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Zusammenfassung

Stickstoffdioxid (NOg) hat eine Schliisselstellung in der Chemie der Atmosphére. Ob-
wohl Stickoxide (NOx=NO2+NO) nur als Spurengase existieren, sind sie sowohl an dem
Ozonabbau und den Halogenverbindungs-Reaktionen in der Stratosphére als auch an der
Bildung von Ozon und sekundéaren Aerosolen in der Troposphére beteiligt. Eine grofie
Menge von bodennahem NQOs, das als Luftschadstoff die menschliche Gesundheit und das
Okosystem schiidigt, wird bei der anthropogenen Verbrennung der fossilen Brennstoffe
und der Biomasse erzeugt.

Um die rdumlichen und zeitlichen Verdnderungen der NOs-Konzentrationen global
erfassen zu konnen, miissen Methoden der satellitengestiitzten Fernerkundung angewen-
det werden. Seit mehr als 10 Jahren stehen Beobachtungen des gesamten und tro-
posphérischen NOg mit Hilfe vom Global Ozone Monitoring Experiment-2 (GOME-2)
Instrument an Bord von Satelliten der MetOp-Reihe zur Verfiigung. Im Oktober 2017
kam das fortgeschrittene TROPOspheric Monitoring Instrument (TROPOMI) an Bord
von Sentinel-5 Precursor hinzu, das sich durch eine sehr gute raumliche Auflésung von 7
km x 3.5 km auszeichnet. Sowohl GOME-2 als auch TROPOMI sind optische Absorp-
tionsspektrometer, die im ultravioletten und sichtbaren Licht messen.

Diese Arbeit befasst sich mit der Bestimmung von NO; Gesamtsdulen und tro-
posphérischen Séulen mit Hilfe der GOME-2 und TROPOMI Instrumente. Zur Bes-
timmung der Gesamtsiulen wird die Absorption aus den gemessenen Strahldichten mit
der Methode der differenziellen optischen Absorptionsspektroskopie (DOAS) analysiert.
Die Berechnung der troposphérischen NOo-Sadulen beruht auf der Subtraktion des
stratospharischen Hintergrunds und der Simulation des Strahlungstransports. Die
taglichen globalen Daten tragen wesentlich zu Untersuchungen der Atmosphérenphysik
und -chemie bei.

In dieser Arbeit wird eine Reihe wichtiger Prozesse, die mit Atmosphérenphysik
und -chemie in Zusammenhang stehen, mit besonderem Fokus auf NOs dargestellt. Sie
verbindet eine ausfiihrliche Beschreibung und eine Untersuchung iiber das DOAS-basierte
Retrievalverfahren mit einer Ubersicht iiber die vorhandenen Methoden. Dariiber hinaus
werden die Quellen von Hauptfehlern analysiert und besprochen, um die Messungen besser
interpretieren zu kénnen.

Danach wird ein verbessertes Retrievalverfahren auf kalibrierte Strahlungsmessungen
von GOME-2 und TROPOMI angewendet, das auf qualitativ hochwertige und harmon-
isierte globale Beobachtungen abzielt. Die resultierenden NOs-Daten werden anhand der
Messungen von verschiedenen satellitengetragenen NOo-Produkten sowie von bodenge-
bundenen Instrumenten tUberpriift und validiert. Das Algorithmus-Framework kann fiir
zukiinftige ultraviolett-sichtbare Sensoren angepasst und als Referenz fiir die zukiinftige
Entwicklung des Algorithmus verwendet werden.
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Abstract

Nitrogen dioxide (NOsg) is an important trace gas in the Earth’s atmosphere. Nitrogen
oxides (NOx=NO3+NO) relate strongly to ozone destruction and halogen compound re-
actions in the stratosphere and serve as precursors of ozone and secondary aerosol in the
troposphere. As a prominent air pollutant affecting human health and ecosystem, large
amounts of NOy are produced in the boundary layer by anthropogenic combustion of
fossil fuels and biomass over polluted hot spots.

Satellite-based remote sensing data has been applied to characterise the spatial and
temporal variation of NOg concentrations. The Global Ozone Monitoring Experiment-2
(GOME-2) instruments, included on a series of MetOp satellites, have provided a con-
sistent long-term NOy dataset for more than a decade. The NOg measurements have
been extended by the new generation instrument TROPOspheric Monitoring Instrument
(TROPOMI) aboard the Sentinel-5 Precursor satellite with a high spatial resolution of
7 km x 3.5 km. Both GOME-2 and TROPOMI are ultraviolet-visible spectrometers
providing NOs observations on global scale and daily basis.

The work presented in this thesis addresses the determination of total and tropospheric
NOg3 columns using the GOME-2 and TROPOMI instruments. The NOs total columns
are retrieved from the measured radiance spectra using the differential optical absorption
spectroscopy (DOAS) method, based on which the tropospheric columns are determined
with a subtraction of the stratospheric contribution and a simulation of the radiative
transfer. The observations offer opportunities for the scientific community to make an
extensive investigation into the atmospheric physics and chemistry.

In this work, a number of important processes related to the physics and chemistry
of the atmosphere and specifically the NO» are introduced, followed by a detailed investi-
gation of the DOAS-type NOs retrieval algorithm, including an overview of the satellite
data heritage and state-of-the-art retrievals. In addition, the main error sources related
to the retrieval uncertainty are analysed and discussed for each retrieval step, which play
a critical role in the interpretation of the satellite NO2 measurements.

To that end, a harmonized NOs retrieval algorithm is developed for GOME-2 and
TROPOMI, aiming at high-quality global observations based on calibrated satellite data
and state-of-the-science retrieval schemes. The retrieval algorithm is applied on measure-
ments from GOME-2 and TROPOMI, and the resulting NOy data record is verified and
validated using measurements from different satellite retrievals and correlative ground-
based instruments. The proposed algorithm framework can be easily adapted for future
ultraviolet-visible sensors and can be used as reference for future algorithm developments.
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Chapter 1

Introduction

1.1 Background

The atmosphere of Earth is a complex system of gases, known as air, separating the
Earth’s surface from space. Characterised by the temperature as a function of altitude,
the atmosphere can be divided into a set of layers, as indicated in Fig. 1.1. Extended
from the surface to 8-18 km altitude, the troposphere is the lowest layer of the atmosphere,
which is critical for plants, animals, and humans on Earth, with ~75-80% of the mass of
the atmosphere, most types of clouds, and almost all the weather. Within the troposphere,
the lowest part up to 1-2 km is the boundary layer, separated from the free troposphere by
a direct interaction of the atmosphere with the surface. Extended above the troposphere
to ~50 km is the stratosphere, a relatively stable layer with little convection and mixing,
due to the increasing temperature as increasing altitude. The boundary between the
troposphere and the stratosphere is called the tropopause.

atmospheric constituents

The atmosphere contains several main gaseous constituents, such as nitrogen (N2), oxygen
(O2), and argon (Ar). Gases like carbon dioxide (CO3), nitrogen oxides (NOy), methane
(CHy), and ozone (Og) are trace gases that account for ~0.1% of the atmosphere. Despite
the relative scarcity, various trace gases are involved in the greenhouse effect and related
to global warming and climate change, referred to as greenhouse gases, including COs,
CHy, and water vapor. Water vapor typically accounts for less than 1% of the atmosphere
in the dry areas and ~4% in the tropical regions. When the temperature of the gaseous
water vapor in supersaturated air is reduced, water vapor forms clouds by condensing to
liquid water droplets or (at lower temperatures) freezing to solid ice crystals. In addition,
the atmosphere has a suspension of fine solid particles or liquid droplets in gases (usually
air), known collectively as aerosols. Typical aerosols, such as plant pollen, mineral dust,
sea salt, and smoke, generally have a smaller particle size than the cloud particles (Boucher
et al., 2013).

As a prevalent form of NOy, nitrogen diozide (NOg) is one of the most important
chemical constituents in the Earth’s atmosphere. In the stratosphere, NOs is strongly
related to halogen compound reactions and ozone destruction (Solomon, 1999). In the
troposphere, NOy is a prominent air pollutant affecting human respiratory system even
with short exposures (Gamble et al., 1987; Kampa and Castanas, 2008). Additionally,
NOy serve as a precursor of ozone in the presence of volatile organic compounds and a
precursor of secondary aerosols through gas-to-particle conversion (Seinfeld and Pandis,
2016). As a greenhouse gas, NOo contributes significantly to radiative forcing locally. The

1
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US Standard Atmosphere (1976)
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Figure 1.1: 1976 US standard atmosphere graph of atmospheric pressure and temperature profiles
for mid latitudes. Adopted from Gottwald et al. (2006).

net effect of NOy on climate forcing is modelled to be negative or cooling, with NOy-driven
aerosol screening dominating over tropospheric ozone warming (Shindell et al., 2009).

NOy enter the atmosphere due to various natural processes, such as atmospheric
lightning and biogenic activity in soil, and anthropogenic processes, such as fossil fuel
combustion and biomass burning. According to the EDGAR version 4.2 emission dataset
in Fig. 1.2, the anthropogenic emissions of NOy have increased strongly during the past
decades for Asian countries, primarily related to the energy consumption (Richter et al.,
2005; Liu et al., 2017; Hilboll et al., 2017; Lee et al., 2019). Despite the reduced NOy emis-
sions in Europe, still around half of European Union member states exceed the air quality
standards, mainly caused by the diesel car emissions (European Commission, 2017). The
awareness of climate change and air pollution problems has been raised globally, and NOy
control and pollutant prevention techniques have been applied worldwide to reduce the
NOg pollution.
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Figure 1.2: Global NOy emission trends in 1970-2008 in Tg NOs/yr. Adopted from EC-
JRC/PBL. EDGAR version 4.2 emissions (http://edgar.jrc.ec.europa.eu/).

interactions in the atmosphere

The chemical composition of the atmosphere can be analysed due to a number of processes,
in which solar radiation interacts with matter (gases, aerosols, and clouds), as illustrated
in Fig. 1.3. When light travels through the Earth’s atmosphere, the radiation can be
removed by particles (aerosol and cloud) and molecules (such as oxygen, ozone, or NO3)
and converted to other forms of energy, a process termed as absorption. As the opposite to
absorption, (thermal) emission is the process where an object emits radiation depending
on its temperature. In addition, another fundamental process is the scattering of the
incident radiation, during which the direction of a photon propagation is changed (elastic
scattering) due to air molecules (Rayleigh scattering) or aerosol and cloud particles (Mie
scattering). In contrast to elastic scattering, a photon can also be scattered inelastically by
molecules (Raman scattering) with the molecules excited to high vibrational or rotational
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energy levels. Furthermore, when sunlight penetrates the atmosphere, refiection takes
place if the incident radiation “bounces” off the Earth’s surface diffusely (rough surface)
or specularly (smooth surface).

&

absorption

_ emission
absorption \ (j multiple scattering
\ dmission \/‘/‘/

emission

absorption

Figure 1.3: Scheme of interactions of solar radiation with the Earth’s atmosphere and surface.

Interactions of solar radiation with matter at different wavelengths yield different
information about the atmosphere and surface. As shown in Fig. 1.4, ~99% of the solar
power reaching the surface has a wavelength ranging from 300 nm to 2.5 pm, covering the
ultraviolet region (below 380 nm), visible region (380-740 nm), and infrared region (above
740 nm). The visible range allows the penetration of radiation through the atmosphere to
the surface, during which the atmospheric absorption and scattering as well as the surface
reflectance directly affect the intensity of radiation.

10nm 300nm  Solar spectrum 25 pm 1 mm

Ultraviolet Infrared

400 nm 700 nm
Visible light

Figure 1.4: Spectral properties of sunlight. Adopted from https://brilliant.org/practice/
spectral-properties-sunlight/.

atmospheric remote sensing

Measuring absorption spectra of molecules, remote sensing techniques have played an
important role in the study of atmospheric chemistry and physics. As a commonly used
method to measure trace gases in the atmosphere, the differential optical absorption spec-
troscopy (DOAS) technique (Solomon et al., 1987; Platt and Stutz, 2008) relies on the
separation of highly structural absorption of traces gases and broad extinction features,
e.g., the Rayleigh and Mie scattering. The DOAS method allows an accurate and fast
retrieval of trace gas concentrations even for weak absorbers like NOy. Quantitative in-
terpretation of the DOAS measurements, however, is not straightforward, as the observed
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light follows complicated paths in the atmosphere, which requires detailed radiative trans-
fer calculations based on a priori information on the state of the atmosphere and surface.
The contiguous wavelength coverage of recent satellite instruments enables the appli-
cation of DOAS technique from space. As subjects of this study, Global Ozone Monitoring
Experiment-2 (GOME-2) (Callies et al., 2000; Munro et al., 2016) on MetOp satellites and
TROPOspheric Monitoring Instrument (TROPOMI) (Veefkind et al., 2012) aboard the
Sentinel-5 Precursor satellite are ultraviolet-visible spectrometers providing NOy obser-
vations on a global scale and daily basis. The GOME-2 instruments have been providing
detailed global pictures of the atmospheric content since 2007 and will extend this unique
dataset until 2023. The TROPOMI, with a strong focus on the troposphere, makes the
regional monitoring possible with an unprecedented spatial resolution of 7 kmx3.5 km.

1.2 Thesis objectives

This thesis focuses on the retrieval of total and tropospheric NOs columns from the
GOME-2 and TROPOMI observations with three main objectives:

e assessment of the quality of NOs retrievals using the DOAS method

As the DOAS-based method is widely applied in the NOo retrieval from satellite
instruments, the accuracy of the method is evaluated based on synthetic measure-
ments. Individual error sources related to the retrieval uncertainty are discussed,
due to the importance for the interpretation of the satellite retrieval.

e development of harmonised NOs retrieval algorithms for GOME-2 and TROPOMI

A DOAS-based method is developed to retrieve the total and tropospheric NOs from
the GOME-2 and TROPOMI measurements. Latest developments in the GOME-2
NOg retrieval algorithm are reported, and the improved algorithm is adapted and
optimised for the TROPOMI instrument.

e verification and validation of the GOME-2 and TROPOMI NO9 data

The overall quality of the retrieved GOME-2 and TROPOMI data is evaluated
by comparing with NOg columns from different satellite retrievals and correlative
ground-based instruments.

1.3 Thesis outline

This work is a cumulative dissertation comprising of four papers as presented in Appen-
dices A-D. After a general introduction of atmospheric NOy in Chap. 2, the DOAS-based
retrieval of total and tropospheric NOy columns is presented with necessary basics and
state-of-the-art in Chap. 3. Chapter 4 focuses on the theoretical studies addressing the
overall quality of the DOAS-based retrieval (objective 1). Chapters 5 and 6 introduce
the NOs retrieval algorithms using GOME-2 and TROPOMI measurements (objective
2), respectively, as well as the verification and validation of the NOg data (objective 3).
Chapter 7 summarises the findings and provides directions for future research.
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Chapter 2

Atmospheric NOy

NO, is an important trace gas in the Earth’s stratosphere and troposphere. Since NOo
and nitrogen oxide (NO) are rapidly converted into each other in the daytime atmo-
sphere, they are commonly summed up to NOy (NOx=NO32+NO). Over polluted hot
spots, large amounts of NOy are produced in the boundary layer by industrial processes,
power generation, transportation, and biomass burning. In this chapter, the sources and
sinks as well as the basic chemical reactions are described for atmospheric NOy in the
atmosphere, followed by an introduction of ground- and space-based measurements of
NOs concentration.

2.1 Sources of NO4

NOy are produced in the atmosphere by both natural and anthropogenic processes. The
natural sources of NOy mainly include atmospheric lightning, natural fire, and microbial
activity in soil. The main anthropogenic sources are fossil fuel combustion, surface and
air transport, and biomass burning. Global NOy emissions in the year 2012 are 122 Mt,
as estimated by EDGAR version 4.3.2 (Fig. 2.1). The energy consumption emission is the
predominant anthropogenic source of NOy for Russia, China, India, and Oceania. The
transport emission dominates the NOy source for America, Europe, and Africa.

Most NOy are primarily emitted in the form of NO. In connection with high tempera-
tures above 2000 K (Zel’Dovich and Raizer, 1966) from lightning or combustion activities
in furnaces, vehicle engines, and biomass burning, air molecules dissociate to form NO:

0, 2520 (R2.1)
0 +Ny —> NO +N (R2.2)
N+ 0y —3 NO + 0 (R2.3)

and NO can be rapidly converted to NOg by reaction with ozone:
NO + O3 — NO3 + Oy (R 2.4)

In the stratosphere, NOy are mainly formed from nitrous oxide (N2O) transported
from the troposphere, e.g., via the convective uplift from thunderstorms. N5O is primarily
produced by soils in the troposphere and photolyzed in the stratosphere (Brasseur and
Solomon, 2005):

N,0 + O('D) — 2NO (R2.5)

7
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Figure 2.1: Map of global NO, emissions and relative contributions of energy, industry, transport,
residential, and agriculture for the year 2012. Total emissions (in Mt/yr) by region are reported
next to each pie chart. Adopted from EDGAR version 4.3.2 emissions (Crippa et al., 2018).

2.2 Sinks of NO,

With the exception of emissions by aircraft and lightning in Sect. 2.1, the NOy produced
by natural and anthropogenic processes are emitted into the boundary layer. Most of the
generated NOy are converted to nitric acid (HNOs3) and removed out of the atmosphere by
precipitation, a process called wet deposition of HNO3 (Jacob, 1999). During the daytime,
HNOg is produced via the NOy oxidation by the abundant hydroxyl radical (OH):

NO, + OH 15 HNOj (R2.6)

At nighttime, HNOj is generated via the combination product dinitrogen pentoxide
(N2Os), which can react heterogeneously in the presence of aerosols (Dentener and
Crutzen, 1993):

NO3 + O3 —— NO3 + Oq (R 2.7)
NO3 + NO» &) N>O5 (R 2.8)
N2O5 + Ho O —— 2HNOg3 (R 2.9)

2.3 Reservoirs and lifetime of NOy

Intermediate products of the NOy oxidation in (R2.6)-(R 2.9), including HNO3, NO3, and
N>Os, are regarded as reservoirs for NOy and summed up as total reactive nitrogen (NOy)
compounds (NOy = NOy + reservoir species). While HNO3 is removed by precipitation
in Sect. 2.2, the other NOy species are eventually converted back to NOy via photolysis
in the sunlit atmosphere or reactions with radical species (Schultz et al., 1998).
Depending on the concentrations of species involved in (R 2.6)-(R2.9), atmospheric
pressure and temperature, and solar irradiation, the lifetime of NOy varies from several
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hours at the polluted surface to several days in the upper troposphere, as indicated in
Fig. 2.2.
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Figure 2.2: Vertical profiles of the estimated lifetime of NO, and HNOj3. The calculated vertical
profile of the NO/NOj ratio is also shown. Adopted from Ehhalt et al. (1992).

2.4 Chemistry of NOy

One main importance of NOy in the atmospheric chemistry is their essential role in the
determination of the Earth’s ozone distribution.

cycle of NO, and ozone
The cycling of NOgy generally involves (R 2.4) and NOy photolysis (Nicolet, 1965) in the

sunlit atmosphere:

hv (A< 397.5 nm)
_—

NO, NO + O (R2.10)

0+ 0, 25 04 (R2.11)

The forward reactions (R 2.10) and (R2.11) and the backward reaction (R 2.4) determine
the local concentration of tropospheric ozone, depending on the NOy concentration and
the light intensity.

tropospheric ozone production

In addition to (R 2.4), NO can also react with organic peroxy radicals (RO2) or hydroper-
oxy radicals (HOz) to produce NO2 (Stedman et al., 1970) without consuming ozone in
the troposphere:

NO + ROs (Ol“ HOQ) —— NOs + RO (or OH) (R 2.12)

In air masses with high NOy concentrations, RO9 or HOs can efficiently convert NO into
NOag, resulting in tropospheric ozone production (Seinfeld and Pandis, 2016) with (R 2.10)
and (R2.11).
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stratospheric ozone destruction
In the stratosphere, NO; reacts (alternatively to photolysis R 2.10) with atomic oxygen
from oxygen photolysis:

NOy + O — NO + Oqy (R 2.13)

which leads to stratospheric ozone destruction (Solomon, 1999) with a catalytic cycle
(Crutzen, 1970) in combination with (R2.4).

polar ozone hole

Despite the involvement in the NOy-catalysed stratospheric ozone destruction, NOg slows
down the chlorine-induced ozone depletion by converting the active chlorine oxide (ClO)
to the non-radical chlorine nitrate (CINO3) (Wennberg et al., 1994):

ClO + NOy + M —— CINO3 + M (R 2.14)

During polar winter with darkness, NO, are transformed to longer lived reservoir species
in Sect. 2.3, a process referred to as denozification (Solomon, 1999). Furthermore, the for-
mation of polar vortex separates the denoxified air masses with low NOy from warm moist
air masses of the mid-latitudes. In addition, the low temperatures cause the formation of
persistent ice-like polar stratospheric clouds, providing the surfaces for the conversion of
reservoirs CINOgz and hydrogen chloride (HCI) to molecular chlorine (Cly):

CINO3z + HCl — Cls + HNOg3 (R 2.15)

In winter, sedimentation of HNOj3-containing polar stratospheric clouds removes the NOy
reservoirs from the polar vortex, a process referred to as denitrification (Solomon, 1999).
In spring with sufficient light, Cly photolysis starts the catalytic ozone destruction cycles,
and the efficiency of (R 2.14) is suppressed due to the missing NOy within the polar vortex,
leading to a significant stratospheric ozone destruction.

2.5 NO,; measurements

To better understand the atmospheric environment, a number of different techniques
have been developed to provide long-term NOy observations on local, regional, and global
scales. Fundamentally, instruments are able to make in-situ or remote sensing measure-
ments. The in-situ instruments are able to accurately determine the local NO2 concentra-
tions at a particular location with a high sensitivity for different atmospheric conditions.
Remote sensing techniques, on the contrary, are principally spectroscopic methods sensing
the radiation and allowing measurements remote from the instrument.

According to light source, remote sensing techniques can be broadly divided into
active and passive methods. Active sensors emit an artificial light source and measure
the reflected or scattered signal, while passive sensors detect the natural energy (from the
Sun, Moon, or stars) that is reflected or emitted from the target. Active remote sensing
techniques have a higher flexibility concerning the light path length and a wider spectral
range due to the independence of daylight, but they normally require a sophisticated
optical system and regular maintenance. In contrast, passive remote sensing techniques
are more suitable for automated operation with a relatively simple experimental set-up.

According to platform, remote sensing observations of NOs concentrations are com-
monly obtained by ground-based and space-based instruments. Ground-based NOg mea-
surements are beneficial to local or regional air pollution studies, especially for urban and
suburban regions, while measurements from satellite instruments provide the possibility
to measure the NOo concentrations globally, including rural or remote areas.
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2.5.1 Ground-based measurements

Ground-based remote sensing measurements of atmospheric NOy have been applied since
the development of the photon counting spectrophotometer (Dobson, 1957) in the mid-
1920s (Kularni, 1975). The idea of the Dobson instrument and its successor Brewer
spectrometer (Brewer et al., 1973) is to use the strong differential absorption of solar
light by NOy at different wavelengths in the visible and near-ultraviolet region. Based
on the measurement principle of absorption spectroscopy, the DOAS technique (Brewer
et al., 1973; Noxon, 1975; Platt, 1994; Platt and Stutz, 2008) is one of the most commonly
used spectroscopic methods to measure trace gases to date. DOAS uses the structured
absorption of trace gases and removes the smooth extinction features like aerosol extinc-
tion or instrumental effects. Ground-based measurements can be accurately analysed by
applying the passive DOAS technique for total (stratospheric plus tropospheric), strato-
spheric, and tropospheric column content, depending on the observed light source (direct
solar irradiance, sky radiance in zenith direction, or sky radiance in multiple viewing
directions).

direct Sun DOAS

Direct Sun DOAS has been applied to determine the total amount of NOg (e.g., Cede
et al., 2006; Wenig et al., 2008). By pointing the instrument to the Sun, the spectral
signature of NOg is captured straightforwardly in the direct light measurements, since
all sunlight reaching the Earth’s surface has to traverse the entire atmosphere. To date,
automatic spectrometer systems using the direct Sun DOAS technique, like the Pandora
instrument, are stable and reliable to provide measurements of NOs total columns with
a high precision and a high sensitivity (Herman et al., 2009, 2018).

zenith sky DOAS

Zenith sky DOAS is mainly sensitive to stratospheric NOg and usually performed during
twilight (sunrise and sunset) due to the long optical path in the stratosphere and relatively
short vertical light path through the troposphere. Zenith sky DOAS instruments, such
as the Systéme d’Analyse par Observations Zénithal (SAOZ) spectrometer (Pommereau
and Goutail, 1988), have provided a high-quality monitoring of stratospheric NO3 (e.g.,
Van Roozendael et al., 1997; Liley et al., 2000; Hendrick et al., 2004, 2012).

MAXDOAS

Multi-axis DOAS (MAXDOAS), in contrast, allows the determination of vertically re-
solved abundances of atmospheric species in the lowermost troposphere (Honninger et al.,
2004; Wagner et al., 2004; Wittrock et al., 2004; Heckel et al., 2005; Frie8 et al., 2006;
Clémer et al., 2010; Hendrick et al., 2014; Ortega et al., 2015; Gielen et al., 2017). As
shown in Fig. 2.3, the MAXDOAS instrument collects scattered sunlight in a series of
line-of-sight angular directions from the horizon to the zenith. When the photons are
collected simultaneously from different viewing elevations, a high sensitivity for tropo-
spheric NOg is obtained by pointing the instrument to the horizon due to the long light
path length, and measurements at higher elevations provide information on the rest of
the column (Platt and Stutz, 2008).

2.5.2 Space-based measurements

Space-based measurements applying the DOAS technique have played an important role
in monitoring and quantifying NOs concentrations with a global coverage. As indicated
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Figure 2.3: MAXDOAS instrument close to Beijing Olympic stadium in China (a) and
MAXDOAS measurement geometry (b). Adopted from http://www.aeronomie.be/en/topics/
globalchange/airquality-china.htm.

in Fig. 2.4, the first global NO2 column measurements from satellite instrument were pro-
vided by Global Ozone Monitoring Experiment (GOME) on board ERS-2 with a spatial
resolution of 320 km x40 km and a global coverage within three days (Burrows et al., 1999).
The NOs data record has been continued by SCanning Imaging Absorption SpectroM-
eter for Atmospheric CHartographY (SCIAMACHY) (Bovensmann et al., 1999) aboard
Envisat, Ozone Monitoring Instrument (OMI) (Levelt et al.) on EOS-Aura, GOME-2
(Callies et al., 2000; Munro et al., 2016) on MetOp satellites, and TROPOMI (Veefkind
et al., 2012) aboard Sentinel-5 Precursor.
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Figure 2.4: Overview of European ultraviolet-visible polar orbiting backscatter satellite instru-
ments.

GOME-2

GOME-2 (Fig. 2.5a) is a nadir-scanning ultraviolet-visible spectrometer measuring the
Earth’s backscattered radiance and extra-terrestrial solar irradiance in the spectral range
between 240 and 790 nm. The first GOME-2 was launched in October 2006 aboard
the MetOp-A satellite, and a second GOME-2 was launched in September 2012 aboard
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MetOp-B. The consistent long-term dataset will be further extended by the third GOME-
2 on the MetOp-C platform (launched in November 2018). The Sun-synchronous polar
orbit has an equator crossing time of 9:30 local time (descending node). The spectral
resolution is 0.44-0.53 nm in the spectral window for the detection of NOs. The default
swath width of GOME-2 is 1920 km, enabling a global coverage in ~1.5 days. The default
ground pixel size is 80 kmx40 km in the forward scan, which remains almost constant
over the full swath width. In a tandem operation of MetOp-A and MetOp-B from July
2013 onwards, a decreased swath of 960 km and an increased spatial resolution of 40
km x40 km are employed by GOME-2/MetOp-A.

TROPOMI

TROPOMI (Fig. 2.5b) is a push broom (non-scanning) imaging spectrometer cover-
ing wavelength bands between the ultraviolet and the shortwave infrared. Launched in
October 2017, the 7-year-lifetime Sentinel-5 Precursor sensor TROPOMI provides NOg
observations with a spatial resolution of 7 kmx3.5 km (alongxacross track) and a spectral
resolution of 0.54 nm in the visible wavelength range. The swath width is ~2600 km in
the direction across the track of the satellite that allows a daily global coverage. In combi-
nation with the morning observations from GOME-2, the early afternoon measurements
(13:30 local time) from TROPOMI allow a better study of NOg diurnal variations.
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Figure 2.5: Measurement principles for GOME-2 (Callies et al., 2000; Munro et al., 2016)) in
panel (a) and TROPOMI (adopted from Veefkind et al. (2012)) in panel (b).

geostationary satellite constellation

In the future, the long-term satellite NOy observations will be further continued by forth-
coming geostationary missions such as Sentinel-4 (Ingmann et al., 2012) over Europe,
Geostationary Environmental Monitoring Spectrometer (GEMS) (Kim, 2012) over Asia,
and Tropospheric Emissions Monitoring of Pollution (TEMPO) (Zoogman et al., 2017)
over North America with a fast revisit time and a strong air quality focus.



14

CHAPTER 2. ATMOSPHERIC NOx



Chapter 3

Atmospheric NO» retrieval

This chapter focuses on satellite remote sensing with solar backscatter measurements
in the ultraviolet-visible wavelength range. The total NOy amount is derived from the
spectral features using the commonly used DOAS retrieval method, based on which the
tropospheric columns are determined with a subtraction of the stratospheric contributions
and a numerical modelling of the atmospheric radiative transfer. In this chapter, the the-
oretical basis of the general retrieval algorithm is briefly introduced, relying on which the
DOAS method is developed with simplifications and adaptations. A detailed theoretical
analysis is referred to a journal article in Appendix A. Additionally, the DOAS-based
algorithm and state-of-the-art retrievals are described for ultraviolet-visible backscatter
satellite instruments, followed by a discussion of the main error sources and retrieval
uncertainties.

3.1 Retrieval theory

In atmospheric remote sensing, a forward problem relates a given set of measurements
y (e.g., spectral radiances in the ultraviolet-visible wavelength range) to atmospheric
parameters x (e.g., the distribution of the trace gas) by applying a forward operator F
(Rodgers, 2000):

y =F(x,b) +¢ (3.1)
where b is a set of forward model parameters, including satellite viewing geometries,
surface properties, and the presence of clouds and aerosols. e denotes the error terms,
such as the measurement noise, forward model errors, and the errors resulting from the
uncertainties in the model parameters. For (weakly) non-linear forward models, F can be
linearised around the a priori trace gas distribution x, (Eskes and Boersma, 2003):

y = F(x4,b) + Ky(x — x4) + €. (3.2)
Evaluated at x = x,, the term K, = dy/0x is called weighting function or Jacobian
matrix, which describes the sensitivity of the measurements to changes in atmospheric
parameters. b is the best estimate of the forward model parameters.
The inverse or retrieval problem, or simply inversion, on the other hand, deals with the
estimation of trace gas state X from the observation vector y with a retrieval procedure
R (Rodgers, 2000):

% = R(y, X4, b). (3.3)
The linearisation of Eq. (3.3) around the a priori state y, = F(x,, B) gives:
% = R[F(X4,b), Xa, b] + G, [Ku(x — X,) + €] (3.4)

15
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with G, = 0x/0y called gain factor. Here the vector A = G, K, = 0%/0x is referred to as
averaging kernel, which describes the sensitivity of the retrieval to changes in atmospheric
quantities and provides additional information for data interpretation and error analysis.
The retrieval algorithm can be applied to obtain the vertical distribution for non-weak
absorbers like ozone. For weak absorbers including NOs, the estimated quantity & is an
integrated parameter, i.e., the vertical column density or vertical column. Note that the
retrieved NOg state & (vertical column) and the true NOg state x (vertical distribution)
have different dimensions.
For NOgy, the forward model F can be linearised around x, = 0 (Eskes and Boersma,
2003): X
y=F(0,b) + K;x +e. (3.5)

This linear relationship enables a practical separation of the retrieval in Eq. (3.3) into two
steps. The absorption along an average photon path from the Sun through the atmosphere
to the instrument, i.e., the slant column density or slant column S(y), is first calculated,
followed by a transfer of this absorption to the estimated vertical column Z as:

S(y)

T B (3.6)

T =
Referred to as air mass factor (AMF), M is derived by a geometric and radiative transfer
calculation, depending on the a priori NOgy distribution x, and the estimated forward
model parameters b. Strictly speaking, S(y) depends also on x,, but this dependency
can be corrected for a posteriori during the calculation of M (see Sect. 3.4.2).

Appendix A shows a detailed derivation of the DOAS method in the context of general
retrieval models with simplifications and approximations, providing a theoretical basis for
applying the inversion theory and specifically the DOAS technique to retrieve the total
and tropospheric NOg columns from satellite remote sensing data.

3.2 DOAS slant column retrieval

The basis of the absorption spectroscopy technique is the Lambert-Beer’s law, namely the
scattered radiation intensity I decreases exponentially with the light path length L in the
case of homogeneous absorption:

I(\) = Iy(A)e FAnL (3.7)

where Iy denotes the initial intensity of a light beam, k()) is the absorption reference
spectrum or absorption cross-section at wavelength A\, and n is the number density of
the absorber. Since k is a unique characteristic property of absorbers, the trace gas
slant column S, defined as fOL n(l)dl in Eq. (3.6), can be determined from the ratio
of reflectance spectra measurements with the absorbers (earthshine spectrum I(\)) and
without the absorbers (reference solar spectrum Iy())) in the light beam:

In [ I\
Io(A)

with the left-hand side expression 7 = —In[I(\)/Io(\))] named as optical depth.
In Eq. (3.8), the spectral structures are separated into narrow-band absorption struc-

tures of trace gases g and broad-band contributions approximated by a low-order polyno-
mial P, which is the foundation of the DOAS method (Platt and Stutz, 2008). Effectively,

| == S sk - PO (33)
g
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the narrow-band components of the optical depth and the absorption cross-section, i.e.,
the differential optical depth and the differential absorption cross-section, respectively,
are distinguished from the broad-band components, such as Rayleigh scattering, cloud
and aerosol extinction, and surface reflection.

DOAS fit is a least-squares retrieval performed in a selected spectral window with slant
column and polynomial coefficients as unknown parameters. Additionally, a number of
effects also need to be considered in the fitting process:

IAN+AMN) -]
In o ] =— zg: Sykg(N) — arR(\) — P(\) (3.9)

with A(\) representing small wavelength shifts, §(\) an intensity offset correction, ap a
Ring scaling factor, and R(\) a Ring reference spectrum.

wavelength shift

The quality of DOAS strongly depends on a perfect alignment among the spectrum to
analyse, the reference spectrum, and the absorption cross-sections. Small wavelength
shifts in the order of a few percent can lead to strong systematic structures in the residual.
To consider the possible misalignment, wavelength changes are corrected using shift and
stretch parameters. It is necessary to mention that the shift and stretch as well as the
offset parameters described below are included as non-linear terms in the fitting process,
which can be numerically solved by the Marquardt-Levenberg algorithm (Marquardt,
1963; Levenberg, 1944).

intensity offset correction

Besides the radiances backscattered by the Earth’s atmosphere, a number of both natural
(i.e., the inelastic scattering in the atmosphere and the ocean) and instrumental (e.g.,
stray light in the spectrometer and change of detector’s dark current) sources contribute
to an additional “offset” to the scattering intensity. To correct for this drift, an intensity
offset correction is modelled using a low-order polynomial with polynomial coefficients as
fitting parameters.

Ring effect

Because the solar light is spectrally structured, the strong Fraunhofer lines (spectral
absorption lines of the Sun) need to be accurately measured and corrected for passive
DOAS applications. The so-called “filling-in” of Fraunhofer lines, referred to as Ring
effect (Grainger and Ring, 1962), describes an intensity loss at the incident wavelength
and a gain at the neighbouring wavelengths. The Ring effect is primarily caused by
the inelastic rotational Raman scattering, during which the incident photons undergo
a change of not only direction but also wavelength. The Ring effect results in a slight
difference between the shape in the direct solar light and the earthshine radiance. In the
DOAS analysis, the Ring effect is usually treated as a “pseudo absorber” by including
in the DOAS fit a Ring reference spectrum, obtained by convolution of a solar spectrum
(Chance and Spurr, 1997) with Raman cross-sections, and a scaling parameter to adjust
the amplitude of the Ring reference spectrum.

Figure 3.1 shows an example of applying the DOAS technique to the spectral anal-
ysis of NO2 from GOME-2 reflectance spectra at 425-497 nm. The wavelength range is
selected considering prominent NOsg absorption structures and controllable interferences
from other absorbing species, e.g., water vapor (HaOyap), 0zone (O3), oxygen dimer (Oy),
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Figure 3.1: Illustration of applying the DOAS technique to the spectral analysis of NOy from
GOME-2 spectra at 425-497 nm. (a) panel shows the normalised satellite spectrum with the
absorbers (earthshine radiance I(\)) and without the absorbers (reference solar irradiance I(\))
in the light beam, (b) shows the separation of the optical depth into the the narrow- and broad-
band parts using a low-order polynomial, leaving the differential absorption spectrum in (c),
and (d) shows the absorption spectra of the trace gases (black lines) scaled to the absorptions
determined in the satellite spectrum (blue lines). In the same way as the trace gas absorption,
the spectral reflection features of the Ring effect are also analysed.

and liquid water (H2Oyq). In the same way as the trace gas absorption, the spectral
reflection features of the Ring effect are also analysed.

Table 3.1 provides an overview of the DOAS fit settings used by different groups
for ultraviolet-visible satellite instruments. Proper selection of the fit settings and ac-
curate quantification of the possible resulting effects are essential for the measurement
interpretation. For instance, the predefined fitting window 425-450 nm provides the best
differential NO2 absorption signal and the smallest interfering effect, while the 425-497
nm wavelength range improves the information content and increases the effective signal-
to-noise ratio (Richter et al., 2011). In addition, the selection of fitting window is affected
by instrumental parameters, such as the spectral coverage and calibration issues, which
e.g. affect GOME and SCIAMACHY spectra from 460-500 nm. It is important to realize
that the use of different fitting windows has critical implications on the interpretation of
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the slant columns, mainly due to the wavelength-dependency of the Rayleigh scattering,
particularly for polluted conditions with large tropospheric NO2 columns (Richter et al.,
2011). See Sect. 4.1 for further discussion on the fitting window.

3.3 Stratosphere-troposphere separation

Since DOAS yields NOs column integrated along the total light path from the Earth’s
surface to the top of the atmosphere, the stratospheric contribution need to be estimated
and removed to leave the information in the troposphere. This procedure is referred
to as stratosphere-troposphere separation (Bucsela et al., 2006), after which both total
and tropospheric slant columns are converted to vertical columns in Sect. 3.4. Table
3.1 categorizes the stratosphere-troposphere separation methods widely used for previous
and current satellite instruments.

(modified) reference sector method

One of the first stratosphere-troposphere separation algorithm is the reference sector
method (Richter and Burrows, 2002; Martin et al., 2002; Beirle et al., 2003), which
estimates the stratospheric NOg columns from measurements over the remote Pacific.
The reference sector method relies on the assumptions of longitudinally homogeneous
stratospheric NO2 and negligible tropospheric NOg over the Pacific, which may introduce
systematic biases in the presence of large longitudinal variations at high latitudes (e.g.,
inside the polar vortex) or non-zero tropospheric background columns in the Pacific. To
overcome the biases introduced by the longitudinal homogeneity assumption, a number of
modified reference sector methods (e.g., Leue et al., 2001; Wenig et al., 2004; Valks et al.,
2011; Bucsela et al., 2013) apply a masking approach to globally define the “clean” areas
and an interpolation scheme over the masked regions. This group of modified reference
sector methods is in general simple and robust, without dependency on additional data
input (compared to the model-based methods below).

limb-nadir matching

The limb-nadir matching instrumental set-up is employed by SCIAMACHY for a direct
stratospheric correction: the stratospheric air masses sensed in nadir were scanned in
limb shortly before (Sioris et al., 2004; Sierk et al., 2006; Beirle et al., 2010; Hilboll et al.,
2013b). However, such direct coincident measurements of total NOg columns (nadir) and
stratospheric concentration profiles (limb) are not available for other instruments.

data assimilation

Another two approaches used for stratosphere-troposphere separation rely on the chem-
istry transport model. The modelled stratospheric NO2 concentrations can be directly
used to estimate the stratospheric columns after empirical corrections of offsets between
satellite and model columns (Richter et al., 2005; Hilboll et al., 2013b). Alternatively, the
model data can be incorporated by data assimilation (Eskes et al., 2003; Dirksen et al.,
2011; van Geffen et al., 2019), in which the three-dimensional distributions of NOy are
regularly updated such that the modelled stratospheric NOs concentrations are in close
agreement with satellite measurements for low tropospheric contributions.

3.4 AMPF calculation

The conversion between the slant column and the vertical column is implemented by
division with an AMF in Eq. (3.6). In the absence of scattering, which is approximately
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valid in the stratosphere, the AMF is a geometric factor (Fig. 3.2a) Mgy, as a function
of solar zenith angle (SZA) 6y and viewing zenith angle (VZA) 6:

1 n 1
cos(y)  cos(6)’

Myeo = (3.10)

‘4

0
90 :_‘__'~ 1
< '
(a) (b)

Figure 3.2: Scheme of geometries for a geometric AMF defined in a non-scattering atmosphere
(a) and a scattering AMF influenced by the presence of air molecules, clouds, and aerosols (b).

The calculation of tropospheric AMF (Fig. 3.2b), however, is more complicated, since
the light path is affected by the presence of air molecules as well as cloud and aerosol
particles. For optically thin absorbers like NOg, the “scattering” AMF M is calculated
by decoupling the altitude-dependent sensitivity of the backscattered spectrum I, defined
as box-AMF m(z), from the NOy abundance at altitude z, defined as shape factor f(z)
(Palmer et al., 2001):

M:/O m(z)f(z)dz, (3.11)
m(z) = —klz) agf, (3.12)

2) = n(z) 3.13

f( ) f(;tropopause n(z)d/ ( )

where 7 is the optical depth defined in Eq. (3.8), n(z) is the number density, k(z) is the
absorption cross-section, and k. is an average cross-section weighted by the NOgy vertical
distribution to account for the pressure- and temperature-dependency of n(z). Since the
pressure-dependency is generally small for NOq, the term k(z)/k. is practically replaced
with a temperature correction factor in the AMF calculation (Boersma et al., 2004; Nif3
et al., 2006; Bucsela et al., 2013).

3.4.1 A priori NO, profile

The number density n(z) is usually obtained from a chemistry transport model. A global
chemistry transport model generally includes both eulerian transport of aerosols and
chemical species in the atmosphere and significant chemical and photochemical reactions
of these atmospheric compositions. The continuing model upgrades (e.g., Horowitz et al.,
2003; Miiller and Stavrakou, 2005; Huijnen et al., 2010, 2016; Williams et al., 2017) have
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provided a priori NOg profiles with considerably improved horizontal, vertical, and tempo-
ral resolutions, which are essential to accurately capture the NOo variations, particularly
for regions with large gradients of NOg emissions in space and time (Boersma et al., 2016).

3.4.2 Box-AMF

The box-AMF m(z) is generally calculated with a radiative transfer model. The basic
equation of radiative transfer model (Schwarzschild, 1914) describes the intensity atten-
uation due to absorption plus scattering and intensity enhancement due to emission plus
multiple scattering:
dI(r, p, @)
S
-

with p the cosine of inclination to the upward normal, ¢ the azimuth angle relative to
a fixed direction, I the diffuse radiance, and J the source function. Modern treatments
of the radiative transfer equation (e.g., Stammes, 2001; Mayer and Kylling, 2005; Spurr,
2008; Deutschmann et al., 2011; Rozanov et al., 2014) have provided useful information in
retrieval problems involving least-squares minimization (Rodgers, 2000). Solutions of the
forward radiative transfer model include the simulated top-of-atmosphere radiance and
the radiance derivatives with respect to atmospheric and surface variables (i.e., weighting
functions).

= I(Tv s (b) - J(T7 H, ¢) (314)

Implemented over the atmospheric layer [ of the modelled a priori NOy profile, Eq.
(3.11) can be written as:

~

a7 = 2 mu(b)zage
> Tal

where x,; is the partial column of the a priori NOy profile, and ¢; is the temperature
correction coefficient (N8 et al., 2006). In the optically thin limits, the box-AMF m; in
Eq. (3.15) is independent of z,; (with influences generally smaller than 1%) and thus can
be determined with a tabulated calculation in practice. At a representative wavelength
(typically the mid-point wavelength of the DOAS fitting window), the constructed box-
AMF look-up table is a function of viewing geometries, surface albedo, surface pressure,
and atmospheric pressure.

(3.15)

3.4.3 Surface albedo

The surface albedo is commonly described by a global Lambertian-equivalent reflectivity
(LER) climatology in NOg retrieval, with the surface assumed as a Lambertian reflector
with an isotropic diffuse reflection. Surface LER databases (e.g., Herman and Celarier,
1997; Koelemeijer et al., 2003; Kleipool et al., 2008; Tilstra et al., 2017) have been derived
based on satellite reflectance data over cloud-free scenes. In addition, the surface reflec-
tivity can be described more realistically by bidirectional reflectance distribution function
(BRDF) (Nicodemus et al., 1992), an intrinsic geometry-dependent scattering character-
istics containing a specular lobe (reflection by water in the forward scattering direction)
and a retroreflection lobe (reflection by vegetation in the backward scattering direction).
The surface BRDF has been implemented for the retrievals of both NOg and clouds (e.g.,
Zhou et al., 2010; Lin et al., 2014, 2015; Noguchi et al., 2014; Vasilkov et al., 2017; Lorente
et al., 2018; Laughner et al., 2018; Qin et al., 2019), mainly based on external datasets
e.g. from the MODerate resolution Imaging Spectroradiometer (MODIS) imaging sensor
(Lucht et al., 2000).
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3.4.4 Clouds

Depending on the geometrical and microphysical characteristics, clouds act as reflectors
and absorbers, influencing the NOs retrieval mainly via the albedo effect with increased
reflectivity, shielding effect with hidden NOgy column below the cloud, and multiple scat-
tering with enhanced absorption inside the cloud (Liu et al., 2004; Stammes et al., 2008;
Kokhanovsky and Rozanov, 2008). In the presence of clouds, the AMF calculation adopts
the independent pizel approximation (Cahalan et al., 1994):

M =wM 4 (1 —w)M" (3.16)

with M¢ representing the AMF for completely cloudy sky and M for completely clear
sky. M< and M are derived with Eq. (3.15) with M mainly relying on the cloud
pressure (height) and the cloud albedo (optical depth). The cloud radiance fraction w is
derived from the radiometric or effective cloud fraction cy:

Cf[cl

YT U= eI+ eI

(3.17)

where I¢ and I°" are the radiances for cloudy and clear scenes, respectively, depending
mostly on the viewing geometry, surface albedo and cloud albedo (optical depth).

Assuming that the clouds can be represented by homogeneous and (in horizontal di-
rection) infinitely extended plane-parallel slabs, the three-dimensional radiative effects of
clouds can be approximated by a one-dimensional radiative transfer model. Current cloud
retrieval algorithms (e.g., Kokhanovsky et al., 2003; Grzegorski et al., 2006; Wang et al.,
2008; Lelli et al., 2012; Veefkind et al., 2016; Lutz et al., 2016; Loyola et al., 2018) de-
rive radiometric cloud fraction, cloud pressure (height), and cloud albedo (optical depth)
from the top-of-atmosphere reflectances, with the clouds treated as either opaque Lam-
bertian reflectors or Mie scattering layers. The Mie scattering cloud model, which allows
for the penetration of photons through the cloud, is more realistic than the Lambertian
cloud model, which screens completely the atmosphere below the cloud (Rozanov and
Kokhanovsky, 2004; Richter et al., 2015).

3.4.5 Aerosols

The aerosols and thin clouds are comparable in radiative effect, namely the albedo effect,
shielding effect, and multiple scattering (Palmer et al., 2001; Leitao et al., 2010). Because
cloud retrievals can hardly distinguish between clouds and aerosols, the aerosol effects on
the AMF calculation are commonly corrected implicitly by assuming that the effective
clouds partially account for the aerosol impacts (Boersma et al., 2004, 2011). In addition,
an explicit aerosol correction is also possible if additional aerosol parameters (e.g., from
chemistry transport models or external aerosol measurements) are available (e.g., Lin
et al., 2014, 2015; Kuhlmann et al., 2015; Castellanos et al., 2015; Chimot et al., 2019;
Liu et al., 2019).

3.5 Tropospheric vertical column computation

Figure 3.3 illustrates the processing chain of the total and tropospheric NOg retrieval
for ultraviolet-visible backscatter satellite instruments. In the optically thin limit, the
total slant column S(y) can be regarded as a sum of the stratospheric and tropospheric
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components, and the tropospheric vertical column ;. can be estimated from Eq. (3.6)
as:

G = 2) = st (3.18)

B My, (Xa,trv b) ’

~

where S is the stratospheric slant column, and My, (Xq4r, b) is the tropospheric AMF.

The tropospheric NOg column computation is complicated in case of cloudy conditions.
As a result of the shielding effect of optically thick clouds (see Sect. 3.4.4), a large fraction
of the tropospheric NOs pollution below the clouds can not be detected by satellites.
Therefore, satellite NOg measurements are typically filtered for cloud radiance fraction <
0.5 or radiometric cloud fraction < 0.2 to ensure a strong signal from the boundary layer.
Note that the NOg column below the cloud, the so-called “ghost column”, is estimated
implicitly using the cloudy-sky AMF M¢ in Eq. (3.16). Since this procedure relies on
a clear-sky a priori NOg profile and neglects the difference of this profile in the clear-
sky and cloudy-sky conditions, larger uncertainties are expected for the cloudy-sky AMF
calculation (Valks et al., 2011).

DOAS fit
—
spectrum total slant column density
+ wavelength
. gesfmetry , Stratosphere-
« surface properties )
* NO, vertical profile gfppaﬁ%gire

clouds and aerosols

AMF calculation
—

tropospheric vertical column density tropospheric slant column density

Figure 3.3: Processing chain of the total and tropospheric NOs retrieval for ultraviolet-visible
backscatter satellite instruments.

3.6 Error analysis

The three components on the right-hand side of Eq. (3.18) are the main error sources in
the computation of tropospheric NOg columns, which are in general uncorrelated, since
they are obtained from independent steps as introduced above. In the following, the
uncertainties involved in individual retrieval steps are introduced.
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3.6.1 DOAS assumptions

For simplicity and efficiency reasons, a number of assumptions are made for the application
of the DOAS least-squares fitting, which is described in this section to provide a better
understanding of the data quality and retrieval uncertainty.

Influence of the instrumental spectral resolution can be neglected.

The resolution of the measured spectrum recording the high-resolution NOy absorption
structures is limited by the spectrometer spectral resolution, which typically can not
resolve the natural line widths of the absorptions. Accordingly, the laboratory absorption
cross-sections need to be convolved on the spectrometer resolution using the instrumental
spectral response function or slit function. However, as both I(\) and Iy(A) in Eq. (3.8)
have been filtered by the slit function before the ratio, the Fraunhofer structures can not be
totally removed, introducing an Iy-effect (Johnston, 1996). The [y-effect can be corrected
using modified absorption cross-sections for non-weak absorbers like ozone (Johnston,
1996) or can be simply neglected for most of the atmospheric absorbers including NO,
(Wagner et al., 2001).

The absorption cross-sections are independent of pressure and temperature.
While the pressure-dependency of the absorption cross-sections can be generally neglected,
the temperature-dependency is strong for NOs (Fig. 3.4) with an approximately linear
effect. The temperature-dependency of NOo absorption cross-sections can be taken into
account by including several cross-sections with different temperatures or by applying
a single cross-section and implementing a posteriori temperature-correction in the AMF
calculation in Eq. (3.15).

N
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Figure 3.4: Absorption spectra of NOs fitted using absorption cross-sections at 220 K and 294
K.

The measured intensity can be represented by one effective light path.
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One largest challenge in passive DOAS applications stems from the difficulty to determine
the light path length, since the observed light follows complicated paths in the atmosphere,
and each light beam travels on an individual path. For most situations, a most probable
light path can be defined, and the length of this effective light path is determined in the
radiative transfer calculation. However, due to the uncertainties in the information on
the vertical distribution of NOg, clouds, and aerosols as well as the optical properties of
cloud and aerosol particles, the results of the radiative transfer calculation are inherently
uncertain. See Sects. 4.2 and 4.3 for further discussion on the uncertainties introduced
by the radiative transfer calculation.

The effective light path is independent of wavelength.

In DOAS, the light path is normally assumed to be independent of wavelength for weak ab-
sorbers. However, as shown in Fig. 3.5a, the sensitivity to NOg absorption increases with
wavelength in the troposphere, for instance, by ~40% between 425-497 nm for a polluted
boundary layer with 1 x 10'® molec/cm? NOs, resulting mainly from the wavelength-
dependency of the Rayleigh scattering and indicating the importance of selecting an ap-
propriate wavelength for AMF calculation. For heavily polluted scenarios, the fitting
residuals can be improved by including a pseudo cross-section in the DOAS fitting (Fig.
3.5b), which is a NOgy cross-section scaled linearly by wavelength and orthogonalised to
the actual NOy cross-section (Richter et al., 2015).

The effective light path is independent of NOs amount.

For optically thin absorbers like NO9, the absorption effect on the overall radiations can be
generally ignored. If, however, the NOy absorption is largely enhanced in the presence of
heavily polluted scenarios, for instance, with a NOg column larger than 1x 10%¢ molec/cm?
in Fig. 3.5a, the calculated AMFs decrease by up to 25% and show spectral structures
linked to NOg absorption bands. This effect can be taken into account by including a
correction term based on tabulated factors between the NOy slant column and AMF in
the DOAS fit (Richter et al., 2015).

The measurement errors of individual pixels are random and uncorrelated.
On one hand, the measurement error is normally dominated by photon noise and can
be regarded as a source of random error. On the other hand, due to the limited instru-
mental spectral resolution, a single wavelength is imaged on a number of pixels, and thus
the neighbouring pixels are not completely independent. Wavelength-dependent random
changes in the instrument, consequently, will lead to systematic spectral structures, re-
quiring a careful treatment of the DOAS residual structures other than pure noise, which
can be related to the inaccurate reference spectra, the spectral misalignments, or instru-
mental issues.

3.6.2 Slant column uncertainties

The slant column uncertainties are commonly estimated using a statistic method (Wenig,
2001; Boersma et al., 2007), based on the spatial variability in the slant columns over
confined pristine areas with known limited geophysical variability (the Pacific Ocean).
For each spectral fit, the clean tropical Pacific region (20°S-20°N, 160°E-180°E) is divided
into small boxes (2°x2°), and the variation of the NO slant columns within each box is
regarded as a good measure of random noise. Figure 3.6 shows an example of calculating
the slant column error from the distribution of the slant column deviations. The Gaussian
distribution has a full width at half maximum (FWHM) of 1.36 x 10'® molec/cm? for the
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Figure 3.5: Effect of the wavelength-dependency of the AMFs on the DOAS retrieval for
SZA=50°, VZA=0.25°, relative azimuth angle (RAA)=90°, and surface albedo=0.05. (a) panel
shows the wavelength-dependent AMFs for various pollution scenarios in the troposphere (0-1
km) and in the stratosphere (20-21 km). (b) panel shows the absorption spectra of NO fitted
with and without including the orthogonalised scaled NOgy cross-section (NOy AMF proxy) for a
surface layer with a NOy column of 1 x 106 molec/cm?.



28 CHAPTER 3. ATMOSPHERIC NO; RETRIEVAL

425-450 nm fitting window and 1.04 x 10'® molec/cm? for the extended 425-497 nm
wavelength range, which corresponds to a slant column error of ~5.7 x 104 molec/cm?
and ~4.4 x 10 molec/cm?, respectively.
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Figure 3.6: Illustration of estimating the slant column uncertainties from the spatial variability
in the slant columns over the Pacific Ocean. Distribution of the derivations of GOME-2 NO,
slant columns from corresponding 2°x2° box mean values in the tropical Pacific Ocean (20°S-
20°N, 160°E-180°E) is shown for January 2008. The width of the Gaussian corresponds to a
slant column error of ~5.7 x 10! molec/cm? for the 425-450 nm fitting window and ~4.4 x 104
molec/cm? for the extended 425-497 nm wavelength range. Curves are normalized to have unit
area and centred on zero.

3.6.3 Stratospheric column uncertainties

The uncertainties in the stratospheric column calculation are estimated to be generally
smaller than 3 x 10'* molec/cm? (Boersma et al., 2011; Valks et al., 2011; Bucsela et al.,
2013), depending on the separation method. For the modified reference sector method, the
assumption of the low longitudinal variability of stratospheric NOs increases the uncer-
tainty for reference sector pixels with a strong spatio-temporal variability in stratospheric
NOs. On the contrary, the data assimilation method accounts for the dynamical features
in stratospheric NOs due to the use of model forecast, but the stratosphere-troposphere-
separation starts to quantitatively depend on a chemistry transport model.

3.6.4 AMF uncertainties

For the purpose of error analysis, the tropospheric AMF M, (b) in Eq. (3.18) (x4 is
dropped for simplicity) can be linearised around the true values of various a priori and
model variables b:

M (b) = My (b) + K (b — b), (3.19)



3.6. ERROR ANALYSIS 29

where Ky = 0M;,/ db denotes the local sensitivity of the AMF to the a priori and model
parameters b. The AMF uncertainty or error covariance is calculated as:

(&) <(ZK eb) )= > KKy leiei) (3.20)
b,b’

where o, = (/(€?) with ¢ = b — b is the best estimate of the uncertainty in b. If the
uncertainties in the input variables are mutually uncorrelated, i.e., the error covariance

terms (e;e;,) = 0 for b+, the AMF uncertainty oy, = \/(€37,.) can be written as:
o, = > (Kyop)%. (3.21)
b
See Sect. 4.3 for quantification of the AMF uncertainties.

3.6.5 Tropospheric column uncertainties

Referring to Eq. (3.18), the overall error oy, of the tropospheric column & can be
expressed as:

O\ 2 O\ 2 0% \ 2

2 tr 2 tr 2 tr 2

0%, = ( 59 ) og + (355t) 0s,, T <6Mtr) oM,
() et s () ot

which is a function of the error on the slant column S during the spectral fitting (see
Sects. 3.6.1 and 3.6.2), the uncertainty in the stratospheric slant column Sg (see Sect.
3.6.3), and the uncertainty in the a priori and ancillary data required for the calculation
of the tropospheric AMF My, (see Sect. 3.6.4). For clean scenarios with small amounts of
NOag, the retrieval uncertainty is dominated by the errors in S and S, while for polluted
cases, the retrieval uncertainty is mainly driven by the uncertainties in My, (Boersma
et al., 2004, 2018).

(3.22)
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Chapter 4

Analysis of NO» retrieval

The total and tropospheric NO» retrieval algorithm comprises three steps: the slant col-
umn fitting with the DOAS method from the measured (ir)radiance, the separation of the
stratospheric contribution, and the conversion of the slant column to the vertical column
through division by the AMF, as detailed in Chap. 3. In this chapter, the systematic and
random errors introduced by applying the DOAS slant column retrieval are estimated by
applying the retrieval scheme to synthetic spectra. Sensitivity studies are made to explain
to which extent the AMF calculation is affected by individual atmospheric and surface
parameters, based on which the AMF uncertainties are estimated quantitatively.

4.1 DOAS fit using synthetic data

One important task of the DOAS analysis is the accurate determination of the uncertain-
ties in the retrieved parameters (see Sect. 3.6.1 for simplifications adopted by the DOAS
fit). To evaluate the DOAS method, the fitting technique is applied to synthetic satellite
measurements from both basic atmospheric scenarios with NOg absorption at different
altitude regimes (Sect. 4.1.1) and realistic atmospheric scenarios with various pollution
conditions (Sect. 4.1.2). The DOAS retrievals are implemented for three commonly used
fitting windows (see Table 3.1): the narrow 425-450 nm window with smallest interferences
by other species, the wider 405-465 nm window to improve the effective signal-to-noise
ratio, and the widest 425-497 nm window with extension to longer wavelengths. The 425-
497 nm window has a stronger sensitivity to the NOo columns in boundary layer due to
the decreasing Rayleigh scattering with wavelength (see Fig. 3.5a). However, the spectral
interfering effect (e.g., from liquid water and soil) also increases (Richter et al., 2011).

4.1.1 Basic scenarios

Table 4.1 describes the set-up of the radiative transfer simulations for an idealized at-
mosphere with only Rayleigh scattering and NOy absorption. Based on the radiative
transfer model VLIDORT version 2.7 (Spurr, 2006), the clear-sky top-of-atmosphere ra-
diance spectra and slant columns are simulated to yield input data and reference data for
the DOAS retrieval, respectively. Covering a wide range of measurement geometries and
surface albedo values, a total of 300 simulated spectra between 405-497 nm are computed
with a 0.22 nm step (spectral sampling of GOME-2 and TROPOMI) for the mid-latitude
summer atmosphere (Anderson et al., 1986). One single NOy absorption cross-section
(Vandaele et al., 1998) at 220 K, convolved with a Gaussian line shape with a FWHM
of 0.54 nm (spectral resolution of GOME-2 and TROPOMI), is included in the radia-
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Table 4.1: Radiative transfer model and model parameters in calculating the synthetic spectra
and AMFs.

radiative transfer model VLIDORT v2.7

atmospheric profile mid-latitude summer atmosphere

SZA 10°, 30°, 50°, 70°, 88°

VZA 75°, 50°, 30°, 10°, 0°

RAA 0°, 90°, 180°

surface albedo 0.05, 0.2, 0.5, 0.8

surface pressure 1010 hPa

NOs vertical profile constant volume mixing ratio within a 1 km layer

tive transfer simulations. The simulations are implemented for several NOy scenarios at
different altitude regimes (boundary layer, free troposphere, and stratosphere) and with
various total column amounts (from 1 x 104 to 1 x 10'7 molec/cm?). The influences from
other gases, the Ring effect, measurement noise, clouds, and aerosols are not considered
for the basic scenarios.
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Figure 4.1: Relative differences in NOs slant columns simulated by VLIDORT and retrieved by
DOAS for a tropospheric layer at 0-1 km with a total NOy column of 1 x 10'® molec/cm?. The
DOAS retrievals are implemented for three fitting windows (see Sect. 4.1). The set of considered
geophysical parameters is given in Table 4.1, and here measurements are shown for RAA = 0° and
surface albedo = 0.05.

Figure 4.1 shows the relative differences in the simulated and retrieved slant columns
for a boundary layer at 0-1 km with a total NOy vertical column of 1 x 10'® molec/cm?.
The DOAS retrievals are implemented using the QDOAS software (Danckaert et al., 2015)
developed at the Belgian Institute for Space Aeronomy (BIRA-IASB). For all the three
fitting windows, the calculated NOg slant columns are close to the a priori truth (based on
AMF's near the mid-point wavelength of the given fitting window). Differences are within
1% for the tropospheric NOg layer and 0.15% for the stratospheric NOg layer (not shown).
Slightly larger biases are found for high SZAs and high VZAs, due to the small amount of
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Figure 4.2: A priori NO; profiles for CAMELOT European background scenario and European
polluted scenario.

radiation reaching the NOs layer or incomplete sphericity correction in VILDORT, which
corrects for the curved atmosphere in the solar and single scattered beam but applies a
plane-parallel assumption for the multiple scattered photons (Spurr, 2008).

4.1.2 CAMELOT scenarios

Within the verification activities for the TROPOMI instrument, a common set of scenar-
ios and synthetic data are used to analyse the DOAS-based retrieval algorithms (Richter
et al., 2015). Performed at the Institute of Environmental Physics (IUP-UB) at the Uni-
versity of Bremen (Germany) using SCIATRAN version 3.2.5 (Rozanov et al., 2014), the
radiative transfer simulations include temperature-dependent absorption cross-sections,
the Ring effect, and realistic NOs vertical profiles as defined within the Chemistry of
the Atmosphere Mission concEpts and sentinel. Observations Techniques (CAMELOT)
project (Veefkind, 2009).

CAMELQOT aims at the definition of the air quality and climate protocol monitoring
parts of GEMS, Sentinel-4, and Sentinel-5 missions (see Sect. 2.5.2). In CAMELOT, a
series of geophysical scenarios is defined for representative areas, such as polluted regions
in Europe, Asia, and North America. Figure 4.2 shows the a priori NOs vertical profiles for
the CAMELOT European background scenario (southern France) and European polluted
scenario (the Benelux region) as examples. For each CAMELOT atmospheric scenario,
28 viewing geometries are defined in the radiative transfer simulations to cover the full
swath width of TROPOMI with VZA varying from -54° to +54° (defined at the satellite).
See Richter et al. (2015) for detailed set-up of the synthetic data.

Figure 4.3 shows the comparisons of the simulated and retrieved slant columns for
the CAMELOT European background scenario and European polluted scenario. The
retrieved NOs slant columns are lower than the simulated numbers by up to 9% for
the background scenario and up to 20% for the polluted scenario. Differences within
8% are found between different fitting windows for both simulated and retrieved results.
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Figure 4.3: NOj slant columns simulated by SCTATRAN (dotted lines) and retrieved by DOAS
(solid lines) using various fitting windows for CAMELOT European background scenario (a) and
European polluted scenario (b). The comparisons are shown for 28 viewing geometries covering a
full swath width of TROPOMI with VZA varying from -54° to +54°.
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Figure 4.4: Similar as Fig. 4.3 but for simulations without the temperature-dependency of the
NO3 absorption cross-sections (only one NOgy cross-section measured at 220 K is included in the
SCIATRAN simulations).
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Figure 4.5: NO; slant columns retrieved using various fitting windows for CAMELOT Euro-
pean background scenario (a) and European polluted scenario (b). Solid lines show the results
retrieved from the simulated spectra without noise in Fig. 4.3. Grey shadow indicates the standard
deviations of the fitting results from noisy spectra.
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Possible explanations for these differences include the temperature-dependency of the NOg
absorption cross-sections (see Fig. 3.4) and the wavelength-dependency of the AMFs (see
Fig. 3.5a).

To further analyse the impact of the temperature-dependency of the NOs absorp-
tion cross-sections, results from a dedicated run of SCIATRAN without temperature-
dependency (only one NOg cross-section measured at 220 K is included in the radiative
transfer simulations) are shown in Fig. 4.4. Compared to Fig. 4.3, largely reduced
differences are noticed for both scenarios, with remaining differences lower than 1% for
the background case and 5% for the polluted case, mainly attributed to the wavelength-
dependency of the AMFs. Note that the temperature-dependency of the NOy absorption
cross-sections are considered for the vertical column calculation with a posteriori cor-
rection in Eq. (3.15), and the wavelength-dependency of the AMFs are considered by
selecting an appropriate wavelength in Sect. 3.4.2.

For each viewing geometry, nine noisy spectra with normally distributed uncorrelated
noise (signal-to-noise ratio = 1000) are simulated in addition to the noise-free spectrum
used in Fig. 4.3. Figure 4.5 shows the statistics of the fitting results of noisy spectra
for the CAMELOT European background and polluted scenario. Variations in the stan-
dard deviations between different viewing geometries are resulted from the different noisy
spectra. Taking the background scenario as an example, the standard deviations vary
between 0.03-0.15 for the 425-450 nm fitting window and 0.04-0.09 for 425-497 nm and
405-465 nm. The lower standard deviations for the 425-497 nm and 405-465 nm fitting
windows benefit from the inclusion of more NOs absorption structures from the wider
wavelength ranges.

4.1.3 Summary of synthetic studies

For the idealized scenarios with only Rayleigh scattering and NOs absorption, the slant
columns retrieved with three fitting windows are close to the simulations with biases
lower than 1% for NOg in the tropospheric layer and 0.15% for stratospheric layer. For
the realistic CAMELOT scenarios, the slant columns are underestimated by up to 9% for
the background case and 20% for the polluted case, mainly related to the temperature-
dependency of the NOy absorption cross-sections and the wavelength-dependency of the
AMFs, both of which will be taken into account in the vertical column calculation. When
the synthetic data without the temperature-dependency of the NOs absorption cross-
sections are applied in the DOAS fit, the biases are reduced to 1% for the background
case and 5% for the polluted case. Performed on the noisy data, the extended 405-465 nm
and 425-497 nm fitting windows show a better performance, beneficial from the inclusion
of more spectral points and hence the improvement of the effective signal-to-noise ratio.
The 425-497 nm wavelength range is more advantageous due to a stronger sensitivity to
NOg in boundary layer.

4.2 AMF sensitivities

The AMF is used to convert the slant column to the vertical column and closely related
to the accuracy of the tropospheric column retrieval (see Sect. 3.6.5). Based on Egs.
(3.15) and (3.16), the tropospheric AMF is determined with the altitude-dependent box-
AMF (calculated with a radiative transfer model) and the a priori NO2 vertical profile
shape, relying on a number of model parameters and cloud properties. In this section, the
importance of each input parameter is addressed for the tropospheric AMF calculation
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Table 4.2: Radiative transfer model and model parameters in calculating the tropospheric AMFs
for clear sky (M£T) and cloudy sky (M{!) as reference.

radiative transfer model VLIDORT v2.7

atmospheric profile mid-latitude summer atmosphere
wavelength 437.5 nm

measurement geometry SZA=40°, VZA=20°, RAA=135°
surface albedo 0.05

surface pressure 1010 hPa

Table 4.3: Cloud properties in calculating the tropospheric AMFs for cloudy sky (Mg!) as
reference.

cloud model Mie scattering cloud

single scattering albedo 1

phase function Henyey-Greenstein (asymmetry parameter=0.85)
cloud optical thickness 20

cloud top height 6 km

geometric thickness 1 km

with sensitivity tests perturbing the parameters upon a “reference retrieval” (Sect. 4.2.1).
The effects of model parameters (Sect. 4.2.2) and cloud properties (Sect. 4.2.3) are
illustrated for the box-AMF calculation, and their effects on the determined tropospheric
AMF's are quantified based on assumed a priori NOs profiles.

4.2.1 Reference retrieval

The reference retrievals are implemented according to Tables 4.2 and 4.3 for completely
clear sky and completely cloudy sky, respectively. The reference retrievals apply typical
a priori NOg profiles simulated with the chemistry transport model TM5 (Huijnen et al.,
2010; Williams et al., 2017) for a clean scenario, with most of NOy columns located in
the stratosphere, and for a polluted scenario, with a pronounced peak in the boundary
layer, as shown in Fig. 4.6.

Figure 4.7 (black lines) shows the reference box-AMFs for clear sky and cloudy sky,
which are independent of the assumed a priori profile (see Sect. 3.4.2). The clear-sky box-
AMFs decrease exponentially towards the surface due to the stronger Rayleigh scattering
that reduces the light path by scattering a part of photons before they reach the surface.
The fully-cloudy box-AMFs show strong gradients around the cloud with higher values
above the cloud layer (albedo effect) and lower values below the cloud layer (shielding
effect). Largest numbers are displayed close to the top the cloud, mainly explained by
the multiple scattering, above which the values decrease to the stratospheric limit.

Based on the box-AMFs in Fig. 4.7 (black lines), the reference tropospheric AMFs
are calculated via Eq. (3.15) and summarised in Table 4.4. For both clean and polluted
scenarios, smaller tropospheric AMFs are obtained for cloudy sky than clear sky, indi-
cating the dominating screening effect of NOg by high cloud (6 km or 450 hPa). Since
smallest box-AMFs are located close to the surface, especially for cloudy sky, the use of
the polluted profile reduces the tropospheric AMFs by more than 50% compared to the
unpolluted profile. For individual satellite measurements, the NOo profile shape, coming
from an external database, has the potential of significantly biasing the retrieved tropo-
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spheric column. For instance, the vertical transport modelled for stable meteorological
regimes may result in large errors in profile shape in the case of strong meteorological
activity (Boersma et al., 2004).

Table 4.4: Reference tropospheric AMFs for clear sky (M) and cloudy sky (Mg!). Results are
shown for the clean and polluted scenario, respectively.

M M
(clean) (polluted) (clean) (polluted)
1.66 0.79 1.27 0.05

Table 4.5: Calculating the tropospheric AMFs for clear sky (M¢") and cloudy sky (Mg') by
altering the model parameters. Reference values of M and M are reported in Table 4.4.
Results are shown for the clean and polluted scenario, respectively.

Fig.  varied parameter difference from AME" AM

the reference (clean) (polluted) (clean) (polluted)
4.7 wavelength 461 nm +0.05 +0.11 -0.02 +0.002
4.8 measurement geometry SZA = 80° +1.29 -0.15 +1.16 -0.02
4.9 surface albedo 0.8 +1.31 4241 +1.51  +2.50
4.10 surface pressure 990 hPa +0.03 +0.01 +0.04 +0.001

Table 4.6: Calculating the tropospheric AMFs for cloudy sky (M¢!) by altering the cloud prop-
erties. Reference values of M{! are reported in Table 4.4. Results are shown for the clean and
polluted scenario, respectively.

Fig.  varied parameter difference from AMZ

the reference (clean) (polluted)
4.11  cloud model Lambertian reflector -0.24  -0.04
4.12  single scattering albedo 0.8 +0.03 +0.01
4.13 cloud optical depth ) +0.43 +0.35
4.14  cloud top height 1 km +1.07  +40.41

4.2.2 Sensitivities of model parameters

In this section, the sensitivity tests are implemented for four model parameters specified
in Table 4.5. The impacts of the model parameters on the altitude-dependent box-AMF
calculation are shown in Figs. 4.7-4.10, and the impacts on the determined tropospheric
AMFs are reported in Table 4.5.

wavelength (Fig. 4.7)

The AMFs are typically calculated at the mid-point wavelength of the DOAS fitting
window. For a clear atmosphere, the Rayleigh scattering is dependent on wavelength
with a stronger effect at shorter wavelengths. Therefore, the box-AMFs increase by up
to 20% in the boundary layer when increasing the wavelength from 437.5 nm (mid-point
wavelength of the 425-450 nm window) to 461 nm (mid-point wavelength of the 425-497
nm window), which is particularly important for the polluted scenario with an enhanced
tropospheric AMF by 0.11 (14%). The differences are less pronounced in the presence
of clouds due to the much weaker wavelength-dependency of the Mie scattering. It is
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Figure 4.6: A priori NOy profiles simulated with TM5 at 9:30 local time for a clean and pol-
luted scenario. Profiles with pressure > 150 hPa (tropopause) are used in the tropospheric AMF
calculation.

important that the wavelength-dependency of the AMF's is considered when applying the
different DOAS fitting windows (see Sect. 4.1), but the uncertainty is generally small.

measurement geometry (Fig. 4.8)

For clear sky, the box-AMFs in the free troposphere increase significantly for a SZA of 80°
(typical for satellite measurements in polar winter) due to the enhancement in the overall
light path length. The SZA-dependency is weaker in the boundary layer because of the
larger impact of scattering, where smaller box-AMF's are found for the 80° SZA, since more
photons are scattered before they reach the layer. Consequently, the tropospheric AMF
increases to 2.95 for the clean scenario and decreases to 0.64 for the polluted scenario.
For cloudy sky, the box-AMFs above the cloud are increased, and the values below are
decreased. Note that the AMF calculation depends also on VZA and RAA, but these
measurement geometries are typically known with high accuracy and do not contribute
significantly to the retrieval uncertainty.

surface albedo (Fig. 4.9)

The clear-sky box-AMF's decrease toward the surface for a dark surface (such as water and
vegetation with a typical surface albedo smaller than 0.1) due to the increasing scattering.
The effect is opposite for a bright surface (such as snow and ice with a typical surface
albedo of ~0.8) due to a stronger reflection of light at the surface. As higher albedo values
lead to larger box-AMF's, especially for the boundary layer, the determined tropospheric
AMFs are enhanced, especially for the polluted scenario with most of the NOy amounts
located near the surface. For cloudy-sky box-AMFs, larger values are noticeable between
the surface and cloud, where the light path is enhanced by multiple scattering, influencing
more significantly the tropospheric AMF for the polluted scenario.

surface pressure (Fig. 4.10)
For an atmospheric layer at a fixed altitude, shifting the surface to a lower surface pressure
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Figure 4.7: Effect of the wavelength on the NOs box-AMFs for clear-sky pixel (a) and fully-
cloudy pixel (b). Black lines indicate the reference retrievals in Tables 4.2 and 4.3. Differences in
the calculated tropospheric AMFs with respect to the references are listed in Table 4.5. Box-AMFs
with pressure > 150 hPa (tropopause) are used in the tropospheric AMF calculation.
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Figure 4.8: Similar as Fig. 4.7 but for effect of the measurement geometry (SZA).
OJIIII\I\I‘\I\I\IIII‘I\I\I\I\|||\|\||\\II\I\I\L 07|\|\|\|||\I\II\I\I\I\|||||||||\I\||I\||||\||7
[ a—aalbedo 0.05 ] o ]
200 [~ . . aibedo0.8 ] 200 |- i
S 400 - - & 00l -
< r 7 =) r 7
o C ] @ C ]
7 600 — — 2 600 _|
wn - — " -
g c 1 ¢ ]
o - - o -
800 — 800 —
1000 - 1000 -
_XIIIIXIJIJlllllllllllllllllllllllllllllllllllllll— _lllllllllllllllllllllllllllllllllllllllllllllllll_
0 2 3 4 5 0 1 2 3 4 5
box-AMF box-AMF

() (b)

Figure 4.9: Similar as Fig. 4.7 but for effect of the surface albedo.
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Figure 4.10: Similar as Fig. 4.7 but for effect of the surface pressure.
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Figure 4.11: Similar as Fig. 4.7b but for

effect of the cloud model.
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Figure 4.13: Similar as Fig. 4.7b but for

effect of the cloud optical depth.
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Figure 4.12: Similar as Fig. 4.7b but for
effect of the single scattering albedo.
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reduces the clear-sky box-AMF by reducing the amount of light scattered below. On
the contrary, for an atmospheric layer at an altitude relative to the surface, e.g., O-
100 m above the surface, the box-AMF increases due to the reduced amount of light
scattered above and effectively the enhanced light reaching the layer (Zhou et al., 2009),
resulting in an increased clear-sky tropospheric AMF. For the cloudy-sky case, reducing
the surface pressure decreases the number of shielded layers and hence increases the
calculated cloudy-sky tropospheric AMF. In general, the effect of the surface pressure on
the AMF calculation is lower than 3%.

4.2.3 Sensitivities of cloud properties

In this section, the sensitivity tests are analysed for the cloud properties specified in Table
4.6. Their influences on the cloudy-sky box-AMFs are shown in Figs 4.11-4.14, and the
influences on the cloudy-sky tropospheric AMF's are reported in Table 4.6.

cloud model (Fig. 4.11)

Instead of considering the physical properties of the Mie scattering cloud in the AMF
calculation, the cloud can also be idealized as a perfect Lambertian reflector with a high
cloud albedo, calculated to be 0.7 based on a simple approximation (Kokhanovsky, 2006)
and the reference cloud properties in Table 4.3. Neglecting the scattering and absorption
inside and below the cloud, the use of a Lambertian cloud generates zero values for box-
AMFs below the top of the opaque cloud, leading to an underestimation of the cloudy-sky
tropospheric AMF by more than 19%, particularly for the polluted scenario. More realistic
results are obtained with the Mie scattering cloud, which takes the multiple scattering
of light inside the cloud and the contributions of atmospheric layers between the cloud
bottom and the ground into account (see Sect. 3.4.4).

single scattering albedo (Fig. 4.12)

The single scattering albedo, the ratio of scattering efficiency to total extinction efficiency,
is a key optical characteristic of the cloud and aerosol particles. When the single scattering
albedo decreases, namely the absorbing ability of cloud increases, the effective light path
is enhanced due to the reduced amount of light scattered above the cloud layer, producing
a positive effect on the box-AMFs within and below the cloud layer. Compared to the
choice of cloud model above, however, the assumed cloud optical properties play a less
important role in the AMF calculation.

cloud optical depth (Fig. 4.13)

In the presence of optically thin cloud with a cloud optical depth of 5, the box-AMFs below
the cloud are enhanced compared to the thick cloud, indicating a reduced screening of
NOs. Increased values are also found inside the cloud layer as a result of increased multiple
scattering. Therefore, the resulting tropospheric AMFs are increased, particularly for the
polluted scenario. It is worth noting that the radiative effect of aerosols and thin clouds
are comparable to each other (see Sect. 3.4.5), therefore similar effects for thin clouds
can be expected for aerosols.

cloud top height (Fig. 4.14)

When the cloud is shifted to the surface, below the NOy bulk in the clean scenario, the
absorption of light by NOg molecules is enhanced due to the illumination from below.
Therefore, the cloudy-sky tropospheric AMF increases to 2.34, higher than the clear-sky
value (1.66), indicating the dominating albedo effect and multiple scattering effect by low



44 CHAPTER 4. ANALYSIS OF NO2 RETRIEVAL

Table 4.7: Information on the input parameters for calculating the tropospheric AMF's.

input parameter impact on uncertainty source of information

wavelength low selection based on fitting window
measurement geometry low measurement description

surface albedo high climatology

surface pressure medium database

NOg vertical profile high chemistry transport model

cloud model high reflecting or scattering cloud assumption
cloud parameters high simultaneous measurement

cloud (1 km or 900 hPa), in contrast to the dominating screening effect of NOy by high
cloud in the reference retrieval (see Sect. 4.2.1). For the polluted scenario, the impact of
the cloud top height on the cloudy-sky tropospheric AMF is significant, for which a large
uncertainty in the NOg ghost column is expected for the low cloud (see Sect. 3.5).

4.2.4 Summary of sensitivity tests

Table 4.7 summarise the information for the various input parameters presented in Sects.
4.2.1-4.2.3. Despite the large sensitivities on the tropospheric AMF calculation in Table.
4.5, the uncertainties related to the wavelength selection (Fig. 4.7) and measurement
geometries (Fig. 4.8) are much smaller than the uncertainties introduced by the ancillary
surface parameters and the a priori NO9 profile. The surface albedo (Fig. 4.9) generally
has a larger influence on the tropospheric AMF calculation than the surface pressure
(Fig. 4.10). For cloudy sky in Table 4.6, the tropospheric AMF calculation is also
significantly affected by the cloud model (Fig. 4.11) and the cloud parameters, including
the cloud optical depth (Fig. 4.13), the cloud top height (Fig. 4.14), and additionally
the radiometric cloud fraction, which determines the combination of the clear-sky and
cloud-sky AMFs in Eq. (3.16). The assumed cloud optical properties (Fig. 4.12) are less
important for the tropospheric AMF calculation and uncertainty estimation.

4.3 AMF uncertainties

The overall tropospheric AMF uncertainty is mainly driven by the uncertainties in the
surface albedo A, a priori profile shape ps, cloud fraction ¢y, and cloud pressure ¢, as
introduced in Sect. 4.2. Referring to Eq. (3.21), the uncertainty in the tropospheric AMF
oM, can be calculated through the uncertainty propagation as:

012\4” = (%AZZTUASY + (88]\;:.0'}73)2 + (%@)2 + <6£T0%>2. (4.1)

OMy,. /0As denotes the local sensitivity of the tropospheric AMF to the surface albedo,
and o4, is the best estimate of the uncertainty in the surface albedo, and so on. The
estimated values o4, 0ps, 0c;, and o, are reported in Table 4.8. Here the NO2 profile
shape ps is practically described by a so-called “profile height”, the altitude (pressure)
below which 75% of the NOy vertical column resides (De Smedt et al., 2018), with lower
altitudes (higher pressures) indicating stronger pollutions, as a larger fraction of NOg
amounts are located near the surface.

Figure 4.15 shows the uncertainties in the tropospheric AMFs at 461 nm due to errors
in the surface albedo and a priori profile shape for clear sky and errors in the cloud



4.3. AMF UNCERTAINTIES 45

Table 4.8: Uncertainty estimates for surface albedo Ag, a priori profile shape ps, cloud fraction
¢, and cloud pressure ¢, in Eq. (4.1).

TA, 0.02 (Kleipool et al., 2008)
Ops 75 hPa  (De Smedt et al., 2018)
Ocy 0.05 (Veetkind et al., 2016)
o, 50 hPa  (Veefkind et al., 2016)
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Figure 4.15: Uncertainties in the tropospheric AMFs at 461 nm due to errors in the surface
albedo (a), a priori profile shape (b), cloud fraction (c), and cloud pressure (d). Values are shown
for SZA=40°, VZA=20°, RAA=135°, and surface pressure = 1050 hPa. The y-axis indicates the
atmospheric pressure, below which 75% of the NOs vertical column resides, with higher pressures
meaning stronger pollutions. (a) and (b) are illustrated for clear sky. (c) and (d) are calculated
for surface albedo = 0.05 and cloud albedo = 0.8 with (c¢) for cloud pressure = 630 hPa and (d)
for cloud fraction = 0.2.

fraction and cloud pressure for cloudy sky. Results are shown for a typical GOME-2
and TROPOMI viewing geometry. In Fig. 4.15a, the uncertainty contributions due to
errors in the surface albedo are largest for small albedo values and polluted situations.
The uncertainties are in the level of 20%-30% for polluted continents with a typical
surface albedo in the 0.03-0.05 range. In Fig. 4.15b, a similar effect is observed for the a
priori profile shape errors with uncertainties up to 20%. It is worth mentioning that the
application of the averaging kernel (see Sect. 3.1) can remove the uncertainties resulting
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from the errors in the a priori profile shape for applications such as data assimilation and
validation study (Eskes and Boersma, 2003).

In Fig. 4.15c¢, as the satellite measurements are normally filtered for cloud radiance
fraction < 0.5 or cloud fraction < 0.2 (see Sect. 3.5), the tropospheric AMF uncertainties
related to the cloud fraction are in the 10%-20% range. Larger errors are found for small
cloud fractions and profiles with most NOg concentrations below the cloud (cloud pressure
= 630 hPa). In Fig. 4.15d, errors in the cloud pressure introduce an tropospheric AMF
uncertainty ranging from 5% to 40%, with large numbers for clouds close to the NOo
bulk, especially for polluted situations with low clouds, in line with Sect. 3.5.

To conclude, the tropospheric AMF uncertainties introduced by the errors in the
surface albedo and a priori NOg profile are about 20% respectively for typical polluted
scenarios with small surface albedo values and high surface NOgy concentrations. The
uncertainties related to the cloud fraction are 10%-20%, and the cloud pressure-related
uncertainties are in the 5%-40% range. Consequently, the total uncertainty in the tropo-
spheric AMF is estimated to range from 15% to 50%, and the total uncertainty in the
tropospheric NOs column is likely in the 40%-80% range. The findings agree well with
previous uncertainty studies (e.g., Boersma et al., 2004; Lorente et al., 2017; Boersma
et al., 2018) and indicate the necessities of accurate surface albedo database, up-to-date
a priori NOg profiles, and realistic cloud correction procedures.



Chapter 5

NOs retrieval for GOME-2

The GOME-2 instruments (see Sect. 2.5.2) aboard the MetOp-A and MetOp-B platforms
have been providing a unique NOy dataset since the year 2007. In this chapter, the latest
developments in the NOs retrieval algorithm for GOME-2 are reported, with illustrations
for the algorithm refinement with respect to previous versions, the algorithm application
on GOME-2 NO, measurements, and an end-to-end validation using correlative ground-
based MAXDOAS (see Sect. 2.5.1) dataset. This chapter gives a brief summary of three
journal articles gathered in Appendices B-D.

5.1 GOME-2 NO; product

The operational GOME-2 NOy product processing chain starts with the level 0 to 1b
processing at the European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) in Darmstadt (Germany), where the raw instrument (level 0) data is con-
verted into geolocated and calibrated (level 1b) (ir)radiances. The level 1b (ir)radiances
are disseminated to the German Aerospace Center (DLR) in Oberpfaffenhofen (Germany)
and further processed using the Universal Processor for UV /VIS Atmospheric Spectrome-
ters (UPAS) system. The resulting level 2 near-real-time total column products including
NOs columns can be received by user communities two hours after sensing. Offline and
reprocessed GOME-2 level 2 and consolidated products are also provided within one
day by DLR, which can be ordered via FTP-server and the EUMETSAT Data Centre
(https://acsaf.org/).

The GOME-2 total and tropospheric NOy products are generated using the GOME
Data Processor (GDP) algorithm at DLR in the framework of EUMETSAT’s Satellite
Application Facility on Atmospheric Composition Monitoring (AC-SAF). The GDP al-
gorithm applies the DOAS technique (see Sect. 3.2) to determine the slant columns from
calibrated GOME-2 (ir)radiance data in the visible wavelength range. The stratospheric
NO2 component is obtained by the modified reference sector method (see Sect. 3.3).
The tropospheric vertical columns are determined using AMFs (see Sect. 3.4) based on
cloud information from the Optical Cloud Recognition Algorithm (OCRA) and Retrieval
Of Cloud Information using Neural Networks (ROCINN) algorithms (Loyola et al., 2007,
2011; Lutz et al., 2016; Loyola et al., 2018).
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Table 5.1: Main settings of GOME-2 DOAS retrieval of NOy slant columns.

operational retrieval improved algorithm
(Valks et al., 2011, 2017) (this work)
fitting window 425-450 nm 425-497 nm

absorption cross-sections NO2, O3, H2Oyap, O4, Ring  NOg, O3, HOyap, O4, Ring,
H30yq, resolution correction

polynomial degree 3 )
intensity offset correction constant linear
slit function preflight stretched preflight

5.2 Retrieval algorithm

Following the classical three-step-retrieval in Chap. 3, the current operational retrieval
algorithm (GDP 4.8) for total and tropospheric NOg from GOME-2 was first introduced by
Valks et al. (2011, 2017) and has been successfully applied in studies of NO2 concentration
detection, satellite dataset intercomparison, and NOg emission estimation (e.g., Mijling
et al., 2013; Hilboll et al., 2013a, 2017; Krotkov et al., 2017; Irie et al., 2012; Gu et al.,
2014; Miyazaki et al., 2017; Ding et al., 2017). An improved algorithm is described in
this section and will be implemented in a future release (GDP 4.9).

5.2.1 DOAS slant column retrieval

Appendix C (Sect. 4 therein) describes an improved DOAS slant column retrieval using a
larger 425-497 nm wavelength fitting window (Richter et al., 2011) to increase the signal-
to-noise ratio (see Sect. 3.6.2 for uncertainty analysis and Sect. 4.1 for performance of
different fitting windows.). Table 5.1 compares the DOAS settings for the operational
and improved algorithms. In the improved retrieval, absorption cross-sections are up-
dated, and a linear intensity offset correction is applied. The long-term and in-orbit
variations of GOME-2 slit function are corrected by deriving effective slit functions with
a stretched preflight GOME-2 slit function and by including a “resolution correction
function” (Azam et al., 2015) as a pseudo absorber cross-section in the DOAS fit, respec-
tively. In addition, the application of a new version (6.1) of the GOME-2 level 1b data
(EUMETSAT, 2015) largely reduces the offset between GOME-2/MetOp-A and GOME-
2/MetOp-B NO;y columns by removing calibration artefacts in the GOME-2/MetOp-B
irradiances (EUMETSAT, 2015). Compared to the operational algorithm, the improved
NO3 columns are higher by ~1-3 x 10** molec/cm? (up to 27%).

The quality of the improved slant column retrieval is evaluated using the GOME-
2 NOg dataset from the Quality Assurance for Essential Climate Variables (QA4ECV,
www.qadecv.eu) project. QA4ECV (Lorente et al., 2017; Zara et al., 2018; Boersma et al.,
2018) aims at quality-assured satellite products using a retrieval algorithm harmonised
for GOME, SCTAMACHY, OMI and GOME-2. Figure 5.1 presents the time series of the
calculated GOME-2 slant column errors from the operational, improved, and QA4ECV
datasets, following the statistical method in Sect. 3.6.2. Compared to the operational
algorithm, the improved NOy slant column errors are lower by ~24%. Compared to the
QA4ECV product, the improved NOjy slant columns show good consistency (not shown),
and the NOy slant column errors are ~14%-28% smaller, indicating a good overall quality
of the improved DOAS retrieval.
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Figure 5.1: Temporal evolution of the GOME-2 NO; slant column errors from the operational
GDP 4.8 product (January 2007-December 2016), the improved GDP 4.9 algorithm (January 2007-
December 2016), and the QA4ECV dataset (February 2007-December 2015) using deviations of
NO; slant columns from box (2°x2°) mean values over the tropical Pacific (20°S-20°N, 160°E-
180°E).

5.2.2 Stratosphere-troposphere separation

Appendix B presents the STRatospheric Estimation Algorithm from Mainz (STREAM)
for the determination of the stratospheric NO2 columns. Belonging to the modified refer-
ence sector method (see Sect. 3.3), STREAM applies the total column measurements over
clean and remote regions as well as over clouded scenes where the tropospheric columns
are effectively shielded. STREAM calculates weighting factors for each satellite pixel
to define the contribution of total columns to the stratospheric estimation: potentially
polluted pixels are weighted low, cloudy observations (with medium cloud heights) are
weighted high, and the weights are further adjusted in a second iteration if pixels suffer
from large biases in the tropospheric residues. Depending on these weighting factors,
stratospheric NO, fields are derived by a weighted convolution on the total columns using
convolution kernels, which are wider at lower latitudes due to the low longitudinal vari-
ability assumption of stratospheric NOs and narrower at higher latitudes to reflect the
stronger natural variations.

Appendix C (Sect. 5 therein) describes the optimization of STREAM for the GOME-
2 instrument, as STREAM was originally designed for TROPOMI. For the adaption
to GOME-2 measurements, the performance of STREAM is analysed by applying it to
GOME-2 synthetic data and by comparing the differences between estimated and orig-
inal stratospheric fields. The synthetic data are calculated using simulated NOy fields
from the IFS(CB05BASCOE) experiment (Huijnen et al., 2016), which a combination of
tropospheric chemistry module in the Integrated Forecast System (IFS, current version
based on the CB05 scheme) and stratospheric chemistry from the Belgian Assimilation
System for Chemical ObsErvations (BASCOE) system. Applied to the synthetic data, the
estimated stratospheric NOo columns from STREAM show good consistency with the a
priori truth. A slight overestimation by ~1-2 x 104 molec/cm? is found for low latitudes,
and larger differences by up to ~5 x 104 molec/cm? are found at higher latitudes. To re-
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Table 5.2: Radiative transfer model and model parameters in deriving GOME-2 tropospheric
NOs columns.

operational retrieval improved algorithm
(Valks et al., 2011, 2017)  (this work)
radiative transfer model =~ LIDORT v2.2 VLIDORT v2.7
surface albedo TOMS/GOME LER direction-dependent GOME-2 LER
a priori NOg profile monthly MOZART-2 daily IFS(CB05BASCOE)
(1.875°x1.875°) (0.7°x0.7°)
cloud parameter OCRA/ROCINN_CRB OCRA/ROCINN_CAL

duce the biases over the subtropical regions in winter, an improved latitudinal correction
is introduced in STREAM.

Figure 5.2 presents the total columns from GOME-2 and the stratospheric NOs cal-
culated with STREAM and with the spatial filtering method used in the GDP 4.8 al-
gorithm in February and August 2009. The spatial filtering algorithm belongs to the
modified reference sector method and relies on a pollution mask and a low-pass filtering
in zonal direction. Compared to this method, the application of STREAM decreases the
stratospheric NOg columns by ~1 x 10'* molec/cm? in general and reduces largely the
overestimation over polluted areas.

As the spatial filtering method and also other modified reference sector methods in
Sect. 3.3 generally define a strict pollution mask of regions with potential tropospheric
pollution, information over most continents is hardly used for the stratospheric estimation,
which can lead to large errors during interpolation. STREAM overcomes these artifacts
with an improved treatment of polluted and cloudy pixels by defining weighting factors
for each satellite pixel.

5.2.3 AMPF calculation

Appendix C (Sect. 6 therein) and Appendix D describe an improved AMF calculation
based on a new box-AMF look-up table and realistic model parameters, as summarised
in Table 5.2. See Sects. 4.2 and 4.3 for importance of individual model parameters.

box-AMF

The box-AMF look-up table (see Sect. 3.4.2) is generated using the latest version 2.7
of VLIDORT radiative transfer model (Spurr, 2006) with an increased number of refer-
ence points and vertical layers to reduce interpolation errors. Compared to the scalar
(intensity-only) LIDORT code, the vector VLIDORT provides more realistic modelling
results with a treatment of light polarisation.

surface albedo
The surface albedo (see Sect. 3.4.3) is described by a GOME-2 surface LER climatol-
ogy (Tilstra et al., 2017), derived with a higher resolution, newer observations, and an
improved LER algorithm, compared to the TOMS/GOME LER climatology (Boersma
et al., 2004). Additionally, the surface BRDF effect is taken into account by improving the
GOME-2 surface LER climatology with a GOME-2 directionally dependent LER (DLER)
dataset (Tilstra et al., 2019) over land and an ocean surface albedo parametrization (Jin
et al., 2004, 2011) over water.

Figure 5.3 shows the original and improved GOME-2 LER dataset and their differ-
ences on 3 February and 5 August 2010. Over land, the use of the DLER dataset improves
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Figure 5.2: GOME-2 total NOy columns and stratospheric NOs columns retrieved from the
STREAM algorithm and from the spatial filtering method used in GDP 4.8 in February and
August 2009.

the underestimation of the surface albedo at the west side of the GOME-2 orbit (back-
ward scattering geometry) and increases the AMFs by up to 15% for polluted regions
(not shown). Over water, the updated surface albedo increases over sun glint areas (for-
ward scattering geometry) and coastal regions with large SZAs and VZAs, for which the
tropospheric NO2 columns are reduced by up to 10% (not shown).

Compared to other state-of-the-science BRDF studies based on the MODIS measure-
ments in Sect. 3.4.3, the proposed method replies on the GOME-2 LER data, which is
consistent with the GOME-2 NO, observations, considering the illumination conditions,
observation geometries, and instrumental characteristics. In addition, since most of the
current NOg and cloud retrievals (e.g., Boersma et al., 2018; van Geffen et al., 2019; Loy-
ola et al., 2018; Desmons et al., 2019) are still based on the Lambertian surface input, this
method is advanced by providing a consistent Lambertian input with a proper treatment
of angular dependency.



52 CHAPTER 5. NOz RETRIEVAL FOR GOME-2

3 February 2010 5 August 2010
ER

20 90 60 30

surface albedo

0.0 0.03 0.06 0.09 0.11 0.14 0.17 0.2

Figure 5.3: Map of GOME-2 surface LER climatology (Tilstra et al., 2017) in February and
August (a), improved GOME-2 surface LER data taking into account the direction-dependency
on 3 February and 5 August 2010 (b), and their differences over land (c¢) and over water (d) (figure
continued on next page).

a priori NO2 profile

Daily a priori NOg profiles (see Sect. 3.4.1) with higher resolutions are obtained from the
chemistry transport model IFS(CBO5BASCOE) (Huijnen et al., 2016) based on the recent
emission inventory CAMS_GLOB_ANT v2.1 (Granier et al., 2019). IFS(CB05BASCOE),
an advanced version of IFS system (Flemming et al., 2017), was developed by the
European Centre for Medium Range Weather Forecast (ECMWF) and has been run-
ning fully operationally in the Copernicus Atmosphere Monitoring Service (CAMS,
http://atmosphere.copernicus.eu). Profile forecasts from CAMS will be applied in
the prototype and operational NOs retrieval algorithm for the Sentinel-4 (Sanders et al.,
2018) and Sentinel-5 (van Geffen et al., 2018) missions with the advantage of operational
implementation and high resolution.

Compared to the currently used MOZART-2 profiles (Horowitz et al., 2003), improve-
ment in the spatial resolution gives a more accurate description of the NOy gradient and
transport. The use of daily profiles provides a better description of the temporal NOq
variation, especially for regions dominated by emission and transport. In general, the
application of IFS(CB0O5BASCOE) vertical profiles affects the tropospheric NOy columns
by more than 1 x 10'® molec/cm? for polluted regions.

clouds

More realistic ROCINN cloud parameters are provided by a Cloud-As-Layers (CAL) cloud
product (Loyola et al., 2018), which treats the clouds as uniform layers of water droplets,
instead of the current Clouds-as-Reflecting-Boundaries (CRB) cloud model, which as-
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Figure 5.3: (figure continued from previous page)

sumes the clouds as Lambertian reflectors (see Sect. 3.4.4).

Figure 5.4 shows an example of the derived box-AMFs for clear sky and cloudy sky
using the CRB and CAL model over Italy (45.3° N, 11.2° E) on 1 February 2010. The
cloud information and the calculated tropospheric AMFs are also reported. Compared to
the clear-sky box-AMF's, the CAL-based cloudy-sky box-AMFs increase above the cloud
layer (albedo effect) and decrease below the cloud layer (shielding effect), consistent with
the theoretical study in Fig. 4.11. Compared to the CRB model, the use of the CAL
model takes account of the sensitivities inside and below the cloud layer and increases the
cloudy-sky AMF by 0.3. Consequently, the retrieved tropospheric NOo column decreases
by 2.5 x 10 molec/cm? (12%), based on a polluted NOy profile with most of the NOq
concentration located near the surface.

aerosols
The impact of aerosols (see Sect. 3.4.5) on the tropospheric NOg retrieval is investigated
by comparing the concurrent retrievals based on ground-based aerosol measurements (ex-
plicit aerosol correction) and aerosol-induced cloud parameters (implicit aerosol correc-
tion). The explicit modelling of aerosol scattering and absorption is implemented for the
AMF calculation by introducing the AERONET aerosol optical properties (Holben et al.,
1998; Giles et al., 2019) and MAXDOAS aerosol extinction profiles (Clémer et al., 2010;
Gielen et al., 2017) in the radiative transfer calculation.

Figure 5.5 presents the relative biases in tropospheric NOy columns retrieved assuming
implicit aerosol correction via the CRB and CAL cloud model for Xianghe (39.75°N,
116.96°E, a typical suburban site ~60 km from Beijing in China) in March 2010-December
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Figure 5.4: Box-AMFs for clear and cloudy sky using the ROCINN_CAL and ROCINN_CRB
cloud models over Italy (45.3° N, 11.2° E) on 1 February 2010. The tropospheric AMF is given
next to each label. The ROCINN_CRB cloud top pressure is shown as a horizontal green line,
and the ROCINN_CAL cloud top and base pressure are shown as horizontal brown lines. Cloud
radiance fraction = 0.47, cloud optical depth = 6.85, SZA = 69°, VZA = 3°, and RAA = 42°.

2016. Resulted from the overestimated shielding effect, the tropospheric NOo columns
retrieved using the CRB-based implicit aerosol correction are on average 33% larger than
using the explicit aerosol correction. The differences are largely reduced by applying the

CAL cloud model (9%).

To summarize, the use of above new features affects the tropospheric NOy columns
on average within £20% in winter and £5% in summer over polluted regions. The total
uncertainty in the tropospheric AMF for polluted conditions is estimated to decrease from
15%-50% in the operational product to 10%-35% in this work.

5.3 End-to-end validation

Appendix C (Sect. 7 therein) and Appendix D (Sect. 5 therein) introduce the valida-
tion of the NOy data derived from the improved GOME-2 algorithm using correlative
ground-based MAXDOAS observations (Pinardi et al., 2014, 2015). The MAXDOAS
measurements are analysed and performed by BIRA-IASB in Brussels (Belgium) in the
AC-SAF context (Hassinen et al., 2016) for six MAXDOAS stations (Beijing, Bujum-
bura, OHP, Reunion, Uccle, and Xianghe) covering urban, suburban, and background
situations. Taking the suburban Xianghe station as an example, the improved GOME-
2 dataset shows a similar seasonal variation in the tropospheric NOs columns as the
MAXDOAS measurements with a relative difference of -5.8% (—2.7 x 10'® molec/cm? in
absolute) and a correlation coefficient of 0.91.

Figure 5.6 reports the monthly mean absolute and relative differences for the oper-
ational and improved algorithms for the Xianghe station. The daily differences are also
reported through the histogram panel. Compared to the current operational product,
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Figure 5.5: Relative biases in GOME-2 tropospheric NOy columns assuming implicit aerosol
correction through the ROCINN_CRB and ROCINN_CAL cloud models in Xianghe (39.75°N,
116.96°E) in March 2010-December 2016. Only measurements with cloud radiance fraction < 0.5,
cloud optical depth < 5, and cloud top height < 3 km are included. Cloud observations with fitting
RMS > 1 x 10~% or number of iterations > 20 are filtered out. The mean value and standard
deviation are given next to each label.

the improved dataset is a significant improvement, considering the reduction of the ab-
solute and relative monthly mean bias as well as the reduction in the spread of the daily
comparison points. Similar large improvements are found for all the MAXDOAS stations.



56 CHAPTER 5. NOz RETRIEVAL FOR GOME-2

GOME2-A 50km around Xianghe (BIRA, MAXDOAS profiles)

20 errtreiaataaanay ! .................. !. .................. FRREEREEREEREERREE T 300
: : . 09-Mar-2010
<« 0 L. ... @ 9 e ol 250
E ®
o2 2 7+ Neray - B ey 200 g
o 8 [+2.1] 48 [+7.3]® diff: -2.94e+15 E
B QO E e f ] bl 150 &
U{) £ °
w
Yo B0 ek b el 100
= [-1.51 [-3.7] 3.
= .80 SRR 2T 0 %:) EERRNC L ERR: ) SRTEERRCCELISS (N RESCTIPISCIESRCIERIRLS | || EEVRERETR 50
-100 : ; : 0
2010 2014 2016 -2 -1 0 171
100~ o T e T SATGB 110
[-20 %] [-34%] :[-44%] [-40%] :[-30 %]
[+ 8] [x21] [*+27] [+34] :[*25]
o : :
Q GDP 48
g 'Q\_e' Mean diff: -8.6e+15 (+ 6.71e+15)
o= Rel diff: -29 % (+ 23.9)
< GDP49
L 50 o ", Mean diff: -2.7e+15 (£ 5.34e415)
- [ ] - i o
Ml [ G be (oW e Rel diff: -5.8 % ( 21.5)
[+12] [£17] :[x16] [t22] [+41] [£30] :[t19]
-100 + + g
2010 2012 2014 2016

Figure 5.6: Absolute and relative differences of GOME-2 and MAXDOAS tropospheric NOq
columns. The time series presents the monthly mean differences for the operational GDP 4.8
(black) and the improved GDP 4.9 (red). The total mean differences values and standard devia-
tions are given, as well as the yearly values. The histogram presents the daily differences over the
whole time series for the two products (grey for GDP 4.8 and red for GDP 4.9).



Chapter 6

NOs retrieval for TROPOMI

Launched in October 2017, the TROPOMI instrument (see Sect. 2.5.2) aboard Sentinel-5
Precursor provides the potential to monitor air quality over large point sources across the
globe with a spatial resolution as high as 7 kmx3.5 km. In this chapter, the algorithm
for the retrieval of total and tropospheric NOg columns from the GOME-2 measurements
in Sect. 5.2 is adapted for TROPOMI. Examples of applying the retrieval algorithm
on TROPOMI measurements are shown. The overall quality of the dataset is evaluated
by a comparison with additional satellite datasets and a validation using ground-based
MAXDOAS measurements.

6.1 TROPOMI NO; product

The operational TROPOMI retrieval of NOo columns is based on the Dutch OMI NO»
product (DOMINO) system (Boersma et al., 2007, 2011) with developments within the
QA4ECV project (Lorente et al., 2017; Zara et al., 2018; Boersma et al., 2018) and im-
provements related to the specific TROPOMI aspects. The DOMINO processor is a
retrieval-assimilation-modelling system based on a DOAS analysis, an AMF calculation,
and a data assimilation for the separation of the stratospheric and tropospheric contribu-
tions to the NOg column (see Sect. 3.3).

The TROPOMI NO; processing is operationally performed in two locations. The
DOAS retrieval takes place at the official level 2 processing site at DLR in Oberphaf-
fenhofen (Germany). The data assimilation system providing stratosphere-troposphere-
separation information as well as NOy profile data is running at the Royal Netherlands
Meteorological Institute (KNMI) in De Bilt (the Netherlands). Finally, the conversion of
the slant column into the tropospheric and stratospheric NOs columns will take place in
the near-real-time processing mode at DLR and in offline or reprocessing mode at KNMI.

The near-real-time TROPOMI NO, data are available within three hours after data
acquisition based on a forecast of the chemistry transport model data. The offline
processing data are available after a few days, and the reprocessing of Sentinel-5 Pre-
cursor products will be performed when major product upgrades are considered nec-
essary. All TROPOMI data can be obtained from the Copernicus Open Access Hub
(https://scihub.copernicus.eu/) and the TEMIS website (http://www.temis.nl/
airpollution/no2.html).
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Table 6.1: Main settings of the NO; retrieval for TROPOMI.

KNMI operational product DLR development
(van Geffen et al., 2019) (this work)

fitting window 405-465 nm 425-497'nm

secondary trace gases O3, H2Oyap, O4, HaOyiq O3, HaOyap, O4, H2Oyiq
polynomial degree 5 )

reference spectrum daily solar reference daily solar reference
stratosphere-troposphere data assimilation modified reference sector
separation (TM5-MP) method (STREAM)
radiative transfer model =~ DAK VLIDORT

surface albedo OMI climatology OMI climatology

a priori NOgy profile TM5-MP TM5-MP

cloud parameters FRESCO OCRA/ROCINN

! The wavelength range 405-465 nm is chosen at the moment due to the saturation
issue around 490 nm during the E1 commissioning phase in the first six months
after launch (Kleipool et al., 2018).

6.2 Retrieval algorithm

The operational total and tropospheric NOg retrieval algorithm at KNMI is summarized in
Table 6.1 and described in detail by van Geffen et al. (2019). In the following, the retrieval
algorithm in Sect. 5.2, which was originally designed for the GOME-2 instrument at DLR,
is adapted and optimised for TROPOMI measurements.

6.2.1 DOAS slant column retrieval

The current fitting window in the DOAS fit for TROPOMI is 405-465 nm as a heritage
of OMI retrieval (see Table 3.1 for introduction of the OMI retrieval and Sect. 4.1 for
performance of the 405-465 nm fitting window), due to the possible pixel saturation at
~490 nm during the commissioning phase (Kleipool et al., 2018). Saturated pixels (with
a high signal flux) can cause the so-called “blooming”, when the multiple pixels (with a
lower signal flux) neighbouring the saturated pixels are also affected by saturation. The
blooming pixels will be flagged in a future update of the TROPOMI level 0-1b processor
(Rozemeijer and Kleipool, 2018) and will be excluded from the retrieval when applying
the 425-497 nm fitting window.

Consistent with Sect. 5.2.1, a fifth-order polynomial is applied to account for the
spectrally smooth features from molecular scattering and absorption. The closest-in-
time daily irradiance measured with TROPOMI is used for the reference spectrum. The
absorption cross-sections of NOg2, Oz, H3Oyap, Oy, and HyOjiy are convolved with the
preflight TROPOMI slit function and included in the DOAS fit to describe the spectral
effect of each species, as detailed in Table 6.2. The Ring effect is treated as a pseudo
absorber, by means of an additive Ring reference spectrum and a scaling coefficient as
fitting parameter. A linear intensity offset correction is fitted as another effective cross-
section to correct for the stray light in the spectrometer, the inelastic scattering in the
ocean, and remaining calibration issues in the level 1 data. Shift and stretch parameters
are applied to cross-section wavelength grids to improve the wavelength registration and
compensate for inaccuracy in the wavelength calibration. The TROPOMI spectra are
analysed using the QDOAS software developed at BIRA-IASB (Danckaert et al., 2015).
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Table 6.2: Overview over absorption cross-sections used in the TROPOMI NO; retrieval.

NO3 (220 K) Vandaele et al. (2002)

O3 (228 K) Brion et al. (1998)
HyOuap (293 K)  Rothman et al. (2010), rescaled as in Lampel et al. (2015)
04 (293 K) Thalman and Volkamer (2013)

Hy0jiq (297 K)  Pope and Fry (1997), smoothed as in Peters et al. (2014)

Figure 6.1 presents a fitting example for TROPOMI orbit 3272 on 1 June 2018.

6.2.2 Stratosphere-troposphere separation

The stratosphere-troposphere separation algorithm STREAM (Appendix B) was devel-
oped as a verification algorithm for the TROPOMI instrument, as a complement to the op-
erational stratospheric correction based on data assimilation of slant columns in the TM5-
MP chemistry transport model (Huijnen et al., 2010; Williams et al., 2017). STREAM
has been successfully applied to the NOy measurements from GOME-2 (see Sect. 5.2.2)
and OMI (see Appendix B) with the advantage of requiring no model input (see Sect.
3.6.3). To reduce the biases over the subtropical regions in winter, an improved latitudinal
correction (see Sect. 5.2.2) is introduced in STREAM for the application of TROPOMI
measurements.

Figure 6.2 plots an example of the total and stratospheric NOs columns from
TROPOMI on 1 January 2018. Based on the operational TROPOMI OCRA/ROCINN
cloud product (Lutz et al., 2016; Loyola et al., 2018), the updated STREAM successfully
separates the stratospheric and tropospheric contributions over polluted regions. The
stratospheric NOy presents an overall smooth pattern with a strong dependency on lat-
itude and season, related to the photochemical changes and dynamic variabilities. At
high latitudes in the southern hemisphere, the conversions of reservoir species to NOy
are enhanced due to the increased number of sunlit hours (see Sect. 2.3), and the NOx
loss reactions are suppressed due to the reduced humidity (see Sect. 2.2), resulting in
high stratospheric NOy columns. Low values are found for the northern polar vortex,
because of the denoxification and denitrification processes (see Sec 2.4). An increase of
stratospheric NOs concentration with latitude is resulted from the poleward transport of
air masses, during which the NOy are produced via reaction (R2.5).

6.2.3 AMF calculation

The AMF's are calculated via the pre-calculated look-up table to transfer the stratospheric
and tropospheric slant columns to vertical columns, depending on the TROPOMI mea-
surement geometries, surface albedo, surface pressure, a priori NOg profiles, clouds, and
aerosols. The look-up table is calculated at 437.5 nm (near the mid-point wavelength of
fitting window), as recommended by Boersma et al. (2018), using the linearised vector
code VLIDORT (Spurr, 2006) version 2.7 with a treatment of light polarisation included.
VLIDORT applies the discrete ordinates method to generate simulated intensity and ana-
lytic intensity derivatives with respect to atmospheric and surface parameters (weighting
functions).

The surface albedo is described by a climatology based on three years of OMI LER
measurements at 440 nm (Kleipool et al., 2008), which is advantageous due to the similar
overpass time (13:30 local time) and viewing conditions with TROPOMI. The surface
albedo for each TROPOMI pixel is calculated by an area-weighted tessellation of the
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Figure 6.1: Example of applying the DOAS technique to the spectral analysis of NOs from
TROPOMI spectra at 405-465 nm for orbit 3272 on on 1 June 2018. The absorption is separated
into the narrow and broad-band part using a fifth-order polynomial in panel (a), yielding the

differential absorption spectrum and fitting residuals in panel (b).

The differential absorption

cross-sections of the traces gases and the Ring effect (black lines) are scaled to the differential
absorption determined in the satellite spectrum (blue lines) in panel (c).
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Figure 6.2: TROPOMI total NO, distribution (a) and corresponding stratospheric NOo distri-
bution as obtained with the STREAM algorithm (b) on 1 January 2018.

OMI monthly averaged surface albedo maps and a linear interpolation in time to the
measurement day. The surface pressure is taken from the ECMWEF operational model.
The daily TM5-MP vertical NOg profiles (Williams et al., 2017) simulated at a global
1°x1° resolution are used as a priori NO, vertical profiles due to the operational advantage.
The a priori profiles are determined for the satellite overpass time and interpolated to the
center of the TROPOMI pixel based on four nearest neighbour TM5-MP cell centers.

In the presence of clouds, the operational TROPOMI cloud parameters from the
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OCRA/ROCINN algorithms (Lutz et al., 2016; Loyola et al., 2018) are used in the in-
dependent pixel approximation, with clouds treated as opaque Lambertian surfaces for
computational efficiency sake. The cloud fraction is determined with OCRA by separating
a spectral scene into cloudy contribution and cloud-free background, and the cloud pres-
sure and cloud albedo are derived using the ROCINN algorithm by comparing simulated
and measured radiance in and near the O2 A-band. The aerosol effect is not explicitly cor-
rected, assuming that the effective clouds from OCRA/ROCINN have partly accounted
for the effect of aerosols on the light paths.

Figure 6.3 presents the variability in the tropospheric AMFs for pixels with cloud
radiance fraction < 0.5 (see Sect. 3.5) over Europe for orbit 3704 on 1 July 2018. Small
values between 0.5 and 1.0 are mainly found over polluted regions, such as the UK, the
Benelux, and Germany. Higher values by more than 2.0 are found over clean regions, such
as the oceans, the mountains, and the snow coverages, especially at extreme geometries.
These values are in agreement with theoretical studies in Sect. 4.2.2.

. . .
0.5 0.8 1.1 1.4 1.6 1.9 2.2 25

Figure 6.3: Tropospheric AMFs for pixels with cloud radiance fraction < 0.5 over Europe for
orbit 3704 on 1 July 2018.

6.3 Examples of TROPOMI tropospheric NO,

Figure 6.4 shows the yearly averaged tropospheric NOg columns from TROPOMI for
pixels with cloud radiance fraction < 0.5 over Europe in 2018. High tropospheric NOg
concentrations by more than 5 x 10! molec/cm? are found over urban and industrial
areas, such as the Po Valley, Germany’s Ruhr region, the Benelux, South-East England,
and Turkey’s Marmara region. A number of “city-size” polluted regions, e.g., around
Paris, Madrid, Rome, Athens, and Moscow, are clearly captured by the TROPOMI NOy
measurements. Additionally, NOg emissions over the shipping routes, e.g., the maritime
connection between the Iberian Peninsula and North Africa, as well as over the highways,
e.g., the main East-West thoroughfare in Austria, are also detected. These large tropo-
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Figure 6.4: Yearly averaged TROPOMI tropospheric NOy columns for pixels with cloud radiance
fraction < 0.5 over Europe in 2018.

spheric NOs concentrations are mainly caused by anthropogenic combustion activities via
reactions (R2.1)-(R2.4) and consistent with the global NOy emissions in Fig. 2.1.

Figure 6.5 presents the seasonal variation of TROPOMI tropospheric NO2 columns
for pixels with cloud radiance fraction < 0.5 over Germany and surrounding regions in
2017-2018. The highest tropospheric NOs level is found during winter, probably resulted
from the increased emissions from heating processes and the increased lifetime of NOq
due to the low temperature (see Sect. 2.3). The NOg values are generally lower by more
than 1 x 10 molec/cm? in summer.

Figure 6.6 presents the weekday-weekend variation of TROPOMI tropospheric NOg
columns for pixels with cloud radiance fraction < 0.5 over Germany and surrounding
regions on 21-28 July 2018. The high values of TROPOMI tropospheric NOs columns
over the Po Valley, the Ruhr region, and the Benelux are significantly reduced on Sunday
(27 July 2018), likely due to the reduced traffic- and industrial-related NOg2 emissions
corresponding to the weekend pattern, in agreement with previous studies (e.g., Wickert,
2001; Beirle et al., 2003)

Figure 6.7 presents the daily tropospheric NOs columns for pixels with cloud radiance
fraction < 0.5 over East Asia on 11 March 2018. With a spatial resolution of 7 kmx3.5
km and a swath width of ~2600 km, the TROPOMI measurements are able to detect
regionally the high NOgy concentrations, for instance, over the economical zones in East
China and industrial regions in Korea and Japan, at the power plants in North India,
as well as at the highways in Northwest China and the shipping lanes in the Strait of
Malacca.

Benefited from the fine spatial resolution and the high signal-to-noise ratio, the daily
global NOy measurements from TROPOMI have opened a new era for air quality and
climate change monitoring, particularly for studies such as regional NO distribution and
transport, air quality forecast and analyses, NO lifetime and emission estimate, and
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Figure 6.5: Seasonal variation of TROPOMI tropospheric NOg columns for pixels with cloud
radiance fraction < 0.5 over Germany and surrounding regions in winter (December 2017-February
2018), spring (March-May 2018), summer (June-August 2018), and autumn (September-November
2018).

interpretation of volatile organic compound levels, ozone variations, or aerosol loading.

6.4 Verification and validation

A verification and validation approach usually includes several steps. First, the DOAS
analysis results, cloud property retrievals, and AMF calculations are compared with other
independent retrievals. Second, the stratospheric reference is evaluated by comparison
with correlative observations from ground-based zenith-looking DOAS spectrometers and
from other established nadir-looking satellite retrievals. Third, the total and tropospheric
NOg3 column data are compared with correlative observations from ground-based direct
Sun DOAS and MAXDOAS spectrometers, respectively (Pinardi et al., 2014, 2015). See
Sect. 2.5.1 for introduction of the ground-based measurements.

slant columns
The overall quality of TROPOMI total NOs columns is evaluated by comparing to OMI
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Figure 6.6: Weekday-weekend variation of TROPOMI tropospheric NOg columns for pixels with
cloud radiance fraction < 0.5 over Germany and surrounding regions on 21-28 July 2018.

and GOME-2 data. Figure 6.8 shows time series of TROPOMI, OMI and GOME-2 NO»
over the Pacific region (160°E-180°E) for 20° latitude bands in the northern hemisphere
in 2018. Over this area, the impact of tropospheric pollution is assumed to be negligi-
ble. The slant columns are normalised by their geometric AMFs to consider the angular
dependencies. The TROPOMI and OMI datasets show overall good agreement with
consistent daily, seasonal, and latitudinal variations, due to the strong similarities in the
illumination conditions, observation geometries, and instrumental characteristics between
the two spectrometers. The TROPMOI and GOME-2 measurements differ systematically
by ~5 x 10 molec/cm?, mainly related to the different overpass time (13:30 local time
for TROPOMI and 9:30 local time for GOME-2) and the strong diurnal variation in the
stratospheric NO2 (Belmonte Rivas et al., 2014).

stratospheric columns

The stratospheric NOy columns are compared with the operational TROPOMI product
version 1.0.2 derived by KNMI. Due to the use of same level 1 measurements and consistent
DOAS settings, differences in the slant columns from the two NOo datasets are generally
small. Therefore, the different stratospheric columns are attributed to the use of different
stratosphere-troposphere separation algorithms (data assimilation for KNMI product and
STREAM for this work). Figure 6.9 shows the TROPOMI stratospheric NO2 columns
derived using the STREAM algorithm and using the data assimilation method over East
China, Germany, and eastern US in July 2018. The stratospheric NOs columns obtained
from the two methods are similar in general with daily differences within +5 x 10
molec/cm? and monthly mean differences up to ~2 x 10'* molec/cm?. See Sect. 3.6.3 for
uncertainty analysis of the two methods.

tropospheric columns
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Figure 6.7: Tropospheric NO5 columns from TROPOMI for pixels with cloud radiance fraction
< 0.5 over East Asia on 11 March 2018.

The TROPOMI tropospheric NOs columns are validated by comparison with ground-
based MAXDOAS measurements (see Sect. 5.3) in Xianghe (39.75°N, 116.96°E) in
January-July 2018. The BIRA-TASB Xianghe site is a suburban station surrounded by
industrialized areas in North China (Clémer et al., 2010; Hendrick et al., 2014; Vlemmix
et al., 2015). For the validation of TROPOMI measurements, comparison datasets are
selected by averaging daily the TROPOMI measurements (cloud radiance fraction < 0.5)
within 20 km around Xianghe and by interpolating the ground-based data at the satellite
overpass time (13:30 local time).

Figure 6.10 shows the time series and scatter plots of the TROPOMI and MAXDOAS
tropospheric NOs columns in Xianghe, including the statistical information on the num-
ber of points, correlation coefficient, as well as slope and intercept of orthogonal regression
analysis. The TROPOMI and MAXDOAS measurements show good agreement with sim-
ilar variations in the tropospheric NO3 columns. The monthly mean values range between
0.5 x 10%0 and 3 x 10'® molec/cm?, depending mainly on the solar radiation, emission
sources, and meteorological conditions. A correlation coefficient of 0.96, a regression slope
of 1.12 (£0.12), and an intercept of —0.38 (£0.17)x10® molec/cm? are derived for the
comparison of monthly mean values. These results are qualitatively consistent with previ-
ous validation exercises (e.g., Celarier et al., 2008; Kramer et al., 2008; Chen et al., 2009;
Irie et al., 2012; Ma et al., 2013; Wu et al., 2013; Kanaya et al., 2014; Wang et al., 2017;
Drosoglou et al., 2017, 2018).
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Figure 6.8: NO; slant columns measured by TROPOMI, OMI and GOME-2 over the Pacific
(160°E-180°E) for 20° latitude bands in the northern hemisphere in 2018. Geometric AMF's have
been applied to consider the different angular dependencies.
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Figure 6.9: TROPOMI stratospheric NOs columns derived using the STREAM algorithm and
the operational data assimilation method over East China (21°N-41°N, 110°E-122°E), Germany
(45°N-57°N, 3°E-17°E), and eastern US (30°N-45°N, 70°W-90°W) in July 2018.



68 CHAPTER 6. NO2 RETRIEVAL FOR TROPOMI

20km ground Xianghe (BIRA, MAXDOAS profiles) 5
S e Daily points (#:46) ¢
~ 54t o s 1 R=0.85 ,/«f° 4
Q o e . S =1.03 +/- Q.09
Z 23} R 1[r=-0e142016 {3 &
gz € I 19¢ 2
o © : 3 L4 .. * 2 °
F o q e % e $ :,‘. 1 1 °3° * 1
S 0y % ¢ L
[ll 0 M Py i [} O
Jgn18 Apr18 Jul18 0 55
< Monthly points (#:7)
~ 54 ®SAT |JlrR=096 . {4
O o ®GB S=1.12+}0412
Z 93 111=-0. . 3k
o @ <
S Eol X%
o O
=21t e ¢t L
X ® .
[l M 1 0
Jan18 Apri8 Jul18 0 5

GB

Figure 6.10: Daily and monthly mean time series and scatter plot of TROPOMI and MAXDOAS
tropospheric NOg columns (mean value of all the pixels within 20 km around Xianghe, 39.75°N,
116.96°E).
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Figure 6.11: Daily (grey dots) and monthly mean (black dots) absolute and relative TROPOMI
and MAXDOAS time series differences for the Xianghe station. The histogram of the daily
differences is also given, along with the mean and median difference. The total time-series absolute
and relative monthly differences are reported outside the panels.

Figure 6.11 presents the absolute and relative differences of TROPOMI and MAX-
DOAS measurements. As described in the histogram, the daily differences are on average
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within 45 x 10'% molec/cm? with a median value of —1.3 x 10*® molec/cm?. The monthly
NO; levels are underestimated by 17.6% by TROPOMI with a standard deviation of
+14.7%, mostly explained by the relatively low sensitivity of space-borne measurements
near the surface, the gradient-smoothing effect, and the aerosol shielding effect. These
effects are often inherent to the different measurement types, the specific conditions of
the validation sites, and the remaining impact of structural uncertainties (Boersma et al.,
2016), such as the impact of the choices of the albedo database and the a priori NOg
profiles for the satellite AMF calculation (see Sects. 4.2 and 4.3).

To conclude, the TROPOMI data show consistent total and stratospheric columns
with other nadir-looking satellite measurements and other independent satellite retrievals
with differences lower than 5 x 10'* molec/cm?. The TROPOMI tropospheric NO
columns agree well with the ground-based MAXDOAS measurements with a correlation
coefficient of 0.96 for monthly points and a median difference —1.3 x 10'® molec/cm? for
daily points. The Xianghe site, by its suburban nature, is the best site for validation,
since NO»s concentrations from urban stations are generally underestimated by the satel-
lite instruments due to the averaging of a local source over a pixel size, and difficulties
arise for remote stations when small local sources are present (Pinardi et al., 2015). In
the future, the data quality of the TROPOMI measurements will be further evaluated
using data from other sites (see Sect. 7.2).
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Chapter 7

Conclusion and outlook

7.1 Conclusion

This work has described the application of the GOME-2 and TROPOMI satellite in-
struments for monitoring the NOy pollution patterns. The GOME-2 sensors on the
Sun-synchronous polar orbiting MetOp satellites have been providing a continuous NOg
dataset since 2007 with a global coverage on a daily basis. This long-term NOs data
record has been extended by the TROPOMI instrument aboard the Sentinel-5 Precursor
with an unprecedented resolution of 7 km x 3.5 km. Based on the satellite (ir)radiances,
the abundance of NOs is retrieved from the narrow-band absorption structures of NOs in
the backscattered radiation in the visible spectral region.

retrieval method

In Chap. 3, the classical three-step-retrieval of total and tropospheric NOg columns for
ultraviolet-visible backscatter satellite instruments is introduced. The NOsy slant columns
are determined using the DOAS technique, based on which the tropospheric NOs vertical
columns are retrieved with a subtraction of the stratospheric contributions and an AMF
calculation with a radiative transfer model. State-of-the-art retrievals for specific instru-
ment and thorough uncertainty estimations for each algorithm step are essential for good
data quality. The theoretical basis for applying the DOAS-based technique is discussed
in the context of general retrieval theory in a paper in Appendix A.

theoretical analysis

In Chap. 4, the reliability of the DOAS-based algorithm for retrieving NO» is discussed.
The performance of the DOAS slant column retrieval is evaluated by applying it to the
simulated radiances, with biases lower than 1% for basic scenarios with NOs absorption
at different altitude regimes and up to 20% for realistic scenarios with various pollution
conditions. These biases are corrected for the vertical columns during the AMF calcu-
lation. Error sources in the AMF calculation are assessed by analysing the influences of
individual input parameters, such as surface properties, a priori NOy profile, and cloud
parameters. Errors in these parameters introduce an overall AMF uncertainty of 15%-
50% for polluted conditions, indicating the necessity of appropriate retrieval settings and
accurate a priori and ancillary data.

retrieval for GOME-2

In Chap. 5, the application of the retrieval algorithm to GOME-2 measurements is de-
scribed, focusing on the latest developments in the operational algorithm at DLR based
on three papers in Appendices B-D. Compared to the previous NOg retrieval schemes,
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the developed algorithm applies an extended 425-497 nm wavelength fitting window and
an improved (ir)radiance calibration for the DOAS retrieval, showing a better data qual-
ity and consistency with state-of-the-science datasets. The stratospheric estimation is
implemented using the STREAM scheme, which largely reduces the overestimation of
stratospheric NOs columns over polluted regions. The calculation of AMF applies an im-
proved description of the radiative transfer, a direction-dependent surface albedo dataset,
advanced high-resolution a priori NOs profiles, and realistic cloud parameters with clouds
treated as scattering layers of water droplets. The use of these new features has an impact
of more than 10% on the retrieved tropospheric NOs columns over polluted regions. To
evaluate the data quality of GOME-2 tropospheric NO2 columns, an end-to-end valida-
tion is performed using the MAXDOAS measurements from BIRA-IASB stations covering
urban, suburban, and background situations. The new dataset shows a globally improved
agreement with the MAXDOAS measurements, with a reduction of the absolute and rel-
ative monthly mean bias as well as a reduction in the spread of the daily comparison
points.

retrieval for TROPOMI

In Chap. 6, the improved GOME-2 algorithm is adapted and optimised for the TROPOMI
instrument. The TROPOMI retrieval algorithm relies on a fitting window of 405-465
nm as a heritage of OMI DOAS fit, an updated STREAM algorithm to estimate the
stratospheric contribution, and an AMF calculation based on the operational TROPOMI
cloud products. Example applications of the TROPOMI tropospheric NOs columns show
kilometer-scale spatial details, such as power plants, shipping routes, and major highways,
which have not been possible on daily basis for previous space-borne spectrometers, ben-
eficial from the high spatial resolution and the good data quality for TROPOMI. The
verification and validation of the TROPOMI measurements are implemented by compar-
ing the slant columns to the OMI and GOME-2 dataset, comparing the stratospheric
columns to the operational KNMI TROPOMI product, and comparing the tropospheric
NOs measurements to the ground-based MAXDOAS observations at the BIRA-IASB
Xianghe station. The retrieved slant and stratospheric columns agree well with the cor-
relative satellite datasets with differences within +5 x 10'4 molec/cm?. The tropospheric
columns from the TROPOMI and MAXDOAS measurements show similar variations with
a correlation coefficient of 0.96 and a median difference —1.3 x 101° molec/cm?, indicating
a good data quality.

7.2 Outlook

The algorithm framework proposed in this work can be easily adapted for future
ultraviolet-visible sensors and can be used as reference for future algorithm developments.

new instruments and missions

In the future, the NOg retrieval algorithm can be adapted for new instruments and mis-
sions to monitor the NOgy concentrations. With the new GOME-2 instrument launched
on MetOp-C in November 2018, the operations of three MetOp platforms ensure a con-
tinuous long-term dataset until 2023, providing a better understanding of NOy diurnal
variation in combination with afternoon observations from OMI and TROPOMI. Future
missions such as geostationary Sentinel-4 and polar-orbiting Sentinel-5 offer new per-
spectives for monitoring NOg with a fast revisiting time and a high spatial resolution,
providing information on atmospheric variables in support of European policies.
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TROPOMI algorithm refinement

Future versions of the NOs retrieval algorithm for the Sentinel-5 Precursor sensor
TROPOMI will focus on the use of the extended 425-497 nm fitting window, when the
detector saturation and blooming are correctly flagged in the level 1b data. Further
benefits come from an improved STREAM by taking the across-track diurnal variation
of stratospheric NOy into account. The use of improved a priori and ancillary infor-
mation, such as TROPOMI-based surface albedo dataset in combination with the snow
or ice cover information from the Near-real-time Ice and Snow Extent (NISE) dataset
(Nolin et al., 1998), high-resolution NOgy profiles from the CAMS regional air qual-
ity ensemble (METEO-FRANCE et al., 2016), and global aerosol vertical distributions
from the space-borne Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) lidar (Tackett et al., 2018) will additionally improve the AMF calculation.
The OCRA/ROCINN cloud parameters will be updated with an improved spatial mis-
alignment correction between the ultraviolet-visible band (used for NOg retrieval) and
near-infrared band (used for ROCINN cloud retrieval). In addition, the quantitative in-
terpretation of the OCRA /ROCINN cloud product for aerosol-dominated scenes and the
impact on NOs retrieval algorithm will be further investigated.

TROPOMI validation

The data quality of the TROPOMI tropospheric NOs measurements will be further anal-
ysed using data from additional BIRA-TASB MAXDOAS stations, such as Uccle (urban
polluted site in Belgium), Bujumbura (remote site in Burundi in tropical Africa), and
OHP (background site in southern France). Dedicated measurements from recent and
future validation campaigns, such as the Cabauw Intercomparison of Nitrogen Dioxide
Measuring Instruments 2 (CINDI-2) campaign (Kreher et al., 2019) and TROpomi vaLI-
dation eXperiment 2019 (TROLIX’19) at the KNMI Cabauw site, provide a good chance
for TROPOMI validation with independent instruments. The validation of total and
stratospheric NOgy columns will benefit from network-based direct Sun instruments, e.g.,
the Pandora systems, and zenith sky instruments, e.g., spectrometers affiliated with the
Network for the Detection of Atmospheric Composition Change (NDACC), respectively
(Pinardi et al., 2018).



74



Bibliography

Anderson, G. P., Clough, S. A., Kneizys, F., Chetwynd, J. H., and Shettle, E. P.. AFGL
atmospheric constituent profiles (0.120 km), Tech. rep., AIR. FORCE GEOPHYSICS LAB
HANSCOM AFB MA, 1986.

Azam, F., Richter, A., Weber, M., Noé, S., and Burrows, J.: GOME-2 on MetOp-B Follow-
on analysis of GOME2 in orbit degradation, Tech. rep., EUM/CO0/09/4600000696/RM, Final
Report, IUP University of Bremen, 2015.

Beirle, S., Platt, U., Wenig, M., and Wagner, T.: Weekly cycle of NOy by GOME measurements:
a signature of anthropogenic sources, Atmos. Chem. Phys., 3, 2225-2232, 2003.

Beirle, S., Kiihl, S., Pukite, J., and Wagner, T.: Retrieval of tropospheric column densities of
NO; from combined SCTAMACHY nadir/limb measurements, Atmos. Meas. Tech., 3, 283-299,
2010.

Belmonte Rivas, M., Veefkind, P., Boersma, F., Levelt, P., Eskes, H., and Gille, J.: Intercom-
parison of daytime stratospheric NOs satellite retrievals and model simulations, Atmos. Meas.
Tech., 7, 2203-2225, 2014.

Boersma, K., Eskes, H., and Brinksma, E.: Error analysis for tropospheric NOs retrieval from
space, J. Geophys. Res. Atmos., 109, 2004.

Boersma, K., Vinken, G., and Eskes, H.: Representativeness errors in comparing chemistry trans-
port and chemistry climate models with satellite UV—Vis tropospheric column retrievals, Geosci.
Model Dev., 9, 875, 2016.

Boersma, K. F., Eskes, H. J., Veefkind, J. P., Brinksma, E. J., van der A, R. J., Sneep, M., van den
Oord, G. H. J., Levelt, P. F., Stammes, P., Gleason, J. F., and Bucsela, E. J.: Near-real time
retrieval of tropospheric NOgy from OMI, Atmos. Chem. Phys., 7, 2103—-2118, 2007.

Boersma, K. F., Eskes, H. J., Dirksen, R. J., van der A, R. J., Veefkind, J. P., Stammes, P.,
Huijnen, V., Kleipool, Q. L., Sneep, M., Claas, J., Leitao, J., Richter, A., Zhou, Y., and Brun-
ner, D.: An improved tropospheric NOs column retrieval algorithm for the Ozone Monitoring
Instrument, Atmos. Meas. Tech., 4, 1905, 2011.

Boersma, K. F., Eskes, H. J., Richter, A., De Smedt, 1., Lorente, A., Beirle, S., van Geffen, J. H.
G. M., Zara, M., Peters, E., Van Roozendael, M., Wagner, T., Maasakkers, J. D., van der A,
R. J., Nightingale, J., De Rudder, A., Irie, H., Pinardi, G., Lambert, J.-C., and Compernolle,
S. C.: Improving algorithms and uncertainty estimates for satellite NOg retrievals: results from
the quality assurance for the essential climate variables (QA4ECV) project, Atmos. Meas. Tech.,
11, 6651-6678, 2018.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., Kerminen, V.-
M., Kondo, Y., Liao, H., Lohmann, U., Rasch, P., Satheesh, S., Sherwood, S., Stevens, B.,
and Zhang, X.: Clouds and aerosols, in: Climate change 2013: the physical science basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, pp. 571-657, Cambridge University Press, 2013.

75



Bovensmann, H., Burrows, J., Buchwitz, M., Frerick, J., Rozanov, V., Chance, K., and Goede,
A.: SCTAMACHY: Mission objectives and measurement modes, J. Atmos. Sci., 56, 1999.

Brasseur, G. P. and Solomon, S.: Aeronomy of the middle atmosphere: chemistry and physics of
the stratosphere and mesosphere, 3rd ed., Springer Science & Business Media, 2005.

Brewer, A., McElroy, C., and Kerr, J.: Nitrogen dioxide concentrations in the atmosphere, Nature,
246, 129, 1973.

Brion, J., Chakir, A., Charbonnier, J., Daumont, D., Parisse, C., and Malicet, J.: Absorption
spectra measurements for the ozone molecule in the 350-830 nm region, J. Atmos. Chem., 30,
291-299, 1998.

Bucsela, E., Krotkov, N., Celarier, E., Lamsal, L., Swartz, W., Bhartia, P., Boersma, K., Veefkind,
J., Gleason, J., and Pickering, K.: A new stratospheric and tropospheric NO, retrieval algorithm
for nadir-viewing satellite instruments: applications to OMI, Atmos. Meas. Tech., 6, 2607, 2013.

Bucsela, E. J., Celarier, E. A., Wenig, M. O., Gleason, J. F., Veefkind, J. P.; Boersma, K. F.,
and Brinksma, E. J.: Algorithm for NOy vertical column retrieval from the ozone monitoring
instrument, IEEE Trans. Geosci. Remote Sens., 44, 1245-1258, 2006.

Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V., Ladstitter-Weilenmayer, A., Richter, A.,
DeBeek, R., Hoogen, R., Bramstedt, K., Eichmann, K.-U., Eisinger, M., and Perner, D.: The
global ozone monitoring experiment (GOME): Mission concept and first scientific results, J.
Atmos. Sci., 56, 151-175, 1999.

Cahalan, R. F., Ridgway, W., Wiscombe, W. J.; Bell, T. L., and Snider, J. B.: The albedo of
fractal stratocumulus clouds, J. Atmos. Sci., 51, 2434-2455, 1994.

Callies, J., Corpaccioli, E., Eisinger, M., Hahne, A., and Lefebvre, A.: GOME-2-Metop’s second-
generation sensor for operational ozone monitoring, ESA bulletin, 102, 28—-36, 2000.

Castellanos, P., Boersma, K., Torres, O., and De Haan, J.: OMI tropospheric NO» air mass factors
over South America: effects of biomass burning aerosols, Atmos. Meas. Tech., 8, 3831-3849,
2015.

Cede, A., Herman, J., Richter, A., Krotkov, N., and Burrows, J.: Measurements of nitrogen
dioxide total column amounts using a Brewer double spectrophotometer in direct Sun mode, J.
Geophys. Res. Atmos., 111, 2006.

Celarier, E. A.; Brinksma, E. J., Gleason, J. F., Veefkind, J. P., Cede, A., Herman, J. R., Tonov,
D., Goutail, F., Pommereau, J.-P., Lambert, J.-C., van Roozendael, M., Pinardi, G., Wittrock,
F., Schonhardt, A., Richter, A., Ibrahim, O. W., Wagner, T., Bojkov, B., Mount, G., Spinei,
E., Chen, C. M., Pongetti, T. J., Sander, S. P., Bucsela, E. J., Wenig, M. O., Swart, D. P. J.,
Volten, H., Kroon, M., and Levelt, P. F.: Validation of Ozone Monitoring Instrument nitrogen
dioxide columns, J. Geophys. Res. Atmos., 113, 2008.

Chance, K. V. and Spurr, R. J.: Ring effect studies: Rayleigh scattering, including molecular
parameters for rotational Raman scattering, and the Fraunhofer spectrum, Appl. Opt., 36,
5224-5230, 1997.

Chen, D., Zhou, B., Beirle, S., Chen, L., and Wagner, T.: Tropospheric NO5 column densities
deduced from zenith-sky DOAS measurements in Shanghai, China, and their application to
satellite validation, Atmos. Chem. Phys., 9, 3641-3662, 2009.

Chimot, J., Veefkind, J. P., Haan, J. F. d., Stammes, P., and Levelt, P. F.: Minimizing aerosol

effects on the OMI tropospheric NOs retrieval-An improved use of the 477 nm O3-O5 band and
an estimation of the aerosol correction uncertainty, Atmos. Meas. Tech., 12, 491-516, 2019.

76



Clémer, K., Van Roozendael, M., Fayt, C., Hendrick, F., Hermans, C., Pinardi, G., Spurr, R.,
Wang, P., and De Maziere, M.: Multiple wavelength retrieval of tropospheric aerosol optical
properties from MAXDOAS measurements in Beijing, Atmos. Meas. Tech., 3, 863, 2010.

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener, F., van Aardenne, J. A., Monni,
S., Doering, U., Olivier, J. G. J., Pagliari, V., and Janssens-Maenhout, G.: Gridded emissions
of air pollutants for the period 1970-2012 within EDGAR v4. 3.2, Earth Syst. Sci. Data, 10,
19872013, 2018.

Crutzen, P. J.: The influence of nitrogen oxides on the atmospheric ozone content, Q. J. R.
Meteorol. Soc., 96, 320-325, 1970.

Danckaert, T., Fayt, C., Van Roozendael, M., De Smedt, I., Letocart, V., Merlaud, A., and
Pinardi, G.: QDOAS software user manual 2.109, 2015.

De Smedt, 1., Theys, N., Yu, H., Danckaert, T., Lerot, C., Compernolle, S., Van Roozendael,
M., Richter, A., Hilboll, A., Peters, E., Pedergnana, M., Loyola, D., Beirle, S., Wagner, T.,
Eskes, H., van Geffen, J., Boersma, K. F., and Veefkind, P.: Algorithm theoretical baseline for
formaldehyde retrievals from S5P TROPOMI and from the QA4ECV project, Atmos. Meas.
Tech., 11, 2395-2426, 2018.

Dentener, F. J. and Crutzen, P. J.: Reaction of NoOs on tropospheric aerosols: Impact on the
global distributions of NOx, O3, and OH, J. Geophys. Res. Atmos., 98, 7149-7163, 1993.

Desmons, M., Wang, P., Stammes, P., and Tilstra, L. G.: FRESCO-B: a fast cloud retrieval
algorithm using oxygen B-band measurements from GOME-2, Atmos. Meas. Tech., 12, 2485—
2498, 2019.

Deutschmann, T., Beirle, S., Frie}, U., Grzegorski, M., Kern, C., Kritten, L., Platt, U., Prados-
Romaén, C., Puki, J., Wagner, T., Werner, B., and Pfeilsticker, K.: The Monte Carlo atmo-
spheric radiative transfer model McArtim: Introduction and validation of Jacobians and 3D
features, J. Quant. Spectrosc. Radiat. Transf., 112, 1119-1137, 2011.

Ding, J., Miyazaki, K., van der A, R. J., Mijling, B., Kurokawa, J.-1., Cho, S., Janssens-Maenhout,
G., Zhang, Q., Liu, F., and Levelt, P. F.: Intercomparison of NO, emission inventories over
East Asia, Atmos. Chem. Phys., 17, 10125, 2017.

Dirksen, R. J., Boersma, K. F., Eskes, H. J., Ionov, D. V., Bucsela, E. J., Levelt, P. F., and Kelder,
H. M.: Evaluation of stratospheric NOy retrieved from the Ozone Monitoring Instrument:
Intercomparison, diurnal cycle, and trending, J. Geophys. Res. Atmos., 116, 2011.

Dobson, G.: Observers’ handbook for the ozone spectrophotometer, Ann. Int. Geophys. Year, 5,
46-89, 1957.

Drosoglou, T., Bais, A. F., Zyrichidou, I., Kouremeti, N., Poupkou, A., Liora, N., Giannaros, C.,
Koukouli, M. E.; Balis, D., and Melas, D.: Comparisons of ground-based tropospheric NOg
MAX-DOAS measurements to satellite observations with the aid of an air quality model over
the Thessaloniki area, Greece, Atmos. Chem. Phys., 17, 5829-5849, 2017.

Drosoglou, T., Koukouli, M. E., Kouremeti, N., Bais, A. F., Zyrichidou, L., Balis, D., Xu, J.,
and Li, A.: MAX-DOAS NO, observations over Guangzhou, China; ground-based and satellite
comparisons, Atmos. Meas. Tech., 11, 2239-2255, 2018.

Ehhalt, D. H., Rohrer, F., and Wahner, A.: Sources and distribution of NOy in the upper tropo-
sphere at northern mid-latitudes, J. Geophys. Res. Atmos., 97, 3725-3738, 1992.

Eskes, H. and Boersma, K.: Averaging kernels for DOAS total-column satellite retrievals, Atmos.
Chem. Phys., 3, 1285-1291, 2003.

77



Eskes, H., Van Velthoven, P., Valks, P., and Kelder, H.: Assimilation of GOME total-ozone
satellite observations in a three-dimensional tracer-transport model, Q. J. R. Meteorol. Soc.,
129, 1663-1681, 2003.

EUMETSAT: GOME-2 Newsletter Archive, Tech. rep., EUM/OPS-EPS/TEN/09/0552, 2015.

FEuropean Commission: The EU Environmental Implementation Review: Common challenges and
how to combine efforts to deliver better results, Tech. rep., Ref.: SWD(2017)33-60 fina, 2017.

Flemming, J., Benedetti, A., Inness, A., Engelen, R. J., Jones, L., Huijnen, V., Remy, S., Par-
rington, M., Suttie, M., Bozzo, A., Peuch, V.-H., Akritidis, D., and Katragkou, E.: The CAMS
interim reanalysis of carbon monoxide, ozone and aerosol for 2003-2015, Atmos. Chem. Phys.,
17, 1945-1983, 2017.

FrieB, U., Monks, P., Remedios, J., Rozanov, A., Sinreich, R., Wagner, T., and Platt, U.: MAX-
DOAS O4 measurements: A new technique to derive information on atmospheric aerosols: 2.
Modeling studies, J. Geophys. Res. Atmos., 111, 2006.

Gamble, J., Jones, W., and Minshall, S.: Epidemiological-environmental study of diesel bus garage
workers: acute effects of NO2 and respirable particulate on the respiratory system, Environ.
Res., 42, 201-214, 1987.

Gielen, C., Hendrick, F., Pinardi, G., De Smedt, I., Fayt, C., Hermans, C., Stavrakou, T.,
Bauwens, M., Miiller, J.-F., Ndenzako, E., Nzohabonayo, P., Akimana, R., Niyonzima, S.,
Van Roozendael, M., and De Magziere, M.: Characterisation of Central-African aerosol and
trace-gas emissions based on MAX-DOAS measurements and model simulations over Bujum-
bura, Burundi., Atmos. Chem. Phys. Discuss., pp. 1-41, 2017.

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov, A., Slutsker, I., Eck, T. F.,
Holben, B. N., Lewis, J. R., Campbell, J. R., Welton, E. J., Korkin, S. V., and Lyapustin, A. I.:
Advancements in the Aerosol Robotic Network (AERONET) Version 3 database-automated
near-real-time quality control algorithm with improved cloud screening for Sun photometer
aerosol optical depth (AOD) measurements, Atmos. Meas. Tech., 12, 169-209, 2019.

Gottwald, M., Bovensmann, H., Lichtenberg, G., Noel, S., von Bargen, A., Slijkhuis, S., Piters,
A., Hoogeveen, R., von Savigny, C., Buchwitz, M., Kokhanovsky, A., Richter, A., Rozanov, A.,
Holzer-Popp, T., Bramstedt, K., Lambert, J.-C., Skupin, J., Wittrock, F., Schrijver, H., and
Burrows, J.: Sciamachy, Monitoring the Changing Earth’s Atmosphere, DLR, 2006.

Grainger, J. and Ring, J.: Anomalous Fraunhofer line profiles, Nature, 193, 762, 1962.

Granier, C., Darras, S., Denier van der Gon, H., Doubalova, J., Elguindi, N., Galle, B., Gauss, M.,
Guevara, M., Jalkanen, J.-P., Kuenen, J., Liousse, C., Quack, B., Simpson, D., and Sindelarova,
K.: The Copernicus Atmosphere Monitoring Service global and regional emissions, Tech. rep.,
Copernicus Atmosphere Monitoring Service (CAMS) report, 2019.

Grzegorski, M., Wenig, M., Platt, U., Stammes, P., Fournier, N., and Wagner, T.: The Heidelberg
iterative cloud retrieval utilities (HICRU) and its application to GOME data, Atmos. Chem.
Phys., 6, 4461-4476, 2006.

Gu, D., Wang, Y., Smeltzer, C., and Boersma, K. F.: Anthropogenic emissions of NOy over China:
Reconciling the difference of inverse modeling results using GOME-2 and OMI measurements,
J. Geophys. Res. Atmos., 119, 7732-7740, 2014.

Hassinen, S., Balis, D., Bauer, H., Begoin, M., Delcloo, A., Eleftheratos, K., Gimeno Garcia, S.,
Granville, J., Grossi, M., Hao, N., Hedelt, P., Hendrick, F., Hess, M., Heue, K.-P., Hovila, J.,
Jonch-Sgrensen, H., Kalakoski, N., Kauppi, A., Kiemle, S., Kins, L., Koukouli, M. E., Kujanpaé,
J., Lambert, J.-C., Lang, R., Lerot, C., Loyola, D., Pedergnana, M., Pinardi, G., Romahn,
F., van Roozendael, M., Lutz, R., De Smedt, I., Stammes, P., Steinbrecht, W., Tamminen, J.,

78



Theys, N., Tilstra, L. G., Tuinder, O. N. E., Valks, P., Zerefos, C., Zimmer, W., and Zyrichidou,
I.: Overview of the O3M SAF GOME-2 operational atmospheric composition and UV radiation
data products and data availability, Atmos. Meas. Tech., 9, 383, 2016.

Heckel, A., Richter, A., Tarsu, T., Wittrock, F., Hak, C., Pundt, I., Junkermann, W., and Burrows,
J.: MAX-DOAS measurements of formaldehyde in the Po-Valley, Atmos. Chem. Phys., 5, 909—
918, 2005.

Hendrick, F., Barret, B., Van Roozendael, M., Boesch, H., Butz, A., De Maziére, M., Goutail,
F., Hermans, C., Lambert, J.-C., Pfeilsticker, K., and Pommereau, J.-P.: Retrieval of nitrogen
dioxide stratospheric profiles from ground-based zenith-sky UV-visible observations: validation
of the technique through correlative comparisons, Atmos. Chem. Phys., 4, 2091-2106, 2004.

Hendrick, F., Mahieu, E., Bodeker, G. E., Boersma, K. F., Chipperfield, M. P., De Maziere,
M., De Smedt, I., Demoulin, P., Fayt, C., Hermans, C., Kreher, K., Lejeune, B., Pinardi,
G., Servais, C., Stiibi, R., van der A, R., Vernier, J.-P., and Van Roozendael, M.: Analysis
of stratospheric NOy trends above Jungfraujoch using ground-based UV-visible, FTIR, and
satellite nadir observations, Atmos. Chem. Phys., 12, 8851-8864, 2012.

Hendrick, F., Miiller, J.-F., Clémer, K., Wang, P., De Maziere, M., Fayt, C., Gielen, C., Hermans,
C., Ma, J. Z., Pinardi, G., Stavrakou, T., Vlemmix, T., and Van Roozendael, M.: Four years of
ground-based MAX-DOAS observations of HONO and NOs in the Beijing area, Atmos. Chem.
Phys., 14, 765-781, 2014.

Herman, J. and Celarier, E.: Earth surface reflectivity climatology at 340-380 nm from TOMS
data, J. Geophys. Res. Atmos., 102, 28003—28011, 1997.

Herman, J., Cede, A., Spinei, E., Mount, G., Tzortziou, M., and Abuhassan, N.: NOy column
amounts from ground-based Pandora and MFDOAS spectrometers using the direct-Sun DOAS
technique: Intercomparisons and application to OMI validation, J. Geophys. Res. Atmos., 114,
2009.

Herman, J., Spinei, E., Fried, A., Kim, J., Kim, J., Kim, W., Cede, A., Abuhassan, N., and Segal-
Rozenhaimer, M.: NO; and HCHO measurements in Korea from 2012 to 2016 from Pandora
spectrometer instruments compared with OMI retrievals and with aircraft measurements during
the KORUS-AQ campaign., Atmos. Meas. Tech., 11, 2018.

Hilboll, A., Richter, A., and Burrows, J.: Long-term changes of tropospheric NO5 over megacities
derived from multiple satellite instruments, Atmos. Chem. Phys., 13, 4145-4169, 2013a.

Hilboll, A., Richter, A., Rozanov, A., Hodnebrog, @., Heckel, A., Solberg, S., Stordal, F., and
Burrows, J.: Improvements to the retrieval of tropospheric NOs from satellite-stratospheric
correction using SCTAMACHY limb/nadir matching and comparison to Oslo CTM2 simulations,
Atmos. Meas. Tech., 6, 565584, 2013b.

Hilboll, A., Richter, A., and Burrows, J. P.: NO;y pollution over India observed from space-The
impact of rapid economic growth, and a recent decline, Atmos. Chem. Phys. Discuss., 2017.

Holben, B., Eck, T., Slutsker, I., Tanré, D., Buis, J., Setzer, A., Vermote, E., Reagan, J., Kauf-
man, Y., Nakajima, T., Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET—A federated
instrument network and data archive for aerosol characterization, 66, 1-16, 1998.

Honninger, G., Friedeburg, C. v., and Platt, U.: Multi axis differential optical absorption spec-
troscopy (MAX-DOAS), Atmos. Chem. Phys., 4, 231-254, 2004.

Horowitz, L. W., Walters, S., Mauzerall, D. L., Emmons, L. K., Rasch, P. J., Granier, C., Tie, X.,
Lamarque, J.-F., Schultz, M. G., Tyndall, G. S., Orlando, J. J., and Brasseur, G. P.: A global
simulation of tropospheric ozone and related tracers: Description and evaluation of MOZART,
version 2, J. Geophys. Res. Atmos., 108, 2003.

79



Huijnen, V., Williams, J., van Weele, M., van Noije, T., Krol, M., Dentener, F., Segers, A.,
Houweling, S., Peters, W., de Laat, J., Boersma, F., Bergamaschi, P., van Velthoven, P.,
Le Sager, P., Eskes, H., Alkemade, F., Scheele, R., Nédélec, P., and Péatz, H.-W.: The global
chemistry transport model TMb5: description and evaluation of the tropospheric chemistry
version 3.0, Geosci. Model Dev., 3, 445-473, 2010.

Huijnen, V., Flemming, J., Chabrillat, S., Errera, Q., Christophe, Y., Blechschmidt, A.-M.,
Richter, A., and Eskes, H.: C-IFS-CB05-BASCOE: stratospheric chemistry in the Integrated
Forecasting System of ECMWEF, Geosci. Model Dev., 9, 3071-3091, 2016.

Ingmann, P., Veihelmann, B., Langen, J., Lamarre, D., Stark, H., and Courreges-Lacoste, G. B.:
Requirements for the GMES Atmosphere Service and ESA’s implementation concept: Sentinels-
4/-5 and-5p, Remote Sens. Environ., 120, 58-69, 2012.

Irie, H., Boersma, K., Kanaya, Y., Takashima, H., Pan, X., and Wang, Z.: Quantitative bias
estimates for tropospheric NOy columns retrieved from SCIAMACHY, OMI, and GOME-2
using a common standard for East Asia, Atmos. Meas. Tech., 5, 24032411, 2012.

Jacob, D.: Introduction to atmospheric chemistry, Princeton University Press, 1999.

Jin, Z., Charlock, T. P., Smith Jr, W. L., and Rutledge, K.: A parameterization of ocean surface
albedo, Geophys. Res. Lett., 31, 2004.

Jin, Z., Qiao, Y., Wang, Y., Fang, Y., and Yi, W.: A new parameterization of spectral and
broadband ocean surface albedo, Opt. Express, 19, 26 429-26 443, 2011.

Johnston, P.: Making UV /Vis Cross sections, reference Fraunhofer and synthetic spectra, Unpub-
lished Manuscript, NIWA, Lauder, 1996.

Kampa, M. and Castanas, E.: Human health effects of air pollution, Environ. Pollut. 151, 362-367,
2008.

Kanaya, Y., Irie, H., Takashima, H., Iwabuchi, H., Akimoto, H., Sudo, K., Gu, M., Chong, J.,
Kim, Y. J., Lee, H., Li, A., Si, F., Xu, J., Xie, P.-H., Liu, W.-Q., Dzhola, A., Postylyakov, O.,
Ivanov, V., Grechko, E., Terpugova, S., and Panchenko, M.: Long-term MAX-DOAS network
observations of NOy in Russia and Asia (MADRAS) during the period 2007-2012: instrumen-
tation, elucidation of climatology, and comparisons with OMI satellite observations and global
model simulations., Atmos. Chem. Phys., 14, 2014.

Kim, J.: GEMS (Geostationary Environment Monitoring Spectrometer) onboard the GeoKOMP-
SAT to monitor air quality in high temporal and spatial resolution over Asia-Pacific Region, in:
EGU General Assembly Conference Abstracts, vol. 14, p. 4051, 2012.

Kleipool, Q., Dobber, M., de Haan, J., and Levelt, P.: Earth surface reflectance climatology from
3 years of OMI data, J. Geophys. Res. Atmos., 113, 2008.

Kleipool, Q., Ludewig, A., Babi¢, L., Bartstra, R., Braak, R., Dierssen, W., Dewitte, P.-J., Kenter,
P., Landzaat, R., Leloux, J., Loots, E., Meijering, P., van der Plas, E., Rozemeijer, N., Schepers,
D., Schiavini, D., Smeets, J., Vacanti, G., Vonk, F., and Veefkind, P.: Pre-launch calibration
results of the TROPOMI payload on-board the Sentinel-5 Precursor satellite, Atmos. Meas.
Tech., pp. 6439-6479, 2018.

Koelemeijer, R., De Haan, J., and Stammes, P.: A database of spectral surface reflectivity in the
range 335-772 nm derived from 5.5 years of GOME observations, J. Geophys. Res. Atmos., 108,
2003.

Kokhanovsky, A.: Cloud Optics, Springer, 2006.

Kokhanovsky, A. and Rozanov, V.: The uncertainties of satellite DOAS total ozone retrieval for
a cloudy sky, Atmospheric Res., 87, 27-36, 2008.

80



Kokhanovsky, A., Rozanov, V., Zege, E., Bovensmann, H., and Burrows, J.: A semianalytical
cloud retrieval algorithm using backscattered radiation in 0.4-2.4 pum spectral region, J. Geo-
phys. Res. Atmos., 108, 2003.

Kramer, L. J., Leigh, R. J., Remedios, J. J., and Monks, P. S.: Comparison of OMI and ground-
based in situ and MAX-DOAS measurements of tropospheric nitrogen dioxide in an urban area,
J. Geophys. Res. Atmos., 113, 2008.

Kreher, K., Van Roozendael, M., Hendrick, F., Apituley, A., Dimitropoulou, E., Frie3, U., Richter,
A., Wagner, T., Abuhassan, N., Ang, L., Anguas, M., Bais, A., Benavent, N., Bésch, T., Bognar,
K., Borovski, A., Bruchkouski, I., Cede, A., Chan, K. L., Donner, S., Drosoglou, T., Fayt, C.,
Finkenzeller, H., Garcia-Nieto, D., Gielen, C., Gémez-Martin, L., Hao, N., Herman, J. R.,
Hermans, C., Hoque, S., Irie, H., Jin, J., Johnston, P., Khayyam Butt, J., Khokhar, F., Koenig,
T. K., Kuhn, J., Kumar, V., Lampel, J., Liu, C., Ma, J., Merlaud, A., Mishra, A. K., Miiller,
M., Navarro-Comas, M., Ostendorf, M., Pazmino, A., Peters, E., Pinardi, G., Pinharanda, M.,
Piters, A., Platt, U., Postylyakov, O., Prados-Roman, C., Puentedura, O., Querel, R., Saiz-
Lopez, A., Schénhardt, A., Schreier, S. F., Seyler, A., Sinha, V., Spinei, E., Strong, K., Tack, F.,
Tian, X., Tiefengraber, M., Tirpitz, J.-L., van Gent, J., Volkamer, R., Vrekoussis, M., Wang,
S., Wang, Z., Wenig, M., Wittrock, F., Xie, P. H., Xu, J., Yela, M., Zhang, C., and Zhao,
X.: Intercomparison of NOg, Oy, O3 and HCHO slant column measurements by MAX-DOAS
and zenith-sky UV-Visible spectrometers during the CINDI-2 campaign, Atmos. Meas. Tech.
Discuss., 2019, 1-58, 2019.

Krotkov, N. A., Lamsal, L. N., Celarier, E. A., Swartz, W. H., Marchenko, S. V., Bucsela, E. J.,
Chan, K. L., Wenig, M., and Zara, M.: The version 3 OMI NO, standard product, Atmos.
Meas. Tech., 10, 3133-3149, 2017.

Kuhlmann, G., Lam, Y., Cheung, H., Hartl, A., Fung, J. C. H., Chan, P., and Wenig, M. O.:
Development of a custom OMI NO; data product for evaluating biases in a regional chemistry
transport model, Atmos. Chem. Phys., 15, 5627-5644, 2015.

Kularni, R.: Measurements of NOy using the Dobson spectrophotometer, J. Atmos. Sci., 32,
1641-1643, 1975.

Lampel, J., Pohler, D., Tschritter, J., Frief}, U., and Platt, U.: On the relative absorption strengths
of water vapour in the blue wavelength range, Atmos. Meas. Tech., 8, 4329-4346, 2015.

Laughner, J. L., Zhu, Q., and Cohen, R. C.: The Berkeley High Resolution Tropospheric NOg
product, Earth Syst. Sci. Data, 10, 2069-2095, 2018.

Lee, H.-H., Iraqui, O., and Wang, C.: The Impact of Future Fuel Consumption on Regional Air
Quality in Southeast Asia, Sci. Rep., 9, 2648, 2019.

Leitao, J., Richter, A., Vrekoussis, M., Kokhanovsky, A., Zhang, Q., Beekmann, M., and Burrows,
J.: On the improvement of NOg satellite retrievals—aerosol impact on the airmass factors, Atmos.
Meas. Tech., 3, 475-493, 2010.

Lelli, L., Kokhanovsky, A., Rozanov, V., Vountas, M., Sayer, A., and Burrows, J.: Seven years of
global retrieval of cloud properties using space-borne data of GOME, Atmos. Meas. Tech., 5,
1551, 2012.

Leue, C., Wenig, M., Wagner, T., Klimm, O., Platt, U., and Jahne, B.: Quantitative analy-
sis of NOy emissions from Global Ozone Monitoring Experiment satellite image sequences, J.
Geophys. Res. Atmos., 106, 5493-5505, 2001.

Levelt, P. F., van den Oord, G. H., Dobber, M. R., Malkki, A., Visser, H., de Vries, J., Stammes,
P., Lundell, J. O., and Saari, H.: The ozone monitoring instrument, IEEE Trans. Geosci.
Remote Sens.

81



Levenberg, K.: A method for the solution of certain non-linear problems in least squares, Quart.
Appl. Math., 2, 164-168, 1944.

Liley, J., Johnston, P., McKenzie, R., Thomas, A., and Boyd, I.: Stratospheric NOs variations
from at Lauder, New Zealand a long time series, J. Geophys. Res. Atmos., 105, 11-633, 2000.

Lin, J., Martin, R., Boersma, K., Sneep, M., Stammes, P., Spurr, R., Wang, P., Van Roozen-
dael, M., Clémer, K., and Irie, H.: Retrieving tropospheric nitrogen dioxide from the Ozone
Monitoring Instrument: effects of aerosols, surface reflectance anisotropy, and vertical profile of
nitrogen dioxide, Atmos. Chem. Phys., 14, 1441-1461, 2014.

Lin, J., Liu, M., Xin, J., Boersma, K., Spurr, R., Martin, R., and Zhang, Q.: Influence of
aerosols and surface reflectance on satellite NO; retrieval: seasonal and spatial characteristics
and implications for NOx emission constraints, Atmos. Chem. Phys., 15, 11217, 2015.

Liu, F., Beirle, S., Zhang, Q., van der A, R. J., Zheng, B., Tong, D., and He, K.: NO, emission
trends over Chinese cities estimated from OMI observations during 2005 to 2015, Atmos. Chem.
Phys., 17, 9261-9275, 2017.

Liu, M., Lin, J., Boersma, K. F., Pinardi, G., Wang, Y., Chimot, J., Wagner, T., Xie, P., Eskes,
H., Van Roozendael, M., Hendrick, F., Wang, P., Wang, T., Yan, Y., Chen, L., and Ni, R.:
Improved aerosol correction for OMI tropospheric NOs retrieval over East Asia: constraint from
CALIOP aerosol vertical profile, Atmos. Meas. Tech., 12, 1-21, 2019.

Liu, X., Newchurch, M., Loughman, R., and Bhartia, P.: Errors resulting from assuming opaque
Lambertian clouds in TOMS ozone retrieval, J. Quant. Spectrosc. Radiat. Transf., 85, 337-365,
2004.

Lorente, A., Folkert Boersma, K., Yu, H., Dorner, S., Hilboll, A., Richter, A., Liu, M., Lamsal,
L. N., Barkley, M., De Smedt, I., Van Roozendael, M., Wang, Y., Wagner, T., Beirle, S., Lin,
J.-T., Krotkov, N., Stammes, P., Wang, P., Eskes, H. J., and Krol, M.: Structural uncertainty
in air mass factor calculation for NOy and HCHO satellite retrievals, Atmos. Meas. Tech., 10,
759, 2017.

Lorente, A., Boersma, K. F., Stammes, P., Tilstra, L. G., Richter, A., Yu, H., Kharbouche, S., and
Muller, J.-P.: The importance of surface reflectance anisotropy for cloud and NOs retrievals
from GOME-2 and OMI, Atmos. Meas. Tech., 11, 4509-4529, 2018.

Loyola, D., Thomas, W., Livschitz, Y., Ruppert, T., Albert, P., and Hollmann, R.: Cloud proper-
ties derived from GOME/ERS-2 backscatter data for trace gas retrieval, IEEE Trans. Geosci.
Remote Sens., 45, 2747-2758, 2007.

Loyola, D., Garcia, S. G., Lutz, R., Argyrouli, A., Romahn, F., Spurr, R. J., Pedergnana, M.,
Doicu, A., Garcia, V. M., and Schiissler, O.: The operational cloud retrieval algorithms from
TROPOMI on board Sentinel-5 Precursor, Atmos. Meas. Tech., 11, 409, 2018.

Loyola, D. G., Koukouli, M. E., Valks, P., Balis, D. S., Hao, N., Van Roozendael, M., Spurr, R.
J. D., Zimmer, W., Kiemle, S., Lerot, C., and Lambert, J.-C.: The GOME-2 total column ozone
product: Retrieval algorithm and ground-based validation, J. Geophys. Res. Atmos., 116, 2011.

Lucht, W., Schaaf, C. B., and Strahler, A. H.: An algorithm for the retrieval of albedo from space
using semiempirical BRDF models, IEEE Trans. Geosci. Remote Sens., 38, 977-998, 2000.

Lutz, R., Loyola, D., Gimeno Garcia, S., and Romahn, F.: OCRA radiometric cloud fractions for
GOME-2 on MetOp-A/B, Atmos. Meas. Tech., 9, 2357-2379, 2016.

Ma, J., Beirle, S., Jin, J., Shaiganfar, R., Yan, P., and Wagner, T.: Tropospheric NOs vertical

column densities over Beijing: results of the first three years of ground-based MAX-DOAS
measurements (2008-2011) and satellite validation, Atmos. Chem. Phys., 13, 1547-1567, 2013.

82



Marquardt, D. W.: An algorithm for least-squares estimation of nonlinear parameters, J. Soc.
Ind. Appl. Math., 11, 431-441, 1963.

Martin, R. V., Chance, K., Jacob, D. J., Kurosu, T. P., Spurr, R. J., Bucsela, E., Gleason, J. F.,
Palmer, P. L., Bey, L., Fiore, A. M., Li, Q., Yantosca, R. M., and Koelemeijer, R.: An improved
retrieval of tropospheric nitrogen dioxide from GOME, J. Geophys. Res. Atmos., 107, 2002.

Mayer, B. and Kylling, A.: The libRadtran software package for radiative transfer calculations-
description and examples of use, Atmos. Chem. Phys., 5, 1855-1877, 2005.

METEO-FRANCE et al.: Regional Production, Description of the operational models and of the
ENSEMBLE system, Tech. rep., CAMS_50_2015SC1_Models_Factsheets_201610_v2, 2016.

Mijling, B., van der A, R., and Zhang, Q.: Regional nitrogen oxides emission trends in East Asia
observed from space, Atmos. Chem. Phys., 13, 12003-12012, 2013.

Miyazaki, K., Eskes, H., Sudo, K., Boersma, K. F., Bowman, K., and Kanaya, Y.: Decadal changes
in global surface NOy emissions from multi-constituent satellite data assimilation, Atmos. Chem.
Phys., 17, 807-837, 2017.

Miiller, J.-F. and Stavrakou, T.: Inversion of CO and NOy emissions using the adjoint of the
IMAGES model, Atmos. Chem. Phys., 5, 1157-1186, 2005.

Munro, R., Lang, R., Klaes, D., Poli, G., Retscher, C., Lindstrot, R., Huckle, R., Lacan, A.,
Grzegorski, M., Holdak, A., Kokhanovsky, A., Livschitz, J., and Eisinger, M.: The GOME-2
instrument on the Metop series of satellites: instrument design, calibration, and level 1 data
processing—an overview, Atmos. Meas. Tech., 9, 1279-1301, 2016.

Nicodemus, F. E., Richmond, J., Hsia, J., Ginsberg, 1., and Limperis, T.: Geometrical consid-
erations and nomenclature for reflectance, in: Radiometry, pp. 94-145, Jones and Bartlett
Publishers, Inc., 1992.

Nicolet, M.: Nitrogen oxides in the chemosphere, J. Geophys. Res. Atmos., 70, 679-689, 1965.

Noguchi, K., Richter, A., Rozanov, V., Rozanov, A., Burrows, J., Irie, H., and Kita, K.: Effect of
surface BRDF of various land cover types on geostationary observations of tropospheric NOs,
Atmos. Meas. Tech., 7, 3497-3508, 2014.

Nolin, A., Armstrong, R., and Maslanik, J.: Near Real-Time SSM/I EASE-Grid Daily Global
Ice Concentration and Snow Extent, updated daily, Boulder, CO, USA: National Snow and Ice
Data Center, Digital media, 1998.

Noxon, J.: Nitrogen dioxide in the stratosphere and troposphere measured by ground-based ab-
sorption spectroscopy, Science, 189, 547549, 1975.

Niif}, H.: Verbesserungen des troposphérischen NOs-Retrievals aus GOME- und SCTAMACHY-
Daten, Doktorarbeit, Universitdt Bremen, 2005.

Niif}, H., Richter, A., Valks, P., and Burrows, J.: Improvement of the NO5 total column retrieval
for GOME-2, 2006.

Ortega, 1., Koenig, T., Sinreich, R., Thomson, D., and Volkamer, R.: The CU 2-D-MAX-DOAS
instrument—Part 1: Retrieval of 3-D distributions of NOy and azimuth-dependent OVOC ratios,
Atmos. Meas. Tech., 8, 2371, 2015.

Palmer, P. 1., Jacob, D. J., Chance, K., Martin, R. V., Spurr, R. J., Kurosu, T. P., Bey, I., Yan-
tosca, R., Fiore, A., and Li, Q.: Air mass factor formulation for spectroscopic measurements
from satellites: Application to formaldehyde retrievals from the Global Ozone Monitoring Ex-
periment, J. Geophys. Res. Atmos., 106, 14 539-14 550, 2001.

83



Peters, E., Wittrock, F., Richter, A., Alvarado, L., Rozanov, V., and Burrows, J.: Liquid water
absorption and scattering effects in DOAS retrievals over oceans, Atmos. Meas. Tech., 7, 4203—
4221, 2014.

Pinardi, G., Van Roozendael, M., Lambert, J.-C., Granville, J., Hendrick, F., Tack, F., Yu, H.,
Cede, A., Kanaya, Y., Irie, 1., Goutail, F., Pommereau, J.-P., Pazmino, A., Wittrock, F.
Richter, A., Wagner, T., Gu, M., Remmers, J., Friess, U., Vlemmix, T., Piters, A., Hao, N,
Tiefengraber, M., Herman, J., Abuhassan, N., Bais, A., Kouremeti, N., Hovila, J., Holla, R.,
Chong, J., Postylyakov, O., and Ma, J.: GOME-2 total and tropospheric NO validation based
on zenith-sky, direct-sun and multi-axis DOAS network observations, in: Proc. of the 2014
EUMETSAT Meteorological Satellite Conference, Geneva, Swizerland, EUMETSAT, 2014.

Pinardi, G., Lambert, J.-C., Granville, J., Yu, H., De Smedt, 1., van Roozendael, M., and Valks,
P.: O3M-SAF validation report, Tech. rep., SAF/O3M/IASB/VR/NO2/TN-IASB-GOME2-
O3MSAF-NO2-2015, Issue 1/1, 2015.

Pinardi, G., Vigouroux, C., Langerock, B., De Maziére, M., Granville, J., Lambert, J.-C., Hen-
drick, F., and Van Roozendael, M.: alidation of TROPOMI NO,; and HCHO vertical columns
with UV-Vis DOAS and FTIR instruments, in: ESA ATMOS conference, Salzburg, Austria,
2018.

Platt, U.: Differential Optical Absorption Spectroscopy (DOAS) in Air Monitoring by Spectro-
scopic Techniques, Ed. Markus W. Sigrist, 1994.

Platt, U. and Stutz, J.: Differential Optical Absorption Spectroscopy, Springer, 2008.

Pommereau, J. P. and Goutail, F.: O3 and NOs ground-based measurements by visible spectrom-
etry during Arctic winter and spring 1988, Geophys. Res. Lett., 15, 891-894, 1988.

Pope, R. M. and Fry, E. S.: Absorption spectrum (380-700 nm) of pure water. II. Integrating
cavity measurements, Appl. Opt., 36, 8710-8723, 1997.

Qin, W., Fasnacht, Z., Haffner, D., Vasilkov, A., Joiner, J., Krotkov, N., Fisher, B., and Spurr, R.:
A geometry-dependent surface Lambertian-equivalent reflectivity product at 466 nm for UV /Vis
retrievals: Part 1. Evaluation over land surfaces using measurements from OMI, Atmos. Meas.
Tech. Discuss., pp. 1-31, 2019.

Richter, A. and Burrows, J.: Tropospheric NOy from GOME measurements, Adv. Space Res., 29,
1673-1683, 2002.

Richter, A., Burrows, J. P., Niif}, H., Granier, C., and Niemeier, U.: Increase in tropospheric
nitrogen dioxide over China observed from space, Nature, 437, 129, 2005.

Richter, A., Begoin, M., Hilboll, A., and Burrows, J.: An improved NOs retrieval for the GOME-2
satellite instrument, Atmos. Meas. Tech., 4, 1147-1159, 2011.

Richter, A. et al.: S5P/TROPOMI Science Verification Report, Tech. rep., S5P-TUP-L2-ScVR-RP
issue 2.1, 2015.

Rodgers, C. D.: Inverse methods for atmospheric sounding: theory and practice, vol. 2, World
scientific, 2000.

Rothman, L., Gordon, I., Barber, R., Dothe, H., Gamache, R., Goldman, A., Perevalov, V.,
Tashkun, S., and Tennyson, J.: HITEMP, the high-temperature molecular spectroscopic
database, J. Quant. Spectrosc. Radiat. Transf., 111, 2139-2150, 2010.

Rozanov, V., Rozanov, A., Kokhanovsky, A., and Burrows, J.: Radiative transfer through ter-
restrial atmosphere and ocean: software package SCIATRAN, J. Quant. Spectrosc. Radiat.
Transf., 133, 13-71, 2014.

84



Rozanov, V. V. and Kokhanovsky, A. A.: Semianalytical cloud retrieval algorithm as applied to the
cloud top altitude and the cloud geometrical thickness determination from top-of-atmosphere
reflectance measurements in the oxygen A band, J. Geophys. Res. Atmos., 109, 2004.

Rozemeijer, N. C. and Kleipool, Q.: S5P Mission Performance Centre Level 1b Readme, Tech.
rep., S5P-MPC-KNMI-PRF-L1B issure 1.0.0 version V01.00.00., 2018.

Sanders, A., Richter, A., and Eskes, H.: Sentinel-4 Level-2 ATBD Total and Tropospheric NOq,
Tech. rep., S4-L2-TUP_KNMI-ATBD-2004 issue 2.0, 2018.

Schultz, M., Schmitt, R., Thomas, K., and Volz-Thomas, A.: Photochemical box modeling of long-
range transport from North America to Tenerife during the North Atlantic Regional Experiment
(NARE) 1993, J. Geophys. Res. Atmos., 103, 1347713488, 1998.

Schwarzschild, K.: Uber Diffusion und Absorption in der Sonnenatmosphire, Sitz. K. Preuss.
Akad. Wiss, p. 1183, 1914.

Seinfeld, J. and Pandis, S.: Atmospheric chemistry and physics: from air pollution to climate
change, 3rd ed., 2016.

Shindell, D. T., Faluvegi, G., Koch, D. M., Schmidt, G. A., Unger, N., and Bauer, S. E.: Improved
attribution of climate forcing to emissions, Science, 326, 716-718, 2009.

Sierk, B., Richter, A., Rozanov, A., Von Savigny, C., Schmoltner, A., Buchwitz, M., Bovensmann,
H., and Burrows, J.: Retrieval and monitoring of atmospheric trace gas concentrations in nadir
and limb geometry using the space-borne SCIAMACHY instrument, Environ. Monit. Assess.,
120, 6577, 2006.

Sioris, C., Kurosu, T., Martin, R., and Chance, K.: Stratospheric and tropospheric NOy observed
by SCTAMACHY: first results, Adv. Space Res., 34, 780-785, 2004.

Solomon, S.: Stratospheric ozone depletion: A review of concepts and history, Rev. Geophys., 37,
275-316, 1999.

Solomon, S., Schmeltekopf, A. L., and Sanders, R. W.: On the interpretation of zenith sky
absorption measurements, J. Geophys. Res. Atmos., 92, 8311-8319, 1987.

Spurr, R.: LIDORT and VLIDORT: Linearized pseudo-spherical scalar and vector discrete ordi-
nate radiative transfer models for use in remote sensing retrieval problems, in: Light Scattering
Reviews 3, pp. 229-275, Springer, 2008.

Spurr, R. J.: VLIDORT:: A linearized pseudo-spherical vector discrete ordinate radiative transfer
code for forward model and retrieval studies in multilayer multiple scattering media, J. Quant.
Spectrosc. Radiat. Transf., 102, 316-342, 2006.

Stammes, P.: Spectral radiance modelling in the UV-visible range, in: IRS 2000: Current problems
in atmospheric radiation, pp. 385388, 2001.

Stammes, P., Sneep, M., De Haan, J., Veefkind, J., Wang, P., and Levelt, P.: Effective cloud
fractions from the Ozone Monitoring Instrument: Theoretical framework and validation, J.
Geophys. Res. Atmos., 113, 2008.

Stedman, D., Morris, E., Daby, E., Niki, H., and Weinstock, B.: The role of OH radicals in pho-
tochemical smog reactions, in: 160th National ACS Meeting, 13-18 September 1970, Chicago,
IL, 1970.

Tackett, J. L., Winker, D. M., Getzewich, B. J., Vaughan, M. A., Young, S. A., and Kar, J.:
CALIPSO lidar level 3 aerosol profile product: version 3 algorithm design, Atmos. Meas. Tech.,
11, 4129-4152, 2018.

85



Thalman, R. and Volkamer, R.: Temperature dependent absorption cross-sections of O2-O4 col-
lision pairs between 340 and 630 nm and at atmospherically relevant pressure, Phys. Chem.
Chem. Phys., 15, 15371-15 381, 2013.

Tilstra, L., Tuinder, O., Wang, P., and Stammes, P.: Surface reflectivity climatologies from UV
to NIR determined from Earth observations by GOME-2 and SCTAMACHY, J. Geophys. Res.
Atmos., 122, 40844111, 2017.

Tilstra, L., Tuinder, O., and Stammes, P.: GOME-2 surface LER product - Algorithm Theoretical
Basis Document, Tech. rep., KNMI Report SAF/AC/KNMI/ATBD/003, Issue 3.1, 2019.

Valks, P., Pinardi, G., Richter, A., Lambert, J.-C., Hao, N., Loyola, D., Van Roozendael, M., and
Emmadi, S.: Operational total and tropospheric NOy column retrieval for GOME-2, Atmos.
Meas. Tech., 4, 1491, 2011.

Valks, P., Loyola, D., Hao, N., Hedelt, P.; Slijkhuis, S., Grossi, M., Begoin, M., Gimeno Garcia,
S., and Lutz, R.: Algorithm Theoretical Basis Document for GOME-2 Total Column Products
of Ozone, NO4, BrO, SOy, H,O, HCHO and Cloud Properties (GDP 4.8 for AC SAF OTO and
NTO), Tech. rep., SAF/AC/DLR/ATBD/01, Iss./Rev.: 3/A/2, 2017.

van Geffen, J., Boersma, K., Van Roozendael, M., Hendrick, F., Mahieu, E., De Smedt, I., Sneep,
M., and Veefkind, J.: Improved spectral fitting of nitrogen dioxide from OMI in the 405-465
nm window, Atmos. Meas. Tech., 8, 1685-1699, 2015.

van Geffen, J., Boersma, K., Eskes, H., Maasakkers, J., and Veefkind, J.: TROPOMI ATBD of
the total and tropospheric NO, data products, Tech. rep., SSP-KNMI-L2-0005-RP issue 1.4.0.
KNMI, De Bilt, the Netherlands, 2019.

van Geffen, J. H. G. M., Eskes, H. J., Boersma, K. F., and Veefkind, J. P.. ATBD for NO, in
Sentinel-5 L2 Prototype Processors, Tech. rep., KNMI-ESA-S5L2PP-ATBD-001 version 3.0.,
2018.

Van Roozendael, M., De Maziere, M., Hermans, C., Simon, P., Pommereau, J.-P., Goutail, F.,
Tie, X., Brasseur, G., and Granier, C.: Ground-based observations of stratospheric NOs at high
and midlatitudes in Europe after the Mount Pinatubo eruption, J. Geophys. Res. Atmos., 102,
19171-19 176, 1997.

Vandaele, A. C., Hermans, C., Simon, P. C., Carleer, M., Colin, R., Fally, S., Merienne, M.-F.,
Jenouvrier, A., and Coquart, B.: Measurements of the NOy absorption cross-section from 42
000 cm- 1 to 10 000 cm- 1 (238-1000 nm) at 220 K and 294 K, J. Quant. Spectrosc. Radiat.
Transf., 59, 171-184, 1998.

Vandaele, A. C., Hermans, C., Fally, S., Carleer, M., Colin, R., Merienne, M.-F., Jenouvrier, A.,
and Coquart, B.: High-resolution Fourier transform measurement of the NOy visible and near-
infrared absorption cross sections: Temperature and pressure effects, J. Geophys. Res. Atmos.,
107, 2002.

Vasilkov, A., Qin, W., Krotkov, N., Lamsal, L., Spurr, R., Haffner, D., Joiner, J., Eun-Su, Y.,
and Marchenko, S.: Accounting for the effects of surface BRDF on satellite cloud and trace-gas
retrievals: a new approach based on geometry-dependent Lambertian equivalent reflectivity
applied to OMI algorithms, Atmos. Meas. Tech., 10, 333, 2017.

Veefkind, J.: CAMELQOT Final Report, Tech. rep., RP-CAM-KNMI-050, Issue 1, 2009.

Veefkind, J., Aben, I., McMullan, K., Forster, H., De Vries, J., Otter, G., Claas, J., Eskes, H.,
De Haan, J., Kleipool, Q., van Weele, M., Hasekamp, O., Hoogeveen, R., Landgraf, J., Snel, R.,
Tol, P., Ingmann, P., Voors, R., Kruizinga, B., Vink, R., Visser, H., and Levelt, P.. TROPOMI
on the ESA Sentinel-5 Precursor: A GMES mission for global observations of the atmospheric
composition for climate, air quality and ozone layer applications, Remote Sens. Environ., 120,
70-83, 2012.

86



Veefkind, J. P., De Haan, J. F., Sneep, M., and Levelt, P. F.: Improvements to the OMI O,-
05 operational cloud algorithm and comparisons with ground-based radar-lidar observations,
Atmos. Meas. Tech., 9, 2016.

Vlemmix, T., Hendrick, F., Pinardi, G., De Smedt, 1., Fayt, C., Hermans, C., Piters, A., Wang,
P., Levelt, P., and Van Roozendael, M.: MAX-DOAS observations of aerosols, formaldehyde
and nitrogen dioxide in the Beijing area: comparison of two profile retrieval approaches, Atmos.
Meas. Tech., 8, 941, 2015.

Wagner, T., Chance, K., Frief}, U., Gil, M., Goutail, F., Honninger, G., Johnston, P., Karlsen-
Ternkvist, K., Kostadinov, 1., Leser, H., Petritoli, A., Richter, A., Van Roozendael, M., and
Platt, U.: Correction of the Ring effect and I0-effect for DOAS observations of scattered sun-
light, in: 1st DOAS Workshop, Heidelberg, Germany, pp. 13—14, 2001.

Wagner, T., Dix, B. v., Friedeburg, C. v., Frief}, U., Sanghavi, S., Sinreich, R., and Platt,
U.: MAX-DOAS O, measurements: A new technique to derive information on atmospheric
aerosols—Principles and information content, J. Geophys. Res. Atmos., 109, 2004.

Wang, P., Stammes, P., van der A, R., Pinardi, G., and van Roozendael, M.: FRESCO+: an
improved Oy A-band cloud retrieval algorithm for tropospheric trace gas retrievals, Atmos.
Chem. Phys., 8, 6565-6576, 2008.

Wang, Y., Beirle, S., Lampel, J., Koukouli, M., De Smedt, I., Theys, N., Li, A., Wu, D., Xie, P,
Liu, C., Van Roozendael, M., Stavrakou, T., Miiller, J.-F., and Wagner, T.: Validation of OMI,
GOME-2A and GOME-2B tropospheric NO3, SOy and HCHO products using MAX-DOAS
observations from 2011 to 2014 in Wuxi, China: investigation of the effects of priori profiles
and aerosols on the satellite products, Atmos. Chem. Phys., 17, 5007, 2017.

Wenig, M.: Satellite Measurement of Long-term Global Tropospheric Trace Gas Distributions
and Source Strenghts: Algorithm Development and Data Analysis, Ph.D. Thesis, Heidelberg
University, 2001.

Wenig, M., Kiihl, S., Beirle, S., Bucsela, E., Jahne, B., Platt, U., Gleason, J., and Wagner, T.:
Retrieval and analysis of stratospheric NOg from the Global Ozone Monitoring Experiment, J.
Geophys. Res. Atmos., 109, 2004.

Wenig, M. O., Cede, A., Bucsela, E., Celarier, E., Boersma, K., Veefkind, J., Brinksma, E.,
Gleason, J., and Herman, J.: Validation of OMI tropospheric NOs column densities using
direct-Sun mode Brewer measurements at NASA Goddard Space Flight Center, J. Geophys.
Res. Atmos., 113, 2008.

Wennberg, P. O., Cohen, R. C., Stimpfle, R. M., Koplow, J. P., Anderson, J. G., Salawitch, R. J.,
Fahey, D. W., Woodbridge, E. L., Keim, E. R., Gao, R. S., Webster, C. R., May, R. D., Toohey,
D. W., Avallone, L. M., Proffitt, M. H., Loewenstein, M., Podolske, J. R., Chan, K. R., and
Wofsy, S. C.: Removal of stratospheric O3 by radicals: In situ measurements of OH, HO5, NO,
NO,, ClO, and BrO, Science, 266, 398-404, 1994.

Wickert, B.: Berechnung anthropogener Emissionen in Deutschland fiir Ozonsimulationen, Dok-
torarbeit, Universitat Stuttgart, 2001.

Williams, J. E., Boersma, K. F., Le Sager, P., and Verstraeten, W. W.: The high-resolution
version of TM5-MP for optimized satellite retrievals: description and validation, Geosci. Model
Dev., 10, 721, 2017.

Wittrock, F., Oetjen, H., Richter, A., Fietkau, S., Medeke, T., Rozanov, A., and Burrows, J.:

MAX-DOAS measurements of atmospheric trace gases in Ny-Alesund-Radiative transfer studies
and their application, Atmos. Chem. Phys., 4, 955-966, 2004.

87



Wu, F. C., Xie, P. H., Li, A., Chan, K. L., Hartl, A., Wang, Y., Si, F. Q., Zeng, Y., Qin, M., Xu,
J., Liu, J. G., Liu, W. Q., and Wenig, M.: Observations of SOs and NOy by mobile DOAS in
the Guangzhou eastern area during the Asian Games 2010, Atmos. Meas. Tech., 6, 22772292,
2013.

Zara, M., Boersma, K. F., De Smedt, I., Richter, A., Peters, E., van Geffen, J. H. G. M., Beirle,
S., Wagner, T., Van Roozendael, M., Marchenko, S., Lamsal, L. N., and Eskes, H. J.: Improved
slant column density retrieval of nitrogen dioxide and formaldehyde for OMI and GOME-2A
from QA4ECV: intercomparison, uncertainty characterisation, and trends, Atmos. Meas. Tech.,
11, 4033-4058, 2018.

Zel’Dovich, Y. B. and Raizer, Y. P.: Physics of Shock Waves and High-Temperature Hydrodynamic
Phenomena, 1966.

Zhou, Y., Brunner, D., Boersma, K., Dirksen, R., and Wang, P.: An improved tropospheric NO2
retrieval for OMI observations in the vicinity of mountainous terrain, Atmos. Meas. Tech., 2,
401-416, 2009.

Zhou, Y., Brunner, D., Spurr, R., Boersma, K., Sneep, M., Popp, C., and Buchmann, B.: Ac-
counting for surface reflectance anisotropy in satellite retrievals of tropospheric NOs, Atmos.
Meas. Tech., 3, 1185-1203, 2010.

Zoogman, P., Liu, X., Suleiman, R., Pennington, W., Flittner, D., Al-Saadi, J., Hilton,
B.B.and Nicks, D., Newchurch, M., Carr, J., Janz, S., Andraschko, M., Arola, A., Baker,
B., Canova, B., Chan Miller, C., Cohen, R., Davis, J., Dussault, M., Edwards, D., Fishman,
J., Ghulam, A., Gonzilez Abad, G., Grutter, M., Herman, J., Houck, J., Jacob, D., Joiner, J.,
Kerridge, B., Kim, J., Krotkov, N., Lamsal, L., Li, C., Lindfors, A., Martin, R., McElroy, C.,
McLinden, C., Natraj, V., Neil, D., Nowlan, C., O’Sullivan, E., Palmer, P., Pierce, R., Pippin,
M., Saiz-Lopez, A., Spurr, R., Szykman, J., Torres, O., Veefkind, J., Veihelmann, B., Wang,
H., Wang, J., and Chance, K.: Tropospheric emissions: Monitoring of pollution (TEMPO), J.
Quant. Spectrosc. Radiat. Transf., 186, 17-39, 2017.

88



Appendix A

Inversion models for the retrieval
of total and tropospheric NO»
columns

Liu, S.: Inversion Models for the Retrieval of Total and Tropospheric NO2 Columns,
Atmosphere, 10, 607, https://doi.org/10.3390/atmos10100607, 2019.

89


https://doi.org/10.3390/atmos10100607

. atmosphere @\py

Article
Inversion Models for the Retrieval of Total and
Tropospheric NO,; Columns

Song Liu

Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Institut fiir Methodik der Fernerkundung (IMF),
82234 Oberpfaffenhofen, Germany; song.liu@dlr.de

check for

Received: 4 September 2019; Accepted: 2 October 2019; Published: 9 October 2019 updates

Abstract: Inversion models for retrieving the total and tropospheric nitrogen dioxide (NO;) columns
from spaceborne remote sensing data are presented. For total column retrieval, we propose
the so-called differential radiance models with internal and external closure and solve the underlying
nonlinear equations by using the method of Tikhonov regularization and the iteratively regularized
Gauss—Newton method. For tropospheric column retrieval, we design a nonlinear and a linear model
by using the results of the total column retrieval and the value of the stratospheric NO, column
delivered by a stratosphere-troposphere separation method. We also analyze the fundamentals
of the commonly used differential optical absorption spectroscopy (DOAS) model and outline
its relationship to the proposed inversion models. By a numerical analysis, we analyze the accuracy
of the inversion models to retrieve total and tropospheric NO, columns.

Keywords: inversion model; regularization; NO; retrieval, DOAS

1. Introduction

Nitrogen dioxide (NO,) is an important trace gas in the Earth’s stratosphere and troposphere.
The stratospheric NO; is strongly related to halogen compound reactions and ozone destruction [1].
In the troposphere, nitrogen oxides (NOx = NO;, + NO) serve as a precursor of ozone in the presence
of volatile organic compounds and a precursor of secondary aerosols through gas-to-particle
conversion [2]. As a greenhouse gas, NO, contributes significantly to radiative forcing locally [3].
As a prominent air pollutant affecting human health and ecosystems, substantial amounts of NO,
are produced in the boundary layer by industrial processes, power generation, transportation,
and biomass burning.

Atmospheric remote sensing measurements in the UV and visible region, for instance,
from nadir-viewing satellite instruments such as the Ozone Monitoring Instrument (OMI) [4]
and Global Ozone Monitoring Experiment-2 (GOME-2) [5,6], have been monitoring global NO,
on a long-term scale. A new generation of instruments like the TROPOspheric Monitoring Instrument
(TROPOMI) [7] aboard the Sentinel-5 Precursor satellite, with high spatial resolution, and geostationary
missions like Sentinel-4 [8], with a fast revisit time, enable the continuous monitoring of NO,
concentrations for the following years. NO, measurements from satellite instruments have been
thoroughly validated using correlative ground-based measurements [9-11] and have been widely
used to characterize the distribution, evolution, or transport of NO, [12-14], to estimate NOy
emission [15,16], and to interpret ozone variation [17,18].

Based on a linearity assumption of the log of the radiances on the total column, the differential
optical absorption spectroscopy (DOAS) model [19] is commonly used to derive the NO;
columns [20-25]. In DOAS, the spectral structure of a measured spectrum is separated into
a narrowband absorption structure of trace gases and a broadband contribution approximated by
a low-order polynomial. Effectively, the differential spectrum, used to obtain the trace gas information,
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is distinguished from the smooth background, such as Rayleigh scattering, cloud and aerosol extinction,
and surface reflection.

In this paper, we aim to design inversion models that are more general than the DOAS model,
for the retrieval of total and tropospheric NO, columns. The underlying nonlinear equations of
the inversion models are solved by using classical regularization methods. The paper is organized as
follows. In Section 2, we describe the regularization methods for stably solving nonlinear ill-posed
problems. In Section 3, we present two nonlinear inversion models for total NO; column retrieval,
while in Section 4, we design a nonlinear and a linear inversion model for tropospheric NO, column
retrieval. In Section 5, we analyze the theoretical basis of the DOAS model and outline its relationship to
the general inversion models. The numerical accuracy of the proposed inversion models is investigated
in Section 6.

2. Regularization Methods

In our analysis, we consider the nonlinear data model [26]
Y’ =F(x)+9, (1)

where F : R" — R™ is the forward model, x € R" is the state vector, y° € R™ is the noisy data vector,
and J € R is the measurement error vector. In a deterministic setting, the measurement error vector
d is characterized by the noise level A (defined as an upper bound for §, i.e., ||d]| < A), the state vector
x is a deterministic vector, and we are faced with the solution of the nonlinear equation

y’ = F(x). 2)

In a stochastic setting,  and x are random vectors, and the data Model (1) is solved by means of
a Bayesian approach.

Because the nonlinear Equation (2) is usually ill-posed, a regularization method should be used to
compute a solution with physical meaning. In classical regularization theory, two widely used methods
are the method of Tikhonov regularization and the iteratively regularized Gauss—Newton method.

2.1. Tikhonov Regularization

In the framework of Tikhonov regularization [27], a regularized solution to the nonlinear
Equation (2) is computed as the minimizer of the Tikhonov function

Falx) = ||y’ = F)|* + a|L(x = xa) %, 3)

where « is the regularization parameter, L is the regularization matrix, and x, is the a priori state vector,
the best beforehand estimate of the solution. The regularization matrix L, controlling the magnitude or
the smoothness of the solution, can be chosen as the identity matrix, a diagonal matrix, the discrete
approximations to the first- and second-order derivative operators, or as the Cholesky factor of
the inverse of an a priori covariance matrix.

The minimization of the Tikhonov function in Equation (3) can be formulated as a
least-squares problem, and the regularized solution can be computed by using optimization methods,
such as step-length and trust-region methods [28,29]. These nonlinear optimization methods are
iterative methods, which compute the new iterate by approximating the objective function around the
actual iterate by a quadratic model.

Belonging to the category of step-length methods, the Gauss-Newton method for least-squares
problems has an important practical interpretation. At the iteration step i, considering a linearization
of F(x) around the current iterate x’

i’

F(x) ~ F(xii) + Kyi(x — x‘s-), 4)

(4



Atmosphere 2019, 10, 607 3of 21

where
__OF

T ax

and replacing F(x) in Equation (2) by its linearization (4),

Ky = K(xts')

ol

(x);) € R™<* (5)

o

is the Jacobian matrix evaluated at x_;,

the result is
Kai(x - xa) = Y?r (6)

where
¥ =y — F(x}) + Ky (x; — xa) @)

is the linearized data vector at iteration step i. Since the nonlinear problem is ill-posed, its linearization
is also ill-posed. Thus, we solve the linearized Equation (6) by means of Tikhonov regularization with
the penalty term a||L(x — x,)||?.

The Tikhonov function for the linearized equation takes the form

2

2
Fii(x) = [ly7 = Kai(x = xa) [+ & [ Lx = xa) [ ®)
and its minimizer, i.e., the new iterate xfa. 41/ 18 given by
Xoir1 = Xa + K7, ©)
where
Ky = (KoiKe +aL'L) 'Ky (10)

is the regularized generalized inverse, also known as the gain matrix [30], at iteration step i.
The iterative process is stopped according to

1. the relative X-convergence test [28], when the iterates xii converge, and /or
2. the relative function convergence test [30,31], when the residuals ||y’ — F(x¢,)|| converge.

Therefore, the solution of a nonlinear ill-posed problem by means of Tikhonov regularization
is equivalent to the solution of a sequence of ill-posed linearizations of the forward model about
the current iterate.

The selection of the optimal value of the regularization parameter aopt is a crucial issue of Tikhonov
regularization. With too little regularization, reconstructions deviate significantly from the a priori,
and the solution is said to be underegularized. With too much regularization, the reconstructions
are too close to the a priori, and the solution is said to be over-regularized. Several regularization
parameter choice methods have been discussed in [26,32], including the expected error estimation
method, the maximum likelihood estimation, generalized cross-validation [33], and the nonlinear
L-curve method [34].

The idea of the expected error estimation method is to perform a random exploration of a domain,
in which the exact solution x" is supposed to lie, and for each state vector realization x!, to compute
the optimal regularization parameter for error estimation as aopy = arg min, E{|[|e5 (x])[|?}, where

5 M2 (12 5|12
ENle DY = Jles O [+ E{lenal] (1
is the expected value of the total error vector e} (x") = x" —x¢, e (x") = (I, — Ay)(x" — xa) is
the smoothing error vector, e}, = —K!J is the noise error vector, xJ is the regularized solution,

and A, = K!K, is the averaging kernel matrix at the solution x}. Under the assumption that ¢ is
white noise with variance 0%, we compute the exponent p; = log Xopti/ 10g o and choose the optimal
regularization parameter as aopt = 0, where j = (1/Ny) Zfi‘l pi is the sample mean exponent,
and Ny is the sample size.
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2.2. Iteratively Regularized Gauss—Newton Method

Unfortunately, at the present time, there is no fail-safe regularization parameter choice method
that guarantees small solution errors in any circumstance, that is, for any noisy data vector.
An amelioration of the problems associated with regularization parameter selection is achieved
in the framework of the so-called iterative regularization methods, of which the iteratively regularized
Gauss-Newton method [35] is a relevant representative. These approaches, in which the amount of
regularization is gradually decreased during the iterative process, are less sensitive to overestimations
of the regularization parameter but require more iteration steps to achieve convergence.

Essentially, the iteratively regularized Gauss—Newton method relies on the solution of
the linearized equation (cf. Equation (6)) K;(x — xa) = yf by means of Tikhonov regularization

with the penalty term a;||L(x — x,)||?. The new iterate minimizing the function
2 2
Fii(x) = [ly¢ = Ki(x = xa)||” + & [L(x = xa) (12)
is given by
X1 =% + Ky}, (13)
where
K = (K'K; + o, LTL) 1K, (14)

For iterative regularization methods, the number of iteration steps i plays the role of
the regularization parameter, and the iterative process is stopped after an appropriate number of steps
i* in order to avoid an uncontrolled expansion of the errors in the data. In fact, a mere minimization of
the residual |[r¢||, where

¥ =y’ —F(x)

is the residual vector at xf , leads to a semi-convergent behavior of the iterated solution: while the error
in the residual decreases as the number of iteration steps increases, the error in the solution starts to
increase after an initial decay.

A widely used a posteriori choice for the stopping index i* in dependence of the noise level A is
the discrepancy principle [36]. According to this stopping rule, the iterative process is terminated after
i* steps such that

1P < o < I, o<, as)

with T > 1. Hence, the regularized solution of the iteratively regularized Gauss—Newton method is
x.. As in many practical problems arising in atmospheric remote sensing, the noise level cannot be
a priori estimated, so we adopt a practical approach. This is based on the observation that the square
residual | |rf\ |? decreases during the iterative process and attains a plateau at approximately A%. Thus,
if the nonlinear residuals ||t¢|| converge to |[r%, || within a prescribed tolerance, we use the estimate

A% = ||

The above heuristic stopping rule does not have any mathematical justification but works
sufficiently well in practice.

At first glance, this method seems to be identical to the method of Tikhonov regularization,
but the following differences exist:

1.  the regularization parameters are the terms of a decreasing (geometric) sequence, i.e., a; = qua;_1,
withg < 1;

2. theiterative process is stopped according to the discrepancy principle (15) instead of requiring
the convergence of iterates.

The numerical experiments performed in [26] showed that at the solution xi*, e+ is close to agpt
and so that x¢, is close to the Tikhonov solution corresponding to the optimal value of the regularization
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parameter xﬁopt. Another positive feature of the method is that by decreasing the regularization
parameter at each iteration step, problems that do not require regularization (or a small amount of
regularization) can be handled.

In the following, the method of Tikhonov regularization and the iteratively regularized
Gauss—Newton method will be used to solve the nonlinear equations corresponding to different
inversion models for total and tropospheric column retrievals.

3. Total NO, Column Retrieval

Consider a discretization of the atmosphere in Ny, layers, and let the stratosphere extend from
layer 1 to layer N — 1 and the troposphere extend from layer N to layer Nj,y. The total column of
a gas g is defined by

Xg = Z Xgis (16)

while the stratospheric and tropospheric total columns are given respectively by

Ni—1
Xsg =), Xgjs (17)
j=1
and
Nlay
Xig = Y Xg (18)
J=Nt

where x, ; is the partial column of gas ¢ on later j. Obviously, we have X; = Xig + Xsg.

An important task of the retrieval is the computation of the partial derivative of the radiance
I with respect to the total column X, of gas ¢. In a radiative transfer model, I is a function of
Xgis ie, I = I(xgll,. . "xg/Nlay>’ and the partial derivatives al/axg,]-, i=1,..., Nlay are computable
quantities (delivered by a linearized radiative transfer model). Under the assumptions that the profile
{xg 1,0, xg/Nlay} is a scaled version of an a priori profile {x,g1 ..., xanglay} and that s, is the scale
factor of gas g, i.e., Xgi = SgXag,js forallj=1,..., Nlay, we have s; = X,/ X, and hence the one-to-one
correspondence x, ; = (Xg/ Xag)Xaq ;- Consequently, the partial derivative of I with respect to X, can

be computed as

Nlay Nia

De=) 5
j=1

dal axg,j . yxag,j dl

an =1 Xag axg,j'

g
For the retrieval of the total columns X, of Ny gases, we regard the radiance I as a function
of X = [Xy,...,Xn,], ie, I = I(X). In principle, the retrieval can be performed by considering

the radiance model

Ns
In e (Ak) = In L (A, X) + Y b;S; (M), k=1,...,Ny, (19)
j=1

where I . (A;) is the Sun-normalized spectral radiance measured by the instrument at wavelength
A with k = 1,... Ny, Liim(Ar, X) is the radiance computed by a radiative transfer model, S;(Ax)
with j = 1,...,Ns are the correction spectra describing different kinds of instrumental effects,
such as the polarization correction spectrum, undersampling spectrum, offset correction spectrum,
and more complex physical phenomena (e.g., Ring spectrum), and finally, the wavelength-independent
coefficients b;, encapsulated in the row vector b = [by, ..., by,], are the amplitudes of the correction
spectra. Another option, which is adopted in our analysis, is to consider the following two differential
radiance models:
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1. the differential radiance model with internal closure (DRMI), relying on the solution of
the nonlinear equation

A
R es(Ak) = Reim(Ae, X) + Y b;S;(Ak), k=1,...,Ny, (20)
j=1

for the state vector x = [X, b]T, where
Rines (Ak) = I s (k) = Pmes (A, €mes) (21)
is the differential measured spectrum and
Rsim (A, X) = I Lsim (A, X) = Pim (Ak, €sim (X)) (22)

is the differential simulated spectrum, and
2. the differential radiance model with external closure (DRME), relying on the solution of
the nonlinear equation

N
Rr&nes(/\k) =1In Isim(/\k/ X) + Z b]Sj(/\k)
=1

—P()\k,C), kZl,...,N)\, (23)
for the state vector x = [X, b, ¢|T.

In Equations (21)-(23), the polynomials Pmes(A, ¢mes), Psim (A, €sim (X)), and P(A, ¢) are intended
to account for the low-order frequency structure due to scattering mechanisms, e.g., by clouds
and aerosols. The coefficients ¢mes = [Cmesl, - - - » CmesN] aNd Csim (X) = [csim1(X), - - -, csimn (X)] of
the smoothing polynomials Pmes(A, ¢mes) and Psim (A, ¢sim (X)) with degree N — 1, respectively, are
the solutions of the least-squares problems

Ny
. 2
Cmes = argmin Z [In I80s (Ak) — Prmes (At o] (24)
k=1
and

N, ,

Csim (X) = arg min Y [In Iim (A, X) = Peim (Ag, ©)]7, (25)
k=1

respectively. These coefficients are uniquely determined by In I, (A) and In I (A, X), and thus
they are not included in the state vector x. In contrast, the coefficients ¢ = [cy, ..., cn] of the smoothing
polynomial P(A, ¢) with degree N — 1 in Equation (23) are included in the state vector x.

Comparing the inversion models relying on Equations (20) and (23), we note the following differences:

1. in DRMI, we fit the differential measured and simulated spectra, while in DRME we fit
the differential measured spectrum with a simulated spectrum from which we extract its
smooth component;

2. in DRMI, the dimension of the state vector x is smaller, and possible correlations between
the components of the state vector can be avoided; however, the computational complexity is
higher because the partial derivative of csim (X) with respect to X needs to be computed.



Atmosphere 2019, 10, 607 7 of 21

The regularization matrix is chosen as a diagonal matrix. Specifically, the penalty term
a||L(x — xa)||? is taken as

g w wb.
a| L o (Xg = Xag)? + ) 5 (b — b))’ (26)
g=1 a8 j=1 "2
for DRMI and
Ng Ns N w
w1 o (Xg = Xag)? + 1 5 (b — b)) + Y —2(ep —cap)?] 27)
g=17ag j=1 Yaj p=1 Cap

for DRME. Here, the scalars {w, }?i 1/ {wbj}]l.\]:sl, and {wcp}yzl give the weight of each component
of the state vector into the regularization matrix. Note that if a weighting factor is very large,
the component is close to the a priori, while for a very small weighting factor, the component is
practically unconstrained.

In the above inversion models, the wavelength shift AA is not included in the retrieval.
To take the wavelength shift into account, we replace R} (Ar) in the left-hand sides of
Equations (20) and (23) by RS .(Ax + AA) and consider AA as a component of the state vector x.
Therefore, Equations (20) and (23) are nonlinear with respect to the total column X and the wavelength
shift AA but linear with respect to the amplitudes b of the correction spectra and the coefficients ¢ of
the smoothing polynomial (in the case of DRME).

4. Tropospheric NO; Column Retrieval

The UV-visible NO, columns measured by satellite instruments consist of stratospheric and
tropospheric contributions, which show comparable magnitudes and contribute to the signal with
different weights, particularly for polluted scenarios. As the nadir-viewing measurements do not
contain information on the vertical distribution, the a priori vertical NO; profiles are typically obtained
from chemistry transfer models. The models are usually characterized by considerable differences [37],
and currently, there is no consensus in the models on what the vertical profile of NO; over a given area
is. Therefore a direct retrieval of tropospheric NO, columns is practically impossible, and a careful
estimation and removal of stratospheric contribution is essential for the determination of tropospheric
NO; columns.

The retrieval of the tropospheric column of gas g (specifically, NO,) is performed under
the assumption that we have some a priori knowledge about the stratospheric column. More precisely,
we assume that Xz can be approximated by

Xsg ~ X&) (28)
where X:E is delivered by the reference sector method [38—40] or from data assimilation [41,42],
a procedure we refer to as stratosphere-troposphere separation [43].
For tropospheric column retrieval, we propose a nonlinear and a linear model.

4.1. Nonlinear Model

In principle, considering the approximation

I= I(X) = I(th, ng, X,g) ~ I(th, :g,xfg), (29)

where X_g¢ is the set of all total columns excepting Xg, i.e.,, X = {Xg} U X_g, the tropospheric column
can be retrieved by solving the nonlinear Equations (20) and (23) with

Isim(/\k/ X) - Isim()‘kr thr X;g' X—?) (30)
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for the state vector x = [th, X_g, b]T and x = [Xi, X_g,b, c]T, respectively. However, our numerical
experiments showed that the accuracy in retrieving Xiz is higher if we fix the columns X_z and
the amplitudes b of the correction spectra to the values computed by a total column retrieval;
following [44], we refer to this inversion step as pre-processing step. In this regard, we compute
Xig by solving

1.  the nonlinear equation of DRMI
Ns
Rines(Ak) = Roim (A Xig, X, Xg) + Y bSi(Me), k=1,..., Ny, (31)
j=1

for the state vector x = [Xg], and
2. the nonlinear equation of DRME

N
Rives(Ai) = In Toim (Ak, Xeg, X, Xg) + Y b;S; (M)
=

—P(Ayc), k=1,...,N), (32)

for the state vector x = [Xg, c].
In summary, this approach involves the following steps.

Step 1.  Solve the nonlinear Equation (20) of DRMI for x = [X, b]7 or the nonlinear Equation (23) of
DRME for x = [X, b, ¢]T.

Step2. With X5 delivered by a stratosphere—troposphere separation method and X_g and b
determined at Step 1, solve the nonlinear Equation (31) of DRMI for x = [X] or the
nonlinear Equation (32) of DRME for x = [Xg, .

4.2. Linear Model

Recalling that X = {Xg} UX_§ = { X, Xsg} U X_g, we consider the following linearizations
around the a priori:

In Igim (A, X) = In Isim (A, Xa) + (Xg — Xag) We(A, Xa)

Ng
+ ) (Xg— Xag) We(Ar, Xa) (33)
§=1.8#8
and
In Isim(/\k/ X) ~ In Isim()\k/ Xa) + (th - Xatg)wtg()\k, Xa)
+ (ng - Xasg) ng(/\k/ Xa)
Ng
+ ) (Xg— Xag)Wg(Ay, Xa) (34)
§=1.878
to obtain
(Xg — Xag)We(Ar, Xa) = (Xig — Xatg) Wig (A, Xa)
+ (Xsg — Xasg) Wsg (Ar, Xa) (35)
with
Nlay

xag,j ah’l Isim

W (A, X) = )~ O30 sim
g ks /Na i
j=1 Xag axg,]

(A Xa), (36)
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Nem 1 xoe i dn I
Weg(A Xa) = ) S50 = =" (A, Xa), (37)
j=1 “ag 8
and
Ny xooidln Iy
Wig(A Xa) = Y ;g'JTSf“‘(Ak,xa). (38)
j=N; “-ag 8

For scaled profiles, it can be shown that similar to Equation (35), we have
XgWg(Ak, Xa) = XigWig(Ak, Xa) + XsgWsg(Ak, Xa)- (39)

Now, if Xz is known from the total column retrieval and Xz = Xs*g, we may compute Xiz from
Equation (39) at a reference wavelength Ag = Ay, for some ko € {1,...,N,}, ie,

X§W§(AOI Xa) - ngwsg(/\OI Xa)

X = , 40
® Wig (Ao, Xa) 0
or as the solution of a least-squares problem in the spectral domain, i.e.,
N)\ 2
th = arg I'I}(in Z [thtg(/\k/ Xa) + X%ng()\k, Xa) - XgWg(Ak/ Xa)i| . (41)
t k=1

This approach involves the following computational steps.

Step 1.  Solve the nonlinear Equation (20) of DRMI for x = [X, b]7 or the nonlinear Equation (23) of
DRME for x = [X, b, c]T.

Step 2. With X;fg delivered by a stratosphere-troposphere separation method and Xz determined
at Step 1, compute Xiz by means of Equation (40) or as the solution of the least-squares
problem (41).

Comparing the two inversion models, the following conclusions can be drawn.

1. In both models, we compute in the pre-processing step the total columns of all gases X and
the amplitudes b of the correction spectra by means of DRMI or DRME.

2. In the nonlinear model, we compute the tropospheric column Xz of gas g by using X_z and b
determined in the pre-processing step and by solving a nonlinear equation corresponding to DRMI
or DRME. The accuracy in computing X is affected by the accuracy in computing X_g and b.

3. Inthe linear model, we compute the tropospheric column Xiz of gas g by using Xz determined
in the pre-processing step and by solving a linear equation. The accuracy in computing Xz is
affected by the accuracy in computing Xz and the linearity assumptions (33) and (34).

5. DOAS Model

In this section, we describe the standard DOAS inversion model [19] for total and tropospheric
NO; column retrievals.

5.1. Total NO, Column Retrieval
In the DOAS model, the equation

5 Ng Ns
In Ies(Ak) = — ) SgCabsg(Ax) + ) b;Si(Ak)
=

g=1 j
—l—PD(/\k,CD), kzl,...,N)\, (42)
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is solved for the state vector x = [S,b, cp]’, where S = [Sy,...,S Ng}, S is the slant column of gas g,
and Cabsg(/\k) is the differential absorption cross section of gas g at wavelength A. The total column
Xy is then computed from the slant column S by means of the relation

Se = A(Xag) Xy, (43)

where A(Xjg) is the air-mass factor of gas g. Note that the slant column and the air-mass factor
are assumed to be wavelength-independent and that the air-mass factor is defined with respect to
the a priori. Also note that in the DOAS model, the measured spectrum is fitted by the sum of
a differential component (the first two terms on the right-hand side of Equation (42)) and a smooth
component (the last term in Equation (42)).

In the framework of the DOAS model, the main problem that has to be solved is the computation
of the air-mass factor. Inserting Equation (43) in Equation (42) and comparing the resulting equation
with Equation (19), we deduce that In Isjm, (A, X) is of the form

Ng
In Isim(Ak/ X) = - Z A(Xag)cabsg(/\k)xg + PD(AkrED)r k= 1,..., N/\/ (44)
g=1

where the polynomial Pp(Ay, €p), extracting the smooth component of In Iy, (Ax, X), is close but not
identical with the smoothing polynomial Pp (A4, ¢p), matching the smooth component of In I9, .. (Ax)
in Equation (42). The above equation gives recipes for computing the air-mass factor. Two frequently
used methods are described below.

1. Setting X = X; in Equation (44) gives
Ng N
In Isim (/\k/xa) == Z A(Xag)cabsg ()‘k)Xag + PD(Ak/ED)‘ (45)
g=1

From Equations (44) and (45), we obtain

Ng
In Igim (A, X) = In Igim (Ag, Xa 2 A Xag Cabsg(Ak)( Xag)' (46)
g=1
Consequently, by means of the linearization
In Isim(/\k/ ) In 151m A Xa + 2 ag Wg (Ak/ ) (47)
and Equation (46), we find
A(Xag) = — = W (Ap Xa) (48)
8 Cabsg(/\k) sVl

foranyk=1,...,N,.
2. Let Iim (Ak, Xa) be the radiance for a complete atmosphere with Ng gases and Lsim (Ak, Xa_g) for
an atmosphere without the gas g. In view of Equation (45), we can write

Ng
In Isim(/\k/ Xa—g) == Z A(Xag)cabsg(Ak)Xag +Pp (/\krED)r (49)
§=18#8
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provided that the smoothing polynomial remains the same. As a result, from Equations (45) and (49),
we get

1 Isim (Ax, Xa)
A(Xye) = — In| —% 50
( ag) Cabsg(Ak)Xag {Isim()\era—g)} 0

foranyk=1,...,N,.
Several comments are in order.

1. Equation (48) is computed with the scaling approximation for the NO; vertical profile.
This assumption is not employed in the second method, but it is apparent that Equation (50) can
be interpreted as a finite-difference approximation of Equation (48).

2. Because the right-hand sides of Equations (48) and (50) are wavelength-dependent, we can
compute the air-mass factor at a reference wavelength A or by averaging in the spectral domain.
For example, the computational formulas corresponding to Equation (48) read as

1

A(Xag) - 7Cabsg()\0)

We (Ao, Xa) (51)

and
IR R S
Ny k=1 Cabsg (/\k)

3. Itis not hard to see that the DOAS model with the A(X,g) as in Equation (48) is in some sense
equivalent with the first iteration step of DRME. Indeed, in this case, we consider a linearization
of In I (Ag, X) around the a priori X, as in Equation (47). Hence, from Equations (21) and (23),
we get

A(Xag) = Wq (At Xa)- (52)

Ng
In 18,06 (Ax) = In I (Ag, Xa) + Z (Xg — Xag) Wg(Ar, Xa)
g=1

Ns
+ Z b]S] ()\k) ~+ Pres ()\k, Cmes) — P()\k/ C) (53)
j=1

(45) Ne
= - 2 A(Xag)cabsg ()‘k)Xag
§=1

Ng
+ 2 (Xg — Xag)We (Ar, Xa)
g=1

Ns -
+ Y b;S;(Ak) + Pmes(Ax, €mes) — P(Ak, €) + Pp(Ak, €p)
j=1
N,
48) 8
(: - Z A(Xag)cabsg()‘k)xg
g=1

N, _

+ Z b]S]()\k) + Pres (Mg, €mes) — P(Ag, €) + Pp(Ag, €p)

j=1

@) & N

= — ) S¢Cabsg(A) + Y b;Sj(Ak) + Po(Ak, cp), (54)
g=1 =1

where
Pp(Ak, ep) = Po(Ak, €D) + Pmes (A, €mes) — P(Ag, ©).
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Thus, the solution of the linearized Equation (53) for x = [X, b, ¢] Tis equivalent with the solution
of the DOAS Equation (54) for x = [S, b, ¢p] T, Note that because Ppes(Ax, Cmes ) is close to P(Ag, ¢),
Pp(Ag, ep) is also close to Pp(Ay, €p).

5.2. Tropospheric NOy Column Retrieval

Coming to the tropospheric column retrieval, we use Equation (48) to express Equation (39)
in terms of air-mass factors as

Xz A(Xag) = Xig At(Xag) + Xeg As(Xag) (55)

with 1
Ar(Xag) = —mwtg()\era) (56)

and 1
As(Xag) = —mwsg()\kz Xa) (57)

forany k =1,..., N,. If Sz is the solution of Equation (42), then from Equations (43) and (55), we obtain
Sz = Xig At(Xag) + Xz As(Xag), (58)

and for Xsz = Xs*g, we end up with

o S5 X As(Xag) 59
Ay

If At(Xag) and Ag (Xag) are computed from Equations (56) and (57) at a reference wavelength Ay,
then Equation (59) is the counterpart of Equation (40).

In conclusion, the standard DOAS inversion model for total and tropospheric column retrieval
is entirely based on the linearity assumption of the forward model with respect to the total and
tropospheric columns. More precisely, the model is equivalent to

1. the first iteration step of DRME for computing the total column (see Section 3) and
2. the linear model for computing the tropospheric column (see Section 4).

6. Numerical Analysis

In this section, we analyze the numerical accuracy of the proposed inversion models.
The radiances and the Jacobian matrices are computed by a radiative transfer model based
on the discrete ordinate method with matrix exponential [45,46]. The spectral range is between
425 and 497 nm, the number of spectral points is N, = 345, and the average spectral resolution is
AAg = 0.2 nm. The calculations are performed for a mid-latitude summer atmosphere [47] with a solar
zenith angle of 30°, a relative azimuth angle of 180°, and a Lambertian surface with albedo of 0.05.
The atmosphere between 0 and 50 km is discretized with a step of 0.5 km between 0 and 2 km, 1 km
between 2 and 20 km, 5 km between 20 and 30 km, and 10 km between 30 and 50 km. The troposphere
extends to an altitude of 15 km.

The simulations include the absorption of NO;, ozone (O3), oxygen dimer (O4), and water vapor,
the Ring correction spectrum S1(A;) = Sr(Ax), the offset correction spectrum Sy(Ax) = So(Ag),
and the wavelength shift AA. The scattering by clouds and aerosols is not taken into account. Vertical
NO; volume mixing ratio profiles for a clean scenario, which typically shows a larger concentration
at higher altitudes, and a polluted scenario, which typically shows a larger concentration near
the surface, are illustrated in Figure 1. These profiles are taken as a priori partial column profiles and
used to generate the true (exact) partial column profiles.
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Figure 1. Vertical NO, volume mixing ratio (VMR) profiles for the clean and polluted scenarios.
Note that both profiles have the same stratospheric NO, column.

Denoting the a priori partial columns of gas ¢ by x50, j = 1,..., Niay and choosing cubic

smoothing polynomials (N = 4) and the amplitudes of the correction spectra as by = b,g = 5 x 102
and by = b,0 = 1072, we generate synthetic measurement spectra as follows:

1.

we choose x;; j = Sg¥Xag,j withj=1,..., N,y and sg = 1.5 (if not stated otherwise) and compute
N N;

+ _ lay + __ + _ vN—1 ot + o lay _+ .
Xg =Y =1 Xg,j = sgXag, XsNOZ = Zj:‘1 XNO, j and XtN02 = Zj:Nt XNO, 7 thus, the exact total
NO; column to be retrieved is Xltloz = 1.5XaNn0,;
for Xt = [X;{TOZ, X&S, X&, X{IZO], we compute Igm (A, XT) by the radiative transfer model;
we determine the coefficients cgip, (X*) of the smoothing polynomial Py, (A, csim (X)) by solving
the least-squares problem (25);
we compute I%_ (A, X') = Iim(Ar, X') + 6, where & are independent Gaussian random
variables with zero mean and standard deviation

o Isim (Ak/ X+)
Ok = — o
SNR
and SNR is the signal-to-noise ratio;
we choose bf = bt = 2b,g, b} = bl = 2b,0, and AAT = 0.2AA;
for DRMI, we compute the kth component of the noisy data vector as

o NS
Rr§11es (/\k) - [11’1 Isim(/\k + A/\1./ X+) - Psim(/\kr Csim(x+))] + Z b}rs] (Ak);
j=1
for DRME, we choose ¢ = 0.5 ¢sjm (XT) and compute the kth component of the noisy data vector as

RtS

mes

Ns
(M) = In B (A + AAT,XT) + Y bIS;(Ar) — P(Ag, ).
j=1

Note that in view of the approximation

In % (Ar, XH)

Sim
Ok

~In Iy (A, X)) + ——F—
i (A X7+ Lsim (A, XT)
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the error in In I%_ (A, X") is 01k = 6k / Lsim (Ar, XT), implying oj,x = 1/SNR for all k. Thus, the error
vector J}, is white noise with covariance matrix ‘len Im, where I;, is the identity matrix.

Some parameters characterizing the regularization algorithms are chosen as follows.

1. Asusual, the initial guess is taken to be equal to the a priori, i.e., Xp = Xa.

2. If not stated otherwise, the regularization parameter of the method of Tikhonov regularization is
chosen as & = 02, while for the iteratively regularized Gauss-Newton method, the initial value
of the regularization parameter is #yp = 0y, and the regularization strength is gradually decreased
during the iterative process with a constant ratio 4 = 0.2. Because the iteratively regularized
Gauss—-Newton method is less sensitive to the overestimation of the regularization parameter,
the choice of &g > a should guarantee that the method is able to capture the optimal value of
the regularization parameter, i.e., aj+ ~ &opt.

3. The weighting factors of the state vector in (26) and (27) are given by standard deviations for

{wg}?i , and empirical values for {wbj}]N:Sl and {wcp}yzl.

4.  The control parameter in the discrepancy principle Equation (15) is 7 = 1.2.

Figure 2 shows the radiances InIn,(A,Xa) and the differential radiances InIsm (A, Xa) —
Pgim (Ak, €sim (Xa)) for the clean and polluted NO, profiles. For optically thin absorbers in the visible
wavelength range, such as the clean NO; profile, the absorption effect on the overall radiances is small.
In contrast, for the polluted NO, profile, the absorption is largely enhanced; the radiances decrease
by more than 15% and show a spectral structure linked to the NO; absorption bands. Due to the lack
of a differential structure, we expect that the inversion models based on the analysis of differential
spectra will have difficulties in handling the clean scenario, and in particular when the signal-to-noise
ratio is small.

0.038 T T 0.1 T T
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—Polluted | | —Polluted

0.05

0.036

0.034 -

0.032 -

Radiance
o
o ©
N o
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0.024 o1l

0.022 -

0.02 . . . . . . . 0.15 . . . . . . .
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Figure 2. (a) Radiances and (b) differential radiances for the clean and polluted scenarios.

6.1. Total NO, Column Retrieval

In Figure 3, we illustrate the relative errors in the total NO; column versus the signal-to-noise ratio
for the clean scenario. The results correspond to DRMI and DRME and the two regularization methods
(Tikhonov regularization and the iteratively regularized Gauss—Newton method). The following
conclusions can be drawn.

1.  The relative errors decrease with the increasing signal-to-noise ratio.

2. In general, for small values of the signal-to-noise ratio (SNR < 10%), the relative errors obtained by
the iteratively regularized Gauss-Newton method are smaller than those delivered by the method
of Tikhonov regularization. Note that for the clean scenario with SNR < 10% (where the NO,
signal is very low and the noise level is relatively high), the retrieval error is dominated by
the noise error rather than the smoothing error.
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For small values of the signal-to-noise ratio (SNR < 10%), DRMI equipped with the method
of Tikhonov regularization delivers more reliable results than DRME; when the iteratively
regularized Gauss—-Newton method is used as regularization method, the reverse situation occurs.
For large values of the signal-to-noise ratio (SNR > 10°), the relative errors are within +0.5% for
all inversion models and regularization methods.

-e-DRMI TR
5 -s-DRME TR
DRMI IRGN
— -e-DRME IRGN
2
=
23
fim}
[
2z 2
kS
[0]
o 1
A
0 \‘><‘.//-
1 I .
10e2 10e3 10e4 10e5

SNR

Figure 3. Relative errors in the total NO; column as a function of signal-to-noise ratio (SNR). The results
correspond to the clean scenario and are computed by means of the differential radiance model
with internal closure (DRMI) and differential radiance model with external closure (DRME) models
using the method of Tikhonov regularization (TR) and the iteratively regularized Gauss—-Newton
(IRGN) method.

Figure 4 shows the variation of the square residuals, corresponding to DRMI and DRME

in combination with the iteratively regularized Gauss—Newton method, versus the iteration
step for the clean scenario. In Figure 4b, the variation of the regularization parameter «y
in the case of SNR = 10° is also shown. The results demonstrate the basic features of the iterative
regularization method.

1.

The residuals attain a plateau, which is used for estimating the noise level. This plateau is more
pronounced for small values of the signal-to-noise ratio and decreases when the signal-to-noise
ratio increases.

At the initial guess, the residual corresponding to the DRMI model is much smaller than that
corresponding to the DRME. The reason is that the discrepancies between the differential spectra
are usually small. However, at the end of the iterative processes, the residuals are comparable.
In DRM]I, the residual decreases very fast at the first iteration step, while in DRME, there is
a period of stagnation after which the residual decreases very rapidly.

For small values of the signal-to-noise ratio (SNR < 10%), the iterative process in DRMI terminates
after 3—4 iterations, while 10 iteration steps are required in DRME. However, the final residual
in DRMI is slightly larger than in DRME; this result explains the larger relative errors provided
by DRML

In DRME and for SNR = 103, the initial value of the regularization parameter is &g = 10~3, while
the final value, which is an estimate of the optimal value, is approximately equal to 107°. Thus,
the amount of regularization is small, and the solution coincides practically with the ordinary
least-squares solution.
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Figure 4. Square residuals computed by means of the (a) DRMI and (b) DRME models as a function of
iteration number. The iteratively regularized Gauss—-Newton (IRGN) method is applied, and the results
correspond to the clean scenario. The iteration steps with the estimated optimal regularization
parameter are marked (circles). For DRME and SNR = 103, the history of the regularization parameter
is also shown (green line).

In Figure 5, we plot the absolute errors in the total NO, column for the polluted scenario.
The results correspond to DRME and the signal-to-noise ratio SNR = 10°. In this case,
the regularization parameter of Tikhonov regularization corresponds to the optimal value predicted
by the iteratively regularized Gauss—-Newton method. The following observations can be noticed.

DRME

e
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Figure 5. Absolute errors in the total NO, column for different values of the true total column.
The results correspond to the polluted scenario and are computed by means of DRME using the method
of Tikhonov regularization (TR) and the iteratively regularized Gauss-Newton (IRGN) method.
The signal-to-noise ratio is SNR = 103, and the vertical line shows the initial value of the total column.

1.  The errors, obtained after one iteration step by the method of Tikhonov regularization, are large,
and in particular when (i) the discrepancies between the values of the true and initial (a priori)
total columns are significant, and (ii) the true values are lower than the initial values. However,
the errors decrease significantly at the second iteration step, when they become comparable
with the errors obtained by the iteratively regularized Gauss-Newton method. Recalling that
the standard DOAS model is equivalent with the first iteration step of the DRME model
(see Section 5), we conclude that the DOAS model can be used when the problem is not
too nonlinear.
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2. An error up to 4% is found for large values of the true total column, likely due to the stronger
interference between the NO, and Ring effect signatures [48] for polluted cases with deeper
spectral structures (see Figure 2).

6.2. Tropospheric NO, Column Retrieval

Figure 6 shows the relative errors in the tropospheric NO; column versus the signal-to-noise
ratio for the clean scenario. The results are computed with (i) the nonlinear model, in which
X_g = [Xo,, X0,, X1,0] and b are determined in the pre-processing step by using DRMI and DRME,
and (ii) the linear model, in which Xy, is again determined in the pre-processing step by means of
DRMI and DRME. The regularization methods used in DRMI and DRME are the method of Tikhonov
regularization and the iteratively regularized Gauss—Newton method. The following conclusions can
be drawn.

1. The relative errors of the linear model are smaller than those of the nonlinear model. This means
that in the pre-processing step, the columns X_z of the auxiliary gases and the amplitudes b of
the correction spectra are not accurately retrieved, while the total NO, column Xy, is.

2. For the linear model, the relative errors corresponding to the total column Xyo, delivered by
the iteratively regularized Gauss-Newton method are smaller than those delivered by the method
of Tikhonov regularization. This result is not surprising because the first method yields more
accurate total NO, column retrievals than the second one (see Figure 3).

3. The linear model using DRME in the pre-processing step in conjunction with the iteratively
regularized Gauss-Newton method has the best retrieval performance; the relative errors are less
than 5% for SNR = 102 and less than 2% for SNR > 10°.

The plots in Figure 7 illustrate the absolute errors in the tropospheric NO, column for the polluted
scenario. In the pre-processing step, only DRME is used to determine X_¢ = [Xo,, Xo,, Xn,0] and
b for the nonlinear model and Xy, for the linear model. The signal-to-noise ratio is SNR = 103.
The results lead to the following conclusions.

TR IRGN
50 T T 50 T T
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=#-Nonlinear Model_DRME -&-Nonlinear Model_DRME
40 -4 Linear Model_DRMI 1 40 Linear Model_DRMI 7
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(@) (b)
Figure 6. Relative errors in the tropospheric NO, column as a function of SNR. The results are computed
by means of linear and nonlinear models using in the pre-processing step the DRMI and DRME models
in conjunction with (a) the method of Tikhonov regularization (TR) and (b) the iteratively regularized
Gauss—Newton (IRGN) method.
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Figure 7. Absolute errors in the tropospheric NO, column for different values of the true tropospheric
columns. The results correspond to the polluted scenario and are computed by means of linear and
nonlinear models and using in the pre-processing step the DRME model in conjunction with Tikhonov
regularization (TR) and the iteratively regularized Gauss—Newton (IRGN) method. The signal-to-noise
ratio is SNR = 103, and the vertical line shows the initial value of the tropospheric column.

1. In contrast to the clean scenario, the errors of the nonlinear model are smaller than those of
the linear model. This means that the problem is nonlinear and that the linearizations (33) and (34)
around the a priori do not describe the forward model accurately. Remember that the same
conclusion has been drawn for the total NO; column retrieval (see Figure 5).

2. The corresponding errors of the nonlinear model are less than 0.3%, regardless of the regularization
method used in the pre-processing step.

7. Conclusions

NO; columns retrieved from satellite remote sensing measurements have been successfully
applied in many studies. The NO, abundance is retrieved from the absorption structures of NO, by
analyzing the backscattered radiation in the visible spectral region. In this study, we have presented
several inversion models for retrieving the total and tropospheric NO, columns, which can be
applied on spaceborne remote sensing data from current and upcoming hyperspectral instruments to
characterize the spatial and temporal variation of NO, concentrations.

For total column retrieval, we proposed the differential radiance models with internal and
external closure, DRMI and DRME, respectively. The underlying nonlinear equations, involving,
in addition to the total NO, column, the total columns of the auxiliary gases, the amplitudes of
the correction spectra, the coefficients of the smoothing polynomial, and the wavelength shift, are
solved by means of regularization, that is, by using the method of Tikhonov regularization and
the iteratively regularized Gauss-Newton method. Our numerical analysis showed that (i) for
small values of the signal-to-noise ratio, DRMI along with the method of Tikhonov regularization
yields more accurate results than DRME and that the reverse situation occurs when the iteratively
regularized Gauss—Newton method is used as a regularization method, (ii) the iteratively regularized
Gauss—Newton method is superior to the method of Tikhonov regularization because it is less sensitive
to overestimations of the regularization parameter and can handle problems that actually do not
require regularization, and finally, (iii) the best inversion model is DRME equipped with the iteratively
regularized Gauss-Newton method.

The tropospheric column is retrieved in the framework of a nonlinear and a linear model by using
(i) the results of the total column retrieval and (ii) the value of the stratospheric NO, column delivered
by a stratosphere—troposphere separation method. Specifically, in the nonlinear model, the nonlinear
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equations corresponding to DRMI or DRME are solved, while in the linear model, a linear equation
that is the result of two linearity assumptions around the a priori is solved. Our numerical analysis
revealed that for the clean scenario, when the problem is nearly linear, the linear model is superior to
the nonlinear model, while for the polluted scenario, when the linearity assumption does not hold,
the nonlinear model is better.

In our analysis, we also discussed the standard DOAS inversion model for total and tropospheric
column retrieval and showed that this model is equivalent with the first iteration step of DRME for
computing the total column and the linear model for computing the tropospheric column.
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Abstract. The STRatospheric Estimation Algorithm from
Mainz (STREAM) determines stratospheric columns of
NO; which are needed for the retrieval of tropospheric
columns from satellite observations. It is based on the to-
tal column measurements over clean, remote regions as well
as over clouded scenes where the tropospheric column is
effectively shielded. The contribution of individual satellite
measurements to the stratospheric estimate is controlled by
various weighting factors. STREAM is a flexible and robust
algorithm and does not require input from chemical trans-
port models. It was developed as a verification algorithm
for the upcoming satellite instrument TROPOMI, as a com-
plement to the operational stratospheric correction based on
data assimilation. STREAM was successfully applied to the
UV/vis satellite instruments GOME 1/2, SCIAMACHY, and
OML. It overcomes some of the artifacts of previous algo-
rithms, as it is capable of reproducing gradients of strato-
spheric NO», e.g., related to the polar vortex, and reduces in-
terpolation errors over continents. Based on synthetic input
data, the uncertainty of STREAM was quantified as about
0.1-0.2 x 103 molecules cm~2, in accordance with the typi-
cal deviations between stratospheric estimates from different
algorithms compared in this study.

1 Introduction

Beginning with the launch of the Global Ozone Monitoring
Experiment (GOME) on the ERS-2 satellite in 1995 (Bur-
rows et al., 1999), several instruments (SCIAMACHY, OMI,
GOME-2; see Table 1 for acronyms and references) per-
form spectrally resolved measurements of sunlight reflected
by the Earth’s surface and atmosphere. With differential ab-
sorption spectroscopy (DOAS) (Platt and Stutz, 2008), the
column densities (denoted as “columns” henceforth) of nu-
merous important atmospheric absorbers can be determined
by their characteristic spectral “fingerprints”, amongst others
nitrogen dioxide (NO»).

Nitrogen oxides (NO, =NO; +NO) play a key role in
the chemistry of both the stratosphere and the troposphere.
Stratospheric NO, has been a research topic for several
decades due in particular to its role in ozone and halogen
chemistry.

Satellite measurements provide long-term global informa-
tion on spatiotemporal patterns of stratospheric NO, (e.g.,
Wenig et al., 2004; Dirksen et al., 2011). During the last
decades, the analysis of tropospheric trace gases from nadir-
viewing satellite instruments moved more and more into fo-
cus, supported by the availability of longer time series and
improved spatial resolution. Tropospheric NO; columns de-
rived from satellite are nowadays widely used by the sci-
entific community to deduce spatial patterns, source type
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Table 1. UV/vis satellite instruments compared or discussed in this study

Acronym Instrument Launch  Footprint  Earth Instrument reference Data product  Data reference
(km?) coverage used in this
per day study
GOME Global Ozone Monitor- 1995 40x320 1/3 Burrows et al. (1999) TEMIS Boersma and Eskes (2004)
ing Experiment
SCIAMACHY  SCanning Imaging Ab- 2002 30 x 60 1/6 Bovensmann et al. (1999) MPI-C Beirle and Wagner (2012)
sorption spectroMeter Mainz
for Atmospheric
CHartographY
GOME-2 Global Ozone Monitor- 20062 40 x 80P 2/3 Callies et al. (2000) O3M SAF Valks et al. (2015)
ing Experiment-2
OMI Ozone Monitoring 2004 13 x 26 1d Levelt et al. (2006) NASAv003/ Bucselaetal. (2013)
Instrument Sp2
DOMINO v2  Boersma et al. (2011)
TROPOMI TROPOspheric Moni- 2016 7 x7° 1 Veefkind et al. (2012)
toring Instrument
Sentinel 4 2021 Tx7 ¢ Ingmann et al. (2012)

4 On Metop-A. A second GOME-2 instrument was launched 2012 on Metop-B, and a third is planned to be launched on Metop-C in 2018.
b Switched to 40 x 40 km? for GOME-2/Metop-A in Metop-A and Metop-B tandem operation.

¢ At nadir.

d Reduced coverage after row anomaly in 2007; see http://projects.knmi.nl/omi/research/product/rowanomaly-background.php.

¢ Geostationary orbit: hourly coverage over Europe.

and strength, and trends of NO, emissions from fossil fuel
combustion, biomass burning, soil emissions, and lightning.
Overviews over the wide range of scientific applications
of satellite-based tropospheric NO, products are given in,
e.g., Martin (2008) or Monks and Beirle (2011).

The retrieval of tropospheric NO, columns from total
column measurements requires the estimation and removal
of the stratospheric column, a procedure we refer to as
“stratosphere—troposphere separation” (STS) as in Bucsela
et al. (2006).

One of the first STS algorithms is the reference sec-
tor method (RSM), which estimates the global stratospheric
NO, fields from measurements over the remote Pacific
(Richter and Burrows, 2002; Martin et al., 2002; Beirle et al.,
2003), based on the assumptions of (a) longitudinal homo-
geneity of stratospheric NO, and (b) negligible tropospheric
contribution over the reference region in the Pacific. This
procedure is quite simple, transparent, and robust. A further
side effect is that any systematic bias in the NO; columns,
which might be introduced by the instrument (e.g., degra-
dation or spectral interference caused by the diffusor plate
used for measurements of the solar reference; Richter and
Burrows, 2002) or sub-optimal spectral analysis (van Geffen
et al., 2015; Marchenko et al., 2015), is classified as strato-
spheric signal and thereby removed from the tropospheric
column.

The RSM was applied by different groups to different
satellite instruments and generally performs well. However,
the resulting tropospheric NO; columns are affected by sys-
tematic biases caused by the following simplifying assump-
tions.
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a. The tropospheric background column in the Pacific
is very low (compared to columns over regions ex-
posed to significant NO, sources) but not 0. Ne-
glecting the tropospheric background results in tropo-
spheric columns that are biased low by about some
10'* molec cm~2 (Martin et al., 2002; Valks et al., 2011;
Hilboll et al., 2013). Some algorithms explicitly correct
for this tropospheric background: Martin et al. (2002)
perform a correction based on GEOS-CHEM, while
Valks et al. (2011) assume a constant background of
0.1 x 10" molec cm~2. Other algorithms prefer to stick
to the tropospheric “excess” columns, which are slightly
biased low but do not need any model input (Richter and
Burrows, 2002; Bucsela et al., 2006).

b. The assumption of longitudinal homogeneity is gener-
ally reasonable, at least in temporal means when small-
scale stratospheric dynamic features cancel out. How-
ever, large longitudinal variations can occur in particular
close to the polar vortex, as already discussed by Richter
and Burrows (2002), Martin et al. (2002), and Boersma
et al. (2004). Thus, tropospheric columns derived by
RSM can be off by more than 10'> molec cm~2 in win-
ter at latitudes from 50° polewards, thereby affecting
scientific interpretations of tropospheric columns over
North America or northern Europe. Note that also at low
latitudes, systematic artifacts show up in tropospheric
columns resulting from RSM, in particular over the In-
dian ocean, which are related to longitudinal inhomo-
geneities.

To overcome the artifacts caused by the assumption of longi-
tudinal homogeneity, several modifications of the RSM have
been proposed in recent years, while the basic approach of
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using nadir measurements over clean regions for STS has
been retained. We refer to this group of algorithms as “mod-
ified RSM” (MRSM). MRSMs generally define a “pollu-
tion mask” of regions with potentially non-negligible tro-
pospheric columns. Measurements over these regions are
skipped within the stratospheric estimation. Thus, in order
to define stratospheric columns over the masked areas, in-
terpolation is required. For this purpose, Leue et al. (2001)
and Wenig et al. (2004) applied “normalized convolution”
(Knutsson and Westin, 1993), an efficient algorithm which
combines interpolation and smoothing. Bucsela et al. (2006)
realized interpolation by fitting harmonics (wave-2) over the
“clean” areas. Valks et al. (2011) applied a zonal boxcar filter
of 30° width.

All of these algorithms applied a rather conservative mask-
ing approach for potentially polluted pixels. Continents were
masked out almost completely. At northern midlatitudes, the
masked area is often even larger than the area used for the
stratospheric estimation, and over the Eurasian continent the
MRSM algorithms miss any supporting measurement points
over about 10000 km. This can lead to significant errors dur-
ing interpolation. In particular the wave fitting approach can
lead to large biases (Dirksen et al., 2011).

Leue et al. (2001) estimated the stratospheric fields based
on clouded measurements over the ocean and subsequent in-
terpolation. The focus on clouded observations provides a
direct stratospheric measurement, as the tropospheric col-
umn is mostly shielded; thus, no further correction of the tro-
pospheric background should be needed. However, clouded
pixels possibly contain NO, produced by lightning (e.g.,
Beirle et al., 2006). Therefore, Wenig et al. (2004) changed
the Heidelberg STS algorithm (Leue et al., 2001) by switch-
ing from clouded to cloud-free observations as input for the
stratospheric estimate!.

Recently, Bucsela et al. (2013) proposed an MRSM which
defines “unpolluted” pixels not with a fixed mask but ac-
cording to the a priori expected tropospheric contribution
to the total column for each individual satellite observation.
This is determined from radiative transfer calculations based
on a monthly mean NO; profile from a chemical transport
model (CTM) and the actual cloud conditions. This proce-
dure results in additional supporting points over continents
in cases of clouds shielding the tropospheric column and
thereby largely reduces potential interpolation artifacts.

Apart from (modified) reference sector methods, there
are two further completely different approaches used for
STS, which are based on (a) independent measurements or
(b) CTMs.

a. Coincident, but independent, stratospheric measure-
ments are available for SCCAMACHY (Bovensmann et
al., 1999). It was operated in alternating nadir/limb ge-
ometry, such that the stratospheric air masses sensed in

IThis aspect will be discussed in detail in Sect. 5.4.
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nadir were scanned in limb shortly before (“limb—nadir
matching”, LNM). This unique instrumental setup al-
lowed for a direct stratospheric correction, although sys-
tematic offsets between limb and nadir measurements
still had to be corrected empirically. STS by LNM was
successfully applied for NO, (Sioris et al., 2004; Sierk
et al., 2006; Beirle et al., 2010a; Hilboll et al., 2013) and
ozone (Ebojie et al., 2014). However, such direct coinci-
dent measurements of total columns (nadir) and strato-
spheric concentration profiles (limb) are not available
for other satellite instruments, and merging measure-
ments from different sensors always faces the problem
of spatiotemporal mismatching, requiring interpolation
and photochemical corrections (compare Belmonte Ri-
vas et al., 2014), and thus cannot be easily used for con-
sistent long-term operational retrievals.

b. Stratospheric NO; concentrations provided by CTMs
can be used directly for STS after empirical correc-
tion of systematic offsets between satellite and model
columns, e.g., by matching both over the Pacific
(Richter et al., 2005; Hilboll et al., 2013). A more so-
phisticated way to incorporate CTMs in STS is data
assimilation (Eskes et al., 2003; Dirksen et al., 2011),
in which modeled 3-D distributions of NO; are regu-
larly updated such that the modeled stratospheric col-
umn is in close agreement with the satellite measure-
ment when the tropospheric contribution (as forecasted
by the CTM) is low.

In 2016, the ESA’s Sentinel 5 precursor (S5p) satellite (In-
gmann et al., 2012) will be launched, carrying the TROPO-
spheric Monitoring Instrument (TROPOMI) (Veefkind et al.,
2012). The operational (“prototype”) tropospheric column
product of NO, from TROPOMI will be derived by a STS
using data assimilation (van Geffen et al., 2014), based on
the expertise of the Koninklijk Nederlands Meteorologisch
Instituut (KNMI) as demonstrated by a 20-year record of tro-
pospheric columns from different satellite sensors provided
by the Tropospheric Emission Monitoring Internet Service
(TEMIS, www.temis.nl; Boersma and Eskes, 2004; Boersma
etal., 2011).

Within the S5p level 2 project, for each prototype prod-
uct a “verification” product was developed in order to ver-
ify the prototype algorithms, detect possible shortcomings,
and reveal potential improvements. The TROPOMI verifi-
cation algorithm for NO, STS, the STRatospheric Estima-
tion Algorithm from Mainz (STREAM), was developed at
the Max Planck Institute for Chemistry (MPI-C), Mainz. It
is an MRSM, requiring no further model input, and can thus
be considered as a complementary approach to data assimi-
lation.

STREAM does not apply a strict discrimination of “clean”
vs. “polluted” satellite pixels. Instead, weighting factors are
defined for each satellite pixel determining its impact on the
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stratospheric estimate (similar to data assimilation). In par-
ticular, clouded observations are weighted high, as they pro-
vide direct measurements of the stratospheric field. This ap-
proach dampens the small but systematically high bias of
stratospheric columns estimated from total column measure-
ments and the resulting low bias of tropospheric columns.

The paper is organized in the following way. In Sect. 2,
the STREAM algorithm is described in detail. Section 3
provides information on the satellite and model data sets
used in this study. Section 4 analyses the performance of
STREAM and its sensitivity to input parameters based on
both actual satellite measurements and synthetic data. In
Sect. 5, the STREAM results are discussed in comparison
to other STS algorithms, including the TROPOMI prototype
algorithm. A general discussion on the challenges and un-
certainties of STREAM in particular, and STS in general, is
given, followed by conclusions (Sect. 6). Several additional
images and tables are provided in the Supplement and refer-
enced by a prefix “S”.

2 Methods

STREAM is in the tradition of MRSM algorithms that esti-
mate the stratospheric field directly from satellite measure-
ments for which the tropospheric contribution is considered
to be negligible. For this purpose, measurements over re-
mote regions with negligible tropospheric sources, as well as
cloudy measurements, are used. In contrast to other MRSMs,
however, no strict pollution mask is applied. Instead, weight-
ing factors are used.
STREAM consists basically of two steps:

1. A set of weighting factors is calculated for each satel-
lite pixel: a “pollution weight” that reduces the contribu-
tion of potentially polluted pixels, a “cloud weight” that
increases the contribution of cloudy observations, and
the “tropospheric residue (TR) weight” that adjusts the
total weight in case of exceptionally large or negative
TRs. The product of these weighting factors determines
to what extent the associated NO, total columns con-
tribute to the estimated stratospheric field (Sect. 2.2).

2. Global maps of stratospheric NO; are determined by ap-
plying weighted convolution (Sect. 2.3).

Before describing the details of the STREAM algorithm,
however, we first define the investigated quantities and ab-
breviations used hereafter, as summarized in Table 2.

2.1 Terminology
2.1.1 NO; column densities and units

With differential optical absorption spectroscopy (DOAS;
Platt and Stutz, 2008), so-called slant column densities
(SCDs) S, i.e., concentrations integrated along the mean light
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path, are derived. SCDs are converted into VCDs (vertical
column densities, i.e., vertically integrated concentrations) V
via the air-mass factor (AMF) A: V = §/A. The AMF A de-
pends on radiative transfer (determined by wavelength, atmo-
spheric absorbers, viewing geometry, surface albedo, clouds,
and aerosols) and the trace gas profile. For the stratospheric
column of NO,, A is basically determined by viewing geom-
etry.

In this study, all column densities are given in column den-
sity units (CDU) to increase readability:

1CDU : = 1 x 10" molecules cm™2. (D)
2.1.2 Total vertical column V*

We define V* as “total” vertical column, given by the SCD §
divided by the stratospheric AMF Agat:

V= S/Astrat' )

The application of the stratospheric AMF basically removes
the dependencies of S on viewing angles. Over clean re-
gions with negligible tropospheric columns, V* represents
the actual total VCD and can be used for the estimation of
stratospheric fields. In case of tropospheric pollution, how-
ever, V* underestimates the actual total VCD, as the AMF is
generally smaller in the troposphere than in the stratosphere
(see also next section). These situations are, to the best of our
knowledge, excluded from the stratospheric estimate by the
definition of appropriate weighting factors (see Sect. 2.2).

2.1.3 Stratospheric vertical column and tropospheric
residue

STREAM yields an estimate for the stratospheric VCD
Vistrat based on the assumption that V* can be considered as
proxy for Vi, in “clean” regions and over cloudy scenes.
In order to evaluate the performance of the stratospheric
estimation, we define the TR as the difference of total and
stratospheric VCDs (based on a stratospheric AMF):

T* == V* - Vstrat- (3)

Tropospheric VCDs (TVCDs), which are the final product
of NO» retrievals used for further tropospheric research, are
connected to T* via the ratio of stratospheric and tropo-
spheric AMF:

A strat

Virop = T* x “4)

trop

For cloud-free satellite pixels, the ratio Agtrat/ Awop typically
ranges from about 1 above clean oceans at low and midlat-
itudes to &~ 2-3 above moderately polluted regions and up
to >4 at high latitudes and over strong NO, sources, where
NO; profiles peak close to the ground, causing low Agqp.
Figure S1 in the Supplement displays monthly mean ratios
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Table 2. Terms and abbreviations related to STREAM used in this study.

Symbol  Abbrev. Term Description
A AMF Air-mass factor Factor relating vertical to slant column density
CDU Column density unit Unit of column densities: 1 x 101> molecules cm =2
G CK Convolution kernel Kernel used for weighted convolution; here 2-D Gaussian
Peld CP Cloud pressure
c CRF Cloud radiance fraction
LNM Limb-nadir matching Stratospheric correction based on coincident stratospheric measure-
ments in limb geometry (SCIAMACHY).
MRSM  Modified reference sector method An STS estimating stratospheric columns based on the total columns
over “clean” regions, but allowing for longitudinal variations
P Pollution proxy see Sect. S2.2
RSM Reference sector method An STS estimating stratospheric columns based on the total columns
over a reference sector (here 180 to 140° W), assuming longitudinal
homogeneity
S SCD Slant column density Concentration integrated along mean light path
STS Stratosphere—troposphere separation ~ The procedure of separating the total column into stratospheric and tro-
pospheric fractions
T* TR Tropospheric residue Difference of total and stratospheric column®, Eq. (3)
w Weighting factor
Virop TVCD Tropospheric vertical column density ~ See Eq. (4)
\%4 VCD Vertical column density Vertically integrated concentration
V* Total VCD*
Vistrat Stratospheric VCD
D lat Latitude
1% long Longitude

* based on stratospheric AMF

Agrat/ Awop for cloud-free scenes based on AMFs provided
in the NASA OMNO?2 product.

In this study, we focus on the tropospheric residue 7* in-
stead of Viyop for several reasons.

1. As only stratospheric AMFs are applied, biases in the
stratospheric estimation can directly be related (factor
—1) to the respective biases in T*.

2. The comparison of TRs among different algorithms in-
stead of TVCDs isolates the effect of the different STS
and excludes differences in tropospheric AMFs (which
are beyond the scope of this study).

3. T* can be determined and is of high interest for the eval-
uation of STS performance also for clouded scenes with
very low tropospheric AMFs.

2.1.4 Version

The description given in this paper and the definition of a
priori settings refer to STREAM version v0.92.

2.2 Definition of weighting factors

MRSMs usually flag satellite pixels as either clean or (poten-
tially) polluted and skip the latter for the stratospheric esti-
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mation. In STREAM, instead, weighting factors for individ-
ual satellite pixels determine how strongly they are consid-
ered in the stratospheric estimation. Satellite measurements
which are expected to have low/high tropospheric contribu-
tion are assigned a high/low weighting factor, respectively.

2.2.1 Pollution weight

In order to estimate the stratospheric NO; field from total
column measurements, only “clean” measurements where
the tropospheric column is negligible should be considered.
In cases of very high total columns (V*>10CDU), which
clearly exceed the domain of stratospheric columns, a tropo-
spheric contribution is obvious, and these measurements are
excluded by assigning them a weighting factor of 0.

In most cases, however, the tropospheric contribution to
the total column is not that easy to determine. We thus de-
fine a pollution weight wpo based on our a priori knowl-
edge about the mean spatial distribution of tropospheric NO;,
reflecting potentially polluted regions. For this purpose, we
make use of the multiannual mean tropospheric NO, column
as derived from SCIAMACHY (Beirle and Wagner, 2012).
Based on this climatology, a “pollution proxy” P is defined
as function of latitude ¢ and longitude ¢. P indicates the re-
gions affected by tropospheric pollution plus a “safety mar-
gin” in order to account for possible advection, while it is
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Figure 1. Definition of weighting factors (a) wpo as a function of the pollution proxy P (Eq. 5), (b) wc|q as a function of the cloud radiance
fraction (Eq. 6) for a cloud pressure of 500 hPa, (¢) w¢)q as a function of the cloud pressure (Eq. 6) for a cloud radiance fraction of 1, and

(d) wtr as a function of the tropospheric residue (Eq. 7).

undefined for remote unpolluted regions. Details on the def-
inition of P are given in the Supplement (Sect. S2.2.1), and
P is displayed in Fig. S2d.

The pollution weight wpo is then defined as

wpol = 0.1/ P (9, 9)°, )

where P is defined, and wpo =1 elsewhere. Hence, the
higher the pollution proxy P, the lower the weighting fac-
tor and the less the measurement contributes to the strato-
spheric estimate. Equation (5) is displayed in Fig. 1a, and the
resulting map for wpo| is shown in Fig. 2a. Large continental
regions are assigned with a weight < 0.1. Strongly polluted
regions like the USA, Europe, or China have weights of 0.01
down to below 0.001. Note that the additional application
of the tropospheric residue weight (Sect. 2.2.3) further de-
creases the weight of satellite measurements containing high
tropospheric pollution.

2.2.2 Cloud weight

In addition to measurements over remote regions free of tro-
pospheric sources, clouded satellite measurements, where
the tropospheric column is shielded, also provide a good
proxy for the stratospheric column. Thus, the factor weyq is
used to increase the weight of clouded satellite pixels. This
is achieved by the following definition:

Welg : = 107XWeXWp (6a)

with we @ =c* (6b)

_1 ( Pcld—Pref )4

and w, :=e * <P . (6¢)

w, reflects the dependency on the cloud radiance fraction

(CRF) c. Due to the exponent of 4, only pixels with large

cloud radiance fraction obtain a high weighting factor and
contribute strongly to the stratospheric estimation.

w), describes the dependency on cloud pressure (CP) pciq.

It is defined as a modified Gaussian (with exponent 4 in-

stead of 2, making it flat-topped) centered at prf = 500 hPa
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with a width ¢ = 150 hPa; i.e., only cloudy measurements at
medium altitudes are assigned a high weighting factor, while
high clouds (potentially contaminated by lightning NO,) as
well as low clouds (where tropospheric pollution might still
be visible) are excluded.

As both w. and w, yield values in the range from 0 to 1,
the factor of 2 in the exponent of Eq. (6a) sets the maximum
value of weyq to 10?, which would compensate for pollution
weights down to 1072,

The dependencies of w¢lg on CRF and CP, as defined in
Eq. (6), are displayed in Fig. 1b and c, respectively. The spa-
tial pattern of w¢g is shown exemplarily for OMI CP and
CRF on 1 January 2005 in Fig. 2b. w)q reaches values up
to 100 in several parts of the world, including regions which
were pre-classified as potentially polluted, thus competing
with a low wpo (Fig. 2a).

2.2.3 Tropospheric residue weight

STREAM yields global fields of stratospheric VCDs Viat,
explained in detail below (Sect. 2.3), which allow us to cal-
culate tropospheric residues T* according to Eq. (3). While
the “true” tropospheric fields are not known, the resulting
T* can still be used in order to evaluate the STS performance
and improve the stratospheric estimate in a second iteration,
whenever T* clearly indicates an under- or overestimation of
Vitrat-

— A high value of T* likely indicates tropospheric pol-
lution, in particular over potentially polluted regions.
The respective satellite pixels should not be used for the
stratospheric estimation.

— As negative columns are nonphysical, 7* <0 indicates
that the stratospheric field has been overestimated. This
happens when the weighted convolution with neigh-
boring pixels with high total columns causes the esti-
mated stratosphere to be even higher than the local to-
tal columns. In order to avoid this effect, consequently,
the respective local total columns should be assigned a
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Figure 2. Maps of the weighting factors for 1 January 2005 for OMLI: (a) pollution weight wpoy, (b) cloud weight weig, (¢) tropospheric

residue weight wTR, and (d) product of all weighting factors (Eq. 8).
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higher weighting factor such that they contribute more
strongly to the stratospheric estimate.

We thus define a further weighting factor wtr, which weights
down/up the pixels associated with a large positive/negative
TR, respectively. It turned out, however, that the stratospheric
estimate is very sensitive to the definition of wtg, and a sim-
ple definition based on the TR of individual satellite pixels
can easily result in systematic artifacts. This results from
T* being defined as the difference of V* and Viya (Eq. 3),
i.e., two quantities of the same order of magnitude with non-
negligible errors. Thus, the resulting statistical distribution of
T* inevitably includes negative values. These negative val-
ues caused by statistical fluctuations must not be excluded
from the probability density function in order to keep the
mean unbiased, but they should also not be used as a trig-
ger for weighting up the respective measurement within the
stratospheric estimation. Thus, wtr should be only applied
to significant and systematic deviations of 7* from 0. This is
achieved by the following settings.

1. In contrast to weyg, which is defined for each individ-
ual satellite measurement, wtgr is defined based on the
TRs averaged over 1° x 1° grid pixels; i.e., first the val-
ues of 7™ within one grid pixel are averaged, reducing
statistical noise, before wtr is calculated, and the result-
ing weight is then assigned to all satellite measurements
within the grid pixel.

2. wrr is only applied when the absolute value of the mean
grid box T* exceeds a threshold of 0.5 CDU, which is
typically larger than the spectral fitting error:

1072<T" if |T*| > 0.5 CDU
WTR + = (7)

1, else.

3. wrr is only applied for grid pixels where the adjacent
grid pixels exceed the threshold as well. By this addi-
tional condition it is guaranteed that a single outlier in
the satellite measurements cannot trigger wTr, as ev-
ery satellite measurement is assigned to exactly one grid
pixel (see Sect. 2.3).

4. wtr <1, which is meant to decrease the weight of pol-
luted pixels, is only applied over potentially polluted re-
gions with wpo < 1. Without this additional condition,
patterns of erroneously enhanced TR caused by strato-
spheric dynamics would even be amplified by wtr.

wrr could in principle be tuned in multiple iterations. In
STREAM v0.92, only one iteration is performed, as a second
iteration turned out to have marginal effect (see Sect. S4.2.5).

The dependency of wtr on TR (grid pixel average), as de-
fined in Eq. 7, is displayed in Fig. 1d, and the resulting map
for wtr on 1 January 2005 is shown in Fig. 2c. After the ini-
tial stratospheric estimate, STREAM yields high values for
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T* over parts of the USA, Europe, central Africa, and China,
resulting in low wtr. Observations over these regions are al-
ready associated with a low pollution weight. However, due
to the additional application of wtg, the net weight is low-
ered further by orders of magnitude, and the respective satel-
lite pixels will hardly contribute to the stratospheric estimate
in the next iteration, even in the case of high wq.

In the initial STREAM run, the resulting TR is system-
atically <0 over east Canada and Greenland, caused by
the asymmetric polar vortex. Over the Labrador Sea, ini-
tial values for T* are systematically below the threshold of
0.5CDU and thus trigger a high wtr, and the respective
observations of low total VCDs contribute strongly to the
stratospheric estimate in the next iteration.

Note that, due to the threshold of 0.5 CDU (criterion 2),
wTRr cannot correct small biases such as the expected low
bias in TR caused by estimating the stratospheric column
from total column measurements.

2.2.4 Total weight

The total weight of each satellite pixel is defined as the prod-
uct of the individual weighting factors:

Wiot : = Wpol X Weld X WTR 3

(i.e., the logarithms as shown in Fig. 2a—c are simply added,
resulting in Fig. 2d). The a priori pollution weight can still be
recognized in the global pattern but is significantly modified
by wtr (further reducing the overall weight over, e.g., the
USA and China) and wcjq, which competes with the pollu-
tion weights < 1. In some regions (e.g., west of the Great
Lakes, Scotland, or the Himalayas) the cloud weight shifts
the initially low wpo) to a net weight > 1.

The concept of the combination of different weighting fac-
tors is easily extendible by further weights, e.g., based on fire
or flash counts in order to account for NO, emissions from
biomass burning or lightning.

2.3 Weighted convolution

Global daily maps of the stratospheric column are derived by
applying “weighted convolution”, i.e., a spatial convolution
which takes the individual weights for each satellite pixel
into account. This approach is an extension of the “normal-
ized convolution” presented in Knutsson and Westin (1993).
Weighted convolution at the same time smoothes and in-
terpolates the stratospheric field. A similar approach was
used by Leue et al. (2001), who applied the fitting errors of
NO; SCDs as single weights.
The algorithm is implemented as follows.

— A lat/long grid is defined with 1° resolution. Each satel-
lite pixel is sorted into the matching grid pixel accord-
ing to its center coordinates. At the jth latitudinal/ith
longitudinal grid position, there are K satellite pixels
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with the total columns V;ji(k =1... K) and the weights
w;jk. We define

Cij:= Y wijk % Vijk C))
and
Wij 1= > wijt. (10)

In the case of measurement gaps (i.e., K = 0), both C;;
and W;; are set to 0.

The weighted mean VCD for each grid pixel is then

given as
Ci/
V., =Y 11
"=, an

for K >0 and undefined for K = 0 (gaps).

— A convolution kernel (CK) G is defined (see below).
Spatial convolution is applied to both C and W (taking
the dateline into account appropriately, i.e., i = 1 and
i =360 are adjacent grid pixels):

C:=GQ®C, (12)

W:=GQW. (13)

— The smoothed stratospheric VCD for each grid pixel as
derived from weighted convolution is then given as

V= il 14

B (14)
We illustrate this procedure for a simple 1-D example in the
Supplement (Sect. S2.3 and Fig. S3).

The degree of smoothing is determined by the definition of
the CK G, which is defined as a 2-D Gaussian in STREAM
v0.92 with the longitudinal/latitudinal variances o(% and ag,
respectively. Generally, information on the stratospheric col-
umn over polluted regions should be taken from clean mea-
surements at the same latitude. Thus, o, has to be suffi-
ciently large, while oy has to be low as gradients in latitu-
dinal dimension should be mostly conserved. For high lati-
tudes, however, the longitudinal extent of the CK has to be
small enough as well in order to be able to resolve the strong
gradients caused by the polar vortex.

In order to meet these requirements, we implement the
convolution in the following way:

1. Two CKs are defined in order to meet the different re-
quirements for polar vs. equatorial regions (see Fig. S4):

G™': = G(o, =10°,05 =5°)
G : = G(o, =50°, 09 = 10°). (15)

Note that the difference of the CKs, which are defined
on a regular degree grid, is even more drastic in kilome-
ter space.
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2. Stratospheric VCDs V., and Vslzf;[ are derived for both
CK according to Egs. (12)—(14).

3. The final stratospheric VCD is defined as the weighted
mean of both, depending on latitude ¥

. 1
Vitrat - = cos’ (@) Vs??at + sin’ () Vsrt)roat' (16)

By this method, spatial smoothing is wide enough at the
equator (needed to interpolate, e.g., the stratosphere over
central Africa) but small enough at the polar vortex.

In latitudinal direction, this procedure can cause small,
but systematic, biases when stratospheric NO, shows sig-
nificant latitudinal gradients on scales of o1y or smaller. To
overcome this, STREAM provides the (default) option to run
the weighted convolution on “latitude-corrected” VCDs; i.e.,
the mean dependency of V* on latitude is (1) determined
(again over the Pacific), (2) subtracted from all individual
Vijk, and (3) added again to the stratospheric estimate from
weighted convolution. By this procedure, latitudinal gradi-
ents are largely removed for the convolution (but not from
the final stratospheric fields), and the systematic biases van-
ish (as shown in Sect. S2.3).

2.4 Data processing

STREAM estimates stratospheric fields and tropospheric
residues for individual orbits, using NO, measurements of
the dayside of the orbit. Note that the effect of changes
of local time on stratospheric NO, across orbit is gen-
erally low (see Sect. S2.4) and is thus neglected within
STREAM. For each orbit under investigation, the orbit itself
plus the seven previous and subsequent orbits (corresponding
to about £12 h in time, or £180° in space (longitude), for the
investigated satellite instruments in polar sun-synchronous
orbits) are used for the calculation of V*, weighting factors,
and thus Vi, via weighted convolution. For the daily means
presented in this study, all orbits where the orbit start date
matches the day of interest are averaged.

Alternatively, STREAM can be run in “near-real time”
(NRT) mode, in which the 14 past, but no future, orbits are
included in the weighted convolution. We discuss the per-
formance of STREAM NRT for the example of GOME-2 in
Sect. 5.2.

STREAM v0.92, implemented as a MATLAB script at
MPI-C, requires about 10s for processing one orbit of
OMI data on a normal desktop computer (3.4 GHz). Time-
consuming steps are, at about equal parts, the sorting of the
satellite pixels on the global grid V;jx and the convolution
process, while the time needed for the calculation of weight-
ing factors is negligible.
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3 Data sets
3.1 Satellite data sets

Several UV/vis satellite instruments provide column mea-
surements of atmospheric NO;. Table 1 summarizes the
characteristics of the instruments and provides references
to the data products used in this study, from which the to-
tal NO, SCD, the stratospheric AMF, and the cloud frac-
tion/cloud top height are taken as input for STREAM. Be-
low we provide details on the satellite characteristics and
the data sets used in this study, starting with OMI (as
STREAM was optimized for OMI within TROPOMI veri-
fication) and GOME-2, followed by older instruments with
particular challenges such as poor spatial coverage (SCIA-
MACHY) or resolution (GOME).

311 OMI

In this study we mainly focus on OMI for two reasons.

1. OMI provides daily coverage with small ground pixels.
While this already results in a high number of available
satellite pixels per day (>10°), the number of clouded
pixels matching the requirements to cause a high wcq is
also high (more than 10° pixels have a wciq >5).

2. STREAM is the STS verification algorithm for
TROPOMI. Algorithm testing within TROPOMI veri-
fication and comparisons to the TROPOMI prototype
algorithm are performed based on actual OMI measure-
ments.

STREAM basically requires V* (=S/Asyat) as input. For
OMI, we use the level 2 “OMNO2” data product (ver-
sion 3) provided by NASA (Bucsela et al., 2013) and la-
beled as “Standard Product 2”” (SP2) therein, which provides
de-striped NO, SCDs and stratospheric AMFs?. In addition,
quality proxies are used to exclude dubious measurements
(like those affected by the “row anomaly™?). Also informa-
tion on CRF and CP, which is needed for the calculation of
Weld, 18 provided by the OMNO2 v003 hdf files, based on
the “improved OMI O,—0; cloud algorithm” (Bucsela et al.,
2013) OMCLDO?2.

The NASA v003 product involves a STS algorithm based
on an MRSM as well. The resulting tropospheric residues of
STREAM and NASA v003 are compared and discussed in
detail in Sect. 5.1.2.

In addition to the NASA product, we also extract the
DOMINO (version 2) level 2 data as provided by TEMIS,
for two purposes.

2In the DOMINO v2 product, total SCDs are not de-striped, and
stratospheric AMFs are only provided up to a solar zenith angle
(SZA) of 80°

3http://proje:cts.knmi.nl/omi/research/product/
rowanomaly-background.php#overview
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1. The TROPOMI “prototype algorithm” (van Geffen et
al., 2014) is developed by KNMI based on model as-
similation similar to the DOMINO v2 algorithm. Due
to the high computational effort of data assimilation,
no dedicated TROPOMI verification data set is avail-
able for verification. Instead, we compare the results of
STREAM directly to DOMINO v2 (Sect. 5.1.1).

2. DOMINO provides TM4 model profiles of
NO;, (needed for the calculation of DOMINO tro-
pospheric AMFs). Here, we use the TM4 data in
order to construct synthetic total columns of NO; for
performance tests of STREAM (see Sect. 3.3).

Both OMI products are based on the same spectroscopic
analysis; i.e., both start with the same NO, SCD. Note that
this SCD is biased high by about 1 CDU due to shortcom-
ings in the spectral retrieval (see van Geffen et al. (2015)
and references therein). Recent algorithm refinements have
removed this bias (van Geffen et al., 2015; Marchenko et al.,
2015), but updated NASA or TEMIS products are not avail-
able yet. However, such an overall bias will be interpreted as
stratospheric feature by STREAM and thus does not affect
its performance (the same holds for the operational NASA
and TEMIS STS algorithms). Still, the resulting TRs are ex-
pected to decrease slightly as the bias decreases for larger
SCDs (Marchenko et al., 2015, Fig. 3 therein).

3.1.2 GOME-2

The GOME-2 instruments on the Metop-A and B satellites
provide a time series of almost 10 years with the perspective
of continuation until 2025 due to the upcoming instrument
on Metop-C. GOME-2 provides a good spatial coverage with
moderate satellite ground pixel size.

We applied STREAM to total NO, columns from the oper-
ational product (GDP 4.7), as provided by DLR in the frame-
work of the Ozone Satellite Application Facilities (O3M
SAF), for Metop-A.

The operational product uses an MRSM for STS (Valks
et al,, 2011, 2015) as well. We compare the results of
STREAM and the GDP 4.7 algorithm in Sect. 5.2.

3.1.3 SCIAMACHY

STREAM was applied to the SCTAMACHY VCDs retrieved
at MPIC Mainz (Beirle et al., 2010a; Beirle and Wagner,
2012). While OMI provides daily global coverage, the cov-
erage of SCIAMACHY is rather poor (only about one-sixth
of the Earth per day), and ground pixels are larger than for
OMI (except for swath edges). Consequently, also the num-
ber of total (about 60000) and cloudy (about 4000) pixels
per day is much lower than for OMI. Thus, SCIAMACHY
can be considered as extreme test case for the performance
of STREAM.
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One reason for the poor spatial coverage of SCIAMACHY
is the measurement mode alternating between nadir and limb
geometry. This, however, provides the unique SCTAMACHY
feature of a direct measurement of the stratospheric column.
We thus compare the TR resulting from STREAM to the
MPI-C SCIAMACHY product based on LNM (Beirle et al.,
2010a), using the MPI-C retrieval scheme for NO; concen-
tration profiles from limb measurements (Kiihl et al., 2008)
(Sect. 5.3).

3.14 GOME

GOME was the first nadir-viewing spectrometer in the
UV/vis spectral range with a spectral resolution enabling
DOAS analyses. Due to large ground pixel size (320km
across track), only a low number of (total as well as clouded)
satellite pixels per day is available. We nevertheless in-
cluded GOME in this analysis in order to investigate to what
extent STREAM can be applied within homogenized re-
trievals for multiple satellite instruments, as planned within
the QA4ECV (Quality Assurance for Essential Climate Vari-
ables) project*. We apply STREAM to the VCDs provided
by TEMIS (Boersma and Eskes, 2004) and compare the re-
sulting TRs to a simple RSM (Sect. 5.4).

3.2 Model data

For comparisons, and for the calculation of synthetic total
columns for performance tests of STREAM, we make use
of stratospheric NO; as provided by the ECHAMS/MESSy
Atmospheric Chemistry (EMAC) model, which is a modular
global climate and chemistry simulation system (Jockel et
al., 2006, 2010, 2016).

We use the results from simulation RCISD-base-10a of
the ESCiMo (Earth System Chemistry integrated Modelling)
project as detailed by Jockel et al. (2016). Here, only basic
information on this specific simulation is summarized.

The model results were obtained with ECHAMS ver-
sion 5.3.02 (Roeckner et al., 2006) and MESSy version 2.51
at T42L90MA resolution, i.e., with a spherical truncation of
T42, corresponding to a quadratic Gaussian grid of approx.
2.8° by 2.8° in latitude and longitude, and 90 vertical hybrid
pressure levels up to 0.01 hPa. The dynamics of the general
circulation model was nudged by Newtonian relaxation to-
wards ERA-Interim reanalysis data (Dee et al., 2011).

Simulation RC1SD-base-10a was selected from among the
various ESCiMo simulations for several reasons:

a. it has been nudged to reproduce the “observed” synoptic
situations;

b. its stratospheric resolution is, with ~ 65 levels, finer
compared to other simulations from the ESCiMo
project;

4http://www.qa4ecv.eu/
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c. the simulated total column and tropospheric partial col-
umn ozone compare well with observations (Jockel et
al., 2016); and

d. the precursor emissions from the land transport sector
are most realistic in comparison to other simulations.

In conclusion, this simulation represents the state-of-the-
art in terms of numerical simulation of the atmospheric
chemistry. Moreover, the applied nudging technique allows
a direct comparison with observational data, since the simu-
lated meteorological situation corresponds to the observed.

Specifically for this study, the submodel SORBIT (Jockel
et al., 2010) was used to extract NO, mixing ratios along
the sun-synchronous orbit of the Aura satellite, thus match-
ing the local time of OMI observations. Stratospheric VCDs
were calculated by vertical integration of the modeled NO,
mixing ratios between the tropopause height (as diagnosed
according to the WMO definition based on lapse rate equa-
torwards of 30° north/south and as iso-surface of 3.5PVU
potential vorticity poleward of 30° latitude) and the top of
the atmosphere.

In this study, we make use of the modeled stratospheric
columns for two purposes.

1. We perform a simple model-based STS for comparison.
To remove systematic biases between satellite measure-
ments and EMAC, a latitude dependent offset is deter-
mined in the Pacific and corrected for globally, similar
as in Richter et al. (2005) and Hilboll et al. (2013). We
refer to this EMAC-based STS as STSgmac and applied
it to OMI data (Sect. 5.1.3).

2. Stratospheric VCDs from EMAC are used to construct
a synthetic data set of total NO, VCDs for performance
tests of STREAM (see next section).

3.3 Synthetic VCD

We test the performance of STREAM on synthetic VCDs,
which allows a quantitative comparison of the estimated TR
to the a priori “truth”. The input to STREAM, i.e., syn-
thetic total columns of NO», should realistically represent
(a) stratospheric chemistry and dynamics, (b) tropospheric
emissions, transport, and chemistry, (c) cloud fields, and
(d) the satellite sampling. For these purposes, we construct
synthetic NO; column densities V* based on

a. stratospheric VCDs from EMAC?® at AURA overpass
time (Sect. 3.2),

b. modeled tropospheric VCDs from TM4 (Sect. 3.1.1),
and

5Stratosphf:ric columns are taken from EMAC rather than TM4,
as the latter does not represent a free model run of stratospheric
chemistry and dynamics but uses the satellite measurements for as-
similation.
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NO, column density [CDU]

Figure 3. Total OMI VCD V* (top) and the resulting stratospheric estimate Vgt from RSM (second row) and STREAM (third row) for
1 January (left) and 1 July (right) 2005. Resulting Vitrat from other algorithms are included as well for comparison (see Sect. 5).
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c. measured cloud properties and the respective tropo-
spheric AMFs from OMI as provided in the DOMINO
NO; product.

Synthetic TRs are given as T = Virop X Arop/ Astrar (com-
pare Eq. 4). Synthetic total columns V* are then calculated
as Vipat + T* (Eq. 3) and fed into STREAM. The resulting
fields of stratospheric VCDs and the respective TRs can then
be compared to the a priori “truth”. Synthetic Vo, TVCD,
and 7™ are displayed in Fig. S7 for 2 selected days.

4 Algorithm performance

In this section we analyze the performance of STREAM. As
the true stratospheric VCD is not known, the error of any
STS algorithm is not easily accessible. Still, the STS perfor-
mance can be evaluated based on the properties of the re-
sulting TR: in remote regions without substantial NO, emis-
sions, T* should generally be low but still positive (about
0.1 CDU; Valks et al., 2011). Also the variability of 7* over
both space and time should be low in regions free of tropo-
spheric sources.

Below, we investigate the characteristics of 7* from
STREAM (Sect. 4.1) and its dependency on a priori settings
(Sect. 4.2) for OMI measurements. In addition, the error of
T* is quantified based on synthetic data (Sect. 4.3). Applica-
tion of STREAM to other satellite instruments and the com-
parisons between STREAM and other STS algorithms are
provided in Sect. 5.

4.1 Performance of STREAM for OMI compared to
RSM

Figure 3 displays the OMI daily mean VCD V* (top) as well
as the respective stratospheric field from RSM (second row)
and STREAM (third row) for 1 January (left) and 1 July 2005
(right), respectively. The overall latitudinal as well as longi-
tudinal dependencies are clearly reflected in the stratospheric
fields, while small-scale stratospheric features are lost by
the spatial convolution. Figures 4 and 5 display the resulting
TRs, respectively, for both daily (top) and monthly (bottom)
means. Figure 6 summarizes the daily and monthly statistical
properties of TR, i.e., the median as well as 10th/90th and
25th/75th percentiles (light/dark bars) for different regions
(see Fig. S8 for an illustrative sketch of the meaning of the
percentile bars, as well as the definition of regions).

Overall, spatial patterns of TR are similar for RSM and
STREAM, in particular the enhanced values reflecting tro-
pospheric pollution over, e.g., the USA, central Africa, or
China. However, RSM reveals several artifacts of both en-
hanced as well as systematically negative TR as a conse-
quence of the simple assumption of zonal invariability of
stratospheric NO;. For instance, on 1 January 2005, VCDs
over northern Canada are lowered due to the polar vortex
(Fig. 3 top left). Consequently, the simple RSM results in
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negative Ty down to —0.7 CDU (Fig. 4). In contrast, Ty
over northeastern Russia is quite high (> 0.5 CDU). This pat-
tern is slightly reduced but still present in the monthly mean
(see the statistics of T, for high latitudes in Fig. 6).

This artifact is largely reduced by STREAM (Fig. 5 top
left). The spread of T* at high latitudes is more than 3
times lower than that of Tgg,, (Fig. 6). Also for July, sys-
tematic structures showing up in Ty, (in polar regions, but
also in the Indian ocean at 30-60° S) are largely reduced in
STREAM.

Over the Pacific, T;SM is, by construction, 0 on aver-
age. T* is systematically higher by about 0.1 CDU (Fig. 6).
This results from the emphasis of clouded pixels used for
STREAM, which directly reflect the stratospheric rather than
the total VCD. This additional advantage of STREAM over
RSM is further discussed below (Sect. 5.6).

As both RSM and STREAM generally assume strato-
spheric patterns of NO; to be smooth, i.e., do not re-
solve longitudinal variations at all (RSM) or on scales < oy,
(STREAM), the small-scale variations in daily total VCDs
(Fig. 3 top) are transferred to the TR, resulting in “patchy”
daily TRs ranging from about —0.1 up to +0.4 CDU in re-
mote regions (10th—90th percentiles). In the monthly means,
however, these patchy structures have mostly vanished (both
for RSM and STREAM), as the spatial patterns of different
days at variable locations cancel each other out. The remain-
ing systematic patterns in monthly mean 7 have generally
larger spatial scales and are within O up to +0.25 CDU in
remote regions.

On 1 July, a band of enhanced V* shows up around
20-30°S, where (a) V* is higher in the Indian Ocean
compared to the Pacific and (b) the structure of enhanced
V* is “tilted” in the Pacific (see Fig. 3 top right); i.e., the
RSM assumption of zonal invariance is not fulfilled. Con-
sequently, the RSM results in extended horizontal structures
(“stripes”) of low/high-biased T* over South America and
the Indian Ocean, respectively, ranging from —0.5 up to al-
most 1.0CDU (Fig. 4 top right). Again, temporal averag-
ing reduces the amplitude, but systematic patterns of about
£0.4 CDU remain in the monthly mean (Fig. 4 bottom right).
As STREAM also assumes a weak variation of Ve with
longitude, in particular at low latitudes, the artifacts in 7* are
very similar to those of Tjq), at 20-30° S. Note that this arti-
fact is particularly strong in July 2005 (as compared to 2010;
see Sect. 5.1.4).

In Sect. 5, TRs from STREAM are investigated for other
satellite instruments and compared to other STS algorithms,
and the advantages and limitations of STREAM are dis-
cussed further.

4.2 TImpact of a priori settings
STREAM determines the stratospheric NO, VCD

Vswrat based on weighting factors as described in Sect. 2.
The resulting TRs thus depend on the weighting factor
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Figure 4. OMI tropospheric residues 7* based on RSM for January (left) and July (right) 2005 for the first day of the month (top) and the

monthly mean (bottom).
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Figure 5. OMI tropospheric residues 7* based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and

the monthly mean (bottom).
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Figure 6. Regional statistics of OMI tropospheric residues 7* from
RSM and STREAM for January (top) and July (bottom) 2005.
Light and dark bars reflect the 10-90th and 25-75th percentiles,
respectively. The median is indicated in white. Narrow bars show
the statistics for the first day of the month, wide bars those of the
monthly means (see also Fig. S8 left for illustration). The regions
are defined in Fig. S8 right. “High latitudes” refer to the respective
hemispheric winter only.

definition and convolution settings. We performed runs of
STREAM with one-by-one modifications of each parameter
and compared the results to the baseline setting. Overall, the
effects of a priori settings on 7* have been found to be rather
small (of the order of 0.1 CDU), and the STREAM results
are thus robust with respect to the parameters chosen in
v0.92.

Below, we summarize the main findings of the performed
sensitivity studies. Figures and details are provided in the
Supplement.

4.2.1 Impact of cloud weight

The cloud weight w¢q was varied (a) by setting it to 1 (i.e.,
not accounting for cloud properties at all), (b) increasing
welq by a factor of 10 for clouded pixels, (c) including high-
altitude clouds in the calculation of wclg, and (d) including
low-altitude clouds in the calculation of weq.

a. When no wq is applied, the tropospheric estimate over
the Pacific is ~ 0, as for the classical RSM, instead of
about 0.1 CDU for the baseline. This difference corre-
sponds to the order of the tropospheric background of
NO;. Over potentially polluted regions, however, the
difference to the baseline is larger (0.2 CDU). Here, the
stratospheric estimate is additionally biased high due to
missing supporting points over continents.

b. The “high wgq” scenario is achieved by modify-
ing Eq. (6a) from weq: = 102XYX¥r to wegq: =
103XWeXWp. j e yoq is increased by a factor of 10
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for cloudy pixels of mid-altitude but stays unchanged
for cloud-free pixels. In this scenario, measurements
over clouds by far dominate the stratospheric estimate,
yielding lower Vg, and thus higher T*, compared
to the baseline. However, the difference is very small
(<0.05CDU). In addition, the variability of T* is gen-
erally slightly higher in case of a 10 fold increased wcg.

c. When high-altitude clouds are included in the calcula-
tion of wg, the resulting TR hardly changes at all, indi-
cating that the impact of lightning NO, on NO; satellite
observations is generally small.

d. The inclusion of low-altitude clouds has almost no ef-
fect as well, as expected over clean regions. Over po-
tentially polluted regions, however, it is expected that
low-altitude clouds result in increased total columns V*
as soon as there is significant NO, above or within
the cloud, causing high tropospheric AMFs. Conse-
quently, Vgyae is expected to be biased high, and 7* bi-
ased low over potentially polluted regions, when low
clouds are included in the calculation of wcyq. This
effect was indeed found, but the absolute change is
rather small (< 0.1 CDU in winter, almost 0 in summer).
This weak dependency on the inclusion of low-altitude
clouds probably results from the conservative definition
of wpor, which is already very low over regularly pol-
luted regions.

Following the argument that cloudy observations provide
a direct measurement of the stratospheric column, a higher
cloud weight would be expected to be more favorable and
to result in higher tropospheric background over the Pa-
cific. This is indeed observed for OMI. For other satellite in-
struments, however, results are somewhat contradictory (see
Sects. 5.3, 5.4, and 6). Thus, the definition of wc|q in Eq. (6)
is kept as a compromise in order to have common algorithm
settings across different satellite platforms.

4.2.2 Impact of convolution

In STREAM, two different CK are applied, yielding two
stratospheric estimates, and the final Vi, is calculated as
weighted mean of both (see Sect. 2.3 and Eqgs. 15 and 16). We
tested the impact of the choice for CK by applying both the
polar (“narrow”) and equatorial (“wide”) CK globally. The
narrow CK, and thus the potential range of influence of satel-
lite pixels with high weights, is limited to about 2 x o, = 20°
in longitude. This potentially leads to biases over continents
caused by spatial interpolation. Thus, the resulting 7* is (too)
low over central Africa. Overall, median 7* over potentially
polluted regions is lower compared to the baseline settings
by about 0.1 CDU.

For wide CK, however, the longitudinal gradients at high
latitudes are not resolved anymore. Consequently, the spatial
variability of daily 7* at high latitudes is increased by a fac-
tor of 2. We conclude that our choice of the combined CK
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for high and low latitudes is a good compromise for realizing
weighted convolution.

4.2.3 TImpact of latitude correction

When the initial correction of the latitudinal dependency of
V* over the Pacific is omitted, the resulting TR reveals global
stripes with negative values around the equator and maxima
(=~ 0.5 CDU) at about 30° N/S, both in winter and summer.

4.2.4 TImpact of the number of considered orbits

In STREAM baseline settings, for each orbit, stratospheric
estimation is based on the previous and subsequent seven or-
bits, corresponding to full global coverage for OMI. Switch-
ing this parameter to either +=14 or £3 orbits has almost no
impact on the resulting TR.

In case of NRT application of STREAM, no subsequent
orbits are available, and the previous 14 orbits have to be
considered. This setup also results in essentially the same
T* statistics (compare Sect. 5.2).

4.2.5 TImpact of tropospheric residue weight

In STREAM v0.92, one iteration for wtr is applied. When
wrr is omitted, the spread of T* slightly increases for high
latitudes. A second iteration does not yield a further im-
provement. Lowering the threshold in Eq. (7) from 0.5 to
0.3 CDU results in a slightly lower spread of 7* at high lati-
tudes in summer.

4.2.6 Impact of pollution weight

The impact of pollution weight is investigated by multiplying
wpo! (wWhere different from 1, compare Fig. 2a) by 0.1 (“low
Wpor ) or 10 (“high wye1”). In the first case, the resulting pol-
lution weight over most continents is below 0.01, while in the
second case it is increased to 1 (meaning that wpo is switched
off) except for industrialized pollution hotspots.

In remote regions, the change of pollution weight has al-
most no impact. In potentially polluted regions, the impact is
only moderate as well. Low wy,| does not differ much from
the baseline, as the latter already assigns rather low weight-
ing factors to potentially polluted pixels; a further decrease
by factor 0.1 thus does not change much.

Only for high wpo can a significant change of TR be seen;
in this case, the inclusion of more partly polluted observa-
tions causes a high bias in the stratospheric estimate and the
resulting TRs are biased low by almost 0.1 CDU in winter.

4.3 Performance for synthetic data

In order to estimate the uncertainties of the STREAM strato-
spheric estimate (and thus tropospheric residues), we apply
the algorithm to synthetic input data, as defined in Sect. 3.3,
for which the “true” stratospheric fields and TR are known.
Again, a simple RSM is applied as well for comparison.
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Figure 7. Regional statistics of the error of T* from STREAM,
i.e., the difference of estimated and a priori TR (based on synthetic
total columns as defined in Sect. 3.3).

Figure 7 displays the statistics of the error of T, i.e., the
difference AT* of estimated and a priori TR, which equals
the difference between the true and the estimated strato-
spheric VCD, for different regions. The spatial patterns of
AT?* are shown in the Supplement (Fig. S20).

Over the Pacific, RSM results in TR biased low by
0.1 CDU. With STREAM, the bias is reduced (0.05 CDU) but
not completely removed. On 1 January 2005, AT* shows a
variability of almost 0.4 CDU (10th to 90th percentile) for
both algorithms. This is mainly caused by the small-scale
structures of stratospheric NO, in EMAC over the Pacific,
in particular at southern latitudes (see Fig. S7), which are
resolved by neither STREAM nor RSM. The respective spa-
tial variability of the monthly mean, however, is much lower
(about 0.1 CDU).

Again, the simple RSM results in large biases and high
variability of AT* at high latitudes, which are largely re-
duced by STREAM.

Overall, the agreement of a priori and estimated 7* from
STREAM is very good, in particular for monthly means. Re-
maining systematic biases are about —0.1 CDU over poten-
tially polluted regions; i.e., resulting TRs are slightly under-
estimated, as expected due to the general approach of using
total column measurements as proxy for the stratospheric es-
timation.

The application of STREAM to synthetic data thus pro-
vides a valuable estimate of the algorithm’s accuracy. One
might think that using the synthetic data for optimizing the
definition of weighting factors is the next step forward. How-
ever, we refrain from doing so due to some contradictory re-
sults for different instruments. Concretely, the remaining bias
in TR for synthetic data of about 0.1 CDU could be further
reduced by increasing wcg. This, however, has adverse ef-
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fects on SCTAMACHY and GOME results (see Sects. 5.3
and 5.4).

5 Comparison to other algorithms and discussion

In this section, we apply STREAM to different satellite in-
struments, compare the results to various existing STS al-
gorithms, and discuss the challenges, limitations, and uncer-
tainties of STS in general and STREAM in detail.

5.1 OMI

As shown in the previous section, STREAM as applied to
OMI data generally shows a good performance (Figs. 5
and 6). The systematic artifacts of a simple RSM, such as the
large variability of T* at high latitudes, are largely removed
by STREAM. In addition, the application of w¢q emphasizes
cloudy observations which directly reflect the stratospheric
column. Mean T* over the Pacific is thus not 0 anymore as in
RSM, and an additional correction for the tropospheric back-
ground is not required in STREAM.

The sensitivity of STREAM on a priori parameters has
been found to be small. Remaining monthly mean TRs
in clean regions and their variability are of the order of
0.1CDU.

Below, we compare the OMI results for 2005 to other al-
gorithms, i.e., the operational DOMINO (Sect. 5.1.1) and
NASA (Sect. 5.1.2) data products as well as a simple model-
based correction using EMAC (Sect. 5.1.3). Figure 8 sum-
marizes the statistics of regional T* from the different al-
gorithms. Note that only coincident measurements where
all four data products exist are included in Fig. 8 in order
to allow for a meaningful comparison; in particular, high
latitudes in hemispheric winter are skipped, as DOMINO
data are not provided for SZA >80°. Thus, the statistics for
STREAM slightly differ from those shown in Fig. 6.

5.1.1 Comparison to DOMINO

STREAM is part of the TROPOMI verification activities.
The operational TROPOMI (“prototype”) algorithm for STS
of NO; (van Geffen et al., 2014) was developed by KNMI,
based on the DOMINO data processor for OMI (Boersma et
al., 2007, 2011) (Boersma et al., 2011). The STS therein is
done by assimilating the satellite measurements in the CTM
TM4 (Dirksen et al., 2011).

For TROPOMI verification, we compare STREAM results
for OMI to the respective DOMINO product as shown in
Fig. S21. On a daily basis, “patchy” patterns of enhanced as
well as negative TR show up over remote regions (Fig. S21),
which result from the dynamical features already present in
total VCDs (Fig. 3) combined with the respective dynam-
ics prognosed by the model; spatial mismatch of these pat-
terns can easily cause biases of the estimated TRs in both
directions. Interestingly, some patterns look even reversed as
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Figure 8. Regional statistics of OMI tropospheric residues T* from
different STS algorithms for January (top) and July (bottom) 2005.
Note that the values for STREAM slightly differ from Fig. 6, as here
only coincident satellite pixels of STREAM, DOMINO, and NASA
are included.
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Figure 9. Monthly mean difference of tropospheric residues
T* from DOMINO and STREAM for OMI measurements in Jan-
uary (top) and July (bottom) 2005.

compared to STREAM (Fig. 5), for instance southeast from
South Africa (around 50° S, 50° E). In the monthly means,
these patches again are mostly canceled out.

Mean regional TRs (Fig. 8) are very similar between
STREAM and DOMINO. However, the variability of T* is
slightly higher for DOMINO, in particular at high latitudes,
as well as in the Pacific and in remote regions in July.
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Figure 9 displays the differences of the monthly mean
TR between STS_EMAC and STREAM for January and
July 2005. Overall, the differences are quite small (below
0.1 CDU for 65 % of the world between 60° S and 60° N).
Nonetheless, the monthly means reveal systematic regional
deviations of more than +0.3 CDU (for less than 3 % of the
world).

In January, TRs over East Asia at high latitudes are sys-
tematically higher for STREAM. This is probably related to
an underestimation by DOMINO, as the DOMINO TRs are
very low and partly negative in this region. Over North Amer-
ica, TRs from STREAM are higher than from DOMINO at
the east coast but vice versa over western Canada. In both
cases, the lower TR is slightly negative, indicating an overes-
timation of Viya from DOMINO/STREAM at the east/west
coast, respectively.

In July, the TR reveals a “stripe”-like structure at about
30° S, as already discussed in Sect. 4.1. In DOMINO, simi-
lar bands of enhanced tropospheric residue are found around
30° S, in particular in the Indian ocean. As the amplitude
and width of these bands is different for STREAM and
DOMINGO, this feature is most striking in the difference map;
TRs around 30° S are generally higher for DOMINO.

DOMINO reveals some patches of systematically en-
hanced TRs that are not observed by STREAM and thus
show up in the difference map as well (west of the USA,
west of the Sahara, Himalaya). Reasons for these regionally
enhanced TRs (and thus low-biased stratosphere) have to be
investigated in future studies.

5.1.2 Comparison to NASA

The official OMI NO; product provided by NASA uses an
MRSM for STS as well, as described in Bucsela et al. (2013).
Daily and monthly maps of TR from NASA (OMNO2
v003/SP2) are shown in Fig. S22.

The NASA STS corrects for the tropospheric background
based on a “fixed model estimate” (Bucsela et al., 2013).
Consequently, TRs are about 0.1 to 0.3 CDU over clean re-
gions throughout the world.

TRs from NASA are impressively smooth even on a daily
basis. This results from the STS algorithm which, over
clean regions, interprets the difference between the total col-
umn and the (small) modeled tropospheric column as strato-
spheric column whenever the quotient of the modeled tropo-
spheric slant column and stratospheric AMF (matching our
definition of 7*) goes below a threshold of 0.3 CDU. Thus,
at southern high latitudes in July (completely classified as
unpolluted in the NASA algorithm), the TR is almost 0 &0,
i.e., shows no variability at all (compare Fig. 8) just by con-
struction, as all the variability present in the total column was
assigned to the stratospheric column (compare Fig. 3).

While this is probably a reasonable procedure over com-
pletely clean regions, we would like to point out the follow-
ing.
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1. The smoothness of NASA TR over oceans is not sur-
prising, as it is reached by construction. In particular,
the smooth patterns of TR over oceans allow no conclu-
sion on the NASA STS performance over polluted con-
tinental regions, where TRs are based on interpolated
stratospheric fields, just as in STREAM.

2. The NASA procedure of assigning the total column
variability in clean regions completely to the strato-
spheric estimate also removes any cloud dependency of
the TR, which affects applications such as profile re-
trievals by cloud slicing (e.g., Belmonte Rivas et al.,
2014).

3. The NASA procedure runs the risk of labeling episodi-
cal NO; transport events over oceans (Zien et al., 2014)
as stratospheric pattern. Bucsela et al. (2013) perform
an automatic “hotspot” identification and elimination
scheme to avoid this. Nonetheless, on 1 January, a
NO; transport event can be seen in the total VCD east
of Canada (Fig. 3 top left) which is similar to the “mete-
orological bomb” described in Stohl et al. (2003). This
event is clearly visible in 7* from STREAM (Fig. 5 top
left) but only weakly in 7* from NASA (Fig. S22 top
left). The reason for this discrepancy is that the local en-
hancement of NO is partly classified as a stratospheric
feature in the NASA product, as illustrated in Fig. S23
(left).

Figure 10 displays the differences of the monthly
mean TR for January and July 2005. Again, overall agree-
ment is very good: in January, both products agree within
0.1CDU for 69 % of the Earth and within 0.3CDU any-
where. In July, agreement within 0.1/0.3 CDU is found for
64 %/94 % of the Earth (for latitudes below 60°), respec-
tively. Again, the band at 30°S sticks out in the differ-
ence map as discussed above. Highest deviations of up to
0.5 CDU, however, are observed over the Sahara. Within the
NASA STS, the Sahara is masked out completely, as the high
albedo and low cloud fractions result in high tropospheric
AMFs, such that even low tropospheric VCDs could con-
tribute significantly to the total column. In STREAM, how-
ever, large parts of the Sahara are treated as unpolluted and
are assigned with w = 1. A close check of the stratospheric
estimates from STREAM and NASA over the Sahara reveals
that the large deviation probably results from both a high-
biased Vot by STREAM and a low-biased Vi by NASA
(see Fig. S23 right).

5.1.3 Comparison to STSgmac

We have used the stratospheric 3-D mixing ratios provided
by EMAC in order to perform a simple model-based STS,
similar to Hilboll et al. (2013). First, the latitude-dependent
offset between EMAC and OMI VCDs is estimated over
the Pacific (when a multiplicative adjustment is performed,
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Figure 10. Monthly mean difference of tropospheric residues
T* from NASA and STREAM for OMI measurements in January
(top) and July (bottom) 2005.

results hardly change). Second, the offset-corrected strato-
spheric NO; VCDs is used for global STS. No additional cor-
rection for the tropospheric background is performed, such
that the mean TR over the Pacific is 0 by construction.

Daily and monthly maps of TR from STSgmac are
shown in Fig. S24. Daily maps reveal patches of TR from
—0.3CDU up to 0.4CDU resulting from mismatches in
actual and modeled stratospheric dynamics. In the monthly
mean, these fluctuations largely cancel out. Overall, vari-
ability (10th-90th percentiles) of 7* in remote regions was
found to be about 0.3-0.4, similar to that for DOMINO.

Figure 11 displays the differences of the monthly mean TR
for January and July 2005. The overall negative values over
ocean are a result of the neglect of the tropospheric back-
ground in STSgmac. Besides this, the most striking features
are

1. positive deviations (i.e., TR from STSgmac being
higher than from STREAM) over North America and
Eurasia in January (up to 0.45 CDU, north from 35° N),

2. negative deviations over North America and Eurasia in
July (down to —0.45 CDU, north from 35° N), and

3. positive deviations over the Sahara, Middle East, India,
and western China in July (up to 0.38 CDU).

The systematic deviations north from 35°N (1 and 2) are
caused by the longitudinal dependency of stratospheric NO»
from EMAC which differs from the pattern in total column
(see Fig. 3). In detail, stratospheric NO, over Siberia is quite
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Figure 11. Monthly mean difference of tropospheric residues
T* from STSgpmac and STREAM for OMI measurements in Jan-
uary (top) and July (bottom) 2005.

low in EMAC, resulting in high-biased TR (similar as for
RSM) and indicating that the mean longitudinal dependency
of stratospheric NO; is not fully reproduced by EMAC. De-
viations in July over Sahara and southern Asia (3), how-
ever, are at least partly caused by a low bias of T* from
STREAM as discussed in the previous section.

Overall, deviations are moderate, and STSgmac still im-
proves the statistics of TR for high latitudes as compared to
a simple RSM. It thus might be considered as a simple al-
ternative STS with the advantage that it can be expected to
work with the same performance for any satellite instrument,
independent of spatiotemporal coverage.

5.1.4 OMI after row anomaly

In 2005, OMI measurements were performed with good in-
strumental performance, providing daily global coverage.
This has changed since summer 2007, when radiance mea-
surements of poor quality regularly occurred at particular
cross-track positions (“row anomaly”). We thus also tested
STREAM on OMI data after the onset of the row anomaly:
Figs. S25 and S26 show T* for 2010. While the daily maps
reveal gaps due to the exclusion of measurements affected by
the row anomaly, the monthly mean patterns as well as the
statistical properties are comparable to the results for 2005.
The row anomaly thus does not impact the performance of
STREAM (or DOMINO or NASA retrievals).
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Figure 12. Regional statistics of GOME-2 tropospheric residues
T* from different algorithms for January (top) and July (bottom)
2010. Conventions as in Fig. 6.

5.2 GOME-2

STREAM has been applied to GOME-2 (Metop-A) data for
the year 2010. The resulting daily and monthly mean maps
are shown in Fig. S27. Again, statistical properties are sum-
marized in Fig. 12.

The overall performance of STREAM, i.e., median and
variability range of TR, is generally similar to that found
of OMI. However, while OMI TRs are about 0.1 CDU over
the Pacific, lower values (0.05 CDU) are found for GOME-
2. This might be related to differences of cloud statistics due
to pixel size, in particular a lower number of fully clouded
pixels for GOME-2, as well as differences in local time,
cloud products, or systematic spectral interferences caused
by clouds in either retrieval algorithm.

On 1 July 2010, GOME-2 is operated in narrow swath
mode, causing poor global coverage. This, however, does not
affect STREAM performance.

On 15 January 2010, STREAM results in extraordinarily
high TR over the ocean (Fig. S28), which turned out to be
caused by a solar eclipse (Espenak and Anderson, 2008). Re-
moving the affected orbit results in normal performance for
this day. We recommend that screening of solar eclipses be
done automatically (as done for OMI) before running any
STS algorithm.

5.2.1 Comparison to NRT mode

STREAM is foreseen to be implemented in an update of
the operational GOME-2 data processor as operated in the
framework of the O3M SAF. This requires a slight modifica-
tion of STREAM in order to work on NRT data.

In STREAM v0.92, the stratospheric fields are estimated
for each orbit based on the total column measurements,
including seven previous and seven subsequent orbits. In
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NRT, however, no subsequent orbits are available. Thus,
STREAM has to be operated on the current plus 14 previ-
ous orbits instead.

We ran STREAM in NRT mode. The resulting maps are
shown in Fig. S28, and the statistics of TR are included
in Fig. 12. The deviations between baseline and NRT are
marginal. Thus, STREAM can be operated in NRT with sta-
ble performance.

5.2.2 Comparison to operational product (GDP 4.7)

In the current operational data processor (GDP 4.7), STS
for NO, is done by an MRSM as described in Valks et
al. (2011, 2015). Basically, polluted regions (defined by
monthly mean TVCDs from the MOZART-2 model being
larger than 1 CDU) are masked out. Global stratospheric
fields are derived by low-pass filtering in zonal direction by
a 30° boxcar filter.

Figure S30 displays daily and monthly mean maps of
T* in January and July 2010. The respective regional statis-
tics are included in Fig. 12.

Overall, TRs from GDP are relatively low. Over the Pa-
cific, mean T* is close to 0 in January, despite the applied
tropospheric background correction of 0.1 CDU. Over poten-
tially polluted regions, median TR from GDP is systemati-
cally lower (by 0.2CDU in July) than from STREAM, and
almost a quarter of all TRs are even negative.

Figure 13 displays the differences of the monthly mean
TR from GDP 4.7 and STREAM for January and July 2010,
again pointing out the systematically lower values of GDP
TR over continents in July. The systematic low bias of GDP
TR probably results from moderately polluted pixels over
regions labeled as “unpolluted”, which still might imply
MOZART-2 TVCDs of up to 1 CDU. These measurements
cause a high bias of the estimated stratospheric field around
polluted regions; by the subsequent low-pass filtering, this
high bias is passed over the polluted regions and results in
low-biased TR. Further investigations are needed to find out
why this effect is stronger in July than in January.

5.3 SCIAMACHY

We have applied STREAM to SCIAMACHY VCDs from
the MPI-C NO; retrieval (Beirle et al., 2010a). The result-
ing daily and monthly mean maps for 2010 are shown in
Fig. S31. Regional statistics are provided in Fig. 14, com-
pared again to the simple RSM and, additionally, to the re-
sults of LNM.

Though SCIAMACHY provides poorer daily spatial cov-
erage, STREAM overall still works well. Again, a clear re-
duction of the variability of 7* is found at high latitudes
as compared to RSM. Over the Pacific, mean TR from
STREAM is higher than for the RSM (= 0) but, similar to
GOME-2, not as high as for OMI. Again, this could be re-
lated to the low number of cloudy satellite pixels and spec-
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Figure 13. Monthly mean difference of tropospheric residues
T* from GDP 4.7 and STREAM for GOME-2 measurements in
January (top) and July (bottom) 2010.
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Figure 14. Regional statistics of SCIAMACHY tropospheric
residues 7* from different algorithms for January (top) and July
(bottom) 2010. Conventions as in Fig. 6.

tral interferences, affecting the DOAS analysis, related to
clouds. Overall, regional statistics of 7* are similar to OMI
or GOME-2. However, a systematic latitudinal dependency
of T* remains, showing positive values in hemispheric sum-
mer and negative values in hemispheric winter. This results
from the latitudinal dependencies of V* being different for
clouded and cloud-free observations, as shown in Fig. S33,
for reasons not yet understood.

5.3.1 Comparison to LNM

Within the SCIAMACHY MPIC NO, retrieval (Beirle et
al., 2010a), STS is performed based on LNM. This can be
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Figure 15. Monthly mean difference of tropospheric residues
T* from LNM and STREAM for SCIAMACHY measurements in
January (top) and July (bottom) 2010. Gaps at high latitudes in Jan-
uary are caused by respective gaps in the FRESCO cloud product.

considered as a completely different STS approach, based
on actual measurements but not involving CTMs or large-
scale interpolation, and thus provide a valuable information
on STREAM performance. Figure S32 displays the daily and
monthly mean TR from LNM in 2010.

In the LNM STS, the latitude-dependent offset between
nadir and limb is determined over the Pacific and corrected
for globally; i.e., mean TR in the Pacific is O by construc-
tion. Overall, regional statistics of 7* from LNM are very
similar to those from STREAM. Figure 15 displays the
monthly mean difference of both algorithms. The devia-
tion is dominated by the latitudinal dependency of 7* from
STREAM (see above); when this is removed, both algo-
rithms agree within 0.2 CDU for most parts of the globe.

54 GOME

GOME was the first instrument of the investigated series of
UV/vis spectrometers suited for DOAS analyses of tropo-
spheric trace gases. The comparably small number of GOME
pixels and the large across-track footprint (320 km) required
a modification of STREAM: we have switched the resolu-
tion of the global grid used for weighted convolution from 1
to 5°, i.e., wider than the GOME across-track width at mod-
erate latitudes. Thereby it is ensured that a grid pixel usually
contains multiple satellite pixels and that also adjacent grid
pixels are not empty (as would be the case for an 1° grid),
which is the prerequisite for the calculation of wrr.

We have applied STREAM to GOME data as provided by
TEMIS. The resulting TRs are again compared to the sim-
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Figure 16. Regional statistics of GOME tropospheric residues
T* from different algorithms for January (top) and July (bottom)
1999. Conventions as in Fig. 6.

ple RSM. Figure 16 displays the regional TR statistics for
GOME in January and July 1999. The respective maps are
provided in the Supplement (Fig. S34).

Overall, STREAM yields reasonable results for GOME as
well. However, some systematic biases are observed:

— over the Pacific, TRs from STREAM were found to be
negative, which can only be explained when the mea-
sured columns for cloudy pixels are higher than for
cloud-free pixels;

— over potentially polluted regions, 7* from STREAM is
systematically lower than from RSM (by 0.2CDU in
July). This might be a consequence of the applied cloud
weight, which has obviously different effects on GOME
than on OMI.

This explanation would be consistent with previous find-
ings: while Leue et al. (2001) base the STS on cloudy pixels,
Wenig et al. (2004) switched the Heidelberg STS to cloud-
free pixels after noticing that GOME columns are higher in-
stead of lower over clouds. Wenig et al. (2004) relate this to
the contribution of lightning NO,. However, as (a) the im-
pact of lightning NO, on satellite observations is generally
small (Beirle et al., 2010b) and (b) lightning activity over
the remote Pacific used for the RSM is very weak, we rather
suspect that a different effect is responsible for this finding,
most probably related to the specific instrumental features
of GOME (Burrows et al., 1999), in particular the dichroic
mirrors causing polarization dependent spectral structures.
It might thus be worth re-checking the DOAS analysis of
NO; for GOME for spectral interferences related to clouds.
A second possible effect, which might in particular con-
tribute to the large discrepancy over polluted regions, is that
cloud properties are averaged over the large GOME ground
pixel; i.e., in an extreme case, low and high cloud layers,
which would both be skipped in wq if resolved by the satel-
lite pixel, might yield, on average, an effective cloud height
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with a high w¢g. Any tropospheric pollution within (or di-
rectly above) the low cloud layer would then bias high the
stratospheric estimate and bias low the TR.

5.5 Future instruments
5.51 TROPOMI

TROPOMI (Veefkind et al., 2012) on S5p will be launched in
2016. Instrumental setup and spatial coverage are similar to
OMLI, but TROPOMI will provide a better spatial resolution
of 7 x 7km? at nadir.

STREAM was developed as a verification algorithm
for TROPOMI STS and was tested and compared to the
TROPOMI prototype algorithm based on OMI measure-
ments (see above). Though no TROPOMI measurements are
available yet, it can be expected that the performance of
STREAM on TROPOMI will be even better than for OMI,
because, due to the better spatial resolution, more individual
satellite pixels are available and among them a higher frac-
tion of clouded pixels. Thus, more sampling points over po-
tentially polluted regions will be available, further decreasing
interpolation errors.

5.5.2 Sentinel 4 (S4)

The satellite instruments investigated so far are all operated
in low, sun-synchronous orbits, providing global coverage at
fixed local time. In the near future, a new generation of spec-
trometers on geostationary orbits will be launched by differ-
ent space agencies. Over Europe, S4 (Ingmann et al., 2012)
will be the first mission providing a spectral resolving UV/vis
instrument on a geostationary satellite. The spatial coverage
is focussed on Europe. Thus, no “clean” reference regions
are regularly available. STREAM might overcome this prob-
lem by using clouded observations where the tropospheric
pollution is effectively shielded.

We simply evaluate the expected performance of
STREAM on S4 measurements by clipping OMI measure-
ments to the area covered by S4 (as given in Courreges-
Lacoste et al., 2010). The STREAM settings are identical to
v0.92, except for the a priori removal of the overall latitude
dependency in the reference sector, as no Pacific measure-
ments are available for S4. Figure 17 displays the resulting
TR (top) and the difference of TR between clipped and global
OMI data (bottom) for January 2005.

Though tropospheric pollution over Europe and the Mid-
dle East is evident, i.e., an extended clean reference region is
actually not available, STREAM is still capable of yielding
an accurate stratospheric estimate. Only at the northern and
southern borders are systematic biases observed, which can
be caused by the overall latitudinal dependency of the strato-
spheric VCD and border effects of the weighted convolution
and can probably be reduced by dedicated optimization of
the algorithm for S4.
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Figure 17. Performance of STREAM on “S4 data” (i.e., OMI mea-
surements clipped to the area covered by S4) for January 2005. The
top panel displays the resulting TR, the bottom panel shows the dif-
ference to the TR resulting from full OMI data as shown in Fig. 5.
The area covered by S4 in winter has been taken from Courreges-
Lacoste et al. (2010).

Situation will probably be improved for real S4 measure-
ments due to the higher number of clouded pixels in S4 com-
pared to OMI. Thus, this first check is highly encouraging to
further investigate the applicability of STREAM to S4 and
possible improvements.

5.6 Advantages and limitations of STREAM

STREAM was successfully applied to various satellite mea-
surements with a wide range of spatial resolution and cov-
erage. STREAM is an MRSM and does not need any model
input. It can thus be considered as a complementary approach
to data assimilation, as chosen for the TROPOMI prototype
algorithm.

As (M)RSMs usually estimate the stratospheric column
based on total column measurements over clean regions, they
generally miss the (small) tropospheric background of the
order of some 0.1 CDU. Several (M)RSMs explicitly cor-
rect for this effect based on a priori tropospheric background
columns (Martin et al., 2002; Valks et al., 2011; Bucsela
et al., 2013). In case of STREAM, however, cloudy pixels,
which allow a direct measurement of the actual stratospheric
column (except for the small tropospheric column above
the cloud), are emphasized. Thus, an additional tropospheric
background correction should be unnecessary. Accordingly,
in case of OMI, TRs from STREAM are about 0.1 CDU over
clean regions, similar as for TRs from DOMINO and NASA.
This is close to the a priori value chosen by Valks et al.
(2011) but below the values given in Martin et al. (2002)
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(about 0.15-0.3 CDU, assuming a tropospheric AMF of 2)
and Hilboll et al. (2013) (0.1 up to >0.6 CDU®).

In case of other satellite instruments, however, the TR
over the Pacific was found to be lower (GOME-2 and
SCIAMACHY) or even negative (GOME-1). The latter can
only be explained by cloudy measurements being systemat-
ically higher than cloud-free measurements. Further inves-
tigations are needed to infer this discrepancy between OMI
and GOME-1/2/SCIAMACHY and find how it is related to
differences in the cloud products and/or the spectral analysis
of NO»,.

STREAM assumes stratospheric NO; fields having low
zonal variability, in particular at low latitudes. This is re-
flected by the choice of a wide convolution kernel at the
equator. STREAM is thus not capable of resolving diurnal
small-scale patterns caused by stratospheric dynamics. These
patterns, however, largely cancel out in monthly means.

Whenever actual stratospheric fields do not match the
a priori assumption of zonal smoothness, e.g., in case of
“tilted” structures or actual large-scale zonal gradients like
differences in the stratospheric column over Pacific and In-
dian ocean, the TR resulting from STREAM can show artifi-
cial “stripes”. Further investigations might lead to additional
sophisticated algorithm steps to remove these artifacts. How-
ever, it has to be taken care that the benefit really outbal-
ances the drawbacks (added complexity) and that no other
artifacts/biases are introduced.

The dependencies of TR on STREAM parameter settings
have been found to be low (< 0.1 CDU). The application of
STREAM on synthetic data results in deviations to the a pri-
ori truth of the same order. These deviations are systematic,
i.e., the stratospheric patterns estimated by STREAM are
slightly biased high, which can be expected, as they are based
on total column measurements, which are always higher than
the stratospheric column.

Overall, STREAM uncertainty is well within the gen-
eral uncertainties of STS (see next section). Note that sys-
tematic changes of the NO> columns of the same order of
0.1 CDU can also result from changes of the settings for the
DOAS analysis, like fit interval, inclusion of additional ab-
sorbers in the analysis, or the treatment of rotational and vi-
brational Raman scattering, creating overall biases as well
as spatial patterns, e.g., over oligotrophic oceans (E. Peters,
personal communication, 2016).

5.7 General uncertainties and challenges of
stratosphere—troposphere separation

The uncertainty of STS can often not be directly quantified,
as the “true” stratospheric 4-D concentration fields are not
known. One approach to assess the STS performance is the

5Note, however, that the high values are only reported at higher
latitudes in winter, when the ratio Astrat/ Atrop is almost 2 (Fig. S1);
thus the large discrepancy is at least partly resolved when the TR is
transferred in a TVCD via Eq. (4).
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usage of synthetic data, as in Sect. 4.3. In addition, the TR
can be used to evaluate the plausibility of the stratospheric
estimate and to derive realistic uncertainties:

— Negative TRs are nonphysical. Thus, the occur-
rence of on average negative T* (exceeding the val-
ues/frequencies explainable by noise) clearly indicates
a positive bias of the estimated stratosphere.

— Tropospheric background columns over regions free of
NO, sources are expected to have low spatiotemporal
variability. Thus, the observed variability of T* over
clean regions serves as proxy of the uncertainty (pre-
cision) of the STS. From different algorithms (MRSMs
as well as model-based methods), typical variabilities
of T* over remote regions are about 0.5 CDU for daily
means and about 0.2-0.3 CDU for monthly means. For a
simple RSM, much higher values (=~ 1 CDU) are found
at high latitudes.

Systematic biases (accuracy) of STS can be estimated from
the intercomparison of TRs from different algorithms. Fig-
ure 18 displays the standard deviation of monthly mean
TR from the algorithms shown in Fig. 8 and discussed in
Sect. 5.1, i.e., two different, independent MRSM approaches
(STREAM and NASA) as well as two STS based on mod-
els, a simple one (STSgmac) and a complex data assimilation
setup (DOMINO). Note that the upper range of the color bar
was lowered to 0.3 CDU.

Overall, the standard deviation of TR from different STS
is low (typically <0.1 CDU and below <0.2 CDU for most
parts of the world). It is thus consistent with the uncer-
tainty estimates of stratospheric columns given in litera-
ture (Boersma et al. (2011): 0.15-0.25 CDU (SCD); Valks
et al. (2011): 0.15-0.3CDU (VCD); Bucsela et al. (2013):
0.2CDU (VCD)) and with the magnitude of systematic devi-
ations found in the study on synthetic data (Sect. 4.3).

With respect to the final NO, TVCD product, which is
higher than TR by the ratio of stratospheric and tropospheric
AMFs (Eq. 4), uncertainties of this order are completely neg-
ligible over polluted regions such as the US east coast, cen-
tral Europe, or eastern China. Nonetheless, a regional bias
>0.2CDU (e.g., over Russia in January) can contribute sig-
nificantly to the relative uncertainty of TVCDs aside the
pollution hotspots. Thus, the uncertainty of STS has to be
kept in mind in studies focusing on NO, emissions from,
e.g., biomass burning or soil emissions over regions like
Siberia, the Sahel, or Australia.

5.8 Other trace gases

STREAM was developed as STS algorithm for NO;. How-
ever, several other trace gas satellite retrievals face problems
which are similar to STS from an algorithmic point of view,
i.e., that a small-scale tropospheric signal has to be separated
from a smooth background (e.g., caused by stratospheric
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Figure 18. Standard deviation of monthly mean 7* from different
algorithms (STREAM, DOMINO, NASA, and STSgmac) for Jan-
uary (top) and July (bottom) 2005 (OMI).

columns or, in particular in case of trace gases with low op-
tical depth, shortcomings of the spectral analysis, introduc-
ing artificial dependencies on, for example, SZA or ozone
columns). Thus, the concept of weighted convolution could
be used within the satellite retrievals of, for example, SO,
BrO, HCHO, or CHOCHO, with appropriately chosen and
optimized weighting factors.

6 Conclusions

The separation of the stratospheric and tropospheric column
is a key step in the retrieval of NO, TVCDs from total col-
umn satellite measurements. As coincident direct measure-
ments of the stratospheric column are usually not available
(except for SCIAMACHY), current STS algorithms either
use CTMs (directly or via data assimilation) or follow a mod-
ified reference sector method (MRSM) approach, where the
stratospheric columns are basically estimated from total col-
umn measurements over clean regions.

We have developed the MRSM STREAM. Weighting fac-
tors determine how far individual satellite pixels contribute to
the stratospheric estimate. Over potentially polluted regions
(according to an NO, climatology), weights are lowered,
whereas measurements over mid-altitude clouds are assigned
with a high weighting factor. Global stratospheric fields are
derived by weighted convolution and subtracted from total
columns to yield tropospheric residues (TRs). In a second it-
eration, weighting factors are modified based on the TR: high
TR indicates tropospheric pollution, and the respective satel-
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lite pixels are assigned with a lower weight. For systemati-
cally negative TR, however, weighting factors are increased.
The concept of multiplicative weights can easily be extended
by additional factors, e.g., based on fire counts in order to
explicitly exclude biomass burning events.

STREAM results are robust with respect to variations of
the algorithm settings and parameters. With the baseline set-
tings, the errors of STREAM on a synthetic data set have
been found to be below 0.1 CDU on average.

STREAM was successfully applied to satellite measure-
ments from GOME 1/2, SCTAMACHY, and OMI. The re-
sulting TRs over clean regions and their variability have been
found to be low. However, systematic “stripes” can appear
in STREAM TR when the basic assumption that the strato-
spheric column varies smoothly with longitude is not ful-
filled, e.g., in case of “tilted” stratospheric patterns.

The emphasis of clouded observations, which provide a
direct measurement of the stratospheric rather than the to-
tal column, should supersede an additional correction for
the tropospheric background, which successfully worked for
OMI but less so for GOME and SCIAMACHY. This might
be related to differences in pixel size or local overpass time,
both potentially affecting cloud statistics, or differences in
the cloud algorithms. However, the detailed reasons are not
yet fully understood and require further investigations.

STREAM, which was developed as TROPOMI verifi-
cation algorithm, was optimized for OMI measurements.
Within an O3M SAF visiting scientist project, it was also
applied to GOME-2, and STREAM is foreseen to be imple-
mented in an upcoming GDP update.

Results from STREAM were compared to the TROPOMI
prototype algorithm, as represented by the DOMINO v2
product, in which STS is implemented by data assimilation.
Differences between monthly mean TRs from STREAM and
DOMINO are found to be low (almost 0 on average with re-
gional patterns up to about £0.1-0.2 CDU). A comparison to
other state-of-the-art STS schemes yields deviations of simi-
lar order.

The impact of STS is thus generally negligible for TVCDs
over heavily polluted regions. However, the remaining un-
certainties still contribute significantly to the total error of
TVCDs over moderately polluted regions and have to be kept
in mind for emission estimates of area sources of NO, such
as soil emissions or biomass burning.

7 Data availability

STREAM has been tested on NO; retrievals from different
satellite instruments as listed in Table 1. The input data sets
are publicly accessible; the respective links to the data sets
are included in the references provided in Table 1.
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Information about the Supplement

Additional images, tables, and text are provided in the Sup-
plement. All references to tables and figures in the Supple-
ment are indicated by a prefix “S”. For readability, the Sup-
plement is structured analogously to the paper; i.e., addi-
tional material to Sect. 2.3 can be found in Sect. S2.3 of the
Supplement.

The Supplement related to this article is available online
at doi:10.5194/amt-9-2753-2016-supplement.
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S1. Supplementary material

This document provides additional images, tables, and text.
All references to tables and figures in the main manuscript
are given in plain numbers, while tables and figures in the
supplement are indicated by a prefix “S”. The supplement
is structured analogously to the manuscript. L.e., additional
material to section 2.3 can be found in section S2.3 of the
supplement.

S2. Methods
S2.1 Terminology

Abbreviations are defined in the main manuscript (Table 2).
All column densities are given in column density units of 1
CDU=10'® molec cm~2.

STS performance is analyzed based on tropospheric
residues (TR) (Eq. 1); tropospheric VCDs are generally
higher than TR by the ratio Astyat/Atrop- Figure S1 displays
the monthly mean of this ratio of AMFs, as provided in the
NASA product, for cloud free conditions.

Within the discussion of the MPI-C STS for SCIA-
MACHY based on LNM (Beirle et al., 2010), tropospheric
SCDs (TSCDs) have been analyzed. For OMI, however,
viewing angle dependencies would dominate daily maps of
TSCDs due to the far larger range of viewing angles of OMI
compared to SCIAMACHY. In this study, we thus focus on
TR, i.e. we applied stratospheric AMFs in order to eliminate
the viewing angle dependencies of TSCDs.

January 2005

i

July 2005

Astrat/Atrop
Fig. S 1. Ratio of monthly mean stratospheric and tropo-
spheric AMFs as provided by NASA for cloud free observations
(CRF<0.3) for January (top) and July (bottom) 2005. On average,
cloud free TVCDs are higher than TRs by this ratio (Eq. 2).

S2.2 Weighting factors
S2.2.1 Pollution weight

If the stratospheric NO; is estimated from total column den-
sity measurements, regions with tropospheric pollution have
to be excluded. Thus, we assign potentially polluted satel-
lite pixels a pollution weight w1 < 1 based on our a-priori
knowledge of tropospheric NO,. For this purpose we use
a climatology of tropospheric NOs column densities from
SCIAMACHY measurements 2003-2011 (Beirle and Wag-
ner, 2012) shown in Fig. S2a. So far, no seasonality of NO; is
considered in the definition of P. This could be added to a
future version, but the impact on STREAM is expected to be
low (compare section 4.2.6).

i convolve with Gaussian
2E = .. jf

i set values >0 and <1 CDU to 1 CDU
SRR e e

0 1 2 3 4 5 s [CDU]
Fig. S 2. Stages of the calculation of the pollution proxy P: The
tropospheric NO2 climatology (a) is clipped to values >1 CDU (b),
convolved with a Gaussian (c), and extended in space by setting
values between 0 and 1 CDU to a minimum of 1 CDU (d).
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Pollution weights are defined based on a pollution proxy
which is derived from the NO» climatology by the following
steps:

1. Grid pixels with a mean TVCD below 1 CDU are re-
moved (Fig. S2b).

2. The resulting clipped climatology is smoothed by con-
volution with a 2D-Gaussian with o = 2° (Fig. S2c).

3. For the pollution proxy P, values between O and 1
CDU are set to 1 CDU. By this operation, a “safety mar-
gin” of potentially polluted areas is created (Fig. S2d).

Note that due to steps 2&3, the initial spatial resolution of
SCIAMACHY is fully sufficient for the definition of P (and
thus wp,01) even for applications of STREAM to instruments
with better spatially resolution.

S2.3 Weighted convolution

We illustrate the procedure of weighted convolution, as ex-
plained in Section 2.3 of the manuscript and described by
egs. (7)-(12), by a simple, constructed example on a 10x 1
grid.

Table S 1. NO2 VCDs and weighting factors for the constructed
example for illustration of weighted convolution.

i k vk Wpol Weld W
1 1 1.1 1 1 1
2 1 1.15 1 1 1
2 095 1 20 20
3 1 1.1 1 1 1
4
5 1 15 0.15 1 0.15
6 1 2 0.05 1 0.05
2 1.1 0.05 50 25
7 1 35 0.025 1 0.025
8 1 2 0.05 1 0.05
9 1 1.1 0.1 1 0.1
10 1 105 1 1 1
4
®
3 O v
= + v
Z2 -7 o ®
= @
1 @_@w ]
0

i (Grid pixel #)

0.001 0.01 0‘.1 1 I10 1‘00 1000
Weighting factor w
Fig. S 3. Illustration of weighted convolution for the constructed
VCDs listed in Table 1. Weighting factors are color coded. Circles
represent the individual V' for each satellite pixel. The weighted
mean VCD in each grid pixel (eq. 9) is indicated by a “+”. In cases
of multiple satellite pixels per grid (:=2,6), the weighted mean is
dominated by the clouded satellite pixel due to the heigh weighting
factor. The finally resulting stratospheric pattern V' is shown in red.

Table S1 lists the values for V* and their respective
weights. Pixels 1-3 and 9-10 are free of tropospheric pollu-
tion, while pixels 5-8 are exposed to regular tropospheric pol-
lution, causing low values for wy,,. Two observations were
made under cloudy conditions, causing a cloud weight >1.
Figure S3 displays the respective individual VCDs v;;, (with
their net weights shown by color) and the stratospheric esti-
mate V resulting from weighted convolution.

Two convolution kernels GP°' and G°9, as defined in
Eq. 15, are used in STREAM, matching the different needs
for high versus low latitudes, respectively. GP°! and G°® are
displayed in Fig. S4.

—
G g, =10°0, =5°

. e

G g, =500y = 10°

-180 150 120  -90 60 30 0 30 60 90 120 150 180

Convolution Kernel [A.U.]

Fig. S 4. Illustration of the convolution kernels used for weighted
convolution at the poles and at the equator, respectively. G°¢ is
clipped to £100°, i.e. 20, to keep computation time low. Global
convolution results from the weighted mean of both kernels accord-
ing to Eq. 15.

In STREAM default set-up, the overall latitudinal depen-
dency of V'* is estimated over the Pacific, removed before the
weighted convolution, and added again thereafter. This pro-
cedure avoids artefacts of latitudinal convolution in case of
gradients on spatial scales of oy or smaller. Figure S5 illus-
trates this effect; the impact of the latitude correction on the
resulting TR will be shown in detail below (section S5.3.1).

6
— V*
5 Vstrat STREAM
——V___ w/olat. corr.
strat
4
=)
a
3
o
[&]
>
2
1\\‘
1
0

-60 -40 -20 20 40 60

0
lat [°]

Fig. S 5. Mean total column V' and stratospheric estimates as func-
tion of latitude from STREAM with and without initial latitude cor-
rection over the Pacific for OMI data on 1 January OML.
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S2.4 Data Processing

Diurnal variation of stratospheric NO,

In case of orbital overlap, as for OMI, a grid pixel might contain satellite pixels with different local time. This effect is
neglected in STREAM. We have estimated the magnitude of this effect by calculating the mean total NO; VCD separately for
the different OMI viewing zenith angles, which are directly related to local time (LT) (see Fig. S6).

For low latitudes, the effect is negligible. Only for high latitudes (>50°), the effect can exceed £0.2 CDU at the swath
edges. Consequently, if individual orbits are considered, a small cross-track dependency of TR could be observed for high
latitudes, which is actually caused by the LT dependency of stratospheric NO-. For gridded data, however, where OMI orbits
significantly overlap, the effect (and its impact on STREAM performance) is generally negligible.

0.4
~70° to 60
-50° to 40
0.3 -30° to ~20°)
~10°t0 0°
——10°t0 20°
0.2} —30°to 40°
50° to 60°
2 o4
O,
> = .
< oA
-0.1
-0.2
-0.3

10 20 30 40 50 60
cross track

Fig. S 6. Dependency of OMI total VCD V™ on cross-track position (compared to nadir) at different latitudes in January 2005.

S3.3 Synthetic VCD

Figure S7 displays synthetic stratospheric, tropospheric, and total (VV*) column densities. See section 3.3 for details.

Fig. S 7. Synthetic NO> column densities of stratosphere (EMAC, top), troposphere (TM4, center) and total V* (bottom) for 1 January
(left) and 1 July (right) 2005. Note that EMAC stratospheric columns differ from those shown in Fig. 3 of the manuscript, as the latter were
adjusted to OMI measurements over the Pacific.
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S4 Algorithm performance
S4.1 STREAM versus RSM for OMI

Figure S8 provides information on the definition of percentile bars (left), and shows the definition of the regions (right) used
for the regional statistical analysis in Figs. 6-8, 12, 14 and 16, and several diagrams in the supplement.

75" petl
h
75" petl

N Median
Median

25" petl

251" petl
-150 -120 -90 -60 -30 0 30 60 90 120 150

% AN Monthly Mean BT T - T

Daily Mean Pacific Remote  Highlat(N) Highlat(S) Pot. polluted

Fig. S 8. Left: Illustration of the meaning of percentile bars used in diagrams on regional statistics of 7. Light and dark bars reflect the
10190 and 25*2-75'" percentiles, respectively. The median is indicated in white. The narrow and wide bars show the statistics for the
first day of the month and the monthly mean, respectively.

Right: Definition of the regions used for the calculation of the statistics of 7. Note that in the diagrams, “high latitudes” always refers to
the repective winter hemisphere.

S4.2 Impact of a-priori settings
S4.2.1 Impact of cloud weight w14

Figures S9 and S10 display the TR resulting from STREAM for w1q switched off and increased by a factor of 10 (for cloudy
pixels, see text for details), respectively, for OMI in 2005. Figure S11 displays the respective TR if low clouds are also consid-
ered for the calculation of wrg (by setting wp = 1 for p > p.o¢ in Eq. 6(c)). The respective regional statistics of 7™ are shown
in Fig. S12.

W/0 Weiq

-150 -120

150 120 90 80~ 30 0 G0N E0 IR o0e = o0 BRG0G0 <150 120 90 80 © 30 0 % 60 90 120 150 60
*
2 15 -1 -05 0 05 1 15 2 T* [CDU]

Fig. S 9. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) without applying weia.
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high weiq

-150 -120

-150 120 -90 .:ﬁ - =30 [ M 90 120 150 60 -150 -120 -90 dge © -3 0 M 920 120 150 60
' L '

2 15 A -05 0 05 1 15 2 T* [CDU]

Fig. S 10. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) for high wecia (x 10 compared to the baseline for clouded pixels).

Including low clouds

-150 -120

-150 -120 -90 d?e % ‘—30 0 M
L.
05 1 15 2 T™ [CDU]

Fig. S 11. OMI tropospheric residues 7" based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) for wciqa based on clouds of medium or low altitude.
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Impact of cloud weight

1t STREAM

w/owc'd Jan
high g
— | I including low clouds
s }
[=} | !
S = = -|ll
= =
ot e B e e I8
1t
Jul
: |=|Il= I -
= .
S olis, Ee B IS i o m——
Pacific Remote High Lat Pot. Polluted

Fig. S 12. Regional statistics of OMI tropospheric residues 7 from STREAM for different settings of wciq. Light and dark bars reflect the
10-90'" and 25-75'" percentiles, respectively. The median is indicated in white. Narrow bars show the statistics for the first day of the month,
wide bars those of the monthly means (see also Fig. S8 (left) for illustration). The regions are defined in Fig. S8 (right). “High latitudes”
refer to the respective hemispheric winter only.

S4.2.2 Impact of convolution kernel

Figures S13 and 14 display the TR resulting from STREAM for the convolution kernels GP°' and G°? applied globally,
respectively, for OMI in 2005.
The respective regional statistics of 7™ are shown in Fig. S15.

Narrow CK GP°!

-150 -120

-150 -120 -90 ﬂ - =30 [ M 90 120 150 60 -150 -120 -90 “5269 © -3 0 M 920 120 150

-2 -15 -1 -0.5 0 0.5 1 15 2 1’”‘= [CDU]

Fig. S 13. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) resulting from weighted convolution using GP°'.
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Wide CK G*1
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Fig. S 14. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) resulting from weighted convolution using G°9.

Impact of convolution kernel

e Jan
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|
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el
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Fig. S 15. Regional statistics of tropospheric residues 7 from STREAM for different settings of the CK G (compare sect. 2.3). Conventions

as in Fig. S12.
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S4.2.3 Impact of latitude correction

Figure S16 displays the TR resulting from STREAM if the a-priori correction of latitudinal dependency before weighted

convolution is switched off for OMI in 2005.

No latitude correction

1 Janu

ary

~-150  -120 -90 Jeee - =30 0 30

Janu

-120 -90 ﬁ - =30 [ M 90 120 150 —60 -150 120 -90 ,ﬁ © =30 0 M 90 120 150
| L
' '
*
-2 -15 -1 -0.5 0 0.5 1 15 2 T [CDU]

Fig. S 16. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2005 for the first day of the month (top) and
the monthly mean (bottom) for latitude correction switched off.

S4.2.4 Impact of the number of considered orbits

Figure S17 summarizes the statistics of TR for variations of the number of orbits included for the stratospheric estimate.

Impact of considered number of orbits

1F

Jan
+ 3orbits
— NRT
=)
5 il SEEE
— === — y
CofmiEjEl= BIEEE igsimis
1k
Jul
=)
3 llllg\
o — I |
A RCTI U TOR | [CR——— il
Pacific Remote High Lat Pot. Polluted

Fig. S 17. Regional statistics of OMI tropospheric residues 7 from STREAM for different number of orbits considered in weighted convo-
lution for January (top) and July (bottom) 2005. Conventions as in Fig. S12.
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S4.2.5 Impact of tropospheric residue weight

Figure S18 summarizes the statistics of TR for variations of the number of iterations with wrg.

Impact of settings for wrgr
! wown! Jan

| 2 iterations
lower wy, threshold

JLi=t=] =I=|===i===}=1|={=4-g =

T* [CDU]

T* [CDU]

[ | ]
W
L8

[ [ ]

Pacific Remote High Lat Pot. Polluted

Fig. S 18. Regional statistics of OMI tropospheric residues 7" from STREAM for different settings for wrrfor January (top) and July
(bottom) 2005. Conventions as in Fig. S12.

S4.2.6 Impact of pollution weight

Figure S19 summarizes the statistics of TR for variations of the pollution weight wp1.

Impact of settings for w,,

]

e Jan

T high e,
3 = i!'!ll
S | el '='iL}=J.=|l= == |
]
Jul

3 |l|l
a
2 I e | l=l'||
2 OzHi=E= == ===—i= E——

Pacific Remote High Lat Pot. Polluted

Fig. S 19. Regional statistics of OMI tropospheric residues 7 from STREAM for different settings for wpo1 for January (top) and July
(bottom) 2005. Conventions as in Fig. S12.
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S4.3 Performance for synthetic data

11

Figure S20 displays the expected error of 7 , i.e. the difference of estimated and “true” a priori TR, based on synthetic total

columns for OMI in 2005.

Synthetic columns: Difference to a priori

1 January
=

—1I50 —1I20 —?0 —‘Bp e ‘—?0 (I) 3IO GIO SIO ‘?0 1?0 _60. _1|50 _‘|20 —?0 ~60 ~30 0 30 SIO 920 120 150 _60.
| M
] .
*
2 15 -1 05 05 1 15 2 AT* [CDU]

Fig. S 20. Expected error of 7 from STREAM based on synthetic total columns in January (left) and July (right) 2005 for the first day of

the month (top) and the monthly mean (bottom).

S5 Discussion
S5.1 OMI
S5.1.1 Comparison to DOMINO

Figure S21 displays the TR resulting from data assimilation as provided in DOMINO for OMI in 2005.

DOMINO

-150 -120 -90 ~60 =l 0 30

-150 -120 -90 60 . 30 0 30 60 90 120 150

L L
0 0.5

1 15 2 T [CDU]

Fig. S 21. OMI tropospheric residues 7 from DOMINO for January (left) and July (right) 2005 for the first day of the month (top) and the

monthly mean (bottom).
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S5.1.2 Comparison to NASA

Figure S22 displays the TR resulting from NASA v3 for OMI in 2005.
Figure S23 provides additional case studies of features of the NASA stratospheric estimate (see main text for discussion).

-150  -120

05 1 15 2 T [CDU]

Fig. S 22. OMI tropospheric residues 7 from NASA for January (left) and July (right) 2005 for the first day of the month (top) and the
monthly mean (bottom).

5 v
—V Sahara/
Vsrat RSM Arabian
45 VSlrat STREAM desert
Vst NASA
=)
) 4
S
g ,/"M"Av W LY WARTL
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3
e j @0 |
0 0.5 1 15 2 25 3 55 . . . )
Vstrat [CDU] -180 -120 -60 o [O] 60 120 180

Fig. S 23. Left: Stratospheric VCD as provided by NASA for 1 January 2005. The outflow pattern of NO2 east of Canada, which is also

visible in the total column (Fig. 3 top left), is partly classified as stratospheric.
Right: Longitudinal dependency of total and stratospheric NO2 column densities in July 2005 for 20°-30°N. Over the Sahara, V™ as well
as Vitrat from STREAM are maximal, while Vierar from NASA (which skips the Sahara for the stratospheric estimation) shows a local

minimum.
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S5.1.3 Comparison to STS EMAC

Figure S24 displays the TR resulting from STSgyac for OMI in 2005.

| . Z I o
-2 -15 -1 -0.5 0 05 1 15 2 T* [CDU]

Fig. S 24. OMI tropospheric residues 7 from STSgmac for January (left) and July (right) 2005 for the first day of the month (top) and the
monthly mean (bottom).

S5.1.4 OMI after row anomaly

Figure S25 displays the TR resulting from STREAM for OMI in 2010, analogue to Fig. 5. Due to the row anomaly, gaps occur
in the daily maps. Regional statistics, however, are quite similar to those in 2005 (compare Fig. S26 and Fig. 8).

OMI 2010 (row anomaly)

-150 120

| Z i M|
-2 -15 -1 -0.5 0 0.5 1 15 2 T* [CDU]

Fig. S 25. OMI tropospheric residues 7 based on STREAM for January (left) and July (right) 2010 for the first day of the month (top) and
the monthly mean (bottom).
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OMI 2010 (row anomaly)
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Fig. S 26. Statistics of OMI tropospheric residues 7 from different algorithms for different regions of the globe for January (top) and July
(bottom) 2010. Conventions as in Fig. S12.

S5.2 GOME-2

Figure S27 displays the TR resulting from STREAM for GOME-2 in 2010. On 1 July 2010, measurements are performed in

narrow swath mode.
Figure S28 shows the artefacts in total and stratospheric VCD caused by a solar eclipse on 15 January 2010. This event was

removed from the monthly mean.

GOME-2 STREAM

-150 120

-2 -15 -1 -0.5 0 0.5 1 15 2 T* [CDU]

Fig. S 27. GOME-2 tropospheric residues 7™ based on STREAM for January (left) and July (right) 2010 for the first day of the month (top)
and the monthly mean (bottom).
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-2 -15 -1 -05 0 0.5 1 15 2

V* [CDU] T [CDU]

Fig. S 28. GOME-2 total VCD (left) and tropospheric residues 7 (right) on 15 January 2010. Negative VCDs are observed East from Africa
caused by poor fit performance due to a solar eclipse. Thus, 7 shows large artificial patterns.

S5.2.1 Comparison to NRT

Figure S29 displays the TR resulting from STREAM in NRT mode for GOME-2 in 2010.

GOME-2 STREAM (NRT)

_60 -150 120 -90 =60 . =30 0 30 60 90 120 150

-150 -120 -90 ~60 _ =30 [ 30 60 920 120 150

2 15 -05 0 05 1 15 2 T [CDU]

Fig. S 29. GOME-2 tropospheric residues 7 based on STREAM in NRT mode for January (left) and July (right) 2010 for the first day of
the month (top) and the monthly mean (bottom).
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S5.2.2 Comparison to GDP 4.7

Figure S30 displays the TR resulting from GDP 4.7 for GOME-2 in 2010.

GOME-2 GDP 4.7

150 -120 e g 2150 =120

| ; L T
-2 15 - 05 0 05 1 15 2 T [CDU]

Fig. S 30. GOME-2 tropospheric residues 7 as provided by GDP 4.7 for January (left) and July (right) 2010 for the first day of the month
(top) and the monthly mean (bottom).

S5.3 SCIAMACHY

Figure S31 displays the TR resulting from STREAM for SCTAMACHY in 2010.

SCIAMACHY STREAM
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Fig. S 31. SCIAMACHY tropospheric residues 7 based on STREAM for January (left) and July (right) 2010 for the first day of the month
(top) and the monthly mean (bottom).




S. Beirle et al.: Supplement to Stratospheric estimation of NO, 17

S5.3.1 Comparison to LNM

Figure S32 displays the TR resulting from LNM for SCTAMACHY in 2010.

SCIAMACHY LNM
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Fig. S 32. SCTAMACHY tropospheric residues 7™ based on LNM for January (left) and July (right) 2010 for the first day of the month (top)

and the monthly mean (bottom).

Figure S33 displays the mean total VCD V* over the Pacific as function of latitude, separately for low and high cloud
weight. On the summer hemisphere, V* is lower over clouded pixels, as expected, as the tropospheric background is shielded.
This is however not observed in the winter hemisphere, where clouded and cloud free pixels show no difference in V*, for
reasons not yet fully understood. This difference in latitudinal dependency of V* for clouded vs. cloud free pixels causes the

latitudinal dependent biases in the comparison to LNM (Fig. 15).
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Fig. S 33. Mean V™ over the Pacific as function of latitude, separately for low and high cloud weight, for SCTAMACHY measurements on 1
January (left) and 1 July (right) 2010.
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Abstract. An improved algorithm for the retrieval of total
and tropospheric nitrogen dioxide (NO3) columns from the
Global Ozone Monitoring Experiment-2 (GOME-2) is pre-
sented. The refined retrieval will be implemented in a future
version of the GOME Data Processor (GDP) as used by the
EUMETSAT Satellite Application Facility on Atmospheric
Composition and UV Radiation (AC-SAF). The first main
improvement is the application of an extended 425-497 nm
wavelength fitting window in the differential optical absorp-
tion spectroscopy (DOAS) retrieval of the NO; slant column
density, based on which initial total NO> columns are com-
puted using stratospheric air mass factors (AMFs). Updated
absorption cross sections and a linear offset correction are
used for the large fitting window. An improved slit function
treatment is applied to compensate for both long-term and in-
orbit drift of the GOME-2 slit function. Compared to the cur-
rent operational (GDP 4.8) dataset, the use of these new fea-
tures increases the NO> columns by ~ 1-3 x 10 molec cm?
and reduces the slant column error by ~ 24 %. In addition,
the bias between GOME-2A and GOME-2B measurements
is largely reduced by adopting a new level 1b data version in
the DOAS retrieval. The retrieved NO; slant columns show
good consistency with the Quality Assurance for Essential
Climate Variables (QA4ECV) retrieval with a good over-
all quality. Second, the STRatospheric Estimation Algorithm
from Mainz (STREAM), which was originally developed for
the TROPOspheric Monitoring Instrument (TROPOMI) in-

strument, was optimised for GOME-2 measurements to de-
termine the stratospheric NO;, column density. Applied to
synthetic GOME-2 data, the estimated stratospheric NO;
columns from STREAM shows good agreement with the a
priori truth. An improved latitudinal correction is introduced
in STREAM to reduce the biases over the subtropics. Ap-
plied to GOME-2 measurements, STREAM largely reduces
the overestimation of stratospheric NO; columns over pol-
luted regions in the GDP 4.8 dataset. Third, the calcula-
tion of AMF applies an updated box-air-mass factor (box-
AMEF) look-up table (LUT) calculated using the latest ver-
sion 2.7 of the Vector-LInearized Discrete Ordinate Radia-
tive Transfer (VLIDORT) model with an increased number
of reference points and vertical layers, a new GOME-2 sur-
face albedo climatology, and improved a priori NO; profiles
obtained from the TMS5-MP chemistry transport model. A
large effect (mainly enhancement in summer and reduction
in winter) on the retrieved tropospheric NO; columns by
more than 10 % is found over polluted regions. To evaluate
the GOME-2 tropospheric NO, columns, an end-to-end vali-
dation is performed using ground-based multiple-axis DOAS
(MAXDOAS) measurements. The validation is illustrated for
six stations covering urban, suburban, and background situ-
ations. Compared to the GDP 4.8 product, the new dataset
presents improved agreement with the MAXDOAS measure-
ments for all the stations.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Nitrogen dioxide (NO;) is an important trace gas in the
Earth’s atmosphere. In the stratosphere, NO; is strongly re-
lated to halogen compound reactions and ozone destruc-
tion (Solomon, 1999). In the troposphere, nitrogen oxides
(NO, = NO; +NO) serve as a precursor of zone in the pres-
ence of volatile organic compounds (VOCs) and of sec-
ondary aerosol through gas-to-particle conversion (Seinfeld
et al., 1998). As a prominent air pollutant affecting human
health and ecosystems, large amounts of NO; are produced
in the boundary layer by industrial processes, power gener-
ation, transportation, and biomass burning over polluted hot
spots. For instance, a strong growth of NO; during the past
2 decades has caused severe air pollution problems for China,
with the largest NO;, columns in 2011; since then, cleaner
techniques and stricter controlling have been applied to re-
duce the NO» pollution (Richter et al., 2005; van der A et al.,
2017; Liu et al., 2017). An increase in NO» concentrations
due to economic growth is also found over India, with a peak
in 2012 (Hilboll et al., 2017). Despite the decrease in NO,
emissions in Europe, around half of European Union mem-
ber states still exceed the air quality standards, mainly caused
by diesel car emissions (European Commission, 2017).

NO; column measurements have been provided by satel-
lite instruments, e.g. Global Ozone Monitoring Experiment
(GOME) (Burrows et al., 1999), SCanning Imaging Absorp-
tion SpectroMeter for Atmospheric CHartographY (SCIA-
MACHY) (Bovensmann et al., 1999), Ozone Monitoring
Instrument (OMI) (Levelt et al., 2006), and Global Ozone
Monitoring Experiment-2 (GOME-2) (Callies et al., 2000;
Munro et al., 2016). NO, observations will be continued by
the new generation instruments with high spatial resolution
such as TROPOspheric Monitoring Instrument (TROPOMI)
(launched in October 2017; Veefkind et al., 2012) and by
geostationary missions such as Sentinel-4 (Ingmann et al.,
2012). The GOME-2 instrument, which is the main focus of
this study, is included on a series of MetOp satellites as part
of the EUMETSAT Polar System (EPS). The first GOME-2
was launched in October 2006 aboard the MetOp-A satel-
lite, and a second GOME-2 was launched in September 2012
aboard MetOp-B. The consistent long-term dataset will be
further extended by the third GOME-2 on the upcoming
MetOp-C platform (to be launched in September 2018). NO,
measurements from GOME-2 have been widely used to char-
acterise the distribution, evolution, or transport of NO» (e.g.
Hilboll et al., 2013, 2017; Zien et al., 2014), to estimate the
NO, emission (e.g. Gu et al., 2014; Miyazaki et al., 2017;
Ding et al., 2017), and to interpret VOC levels, ozone varia-
tion, or anthropogenic aerosol loading (e.g. Vrekoussis et al.,
2010; Safieddine et al., 2013; Penning de Vries et al., 2015).

The GOME-2 total and tropospheric NO; products are
generated using the GOME Data Processor (GDP) algorithm
at the German Aerospace Center (DLR). The retrieval algo-
rithm has been first described by Valks et al. (2011) as imple-
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mented in the GDP version 4.4 and was later updated to the
current operational version 4.8 (Valks et al., 2017). The NO»
retrieval for GOME-2 follows a classical three-step scheme.

First, the total NO, slant columns (namely the concentra-
tion integrated along the effective light path from the sun
through the atmosphere to the instrument) are derived us-
ing the differential optical absorption spectroscopy (DOAS)
method (Platt and Stutz, 2008). The DOAS technique is a
least-squares method fitting the molecular absorption cross
sections to the measured GOME-2 sun-normalised radiances
provided by the EUMETSAT’s processing facility. The fit is
applied on the data within a fitting window optimised for
NO;. As analysed by Richter et al. (2011) and in the Quality
Assurance for Essential Climate Variables (QA4ECV; http:
/lwww.qadecv.eu) project, extension of the fitting window
for GOME-2 increases the signal-to-noise ratio and hence
improves the NO; slant column error. The total NO; slant
columns depend on the viewing geometry and also on pa-
rameters such as surface albedo and the presence of clouds
and aerosol loads. They are therefore converted to initial to-
tal NO, vertical columns through division by a stratospheric
air mass factor.

Second, the stratospheric contribution is estimated and
separated from the NO, slant columns (referred to as
“stratosphere—troposphere separation”). The GDP 4.8 algo-
rithm applies a modified reference sector method, which
uses measurements over clean regions to estimate the strato-
spheric NO, columns based on the assumptions of longitu-
dinally invariable stratospheric NO, layers and of negligi-
ble tropospheric NO, abundance over the clean areas. The
modified reference sector method defines a global pollution
mask to remove potentially polluted regions and applies an
interpolation over the unmasked areas to derive the strato-
spheric NO, columns. As a result of using a fixed pollu-
tion mask, the modified reference sector method in GDP 4.8
has larger uncertainties over polluted areas, because limited
amount of information over continents is used. To overcome
the shortcomings, the STRatospheric Estimation Algorithm
from Mainz (STREAM) method (Beirle et al., 2016) has
been developed for the TROPOMI instrument and was also
successfully applied on GOME, SCIAMACHY, OMI, and
GOME-2 measurements. Also belonging to the modified ref-
erence sector method, STREAM defines not a fixed pollution
mask but rather weighting factors for each observation to de-
termine its contribution to the stratospheric estimation.

Third, the tropospheric NO; vertical columns are calcu-
lated from the tropospheric slant columns by an air mass
factor (AMF) calculation, which contributes the largest un-
certainty to the NO; retrieval, particularly over polluted re-
gions (Boersma et al., 2004). The AMFs are determined with
a radiative transfer model (RTM) and stored in a look-up ta-
ble (LUT) requiring ancillary information such as surface
albedo, vertical shape of the a priori NO, profile, clouds,
and aerosols. Improvements in the RTM and LUT interpo-
lation scheme, the ancillary parameters, and the cloud and
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aerosol correction approach have been reported for the OMI
instrument (e.g. Boersma et al., 2011; Lorente et al., 2017;
Vasilkov et al., 2017; Krotkov et al., 2017; Veefkind et al.,
2016; Lin et al., 2014; Castellanos et al., 2015; Laughner
et al., 2018), which in principle are beneficial for similar
satellite instruments like GOME-2.

In this paper, a new algorithm to retrieve the total and tro-
pospheric NO, for the GOME-2 instruments is described,
which includes improvements in each of the three algo-
rithm steps introduced above. The improved algorithm will
be implemented in the next version of GDP (referred to as
GDP 4.9 hereafter). We briefly introduce the GOME-2 in-
strument (Sect. 2) and the current operational (GDP 4.8) to-
tal and tropospheric NO» retrieval algorithm (Sect. 3). We
present the improvements to the DOAS slant column retrieval
(Sect. 4), the stratosphere—troposphere separation (Sect. 5),
and the AMF calculation (Sect. 6). Finally, we show an
end-to-end validation of the tropospheric NO; dataset using
ground-based multiple-axis DOAS (MAXDOAS) datasets
with different pollution conditions (Sect. 7).

2 Instrument and measurements

GOME-2 is a nadir-scanning UV-VIS spectrometer aboard
the MetOp-A and MetOp-B satellites (referred to as GOME-
2A and GOME-2B throughout this study) with a satellite
repeating cycle of 29 days and an equator crossing time of
19:30 local time (LT) (descending node). The GOME-2 in-
strument measures the Earth’s backscattered radiance and ex-
traterrestrial solar irradiance in the spectral range between
240 and 790 nm. The morning measurements from GOME-
2 provide a better understanding of the diurnal variations
of the NO; columns in combination with afternoon obser-
vations from for example the OMI, and TROPOMI instru-
ments (13:30LT). The default swath width of GOME-2 is
1920 km, enabling a global coverage in ~ 1.5 days. The de-
fault ground pixel size is 80 km x40 km in the forward scan,
which remains almost constant over the full swath width. In a
tandem operation of MetOp-A and MetOp-B from July 2013
onwards, a decreased swath of 960 km and an increased spa-
tial resolution of 40km x40km are employed by GOME-
2A. See Munro et al. (2016) for more details on instrument
design and performance.

The operational GOME-2 NO, product is provided by
DLR in the framework of EUMETSAT’s Satellite Applica-
tion Facility on Atmospheric Composition Monitoring (AC-
SAF). The product processing chain starts with the level 0
to 1b processing within the core ground segment at EU-
METSAT in Darmstadt (Germany), where the raw instru-
ment (level 0) data are converted into geolocated and cali-
brated (level 1b) (ir)radiances by the GOME-2 Product Pro-
cessing Facility (PPF). The level 1b (ir)radiances are dissem-
inated through the EUMETCast system to the AC-SAF pro-
cessing facility at DLR in Oberpfaffenhofen (Germany) and
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further processed using the Universal Processor for UV/VIS
Atmospheric Spectrometers (UPAS) system. Broadcasted via
EUMETCast, WMO GTS, and the Internet, the resulting
level 2 near-real-time total column products including NO»
columns can be received by user communities 2 h after sens-
ing. Offline and reprocessed GOME-2 level 2 and consoli-
dated products are also provided within 1 day by DLR, which
can be ordered via FTP server and the EUMETSAT Data
Centre (https://acsaf.org/, last access: 1 February 2019).

3 Total and tropospheric NO; retrieval for GDP 4.8

The first main step of the retrieval algorithm is the DOAS
technique, which is applied to determine the total NO, slant
columns from the (ir)radiance spectra measured by the in-
strument. Based on the Beer-Lambert law, the DOAS fit
is a least-squares inversion to isolate the trace gas absorp-
tion from the background processes, e.g. extinction result-
ing from scattering on molecules and aerosols, with a back-
ground polynomial P(A) at wavelength A:

i [1 (M) + offset(2)

I900) ] = _ZSgUg(k) —arRM) —P(). (1)
8

The measurement-based term is defined as the natural log-
arithm of the measured earthshine radiance spectrum /()
divided by the daily solar irradiance spectrum 7°(1). The in-
tensity offset correction offset(A), which describes the ad-
ditional contributions such as stray light in the spectrome-
ter to the measured intensity, is modelled using a zero-order
polynomial with the polynomial coefficient as the fitting pa-
rameter. The spectral effect from the absorption of species g
is determined by the fitted slant column density S, and as-
sociated absorption cross section o, (1). An additional term
with the Ring scaling factor ar and the Ring reference spec-
trum R(A) describes the filling-in effect of Fraunhofer lines
by rotational Raman scattering (the so-called Ring effect).
The GDP 4.8 algorithm adopts a wavelength range of 425—
450 nm to ensure prominent NO, absorption structures and
controllable interferences from other absorbing species, e.g.
water vapour (HyO"?P), ozone (O3), and oxygen dimer (Oy4).
Table 1 gives an overview of the DOAS settings for the cur-
rent operational GDP 4.8 algorithm, the improved version
4.9 algorithm (see Sect. 4), and the algorithm used in the
QAM4ECYV product (see Sect. 4.5).

The second component in the retrieval is the calculation
of initial total vertical column densities Vjpj; using a strato-
spheric AMF (Mo¢) conversion:

S
M, strat ’

Vinit = (2)

Given the small optical thickness of NO», Mot can be de-
termined as

> mi(b)xic

Mo =
X1

, 3)
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Table 1. Main settings of GOME-2 DOAS retrieval of NO; slant columns discussed in this study.

GDP 4.8, GDP 4.9 QA4ECYV, Miiller et al. (2016);
Valks et al. (2011, 2017)  (this work) Boersma et al. (2018)
Wavelength range  425-450 nm 425-497 nm 405-465 nm
Cross sections NO, 240K, H,OY?P, NO; 220K, H,OY?P, O3, NO; 220K, HyOY?P, O3, Oy,
03, O4, Ring Oy, Ring, H,0!14, Eta, Ring, H,0'id
Zeta, resolution correction
Polynomial degree 3 5 5
Intensity offset Constant Linear Constant
Slit function Preflight Stretched preflight Preflight

with m; the box-air-mass factors (box-AMFs) in layer [/, x;
the altitude-dependent sub-columns from a stratospheric a
priori NO» profiles climatology (Lambert et al., 1999), and
¢ a correction coefficient to account for the temperature de-
pendency of NO, cross section (Boersma et al., 2004; Niif3
et al., 2006). The calculation of Vi, assumes negligible tro-
pospheric NO, and hence uses only the stratospheric a pri-
ori NO; profiles to derive AMF. The box-AMFs m; are de-
rived using the multilayered multiple scattering LInearized
Discrete Ordinate Radiative Transfer (LIDORT) RTM (Spurr
et al., 2001) and stored in a LUT as a function of vari-
ous model inputs b, including GOME-2 viewing geometry,
surface pressure, and surface albedo. The surface albedo is
described by the Lambertian equivalent reflectivity (LER).
The surface LER climatology used in the GDP 4.8 algo-
rithm is derived from combined TOMS-GOME measure-
ments (Boersma et al., 2004) for the years 1979-1993 with a
spatial resolution of 1.25° long. x 1.0° lat.

In the presence of clouds, the calculation of My, adopts
the independent pixel approximation based on GOME-2
cloud parameters:

Mot = chloud +(1 - a))Mclear )

strat strat

with w being the cloud radiance fraction, M9 the cloudy-

sky stratospheric AMF, and Ml the clear-sky stratospheric

strat

AMF. Mo and M!S are derived with Eq. (3) with MEloud
mainly relying on the cloud pressure and the cloud albedo.

The w value is derived from the cloud fraction cy:

Cflcloud

w= (1 = ¢f) [ clear 4 ¢pcloud ’ ®)
where 1¢°% is the radiance for a cloudy scene and ¢
for a clear scene. 1994 and 7°'°" are calculated using LI-
DORT, depending mostly on the GOME-2 viewing geome-
try, surface albedo, and cloud albedo. From GOME-2, ¢ is
determined with the Optical Cloud Recognition Algorithm
(OCRA) by separating a spectral scene into cloudy contribu-
tion and cloud-free background, and the cloud pressure and
the cloud albedo are derived using the Retrieval Of Cloud In-
formation using Neural Networks (ROCINN) algorithm by
comparing simulated and measured radiance in and near the
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O3 A band (Loyola et al., 2007, 2011). Applied in the NO;
retrieval in GDP 4.8, the latest version 3.0 of the OCRA (Lutz
et al., 2016) applies a degradation correction on the GOME-
2 level 1 measurements as well as corrections for viewing
angle and latitudinal dependencies. A new cloud-free back-
ground is constructed from 6 years of GOME-2A measure-
ments from the years 2008-2013. The updated OCRA also
includes an improved detection and removal of sun glint that
affects most of the GOME-2 orbits. Version 3.0 of ROCINN
(Loyola et al., 2018) applies a forward RTM calculation us-
ing updated surface albedo climatology and spectroscopic
data as well as a new inversion scheme based on Tikhonov
regularisation (Tikhonov and Arsenin, 1977; Doicu et al.,
2010). The computation time of ROCINN is optimised with
a smart sampling method (Loyola et al., 2016).

The next retrieval step is the separation of stratospheric
and tropospheric components from the initial vertical to-
tal columns, namely the stratosphere—troposphere separation.
Since no direct stratospheric measurements are available for
GOME-2, a spatial filtering algorithm is applied to estimate
the stratospheric NO, columns in GDP 4.8. The spatial fil-
tering algorithm belongs to the modified reference sector
method, which uses total NO, columns over clean regions
to approximate the stratospheric NO, columns based on the
assumption of longitudinally invariable stratospheric NO>
layers and of negligible tropospheric NO, abundance over
the clean areas. The spatial filtering algorithm uses a pol-
Iution mask to filter the potentially polluted areas (tropo-
spheric NO, columns larger than 1 x 10! molec cm?), fol-
lowed by a low-pass filtering (with a zonal 30° boxcar fil-
ter) on the initial total columns of the unmasked areas, and
afterwards a removal of a tropospheric background NO,
(1 x 10" molec cm?) from the derived stratospheric columns.

Finally, the tropospheric NO; columns Viop can be com-
puted as

Mstrat % T, (6)

Vtrop =
trop

where My is the stratospheric AMF in Eq. (3), Miqp is the

tropospheric AMEF, and T is the tropospheric residues (7' =

Vinit — Vstrat)- Miop 1s determined using Egs. (3) and (4) with

tropospheric a priori NO; profiles. The calculation of Myop
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relies on the same model parameters as of M, but the de-
pendency on the parameters like surface albedo and cloud
properties as well as on the a priori NO; profiles is much
stronger. The GDP 4.8 adopts the tropospheric a priori NO;
profiles from a run of the global chemistry transport model
MOZART version 2 (Horowitz et al., 2003) with anthro-
pogenic emissions from the EDGAR2.0 inventory (Olivier
et al., 1996) for the early 1990s. The monthly average ver-
tical profiles are calculated from MOZART-2 data from the
year 1997 for the overpass time of GOME-2 (09:30 LT) with
a resolution of 1.875° long x 1.875° lat.

4 TImproved DOAS slant column retrieval

A larger 425-497nm wavelength fitting window for the
DOAS method (Richter et al., 2011) is implemented in the
GDP 4.9 to retrieve the NO, slant columns, which improves
the signal-to-noise ratio by including more NO, absorption
structures. Compared to the extended 405-465 nm range, as
employed by the QA4ECV GOME-2 NO; product and used
in the NO; retrieval for OMI instrument (Boersma et al.,
2002; van Geffen et al., 2015), the 425-497 nm fitting win-
dow has stronger sensitivity to NO, columns in the bound-
ary layer because the importance of scattering decreases with
wavelength (Richter and verification team, 2015). In this
study, the slant columns are derived using QDOAS soft-
ware developed at the Belgian Institute for Space Aeronomy
(BIRA-IASB) (Danckaert et al., 2015)". Table 1 summarises
the new settings of the GDP 4.9 algorithm.

4.1 Absorption cross sections

In the fitting window optimised for NO; retrieval, the DOAS
fit includes species with strong and unique absorption struc-
tures and describes their spectral effect using absorption
cross sections from literature. In our GDP 4.9 algorithm, the
absorption cross sections of NO,, HyOY?, O3, and O4 are
updated mainly with newly released datasets as

— NO, absorption at 220 K from Vandaele et al. (2002);
— O3 absorption at 228 K from Brion et al. (1998);

— H,OY absorption at 293 K from HITEMP (Rothman
et al., 2010), rescaled as in Lampel et al. (2015);

— Oy absorption at 293 K from Thalman and Volkamer
(2013).

In addition, to compensate for the larger spectral inter-
ference from liquid water (H,O"9), a H,0" absorption
(Pope and Fry, 1997) is included to reduce systematic er-
rors above ocean for the wider wavelength range. Two ad-
ditional GOME-2 polarisation key data (EUMETSAT, 2009)

INote that the derived slant columns are scaled by geometric
AMFs to correct for the angular dependencies of GOME-2 mea-
surements in this section.
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are included to correct for remaining polarisation correction
problems, particularly for GOME-2B:

- H,0""9 absorption at 297 K from Pope and Fry (1997),
smoothed as in Peters et al. (2014);

— Eta and Zeta from GOME-2 calibration key data (EU-
METSAT, 2009).

It is worth noting that our improved DOAS retrieval in the
GDP 4.9 adopts a decreased temperature of NO; cross sec-
tion (220 instead of 240K in GDP 4.8; Valks et al., 2017)
for a consistency with other NO; retrievals from GOME-2,
OMI, and TROPOMI (Miiller et al., 2016; Boersma et al.,
2002; van Geffen et al., 2015, 2016), with a minor effect on
the fit quality (~ 0.02 %) from the two temperatures. Chang-
ing the temperature of the NO; cross section from 240 to
220 K reduces the NO; slant columns by ~ 6 %—-9 %, but this
temperature dependency is corrected in the AMF and vertical
column calculation (see Eq. 3).

The spectral signature of sand absorption has been investi-
gated by Richter et al. (2011) for GOME-2 data, but it is not
applied here because of the potential interference with the
broadband liquid water structure (Peters et al., 2014), which
might lead to non-physical results over the ocean.

4.2 Intensity offset correction

Besides the radiances backscattered by the Earth’s atmo-
sphere, a number of both natural (i.e. the Ring effect) and
instrumental (e.g. stray light in the spectrometer and change
of detector’s dark current) sources contribute to an additional
“offset” to the scattering intensity. To correct for this drift, an
intensity offset correction with a linear wavelength depen-
dency (i.e. polynomial degree of 1) is applied for the large
fitting window in this study. Figure 1 illustrates the effect of
using a linear intensity offset correction for the large fitting
window on 3 March 2008. The use of a linear offset correc-
tion increases the NO» columns by up to 3 x 10'* molec cm?
(17 %) and decreases the fitting residues (retrieval root mean
square, rms) by up to 30 %. Larger differences are found at
the eastern scans (eastern part of GOME-2 swath), possi-
bly suggesting instrumental issues specific to GOME-2. For
the retrieval rms, stronger improvements are mainly located
above ocean, arguably from the compensation of inelastic vi-
brational Raman scattering in water bodies (Vountas et al.,
2003).

The intensity offset can also be fitted using only the con-
stant term, as employed by the GDP 4.8 algorithm (with 425-
450 nm wavelength window) and as recommended by the
QA4ECYV algorithm (with 405-465nm). Compared to the
use of the linear intensity offset correction, the application
of a constant term on our retrieval shows a decrease in the
NO> columns by up to 3.5 x 10'* molec cm? (17 %) and an
increase in the retrieval rms by up to 14 %, which implies the
necessity of using a linear intensity offset correction for the
large 425-497 nm wavelength range.

Atmos. Meas. Tech., 12, 1029-1057, 2019
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Figure 1. Difference in NO, columns (slant columns scaled by geometric AMFs) (a) and retrieval rms (b) estimated with and without a

linear intensity offset correction for GOME-2A on 3 March 2008.

4.3 GOME-2 slit function treatment

An accurate treatment of the instrumental slit function is es-
sential for the wavelength calibration and the convolution of
high-resolution laboratory cross sections. In spite of a gen-
erally good spectral stability of GOME-2 in orbit, the width
of GOME-2 slit function has been changing on both long
and short timescales (Munro et al., 2016), which needs to
be accounted for in the DOAS analysis. In this study, an
improved treatment of GOME-2 slit function in the DOAS
fit is achieved by calculating effective slit functions from
GOME-2 irradiance measurements to correct for the long-
term variations (see Sect. 4.3.1) and by including an addi-
tional cross section in the DOAS fit to correct for the short-
term variations (see Sect. 4.3.2).

4.3.1 Long-term variations

To analyse the long-term variations of the GOME-2 instru-
mental slit function and the impact on our retrieval, effec-
tive slit functions are derived by convolving a high-resolution
reference solar spectrum (Chance and Kurucz, 2010) with a
stretched preflight GOME-2 slit function and aligning to the
GOME-2 daily irradiance measurements with stretch factors
as fit parameters. The effective slit functions are calculated
in 13 sub-windows covering the full fitting window (425—
497 nm). Figure 2 displays the long-term evolution of the fit-
ted GOME-2 slit function width (full width at half maximum,
FWHM) calculated from the stretch factors. The GOME-
2 slit function has narrowed after the launch by ~ 5 % for
GOME-2A and ~ 3.5 % for GOME-2B at 451 nm, in agree-
ment with Dikty et al. (2011), Azam et al. (2015), and Munro
et al. (2016). For GOME-2A, visible discontinuities of the
slit function width are related to the in-orbit instrument op-
erations, including an apparent anomaly in September 2009
when a major throughput test was performed (EUMETSAT,
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2012). After the throughput test, the narrowing of the slit
function slowed down. For GOME-2B, stronger seasonal
fluctuations of the FWHM are found. The seasonal and long-
term variations in the GOME-2 slit function are caused by
changing temperatures of the optical bench due to the sea-
sonal variation in solar heating and the lack of thermal stabil-
ity of the optical bench, respectively (Munro et al., 2016). Al-
though the variations are only a few percent, the effect on the
DOAS retrieval is significant. Compared to the application
of the preflight slit function, the use of a stretched slit func-
tion improves the calibration residuals by ~ 40 % for both
GOME-2A and GOME-2B (not shown).

In previous studies, slit functions have also been fitted us-
ing various Gaussian shapes. For instance, De Smedt et al.
(2012) have derived effective GOME-2 slit functions for
formaldehyde retrieval using an asymmetric Gaussian with
its width and shape as fit parameters. For NO, retrieval, the
use of effective slit functions with an asymmetric Gaussian
leads to similar results as using a preflight slit function. In
addition, Beirle et al. (2017) have proposed a slit function
parameterisation using a super Gaussian, which is proved
to quickly and robustly describe the slit function changes
for satellite instrument OMI or TROPOMI. In the case of
GOME-2, the super Gaussian obtains nearly identical results
as the asymmetric Gaussian and is therefore not applied in
here.

4.3.2 In-orbit variations

To correct for the in-orbit variations of GOME-2 slit func-
tion, a “resolution correction function” (Azam et al., 2015) is
included as an additional cross section in the DOAS fit (see
Table 1). The cross section is derived by dividing a high-
resolution solar spectrum (Chance and Kurucz, 2010) con-
volved with a stretched preflight GOME-2 slit function (see

www.atmos-meas-tech.net/12/1029/2019/
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Figure 2. Temporal evolution of the fitted slit function FWHM for GOME-2A (a, January 2007-December 2016) and GOME-2B (b, De-

cember 2012-December 2016.)

Sect. 4.3.1) by itself but convolved with a slightly modified
slit function. Figure 3 shows an example of the fit coeffi-
cients and the influence on our DOAS retrieval on 1 Febru-
ary 2013. As shown in the left panel, the slit function width
increases along the orbit by ~ 2 x 1073 nm (~ 0.4 %) for
GOME-2A (see Beirle et al., 2017, Fig. 8 therein) and ~
5.2x 1073 nm (~ 1 %) for GOME-2B (a fit coefficient of
1 x 102 corresponds to a change in the slit function width of
~ 2.8 x 1072 nm). This in-orbit broadening of the slit func-
tion is caused by the increasing temperature of the instrument
along the orbit. Taking into account the in-orbit broadening
in the DOAS fit decreases the retrieval rms by up to 5 % for
GOME-2A and up to 12 % for GOME-2B in Fig. 3b.

44 GOME-2level 1b data

As described in Sect. 2, the level 0 to 1b processing by
the PPF at EUMETSAT calculates the geolocation and cal-
ibration parameters and produces the calibrated level 1b
(ir)radiances. Due to the incomplete removal of Xe-line con-
tamination in the GOME-2B calibration key data (calibration
key data are taken during the on-ground campaign and re-
quired as an input to the level 0 to 1b processing), artefacts at
wavelengths larger than 460 nm have been reported by Azam
et al. (2015) for GOME-2B irradiances. Mainly focusing on
the cleaning of contamination in the GOME-2B calibration
key data, a new 6.1 version of the GOME-2 level O to 1b pro-
cessor has been activated from 25 June 2015 onwards (EU-
METSAT, 2015). To study the impact of the new level 1b
data on our GDP 4.9 algorithm using the 425-497 nm fitting
window, the retrieval is analysed using both the new 6.1 ver-
sion (testing dataset provided by EUMETSAT for March
2015) and the previous version 6.0 data for the same period.
Figure 4 presents a comparison of the retrieved NO; columns
over the Pacific for GOME-2A and GOME-2B. The appli-
cation of the version 6.1 level 1b data slightly reduces the
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NO; columns by ~ 1-1.5 x 10" molec cm? (~ 6 %—11 %)
for GOME-2A. A larger effect is observed for GOME-2B
with a decrease of NO, columns by ~ 3—4 x 10! molec cm?
(~15%-23 %) and a reduction of rms error by ~ 27 %-—
33 % (not shown). The stronger decrease of GOME-2B NO,
columns leads to a better consistency between the datasets
from GOME-2A and GOME-2B with an overall bias reduced

from ~ 3 x 10" molec cm? to ~ 1 x 10'* molec cm?.

4.5 Comparison to QA4ECYV data

The quality of the GDP 4.9 retrieval is evaluated using the
GOME-2 NO, dataset from QA4ECYV, which is a project
aiming at quality-assured satellite products using a retrieval
algorithm harmonised for GOME, SCIAMACHY, OMI and
GOME-2. The GOME-2A NO;, columns from QA4ECV
(version 1.1) for the years 2007-2015 have shown an im-
proved quality over previous datasets (Zara et al., 2018).
Table 1 gives an overview of the DOAS settings used in
the QA4ECYV project. Figure 5 shows a comparison of the
NO; columns over the Pacific from the GDP 4.8 algorithm,
the GDP 4.9 algorithm, and the QA4ECV data for Febru-
ary 2007. For comparison, only ground pixels with a solar
zenith angle smaller than 80° are considered. The GDP 4.8
dataset has been adjusted using a 220K (Vandaele et al.,
2002) NO; cross section to remove the influence of tem-
perature dependency of the NO; cross section (see discus-
sion in Sect. 4.1). Compared to the GDP 4.8 dataset, the
improved DOAS retrieval in GDP 4.9 increases the NO»
columns by ~ 1-3 x 10! molec cm? (up to 27 %). Compared
to the QA4ECYV product, a good overall consistency is found
with the GDP 4.9 dataset at all latitudes considering the dif-
ferent DOAS settings such as fitting window, offset correc-
tion, and slit function characterisation.

Figure 6 presents the time series of calculated slant column
errors from the three datasets, following a statistical method

Atmos. Meas. Tech., 12, 1029-1057, 2019
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Figure 4. Monthly zonal average NO; columns (slant columns
scaled by geometric AMFs) for GOME-2A (green) and GOME-2B
(brown) using the new PPF 6.1 (dotted) and PPF 6.0 (solid) data in
March 2015 over the Pacific (160-180° E).

to analyse the NO; slant column uncertainty for GOME-2
(Valks et al., 2011, Sect. 6.1 therein). The slant column er-
rors, calculated as variations of NO, measurements within
small boxes (2° x 2°) over the tropical Pacific (20°S-20° N,
160-180° E), increase for all the three datasets as a result
of instrument degradation (Dikty et al., 2011; Munro et al.,
2016) until the major throughput test in September 2009 (see
Sect. 4.3.1) and stabilise afterwards. Mainly driven by the
use of a wider fitting window with stronger absorptions, the
smallest slant column errors are found by the GDP 4.9 algo-
rithm, e.g. 23.8 % smaller than from the GDP 4.8 and 13.5 %
smaller than from the QA4ECV dataset in February 2007,
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Figure 5. Comparisons of monthly zonal average NO;, columns
(slant columns scaled by geometric AMFs) from the operational
GDP 4.8 product (but retrieved using a 220 K NO, cross section
from Vandaele et al., 2002) (brown), the improved GDP 4.9 al-
gorithm (green), and the QA4ECYV dataset (blue) over the Pacific
(160-180° E) in February 2007 for GOME-2A.

with an increasing difference with time for the QA4ECV
dataset (27.9 % in December 2015).

5 New stratosphere—troposphere separation

The calculation of tropospheric NO; requires an estimation
and removal of the stratospheric contribution to the initial to-
tal NO; columns. In our GDP 4.9 retrieval, the stratosphere—
troposphere separation algorithm STREAM (Beirle et al.,
2016) has been adapted to GOME-2 measurements. Be-
longing to the modified reference sector method, STREAM
uses initial total NO; columns with negligible tropospheric
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Figure 6. Temporal evolution of the NO; slant column errors
from the operational GDP 4.8 product (brown, January 2007-
December 2016), the improved GDP 4.9 algorithm (green, Jan-
uary 2007-December 2016), and the QA4ECYV dataset (blue, Febru-
ary 2007-December 2015) for GOME-2A, using deviations of NOy
slant columns from box (2° x 2°) mean values over the tropical Pa-
cific (20° S-20° N, 160-180° E).

contribution, i.e. unpolluted measurements at remote areas
and cloudy measurements at medium altitudes, to derive the
stratospheric NO, columns. Based on a tropospheric NO,
climatology and the GOME-2 cloud product, STREAM cal-
culates weighting factors for each satellite pixel to define
the contribution of initial total columns to the stratospheric
estimation; potentially polluted pixels are weighted low in-
stead of being totally masked out in the GDP 4.8 spatial fil-
tering method, cloudy observations at medium altitudes are
given higher weights because they directly provide the strato-
spheric information, and the weights are further adjusted in
a second iteration if pixels suffer from large biases in the
tropospheric residues. Depending on these weighting fac-
tors, stratospheric NO; fields are derived by weighted con-
volution on the daily initial total columns using convolu-
tion kernels. The convolution kernels are wider at lower lat-
itudes due to the longitudinal homogeneity assumption of
stratospheric NO; and narrower at higher latitudes to reflect
the stronger natural variations. To remove the biases in the
weighted convolution resulting from the large latitudinal gra-
dients, a latitudinal correction is applied on the initial to-
tal columns: the latitudinal dependencies of initial total NO»
are calculated over the clean Pacific, removed from the ini-
tial total NO, before weighted convolution, and added back
to the estimated stratospheric columns afterwards. However,
we found that longitudinal variations of NO, concentration
resulted in biases in the latitudinal correction and hence in
the stratospheric estimation. For the adaptation of STREAM
to GOME-2 measurements, the performance of STREAM
is analysed using synthetic GOME-2 NO, observations (see
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Sect. 5.1), and an improved latitudinal correction is applied
(see Sect. 5.2).

5.1 Performance of STREAM

To test the performance of STREAM for GOME-2, simu-
lated NO; fields from the C-IFS-CB05-BASCOE (referred
to as C-IFS throughout this work) experiment (Huijnen
et al.,, 2016) are applied. The C-IFS model is a combi-
nation of tropospheric chemistry module in the Integrated
Forecast System (IFS, with current version based on the
Carbon Bond chemistry scheme, CB0S) of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
and stratospheric chemistry from the Belgian Assimila-
tion System for Chemical ObsErvations (BASCOE) system.
Based on 1 year of C-IFS data (2009) at a resolution of
0.75° long. x 0.75° lat., synthetic initial total columns Vi
are calculated as

S N Viotal X Miotal

Vinit = =
Msrar Mgypat

(7

(see Eq. 2). Modelled NO; slant columns S are based on the
total vertical columns Vioy from C-IFS with interpolation
to match the GOME-2 centre pixel coordinate and measure-
ment time. Total AMFs Mo and stratospheric AMFs Mrat
are derived using Egs. (3)—(5) with surface properties and
cloud information from GOME-2 orbital data and with C-IFS
a priori NO, profiles for the whole atmosphere and between
the tropopause (defined by a latitude-dependent parameteri-
sation with the tropopause height ranging from 270 hPa for
arctic to 92 hPa for tropics) and the top of the atmosphere,
respectively. The performance of STREAM is evaluated by
applying the synthetic initial total NO, columns and compar-
ing the estimated stratospheric NO, columns with the a priori
truth (stratospheric fields from C-IFS integrated between the
tropopause and the top of the atmosphere).

Figure 7 displays the synthetic initial total columns from
C-IFS, the modelled stratospheric columns, and the esti-
mated stratospheric columns from STREAM on 5 Febru-
ary and 5 August 2009. The result from STREAM presents
an overall smooth stratospheric pattern with a strong latitu-
dinal and seasonal dependency resulting from photochemi-
cal changes and dynamical variabilities. Because the strato-
spheric values over polluted regions are taken from the
clean measurements at the same latitude, the stratospheric
and tropospheric contribution over polluted regions is well
separated by STREAM, especially in the Northern Hemi-
sphere. Due to the latitude-dependent definition of convo-
lution kernels, STREAM conserves the longitudinal gradi-
ents of stratospheric NO, at low latitudes and identifies cer-
tain strong stratospheric variations at high latitudes, e.g. in
the polar vortex on 5 February. However, smaller structures
in the synthetic initial total columns, for instance, resulting
from the diurnal variation of NO; across an orbital swath,
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Figure 7. Synthetic initial total NO, columns (a, b), a priori stratospheric columns from C-IFS (¢, d), and estimated stratospheric columns
from STREAM (e, f) on 5 February (a, ¢, €) and 5 August (b, d, f) 2009.

are aliased into the troposphere by STREAM due to the use
of convolution kernels.

Figure 8a, b shows the differences in estimated (Fig. 7e,
f) and a priori (Fig. 7c, d) stratospheric NO,. Overall, the
stratospheric columns estimated from STREAM show good
agreement with the modelled truth with a slight overestima-
tion, e.g. by ~ 1-2 x 10'* molec cm? over low latitudes for
both days. Larger differences are found at higher latitudes,
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especially in winter, e.g. by ~ 5 x 10'* molec cm? over east-

ern Europe and over the North Pacific (west of Canada) on
5 February. The strong longitudinal variations of NO, over
these regions in the a priori truth (Fig. 7c, d) can not be com-
pletely captured by STREAM (Fig. 7e, f), which is a general
limitation of the modified reference sector method. Note that
these larger differences are reduced to ~ 2 x 10'* molec cm?
in monthly averages (not shown). The found deviations are
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Figure 8. Difference in the stratospheric NO, columns estimated from STREAM and modelled by C-IFS on 5 February (a) and 5 August (b)
2009. Panels (c) and (d) show STREAM with improved latitudinal correction.

in agreement with the uncertainty estimates in Beirle et al. for each 1° latitude band). Figure 8c, d shows the difference
(2016). for the estimated stratospheric NO; using the improved lati-

tudinal correction. For both days, the application of the new
5.2 Improved latitudinal correction latitudinal correction in STREAM largely removes the biases

over the subtropics in Fig. 8a, b.

Applying the improved STREAM on GOME-2 data, Fig. 9
presents the initial total columns from GOME-2 and the
stratospheric NO, calculated with STREAM and with the
spatial filtering method used in the GDP 4.8 algorithm (see
Sect. 3) in February and August 2009. For both months, the
results calculated with STREAM and with the spatial filter-
ing method show similar global structures. Since the spatial
filtering method applies a fixed pollution mask to remove the
potentially polluted regions (tropospheric NO, larger than
1 x 10" molec cm?), moderately polluted pixels with tropo-
spheric NO» up to 1 x 10! molec cm? still contribute to the
stratospheric estimation. Therefore, enhanced stratospheric
NO; by more than 5 x 10'* molec cm? is found over polluted
regions, e.g. the Middle East, China, central Africa, south-
ern Africa, and Australia in Fig. 9e, f. This overestimation is
largely removed by STREAM in Fig. 9c, d.

In Fig. 8a, b, larger differences are noticeable over the sub-
tropical regions in winter for both days, primarily related to
the latitudinal correction used in STREAM. As described in
the previous Sect. 5, the latitudinal correction is applied by
determining the latitudinal dependencies of total NO, over
the clean Pacific, removing the latitudinal dependencies be-
fore convolution and adding it back to the estimated strato-
spheric columns. However, longitudinal variations of total
NO,, for instance, enhanced total NO; columns over the
Pacific (compared to the Atlantic Ocean) at 15-30°N on
5 February 2009 (Fig. 7a), introduce biases in the strato-
spheric NO; columns. Therefore, an improved latitudinal
correction is introduced to reduce the biases over the subtrop-
ics. The new latitudinal correction determines the latitudinal
dependencies of total NO;, based on clean measurements in
the whole latitude band (the median of lowest NO; columns
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and from the spatial filtering method used in GDP 4.8 (e, f), measured by GOME-2A in February (a, c, e) and August (b, d, f) 2009.

Table 2. Main settings of AMF calculation method and input data discussed in this study.

GDP 4.8 GDP 4.9 (this work)
RTM LIDORT v2.2+ VLIDORT v2.7
Surface albedo TOMS-GOME LER, Boersma et al. (2004) GOME-2 Min-LER v2.1, Tilstra et al. (2017b)
A priori profile  Monthly MOZART-2 (1.875° x 1.875°) Daily TM5-MP (1° x 1°)
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6 Improvements to NO, AMF calculation
6.1 RTM

As summarised in Table 2, updated box-AMFs are calculated
using the linearised vector code VLIDORT (Spurr, 2006)
version 2.7. VLIDORT applies the discrete ordinates method
to generate simulated intensity and analytic intensity deriva-
tives with respect to atmospheric and surface parameters (i.e.
weighting functions). Box-AMFs m; (see Eq. 3) are deter-
mined as

ol . T
dln/ 3'{N02.1 NO».!

9TNO,, I

®)

mj
I-180,,1

with [ being the simulated top-of-atmosphere radiance,
TNO,./ the absorption optical thickness of NO; at layer /, and

term #{I)I “TNO,,I the NO; profile weighting function. Com-
2,

pared to the scalar (intensity-only) LIDORT code, VLIDORT
provides more realistic modelling results with a treatment of
light polarisation, which affects the tropospheric AMFs by
up to 4 %.

The box-AMFs m; for each layer are calculated for
the midpoint wavelength of fitting window, i.e. 461 nm in
our NO, retrieval, which is representative of the window-
averaged box-AMFs. Compared to the tropospheric AMFs
at 440 nm (midpoint wavelength in GDP 4.8), the ones cal-
culated at 461 nm are higher by up to 10 % for polluted situ-
ations, due to the wavelength dependency of Rayleigh scat-
tering, in agreement with Boersma et al. (2018) (see Fig. 7
therein). Note that the uncertainty related to the wavelength
dependency of the AMF is much smaller than the uncertain-
ties introduced by surface albedo, a priori NO, profile, cloud,
and aerosol (see Sect. 6.4).

The m; value is calculated with the RTM and stored in a
LUT as a function of GOME-2 viewing geometry, surface
pressure, and surface albedo. Compared to the LUT used in
the GDP 4.8, anew LUT is calculated with an increased num-
ber of reference points, e.g. for surface pressure (from 10 to
16) and for surface albedo (from 10 to 14), as well as ver-
tical layers (from 24 to 60) to reduce the interpolation error
(Lorente et al., 2017), leading to differences in tropospheric
AMFs by up to 2 %.

6.2 Surface albedo

Surface albedo is an important parameter for an accurate
retrieval of NO; columns and cloud properties. The sen-
sitivity of backscattered radiance to the boundary layer
NO; is strongly related to the surface albedo, especially
over polluted areas. In the GDP 4.9, the surface LER cli-
matology based on TOMS-GOME data (Boersma et al.,
2004) has been replaced by one based on GOME-2 ob-
servations (Tilstra et al., 2017b). Using the degradation-
corrected GOME-2 level 1 measurements, the GOME-2 sur-
face LER is derived by matching the measurements in a
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pure Rayleigh scattering atmosphere without clouds. Com-
pared to the TOMS—-GOME LER climatology, the GOME-2
surface LER (version 2.1) dataset takes advantage of newer
observations for 2007-2013, an increased spatial resolu-
tion of 1.0° long. x 1.0° lat. for standard grid cells and
0.25° long. x 0.25° lat. at coastlines (Tilstra et al., 2017a),
and an improved treatment of cloud contaminated cells over
the ocean.

Figure 10 shows the surface LER data from the GOME-
2 and TOMS-GOME observations for 440 nm in February.
A good overall consistency is found between the two LER
datasets, particularly over the ocean. Larger differences are
found over certain snow or ice areas, like Russia and south-
ern Canada, which can be attributed to changes in snow or ice
cover during the different measurement periods of the two
LER datasets. Increased spatial resolution for the GOME-
2 LER version 2.1 dataset enables a better representation
of surface features for the land—sea boundaries, e.g. coasts
around western Europe and eastern China. Improvements in
the GOME-2 LER algorithm (Tilstra et al., 2017b) decreases
the surface LER values over regions with persistent clouds,
e.g. the North Atlantic Ocean and the North Pacific Ocean
at middle latitudes. Systematic differences in the LER cli-
matologies are also caused by the different overpass time,
observing geometry, and radiometric calibration of the in-
struments.

Figure 11 illustrates the influence of the updated surface
LER at 440 nm on the retrieved tropospheric NO; columns in
February 2008. The difference over the ocean is very small.
Larger effects are noticed primarily under polluted condi-
tions with positive differences, e.g. over parts of central Eu-
rope, Russia, or USA, and negative values, e.g. over parts of
South Africa, India, or China. The differences in the retrieved
tropospheric NO; columns are consistent with the changes
in the surface LER. For example, the GOME-2 surface LER
over central Europe is ~ 0.012 smaller than TOMS-GOME
data, and a lower sensitivity to tropospheric NO; is therefore
assumed in the AMF calculation. This results in a decrease
in the AMF and hence an increase in the retrieved tropo-
spheric NO, column by ~ 7x 10'* molec cm? (~ 12 %). Vice
versa, an increase of the surface LER values by ~ 0.018 over
the Yangtze River region in eastern China leads to a reduc-
tion of tropospheric NO, columns by ~ 4 x 10! molec cm?
(~ 15 %).

As described in Sect. 6.1, the AMFs are calculated for
461 nm in the GDP 4.9 (425-497 nm wavelength window)
instead of 440 nm in the GDP 4.8 (with 425-450 nm wave-
length window), and therefore the corresponding surface
LER values of 463 nm are used. The surface LER values at
463 nm are higher by up to 0.02 over desert areas and lower
by up to 0.02 over the ocean and the snow or ice areas, which
result in differences of up to 5 % in the calculated AMFs.

The surface LER climatology from Kleipool et al. (2008)
derived from OMI measurements for 2004—2007 has been
widely used in satellite NO, retrievals (e.g. Boersma et al.,
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Figure 10. Map of surface LER data for 440 nm in February based on GOME-2 observations for 2007-2013 (Tilstra et al., 2017b) (a) and

TOMS-GOME data for 1979-1993 (b).
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Figure 11. Difference in tropospheric NO; columns for clear-sky
conditions (cloud radiance fraction smaller than 0.5) for February
2008 retrieved using the GOME-2 surface LER climatology ver-
sion 2.1 and the LER climatology based on TOMS-GOME data at
440 nm.

2011; Barkley et al., 2013; Bucsela et al., 2013). An impor-
tant advantage of using the GOME-2 LER climatology with
respect to the OMI LER dataset in our retrieval is the con-
sistency with the GOME-2 NO; observations, considering
the illumination conditions, observation geometry, and in-
strumental characteristics. Another advantage of the GOME-
2 LER climatology is the use of more recent observations to
reduce the errors introduced by ignoring the interannual vari-
ability of surface albedo, which are possibly large for varying
snow and ice situations. Possible corrections for the surface
albedo from a climatology include the use of external infor-
mation about the actual snow and ice conditions, e.g. from
the Near-real-time Ice and Snow Extent (NISE) dataset (No-
lin et al., 2005).
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6.3 A priori vertical profiles

The retrieved tropospheric NO, columns are sensitive to
changes in the relative vertical distribution of the a priori
NO; concentrations (i.e. profile shape). Increasing the spa-
tial and/or temporal resolution of the a priori profiles have
shown to produce a more accurate NO; retrieval (e.g. Russell
et al., 2011; Heckel et al., 2011; McLinden et al., 2014; Nuf3
et al., 2006; Laughner et al., 2016). To improve the tropo-
spheric AMF calculation, daily a priori NO, profiles are ob-
tained with a resolution of 1° long. x1° lat. from the chemi-
cal transport model TMS5-MP (Huijnen et al., 2010; Williams
etal., 2017). The TM5-MP profiles have been used in several
studies to derive AMFs and tropospheric NO, columns (e.g.
van Geffen et al., 2016; Lorente et al., 2017; Boersma et al.,
2018).

Figure 12 shows the TM5-MP and MOZART-2 a priori
NO, profiles for two pollution hot spots located in Brussels
(Belgium, lat. 50.9, long. 4.4) and Guangzhou (China; lat.
23.1, long. 113.3) on 1 day in February and August 2009 as
examples. Monthly profiles are shown for MOZART-2, and
profiles for the given days are shown for TM5-MP. Large dif-
ferences between the a priori NO, profile shapes from TM5-
MP and MOZART-2 are found for both cities. These dif-
ferences are the result of the different chemical mechanism,
transport scheme, and emission inventory employed by the
model, the different spatial resolution, and the use of daily
vs. monthly profiles. In TM5-MBP, the use of an updated NO,
emissions from the MACCity inventory (Granier et al., 2011)
produces more realistic profiles. Improvement in the spatial
resolution gives a more accurate description of the NO, gra-
dient and transport. The use of daily profiles provides a better
description of the temporal NO; variation, especially for re-
gions dominated by emission and transport like Brussels and
Guangzhou.
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Figure 12. Examples of a priori NO, profiles for Brussels (a, b) and Guangzhou (¢, d) on a given day in February (a, ¢) and August (b,
d) 2009. Monthly profiles are shown for MOZART-2 (green), and daily profiles on the given days are shown for TM5-MP (brown) together
with the monthly average profiles calculated for TM5-MP (blue). The tropospheric NO, columns retrieved using each a priori NO, profile

are also given.

In Fig. 12, the tropospheric NO; columns retrieved for
the individual days using TM5-MP and MOZART-2 a priori
NO; profiles are also reported. Taking Brussels on 11 Febru-
ary 2009 (Fig. 12a) as an example, the smaller boundary
layer concentration modelled by TM5-MP (less steep pro-
file shape) leads to an increase in the tropospheric AMF and
hence a decrease in the retrieved tropospheric NO;, columns
by 2.6 x 10" molec cm? (19.7 %). Figure 13 presents a com-
parison of the monthly averaged tropospheric NO; columns
retrieved using daily TM5-MP and monthly MOZART-2 a
priori NO; profiles in February and August 2009. The appli-
cation of the daily TM5-MP a priori NO; profiles affects the
tropospheric NO; columns by more than 1 x 10! molec cm?
mostly over polluted regions with enhanced NO; in the
boundary layer, e.g. with an increase of tropospheric NO;

www.atmos-meas-tech.net/12/1029/2019/

over parts of China, India, and South Africa and a decrease
over parts of the eastern US, Europe, and Japan.

To analyse the effect of using daily vs. monthly profiles,
the tropospheric NO> columns are also retrieved using the
monthly average TMS5-MP profiles, as shown in Fig. 12. Dif-
ferences in the profile shape of daily and monthly profiles
are mainly related to the variations in the meteorology. In
agreement with Niif} et al. (2006) and Laughner et al. (2016),
the use of monthly profiles changes the tropospheric NO;
columns by up to 3 x 10'> molec cm? depending on the wind
speed and wind direction, in particular for regions affected
by transport (not shown). For the example of Brussels on
11 February 2009 (Fig. 12a), the use of monthly profiles in-
creases the tropospheric NO, columns by 5 x 104 molec cm?
(4.7 %). A comprehensive analyse of the effect of using a

Atmos. Meas. Tech., 12, 1029-1057, 2019
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Figure 13. Difference in tropospheric NO, columns for clear-sky conditions (cloud radiance fraction smaller than 0.5) retrieved using daily
TMS5-MP and monthly MOZART-2 a priori NO, profiles for February (a) and August (b) 2009. Red circles indicate locations in Fig. 12.

priori NO» profiles from different chemistry transport mod-
els on the retrieved tropospheric NO» will be described in a
subsequent paper.

6.4 Examples of GOME-2 tropospheric NO;

Figure 14 shows the tropospheric NO; columns from the
improved GDP 4.9 algorithm for February and August av-
eraged for the year 2007-2016. Figure 15 shows the dif-
ference in tropospheric NOy columns from the GDP 4.9
and GDP 4.8 product. The tropospheric NO; columns in-
crease globally by ~ 1 x 10'* molec cm? due to the improved
DOAS slant column fitting and increase further by ~ 3 x
10" molec cm? around moderately polluted regions benefit-
ting from the use of new stratosphere—troposphere separa-
tion algorithm STREAM. A stronger change by more than
1 x 10'3 molec cm? is found mainly over polluted continents
as a result of the improvements to the AMF calculation,
primarily the surface albedo (which also affects the snow
or ice area, e.g. southern Canada and northeastern Europe)
and/or the a priori NO, profiles (which also affect the pol-
luted ocean, e.g. shipping lanes in southeastern Asia).

Over central northern Europe, the tropospheric NO»
columns are reduced by ~ 1 x 10" molec cm? for GDP 4.9
in winter and ~ 3 x 10'*moleccm? in summer. A larger
number of negative values in GDP 4.8, possibly related
to the overestimated stratospheric NO, around polar vor-
tex areas, is largely corrected in GDP 4.9 by improving the
stratosphere—troposphere separation algorithm. Over eastern
China and eastern US, the seasonal variation is consistent
between GDP 4.8 and 4.9, with reduced values in winter
(by more than 1 x 10" molec cm?) and enlarged values in
summer (by more than 1 x 10" molec cm? for eastern China
and 5 x 10" molec cm? for eastern US) for GDP 4.9 due
to the combined impact of the algorithm changes, mainly
the AMF calculation. Over India and its surrounding ar-
eas, a systematic increase in tropospheric NO, columns by
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~ 7 x 10" molec cm? for GDP 4.9 benefits from the use of
STREAM.

6.5 Uncertainty estimates for GOME-2 total and
tropospheric NO;

The uncertainty in our GDP 4.9 NO, slant columns is
4.4 x 10" molec cmz, calculated from the average slant col-
umn error using a statistical method described in Sect. 4.5.
The uncertainty in the GOME-2 stratospheric columns is
~ 4-5 % 10" molec cm? for polluted conditions based on the
daily synthetic GOME-2 data and ~ 1-2 x 10'* molec cm?
for monthly averages. The uncertainty in the GDP 4.9 AMF
calculation is likely reduced, considering the improved sur-
face albedo climatology and a priori NO, profiles, which
are the main causes of AMF structural uncertainty (Lorente
et al., 2017). In addition, the AMF uncertainty is substan-
tially driven by the cloud parameters and the aerosol correc-
tion approach.

The largest cloud-related uncertainty in NO; retrieval is
introduced by the surface albedo—cloud fraction error cor-
relation, as analysed by Boersma et al. (2018) for OMI us-
ing the OMCLDO; cloud product, which requires a surface
albedo climatology as input in the cloud fraction retrieval.
But this uncertainty is likely smaller for OCRA and ROCINN
cloud algorithms, since the surface albedo is treated differ-
ently in OCRA’s cloud fraction calculation. Retrieved by sep-
arating a spectral scene into cloudy contribution and cloud-
free background, the cloud fraction from OCRA is affected
by surface albedo through the cloud-free map construction
with a larger impact over bright surfaces like snow or ice
cover, particularly during snowfall (higher background) or
melting (lower background), which has been corrected by
interpolating towards a daily value between two monthly
cloud-free maps in OCRA (Lutz et al., 2016).

The uncertainty introduced by aerosol in GDP 4.9 is ~
50 % for high aerosol loading, in agreement with Lorente
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Figure 14. Monthly average tropospheric NO; columns from GDP 4.9 for clear-sky conditions (cloud radiance fraction smaller than 0.5),

measured by GOME-2A in February (a) and August (b) 2007-2016.
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Figure 15. Difference in tropospheric NO, columns from GDP 4.9 and GDP 4.8 for clear-sky conditions (cloud radiance fraction smaller

than 0.5) in February (a) and August (b) 2007-2016 for GOME-2A.

et al. (2017). With direct impact on NO, AMF calculation
and indirect impact via cloud parameter retrieval, the aerosol
effect has been considered for OMI implicitly through the
cloud correction (Boersma et al., 2004, 2011) or explicitly
with additional aerosol information for regional studies (Lin
et al., 2014, 2015; Kuhlmann et al., 2015; Castellanos et al.,
2015; Chimot et al., 2018), leading to an increase or decrease
of NO, AMF by up to 40 % depending on NO, distribu-
tion and aerosol properties and distribution. Since aerosol
is highly variable in space and time due to the dependency
on emission sources, transports, and atmospheric processes
(Holben et al., 1991), explicit aerosol correction will be ap-
plied in our AMF calculation when reliable observations or
model outputs of aerosol optical properties and vertical dis-
tributions are available. To conclude, the uncertainty in the
AMF calculation is estimated to be in the 10 %—45 % range
for polluted conditions, leading to a total uncertainty in the
tropospheric NO, columns likely in the range of 30 %—70 %.
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7 End-to-end GOME-2 NO; validation

The validation of NO, data derived from the GOME-2
GDP algorithm is part of the validation activities done at
BIRA-IASB in the AC-SAF context (Hassinen et al., 2016).
An end-to-end validation approach is usually performed for
each main release and summarised in validation reports that
can be found on AC-SAF validation website (http://cdop.
aeronomie.be/validation/valid-reports, last access: 1 Febru-
ary 2019). This includes several steps, such as

1. the DOAS analysis results, cloud property retrievals,
and AMF evaluations by confrontation of GOME-2 re-
trievals to other established satellite retrievals and AMF
evaluations;

2. the stratospheric reference evaluation by comparison
with correlative observations from ground-based zenith-
looking DOAS spectrometers and from other nadir-
looking satellites; and

Atmos. Meas. Tech., 12, 1029-1057, 2019
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3. the tropospheric and total NO; column data evalua-
tion by comparison with correlative observations from
ground-based MAXDOAS and direct-sun spectrome-
ters (Pinardi et al., 2014).

In this paper, we focus on the last point: the validation of tro-
pospheric data with BIRA-IASB ground-based MAXDOAS
data. The MAXDOAS instruments collect scattered sky light
in a series of line-of-sight angular directions extending from
the horizon to the zenith. High sensitivity towards absorbers
near the surface is obtained for the smallest elevation an-
gles, while measurements at higher elevations provide in-
formation on the rest of the column. This technique allows
the determination of vertically resolved abundances of atmo-
spheric trace species in lowermost troposphere (Honninger
et al., 2004; Wagner et al., 2004; Wittrock et al., 2004; Heckel
et al., 2005). Here the bePRO retrieval code (Clémer et al.,
2010; Hendrick et al., 2014; Vlemmix et al., 2015) is used to
retrieve tropospheric columns and low tropospheric profiles
(up to 3.5 km with about 2 to 3 degrees of freedom).

As summarised in Table 3, a set of MAXDOAS
stations (Beijing, Bujumbura, Observatoire de Haute-
Provence (OHP), Réunion, Uccle, and Xianghe) is providing
interesting test cases for GOME-2 sensitivity to tropospheric
NO:,. Indeed Beijing and Uccle are typical urban stations, Xi-
anghe is a suburban station (~ 60 km from Beijing), Bujum-
bura and Réunion are small cities in remote regions, and OHP
is largely rural but occasionally influenced by polluted air
masses transported from neighbouring cities. These different
station types are important in the validation context as it is
generally expected that urban stations are underestimated by
the satellite data, due to the averaging of a local source over
a pixel size (80 km x40km and 40 km x40 km for GOME-
2) larger than the horizontal sensitivity of the ground-based
measurements which is about a few to tens of kilometres (Irie
et al., 2011; Wagner et al., 2011; Ortega et al., 2015). In this
context, MAXDOAS data are already better than in situ mea-
surements with an extended horizontal and vertical sensitiv-
ity, more similar to the satellite sensitivity, but differences
in sampling and sensitivity still remain and explain part of
the biases highlighted by validation exercises. Several vali-
dation studies show a significant underestimation of tropo-
spheric trace gases, such as NO,, from satellite observations
over regions with strong spatial gradients in tropospheric pol-
lution (e.g. Celarier et al., 2008; Kramer et al., 2008; Chen
et al., 2009; Irie et al., 2012; Ma et al., 2013; Wu et al., 2013;
Kanaya et al., 2014; Wang et al., 2017; Drosoglou et al.,
2017, 2018). Other possible explanations include the uncer-
tainties in the applied satellite retrieval assumptions, such as
the choices of surface albedo, a priori NO; profiles, or cloud
and aerosol treatment (Boersma et al., 2004, 2011; Leitdo
et al., 2010; Heckel et al., 2011; Lin et al., 2014, 2015). The
best agreement is generally obtained in the case of suburban
and remote stations, but difficulties may arise when small lo-
cal sources are present in a remote location, such as Réu-
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nion island or Bujumbura (Pinardi et al., 2015; Gielen et al.,
2017).

The same methodology as in the GDP 4.8 validation re-
port (Pinardi et al., 2015) is used for the validation of this
improved GDP 4.9 tropospheric NO, dataset; the satellite
data are filtered for clouds (cloud radiance fraction smaller
than 0.5), and the mean value of all the valid pixels within
50km of the stations is compared to the ground-based value.
The original ground-based MAXDOAS data usually retrieve
NO; columns all day long every 20 to 30 min, and these val-
ues are linearly interpolated to the GOME-2 overpass time
(09:30LT) if original data exist within £1 h.

Figure 16 shows an example of the time series and scat-
ter plot of the daily and monthly mean comparison be-
tween GDP 4.9 tropospheric NO; columns and ground-based
MAXDOAS measurements in Xianghe, including the statis-
tical information on the number of points, correlation coef-
ficient, slope, and intercept of orthogonal regression analy-
sis. Figure 17 presents the daily and monthly mean abso-
lute and relative differences of GDP 4.9 and ground-based
measurements. As can be seen in Figs. 16 and 17, the sea-
sonal variation in the tropospheric NO, columns is similarly
captured by both observation systems, with differences on
average within £3 x 10" moleccm? (median difference of
—1.2 x 10" molec cm?). Larger differences are observed on
some days and months, particularly in winter when NO; and
aerosol loadings are large. A relatively compact scatter is
found, with a correlation coefficient of 0.91 and a slope of
0.72£0.04 for the orthogonal regression fit. These results
are qualitatively similar to those obtained in previous vali-
dation exercises (Celarier et al., 2008; Kramer et al., 2008;
Chen et al., 2009; Irie et al., 2012; Ma et al., 2013; Wu et al.,
2013; Kanaya et al., 2014; Wang et al., 2017; Drosoglou
etal., 2017, 2018). Similar figures for GDP 4.8 can be found
on the AC-SAF validation website (http://cdop.aeronomie.
be/validation/valid-results, last access: 1 February 2019).

Figure 18 reports the monthly mean absolute and relative
differences for both GDP 4.8 and GDP 4.9 for Xianghe sta-
tion. The daily differences are also reported through the his-
togram panel, where the reduction in the spread of the daily
comparison points is clearly visible for GDP 4.9. The reduc-
tion of the bias, which is smaller and more stable in time,
is seen in the absolute and relative monthly mean bias time
series. A total of 3 years show a standard deviation of the
monthly biases larger for GDP 4.9 than for GDP 4.8 (£12 %
instead of £8 % in 2010, +12 % instead of 8 % in 2013,
and £41 % instead of £27 % in 2014) but with a strongly re-
duced mean bias (—4 % instead of —20 %, —8 % instead of
—34 %, and —1 % instead of —44 %).

Similar figures as Figs. 16 and 18 for all the stations are
gathered in Figs. S1 to S4 in the Supplement, and all the
statistics are summarised in Tables 4 and 5 for GOME-2A
and GOME-2B, respectively. Figures S1 and S2 in the Sup-
plement present the time series and scatter plots for GDP 4.9,
while Figs. S3 and S4 in the Supplement present the differ-
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Table 3. An overview of BIRA-IASB MAXDOAS datasets used in this study.

MAXDOAS station  Period Position Description

Beijing 6/2008—4/2009 Lat. 39.98, long. 116.38  urban polluted site in China

Bujumbura 12/2013-11/2016  Lat. —3.38, long. 29.38  urban site in Burundi

OHP 3/2007-11/2016 Lat. 43.94, long. 5.71 background site in southern France

Réunion 4/2016-11/2016 Lat. —21, long. 55.3 urban site in Réunion island

Uccle 4/2011-11/2016 Lat. 51, long. 4.36 urban polluted site in Belgium with a miniDOAS
Xianghe 3/2010-11/2016 Lat. 39.75, long. 116.96  suburban polluted site in China
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Figure 16. Daily (a) and monthly mean (b) time series and scatter plots of GOME-2A and MAXDOAS tropospheric NO, columns (mean

value of all the pixels within 50 km around Xianghe).

ences for both GDP 4.9 and GDP 4.8 comparisons. As dis-
cussed in Pinardi et al. (2015), for background stations (here
Bujumbura, Réunion, and OHP), the mean bias is considered
the best indicator of the validation results, due to the rela-
tively small variability in the measured NO,. In urban (Bei-
jing and Uccle) and suburban (Xianghe) situations, the NO»
variability is large enough and in this case, the correlation
coefficient is a good indication of the linearity or coherence
of the satellite and ground-based dataset, although a larger
difference in terms of slope (closer to 0.5 than to 1 for ur-
ban cases) and mean bias can be expected because satellite
measurements (and especially GOME-2 80km x40 km and
40km x40km pixels) smooth out the local NO, hot spots.
This can be seen, e.g. in the cases of Beijing and Xianghe for
GOME-2A (see Fig. Sla in the Supplement and Fig. 16, re-
spectively), where very high correlations (R = 0.94 and 0.91,
respectively) are obtained from GDP 4.9, showing the very
consistent behaviour of both datasets for small and large NO»
columns, while their slopes (S = 0.4 and 0.72, respectively)
show almost a factor of 2 difference, with a smaller slope
in the Beijing case, where the MAXDOAS instrument is in
the city centre and thus much more subject to local emis-
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sion smeared out by the GOME-2 large pixel. This last ef-
fect is also seen through the bias values (RD = —47 % and
—5.8 %, respectively) that are strongly reduced when moving
the MAXDOAS outside the city in a suburban location like
Xianghe. A slope of 0.47 (similar to the 0.4 of Beijing) is also
obtained in Uccle, another urban site, where the MAXDOAS
is affected by local emissions.

In remote cases such as OHP, Bujumbura, or Réunion is-
land, as discussed above, the variation of the NO; columns
is small and the statistical analysis on the regression is not
very representative of the situation, with a cloud of points
giving small slopes and low correlation coefficients (see e.g.
Fig. S1b—d in the Supplement and Table 4 for GOME-2A).
In those cases, GOME-2 is lower than the ground-based
measurements, with sometimes almost no seasonal variation,
e.g. Bujumbura and Réunion, and in other cases, like OHP,
some of the daily peaks are captured by GOME-2 (as days
in the winter of 2014 and 2015), and the seasonal patterns
and the orders of magnitude of both datasets are similar. In
these cases, it is best to look at the absolute biases (as rela-
tive biases are large due to the division with small ground-
based columns), as presented in e.g. Fig. S3b—d and Table 4.
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GOME-2A 50 km around Xianghe (BIRA, MAXDOAS profiles vs. GOME-2A GDP 4.9)
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Figure 17. Daily (grey dots) and monthly mean (back dots) absolute and relative GOME-2A and MAXDOAS time series differences for the
Xianghe station. The histogram of the daily differences is also given, with the mean and median difference, and the total time-series absolute

and relative monthly differences are given outside the panels.
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Figure 18. Absolute and relative differences of GOME-2A and MAXDOAS tropospheric NO, columns. The time series presents the monthly
mean differences for GDP 4.8 (black) and GDP 4.9 (red). The total mean difference values and standard deviations are given, as well as the
yearly values. The histogram presents the daily differences over the whole time series for the two products (grey for GDP 4.8 and red for

GDP 4.9).

Mean absolute differences for GDP 4.9 are about —3.6 x
10" molec cm? for Bujumbura, —8.5 x 10'* molec cm? for
OHP, and —1.5 x 10" molec cm? for Réunion, which are all
smaller than their respective GDP 4.8 values. The daily dif-
ferences presented in the histograms of those figures also
show reduced spread of GDP 4.9 comparisons when super-
posed to the GDP 4.8 results. Similar differences are also
found for GOME-2B.
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To conclude, although the Xianghe case presented in
Figs. 16 to 18 is the best case (due to its suburban location
and its long time series), better seasonal agreement between
GDP 4.9 and MAXDOAS data is found for urban and subur-
ban cases like Beijing, Uccle, and Xianghe, compared to re-
sults with GDP 4.8. In remote locations such as OHP, which
is occasionally influenced by polluted air masses transported
from neighbouring cities, the comparison is also meaning-
ful (e.g. with a mean bias reduced from —45 % for GDP 4.8
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to —25 % for GDP 4.9 for GOME-2A), while cases such as
Bujumbura and Réunion are quite challenging for satellite
validation, with specific local conditions (Bujumbura is in
a valley on the side of Lake Tanganyika, while the MAX-
DOAS at Réunion is in St-Denis, on the coast of the 65 km
long and 50 km wide island in the Indian Ocean, contain-
ing a mountain massif with summits above 2740 ma.s.1.). In
both cases the MAXDOAS instrument is located in small
cities surrounded by specific orography, difficult for satellite
retrievals and challenging for validation. The absolute and
relative differences show, however, a clear improvement for
all the stations when comparing to GDP 4.8 results for both
daily and monthly mean biases. The daily biases and spreads
are all reduced.

To summarise, the impact of the improvement of the al-
gorithm (as seen in Tables 4 and 5 and in Figs. S3 and
S4 in the Supplement) leads to a decrease of the relative
differences in urban conditions such as in Beijing or Uc-
cle from [—52, —60] % for GDP 4.8 to [—43, —47] % for
GDP 4.9 for GOME-2A and from —54 % to —40% for
GOME-2B. In suburban conditions such as in Xianghe,
the differences go from —30% to —6% for GOME-2A
and from —26 % to —2 % for GOME-2B. In remote (dif-
ficult) cases such as in Bujumbura or Réunion, the differ-
ences go from [—89, —90] % to [—64, —76] % for GOME-
2A and from [—86,—87] % to [—47,—74] % for GOME-
2B, while in background cases such as in OHP, the dif-
ferences decrease from —45% to —25% for GOME-2A
and from —42% to —17 % for GOME-2B. The differ-
ences in numbers for GOME-2A and GOME-2B are due to
the different time-series lengths of both comparisons (e.g.
March 2010-November 2016 for GOME-2A and Decem-
ber 2012-November 2016 for GOME-2B in Xianghe), the
different sampling of the atmosphere by GOME-2A and
GOME-2B (slight time delay between both overpasses and
reduced swath pixels for GOME-2A since July 2013), and
the impact of the decreasing quality of the satellite in time,
i.e. the GOME-2A degradation (Dikty et al., 2011; Munro
et al., 2016). This lead, e.g. for Xianghe, to —2 % bias and
0.49 slope for GOME-2B compared to —6 % and 0.72 for
GOME-2A for GDP 4.9.

These comparisons results aim at showing how the fi-
nal GDP 4.9 product is improved compared to its predeces-
sor, and not to summarise the improvements of each of the
changes discussed in previous sections. In addition, the spe-
cific validation method could be improved or at least bet-
ter characterised (including results uncertainties), by, e.g.
changing the colocation method (averaging the MAXDOAS
within 1h of the satellite overpass or selecting the clos-
est satellite pixel, or only considering the pixels containing
the station, etc.), but this is out of the scope of the present
paper that wants to compare to standard validation results
performed routinely on GDP 4.8 (and publicly available
at http://cdop.aeronomie.be/validation/valid-results, last ac-
cess: 1 February 2019).
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For most stations, in addition of the tropospheric columns,
MAXDOAS retrieved NO; profiles can also be exploited
with satellite column averaging kernels (AKs) to further in-
vestigate the impact of the satellite a priori NO, profiles
in the comparison differences (Eskes and Boersma, 2003).
The satellite AK describes the vertical sensitivity of mea-
surements to NO, concentrations and relates the MAXDOAS
profiles to satellite column measurements by calculating the
“smoothed MAXDOAS columns” as

VMAXDOAS, smoothed = ZAKsat,l X XMAXDOAS, - €))
]

The smoothed MAXDOAS NO, columns
VMAXDOAS smoothed are derived for each day by con-
volving the layer (/)-dependent daily profile (interpolated to
the satellite overpass time) xmaxpoas expressed in partial
columns with the satellite column averaging kernel AKgy;.

The comparisons of satellite and smoothed MAXDOAS
columns for the different stations are reported in the sup-
plement (Figs. S5 and S6 in the Supplement) and Tables 4
and 5. The different impact of MAXDOAS smoothing on the
2 GDP products results from the different AKs as parame-
ters like surface albedo or a priori NO; profiles used in both
satellite retrievals are quite different (see Sect. 6). In gen-
eral, the use of smoothing reduces the MAXDOAS columns
and thus reduces both the daily and monthly differences of
satellite and MAXDOAS columns. When the average ker-
nels are used to remove the contribution of a priori NO; pro-
file shape, as seen in Tables 4 and 5 and in Figs. S5 and S6 in
the Supplement, the relative differences in urban conditions
such as in Beijing or Uccle decrease from [—52, —57] % for
GDP 4.8 to [—34, —37] % for GDP 4.9 for GOME-2A and
from —56 % to —29 % for GOME-2B. The differences go
from —32% to —13 % for GOME-2A and from —27 % to
—11 % for GOME-2B for suburban conditions such as in Xi-
anghe and go from —77 % to —31 % for GOME-2A and from
—64 % to —7 % for GOME-2B for remote conditions such as
in Réunion.

The results obtained here are coherent with other valida-
tion exercises at different stations and with other satellite
products, where the NO; levels are underestimated by the
satellite sensors, e.g. with differences of 5% to 25 % over
China (Ma et al., 2013; Wu et al., 2013; Wang et al., 2017;
Drosoglou et al., 2018), mostly explained by the relatively
low sensitivity of space-borne measurements near the sur-
face, the gradient-smoothing effect, and the aerosol shield-
ing effect. These effects are often inherent to the different
measurements types or the specific conditions of the valida-
tion sites (as seen for the different results for Beijing and
Xianghe sites in this paper), but also to the remaining impact
of structural uncertainties (Boersma et al., 2016), such as the
impact of the choices of the a priori NO; profiles and/or the
albedo database assumed for the satellite AMF calculations
(see Sect. 6). Lorente et al. (2017) estimated, e.g. the AMF
structural uncertainty to be on average 42 % over polluted
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Table 4. Averaged absolute differences (AD, SAT-GB in 1015 molec cmz), relative differences (RD, (SAT-GB)/GB in %), standard deviation
(SD), correlation coefficient R, and regression parameters (slope S and intercept /) of the orthogonal regression for the monthly means
GOME-2A tropospheric NO; product when comparing to MAXDOAS data. Values for GDP 4.9 (this study) are given and the values for
GDP 4.8 are reported in brackets for comparison. Results for both the original comparisons and the smoothed comparisons (smo.) are

reported.
AD =+ SD (x 1015); RD (%) R Regression parameters

Beijing —16+7.3; —47 % (—21+4.5; —60 %) 0.94(0.95) S§=04%0.05,1=3.4%£0.6(S=0.58+0.06,/=—-6.21+0.7)
Beijing (smo.) —11£6.5; =37% (—16 £ 6.3; =52 %) 0.94 (0.96) S§=0.43+£0.05,1=441+0.6(5=0.48+0.04,71 =0.11£0.5)
Bujumbura —3.6£1.8,-76% (-3.7£1.1;-89%) n/a (0.29) n/a(S=0.1£0.05,7 =0.012+0.12)
Bujumbura (smo.) —1.9+1.2; —62% (—2.4+0.8; —84%) n/a(0.51) n/a (S =0.224+0.06,1 =—0.18+0.1)
OHP —0.85+1; —25% (—1.2+0.7; —45%) 0.4(0.69) §=0.254+0.06,1=12£0.1(S=0.73£0.07, = —-0.5+0.1)
Réunion —1.5£0.5;,-64% (-1.9£0.4; -90%) 0.14(0.23) S§=0.05£0.12,71 =0.64+0.2(S =0.06£0.06, 1 =0.12£0.08)
Réunion (smo.) —04+£04; -31% (-0.7£0.2; =77%) 0.15(0.28) S§=0.12£0.25,71 =0.06£0.09(S =0.32£0.25,/ = —-0.01 +£0.2)
Uccle —5+£2.7,-43% (—6.2£3.7, =52 %) 0.82(0.49) S§=047+£0.04,1=0.83£0.2(5=0.35£0.08,7 =1.1£0.4)
Uccle (smo.) —3.8+£2.8;, —34% (—-7.6£4.3;,-57%) 0.75(0.51) S§=0.45+0.05,1=0.15£0.05(S=0.28+£0.06,7 =1.5£0.3)
Xianghe —27+53;,-58% (—9.2+7.1;-30%) 0.91(0.86) S§=0.72+0.04,1 =424+0.5(S=0.63+0.04,1 =1.34+0.5)
Xianghe (smo.) —6.1£8.8;, —13% (—11£9.6; —=32%) 0.92 (0.9) §=052£0.03,1=74£04(5=048+0.03,1 =4.31+0.5)

n/a denotes values that are not applicable.

Table 5. Same as Table 4 but for GOME-2B product.

AD £ SD (x 1015); RD (%) R Regression parameters

Bujumbura —28+£0.9; -74% (—-3.4+£1;, —-87%) 0.14 (0.09) S§=0.05+0.06,1=0.76+0.12(S =0.03£0.06,7 =0.34+0.1)
Bujumbura (smo.) —1.3£0.7; =57 % (—2+0.8; —81 %) 0.28 (0.35) S§=0.14£0.06, I =0.06+0.04(S=0.15£0.06,7 =0.08+£0.1)
OHP —0.5+0.7; —17% (—1 £ 0.6; —42 %) 0.13(0.52) S=0.11£0.13,/ =15£0.2(5=0.82+0.2,/ = —-0.6£0.3)
Réunion —08£0.3; —47% (—-1.6£0.3; -86%) 0.56 (0.26) S=0.71£0.4,1=-0.36£0.52(S =0.08+0.06,7 =0.13+0.09)
Réunion (smo.) 0.05+£0.2;6.7% (—0.5+0.2; —64 %) 0.78 (0.14) S§S=-2.54+0.8,7=-0.124+0.22(S =0.38+£ 0.6, = 0.004 £0.5)
Uccle —42+£2.4;,-40% (5.6 £3.1; -54%) 0.71 (0.71) S=0.53+0.09,7/=0.47+0.4(S=0.64+0.1,/ =—-1.7£0.5)
Uccle (smo.) —2.8+£2.5,-29% (—6.8+3.4;,-56%) 0.69 (0.73) S=0.53+£0.09,7=0.13£0.09(5§5=0.52+0.1/ =—-1+£04)
Xianghe —3+9.4; —22% (—8.4+8.7;, —26%) 0.87(0.84) S§=0.49+0.04,1=9.6+0.66(S=0.6+0.05,1 =2.5+0.7)
Xianghe (smo.) —6.4£13; —11% (—11£12; =27 %) 0.89 (0.89) §=0.38+0.03,7=11+0.6(S=0.46+0.03,7 =5.24+0.58)

regions and 31 % over unpolluted regions, mostly driven by
substantial differences in the a priori trace gas profiles, sur-
face albedo and cloud parameters used to represent the state
of the atmosphere. However, the differences in Bujumbura
are still of —62 %, because of the peculiar condition with
the MAXDOAS being in a valley, close to Lake Tanganyika,
which always leads to a higher surface pressure for the satel-
lite pixels due to the information coming from the a priori
model. This is leading to large representation errors and un-
certainties in the comparisons (Boersma et al., 2016) that
needs to be investigated in more details.

8 Conclusions

NO; columns retrieved from measurements of the GOME-
2 aboard the MetOp-A and MetOp-B platforms have been
successfully applied in many studies. The abundance of NO,
is retrieved from the narrow band absorption structures of
NO; in the backscattered and reflected radiation in the visible
spectral region. The current operational retrieval algorithm
(GDP 4.8) for total and tropospheric NO, from GOME-2 was
first introduced by Valks et al. (2011), and an improved algo-
rithm (GDP 4.9) is described in this paper.

Atmos. Meas. Tech., 12, 1029-1057, 2019

To calculate the NO; slant columns, a larger 425497 nm
wavelength fitting window is used in the DOAS fit to in-
crease the signal-to-noise ratio. Absorption cross sections are
updated and a linear intensity offset correction is applied.
The long-term and in-orbit variations of GOME-2 slit func-
tion are corrected by deriving effective slit functions with a
stretched preflight GOME-2 slit function and by including a
resolution correction function as a pseudo absorber cross sec-
tion in the DOAS fit, respectively. Compared to the GDP 4.8
algorithm, the NO, columns from GDP 4.9 are higher by
~ 1-3 x 10" molec cm? (up to 27 %) and the NO; slant col-
umn noise is lower by ~ 24 %. In addition, the effect of us-
ing a new version (6.1) of the GOME-2 level 1b data has
been analysed in our NO, algorithm. The application of new
GOME-2 level 1b data largely reduces the offset between
GOME-2A and GOME-2B NO; columns by removing cal-
ibration artefacts in the GOME-2B irradiances (due to Xe-
line contaminations in the calibration key data). Compared
to the GOME-2 NO; product from the QA4ECYV project, the
NO; columns from GDP 4.9 show good consistency and the
NO; slant column noise is ~ 14 %—28 % smaller, indicating
a good overall quality of the improved DOAS retrieval.
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The stratosphere—troposphere separation algorithm
STREAM, which was designed for TROPOMI, was opti-
mised for GOME-2 instrument. Compared to the spatial
filtering method used in the GDP 4.8, STREAM provides an
improved treatment of polluted and cloudy pixels by defin-
ing weighting factors for each measurement depending on
polluted situation and cloudy information. For the adaption
to GOME-2 measurements, the performance of STREAM
is analysed by applying it to synthetic GOME-2 data and
by comparing the difference between estimated and original
stratospheric fields. Applied to synthetic GOME-2 data
calculated by a RTM using C-IFS model data, the estimated
stratospheric NO, columns from STREAM show good
consistency with the a priori truth. A slight overestimation
by ~ 1-2x 10" molec cm? is found over lower latitudes, and
larger differences of up to ~ 5 x 10'* molec cm? are found
at higher latitudes. To reduce the biases over the subtropical
regions in winter, an improved latitudinal correction is used
in STREAM. Applied to GOME-2 measurements, the up-
dated STREAM successfully separates the stratospheric and
tropospheric contribution over polluted regions, especially in
the Northern Hemisphere. Compared to the current method
in the GDP 4.8, the use of STREAM slightly decreases
the stratospheric NO columns by ~ 1 x 10'* molec cm? in
general and largely reduces the overestimation over polluted
areas.

To improve the calculation of NO, AMF, a new box-AMF
LUT was generated using the latest version of the VLIDORT
RTM with an increased number of reference points and ver-
tical layers to reduce interpolation errors. The new GOME-2
surface LER climatology (Tilstra et al., 2017b) used in this
study is derived with a high resolution of 1° long. x1° lat.
(0.25° long. x0.25° lat. at coastlines) and an improved LER
algorithm based on observations for 2007-2013. Daily a
priori NO, profiles, obtained from the chemistry transport
model TM5-MP, capture the short-term variability in the
NO, fields with a resolution of 1° long. x 1° lat. A large im-
pact on the retrieved tropospheric NO> columns (more than
10 %) is found over polluted areas.

The uncertainty in our GDP 4.9 NO; slant columns is
4.4 x 10" molec cm?, calculated from the average slant col-
umn error using a statistical method described in Sect. 4.5.
The uncertainty in the GOME-2 stratospheric columns is
~ 4-5 x 10" molec cm? for polluted conditions based on the
daily synthetic GOME-2 data and ~ 1-2 x 10'* molec cm?
for monthly averages. The uncertainty in the tropospheric
AMFs is estimated to be in the 10 %—45 % range, consider-
ing the use of updated box-AMF LUT and improved surface
albedo climatology and a priori NO; profiles, resulting in a
total uncertainty in the tropospheric NO; columns likely in
the range of 30 %—70 % for polluted conditions.

An end-to-end validation of the improved GOME-2
GDP 4.9 dataset was performed by comparing the GOME-2
tropospheric NO, columns with BIRA-IASB ground-based
MAXDOAS measurements. The validation was illustrated
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for different MAXDOAS stations (Beijing, Bujumbura,
OHP, Réunion, Uccle, and Xianghe) covering urban, sub-
urban, and background situations. Taking Xianghe sta-
tion as an example, the GDP 4.9 dataset shows a sim-
ilar seasonal variation in the tropospheric NOy columns
as the MAXDOAS measurements with a relative differ-
ence of —5.8% (i.e. —2.7 x 10" moleccm? in absolute)
and a correlation coefficient of 0.91 for GOME-2A, indi-
cating good agreement. The Xianghe site, by its suburban
nature, is the best site for validation. At the other sites,
mean biases range from (—47 %; —16 x 10" molec cm?) for
Beijing, (—76 %, —74%; —3.6 x 10'> molec cm?, —2.8 x
10'% molec cmz) for Bujumbura, (—25%, —17 %; —0.9 x
10'% molec cm?, —0.5 x 10" molec cm2) for OHP, (—64 %,
—47 %; —1.5 x 10" molec cm?, —0.8 x 10" molec cmz) for
Réunion, and (—43 %, —40 %; —5 x 10" molec cm?, —4.2 x
10" molec cm?) for Uccle. Réunion and Bujumbura are dif-
ficult sites for validation, due to their valley and mountain
nature, while urban sites Beijing and Uccle show similar rel-
ative results. A smaller absolute bias is found at the rural
OHP station. Compared to the current operational GDP 4.8
product, the GDP 4.9 dataset is a significant improvement.
Although GOME-2 measurements are still underestimating
the tropospheric NOy columns with respect to the ground
data, the absolute and relative differences with the different
MAXDOAS stations are smaller, both for the original com-
parisons and for the comparisons with the smoothed MAX-
DOAS columns.

In the future, the AMF calculation will be further im-
proved, since uncertainty in AMF is one dominating source
of errors in the tropospheric NO; retrieval, especially over
polluted areas. The surface bidirectional reflectance distri-
bution function (BRDF) effect will be included using a
direction-dependent LER climatology from GOME-2 (L. Gi-
jsbert Tilstra, personal communication, 2018) to describe the
angular distribution of the surface reflectance. Aerosol prop-
erties will be considered explicitly in the RTM calculation
using ground-based aerosol observations from, e.g. MAX-
DOAS instruments, Mie scattering lidars, or sun photometers
operated by the AErosol RObotic NETwork (AERONET). A
priori NO; profiles from different global and regional mod-
els will help to analyse the effect of spatial resolution, tem-
poral resolution, and emissions on the tropospheric NO, re-
trieval for GOME-2. Furthermore, the NO; algorithm will
be adapted to measurements from the TROPOMI instrument
with a spatial resolution as high as 7km x3.5 km.

Data availability. The current operational (GDP 4.8) NO, data
from GOME-2 can be ordered via the FTP server and the EUMET-
SAT Data Centre (https://acsaf.org/, last access: 1 February 2019).
The improved (GDP 4.9) dataset is currently available upon request.
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Figure S1. Daily (upper row) and monthly mean (lower row) time series and scatter plot of GOME-2A and
MAXDOAS NO, tropospheric columns (mean value of all the pixels within 50km) around Beijing (a),
Bujumbura (b), OHP (c), Reunion (d), and Uccle (e).
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Figure S2. Same as Fig. S1 but for GOME-2B product around Bujumbura (a), OHP (b), Reunion (c), Uccle (d),
and Xianghe (e).
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GOMEZ2-B 50km around Uccle-miniDOAS (BIRA, MAXDOAS profiles)
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Figure S4. Same as Fig. S3 but for GOME-2B product around Bujumbura (a), Reunion (b), Uccle (c), and
Xianghe (d).



GOME2-A 50km around Beijing (BIRA, MAXDOAS profiles smoothed)
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GOME2-A 50km around Reunion (BIRA, MAXDOAS profiles smoothed)
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GOME2-A 50km around Xianghe (BIRA, MAXDOAS profiles smoothed)
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Figure S5. Same as Fig. S3 but with smoothed MAXDOAS columns around Beijing (a), Bujumbura (b), Reunion
(c), Uccle (d), and Xianghe (e).
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GOMEZ2-B 50km around Uccle-miniDOAS (BIRA, MAXDOAS profiles smoothed)
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Figure S6. Same as Fig. S4 but with smoothed MAXDOAS columns around Bujumbura (a), Reunion (b), Uccle
(c), and Xianghe (d).
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Abstract. An improved tropospheric nitrogen dioxide (NO,) retrieval algorithm from the Global Ozone Monitoring
Experiment-2 (GOME-2) instrument based on air mass factor (AMF) calculations performed with more realistic model pa-
rameters is presented. The viewing angle-dependency of surface albedo is taken into account by improving the GOME-2
Lambertian-equivalent reflectivity (LER) climatology with a directionally dependent LER (DLER) dataset over land and an
ocean surface albedo parametrization over water. A priori NO, profiles with higher spatial and temporal resolutions are obtained
from the IFS(CBO5SBASCOE) chemistry transport model based on recent emission inventories. A more realistic cloud treat-
ment is provided by a Cloud-As-Layers (CAL) approach, which treats the clouds as uniform layers of water droplets, instead of
the current Clouds-as-Reflecting-Boundaries (CRB) model, which assumes the clouds as Lambertian reflectors. Improvements
in the AMF calculation affect the tropospheric NO, columns on average within +15% in winter and +5% in summer over
largely polluted regions. In addition, the impact of aerosols on our tropospheric NO; retrieval is investigated by comparing
the concurrent retrievals based on ground-based aerosol measurements (explicit aerosol correction) and aerosol-induced cloud
parameters (implicit aerosol correction). Compared to the implicit aerosol correction through the CRB cloud parameters, the
use of CAL reduces the AMF errors by more than 10%. Finally, to evaluate the improved GOME-2 tropospheric NO; columns,
a validation is performed using ground-based Multi-AXis Differential Optical Absorption Spectroscopy (MAXDOAS) mea-
surements at the BIRA-IASB Xianghe station. The improved tropospheric NO, dataset shows good agreement with coincident

ground-based measurements with a correlation coefficient of 0.94 and a relative difference of -9.9% on average.

1 Introduction

Tropospheric nitrogen dioxide (NO;) is an important air pollutant that harms the human respiratory system even with short ex-
posures (Gamble et al., 1987; Kampa and Castanas, 2008) and contributes to the formation of tropospheric ozone, urban haze,
and acid rain (Charlson and Ahlquist, 1969; Crutzen, 1970; McCormick, 2013). Besides the natural sources like soil emis-

sions and lightning, the combustion-related emission sources from anthropogenic activities like fossil fuel consumption, car
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traffic, and biomass burning produce substantial amounts of NO,. Satellite measurements from the Global Ozone Monitoring
Experiment (GOME) (Burrows et al., 1999), the SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY
(SCIAMACHY) (Bovensmann et al., 1999), the Ozone Monitoring Instrument (OMI) (Levelt et al., 2006), and the Global
Ozone Monitoring Experiment-2 (GOME-2) (Callies et al., 2000; Munro et al., 2016) have produced global NO, measure-
ments on long-time scales. In the following years, new generation instruments like the TROPOspheric Monitoring Instrument
(TROPOMI) (Veefkind et al., 2012) aboard the Sentinel-5 Precursor satellite and geostationary missions like the Sentinel-4
(Ingmann et al., 2012) will deliver NO, dataset with high spatial resolution and short revisit time.

The GOME-2 instruments, which are on the EUMETSAT’s MetOp-A and MetOp-B satellites (referred to as GOME-2A and
GOME-2B in this work), have provided a long-term NO, dataset started in the year 2007. This dataset will be extended with
a third GOME-2 aboard the MetOp-C satellite, launched in December 2018. GOME-2 is a scanning spectrometer measuring
the solar irradiance and Earth’s backscattered radiance in the UV and VIS spectral ranges with a spectral resolution of 0.2-
0.4 nm and a spatial resolution of 80 km x40 km (the spatial resolution has been increased to 40 km x40 km for GOME-2A
from July 2013 onwards). GOME-2 provides morning observations of NO; at about 9:30 local time (LT), which complements
early afternoon measurements e.g. from OMI or TROPOMI. The GOME-2 NO, measurements have been widely used in trend
studies, satellite dataset intercomparisons, and NO, emission estimations (e.g. Mijling et al., 2013; Hilboll et al., 2013, 2017;
Krotkov et al., 2017; Irie et al., 2012; Gu et al., 2014; Miyazaki et al., 2017; Ding et al., 2017).

The NO, retrieval algorithm for the GOME-2 instrument contains three steps: the spectral fitting of the slant column (con-
centration along the effective light path) with the differential optical absorption spectroscopy (DOAS) method (Platt and Stutz,
2008) from the measured GOME-2 (ir)radiances, the separation of stratospheric and tropospheric contributions with a modi-
fied reference sector method, and the conversion of the tropospheric slant column to a vertical column with a tropospheric air
mass factor (AMF) calculation. The quality of GOME-2 NO, measurements is strongly related to the calculation of the AMF,
determined with a radiative transfer model, depending on a set of model parameters, such as viewing geometry, surface albedo,
vertical distribution of NO;, cloud, and aerosol. The model parameters, generally taken from external databases, contribute
substantially to the overall AMF uncertainty, estimated to be in the range of 30-40% (Lorente et al., 2017).

The surface is normally assumed to be Lambertian with an isotropic diffuse reflection independent of viewing and illumi-
nation geometry in NO, retrieval (e.g. Boersma et al., 2011; van Geffen et al., 2019; Liu et al., 2019b). However, due to the
occurrences of retroreflection and shading effects (mainly over rough surfaces like vegetation) and specular reflection (mainly
over smooth surfaces like water), the Lambertian assumption is not always fulfilled. To account for the geometry-dependent
surface scattering characteristics, the surface bidirectional reflectance distribution function (BRDF) (Nicodemus et al., 1992)
has been considered in previous studies (e.g. Zhou et al., 2010; Lin et al., 2014, 2015; Noguchi et al., 2014; Vasilkov et al.,
2017; Lorente et al., 2018; Laughner et al., 2018; Qin et al., 2019), mainly based on measurements from MODerate resolution
Imaging Spectroradiometer (MODIS) over land. However, due to the use of different instruments, biases are possibly intro-
duced in the NO; retrieval. In addition, due to the generally unavailable full surface BRDF in all conditions and the complexity
of accounting for BRDF, most of the current NO, and cloud retrievals still rely on Lambertian surface reflection (e.g., Boersma
et al., 2018; van Geffen et al., 2019; Loyola et al., 2018; Desmons et al., 2019).
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To account for the varying sensitivity of the satellite to NO, at different altitudes, a priori vertical profiles of NO, are required,
generally prescribed using a chemistry transport model. The importance of the a priori NO, profiles used in the retrieval has
been recognised earlier and motived the use of model data with high spatial resolution and/or high temporal resolution (e.g.
Valin et al., 2011; Heckel et al., 2011; Russell et al., 2011; McLinden et al., 2014; Yamaji et al., 2014; Kuhlmann et al., 2015;
Lin et al., 2014; Boersma et al., 2016; Laughner et al., 2016). Within the Monitoring Atmospheric Composition and Climate
(MACC) European project, a global data assimilation system for atmospheric composition forecasts and analyses has been
developed and running operationally in Copernicus Atmosphere Monitoring Service (CAMS, http://atmosphere.copernicus.eu).
The CAMS system relies on a combination of satellite observations with state-of-the-art atmospheric modelling (Flemming
et al., 2017), for which purpose the European Centre for Medium Range Weather Forecasts (ECMWF) numerical weather
prediction Integrated Forecast System (IFS) was extended with modules for describing atmospheric composition (Flemming
et al., 2015; Inness et al., 2015; Morcrette et al., 2009; Benedetti et al., 2009; Engelen et al., 2009; Agusti-Panareda et al.,
2016). Profile forecasts from CAMS are planned to be applied in the operational NO; retrieval algorithm for the Sentinel-4
(Sanders et al., 2018) and Sentinel-5 (van Geffen et al., 2018) missions with the advantage of operational implementation and
high resolution. Lately, an advanced IFS system, referred to IFS(CBOSBASCOE) (Huijnen et al., 2016, 2019) or IFS(CBA)
for short, operates at high horizontal, vertical, and temporal resolutions based on recent emission inventories, providing an
improved profile "representativeness".

Clouds influence the NO; retrieval through their increased reflectivity, their shielding effect on NO, column below the cloud,
and multiple scattering that enhances absorption inside the cloud (Liu et al., 2004; Stammes et al., 2008; Kokhanovsky and
Rozanov, 2008). The presence of clouds is taken into account in the NO, AMF calculation using cloud parameters based on
the Optical Cloud Recognition Algorithm (OCRA) and the Retrieval Of Cloud Information using Neural Networks (ROCINN)
algorithms (Loyola et al., 2007, 2011). OCRA/ROCINN has been applied in the operational retrieval of trace gases from GOME
(Van Roozendael et al., 2006), GOME-2 (Valks et al., 2011; Hao et al., 2014; Liu et al., 2019b), and TROPOMI (Heue et al.,
2016; Theys et al., 2017; Loyola, in preparation). The latest version of OCRA/ROCINN (Lutz et al., 2016; Loyola et al., 2018)
provides two sets of cloud products: one treats clouds as ideal Lambertian reflectors in a "Clouds-as-Reflecting-Boundaries"
(CRB) model, and the second treats clouds as uniform layers of water droplets in a "Clouds-As-Layers" (CAL) model. The
CAL model, which allows for the penetration of photons through the cloud, is more realistic than the CRB model, which
screens the atmosphere below the cloud (Rozanov and Kokhanovsky, 2004; Richter et al., 2015).

Aerosol scattering and absorption influence the top-of-atmosphere radiances and the light path distribution. The radiative
effect of scattering aerosols and clouds is comparable (i.e., the albedo effect, shielding effect, and multiple scattering), while the
presence of absorbing aerosols generally reduces the sensitivity to NO, within and below the aerosol layer by decreasing the
number of photons returning from this region to the satellite (Leitdo et al., 2010). Because cloud retrieval does not distinguish
between clouds and aerosols, the effect of aerosol on the AMF is normally corrected using an "implicit aerosol correction"
by assuming that the effective clouds retrieved as Lambertian reflectors (i.e., using the CRB model) account for the effect of
aerosols on the light path (Boersma et al., 2004, 2011). Previous works have also applied an "explicit aerosol correction" for

OMI pixels considering additional aerosol parameters (e.g. Lin et al., 2014, 2015; Kuhlmann et al., 2015; Castellanos et al.,



10

15

20

25

30

https://doi.org/10.5194/amt-2019-265 Atmospheric
Preprint. Discussion started: 14 August 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions

2015; Liu et al., 2019a; Chimot et al., 2019) and have reported large biases related to the implicit aerosol correction for polluted
cases, likely because the simple CRB model can not fully describe the effects inherent to aerosol particles (Chimot et al., 2019).

The operational GOME-2 NO, products are generated with the GOME Data Processor (GDP) algorithm and provided by
DLR in the framework of EUMETSAT’s Satellite Application Facility on Atmospheric Composition Monitoring (AC-SAF).
The retrieval algorithm of total and tropospheric NO, from GOME-2 has been introduced by Valks et al. (2011, 2017) as
implemented in the current operational GDP version 4.8. An updated slant column retrieval and stratosphere-troposphere
separation have been presented by Liu et al. (2019b), and an improved AMF calculation is described in this paper, which will
be implemented in the next version of GDP.

In the AC-SAF context (Hassinen et al., 2016), the NO, data derived from the GOME-2 GDP algorithm is being validated
at BIRA-IASB by comparison with correlative observations from ground-based Multi-AXis Differential Optical Absorption
Spectroscopy (MAXDOAS) (Pinardi et al., 2014, 2015; Pinardi, in preparation). The MAXDOAS instrument collects scattered
sky light in a series of line-of-sight angular directions extending from the horizon to the zenith. High sensitivity towards
absorbers near the surface is obtained for the smallest elevation angles, while measurements at higher elevations provide
information on the rest of the column. This technique allows the determination of vertically resolved abundances of atmospheric
trace species in the lowermost troposphere (Honninger et al., 2004; Wagner et al., 2004; Wittrock et al., 2004; Heckel et al.,
2005).

In this work, we briefly introduce in Sect. 2 the reference retrieval algorithm for GOME-2 NO, measurements, which was
described in detail in Liu et al. (2019b). We improve the AMF calculation in the reference retrieval algorithm in Sect. 3 by
accounting for the direction-dependency of surface albedo over land and over water, applying the advanced high-resolution
IFS(CBA) a priori NO, profiles, and implementing the more realistic CAL cloud model. We investigate the properties of the
implicit aerosol correction for aerosol-dominated scenes by comparing it to the explicit aerosol correction in Sect. 4. Finally,

we show a validation of the GOME-2 tropospheric NO, columns using MAXDOAS datasets in Sect. 5.

2 Reference retrieval for GOME-2 NO, measurements

As described in Liu et al. (2019b), the NO; slant column retrieval applies an extended 425-497 nm wavelength fitting window
(Richter et al., 2011) to include more NO; structures and an improved slit function treatment to compensate for the long-
term and in-orbit drifts of the GOME-2 slit function. The uncertainty in the NO, slant columns is ~ 4.4 x 10'* molec/cm?,
calculated from the average slant column error using a statistical method (Valks et al., 2011, Sect. 6.1 therein). To determine the
stratospheric NO, components, the STRatospheric Estimation Algorithm from Mainz (STREAM) method (Beirle et al., 2016)
with an improved treatment of polluted and cloudy pixels is adopted. The uncertainty in the GOME-2 stratospheric columns is
~ 4-5 x 10 for polluted conditions based on the daily synthetic GOME-2 data and ~ 1-2 x 10'* for monthly averages.
Mainly focusing on the third retrieval step, we apply the tropospheric AMF M conversion (Palmer et al., 2001; Boersma

et al., 2004) to account for the average light path through the atmosphere:
A = 2 bz )
2
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Table 1. Ancillary parameters in deriving GOME-2 tropospheric NO, columns.

reference retrieval (Liu et al., 2019b) improved algorithm (this work)
surface albedo GOME-2 LER climatology GOME-2 direction-dependent LER
a priori NO, profile TMS-MP IFS(CBA)
cloud parameter OCRA/ROCINN_CRB OCRA/ROCINN_CAL

with m; the box-air mass factors (box-AMFs) in layer [, x; the partial columns from the a priori NO, profiles, and ¢; a
correction coefficient to account for the temperature dependency of NO, cross-section (Boersma et al., 2004; Nii$} et al., 2006).
The box-AMFs m; are derived using the multi-layered multiple scattering LIDORT (Spurr et al., 2001) radiative transfer model
and stored in a look-up table (LUT) as a function of several model inputs b, including GOME-2 viewing geometry, surface
pressure, and surface albedo. Table 1 summarises the ancillary parameters used in the AMF calculation.

The surface albedo is described by a monthly Lambertian-equivalent reflectivity (LER) database (Tilstra et al., 2017), derived
from GOME-2 measurements for the years 2007-2013 with a spatial resolution of 1.0° longx1.0° lat for standard grid cells
and 0.25° longx0.25° lat for coastlines (Tilstra et al., 2019). The LER is retrieved by matching the simulated reflectances to
the Earth reflectance measurements for cloud-free scenes found with a statistic method (Koelemeijer et al., 2003; Kleipool
et al., 2008; Tilstra et al., 2017).

The daily a priori NO, profiles are obtained from the three-dimensional chemistry transport model TMS5-MP (Williams et al.,
2017) with a horizontal resolution of 1° longx 1° lat for 34 vertical layers, as summarised in Table 2. The model is driven by
ECMWEF ERA-Interim meteorological re-analysis (Dee et al., 2011) and updated every 3 h with interpolation of fields for the
intermediate time periods. Compared to previous versions of TM model (e.g. Williams et al., 2009; Huijnen et al., 2010), which
have been commonly used in tropospheric NO; retrieval studies (e.g. Boersma et al., 2011; Chimot et al., 2016; Lorente et al.,
2017), the main advantages of TM5-MP is the better spatial resolution (1° longx 1° lat), updated NOx emissions (year-specific
MACCity emission inventory, Granier et al. (2011)), and improved chemistry scheme (an expanded version of the modified
CBO5 chemistry scheme, Williams et al. (2013)).

In the presence of clouds, the AMF is derived based on the independent pixel approximation (Cahalan et al., 1994), which
assumes the AMF as a linear combination of a cloudy-sky AMF M, and a clear-sky AMF M.,

M=wM g+ (1—-w)M,, 2)

where w is the cloud radiance fraction. M,; is determined using Eq. (1) with the cloud surface regarded as a Lambertian

reflector and with m;=0 for layers below the cloud top pressure c¢,. w is derived from the GOME-2 cloud fraction cy:

crlg
= 3
w (1—Cf)ICT+CfICl )

with I, the backscattered radiance for a clear scene derived using LIDORT and I.; for a cloudy scene. Note that the cloud

fraction cy is a radiometric or effective cloud fraction instead of a geometric one.
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Table 2. Summary of chemistry transport model specifications.

Atmospheric
Measurement
Techniques
Discussions

TMS5-MP
(Huijnen et al., 2010)
(Williams et al., 2017)

IFS(CBA)
(Flemming et al., 2015)
(Huijnen et al., 2016)

horizontal resolution
vertical resolution
temporal resolution
meteorological fields
tropospheric chemistry
anthropogenic emission

advection

convection

diffusion

1° (long/lat)

34 layers (~6 layers below 1.5 km)

2 h archiving

ECMWEF 3 h

modified CB05 (Williams et al., 2013)
MACCity (Granier et al., 2011)

slopes scheme (Russell and Lerner, 1981)

ECMWF
Holtslag and Boville (1993)

~80 km (T255) or ~0.7° (long/lat)

137" layers (~12 layers below 1.5 km)

1 h archiving

ECMWEF online (initialized with ERA-5)

modified CB05 (Williams et al., 2013)
CAMS_GLOB_ANT v2.1 (Granier et al., 2019)
semi-Lagrangian scheme as described in Temperton
et al. (2001) and Hortal (2002)

Bechtold et al. (2014)

Beljaars and Viterbo (1998)

! 69 layers are employed in this study.

The GOME-2 cloud properties are derived by the OCRA and the ROCINN algorithms (Loyola et al., 2007, 2011; Lutz
et al., 2016; Loyola et al., 2018). Since clouds generally have a higher reflectivity than the ground, OCRA calculates the
radiometric cloud fractions by comparing the measured reflectances in 3 broadband wavelength regions across the UV-VIS-
NIR region with corresponding cloud-free background composite maps using a RGB color space approach. The monthly
cloud-free background map is calculated from GOME-2A measurements for the years 2008-2013, accounting for instrumental
degradation and dependencies on viewing zenith angle (VZA), latitude, and season. With the radiometric cloud fractions from
OCRA as input, ROCINN retrieves the cloud top pressures (cloud top heights) and cloud albedo (cloud optical depth) by
comparing the simulated and measured satellite radiances in the O, A band around 760 nm using regularization theory. Based
on the independent pixel approximation and the CRB cloud model, the ROCINN algorithm treats the clouds as Lambertian

surfaces.

3 Improved AMF calculation
3.1 Surface albedo

The dependency of surface reflection on incoming and outgoing directions is mathematically described by the BRDF (Nicode-
mus et al., 1992), which shows a "hot spot" of increased reflectivity in backward scattering directions over rough surfaces like
vegetation and a strong forward scattering peak near "sun glint" geometries over smooth surfaces like water. In this study, we

account for the direction-dependency of surface albedo for the GOME-2 LER climatology by applying a directionally depen-



10

15

20

25

30

https://doi.org/10.5194/amt-2019-265 Atmospheric
Preprint. Discussion started: 14 August 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions

dent LER (DLER) dataset over land surfaces (see Sect. 3.1.1) and by implementing an ocean surface albedo parametrization

over water surfaces (see Sect. 3.1.2).
3.1.1 Over land

To account for the surface BRDF in our NO, AMF calculation over land, the surface reflectivity is described by a GOME-2
DLER dataset (Tilstra et al., 2019) that captures the VZA-dependency. Compared to the traditional GOME-2 LER climatology
(Tilstra et al., 2017), derived from a range of viewing angles (~115° for GOME-2 measurements covering the directions from
east to west), the GOME-2 DLER dataset is derived by dividing the range of viewing angles into five segments and applying
the same retrieval method as in the traditional GOME-2 LER determination for each segment with a parabolic fit to parametrize
the VZA-dependency. The main idea of this VZA-dependency parametrization is to use the VZA as a proxy of observation
geometry over land, since solar zenith angle (SZA) and relative azimuth angle (RAA) are nearly constant at a given latitude
and thus have been captured in the original GOME-2 LER dataset.

For each GOME-2 measurement, the surface DLER apy gr is calculated as:
QpLER = QLER +Co+c1 X 0+ co x 02 )

with VZA 6 positive on the west side of the orbit swath and negative on the east side of the orbit swath. cg, ¢1, and co
are parabolic fitting coefficients depending on latitude, longitude, month, and wavelength. The non-directional LER arggr
is taken from the traditional GOME-2 LER climatology. Note that no directionality is provided by the DLER dataset over
water (without sea ice cover), mainly due to the dependency on parameters such as wind speed and chlorophyll concentration,
which can not be cast into climatology easily. Additionally, due to the strong solar and viewing angles-dependency of specular
reflection, changes of the solar position during a month influence the albedo over water bodies much more than for land, and
this influence is modelled and described in Sect. 3.1.2.

Figure la-c shows the traditional GOME-2 LER climatology, the GOME-2 DLER dataset over land, and their differences
on 3 February and 5 August 2010. The DLER data shows a stronger increase for western viewing direction by ~0.02 over
vegetation, ~0.05 over desert, and ~0.2 over snow and ice, due to the increasing BRDF in the backward scattering direction.
A slight change by up to 0.01 is found over vegetation and desert with enhancement for the central part of the orbit swath and
reduction for the east side of the orbit swath, and this effect is larger over snow and ice, resulted from the forward scattering
peak or double scattering peak in the BRDF pattern for snow (Dumont et al., 2010). The difference in surface albedo is
generally larger in winter, due to the change of surface condition and/or sun elevation, at the exception of desert.

Figure 2 compares the surface LER and DLER as a function of VZA and presents the impact on the clear-sky AMFs over
western Europe (44° N-53° N, 0° E-7° E) and eastern China (21° N-41° N, 110° E-122° E) in February 2010. The surface
albedo on the west side of the orbit swath (backward scattering direction) is higher for both regions by up to 0.024, which
reduces the calculated clear-sky AMFs by 9-14%. Smaller differences are found for the central and eastern viewing direction

by up to 0.006 for surface albedo and up to 4% for clear-sky AMFs.
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Figure 1. Map of GOME-2 surface LER climatology (Tilstra et al., 2017) version 3.1 in February and August (a), improved GOME-2 surface
LER data taking into account the direction-dependency on 3 February and 5 August 2010 (b), and their differences over land (c) and over

water (d) (figure continued on next page). The improvements are described in Sect. 3.1.1 for land and in Sect. 3.1.2 for water.

Figure 3 shows the differences in tropospheric NO, columns retrieved using surface LER and DLER dataset for a given day
and for the monthly average in February and August 2010. The daily differences in tropospheric NO, columns are consistent
with Fig. 1c, with a larger impact found over polluted regions. Taking Spain on 3 February 2010 as an example, the smaller
surface DLER on the central part of the orbit swath by ~0.005 results in a lower sensitivity to tropospheric NO, columns in
the AMF calculation, and therefore the AMF decreases and the tropospheric NO, columns increases by ~ 1 x 10** molec/cm?
(3%). Vice versa, the surface DLER is higher by ~0.02 on the west side of the orbit swath over eastern China at the same day,
and thus the tropospheric NO, column is lower by ~ 3 x 10*®> molec/cm? (11%). The monthly differences in tropospheric NO,
columns show a larger reduction in winter by more than 5 x 10'4 molec/cm? over e.g. central Europe, South Africa, India, and

eastern China, and by ~ 1 x 10** molec/cm? over e.g. the eastern US, Southeast Asia, and Mexico.
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Figure 1. (figure continued from previous page)

The above results are in agreement with studies applying the BRDF product from MODIS to describe the dependency of land
surface reflectance on illumination and viewing geometry (e.g. Zhou et al., 2010; Noguchi et al., 2014; Vasilkov et al., 2017,
Lorente et al., 2018; Laughner et al., 2018; Qin et al., 2019). With a good agreement with the established MODIS BRDF product
(Tilstra et al., 2019), the GOME-2 DLER dataset is derived from measurements of the instrument itself, consistent with the
GOME-2 NO; observations, considering the illumination conditions, observation geometry, and instrumental characteristics,

and therefore the use of GOME-2 DLER introduces no additional bias caused by the instrumental differences.
3.1.2 Over water

The surface reflectivity over water is described with an improved GOME-2 LER data using an ocean surface albedo

parametrization (Jin et al., 2004, 2011) to account for the direction-dependency. Based on atmospheric radiation measurements
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Figure 2. Comparison of GOME-2 LER climatology (Tilstra et al., 2017) and GOME-2 DLER data (a) and the impact on the clear-sky AMFs
(b) over western Europe (44° N-53° N, 0° E-7° E) and eastern China (21° N-41° N, 110° E-122° E) as a function of VZA in February 2010

(VZAs are negative for observations on the east side of the orbit swath).

and the Coupled Ocean-Atmosphere Radiative Transfer (COART) model (Jin et al., 2006), the parametrization developed by
Jin et al. (2011) derives the surface reflectivity for the direct and diffuse incident radiation separately and further divides each
of them into contributions from surface and water, respectively. This parametrization has been used to derive ocean surface
albedo (e.g. Séférian et al., 2018) and to generate satellite NO, product (e.g. Laughner et al., 2018).

Following Jin et al. (2011), the ocean surface albedo ayq; s defined as:

Qtotal = fair (g + ) + faif (g p + agip) (5)

w

with ag;,. and ag, , the direct and diffuse contribution of the surface reflection and «y;, and ag;, the direct and diffuse
contribution of the volume scattering of water below the surface, respectively. The direct and diffuse fraction of downward
surface flux fqir and fair (fair =1 — fair) are calculated using the online COART (https://satcorps.larc.nasa.gov/jin/coart.
html). The direct surface albedo «};,., which is one main component of the total ocean surface albedo, describes the contribution
of Fresnel reflection depending on the incident angle, refractive index of seawater (1.343 at 460 nm), and slope distribution
of the ocean surface (defined by Cox and Munk (1954) and related to wind speed (5 m/s from the climatological mean)).
The diffuse surface albedo vy, , 1s difficult to formulate analytically due to its variation with atmospheric conditions and thus
parametrized practically to be 0.06 for an assumed 5 m/s wind speed. The direct water volume albedo ;.. is considered for
the case 1 waters (consist 99% of the ocean) and primarily affected by the chlorophyll concentration (0.2 mg/m? from the
global ocean average). The diffuse water volume albedo ay;, is defined by the oy, at an effective incident direction (i.e.

arccos(0.676)) and calculated to be 0.0145. The direct fraction of downward surface flux fg;, is calculated with radiative

10
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Figure 3. Differences in GOME-2 tropospheric NO, columns retrieved using GOME-2 LER and DLER dataset for a given day and for the

monthly average in February and August 2010. Only measurements with cloud radiance fraction < 0.5 are included.

transfer simulation using a mid-latitude summer atmosphere with a marine aerosol optical depth of 1 (at 550 nm) and using a
100 m depth ocean with the average Petzold phase function for ocean particle scattering.

Figure 4 shows the parametrized ocean surface albedo for a non-glint situation and its four albedo components as a function
of incident angle. The overall shape of the total ocean surface albedo a.; is dependent on incident angle with a peak near
70°, similar with Jin et al. (2004) and Laughner et al. (2018). The surface component (o, + ag; ) is larger than the water
volume component (o, + ag; ), particularly for larger incident angles. The direct component (cv;, + oy;,.) increases with
incident angle with lower values than the diffuse component (o)}, st gy f) for smaller incident angles (below 55°) and higher
values for larger incident angles. The relative contribution of diffuse component to the total ocean surface albedo fg; r increases
from ~0.65 to ~1 with incident angle. It is worth noting that the four albedo components are independent of each other and

thus flexible to update or replace.

11
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Figure 4. Parametrized ocean surface albedo for a non-glint condition and its albedo components due to direct and diffuse surface reflection

and direct and diffuse water volume scattering as a function of incident angle.

Based on measurements over a long period (2007-2018 for version 3.1), the GOME-2 LER climatology provides mainly
the diffuse component (o, ; + ag; ¢) over water bodies with minimized impact of direct contribution. Therefore, we replace
the simplified expression of ag, , + oy, in Jin et al. (2011) with values taken from the GOME-2 LER climatology. This
scheme enables the consideration of the direction-dependency for the GOME-2 LER climatology over water with minimal
bias introduced. In addition, most of the ocean surface albedo studies (e.g. Ohlmann, 2003; Jin et al., 2004; Li et al., 2006; Jin
et al., 2011; Laughner et al., 2018) employ a straightforward assumption that SZA is the only directional parameter involved
in the parametrization, namely the incident angle is assumed to be equivalent to the SZA in the Fresnel reflection calculation.
In this work, we apply the full equation to derive the local incident angle with dependencies on VZA and RAA also taken into
account, and we additionally implement the Cox-Munk sun glitter model over glint-contaminated regions. See Cox and Munk
(1954) and Gordon (1997) for more details on configuration and derivation.

Figure 1b,d presents the calculated ocean surface albedo and the differences with values taken from GOME-2 LER climatol-
ogy on 3 February and 5 August 2010. Consistent with Vasilkov et al. (2017), the improved ocean surface albedo shows higher
values by up to 0.015 at larger SZAs and VZAs, where the higher incident angles result in stronger Fresnel reflections, and by
up to 0.025 over areas affected by sun glint, typically the eastern swath of GOME-2 orbits.

Figure 5 shows the impact of using updated ocean surface albedo on our GOME-2 NO; retrieval for a given day and for the
monthly average in February and August 2010. The tropospheric NO, columns are reduced mainly over the polluted coastal
regions with large NO, concentrations and with large SZAs and VZAs. For instance, the ocean surface albedo around Spain
increases by ~0.01 on 3 February 2010, leading to a decrease of tropospheric NO, columns by up to 8 x 1014 molec/cm? (9%).

The monthly average of tropospheric NO, columns decreases in winter by more than 3 x 10'* molec/cm? near the coastal
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Figure 5. Differences in GOME-2 tropospheric NO; columns retrieved using the original GOME-2 LER climatology and the GOME-2 LER
data improved with the ocean surface albedo parametrization for a given day and for the monthly average in February and August 2010. Only

measurements with cloud radiance fraction < 0.5 are included.

area, e.g. around the US, eastern China, and Brazil, and by up to 1 x 10'* molec/cm? along the shipping lanes, e.g. in the

Mediterranean Sea, the Red Sea, and the maritime Southeast Asia.
3.2 A priori NO; profile

In regions with strong gradients in NOy emission in space and time, the significant variation of surface NO, can only be
captured in a model with sufficient horizontal, vertical, and temporal resolutions. The advanced IFS(CBA) (Huijnen et al.,
2016, 2019) global chemistry forecast and analysis system combines the stratospheric chemistry scheme developed for the
Belgian Assimilation System for Chemical ObsErvations (BASCOE, Skachko et al. (2016)) and the modified CBOS5 tropo-
spheric chemistry scheme (Williams et al., 2013). As summarized in Table 2, the spatial resolution of IFS(CBA) is a reduced
Gaussian grid at a spectral truncation of T255, which is equivalent to a grid spacing of ~80 km globally (~0.7°). The model
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Figure 6. Area-averaged and monthly-averaged profiles from TM5-MP and IFS(CBA) at GOME-2 overpass time (9:30 LT) over western
Europe (44° N-53° N, 0° E-7° E) and eastern China (21° N-41° N, 110° E-122° E) in February and August 2010.

is run with the standard 137 hybrid sigma-pressure layers as also used operationally in the ECMWF’ forecast and reanalysis
model. From this we select a vertical discretisation based on 69 vertical levels up to 0.1 hPa with ~12 layers in the boundary
layer for further processing. An essential difference compared to TMS5-MP is that in [FS(CBA) the chemistry is an integral part
of the meteorological forecast model. Here we use the forecast model from cycle 4512, which is daily initialized using ERAS
meteorology. Additionally, anthropogenic emissions are based on the recently prepared CAMS_GLOB_ANT v2.1 emission
inventory (Granier et al., 2019), while day-specific biomass burning emissions are taken from GFASv2.1 (Kaiser et al., 2012).
The NO, data is available on hourly basis, based on which the profiles at the satellite measurement time can be obtained with
a linear interpolation.

Figure 6 shows an intercomparison of area-averaged and monthly-averaged profiles from TM5-MP and IFS(CBA) at GOME-
2 overpass time (9:30 LT) over western Europe (44° N-53° N, 0° E-7° E) and eastern China (21° N-41° N, 110° E-122° E)
in February and August 2010. Generally, TM5-MP and IFS(CBA) show similar mean profile shapes over the two regions. In
February, IFS(CBA) shows a larger boundary layer concentration and a sharper transition to the free troposphere over western
Europe and a larger NO, gradients in the free troposphere over eastern China. In August, the NO, concentrations in the free
troposphere are lower than in February for both models due to the reduced emissions and the reduced lifetime of NO,, and a
larger surface layer NO, gradient is found for the IFS(CBA) model for both regions.

Figure 7 shows the daily TM5-MP and IFS(CBA) a priori NO, profiles over the Netherlands (52.8° N, 4.7° E) and China
(39.1° N, 118.0° E) on 3 February 2010 as examples. IFS(CBA) shows a higher surface layer NO, concentration (more
steep profile shape) and yields a tropospheric AMF reduced by 0.21 over the Netherlands, which will enhance the retrieved
tropospheric NO, column. In contrast, the tropospheric AMF increases by 0.06 over China due to the larger NO, gradients in

the free troposphere (less steep profile shape) modelled by IFS(CBA).
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Figure 7. A priori NO; profiles from TM5-MP, IFS(CBA) (original resolution), and IFS(CBA) with different model resolutions over the
Netherlands (52.8° N, 4.7° E) and China (39.1° N, 118.0° E) on 3 February 2010. The IFS(CBA) profiles are compared for 1° grid and for

34 layers. The calculated clear-sky tropospheric AMF is given next to each label.

Figure 8 shows the differences in tropospheric NO, columns retrieved using TM5-MP and IFS(CBA) a priori NO, profiles
for a given day and for the monthly average in February and August 2010. The differences are consistent with the changes
in the profile shapes in Fig. 6 and 7. The use of IFS(CBA) generally increases the tropospheric NO, columns over polluted
regions by up to 2 x 10'® molec/cm?, e.g. over western Europe, eastern US, and Argentina, and decreases the values by up
to 1 x 10'® molec/cm?, e.g. over central Africa, South Africa, and Brazil. In February, however, a strong enhancement by
~ 7 x 10* molec/cm? is found over northern Germany and Poland, and a strong reduction by ~ 4 x 10 molec/cm? is found
over the North China Plain. The differences in Fig. 8 are likely related to the different chemical mechanism, transport scheme,
and emission inventories employed by the model as well as the different model resolutions.

To quantify the effect of model resolutions, a more detailed analysis for IFS(CBA) is implemented with 1° grids for hor-
izontal resolution, with 34 layers for vertical resolution, and with 2-hours time steps for temporal resolution, respectively.
These values are of the same order of magnitude as the model resolutions of TM5-MP and other chemistry transport models
currently employed in the satellite retrieval of NO, (e.g. van Geffen et al., 2019; Lorente et al., 2017; Boersma et al., 2018;
Liu et al., 2019b). Figure 7 compares the IFS(CBA) a priori NO, profiles with original and different model resolutions over
the Netherlands (52.8° N, 4.7° E) and China (39.1° N, 118.0° E) on 3 February 2010. Both examples are located at polluted
coastal regions, which typically have a large heterogeneity and variability in the NO, distribution. The AMFs differ by more
than 0.02 for both examples due to differences in horizontal and vertical resolutions. The current 2-hours temporal sampling
and subsequent linear interpolation between the sampling points is sufficient for the retrieval of tropospheric NO, columns
(not shown). When a coarser spatial resolution is used, the "domain-averaged" profiles generally show an increased surface

NO; concentration for unpolluted domain and the opposite for emission source. Consequently, the AMF is underestimated
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Figure 8. Differences in tropospheric NO, columns retrieved using TM5-MP and IFS(CBA) a priori NO, profiles for a given day and for
the monthly average in February and August 2010. Yellow circles on 3 February 2010 indicate locations in Fig. 7. Only measurements with

cloud radiance fraction < 0.5 are included.

for unpolluted areas and overestimated for polluted areas. When the number of layers is reduced, the coarser sampling points
can not capture accurately the large NO, gradients at low altitudes, particularly for polluted regions where the measurement
sensitivity of the satellite decreases significantly towards the surface.

Figure 9 shows the absolute and relative differences in tropospheric NO, columns retrieved by altering the model resolutions
for IFS(CBA) a priori NO; profiles in February 2010. In Fig. 9a, the increase of the spatial resolution (1° vs. 0.7° grid) changes
the tropospheric NO, columns by up to 7 x 10'* molec/cm? or 20% for polluted regions, in agreement with previous case
studies or regional retrievals (Heckel et al., 2011; Lin et al., 2014; Kuhlmann et al., 2015). Larger relative differences are
observed over cities surrounded by rural areas, coastal regions, isolated islands, and shipping lanes, where the use of high
spatial resolutions captures more accurately the NO, emission and chemistry for a priori profiles. In Fig. 9b, the improvement
in the vertical resolution (34 vs. 69 layers) enhances the tropospheric NO, columns by up to 5 x 10'4 molec/cm? or 15%.

Increasing the number of layers generally better resolves the NO, vertical variation, especially for the lowest model layers
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Figure 9. Absolute and relative differences in tropospheric NO, columns retrieved by altering the model resolutions for IFS(CBA) a priori

NO, profiles in February 2010. The tropospheric NO> columns are compared for 1° and 0.7° grid (a) and for 34 and 69 layers (b). Only

measurements with cloud radiance fraction < 0.5 are included.

where the box-AMF decreases significantly in the polluted cases. Consequently, the tropospheric AMFs are lower and the
tropospheric NO, columns are higher for polluted regions. For unpolluted regions, the differences are generally small (within

+2 x 10'* molec/cm? or +3%). In addition, the use of different temporal resolution (2-hours vs. 1-hour time step) generally

has a negligible impact on the tropospheric NO, columns (less than 2 x 104 molec/cm? or 3%, not shown).

3.3 Cloud correction

For cloudy scenarios, the retrieval of tropospheric NO, is affected by the cloud parameters due to the variation of scene
albedo and the photon path redistribution in the troposphere. As described in Sect. 2, the cloudy-sky AMFs are calculated
with the independent pixel approximation using GOME-2 cloud parameters: radiometric cloud fraction from OCRA and cloud

top pressure (cloud top height) and cloud albedo (cloud optical depth) from ROCINN. To improve the cloud correction in
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Figure 10. Differences in cloud top heights retrieved using ROCINN_CAL and ROCINN_CRB cloud model in February and August 2010.
Only measurements with cloud fraction < 0.3 are included. Observations with fitting RMS > 1 x 10~* or number of iterations > 20 are filtered

out.

our NO, retrieval, the CAL model from ROCINN cloud algorithm (Loyola et al., 2018), with the clouds treated as optically
uniform layers of light-scattering water droplets, is applied. The CAL model is more representative of the real situation than
the CRB model (with the clouds idealized as Lambertian reflectors with zero transmittance) by allowing the penetration of
photons through the cloud layer. This treatment takes the multiple scattering of light inside the cloud and the contribution of
the atmospheric layer between the cloud bottom and the ground into account.

Figure 10 shows the differences in cloud top heights obtained with the CRB and CAL model from GOME-2 measurements
in February and August 2010. Consistent with Loyola et al. (2018) (see Fig 3 and 13 therein), the cloud top heights from CAL
are generally higher by on average ~0.9 km. Stronger increases (up to 2 km) are found over regions with thick and high clouds,
such as the Intertropical Convergence Zone and the Western Hemisphere Warm Pool, very similar to Lelli et al. (2012) (see
Fig. 12 therein). In general, the CRB-based cloud retrieval underestimates the cloud top height due to the neglect of oxygen
absorption throughout a cloud layer (Vasilkov et al., 2008) and thus the misinterpretation of the smaller top-of-atmosphere
reflectance as a lower cloud layer (Saiedy et al., 1967). Additionally, since the enhanced multiple scattering is not fully taken
into account in the CRB-based cloud retrieval, the retrieved cloud height is normally close to the middle, i.e., the optical
centroid of clouds (Ferlay et al., 2010; Richter et al., 2015).

In Fig. 10, higher cloud top heights are found using CRB mainly over land surfaces characterised by the presence of a large
amount of absorbing aerosols, for instance, over regions with strong desert dust emissions, such as the Sahara, the Arabian
Desert, and the deserts in Australia, as well as regions with strong biomass burning emissions, such as South America, South
Africa, and Southeast Asia. Over these areas, ROCINN likely retrieves an effective aerosol height close to the top of aerosol
layer, depending on the type of absorbing aerosols and on aerosol optical depth. The presence of strongly absorbing aerosols,

which typically have large aerosol optical depth and/or locate at high altitudes (up to ~8 km), reduces the fraction of photons
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Figure 11. The box-AMFs for clear and cloudy sky using ROCINN_CAL and ROCINN_CRB cloud model over Italy (45.3° N, 11.2° E) on
1 February 2010. The tropospheric AMF is given next to each label. The ROCINN_CRB cloud top pressure is shown as a horizontal green
line, and the ROCINN_CAL cloud top and base pressure are shown as horizontal brown lines. Cloud radiance fraction = 0.47, cloud optical
depth = 6.85, SZA = 69°, VZA = 3°, RAA = 42°.

reaching the lowest part of the atmosphere. In order to approximate this shortened light path, the CRB-based cloud retrieval
has to put the Lambertian reflector at a higher altitude (Wang et al., 2012; Chimot et al., 2016). This effect is larger for aerosol
layers at higher altitudes and dependent also on geometry parameters like SZA, on surface properties like surface albedo, and
on the accuracy of radiometric cloud fractions from OCRA.

To apply the CAL cloud model in our NO, AMF calculation, a single scattering albedo of 1 and an asymmetry parameter of
0.85 for water clouds are assumed for the radiative transfer calculation, consistent with the values used in the cloud retrieval
(Loyola et al., 2018). Cloud observations with fitting root mean square (RMS) > 1 x 10~ or number of iterations > 20 are
filtered out. The NO, box-AMFs are derived through the pixel-specific radiative transfer calculation instead of the interpolation
from a LUT with fixed reference points, which requires no projection from the layer coordinate of NO, profile to the coordinate
assumed in the LUT and requires no linear interpolation based on the model parameters.

Figure 11 shows an example of the derived box-AMFs for clear and cloudy sky using the CRB and CAL model over
Italy (45.3° N, 11.2° E) on 1 February 2010. The cloud information and the calculated tropospheric AMFs are also reported.
Compared to the clear-sky box-AMFs, the CAL-based cloudy-sky box-AMFs increase above the cloud layer (albedo effect)
and decrease below the cloud layer (shielding effect). Compared to the CRB model, the use of CAL model takes account of
the sensitivities inside and below the cloud layer and increases the cloudy-sky AMF by 0.3, which consequently decreases the
retrieved tropospheric NO, column by 2.5 x 10'® molec/cm? (12%), based on the polluted NO, profile with most of the NO,

concentration located near the surface.
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Figure 12. Differences in GOME-2 tropospheric NO; columns retrieved using ROCINN_CRB and ROCINN_CAL cloud model in February
and August 2010. Only measurements with cloud radiance fraction < 0.5 are included. Cloud observations with fitting RMS > 1 x 10™% or

number of iterations > 20 are filtered out.

Figure 12 shows the differences in tropospheric NO, columns retrieved using CRB and CAL model in February and August
2010. The use of CAL model decreases the tropospheric NO, columns by more than 1 x 10™* molec/cm? over polluted regions.
Larger values are found in winter (up to 3 x 10'® molec/cm?), when most of the NO, concentrations are located at the surface

and the cloud fractions are generally larger due to the seasonal variation of clouds.
3.4 Combined impact

Figure 13 shows the tropospheric NO, columns retrieved using the improved AMF calculation and the differences with the
reference data in February and August 2010. Larger differences are found in winter over the polluted regions. For instance,
the tropospheric NO, columns are reduced by more than 1 x 10'® molec/cm? over China and India in February and Brazil and
South Africa in August. Increased values are found e.g. over Mexico, Argentina, and Russia.

Table 3 summarizes the individual changes and combined effect of our improved AMF calculation on the retrieved tropo-
spheric NO, columns over western Europe, eastern China, eastern US, and central Africa. Increases in GOME-2 surface albedo
reduce the tropospheric NO, columns by 2-6%. The use of IFS(CBA) a priori NO, profiles affects (mostly increases) the tro-
pospheric NO, columns by up to 21%, and the use of CAL cloud parameters decreases the values by up to 14%. The combined
effect of individual improvements yields to a change of tropospheric NO, columns on average within +15% in winter and
45% in summer over polluted regions.

The uncertainty in the improved AMF calculation is likely reduced comparing to the reference retrieval, considering the
improved surface albedo dataset, a priori NO, profiles, and cloud parameters, which are the main causes of AMF uncertainty
(Lorente et al., 2017). The uncertainty in the AMF calculation for polluted conditions is estimated to improve from 10-45%

for the reference retrieval to the 10-35% range for this work.
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Figure 13. GOME-2 tropospheric NO> columns retrieved using the improved algorithm and the differences with the reference data in
February and August 2010. Only measurements with cloud radiance fraction < 0.5 are included. Cloud observations with fitting RMS >

1 x 10~% or number of iterations > 20 are filtered out.

4 TImplicit aerosol correction

Aerosols can increase or decrease the sensitivity to tropospheric NO,, depending on the NO, and aerosol vertical distribution,
and the optical and physical properties of the particles (Martin et al., 2003; Leitdo et al., 2010). Since the OCRA/ROCINN
cloud retrieval does not distinguish between clouds and aerosols, the aerosol effect is assumed to be corrected implicitly in the
AMF calculation via the effective cloud parameters (i.e., aerosols are treated as clouds).

Figure 14 and 15 show the land surface RGB image with active fire locations from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the Terra (10:30 LT) and OCRA/ROCINN cloud products measured by GOME-2 (9:30
LT) over eastern China and central Africa on a given day, respectively. The MODIS dataset (https://worldview.earthdata.nasa.

gov/) describes the cloud or aerosol amount and fire locations (for central Africa). For both regions, a large amount of aerosol
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Table 3. Individual changes and combined effect in tropospheric NO, columns relative to reference retrievals for western Europe (44° N-53°
N, 0° E-7° E), eastern China (21° N-41° N, 110° E-122° E), eastern US (30° N-45° N, 70° W-90° W), and central Africa (5° S-15° S, 10°
E-30° E).

surface albedo a priori NO; profile  cloud correction combined effect
Europe (February 2010) -2.2% +19.6% -9.3% +2.0%
China -5.9% +0.7% -12.1% -13.3%
Us -4.6% +15.6% -12.2% +8.9%
Africa -2.1% -1.2% -3.3% -5.8%
Europe (August 2010) -3.6% +20.5% -9.4% +1.1%
China -5.6% +15.9% -14.0% -2.3%
us -4.3% +10.1% -9.7% +1.1%
Africa -3.8% -0.6% -5.4% -4.8%

loads are found in the RGB image for cloud-free areas, e.g. Beijing-Tianjin-Hebei economic region in eastern China and
burning regions across central Africa, where the aerosol loads are identified as thin clouds (cloud optical depth of ~5) near the
surface (cloud top height of ~3 km) with cloud fractions up to 0.18.

Therefore, we assume that the thin clouds near the surface from the OCRA/ROCINN cloud products are attributed to aerosol
loads for measurements with cloud radiance fraction < 0.5 or cloud fraction < 0.2, and we evaluate the accuracy of implicit
aerosol correction by comparing it with explicit aerosol correction. For that purpose, the explicit correction for aerosols is
implemented using ground-based aerosol observations in Xianghe (39.75° N, 116.96° E), which is a suburban site surrounded
by heavily industrialized areas in northeastern China (Clémer et al., 2010; Hendrick et al., 2014; Vlemmix et al., 2015), and
in Bujumbura (3.38° S, 29.3° E), which is located in the Central African country of Burundi with intensive biomass burning
activities in the surroundings (Gielen et al., 2017), as indicated in Fig. 14 and 15, respectively. Our analysis is further limited
to satellite measurements with cloud optical depth < 5 and cloud top height < 3 km to reduce the cloud contamination. With
this selection, the aerosol concentrations are generally low or moderate (aerosol optical depth < 1).

The explicit modelling of aerosol scattering and absorption for the AMF calculation is implemented by introducing the
aerosol optical properties (i.e., single scattering albedo and phase function) and vertical distributions (i.e., extinction vertical
profiles) in the radiative transfer calculation. The single scattering albedo describes the fraction of the aerosol light scattering
over the extinction, and the phase function describes the angular distribution of scattered light intensity. In this study, we apply
the Henyey-Greenstein phase function with an asymmetry parameter (the first moment of phase function) describing the asym-
metry between forward and backward scattering. A long-term statistics of single scattering albedo and asymmetry parameter
at 440 nm is derived for Xianghe and Bujumbura using the version 3 level 2.0 inversion products from the sun photometer

radiance measurements at AERONET (Holben et al., 1998; Giles et al., 2019) (http://aeronet.gsfc.nasa.gov/). Monthly mean
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(a) MODIS/Terra RGB image

Figure 14. MODIS/Terra RGB image (a), GOME-2 OCRA cloud fraction (b), GOME-2 ROCINN_CAL cloud optical depth (c), and GOME-
2 ROCINN_CAL cloud top height (d) over eastern China on 21 November 2013. Cloud observations with fitting RMS > 1 x 10~* or number
of iterations > 20 are filtered out. The yellow location symbol in MODIS image indicates the Xianghe station (39.75° N, 116.96° E), and the

red dots indicate fires.

parameters are calculated based on up to seven years of observations (2010-2016 for Xianghe and 2013-2016 for Bujumbura)
available within 41 h of the GOME-2 overpass time (9:30 LT) for each month.

Xianghe is located ~60 km south-east of Beijing, belonging to the highly urbanized Beijing-Tianjin-Hebei economic region
on the North China Plain with heavy anthropogenic aerosol emissions, especially in winter due to the enhanced domestic
heating. Mixtures of desert dust with the urban-industrial aerosols affect the regions mainly in spring (March-May). Based
on the monthly climatology of AERONET measurements, the single scattering albedo in Xianghe is on average 0.91 with a
maximum in July (0.96) and low values in winter (~0.87), which are mostly related to the black carbon emissions (Yang et al.,
2011). The asymmetry parameter ranges between 0.7 and 0.75, consistent with the values from the urban aerosol models in
East Asia (Lee and Kim, 2010).

23



10

15

https://doi.org/10.5194/amt-2019-265 Atmospheric
Preprint. Discussion started: 14 August 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions

(a) MODIS/Terra RGB image (b) OCRA cloud fraction
o T | ’

Figure 15. Similar as Fig. 14 but for central Africa on 9 September 2015. The yellow location symbol in MODIS image indicates the
Bujumbura station (3.38° S, 29.3° E).

Bujumbura is located in tropical Africa that is typically affected by the biomass burning emissions, mainly during the local
dry seasons (June-August and January-February), and to a lesser extend, by the anthropogenic emissions, throughout the year
with negligible seasonal variations. The single scattering albedo in Bujumbura is higher in March-May (~0.9), related to the
major rain season, and lower in July-August and December-January (0.83-0.87), coinciding with the intensive agricultural
activities and transport of forest fire emissions in the surrounding regions (Gielen et al., 2017). The asymmetry parameter is on
average 0.69, in agreement with values in biomass burning aerosol models (Torres et al., 2013).

The collocated aerosol extinction vertical profiles at 477 nm are taken from the MAXDOAS measurements in Xianghe from
March 2010 to December 2016 (Clémer et al., 2010) and in Bujumbura from December 2013 to December 2015 (Gielen et al.,
2017). The MAXDOAS data is used to derive aerosol information based on the oxygen collision complexes (O4) absorption,
since the Oy vertical profile is generally constant and thus capable of describing the influence of aerosol scattering and absorp-
tion on photon path (Wagner et al., 2004; Frief3 et al., 2006). The MAXDOAS technique can reliably determine the aerosol

extinction profiles in the lower troposphere (Frie8 et al., 2016), where most aerosols are located over Xianghe and Bujum-
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Figure 16. The NO; box-AMFs from the explicit aerosol correction and implicit correction using ROCINN_CRB and ROCINN_CAL cloud
model (a) and the TM5-MP NO; profiles and the MAXDOAS aerosol extinction profiles used in the retrievals (b) at the Xianghe station on
21 November 2013. The tropospheric AMF is given next to each label. The ROCINN_CRB cloud top pressure is shown as a horizontal green
line, and the ROCINN_CAL cloud top and base pressure are shown as horizontal brown lines. Cloud radiance fraction = 0.28, cloud optical

depth = 4.96, aerosol optical depth = 0.66, SZA = 66°, VZA = 17°, RAA = 133°.

bura. We collocate the space- and ground-based measurements by selecting GOME-2 pixels within 50 km of the stations and
averaging the MAXDOAS aerosol profiles within =1 h of the GOME-2 overpass time (9:30 LT).

Figure 16 shows typical NO, box-AMFs, simulated TM5-MP NO, profile, and MAXDOAS aerosol extinction profile for
Xianghe on 21 November 2013. The MAXDOAS aerosol profile follows an exponentially decreasing shape with a peak of
aerosol loads close to the ground (950 hPa or 0.4 km). The NO, follows the same profile shape and is well mixed with aerosol.
Depending on seasonal variation, local emission, and transport process, aerosol profiles with peak at elevated heights (up to
900 hPa or 1 km) are also observed (not shown) due to the long residence time. The discontinuity of box-AMFs corrected
using the CRB cloud model is introduced by the effective clouds (see Eq. (2)), below which the cloudy box-AMFs are zero.
Due to the overestimated cloud altitudes from the CRB-based cloud retrieval (see Sect. 3.3), the CRB-based implicit aerosol
correction underestimates the tropospheric AMF by 14%, and this bias is largely reduced by applying the CAL cloud model
(6%), which brings a gradual reduction in box-AMFs towards the surface, agreeing reasonably better with the shape from
explicit aerosol correction. Figure 17 shows the same data as Fig. 16 but for Bujumbura on 9 September 2015. Compared to
the data in Xianghe, the aerosol profile in Bujumbura shows a smaller amount but an uplifted layer of aerosol loads (820 hPa or
1.8 km), while NO, continues to peak at the surface. The difference in AMF between implicit and explicit aerosol correction

decreases from 15% using CRB to 5% using CAL.
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Figure 17. Similar as Fig. 16 but for the Bujumbura station on 9 September 2015. Cloud radiance fraction = 0.18, cloud optical depth = 4.83,
aerosol optical depth = 0.58, SZA = 40°, VZA = 14°, RAA = 155°.

Figure 18 presents the relative biases in tropospheric NO, columns retrieved assuming no aerosol correction and assuming
implicit aerosol correction via the CRB and CAL cloud model for Xianghe from March 2010 to December 2016. Only mea-
surements with cloud radiance fraction < 0.5, cloud optical depth < 5, and cloud top height < 3 km are included. The relative
biases introduced by assuming no aerosol correction vary between -30% to 31% with an average of 7% for GOME-2 pixels,
in agreement with previous studies focusing on the industrialized part of eastern China (Ma et al., 2013; Lin et al., 2014,
2015; Kuhlmann et al., 2015; Chimot et al., 2016; Wang et al., 2017). Resulted from the overestimated shielding effect, the
tropospheric NO, columns retrieved using CRB-based implicit aerosol correction are on average 33% larger than using explicit
aerosol correction, and the differences are largely reduced by applying the CAL cloud model (9%). Enhanced differences are
found for larger cloud radiance fraction, probably due to the increased pollution level (NO, columns) comparing to the clear
sky (Richter et al., 2017), as the cloud (radiance) fraction is highly correlated with the MAXDOAS aerosol optical depth (cor-
relation coefficient of 0.7 and regression slope of 0.17, not shown). Figure 19 shows the same data but for Bujumbura from
December 2013 to December 2015. The explicit aerosol correction yields tropospheric NO, columns on average 6% smaller
than the clear-sky tropospheric NO, columns, consistent with Martin et al. (2003); Castellanos et al. (2015). The average dif-
ference between the tropospheric NO, columns from the implicit and explicit aerosol correction decreases from 15% using
CRB model to 5% using CAL model.

In Fig. 18 and 19, the relative biases introduced by the CAL-based implicit aerosol correction are close to the values assuming
no aerosol correction, addressing the complexities related to the tropospheric NO, measurements in the presence of aerosols. In

combination with the cloud model error, errors related to the implicit aerosol correlation can result from the different radiative
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Figure 18. Scatter plot for relative biases in GOME-2 tropospheric NO, columns assuming no aerosol correction (a) and assuming implicit
aerosol correction through ROCINN_CRB and ROCINN_CAL cloud model (b) with respect to the cloud radiance fraction at the Xianghe
station from March 2010 to December 2016. Only measurements with cloud radiance fraction < 0.5, cloud optical depth < 5, and cloud top
height < 3 km are included. Cloud observations with fitting RMS > 1 x 10~* or number of iterations > 20 are filtered out. The mean value

and standard deviation are given next to each label.

effect of scattering clouds and absorbing aerosols and the different characteristic sizes and phase functions of clouds and
aerosols in general. The errors may be additionally enhanced in the presence of actual clouds. Therefore, future works include
the further quantitative interpretation of OCRA/ROCINN cloud parameters for aerosol-dominated scenes and the impact on

NO; retrieval algorithm.

5 Tropospheric NO, validation

A validation of our improved GOME-2 tropospheric NO, columns is performed with BIRA-IASB ground-based MAXDOAS
measurements at the Xianghe station from March 2010 to December 2016. For the validation of GOME-2 measurements, the
satellite data is filtered for clouds (cloud radiance fraction < 0.5), and the closest valid pixel within 50 km of the stations is
compared to the ground-based MAXDOAS data, which is linearly interpolated to the GOME-2 overpass time (9:30 LT), if
original data exists within 1 hour. As introduced in Sect. 4, Xianghe is a typical suburban station adequate for GOME-2
tropospheric NO, validation (Liu et al., 2019b). Urban stations are generally underestimated by GOME-2 data due to the
averaging of a local source over a pixel size (Pinardi et al., 2015; Pinardi, in preparation).

Figure 20 shows the time series and scatter plot of the daily and monthly means comparison between the improved GOME-2

tropospheric NO, columns and the ground-based MAXDOAS measurements in Xianghe, including the statistical information
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Figure 19. Similar as Fig. 18 but for the Bujumbura station from December 2013 to December 2015.

on the correlation coefficient, slope, and intercept of orthogonal regression analysis. The monthly mean values from the GOME-
2 and MAXDOAS measurements indicate good agreement with similar seasonal variations in tropospheric NO, column. A
correlation coefficient of 0.94, a regression slope of 0.69 (-0.03) and an intercept of 0.41 (£0.06) x 10'® molec/cm? are derived
when comparing the monthly mean values. These results are qualitatively similar to previous validation exercises at other sites,
other satellites, and other NO, products (Celarier et al., 2008; Kramer et al., 2008; Chen et al., 2009; Irie et al., 2012; Ma et al.,
2013; Wu et al., 2013; Kanaya et al., 2014; Wang et al., 2017; Drosoglou et al., 2017, 2018). Similar figures for previous GDP
products can be found in Liu et al. (2019b) and AC-SAF validation website (http://cdop.aeronomie.be/validation/valid-results).

Figure 21 presents the daily and monthly mean absolute and relative differences of GOME-2 and MAXDOAS measurements.
The differences are on average within 1 x 10'® molec/cm? with a mean difference of —3.7 x 10'® molec/cm?. The NO, levels
are underestimated by 9.9% by GOME-2 with a standard deviation of +21%, mostly explained by the relatively low sensitivity
of space-borne measurements near the surface, the gradient-smoothing effect, and the aerosol shielding effect. These effects
are often inherent to the different measurements types or the specific conditions of the validation sites and also to the remaining
impact of structural uncertainties (Boersma et al., 2016), such as the impact of the choices of the a priori NO, profiles and/or
the albedo database assumed for the satellite AMF calculations.

To summarise the improvements of each of the changes discussed in previous sections, Table 4 reports the statistical results
including the biases and regression analysis for the use of different surface albedo and a priori NO, profiles at the Xianghe
station for completely clear sky (cloud radiance fraction = 0). Compared to the reference retrieval (based on GOME-2 surface
LER climatology and TM5-MP a priori profile), better results are obtained with the improved algorithm (based on surface
DLER dataset and IFS(CBA) a priori profile) with a median difference of —1.0 x 10'® molec/cm?, which will be used to

further test for aerosol correction type below.
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Figure 20. Daily and monthly mean time series and scatter plot of GOME-2 and MAXDOAS tropospheric NO, columns (mean value of all
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Table 4. Mean difference (MD), median difference (AD) (SAT-GB in 10'® molec/cm?), standard deviation (STDEV), and correlation coef-
ficient R and regression parameters (slope S and intercept I) of the orthogonal regression for the daily GOME-2 tropospheric NO, product
when comparing to MAXDOAS data at Xianghe. Intermediate results for different surface albedo and a priori NO, profiles are reported for

completely clear sky (cloud radiance fraction = 0) for a total of 73 GOME-2 pixels.

surface albedo LER DLER DLER

a priori NO, profile TM5-MP TM5-MP IES(CBA)
MD=STDEV (x10'®) 2.5£72 2.6£7.1 -1.9£72
AD (x10'%) -1.9 -1.7 -1.0

R 0.63 0.64 0.63

S 0.60+0.09 0.6040.08 0.63+0.09
I 0.304:0.12 0.2940.12 0.3140.12

Table 5. Similar as Table 4 but for different aerosol corrections for aerosol-dominated conditions (cloud radiance fraction < 0.5, cloud optical
depth < 5, and cloud top height < 3 km) for a total of 146 GOME-2 pixels. Results are calculated using DLER surface albedo and IFS(CBA)

a priori profiles.

aerosol correction no implicit_ CAL
MD<=+STDEV (x10'%) -4.04+10.0 -2.749.4

AD (x10'9) 2.8 2.3

R 0.83 0.86

S 0.7240.04 0.9140.05

I 0.344-0.09 -0.05+0.10

Table 5 presents the statistical results for the retrievals with no aerosol correction and CAL-based implicit aerosol correction
at the Xianghe station for aerosol-dominated cases (cloud radiance fraction < 0.5, cloud optical depth < 5, and cloud top height
< 3 km). Consistent with Fig. 18, the GOME-2 NO, columns retrieved using the CAL-based implicit aerosol correction are
higher than the results assuming no aerosol correction, which improve the biases relative to the MAXDOAS measurements, as
well as the standard deviation, correlation coefficient, and regression parameters. We note here that all the validation results in
this work show a significant improvement compared to the current operational GDP 4.8 product (Pinardi et al., 2015; Pinardi,

in preparation; Liu et al., 2019b) in the AC-SAF context (Hassinen et al., 2016).

6 Conclusion

The operational GOME-2 NO, dataset, generated with the GDP algorithm at DLR, has been introduced in detail by Valks

5 etal. (2011, 2017) and successfully applied in many studies. An improved AMF calculation with more accurate knowledge
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of surface albedo, a priori NO, profile, as well as cloud and aerosol correction is described in this paper and expected to be
implemented in an upcoming version of GDP in combination with Liu et al. (2019b).

The viewing angle-dependency of surface albedo is taken into account by improving the currently used GOME-2 surface
LER climatology (Tilstra et al., 2017). Over land, the surface albedo is described by a GOME-2 DLER dataset (Tilstra et al.,
2019), determined by dividing the GOME-2 orbit swath into five segments and retrieving the traditional surface LER for
each segment based on the data from the respective part of orbit swath. Compared to the non-directional GOME-2 LER
climatology, the use of the DLER dataset improves the underestimation of the surface albedo at the west side of the GOME-2
orbit (backscattering geometry) and increases the AMFs by up to 15% for polluted regions. Over water, the surface albedo
is improved with an ocean surface albedo parametrization (Jin et al., 2011), in which the albedo is parametrized for the
direct and diffuse incident radiation separately. We update the simplified expression of diffuse contribution with more realistic
values taken from the GOME-2 LER data, and we improve the description of the dependency on viewing direction for the
parametrization. The resulting surface albedo increases over sun glint areas and polluted coastal regions with large SZAs and
VZAs, for which the tropospheric NO, columns are reduced by up to 10%.

High-resolution a priori profiles, obtained from the chemistry transport model IFS(CBA) with recent emission inventories,
provide a better description of the spatial and temporal variability in the NO, fields. Compared to the currently used TM5-MP
profiles, the application of IFS(CBA) profiles affects the tropospheric NO, columns by up to 7 x 10*® molec/cm? for polluted
regions, mainly due to the differences in the model specifications and model resolutions. To quantify the influence of model
resolutions, we implement an analysis by altering the horizontal, vertical, and temporal resolutions for IFS(CBA). Changing the
horizontal resolution from 1° to 0.7° affects the tropospheric NO, columns by up to 20%, with enhanced values for emission
sources and the opposite for their unpolluted surroundings. When the vertical resolution changes from 34 layers to 69 layers,
the tropospheric NO; columns increase by up to 15% due to the capture of small box-AMFs at low altitudes. Small differences
(< 3%) are found for a temporal resolution of 2-hours and 1-hour time step.

The CAL model from the ROCINN cloud algorithm, with the clouds treated as uniform layers of water droplets, allows
the penetration of photons through the clouds and provides more realistic cloud parameters than the current CRB model,
with the clouds idealised as Lambertian reflectors. The application of CAL cloud parameters in the AMF calculation takes
the sensitivities inside and below the cloud layers into account and reduces the tropospheric NO, columns by up to 3 x 10%°
molec/cm? for polluted regions.

As the cloud retrieval does not distinguish between clouds and aerosols, the aerosol correction is implicitly implemented in
the AMF calculation using the cloud parameters. To evaluate the accuracy of the implicit aerosol correction through a cloud
model, we explicitly account for the aerosol effect using ground-based aerosol measurements for aerosol-dominated conditions.
For Xianghe, a suburban site in China with primarily anthropogenic aerosol emissions, and Bujumbura, a remote site in tropical
Africa typically affected by biomass burning aerosols, aerosol optical properties from AERONET measurements and extinction
vertical profiles from correlative MAXDOAS measurements are applied. Assuming the explicit aerosol correction as reference,
the use of implicit aerosol correction through the CAL cloud model yields a bias 24% smaller than the CRB cloud model for

Xianghe and 10% smaller for Bujumbura.
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A validation of the improved NO, measurements is performed by comparing the GOME-2 tropospheric NO, dataset with
ground-based MAXDOAS measurements at the Xianghe station. The GOME-2 NO, measurements show similar seasonal
variation as the MAXDOAS dataset with a monthly averaged difference of -9.9% (—3.8 x 10'> molec/cm? in absolute) and a
correlation coefficient of 0.94, indicating good agreement. The application of the new surface albedo, a priori NO, profile, and
cloud correction in the AMF calculation improves the biases, correlation coefficients, and regression parameters for Xianghe.

In the future, further studies focusing on the cloud correction will be implemented due to its importance in the AMF cal-
culation. The BRDF effect on cloud parameters will be considered by implementing the GOME-2 DLER dataset in the cloud
retrieval from ROCINN, providing a consistent treatment of surface albedo for both NO, and cloud retrieval. Note that the
BRDF effect is not discussed for OCRA, because no surface albedo climatology is directly needed, and the correction for
VZA-dependency has been applied in the cloud fraction retrieval as a proxy of BRDF constellation (see Lutz et al., 2016, Sect.
2.2.2 therein). In addition, the interpretation of the OCRA/ROCINN cloud product for aerosol-dominated scenes and the im-
pact on NO, retrieval algorithm will be further investigated in future studies. Furthermore, the NO, algorithm will be adapted

to measurements from the TROPOMI instrument with a spatial resolution as high as 7 kmx3.5 km.
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