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Abstract

Over the last five decades, Earth’s atmosphere has been extensively monitored
from space using different spectral ranges.| Early efforts were directed at im-
proving weather forecasts with<the. first meteorological satellites launched in
the 1960s. Soon thereafter, the intersection between weather, climate and at-
mospheric chemistry led'to the observation of atmospheric composition from
space. During the 1970s,the Nimbus satellite program started regular monitor-
ing of ozone integrated, columns and water vapor profiles using the Backscat-
ter Ultraviolet Spectrometer, the Infrared Interferometer Spectrometer and the
Satellite Infrared Spectrometer instruments. Five decades after these pioneer
efforts, continuous progress in instrument design, and retrieval techniques allow
résearchers/to monitor tropospheric concentrations of a wide range of species
with implications for air quality, climate and weather.

The time line of historic, present and future space-borne instruments mea-

suring ultraviolet and visible backscattered solar radiation designed to quantify

*Corresponding author at: Harvard-Smithsonian Center for Astrophysics, 60 Garden
Street, Cambridge, MA 02138, USA
Email address: ggonzalezabad@cfa.harvard.edu (Gonzalo Gonzalez Abad)

Preprint submitted to Journal of BTEX Templates April 23, 2019



atmospheric trace gases is presented. We describe the instruments technologi-
cal evolution and the basic concepts of retrieval theory. We include a review of
algorithms developed for ozone, nitrogen dioxide, sulfur dioxide, formaldehyde,
bromine monoxide, water vapor and glyoxal, a selection of studies using these
algorithms, the challenges they face and how these challenges can be addressed.
The paper ends by providing insights on the opportunities that new instriments
will bring to the atmospheric chemistry, weather and air quality cemmunities
and how to address the pressing need for long-term, inter-calibrated.data records
necessary to monitor the response of the atmosphere to rapidly changing ecosys-

tems.
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1. Introduction

Since 1959 there have been 209 space\missions devoted to the observation
of the Earth’s atmosphere (Earth Observation Portal). The sensors used in
these missions can be classified” intostwo categories depending on the origin of
the measured radiation. Passive instruments detect radiation generated by the
Sun, the Earth and its atmosphere while active instruments use radiation gen-
erated artificially. Alsecond classification depends on the observation geometry
employed by thé instrument. Nadir instruments point directly at the Earth’s
surface whileglimb ‘instruments point at the edge of the atmosphere and take
measurements at different tangent heights. Occultation instruments like ACE-
FTS“Bernath’et al., 2005) use a limb geometry to point directly at the Sun or
other stars’

Nadir observations probing the atmospheric column are sensitive to the
boundary layer when using light at UV-VIS wavelengths. Limb geometries
have difficulties sampling the lower layers of the atmosphere but they can pro-
vide profile information at vertical resolution unavailable in the nadir geometry.
Solar occultation instruments add excellent SNRs to the vertical profiling capa-

bility. This diversity of instruments and geometries provides information about
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a wide range of geophysical variables including temperature, pressure, winds,
trace gas concentrations, aerosols and clouds.

The launch of the BUV (Krueger et al., 1973) and TOMS (Heath et al., 1975)
instruments in the 1970s marked the beginning of a new era for the study of the
global distribution of atmospheric ozone (O3). Since those early days, stedady
progress in instrument capabilities (e.g., increased SNR, spectral coverage and
spatial resolution) and algorithm development have extended the sensitivity of
these instruments from the stratosphere and upper troposphere~to the lower
atmosphere. In 1995, ESA launched the ERS-2 satellite carrying GOME (ESA,
1995; Burrows et al., 1999), now known as GOME-1, as_pazt, of its payload.
GOME-1 UV-VIS sensors provided valuable data for studying not only the
stratospheric O3 layer, but also tropospheric chemistrysand/pollution on a global
scale.

Today, UV-VIS observations from spage provide significant insights into air
quality and atmospheric chemistry. sSatellite global observations are essential
contributions to global observing systems (Barrie, 2006). For example, the
oxidation capacity of the troposphereis directly linked to Os concentration
(Lelieveld and Dentener, 2000).,The tropospheric O3 concentration depends on
natural (e.g., transport-of stratespheric O3 to the troposphere and photochemi-
cal production deriveddrom biogenic precursors) and anthropogenic factors (e.g.,
photochemical production derived from precursors generated by human activ-
ities) (Fishman et al., 2008) that can be detected using satellite sensors (e.g.,
Liu et/al., 2010). Moreover, O3 photochemical production can be constrained
globally using satellite observations (Zhang et al., 2008). The combination of
nitrogen dioxide (NOg), sulfur dioxide (SOz), formaldehyde (HoCO) and glyoxal
(C2H203) observations can constrain the chemical regime of O3 production and
help determine the impact of human activities, informing air quality manager
decisions (Duncan et al., 2014). Furthermore, satellites can also contribute to
the understanding of the role of halogen chemistry in tropospheric chemistry and
stratospheric O3 (Simpson et al., 2015). Global satellite retrievals of bromine

monoxide (BrO), iodine monoxide (I0) and chlorine dioxide (OClO) are helping
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researchers understand the effects of halogens in remote areas on a global scale.

A series of publications in the latter part of the first decade of the 2000s
summarized the state of the field at that time and provided insights of the chal-
lenges laying ahead (Chance, 2006; Fishman et al., 2008; Martin, 2008; Burrows
et al.,, 2011). One decade later, steady progress has resulted in a new geén-
eration of instruments with enhanced capabilities. Some of these instruuments
are already orbiting the Earth, others like the constellation of geostationary air
quality instruments, are planned to be launched in the near future. Besides in-
strument development, the last decade has seen significant progress on retrieval
algorithms, exploitation of satellite data in scientific studiess(e.g., inversions
and data assimilation) and validation of satellite measurements using in-situ
and remote sensing fiducial measurements.

This paper aims to provide a review of Aistorie,npresent and future nadir
viewing instruments measuring solar UV=VIS backscattered radiation and ex-
amine how these missions have contributedto the understanding of reactive at-
mospheric trace gases and the complexity of air quality modelling. We include
sections on Og, NO2, SOs, HyCO, BrO, H,O and CoH50s, providing a compre-
hensive list of the retrievals produced for each molecule and some of their more
significant applications: Discussions on aerosol retrievals derived from space-
based UV-VIS instruments are beyond the selected scope of this paper despite
being a relevant cemponent of air quality observing systems. Likewise, carbon
monoxideds excluded as it is observed using infrared radiation.

Section 2 provides a historic review describing the evolution of instruments
and*technological advancements that have resulted in current observational ca-
pabilities. Section 3 focuses on the techniques used to exploit UV-VIS obser-
vations and retrieve trace gas concentrations. Section 4 summarizes UV-VIS
space observations of Oz, NO2, SO2, HoCO, BrO, HyO, and C3H50; including
scientific studies, applications, limitations and challenges of these datasets. Sec-
tion 5 presents our conclusions and a series of recommendations for the future.
Table 1 provides the definition of most acronyms and abbreviations used in the

text.



Table 1: List of acronyms

ACE-FTS

AERONET
ADEOS
AMSRE
ARM

BUV

CCD

CMA
CNSA
COSMIC

CTM
DSCOVR
ECV

EMI

EnviSat
EPIC

EOS

ERS-2

ESA
EUMETSAT

EWHM
GCOS
GEMS

GEO
GEOS-Chem

Atmospheric Chemistry Experiment-Fourier Transform
Spectrometer

AErosol RObotic NETwork

Advanced Earth Observing Satellite

Advanced Microwave Scanning Radiometer forZEOS
Atmospheric Radiation Measurement

Backscatter UltraViolet

Charge Coupled Device

China Meteorological Administration

China National Space Agency:

Constellation Observing” System*for Meteorology, Iono-
sphere and Climate

Chemical Transport Model

Deep Space Climate Observatory

Essential Climate Variable

Environmental Monitoring Instrument

Bnvironmental Satellite

Barth Polychromatic Imaging Camera

Earth Observing System

European Remote Sensing-2

European Space Agency

European Organisation for the Exploitation of Meteoro-
logical Satellites

Full Width at Half Maximum

Global Climate Observing System

Geostationary Environment Monitoring Spectrometer
Geosynchronous Equatorial Orbit

Goddard Earth Observing System-Chemistry



GEWEX
GF-5

GNSS
GOME(-1)
GOME-2
GPS
GRUAN
LEO
MEaSUREs

NASA
NCAR
NIVR

NMVOC
NOAA
0CO-2
OMI
OMPS
OMPS-NM
OMPS-NP
OSIRIS
PDA
PMT
QA4ECV
RTM
SBUS
SBUV

SCIAMACHY

Global Energy and Water cycle EXchanges

Gao Fen-5

Global Navigation Satellite System

(first) Global Ozone Monitoring Experiment

Global Ozone Monitoring Experiment-2

Global Positioning System
GCOS Reference Upper-Air Network
Low Earth Orbit

Making Earth System Data Records for Use in Research

Environments

National Aeronautics and Space Administration

National Center for Atmospheric Research

Nederlands

Ruimtevaart

Instituut “oor

Vliegtuigontwikkeling en

Non Methane Velatile Organic Compound

National Oceanic andyAtmospheric Administration

Orbiting Carbon Observatory-2

Ozoné Monitoring Instrument

Ozone Mapping and Profiler Suite
OMPS: Nadir Mapper
OMPS-Nadir Profiler

Optical Spectrograph and InfraRed Imager System
PhotoDiode Array
PhotoMultiplier Tube

Quality Assurance for Essential Climate Variables

Radiative Transfer Model

Solar Backscatter Ultraviolet Sounder

Solar Backscatter UltraViolet

SCanning Imaging Absorption SpectroMeter for Atmo-

spheric CHartographY
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S-NPP Suomi National Polar-orbiting Partnership

SNR Signal to Noise Ratio

SSMI Special Sensor Microwave Imager

SSMIS Special Sensor Microwave Imager/Sounder

S5 Sentinel 5

S5P Sentinel 5 Precursor

SZA Solar Zenith Angle

TEMPO Tropospheric Emissions: Monitorig of POllution
TOMS Total Ozone Monitoring Spectrometer
TOMS-EP TOMS-Earth Probe

TOU Total Ozone Unit

TROPOMI TROPOspheric Monitoring Instrument

[SAY UltraViolet

VIS VISible

vVOC Volatile OrganicCompound

VLIDORT Vector Llnearized\Diserete Ordinate Radiative Transfer

2. Past, present and future space-borne UV-VIS instruments

Early efforts to.analyze atmospheric composition using remote sensing date
back to thé nineteenth century. Samuel P. Langley invented the bolometer (Lan-
gley, 1881) to'ebtain precise measurements of the infrared through the near UV
Suntradiation in order to determine the mean value of the solar constant and
its variations. To fully exploit the capabilities of the new instrument, Lang-
ley and Abbot developed substantial new experimental techniques (such as an
early chart recorder) and various analysis techniques (e.g., the ”Langley plot”,
introducing the air mass factor concept), including photographic techniques for
high pass filtering to produce line spectra from ”bolographs”, foreshadowing the
high pass filtering used today by researchers employing the Differential Optical
Absorption Spectroscopy (DOAS) technique for analyzing atmospheric spectra
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(Langley and Abbot, 1900).

Fabry and Buisson (1913, 1921) not only studied the coefficients of O3 ab-
sorption they also conducted the first measurements of atmospheric O3z by an-
alyzing its absorption signatures at different wavelengths in direct sunlight ob-
servations using photographic spectographs. Gordon Dobson designed in 1927
a photoelectric spectrometer with the objective of measuring total atmespherie
O3 (Dobson, 1931) using direct observations of the Sun. The Debson spee-
trometer measures solar radiation at two suitable wavelengths (305 nm and 325
nm) to work out their ratio in order to calculate the amount of Os. Using
the same type of instrument the vertical distribution of{Og-.ean be estimated.
The ”Umkehr” method, proposed by Gotz et al. (1934)nrelies’on pointing the
spectrometer towards zenith to measure the intensityiof seattered radiation at
different altitudes. Making measurements at4wordifferent wavelengths for a set
of solar zenith angles it is possible to deduce the-vertical distribution of Os.
These pioneering works share similar{concepts with modern ground-based and
space-borne instruments. Despite decades of technological advances and theo-
retical studies the basic physical principles behind these works are similar to
the ones supporting current ground-based and space-borne instruments.

The first space-based measurements of atmospheric O3 using UV radiance
were obtained with instruments designed to study the ionosphere and the meso-
sphere at wavelengths shorter than 300 nm (Krasnopolskii, 1966; Rawcliffe and
Elliott, 1966; Iozenas, 1968). Due to Rayleigh scattering and strong O3 absorp-
tion, the penetration of photons below 300 nm is limited to the highest layers
ofthe troposphere.

The /BUV instrument on-board Nimbus-4 initiated the era of satellite in-
struments specifically designed to study atmospheric composition using UV
backscatter solar radiance in 1970. By including spectral measurements up
to 340 nm, this instrument was suitable for observations of total column Ogj
with enhanced stratospheric and tropospheric sensitivity (Heath and Mateer,
1973). Over the next three decades, follow up instruments SBUV (Frederick
et al., 1986; Fleig et al., 1990), SBUV/2 (DeLand and Cebula, 1998) and TOMS
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(Heath et al., 1975) extended and consolidated the lessons learned from BUV
and improved its spatial and spectral resolution. BUV and SBUV instruments
measured twelve 1 nm wide bands ranging from 255 nm to 340 nm at direct
nadir only. TOMS only measured six 1 nm bands from 312 nm to 380 nm,
However, it was equipped with a cross-track scanning capability that allowed
daily global observations at a resolution of 50 x 50 km? for the first time<These
early instruments used a single PMT detector, preserving the accuracy of ras
diometric measurements across different wavelength bands. SBUW-.sensors were
also capable of measuring in continuous scan mode, recording spectra/ from 160
nm to 400 nm at 1 nm FWHM resolution and 0.14 nm sampling, with reduced
temporal and spatial resolution.

The SBUV continuous mode was improved{withy GOME-1 (ESA, 1995),
launched in 1995 on-board ESA’s ERS-2 sateéllitejunitiating the era of hyper-
spectral UV-VIS spectrometers. The GOME-1 innovative design consisted of a
double monochromator combining a predisperser prism and four grating spec-
trometers with linear PDAs, allowing, the measurement of continuous spectra
from 240 nm to 790 nm at resolutions of'0.22 nm to 0.40 nm. GOME-1 standard
operation mode provided’a spatial footprint of 40 x 320 km?. This footprint
combined with the scanningymechanism provided global coverage in three days.
The spectral capabilities off GOME-1 were suitable for the development of re-
trievals beyond Oz, and SO, and started the era of air quality characterization
from spacé. Exploiting the hyperspectral capabilities of the instrument, new
retrieyals.of tropospheric O3z, NOy, HoCO, CoH305, BrO, and HyO were devel-
oped. GOME-1 was proposed as a precursor of the SCTAMACHY (Bovensmann
et al., 1999) instrument launched in 2002 as part of ESA’s EnviSat payload.
SCTAMACHY had three operating modes: limb, occultation and nadir. In
the nadir mode, SCIAMACHY provided higher spatial resolution and extended
spectral coverage compared with GOME-1 to measure CHy, CO and COs using
short-wave infrared.

The next ground breaking technological advancement happened in 2004 with

the launch of OMI. The linear PDA detectors of the GOME-1 and SCIAMACHY

10
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instruments were replaced by 2-dimensional CCD detectors (Levelt et al., 2006)
following the success of the OSIRIS limb instrument (Llewellyn et al., 2004).
This new design revolutionized monitoring of air quality from space. It allowed
finer spatial resolution measurements while keeping spectral performance and
eliminating the need for a scanning mechanism. This new concept, when used
in LEO satellites, allows for wide swaths, with daily global coverage and high
spatial resolution. Besides the technological innovation in the detéctors, the
remarkable stability of OMI’s performance (Levelt et al., 2018) and.its'enhanced
spatial resolution has allowed for the first time the detection and quantification
of point emitters (Fioletov et al., 2016), the characterization, of urban scale
chemical processes and to study the decadal evolution of ait-quality (Duncan
et al., 2014). The GOME-1 and OMI instruments were followed by GOME-2
(Munro et al., 2016), OMPS-NM (Seftor et.aliy2014), OMPS-NP (Pan et al.,
2017) and TROPOMI (Veefkind et al., 2012) instruments supported by ESA,
EUMETSAT, NASA and NOAA. Ingecent/years, China has developed its own
air quality program relaying on_the SBUS (Huang et al., 2012), TOU (Wang
et al., 2012) and EMI (Zhang et al, 2018) instruments supported by the CMA
and the CNSA. A compreliensive list of past and current instruments is provided
in table 2 including information about their fundamental characteristics.

The instruments déscribed in table 2 are payloads on spacecrafts in Sun-
synchronous polarn,LEOs, measuring the sunlit part of the globe in the morning
(9:00-11:00 local time (LT)) or early afternoon (12:00-14:30 LT). Among all
past and currently operating satellite instruments, TROPOMI offers the highest
spatial Tesolution (3.5 x 7 km?) while OMI offers the longest record, and least
instrument degradation (Schenkeveld et al., 2017). The only exception to LEO
orbit instruments in table 2 is EPIC (Marshak et al., 2018). The DSCOVR
spacecraft, with EPIC as payload, was launched on February 2015 reaching its
first Lagrange point orbit on June 2015. From this orbit, EPIC scans Earth’s
sunlit full-disk with high spatial ( 18 km? at nadir) and temporal (almost hourly)
resolutions. EPIC’s ten spectral channels allow the retrieval of total column Og

and volcanic SOs.

11
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To increase the number of observations over a particular location on a day,
a new generation of space air quality instruments, to be deployed on GEO
satellites, are being developed, building on the heritage of spectrometers flown
in LEO. Three instruments are planned to be launched in the near future:
Korea’s Aerospace Research Institute GEMS (Kim et al., 2018) instrument vill
observe East Asia, NASA’s TEMPO (Zoogman et al., 2017) will observe North
America and ESA’s Sentinel 4 (and planned follow up missions) (Ingiiann et al,
2012) will observe Europe. These instruments will provide hourly'measurements
during the sunlit hours at unprecedented spatial resolutions assmall as ~ 2.5 x
4.5 km?. To maximize the information obtained by thése GEO instruments,
given their expected geographical coverage, it is of paramount importance to
combine them with LEO observations provided<by GOME-2, TROPOMI and
OMPS-NM instruments to produce inter-calibrated-products. These products
will allow near-real time monitoring of airquality ‘and facilitate scientific studies
at new spatial and temporal scales.

Along with the constellation _of GEOuinstruments, air quality observations
from LEO will continue in the néxt decades. The launch of Sentinel 5 (and
follow up missions) startifig in'2021 by ESA will provide morning observations
while the afternoon everpass will be provided by OMPS-NM and OMPS-NP
instruments to be.laurniched by NOAA in several missions extending into the
2030s.

It is worth mentioning new initiatives in their early stages such us TROPO-
LITE/aiming to achieve a lighter version of TROPOMI (Maresi et al., 2014)
with. enhanged spatial resolution (1 x 1 km?), the Russian Ozonometer (Do-
brolenskiy et al., 2015, 2018), the PanFTS instrument using Fourier Transform
interferometry (Wu et al., 2011; Sander et al., 2015) and innovative designs

using Fabry-Pérot interferometry (Kuhn et al., 2019).
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Table 2: Past and current nadir instruments using solar backscatter radiation for monitoring of atmospheric composition from LEO.

Nominal pixel
Instrument ) Operation Global Spectral
Satellite(s) ECT Detector resolution Spectral range [nm]
(Agency) period coverage flan?] resolution [nm]
m’

255.65 273.61 283.10 287.70

BUV
Nimbus-4 19701980 12:00 10 days  PMT 220 292.29 297.59 301.97 305.87 1
(NASA;
ASA) 312.56 317.56 331.26 339.89
SBUV )
Nimbus-7 1979-1994 12:00* 14 days ~ PMT 200 As BUV 1
(NASA)
SBUV continous ) ’
Nimbus-7 19791987 12:00 N/AY PMT 200 160-400 1
mode (NASA)
TOMS Nimbus-7/Meteor-3 12:00* N/A ) 312.5 317.5 331.3
1979-2006 1 day PMT 50 (nadir) 1
(NASA) TOMS-EP/ADEOS 10:30° 12:00* 339.9 360.0 380.0
SBUV/2 NOAA-(9.11, ’
19845 12:00% 10 days ~ PMT 170 As BUV 11
(NOAA) 14,16,17.18,19)
GOME-1 Linear 40x320°
ERS-2 1995-2011 10:30 3 days 240-790 0.22-0.40
(ESA) PDA 40x960"
SCIAMACHY nadir . Linear 30%60° 240-1750; 1934-2044
EnviSat 20022012 10:00 6 days 0.22 1.48
mode (ESA) PDA 30x120° 22592386
OMIL 2D )
Aura 2004# 13:45° 1 day 13x24 (nadir) 270-500 0.42-0.63
(NASA/ESA/NIVR) CCD
GOME-2 Linear 10x80°
Metop-(A/B/C) 20068 9:30° 1.5 days 240-790 0.24-0.53
(ESA/EUMETSAT) PDA 40x160"
sBUS 9:05" 252.00 273.62 283.10 287.70
(A FY-3(A/B/C) 2008% 13.38> 7 days PMT 200 292.29 297.59 301.97 305.87 1
10.15" 312.57 317.56 331.26 339.89
9:05"
TOU . - ) 308.73 312.64 317.65
FY-3(A/B/C) 2008¢ 13.38" 1 day PMT 50 (nadir) 1
(CMA) 322.46 331.38 360.25
10.15"
OMPS-NM S-NPP 2D 50 (nadir) 300-380
2011 13.35> 1 day 1
(NASA/NOAA) NOAA-20 CCD 17 (nadir) 297-420
OMPS-NP S-NPP 2D
2011# 13.35" 12 days 250 250-310 1
(NASA/NOAA) NOAA-20 cCD
317.5, 325.0, 340.0, 388.0
EPIC 2D )
DSCOVR 20158 N/A 1 day 8 (nadir) 443.0, 551.0, 680.0, 687.75 0.84-3.0
(NASA/NOAA) fele))
764.0, 779.5
TROPOMI 2D _ 270-775 0.5-1
S5P 20178 13.30" 1 day 3.5%7 (nadir)
(ESA) cCD 2305-2385 0.25
EMI 2D )
GE-5 2018# 13.30° 1 day 13x48 (nadir) 240-710 0.3-0.5
(CNSA) CCD
Descending node " Ascefidingmode  © Orbits drift after 1-2 years (McPeters et al, 2013) 4 SBUV only operated in this mode 1 day per month

¢Forward scan  Backward scan . &8Still operational

3. Retrieval methods

After the incoming solar radiation enters the Earth’s atmosphere, part of

o5 ~the,radiation is absorbed by atmospheric trace gases and particles, part of the
radiation is backscattered by air molecules, aerosols and clouds, and part of the
radiation is reflected by Earth’s surface. The top panel of Figure 1 shows solar
irradiance and Earth radiance measurements made by the GOME-1 instrument.
The bottom panel, shows reflectance spectra derived for four different scenes.

20 The distinct surface reflectance characteristics of clouds, oceans, deserts and

13
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vegetation determine the overall shape of the spectra. The interaction between
light and trace gases absorption (e.g., shown in Figure 2 top panel) leads to
spectral signatures in the backscattered radiances as the ones shown in Figure
1 bottom panel.

At wavelengths below 340 nm, atmospheric absorption is dominated by/O3
in the Hartely and Huggins bands. The mean photon path length, shown in
Figure 2 middle left panels, indicates that at shorter wavelengths™(e.g., 250
nm), photons can only penetrate to ~40 km due to the strong Oz-absorption and
Rayleigh scattering. With increasing wavelengths, O3 absorption de¢reases by
almost four orders of magnitude (from ~2 down to 10~%) and Rayleigh scattering
decreases proportionally to the fourth power of wavelengthe~In consequence
more photons can penetrate deeper into the atmesphere. In the Huggins bands,
a significant portion of photons can penetratéiintosthe troposphere.

The wavelength-dependent Og absorption and,Rayleigh scattering primar-
ily provide information about the vertical\distribution of the O3 profile. The
temperature dependent Og absorption in,the Huggins bands further enhances
sensitivity to tropospheric O3 (Chance and Spurr, 1997). Similarly at longer
wavelengths, the wide range of HoO absorption might provide information about
the HoO profile. The/wide xange of O absorption in the O-A band, and the
noticeable O5-Ogsabserption and their known concentrations can be used to
derive aerosolé@ndicloud vertical information. For most of the other trace gases,
the absorption optical depth is typically on the order of 102 or smaller. Given
their stall optical depths, and the weak pressure and temperature dependence
of-their-absorption features satellite measurements are mostly sensitive to their
integrated vertical abundance.

The retrieval of trace gas concentrations from radiance measurements can
bé described as the inversion of equation 1. The goal is to estimate the values
of a set of variables x (e.g., trace gas concentrations at different atmospheric
levels, surface reflectance) given their relationship with a set of observations
y (e.g., radiances at different wavelengths). The relationship between x and

y is described by a forward model (i.e., a radiative transfer model, RTM) F

14
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Figure 1: Upper panel shows two typical GOME-Virradiance and radiance measurements.
Lower panel shows the reflectance [(m x radiance)/(cos(SZA) X irradiance)] derived from

GOME-1 measurements for different scenes in the UV-VIS.

depending on the state vector (retrieved) and a vector of model parameters p

(not retrieved). Errorstare expressed in equation 1 as e.

y =F(x,p) +e ()

Due t6 limitations in forward models and instrumentation as well as obser-
vation errors, € is never 0. For that reason the process of inverting equation
1/can only/lead to a statistical estimate of x, usually combining a-priori and
observational information.

Below we briefly discuss the most common strategies employed to deal with
the inversion problem and refer the reader to Rodgers (2000) for a detailed
description of retrieval techniques. We also provide a brief description of the

algorithm physics needed to support modern retrieval techniques.
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3.1. Optimal estimation

Optimal estimation (OE)(Rodgers, 2000) has become the standard for Og
profile retrievals in the UV-VIS. In the OE scheme the state vector x includes the
O3 profile, geophysical parameters (e.g., other trace gases, surface reflectance
and cloud parameters) and other spectroscopic fit parameters (e.g., stray light,
Ring effect patterns, and bandpass shape and spectral scale prescriptions)s The
measurement vector y is either the radiance or the ratio of the radiance to the
irradiance, depending on the detailed approach.

The linearization of the forward model can be described assx = x, + K~!
(y-F(xq)) where K; ; = 0 F;(x)/0 x; is the Jacobian orsweighting function
matrix with retrieved (x) and a priori (x,) vectors(respectively. Given the in-
formation content of the satellite observations this\s often.an ill-posed inversion
problem. OE employs additional constraints so that a-priori information com-
plements measurement constraint information. OE simultaneously minimizes
the difference between measured and simulated radiances and the difference
between retrieved and a priori states \with’ relative weights determined by the
Jacobian and the a priori and measurement covariance matrices. Because of
non-linearity, the minimization of the cost function x? (equation 2) is iterated
updating x to an arposteriori/solution (3) with K; calculated for the latest

completed iteration.

¢ A K (X X0 - v PO+ [saF 0t - X)) @

2

Xt =X + (KT'S, 'K, + S;l)‘1 [KS;' (Y —R (X)) — 831 (Xi — Xa)]
3)
where X, Xj+1, X4 are previous, current and a-priori state vectors, Y,
F are measured and simulated radiance vectors, K is the weighting function

matrix and S,, Sy the a-priori and measurement covariance matrices.
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3.2. Discrete channel ozone retrievals

The Version 8 Total Column Ozone Algorithm (V8Toz) (Wellemeyer et al.,
2004) is one of the newer versions of a long line of NASA algorithms designed
to make efficient use of the sensitivity of the 317.5 vacuum nm channel to the
total O3 column and of the 331.3 vacuum nm channel to the surface and cloud
reflectivity assuming that Oj is the only absorber present in the Rayleigh at=
mosphere.

The algorithm uses RTM lookup tables (LUTS) to determine“the geometric
cloud fraction and effective reflectivity to explain the logio (radiance/irradiance
measurement ratio) called N-Value for the 331.3 nm channel, The LUT are
dimensioned for total O3 amounts populated with the radiative transfer results
at 50 DU intervals for low, medium and high latitudes standard profiles. The
table values, interpolated to geometric cloudAractiontand viewing geometry are
used to determine the total O3 amountythat explains the 317.5 nm N-Value
measurement. The results from this(first \step”are further refined using a set
of climatological profiles (McPeters et)alyy,2007) including information for each
month at 10° latitude bands and temperature fields. A set of final empirical
adjustments specific to atmospheric conditions is finally applied to the total
O3 value including the presence of UV-absorbing aerosols and profile shape
sensitivity of the 813'mm channel at high optical path lengths.

The RTMAUTSs contain information to provide measurement estimates for
additional{channels./The shorter wavelengths can be used to provide estimates
of eleyated atmospheric SO, amounts (Yang et al., 2007). The total O3 values
derived in the second step are used to compute measurement residuals as rela-
tive differences between the measurements and the values for these additional
channels.

The Version 8 Ozone Profile Retrieval Algorithm (V8Pro) (Bhartia et al.,
2013) was developed to create an Oz profile climate data record using the 12
channel measurements of the SBUV(/2) instruments (Frith et al., 2014) but is
also used in the operational near-real-time SBUV/2 and OMPS retrievals at

NOAA. As shown in Figure 2, with increasing wavelength from 250 nm to 320
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nm, the O3 absorption decreases and the photons penetrate more deeply into the
atmosphere sampling different altitude regions. The wavelengths used in V8Pro
were selected to give good coverage of the range of O3 absorption cross sec-
tions present in the Hartley-Huggins bands with the absorption approximately:
doubling between adjacent wavelengths.

In this retrieval, Y is defined as the ten radiance/irradiance ratios (at,[253;
273, 283, 288, 292, 298, 302, 306, 313, 318] nm) and X is a vector of 3 km
layer O3 amounts. The maximum likelihood retrieval is formulated using log-
arithms of Y as they show reduced nonlinear responses to Og profileé changes.
The measurement covariance matrix (Sy) is a diagonal matrix of the relative
noise for each channel. The a-priori profile set and its ‘eovariance are derived
from McPeters et al. (2007) climatology. Cloud and reflectivity information are
obtained from the V8Toz algorithm described above: As explained in the OE
section, the solution to this linearized approximation to the forward model is

achieved using an iterative approach intil the convergence criteria are meet.

3.3. Two step retrievals

Photon penetration above'330 nm (Figure 2) varies weakly with increasing
wavelengths limiting the information content of the hyperspectral satellite mea-
surements. In this‘case{ direct fitting is a suitable technique for the retrieval of
slant column densities (SCDs) along the line of sight. A second step in these
kind of retrievals implies the conversion of SCDs into vertical column densities
(VCDs) usingja-priori information and RTMs to calculate effective air mass fac-
tors.(AMFs). This is the preferred approach to retrieve NOg, SOz, H2CO, BrO,
CoH509 and HyO VCDs.

The basis of this retrieval technique is to fit the high-pass filtered ratio of
the Earth radiance and the solar irradiance, if the DOAS equation is to be used
(Platt, 2006), the ratio of the radiance to the irradiance or simply directly fitting
the radiance as described by Chance (1998) to laboratory-measured absorption
cross-sections (7(A)) of the target species and other interfering gases, a refer-

ence Ring spectrum (R(A)) (Chance and Spurr, 1997) and scaling and baseline
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polynomial functions (Ps. and Pp; respectively). The polynomials model the
spectrally varying scattering effect of clouds and aerosols and reflection by the

Earth’s surface. Equation 4 shows the model used in the case of direct fitting.

F(A) = o (N exp (=1 () + B(AN)] Pec (A) + Por () (4)

The source spectrum (Ij) is usually derived from direct solar observations.
However to mitigate instrument calibration errors other methods have been
developed using solar monthly means (Chan Miller et al., 2014) or radiance
means over reference sectors where low concentrations of the.target molecule are
expected (Gonzalez Abad et al., 2015; De Smedt et alg, 2018). Li et al. (2013)
employed instead the principal components of the radiances in regions with low
concentrations of SOy to capture the radiance” variability caused by physical
processes and measurement artifacts. By fitting these principal components
and SO, Jacobians calculated with a RTM;*they retrieve directly SOs VCDs.

The second step involves the calculation of AMFs. For optically thin ab-
sorbers, AMFs can be calculateduby decoupling the radiative transfer calcula-
tion of vertically resolved sensitivities (W (z)) and a-priori vertical profile shapes

(S(z)) (Palmer et al., 2001) as shown in equation 5.

AMF = /00O W(z)S(z)dz (5)

The W (z); known-as scattering weight, represents the number of times the
radiation reaching the satellite has traversed an atmospheric layer (z, z+dz)
(middle deft panels of Figure 2) while the S(z), known as shape factor, is the
normalized trace gas profile (middle right panels of Figure 2).

Figure 2 shows that between 300 nm and 500 nm the photon penetration
varies slowly with wavelength, particularly for altitudes above 2 km. It is there-
fore a fair approximation to compute AMFs using a single wavelength repre-
sentative of the vertical sensitivities across the fitting window. Below 2 km the
photon penetration at those wavelengths is greatly reduced limiting the sensitiv-

ity of satellite measurements to the boundary layer. Retrievals of SO2, HoCO,
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and BrO carried out in the UV spectral range (between ~ 320 nm and 360 nm)
are particularly affected by the reduction of sensitivity to the boundary layer.
Usually the scattering weights, computed with a RTM, are parameterized
by observational angles, terrain/cloud pressure, and terrain/cloud reflectivity,
at the instrument’s field-of-view (FOV) and stored in a LUT. The effect” of
clouds is modeled by using the cloud radiance fraction and the cloud pressure:
Due to sparseness of observations and large spatial and temporal yariabilities;
information of a-priori profiles is obtained from CTMs. Differences in the spatial
and temporal resolution between the CTM and the satellite observations, the
ability of CTMs to simulate the vertical distribution of the abserbing species, the
geometry-dependent surface reflectance properties and the presence of aerosols
and clouds are the most significant sources of errof.in AMF calculations (Lorente
et al., 2017). It is worth mentioning that deSpiteshbeing a significant source of
error, aerosols are not considered explicitly.in mostretrievals given the difficulty
to disentangle the effect of scattering by clouds and aerosols. The lower panel
of Figure 2 shows vertically resolved AMEs of NO, SO,, H,CO, BrO, CoH04
and HoO computed using photon“paths and shape factors shown in Figure 2

middle panels.

3.4. Algorithm phySics

The challenges met in algorithm physics development allow fitting to very
close to the noise levéls of the atmospheric spectra, often to several times 10~*
of the measured radiance (cf., Saiz-Lopez et al., 2007). Reaching this level of
fitting ‘precision requires reference data, including absorption spectra, which

cumulatively contribute less than this amount to the fitting uncertainties.

Solar reference spectrum. An accurate solar reference spectrum is required to
support in-orbit wavelength calibration (Chance, 1998), Ring effect determina-
tion (Chance and Spurr, 1997), determination of the instrument transfer func-
tion from flight data (Chance, 1998) and correction for spectral undersampling

(Chance, 1998; Chance et al., 2005). There are low-resolution extraterrestrial
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solar spectra that are very accurate in absolute intensity calibration (Thuillier
et al., 2003). These have been combined with a ground-based FTS spectrum
from Kurucz et al. (1984) at the National Solar Observatory, supplemented at
wavelengths <305 nm by balloon-based spectra from Hall and Anderson to pro-
duce a high-resolution spectrum with accurate intensity calibration Chance.and

Kurucz (2010).

Rayleigh scattering and the Ring effect. Rayleigh scattering is often the predom-
inant contributor to back scattered light measured in the nadir, particularly for
wavelengths shorter than 500 nm. Highly accurate parameterizations of the
wavelength dependences of the cross sections and scattéring phase functions for
Rayleigh scattering by air are available (Bates, 1984; Chance and Spurr, 1997;
Bodhaine et al., 1999), with Bodhaine et al. (1999) beingthe current preference.

Grainger and Ring (1962) first noticed that,solar Fraunhofer lines became
broadened and reduced in depth depending onsthe SZA when viewed from the
ground in scattered sunlight. This is‘mow ‘known to be the effect of inelastic
scattering by the fraction of the'Rayleigh /scattering by air that is inelastic, i.e.,
Raman scattering. The Raman scattering, about 97% rotational Raman and
the rest vibrational Raman, constitutes 4% of the Rayleigh scattering in the
wavelengths considered there,"Ring effect corrections are performed using the
molecular physi¢s of the Raman scattering (Chance and Spurr, 1997) coupled
with the solamreference spectrum (Chance and Kurucz, 2010), and in some cases
coupled.with.radiative transfer calculations (Joiner et al., 1995; Vountas et al.,
1998) to the level that negligible uncertainties remain in the spectral fitting from
this source’of spectral structure (cf. Chance, 1998).

Vibrational Raman scattering in ocean water can be readily measured in
these wavelengths (it must be corrected for in the spectral analysis for some
gases) and it is suggested that it may be used to estimate chlorophyll and

dissolved organic matter contents of ocean water (Vasilkov et al., 2002).

Wawvelength issues. Shifts from ground-based wavelength calibration can be seen

on orbit due to launch stresses or the different thermal environment. It can also
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vary by substantial amounts, compared to the spectral fitting needs, due to
thermal and other in-flight perturbations and instrumental effects (e.g., orbital
or seasonal thermal changes, partial filling of the field-of-view). Additionally,
solar irradiances are obtained at substantially different Doppler shifts (up to
0.01 nm at 400 nm) from Earth-view radiance measurements.

For these reasons, Caspar and Chance (1997) showed that wavelength cal:
ibration is improved by using a Fraunhofer reference spectrum, Arevised i
Chance and Kurucz, 2010), and applying either spectral cross-correlation (Kurtz
et al., 1992) or nonlinear least-squares (NLLS) fitting to adjust window por-
tions of radiances or irradiances. These methods can usuallysealibrate in vac-
uum wavelength to 0.01 detector pixel spacing or, better (efChance, 1998).
The NLLS method has been implemented in operational algorithms for GOME,
SCIAMACHY, OMI and OMPS.

Instrument function and sampling issuesy Slitgfunctions (instrument transfer
functions, ITFs) may differ in flight from those determined in ground calibra-
tion. It is often useful to re-determine them in flight, combining this with the
wavelength calibration using<NLLS.

Nyquist sampling of‘a'spectrum requires sampling to at least twice the high-
est spatial (i.e., wavelength) frequency admitted by the resolution limit of the
instrument (the‘band limit, Goldman, 1953). Spectral undersampling occurs
when spectralmeasurements are not made at fine enough spacing to Nyquist
sample ghe TTF (Chance et al., 2005) and thus provide full knowledge of the
spectrum’upto the band limit. Undersampling can be a major source of fitting
error in the current generation of satellite-borne spectrometers, particularly as
they. mostly do not take enough spectral samples relative to their spectral reso-
lution and, as the solar irradiance spectra must be resampled in wavelength in
order to be compared to radiances in the spectral fitting process, aliasing occurs
(Chance, 1998). Where the trace gas absorptions are optically thin, it is pos-
sible to correct for most of the undersampling error. It is also now possible to

quantitatively determine the amount a spectrum will be undersampled (or, how
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close it is to being fully-sampled) for a given instrument configuration during

the design phase (Chance et al., 2005).

Reference spectra. Reference spectra for UV and VIS measurements are now
included in the HITRAN database (Gordon et al., 2017) and regularly updated.
Reference spectra are published sometimes with vacuum wavelengths and some
times with air wavelengths. It is highly recommended that vacuum wavelengths
be the standard, and that accurate conversion be made when necessary..Highly
accurate conversion formulae are available (Bodhaine et al., 1999). As UV and
VIS reference spectra are increasingly determined using Fourier transform spec-
trometers, this becomes less of an issue, since they measure frequencies, usually
in wavenumbers (cm~!), and these are intrinsicalljin vaguum. Table 3 gives
the current recommendations for UV and VIS reference spectra. Files contain-
ing the current recommended spectra and treatments for the Ring effect and

spectral undersampling are available from\ kchaneceQcfa.harvard.edu.

4. Trace gas retrievals and-applications

4.1. Ozone

Singer and Wentworth (1957) proposed a method to determine the vertical
distribution of Ogzsusing satellite observations. Following their seminal work, the
first measurements of O3 using satellite observations date back to the 1960s.
Venkateswaran et al. (1961) used the Chappuis bands around 600 nm unlike
most studies which benefited from measurements made by instruments designed
to-study backscattered solar radiation in the UV (Krasnopolskii, 1966; Rawcliffe
and Elliott, 1966; Iozenas, 1968; Anderson et al., 1969).

In April 8, 1970, the Nimbus 4 satellite was launched as part of the Nim-
buis program to collect weather and meteorological data. One of its payloads,
the Backscatter UltraViolet (BUV) instrument was the first satellite instrument
specifically designed to carry on Os observations (Krueger et al., 1973). Since
then the concentrations of O3 have been monitored continuously from space.

The Total Ozone Monitoring Spectrometer (TOMS) (Heath et al., 1975) is a
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Table 3: Recommended reference spectra and Raman treatments.

Molecule or effect Range [nm] (vacuum) Temperature(s) [K] Resolution FWHM
032 195-660 218, 228, 243, 273, 295 0.02 nm
NO, b 238-667, 280-337 220, 294 1.1658 cm—1
SO, © 227-417 203, 223, 243, 273, 293 0.21-0.26 nm
H,CO ¢ 300-386 223, 233, 243, 253, 263, 273, 283, 293 0.8721 cm~!
CyH0, © 370-470 296 0.01 nm
H,O f 440-450 Atmospheric average' 0.003 nm®
BrO ¢ 286-383 228 10.49 cm—1
0" 409-474 298 0.07 nm
0CI0! 312-441 213, 233, 253, 273, 293 1.0 em-1
Oxygen collision complex (0z-Os)! 336-601 203, 293 0.32-0.45 nm/
Raman (Ring effect)¥ 200-1001 selectable selectable
H,0 (1) Raman! 200-1001
Undersampling™ N/A N/A Instrument-dependent
Solar reference spectrum™ 200-1001 Solar T 0.04 nm

2 Derived from Daumont et al. (1992); Brion et al. (1993); Malicet et al. (1995); Brion et al}(1998);
Gorshelev et al. (2014) and Serdyuchenko et al. (2014) are an alternate choice.

b Vandaele et al. (1998)

¢ Bogumil et al. (2003)

4 Chance and Orphal (2011)

¢ Derived from Volkamer et al. (2005b)

f Harder and Brault (1997).Gordon et al. (2017) is an altérnate source. HITRAN improvements incorporating Harder and
Brault (1997) re underway.

& Wilmouth et al. (1999)

b Martn et al. (2005)

! Derived from Kromminga et al. (2003)

J Thalman and Volkamer (2013)

¥ Chance and Spurr (1997)

! Derived from Walrafen (1967)

™ Chance et al. (2005)

" Chance and Kurucz'(2010)

s NASA instrument designed to detect the total amount of atmospheric O3z on a
daily global scale. Launched aboard Nimbus-7 (November 1978 - May 1993),
Meteor-3 (August 1991 - November 1994), ADEOS (July 1996-June 1997), and
Earth-Probe (July 1996 December 2005) TOMS played a pivotal role in moni-
toring the evolution of the O3 hole (Gleason et al., 1993; Herman et al., 1995).

455 Another Oz monitoring payload of Nimbus 7 was the Solar Backscatter Ultra-
Violet (SBUV) designed to monitor the vertical distribution of stratospheric
O3 with a vertical resolution of ~7 km above the O3 layer. This monitoring

activity was followed by the SBUV/2 family on-board NOAA weather satellites
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(1984 to now) (Frederick et al., 1986). The merged total O3 (MOD) and profile
data sets were developed using the SBUV version 8.6 processor (McPeters et al.,
2013). This algorithm implements inter-instrument calibration of the radiance
guaranteeing the consistency of the record (Bhartia et al., 2013). The accuracy,
of the data sets is proven to be within 5% with respect to high-resolution/in-
situ and satellite measurements (Kramarova et al., 2013; Labow et al.£2013):
The original MOD time series is being expanded with data from OMPS-NP on
S-NPP and NOAA-20 satellites.

Chehade et al. (2014) used the synergy between multiple satellife sensors
including BUV, SBUV and SBUV/2, to analyze the long-term trend of total
O3 over 1979-2012. They found noticeable correlations between the equivalent
stratospheric chlorine and the downward trend inO3 over 1979-1997. The evolu-
tion of the Ozone Hole is monitored by TOMS{iSBUVSBUV /2, OMI, GOME-1,
GOME-2, OMPS-NM and OMPS-NP with recovery detected recently as a re-
sult of adherence to the Montreal Prétocol\(Solomon et al., 2016; Weber et al.,
2018).

To provide information about tropospheric Oz crucial to unravel its complex
origin, several tropospheri¢c Oz residual methods were developed by subtracting
the stratospheric Oz amount from the total O3 column (e.g., Fishman et al.,
1990; Ziemke et al., 1998, 2006). Direct estimates of O3 profiles with sensitivity
to the lower tropoesphere like the ones shown in Figure 3 are possible thanks
to hyperspectral semsors such as GOME-1, OMI, GOME-2, and OMPS-NM
(Munr6 et al:3,1998; Hoogen et al., 1999; Hasekamp and Landgraf, 2001; van
der*A et al.,.2002; Miiller et al., 2003; Liu et al., 2005, 2010; Kroon et al., 2011;
Cai et al., 2012; van Peet et al., 2014; Miles et al., 2015; Bak et al., 2017).

Sauvage et al. (2007) compared the simulations performed using the GEOS-
Chem CTM with GOME-1 observations in the tropics. In addition to pro-
viding top-down constraint on biomass burning emissions, they improved the
spatial distribution of lightning NO, emissions, which in turn, mitigated the
discrepancy between the model and the satellite. Similarly, Zhang et al. (2010)

studied the potential causes of disagreement between the Os columns simu-
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lated by the global model and observed from TES and OMI sensors. They
attributed the low biased tendency of the model over the tropics to the un-
derestimation of emissions from a combination of sources including those from
lightning, biomass burning, and biogenic soil. On the other hand, the model
was high biased at higher latitudes due to uncertainties associated with.the
stratospheric-tropospheric exchange.

Satellites have paved the way for studying the spatio-temporal yariations of
tropospheric O3 at a high spatial resolution where other types.of.observations
are rather scarce. Liu et al. (2009) provided an observational evidénce from
GOME that tropospheric ozone in the Tibetan Plateau in_June can be excep-
tionally low mainly due to the Asian summer monsoon. Despité the limitations
associated with the low sensitivity of the UV satellites to tropospheric O3 Kar
et al. (2010) demonstrated that they have thépotential for detecting urban Og
plumes occurring episodically. To improve.the sensitivity of nadir UV satellite
measurements to O3z in the free troposphere, multi-instrument retrievals have
been developed combining the UV Hartley-Huggins and thermal infrared Ogj
bands (Cuesta et al., 2013; Fu et al,, 2013, 2018).

4.2. Nitrogen dioxide

Nitrogen dioxide (NOs )} produced during combustion, is designated as a cri-
teria pollutant/by,the US Environmental Protection Agency (EPA) owing to its
negative effects on public health and the environment. It is regulated as nitrogen
oxides (NO, =NO- +NO), which are precursors of O3 and particulate matter,
both ofiwhich are also criteria pollutants that have important implications for
human health, crop yields, and climate. Monitoring of NOy concentrations is
essential because NOs is a toxic gas at high concentrations. Epidemiological
studies indicate that exposure to moderate levels of NOy increases bronchitis
and reduces lung function in children and asthmatics (Burnett et al., 2004; EPA,
2008).

NO- observations from satellite remote sensing provide consistent, long-term

global data that complement existing ground-based networks. Satellite NOg
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data have been widely used to detect and quantify NO, emission-related an-
thropogenic activities of large point sources such as coal-fired power plants in
the US (Duncan et al., 2013; de Foy et al., 2015), China (Wang et al., 2010;
Zhang et al., 2009), and India (Lu and Streets, 2012), and of large area sources
such as cities in the US (Lamsal et al., 2015; Lu et al., 2015; de Foy et/al.;
2016) and around the world (Krotkov et al., 2016; Duncan et al., 2016). For
instance, Figure 4 shows dramatic declines in tropospheric NOy over the US;
western Europe, and Japan as observed by OMI from 2005 to-2017 while the
opposite trends are found in some other parts of the world. Moreover, satellite
NO; observations have been frequently used to evaluate GTMssy(e.g., Kim et al.,
2009; Hudman et al., 2012; Pope et al., 2015; Rasool et\al52016), and study
NO, chemistry, lifetime and deposition (e.g., Lamsal et al.;2010; Nowlan et al.,
2014; Tong et al., 2015).

NO- observations from satellite remote. sensing exploit strong NOy absorp-
tion features in the VIS and near UV. Spéctroscopic ground-based measure-
ments of NOy date back nearly four decades (e.g., Brewer et al., 1973). They
have evolved to a new generation ofinstruments to measure total (e.g., Pandora,
(Herman et al., 2009)) and tropospheric NOgy columns (e.g., Multi Axis DOAS,
MAXDOAS). The first global tropospheric NOy observations were made in the
middle 1990s with.GOME-1 (Burrows et al., 1999). Similar measurements, but
at higher spatial zesolution, were continued with SCTAMACHY (Bovensmann
et al., 1999), OMI (Levelt et al., 2006), GOME-2 (Munro et al., 2016) and more
recently TRORPOMI (Veefkind et al., 2012).

Determination of the abundance of atmospheric NOs from satellite instru-
ments ig performed by direct fit and DOAS algorithms in the 330 nm to 500 nm
spectral range (Martin et al., 2002; Boersma et al., 2011; Richter et al., 2011;
Valks et al., 2011; Bucsela et al., 2013; Yang et al., 2014; Marchenko et al., 2015;
Boersma et al., 2018). The spectral fit procedure yields the NOy SCD, which
represents the integrated abundance of NOy along the average photon path
through the atmosphere. Subsequent retrieval step of the NOs product includes
the calculation of AMF to convert the SCD into a VCD. Since the satellite-
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retrieved SCDs contain both tropospheric and stratospheric contributions, a
separation algorithm is necessary to estimate stratospheric and tropospheric
NO; VCDs. To properly separate the two components, the current approach is
to use near-local observations over unpolluted and cloudy areas (e.g., Bucsela
et al., 2013; Beirle et al., 2016). This approach takes advantage of the large
contribution of stratospheric NOy ( 90%) to the total NOy column in‘unpol:
luted (e.g., non-coastal oceans) and overcast areas (Martin et al./2002) and
derives stratospheric NOs field by spatial interpolation and smeothing of NO4
observations over those areas. An alternative to separate the trospospheric and
stratospheric components is data assimilation (e.g., Boersmaset al., 2011).
Estimating measurement uncertainties in satellite-observed NOs is critical
for allowing informed use of the data, interpretatién and assimilation of the data
using models and estimation of errors in satellite=derived higher level products
(e.g., surface NOg concentration, NO,, emissions)s, Current error estimates for
satellite NO2 products are based ondthe erfor propagation from the measure-
ment noise with SCDs errors (typically 10,8 x 10*® molecules cm~2) resulting
from spectral fitting itself (Marchenko et al., 2015; Zara et al., 2018) and AMF
errors (30-80%) arising frein various input parameters used in AMF calculations

(Bucsela et al., 2013).

4.8. Sulfur diogide

SO; inthe atmosphere can impact climate and air quality on local to global
scales./ SOy is primarily produced from anthropogenic sources through the
burning‘of fossil fuels, with smaller contributions from the smelting of sulfur-
containing ores. Natural sources of SO5 include the oxidation of dimethyl sulfide
from"marine phytoplankton and volcanic activity, with small contributions from
biomass burning and soil and vegetation decay. In the atmosphere, SO5 forms
sulfate aerosols, which can have regional to global effects on climate (Myhre
et al., 2013). When SO- is injected into the stratosphere during a strong volcanic
eruption, the resulting sulfate aerosols may persist for over a year (McCormick

et al., 1995), significantly influencing the Earth’s radiation budget. Volcanic
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aerosols and SO- can also pose a danger to aircraft. The wet and dry deposi-
tion that removes sulfur from the atmosphere results in acid deposition to the
Earths surface. SOy and its resulting sulfate increase mortality and morbidity
rates with significant consequences for public health (Pope and Dockery, 2006;
World Health Organization, 2016).

The strong SO5 absorption band in the ultraviolet was first exploited to,make
SO2 measurements from space using the TOMS (Krueger, 1983) and SBUV
(McPeters et al., 1984) instruments on the Nimbus-7 satellite dring the 1982
El Chichén volcanic eruptions. Later, observations from TOMS and SBUV /2
were used to track the global transport of SO5 from the 1991 Pinatubo eruption
(Bluth et al., 1992; McPeters, 1993; Guo et al., 2004), and TOMS instruments
have been used to produce over two decades of voleanic’' observations (Carn
et al., 2003; Krueger et al., 2013).

With the advent of GOME-1 hyperspectral YV measurements, it became
possible to measure lower levels of S@s pollation from anthropogenic emissions
and small volcanic eruptions (Eisinger, and Burrows, 1998). SOz has been mea-
sured by SCTAMACHY (Afe et al.;"2004; Lee et al., 2008), GOME-2 (Bobrowski
et al., 2010; Nowlan et al] 2011; Rix et al., 2012), OMI (Krotkov et al., 2006;
Yang et al., 2009a; Theys etyal.; 2015; Li et al., 2017a) and OMPS (Yang et al.,
2013; Li et al., 2047ajZhang et al., 2017). These measurements have been used
to study trend$ over time (Li et al., 2010, 2017b; Fioletov et al., 2011, 2013; Lu
et al., 2014; Wang et al., 2015; Krotkov et al., 2016), sulfur deposition (Nowlan
et al.,/2014; Fedkin et al., 2019), emissions and inventories (Lee et al., 2011;
Fioletov.et al., 2015, 2016; McLinden et al., 2016; Koukouli et al., 2018; Liu
et al., 2018) and volcanic fluxes (Theys et al., 2013; Carn et al., 2015, 2016), as
well as in aviation safety applications (Carn et al., 2009; Krotkov et al., 2014;
Brenot et al., 2014).

SO retrievals in the UV are complicated by the presence of O3 absorption
and strong molecular Rayleigh scattering. SOs retrievals have typically used
the wavelength range of 310-330 nm, where light is not fully extinguished by

the O3 bands or Rayleigh scattering, and where SOs absorption contains strong
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differential spectral features. However, strong O3z absorption in this spectral
region means uncertainties in Og column amount and instrument calibration
can drastically affect SO5 retrievals, and both O3 and Rayleigh scattering cause
the AMF to change significantly as a function of SOy height and wavelength,
Uncertainties are particularly prominent for volcanic cases, where plume height
may be uncertain, significant aerosol loading can occur, and in thecase of
large SO2 loading, there is non-linearity in the backscatter radiance) due to
the suppression of photon scattering inside the plume.

The different altitude penetration depths at different wawvelengths due to
O3 and Rayleigh scattering can, however, provide informatien on SO, plume
height, and have been exploited to retrieve plume height, in<eases of moderate
and large volcanic eruptions (Yang et al., 2009b, 2010; Nowlan et al., 2011).
Several retrieval approaches have been applied*torimprove SO, retrievals in the
UV, including weighting function DOAS,(Lee etyal., 2008), iterative spectral
fitting (Yang et al., 2009a, 2010), optimal estimation (Nowlan et al., 2011),
principal component analysis (PCA)\(Liyet al., 2013, 2017a), and the use of
the weaker SO2 absorption feature\in the 360-390 nm region for strong volcanic
cases (Bobrowski et al., 2010; Theys et al., 2017). Despite these approaches,
SO; retrievals often sufferfrom high biases in the background (greater than
100%), particularly athigh’SZA, which often necessitate empirical bias correc-
tions either byretrieval algorithms (e.g., Theys et al., 2017) or in post-processing
science studies (e.g.,/ Fioletov et al., 2013).

Declining SO- emissions in developed countries (Krotkov et al., 2016; Kouk-
ouli~et ‘al., 2018) mean that anthropogenic SO2 is becoming more difficult to
measure from space using most current spaceborne instruments. However, the
deployment of instruments with increasingly high spatial resolution in LEO and
GEO orbits will allow the resolution of individual plumes and facilitate high-
accuracy emission estimation. Applications of new retrieval techniques may
also provide new opportunities in the applications of UV SO, data. For ex-
ample, near-real-time retrievals of volcanic plume height enabled by machine

learning (e.g., Efremenko et al., 2017) have potential uses in aviation safety
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management, the monitoring of geoengineering using SOs to produce sulfate
aerosol (e.g., Niemeier and Timmreck, 2015) and the study of volcanic effects

on climate.

4.4. Formaldehyde

Global observations of HoCO from space were first reported using GOME-
1 measurements. Chance et al. (2000) used a direct fit of the distinet Ho€O
absorption in the UV to derive SCDs and RTM calculations of AMFs0 convert
them to VCDs (Palmer et al., 2001). After this seminal work, retrievals of
H>CO have been developed with SCIAMACHY, OMI, GOME2-A/B, S-NPP
OMPS-NM and TROPOMI measurements (Kurosu et ak, 2004y Wittrock et al.,
2006; De Smedt et al., 2008, 2012, 2018; GonzélezhAbad et al., 2015, 2016;
Vrekoussis et al., 2010; Hewson et al., 2015; Liset.al., 2015; Zara et al., 2018).
Oxidation of CHy and NMVOCs are the_major sources of atmospheric HoCO.
Background levels are determined by CH,4 exidation. Secondary production due
to oxidation of VOCs from vegetation, biomass burning, on-road vehicles and
industry (Barkley et al., 2013; Zhuet al., 2014) or direct emissions from industry
is the origin of regional ephancements.

The HyCO lifetime.of few hours favours its utilization as a satellite-derived
proxy for VOCs emissions), ‘Considerable amounts of research exploiting this
application haveiprovided top-down constraints on bottom-up biomass burn-
ing and biegenic VOC emissions inventories used in chemical transport models
(Millet/et al.; 2006, 2008; Stavrakou et al., 2009b,¢; Marais et al., 2012; Bauwens
et al., 2016). /Shim et al. (2005) performed a Bayesian inversion of global isoprene
emissions’using GOME-1 HoCO columns from September 1996 to August 1997.
Their inversion estimate mitigated the underestimation of isoprene emissions
(AH0%), particularly over the tropics. Changing the global biogenic emissions
reduced OH concentration by 11% in the model, showing that satellite derived
H2CO provides information on the oxidation capacity of the atmosphere (Valin
et al., 2016; Jin et al., 2017). Likewise, Palmer et al. (2006) provided an optimal

estimation of isoprene emissions over North America using GOME-1 observa-
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tions. They found a 25% seasonal bias associated with biogenic emissions higher
(lower) at the beginning (end) of the growing season.

The long-term stability of the OMI sensor and inter calibration efforts has
allowed the observation of multi-decadal trends of HoCO around the world (De
Smedt et al., 2010, 2015; Choi and Souri, 2015a,b; Jin and Holloway, 2015;
Barkley et al., 2017; Souri et al., 2017; Zhu et al., 2017). De Smedt et al:
(2010) studied long-term trends of HoCO using GOME-1 and SCIAMACHY
observations between 1997 and 2009. Enhanced anthropogenic VOC emissions
caused by rapid economic and population growth in China and India, resulted
in positive HyCO trends. Opposite to this behaviour, cities«in Japan and the
northeast U.S. underwent downward trends reflecting the, effeetiveness of emis-
sion control policies. OMI revealed positive trends over, China (De Smedt et al.,
2015; Souri et al., 2017) with the exception-6f*thesPearl River Delta, a region
where air quality has improved due to controls on VOC emissions imposed by the
eleventh five-year-plan (Zhong et al.£2013)¢ Zhu et al. (2017) reported trends
of OMI H3CO columns across North America in the 2005-2014 period. Reduc-
tion of HoCO was observed in thesHouston-Galveston-Brazoria area, home to
petrochemical facilities (Choi and Souri, 2015a; Zhu et al., 2017) while columns
increased in the Cold/Liake ©il sands in Canada in line with the rapid increase
in crude oil production.

Despite allithese scientific applications of current and past HoCO retrievals,
challengesfowing to’small HoCO atmospheric optical depth still need to be
addressed. For individual pixels the random error of the SCD dominates the
uncertainty avith values between 100% to 300% percent (De Smedt et al., 2015)
depending on the instrument SNR. These random errors can be reduced by av-
eraging in the spatial and temporal domain at the cost of reduced resolutions.
Systematic uncertainties in the slant column determination are linked to the
choice of reference cross sections and fitting parameters. A-priori information
used in AMF calculations (surface reflectance properties, vertical distribution of
H2CO, cloud contamination, presence of aerosols) is also affected by uncertain-

ties (Lorente et al., 2017). It is of paramount importance for the development
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of robust products suitable for use in chemical forecast and data assimilation
to use consistent reference data and a-priori information. For example, while
Gonzélez Abad et al. (2016) use Chance and Orphal (2011) De Smedt et al.
(2018) use Meller and Moortgat (2000) HoCO cross sections. To reduce SCD
fitting uncertainties and reduce interference from other trace gases active in
the same spectral range such as BrO higher spectral resolution instruments will
help. However, designs based on dispersing grating spectrometers/imake SNR
and spectral resolution compete against each other.

Initiatives like the QA4ECV (Zara et al., 2018) program land th¢ NASA’s
MEaSURESs program aim to develop robust, reliable and traceable data records
extending multiple decades combining measurements by, multiple instruments
deployed in different space crafts. These initiativesyrequire fiducial correla-
tive datasets to perform validation studies. Untilrecent years HoCO validation
records were sparse. Recent advances in ground-based remote sensing (Irie et al.,
2008; Vigouroux et al., 2018; Spinei€t al.\2018) and in-situ aircraft measure-
ments (Fried et al., 2003; Richter et\al:},2015; Cazorla et al., 2015) result in
rigorous validation exercises (Vigouroux et al., 2009; Zhu et al., 2016). Devel-
oping a strategy to perform these studies in a consistent way across instruments
and locations is a-prietity te,increase the value of HoCO satellite datasets. Fig-
ure 5 shows East AsiaS-NPP OMPS-NM H5CO retrievals during KORUS-AQ
(Spinei et al.,2018) where there are correlative ground-based and aircraft mea-
surements{. These field experiments provide opportunities to validate not only

satellite data but also a-priori information used in the retrievals.

4.5. Bromine monozide

Odd bromine chemistry is a significant contributor to global O3 loss, particu-
larly due to synergistic chemical cycles with odd chlorine chemistry (von Glasow
et al., 2004; Salawitch et al., 2005). Its main stratospheric sources are CH3Br
(partly natural, partly anthropogenic), halons (currently being largely phased
out) and, increasingly, very short-lived substances containing bromine (Paw-

son et al., 2014). Tropospheric sources include polar spring rapid release (e.g.,
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Hausmann and Platt, 1994; Simpson et al., 2007; Abbatt et al., 2012; Blech-
schmidt et al., 2016), volcanos (e.g., Bobrowski et al., 2003), salt lakes (e.g.,
Hebestreit et al., 1999) and stratospheric transport (Salawitch et al., 2010). Po-
lar Spring BrO enhancements are known to be associated with boundary layer
O3 depletion (Choi et al., 2018). Measurements of BrO have been used together
with chemical and dynamical modeling to investigate stratospheric versus tropo=
spheric enhancements of atmospheric BrO at high northern latitudes; including
the effects of very short lived stratospheric bromocarbons, such“as CHyBro, in
the total BrO columns (Salawitch et al., 2010; Toyota et al., 2011).

BrO was initially expected to be measurable from Spacesin regions with
stratospheric enhancements. While this enhancements axe associated with the
polar vortices, sensitivity studies for SCIAMACHY and GOME-1 determined
that BrO should be measurable globally (Chancerethal., 1991). When spectra
from GOME-1 became available there were fourinearly simultaneous publica-
tions of initial BrO measurements (Richter et al., 1998; Hegels et al., 1998;
Chance, 1998; Platt and Wagner, 1998)."Each demonstrated the expected vari-
ation of stratospheric BrO with SZA “and each saw localized enhancements,
apparently in the troposphere;iat high latitudes. Richter et al. (1998); Hegels
et al. (1998); Platt anid Wagner (1998) used the DOAS approach for spectral
analysis (Platt, 2006)ywhileChance (1998) directly fitted the radiance spectra.
Chance (1998) alse introduced the use of in-flight wavelength calibration using
a solar reference spectrum (Caspar and Chance, 1997; Chance and Spurr, 1997;
Changé and Kurucz, 2010), the undersampling correction (cf. Chance et al.,
2005), the rotational Raman (Ring) correction including the Oy ground state
3%~ g structure (Chance and Spurr, 1997), and the now widely used common-
mode correction. BrO is measured in the A%II5 /5 < X?II3/5 ultraviolet transi-
ti0n, in spectral windows centered near 350 nm. Additional molecular absorbers
included in the fitting are normally O3, NOy, OCIO, H,CO, SO5, and the O3-O4
collision complex.

After the initial GOME-1 studies demonstrated that BrO is one of the easier

trace molecules to measure from space in these wavelengths, satellite BrO re-
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trievals were developed using SCTAMACHY (e.g., van Roozendael et al., 2004),
GOME-2 (e.g., Theys et al., 2009), OMI (e.g., Kurosu et al., 2004; Suleiman
et al., 2018; Hérmann et al., 2016), OMPS-NM (Gonzalez Abad et al., 2017), and
TROPOMI (Seo et al., 2018) radiances. Hormann et al. (2016) monitored the
seasonal cycle of BrO formation over the Rann of Kutch, one of the largest salt
marshes in the world, using OMI and GOME-2 observations. They coneluded
that the Rann of Kutch is one of the strongest natural sources of BrO)outside
the polar regions possibly having significant impacts in the local~and,regional
O3 chemistry. Enhancements of BrO over the Great Salt Lake and the/Dead Sea
have also been observed by OMI (Hérmann et al., 2016; Suleiman et al., 2018).
High concentration of BrO was observed in the plume of.the;Ambrym volcano
eruption in 2005 by Chance (2006) confirming ptevious ground-based observa-
tions (Bobrowski et al., 2003). Later studies“haveridentified BrO in at least
several different volcano plumes (Hérmanm.et al., 2013) including the Kasatochi
2008 eruption (Theys et al., 2009) and the’Eyjafjallajokull 2010 (Heue et al.,
2011; Rix et al., 2012).

4.6. Water vapor

Water vapor is one.of the state variables measured since the beginning of
the satellite era. Here, we only focus on the satellite measurements made in the
visible wavelength range.” Total Column Water Vapor (TCWYV, also referred to
as Integratéd Water Vapor or Precipitable Water Vapor) can be retrieved in the
near red, red;;and blue wavelength range using the spectra obtained by GOME-
1 (Noélet al,; 1999; Wagner et al., 2003; Lang et al., 2007), SCTAMACHY (Noél
et al., 2004; Piesanie et al., 2013), GOME-2 (Grossi et al., 2015) and OMI (Wang
et al’;2016). The GOME-1, SCTAMACHY and GOME-2 TCWYV derived from
the red spectral range (Grossi et al., 2015) are combined into a homogenized
monthly climate product at 1° horizontal resolution from July 1995 to December
2015 (Beirle et al., 2018).

TCWYV retrievals in the near red and red spectral range use the DOAS

method or its variations. As water vapor absorption is relatively strong in

35



835

840

845

850

855

860

865

this spectral region, individual lines can get saturated when TCWYV is large.
Since individual spectral lines are not resolved by the instruments, the measured
differential absorption varies non-linearly with the actual TCWYV. This non-
linear saturation effect needs to be corrected in the retrieval.

TCWYV can also be derived from the blue spectral range (Wagner et/al.;
2013), as shown by the example in Figure 6 (Wang et al., 2014, 2016)< Given
the weak absorption of water vapor in the blue wavelength range, it is not
necessary to perform any saturation correction for the SCDs, though the fit-
ting uncertainty is larger compared to that for the red spectral range due to
reduced SNR, especially when TCWV is low (< 10 mm).mSince GOME-1,
SCHIAMACHY and GOME-2 all cover the blue wayelength-ange, they can be
combined with OMI to generate a long-term TCW V dataset.

Water vapor is crucial for understanding Earth’s climate. It is the predom-
inant greenhouse gas in the atmospherevand canyamplify the warming associ-
ated with other greenhouse gases, such as\COs and CHy. Water vapor is also
important for the hydrological cycle ‘and, energy budget. Through condensa-
tion, it leads to cloud formation and latent heat release, directly influencing the
weather and atmospheri¢”circulation. The tropospheric profile, stratospheric
profile and total column of HsO vapor are included by the Global Climate
Observing System. aspy&CVs that critically contribute to the characterization
of the climate gystem (https://www.ncdc.noaa.gov/gosic/gcos-essential-climate-
variable-egv-data-access-matrix). TCWYV can be calculated by integrating water
vaporprofiles or retrieved from visible/NIR/IR/Microwave/GPS observations.

Water vapor is highly variable in space and time. Thus, observations on a
variety bf spatio-temporal scales are required to characterize its distribution.
Many in-situ and remote sensing techniques are used to measure water vapor
eoncentration or total column from ground stations, aircrafts and satellites.
Ground-based data provide nice temporal coverage; Aircraft data provide fine
vertical resolution; Satellite data provide global perspective.

A review of satellite derived water vapor data is provided by the GEWEX
Water Vapor Assessment (Schroder et al., 2018). These data result from satel-

36



870

875

880

885

890,

895

lite remote sensing in the visible/NIR/Shortwave IR /IR /microwave/GPS wave-
length range. Each dataset has its own resolution, spatial and temporal coverage
and characteristics. For example, data from GPS occultation are available for
all weather conditions, but have relatively sparse spatial coverage; data from mi-
crowave observations are available for both clear-sky and cloudy-sky conditions;
but are affected by precipitation and are usually available only over the/O¢eans;
data from NIR and shortwave IR observations are typically availablé only over
land and are strongly affected by clouds; data from IR observations.are available
over both land and the oceans, but have low sensitivity in the boundary layer
and are strongly affected by clouds; data from visible observations are sensitive
to the boundary layer and are available for all surface typessgbut are strongly
affected by clouds.

Satellite TVWC products are typically validatedragainst measurements from
ground-based networks, such as the radiosendes of,the GCOS Reference Upper-
Air Network (GRUAN) Seidel et al. (2009)¢ the GPS data of the International
GNSS Service archived at NCAR (Wangyet al., 2007) or SuomiNet GPS data
provided by UCAR (Ware et al.,"2000), and the microwave radiometer data
of the Department of Enérgy ' ARM program (Cadeddu et al., 2013). These
reference datasets are™usually accurate and precise to sub-mm level (Dirksen
et al., 2014; Ningeet al, 2016) and are well suited for satellite data validation.
The version 2¢sumyphotometer data from AERONET (Holben et al., 1998) has
a dry biagfof 5% and an estimated uncertainty of 13% (Pérez-Ramirez et al.,
2014)./Versiom3 AERONET data released in 2018 are expected to have better
quality ‘and mmay be useful for satellite data validation.

Sincé most of the ground-based stations are over land, validation over the
ocean is usually conducted against the TCWYV derived from satellite microwave
sensors. Microwave observations of TCWV are considered to have high quality
over the ice-free non-precipitating ocean (Mears et al., 2015b,a). Remote Sensing
Systems provides Version 7 TCWV data for SSM/I, SSMIS, AMSRE, and Wind-
Sat on 0.25°x0.25° grid over the oceans twice per day. These data have also been

homogenized into a monthly 1° x 1° climate data record starting in 1988 (Mears
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et al., 2018). Alternatively, the EUMETSAT Satellite Application Facility on
Climate Monitoring provides 0.5° x 0.5° 6-hourly and monthly TCWYV climate
data records (1987-2014) derived from SSM/I and SSMIS using the Hamburg
Ocean Atmosphere Parameters and Fluxes from Satellite Data Version 4 algo-
rithm (https://wui/cmsaf.eu/safira/action/viewProduktSearch).

In addition satellite datasets that compare well with the reference data,men=
tioned above may be useful for validation. In particular, the TCWV retrieved
from the OCO-2 shortwave IR data (Nelson et al., 2016) and thesTCWV inte-
grated using the COSMIC GPS radio occultation profiles (Ho'et al., 2018) may

serve as references.

4.7. Glyoxal

The possibility of observing CoHsO4 from space was first suggested by Volka-
mer et al. (2005a), after they observed high concentrations in Mexico City. Their
observations translated to satellite optical ‘depths of up to 1.7 x 1072 in the 400
to 500 nm spectral range, however typical optical depths of CoHsO4 are usually
much smaller (~ 107%). Given the'current capabilities of VIS space-borne detec-
tors and the typical amount of €2Hy04 these are the most challenging retrievals
discussed here. Adding to'the problem is the limited amount of measurements
for validation. Grotnd-based remote sensing measurements of CoH2O5 are also
affected by high uncertainties derived from its weak absorption and in-situ mea-
surements6f CoH203 in field campaigns are scarce. Despite these adversities
several/CoHoQs retrievals have been developed over the years.

Thefirst,/global observations of CoHyOo were derived using GOME-1 and
SCIAMACHY measurements (Chance, 2006; Wittrock et al., 2006). Subsequent
efforts have resulted in the development of GOME-2 (Lerot et al., 2010; Vrekous-
sis et al., 2010) and OMI CoH504 retrievals (Alvarado et al., 2014; Chan Miller
et al., 2014). The work by Wittrock et al. (2006) showed spatial correlations be-
tween CoHO5 and HoCO. This is because both species are short-lived products
of VOC oxidation, with isoprene being the dominant precursor of both.

Studying the ratio of CoH505 and HoCO can provide insights into the VOC
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precursors and chemical pathways leading to their formation (Wittrock et al.,
2006; Vrekoussis et al., 2010; Kaiser et al., 2015; Chan Miller et al., 2016, 2017).
Vrekoussis et al. (2010) found a noticeable decreasing trend between the CoH204
to HoCO ratio and NOg columns over major cities around the world using
GOME-2 data, which they suggest could be driven by shifts in the identity of
predominant anthropogenic VOC precursors. Using the GEOS-Chem model and
OMI data Chan Miller et al. (2017) tested the CoH05 yield from is6prene and
its dependence on nitrogren oxides. They found that the formation of,CoHs04
is dominated by the isomerization of isoprene peroxy radicals under low nitrogen
oxide conditions. Kaiser et al. (2015) used a combined sét_ofsSOMI and aircraft
observations over the Southeast US to evaluate the effectivenéss of using this
ratio as a hydrocarbon source indicator. They4found that regions with high
CoH505 to HoCO ratio were primarily associ@tedswith monoterpene emissions,
whereas isoprene-rich areas led to comparatively lower values.

Stavrakou et al. (2009a) carried{ on imverse modeling experiments using
SCIAMACHY data over continents. These studies reveled significant CoHo059
chemical transport models underestimations. Space-based constraints on direct
VOC emissions from biogénic, pyrogenic and anthropogenic emissions partially
reduced the underestimation of the simulated CoH504 columns but it resulted
in large overestimations of surface CoHsO5 concentrations. Adding a secondary
formation pathway of an unspecified precursor they found it to be the largest
contributet (50%) to the CoH2O4 budget. This ambiguity underscores the im-
portance of improving our understanding of CoH205 formation if realistic top-
dowm constraints on the relevant emissions are to be provided (Chan Miller

et al., 2016; Silva et al.).

5. Conclusion

The 1970 launch of the BUV instrument as a payload on-board Nimbus-4 ini-
tiated the era of global and regular space observations of atmospheric O3. Since

then, the evolution and improvement of space instruments able to observed the
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Earth’s atmosphere has been remarkable. The BUV instrument was capable of
measuring twelve spectral channels with a spatial resolution of 200 x 200 km?,
achieving global coverage in ten days. TROPOMI, launched in 2017, has hy-
perspectral capabilities covering the 270-775 nm range with a spatial resolution
of 3.5 x 7 km? and daily global coverage. Future GEO instruments (GEMS,
TEMPO and Sentinel 4) will also measure at high spatial resolution while pro=
viding hourly observations. Early instruments enabled the development of Qg
and SO, retrievals. Later instruments, thanks to their hyperspeetral, capabil-
ities, allowed retrievals of other trace gases including tropospheric O3, NOa,
H,CO, H50, BrO and CoH30,.

The information provided by these retrievals is valuable-to understand a
broad range of scientific questions with important societal implications. After
the early studies monitoring the evolution of stratespheric Og, the improvement
of space-based instrument capabilities has,led to ‘investigations on atmospheric
chemistry and atmospheric dynamicssstudies assessing the impact of air quality
policies and economic activity in pollution trends and transport and epidemio-
logic studies quantifying the health.implications of pollution on a global scale.

Looking to the futureysthe value of historic records and future measurements
can be further expanded by developing long-term, consistent data records us-
ing inter-calibrated measurements from different instruments. These long-term
records will help monitor the current and past global change of the Earth sys-
tem, redueing the uncertainty in the trends derived from them and providing a
solid baseline to-calibrate future missions.

As scientific retrievals become mature and ready to transition into opera-
tional frameworks, improving the characterization of errors is imperative. Data
assimilation and air quality managers need detailed retrieval error information
to fully exploit them. Recent efforts to increase the amount and quality of
reference measurements for satellite validation should be exploited to establish
rigorous validation procedures.

Ensuring the continuity of current LEO measurements and GEO missions

should be a priority. The planned follow up missions to GEMS (East Asia)
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and Sentinel-4 (Europe) instruments extend into the third decade of the first
century. Over North America, the TEMPO mission has a required operational
period of two years (contractually extendable up to ten years) with no follow
up mission currently planned. In the future it will be desirable to extend the
spatial coverage of GEO observations to South America, Africa and Oceania.
The continuous push towards higher spatial resolution results in enérmous
amounts of data. New retrieval frameworks together with optimized’processing
and distribution data centers are necessary to ensure near-real time production
of higher level products dependent on this satellite retrievalsisuch as chemical
forecasts. After fifty years of development and evolution, space-based instru-
ments and retrievals designed to monitor O3 and air quality areteady to become

part of our social push for healthier life styles.
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l: slant optical depths of the strongest absorbers. Middle left panels:

e performed with the VLIDORT RTM for a Rayleigh atmosphere and molecular absorption
from Oz, NOg, Oz, O2-O2 and H2O plus other minor species not relevant for the calculation

the photon paths. Middle right panels: shape factors for the different species assumed in
the simulations. To enhance the spectral signatures of weak absorbers the simulations have
considered high atmospheric loading of SO2 and C2H2O2. Bottom panel: vertically resolved
AMFs computed at 326 nm (SOz), 340 nm (H2CO and BrO) and 440 nm (NO2, HO and
C2H202).
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Figure 3: Upper panel shows an orbit of partial (layer) column O3 (DU) profiles retrieved

sing GOME-1 measurements for orbit 71022024 on 22 October 1997. The red lines indicates
the tropopause height. Lower pannel shows a global map of OMI tropospheric Oz column on
26 August 2006 gridded to 0.5° longitude x 0.5° latitude grid cells. Some systematic cross-
track position dependent biases have been removed before gridding by assuming these data

do not vary with cross-track position within a month.
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Figure 4: Annual average OMI tropospheric NO2 VCDs at 0.25° latitude x 0.25° longitude

spatial resolution for 2005 (top) and 2017 (middle). Bottom panel shows changes in tropo-
spheric NO2 VCDs between 2005 and 2017.
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Figure 5: I@observed by the OMPS-NM sensor on-board S-NPP satellite over

hancements linked to urban concentrations can be appreciated over China,

S d Japan as well as biogenic and pyrogenic signatures in Indonesia.
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Figure 6: Global TCWYV observed by the OMI instrument. Only observations with cloud
fractions below$% for the months of June, July and August 2006 are included in the average
at each 0.5° %0.5° grid.
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