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Kurzfassung

Die hohen NOy-Werte wurden weltweit in Stadten beobachtet und konnen negative
Auswirkungen auf die menschliche Gesundheit haben. Da sich die NOs-Konzentration
schnell mit der Zeit andert und eine sehr starke raumlich-zeitliche Variabilitat aufweist,
ist es wichtig, ihre Verteilung zu verstehen. Diese Arbeit zielt darauf ab, die raumliche und
zeitliche Verteilung von NOy mit mehreren optischen Differenzabsorptionsspektroskopie-
Instrumenten (DOAS) zu untersuchen, um die Verschmutzungs-Hotspots zu identifizieren
und eine langfristige Bodenbeobachtung durchzufiihren, die mit Satellitendaten verglichen
werden kann.

Um die raumliche und zeitliche Variabilitat der Straflenniveaukonzentrationen von NO,
zu untersuchen, wurde ein Messsystem etabliert, das Fernerkundung und In-situ-Mess
techniken kombiniert. Diese Studie wurde in Miinchen und Hongkong durchgefiihrt, die
beide dicht besiedelte Stadte mit hohem Verkehrsaufkommen sind. Mit dieser Kombi-
nationstechnik wurde ein neuer Algorithmus entwickelt, der zeitliche Veranderungen und
raumliche Muster trennen und unabhéangig voneinander analysieren kann. Konkret wur-
den Tageszyklen, wochentliche Muster sowie ortsaufgeloste Langzeitveranderungen unter-
sucht, um das Quellmuster auf verschiedenen Zeitskalen zu untersuchen. Zwei Messkam-
pagnen wurden durchgefiihrt, eine im Juni und Juli 2016 in Miinchen und eine im Marz
2017 in Hongkong. Die Daten der Hongkonger Messkampagne im Dezember 2010 wurden
ebenfalls analysiert. Mobile Messungen wurden wahrend des Tages durchgefiihrt, um die
Nicht-Stofzeiten, die Stozeiten morgens und abends abzudecken. Um raumliche Muster
zu vergleichen, wurde die Akkumulation von NO,, die beim Anhalten an Ampeln gemessen
wurde, herausgefiltert. Auf diese Weise konzentriert sich diese Arbeit auf die Anderungen
der raumlichen Verteilung von NO,, anstatt Verkehrsflussmuster zu vergleichen. Fiir die
Erzeugung von zusammengesetzten Karten wurde der Tageszyklus normalisiert, indem die
mobilen Daten mit iibereinstimmenden stadtweiten, pfadgemittelten Messungen skaliert
wurden.

In dieser Studie wurden mehrere Datensétze verwendet, einschliefSlich der OMI-Satelliten
daten und der lokalen stationdren Uberwachungsdaten. Die Miinchner Langzeit-LP-
DOAS-Daten der monatlichen Durchschnitts- und Satellitenmessungen waren beim Ver-
gleich der Daten der OMI-Uberfithrungszeit gut korreliert. Bei der Ermittlung von Umwelt
verschmutzungsschwerpunkten in Miinchen waren die On-Road-Konzentrationen von NO,
auf Autobahnen und in der Innenstadt wesentlich hoher als im iibrigen Gebiet. Das
NO,-Niveau und die Verkehrszdhlungsdaten, die vom Kreisverwaltungsreferat (KVR) in
Miinchen angeboten wurden, zeigten eine dhnliche Reduzierung am Wochenende wahrend
der Hauptverkehrszeiten. Die mit Auto-Multi-AXis (MAX) DOAS und dem Satelliten
OMI gemessene Saulendichte von NOs zeigte eine vergleichbare raumliche Verteilung, die
in der Innenstadt ein hoheres Niveau aufwies. In Hongkong wurden ausgepréagte raumliche
Strukturen in Langzeit-Differenzkarten beobachtet, die in den meisten gemessenen Bere-
ichen einen abnehmenden Trend von NO, aufwiesen, mit Ausnahme eines zunehmenden
Trends in der Umgebung von U-Bahnhofen. Die Analyse des Wochenend-Effekts zeigte,
dass die NOy-Werte in den meisten Teilen von Hongkong an Sonntagen deutlich reduziert
waren, wahrend in Shopping-Malls ein gegensatzlicher Trend festgestellt wurde.



Als weitere Implikationen miissen bei der Diskussion stadtweiter Trends die rdumlichen
Unterschiede beriicksichtigt und lokale Punktmessungen relativiert werden. Die visual-
isierten Datensatze konnen einen besseren Einblick in die NO,-Eigenschaften von Straflen
in Miinchen und Hongkong geben, was zur Identifizierung stark verschmutzter Gebi-
ete beitragt und eine niitzliche Datenbank fiir die Stadtplanung und die Planung von
Umweltschutzmafinahmen darstellt.



Abstract

The high NO, levels have been observed worldwide in cities and can have negative
influence on human health. Since NOy concentration changes rapidly with time and has
a very strong spatio-temporal variability, it is vital to understand its distribution. This
work aims to investigate the spatial and temporal distribution of NOy using multiple
Differential Optical Absorption Spectroscopy (DOAS) instruments so as to identify the
pollution hotspots and have a long-term ground observation that could be compared with
satellite data.

In order to look into the spatial and temporal variability of street level concentrations
of NOs, a measuring system was established combining open path remote sensing and in-
situ measurement techniques. This study was implemented in Munich and Hong Kong,
which are both densely populated cities with a high volume of traffic. With this com-
bination technique, a new algorithm was developed which allowed to separate temporal
changes and spatial patterns and analyze them independently. Specifically, diurnal cycles,
weekly patterns as well as spatially resolved long term changes were examined in order
to study the source patten on different time scales. Two measurement campaigns have
been conducted, one in June and July 2016 in Munich and one in March 2017 in Hong
Kong. The data of the Hong Kong measurement campaign in December 2010 was also
analyzed. Mobile measurements were performed during the daytime to cover non-rush
hours, morning and evening rush hours. To compare spatial patterns, the accumulation
of NO, measured when stopping at traffic lights was filtered out. In this way, this work
focuses on the changes of NOy spatial distribution instead of comparing traffic flow pat-
terns. For the generation of composite maps, the diurnal cycle has been normalized by
scaling the mobile data with coinciding citywide path-averaged measurements.

Several data sets were used in this study including the Ozone Monitoring Instrument
(OMI) satellite data and the local stationary monitoring data. The Munich long-term
LP DOAS data of monthly average and satellite measurements were well correlated when
comparing the data of the OMI overpass time. For identifying pollution hotspots in
Munich, on-road concentrations of NO, were much higher on motorways and the city
center than the rest of the area. The NO, level and the traffic count data offered by the
Department of Public Order (KVR) of Munich showed similar weekend reduction during
rush hour peaks. The column density of NO; measured by car-based Multi-AXis (MAX)
DOAS and the satellite OMI observed comparable spatial distribution which displayed a
higher level in the city center. In Hong Kong, pronounced spatial structures were observed
in long-term difference maps, which exhibited a decreasing trend of NO, in most measured
areas except an increasing trend around subway stations. Analysis of the weekend effect
showed that NOj levels for most part of Hong Kong were significantly reduced on Sundays,
whereas an opposite trend was revealed around shopping malls.

As further implications, the spatial differences have to be considered when discussing
city-wide trends and can be used to put local point measurements into perspective. The
visualized data sets can provide a better insight into on-road NOy characteristics in Mu-
nich and Hong Kong, which helps to identify heavily polluted areas and represents a useful
database for urban planning and the design of pollution control measures.
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1 Introduction

The Earth’s atmosphere is an approximately 100 km thick layer of gases surrounded mainly
by nitrogen (78 %) and oxygen (21 %). The mixture of different gases like oxygen, carbon
dioxide and water vapor creates a warm climate and supports life on Earth. Despite that
the atmosphere has natural variations over the past centuries, human activities especially
the development of industrialization have a pronounced impact on the composition of
tropospheric aerosols. Air pollutants released into the atmosphere have been causing
abundant changes such as ozone holes, acid rain and global warming (Crutzen and Arnold,
1986; Likens et al., 1996; Cox et al., 2000). These changes have upset the balance of nature
and could lead to unpredictable and serious consequences on the health of most plants,
animals, and humans (Seinfeld and Pandis, 2012). Therefore, more and more researchers
are motivated to study the physical and chemical processes of the atmosphere changes.
The research efforts to understand the anthropogenic influence on the atmosphere and
plants have been increasing rapidly over the past few decades.

The urban air quality is of great social concern and attracts particular attention since
the famous ’Great smog of London’ episode occurred in early December 1952. It was
mainly caused by serious particulate matter emissions and high photochemical oxidation
of SO, emitted from combustion sources, which indirectly lead to around 4000 excess
deaths in London within 4 days (Wilkins, 1954; Lodge et al., 1969; Finlayson-Pitts and
Pitts Jr, 1999a). The Los Angeles and the San Joaquin Valley are notorious for their smog
which is primarily due to photochemical formation of large amounts of ozone, carbonyl
compounds, and organic aerosol from car exhausts and industrial emissions of nitrogen
oxides, carbon monoxide, and volatile organic compounds (VOCs) (Haagen-Smit, 1952;
Finlayson-Pitts and Pitts Jr, 1999b; Warneke et al., 2012). As mentioned above, there are
other numerous examples indicating the impacts of the emission and transformation of
gases on the atmosphere. Developing countries like India and China continue to experience
high levels of air pollution, as a result of rapid industrial growth and weak environmental
regulation.

1.1 Nitrogen dioxides in the atmosphere

Nitrogen oxides (NO,), defined as the sum of nitric oxide (NO) and nitrogen dioxide
(NO,), is released into the atmosphere from both natural and anthropogenic sources. On
a global scale, the contributions of natural and anthropogenic NO, sources are about
equal in magnitude (Logan, 1983; Zhang et al., 2003a). Major NO, sources include fossil
fuel combustion, biomass burning, lightning and oxidation of ammonia (Bond et al., 2001;
Zhang et al., 2003b). NO, has a strong influence on the atmospheric level of hydroxyl
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radicals (OH) in terms of being responsible for the oxidation processes of most trace gases.
For instance, VOC degradation products can react with NO, and form organic nitrates or
nitrites (e.g. peroxy acetyl nitrate (PAN) or methyl nitrite), which are more detrimental
to human health than the primary oxides of nitrogen. Hence, observing and controlling
the emission level of the primary oxides of nitrogen are vital solutions to report and govern
the air pollution by trace gases.

NOs is one of the major air pollutants from combustion processes which can be sta-
tionary or mobile. It plays a key role in both tropospheric and stratospheric chemistry.
It participates in the catalytic formation of tropospheric ozone (O3), contributes to the
formation of secondary aerosols (Jang and Kamens, 2001; Huang et al., 2014) and causes
acid rain as well. Atmospheric NO, in high concentration is known to be toxic to humans.
With regards to urban environments, traffic emission is always one of the major sources
of air pollution, particularly NO,. NO accounts for the majority of direct traffic emis-
sion which is subsequently oxidized to form NO,, although some NO, is emitted directly
(Kirchstetter et al., 1999; Henderson et al., 2007; Ban-Weiss et al., 2008). NO, level is
often strongly correlated with those of other toxic pollutants. Its concentration can be
easily and precisely measured which is helpful to induce a brief assessment about the
general air quality. In addition, it is a short-lived species with a strong local character
and concentrations that can vary strongly, both in space and time. It also changes with
weather patterns that may change the transport, dispersion, deposition and formation of
air pollutants in the atmosphere.

1.2 The importance of measurements

For studying about the physical and chemical processes in the atmosphere and the rela-
tionship between global and regional air quality, measurements of weather conditions (e.g.
pressure, temperature, humidity, wind speed and so on), trace gases mixing ratios(e.g.
ozone(O3), carbon dioxide (COz), NO, and so on) and other relevant parameters are es-
sential approaches to gather information. In this thesis, we focus on the study of trace
gases especially NOy concentrations and quantities in the atmosphere with the aim of
monitoring long-term NO, gradual changes and analyzing regional pollution distribution.

1.2.1 Observation methods

Common measurement methods can be characterized by temporal and spatial scales. For
instance, long-term observation is applied to follow the evolution of chemical changes;
measurement campaigns as regional and episodic studies seek to investigate certain cases
of air pollution; whereas in-situ investigation with a high time-resolution mainly aims to
capture local, regional or global scale phenomena.

Long-term observations become necessary considering the notable changes in weather
conditions. The changes of composition of our atmospheric environment has been observed
for a long time. According to the measurement data from the Mauna Loa Observatory
of National Oceanic atmospheric Administration (NOAA)(Keeling et al., 1976; NOAA,
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2018), the portion of global CO, in the atmosphere keeps rising since the 1950s (Malhi
and Grace, 2000; Baldocchi et al., 2001). Additionally, a steady decline of the total
amount of ozone have been observed in 1975 by the World Meteorological Organization
(WMO) and the stratospheric ozone depletion has become a new issue of atmosphere
science. Therefore, long-term observations are frequently used for monitoring trends of
stratospheric and global tropospheric trace gases.

In addition, air pollution by anthropogenic activities mostly has regional characteris-
tics. For studying and capturing these diversities, episodic studies combined with high
time resolution in-situ measurements are widely applied to investigate the causes and con-
sequences of regional air pollution. For example, many studies that focus on the impact of
2008 Beijing Olympic Games on the atmosphere environments included studying trends of
O3 and greenhouse gases (Wang et al., 2009b, 2010), species of particular matters (Huang
et al., 2010b), compositions of aerosols (Zhang et al., 2009¢c; Guo et al., 2013), on-road
emissions (Wang et al., 2009a; Wang and Xie, 2009) and so on.

This PhD work mainly focuses on the urban NOy distribution which combined all three
measurement methods in order to comprehensively monitoring the urban NOy environ-
ment and provide a consistent city NO, distribution map. Two cities, Munich, Germany,
and Hong Kong, China, were selected as study areas. The measurement data avaliable
online by each city environmental monitoring station network were used for comparison.

1.2.2 Previous NO> measurements

With the growing knowledge of atmosphere science and the development of technology,
stationary monitoring networks are established in many countries. Most monitoring sta-
tions utilize the ChemiLuminescence (CL) technique for NO, measurements. The NOy
concentration is determined indirectly by calculating the difference between NO, and NO
concentrations. For the NO, measurement, it firstly converts the NOy in the gas sample
to NO by a molybdenum converter. Then NO in the gas sample reacts with Oz (gen-
erated by an O3 generator) to generate excited state of NO,. The NO, concentration
can be determined by measuring the CL radiation emitted by the excited NOy. Similar
procedure is applied for the NO measurement except for converting the NO, in the sam-
ple air at the beginning. The advantage of CL technique is the low background emission
which could avoid the noise caused by light scattering. However, the sensor has relatively
short lifetime and the signals are affected by the consumption of CL reagents (Knight
and Greenway, 1994; Zhang et al., 2005). According to lots of previous research studies
and reports, e.g. Barker et al. (1961); Lawther et al. (1962); Katz et al. (1969), about the
relationship between human health and air pollutants, the Air Quality Guideline (AQG)
of World Health Organization (WHO) has been first published in 1987 as reference tools
for air quality management. In addition, the latest edition (Krzyzanowski and Cohen,
2008) recommends NO, concentration upper limits of 40 ug/m? (~19.5 ppbv) in the an-
nual mean and 200 pg/m? (~97.4 ppbv) in the hourly mean values to be set for protection
of human health. Recordings in publications and reports described in the following sec-
tions show that the critical values from the guideline have been exceeded widely all over
the world and many times over many years.
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1.2.2.1 Previous NO; measurements in Europe and Munich
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Figure 1.1: NO5 concentrations of Europe, 2015 (EEA, 2017). (a) Red and dark red dots
correspond to values above the EU annual limit value and the WHO AQG
(40 ug/m?3). (b) The rectangles mark represent 25 % to 75 % of the stations,
NOs levels are within coinciding range.

According to the European Environment Agency report 2017 (Figure 1.1(a)), NO,
data in 2015 measured by 2680 stations located in all EU-28 Member States and nine
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Figure 1.2: The trend of annual averaged NOy concentration from 2000 to 2016 in Ger-
many. The air monitoring stations selected were those with continuous mea-

suring (UBA, 2017).

other reporting countries had a minimum 75 % coverage of valid data. Twenty-two of the
EU-28 (see Figure 1.1(b)) recorded NO; concentrations above the annual limit value. It
indicated that the stations with high NOs concentrations above the annual limit value
were widely distributed across Europe. Especially, Germany had a relatively higher NOy
pollution in 2015 comparing to most European countries. Furthermore, all exceeded NO,
concentrations were not observed at rural background stations, instead they were mainly
observed in urban or suburban stations. More specifically, 89 % exceeded values were
observed at traffic stations. Meanwhile, the air quality report 2016 of German environment
agency (Umwelt Bundesamt) also pointed out that the air pollution in urban conurbations
were primarily determined by the traffic and episodes of high NO2 levels were frequently
recorded at the urban traffic stations (shown in Figure 1.2).

The conclusion that traffic is a major source of NO, is based upon the reaction between
NO emission and Og in the air for forming NO,, which has been confirmed by the Bavarian
Environment Agency (LfU). The trend of the NO, annual mean concentration from 2000
to 2014 at monitoring stations located in busy streets of Bavarian cities and locations
with values higher than the annual mean are shown in Figure 1.3. It indicated that the
on-road NOy concentration limits were exceeded in most Bavarian cities for the entire
period, in particular for the annual NOy level of Munich (Landshuter Allee) which was
more than twice as much as the annual limit NO, value of WHO AQG.



1 Introduction
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Figure 1.3: NOy concentrations of air monitoring stations with heavy traffic in Bavaria,
Germany from 2010 to 2014 (LfU, 2015).

1.2.2.2 Previous NO; measurements in Asia and Hong Kong

Due to extremely rapid economic growth, air pollution in Asia has become a serious
problem in recent decades. According to World Energy Outlook Special Report 2016,
the number of premature deaths attributed to outdoor air pollution continued to grow,
especially in developing countries in Asia which accounted for almost 90 % of the rise.
Cofala et al. (2012) reported that East Asia (including China, Japan, South Korea, North
Korea, and Mongolia) contributed about 29 % to the global NO, emissions, much more
than those of the United States and Europe. Anthropogenic emission of NO,, has levelled
up across East Asia since 2000 (Zhang et al., 2009b) and it will continue to increase by
2030 (Cofala et al., 2007; Wang et al., 2014).

In addition, NO, emissions in China have dominated the changes within East Asia in
recent years. Zhang et al. (2009b) showed that the NO, emissions in China accounted
for about 81.7% of the total emissions in East Asia till 2006. Duan et al. (2016) also
indicated NO, emitted by China was 12 times of NO, emission in Japan in 2008. From
2005 to 2010, the emissions of NO, increased by 25 % in China while the ones in East Asia
other than China even decreased by 13%-17% (Wang et al., 2014). Plenty of evidence
has been provided by many observations that the air pollutant emitted by China not
only affecting domestic air composition, but also being transported to neighboring and
downwind regions (Russo et al., 2003; Jacob et al., 2003; Kang et al., 2010).



1.3 Motivation of the citywide NOy study

Hong Kong is a harbor city on the eastern side of the Pearl River estuary in East Asia
and south of the mainland China. In Hong Kong, vehicle emissions are the main source
of NO,. According to the Hong Kong Emission Inventory Report 2015, road transport
has been one of the top three sources of total NO, emission in Hong Kong since 1997.
Similar to many other metropolitan cities, a decreasing trend of ambient and roadside
NO, levels is recorded in Hong Kong (Carslaw, 2005; Keuken et al., 2009; Tian et al.,
2011), which is contributed from the effective vehicular emission control measures in the
past. However, the pollution levels measured at both ambient and roadside air quality
monitoring stations are still occasionally exceeded the WHO guideline values of 40 ug/m?
(annual) and 200 pg/m? (hourly) for NO,, with more frequent exceedance of hourly NO,
with high values observed at roadside stations. A rising trend of NOy/NO, ratio with
reduction of NO, is recorded at the roadside monitor stations in Hong Kong, which means
the reduction rate of NOs is slower than NO in recent years (Tian et al., 2011). Such
a trend can be particularly detrimental to Hong Kong because a large fraction of the
population is exposed to the traffic-related primary pollutants in the street canyons. In
other words, the release of excessive anthropogenic NOy has immediate or chronic direct
or indirect influence on our living environment and physical health.

1.3 Motivation of the citywide NO, study

With the development of economic globalization and regional integration, dense urban
areas represented by large and mega cities are forming. Anthropogenic air pollution ac-
counts for a larger proportion of pollution than before. Urban circles have high population
density and the episodes of high NO, levels were observed in the worldwide cities. High
level NO, has the negative influence on human health. In addition, the dwell time, the
diffusion and the depletion of pollutants depend not only on weather conditions (e.g. ra-
diation transformation, wind, temperature and humidity), but also on urban structure
(e.g. vegetation coverage, building height and density). In order to implement effec-
tive counter-measures, it is vital to understand the distribution of trace gases in both
large and small scales to identify the pollution hotspots. Therefore, capturing the spatio-
temporal distribution of trace gases and other pollutants could be an efficient method to
be implemented in addition to continuous ground based point measurements.

Vehicular NO, emission is one of the main air pollution sources in most cities which is
described in 1.2.2. Vehicular NO, is primarily emitted at the tail pipe and secondarily
formed from oxidation of NO emission involving ozone and volatile organic compounds
(VOCs) in the ambient (Muilwijk et al., 2016; Chang et al., 2016). The increase of
NO;y/NO, ratio could be related either to the upgrades of vehicle engines and catalytic
filters or to changes in the composition and ambient level of VOCs. However, NOy con-
centration changes rapidly with time and has a very strong spatio-temporal variability,
which is often unknown in urban areas (Longley et al., 2015). Regular roadside air quality
monitoring stations are not sufficient to capture these variations and could not provide
an overview of the roadside pollution situation representative for Hong Kong or Munich.
Therefore, it is necessary to perform on-road mobile measurements for better understand-
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ing the pollutant distribution and spatial coverage of NO, for the entire city.

This thesis aims to assemble the spatio-temporal distributions of NOy concentrations
using multiple Differential Optical Absorption Spectroscopy (DOAS) and Cavity attenu-
ated phase shift spectroscopy (CAPS) instruments. Each of the three Long-Path DOAS
(LP DOAS) instruments is equipped with a blue Light Emitting Diode (LED) as light
source and a corresponding retro reflector arrays located from several hundred meters
up to kilometers distance to the telescope of the instrument. A precise NOy roof-level
concentration along the light path can be determined by recording the spectrum of the
reflected light beam and continuously observing atmospheric NOs. A Two Dimensional
(2-D) scanning Multi-AXis DOAS (MAX DOAS) with a rotating prism scans the sky to
capture the NO, profiles above roof-top level. A compact car-based MAX DOAS with a
fixed viewing direction is used to capture the mobile slant column of NO,, together with
a CE DOAS and a CAPS measuring on-road NO, near the ground, in order to determine
the NO, variability. The results are used for the validation of satellite data, and the
intercomparison among different techniques. They are also useful for chemical transport
model simulations and can be as input for parameter estimators to determine dynamical
modes like transport and source terms inside the measurement volume.

Moreover, with the combination use of LP DOAS and CE DOAS, a representative
high-resolution spatial distribution map of street level NOy that mainly focuses on traffic
emission makes identifying city pollution hotspots possible. It could meanwhile provide
valuable information for urban planning as well as benefit the development of pollution
control measures. With regards to obtaining the pollutant information, on-road mobile
CE DOAS measurements have been successfully deployed in Munich, Germany and Hong
Kong, China. As common characteristics, traffic is one of most dominant emission sources
for both cities, and these two cities are typical urban structures with relatively high
buildings, dense population and city vegetation areas. Different locations of Munich
and Hong Kong allowed us to investigate the difference of the local pollution transport
properties between the inland city (Munich) and the harbor city (Hong Kong).
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There are plenty of experimental approaches for measuring and interpreting absorption
spectra. This chapter will mainly explain the fundamental physical base of absorption
spectroscopy and its applications, and also describe the technical solutions that realize
this method. The absorption spectrum is the variation of the absorption intensity as a
function of frequency or wavelength. Absorption spectroscopy, particularly in ultraviolet-
visible and infrared wavelength range, is widely applied as a measurement technique in
analytical chemistry. It measures the absorption of electromagnetic radiation due to its
interaction with a sample, for determining the composition of the sample and quantifying
the amount of one or several substances present. This technique is also employed in the
field of molecular and atomic physics, astronomical spectroscopy and remote sensing. In
addtion, some other observation methods used in this study will be also briefly introduced.

Table 2.1: Summary of the experimental methods used in this study.

Experimental Method

Measurement quantity

Measurement Technique

ChemiLuminescence (CL)

Concentration

In-situ

LP DOAS

Integrated concentration
along the light path

Active remote sensing

CE DOAS Concentration Active in-situ
Multi-AXis DOAS Column density, Passive remote sesi
(MAX DOAS) Vertical profile tve rem HSMS
Satellite DOAS Column density Passive remote sensing
CAPS Concentration Active in-situ
Dual-beam UV absorption Concentration Active in-situ

Table 2.1 lists the experimental methods for this study. According to the light sources,
the experimental methods are distinguished into active and passive. Active methods use
artificial light, while passive methods rely on natural light sources. Their measurement
quantities are also listed. A more detailed overview of these methods are presented in
following sections.
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Light
Source
O Absorber with concentration ¢ Detector
Intensity 1(A)
L)

L

Figure 2.1: A light beam passes through a volume of length L having the absorber with
concentration c¢. The intensity at the end is measured by a detector

2.1 Classic absorption spectroscopy

Absorption spectroscopy has the advantage of its specific and quantitative character. It is
widely used in chemical analysis. The Beer—-Lambert—-Bouguer Law is the key to quantify
the amount of substances based on an absorption spectrum. The law in different forms
was successively introduced by Pierre Bouguer in 1729 (Bouguer, 1729), Johann Heinrich
Lambert in 1760 (Lambert, 1760) and August Beer in 1852 (Beer, 1852). First, Lambert
indicated the absorbance of a material sample is directly correlated to its thickness. Then,
another attenuation relationship was discovered by August Beer between the absorbance
and the concentration of the attenuating species in the material sample. Nowadays,
the Beer—-Lambert—Bouguer law merges the two attenuation relationships and is applied
in many present quantitative trace gas analytical applications in the atmosphere. The
basic principle of absorption spectroscopic trace gas detection is shown in Figure 2.1.
It describes the absorption of electromagnetic radiation by matter. In order to analyze
gaseous (or liquid) absorbers, a formulation of the Beer-Lambert—Bouguer law can be
written as:

I(A) = Ih(A) - exp (—J(/\) : /c(s)ds) = Iy(A) -exp(—o(N) -c- L) (2.1)

where Iy()) is the initial intensity of the incident radiation by a light source and I(\)
denotes the intensity of the transmitted light with absorption cross section of o(\), while
the concentration of the absorbing gas ¢(s) integrates along the light path L, or using
¢ to represent an uniform concentration of the absorber. The absorption cross-section
at wavelength \,0(\), is a nature of any absorbing species. The optical path length can
be easily measured. So, the average trace gas concentration of the absorbing gas can be

retrieved by measuring the ratio IIO(()\A)). The deformation of equation 2.1 is:

m (%) D 22)
oA)-L  o\)-L

To(\)
(N

density of the absorbing layer. Through measuring the intensities with (I()\)) and without
(Ip(N)) the absorber in an artificial light source and combining the known quantities of

Here, D is defined as the natural logarithm of the ratio and called the optical
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the absorption cross-section of the species and the absorbing light path, the species’
concentration can be calculated. This equation is the foundation of most absorption
spectroscopic applications.

2.2 Differential Optical Absorption Spectroscopy (DOAS)

For open atmosphere, the Beer-Lambert-Bouguer law can not directly be applied due
to several difficulties. First, the initial intensity Ip(\) from a light beam is hard to be
determined, as it has to overcome the difficulty of removing the absorbing gas from the
atmosphere. Second, the absorbing species is not the only reason for light attenuation.
Scattering on molecules and aerosols is another reason, which has to be corrected as
a factor. Third, the total absorption contains the absorptions of several species, which
makes it difficult to measure a desired species. The solution lies in measuring the so-called
‘differential’” absorption, which measures the difference between the absorptions at two or
more wavelengths. More details will be introduced subsequently in this section.

The differential optical absorption spectroscopy (DOAS) technique can be described by
the expanding deformation of the Beer-Lambert—Bouguer Law (equation 2.3). Note that,
aerosol extinction processes including Rayleigh (eg) and Mie (g,/) scattering, the effect of
turbulence and additional signal attenuation of the light beam through the instrument’s
optics (b), show very broad spectral characteristics, which vary smoothly with the wave-
length A\. On the contrary, certain trace gases exhibit narrowband absorption structures,
which vary rapidly with the wavelength A (Axelsson et al., 1990). So, one absorption
band can be separated into 2 parts: broadband and narrowband. Same goes for the ab-
sorption cross-section that o;(\) = g4(A\) + 0f(A). The threshold between broadband and
narrowband cross-sections depends on the observed wavelength interval and the width of
the absorption bands to be detected. Generally, the broadband structures of the spectrum
are filtered by dividing through a fitted polynomial or a smoothed spectrum. As shows
in equation 2.5, all broadband effects are fitted into a polynomial A(\) with a specified
degree by means of a non-linear least squares fitting algorithm (Stutz and Platt, 1996).
Commonly o}(\) is called differential absorption cross-section. The slant column density
(SCD) is used to represent the concentration of the absorbing species integrated along
the whole volume in equation 2.6. A quantity Ij()) is defined as the intensity without

the differential absorption component shown in equation 2.7. Likewise, the differential
Ip(N)
70y
2.8). Then the Beer-Lambert-Bouguer law can again be applied to the narrowband trace

gas absorptions.

optical density D’ can be defined as the logarithm of the ratio (shown in equation

11
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10) = V) -exp (<L D0 - i+ 2ar(A) + () + b)) (2.3)
= Do) - exp (—L D alN) - oA - e+ en(N) +ep(V) + V) (24)
= o) exp (= Dol e L) AR (2.5)
= (V) -exp (=D alN) - SCD;) - A (2.6)
= I/(\) - exp <—Zag()\)-SCDi> (2.7)

Since the absorption structure of each trace gas is unique and determined in the lab-
oratory, it is possible to discriminate the different absorptions of several trace gases in
the sum of equation 2.8 by measuring the radiation intensity at multiple wavelengths.
DOAS instruments normally measure the intensity from 500 nm to 2000 nm individual
wavelengths in order to retrieve the concentrations of various absorbing trace gases in
the atmosphere. Another advantage of measuring the absorbing intensity over broad
wavelength band is the enhancement of the detection limit about trace gases with low
concentrations or absorptions.

D'(\) = In (?&;) =L-) o\ (2.8)

The absorption cross-sections of following atmospheric trace gases are frequently mea-
sured by DOAS technique: Os, O3, O4, NOg, NO3, SOy, HONO, HCHO, CHOCHO, BrO,
OBrO, ClO, OCIO, 10, OIO and so on (Pfeilsticker and Platt, 1994; Honninger et al.,
2004; Lee et al., 2005; Sinreich et al., 2007; Huang et al., 2010a; Irie et al., 2011; Li et al.,
2013). Most trace gases are only absorbed in a certain wavelength range. The same
wavelength range, however, sometimes has numerous of simultaneous absorbers such as
O3, SO,, NOy, HONO, HCHO, and BrO, which all show absorption features at wave-
lengths from 300 nm to 400 nm. As explained in equation 2.8, the separation and selective
detection becomes possible in the real atmospheric measurement since the absorption
cross-section of each trace gas is unique.

The DOAS method can be utilized in a variety of different setups. Depending on
the DOAS applications’ light sources, they are divided into active and passive DOAS.
An active DOAS relies on artificial light coupled to an optical system that sends and
receives light, such as LP DOAS and Cavity-Enhanced DOAS (CE DOAS) that has a
more compact setup. Typical applications of passive DOAS are multi-axis DOAS (MAX
DOAS), satellite borne DOAS, imaging DOAS, direct sunlight DOAS and so on. They
all utilize natural light sources, e.g. the sun or the moon, which has been scattered and
partly absorbed in the atmosphere to derive profile information of gases and aerosols. In
addition, passive DOAS consists of direct light DOAS and scatter light DOAS.

The advantages of active DOAS and direct light passive DOAS are their high accuracy
(because they are only based on the absorption cross-section) and great sensitivity (be-
cause of a long enough light path which contributes little to the error). In contrast, the

12



2.2 Differential Optical Absorption Spectroscopy (DOAS)

accuracy of scatter light passive DOAS can be influenced by more uncertainties. First,
the determination of the absorption path length is a major challenge. Second, the tem-
perature dependence of the various absorption cross-sections has to be taken into account.
Besides, the Fraunhofer bands which mostly have much larger optical densities than those
of the trace gas absorptions, is another error in passive DOAS and need to be accurately
removed. In addition, the artificial light used by active DOAS is always available, while
the natural light (as the light source for passive DOAS) has its limitation of being de-
tected and usually restricts operations to daylight hours only. However, the convenience
of passive DOAS is its relatively much simpler experimental setup (no light source, smaller
telescope, etc.).

Some of the DOAS applications mentioned above are detailed described in following
subsections. In addition, the DOAS system in our study areas is also introduced. The
Munich spatio-temporal DOAS measuring system combines three different types of DOAS
instruments (CE DOAS, LP DOAS and MAX DOAS). The measurement system is in-
stalled on the roof of the building of the Meteorological Institute Munich (MIM) at Ludwig
Maximilian University (LMU) at the center of Munich (Figure 2.2).

Figure 2.2: Photo of the actual experimental setup of the DOAS instruments on the roof
of LMU, Munich.

Three LP DOAS instruments scans retro reflector arrays in different directions and
distances capturing the horizontal variations at roof-top level. A 2-D scanning MAX
DOAS scans the sky to capture the volume above roof-top level. This instrument is
equipped with a diffuser allowing direct sun DOAS measurements as well. A CE DOAS
is used to determine the NOy variability on the ground. The LP DOAS and MAX DOAS
runs continuously, whereas the CE DOAS is used at different times of the year/week/day
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under varying meteorological conditions to determine typical NOy distributions. The aim
of this system is to assemble spatio-temporal distributions of NOy concentrations and this
chapter will describe the general setup for each type of DOAS instruments.

2.2.1 Long Path DOAS (LP DOAS)

Long Path Differential Optical Absorption Spectroscopy (LP DOAS) is the classical active
DOAS system. The instrument measures the average absorptions of trace gases along an
extended volume air, from few hundreds meters up to several kilometers in the open
atmosphere. Measured absorption spectra are converted to SCDs and divided by the
defined measurement path length and the air density in order to quantify the trace gas
concentration. Its original design consists of an emitting unit (including an artificial light
source and a telescope) and a receiving unit (including a spectrometer and a telescope).
Many investigations about atmospheric trace gases e.g. NOs, O3, CH50, have used this
kind of setup since the 1980s (Perner and Platt, 1980; Platt et al., 1981; Harris et al.,
1982). However, it requires both sides of optical elements to be aligned and power supply
at both locations which is normally complicated for field measurement campaigns.

Modern designs of LP DOAS, introduced by Axelson et al. (1990), use the same main
mirror to merge the transmitting and receiving telescope into one device in order to
simplify the setup. The sketch of a coaxial LP DOAS setup is shown in Figure 2.3(a).
The most important step in operating such a coaxial setup is the accurate alignment of the
optical elements including the light source A, plane mirrors B and E, the main mirror C
and the receiving fiber F. These parts have to be precisely fixed at certain relative positions
and orientations. Light is emitted from the artificial light source (e.g. a xenon arc lamp
or a high power LED) via plane mirror (B in Figure 2.3(a)) towards the main mirror (C in
Figure 2.3(a)). The nearly parallel light beam then is directed to a retro reflector array (D
in Figure 2.3(a)) and reflected back to the telescope. The reflected light via plane mirror
E is focused onto the receiving fiber and then transmitted to the spectrograph. This
setup, on the one hand, doubles the light path and thus lowers the detection of optical
density of trace gas. On the other hand, it reduces to one power supply and simplifies
the alignment between telescope and retro reflector array. In addition, a single telescope
makes LP DOAS multiply dimensions (horizontal and vertical) measurement possible as
it can be easily pointed at different retro reflector arrays.

However, this setup still has several disadvantages. Firstly, there is plenty of light
throughput loss because of the displacement of the light source by mechanical instability.
Secondly, only half of the area of the main mirror is used for either transmitting or receiv-
ing light. Thirdly, complex alignment of all optical elements is always a challenge and has
to be repeatedly as the high susceptibility of alignment to wind or temperature change and
other mechanical disturbances (Merten et al., 2011). The latest modified setup, shown in
Figure 2.3(b), uses a single Y-fiber bundle to combine transmitting and receiving fibers
in the focal plane of the main mirror, which avoids the described disadvantages of the
former coaxial setup. It uses the full main mirror for emitting and receiving light and
provides an up to an order of magnitude higher performance in light throughput. Besides,
the optical alignment becomes more simple, benefiting from the combined fiber bundle.
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Figure 2.3: Sketch of (a) a coaxial LP DOAS setup introduced by Axelson et al. (1990).
(b) a modified coaxial LP DOAS setup introduced by Merten et al. (2011), (1)
with emitting and receiving fibers combined into a single bundle. The inset
(2) shows the ends (left to right, B, E, F) of the fiber bundle.

In active LP DOAS systems, the telescope has to be precisely pointed at the light
source or retro-reflector array. Because the light path will ‘bend’ due to changing thermal
gradients in the atmosphere, this can usually only be accomplished by actively controlling
the telescope. Even though, it may still lose the light from the retro-reflector time to time,
therefore more frequently optimization of light path is necessary.

The LP DOAS technique has been widely used in different measurement settings, for
example, vertical profiling LP DOAS and LP DOAS tomography etc. Vertical profiling
LP DOAS extends the LP DOAS technique for trace gases vertical distribution measure-
ments by scanning through several retro reflectors set up at the same location at different
heights (Veitel et al., 2002; Stutz et al., 2004). LP DOAS tomography is another type of
extending application of DOAS. It uses the measurement of column densities over different
optical light paths to reconstruct the trace gases’ spatial distribution. The accuracy of
the reconstructed trace gases’ spatial distribution is depending on the amount of viewing
directions. Limited number of retro reflectors also affects the reconstruction resolution of
the trace gases distribution. The geometric setting is another tough task and influences
the reconstruction quality. Some measurements using LP DOAS tomography have been
published and detailed information were provided (Laepple et al., 2004; Hartl et al., 2006;
Stutz et al., 2016; Olaguer et al., 2017).

2.2.1.1 Experimental setup in Munich

A sketch of the LP DOAS instrument setup in Munich is shown in Figure 2.4. It has
standard components as described above. The system consists of two parts: an indoor
module with LED light source, temperature stabilized spectrometer(s) and electronics; an
outdoor telescope system for light transmitting and receiving. Several or at least one array
of retro reflectors for light reflection are required, consisting of 9x25 mm diameter quartz
glass prisms in a sealed housing at the other end of the absorption path. Small single
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Figure 2.4: Schematic setup of the LP DOAS system on the building of MIM, at LMU
using a coaxial arrangement of transmitting and receiving telescope in con-
junction with a retro-reflector array built by EnviMeS Inc.

retro reflectors are used to achieve a better homogeneous reflection than large reflectors.
The optical fibers (typical 5m length) are used as a transmitter for the light from the
fiber bundle to a parallel light beam pointing to the retro reflector array and the reflected
light collected back to the spectrograph. The fibers are connected in a Y-bundle with six
sending fibers connecting to the LED light surrounded by one receiving fiber connecting to
the spectrometer, with a diameter of 200 pm. The blue LED light source (Cree royal blue,
~450 nm full width half maximum (FWHM)) is integrated in the spectrometer housing.
The optics are additionally equipped with a mechanical shutter to block the light in order
to record background spectra. The light source is never turned off during a measurement
period to avoid any spectral instabilities. A deflection mirror is placed at the focal point of
the telescope’s main mirror of 20 cm diameter and 80 cm focal length, producing an almost
parallel light beam. The combined Y-fiber end is then placed close to the deflection mirror.
Another mechanical shutter is placed right in front the end of the fiber to record the lamp
spectrum. Two stepper motors allow precise adjustment of the telescope to the retro
reflector array. The reflected light is collected by the receiving fiber and redirected to a
high grade Avantes spectrometer (Avantes AvaBench-75, 18001/mm grating, wavelength
range from 305 to 460 nm). The detector is a back-thinned Hamamatsu detector that has
2048 pixel (14 ) and 895 p sensor height and has high Ultra-violet (UV) sensitivity with
quantum efficiency of ~60%. In combination with a 200 um fiber, leading to a spectral
resolution of 0.8 nm (FWHM) or better. The telescope has a stainless steel enclosure and
is sealed at the front with a quartz glass window which is suitable for UV and visible
application. Thus it is weather resistant and can be placed outside.
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2.2.1.2 Evaluation procedure

The emission lines of a Mercury lamp and a Xenon glow lamp are used for the spectrograph
calibration. The Mercury emission line at 435.84 nm is used to convolve the literature
reference spectra to the instrument resolution. The software DOASIS (Kraus, 2005)
(doasis.iup.uniheidelberg.de) is used for the LP DOAS measurement and data evaluation.
Offset, dark current and background are corrected from all spectra before the DOAS
fit. Then, taking the logarithm of the ratio between the measurement spectrum and the
corresponding LED reference spectrum. In addition, a high pass filter (a binomial filter
of the order of 1000) is applied in order to remove the broadband structures from the
spectrum. The residual broadband structures are removed by fitting and subtracting a
second order polynomial during the DOAS fit.

One set of shift and squeeze parameters are implemented for all references spectra
in order to correct for small uncertainties in the wavelength mapping. The latter of
NO, (Vandaele et al., 2002), Glyoxal (CHOCHO) (Volkamer et al., 2005), O, (Hermans
et al., 1999) and HoO (Rothman et al., 2003) are taken. For the non-linear optimization,
DOASIS uses a Levenberg-Marquard fit and b-splines for the interpolation. The same high
pass filter that applied for measurement spectra is also applied for the reference spectra.
The spectral fit is performed in the wavelengths (from 432.0 nm to 457.6 nm) that includes
several strong NO, absorption lines. The measured slant columns are converted to mixing
ratios in part-per-billion by volume (ppbv) by dividing the slant columns (the product of
the total absorption length and the air density). Simultaneous pressure and temperature
information are used for the air density calculation.

2.2.2 Cavity Enhanced DOAS (CE DOAS)

Cavity Enhanced DOAS (CE DOAS) technique is an expansion of LP DOAS and a rela-
tively new spectroscopic measurement technique which provides an alternative option for
small scale measurements. CE DOAS uses an optical resonator consisting of two highly
reflective mirrors to turn a short geometrical light path into a long effective light path,
in order to enhance the absorption signal within a limited space. A great advantage of
CE DOAS for in-situ measurements is that its setup contains a closed measurement cell
isolated from the environment, which allows to sample the air at a well defined location.
The light signal is bounced back and forth within this isolated chamber to measure trace
gas absorption within a small volume. In addition, it protects the sensitive optical ele-
ments from the environment contamination. The principle of the CE DOAS (Platt et al.,
2009) is similar to that of the cavity enhanced absorption spectroscopy (CEAS) (Fiedler
et al., 2003). The measured absorption spectrum of an incoherent broadband light source
(e.g. LED) is used to determine the concentration of trace gases. The combination of the
optical cavity enhanced technique with incoherent broadband lights sources allows the
application of the DOAS technique for the detection of multiple trace gases by a single
instrument.

Sensitive measurements of trace gas and aerosol extinction have already been demon-
strated by Langridge et al. (2006); Venables et al. (2006); Washenfelder et al. (2008);
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Thalman and Volkamer (2010); Min et al. (2016); Chan et al. (2017). Compared to other
in-situ NO, monitoring techniques, CE DOAS is insensitive to other reactive nitrogen
(NO,) in the atmosphere, making it a better option for small spatial scale measurements
and detection of spatial variation of trace gases. Its high accuracy provides us with im-
proved measurements in comparison to previous measurements with less sensitive sensors.
The latter ones do not achieve such a information content due to their large measurement
error.

2.2.2.1 Experimental setup in Munich
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Figure 2.5: Schematic diagram of the experimental setup of the CE DOAS built by En-
viMeS Inc.

A sketch of the CE DOAS instrument is shown in Figure 2.5. The CE DOAS consists
of a blue LED light source, an optical resonator with two high reflective mirrors, a spec-
trometer and an air sampling system. Dielectric coated high reflective mirrors (Layertec
GmbH, reflectivity >99.98 % at 440nm) are placed at both ends of the sampling cell to
form an optical resonator. Light from the high power blue LED (CREE XR-E royal blue,
440 nm - 455 nm FWHM) is coupled into the optical resonator by a convex lens with a
focal length of 25 mm. Light escaped from the other side of the optical resonator is cou-
pled to an optical fiber with a numerical aperture (NA) of 0.22 by a convex lens with a
focal length of 50 mm and an aluminum mirror. The transmitted light is redirected to the
spectrometer for spectral analysis through the optical fiber. Spectra are recorded by an
Avantes spectrometer (AvaSpec-ULSi2048L-USB2) with a Sony ILX511 Charge Coupled
Device (CCD) detector. The spectral range of the spectrometer is adjusted to 395 nm -
492 nm with a spectral resolution of 0.47nm (FWHM). The sampling cell is made by a
Teflon pipe with length of 50 cm and a sampling volume of 286.3 cm?®. The sample flow of
the system is achieved by a Direct Current (DC) vacuum pump located at the outlet side
of the sampling chamber. A Teflon filter is placed in front of the inlet of the sampling
cavity to avoid aerosols entering the sampling cavity and affecting the optical path by
scattering and contamination of the high reflective mirrors. The time resolution of the
CE DOAS is adjusted to 4 seconds during the mobile measurement. Detailed description
of the CE DOAS instrument can be found in Platt et al. (2009); Chan et al. (2017).
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The software DOASIS (Kraus, 2005) is used for the CE DOAS spectral evaluation. The
CE DOAS spectral fit is performed in the wavelengths from 435.6 nm to 455.1 nm, which
includes several strong NOy and water vapor absorption bands. Reference absorption cross
sections of NOy (Vandaele et al., 2002), H,O (Rothman et al., 2003), Glyoxal (CHOCHO)
(Volkamer et al., 2005) and O (Hermans et al., 1999) are included in the DOAS fitting.

2.2.2.2 Data evaluation procedure

The CE DOAS evaluation procedure is similar to the LP DOAS. First, the offset and dark
current spectrum is taken by switching off the LED light source. Then, the lamp spectrum
Iy is measured by flushing the cavity chamber with NO, free zero air using zero-air filter
system. Different from LP DOAS, the length of the effective light path (L.rs())) of CE
DOAS needs to be calculated for each measurement. According to equation 2.8, L.f¢(\)
is related to the measured optical density (D) which is a priori unknown. However, the
broadband Rayleigh scattering extinction can be calculated with an iterative approach.
The light path in the first iteration step is the calibrated light path (Lo(\)) assuming no
trace gases absorption. The relationship between L.;f(\) and Lo(A) is defined in equation
2.9. The first approximate trace gas concentration is retrieved by applying the DOAS fit
and is then used for the calculation of the second D as shown in equation 2.10.

Less V) = L) (285) — (2.9)
Dui1(N) = Legr(Das A) - (3o i(N) - i + 2r (M) (2.10)

Then the resulting fit is used to modify the D for the fit in the next iteration. This
iteration process is repeated untill a certain measurement accuracy is achieved or the
number of iterations reached the maximum allowed (Frankenberg et al., 2005). The
simultaneous pressure and temperature are recorded to calculate the air density and to
convert the column density into mixing ratio units.

D.(\) = Iﬁ’%)) —1=Lo(\) - ea(N) (2.11)
To(\)
Lo(\, Ty, Py) = Tne0) ! (2.12)
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As we describe above, CE DOAS is realized using two highly reflective mirrors to extend
the effective light path up to several kilometers within a short isolated measurement
chamber. Only the known path length L.r; makes the evaluation of the concentration in
the quarz cell possible. So, it is sufficient to know the path length Ly of a zero air cavity
used for trace gas extinction correction. In addition, the effective path length strongly
depends on the cleanliness of the mirrors and the alignment of the resonator, the LED and
the optical fiber. The path length calibration is the main source of the total measurement
error. Therefore the path length has to be calibrated from time to time in case that these
parameters change. During the practical calibration for Ly, the light transmitted by a
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cavity filled with zero air (Ip) and helium air (I) which has a very week Rayleigh extinction
are measured subsequently. Therefore, the tendency of measured intensities of zero air
and Helium shows a relatively strong change. In equation 2.11 and 2.12, the extinction
ea(N) = 0,(A) - ¢, only contains contributions from the trace gas absorption, the o,())
and ¢, are the absorption cross section and the absorber concentration respectively. The
extinction coefficient of helium only contains Rayleigh scattering, whereas the extinction
coefficient of air contains a contribution from the O, dimer O4 at absorption bands 446 nm
and 477 nm. The O,4 absorption coefficient can be known from Hermans et al. (1999). The
number densities of helium and air are calculated using the ideal gas law. Afterwards, the
Lo can be derived. More detail about this method have been introduced by Washenfelder
et al. (2008).

2.2.3 Multi-AXis DOAS (MAX DOAS)

The molecular absorption in the ultraviolet and visible spectral bands obtains the infor-
mation of tropospheric aerosols and traces gases. The MAX DOAS is a variant of the
passive Zenith Scattered Light DOAS (ZSL DOAS) technique that takes a series of off-axis
observations of scattered sun light in several viewing directions and at different elevation
angles, in order to gain these information. The growth of the observed trace gas slant
column as a function of increasing scanning angles gives information about the vertical
distribution of the trace gas. In addition, it is especially sensitive to aerosols and trace
gases in the lower troposphere.

The MAX DOAS has a relatively simple setup, requiring only one or two spectrometers
(depending on the required wavelength range, could be either visible or UV range, or
both) and a unit of spectrometer-telescope assembly to look into different directions. A
complete measurement cycle encircling a series of observation directions may take up to
several minutes (e.g. Honninger and Platt (2002)). If the measurements are not taken
simultaneously, it could be a problem for the data retrieval process when the radiation
transport conditions (e.g. cloud cover, aerosol load, or during sunrise/sunset) of the mea-
surement periods are rapidly changing in the atmosphere. In the recent development of a
two-dimensional MAX DOAS, a single spectrometer is equipped with a two-dimensional
CCD detector, one for dispersion and the other one simultaneously observes at different
elevation angles to capture the spatial resolution. However, this setup also increase the
instrumental requirement and the maintenance of moving mechanical parts. Therefore,
MAX DOAS can be inconvenient for long-term observations on remote sites. To be no-
ticed, in order to phase out the solar Fraunhofer structure, the different MAX DOAS
instruments have to be compared with each other. Still, the simplicity and inexpensive-
ness of the MAX DOAS setup make it an easy solution for atmospheric measurement. It
has been widely used for providing indispensable observations of the vertical distribution
of atmospheric aerosols and trace gases in the past decade (Honninger and Platt, 2002;
Bobrowski and Platt, 2007; Wagner et al., 2007, 2010; Lee et al., 2011b,a; Frins et al.,
2014; Chan et al., 2015; Gratsea et al., 2016; Jin et al., 2016; Wang et al., 2017).
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2.2 Differential Optical Absorption Spectroscopy (DOAS)

2.2.3.1 Experimental setup in Munich

The 2-D MAX DOAS instrument is set up on the roof of Meteorological Institute at the
Ludwig-Maximilian-University of Munich about 20 m above ground level, located in the
center of Munich. Figure 2.6 shows a photo of the actual experimental setup of the MAX
DOAS instrument on the institute’s roof. It measures scattered sun-light and consists of
a scanning telescope with a prism reflector and a quartz-glass tube to protect the rotating
prism, a stepping motor controller and a spectrometer covering the visible wavelength
from 430 nm to 565 nm and UV wavelength from 295 nm to 450 nm. It is also equipped
with a diffuser element in order to allow for direct sun-light measurements and can contain
a mercury lamp. A tube filled with humidity absorbing silica gel connects the outside
and inside air to compensate for changes in ambient pressure and humidity, in order to
protect the highly sensitive spectrometers.

Figure 2.6: Photo of the actual experimental setup of the MAX DOAS on the roof of
LMU

Scattered sun-light, collected by the telescope, is redirected by the prism reflector and
a quartz fiber to the spectrometer for the spectral analysis. The telescope’s field of
view of the instrument is less than 0.3° and the elevation angle accuracy is around 0.1°.
Two ultra-low stray light 75 mm Avantes spectrometers are equipped with a Sony 2048 LL
detector used for visible range and a Hamamatsu back-thinned detector optimized for
UV range. The spectral resolution is 0.6nm (FWHM). The telescope scanner unit is
sealed and weatherproof. It is heated to avoid ice-cover at low temperatures. During
the experiment, the spectrometer box is kept indoor and thermostabilized at 15°C. A
sketch of the MAX DOAS instrument setup is shown in Figure 2.7 and the MAX DOAS
is controlled by a computer and operated automatically during measurement.

2.2.3.2 Spectral retrieval

The emission lines of a Mercury (Hg) lamp are used for the spectrometer calibration. The
literature reference cross sections convolve with the measured Mercury emission line at
435.84 nm to the instrument resolution, then the result is used for the spectral retrieval at
different wavelength. After correcting offset and dark current, all measured spectra of the
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Figure 2.7: Schematic diagram of the experimental setup of the MAX DOAS built by
EnviMeS Inc.

scattered sunlight at each elevation angle are divided by the corresponding zenith reference
spectrum. By taking the logarithm it can be converted into optical density. Additionally,
the Differential Slant Column Densities (DSCDs) of different trace gases, which defined as
the difference between the SCD of the measured spectrum and the corresponding zenith
reference spectrum, are retrieved by applying the DOAS method to the wavelength range
from 425 nm to 490 nm of the spectrum. The broadband spectral structures are removed
by including a 5;,. order polynomial in the DOAS fit. The absorption cross section of
NO, (Vandaele et al., 1998), O, (Thalman and Volkamer, 2013), O3 (Serdyuchenko et al.,
2014), H,O (Rothman et al., 2009) as well as the Ring spectrum are considered and fitted
to measured optical densities. The software DOASIS (Kraus, 2005) is used for the spectral
fitting analysis.

As there is a lack of cloud information in the radiative transfer calculations of the aerosol
and trace gas retrievals, horizontally homogeneous layers are assumed. The retrieval might
result in uncertainties if the radiation transport conditions are inhomogeneous or varying
rapidly in the atmosphere. Therefore, the data are filtered to screen out these conditions
before further processing for the aerosols and trace gases retrieval. The vertical profile
of the oxygen collision complex O, is nearly constant, so the retrieved O, DSCDs are
assumed to vary smoothly with time when the radiation transport condition is stable.
Any lively variation of the O, intensities and DSCDs may denote that the radiative
transport condition changes suddenly. Therefore, a locally weighted regression smoothing
filter with a regression window of 3h to the O, intensities and DSCDs time series at each
elevation angle are applied as the filter for the data contaminated by inhomogeneous or
rapid changes of radiation transport conditions. Data with fast varying O, intensities and
DSCDs are filtered out and the data with slowly varying O, intensities and DSCDs are
used in the aerosols and trace gases retrieval.
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2.2 Differential Optical Absorption Spectroscopy (DOAS)

2.2.4 Satellite borne DOAS

Over the past two decades, the DOAS community has contributed much to the use of
satellite borne DOAS instruments, that use sunlight scattered either by the atmosphere,
the ground, or both. Three viewing geometries of these measurements are possible. The
most common satellite viewing geometry is the nadir view. In the nadir geometry, the
DOAS system looks down from space towards the nadir direction, receiving the sunlight
reflected from the earth’s surface. The Global Ozone Monitoring Experiment (GOME)
(Burrows et al., 1999) was launched in 1995 use this geometry, to provide global concentra-
tion fields of trace gases, such as O3z, NOs , and HCHO. The ozone monitoring instrument
(OMI) on the NASA Earth Observing System (EOS) Aura satellite measuring total col-
umn ozone is also a nadir geometry instrument and was launched in 2004 (Levelt et al.,
2006b). In addition, some instruments like the SCanning Imaging Absorption spectroMe-
ter for Atmospheric CHartographY (SCIAMACHY) (Bovensmann et al., 1999) determine
vertical trace gas profiles with high resolution, employ measurements not only in single
geometry, but also in several. They can be used both in nadir and limb geometries. There
are several other currently operating DOAS based satellite instruments, in particular the
Optical Spectrograph and InfraRed Imager System (OSIRIS) on Odin (Murtagh et al.,
2002), the Improved Limb Atmospheric Spectrometer (ILAS) (Sasano et al., 1999).

2.2.4.1 OMI Satellite observations

The Ozone Monitoring Instrument (OMI) is a passive nadir-viewing satellite borne imag-
ing spectrometer (Levelt et al., 2006a) on board the Earth Observing System’s (EOS)
Aura satellite. The instrument consists of two charge-coupled devices (CCDs) covering a
wavelength range from 264 nm to 504 nm. A scan provides measurements at 60 positions
across the orbital track covering a swath of approximately 2600 km. The spatial resolution
of OMI varies from ~320km? (at nadir) to ~6400km? (at both edges of the swath). The
instrument scans along 14.5 sun-synchronous polar orbits per day providing daily global
coverage observations of NOy, BrO, SO, and aerosols. It is able to detect cloud radiance
fraction, cloud pressure and albedo as well.

In this study, NASA’s OMI NO, standard product version 3 (SPv3) was used (Krotkov
et al., 2017). The SCDs of NO, were derived from Earth’s reflected spectra in the visible
range (402-465nm) using an iterative sequential algorithm (Marchenko et al., 2015).
Previous studies showed the updated SCDs were systematically lower by 10-40% than
the previous estimates (Marchenko et al., 2015). The OMI NO, SCDs are converted to
vertical column densities (VCDs) by using the concept of air mass factor (AMF') (Solomon
et al., 1987). The AMFs were calculated based on the NO, and temperature profiles
derived from the Global Modeling Initiative (GMI) chemistry transport model simulations
with a horizontal resolution of 1° (latitude) x 1.25° (longitude) (Rotman et al., 2001).
Separation of stratospheric and tropospheric columns was achieved by the local analysis
of the stratospheric field over unpolluted areas (Bucsela et al., 2013).
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2.3 Cavity Attenuated Phase shift Spectroscopy (CAPS)

Cavity Attenuated Phase shift Spectroscopy (CAPS) was invented by Herbelin and his
colleagues for the characterization of mirror reflectivities (Herbelin et al., 1980) and ap-
plied into the detection of atmospheric measurement subsequently. CAPS is a technique
closely related to Cavity Ring-Down Laser absorption Spectroscopy (CRDS) which de-
termines the concentration of trace gases concentrations from the decay rate of the light
source in the optical resonator (Engeln et al., 1996; Berden et al., 2000; Brown et al., 2002;
Ball and Jones, 2003). CRDS is a laser-based system, while CAPS uses an incoherent
light source (a blue LED) that is well-matched to the NOy absorption band. To be noted,
the incoherent light source in CAPS eliminates many of the stability concerns associated
with the practical application of laser-based CAPS and CRDS. In addition, it allows a
compact, inexpensive sensor setup and provides relatively simple monitor design and no
sensitivity loss during the operation.

The CAPS NO, system mainly consists of a blue LED, a measurement chamber with
two highly reflective mirrors centered at 450 nm, and a vacuum photodiode detector. It
determines the NO, concentration by directly measuring optical absorption of NOy at
450 nm wavelength of the electromagnetic spectrum. In brief, the light appears to be a
distorted waveform after passing through two mirrors and the measurement cell, which is
characterized by a phase shift that produced by demodulation techniques in comparison
to the initial LED light modulation. The size of the phase shift is proportional to the
absorbance of the light by the presence. By measuring the amount of the phase shift (6),
the concentration of NOy (x) can be derived from the following formula:

cot 8 = cot by + %O(NOQ (T, P), (2.13)

where c is the light speed, f is the modulation frequency of LED, the absorption coef-
ficient of NOy (ano,) is at the measured sample temperature (T) and pressure (P), and
6y is the detected phase angle of the sensor response of NOo-free air.

The CAPS measures NOy with high accuracy (1 ppbv) and frequency (1 second). The-
oretically, it requires no calibration except initial calibration using a certain concentra-
tion of NO, mixed gas. Another advantage of CAPS is that it does not require con-
version of neither NOy to another species nor the sensitivity to other nitro containing
species (such as HNO3, nitrate, PAN, etc.). Therefore, it is different from the standard
chemiluminescence-based monitors which have uncertainties from the interferences with
other reactive nitrogen species. The detailed principles of the CAPS system have been
demonstrated in(Kebabian et al., 2005, 2008).

2.4 Ozone monitor

The Dual Beam Ozone Monitor is used for analyzing on-road O3 together with CE DOAS
in Hong Kong. It is designed to enable accurate measurements of atmospheric O3 over
a wide dynamic range (1 ppbv to 100 parts-per-million (ppmv)) and measures the ab-
sorption of ultraviolet light at 254 nm. The sample air is drawed by an air pump into
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2.5 GEOS-Chem chemical transport model

two separate 15 cm long absorption cells fitted with quartz windows at a flow rate of 1.5
L/min. Ozone is measured based on the attenuation of light emitted by the mercury lamp
passing through these two absorption cells. The intensities of light passing through ozone-
scrubbed air (Io(A)) and unscrubbed air (I(\)) are measured simultaneously. With the
known light path and the absorption cross section for ozone (Molina and Molina, 1986),
the O3 concentration can be derived from the Beer-Lambert—Bouguer law (equation 2.2).
The pressure and temperature within the absorption cells are measured so that the Oj
concentration can be expressed as a mixing ratio in ppbv.

2.5 GEOS-Chem chemical transport model

The global 3-D GEOS-Chem Chemical Transport Model (CTM) was used in this study
to simulate the transportation of major aerosols and trace gases including NOy in the
atmosphere. This model is driven by assimilated meteorological fields from the Goddard
Earth Observing System (GEOS) of the National Aeronautics and Space Administration
(NASA) Global Modeling Assimilation Office (GMAO) (Bey et al., 2001). In this study,
the GEOS5-FP meteorological data had a horizontal resolution of 2.0°(latitude) x 2.5°(longitude),
and a vertical resolution of 72 hybrid pressure-sigma levels. The temporal resolution of
1 hour were used to driven the GEOS-Chem CTM version 10-01. In total, there were 92
tracers included in the Universal tropospheric-stratospheric Chemistry eXtension (UCX)
simulations (Eastham et al., 2014). Transportation of atmospheric components were cal-
culated every 15 minutes with both 30 min resolution of the emission and the chemistry
time step in the model.
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3 Long-term observation of temporal
patterns of NOs in Munich

The installation of the Munich DOAS measuring system has been introduced in Section
2.2. In this section, the method used for the calibration of LP DOAS viewing direction is
introduced. The calibration is necessary for locating proper sites to install retro reflector
arrays before all measurements can be taken. The difference between with and without
intrumental background correction which can cause an obvious error is also discussed. In
addition, several intercomparisons among intruments were implemented. NOs levels at
different measurement heights and locations are presented. The diurnal patten of NO,
and the city traffic are analyzed. Furthermore, long-term NOy trends measured by LP
DOAS and satellite OMI are compared.

3.1 LP DOAS NO; measurements

Three LP DOAS instruments are setup on the roof of Meteorological Institute, the LMU
of Munich. In this study, several measurement setups were realized Figure 3.1. According
to the different length of light paths, different amounts of retro reflector arrays were
required. Setup 1 has been operated since December 2015 with a total absorption path of
3828 m across English Garden, the city park of Munich. Three retro reflector arrays were
located on the roof-top of Hilton hotel building at ~48 m height at opposite ends of our
institute. Setup 2 has been operated since January 2017 with a total absorption path of
1142m covered three blocks around the university area to St. Ludwig Munich (Church)
and ~40m above the ground. Setup 3 had been operated from July 2015 untill April 2017
with a total absorption path of 828 m across two blocks to reach the roof of the building
of Technical University Munich (TUM) at ~28 m height. Setup 4 had been operated from
July 2016 untill August 2017 with a total absorption path of 816 m across three blocks
to reach the roof of the building of Physics department of LMU at ~24m height. The
measurement path covers the university campus, public park, residential areas and areas
with heavy traffic.

A measurement sequence started with taking the LED reference spectra including dark
current, offset, and background spectrum. The LED reference spectra were taken by using
a shortcut system consisting of an aluminum diffuser plate that is moved up and down
several millimeters in front of the fiber bundle. The measurement of the LED reference
spectrum normally took 10s. Then an atmospheric background spectrum was taken
by blocking the LED using a shutter with a fixed integration time of 1s and 10scans.
Afterward, the atmospheric spectrum with a maximum of 10 scans was taken. Each
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Figure 3.1: Map of Munich city center and 4 optical paths of three LP DOAS instruments.

scan of a spectrum has a peak intensity about 60% — 80% saturation of the detector and
typically requires 60 ms — 1000 ms depending on visibility and instrument setup. The
total sampling time (the product of number of scans and exposure time for each scan)
was limited to 60s. A full measurement sequence took between 30s and 90s depending
on visibility conditions.

3.1.1 Compare to opening angle of the telescope

All LP DOAS instruments can measure along multiple light paths within the vertical and
horizontal motors movement range. Measurements of several retro reflectors over a large
range are possible one after another. In order to achieve this, the certain scanning area
for the motor movement range has to be identified first.

The total adjustable range of a stepper motor for both vertical and horizontal axises
technically is 4 x 10° motor steps, +/— 15mm = +/— 1.07°. There was a camera on
each telescope to record the line-of-sight direction of the fixed telescope. Once the relation
between the motor step and the image pixel is known, the scanning area can be calculated.
In order to check the accuracy of our motors and identify the scanning area, we set up
2 retro reflect arrays on the roof of the TUM building, 4.5 meters away from each other
in horizontal direction. Considerable scans of a larger scan area were then carried out
to record the relative difference of the position between the two reflector arrays in motor
step counts. A script was used to automatically move both vertical and horizontal motors
back to the home position, scanning an area of 3 x 10° vertical and 2 x 10° horizontal
motor steps with an accuracy of 2000 motor steps. As a result, it returned the intensity
of the tested area (Figure 3.2a). Since the single way from the telescope to these two
retro reflector was 414 m, the total scanning angle was around 2.2°. The maximum of
the recorded spectrum in the first retro reflector was located at 4.6 x 10* motor steps,
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Figure 3.2: (a)The telescope scanning area. (b) A picture taken by the camera on LP
DOAS instruments. The red rectangle is the full scanning area

while the maximum of the second retro reflector had a horizontal position of 1.58 x 10°
motor steps. As shown in Figure 3.2b (a picture from the telescope), horizontal positions
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of these 2 retro reflector arrays were Pixel 280.4 and 323.5, respectively. By caculation, 1
pixel is equal to 2604.7 motor steps. According to this conversion factor and the known
position of either retro reflector array, the total scanning area of LP DOAS can be located.
We also implemented this method to identify the possible scanning area of the LP DOAS
towards the retro reflector array of the Hilton hotel (as shown in Figure 3.3). Accordingly,
another retro reflector array was setup on the Church.

g
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Figure 3.3: A picture taken by the camera on one of our LP DOAS instruments. The red
rectangle is the full scanning area

Depending on the location and configuration, a wind shield or hard weather conditions
could affect this system, such as the telescope vibration or the reduced lifetime of the
motor and gearing. As shown above, since our instruments were set up on the roof and
measurement light paths were up to several kilometers (single way to the retro reflector
array), strong wind condition cannot be avoid and a tiny movement of the telescope
could lead to the lost of reflected light signal. In addition, a so called mirage could
lead to a bending of the light path. As a result, relative position of the retro reflector
array would be changed along with temperature changes. Since the active DOAS method
requires a precise location of the reflector array, we used rectangular spiral searching
algorithm around the presumed retro reflector array position to do the optimization of
the light beam in case of complete intensity loss. The accuracy of searching steps has
to be adjusted according to the length of light path and the size of the retro reflector
array. The light path optimization of the LP DOAS towards the retro reflector array of
TUM had an accuracy of 2000 motor steps, while that of the LP DOAS towards the retro
reflector array of Hilton got an accuracy of 1000 motor steps.
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3.1 LP DOAS NOy measurements

3.1.2 Instrumental background correction

The measurement time for one spectrum is defined by the number of averaged scans and
the exposure time for each scan. The signal noise will be added up for every scan and
the accuracy will go down when either of those two numbers are chosen too low. Each
measured spectrum is composed of several superimposed signals, only the signal from
trace gas absorption is what we need to retrieve the concentration of the trace gas that is
detected. To achieve this purpose, other signals have to be subtracted from the measured
total spectra. In our LP DOAS instruments, the light source was never turned off during
measurement period so as to avoid any spectral instabilities. Because of this design, the
CCD detector background signal is consist of the electronic offset and dark current spectra
when no light enters the spectrometer. There were another two background spectra: the
measurement background and the lamp spectrum background which must not be ignored.

As described in Section 2.2.1.1, there were two shutters (S1 and S2 in Figure 2.4) in
the whole system, one was equipped with the optics and the other was placed in front of
the end of transmitting and receiving fiber. In one complete measurement, four spectra
were recorded. The controller first moved in both S1 and S2 to record a lamp spectrum
background (Is.g). Afterwards, S1 was moved out while keeping S2 stayed in to take a
spectrum of the lamp (/). Before taking a real atmosphere measurement, a measurement
for background spectrum (/,,,5,) had to be recorded first by moving S1 in and S2 out
simultaneously. At the end, the measurement spectrum(/,,) was taken while the S1 and
S2 both were moved out. For testing the proportion of the error coming from this two
background spectra, we implemented the test during the night (in case any scattered light
would come inside to the telescope) and covered each telescope of LP DOAS instruments
with dark material to avoid the city light transmitting into the aerosol. Two tests were
deployed: 1) Full range of motor steps were tested in order to detect whether the error
changes within different motor positions. 2) A certain motor position with the wavelengths
from 432.0 nm to 457.6 nm (corresponding to the channels from 1716 to 1999), which had
same wavelength range as the DOAS fit of our measurements, were tested to investigate
the dependence of the error on the wavelength. The intensity of all spectra were recorded,
each test spectrum was taken averaged 10 scans and each scan took 10 ms.

Figure 3.4 shows the error comparison with and without correcting those two back-
ground spectra for full scan area. Since the whole test basically had no trace gas absorp-
tion involved and should have not receiving light collected to the fiber. Theoretically,
I,, = 0. However, in the real measurement test shown in Figure 3.4a, there are up to
4% light (%), which means 3-4% light came directly back to the spectrometer without
any trace gas absorption but would be added to the receiving signal with trace gas ab-
sorption. The retrieved trace gas concentration would be underestimated. Figure 3.4b
shows the difference between the corrected measurement spectrum (I, — Ln,) and the
corrected lamp spectrum (/s — Isbg). The proportion of the error was no longer strongly
pronounced (< 0.1%), which revealed higher accuracy than before by implementing the
correction. In addition, both plots (Figure 3.4a and b) indicate the error is constant in
the area of main mirror within the different motor position.

In addition, the error that was calculated as the ratio of f—’" shows a strong wavelength

sc
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Figure 3.4: Error percentage of full range scanning with an accuracy of 2000 motor steps:
(a) the ratio of the measurement spectrum with covered telescope and the
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Figure 3.5: Error percentage of the channel from 1716 to 1999 at a certain motor position:
(a) the ratio of the measurement spectrum with covered telescope and the

lamp spectrum; (b) the ratio after correcting the measurement background
and lamp spectrum background.

dependency (see Figure 3.5a), ranging from 3.5 % to 6 %. This suggests the spectrum we
measured was seriously affected by other signals, except for the noise from the detector.
With the correction of I, and I, (Figure 3.5b), the structure of wavelength depen-

dency was disappeared. An error sequence of around 0.2 % was obtained which could be
considered as instrument noise.
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3.2 NOy measurement comparisons

3.2 NO, measurement comparisons

Intercomparison and harmonizing instrument is an essential prerequisite for the reliable
measurement campaign. Since each instrument error is individual, several intercomparison
studies of different instruments for measurement of random NOgy concentrations were
carried out. Instruments including three LP DOAS and an CE DOAS have been calibrated
independently. The results obtained from these instruments were highly comparable.
More results will be introduced afterwards in this section.

3.2.1 Intercomparisons of LP DOAS and CE DOAS
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Figure 3.6: Scatter plots and orthogonal linear regression analysis of side by side com-
parison of three LP DOAS instruments. Data from the whole measurement
period were averaged in 5 min bins.

Two intercomparison measurements of three LP DOAS were deployed for 10 days. All
three instruments were aimed towards the retro reflector array on the Church. To illustrate
this procedure, Figure 3.6 displays and compares the NO, mixing ratio measurements of
the three LP DOAS instruments. Relevant statistical parameters (correlation coefficient,
slope and intercept of the orthogonal linear regression fit) are indicated. The uncertainty
of each LP measurement is less than 1 ppbv. Good agreements in the three LP DOAS
instruments were observed. The scatter plots are compact, the slopes and correlation
coefficients are close to unity, and intercepts are close to zero. Correlation between 1
and 2,4 LP DOAS was slight higher than that between 1, and 3,; LP DOAS, which
might be ascribed to a larger noise of the corresponding instruments. All in all, three LP
DOAS showed good sensitivity and stability.
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Figure 3.7: Scatter plots and orthogonal linear regression analysis of side by side com-
parison between CE DOAS and (a) the LP DOAS measuring the area to the
Hilton Hotel, (b) the LP DOAS measuring the area to TUM building. The
data from the whole measurement period were averaged in 2 min bins.

To proceed further, CE DOAS was placed on the roof for 20 days to compare to LP
DOAS instruments towards the retro reflector array of the Hilton Hotel (LP DOAS-
Hilton) and TUM building (LP DOAS-TUM), respectively. The CE DOAS performed
very frequent measurements with every 30s, while LP DOAS measured the average NOy
in 1 to 2 min depending on the weather visibility. All data were averaged to 2 min
frequency for comparison. The scatter plots displayed in Figure 3.7 illustrate similar high
agreement of CE DOAS with two LP DOAS instruments: correlation coefficients were
close to unity; slopes deviated by less than 10 % from the CE DOAS measurement; and
intercepts were close to zero. Higher value for the slope and larger intercept values and
corresponding uncertainties were found for the LP-DOAS-TUM. These differences may
related to the difference of measured area. the LP DOAS-TUM measured an area of 2
blocks which were full of busy traffic, whereas the measured area of LP-DOAS-Hilton
were over 3 blocks and a large city park (English Garden) which had relative much lower
polluted NO,.

In order to have a better insight of NOy concentration for different areas and their
temporal changes, measurements of each instrument were averaged separately into diurnal
variation with 2 min resolution shown in Figure 3.8. They all showed significant diurnal
variability and similar variation pattern with higher values during the morning, lower
values at noon, and slightly increase in the afternoon. All measurements observed elevated
NO; levels during morning (6:00 to 8:00). However, the absolute concentration (ppbv)
measured for different directions varied in a large range. The NO, of LP DOAS-TUM
measured up to 15 % higher than the roof-level of CE DOAS and 40 % higher than the
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Figure 3.8: Diurnal variation comparison of side by side comparison between CE DOAS
and LP DOAS. The data from the whole measurement period were averaged
in 2min bins.

LP DOAS-Hilton. These differences were mainly due to strong spatial variations of NOs.

3.2.2 Comparisons of roof- and ground-level NO, measurements

In order to examine the difference between ground- and roof-level NO, concentrations
which are closely relevant for most pedestrian, CE DOAS was setup in front of MIM
building about 10m distance next to the main street and at the back yard away from
main road for 2 weeks, respectively. The time resolution of both measurements were
adjusted to 2 min for comparison. As shown in Figure 3.9(a) and (b), CE DOAS mea-
surement was highly correlated with LP DOAS measurements. In addition, the back yard
measurement of CE DOAS was 1% higher than roof-level measurement, while the mea-
surement more close to the street was 22.7 % higher than the others. This was mainly due
to the different measurement locations. NOy of the near-street location was affected by
the traffic emission more significant than the back yard and roof-top. For further investi-
gating the horizontal dilution effect, we moved the CE DOAS to the corner of the street
and measured the roadside NO, for 2 hours in total. All measurements were averaged to
1 min time resolution for comparison (Figure 3.9(c)). The Pearson correlation between
roadside measurement and roof-level measurement was much lower. In addition, the mea-
sured NO, of roadside was on average 3.2 times higher than roof-level. This discrepancy
for the roadside measurement was generally on account of the sampling location which
was the closest to the street and highly influenced by on-road traffic emission.

Based on above results, an extrapolation on the long-term LP DOAS measurements
was implemented to get estimated NO, mixing ratio of near-street and roadside level
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Figure 3.9: Scatter plots and orthogonal linear regression analysis of LP DOAS roof-level
measurements with (a) the front yard CE DOAS measurements, (b) the back
yard CE DOAS measurements on the ground, and (c) the roadside CE DOAS

measurements.

(shown in Figure 3.10a and b, respectively). The near-street level of NO, was still below
the hourly WHO AQG which suggests no great harm for pedestrian’s health. However,
15.7 % in total of the estimated roadside NO, level exceeded the hourly guideline.
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and roadside measurements (b) by extrapolating the LP DOAS roof-level
measurements to the ground-level from 2015 to 2017. The red line is the

hourly WHO AQG.

3.3 Diurnal variations of NO, and city traffic

3.3.1 Local air quality monitoring network and the city traffic
information

Ambient NOy data in Munich were acquired from the air quality monitoring network of
Bavaria that is operated by the LfU. The air quality monitoring network comprises 8 am-
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Figure 3.11: The air quality monitoring stations numbered from 1 to 8 are Stachus,
Prinzegentenstr, Lothstreet, Landshuter Allee, Luise-KieselbachPlatz, Jo-
hanneskirchen, Moosach, Allach, respectively. Red dots are traffic counters
that distributed mainly on the busy streets.

bient monitor stations in Munich and they cover both urban and rural areas. Since 2012,
only five stations located in Allach, Lothstrasse, Stachus, Landshuter Allee and Johan-
neskirchen (No.1-5 in Figure 3.11) have been activated for measuring. The NOy and NO,,
concentrations were measured by in-situ NO, analyzer. In addition, the Munich traffic
counting data collecting by the Department of Public Order (Kreisverwaltungsreferat or
KVR) of Munich were used as traffic density information to compare with hourly NO,
concentrations of three air quality monitoring stations and long-term LP DOAS NO,
measurements. Location information of the air quality monitoring stations and the traffic
detectors in the city centre are shown in Figure 3.11.

3.3.2 Correlations of traffic density with NO,

Traffic count measurements were analyzed together with LP DOAS and LfU monitor
stations data to investigate the correlation between the ambient NO, and the traffic
density. Traffic count measurements taken within 2km radius of the five LftU monitor
stations were averaged over 2 years (2016 and 2017) and displayed together with average
diurnal variation of NOy of LfU (Figure 3.12 a, b). Both traffic and NO, of all stations
showed significant diurnal variability with a sharp increase since 4:00 in the morning and
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Figure 3.12: 2-year average diurnal cycle of NOy measured by LfU monitoring stations in
(a) and traffic count data within 2km radius of specific stations in (b).

reaching the peak during the morning rush hour from 6:00 to 8:00 and a smooth rising
around 18:00. However, the absolute concentration of NOs and traffic counts measured
by different stations varied in a wide range. Since not every station measured both traffic
and NO, level information, only Landshuter Allee station, Lothstreet station and Allach
station were available to compare. Among these three stations, the traffic density of
Allee station was the lowest whereas the Landshuter Allee station was the highest. A
same condition was observed in NOs levels. In addition, traffic around Landshuter Allee
station was on average 68 % more than Lothstreet station and 97 % more than Allach
station, while NO, of Landshuter Allee station was 57 % higher than Lothstreet station
and 65 % higher than Allach station. Due to the different locations, the Allach station
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located outside the city center measured the residential area with relative rare traffic,
the Landshuter Allee station positioned on the city-ring road captured the high-density
traffic emissions, and the Lothstreet station located in the city centre residential area was
generally affected by city traffic.
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Figure 3.13: 2-year average diurnal pattern for each day of the week of NOy measured by
LP DOAS (a) and coinciding traffic counts(b).

Furthermore, the spatial and temporal distribution of NO, changed with the day of
the week. Traffic load was highly dependent on human activities which typically fall
into a 7 days cycle. Therefore, all LP DOAS measurements and traffic counts of all
inner-zone sensors in 2016 and 2017 were sorted and averaged into 24 hours in a day for
each day of the week (Figure 3.13) so as to investigate weekly pattern of NOy and traffic
density for capturing the differences between traffic and anthropogenic emissions during
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Figure 3.14: Annual average diurnal variation of the LP DOAS measurement (a) and the
traffic count data (b).

weekdays and weekend. The diurnal pattern of traffic and NOy both illustrated different
characteristics between weekdays and weekend. The LP DOAS measurement indicated
the NOy concentration was on average 11 % lower on Saturday and 30 % lower on Sunday
compared to weekdays. However, the morning rush hour peak of NOs; was significantly
reduced by 24 % on Saturday and 52 % on Sunday, while the evening rush hour (18:00 to
20:00) peak presented a less pronounced reduction of 36 % on Sunday. Traffic counts and
the LP DOAS showed similar diurnal variation pattern and weekend reduction, except
that the evening rush hour was 2 hours ahead (16:00 to 18:00). As indicated by the traffic
count measurement, the traffic was on average 12 % lower on Saturday and 14 % lower
on Sunday compared to weekdays. During the morning rush hour (6:00 to 8:00) peak of
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traffic substantially decreased 39 % on Saturday and 49 % on Sunday, while the evening
rush hour peak showed a smooth declining of 11% on Saturday and 6% on Sunday.
Besides, NO, level on Monday was slightly lower than the rest of weekdays, while the
traffic counts on Monday had no difference to others. This may be due to the lifetime
of NOg, namely much less NO, emitted on Saturday and Sunday were largely diffused.
Therefore, the NO; measured on Monday was mainly emitted on the same day, while the
measured NO of midweek were the sum of the emissions of the current day and previous
days. For further comparison, the annual average diurnal pattern of traffic counts and
NO; in 2016 and 2017 are shown in Figure 3.14. NO, increased 8 % on average and traffic
increased 29 % from 2016 to 2017.

All relative changes of traffic were highly correlated to the changes of NO, levels. How-
ever, the reduction trend of NOy during the noon was not the same strongly pronounced
in traffic tendency, due to the emissions diffused rapidly during the day by wind. In addi-
tion, the sharp decreasing traffic counts during the night was not observed in NO, diurnal
pattern, since the dwell time of the emissions was increased during the night considering
much lower wind speed (Brunner et al., 2015; Carapellucci and Giordano, 2013). These
relative changes within a week in the diurnal cycle proved that traffic emissions were
the main source of NOs in urban areas in Munich. This effect was strongly dependent
on human activities. Traffic is declined during weekend as most of the residents do not
work on Sunday, e.g., frequency of buses is reduced during weekend. Saturday has a less
pronounced reduction effect comparing to Sunday, as Saturday could still be a travel day
for some family in Munich.

3.4 Long-term NQO, trends of ground-based and satellite
observation

3.4.1 Converting OMI data to ground mixing ratio using modeled
NO, profiles

The Emission Database for Global Atmospheric Research (EDGAR) version 4.2 (EDGARA4.2,
2011) was used in the simulations as the anthropogenic emissions database, while over-
ridden with some regional inventories were available. The anthropogenic emissions over
South East Asia were taken from the Intercontinental Chemical Transport Experiment
Phase B (INTEX-B) inventory (Zhang et al., 2009a). The Model of Emissions of Gases
and Aerosols from Nature (MEGAN) emission inventory version 2.1 was used to account
for biogenic emissions in the simulations (Guenther et al., 2012). The black and organic
carbon emissions were taken from the global emissions inventory introduced by Bond
et al. (2007) while the biomass burning emissions of carbonaceous aerosols were taken
from Global Fire Emissions Database version 3 (GFED3) (Van der Werf et al., 2010).
Simulations were carried out from July 2012 to June 2014. Month-average data of the
GEOS-Chem simulations were used as the OMI a-priori vertical NOy profiles in this
study for converting the OMI tropospheric NOy VCDs to the ground level mixing ratios.
Monthly vertical NOy profiles are shown in Figure 3.15.
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Figure 3.15: 2-year monthly average NOy vertical profiles simulate by Geos-Chem Module
from July 2012 to June 2014. The corresponding profile for each month is
used to convert the NOy VCDs measured by OMI to ground mixing ratio

(ppbv).

3.4.2 Comparison between the ground measurement and converted
OMI observation

Satellite measurements are strongly affected by clouds as clouds shield ground level NO,.
Hence, for a better comparison with the LP DOAS data, OMI data with cloud fractions
larger than 50 % which were significantly influenced by clouds, were filtered out. LP
DOAS data from 12:00-15:00 UTC time, same as the OMI overpass time for Munich,
were used for comparing with the gridded OMI data sets within 10km and 50 km from
the measurement site (Figure 3.16). In order to reduce the influence of clouds and local
spatial variations, monthly mean data were used for the comparison. The uncertainty of
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Figure 3.17: Correlation of LP DOAS measurements with retrieved NO, mixing ratio
(ppbv) in (a) and VCD in (b) of OMI observation.

the LP DOAS measurements which was < 1 ppbv / measurement, is too small to be shown
after averaging over years. Observation of LP DOAS and OMI both showed similar annual
pattern with lower NOy values in summer and elevated NOs values in winter.
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The Pearson correlation between the monthly means of LP DOAS overpass time mea-
surements and OMI retrieved ground mixing ratio of NOy and VCDs within 15km were
0.85 and 0.72, respectively (Figure 3.17). OMI and LP DOAS were correlated well,
representing OMI measured reliable tendency of ground level NOs. The discrepancy of
correlation coefficients were mainly caused by the vertical profile used for the OMI re-
trieval and the conversion of VCDs to ground level mixing ratios. In order to show the
influence of temporal averaging, monthly averages for all LP DOAS data are shown in
Figure 3.16 as well.

As NOs has high temporal variability, increasing the averaging time would include data
that OMI is not able to capture. Hence, the measurements of LP DOAS and OMI were
less correlated with each other. Additionally, since OMI overpass time was not in between
of local rush hours (introduced in 3.3), LP DOAS monthly average of all measurements
on average were 50 % higher than NOy of LP DOAS during OMI overpass time for most
of months, except for December, 2015 which had fewer measurements less than 6 days
due to the instrument maintenance. OMI data averaged for a 50 km radius illustrated the
influence of spatial averaging. By increasing the averaging area to increase spatial coverage
would include other sources that were not related to local emissions measured by the LP
DOAS. On average the monthly means of the OMI data within 10km and 50 km were
lower than the LP DOAS measurement of same overpass time by 7.4 ppbv and 7.5 ppbv,
respectively. Therefore, it could be assumed that Munich and its surrounding area have
similar emission sources.

The averaged variability of the NOy mixing ratios in winter (November to February)
and summer (June to August) were 16.5 ppbv and are 5.5 ppbv. In most of the months,
the error bars of OMI data, either within 10 km or within 50 km, do not overlap with the
LP DOAS data, which indicated that there were some unknown systematic errors either
in the OMI retrieval (Wenig et al., 2008) or in the VCDs to ground level mixing ratios
conversion, or in both. One possible reason for the lower OMI values over Munich in
comparison to the LP DOAS measurements was that the OMI a-priori profile used for
converting the tropospheric NOy VCDs to ground level mixing ratios was averaged over a
large area including large fractions of ocean and rural area with lower relative ground level
mixing ratio. Underestimation of the relative ground level mixing ratios in the conversion
profile led to underestimation of the ground level NOy and a total underestiation for the
ground level NOy of about 69 %.

45






4 Analysis of spatial distribution of
on-road NOy in Munich

In most German cities, the frequent exceedance of the WHO AQG for NO, concentrations
has aroused wide concerns in the public. The NOy concentration can have a very strongly
varying spatial distribution in urban areas. Furthermore, the emissions of NO, from on-
road vehicles have a great contribution to the increasing trend of ambient NO, levels.
Hence, capturing the NOy spatial distribution on the road is very important in order to
identify pollution hot spots in the city.

In our study we performed extensive measurements for a period of two weeks in Munich
in order to capture the spatial variability of NO,. A combination of different spectroscopic
instruments were applied, including mobile CE DOAS and CAPS spectroscopy, two mobile
MAX DOAS, three stationary MAX DOAS, and three LP DOAS instruments. In a later
phase of this project, this data set will be used for the Airborne Prism EXperiment
(APEX) campaign in Munich.

4.1 Methodology

4.1.1 Mobile NO; Measurements

A CE DOAS, a CAPS and a 1-D MAX DOAS instruments were employed for mobile mea-
surements using a sampling inlet which was positioned on top of the front left window of
two vehicles at a height of about 1.5 m above ground. The measurements were performed
for a one-week campagin in July 2016 to cover large part of the urban area in Munich. The
measurements were performed on varying routes during the daytime to cover non-rush
hours, morning and evening rush hours, which aimed to provide a better spatial coverage
and to identify pollution hotspots. The scanning geometry of 1-D MAX DOAS measure-
ment was fixed along the driving direction with an elevation angle of 22 °, aiming to avoid
the effect of the buildings aside the roads (e.g. blocking the light) and to capture longer
absorbing path lengths. A measurement sequence contained 1 measurement of scattered
sun-light with elevation angles () of 90° (zenith) and 9 measurements with elevation
angle of 22°. Each measurement took around 1 min depending on the scattered sunlight
intensity. For further supplementary information, one week bike measurements using CE
DOAS were conducted in June 2016 to investigate NOy distribution in a small part of the
city park (English Garden).
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4.1.2 Stationary MAX DOAS measurement of aerosol and trace
gases profile

The MAX DOAS instrument was setup next to LP DOAS system, on the roof of the MIM,
at the LMU of Munich. The scanning geometry was set as the viewing azimuth angle (¢)
of the telescope was adjusted to 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° with the
lowest elevation angle of 1°. A measurement sequence consisted of measuring scattered
sun-light spectra with elevation angles («) of 90° (zenith), 40°, 20°, 10°, 7°, 5° 3°,
2° and 1°. Each performed with 100 scans. The exposure time of each measurement
was automatically adjusted depending on the intensity of the received scattered sunlight,
in order to achieve similar intensities for measurements at all elevations and to further
achieve similar intensity levels for all the measurements. A full measurement sequence
took about 5 to 15 minutes depending on the scattered sunlight intensity.

As aerosols are typically emitted and formed close to the surface in urban areas, we as-
sumed the a priori aerosol extinction profile followed an exponentially decreasing function
with a scale height of 0.5 km. The aerosol optical depth (AOD) of the a priori aerosol
profile was set to 0.12 for the retrieval at 477 nm. The uncertainties of the a priori aerosol
profile were set to 50 % and the correlation length of the aerosol inversion was assumed
to be 0.5 km. As the MAX DOAS measurements are more sensitive to aerosol and trace
gases close to the instrument, we therefore divided the lowest 3.0 km of the troposphere
into 15 layers with a thickness of 200 m for each layer. A fixed set of a single scattering
albedo of 0.92, the asymmetry parameter of 0.68 and the ground albedo of 0.04 were
assumed in the radiative transfer calculations.

The aerosol information obtained from the procedure described above was used for the
differential box air mass factor (ADAMF) calculation for the trace gas profile inversion.
The ADAMFs were calculated at a single wavelength for the retrieval of trace gas profile
using the radiative transfer model libRadtran with the Monte Carlo simulation module
MYSTIC (Emde et al., 2016). The ADAMF was assumed to be constant within the
DOAS spectral fitting windows. In this study, vertical distribution profiles of NOy were
retrieved at the O4 absorption bands at 477 nm.

The atmosphere layer settings of the trace gas profile retrieval were as same as the one
used in the aerosol profile retrieval. As the trace gas profile cannot be fully reconstructed
by the small number of measurements, therefore, we used the optimal estimation method
(Rodgers, 2000) with a two-step approach to regularize the inversion (Chan et al., 2018).
The first step used a fixed and non-committal a priori to retrieve the trace gas distribution.
The fixed a priori profile was then scaled to have the vertical column retrieved from the
first run. The scaled a priori was used in the second run to retrieve the final result. In
this study, the a priori was assumed to follow an exponential decrease function with a
scale height of 0.5 km. The uncertainty of the a priori profile was set to 50 % of the a
priori and correlation length was set to 0.5 km in the trace gas profile inversion. The NO,
vertical column density (VCD) of the a priori was set to 1 x 10'6 molec/cm?.
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4.2 Intercomparison of CE DOAS and CAPS

4.2 Intercomparison of CE DOAS and CAPS

In our first intercomparison measurement, we placed the CE DOAS and the CAPS side
by side on the roof of MIM building for 6 days. The measurement frequency for the CE
DOAS and the CAPS were both set to every 2s. One-minute average values of NOy were
used for comparison. As shown in Figure 4.1, they are highly correlated. The scatter
plots are compact, the slopes and correlation coefficients are close to unity, and intercepts
are close to zero. These results confirmed the good agreement in the CE DOAS and the
CAPS. Hence we were able to place the CE DOAS and the CAPS separately into two
vehicles in order to cover an area as large as possible in one week.
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Figure 4.1: (a) The timeseries of the CAPS and the CE DOAS comparison measurements
for 6 days. (b) Correlation coefficients of side by side comparison between the
CE DOAS and the CAPS.

4.3 Normalization of the diurnal cycle

Since NOy concentrations have a very strongly varying spatial distribution in urban areas,
capturing the NO, spatial distribution on the road could help to identify pollution hot
spots in the city. However, measurements were taken at different times of the day, there-
fore, they were also affected by the diurnal variation. In order to separate the NO, spatial
and temporal variability and show a representative spatial distribution of NO, in each
city, an algorithm has been developed to fit long term diurnal cycles to LP DOAS date
of the measurement day to normalize the time of the day dependencies. This algorithm
was used to create normalized maps for Munich based on measurement campaigns. It
is less depending on the outlines caused by the overpass pollution plume and can also
interpolate data gaps due to instrumental problems and bad weather.

The algorithm normalizing for diurnal variations used the LP DOAS measurements of
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atmospheric NO, of the same day by dividing through the daily mean NO, concentration.
Then these values were averaged for each day of the week over a period of 2.5 years to
obtain a representative diurnal NOy variation pattern. The normalized and averaged di-
urnal NOy variation pattern of the corresponding weekday was scaled and shifted to the
normalized LP DOAS measurement for each day during the mobile measurement cam-
paign. The inverse of the 1 standard deviation of the 2.5 years averaged and normalized
NO, level was used as weighting in the linear regression to scale and shift the long term
average diurnal pattern. In order to avoid single high value affecting the whole regression,
normalized NO, level exceeded the 2 ¢ variation of the 2.5-year averaged and normalized
NO, level were not considered in the regression process. Figure 4.2 shows the normalized
NOg level measured by the LP DOAS in 2016. Normalized 2.5-year weekday mean NO,
diurnal pattern, the diurnal pattern of scaled NO; measurement taken on each day in 2016
are shown as well. All data illustrated similar characteristics with a significant peak in the
morning (6:00 to 9:00) rush hours. The corrected long term diurnal pattern was then used
to correct for the diurnal effect of the mobile measurement. Mobile measurements were
multiplied by the simultaneous NOs level of the resulting normalized LP DOAS diurnal
pattern to obtain a more representative value for the measurement areas.

4.4 Spatial distributions of NO, in Munich
4.4.1 NO, mobile measurements by the CE DOAS and the CAPS

In order to have a better overview of major pollution hotspots in Munich, all measure-
ments in 2016 were spatially averaged to a high resolution grid of 20 m x 20 m and were not
corrected for the diurnal cycle in the first analysis (Figure 4.3a). These measurements cov-
ered mainly the major roads in the city of Munich, including motorway, ring-road, urban,
sub-urban and rural area. Elevated NO, levels were mainly distributed over motorways
and busy roads, where there is always a high traffic intensity, e.g. No. 2R ring-road, No.8,
No.E54, No.95, No.96, No.99 motorways, Landsbergerstreet near Pasing , Wittelsbacher-
street and Isartalstreet along the Isar river, and Karlsplatz and Marienplatz in the city
center. About 5.8 % of the on-road measurements exceeded the WHO one hour guideline
value. About 6.6 % of the area in the city center showed NOy concentrations higher than
the guideline. High NO, values over motorways were mainly due to the emission of heavy
duty diesel vehicles, i.e., diesel trucks and buses. Moreover, traffic congestion and street
canyon effect (Rakowska et al., 2014) were the major cause of elevated on-road NOy in
the city center.

As described in section 4.3, on-road pollutants are mainly produced by vehicles and the
traffic flow patterns have a large impact on pollutant distributions (Westerdahl et al., 2005;
Kaur et al., 2007; Huan and Kebin, 2012; Rakowska et al., 2014; Fu et al., 2017). This
effect was normalized using the simultanecous LP DOAS measurement. The normalized
spatial distribution of on-road NOy is shown in Figure 4.3(b). The normalized data
were now average data representative for the whole day. NO, levels over 80.1 % regions
were significant elevated (>1ppbv) after applying the normalization, in particularly for
the residential area and highways such as Neupelach and Moosach district, while 8.1 %

20



4.4 Spatial distributions of NOy in Munich
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Figure 4.2: Normalized diurnal cycle of NOy from Monday to Friday (from (a) to (e))
in Munich in 2016 measured by the LP DOAS. The green curve represents
LP DOAS measurement while purple line is the 2.5 years averaged diurnal
pattern. The blue line shows the fitted scaled diurnal pattern of ambient NOy
on each day of the week.

showed significant decrease (>1ppbv) mainly at the city center. Enhancement of NO,
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4 Analysis of spatial distribution of on-road NOy in Munich

concentrations after normalization for certain areas was due to the fact that the mobile
measurement took place during non-peak hours during the day, while reduction of NO,
concentrations was due to the measurement vehicle overpassing the regions during rush
hours of the day. Compared to the unnormalized data, there were 17.4 % of normalized
on-road measurements exceeded the WHO 1-hour guideline and about 14.3 % of the total
area in the city center exceeded the guideline. The elevated NO; level in Munich was
presumably due to the fact that the measurement campaigns were conducted during
daytime that avoided the rush hours for busy streets in case of traffic jam when the NO,
level was in general lower in comparison to the day-average. In addition, the NOy in the
city park (English Garden) in the city center is about 6 ppbv and therefore much lower
than the exterior of the park as plants could reduce the air temperature and provide
deposition areas for O3 , NO, and particles (Wesely and Hicks, 2000; Chaparro-Suarez
et al., 2011).

4.4.2 Car MAX DOAS Measurements of NO, and compared with
the CE DOAS and CAPS measurements and OMI observation

The car MAX DOAS measurements were deployed in July for one week together with
CE DOAS mobile measurements on the city-ring road and motorways. The stationary
2-D MAX DOAS was simultaneously operating on the roof to provide the information
of the troposphere NOy profile, in order to be used for converting mobile NO; VCDs
measurements to the ground level. All measurement days had clear sky with the cloud
fraction of less than 50 %. The troposphere NO, profiles with an azimuth angle of 0° were
used as converting factors for each day (shown in Figure 4.4).

The NOy VCDs of mobile Car MAX DOAS measurements shown in Figure 4.5(a)
illustrated similar distributed pattern with peak values on motorways and main busy street
in the city center, and relative lower values were observed in residential area. However,
the converted ground level NOy mixing ratio (Figure 4.5(b)) was on average around 3.3
ppbv. 95% of the car-based MAX DOAS measurements were lower than the CE DOAS
and CAPS mobile measurements. This large relative difference was proximately due to
the NOs profiles of the on-road mobile measurements had different shapes from the NO,
profiles of stationary MAX DOAS used to convert the VCDs. Another reason could be the
underestimation of the conversion factor measured by the stationary MAX DOAS. The
MAX DOAS in general reported lower surface NOy mixing ratio, which could be ascribed
to the difference in the observation height. The lowest layer of the MAX DOAS retrieval
extended from 30m to 230 m above the ground level, while the mobile measurements by
CE DOAS and CAPS captured the NOy emission at 1.5 m. As the major sources of NO,
in Munich are traffic emissions (discussed in section 3.3), which are typically emitted at
ground level. Therefore, the concentrations of atmospheric NO, are expected to be much
higher close to the ground. As a consequence, the stationary MAX DOAS in general
recorded lower surface NOy mixing ratios than on-road measurements.

We used the same method with the coinciding LP DOAS measurements corrected for
the diurnal effect of the car-based MAX DOAS. The normalized spatial distribution of
converted on-road NOy mixing ratio is shown in Figure 4.6 after applying the normal-
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4.4 Spatial distributions of NOy in Munich

ization. The NOy ground levels over 30 % of the regions covered with the measurement
campaign was significant elevated (>1ppbv) at the city center and the residential area
such as in Moosach , while 51.2 % mainly highways showed significant decrease (>1 ppbv).
The normalized car-based MAX DOAS measurements indicated the highest polluted area
was located in the city center. The NO, level on highways was not similarly pronounced,
which was different from the normalized NOy distribution measured by CE DOAS and
CAPS. The different observation heights contributed to the main discrepancy. The car-
based MAX DOAS measurements may also be affected by the wind direction since the
converted NOy mixing ratio measures the average NOy up to 200m height, whereas the
pollution on highways were mainly from traffic which was close to the ground. To sum-
marize, the Munich city circle is the most polluted area and anthropogenic emission is
the domain source of NOy. A similar distribution can be observed from space by the OMI
satellite. Tropospheric NO, VCDs averaged for June and July are shown in Figure 4.7.
All data were gridded with a 0.02° x 0.02° resolution. It shows a gradually declining from
the center towards the Outer Ring of Munich with a total decrease rate of ~30 %.
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5 Analysis of spatial and temporal
patterns of on-road NO,
concentrations in Hong Kong

This chapter will briefly introduce the instrumental setup of LP DOAS and CE DOAS, and
mainly talk about the measurement campaign in Hong Kong which has been published
on the journal of Atmospheric Measurement Techniques Discussion (AMTD) (Zhu et al.,
2018).

5.1 Methodology

5.1.1 LP DOAS NO; measurement in Hong Kong

A LED based LP DOAS system was installed on the roof-top of the City University of
Hong Kong building, providing measurement of near surface NO,. The retro reflectors
were placed on a high rise building located at the center of Kowloon, realizing an optical
path of 1.9km (total absorption path of 3.8 km). The spectral range of the spectrometer
was adjusted from 400 nm to 462 nm with a spectral resolution of 0.4nm (FWHM). The
average altitude of the LP DOAS light path is ~50 m above ground level covering a long
light path over the urban area of Hong Kong, providing representative measurements of
ambient NOs level. Details of the experimental setup and the data retrieval procedure of
the LP DOAS can be found in Chan et al. (2012). When focusing on the spatial variations,
we used ambient NOy values measured by the LP DOAS to normalize for the temporal
dependency of the mobile CE DOAS measurements. Since the mobile measurements
sample the different parts of the city at different times of the day, the diurnal variability
has to be normalized in order to produce a concentration map that represents daily average
concentration of NO,. Details of the normalization procedure are presented in section 5.3.

5.1.2 Mobile CE DOAS NO; measurements in Hong Kong

A CE DOAS instrument was employed for mobile measurements using a sampling inlet
positioned on top of the front part of the vehicle at a height of about 1.5 m above ground.
The measurements were performed in December 2010 and March 2017 and divided into
two parts, (a) measurement along a standard route that covers large part of the urban
area in Hong Kong and (b) single measurement in different areas that are not covered
by the route. The regular route covers Mong Kok, Central and Causeway Bay which are
the busiest areas in Hong Kong (see Figure 5.1). The standard route measurements were
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5 Analysis of spatial and temporal patterns of on-road NO, concentrations in Hong Kong

performed 2 to 3 times per day in order to cover non-rush hours, morning and evening
rush hours. The varying route measurements were mostly performed during non-rush
hours which aims to provide better spatial coverage and to identify pollution hotspots.
Measurements performed in 2010 focus more on the on-road NO, spatial distribution and
the identification of pollution hotspots. Therefore, the 2010 measurements include more
non-standard route measurements to have a better spatial coverage. On the other hand,
the objectives of the 2017 measurements are refined to investigate the spatio-temporal
variations over major pollution hotspots, that are mostly concentrated in the city center.
As a result, we focused more on the standard route measurements over the city center in
2017.
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Figure 5.1: Map of Hong Kong city center. (a) The standard measurement route. Yel-
low crosses indicate 3 roadside EPD monitoring stations while blue crosses
represent 4 ambient EPD monitoring stations. The blue line indicated in (b)
represents the optical path of the LP DOAS.

A sketch of the CE DOAS instrument in Hong Kong is as same as the instrument in
Munich which is shown in Figure 2.5 and described in 2.2.2.1.

5.1.3 Local air quality monitoring network

Ambient NO, data in Hong Kong were acquired from the air quality monitoring network
of Hong Kong which is operated by the Environmental Protection Department (EPD).
The air quality monitoring network comprises 13 ambient and 3 roadside monitor sta-
tions (see Figure 5.1 for the locations of some of the stations). They cover both ur-
ban and rural areas in Hong Kong. The NO; and NO, concentrations are measured
by in-situ chemiluminescence NO, analyzer. UV absorption Oj analyzer is used for
O3 monitoring. More details of the air quality monitoring network can be found on
http://www.aghi.gov.hk/en/monitoring-network /air-quality-monitoring-network.html. Hourly
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5.2 NOy measurement comparison

NO, concentrations from seven of the air quality monitoring stations were used to com-
pare to LP DOAS and CE DOAS NO,; measurements. In addition, NOs, NO, and Oj
data from the monitoring stations are used for long-term trend analysis.

5.1.4 Estimate NO using additional measurements of O;

During the mobile measurements, ozone concentration was recorded by an UV light-based
Dual Beam Ozone Monitor (Model 205, 2B Technologies) in 2017 measurement campaign.
NO concentration can be derived from measured coinciding NOy and O3 measurements
by using the Leighton ratio equation assuming the NO/NO;y/O3 photo-stationary state
is steady. This approach has been widely used in the research of NO/NO;y/Oj3 reac-
tions(Stevens, 1987; Atkinson et al., 1997; Diiring et al., 2011). Photolysis rates (J) of
NO; under different meteorological conditions (various cloud optical depths (COD) under
moderate aerosol pollution) were calculated in the report of VDI-Richtlinie(VDI, 2017a).
According to the meteorological condition during our measurement campaign in March
2017, the NO, photolysis rates we applied are 2.5 (1072s71) and 0.5 (1073s™!) with over-
cast of COD =20 of Hong Kong calculated by Kim et al. (2014) study and solar zenith
angle of 50° and 70° respectively. The averaged NO,/NO, ratio is about 0.70 + 0.22
during the on-road measurements. The reaction time of NO-NOy-O3 chemistry in an
inner city street canyon with high traffic density is about 12.6 seconds, that simulated
by regional atmospheric chemistry modeling (RACM) (VDI, 2017b). Since emissions ac-
cumulate for much longer than that, we can assume equilibrium state with an averaged
NO;,/NO, ratio of 0.70 = 0.22 for our measurements that calculated by using the Leighton
ratio equation referring to the report of VDI-Richtlinie(VDI, 2017a). This value could be
confirmed by ratios derived from the EPD monitoring stations where NO measurement
were available (see section 5.4).

An electrical chemical sensor package (A-type including NO, NO,, O3) from Alphasense
Co. ltd. were also applied in our mobile measurements. It was a prototype of the new
generation portable air quality monitor mini station of our future measurements. More
calibration process need to be done. The preliminary result of averaged on-road NO3/NO,,
ratio were agree with roadside EPD measurements.

5.2 NO, measurement comparison

Our LP DOAS measurements of atmospheric NO, in Hong Kong started in December
2010. The data shows significant diurnal, weekly and seasonal variability. The daytime
annual average NOs concentration measured by the LP DOAS from 2011 to 2015 is
47.5 pg/m3. A decreasing trend can be observed (see Figure 5.5 d), but they all still
higher than the WHO annual guideline value or Hong Kong air quality objective annual
average value at 40 ug/m?3. Additionally, episodes of high NO, levels are occasionally
recorded.

A time series of NOy concentrations measured by LP DOAS and EPD monitoring sta-
tions are shown in Figure 5.2. On one hand, both LP DOAS and EPD measurements show
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EPD and LP-DOAS Measurements in 2010

; /\/fp\% LN n Ié:’
I L ' /‘ I l‘{" W\ ' et \ ;/., 7\ a

400

N
o
=l

4

1004}

wv
o

—— Causeway Bay —— Eastern
—— Central +— Kwun Tong

NO, Concentration (xg/m?)
N
o

—— Mong Kok +— Sham Shui Po
E —— Central/Western x~  LP-DOAS
2010-12-13 2010-12-14 2010-12-15 2010-12-16 2010-12-17 2010-12-18 2010-12-19 2010-12-20

Figure 5.2: Time series of NO5 concentration measured by LP DOAS and EPD Monitoring
stations during the measurement campaign in 2010.

similar variation pattern with higher values during daytime and lower values at night. On
the other hand, LP DOAS and different EPD stations measurements also demonstrate
different characteristics of NOy. The significant spatial dependency of NO, is also con-
firmed in long-term changes (see Figure 5.5). All measurements observe elevated NO,
levels during morning (8:00 to 10:00) and afternoon (17:00 to 19:00) rush hours. How-
ever, the absolute concentration measured by different stations varies in a wide range.
In addition, differences in measurement height also contribute to differences among these
measurements. In order to have a better overview of the NO, spatial distribution, tem-
poral variation and their emission source pattern, we performed mobile measurements of
on-road NO, using a CE DOAS instrument. On road measurement can easily be influ-
enced by the traffic condition, e.g., accumulation of emission during traffic congestion,
and the diurnal variation of ambient NO,. In order to correct for these effects in the
mobile measurement, we have filtered data which is influenced by traffic condition and
normalized the on-road measurement for diurnal variation of NOs.

5.3 Data filtering and normalization

5.3.1 Comparison of concentrations during fluent traffic and traffic
congestion

Traffic congestion can result in higher pollution levels due to accumulation of vehicle
emissions, cased by less turbulent mixing with cleaner air and longer NO to NO, reaction
time. These high values recorded during low speed driving i.e. in a traffic jam or in front
of a traffic light. Figure 5.3 shows the time series of vehicle speed and measured NOy
concentration during a traffic congestion on 2"¢ Mar 2017. Note that the vehicle speed is
calculated from the GPS data with an error about 0.6 m. Converting the error into vehicle
speed would be 1.4km/h. Therefore, the vehicle speed is never zero even if the vehicle
stops. In the example shown in Figure 5.3, the vehicle slowed down and stopped for half
a minute at a traffic light. The NO, level goes up from about 100 pug/m?® to more than
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5.3 Data filtering and normalization

400 ug/m?3. The NO, level rises about 8s after the vehicle stopped. When the vehicle
started moving again, the measured NO, level gradually dropped back to the pre-stop
level within 20s.

In order to separate data influenced by accumulation of NOy during all traffic congestion
with particular idling time, we filtered data from 8s after the vehicle speed drop below
5km/h to 20s after the vehicle speed goes above 5km /h again. In order to avoid filtering
data due to poor GPS signal, this filter only applies when the vehicle speed is below
5km/h for more than 8s. The average NOy concentrations for standing condition are
239 pg/m? which is 14.5% higher on average. We filter out traffic light or traffic jam
stops only to have a consistent NO, spatial distribution under fluent driving condition for
the direct comparison of two measurements in different days and years, in order to focus
on the concentrations instead of the stopping frequency. This filter criterion remove 37 %
and 30 % of the total number of measurement data in 2010 and 2017. However, since the
filter mainly removes measurements at low speed or standing, only 10 % and 11 % of the
spatial points were removed for 2010 and 2017, respectively.
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Figure 5.3: Time series of the driving speed and the coinciding NOy concentration during
stops due to traffic congestion. Data in gray area will be filtered out in later
analysis.

5.3.2 Normalization of the diurnal cycle

In order to separate the NO, spatial and temporal variability and show a representative
spatial distribution of NO, in Hong Kong, we developed an algorithm using LP DOAS
measurements to normalize for the diurnal variations. Although the LP DOAS measure-
ment covers a long light path over the urban area in Hong Kong, the NO, values provided

63
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might still not be representative for all measurement areas due to local influences. There-
fore, we use a normalized long term average of diurnal NO, cycle for each weekday to
correct for the temporal variation effect. It is less depending on outliers caused by the
overpass pollution plume and can also interpolate data gaps due to instrumental problems
and bad weather.

LP DOAS measurements of atmospheric NO, for each day are first normalized by di-
viding by the daily mean NOy concentration. The resulting normalized NO, level are
then averaged for each day of the week over a period of 2 years to obtain a representative
diurnal NOy variation pattern. The normalized and averaged diurnal NO, variation pat-
tern of the corresponding weekday is scaled and shifted to fit the normalized LP DOAS
measurement for each day during the mobile measurement campaign. The inverse of the
1 o (standard deviation) variation of the 2-year averaged and normalized NO, level is
used as weighting in the least squares regression to scale and shift the long term average
diurnal pattern. In order to avoid single high value affecting the whole regression, nor-
malized NO, level exceeded the 1 o variation of the 2-year averaged and normalized NO,
level were not considered in the regression process. Figure 5.4 shows the normalized NO,
concentration measured by the LP DOAS on 17 Dec 2010. Normalized 2-year Friday
mean NO, diurnal pattern, the diurnal pattern of scaled NO, measurement taken on 17
Dec 2010 and normalized EPD monitoring data are shown as well. All data illustrate
similar characteristics with significant peaks in the morning (8:00 to 10:00) and evening
(17:00 to 19:00) rush hours. The fitted long term diurnal pattern is then used to correct
for the diurnal effect of the mobile measurement. Mobile measurements are multiplied
by the simultaneous NOy level of the resulting normalized LP DOAS diurnal pattern to
obtain a more representative value for the measurement areas.

5.4 Long-term trends of NO,

On road CE DOAS measurements are analyzed together with LP DOAS and EPD mon-
itors data to investigate the long term trend of on-road and ambient NO,. The observed
trends at the different locations is compared to the changes of the mobile on-road CE
DOAS NO; measurements in 2010 and 2017 taken within 100 m radius of the 3 EPD
roadside stations or along the LP DOAS measurement path within 1km (Figure 5.5a, b,
¢, d). The time series represent monthly averaged ambient NOy concentrations measured
during daytime. OMI satellite observations of monthly average tropospheric NOy VCDs
over Hong Kong are shown in Figure 5.5e. The data are filtered for cloud fraction larger
than 50 % and the radius of average is 50km. On-road, ambient, and satellite measure-
ments of NO, all show a decreasing trend. Ambient NO, levels measured by the LP
DOAS show a descending trend with a rate of 2.5 % per year. Stronger decreasing trends
of roadside NOy are observed by EPD in Mong Kok, Causeway Bay and Central roadside
station with annual decreasing rates of 4.4 %, 3.3% and 4.8 %, respectively. A similar
reduction rate is also observed by on-road CE DOAS measurements. Comparing the CE
DOAS measurement taken in 2010 and 2017, on-road NOs levels are overall reduced 28 %
for areas along the standard measurement route which would correspond to an annual
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Figure 5.4: Normalized diurnal cycle of NOs on Friday in Hong Kong in 2010 measured by
the LP DOAS and EPD monitoring stations. EPD measurements on 17" Dec
2010 from 7 monitoring stations are indicated as dashed line. The green curve
represents LP DOAS measurement while purple line is the 2 years averaged
diurnal pattern with shadowed area of the 1 ¢ standard deviation variation.
The blue line shows the scaled and shifted diurnal pattern of ambient NOy on
Friday, 17" Dec 2010.

decreasing rate of 4.0 %. NO, levels in 85% of the measurement area are significant re-
duced (>1 ppbv) by 37 % on average, whereas NOy levels in 14 % of the area are elevated
(>1 ppbv) by 22% on average. The reduction rate for on-road NOg levels varies from
45 % to 67 %. This reduction change can also be observed from space by satellite OMI.
Tropospheric NOy VCDs show a descending trend with a rate of 3.7 % per year. In addi-
tion, Figure 5.6a and b show tropospheric NO, VCDs over the Pearl River Delta from 1%
of Nov 2010 to 31%% Jan 2011 and from 1% Feb 2017 to 315" Apr 2017, respectively. The
absolute and percentage differences of tropospheric NO, VCDs between the two periods
are shown in Figure 5.6 ¢ and d, respectively. In general, tropospheric NOy VCDs are
reduced by ~50% (7% per year) over Hong Kong, while the reduction over Pearl River
Delta is ranging from 30- 60 %.

Averaged on-road NOy concentrations measured along the standard route during De-
cember 2010 and March 2017 are shown in Figure 5.7a and b, the differences in Figure 5.7c.
The measurement routes are slightly different due to road constructions and maintenance.
In general, a significant reduction (ranging from 20% to 50%, and 4 % / year on average)
of on-road NOy can be observed which is consistent with the LP DOAS and EPD mon-
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itor data. The reduction of on-road NO, level along Nathan Road, the busiest road in
Kowloon, is ranging from 50 % to 60 % (around 7% to 8 % /year). On the other hand,
an enhancement of NOsy level can be observed around subway stations, e.g., Hong Kong
University station, Kwun Tong station, Diamond Hill station, Ngau Tau Kok station,
etc. It probably reflects the fact that there are more bus terminals or bus stops sur-
rounding metro stations in 2017 compared to 2010. Data from the transport department
shows that the total number of licensed franchised bus has slightly increased by 3 % from
5729 in 2010 to 5916 in 2016 (http://www.td.gov.hk/en/transport_in_hong_kong/
transport_figures/monthly_traffic_and_transport_digest/index. html). Although
the number of franchised bus only has a small contribution to the total number of vehi-
cle in Hong Kong (608 thousands in 2010, 746 thousands in 2016), franchised buses can
account for up to 40 % of the traffic at busy traffic corridors (http://www.info.gov.
hk/gia/general/201512/31/P201512310204 .htm). Average daily public transport us-
age also increased from 11.6 millions time per day in 2010 to 12.6 millions time per day in
2016. According to the annual reports of Transport International Holdings Limited, the
parent company of the Kowloon Motor Bus Company, the largest franchised bus operator
in Hong Kong, the total number of buses increases slightly from 3988 in 2010 to 4162 in
2016. However, the number of bus routes reduced from 393 in 2010 to 384 in 2016. These
changes are mainly due to the reformation of the operational strategies of the franchised
bus operators. Due to the expansion of the metro system in Hong Kong, the role of bus
has gradually changed from point to point long distance services to a connector between
destination and metro stations. Therefore, enhancement of NOs levels is observed around
metro stations. Franchised bus operators in Hong Kong started to introduce higher emis-
sion standard buses (Euro IV and V) since 2009. Buses with model earlier than Euro
IIT which is proven to be more polluted (Dallmann et al., 2011; Mock, 2014; Lau et al.,
2015; Pastorello and Melios, 2016). Therefore, the companies started to install retro fit
catalytic convertor on earlier model buses and these buses will be replaced completely
by buses with higher emission standard by 2021. In addition, the government has set up
franchised bus Low Emission Zones (LEZs) in three busiest traffic corridors in Hong Kong
on 31°¢ Dec 2015. Buses with emission standard below Euro IV are not allow to operate
within these low emission zones. Therefore, both ambient and roadside NOs levels show
a descending trend. In addition, navigation (water transport), road transport and public
electricity generation are the largest sources of NO, according to the 2015 Hong Kong
Emission Inventory Report and data from the EPD Hong Kong Air Pollutant Emission
Inventory, accounting for 33%, 30% and 25% of total NO, emissions in 2010 and 37%,
18% and 28% in 2016, respectively. NO, emissions from navigation and public electricity
generation are rather constant, while emissions from road transport show a significant re-
duction of ~50 % from 32.1 tonnes in 2010 down to 16.2 tonnes in 2015. This is coherent
with the decreasing trend of NOy from 2010 to 2017.

We have looked into the NOy/NO, ratio as well as the O3 concentration in order to
better understand the impacts of reduction of vehicular emission of NO,. An increasing
trend of NO2/NO, ratio is observed from both roadside and ambient monitoring stations.
Figure 5.8 shows the NO3/NO, ratio for (a) roadside and (b) ambient stations. Ozone
concentrations from both (c) roadside and (d) ambient stations are shown for reference.
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5.5 Weekend effect

Decreasing roadside NOs level with increasing NO,/NO, ratio implies a significant re-
duction of primary NO emissions. The reduction of primary NO is could be subjected
to the upgraded catalytic converter of diesel vehicles (from Euro III or earlier model to
Euro IV and V) which reduces the total NO, emission and increases the NOs/NO,, ratio
(Kaspar et al., 2003). Newer diesel engines in general reduce the total NO, emission by
~50 % according to the European emission standards for diesel passenger cars (EU emis-
sion standards, 2007). The Euro III diesel engines emission limit of NO, is 0.50 g/km,
whereas the Euro IV emissions limit has reduced half to 0.25g/km. However, this stan-
dard might not fully reflect the real driving condition (Franco et al., 2014) and it should
be confirmed by more realistic mobile measurements. Furthermore, Tian et al. (2011)
observed a rising roadside NO,/NO, ratio as well coincided with the introduction of new
environmental friendly pre-Euro light and heavy duty vehicles in 2000 and 2003. Ning
et al. (2012) also suggested that the proposal of replacing Euro IT and III franchised buses
to meet Euro IV or even higher emission standards will result in an increase of roadside
NO;y/NO, ratio. In addition, a general rising trend of ambient and roadside ozone is also
observed from the EPD monitoring data. Increasing O3 level also contribute to increasing
the atmospheric NOy/NO, ratio. The portion of pollutants contributed by road transport
emissions (typically with lower NOy/NO,, ratio) was reduced.

5.5 Weekend effect

Figure 5.9a shows the five years average diurnal cycle of NOy of each day of the week
measured by LP DOAS, and the seven years average NO, diurnal pattern measured by
EPD Sham Shui Po, Mong Kok and Causeway Bay station are shown in Figure 5.9b,
¢ and d, respectively. The diurnal pattern of NO, illustrates different characteristics
between weekdays and weekend. Different measurement locations also show different
characteristics of NOy during weekend. The LP DOAS measurement indicates the NO,
concentration is on average 3.3 % lower on Saturday and 8.7 % lower on Sunday compared
to weekdays. However, the morning rush hour (8:00 to 10:00) peak of NO, is significantly
reduced by 23.1 % on Sunday, while the evening rush hour (18:00 to 20:00) peak shows a
less pronounced reduction of 9.7 %. NOs; measurements from the Sham Shui Po ambient
station and the LP DOAS show similar diurnal variation pattern and weekend reduction.
The weekend reduction is less pronounced for the roadside measurements in Mong Kok,
the NOg level is on average 3.8 % lower on Sunday compared to weekdays, with reduction
during the morning and evening rush hours of 13.1% and 7.3 %, respectively. Similar
weekend reductions are also observed by other EPD roadside stations, i.e., Causeway Bay
and Central. These differences in the diurnal cycle are most likely due to different types
of land use. Traffic emissions are the main source of NOs in urban areas which is strongly
dependent on human activities. In residential areas, traffic is reduced during weekend as
most of the residents do not work on Sunday, e.g., frequency of buses is reduced during
weekend. However, the traffic load is mostly unchanged in commercial areas, since shops
are open as well on Sunday.

In order to further investigate the relationship between residents’ activities during week-
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days and weekend and NO, emissions, we have looked into the morning standard route
measurements on a sequential Sunday and Monday in 2017. Two sequential days are used
for comparison so as to avoid influences from different meteorological conditions. NO,
concentration maps measured on Sunday and Monday are shown in Figure 5.10a and b
and its difference in c¢. The NO, level on Sunday is on average about 45 % lower than that
of Monday. The mobile measurements are in general agreement with coinciding EPD data,
while discrepancies can be observed for peak values captured by the more frequently mea-
suring CE DOAS. This discrepancy is mainly due to the difference in measurement time.
Mobile measurement recorded the instant concentration of on-road NO, which could eas-
ily be influenced by a single incident, especially the on-road NO, level varies rapidly. On
the other hand, EPD monitors provide hourly averaged NO, concentration which tend to
average out those local pollution peaks. Besides, four EPD ambient monitoring stations
are located more than 15m above ground level. Therefore, EPD ambient stations are
expected to measure lower NOy concentrations compared to on-road CE DOAS measure-
ments. In addition, NOy concentrations of each location show rapid changes which are
highly dependent on the traffic flow. However, a consistent elevated NO, level is observed
over the most busy roads, such as Nathan Road in Kowloon, western and eastern Harbor
Cross Harbor tunnels. 85 % of the measurements show significant higher (>1 ppbv) NO,
concentrations, whereas 13 % of the measurements show significant lower (>1 ppbv) NO,
concentrations on Monday compared to Sunday. The spatial pattern of elevated NO,
level on Sunday matches with the location of large shopping malls. Similar difference
maps between other workdays and Sunday are observed. The number of licensed private
car grows by ~30% from 415 thousands in 2010 to 536 thousands in 2016, while the
public transport usage increases by ~9 % from 11.6 millions time per day in 2010 to 12.6
millions time per days in 2016 (http://www.td.gov.hk/en/transport_in_hong_kong/
transport_figures/monthly_traffic_and_transport_digest/index.html). These num-
bers imply that there is an significant increase of weekend drivers in Hong Kong. People
are taking public transport for daily commute, while go out to shopping with their own
car in the weekend. As the parking spaces are limited around these shopping areas and
results in traffic congestion around these major shopping malls during weekend. As a
consequence, an enhancement of NOy level can be observed over these locations. This is
an interesting example of how people’s daily life influences the pollution patterns.

5.6 Spatial distribution of NO, in Hong Kong

In order to have a better overview of major pollution hotspots in Hong Kong, all mea-
surements taken in 2010 were spatially averaged to a high resolution grid of 20m x 20 m
(Figure 5.11 (a)). These measurements covered most of the major roads in Hong Kong,
including highway, urban, sub-urban and rural area. As the spatial coverage of measure-
ments taken in 2010 and 2017 is quite different and there is a general decreasing trend of
NO,, we only use data measured in 2010 for the spatial distribution analysis to avoid any
bias toward lower value over the city center. Elevated NOy levels are mainly distributed
over motorways and busy roads that always with high traffic intensity in the city center,
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e.g. No. 8 and No. 9 motorway, Nathan Road in Kowloon, Queen’s Road in Central, and
Hennessy Road from Admiralty to Causeway Bay. About 29 % of the on-road measure-
ments exceeded the WHO one hour guideline value of 200 pug/m3, while 27 % of the data
measured in the city center exceed the guideline. High NO, values over motorways are
probably due to having more heavy-duty vehicles. On the other hand, traffic congestion
and street canyon effects (Rakowska et al., 2014) are the major cause of elevated on-road
NO; in the city center.

As described in section 5.3.2; on-road pollutants mainly produced by vehicles and the
traffic flow patterns also have a large impact on pollutant distributions (Westerdahl et al.,
2005; Kaur et al., 2007; Huan and Kebin, 2012; Rakowska et al., 2014; Fu et al., 2017).
The diurnal dependency of the measurement times is corrected for using the simultane-
ous normalized LP DOAS measurement. The normalized spatial distribution of on-road
NO, is shown in Figure 5.11(b). This normalized dataset is now representative for the
daily average. NOy levels over some regions are significantly enhanced after applying the
normalization, particularly, the residential area in Yuen Long district and Tung Chung
district, where the Hong Kong International airport is located. Some other areas (mainly
at the city center and highways) obtained lower NOy values after normalization. Enhance-
ment of NOy concentrations after normalization for certain areas is due to the fact that the
mobile measurement took place during non-peak hours during the day, while reduction
of NO, concentrations is due to the measurement vehicle overpassing the regions during
rush hours of the day. Compared to unnormalized data, only 27 % of normalized on-road
measurements exceeded the WHO one hour guideline and about 20 % of the area in the
city center exceed the guideline. The slightly decreased NOsy level in both all over Hong
Kong and city center are presumably due to the fact that the measurement campaigns are
conducted during daytime when the NOy level is in general higher compared to nighttime.
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Figure 5.5: Monthly averaged NO, concentration during daytime from Jan 2010 to Mar
2017 measured by three EPD stations and LP DOAS. Red dots indicate the
NO, averaged concentration measured by the CE DOAS within 100 m radius of
(a) Mong Kok, (b) Causeway Bay and (c) Central roadside station. (d) shows
the CE DOAS measurements within 1 km radius of the center of the LP DOAS
measurement path and monthly averaged ambient NO, levels during daytime
observed by the LP DOAS. (e) shows the Monthly averaged OMI tropospheric
NO, VCDs over Hong Kong. Reduction rates R, indicated on the figures are
calculated by taking the relative difference between averaged data taken in
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a) 2010-11-01 to 2011-01-31 b) 2017-02-01 to 2017-04-30
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Figure 5.6: Averaged OMI tropospheric NO, VCDs over Pearl River Delta a) from 15 of
Nov 2010 to 31% Jan 2011 and b) from 1% Feb 2017 to 315" Apr 2017. The
absolute and percentage differences of tropospheric NOy VCDs between a)
and b) is shown in ¢) and d), respectively. Negative values indicate reduction
of NOy levels.
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(a) 2010 Averaging Map (b) 2017 Averaging Map
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Figure 5.7: Averaged on-road NOy concentrations measured along the standard route dur-
ing (a) December 2010 and (b) March 2017. (c) shows the relative differences
between 2010 and 2017. The locations of subway stations are marked.
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Figure 5.9: (a) shows the five years average diurnal cycle of NOy of each day of the week
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Figure 5.11: (a) Spatial distribution of NOy in Hong Kong measured by the mobile CE
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DOAS in 2010. (b) Normalized spatial distribution of NOy over Hong Kong
measured by the mobile CE DOAS in 2010. The CE DOAS data is normalized
by coinciding normalized LP DOAS data. The black box indicates the area

of city center.



6 Conclusions and outlook

To achieve spatio-temporal NOy observation system in Munich, four measurement points
were organized for setting up retro reflector arrays of LP DOAS instruments. Each LP
DOAS telescope viewing direction was calibrated. Instrumental background was precisely
corrected. The intercomparison study of LP DOAS, CE DOAS and CAPS showed that
all instruments had good sensitivity and stability, and also confirmed good agreements
between the instruments. However, the absolute concentration (ppbv) measured by differ-
ent LP DOAS for different directions varied in a large range. It confirmed that NO, had
a strong spatial distribution. Comparing the roof-level NOy measured by LP DOAS with
CE DOAS ground-level measurements, elevated value with 22.7% higher on average was
observed on the ground next to the street with a Pearson correlation of 91%. However,
roadside measurements showed much lower correlation with roof measurements. Besides,
much higher NOy was gained at roadside. Both results illustrated the rapid dilution effect
of on-road emission on horizontal and vertical dimension. In addition, 15.7% of the esti-
mated roadside NOs level exceeded the hourly WHO AQG, which could do great harm
to pedestrian.

For further verification of the main NO, emission source in Munich, data in 2016 and
2017 from Lfu local air quality monitoring network and the city traffic information were
analyzed. Traffic density of the city center for each day of the week showed similar weekend
reduction and diurnal pattern with LP DOAS measurements. NOs level and traffic count
of different air monitoring stations of the city center were compared. As results, similar
diurnal pattern was presented. Lower NOy level was obtained at the station that had
lower traffic density. Annual average diurnal variation of the traffic count and NOs both
presented significant increase in 2017 in comparison to 2016.

The LP DOAS measurements during the OMI overpass time (12:30 — 14:30 UTC) were
used to validate OMI satellite NOy measurements of Munich. Month-average data of
the LP DOAS and OMI within 10 km radius of the LP DOAS had a high correlation
coefficient of 0.85, showing that OMI measured reliable tendency of ground level NO,.
However, the OMI data were on average 7.4 ppbv lower than the LP DOAS measurements.
This underestimation was mainly due to the a-priori NO, vertical profile used for the OMI
retrieval and the conversion of OMI NOy VCDs to ground level mixing ratios.

A high resolution spatial distribution map of street level NO, made identifying city
pollution hotspots possible. It could also provide valuable information for urban planning
and the development of pollution control measures. For obtaining the pollutant informa-
tion, on-road mobile CE DOAS measurements were successfully deployed in Hong Kong in
December 2010 and March 2017, respectively. And the Munich campaign were performed
in June and July 2016. The diurnal dependency caused by the different sampling time of
mobile measurements was normalized through combining the continuous measurements

7



6 Conclusions and outlook

of LP DOAS. Furthermore, the algorithm implemented for Hong Kong campagin, which
was developed to separate and filter the accumulation of local emissions due to traffic
congestion, helped us focusing on the concentrations instead of the stopping frequency
while the maps’ comparison.

The mobile VCDs of Car MAX DOAS measurements were converted to ground mixing
ratios using day-average NO, vertical profile measured by stationary 2-D MAX DOAS.
Normalized on-road NO, distribution map of Car MAX DOAS showed similar observa-
tion with satellite OMI, which had high NO, in the city center and decrease from the
center to the outer ring. However, the Car MAX DOAS data were much lower than the
CE DOAS and CAPS measurements. This difference was mainly ascribed to conversion
process: the stationary NO, vertical profile, which could have different shape with on-
road measurements, was used for the conversion of car-based MAX DOAS NO, VCDs to
ground level mixing ratios. Meanwhile, the lowest layer of the stationary MAX DOAS
retrieval was extended from 30 m to 230 m above the ground level, which also led to an
underestimation of the NOy level near the ground.

In Hong Kong, the long term trend and spatial variations of ambient, roadside and on-
road NOs levels were investigated by analyzing on-road CE DOAS measurements together
with LP DOAS and EPD monitor stations. The long term trend analysis showed that the
ambient NO, level was descending with a rate of 2.5% per year, while the roadside NO,
level showed a strong decreasing trend with annual reduction rate ranging from 3.4-4.9 %.
This observation matched with the mobile measurement results that on-road NO, was in
general reduced by 20-50% between 2010 and 2017. The changes of the operational
strategies of the major franchised bus company in Hong Kong could be revealed by the
enhancements of NOy level observed at locations close to metro stations. In addition, a
rising trend of NOy/NO,, ratio was observed in both roadside and ambient monitor data.
This was mainly subjected to the reduction of vehicle emissions which typically associated
with NO2/NO, ratio. Increasing Oz concentration also contributed to the reduction of
NO; level in the past few years in Hong Kong.

The temporal emission characteristic of different districts in Hong Kong were investi-
gated using mobile measurements taken on different days of the week. The weekend reduc-
tion rate of on-road measurements was much higher than the long term ambient / roadside
observation of LP DOAS and EPD monitoring stations. By analyzing the spatial pat-
tern of the weekend reduction effect, it presented that the NO, levels of most residential
districts were reduced on Sunday while commercial areas showed a rather constant NO,
level throughout the week.

The mobile CE DOAS measurements presented in this study offered a full-scaled per-
ception for the local emission of on-road NO, characteristics in Munich and Hong Kong.
Simultaneously, these spatial distribution measurement results are also important for
chemical transport model validations and assessment of human health effects.
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Appendix

All relevant python and matlab scripts for analysis are saved in the cluser of MIM In-
stitute at the path of ’\project\meteo\ag-wenig\Dragon2\ScriptsYing’. The file named
'LP _readdata.py’ is for loading the LP DOAS data. The file named ’Stopeffect_minusmap.m’
is for the comparison of two different maps. It also includes the function for filtering
out the NOy accumulation data measured at traffic lights. The file named "Normcut-
fit_iterate.py’ is for diurnal effect normalization which includes several functions, e.g.
NaN value filter, error weighted linear regression function, iterate linear fit function.
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