available for the HO, inlet. If applied, the
in-flight calibration system would not produce sufficient HO5 to be distinguishable
from the relative large ambient HO, background. This is another reason why the
HO, channel has a relatively simple inlet system (cf. Figure 3.10).

HO; measuring cell

The HO; cell is in principle constructed identical to the OH cell (Figure 3.10). The
inlet tube however is 80 mm longer than that of OH because there is not enough
space within the view-port flange of HALO where the entire inlet system is build in
to align them next to each other. Like the OH cell the HO; cell has purge pinholes
directly behind the nozzle. These are not used in the same way though as they
point perpendicular to the wall. This design originally served the purpose to add
NO in the tube for additional RO, detection (Fuchs et al., 2008) which however was
not successful. Every three scan cycles the mode would switch between RO, and
HO,. Since the RO, mode was not used in the end, the NO-addition was replaced

Table 3.3: Important parameters for the HO2 cell that can differ from those for the OH

cell.

UV-power ~10mW
beam diameter 8 mm
Photon counter
Delay in photon counting (AT¢) 80 ns
length of counting gate (T¢) 496 ns
HO; cell
tube length 300 mm
tube diameter 39mm
distance nozzle - detection volume 399 mm
nozzle diameter 1mm
inlet tube heating (set) 293K
inlet tube temperature (measured) 288 K-295 K
pumping speed accredited to HO cell ~ 15-50 m*/n
cell purge flow 0.8 std/min"
baffle purge flow 0.25td1/igin"
tube purge flow 0.015std/min™ CO™
+ 0.0205td1/min" Ny
NO flow 0.002 stdL/min* NO™
conversion efficiency at ground 10%

5

std = 273.15K,1013.25 hPa
"10% in Ny
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by a small nitrogen flow 0.020stdl/min and the CO-flow was reduced to a minimal
value (0.0155td/min; 10% CO in Ny). Due to technical reasons these flows could
not be switched off, but had no effect otherwise on the detection of OH and HO,
in the HOg-channel. The HO; cell is flushed directly at the detection volume with
0.8std1/min in order to ensure a steady exchange of sampled air, that could otherwise
recirculate within the side volumes and accumulate trace gases that lead to a possible
interference by the reaction with NO. The baffle purges remain the same as in the OH
case. Right before the air enters the detection volume, 0.002std!/min of 10 % NO in
N, are added to convert HOs to OH (cf. Figure 3.10). At ground conditions typical
reactions times At until detection of OH are 4 ms. Assuming perfect mixing, one can
estimate a conversion efficiency of kyo, 1no [NO] At &~ 0.2 (see also the discussion
following after Equation 4.48). The relatively small value helps to suppress unwanted
RO, interference (Fuchs et al., 2011). Additional information are summarized in
Table 3.3.

3.4.3 Gas flows and pressures

Important meteorological parameters which are necessary to evaluate the OH and
HO, signals during the later characterization are provided by the on-board BA-
HAMAS system (cf. Table B.2). As the HO, cell was collecting ambient air directly
while the OH cell sampled from inside the shrouded inlet, these conditions are sig-
nificantly different. Air in the shrouded inlet is compressed adiabatically and thus
always warmer than ambient air. Likewise static pressure inside the inlet is much

uuuuuu

8.2 std I/min (@ Okm)
OH Ce” 3.3 std I/min (@ 10km)
1mm nozzle

N, (tangential flow, 0.8 std I/min)

8.2 std I/min (@ Okm)
HOzcoll
1mm nozzle

H - co (0.015 std min, 10% in N,)

+N, (0.020 std /min)

NO addition (0.002 std I/min,

\10% in Ny)
N, (cell: 0.8 std I/min,

laser arms: 0.2 std I/min)

"l‘\!‘_\(@lj N, (laser arms: 0.2 std I/min)
-

\ 4 cell pressure
Pon = Proz

> Pamb

Figure 3.11: Schematic of the gas flow through the OH and HO3 cell. Since both cells are
on the same pump, they must have the same pressure. Volume flow rate is then essentially
a function of mass flow through each nozzle, since this changes the pump load which needs
to be accredited to each cell. At ground, the mass flows through both nozzles are similar,
but start to differ with increasing altitude, because of the different inlet pressures. To a
lesser degree volume flow rate is also affected by the resistance of the pump exhaust, which
is determined by static ambient pressure. Relevant for radical losses or conversion from
HO2 to OH however is merely the tube flow rate which includes tube purges, but excludes
baffle or cell purges. The above Figure also shows the positions where purge flows and
reactive gases (NO, CO) are added. 1: inlet tube, 2: detection cell.
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higher than static ambient pressure (cf. Figure B.3). For example, at 14 km altitude
inlet pressure is 250 hPa while static ambient pressure is only 150 hPa. From mass
conservation two different volume flow rates through the cell can be determined that
are of importance

Neelldcell = Mambqnoz + nOqurgc (312)

Neelldtube = Mambfnoz + NoGpurge-tube 313)
where

o n; is the number density of gas in the cell (i = cell), in ambient air i.e. in front
of the nozzle (i = amb) and for the standard conditions (i = 0, 1013.25hPa
and 273.15K) for which the purge flow controllers were calibrated. ¢ = inlet
is later specifically used for the nozzle inlet conditions, in particular for OH
inside the inner deceleration tube.

o ¢ is the volume flow rate through the entire cell (i = cell, pumping speed
on cell) that considers all purge flows (i = purge, at standard conditions),
through the inlet tube (i = tube) where only tube purge flows are accounted
for (i = purge-tube, at standard conditions) and through the entrance of the
nozzle (i = noz).

(noz is only a function of the nozzle cross-section o, static ambient temperature T},
and a nozzle specific parameter p < 1, which for the case of a simple de Laval nozzle
takes the form (Landau and Lifshitz, 1987)

2 \7T ko Deell 2 \m1
noz — QRTam if << ( > 3.14
¢ He <n+1> Vr+1 b Pamb ~ \K+1 (3.14)

with specific gas constant R and adiabatic exponent x = 1.4. The nozzle factors
1 were determined by measuring the mass flow through the nozzle and compar-
ing it with the theoretically calculated mass flow using the above formula without
nozzle factor. For the OH nozzle it is found p = 0.9 and for the HO4 nozzle p ~ 0.95.

While this shows that the mass flow through the nozzle depends on the pressure
in front of the nozzle p,n, and since both cells are on the same pump leading
to the same cell pressure peey (cf. Figure B.4), at ground the pumping load on
each cell is therefore roughly the same as the purge flows are similar on each cell
(Gpurge = 15td1/min). At higher altitudes however this leads to a different mass flow
through each nozzle and therefore to a differing volume flow rate of the sampled air
through each cell (cf. Figure B.5, B.7, B.8). Contrary to the original assumption
however, HO, inlet pressure is not static ambient pressure, but a much reduced
effective inlet pressure - and thus reduced mass flow through the nozzle - due to the
streamline curvature of air passing over the nozzle which depends on the aircraft
velocity (cf. Chapter 4). This effect even exacerbates the just discussed discrepancy
in the unequal pumping load on each cell. Apart from direct influence due to the
mass flow shift with altitude between the two nozzles, the volume flow rate through
each cell to a lesser degree is also impacted by variations in the total pumping
power, that depends on the exhaust pressure of the pump and which happens to

32



Gas flows and pressures

be static ambient pressure. Effectively the cell pressures therefore not only depend
on altitude, but also on ambient air velocity (cf. Appendix B.3). The volume flow
rate has direct implications for the conversion efficiency in the HOs cell and when
estimating possible effects due to OH wall losses in the tube by a simple model
(cf. Equation 4.16) in order to explain the OH sensitivity, which makes the correct
knowledge of the corresponding pressures and temperatures a crucial ingredient for
the evaluation of the altitude dependent sensitivities (cf. Chapter 4).
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Chapter 4

Calibration

4.1 LIF detection sensitivity

LIF is a very sensitive optical detection technique that yields a fluorescence signal
Somn for a given ambient OH concentration [OH], , in a linear relationship

SOH 0.8 [OH] (4.1)

amb
where the proportionality factor is a complex function which depends on ambient
conditions (Tamp, Pamp, air composition) and on various instrumental parameters.
In order to determine OH concentrations from measured signals accurately, the
most convenient approach is to perform an instrumental calibration with known
OH concentrations under ambient conditions (cf. Section 4.2.3ff). Nevertheless, a
theoretical understanding of the LIF detection sensitivity is essential to understand
the dependence on parameters such as laser power, cell pressure, temperatures,
which may change during measurement flights (see below). As is seen in equation
(3.4) the measured signal is directly proportional to the excited OH radical number
density in the detection cell. In the same way it can be derived from the rate
equation for absorption (Demtroeder, 2011)

d
T Ng = //Blgan (vo — V', Avyy) mGp (V' — v, Avp) u Gy (v — 1, Any) dvdr/
' (4.2)

that the population of the excited state my is proportional to the number of OH
radicals in the ground state n;. The constant pre-factors in Equation 4.2 are the
Einstein coefficient for absorption Bjp in units [Bys] = m®/js? and the radiant en-
ergy density w in units [u] = J/em®. In the case of a collimated laser-beam it is
directly proportional to the radiant energy flux density j = uc where c is the speed
of light. 1y and v; are the central OH resonance transition- and laser-frequency
respectively and the summation over v, v’ then takes into account for all these tran-
sition possibilities. Here L(v, Av) = L 8% stands for a Lorentz profile of the
natural line width (n) and the pressure broadening (p) with Aw,, = Av, + Ay,

T V2+AV2
and G(v,Av) = 41n2$ exp (—411“2 1/2) is a Gaussian profile for the Maxwell-

T Av?

Boltzmann distribution (D: Doppler) and the spectral laser pulse width (1), re-
spectively. The convolution of a Lorentz profile with a Gaussian is a Voigt profile
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LIF detection sensitivity

(Demtroeder, 2011).

If cell pressure peen is only a few hecto-pascal, the line width Avy, is much smaller
(Avy ~ 025MHz = 0.1fm, Ay, ~ 6GHz {58505, = 2PM gaseys,) than the
broadening due to the thermal motion of the molecules (Avp =~ 3 GHz £ 1pm)(Dorn
et al., 1995) or the laser line width (Ay ~ 8.5GHz £ 2.7pm, cf. Figure 3.3), and
the Lorentz profile can thus be viewed as a Dirac delta function. The convolu-

tion of the remaining Gaussian profiles are again Gaussian with modified line width
G (1/0 — v, /AR + AV12>.

If the central frequency of the laser 14 matches precisely the central excitation fre-
quency vg for the transition, Equation 4.2 becomes

d 4In2 1 ]
& Ng = Blg l ny. (43)

VAVE + Avg €

In thermal equilibrium, the ground state population ny for a rotational level from
which the transition occurs will be populated according to the Boltzmann distribu-
tion i.e.

_ 9y E,
"7 Qra(T) eXp( kBT> [OH]cen (4.4)

Pjn
with the

o degeneracy of the energy level corresponding to the total rotational quantum
number J' = N "i%: gy =2J"+1. N" and N" are the total angular momenta
without spin for the electronic ground- and first excited state, respectively. For
the transition Q;(3) these take the value N" = N' =3 and J' = J = 3.5.

« energy E v corresponding to the total rotational quantum number J".
o rotational partition function Qgret (7).
e Boltzmann constant kg.
« absolute temperature of the gas inside the detection volume 7.
« OH concentration [OH]_,, within detection volume.
Dorn et al. (1995) gave a parametrization for the partition function
Qrot = 1.42-107% - T +0.1485 - T — 4.1. (4.5)

With the identification ny = [OH and the definition

Bm /4111 PJ// (4 6)
VAV + Av?
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which has units [em*/j], Equation 4.3 can be written as
d[OH"]; = aj [OH]; dt . (4.7)

If the total energy of each laser pulse is small enough to be far away from saturation,
the only time-dependent quantity on the right hand side of Equation 4.7 is the
energy flux density j(¢), since the laser has finite width (FWHM: 35ns) with some
normalized distribution f(¢) having a maximum at ¢ = 0 (cf. Figure 4.1). By
factorizing j(t) = Tl;rlz f(t) where the pre-factor is the areal energy density per
laser pulse, P the mean laser power averaged over successive laser pulses which
arrive with a repetition rate Vi and 7 the radius of the laser beam through the cell,

an estimate for the ratio [[gg] lo can be found after integrating the equation over the
cell

laser pulse duration

[[gg]*]o = 7:7]:7“ ;- (4.8)

cell

When using the parameters from Table 4.1 for the OH cell, this ratio takes the value
0.0035 i.e. only 0.35% of all the OH radicals in the detection volume are eventually
excited.

Table 4.1: Important instrumental and physical parameters for the excitation of OH at
conditions inside the measurement cell.

Parameter Error [%) Source
temperature T' 293 K 3 measured
excited OH-line Q1(3) (308.1541 nm) 5.1074 (Dorn et al., 1995)

By 1.01 x 1024 cm®Hz /5 5 (Dimpfl and
Kinsey, 1979)
P 0.075 <1 (Dorn et al., 1995)
Avp 2.9 GHz 3 (Dorn et al., 1995)
Ay 8.5 GHz 10 cf. Figure 3.3
Avyr 3kHz - manufacturer
laser power P 20 mW 10 measured
laser beam radius 7 4mm 10 measured

Going back to Equation 4.7 it allows the following interpretation: At each instant
t in time, the amount of OH radicals excited d [OH"], within the interval dt¢ obeys
Equation 3.4 with time-dependent n(ATe — t) = n(ATe) exp [(A + k, [M]) t] where
AT is the start of photon counting. Combining with Equation 3.4 and integrating
over the laser pulse duration yields the number of photons per volume emitted in
all directions within the counting time window At, i.e.

bl = &) 5 (Ol [ fep (A b M) dde. (49

36



LIF detection sensitivity

The integral over the laser pulse duration is a correction factor to the fluorescence
yield n and typically close to 1 contributing a correction up to 5% and will be
neglected in the following. When Equation 4.9 is multiplied with the laser repe-
tition rate v, and divided by 4w steradian (isotropy), the left hand side becomes
[photons/cms s sr]

q_on P
[7] - 47_[_ erz [ ]cell . (410)
0.15 T : :
= : AT¢
-g{ :
= 0.10 | ]
= !
b 3 ATC - t
;a 3
é 0.05 ; 8
=t |
N
0.00 H . | i S S .
-4(? 0 40 80 120
t, time / ns ¢,

Figure 4.1: The distribution function f(t) for a real laser pulse of width Atpwpm leads
to an increase in the fluorescence yield compared to the ideal in which the pulse has width
Atpwnm = 0 because contributions closer to the measurement have a higher impact than
those further away. (Broch, 2011)

To obtain the total amount of counts given the rate in Equation 4.10, it is necessary
to know the detection volume, the solid angle of the optics collecting the fluorescence
as seen from the centre of the detection volume, the transmission efficiency of the
optics Topt, (i.e. optical interference filter and lenses) and the quantum efficiency of
the photomultiplier € registering a photon. The effective volume with excited OH
radicals seen by the detector is given by some effective length l.g and the cross-
section mr? of the laser beam inside the gas flow (cf. Figure 4.2). The fluorescence
within this volume happens to be independent of direction. Therefore only those
photons emitted in the direction of the detector are registered which is the solid angle
Q) of the detection optics from the view point of the centre of the detection volume.
This angle is doubled by installing a mirror opposite of the detector. Multiplying
all these fractions with the rate 4.10 and dividing by laser power, gives the signal
Son in units [¢t5/mws] (cf. Equation 3.6):

oy T e Y Topy - €

Sou = [1] P
= ETOPtha [OH]cell (411)
Qlefr

with the geometric factor G' = = <.
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e

coverage \

Laser

Gas Flow

Figure 4.2: Scheme of the detection volume seen by the photomultiplier. It is given
by the overlap of the laser beam and the cylindrical plug flow which then defines an
effective length log. The photons within this volume are emitted isotropically and only
those emitted in the direction of the optics contribute to the signal. To double the effect
a mirror is installed opposite of the detector. (Broch, 2011)

In order to relate the OH concentration in the cell to the ambient OH concentration,
it should be remembered that the gas in the cell consists of ambient air flowing
through the nozzle and purge gas with constant mass-flow of N5 regulated by mass-
flow controllers (cf. Section 3.4.3 and Equation 3.12). Then the OH concentration
in the cell is given by

[OH}cell = TOHcep * Teell

LOH,mp * Lamb/cell * Meell

Nambqnoz
= TOHpmp * * Neell
NcellGtube
= M [OH],,,, (4.12)

Gtube
——

w
with
* ZOH,,.,, LOH.,: volume mixing ratio of ambient OH and cell OH, respectively.

* Tamb/cen: Volume fraction of ambient air in the cell gas which is composed of
ambient air and purge gas (Ng).

* Namb, Neell: gas number density [molec/cm3] at static pressure and temperature
at ambient conditions and inside the cell, respectively.

* (noz, Grube: volume flow rate through the entrance of the nozzle at given static
ambient temperature and volume flow rate through the inlet tube, respectively

[om®/s).
o n-q: mass flow [molec/.

The fraction Tamb/cen is 1 if no tube purges are used on the cell. With purges how-
eVer Tamb/cell < 1 SINCE Neeltube = MambGnoz T NoGpurge-tube DY MAass conservation. w
is called expansion ratio and measures the dilution effect by going from ambient to
low pressure. Equation 4.12 is again simply a statement of mass conservation for
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Dependence on operating conditions

OH: The OH mass flow through the nozzle is the same as the OH mass flow through
the cell.

Since OH is highly reactive this conservation is obviously not fulfilled in practise.
For that purpose a transmission factor § < 1 is introduced, which incorporates the
losses directly at the nozzle as well as losses due to surface reactions in the tube.
Broch (2011) estimated these losses by a simple model

ﬂ = BO exp (_kw tres) (413)

where [y is the transmission of the nozzle, k,, a first order rate coefficient (1/s) for
wall loss in the inlet tube and t, the residence time of air in the inlet tube (s). The
latter is given by the tube volume 772 - Iy and the volume flow rate guupe through
the tube

2

by = 1 e (4.14)

Gtube
with the radius of the inlet tube r and the tube length l;,.. As discussed by Broch
(2011) the nozzle transmission is close to 1 for a large nozzle orifice (here 1 mm).
Broch (2011) concluded that k,, is diffusion controlled for cell pressures between 2
and 11 hPa. As a further simplification, k, can be approximated using the mean
squared displacement relationship for 2-dimensional diffusion (root-t-law)

1 _ 4D(p)

2
= 4D(p) ty; = ky ~
r (p) diff tat 2

(4.15)

with the pressure dependent diffusion constant D(p) = D2, where Dy = 0.22cm/s
is given at py = 1013.25hPa and 296 K (Ivanov et al., 2007). Combining the last
two equations, it readily follows

(4.16)

B = Byexp <47TD0p01tube> .

Peell Gtube

This shows, that the transmission is essentially an exponential function of the mass
flow Peenl Gruve through the inlet tube. In the vicinity of a discontinuity that is found
for the pressure dependent sensitivity, it however appears to have a significantly
more complex dependence which will be discussed in Section 4.3.1 and 4.3.2.

Replacing [OH];, in Equation 4.11 by the just found relation to [OH], , finalizes
the deduction of the relationship between ambient OH and measured signal

(4.17)

amb °

Son = €T Gnapw [OH]
C
OH

Con has units ¢ts/mws108/ecm® and is called detection sensitivity.

4.1.1 Dependence on operating conditions

The LIF detection sensitivity depends on a number of parameters that may change
during measurement flights:
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Dependence on operating conditions

o inlet pressure and temperature
With altitude and aircraft velocity the nozzle inlet pressures and temperatures
show significant changes. This has implications on the mass flow through the
nozzle, the expansion ratio w, the cell pressure, the pump load distribution on
both cells and the total pumping speed.

o cell pressure
Cell pressure affects the fluorescence yield and the diffusion driven tube losses.
In principle cell pressure can also influence the OH line-profile, but this effect
appears to be negligible (cf. Figure 3.3).

¢ cell temperature
Since cell temperature influences a lot of important parameters e.g. the cell gas
density, the distribution of the OH rotational state population, OH-Doppler
broadening and the quantum yield of the photomultiplier, the cell inlet tube is
heated to keep the temperature almost constant at all flight levels (cf. Table
3.2 + 3.3). The possible influence of cell temperature variations was therefore
not considered in the following.

« cell gas composition
The cell gas composition (N, Oz, HoO) depends on the mixing of the sampled
ambient air and the added purge flow (dry nitrogen). The mass flow through
the nozzle changes with altitude whereas the purge mass flow remains con-
stant (cf. Section 3.4.3). The gas composition and the water vapour contents
influence the fluorescence yield 1 by electronic quenching of the excited OH.

Under the assumption that the temperature of the inlet tube and cell are essentially
constant during flights, the parameters €, T, G and o in Equation 4.17 can be
considered as constant. There remain three parameters that exhibit major variations
with flight altitude

C’OH xmn (pcelb TH50; TNy, .%'02) . ﬂ (pcelh qtube) cw (T;nleta qtube) (418)

The fluorescence yield 1 depends on the cell pressure and the gas composition as
mentioned above, the transmission factor 8 depends on the cell pressure which in-
fluences diffusion-controlled radical losses and the residence time in the tube which
is inversely proportional to the volume flow rate, and the expansion ratio w depends
on the ambient temperature at the entrance of the inlet nozzle and the volume flow
through the inlet tube (gupe). The fluorescence yield 1 and the expansion ratio w
can be calculated using measured values that are obtained during the flights for am-
bient pressure and temperature, cell pressure and temperature, and ambient water
vapour concentrations via Equations 3.4 and 4.124+3.13+3.14, respectively.

During the OMO flights, typical values for the expansion ratio vary between 0.007
and 0.01 for the OH cell (cf. Figure C.1) and between 0.01 and 0.015 for the HO,
cell (cf. Figure C.2). The fluorescence yield on the other hand is strongly dependent
on altitude being 0.011 at ground (cell pressure: 11hPa) and 0.135 at 15km (cell
pressure: 2.5hPa) (cf. Figure C.3, OH cell).
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Other quantities from Equation 4.17 (¢, Topt, G, 8) on the other hand are practically
difficult to access and their calculation will contain large uncertainties. In practise
it is therefore sensible to determine Cop via measurement, which is done by sending
known amounts of OH through the system. This procedure is called calibration
and an evident requirement is a stable source providing OH. Similar arguments
which lead to Equation 4.17 can as well be made for HOy where an additional step
introduces a conversion efficiency factor ko due to reaction with NO and the same
result of proportionality with Cpo, remains.

4.2 Calibrations during OMO

During the OMO-campaign two calibration procedures were applied:

o In-flight calibrations provide an altitude dependent relative sensitivity mea-
sure. Due to the lack of water vapour used for artificial OH generation this
method is however limited to below 10 km.

o Ground based calibrations between flights yield absolute sensitivities for the
duration of the campaign, but only for ground conditions.

By combining both methods, an absolute and altitude dependent sensitivity is ob-
tained up to 10km altitude.

4.2.1 In-flight calibration

The shrouded inlet system was devised to sample ambient air with reduced speed
in order to alleviate OH losses on the walls of the inlet tube (cf. Section 3.4). In
addition, the reduced air speed enables in-flight calibrations for OH to keep track of
changes in the sensitivity due to ambient pressure and temperature variations. The
in-flight calibration is achieved by a UV unit which is incorporated in the pylon of the
shrouded inlet system (cf. Figure 3.5) as described in Broch (2011). OH is artificially
produced by photolysis of ambient water vapour using the 185 nm emission line from
a low-pressure discharge mercury lamp (pen-ray lamp) while ambient air is passing
through the inner deceleration tube of the shrouded inlet system (cf. Figure 4.3)

H,O+hyr — OH+H A =185nm (R44)

H+0O,+M — HO,+M M = N, O,. (R45)

The OH enriched air is then sampled through the nozzle of the inlet tube to be
detected by LIF. It is possible to calculate the amounts of OH produced by the lamp.

For that purpose consider the rate equation for the centre of the inner deceleration
tube

< [OH] = jou 1,0} (4.19)

with the photolysis frequency jou = [ on,0Ponly dA. Since the irradiation time ¢,,q
is short such that water can be viewed as constant the direct integration gives

[OH] = [H20] o1,0Pon trad/ Idx. (4.20)

Hg-185nm

=liss
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The H,0 absorption cross-section ([om,0] = cm?) and OH quantum yield ([®on] =
1) were pulled in front of the integral since they are constant over the range of
integration. The integral over the spectral light intensity I ([I)] = Photons/cm?snm)
gives the lamp intensity I1g5 ([/185] = Photons/cm?s) of the Hg-185 nm emission line.

direction of flight mirror inner deceler-
ation tube

illumination-
zone

window

motorized
shutter

m@]ﬁi UV Lamp

dichroic

% mirror
4 —— collecting

mirror

T

detector

Figure 4.3: UV-unit of the in-flight calibration system. When the shutter is open the
185 nm radiation of the pen-ray lamp is deflected by the dichroic mirror into the inner
deceleration tube and is reflected back at the top of the tube by a concave mirror and
focused onto a collecting mirror in the UV-unit which guides the radiation to the detector.
(Broch, 2011)

Experimental values have been published for the absorption cross-section and quan-
tum yield and absolute water-vapour concentration measurements can be obtained
from the BAHAMAS system of HALO (cf. Appendix B.3). However, values of the
photon flux density and irradiation time in Equation 4.20 are difficult to measure
in absolute terms and are determined indirectly as relative quantities (see below).
Accordingly, the in-flight calibration can track only relative changes of the OH detec-
tion sensitivity. As will be shown in Section 4.2.3, the relative in-flight calibrations
can be linked to absolute calibrations performed at ground.

The irradiation time in Equation 4.20 is proportional to the inverse velocity of the
air which is tracked by a Pitot tube in the back of the inner deceleration tube. The
inverse flow velocity is therefore used as a relative measure of the irradiation time.

The 185 nm intensity (I135) of the UV-lamp is monitored by a solar-blind photomul-
tiplier, which has a Cesium Iodide cathode (Hamamatsu R10825) that is sensitive to
vacuum UV radiation (< 200 nm). In front of the entrance window of the photomul-
tiplier, an optical interference filter (Acton Research 185HR) is installed which has a
transmission maximum at 185 nm with a bandwidth of 27.5nm (FWHM). In the UV
unit, the light of the UV-lamp is deflected by the dichroic mirror and passes through
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a fused silica window separating the UV-unit and the inner deceleration tube. On
top of the tube is a concave mirror redirecting the light back into the UV-unit onto
the collecting mirror which then guides the radiation to the detector (cf. Figure 4.3).
The inner space of the UV-unit is sealed and permanently purged with dry nitrogen
gas, in order to avoid absorption of the 185 nm radiation by water vapour or oxygen.

Besides the 185 nm emission line, the pen-ray lamp emits other atomic lines at longer
wavelengths, which do not photolise water vapour, but could contribute to the pho-
tomultiplier signal. The most relevant line which could interfere is located at 254 nm
and is about 10 times more intense than the one at 185 nm. The detection of 254 nm
radiation is essentially eliminated in the UV-unit due to the spectral sensitivity of
the solar-blind photomultiplier and the transmission filter. Furthermore, spectral
selection is achieved by the dichroic mirror, which has a reflectivity of 95% for
185nm, but only 3% for 254 nm (Broch, 2011). The radiation detected by the pho-
tomultiplier contains 80 % radiation that passes the inner deceleration tube along
the light path shown in Figure 4.3, while 20 % came from scattered radiation inside
the UV-unit. These numbers were determined by blocking the light path in the inner
deceleration tube by a black cardboard. The background due to scattered radiation
was corrected in the evaluation of the in-flight calibrations. In order to determine
whether 254 nm radiation that passes the inner deceleration tube contributes to the
185 nm radiation signal, the inner deceleration tube was filled with NoO gas, which
absorbs 185 nm, but is transparent to the 254nm radiation. The contribution of
254 nm to the photomultiplier signal compared to the black cardboard blockage was
less than 0.5%. The dark signal of the detector was completely negligible. For the
purpose of stability the lamp was always switched on during the flights and a shut-
ter between the UV lamp and the window was closed during normal measurement
times. In addition the lamp, detector and amplifier were temperature controlled to
counteract possible electronic drifts, when the pylon of the inlet system cooled down
during flight at high altitudes. Going back to Equation 4.20, it can be written as

~ [HoO) om,0Pom £ 1155

Vinlet

[OH] (4.21)
where 155 = I3 - ££. The first quantity is the measured light intensity and £f is
the so called flight factor. It considers the fact that the radiation intensity in the
centre of the deceleration tube, which is responsible for the artificial production of
the measured OH, is not scaling linearly with the intensity received by the photo-
multiplier. The two intensities are differently affected by optical absorption due to
ambient Oy and HO in the deceleration tube, when the air pressure is changing
with altitude. Water vapour in the above equation is taken from the BAHAMAS
system of HALO, viyet is the air velocity inside the deceleration tube (cf. Equation
3.11), oy = 1 the OH quantum yield (cf. Table 4.2) and op,o the absorption
cross-section of water vapour at 185nm (cf. Table 4.2). This quantity has a slight
positive temperature dependence which was measured by Cantrell et al. (1997) be-
tween 0 and 80 degree Celsius. For the evaluation of this work it was extrapolated
linearly to negative temperatures with a variability up to 5% over all altitudes. The
calibration procedure by the photolysis of HyO is only sensible if sufficient water
vapour is present to produce OH concentrations much higher than background OH
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which implies [OH]_,, > 1 x 107 molec/em3. At altitudes higher than 10 km this is not
the case, limiting this method to below 10km. The upper limit of concentrations
created by this method with water mixing ratios of 2 to 3 % found close to ground
is roughly 1 x 1010 molec/opy3,

A quantitative expression for the flight factor can be derived from Figure 4.3. It
shows the light path from the pen-ray lamp inside the UV unit through the inner
deceleration tube and back onto the detector. The unit itself is flushed with nitrogen
which does not absorb 185 nm. At the top of the inner deceleration tube is a mirror
which doubles the light path in the inner deceleration tube and thereby enhances
the OH production. The attenuation of the 185 nm radiation by oxygen and water
vapour along the light path of length [ through the tube can be described by Beer-
Lambert’s law

Liss(1) = Igs exp [~1 (om,0 [H20] + 08P () [0o]) ] (4.22)

where I is the light intensity if no absorber is present and x = [Oy] [ is the column
density of oxygen. on,o is constant over the spectral width of the Hg-emission line

flight factor (ff)

—— dry atmosphere
- — H,0 standard atmosphere E

2.0nnnlnnnl...I...I...I...I...I

0 2 4 6 8 10 12 14
altitude [km]

Figure 4.4: Flight factor £f and its dependence on altitude for conditions during OMO
inside the shrouded inlet shown for a dry atmosphere (red) and a HoO standard atmosphere
(blue).

and therefore independent of the column density x the light traverses. The absorp-
tion spectrum of oxygen on the other hand shows a distinct fine structure called
Schumann-Runge bands, which leads to an apparent cross-section that depends on
column density

1185(90)
I

1
ool () = - In (4.23)
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It was measured for the inner deceleration tube in the laboratory within an inde-
pendent experiment (cf. Appendix C.2). Finally, using Equation 4.22 an expression
for the flight factor follows

centre
[centre _ [185 meas
185 - [meas 185
185

Tss (L) + Nigs(l + 12)
= 17538 4.24
]185(l1 + lQ + ll) 185 ( )

=ff

The arguments l; ~ 2.15cm and Iy = 3.85 cm refer to the light path lengths, when
the light has travelled from the fused window to the centre ({;), and from the centre
to the concave mirror back to the centre (I3). This is depicted in Figure 4.3 where
I = Lig5(l1) and Iy = l1gs(l3 4 l2). Figure 4.4 shows the calculated flight factor and
its dependence on altitude for different water vapour mixing ratios. Note that both,
the water vapour and the oxygen cross-section which go into ££ depend on temper-
ature which is neglected here, since it is a secondary correction for £f whose impact
itself is relatively small (up to 10 %) with only a weak water vapour dependence in
the upper troposphere.

4.2.2 Ground based calibrations

For ground based calibrations, a radical source is used that is typically deployed
during ground based LIF measurements at 1 atm (Holland et al., 2003; Fuchs et al.,
2011; Broch, 2011). Its basic principle also relies on the photolysis of water vapour
(cf. Reaction R44 and R45). Synthetic air is humidified by sending it through a
bubbler with Milli-Q water and then enters a quartz flow tube (cf. Figure 4.5),
where water vapour is photolised by a pen-ray lamp at its end using collimated
185 nm radiation producing OH and HO, in equal amounts (Fuchs et al., 2011). For
HO; calibrations, 250 ppm of CO (10 % in N») was added in order to convert all of
the OH into HO,

OH+CO 22 HO,+ CO,. (R46)

The flow tube has an internal diameter of 18.7mm and a frit at the top with the
purpose to create a plug-flow behind it. The air will then develop a velocity profile
over the length of the tube of 600 mm. With a flow of 20stdl/min these values give
a Reynolds number of Re ~ 1600 at 1 atm, which suggests a laminar flow by the
time the air reaches the photolysis region. At these conditions, diffusion driven
radical wall losses are negligible within the transit time from the photolysis region
to the nozzle. The calculation of the OH concentration relies on the knowledge of
the product I1gstraq in the centre of the flow tube (cf. Equation 4.20). This can be
circumvented by expressing it in terms of the amount of ozone created, since the
photolysis of oxygen takes place at the same wavelength (185 nm)

Os+hv — 040 A = 185nm (R47)
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Figure 4.5: Scheme of a radical source used for ground-based calibration. A gas supply
sends humidified air through a flow tube. Water is then photolised by a pen-ray lamp
(A = 185nm) to produce OH and HOy. The intensity of the light is measured by a
photo-diode.

From this it follows

(03] = [0s] o, raa / go, Iy d), (4.25)
Hg-185nm

but now the cross-section of oxygen can not be pulled in front of the integral, because

it has fine structures in the Schumann-Runge band spectrum over the spectral width

of the Hg-emission line (Sedlacek, 2001). It is therefore advisable to define an

effective cross-section

off ng-lssnm oo, dA

00, = (4.26)
© ng7185 nm IA dA
such that Equation 4.25 can be written as
[03] = [O] erfi‘I’Og trad 185 - (4.27)

At constant radius and fixed velocity profile, the radiation time ¢,,q is inversely
proportional to the volume flow rate through the tube and this equation can be
simplified to
u[meas
To, = —2 (4.28)
Qv

with a constant of proportionality a at fixed conditions. It can be determined
experimentally by measuring the amount of ozone formed for a given volume flow
¢v of synthetic air and measured intensity [732*°. The factor a is constant as long as
the flow profile in the tube and the cross-section at the centre from which the nozzle
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samples remain unchanged. This is a reasonable approximation, if the volume flow
stays constant within 10 %. By combining Equation 4.20, 4.27 and 4.28 an expression
for the OH mixing ratio is obtained

a]{‘é%as [HQO] UHQO(I>OH
v [02] O-?)ii(bozi

All the quantities in 4.29 are either already known or can be measured. The volume
flow g, can be calculated from the mass flow which is regulated by a MFC (mass
flow controller) if the pressure and temperature in the flow tube are known. The
light intensity I}3** in units [V] is tracked by a photo detector as seen in Figure
4.5. A Vaisala HUMICAP sensor measures the relative humidity of the synthetic
air which can then be converted into mixing ratios by measuring the pressure and
temperature in the glass bulb of the HUMICAP. The effective cross-section 082 is
also measurable (Hofzumahaus et al., 1997; Sedlacek, 2001), but the absolute value
depends on the spectral lamp profile and pre-absorption by Os, and varies within
+15 % for different calibration sources used at FZJ. During OMO the calibration
source KQ4 was used on the HOg channel. For it an effective oxygen cross-section
of 1.28 x 1072 cm? was adopted from previous measurements with KQ2 (cf. Table
4.2). The method for measuring the ozone production factor a is described in Ap-
pendix C.4. For KQ4, a value of 73 £ 2 ppbem®/ys at 1 atm was determined. The
yields and the water vapour absorption cross-section are literature values and given
in Table 4.2. The total uncertainty of a calibration with KQ4 will then be dominated
by the measurement error of the effective oxygen cross-section and is roughly 15 %.

During the OMO campaign, the radical source KQ4 was directly mounted on top of
the HO, inlet for calibration. KQ4 is however not suitable for use on the OH inlet,
which is enclosed by the shrouded inlet system. For ground-based OH calibrations,
a quartz tube (18.7mm internal diameter) which is solidly mounted in a round
aluminium frame, was coaxially inserted into the inner deceleration tube (cf. Figure
4.6).

Table 4.2: Cross-sections and quantum yields needed for the calculation of the OH
concentration in the radical source (cf. Equation 4.29). The cross-sections shown are for 1
atm and 20 °C. The temperature dependent absorption cross-section measured by Cantrell
et al. (1997) agrees at room temperature within a few percent with the value obtained by
Hofzumahaus et al. (1997).

Parameter

Value

Error [%)] (10)

Source

7.1 x 10720 cm?

OH,0 3 Cantrell et al. (1997)
oel 1.28 x 10720 ¢cm? 15 Sedlacek (2001)
don 1.0 < 0.5 Engel et al. (1992)
Do, 2.0 < 0.5 by stoichiometry

A flow of 20 std1/min of humidified air enters the quartz tube at the front and overflows
the OH inlet nozzle after leaving the tube. OH radicals are produced inside the
quartz tube by water vapour photolysis using the 185 nm radiation from the pen-
ray lamp of the UV unit. This set-up was used as a secondary calibration standard
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Figure 4.6: Since the use of KQ4 required access to the OH nozzle blocked by the inlet
system, a secondary calibration standard was used during OMO.

which was inter-calibrated against KQ4 in the laboratory at the beginning of the
OMO campaign. The dependence of the produced OH concentration on the water
vapour concentration, the volume flow through the quartz tube and the pen-ray lamp
intensity were taken into account according to Equation 4.29. The inter-calibration
adds an additional uncertainty to the 15% coming from KQ4, and the total error
for a calibration with the secondary standard becomes 20 %.

4.2.3 Field calibration results

During OMO, calibrations were done between flights and when HALO was stationed
on Cyprus. This was roughly every second day. Since the inlet system was on top
of the air plane, it had to be accessed by a platform as can be seen in Figure 4.7.
A close up of the set-up is depicted in Figure 4.8. In-flight calibrations were done
when HALO was on a constant flight level.

OH channel

The ground calibrations of the OH channel over the period of OMO are shown in
Figure 4.9. The calibrations were performed at Oberpfaffenhofen and on Cyprus at
slightly different altitudes above sea level. At Oberpfaffenhofen (in the week before
20 July 2015) the ambient pressure was 951 & 5 hPa and the ambient temperature
was 297 + 1 K. On Cyprus, pressure and temperature at ground were 1005 4+ 1 hPa
and 303 + 1 K, respectively. In order to compare the calibrations, the influence of
ambient pressure and temperature variations at the two different locations has been
removed by normalization to standard conditions using Equation 4.30

WoTlo

— Con - (4.30)
wr

Comnypo =

The not indexed quantities are the individual results from each calibration and those
with subscript 0 refer to a reference state. This state was arbitrarily chosen to be the
mean static temperature (303 K) and static pressure (1005hPa) on Cyprus during
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Figure 4.7: The OH and HO; inlets were on top of HALO and had to be accessed by a
platform.

Figure 4.8: Calibration of the OH and HO4 channel while HALO is in the flight hangar.

49



HO, channel

i ® exp. data ]
0.20 — — mean: 0.117£0.015 cts/mWs/(10% cm™) _
o 1
£
(6] I -
2 015+ -
o e ,
§ S L 2ttt ¢ L S b4
€ e hd $ s *
S~ le . - . ¥
N S PO S,
T 0.10F . R
= L PR LY
2z L * i
= L J
#é L 4
© 0.05 -
(2] L -
0.00[__ ! ! ! ]
11.07.2015 25.07.2015 08.08.2015 22.08.2015
time [UTC]

Figure 4.9: Ground based sensitivity of the OH channel during OMO normalized to
standard conditions. Dashed lines show the 1o uncertainty and error bars are covered by
the individual data points.

ground calibrations with a mean cell pressure of 11 hPa. In addition, as calibrations
were done at different water vapour concentrations, the influence of fluorescence
quenching by water vapour 1 (cf. Equation 3.4) has been normalized to an H,O
mixing ratio of 1%. This assumes complete mixing of the sampled calibration and
purge gas (N3). The normalized sensitivities where checked for potential laser power
dependence and none was found.

The mean normalized sensitivity over the entire campaign is 0.11720.015 ¢t8/mw s 106 /cm?
with no noticeable trend over time.

HO, channel

The HO, calibrations were done using the KQ4 radical source. The entire procedure
is more comprehensive, because different modes have to be measured. Since the
radical source provides OH and HO, in equal amounts, the sensitivity with respect
to HO5 can be immediately acquired by converting all OH to HO, via the addition
of CO to the synthetic air

Sno, = 2 Cho, [HO,] . (4.31)

The OH sensitivity on the HOy channel is then obtained without the addition of
CO, for then the quantity

Sno, = Con [OH] + Cro, [HO,] (4.32)
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Figure 4.10: Ground-based sensitivities for OH and HOz in the HO2 channel during
OMO. Calibrations were done at different water vapour concentrations. The varying
influence of the fluorescence quenching by HoO was removed by normalisation to a water
vapour mixing ratio of 1%. Dashed lines show the lo uncertainty and error bars are
covered by the individual data points.

is measured while noting [OH] = [HO,]. The result is shown in Figure 4.10 where
a campaign mean of 0.037 £ 0.004 <ts/mWs10¢/cm® for the normalized (cf. Equation
4.30) HO. sensitivity was found. It is almost a factor of 4 smaller than the OH
sensitivity on the HO4 cell, because only a fraction of the HO, is converted to OH in
order to suppress unwanted ROy interferences (cf. Section 4.6). The OH sensitivity
is not needed, because the OH is lost in the inlet tube of the HOs cell at high
air speeds during flights (cf. Section 3.4.2). A third mode was frequently run by
adding methane to the synthetic air. This converts all the OH to CH30, to track
the sensitivity with respect the methyl-peroxy radicals, which by design (low NO
addition in the cell) was supposed to be negligible.

Connecting OH ground- to in-flight calibrations

Ground based calibrations were typically done at 11hPa cell pressure. In-flight
calibrations were evaluated for all altitudes up to 10 km, but the lowest altitude in-
flight calibration was done at 10.5 hPa during OMO-EU over the Mediterranean sea.
As with the calibrations in Oberpfaffenhofen, this already had a slight impact on the
sensitivity. In this regime the main influence on the sensitivity is the fluorescence
yield n and the expansion ratio w, which can be calculated by instrumental and
meteorological data. By labelling the normalized quantities at ground calibration
conditions with a 0 (cf. Equation 4.30) and with a 1 for the lowest flight altitude
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Figure 4.11: The calculated in-flight sensitivity (red circles) is normalized to the sensi-
tivity Com,1 obtained from the ground calibrations (black squares).

with an in-flight calibration, the latter can therefore be written as

Cony = " Comyp - (4.33)

The calculated relative in-flight sensitivity (cf. Equation 4.21, ambient OH is in-
terpolated and subtracted from the signal) is then normalized to Cop, at its cell
pressure of 10.5hPa and the associated static inlet pressure and temperature. Be-
sides the result shown in Figure 4.11, it also shows the ground calibrations (black
squares) done on Cyprus (11 hPa) and in Oberpfaffenhofen (10.3 hPa). These are un-
corrected and as pointed out above the sensitivities obtained from Oberpfaffenhofen
are slightly increased, which however is in accordance with the in-flight calibration
result and the simple model used as a parametrization. This model is only based on
w, n and 3 (cf. Equation 4.16).

4.3 Laboratory OH calibration

The procedure described in the previous section gives altitude-dependent calibration
factors only for the OH cell up to 10 km. For higher altitudes and for the HO4 cell,
additional laboratory calibrations were performed. The increase of the OH sensitiv-
ity with altitude (cf. Figure 4.11) is essentially due to the reduced cell pressure at
higher altitudes, that is caused by a decreasing mass flow through the inlet nozzle
as a result of the lower static ambient pressure. On the highest flight level at 15km
altitude, the static ambient pressure was roughly 130 hPa which corresponds to a
static inlet pressure (OH inlet) of 200 hPa while the HO, inlet pressure was only
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80 hPa (cf. Figure B.3). At the same time cell pressure was approximately 2.7 hPa
(cf. Figure B.4). After the OMO campaign two additional complementary calibra-
tion methods were deployed in the laboratory to further characterize the altitude
dependence of the sensitivities, which differ in the way the mass flow through the
nozzle is varied:

« Calibration by a newly developed radical source KQ5, which supplies known
OH and HO, concentrations in synthetic air between 50 and 1000 hPa pressure
and therefore simulates inlet pressures up to 15km.

o Calibration by a radical source at 1000 hPa inlet pressure while the reduced
mass flow through the inlet nozzle is achieved with different nozzle orifice
diameters.

4.3.1 Variation of inlet pressure

A new radical source (KQ5) was devised and built by ZEA at Forschungszentrum
Jiilich which can be vacuumed to simulate ambient pressures up to 15km altitude
(cf. Figure 4.12). The dimensions of the source (inner tube diameter: 18.7mm,
tube length: 600mm) and the functional principle are the same to that of the
radical source (cf. Figure 4.5) described in Section 4.2.2 which was used for ground
based calibrations. However, the new source allows to control the pressure in the
flow tube by means of a vacuum pump at the exhaust of the source. This source
is also operated at 20stdl/min of humidified synthetic air. The mode of operation is
the same as for the radical source KQ4. The applicability of Equation 4.29 for the
calculation of absolute radical concentrations at reduced pressures requires that the
various experimental parameters in the equation are known as a function of pressure
and that radical losses remain negligible over the whole range of applied pressures
(50 to 1000 hPa).

The quantities [Oq], [HoO], [M], IT32 and ¢, are either directly measured or can
be deduced from measurements. While oy,0 is pressure independent, the effective
oxygen cross-section agfg has to be measured in dependence of pressure (cf. Appendix
C.3). The ozone production factor a also has to be known as a function of pressure
(cf. Appendix C.4). The OH quantum yield (®ony = 1) is independent of pressure,
because the dissociation of electronically excited water molecules is much faster
than collisional deactivation (Engel et al., 1992). The situation is more complicated
for the quantum yield of ozone, because the time needed for conversion of O(3P)
atoms to Oj is strongly pressure dependent. As discussed in Appendix C.4, even
at reduced pressures the transport time from the photolysis region to the inlet
nozzle is sufficiently long to convert all O(®P) to Os, resulting in a quantum yield
of 2. Similar considerations are done for the conversion of H-atoms from water
photolysis to HO, where transport times are order of magnitude larger than the
H-lifetime. Since the application of Equation 4.29 assumes that no radical losses
occur from the photolysis region to the inlet nozzle, some theoretical investigations
were undertaken to estimate if the assumption of laminarity remains fulfilled. This
included a complete CFD modelling of the source, but simple criteria can already
be drawn from two aspects:
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Humidified air flow
(20 std I/min, 0-1.5% H,0)

Variable pressure
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Pump
(excess)

LIF cell (max. 9 std I/min)

Figure 4.12: Section of the new radical source KQ5 showing pressure and flow conditions
(technical drawing by P. Jansen, ZEA-1, Forschungszentrum Jiilich).

o Laminarity applies if the dimensionless Reynolds number Re = %j has a value
of less than 2300 (Rotta, 1956). Here p is the density of air, v the mean air
velocity, d the tube diameter and 7 the dynamic viscosity. While the latter
two quantities are independent of pressure in the regime the source is run, the
product pv (mass flux density) is associated to the total mass flow which is
constant (205td1/min). This implies that the Reynolds number does not change
i.e. Re =~ 1600 and laminarity should be present over the relevant pressure
range.

¢ Laminar conditions imply that wall losses of the radicals occur only by molec-
ular diffusion to the tube wall. At atmospheric pressure, this process is much
slower than the transport of OH to the nozzle and can be neglected. The
rate at which the circular cross-section of the diffusion front increases is 47D,
where D = D(p) is the diffusion coefficient which is inversely proportional to
the pressure p. Since at constant mass flow through the tube the transition
time ¢ of air from the photolysis region to the nozzle is proportional to the
pressure, the product D -t as a measure of the degree by which the front
propagates is independent of the pressure, thereby implying that to a first ap-
proximation the OH concentration is not affected by wall loss when the source
is run at lower pressure, if it is already well behaved at ground conditions.

The CFD model is based on the commercial software ANSYS Fluent, which uses
a 3D-CAD model of the radical source shown in Figure 4.12 to initialize the flow
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Figure 4.13: CFD model calculation with ANSYS Fluent at room temperature and
20stdl/min. The colour code shows the dimensionless quantity turbulent intensity v'/v.
Left: Calculation done at 1000 hPa. Right: Calculation done at 100 hPa.

regime and runs a complete steady Reynold-Stress Omega turbulence model. To
quantify turbulence, an important quantity is one third of the trace of the Reynold-
Stress tensor v = 3 <v’i + U’Z + U/z), which gives the mean fluctuation velocity
magnitude v’. The ratio with respect to the velocity magnitude v of the fluid then
defines the turbulent intensity I = % If I < 1%, turbulence is generally considered
low (ANS, 2018). Figure 4.13 shows the pathlines of a test particle colour coded
by turbulent intensity. As can be seen, turbulent intensity is roughly 0.1 % up until
the point where the test particle reaches the nozzle inlet, giving a good proxy for
laminarity. In particular turbulence compares well to the calculation at 1000 hPa
(cf. Figure 4.13, left panel), for which wall losses by diffusion are known to be neg-
ligible. Turbulence only starts to occur after the nozzle has been passed and excess
air is guided into the exhaust line (colour code for turbulent intensity is limited to

below 0.5 %, implying that red pathlines can have much higher turbulence).

For the practical application of the pressure dependent laboratory calibration which
aims to simulate the boundary conditions during flight, there are several other aspect
that have to be considered. As the inlet tube was heated close to 20°C during
flight (cf. Table 3.2), the application of the new radical source under laboratory
conditions should generally be admissible. In order to simulate the pressure pairs
(Peells Pintet) for various altitudes, it is not enough to start with the corresponding
pair at ground conditions and consecutively vary the pressure in the source. This
is because the pumping speed in the laboratory is almost constant, while during
flight both cells were pumped parallel and the load on each cell changed due to the
different mass flows through each nozzle. Additionally the overall total pumping
speed changes with altitude as cell and exhaust pressure changes. Therefore both
pressures were regulated using MKS pressure regulators according to the (peel; Pintet)
in-flight pressure curve (cf. Figure B.3 and B.4).  As the purge mass flow (N3)
adds to the cell pressure, it was kept the same during calibrations as during the
flights. According to Equation 3.12 the mass-flow through the nozzle is determined
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Figure 4.14: Relative water-vapour dependence of the OH detection sensitivity at dif-
ferent inlet pressures. Solid lines represent the theoretical dependence of the fluorescence
yield (cf. Equation 3.4). Circles are experimental data scaled to 1 at HoO = 0 by a linear
least square fit.

bY Mintet Gnoz- During the laboratory calibrations, the temperature of the calibration
gas was approximately 296 K, whereas the inlet temperatures during the flights were
in the range between 210K and 300K (cf. Figure B.6). As the mass flow through
the inlet nozzle depends inversely on the square root of the inlet temperature, the
reduced temperatures during the flights were compensated by an increase in the

inlet pressure for laboratory calibrations (Niniet noz ~ Z3% + /Tiner = 2) iLe.
Tinlet VTinlet

ygil Plab Tiab
= <~ Plab = P )
R T lak "\ T
where the subscript fl stands for in-flight and lab for laboratory. For the lowest
temperature (210K at 15 km altitude), the required pressure increase is 19 %.

(4.34)

Calibrations were performed for the OH and HOs cell at various pressures. At each
pressure, the water-vapour mixing ratio in the calibration gas was varied from 0.1 %
to 1.2 % to study the influence of HoO on the radical detection (cf. Figure 4.14). This
water-vapour dependence obtained from the laboratory OH and HO, calibrations is
described very well by theory (cf. Equation 3.4). Figure 4.14 shows the relative OH
detection sensitivity as a function of the water-vapour mixing ratio at different inlet
pressures. At 1 atm, the reduction for 1% of water vapour is largest (23 %). The
effect becomes smaller at lower pressures, because the air number density decreases.
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Figure 4.15: Pressure dependent OH sensitivity. Red data show in-flight calibrations
while blue dots show the pressure dependent sensitivity obtained with the new pressure
adjustable radical source. All values were normalized to 1 % water using 7 from Equation
3.4. Errors in the in-flight calibrations increased rapidly with decreasing cell pressure,
since ambient water vapour became rather scarce as altitude increased.

At low pressures (100 to 250 hPa) the sensitivity reduction for 1 % of water vapour is
between 7 and 13 %. However, due to the very small mixing ratios (< 0.01 %) in the
cold upper troposphere, the relative effect of H,O on the OH detection sensitivity
becomes smaller than 1 % above an altitude of 10 km. During OMO, a slightly larger
dependence on HyO was observed than predicted by theory, which accounts for part
of the scatter of the normalized sensitivity data (cf. Figure 4.9). The reason was
the use of a different photomultiplier with a slower rise time of the PMT gate when
it was turned on after the laser pulse. This behaviour had a small influence on the
effective dependence of the measured OH signal on water vapour, but played no role
for respective sensitivity variations in the upper troposphere where the quenching
by water vapour is negligible. For the HO, cell, the dependence of the detection
sensitivity on water vapour followed the theoretical prediction during OMO ground-
based calibrations and laboratory calibrations as well.

Figure 4.15 shows the pressure and altitude dependence of the OH detection sen-
sitivity obtained from laboratory experiments using calibration source KQ5 (blue
triangles). At each pressure, several data points were recorded at different water-
vapour mixing ratios and normalized to 1% water concentration. Because the PMT
used during OMO had a different photon detection sensitivity (roughly factor 1.6),
the pressure-dependent laboratory calibration curve has been normalized to 1 at
the mean reference cell pressure during the ground-based calibrations on Cyprus
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and subsequently multiplied by the campaign mean OH ground sensitivity (cf. Fig-
ure 4.9) to match the field calibrations which are also shown in Figure 4.15. The
curves shown in this Figure are for a constant ambient temperature of 20°C, as
the expansion ratio introduces a slight T-dependence. Apparently, the laboratory
results have a higher precision than the field calibration data. When the cell pres-
sure decreases from 11hPa (0km altitude) to 3.3hPa (12km altitude), both data
sets show a consistent steady increase of the OH detection sensitivity by a factor
of 6. Below 3.3hPa, the laboratory calibration shows a sudden discontinuous in-
crease of the sensitivity by a factor of 1.5, which could not be tracked by in-flight
calibrations due to decreasingly small water vapour concentrations. At even lower
cell pressures, the OH detection sensitivity continues to increase strongly down to
2hPa cell pressure. However, for the evaluation of the flight data only altitudes less
than 15km are relevant, which corresponds to 2.7 hPa cell pressure. During flights,
the cell pressure showed some variability at a given pressure altitude, because the
pumping speed of the instrument was not entirely constant and the inlet pressures
of the detection cells were dynamically influenced by the flight velocity of the air-
craft (cf. Appendix B.3). For that reason, the cell pressure shows an uncertainty of
+0.17hPa (10) which propagates to the uncertainty of the position of the jump in
OH sensitivity. This uncertainty is indicated by the vertical dashed lines in Figure
4.15 and is further discussed in Section 4.7. Beside experimental calibration data,
Figure 4.15 also shows the result of a simple theoretical model which represents well
the calibrations between 2hPa and 11.5hPa. An in-depth analysis of its pressure
dependence can be found in Section 4.5.1.

4.3.2 Variation of inlet nozzle diameter

A different calibration concept for airborne OH instruments using gas expansion
and LIF detection has been applied for the ATHOS instrument on the NASA-DCS8
(Faloona et al., 2004), the HORUS instrument on a Lear-jet (Martinez et al., 2010)
and the FAGE instrument on the British BAe-146 (Commane et al., 2010). In all
cases, the variation of the cell pressure at different flight altitudes was simulated at
ground by varying the orifice diameter of the inlet nozzle at constant atmospheric
pressure (1 atm). This concept is assumed to yield the same OH detection sensitivity
Cou as that during flight at the same cell pressure, when the detection sensitivity
refers to OH mixing ratios xoy (Faloona et al., 2004),

Son = Cou Tou (4.35)

where Con = Con * Namp. With 7, 3,w from Equation 3.4, 4.16, 4.12, it follows by
Equation 4.18

C’OH = const. - n (pcell) . ﬁ (pcell : Qtube) s W (Tinlem qmbe) * Namb

= const. - 1) (Peen) * B (Peell * Grube) - Tnorllamb (4.36)

Gtube
The mass flow ¢uo,namp through the nozzle can be varied by adjusting the pressure
in-front of the nozzle or by changing the volume flow rate through the nozzle. The
latter is achieved with different nozzle orifice diameters (cf. Equation 3.14). In any
case, at given purge flows and fixed pump speed on the cell, the same cell pressure
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Peenn Will set in (cf. Equation 3.12) as long as the mass flow through the nozzle is
unchanged. This obviously implies the same volume flow rate ggupne through the tube
(cf. Equation 3.13). Hence, the product w - iy is invariant and therefore also Coy
should not change.
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Figure 4.16: Sensitivity in units ¢ts/mwsppt against the cell pressure. Varying the pressure
in the radical source at constant nozzle orifice diameter is essentially equivalent to changing
the nozzle orifice diameter in order to obtain the same cell pressure. The red circles
distinguish the traditional calibrations done at atmospheric pressure (orange data) from
the rest.

The theoretical expectation was tested in the laboratory. Different inlet nozzles
with diameters between 0.52mm and 1.80 mm were mounted on the OH detection
cell and pressure dependent calibration curves were measured for each nozzle as de-
scribed in the previous section 4.3.1. For the measurements, the pump was directly
connected to the cell with no valves in between and the pump speed was assumed to
be constant or at least changed in a reproducible way as various mass flows were set.
This implies that mass flow and cell pressure can be used simultaneously, that is a
specific nozzle size or a corresponding ambient pressure with a different nozzle size
leading to the same mass flow, give the same cell pressure. No tube or cell purge N,
gas flows were used; only a baffle purge flow of 0.25td1/min Ny gas to prevent dead
volumes at the baffle arms. This however does not affect the tube gas flow relevant
for the detection volume, and hence the mass flow through the nozzle is equal to the
mass flow through the tube. Since the nozzle factor p in Equation 3.14 was deter-
mined explicitly only for the 1 mm nozzle, these factors for the other nozzles were
calibrated such that all mass flow cell pressure curves - which at constant pumping
speed are linearly related by Equation 3.12 - for the various nozzles lie on top of
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each other (cf. Figure C.9). The p-values are summarized in Table C.1.

The evaluation was done with the same pressure dependent ozone production factor
which was determined for the 1 mm nozzle (cf. Appendix C.4), while each nozzle
should - in principle - have its own a-factor. The a-factor is proportional to the
effective oxygen cross-section oﬁfz which changes with pressure in the calibration
tube. This effect can be corrected by means of the measured data shown in Figure
C.7. Furthermore, the a-factor depends on the flow velocity profile and the mass
flow fraction that is sampled by the nozzle. As the geometry and mass flow of the
flow tube are fixed, the Reynold number is constant (cf. Section 4.3.1). For this
boundary condition, the development of a laminar flow profile in a cylindrical tube
is invariant and independent of total pressure in the tube (Sparrow et al., 1964).
Also the sampled mass flow fraction is constant, because the mass flow through the
tube as well as through the nozzle were kept constant at given cell pressure. As
a result the ozone production factor aq(p) for the nozzle with diameter d and at
radical source tube pressure p can be expressed as

_ 0, (p)
ad(p) = Qdy (pO) Ucofi (po)

(4.37)

where dy = 1mm and pg is the radical source tube pressure for which the 1 mm
nozzle yields the same cell pressure as the set-up with nozzle diameter d and radical
source tube pressure p. The net effect is small though, since the total variability of
the ozone production factor is limited by 6 % (cf. Figure C.8) and also the effective
oxygen cross-section is only weakly dependent on the number density inside the tube
(cf. Figure C.7). In particular the effects of both factors partially cancel, limiting
the overall influence to less than 3 %.

Figure 4.16 shows the OH detection sensitivity C’OH measured for different nozzle
diameters as a function of cell pressure. The variation of the nozzle orifice between
0.52mm and 1.8 mm corresponds to an inlet pressure variation at fixed nozzle size
by a factor of up to 12. Between 2hPa and 10hPa the cell-pressure dependence
of Coy is found to be the same for all tested nozzles. The agreement of the single
curves confirms, that the factors 8 and w - nay, really only depend on the mass-flow
through the nozzle, but not on the dimension of the nozzle orifice which insinuates
Bo =~ 1 (cf. Equation 4.16) for all these nozzles. By that, Figure 4.16 confirms the
calibration concept via nozzle orifice diameter variation, which is applied by other
research groups at atmospheric pressure.

The consistency of both methods also implies, that calibrations with the OMO rele-
vant 1 mm nozzle at 250 hPa ambient pressure coincide with a calibration at 1 atm,
but 0.5 mm nozzle orifice diameter for which the calibration concept has been al-
ready proved valid (Schlosser et al., 2009). This therefore shows, that the pressure
variable radical source reliably supplies radical concentrations calculated by Equa-
tion 4.29 over the applied pressure range, and confirms the calibration concept via
pressure variation used in this work (cf. Section 4.3.1).

Remarkably, all curves show a sensitivity jump upwards when the cell pressure falls
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below 2 hPa and the mass flow rate drops below 2 stdl/min. However, the amplitude of
the curves measured for different nozzles between 1.5 hPa and 2 hPa is not the same.
The jump in sensitivity for the 0.52 mm nozzle is a factor of 1.4 higher than for the
0.7mm and 1 mm nozzle. Thus, the two calibration methods (nozzle variation versus
inlet pressure variation) are not equivalent under these conditions. However, below
1.5hPa, all curves are again in agreement. It becomes clear, that slow variations
in the sensitivity with cell pressure can be resolved with the deployment of a few
nozzles, but this method will be practically blind to sudden sensitivity jumps. The
continuous pressure variation should in respect thereof be the method of choice.

4.4 Laboratory HO, calibration

The HOy cell was calibrated in the laboratory for different inlet pressures using
the procedure outlined in Section 4.3.1. Notwithstanding, there remains a practical
complication that arises due to the technically limited CO flow to convert all OH to
HO, if pressure inside the radical source becomes too low. This needs to be corrected
as follows. If ko is the conversion efficiency for Reaction R46, then Equation 4.31
is modified to

Sho, = (1 — kco) Con [OH] + (1 + kco) Cuo, [HO,) . (4.38)

Combined with equation 4.32, this system gives the sensitivities if the conversion
efficiency is known. It is determined in two separate measurements - without cell
NO - in which the ratio of the OH signals with and without CO gives the quantity
1 — kco. The pressure dependence was then investigated only for HO,, since the
system without shrouded inlet was not sensitive to OH during the flights (cf. Section
3.4.2). For the calibration, it was assumed that the HO, inlet pressure during the
flight was equal to the static ambient pressure outside the aircraft, ranging from 1
atm at Okm to 130hPa at the highest flight level of 15km (cf. Figure B.3). The
corresponding cell pressure changed from 11.5hPa to 2.7hPa (cf. Figure B.4). The
resulting HO5 sensitivity is shown in Figure 4.17 on a logarithmic scale as a function
of cell pressure. A more than exponential increase of the sensitivity by two orders of
magnitude is observed when the cell pressure drops from 11.5hPa (0Okm) to 3hPa
(14km). At even lower pressure the detection sensitivity has a discontinuity. In
contrast to the OH cell, the sensitivity decreases at the jump by roughly a factor of
2.4, whereafter it increases back to its peak value by that amount at 2.5 hPa. Rele-
vant cell pressures during OMO range between 2.7 hPa and 11 hPa. As in the case of
the pressure-dependent OH sensitivity (cf. Figure 4.15), the laboratory calibration
curve has been scaled to match the ground-based field calibrations during OMO.
Furthermore, the data shown in Figure 4.17 have been corrected for a gas-dynamic
effect that does not occur in the laboratory. During flights, the top of the HO, inlet
is overflowed by ambient air with high speed leading to a reduction of the true inlet
pressure by up to 40 % at the highest flight altitude (cf. Figure B.3). The required
correction factors range from a value of 1 at 0km to 2.8 at 15km. Further details
are given in Section 4.6.1.

As already discussed for the OH cell, the cell pressure at a given altitude has an
uncertainty caused by the variability of the pumping speed and the influence of
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Figure 4.17: Cell pressure dependence of the HO9 sensitivity. The strong increase with
decreasing pressure is a combination of two additional effects besides the fluorescence yield.
1. At ground the pump speed is nearly equally distributed over the OH and HOq cell as
the pressure in both cells have to be the same (same exhaust) and the mass flow is similar.
With higher altitudes the mass flow through the HOy tube progressively differs from
that of the OH tube, since there are no tube purges for the HO9 cell and static ambient
pressure is systematically lower than the pressure inside the inner deceleration tube of
the shrouded inlet system. Due to the same pressures on both cells, this decreased mass
flow through the tube of the HO2 cell implies an increased residence time which increases
the conversion efficiency from HO5 to OH. 2. The decreased volume flow rate increases
the NO concentration, since the standard flow of NO added is fixed. The parametrization
follows from Figure 4.23.

the flight velocity on the inlet pressures of both measurement cells. As a result,
the position of the discontinuity of the HOs detection sensitivity is uncertain by
+0.15hPa (1o) during flight, which increases the calibration error at altitudes above
13.5km (cf. Section 4.7).

4.5 OH channel

4.5.1 Detection sensitivity

Starting with the simple model Equation 4.36, the pressure dependence of the water
vapour normalized OH detection sensitivity (cf. Figure 4.16) is expected to be caused
by the parameters n,w and [ according to Equation 3.4, 4.12 and 4.16, respectively.
The variation of quenching and expansion ratio can be accurately calculated from
measured pressures and flow rates (cf. Section 4.1). The expression Cop /(1wnamp)
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should therefore represent the transmission factor

Con

[ = const. x with  const. = (T, Ga) " . (4.39)

NWNamb

This expression is shown in Figure 4.18 calculated from the data taken from Figure
4.16. The transmission factor is plotted as a function of the mass flow (PeeniGube)
through the inlet tube, because it is the controlling parameter in the diffusion-limited
transmission model (cf. Equation 4.16). The figure shows a considerable variability
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Figure 4.18: Transmission factor §/const. (cf. Equation 4.39) against the mass flow rate
through the nozzle orifice. It is obtained from Figure 4.16 by removing the expansion ratio
W+ Nampb and the fluorescence yield 1. The discontinuity divides the transmission factor
into two separate regimes and for each a fit function based on Equation 4.16 is used.

of the transmission factor, of which large parts can be described excellently by a
parametrization based on the diffusion model (solid line). Reducing the tube mass
flow from 10std/min (peen = 8hPa) to 2stdl/min (peey = 2hPa), apparently causes a
continuous decrease of the transmission by a factor of 5. This behaviour is identical
for all applied inlet nozzle diameters. Slightly below 2stdl/min (2hPa), the trans-
mission rises in a jump by a nozzle-dependent factor 3 - 4.5. At even lower mass
flows, the transmission continuously decreases again and becomes zero at 0.5 5td1/min.
Below 1.25std1/min, the transmission curves for the different nozzles become identical
again. According to the diffusion model, the logarithmic transmission factor should
vary linearly with the inverse mass flow. Indeed, the logarithmic functionality is
linear right of the discontinuity with a slope of 4stdl/min which corresponds to an
effective inlet length of 26 cm for an assumed OH diffusion coefficient Dy = 0.22 cm? /s
at 1 atm and 296 K (Ivanov et al., 2007). The calculated effective length is smaller
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than the geometrical length of the tube (30 cm). A possible explanation is the strong
cooling of the gas when it is expanded in the nozzle from ambient pressure to cell
pressure. For the expansion ratios in this work, the gas forms initially a supersonic
Mach disk of a few millimetre lengths which then changes to a subsonic collimated
gas jet which eventually fills the whole tube diameter. Depending on the expan-
sion ratio, nozzle shape and orifice diameter, the subsonic gas jet can have initial
temperatures as low as 150 K and gradually warms up to room temperature over a
distance of 10 cm or more (Holland et al., 1995; Creasey et al., 1997; Kanaya et al.,
2001). In general, gas diffusion coefficients are strongly temperature dependent, be-
ing proportional to 77/ (Fuller et al., 1966). Therefore, the mass flow dependence
of the measured transmission factor could also be explained by the tube lengths of
30 cm and a slightly reduced effective diffusion coefficient of 0.19 em®/s. The decrease
of Dy would correspond to a temperature reduction by almost 50 K, which appears
plausible for the given gas expansion.

For very small mass flows the logarithmic dependence with respect to the inverse
mass flow is again linear with a slope of 4stdl/min. This implies that these two
regimes are reasonably approximated by the diffusion limited model of transmis-
sion. In the intermediate range left of the jump some discrepancies were already
discussed in Section 4.3.2. The ratio of both fits gives a theoretical jump size by
the factor exp(2.08) ~ 8, which is higher than the observation (0.52mm nozzle:
factor 4.5, other nozzles: factor 3). An unknown effect though flattens out the steep
dependence which is also seen even more distinct for the OMO relevant laboratory
pressure dependent calibrations (cf. Figure 4.19). A full explanation about the ori-
gin of the discontinuity however remains. It is possible that a sudden change of the
flow pattern and physical conditions occur which could be linked to the transition
from the supersonic gas expansion to normal tube flow.

The parametrization shown in Figure 4.18 directly gives the transmission factor
through the inlet tube for a given mass flow. For example at 8.35td!/min (mass flow
through the HO, inlet tube at conditions during the OMO ground based calibra-
tions, cf. Figure 4.10) this yields /8y = exp(—4/8.3) ~ 0.62. This value can be
compared to another approximation for 5 also obtained from Figure 4.18 where
the data points represent (/const. = €T, Gaf (cf. Equation 4.39). For all of
these quantities except 3, an estimate under ideal conditions is known: ¢ = 0.08,
Topt = 0.72 (cf. Table 3.2, € includes the discriminator efficiency), G = 0.15cm
(Broch, 2011) and a = 264em*/5 (cf. Equation 4.6 with Table 4.1). At 8.3stdl/min
Figure 4.18 reads 680 ¢t/mws10¢/cm®* = 0.68 cm®/3. This laboratory value is in com-
plete agreement with 0.68 em®/3 which can be derived from the mean OH sensitivity
on the HOy cell (0.143 cts/mws10%/cm3) during ground-based field calibrations (cf.
Figure 4.10) by removing 7 = 0.019 and w = 0.011 (from Figure C.3 and C.2 at
11.2hPa, respectively). Finally dividing out the estimated parameters €, Top, G
and «, the transmission factor is estimated to be 8 ~ 0.3 which is off by a factor
of 2 compared to 0.62 calculated within the first method. While this seems large,
it can be already explained by moderate deviations for €, 75, and G which are
optimal under ideal conditions and are likely to be lower in practise. « on the other
hand should be reasonably accurate within 10 %. Hence a reduction by only 20 %
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for these 3 quantities €, T,y and G already gives 0.3/0.8% = 0.59, much closer to
0.62. It should be noted that the first method essentially gives /3y, while the latter
yields 8 only. The nozzle transmission factor gy is however expected to be close to 1,
for if it would be significantly lower 1, it would likely depend on the nozzle diameter
which is not observed as of Figure 4.18.

The pressure dependent OH detection sensitivities measured for the OMO configu-
ration (cf. Figure 4.15) can be treated in a similar way as in Figure 4.18 in order
to obtain the OH transmission for the OH cell. Normalising the data from Figure
4.15 with respect to n and w (taken from Figures C.3 and C.1, respectively) yields
the mass flow dependence shown in Figure 4.19. Compared to Figure 4.18, the
data shown here apply to a 1 mm nozzle mounted on a shorter inlet tube which is
operated with 0.8stdl/min tangential purge flow and pumping speed as used during
the OMO flights. For low mass flow rates, there is a sharp ascent in the trans-
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Figure 4.19: Sensitivity in arbitrary units where fluorescence quenching (1) and the ex-
pansion ratio (w) have been removed. According to Equation 4.18 the remaining quantity
should be proportional to the transmission factor (3). The solid line is a fit based on the
diffusion limited wall loss model (cf. Equation 4.16) for the measurement data right of the
discontinuity.

mission by a factor of 3 at 1.55tdl/min. From 1.5 to 3.2 stdl/min there is a plateau
of constant transmission, after which it suddenly declines by a factor of 1.5. For
larger mass flow rates (cell pressures) there is a slow and non-linear increase by a
factor of 1.4 till 11 hPa. For OMO, the relevant mass flow range is above 2.7 std1/min
which corresponds to flight altitudes below 15km. For mass flow rates right of the
jump the functional dependence for g from Equation 4.16 can be used to fit the
exponent of the exponential function. This gives the solid line in Figure 4.19 right
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of the discontinuity, where the slope of the exponent is given by 2.23stdl/min. This
value corresponds to an effective tube length of 15cm with an assumed tube tem-
perature of 203 K. The physical length of the tube is 22cm. As in the case for the
OH calibration on the HOs cell above, the more likely explanation is a decreased
diffusion coefficient corresponding to a lower effective gas temperature than 293 K
within the inlet tube. From Equation 4.16 with a temperature dependent diffusion
coefficient Dy oc T7/*, given the fitted slope of 2.23std1/min and using the physical
tube length of 22cm (cf. Table 3.2) yields an effective tube temperature of 171 K.
This is about 70 K lower than what was found for the HO, cell. From a qualitative
perspective this is plausible, because a smaller tube length increases the portion of
the tube where the air is cold. Nevertheless, this picture does not incorporate the
effect of the tube purge which acts as a sheath flow and would effectively decrease
the first order rate constant and as such the determined slope. Additionally the
N, purge flow (0.8std1/min, > 10 % mixing ratio of the tube gas) has a partial tem-
perature of about 293 K and would increase the effective temperature within the
tube. As a result, the most probable reason for the decreased slope of 2.23std!/min
on the OH cell compared to 4 std!/min on the HO, cell is a combination of both effects.

Another major difference is the distinct plateau in Figure 4.19 compared to 4.18.
It extents over a range of 1.7stdl/min vs. 0.55td1/min. At low altitudes the mass flow
through the nozzle dominates the momentum flux density through the inlet tube
and the purge gas has a negligible effect on the flow. For low mass flow rates - left
of the jump - the purge gas mass flow is of the same magnitude as the flow through
the nozzle orifice. In this regime the sheath flow can develop undisturbed and meets
its design principle to temporarily prevent OH losses, before the exponential sup-
pression by too large residence times prevails.

For the evaluation of the OMO OH concentrations, the parametrization for g is
given by the fitted theoretical model right of the discontinuity with slope parameter
2.23std1/min as of Figure 4.19 and a constant value of 1153 ts/mws10¢/cm? left of the
jump in sensitivity for mass flow rates down to 2.7stdl/min, relevant for OMO. An
absolute scaling factor is used to connect the sensitivity to ground calibrations as
was described at the end of Section 4.2.3. This parametrization was the basis for
Figure 4.15. According to the parametrization, the transmission factor /5, for OH
at ground conditions (inlet tube mass flow with Ny tube purge: 9stdl/min) in the OH
cell has a value of about 0.78, which is slightly higher than in the case of the HO,
cell which has a longer inlet tube and no inlet purge flow.

4.5.2 OH interferences

During a pulse of the 308 nm laser, not only is OH excited, but also ozone is pho-
tolised and produces O(!D), which subsequently reacts with water vapour to OH (cf.
Reaction R3). The lifetime of O(*D) atoms at 1hPa is roughly 1 ps; short enough
to immediately form OH till the next laser shot after 0.3 ms. Within that time, an
air parcel travelled only the distance of roughly half the diameter of the laser beam
(cf. Table 4.1), and laser generated OH will interfere with ambient OH at the next
laser shot to some extent. The amount of OH generated is proportional to the OH
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production rate in Equation 2.4, where the photolysis frequency is proportional to
the measured 308 nm laser power P (cf. Equation 4.8)

[OH] x P [03]ce11 (IJOH . (440)

int

In terms of the OH signal Sog, this quantity must be complemented by the fluo-
rescence yield n (c¢f. Equation 3.4) and the expansion ratio w (cf. Equation 4.12)
when referenced to ambient ozone concentrations. As Broch (2011) has shown, the
interference signal depends on a variety of other parameters, such as the nozzle ori-
fice, the volume flow rate through the cell and the cell pressure. This dependence is
combined in a pressure dependent proportionality constant &

Sott int = & mw [O3] 0, Pon P (4.41)
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Figure 4.20: Ozone water interference on the OH cell. As ozone is photolised by the laser
beam, O('D) will react with water to form interference OH. For fixed cell pressure the
dependence is linear in the cell ozone concentration, the laser power, the fluorescence yield
and the OH branching ratio for the reaction of the O(!D). The blue points are obtained
by measurements where water vapour is varied while ozone is constant. Likewise the red
points have constant water and varying ozone. The solid line is the parametrization using
a fit function —25.8273 4 33.5272 — 10.52~! 4+ 1.12. Error bars are obtained from the
linear regression for each slope parameter £ by gaussian error propagation.

In order to characterize the OMO campaign relevant ozone-water interference, the
radical source KQ5 was deployed as a flow tube with the UV lamp switched off.
As test gas, synthetic air with varying ozone- and water vapour concentrations was
used. The measurement was done for different cell pressures, which followed the
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ambient conditions in the shroud during OMO flights, equivalently to the pressure
dependent calibrations. The experiment was conducted in two different ways. In a
first series of measurements ozone was kept constant at roughly 200 ppb and water
vapour mixing ratios were varied between 0 and 1 % at fixed pressure. The quanti-
ties , P, w[O3],,;, in Equation 4.41 are divided out of the measured signal and the
result should be a linear dependence in ®og. The slope is determined by a linear
regression and is shown as a function of the cell pressure in Figure 4.20 (blue dots).
The second series of measurements is essentially the same, but the role of water
and ozone is interchanged i.e. water vapour mixing ratio is kept constant at 1%
and ozone is varied between 0 and 200 ppb (red points in Figure 4.20). This was
done as a consistency check, as the slopes £ determined by either method should
give the same result. Laser power during the experiment varied between 10 and 15
mW, and the theoretically justified linearity was shown to be experimentally valid
by Broch (2011). Both measurement data were used to parametrize the relative in-
terference by using a fit function —25.8 273 +33.5272 — 10.5271 4+ 1.12 (solid line in
Figure 4.20). In using Equation 4.41 for the ozone-water interference signal, a final
constant scaling by the factor 1.6 was added, because the OH detection sensitivity
determined during the OMO ground based calibrations was higher by that factor
than later in the laboratory when this test was done (change of photomultiplier).
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Figure 4.21: OH interference in equivalent OH mixing ratios. The exponential decrease
is mainly because of the strongly decreasing water vapour mixing ratio with altitude.

The overall influence of the ozone-water interference in evaluating the OMO OH
concentrations is only of relevant magnitude at ground. Figure 4.21 shows the inter-
ference parametrization in equivalent OH mixing ratios using the OH measurement
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sensitivity (Som int/ C'OH). The altitude dependence is evaluated with a mean ozone
and water vapour mixing ratio profile from the OMO data (cf. Figure B.9 and B.10).
With an OH mixing ratio of 0.18 ppt at ground (cf. Figure 5.8), this is 20 % of the
total OH mixing ratio. However, the interference drops exponentially because of the
decreasing water vapour, and for altitudes above 3km the impact is less than 3 %.

Broch (2011) analysed various dependencies of the ozone-water OH interference, in
particular with respect to the laser pulse repetition rate v,,. For a laser pulse energy
of 31J at 3kHz repetition rate, ozone and water vapour mixing ratios of 155 ppb and
1.5 % respectively, and a cell pressure of 3.6 hPa, Broch (2011) found an interference
signal of about 0.25<ts/mws. For these values inside the cell - n = 0.09, P = 9mW,
®on = 0.092 - Figure 4.20 with Equation 4.41 gives 0.26 cts/mws.

4.5.3 OH limit of detection

The lower limit of detectivity - also called the limit of detection (LOD) - is defined
as the concentration whose equivalent signal is equal to a constant multiple (signal
to mnoise ratio: snr) of the photon counting statistical uncertainty due to back-
ground shot-noise and the ozone-water interference signal (Holland et al., 1995).
The background shot-noise is mainly due to laser stray-light and sunlight, while the
ozone-water interference is calculated by Equation 4.41 using Figure 4.20. During
an on-resonant measurement the background shot-noise is not directly available and
is therefore estimated from the accumulated counts while the laser is measuring off-
resonant.

It is assumed that the total accumulated counts over a given integration time are
subject to Poisson statistics. The uncertainty of an average number of counts N
calculated from n data points is therefore given by /N/n. Here and in the sequel
the following notation is used.

Non int:  Accumulated counts ([cts]) over a given integration time due to the
ozone-water interference (= Som int * tint - P)

Noti/on:  Accumulated counts ([cts]) during an off/on-resonant measurement
over a given integration time due to (laser) stray light

Nofijon: ~ Number of off/on-resonant measurements over a given integration time

tint: Integration time ([s])

Obkg: Propagated total statistical uncertainty ([cts]) of all relevant
background noises

The on-resonant contribution to the background statistical uncertainty is therefore
given by ‘/% + % However, the subtraction of the n.g-point off-resonant
measurement - which carries a significant statistical uncertainty - from the full on-
resonant signal in order to obtain the signal without instrumental background, prop-
agates to the full statistical uncertainty of the OH signal, giving

4 ORI (4.42)

Noff Ton Non

Noff Noﬂ NOH int
Obkg =
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Figure 4.22: OH (red) and HO; (blue) limit of detection during OMO with signal to
noise ratio of two.

It should be noted, that the statistical error due to the ozone-water interference,
that propagates into the full statistical uncertainty when the latter is subtracted
from the on-resonant signal, is negligible because of the long measurement times
needed for its determination. The statement at the beginning then formulates as

COHPtint LOD = snr Obkg (4.43)

with the laser power P. A reasonable value for the signal to noise ratio is snr = 2.
During OMO two off- and five on-points with an integration-time of ¢, ~ 4s was
used and the noise Nyg &~ 25 was mainly due to laser background, since the shrouded
inlet system shielded the pinhole from the sun. With 20 mW laser power, 1% wa-
ter vapour mixing ratio, 100 ppb ozone mixing ratio and a branching ratio of 7%,
using Figure 4.20 the number of counts for the ozone-water interference becomes
Nou int =~ 15cts. With altitude however the water vapour mixing ratio decreases
significantly and therefore this contribution can be neglected.

Figure 4.22 shows the limit of detection (LOD) in equivalent OH mixing ratios (red
curve). Above 3km altitude the limit of detection is small compared to measure-
ments (< 5%, cf. Figure 5.8), while in the very lower troposphere it can be as high
as 40 %. However, most measurements were done at altitudes above 3km, implying
that the limit of detection was not an issue.
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4.6 HO, channel

4.6.1 Detection sensitivity

The HOs sensitivity model is analogous to the model discussed for the OH sensitivity.
Sampled air with HO, radicals traverses the HOs inlet tube and heats up to cell
temperature (Tien). Due to its much lower reactivity compared to OH, it is assumed
that HO5 radicals do not get lost. Right before the entrance of the detection cell, NO
is added over a short distance of only 5 cm until detection. This allows for Reaction
R15 and R7 and gives rise to a conversion efficiency kno = [OH], / [HO2] ., by
which the simple model equation 4.18 has to be complemented, so that it can be
written as

Cho, =const. -1 - - w- Ko - (4.44)

In contrast to the OH cell the HO5 cell sees static ambient pressure at the nozzle
entrance which is different from the OH inlet pressure (cf. Figure B.3). The purges
in the tube of the HO4 cell are negligible compared to the OH cell while also the mass
flow through the nozzle is much lower with higher altitude and thence the residence
time of the sampled air in the tube is larger. Since HO, is a lot less reactive than
OH, the increased residence time affects the transmission factor 5 only slightly. A
bigger impact should be noticed for the conversion efficiency (kno) of HO5 to OH,
because for the current set-up the conversion of HOy to OH is in the linear regime.
This can be seen from the System R15 and R7 which can be solved explicitly and
results in a theoretical conversion efficiency

_ ks —k1At —k2 At
Rtheo — H (e — € ) (445)

where kl = k:HO2+NO [NO} and kg = kOH+NO+M [NO] The rate constant kH02+NO
is pressure independent and NASA/JPL (Burkholder et al., 2015) recommends
8.1 x 1072em’/s (298K). The rate constant kominosm for the ternary reaction
decreases with cell pressure and NASA/JPL gives the two limits 1.9 x 10713 em® /g
(298K, peen = 11hPa, 0km altitude) and 0.5 x 1078 em®/s (298K, peen = 3hPa,
14km altitude). The NO concentration in the cell can be calculated from

ogNo
[No}cell = (446)
Gtube

where the notation from Equation 3.13 was adopted and gno = 2 x 1074 stdL/min
is the standard flow of pure NO added at the entrance of the HO, detection cell.
Lastly the reaction time At can be estimated from the geometry and the volume flow
rate. The former is given by the reaction length of Az & 5cm given above and the
tube cross-section Aggpe &~ 12cm? (cf. Table 3.3). The volume flow rate at ground
is taken from Figure B.8 and gives ¢iupe =~ 8201/min. Putting everything together
yields At &~ Az Atube/Grube = 4ms. Since k1At < 1 and kAt < 1, Equation 4.45
can be approximated by

Rtheo ~ k’lAt (447)
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which gives a conversion efficiency of about 20 % when assuming perfect mixing.

It is possible to experimentally estimate the conversion efficiency from Figure 4.10.
The ratio of the HO; to OH ground sensitivity can be expressed in terms of the
quantities in Equation 4.17 by

Cho, _ BrO,KNO
Con Bon

from which kxo can be calculated: While in the previous section an estimate for
the OH transmission efficiency on the HOs cell of Sog = 0.62 was found, it is safe
to assume that HO5 does not get lost in the tube (8uo, &~ 1, see above). Solving
for kno in the above Equation 4.48 yields knyo & 0.15, which is a bit lower than
the theoretical value found. This is either due to the uncertainty in the estimate
for Bom, or more likely due to imperfect mixing leading to segregated NO patches
which effectively decrease the mean NO concentration.

~ 0.25 (4.48)

There are a couple of effects that lead to an increase in sensitivity by two orders of
magnitude when cell pressure is lowered to 3hPa as shown in Figure 4.17:

o The fluorescence yield 7 increases by a factor of 7.5 (Figure C.3)
o The expansion ratio w increases by a factor of 1.5 (Figure C.2)
o The mass-flow correction factor increases by a factor of 2.8 (Figure 4.24)

When the first two of these effects are removed from Figure 4.17, an increase by a
factor of 10 remains (cf. Figure 4.23).

From the simple model above, the only remaining two possibly dependent quantities
on cell pressure (or volume flow rate) are the transmission factor 8 and the conversion
efficiency kno. However, as mentioned above the HO, transmission factor can be
estimated close to 1 over all cell pressures, since HO4 is much less reactive than OH.
Figure 4.23 therefore essentially shows the conversion efficiency kno, which is the
fraction of HO, radicals in the cell being converted to OH by the reaction with NO
and to which the mass-flow correction factor is related to (see below). As the cell is
run in the low NO regime, this conversion factor is proportional to the product of
NO concentration and residence (reaction) time

k noqnoAzA
Ktheo ~ klAt = HO2+NO quNO tube
Gtube
const.
e (4.49)
Qtube

This functional dependence can be seen in Figure 4.23 where the two regimes left
and right of the discontinuity have to be considered separately. For high volume
flow rates (high cell pressures/low altitudes) it indeed shows a linear behaviour with
respect to ga.. For low volume flow rates (low cell pressures/high altitudes) left
of the jump, the functional dependence appears to flatten out. This is reasonable
as for large reaction times the conversion is not linear any more. Conversely to the
OH case, the jump is in the other direction.
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Figure 4.23: HO; measurement sensitivity where the fluorescence yield  and the ex-
pansion ratio w have been divided out of the data points from Figure 4.17. Since the
transmission factor 8 should be close to 1, the remaining dependence is essentially due to
the conversion efficiency xkno. The blue line shows the linear regression for the measure-
ment data right of the discontinuity (3405td!/min < giube < 8505td1/min).

HO,; mass-flow dependent correction factor

On HALO, ambient air on the HO, channel was sampled without an inlet-system.
For the pressure-dependent calibration in the laboratory (Section 4.4) it was assumed
that the inlet pressure at a given cell pressure is equal to the static ambient pressure.
Later, it was recognized that during flights the inlet pressure will be smaller than
the static ambient pressure when the air is flowing at high speed across the nozzle,
which is the case at high altitudes (cf. Figure B.1). This problem is addressed using
computational flow dynamics calculations (see below). The basic principle is that
the presence of the nozzle with air of a speed up to 250m/s passing over it, results
in a depression at the orifice due to streamline curvature that requires a pressure
gradient, similar to the depression at the topside of a wing which gives lift to the
airplane. The lower pressure compared to static ambient leads to a lower mass-flow
through the nozzle. The HOy detection sensitivity depends on four parameters (7,
B, w, kno) which change with flight altitude. Only the conversion efficiency ko is
affected by the mass flow change, if the cell pressure is prescribed. The fluorescence
yield 1 depends only on the cell pressure, but not on the flow rate and is therefore
constant. Since a reduction of the mass flow causes a lower volume flow rate at a
given pressure in the detection system and kno varies with the inverse of the square
of Gune (cf. Equation 4.49), an increase of the HOy detection sensitivity is expected
at high flight velocities compared to the case when the air is at rest. In case of the
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Figure 4.24: The correction factor has to be multiplied with the laboratory determined
sensitivity (included in Figure 4.17). Red data points show upper and lower bounds
corresponding to upper and lower limits of velocity at a specific altitude. The red band
can be interpreted as the 20 uncertainty of the correction.

tube transmission 3, no influence of the flow rate is expected, because HO4 wall loss
is considered to be unimportant (see previous section). The relevant expansion ratio
w - which refers to unperturbed ambient air (with pamp, Tamb, [HOg]amb) - is also
not affected. Under the assumption that there is no chemical loss and no dilution
of the sampled air (the tube purge flow is almost zero), the mixing ratio of HO; in
the cell will be the same as in ambient air. Therefore, at a given cell pressure, the
concentration [HO,] ., is independent of acrodynamic changes in the inlet pressure
and inlet temperature; only the residence time of the HOs in the inlet tube and cell
will change. Accordingly, also w = [HO9) ., / [HOx),,;, Will remain unaffected.

The variation of the mass flow through the inlet nozzle of the HO» cell was simulated
for the flight conditions at different altitudes using a Reynold-Stress-Omega model
in the software ANSYS Fluent (Figure 4.25). The HALO HO;, pylon CAD model
was put in the middle of a 1mx 1 mx1m box and dry air (T,m,) comes from the right
with the given flight velocity using a velocity inlet (constant normal velocity over the
box inlet surface) and exits at an ambient pressure outlet (constant outlet surface
pressure pamp) to the left. The pylon was designed high enough to be outside the
boundary layer close to the wall. The nozzle orifice of 1 mm diameter in the middle
of the box was also set as a pressure outlet with a low enough pressure (e.g. 2hPa as
in the cell) in order for the flow to become supersonic at the entrance. This changes
the boundary value problem to an initial value problem (mathematically speaking
the equations change from elliptic to hyperbolic) and the precise boundary outlet
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Figure 4.25: Colour coded contour plot of the static pressure distribution around the
inlet nozzle (white contour). Air comes from the right and flows in negative z-direction.
This CFD simulation was done at 180 hPa static ambient pressure, 220 K static ambient
temperature (13 km altitude) and an aircraft velocity of 235 m/s.

pressure does not matter and is determined by the calculation. All walls (box, py-
lon, nozzle) obey the no-slip condition and are adiabatic type allowing zero heat flux.

Figure 4.25 shows the effect size in terms of static pressure for a selected example at
13km altitude. The simulation was run with a static ambient pressure of 180 hPa
and a static ambient temperature of 220 K. Dry air comes from the right with a ve-
locity of 235m/s. The nozzle obstacle leads to the streamline curvature that requires
a pressure gradient normal to the streamlines. In the vicinity of the nozzle orifice
from where the air is sampled, the static pressure is decreased to about 110 hPa on
average, which is 40 % less compared to static ambient pressure. The discrepancy
of ambient pressure and actual inlet pressure increases with flight altitude, as the
aircraft velocity increases with height (cf. Figure B.3).

The model is run for the ambient airspeed, pressure and temperature at a specific
altitude and as reference for an airspeed set to a low value of 10m/. The squared ra-
tio of the simulated mass-flows through the inlet orifice at a given altitude from both
runs is used as a correction factor for the HOy detection sensitivity, which was de-
termined under laboratory conditions. The correction factor is shown in Figure 4.24
and has been included in the calibration curve shown in Figure 4.17. The correction
factor is 1 at ground and approaches a value of about 3 in the upper troposphere.
It might be important to note, that the CFD calculations assume stationarity. This
does however not mean that the result is essentially stationary. In fact a common
phenomenon named vortex shedding can arise due to the non-linearity of the equa-
tions when passing an obstacle resulting in a chaotic-like behaviour. The associated
eddies and vortices are actually seen in the model output within the plane down-
stream of the orifice and accompanied with this is an oscillation in the mass-flow
through the nozzle of about 10% to 15%. For the sake of this analysis a mean
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value is evidently the choice to take. The biggest error nevertheless comes from
the variability in the aircraft velocity at a certain altitude as seen in Figure B.1.
For this reason upper and lower bounds corresponding to the upper and lower lim-
its of the velocity at a specific altitude shown as red data points in Figure 4.24
were considered. The red band shown can be interpreted as the uncertainty of the
correction.

4.6.2 HO, interferences

Like in the section for OH the ozone-water interference is determined by Equation
4.41. Since the variation with respect to water did not give as concise results as on
the OH cell, a water averaged value was used. However, this is not of significance
since the ozone water interference for HO, is negligible (cf. Figure 4.26). It decreases
exponentially with altitude and is less than 0.1 ppt at ground. A larger interference
for HO3 is due to NO.

To convert HO, to OH, NO is added at the entrance of the detection cell. If however
synthetic air is sampled from the radical source without producing HO,, a small
background signal remains. A possible explanation is the heterogeneous production
of HONO on wall surfaces due to present humidity, that is then photolised to OH.
This interference will be pressure dependent (cf. Figure 4.27).

0100~ T
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0.001 . . . . I . . . . I
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Figure 4.26: Ozone-water interference on the HO3 cell in equivalent HO2 mixing ratios.
With 0.03ppt at ground and a steady reduction with altitude being only 0.004 ppt at
15km, it is negligible compared to the HO2 mixing ratios.
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Figure 4.27: Cell pressure dependence of the NO background. While a little larger than
the ozone-water interference, it can also be neglected compared to the measured HO9
mixing ratios.

4.6.3 HO, limit of detection

The HO limit of detection can be defined along the lines of Equation 4.43. In this
case the signal due to ambient OH poses a Poisson noise for the signal solely due to
HO; and therefore in principle has to be accounted for in the uncertainty oyi,. The
defining equation similarly reads

CHOQPtint LOD = snr Obkg (450)

with opie = ]X:g + % + % + % The off-signal on the HO, cell is much higher,
because of the sunlight: Nyg & 200. It is much higher than on the OH cell, since there
is no shrouded inlet that shields the nozzle pinhole from the sun. The interference
counts Ny will result from the parametrizations above (cf. Figure 4.26 and 4.27)
which give the normalized signals and subsequently thus have to be multiplied with
the integration time of 4s and the laser power P. In this particular case, there
is no ambient OH signal on the HOy cell (cf. Section 3.4.2) and thus Nog can
be neglected. The HO, limit of detection is shown in Figure 4.22. It decreases
strongly with altitude; however at ground it is about 10 times worse than the limit
of detection for OH on the OH cell. This is due to the laser power on the HO5 cell
being about a factor of 2 smaller than on the OH cell and the decreased sensitivity by
a factor of 3 compared to the OH sensitivity. Additionally the high sun background
contributes significantly to opig.
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4.7 Error analysis

Accuracy and precision are kept separated, where the latter is determined by the
instrumental statistical Poisson noise and is given in the data files for each measure-
ment point. Here the focus lies only on the accuracy and systematic biases.

The calibration errors for OH and HO, depend on the uncertainties associated with
the parameters in Equation 4.29 which are needed to calculate the radical concen-
trations in the calibration source. These parameters are the ozone production factor
a, the absorption cross-sections for Oy (08!) and HyO (0m,0), the quantum yields
for OH, HO, and ozone, the volume flow ¢, in the calibration tube and the intensity
1752 of the photolysis radiation. Furthermore, as the radical measurements are nor-
malized to the power of the excitation laser, the stability of the detection sensitivity
of the laser photo diode has to be controlled regularly. It depends, for example, on
the laser beam alignment through the LIF detection cells. All these contributions are
discussed in Broch (2011) and cause a total 1o error of 15 %. When the calibrations
are performed over the pressure range from 150 to 1000 hPa, there is no reason why
specific uncertainties should differ vastly and the given uncertainty should hold for
this pressure range as well, as long as the HO, production by photolysis is not too
small. This is because at lower pressures the water vapour partial pressure decreases
as well as the photolysis time, resulting in a quadratically decreasing fluorescence
signal with pressure. The reduced precision was no major issue for OH, but for HO,
not all of OH could be converted to HOy with the given CO flow. It was however
possible to correct for it (cf. Section 4.4).

Table 4.3: OH and HOjy error contributions (1o) to the sensitivity.

calibration source 15 15
pressure 8 (0 — 10.5km) 8—16 (0 — 13.5km)
uncertainty 30 (10.5 — 13km) 30 (13.5 — 15km)
8 (13 — 15km)
mass-flow - 15
correction factor
total 17 (0 — 10.5km) |18 —26 (0—13.5km)
accuracy 34 (10.5 — 13km) 35 (13.5 — 15km)
17 (13 — 15km)

The main controlling variables, which cause the altitude dependent change of the
calibrations in Figure 4.15 and 4.17, are the cell pressures, and the temperatures
and pressures at the radical inlets. Together with the vacuum pump speed and the
constant purge flows, these parameters control the mass flow and volume flow of
air through the measurement system. The influence of all these parameters on the
detection sensitivity of OH and HOs is explained in Section 4.5.1 and 4.6.1. As
shown in Figures B.3, B.4 and B.6, the conditions for the measurements showed
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some variability at a given flight altitude during the campaign. Since it is practi-
cally not possible to reproduce all flight conditions during laboratory calibrations,
the curves shown in Figure 4.15 and 4.17 were determined for mean conditions at a
given altitude. However, from flight to flight, the cell pressure at a given pressure
altitude was slightly variable by about 0.17hPa (10), depending on altitude. The
resulting calibration error due to this uncertainty can be estimated by shifting the
pressure dependent calibration curves to the left and right by the statistical uncer-
tainty of the cell pressure measurements at a given altitude and then normalizing
it to the unshifted version. This gives another 8 % error for the OH sensitivity over
almost the entire pressure range. Around the sensitivity jump itself the error is 30 %.

A similar analysis leads to an uncertainty for the HO, calibrations of 8 to 16 %
above the sensitivity jump. At the discontinuity and below an estimate of 30%
is given. As was discussed in the previous part, the HO, sensitivity needed to be
corrected for the mass-flow reduction due to the pressure gradient which constitutes
the stream-line curvature over the HO, nozzle at high air velocities. The numerical
calculation of this correction is subject to the knowledge of the precise air velocity
and Figure 4.24 implies to add another 15 to 30 % uncertainty (20) only for HO,.
All errors are summarized in Table 4.3. The resulting total accuracy of the OH and
HO, calibrations are shown in Figure 4.28 as a function of altitude.
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Figure 4.28: Total accuracy of OH and HO» respectively. Two contributions contribute
to OH and three to HOy (cf. Table 4.3) which are added up Gaussian.

Preliminary HO, data were uploaded into the HALO data base (https://halo-
db.pa.op.dlr.de/) in December 2016. The final version (this thesis) was uploaded
in November 2018 and contains two major changes. The mass-flow correction from
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Figure 4.24 was applied to the previous HO, data. In case of OH, the position of
the discontinuity (jump) in the OH cell pressure dependent calibration curve (cf.
Figure 4.15) was shifted from 3.25hPa to 3.6 hPa, while the rest of the calibration
curve remained unchanged. The shift lies within the uncertainty of the position
of the jump under flight conditions (cf. Section 4.3.1). The correction improves
the agreement between AirLIF and HORUS data at altitudes between 11.5km and
12.5km, where the sensitivity jump in the AirLIF instrument is relevant (cf. Section
5.2.2). AirLIF data at other altitudes (80 % of all AirLIF data) are not affected by
the correction.
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Chapter 5

OH- and HO9 measurements
during OMO

5.1 OMO-campaign

5.1.1 Scientific goals

The OMO campaign was the first HALO mission studying the tropospheric photo-
chemistry. Test flights were performed over Europe in January 2015 (OMO-EU) and
the main mission was carried out over the Mediterranean Sea, the Arabian Penin-
sula, the Arabian Sea and the Indian Ocean during July/August 2015 (OMO-ASIA).
The major goal of OMO comprises three aspects:

1. Oxidation processes and free radical chemistry of HO,

OMO-Asia was designated to study the chemical composition and chemistry
in the outflow of the summer monsoon in particular downwind of South Asia.
It primarily focused on oxidation processes, free radical chemistry (OH, HO,)
in the free and upper troposphere and air pollution chemistry above the Mid-
dle East and South Asia during the Asian Summer Monsoon (ASM) period.
The mission helps to understand the influence of natural and human-made
pollutants on the atmospheric self-cleaning capacity and how pollutants are
converted into more soluble products that are eventually removed by rain. It
goes without saying that this mechanism is crucial for air quality considering
the ever growing pollution emissions especially in Asia. In the present work
radical concentrations and their spatial (horizontal and vertical) distribution
during OMO flights is studied. Tropospheric chemical mechanisms and models
are tested against measurements and radical budgets (sources and sinks) are
discussed.

2. Influence of ASM clouds on atmospheric chemistry
The ASM is one of the largest atmospheric weather systems on Earth which
transports large amounts of trace gases from the lower into the upper tro-
posphere by deep convection within hours. Since the lifetime of trace gases
in the upper troposphere is much longer under low temperature and pressure
conditions, pollutants can be distributed globally and affect climate. Aircraft
measurements during the HALO missions TACTS/ESMval (Vogel et al., 2016)
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and OMO (Lelieveld et al., 2018) have shown enhanced tropospheric concen-
trations, for example, of CO, CH, or H,O due to vertical convection over South
East Asia between mid-June and late October. Increased lightning activity in
deep convective clouds can additionally affect the radical chemistry as large
amounts of NO, are formed (Lelieveld et al., 2018).

3. Long-distance transport of air pollution
The climatological conditions of the ASM drive an anticyclone in the upper
troposphere which extends from eastern Europe to East Asia and distributes
pollutants globally (Vogel et al., 2016; Lelieveld et al., 2018; Rauthe-Schoech
et al., 2016).

5.1.2 Asian Summer Monsoon

During summer the Inter-Tropical Convergence Zone (ITCZ) crosses the Indian
continent, resulting in low pressure regions and consequently an in-draft of humid
air from the sea. During the ASM the air is extraordinary hot and humid which leads
to the formation of cumulonimbus clouds while the air rises. These strong convective
clouds are capable to transfer air from the surface to the upper troposphere within
less than an hour which is usually a process over the time-scale of 1-2 weeks. In
fact, the up-draft can be so strong, that air reaches the tropopause and enters into
the lower stratosphere. This effect is known as overshooting (Park et al., 2009).

MLS CO (Jul-Aug)

(a) MLS CO (Jul-Aug) 100 hPa 464 20
60N 20 -
e 7 ;E‘ 18 r68.1 150
30N > & =
62% = .16 1000F 0z
B ! 1 ' g
Q g T 14 L1468 & [ 109
E % 12 J
o0 e
305 =0 3 +215.4 20
10
60S 17 ‘ ‘ {3162 Mo
OE 60E 120E 180 120W 60W OW 905 605 305 EQ 30N 60N 90N

Latitude

Figure 5.1: Example of enhanced CO concentrations observed by satellite during the
ASM 2005. Left: Horizontal Structure of carbon monoxide (CO) measured by the Mi-
crowave Limb Sounder (MLS) in the ASM anticyclone at 100 hPa in July-August 2005.
Arrows show horizontal wind vectors. Right: Vertical Structure of the MLS CO measure-
ments averaged from 20°-100°E. Solid lines denote isentropes (320, 340, 360, 380, 450 and
500 K) while the thick dashed line corresponds to the thermal tropopause derived from
NCEP/NCAR reanalysis (Park et al., 2007).

The ASM is one of the largest atmospheric features on Earth and is not only char-
acterized by convective clouds. There are many different aspects, but a major cause
can be traced back to the regional topography which shields warm moist air over
South Asia (sub-Himalayan countries) from the cold and dry extra-tropics. This
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leads to very high equivalent potential temperatures at the south-western flank of
the Himalayas, which drives the deep convective up-drafts during Northern Hemi-
spheric Summer. A combination of the elevated surface heating over the Tibetan
plateau and predominant northward surface winds orographically uplifted at the
south-western slopes of the Himalayas lead to the overall climatological weather
phenomenon which additionally drives an anticyclonic circulation centred at 200 to
100 hPa (Gottschaldt et al., 2018; Park et al., 2007) (cf. Figure 5.1). This Asian
summer monsoon anticyclone (ASMA) generally extents from eastern Europe to
eastern Asia, but the shape, strength and location of the centre can vary strongly
over longer time-scales. The overall up-welling in the eastern ASM (Tibetan Mode)
is accompanied with a subsidence in the western part (Iranian Mode) affecting mid-
tropospheric air masses in the Mediterranean region at the end of the summer mon-
soon period and leading to enhanced Oy levels (Lelieveld et al., 2001). During the
ASM the anticyclone generally acts as a transport barrier for pollutants.

5.1.3 Flight mission

Following the test flights (#1 - #4) over Germany and southern Europe from 22 to
27 of January (OMO-EU), the main campaign (OMO-ASTA) took place during July
and August 2015. After three additional test flights (#5 - #7) in July near Oberpfaf-
fenhofen (Germany), the aircraft was transferred to Paphos (Cyprus). Measurement
flights started there on 21 July and took place over the geographic region shown in
Figure 5.2. The coloured lines indicate different flight tracks, which are shown in
greater detail in Appendix A.1. An overview of all OMO-ASIA measurement flights
(flight number, date, location, OH and HO, data coverage) is given in Table 5.1.

Oberpfaffenhofen, Germany

Gan, Maledives

Figure 5.2: Flight tracks of HALO during OMO-ASIA. For individual tracks see Ap-
pendix A.1.
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There were 14 days of flights in total during OMO. Three of them were performed
before the transfer flight to Gan on the 01 August 2015 and they mainly circled over
Cyprus and the Mediterranean. From Gan three flights took place, two of them
over the Indian Ocean to Bahrain and the other into the Bay of Bengal. HALO
returned to Paphos on 10 August 2015. The following three flights concentrated on
the Arabian Peninsula. Flight #22 and #23 aimed for Egypt. The former bypassed
southern Greece, while the latter visited Mount Etna on its way back to Paphos in
hope to catch volcanic plumes. This target was repeated on the transfer flight #24
back to Oberpfaffenhofen where the campaign ended.

Table 5.1: OH and HO, data coverage for all the flights during the OMO campaign.
red: not measured, green: measured, red-green: measured half-flight. Date format:
dd.mm.yyyy, OP: Oberpfaffenhofen.

Flight # Date Flight base Flight target
8 21.07.2015 oP Paphos
9 25.07.2015 Paphos Mediterranean
10 28.07.2015 Paphos Mediterranean
11 01.08.2015 Paphos Gan
12 06.08.2015 Gan Bahrain
13 06.08.2015 Bahrain Gan
14 08.08.2015 Gan Sri Lanka ° )
15 09.08.2015 Gan Bahrain ° °
16 09.08.2015 Bahrain Gan ° °
17 10.08.2015 Gan Bahrain ° °
18 10.08.2015 Bahrain Paphos ° L
19 13.08.2015 Paphos Arab. Peninsula ° °
20 15.08.2015 Paphos Arab. Peninsula
21 18.08.2015 Paphos Arab. Peninsula ° °
22 23.08.2015 Paphos Egypt - Greece
23 25.08.2015 Paphos Egypt - Etna
24 27.08.2015 Paphos Etna - OP

5.1.4 Instrumentation

Measurements of radicals were central for the investigation of the upper tropo-
spheric chemistry during OMO. The radicals OH and HO, were measured by two
new LIF instruments developed for HALO by FZJ (AirLIF instrument) and MPIC
Mainz (HORUS). Furthermore, a chemical amplifier instrument (PERCEAS) was
on board to measure ROy (ROs + HO2 + OH). Additional other instruments mea-
sured trace gases, solar actinic radiation, and meteorological parameters that are
needed to interpret the radical observations and to constrain chemical box models.
Table 5.2 provides a list of instruments for measured species, their position in the
aircraft cabin and the institution operating the instrument (cf. Figure 5.3). Fig-
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Figure 5.3: HALO cabin layout during OMO. See Table 5.2 for the numbers (Broch,
2011).

ure 5.4 shows the outer positions of the MPIC and FZJ instruments in the cabin
of the aircraft. Our instrumental set-up was in the front next to HORUS. While
our inlet was on top of the aircraft, theirs was directly underneath below the aircraft.

Technically, HORUS and AirLIF are similar. Both are FAGE (fluorescence assay
with gas expansion) type instruments running at roughly 10 hPa and using an exci-
tation wavelength of 308 nm. Each institution was using an identically constructed
inlet system to decelerate and sample ambient air (cf. Figure 3.5). In the AirLIF in-
strument, only the OH cell is connected to the shrouded inlet, while HO, is sampled
by a separate inlet without shroud (cf. Figure 3.10). HORUS in contrast runs both
detection cells in series with OH as the first detection axis (Martinez et al., 2010).
Additionally, their system was operated with an inlet pre-injector (IPI) developed

OH+HO, AirLIF (FZJ) Solar UV Spectroradiometer (FZJ)

= S (MPI-C
e e =

Figure 5.4: HALO on the air-field showing the FZJ OH and HOj inlet system on top and
MPIC inlet system underneath the aircraft. Upward and downward-looking inlet optics
of the FZJ spectral radiometer are mounted behind the OH inlets.

for application on HALO to keep track of possible interferences (D. Marno, personal
communication). For that purpose a large flow from 50 to 230 stdl/min - depending
on altitude - is drawn through the IPI using a 6.5mm nozzle, where nitrogen or
propane is alternatingly added. When propane is added, ambient OH is scavenged
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and the remaining OH signal is then interpreted as background. The pressure in the
IPI is only 6 hPa below static ambient from which only 4 to 16 std1/min are collected
through a critical orifice of 1.4 mm diameter into the actual detection cell.

While the AirLIF system is not running an IPI converter, similar numbers - 1 to 9
std1/min - occur for the flow through the critical orifice whose diameter is 1 mm. Both
AirLIF cells in addition add 1stdl/min of nitrogen as purge flow - OH: tube purge +
baffle purge, HOy: cell purge + baffle purge.

Even though the excitation wavelength and wavelength modulation over a few on-
resonant points is the same, there is a subtle difference in the laser usage. While the
AirLIF directs an expanded 308 nm laser beam only once through the detection cell,
the HORUS system is working at a relatively low laser light intensity and instead
makes use of a White laser multipass cell design (Martinez et al., 2010).

5.2 HO, measurements

The AirLIF instrument measured OH and HO, on HALO over a range up to 15km
and was mostly running automatic, but on-resonance laser wavelength adjustments
temporarily had to be maintained manually after flight level changes. The time
resolution was roughly 40s (two off- and five on-line points). After the first flight
from Gan to Bahrain the etalon motor broke, which could only be repaired back in
Paphos after the return on 10 August and the flight east of India into the Bay of
Bengal (#14-#19) was therefore missed. During flight #21 over Saudi Arabia on 18
August some HO,, data were lost due to a burn spot appearing on the SHG crystal
behind the pump Laser converting to the 532 nm, but this problem was fixed until
the next flight. Generally flight data were acquired on flight numbers #8-#13 and

420-424.

Ground based calibrations were done consistently between each flight in the first
and last period on Cyprus (Paphos, cf. Section 4.2.3). No calibrations were done
on Gan. Nevertheless in-flight calibrations were done during almost all flights when
the atmospheric water vapour concentration was sufficiently high. As explained in
Chapter 4, interferences were subtracted first and then the signals were converted to
concentrations using the OH and HO, sensitivities (cf. Figure 4.15 and 4.17). For
OH, only the ozone-water interference had to be considered (cf. Figure 4.20). This
interference was negligible on the HO, cell (cf. Figure 4.26), as was the background
from the added NO (cf. Figure 4.27).

Final HO, data measured by the AirLIF system were uploaded on the HALO
database as data files #6193-#6203 (from 2018-11-23) and replace the previous
data set from 2016-09-15. They contain the precision of each measurement point,
which is determined by the instrumental Poisson noise. Accuracy and precision are
strictly separated and the former is discussed in Section 4.7. For OH and HO, there
are two contributions coming from the error of the calibration method and the un-
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Table 5.2: HALO cabin layout and measured species during OMO (cf

. Figure 5.3).

Instrument Measured Technique” Institution HALO
quantity position
KMS ovocC PTRMS KIT 1
FAIRO O3 Fast CLD Karlsruhe
CPC Particles CPC DLR-IPA 2
SOFIA NMVOC Fast GCMS MPIC Mainz 3
AENEAS NO/NOy CLD DLR-IPA 4
SHARC HyO DOAS DLR 5
BAHAMAS met. parameter BDAS DLR
TRIHOP CO, CHy, QCS MPIC Mainz 6
ROOH,
H20g,
HCHO
AirLIF OH, HO, LIF FZ Jiilich 7
HORUS OH, HO- LIF MPIC Mainz 8
GANDALF NO, LIF
PERCEAS ROy CA University 9
Bremen
HALO-SR Spectral CCD SR FZ Jiilich 10
actinic University
flux density Leipzig
IPA-CIMS SO, HNO3 CIMS DLR-IPA 11
MIRAH NMVOC GCMS University 12
+ isotopes (canisters) Wuppertal
miniDOAS HONO, DOAS University 12
BrO,, CLO, Heidelberg
CLOg, 10, ...
vacuum pumps
gas supply

LIF: Laser Induced Fluorescence, PTRMS: Proton Transfer Reaction Mass Spectrometer,
CLD: ChemiLuminescence Detector, DOAS: Differential Optical Absorption Spectrometer,
BDAS: Basic Data Acquisition System, CIMS: Chemical Tonization Mass Spectrometer,
QCS: Quantum Cascade Spectrometer, GCMS: Gas Chromatograph Mass Spectrometer,
CA: Chemical Amplifier, CCD SR: Charged Coupled Device Spectral Radiometer, CPC:
Condensation Particle Counter
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certainty of the pressure ratio between inlet and detection cell. HO, has another
error source due to the mass-flow correction factor. Combined an overall accuracy
of 17% (1o) can be attributed to OH with increased uncertainty of 34 % between
10.5 and 13 km, while for HO, the total accuracy varies between 0km and 13.5km
from 18 to 26 %, increasing further to 35 % above 13.5km (cf. Figure 4.28).

As noted before, besides AirLIF there was HORUS measuring HO,, of which by the
time of this writing only data of flight #12 and #20-#24 were available (HALO
database: dataset #5067-#5078, 2017-06-14). They will be used for a measurement
comparison in the following section. HORUS similarly provides precision values of
about 10 % (1o) for OH and HO,. Accuracy is given by 21 % and 28 % (1o) for OH
and HO», respectively.

Final PerCEAS - RO, measurements - data were not available as of yet and are not
considered throughout the upcoming analysis.

5.2.1 Time-Series

During OMO-ASIA most OH and HO, data were measured in the upper troposphere
(10-15 km). Lower altitudes (3-10 km) were - besides take-off and landing - only
occasionally probed mainly over the Mediterranean Sea (flights #10, #22 - #24).
On flights #23 and #24, the aircraft passed Mount Etna at low altitude (3km). For
an overview of all AirLIF HO, measurements see Appendix A.2.

Figure 5.5 shows two flight examples. The OH and HO, data measured by AirLIF
and HORUS show good precisions and demonstrate good instrumental agreement
with respect to the observed temporal and spatial variability of the radicals and
their absolute concentrations (for details cf. Section 5.2.2). Flight #20, crossing the
Arabian Peninsula, almost stayed at constant flight level (11.5-13 km) and shows a
large variability (0.2 to 0.7 ppt) in the OH. The transfer-flight #24 back to Oberp-
faffenhofen which bypassed the mount Etna on Sicily between 11:00 and 12:30 covers
many different flight levels (upper tropospheric flight levels range from 11.5 to 13.8
km and lower flight levels down to 3km) and only shows little variation in the OH
(0.3 £ 0.1 ppt). In contrast HOy exhibits pronounced variations with 1 to 5 ppt in
the upper troposphere above 11km (flight #20 and #24) and shows much higher
values of 20-30 ppt at low altitudes (3km, flight #24). When changing flight levels
the NO mixing ratios vary between 0.1 and 0.4 ppb at high altitudes (> 11.5km)
and 0.05 ppb in the lower troposphere. HO5 shows a general anti-correlation with
NO similar to observations at ground (Holland et al., 2003). For OH a pronounced
correlation with NO can be observed in the upper troposphere. These observations
agree with the results obtained by Brune et al. (1998), who observed such correla-
tions between OH and NO and anti-correlations between HOs and NO in the upper
troposphere over California (USA) during the SUCCESS mission 1996. Such corre-
lations are mainly the result of the conversion of HO; to OH by the reaction with
NO (cf. Reaction R15). This will be corroborated by a box-model calculation later
in this chapter which includes further interpretations (cf. Section 5.2.3 and 5.3.1).
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Figure 5.5: Left: Flight #20 crossing the Arabian Peninsula. The flight showed a large
correlated variability of NO, OH, and HOy at almost constant altitude (11.5 - 13 km).
Note the different HO4 scales for flight #20 and #24. Right: Transfer Flight (#24) back
to Oberpfaffenhofen at 11.5 - 13.5 km on the 27.08.2015. HALO bypassed mount Etna
on Sicily at 3km altitude between 10:45 and 12:30 UTC. The change of flight altitude
had almost no influence on the OH mixing ratios, but resulted in a large change of the
measured NO and HOy mixing ratios. This flight exhibits a distinct NO anti-correlation
of H02

5.2.2 HO, measurement comparison

HO, data measured by AirLIF and HORUS are compared in Figure 5.5 for flights
#20 and #24. Other flights (#12, #13, #21, #22, #23) with simultaneous HO,,
measurements by both instruments can be found in Appendix A.2. Within their
measurement errors both datasets generally show a good agreement in comparison,
but some few temporary differences occur. For example on flight #21 between 07:00
and 08:00 UTC HORUS shows some transient decrease in measured OH, whose rea-
son is not clear, but which look like outliers. On flight #22 there are systematic
deviations in the observed OH between AirLIF and HORUS. After a good agree-
ment at flight altitudes of 5.5 - 13 km, both instruments start to diverge after 10:20
UTC until AirLIF OH is a factor of 1.4 higher than HORUS OH. This discrep-
ancy is larger than the combined 1o calibration errors (17 % for AirLIF, 21 % for
HORUS) and it is not clear why it shows up only during this particular time pe-
riod. However - looking at the altitude and Figure 4.15 and 4.28 - an influence due
to the pressure jump in the AirLIF sensitivities can not be excluded, in particular
the size of the discrepancy fits the magnitude of the OH sensitivity jump (factor 1.5).
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Figure 5.6: FZJ vs. MPIC correlation plot showing all the OH data from 06 August to 27
August. The dashed line represents the 1:1 line. Shown error bars represent measurement
precision (lo). The regression is forced through zero. Colour codes represent date of
measurement (dd.mm.) in 2015.

In case of HOg, major systematic deviations between AirLIF and HORUS are ob-
served on two occasions for unknown reasons. On flight #22 between 06:40 and
7:30 UTC there is a factor of 2 discrepancy between HORUS and AirLIF (5.5 - 11.3
km altitude), while there is good agreement for the rest of the flight. The biggest
discrepancy occurs on flight #12, where HORUS measures a factor of 3 higher HO,
mixing ratios than AirLIF, which is in contrast to the good agreement of the OH
measurements by the two instruments. This difference indicates a problem with
the chemical HO, to OH conversion in one of the instruments during this flight.
Nevertheless HORUS and AirLIF still show the same relative trend. In view of the
other flights at about 12.5km with only a few ppt, values of 20 ppt measured by
HORUS do not seem plausible. A mean value of 6 ppt seen by AirLIF appears more
reasonable. Ultimately the cause for the discrepancy between HORUS and AirLIF
data on this flight is not known though.

Apart from the few discrepancies discussed above, the OH measurements by the
two instruments agree very well considering the statistical precision and calibration
uncertainties. Due to the large uncertainties for the HO, calibrations (up to 35%
for AirLIF, 28 % for HORUS), all data except the discrepancies on flight #12 and
#22 can also be seen as a good agreement.

In Figure 5.6 and 5.7 all the HORUS data starting from the 06.08.2015 were plotted
against FZJ measurements. The regression is a linear function and was done with
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Figure 5.7: FZJ vs. MPIC HO4 correlation plot showing data from 06 August to 27
August 2015. Shown error bars represent measurement precision (1o). The regression is
forced through zero and the red data points were not included in the linear regression.
Colour codes represent date of measurement (dd.mm.) in 2015.

a self-written IDL procedure minimizing the expression

X2~ Z {prk (Xi — .’I)k)z + pyr (Vi — yk)Q} (5.1)

under the constraint yx, = Sy + f1ar where S, 51 (offset, slope) and zj, are sets of
parameters and Xy, Y, are the data. The weights p,i, p,r Were set to a constant
value. The minimization procedure follows an adjustment of the steepest gradi-
ent method known as Levenberg-Marquardt. The offset 3y in the fitting process was
generally forced to zero, because the dynamic range of measurements on some flights
was small (e.g. OH during flight #24) and did not allow meaningful two-parameter
linear regression.

For OH the good agreement between HORUS data already seen in the time-series
manifests itself also throughout the campaign with a slope of the regression line
close to one. The correlation coefficient (R? = 0.56) is lower than expected though,
for mainly two reasons. Looking at Figure 5.5 shows that compared to HO, the
relative variability of OH is small for some flights and will appear as a circular point
cloud in the scatter plot, which by definition have little correlation. For example
flight #24 has a low correlation factor of 0.35. The lowest R? occurs on 23 August
(flight #22) and is as low as 0.05, but with a slope of 0.92 forced through zero. In
contrast the highest correlation factor is 0.8 on flight #20 with a slope of 0.82. A
second reason for the overall low correlation coefficient in Figure 5.6 is a varying
agreement of AirLIF and HORUS from flight to flight. The slopes of regression lines
for individual flights change between 0.82 (flight #20) and 1.06 (flight #24), which
points to unaccounted variability in the calibrations of one or both instruments.
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These variations collectively disperse the overall appearance contributing to the low
correlation coefficient of 0.56. As such the slope of 0.91 is a satisfactory result which
represents the overall good agreement of OH quite well in view of the OH time-series
given in the Appendix A.2. The slopes for the different flights (0.82 - 1.06) lie well in
the range expected from the instrumental calibration errors (17 % - 34 % for AirLIF,
21 % for HORUS).

HO, (cf. Figure 5.7) also shows a satisfactory picture in direct comparison to HO-
RUS data with high correlation. Since data points from 06 August seem to be com-
pletely off the general trend, they were excluded from the fitting procedure. The
dynamic range is much larger and leads to a correlation coefficient of R? = 0.88 and
a slope very close to 1. It should be noted that without the mass-flow correction (cf.
Figure 4.24) the slope is merely = 0.3 and the data seemed highly uncorrelated with
R? =~ 0.27. The significant improvement after the correction for the fluid-dynamical
effect of decreased mass-flow indicates to have tackled the core of the initial major
discrepancy.

5.2.3 Altitude profiles of HO,

Figure 5.8 shows altitude profiles for important quantities to HOy. The top left
panel shows OH as measured during OMO (light-grey) and the median over all data
points of the time-series in the Appendix A.2 (dark-grey) with 1o calibration un-
certainty bands (medium-grey). The panel for the HO5/OH ratio shows in addition
two theoretical curves: the green line is an approximation calculated using Equation
5.3; the blue line represents a full model simulation (cf. Section 5.3.1).

From 0 to 15 km the median of the OH mixing ratio is almost constant increasing
slightly from 0.18 ppt near ground to 0.4ppt at 15km. In contrast HOy exhibits
a strong altitude dependence with maximum values of 25ppt at 1km. At higher
altitudes, HO, decreases steadily to 1 - 2 ppt at 15km.

The vertical profiles and concentrations for OH and HO, observed during OMO-
ASIA are in accordance with other aircraft measurements that were performed in
other global regions (North America, Pacific, Atlantic) during daytime. The most
recent study about Atmospheric Ozxidation in the Presence of Clouds during Deep
Convective Clouds and Chemistry (DC3) on the NASA DC-8 aircraft by Brune et al.
(2018) shows HO, mixing ratios at 12 km around 5 ppt. The campaign concentrated
over the regions Colorado, Texas/Oklahoma and Alabama where it sampled deep
convections. Older studies show similar values: 4 ppt at 10 km which took place over
the North Atlantic (Brune et al., 1999), 10 ppt at 12km over North America and
the western Atlantic Ocean (Ren et al., 2008) and 10 ppt at 8 km over the Suriname
rainforest (Martinez et al., 2010). With decreasing altitude, observed HOy mixing
ratios are generally found to increase reaching maximum values near 1km. At this
altitude the median is 22 ppt in the DC3 study and 25 ppt for the OMO campaign
which is in astounding agreement considering the rather different locations of the
campaigns. The other two studies from 2008 and 2010 observed similar daytime
values around 25 ppt near ground, but Brune et al. (1999) did not measure near
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ground, since low altitude flights were after sunset.

The mixing ratio of OH is generally found to change little between the lower and
upper troposphere. Near ground typical median OH mixing ratios are in the range
between 0.18 ppt (this work) and 0.25ppt (Martinez et al., 2010) and at 12km
altitude typical values between 0.3 ppt (this work and DC3) and 0.6 ppt (Ren et al.,
2008) have been reported. Lower values were measured by Brune et al. (1999)
being 0.1ppt at 8km altitude. These findings suggest that HO, mixing ratios at
higher altitudes are globally not very susceptible to the location which is reasonable
considering the constancy of various important precursors, long-lived reactants (e.g.
CO, CH,) and photolysis frequencies during clear sky at these levels. Most local
emissions at ground likely only affect the lower part of the troposphere and lead
to the observed variability in OH, but will be degraded by the time they reach the
upper troposphere.

The median vertical profiles of CO, ozone and methane are relatively constant from
0 to 15 km. This is expected for methane as it is very long lived and thus should
be well mixed. Below the planetary boundary layer median CO takes values up to
120 ppb and decreases to 70 ppb above 4km. The enhanced values below 4 km are
probably due to emissions at ground. Similar observations have been reported by
Brune et al. (2018).

Although the observed median ozone mixing ratio is relatively constant over the
height of the troposphere, considerable variability is observed in the upper tropo-
sphere at a given altitude, which may be partly due to transport from the strato-
sphere. Near ground ozone mixing ratios of 50 ppb are expected and are also found
in Brune et al. (2018). At 12km however DC3 observes a median of 100 ppb while
during OMO slightly decreased values of only 70 ppb are found.

The vertical profile of NO during OMO (cf. Figure 5.8) shows a C-shape with 0.1 ppb
at ground, decreasing to 0.04ppb at 6km in a pronounced minimum and then in-
creasing again up to 0.2 ppb at 12km. Such C-shape profiles of NO have been first
reported from aircraft measurements over the Pacific by Ridley et al. (1987) and over
the Western Atlantic by Drummond et al. (1988). In a model analysis by Ehhalt
et al. (1992), the high NO values near ground were attributed to ground-based emis-
sions, whereas the maximum values in the upper troposphere were explained by fast
vertical transport (deep convection) from the boundary layer, with additional con-
tributions from aircraft emissions, lightning and stratospheric transport. The role
of these processes on the photochemical ozone production in the upper troposphere
has been analysed, for example, by Cooper et al. (2006).

The sharp decrease in water vapour with increasing altitude is well predicted due
to the exponential temperature dependence of the saturation vapour pressure in
Clausius-Clapeyron equation. The photolysis frequency joip depends most strongly
on the solar zenith angle, stratospheric ozone, tropospheric aerosols and clouds. Un-
der cloud free conditions as in the case of OMO-ASIA, joip is expected to show only
small variations with altitude in the troposphere (cf. Figure 2.3). The variability of
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Figure 5.8: Altitude profiles of measured radicals (OH, HO3) and controlling parameters.
Only AirLIF radical data are shown. Median is taken over all data points of the time-series
in the Appendix A.2. Dark-grey: median, light-grey: single measurement, medium-grey
for OH and HO3: 1o calibration uncertainty bands.
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the measurements shown in Figure 5.8 is mainly due to different solar zenith angles.

The observed HO,/OH ratio (cf. Figure 5.8 upper right panel) shows values around
100 near ground and decreases linearly until 11 km with values of 10 and from where
it only decreases marginally with increasing altitude. Other studies exhibit similar
ratios as observed during OMO. For example Cantrell et al. (2003b), Ren et al.
(2008), Stone et al. (2010) and Brune et al. (2018) show HO5/OH ratios of 100-250,
140, 100 and 120 near ground respectively. Cantrell et al. (2003b) discusses this
dependence with respect to NO and for different CO mixing ratios and also finds
that model results under-predict these ratios near ground. Above 10km Ren et al.
(2008) and Brune et al. (2018) show 12 and 15 for the HOy/OH ratio, while Stone
et al. (2010) only measured up to 7km with a ratio of 30 at this altitude.

Going back to HOy, a simple expression for the HOo/OH ratio can be derived by
considering HO» in steady state

d[HO
% = _kc.ron [Ci] [OH] + Pho, — kao, [HO2] = 0, (5.2)

where the sum on the right hand side goes over all species which react with OH to
form HO, such as CO, O3, HCHO, HyO5 and CH30H (cf. Figure 2.4). Pyo, are
primary HO, sources as well as production via ROy + NO (cf. Reaction R13 and
R14) and kpo, is the HO, reactivity which will be dominated by the reaction with
NO and ozone. Here it is assumed that the decay of HNO, of reaction R29 does not
appear, as this reaction is assumed to be in thermal equilibrium with the production
of HNO, from HO3 + NO;y (cf. Section 5.3.2). It is then just a matter of simple
rearrangement to arrive at

HO,] _ Xikc,+om (Ci] Pyo,
[OH] kuo, kno, [OH]

(5.3)

As is confirmed by the model calculations in Section 5.3.1, it is a good approximation
at high altitudes to neglect Pyo, and only consider the first summand in Equation
5.3 where all the quantities are assumed to be accurately measured. Above 7km
this approximation already gives an astounding agreement with the measurements
(Figure 5.8). In the lower troposphere (< 7km), the estimated ratio calculated by
Equation 5.3 starts to deviate from the measured ratio by up to a factor of three,
which must therefore solely come from the second term alone. The calculated ratios
at ground predict a value of ~ 30 compared to ~ 100 for the observation, which
suggests that the production of HOy from ROs conversion (cf. Reaction R13 and
R14) and photolysis of HCHO (cf. Reaction R22) become important in the lower
troposphere, which is consistent with numerous ground-based field observations in
clean (Stone et al., 2018) and polluted environments (Tan et al., 2018).

For a better understanding of the discrepancy, possible contributions to Py, can

be estimated. Two contributions (j”CH%g]CHO] and jcugoOfgi?SOOH]) due to the pho-
tolysis of HCHO and CH3;00H turn out (cf. Section 5.3.2) to only account for a

few percent which is by far not sufficient considering the gap which needs to be
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filled. The production of HO5 from the ROy + NO reaction is difficult to calculate
due to the lack of knowledge in the RO; mixing ratio, but a very rough estimate
can be made by assuming [ROs] = [HO,] in accordance to observations in the lower
troposphere as it has been observed in many ground based field campaigns (Mihelcic
et al., 2003; Tan et al., 2017). With this assumption, the calculated HO5/OH ratio
increases by about a factor of 2 at all altitudes. This leads to improved agreement
for the observed HO,/OH ratio below 4km, but to a large over-prediction above
4%km. This indicates that the ROy/HO, ratio must be much smaller than one in the
upper troposphere.

The quantities kgo, and Pyo, in Equation 5.3 both depend on ROs. In kyo, there is
an additional loss due to the reaction ROy + HO, (cf. Reaction R26), while in Pyo,
the main reaction is controlled by ROs + NO (cf. Reaction R13). Writing Equation
5.3 as

14 kro,+N0[RO2][NO]
[HOQ] . > ko, vrom [Cz] > ke, +ou(Ci][OH]
[OH] - kIO{OQ 1+ kRO, +10, [RO2]

0
kpo,

(5.4)

where the superscript 0 stands for the base case without RO,, it can be seen that
the HO,/OH ratio increases with RO, relative to ROy = 0. For the base loss rate
kfo, A~ 0.051/ is used (taken from flight data, it is governed by NO and O3). Sim-
ilarly the secondary production via OH gives Y, k¢, rom [Ci] [OH] &~ 1 x 107 1/em?s
at ground conditions (taken from flight data). As rate constant for ROy with NO
8.8 x 10712em?/s is assumed, while for HO, they vary between 5 x 10712 em®/s and
2 x 1071t em®/s for different RO, species. To explain a factor of three at 1 - 2 km
altitude, ROy mixing ratios must then lie in the range of 30 and 50 ppt, which is in
comparison to HOy (21 - 32 ppt) a realistic range (Mihelcic et al., 2003; Tan et al.,
2017). With increasing altitude (up to 7km) the importance of RO, as HOy-source
decreases significantly. This hints that generally reactive non-methane VOCs are
not transported much further up, which is in accordance with transport times of
air-masses and the life-time of these more reactive VOCs.

Above 7km, the HO, formation is dominated by the reaction OH + CO (cf. Reaction
R8), whereas kuo, is mainly controlled by the reaction HOy + NO (cf. Reaction
R15) forming OH. Apparently, Reactions R8 and R15 control the partitioning of
HO, in the upper troposphere, which also explains the observed positive correlation
between NO and OH, and the anti-correlation between NO and HO, on flight #20
at high altitudes (Figure 5.5). Comparable results were obtained by (Wennberg
et al., 1998), when they performed first measurements of OH and HO, in the upper
troposphere over the Pacific Ocean near Hawaii. Reactions R8 and R15 do not only
determine the HO, partitioning, but also control the radical cycling that leads to
photochemical ozone production in the upper troposphere (Wennberg et al., 1998).
Similar results were obtained in airborne studies above North America and the North
Atlantic (Brune et al., 1999; Jaegle et al., 1999; Ren et al., 2008).
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5.3 HO, model analysis

In this section atmospheric-chemical box-model calculations for OH and HO4 will be
presented and compared to the OMO-measurements. The investigative focus will
lie on the upper troposphere where most of the measurements took place, and it
will be analysed to what extent the radical chemistry is understood herein. Some
limitations concern the incompleteness of various trace-gas measurements which are
needed as input (constraint) for the box-model. However the results will still be used,
to obtain insights in the most important production- and destruction processes for
OH and HO», and to deduce an altitude profile.

5.3.1 Box model

A zero-dimensional box model was used to calculate steady-state radical concentra-
tions for OH, HO5 and RO, using an integration time of 10000s. RACM2 (Goliff
et al., 2013) was used as a state-of-the-art gas-phase chemical mechanism. No hetero-
geneous chemistry (e.g., uptake of HO5 on aerosol or water particles) was included,
since no flights were done within clouds. The differential rate equation systems were
solved by FACSIMILE (Malleson et al., 1990) using the compiler program EASY
(Brauers and Rohrer, 1999) for easy handling of the program input (chemical equa-
tions and boundary conditions). Some minor modifications were done: a general
dilution loss rate of 5 days was assumed for all substances and the OH + CO reac-
tion rate constant was replaced by the recommended JPL version (Burkholder et al.,
2015).

Table A.1 (Appendix A.3) shows the chemical species and photolysis frequencies
which are important to the box model. O3, H,O, CO, CHy, H,O5, ROOH, acetone,
CH30H and NO were constrained by in-situ measurements. Experimental data gaps
for CO and H,O were filled with global atmospheric-chemistry model (EMAC), re-
sults made available by A. Pozzer (MPIC Mainz) on the HALO data archive for
OMO (see footnotes in Table A.1). For CO, data gaps were filled on the first half
flight of 6 August, and on 15, 23 and 27 August. After the transfer flight to Gan,
water vapour measurements were only available restrictedly, as the SHARC hygrom-
eter got damaged. Thereafter, only measurements at lower altitudes were available
from the less sensitive VAISALLA humidity sensor. EMAC data were also used re-
placing missing measurements of HNO3, HCHO and CH3CHO. For H, a fixed value
of 550 ppb was used. Non-methane hydrocarbons (NMHC) were set to zero in the
model due to the lack of measured data. For benzene, toluene and isoprene only
few measured data are available. These were not used because the available data
were at the limit of detection (72ppt for isoprene, 20 ppt for the aromatics). The
potential role of missing VOC data is discussed later. Photolysis frequencies were
constrained by measurements (cf. Table A.1). For the calculation of air number
densities and reaction rate constants, static pressure and temperature supplied by
BAHAMAS (cf. Table B.2) were used.

Generally EMAC model data and measured HoO and CO show agreement within
20 % during temporal overlap giving trust in using EMAC data as replacement of
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missing measurements. Variation of the input data for HNO3 and CH3CHO by a
factor of 2 has negligible influence (< 1%) on the modelled HO, concentrations. A
corresponding variation of the HCHO input changes the modelled OH and HO, by
up to 20 % in the upper troposphere and up to 5% below 5 km.

The base model was run into equilibrium assuming a steady state time of 10 000s.
Theoretically this should be at least twice as much as the longest occurring life-time
which at present is the assumed dilution loss rate of 5 days (except for decomposi-
tion processes as in PAN and HNO, at very cold temperatures). This was tested
in the model and only affected the result up to a few percent. However such long
integration times are not sensible, since certain boundary conditions such as the
constancy of photolysis frequencies are not fulfilled, but in essence this means that
calculated species with a long lifetime only influence the HOy chemistry very weakly
in the present case.

Besides HOy, also other trace gases (NOg, HONO, PAN, HNO,) were simulated
by the box model. HONO and NO, are relatively short-lived due to photolysis
at all altitudes. Therefore they reach photo-stationary state (NOg <> NO + Og;
HONO <+ OH + NO) in the model within the chosen integration time. PAN and
HNO, are expected to reach thermal equilibrium within the model integration
time only in the lower troposphere (cf. Reaction R43, R30), while above 7km
the thermal dissociation is slow due to the cold temperatures and plays no role
in the model (THNO4,A,7km = 2500s, THNO4,A8km = 10000s, TPAN,A,7km = 12d,
TpaN,Askm = 116d). Assuming initial concentrations of zero, the formation of PAN
and HNOy constitutes an effective radical sink in the model above 7km. The rele-
vance was tested by turning off the entire production of these reservoir species. A
negligible effect of PAN was found, because at high altitudes the branching ratio
with respect to the formation of PAN is small compared to the other reaction with
NO to form CH30, (cf. Figure 2.4). On the other hand, for HNO,4 the maximum
impact on the modelled HO,, is 10 %.

5.3.2 HO, model measurement comparison

Figure 5.9 shows the OH and HO, vertical profile of measured (grey) and modelled
(blue) mixing ratios from 0 to 15 km. Furthermore, observed-to-modelled ratios
are used to evaluate how well the model agrees with observations. The evaluation
considers the experimental 1o uncertainty of OH and HO; (cf. Figure 4.28) and an
estimated 1o model error of 20 % representing errors of reaction kinetic data (Brune
et al., 2018). Figure 5.9 also shows the modelled and measured HO,/OH ratios
and their ratio. The additional uncertainty caused by the model input parameters
(Table A.1) will be discussed separately below.

From a qualitative perspective measurement and model altitude profiles of OH and
HO; do agree reasonably well. Between 7 and 11.5 km altitude OH agrees within the
combined uncertainty, while above the model results overestimate the measurements
by up to a factor of 2. Similarly below 7km the model predicts up to a factor of 2.5
of the observations. In contrast HO, measurements and model results agree within
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Figure 5.9: Vertical profile of modelled and measured OH, HO2 and HO2/OH during
the OMO flights. Experimental data are the same as shown in Figure 5.8. Left: Shaded
dots and crosses represent measured (grey) and modelled (blue) 1-minute data points. Big
triangles and crosses denote median values over 1km bins. Right: Observed-to-modelled
ratios. Vertical dashed lines enclose the range of model-measurement agreement. The
width is given by the combined uncertainty (+1c) calculated from the uncertainties of

measurement and model.
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their combined uncertainty up to 11.5km and only above the model overpredicts
by a factor of 2.5. This happens in the same way as for OH, resulting in a correct
prediction of the HOy/OH ratio between 7 and 15 km. Below 7km the ratio starts
to deviate up to a factor of 3 (cf. Figure 5.9). This was already encountered in the
previous discussion at the end of Section 5.2.3.

In order to understand the altitude profiles, it helps to look at Figures 5.10 and
5.11 for the production and loss rates of OH and HO, respectively and consider the
steady state equations for the mixing ratios

~ Fom

TOH = k‘oH [l\ﬂ (5.5)
_ PH02

THO, = kHOQ [Nﬂ . (56)

Pon decreases continuously over almost two orders of magnitude from 0 to 15 km,
while koy decreases a bit more than one order of magnitude. As is well known, the
number density will also be reduced according to the ideal gas law and the baro-
metric formula by about a factor of 5 from 0 to 15 km. In effect the mixing ratio
stays almost constant, slightly increasing. Generally all chemical reaction processes
decrease in rate with increasing altitude, leading to elevated OH and HO, life-times.
This is mainly due to the reduced collision rate of the molecules, but can be super-
imposed with changes in the kinetic reaction constants that are potentially pressure
and temperature (with positive or negative activation energy) dependent.

The most important OH sources (cf. Figure 5.10, top right panel) are the recycling
reactions of NO and O3 with HOy which together make up for 86 % above 11km
and 67 % below 2km (cf. Appendix Figure A.16). In the lower troposphere (up to
7km) the primary production viz O(*D) + H,O also contributes significantly (26 %
below 2km), but above 11km this contribution makes up for only 1% of the total
OH production.

According to Figure 5.10 (bottom right panel) the major contribution to kon comes
from the reaction with CO followed by methane and ozone (> 11km: 73 %, < 2km:
60%). Their fraction is relatively constant over all altitudes as all these species
are long-lived and well-mixed in the troposphere. Pronounced discrepancies in the
smaller contributions are due to NO and NO, with a fraction of 4.4 % and 1 % above
11km, respectively, while below 2km this picture is reversed i.e. 1.7% and 7.2 %,
respectively. This change is most likely attributed to the NOy/NO reversal between
the upper and lower troposphere. Formaldehyde values should be viewed with cau-
tion as different EMAC models (FZJ vs. MPIC) seem to deviate up to over a factor
of 2 (cf. Section 5.3.3). Above 11km formaldehyde contributes only 2.4 % of the
total reactivity, while below 2km the value increases to 7.1 %. It should be kept in
mind that HCHO only acts as a recycling agent, but not as an actual sink in this
context. A similar argument is true for methanol, but the difference in the upper
and lower troposphere is not very pronounced. Lastly molecular hydrogen with as-
sumed constant mixing ratio, contributes four times more to OH reactivity in the
very lower troposphere than above 11km. A distinct contribution also arising stems
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Figure 5.10: Left: Total OH production (top) and reactivity (bottom). Right: The
most prominent contributions to the OH production (top) and reactivity (bottom).
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most prominent contributions to the HO2 production (top) and reactivity (bottom).
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from methyl-hydrogen-peroxide (> 11km: 6.3%, < 2km: 9.2 %), but this reaction
partly retains OH and the other part yields RO, in the form of CH305 and will even-
tually recycle. The radical-radical termination reaction with HO4 contributes in the
same amount above 11km and below 2km. The reaction OH + NO <> HONO as it
appears in Figure 5.10 is in photo-stationary state and does therefore not contribute
to the OH mixing ratio. It is remarkable that more than 95% of OH reactivity
is explained by only a few reactants with an overall rather basic chemistry. The
total kop decreases roughly exponentially with altitude, since its major contributors
(CO, ozone, methane) follow the ambient number density with their roughly con-
stant mixing ratios.

The HO, reactivity is dominated by the reaction with NO, which has a C-shaped
altitude profile (cf. Figure 5.8). At low altitudes, kyo, decreases with height. This
changes at about 7km when the NO mixing ratio has a minimum and starts to
increase again with altitude. This effect is enhanced due to the further temperature
decrease and the negative activation energy of NO + HO, and completely outweighs
the decrease in number density, even leading to a slight increase in kyo,. Note that
at the same time the loss rate is almost only driven by the reaction HO5 + NO
(cf. Figure 5.11, bottom right panel). While the dominant reaction is always with
NO, near ground there is also a higher contribution due to ozone and the HO, self-
reaction (5.3 % and 9.3 %, respectively).

Pyo, on the other hand steadily decreases with altitude, resulting in the strong
decline in the HO, mixing ratios. HOy production is dominated by the reaction
OH + CO at all altitudes contributing 61 % above 11km and only 34 % below 2 km
(cf. Figure A.18). This is followed by the reaction CH3O4 + NO which has a similar
portion at all altitudes with roughly 16 %. All the other recycling reactions with
OH (O3, HCHO, Hy0,, CH30H, H;) together make up for about 15 % above 11 km
and 21 % below 2km. As was already seen in the OH reactivity discussion, HCHO
and Hy contributions are enhanced in the lower troposphere. In addition HCHO
also constitutes a primary source for HO, due to photolysis. This behaviour is
reversed with only 3.2 % of the total production below 2km, but 7.1 % in the upper
troposphere. Note that there is another major reactant near ground, namely NO,
forming HNOy. At typical mid-latitude temperatures this intermediate is however
unstable and therefore decays back into its educts which can be seen by looking
at Figure 5.11 (right panels) where the same portion arises as HOy production due
to HNOy decay as in HOq reactivity with NOg. Even though the effect is small -
because of NO being that dominant - it can be also seen that at high altitudes a
small reactivity with NO; remains, which however looking again at Figure 5.11 (top
right panel) now does not any more appear as production. The reason has already
been discussed in the introduction, as the cold stabilizes HNOj.

5.3.3 Model uncertainties

The altitude profiles suggest that the discussion is split into three regimes:

o Altitude Range 0-7 km
OH is overestimated by a factor up to 2.5, while HO, is predicted correctly
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within the combined measurement uncertainties. The HO5/OH ratio however
is underestimated by up to a factor of 3.

e Altitude Range 7-11.5 km
Both OH and HO, as well as the HO,/OH ratio are all correctly modelled
within the combined known uncertainties.

o Altitude Range 11.5-15 km
OH is overestimated by up to a factor of 2 and also HOy model results over-
shoot by up to a factor of 2.5. Nevertheless the overestimation is cancelled in
the HO2/OH ratio, thus giving an excellent description of the measured ratio.

Altitude Range 0-7 km

The large over-prediction of OH in the model has two possible explanations. One
option is a too large OH production rate. According to Figure 5.10 the main OH
sources below 7km are the photolysis of ozone (~ 26 %) and the reaction of HO,
with NO (= 61%). The quantities O3, HyO, joip and NO used to constrain the
OH production rate in the model have been measured with good accuracies and
the modelled HO, agrees well with the measured HO,. For these reasons, the OH
production rate appears to be well determined and is not likely responsible for the
over-prediction of OH. A more likely reason is an underestimation of the OH loss
rate, because data for non-methane VOCs are missing as constraint (cf. Section
5.2.3). A sensitivity run with additional VOCs in the form of 50 ppt isoprene -
leading up to 2ppt of isoprene-peroxide radicals - for 0-7 km constitutes a major
improvement of the predicted OH, while HO, remains in relative good agreement
with the observations (Figure 5.12). The decrease in OH can be seen in two different
ways.
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Figure 5.12: Addition of 50 ppt isoprene below 7 km.

On the one hand it is a direct effect of isoprene and its degradation products (e.g.
MACR, MVK, Aldehyde) on the OH reactivity increasing it from 1.31/s to 1.71/s at
e.g. 2km. On the other hand, from Equation 5.4 it is seen that the HO,/OH ratio
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increases due to the presence of RO5. Total HO, then slightly decreases, as the total
RO, production and reactivity are essentially the same as for HO, without isoprene
present. In particular some lost HOy self-reactivity (OH + HOq, HO5 + HO») will be
compensated by the new reactions OH + RO, and HO5 + RO,. After all, RO; has
to be subtracted from RO, to yield the HO, concentration. It then follows from the

identity [OH] = U[I%O]’;]l that OH decreases. A similar argument can be applied to
OH

HOs for which the lower secondary production via OH is partly compensated by the
elevated direct production from ROy + NO. Since [HOo] s, 1, the increased HO,/OH

[OH]
. T ) 53t oy
ratio hardly changes the pre-factor of the similar identity [HOo] = o There-

H

fore HO, primarily only changes due to the reduction in HO, whi[(?h] is much less
pronounced. This qualitative analysis can be also made quantitative: Total HO,
before the introduction of isoprene can be taken from Figure 5.9 and is about 26 ppt
for 2 to 5 km altitude. In the presence of isoprene, this will be in the form of ROy
which then gives [HO4] ~ 26 ppt — 2ppt = 24 ppt. From Figure 5.12 (right panel)
the HO2/OH ratio can be read, giving [FO%Q]] ~ 60 and hence [HOs] ~ 23.6 ppt while
[OH] =~ 0.4 ppt in accordance with Figure 5.12 (left panels).

Generally very little is known about non-methane VOCs from measurements dur-
ing the OMO flights. Some halogenated VOCs (e.g. CH3Cl) were measured by the
SOFIA instrument (MPI-C) serving as tracers for anthropogenic pollution (Lelieveld
et al., 2018), but did not play any role as OH reactants due to their small concentra-
tions and reaction rate constants. Toluene and benzene were occasionally detected
by KMS (PTR-MS, KIT) and SOFIA at very low concentrations in the low ten ppt
range. Also these compounds did not play a role as OH reactants. In principle,
KMS could have detected isoprene, but the measurements were below the limit-of-
detection of 72 ppt at almost all times, though already a few tenth ppt would already
have a significant impact on HO,. Nevertheless, EMAC model results predict only
very low mixing ratios (< 0.001 ppt), which is not unreasonable for most flights over
regions with little or no forests e.g. Arabian Peninsula, Arabian Sea and the Indian
Ocean. As isoprene is very short-lived, it will be predominantly encountered in re-
gions with high ground emissions (Apel et al., 2012). Evidently other VOCs than
isoprene, with a similar reactivity as that of 50 ppt of the latter (= 0.11/s) would
qualify just as well in the discussion above. Ultimately however the role of VOCs
during OMO - in particular in the lower troposphere - can not be fully clarified due
to lack of data.

Altitude Range 11.5-15 km

Above 11.5km both - OH and HO, - are progressively overestimated by the model,
while the HO2/OH ratio is predicted within the combined uncertainty. The latter
is mainly governed by the HO, recycling agents CO and NO (cf. Equation 5.3).
The over-prediction of OH and HOy by a similar factor suggests that either not
all HO, termination reactions are accounted for, or the primary HO, production
is overestimated. From the point of HO, destruction, the most significant con-
tributions stem from the reaction OH + CH, and OH + HO, making up for 25 %
each. However, only the latter is an actual sink since the former in the presence
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of NO will recycle HO,. Another 15% each are due to the HO, self-reaction and
OH + CH300H of which only the former is again an actual sink. The reaction of
OH with CH300H will partly retain OH (35 %), while the rest forms CH30, and
will thus recycle to HOy in the presence of NO. The remaining 20 % constitute an
actual sink (HOy + NOy, HOy + CH30,, OH + NO4, OH + HNOj3, OH + HNO, with
similar magnitudes). Since HO, is over-predicted by over a factor of 2, this also
means that the contribution to kpo, from termination radical-radical reactions is
over-estimated by roughly a factor of 2, which is substantial because the radical-
radical HO, loss rate is 40 % of the total HO, loss rate at present. A potential
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Figure 5.13: Reduction of precursors HyO2 and CH3OOH by measurement uncertainties
25 % and 28 %, respectively. HCHO is taken from EMAC FZJ instead of EMAC MPIC
and additionally includes the HCHO + HO3 — HOCH20 chemistry which is a major sink
for HCHO and reduces HCHO by up to over a factor of 2 compared to EMAC MPIC.

missing sink would thus have to compensate this radical-radical sink, before it has
an effect on the concentration. In terms of the reactants already present there is
also not much room to account for this as methane can be assumed to be accurately
measured. Also NO, can be expected to be calculated to decent accuracy, while
CH305 would be smaller and not larger if HO, is smaller. Sufficient uncertainties
can also not stem from HNO3 (EMAC) and HNO, (calculated), since together they
contribute only about 6 % to the total HO, loss rate. Other possible sinks that are
not incorporated in RACM2 are the formation of methyl-peroxy-nitrate. Its effect
is similar to that of HNO, (generally: alkyl-peroxy-nitrates), whose impact on HOx
was about 10%. In view of findings during biomass burning events where several
hundred ppt of different VOCs are measured in the upper troposphere - leading to
C-shaped profiles similar to those of NO - that were transported by deep convection
(Apel et al., 2012), it can not be fully excluded that unknown VOCs will partially
contribute to an effective HO, sink. This is because ROys formed by the reaction
with OH do not necessarily recycle to HO,, but can also form alkoxy-nitrates or
alkyl-peroxy-nitrates which can be stable in particular under cold conditions. How-
ever as mentioned in the previous paragraph, given the lack of forestal coverage at
the campaign site of OMO, it does seem more unlikely than overestimated primary
sources.
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The most important HO, sources are the photolysis of HCHO (43.7%), HyOq
(23.3%), CH3;00H (25.9%) and O3 (7.1%). By reducing the precursors HoOy and
CH300H by their measurement uncertainties (25% and 28 % respectively at all
altitudes) and replacing HCHO MPIC EMAC values by the corresponding HCHO
FZJ EMAC model results (D. Taraborrelli, personal communication), the general
tendency is improved by about 50 % (cf. Figure 5.13). The likely reason for the dif-
ferences in the modelled formaldehyde is the inclusion of the reaction of HCHO with
HOs in the FZJ EMAC model, which leads to the formation of hydroxy-alkyl-peroxy
radicals, HOCH5O,

This reaction is strongly temperature dependent. At low temperatures in the upper

troposphere, HOCH,O, is formed and can undergo various loss reactions for exam-
ple with HO5 or NO, which overall constitutes a loss mechanism for formaldehyde.
This chemistry was first described in a theoretical study by Hermans et al. (2005),
who proposed about 30 % loss of formaldehyde and, by a similar mechanism, also for
acetone in the tropical tropopause region. The formation is relatively slow with a
rate constant of only 2.2 x 10713 em® s at 200 K, decreasing as temperature increases
being 7.8 x 1074 em®/s at 300 K. Although reaction R49 has a significant impact on
HCHO, it contributes only little to the total loss rate of HO,. This also implies that
the HO5/OH ratio should not change by inspection of Equation 5.3, since HyO, and
HCHO are negligible in the secondary production of HOs, because it is governed by
CO and other species (cf. Figure A.17).

Evidently there is not only the concentration going into the HO, production rate,
but also the photolysis frequencies. The uncertainty for HCHO is relatively high
with 15 %, because of the lack of data on the quantum yields (B. Bohn, personal
communication). Errors for the photolysis frequencies of CH;O0H and HyO, are
also 15% (cf. Table A.1). More unlikely, but not impossible, these values could
add up on the total uncertainty of the concentrations to reduce the HO, production
even further. This however is not done in further detail, but should emphasize that
the reduction of the concentrations implemented as an estimate for the uncertainty
in the production of HOy as in Figure 5.13 is by no means an upper limit, but a
reasonable overall deviation.
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Chapter 6

Summary and Conclusions

The goal of this work was to investigate the chemistry of atmospheric OH and HO,
radicals in the upper troposphere during the Asian summer monsoon period 2015
within the Oxidation Mechanism Observation (OMO) campaign. Concentrations of
OH and HO, were measured by a laser-induced fluorescence instrument (AirLIF) on
the German research aircraft HALO between the Mediterranean Sea and the Mal-
dives in the Indian Ocean. The measured data are compared to theoretical model
predictions in order to test the understanding of atmospheric oxidation processes.
For this purpose the precedingly developed AirLIF instrument at Forschungszen-
trum Jiilich was thoroughly characterized in the laboratory and different calibration
concepts applied and compared. The radical measurements during OMO were then
evaluated and a zero-dimensional chemical box-model calculation for the expected
OH and HO2 radical concentrations was tested against the measurement results.

The OMO campaign took place from 21 July until 27 August 2015 and was divided
in three phases. Till 01 August 2015 HALO was stationed on the airport of Pa-
phos (Cyprus) and mainly flew over Cyprus and the Mediterranean Sea. During the
second phase HALO was stationed on Gan (Maldives) aiming for the flight targets
Bahrain and Sri Lanka, west and east of India respectively. From 10 August till
the end of the campaign, HALO was again stationed on Cyprus and covered the
Arabian Peninsula, Egypt and Greece as primary flight targets. At the end of the
campaign for two flights Mount Etna was visited. In total OMO Asia comprised
17 flights up to 15km of which AirLIF measured 2/3 of the time. Other institutes
involved in OMO were the Karlsruhe Institute of Technology (KIT), the German
Aerospace Center (DLR), the Max-Planck Institute for Chemistry (MPIC Mainz)
and the universities Bremen, Wuppertal, Heidelberg and Leipzig. The MPIC Mainz
provided a second LIF instrument measuring OH and HO2 radicals contemporane-
ously for the first time.

Throughout the campaign, the AirLIF instrument measured OH and HO, with good
signal-to-noise ratios in both channels. Air was sampled from outside the aircraft
through critical orifices and guided by inlet tubes into detection cells inside the air-
craft. OH sampling took place inside of a shrouded inlet in order to minimize OH
losses in the inlet tube. The HO, channel did not have such a shrouded inlet. The
pressure in the inlet tubes and cells was reduced by a factor 30 to 100 compared to
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ambient pressure. OH was directly detected by LIF in the OH cell, whereas HO,
was first converted by reaction with NO to OH in the other cell. The conditions in
the measurement channels changed with flight altitude, which is expected to cause
considerable variations of the detection sensitivities.

Different calibration concepts have been applied and combined to determine the OH
and HO, detection sensitivities as a function of flight altitude, ambient pressure and
temperature. These include the well-established ground-based calibrations between
flights to track the absolute sensitivities. The relative dependence with altitude was
measured in the laboratory using a newly designed photochemical radical source
which allows calibration at reduced pressure to simulate ambient air pressure at
flight conditions. For the OH-channel as an additional option an in-flight calibra-
tion unit inside the shrouded inlet was used. It is however limited to below 10 km,
because the radical production by the artificial photolysis of ambient water vapour
becomes too small.

During the laboratory characterization of the HOy channel a fluid dynamical effect
on the HOy nozzle was discovered which is due to the lacking shrouded inlet and
lead to an overestimated HO, inlet pressure which was assumed to be static ambient
pressure. It was possible to correct this by calculating the true mass flow through
the nozzle using the computational fluid dynamics (CFD) software ANSYS Fluent.

When the in-flight calibrations and the laboratory pressure dependent calibrations
were scaled to those done at ground conditions during OMO, the former two showed
a convincing agreement in relative dependence giving trust in the characterization
results. Over the altitude range up to 15km the OH and HO, measurement sensitiv-
ities vary by factors up to 11 and 81, respectively. This strong altitude dependence
is mainly driven by pressure dependent quenching of the OH fluorescence inside the
measurement cell. For OH, wall losses inside the inlet tube also play an important
role which are controlled by the mass flow through the inlet tube. For HOy wall
losses are neglectable, but the conversion efficiency from HO5 to OH will change with
flight altitude. It crucially depends on the square of the volume flow through the
measurement cell. Above 12km there is an unexpected discontinuity in the pressure
dependent calibration curve for OH and HO,, which is presumably caused by abrupt
changes in the flow conditions of the gas expansion that will influence the OH wall
loss and HO, conversion efficiency. In the vicinity of this jump the measurement
sensitivity changes abruptly by a factor of 1.5 for OH and 2.4 for HO,, albeit in
opposite direction.

To simulate the in-flight conditions, other research groups have confided in using
different nozzle sizes to change the mass-flow through the system instead of varying
ambient pressure. As part of a consistency check, both methods have been compared
in detail and it is confirmed that they essentially agree. However, discontinuities
in the pressure dependence of the OH calibration curve are presumably related to
a change in conditions of the gas expansion and are thereby unique to a specific
nozzle. The correct detection of this jump in sensitivity is therefore limited to the
newly developed radical source.
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In addition to the OH and HO, measurements it was originally planned to measure
ROs. During OMO the HO4 cell cycled between the HO, and RO, mode every three
scans by adding NO at the top of the inlet tube. This specific design without an
intermediate nozzle - which would serve as a chemical reactor - lead to an abrupt
signal break down at higher altitudes whose behaviour was not clear at first. In
hindsight it is most likely due to the low mass flow and as such low volume flow rate
through the tube caused by the fluid dynamical effect discussed above, which leads
to premature conversion to OH with subsequent loss of OH at the walls. For future
aircraft based campaigns these results suggest the use of a shrouded inlet also for
the HOQ/ROQ cell.

The ozone-water interference on the OH channel is at most 20 % at ground, but neg-
ligible above 3km (< 3%). On the HO, channel, both the ozone-water interference
and the NO interference are negligible over all altitudes (< 1%). From tests during
OMO-EU it was known, that due to the lack of a shrouded inlet on the HO, cell,
OH does not have to be subtracted prior to evaluation, since it is lost inside the
inlet tube.

The OMO campaign offered for the first time the opportunity for an in-flight inter-
comparison of two HO, measurement instruments over the full height of the tro-
posphere. OH and HO, showed a good agreement between AirLIF and HORUS in
the time-series plots, both in absolute numbers within the combined measurement
uncertainties (OH: 13% for AirLIF, 21 % for HORUS; HOg: up to 35% for Air-
LIF, 28 % for HORUS; 1¢), but also in relative correspondence. This excludes the
flight on 06 August 2015 where HO; HORUS and AirLIF differ by over a factor of
3. A comparison of the mixing ratios on the other flights at these altitudes how-
ever indicates that the problem lies most likely on HORUS side. The general good
agreement also manifests itself in the correlation plot (HORUS vs. FZJ) including
all overlapping data throughout the campaign. OH shows a slope of 0.91 (forced
through zero) with a correlation coefficient of R? = 0.56. The relatively small cor-
relation coefficient can be explained by the low natural variability of the measured
data, which in most cases were measured at constant flight levels. For HO, the
slope is very close to 1 with 0.98 (forced through zero) while also the correlation
coefficient is relatively high with R? = 0.88. Before the mass-flow correction due
to the streamline curvature over the HOy nozzle both values were decreased by a
factor 2 to 3 and the data appeared highly dispersed while with the correction the
data appear very compact. This confirms the application of the correction besides
its theoretical justification.

In a next step the altitude profiles were analysed. Important controlling parameters
(CO, NO, methane, ozone and water) were adducted first and compared to other
studies. It is found for example that the C-shaped NO profile has been observed
before and can be explained by fast vertical transport (deep convection) from the
boundary layer. Likewise CO, methane, ozone and water vapour profiles match
those found in other studies (cf. Section 5.2.3). Finally, OH and HO, mixing ratios
from previous campaigns over the Pacific, the Atlantic and North America show
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similar vertical profiles and OH generally shows only little variation between the
lower (0.25ppt) and upper (0.4ppt) troposphere. In contrast HOp mixing ratios
vary greatly with 25ppt at 1km and only 1-2 ppt at 15km. A simple analytical
expression for the HO2/OH ratio — derived from the recycling reactions between
HO; and OH — was used assuming photo-stationary state (cf. Equation 5.3), which
predicts the measured ratio down to 6 km while below the ratio is underestimated
by up to a factor of 3. This gap in the lower troposphere can be closed if RO, mixing
ratios are incorporated and assumed to be in the range of 30 to 50 ppt which is in
comparison to HOy (21-32 ppt) a realistic range. Evidently the importance of RO;
as an HO, source decreases significantly with altitude. Above 7km the HO, forma-
tion is dominated by the reaction OH + CO, whereas the HO, reactivity is mainly
controlled by the reaction HO5 + NO forming OH. These two reactions control the
partitioning of HO,, in the upper troposphere, which explains the observed positive
correlation between NO and OH and the anti-correlation between NO and HO, for
example on flight #20 at high altitudes.

Finally, measured OH and HO, concentrations were compared with steady-state box
model calculations using RACM2 as a chemical mechanism. The model was con-
strained by measured trace gases and photolysis frequencies. The constrained pa-
rameters include CO, NO, methane, ozone, water vapour, HyOy, CH30OH, acetone,
methanol and photolysis frequencies. Missing measurement data for formaldehyde,
acetaldehyde and nitric acid were substituted by simulated data from the global
atmospheric-chemistry model EMAC operated by MPIC (Mainz) and molecular hy-
drogen was set to a fixed value of 550 ppb. For all compounds a dilution loss rate
of 5 days was assumed. The reaction rate constant for OH + CO was replaced by
the recommended JPL version. Other than methane hydrocarbons were set to zero,
because measurements were at limit of detection. Compounds as PAN or HNO,
play no role on the HO, budget in the lower troposphere while they can become a
sink in the upper troposphere where they are stabilized by the cold. It was checked
if these contributions remain small when the reactions are switched off. For PAN
the impact is negligible and HNO, affects the HO, budget no more than 10 %.

The model-measurement comparison shows good agreement between 7 km and 11.5 km
in OH and HO,. Below 7km OH is overestimated by a factor of 2.5 while HO, is
predicted correctly within the combined measurement uncertainties. This leads to
an under prediction of the HOy/OH ratio by up to a factor of 3. It was shown that
the addition of a small amount of OH reactivity (0.11/) due to unmeasured VOCs
close the gap for OH, while HO, stays in agreement within the combined measure-
ment and model uncertainties. Only below 2 km a discrepancy of the HO,/OH ratio
of 2.5 remains. Above 11.5km the situation is different in that OH is over predicted
by a factor of 2, but also HO, by a factor of 2.5. Therefore the HO5/OH ratio
is predicted correctly within the combined measurement and model uncertainties.
This indicated that there either is a missing HO, termination reaction or an over-
estimated HO, primary source. No plausible missing HO, sink could be identified.
The over-prediction of HO, by the model is more likely caused by an overestimation
of the HOy precursors which mainly include HCHO and peroxides (CH3OOH and
H03). In a sensitivity run, the HCHO values simulated by the EMAC model at
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MPIC were replaced by simulated data from the EMAC model operated at FZJ,
which includes an additional loss for HCHO by reaction with HO,. The resulting
reduction of HCHO by a factor of 2 and reducing the measured peroxides by their ex-
perimental uncertainties, improved the OH and HO, prediction by about 50 % while
the ratio does not change. Because of these limitations on the correct prognosis of
the model, it is advisable for future aircraft campaigns to lay more stress on VOC
and HCHO measurements, as they seem to be key-players for a proper understand-
ing of the atmospheric chemistry in the lower and upper troposphere respectively.
In the same way it would be also beneficial to measure ROy on future campaigns,
since they directly influence HO, and could give further insights in possible missing
RO, sources and their implications on the HO, budget.
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A.1 Individual Flight Tracks

The figures below show all OMO-ASIA flight tracks during which AirLIF was mea-
suring. The figure captions give dates and flight numbers (#).

Figure A.1: Left: 21.07.2015 (# 08), Right: 25.07.2015 (# 09)

Figure A.2: Left: 28.07.2015 (# 10), Right: 01.08.2015 (# 11)
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Figure A.5: Left: 25.08.2015 (# 23), Right: 27.08.2015 (# 24)
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The figures below show OH, HO5 and NO measurement results for each flight. From
6™ of August MPIC data is included for comparison. Error bars show 1o precision.

A.2 Measurement results for each flight
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Figure A.6: Transfer flight from Oberpfaffenhofen to Paphos (Cyprus).
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Figure A.7: Circling over Cyprus with a short excursion into Turkey.
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Figure A.8: Circling over the Mediterranean.

[wy] epniniy

[01n] swn

00:¥1 00-¢l 00-01 0080 00-90

—_
1 1

opMNE——
ON e
-y

. .

.

OldIN e
- fZ4e

M mwm

L OIdIN e
VAR

|1 equinuiyblly ‘G10Z°80

00

80
0L
10

Figure A.9: Transfer flight from Paphos to Gan (Maldives) with stop in Bahrain.
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Figure A.10: Flight from Gan to Bahrain.
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Figure A.11: Flight from Paphos over Saudi Arabia.
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Figure A.12: Second flight over Saudi Arabia.
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Figure A.13: Flight from Paphos to Egypt and back via south Greece.
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Figure A.14: Second flight over Egypt with excursion to Mount Etna and back to Paphos
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Figure A.15: Transfer flight back to Oberpfaffenhofen with another excursion to Mount

Etna.
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A.3 Available Data

Table A.1: List of chemical compounds that are simulated by the chemical box-model
in this work, or are constrained by measurements on board of HALO. Missing input data
for long-lived species are taken from a global simulation model (EMAC).

Model

Compound  Output  Constraint  Uncertainty [%]  Data Source
Radicals OH
HO,
RO,
Radical O3 2 FAIRO!
Precursor
H2O 5-20 SHARC?
Hs0- 25 TRIHOP3
CH;00H 28 TRIHOP?
HONO
HNO; EMAC*
HCHO EMAC*
CH3CHO EMAC*
HNOy4
Acetone 10 KMS®
OH CcO 3-20 TRIHOPS
Reactants
CH,4 <1 TRIHOP®
Isoprene 10 KMS®
Toluene 10 KMS®
Benzene 10 KMS®

L FAIRO data from HALO database. Datasets #4025-#4042 from 2016-05-29.

2 SHARC data from HALO database. Datasets #3946-#3949, #3951-#3953, #3674-#3691
until 2016-05-04. After 08-01, data from the Vaisala Sensor (BAHAMAS) was used for altitudes
below 8 km. Generally, and in particular after 08-01, EMAC model results were used to fill
data gaps.

3 TRIHOP data from HALO database. Sum of organic peroxides and HyO, datasets #4776-
#4792 from 2016-11-24. Measured sum of organic peroxides used as a representative for
CH3OO0H.

4 Model output from the global transport chemistry model EMAC operated by MPIC Mainz.
The data are taken from the HALO database. Datasets from 2016-09-22.

5 KMS data from HALO database. Datasets #4370-#4387 from 2016-09-14. For Isoprene,
Toluene, Benzene there are only few data available which are at LOD (72 ppt for Isoprene and
20 ppt for Benzene, Toluene). Except for Acetone: Data not used.

6 TRIHOP data from HALO database. CO and CH, datasets #4043-#4071 until 2016-10-26.
CO data gaps (first half of 08-06, 08-15, 08-23, 08-27) filled with EMAC model result.
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Model

Compound  Output  Constraint  Uncertainty [%]  Data Source
Methanol >10 KMS?
NO;
NO 9 AENEAS?
PAN
j-values Jjoip 10 HALO-SR?
JNO, 10 HALO-SR
JHCHOm 15 HALO-SR
JHCHOr 15 HALO-SR
JCH3CHO 25 HALO-SR
JHONO 15 HALO-SR
JHNO3 15 HALO-SR
JHNO, 30 HALO-SR
JH204 15 HALO-SR
JCH;00H 15 HALO-SR
Jacetone 20 HALO-SR
JPAN 25 HALO-SR
Jaly 30 HALO-SR

7 KMS data from HALO database. Methanol datasets #4370-#4387 from 2016-09-14. Data
gaps filled with EMAC model result.

8 AENEAS data from HALO database. NO and NO, datasets #3930-#3955 from 2016-04-12.
NOy data not used. In addition to the relative uncertainty there is an absolute error of 5 ppt.

9 HALO-SR data from HALO database. Datasets #5087-#5104 from 2017-10-26. The dataset
#5103 for 2015-08-25 was calculated by the radiative-transfer model LIBRADTRAN (B.
Bohn).
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Table A.2: Institutes responsible and persons in charge of various other OMO measure-
ments or global modelling results used as box-model constraints as in Table A.1.

Source
BAHAMAS V. Dreiling and M. Zoger, Flight De-
partment, DLR Oberpfaffenhofen
OH, HO» H. Harder, D. Marno and M. Martinez,
Max-Planck Institute for Chemistry, Mainz
NO H. Ziereis, G. Stratmann and P. Stock, Institute for
Physics of the Atmosphere, DLR Oberpfaffenhofen
CO, CHy H. Fischer, L. Tomsche and U. Parchatka,
Max-Planck Institute for Chemistry, Mainz
H>05, ROOH H. Fischer, B. Hottmann and S. Hafermann,
Max-Planck Institute for Chemistry, Mainz
EMAC model A. Pozzer and P. Joeckel, Max-
Planck Institute for Chemistry, Mainz
03, OVOCs A. Zahn, Institute for Meteorology
and Climate Research, KIT Karlsruhe
Photolysis B. Bohn, Institute for Energy- and Cli-
mate Research, Forschungszentrum Jiilich
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A.4 Pie Charts

The figures below show the contributions to the production and reactivity of OH
and HO, above 11km and below 2km calculated by the box-model.

OH production >11km

0,D+H,0 (1.1%)
HO,+0, (3.0%)
H,0,+HV (3.6%)

HONO+HV (4.3%)

CH;00H+HV (2.0%)

others (2.6%)

HO,+NO (83.3%)

OH production <Zkm

0,D+H,0 (25.6%)

HO,+0; (5.8%)

H,0,+HV (1.7%)

HONO+HV (1.6%)
CH00H+HV (0.5%)

others (3.4%)

HO,+NO (61.4%)

Figure A.16: Mean contributions to OH production rate in the upper (>11km) and
lower (<2km) troposphere.
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OH destruction >11km

CH;0H (3.3%) HCHO (2.4%)
HO, (4.3%)

NO, (1.0%)
NO (4.4%)

CH, (7.2%)

05 (6.4%)

CH;00H (6.3%)

H,0, (1.0%)
Hy (1.4%)

others (3.2%)

€0 (59.2%)

OH destruction <Z2km

NO, (7.2%)

HO, (4.0%) NO (1.7%)

HCHO (7.1%) CH;00H (9.2%)

CHyOH (1.3%)
H,0, (2.9%)

H, (5.0%)

CH, (16.4%) others (1.9%)

0, (6.1%)

CO (37.2%)

Figure A.17: Mean contributions to OH reactivity in the upper (>11km) and lower
(<2km) troposphere.
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HO, production >11km

N0+ VR (828 o)

CH30,+NO (14.0%)

HCHO+HV (7.1%)

HCHO+OH (2.5%)
OH+H,0, (1.0%)

CH;OH+0H (3.5%)

CH;00H+HV (2.1%)

OH+H, (1.4%)
others (0.2%)

OH+CO (61.4%)

HO, production <Zkm

OH+0; (5.6%)
HCHO+HV (3.2%)

HNO,+HV/A (23.0%)
HCHO+OH (6.4%)

OH+H,0, (2.6%)
CH{OH+0H (1,2%)
CH,00H+HV (0.5%)
OH+H, (4.6%)

others (0.2%)

CH30,+NO (18.9%)

OH+CO (33.8%)

Figure A.18: Mean contributions to HO2 production rate in the upper (>11km) and
lower (<2km) troposphere.
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HO, destruction >11km

05 (3.1%)

NO, (1.3%)
CH50, (0.8%)

HO, (2.7%)

OH (4.5%)

others (1.0%)

NO (86.4%)

HO, destruction <Z2km

NO, (23.0%)

CH0, (2.4%)

05 (5.3%) HO, (9.3%)

OH (3.6%)

others (0.5%)

NO (55.8%)

Figure A.19: Mean contributions to HOz reactivity in the upper (>11km) and lower
(<2km) troposphere.
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B.1 Technical Terms

Table B.1: Explanations for frequently used technical expressions.

Static air Ambient air pressure/temperature
pressure/temperature (outside of aircraft)
Total air Stagnation pressure/temperature,
pressure/temperature when ambient air is brought to rest
Inlet air Static air pressure/temperature in OH inlet
pressure/temperature
Mach number (Ma) Ratio of air velocity v with

respect to speed of sound ¢

Air velocity/speed Air velocity relative to aircraft
True Airspeed (TAS)

Inlet air velocity Decelerated air speed in OH inlet

Altitude Height above sea level
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B.2 Basic meteorological and avionic data of HALO

Table B.2: Data supplied from BAHAMAS (HALO database, newest datasets between
2015-09-21 and 2016-05-04, #3946-#3953 and #3674-#3691) which were essential to the
evaluation of OH and HO2 concentrations. Note that water was present in four different
units. For this work, the required Volume Mizing Ratios were calculated from the more
complete Absolute Humidity dataset.

Height above sea level (Altitude) [m]
Mach number
Calculated True Airspeed [m/s]
Static Pressure [hPa]

Static Air Temperature [K]

Total Air Temperature [K]

Volume Mixing Ratio [%)]
Absolute Humidity (water) [8/m?]
Mass Mixing Ratio (water) [8/kg]

ol |w|lo|ualkr|w| |~

—
o

Relative Humidity with respect to water [%)]

Table B.3: Other parameters measured by the Pitot-tube in the back of the shrouded
inlet.

Total (Ram) pressure Pitot-tube”
Differential pressure Pitot-tube”
Static temperature Pt-100"" (not exactly calibrated)

* Agrees within 1% with the total pressure calculated from BAHAMAS data (static pressure,
Mach-number) using Equation 3.9 and 3.10.

" Scales linearly (slope: 0.93, offset: +4K) with the total air temperature from BAHAMAS.
For the data evaluation in this work, the BAHAMAS temperature data were used.
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B.3 In-Flight Measurement Conditions

Colour Codes represent the date during the OMO campaign in 2015.
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Figure B.1: Ambient air speed as provided by the Bahamas System.
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Figure B.2: Inlet airspeed determined by Pitot tube measurements in the shrouded inlet.
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Figure B.3: Static air pressure is supplied by the BAHAMAS system and the pressure
in the shrouded OH inlet is measured by a Pitot tube in the back of the shrouded inlet.
The effective inlet pressure of the HOy cell is estimated by a CFD model calculation (cf.
Figure 4.24).
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Figure B.4: OH and HOj cell pressures. Since OH and HO2 are on the same ex-
haust/pump, pressures in the cells are essentially the same.
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Figure B.6: Static ambient air temperature is supplied by the BAHAMAS system. The
OH inlet temperature is calculated from the static ambient temperature, the Mach-number
of the ambient air and the inlet air velocity using Bernoulli’s principle.
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Altitude [km]

Figure B.7: Volume flow rate through the inlet tube of the OH cell. While OH and
HOg cell pressure are the same at a given altitude, the ambient pressure the nozzle sees is
higher for the OH cell than for the HOq cell, leading to an increased mass flow rate and
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Figure B.8: Volume flow rate through the inlet tube of the HO; cell. It is lower than on
the OH cell not only because the nozzle samples from the lower static ambient pressure,
but also due to an additional reduction of the effective inlet pressure as a result of the air
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moving over the nozzle at velocities close to Mach 1 at high altitudes.
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Altitude [km]

Altitude [km)]

Figure B.10: Water vapour mixing ratio (logarithmic scale) measured by the
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Figure B.9: Ozone mixing ratio measured by the on-board FAIRO.
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SHARC and additionally by a Vaisala sensor.
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Appendix C

C.1 Pressure dependent calibration

Below you will find important pressure dependent factors of the sensitivity (w and
n, cf. Equation 4.17) calculated using OMO data. Colour Codes represent the date
during the OMO campaign in 2015.
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Figure C.1: Expansion ratio w as calculated by equation (4.12) for the OH cell. The black
triangles represent the expansion ratio for the laboratory measurements. For low pressures
these deviate from OMO, because on the aircraft this corresponds to low temperatures.
However, the major variability is due to gupe (cf. Figure B.7), while the dependence on
inlet temperature at the entrance of the nozzle is only weak (w o Tipjet)-
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Figure C.2: Expansion ratio w as calculated by equation (4.12) for the HOg cell. The
black triangles represent the expansion ratio for the laboratory measurements. There is
hardly any variability until very low cell pressures. The discrepancy of the laboratory data
to the OMO data is due to the lower ambient temperature during flights (w & Tamp)-
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Figure C.3: Fluorescence yield i calculated by Equation 3.4 as a function of cell pressure
for the OH channel (red) and the HO5 channel (blue). The two curves differ due to unequal
delay timings on the OH and HO2 channel.
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C.2 The apparent cross-section ¢0." for the in-
flight calibration unit

Section 4.2.1 introduced the concept of in-flight calibration, alongside which the
flight factor ££ in Equation 4.24 relies on the knowledge of the apparent oxygen cross-
section defined by Equation 4.23. It arises due to the fact that the oxygen absorption
cross-section is finely structured (Schumann-Runge bands) over the narrow width
of the 185 nm Hg-emission line and is determined by a separate experiment in the
laboratory at constant temperature of 20°C. The Oy column density x = [Os]! in
Equation 4.23 contains an unknown effective length [ for the total path the light
traverses through the absorber before it is detected. This quantity was determined
in a first measurement using NoO as an absorber. The cross-section of N2O (ox,0 =
1.43 x 107* cm?) is very well known and constant over the spectral width of the
Hg-emission line. This therefore suggests to write

! n 385 (C.1)

= —— -
oN,0 [N20] Igs

However, the above value will depend on the NoO concentration, because the upper
mirror is concave and the true length will vary with the exact position within the
cross-section of the finitely extended light-ray, while the measured signal will aver-
age over this geometry dependence. Nevertheless, since the oxygen cross-section is
roughly a factor of 10 smaller than the N2O cross-section with og, - < 1, the value
of interest will be the regime for very small NoO concentrations. From Figure C.4
the length reads | = 8.02 £ 0.11 cm and compares well with the geometrical length
of twice the deceleration tube diameter 8.3 cm.

In the second part of the experiment, NoO is replaced by Oz and the measurement
is repeated. The apparent O, cross-section is then calculated by Equation 4.23 and
the result is depicted in Figure C.5 as a function of column density x.

During the experiment ambient pressure and temperature were recorded from which
the ambient number density is obtained. The flows of absorber and carrier (N3)
gas were regulated by mass-flow controllers and the absorber mixing ratio z; (i =
02, N30) is calculated by the fraction to total standard flow

pp=—Di (C.2)
Goi + Qo,N,

The previously mentioned detector offset due to stray light was 0.925 + 0.009V.
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Figure C.4: The effective length is calculated from Equation C.1. It is a function of the
N3O concentration, because the measured signal is an average over the geometry which
is not planar. The length of interest is for very low NoO concentrations, since the Og
cross-section is roughly a factor of 10 smaller than the NoO cross-section. The upper and
lower dotted lines are the 1o error bands.
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Figure C.5: The apparent cross-section agf; P for oxygen as a function of column density x
used to correct the light intensity measured within the in-flight calibration unit (cf. Equa-
tion 4.24). The error bars correspond to the lo precision of each averaged measurement
point. Fit function: 2.09 — 4.73z + 9.54 2% — 13.24 23 + 12.09 2 — 6.51 2% 4 1.55 2.0
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C.3 The effective cross-section aggf for the new
radical source

The procedure goes along the lines the measurement for the apparent cross-section

ooy of the in-flight calibration unit (cf. Appendix C.2). The effective cross-section

(cf. Equation 4.26) can be written as (Sedlacek, 2001; Hofzumahaus et al., 1997)

g issam 90, (MN (N e™” 70, (N g\
- Jig 185 nm I8 (A) e~ 770,(N) q )\

05, ()

= 105y () (C.3)

where I is the spectral intensity of the lamp seen by the detector without absorber,
I1g5(z) the total intensity of the Hg-emission line seen by the detector and = = [Oy] !
the oxygen column density. erfz represents the effective absorption cross-section of
O5 in a thin layer of air after the lamp radiation has passed through the oxygen
column density z. Since the tube is circular, [ amounts to an unknown effective
length and is determined with N;O as an absorber for small concentrations (cf.
Equation C.1). It is seen in Figure C.6 were a mean value of I = 1.63 & 0.05 c¢m is
obtained with no visible dependence on the NoO density. This result is then used
when the experiment is repeated with oxygen as an absorber. The derivative of the
logarithmic intensity drop with respect to column density « then yields the effective
oxygen cross-section (Figure C.7).
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Figure C.6: Logarithmic plot of the intensity ;g5 from the 185 nm radiation against the
N3O density. The dashed lines show the 1o errors on the regression line. The red points
show the effective length (mean: { = 1.63 + 0.05 cm) as a function of the NoO absorber
density.
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Figure C.7: Effective oxygen cross-section measured for the new radical source (red line).
The black line shows the apparent cross-section defined by Equation 4.23. The red line
follows from the black line by derivation of magzp(.r) with respect to column density x.

The dashed red lines show the 1o band.
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C.4 The ozone production factor a

The ozone production factor a (cf. Equation 4.29) for the new radical source KQ5
is a pressure dependent quantity which is measured in a separate experiment. Since
the amount of ozone generated by the lamp is relatively low (< 2ppb), it is mea-
sured by a sensitive chemiluminescence detector (CLD, manufacturer: Eco Physics,
type: CLD 770 AI ppt). The application of the CLD was originally intended for NO
measurements, but it was modified to measure ozone by adding NO instead of O3
to produce excited NO, radicals. The detection limit for the instrument is roughly
50 ppt. It samples from the flow after the gas expansion behind the nozzle and needs
to be calibrated as well. This is done with ozone mixing ratios between 50 and 150
ppb created by an ANSYCO ozone calibrator (KI O341M) and implies linearity.

After the calibration of the CLD, the mean ozone mixing ratio sampled by the nozzle
that is created in the photolysis region of the tube is measured for standard flows
of synthetic air ranging from 15 to 25 stdl/min. The value is multiplied with the
volume flow ¢, of the air through the tube (calculated from the standard flow at
given conditions) and normalized to lamp intensity measured by the photo diode
giving

— T0s v (C.4)

" Jmeas
[1 85

in units [PPPl/ymin]. This procedure is repeated for various pressures between 250
and 1000 hPa inside the calibration tube. Figure C.8 shows the ozone production
factors a as a function of the pressure in the radical source at room temperature.
The results are shown for a standard flow of 20 std1/min. Measurements were also per-
formed at different flow rates (15-25 std1/min) and showed only a weak dependence of
+1ppbl/ymin between 18 and 22 std1/min. The linear regression in Figure C.8 is given
by 83.4 — 6.25 p where p is given in bar. The precision of the data corresponds to a
1o error of 2PpPPl/v min.

Besides a few factors that do not change (tube geometry, O, mixing ratio), the
quantity a/®o, only depends on the effective oxygen cross-section and the flow pro-
file. For these two quantities no major pressure dependence is to be expected and
indeed - under the assumption that ®¢, is constant - Figure C.8 shows only a weak
dependence of a over the pressure range from 200 to 1000 hPa, where it changes
linearly up to 6%. In respect thereof, extrapolating the quantity a/®o, to even
lower pressures with the purpose of applying it to Equation 4.29 at e.g. 50hPa
seems justified. However, in order for this argument to hold, it is crucial for ®o,
to be indeed constant over the pressure range considered in Figure C.8 (250-1000
hPa). This will be the case, if the lifetime 7o of the O-atoms is much shorter than the
transport time from the photolysis region to the inlet nozzle. Since at constant mass
flow through the tube, the latter changes proportional to pressure inside the tube
(volume flow o 1/p) and the former varies inversely proportional with the square of
the pressure in the aforementioned pressure range (75" = koo, [O2], koro, & [M]),
it is sufficient to estimate for the one condition at 250 hPa. With a distance of 6 cm
from the photolysis region to the inlet nozzle, a standard flow of 20stdl/min and an
inner tube diameter of 18.7mm, the transport (reaction) time for the velocity field
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Figure C.8: Pressure dependence of the ozone production factor a for the calibration
source KQ5 and a nozzle diameter of 1 mm. The air mass flow is kept constant at 20 stdl/min.
Measurements from one day were relatively stable, but for different days there is significant
variability which constitutes the total uncertainty. The solid line is the fit used for the
calculation of the OH concentration during laboratory pressure dependent calibrations.

(velocity < 2 x plug flow velocity) is larger than 5ms. In contrast the lifetime of
the O-atoms is calculated to 0.2ms (Burkholder et al., 2015), which is more than
an order of magnitude smaller than the transport time.

For much lower tube pressures it is expected that not all O-atoms produced within
the photolysis region will be converted to ozone by the time the air reaches the inlet
nozzle. Nevertheless, in this case both quantities @ and ®¢, will be diminished by
the same factor, which cancels in the ratio a/®q,.

A similar argument applies to the formation of HO, via the reaction H + O,; the
lifetime of the H-atoms is much shorter than the transport time to the inlet nozzle.

141



Appendix

C.5 Nozzle vs. pressure variation
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Figure C.9: Cell pressure as a function of the mass flow through the nozzle for various
nozzle diameters. As the pump speed was assumed to be reproducibly the same at a given
mass flow, the nozzle factors p were calibrated such that all curves lie on top of each other.

Table C.1: Nozzle factors u used in Equation 3.14 for the different nozzle sizes examined.
Note that a value of y = 1 is the theoretically upper limit if the nozzle diameter would
be exact. These are however only nominal values and the true diameter can deviate from
this. This does not affect the determination of the mass flow as the nozzles are calibrated
with respect to the mass flow of the 1 mm nozzle.

nozzle diameter [mm]

0.52 0.93
0.70 0.89
0.84 1.05
1.00 0.95
1.20 0.95
1.80 0.90
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C.6 HO, conversion efficiency

Figure 4.23 essentially shows the in-flight conversion efficiency from HO, to OH by
the reaction with NO. Due to the dynamic effect of inlet pressure reduction, the
mass-flow correction has been included into this diagram (going into both, the -
and y-coordinates). However, since it naturally obeys the inverse square relationship,
this will automatically superimpose the measured dependence, of which an inverse
square relationship is to be seen. Hence, Figure C.10 is included which only shows
the measured laboratory data without mass-flow correction.
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Figure C.10: Same graphic as in Figure 4.23 where the mass-flow correction has addi-
tionally been removed.
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