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A General Observational Strategy for Validation of Satellite NO2
Retrievals using Multi-Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS)

Jeffrey D Earley

(ABSTRACT)

This thesis analyzes the effectiveness of spatially averaged Multi-AXis Differential Optical
Absorption Spectroscopy (MAX-DOAS) measurements at regular azimuth angle intervals
on an hourly basis to validate satellite based DOAS measurements. Off-Axis MAX-DOAS
Measurements taken in Blacksburg, Virginia, between November 2021 and April 2022 with
an evenly distributed set of measurements were averaged every hour and compared to Di-
rect Sun measurements, also averaged every hour. Comparisons of the difference in average
measurement from both measuring strategies, as well as the distribution standard deviations
of hourly measurements suggests that the NO, distribution around Blacksburg is homo-
geneous. In order to test the effectiveness of this sampling strategy,in an inhomogeneous
location, the LOTOS-EUROS high resolution (1kmxlkm) chemical transport model was
used to simulate profiles and vertical column densities of real measurements taken during
the TROLIX’19 Field Campaign. The LOTOs-EUROS model was used to simulate vertical
profiles as well as Vertical Column Densities based on real MAX-DOAS measurements as
well as TROPOMI viewing geometry. While the individual ground measurements were not
equal to the TROPOMI profile, the TROPOMI profile is approximately the average of the

profiles of measurements made within the hour of TROPOMI overpass.



A General Observational Strategy for Validation of Satellite NO2
Retrievals using Multi-Axis Di erential Optical Absorption
Spectroscopy (MAX-DOAYS)
Je rey D Earley
(GENERAL AUDIENCE ABSTRACT)

This thesis analyzes the e ectiveness of spatially averaged Multi-AXis Di erential Optical
Absorption Spectroscopy (MAX-DOAS) measurements at regular intervals of angles o set
from due North on an hourly basis to validate satellite based DOAS measurements. MAX-
DOAS Measurements taken relative to the position of the sun in Blacksburg, Virginia, a low
N O, location, between November 2021 and April 2022 to determine the e ectiveness of a gen-
eralized measuring strategy for satellite validation in low pollution environments. An evenly
distributed set of measurements were averaged every hour and compared to measurements
taken in the direction of the sun, also averaged every hour, to determine if the variability of
N O, around Blacksburg is high enough to require a generalized sampling strategy, or if the
N O, distribution is homogeneous enough to be accurately validated with Direct Sun mea-
surements only.. Comparisons of the di erence in average measurement from both measuring
strategies, as well as the distribution of standard deviations of hourly measurements suggests
that the NO, distribution around Blacksburg is low. In order to test the e ectiveness of
this sampling strategy in a higher pollution location with many sources and sinks &fO,,

the data from the LOTOS-EUROS high resolution (1kmx1km) chemical transport model
run by the Royal Dutch Meteorological Institute for the TROLIX'19 Field Campaign was
used to simulate vertical distributions ofN O, and vertical column densities of measurements
taken during the eld campaign. The LOTOS-EUROS model was used to simulate vertical
distributions of NO, as well as Vertical Column Densities based on real MAX-DOAS mea-

surements as well as viewing geometry seen by the TROPOspheric Monitoring Instrument



(TROPOMI) satellite-based instrument. While the individual ground measurements were
not equal to the vertical distribution seen by TROPOMI, the TROPOMI vertical distribu-
tion is approximately the average of the vertical distributions of measurements made within

an hour of TROPOMI passing over Rotterdam.
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Chapter 1

Thesis objectives and Organization

1.1 Thesis goals and objectives

The goal of this thesis is to determine the viability of spatially sampling measurements to
improve satellite validation in environments with homogeneous and inhomogeneous distri-
butions of NO,. Therefore, at a measuring site with a homogeneous distribution dfO,,
Blacksburg, Virginia, two measuring strategies, one that measures a large air volume and
one that measures a smaller air volume, are measured simultaneously and comparisons be-
tween the two strategies made can be used to determine the e ectiveness of the sampling
strategy in a homogeneous environment. The e ectiveness of the two sampling strategies
can be used to determine whether or not a large volume of air must be sampled in order to
properly validate satellite-based measurements, or if a small volume of air can adequately
represent the spatial variability of measurements for locations similar to Blacksburg. For
ground-based validation in an inhomogeneous environment, simulated vertical distributions
of NO, based on real measurements can be used to show the e ect that viewing direction

has on the pro les retrieved as well as in comparison to pro les seen by satellite-based in-
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2 Chapter 1. Thesis objectives and Organization

struments. These vertical distributions will show the e ect of horizontal inhomogeneity on
individual measurements when compared to satellite measurements, and show a possible

cause of the di erences in retrievals between satellite and ground-based measurements.

1.2 Thesis organization

This thesis is as organized as follows: Chapter 1 describes the basic outline and objectives of
this thesis. Chapter 2 introduces theN O, family of trace gases, with an emphasis diO,, by
explaining its impact on human health, as well as its distribution in the atmosphere. Next

Di erential Optical Absorption Spectroscopy, a remote sensing method that is commonly
used to determineN O, pollution quantities and is used in this thesis, is described as well as
the relevant satellite based instruments and current ground based validation strategies using
Multi-Axis Di erential Optical Absorption Spectroscopy. One major issue in ground-based
satellite validation is the underestimation of pollution quantities retrieved from satellite
measurements when compared to ground-based measurements. In order to characterize this
discrepancy, Chapter 3 proposes a possible measuring strategy to improve satellite validation,
as well as comparisons made to a di erent strategy that measures a smaller volume of air than
the proposed strategy. In addition, the methodology used to simulate vertical distributions of

N O, is explained. Chapter 4 shows the results of the data collected and analyzed according
to Chapter 3. Chapter 5 makes conclusions based on the results shown in Chapter 4. Finally,
Chapter 6 gives further work that can be done on this topic to further understand the impact

that measuring strategies have on satellite validation.



Chapter 2

Introduction

2.1 Ground-based remote sensing of NO»

2.1.1 Nitrogen Oxides

Nitrogen Oxides NO, = NO, + NO) are trace gasses that play an important role in both
stratospheric and tropospheric chemistry, being responsible for ozone and aerosol produc-
tion in both atmospheric layers. While there are many biogenic sourcesM,, such as soil
chemestry and lightning, the primary sources are anthropogenic; pollution from combustion
engines and power generation are the primary sources 0O, [33] [17]; as suciNO, pol-
lution distributions tend to be centered around urban centers, where vehicle density is at
its largest [34]. Not only doesNO, drive tropospheric Ozone formation and stratospheric
Ozone Depletion, exposure tdNO, can lead to adverse health e ects, such as Pulmonary
In ammation [17], susceptibility to respiratory infection [17] decreases in lung function and
an increase in susceptibility to allergens for people with asthma [44] [39]. Anthropogenic

NO, has a relatively short lifetime at approximately 3.8 hours [36]; this means thdfl O,

3



4 Chapter 2. Introduction

pollution remains close to its source, and can be used to track pollution sources.

Vertical Pro les of Nitrogen Dioxide are heavily in uenced by the Planetary Boundary Layer
(PBL). The PBL is the lowest layer of the troposphere, which is connected to the planet's
surface. Because of this, the PBL is the primary location of anthropogenic emissions and
is where the majority of tropospheric chemistry occurs. Zhang et al. [50] determined that
the height of the PBL during the day is proportional to air temperature, and inversely
proportional to relative humidity by comparing daily radiosonde measurements taken at
12:00 Local Time at 26 locations around Europe over a period of 30 years. Average yearly
heights for the PBL around Europe range between 0.5km and 1.5km. Due to the shorter
lifetime of NO, when compared to transport from the surface to the free troposphere, which is
approximately one weekN O, pro les remain below the PBL. Wang et al. [49] demonstrates
this concept by developing pro les of many trace gases, includingO,, in Northern China

. Maximum concentrations ofNO, were found in the morning, due to both an increase in
vehicular emissions in the morning as well as the combination of higher relative humidity
and lower temperatures in the morning decreasing the height of the PBL. The average pro le
height for NO, is estimated to be approximately 1.2km, with a minimum on high pollution

mornings at 0.5km.

In order to quantify NO, exposure, there are a number of di erent methods that can be
used. In-Situ methods measur&l O, concentrations at the measuring location only. These
measurements are only valid for areas on the microscopic scale, and represent the concen-
trations seen at an exact location. Remote sensing methods, on the other hand, measure
concentrations in a given volume of air. The of this volume can change depending on the
type of viewing geometry and measuring technique used. For instance, due to the large dis-
tance between a satellite's orbit and the Earth's surface, satellite-based measurements will

measure a large volume of air, approximately a column with a cross sectional area on kilo-
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meter scales, through the entirety of the atmosphere. Ground-based measurements instead
measure a smaller volume of air, which can be approximated as a cone with radii in the
hundreds of meters range and distances between 10-20km. One remote sensing technique
that is commonly used for retrievals oN O, air quality data is di erential optical absorption

spectroscopy, which is also used to retriew@ O, data in this thesis.

2.1.2 Dierential Optical Absorption Spectroscopy

Di erential Optical Absorption Spectroscopy, (DOAS) is a spectroscopic technique used to
retrieve information on trace gas concentrations from light spectra [31]. Like other remote
sensing techniques, the DOAS techniques begins with the measuring of solar radiance or
irradiance, depending on if the light measured is unscattered or scattered, respectively. The
measurements are performed in one of three viewing geometries: Direct Sun, which measures
unscattered sunlight, Multi-Axis DOAS, which measured scattered light in distinct azimuth
and zenith directions in the sky, and Zenith Scattered light, not used in this thesis, which
measures scattered sunlight that has been scattered into the light path of the instrument
directly overhead the measuring site. Next the measured spectra are corrected for instrumen-
tal errors such as: Dark current, spectrometer non-linearity, pixel response nonuniformity,
spectrometer temperature sensitivity, wavelength shifting, stray light, etc [6]. After this,
absorption cross section is tted to the di erential optical depth, which is the natural log

of the ratio between the reference and measured intensities, to retrieve the di erential slant
column density of the measurement, the di erence between slant column densities of the
measurement and reference measurement. Finally, the di erential slant column densities
can be converted to their nal data products. In the case of the Direct Sun geometry,
dSCD's can be converted to vertical column densiteis through the use of the air mass factor.

For MAX-DOAS measurements, measurements made in a given set of measured zenith an-
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gles can be converted to vertical pro les through the use of inverse modelling with radiative

transfer models.

Like classical optical absorption spectroscopy, DOAS is derived from the Beer-Lambert Law,
which states that a measured light intensity (1) is equal to the original reference intensity )
multiplied by the exponential of the wavelength absorption cross section ( )) multiplied

by the gas concentration (c) and the path length (L), or:

| = lge () CtL: (2.1)

However, this equation is for only one trace gas being measured. For more complex gas
mixtures, the exponential becomes a summation of all trace gas concentrations in the mixture
multiplied by each absorption cross section and the common path length, in addition to
Rayleigh and Mie scattering e ects. This method becomes exceedingly complicated for any
measurements made outside of a lab setting; Air is a good example of this, since air is
composed mainly oN, and O, there are already two major absorbers that have to be taken
into account before any trace gasses can be considered, and since normally each trace gas will
be retrieved individually, this means that there are a lot of cross sections and concentrations
to deal with, before even taking into account non-absorbing e ects, such as Rayleigh and Mie
scattering. DOAS overcomes this complexity by taking advantage of the fact that absorption
cross-sections can be separated into two parts, with representing the broadband structures

of the cross-section with slow variations in, and °, representing the narrowband structures

of he cross-section that vary rapidly with . Now, the Beer-Lambert law becomes, after also

adding in scattering e ects such as Rayleigh and Mie scattering:

I =1ge b "0h% (ly+ byx + byx?) (2.2)
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The di erential absorption cross section, { ), of each trace gas of interest is determined
through laboratory testing using high resolution instrumentation to accurately measure the
high frequency structure of the absorption cross section. These high resolution absorption
cross sections can been be convoluted with the instrumental slit function to match the res-
olution of the instrument to be used in DOAS retrievals. Now that these two terms are
separated, the intensity in the absence of di erential absorption can estimated as a polyno-
mial (bp + byx + bbx?), and represents the tted approximation of wideband structures in the
absorption cross section, as well as scattering e ects. After substituting the di erential cross
section into the Beer-Lambert equation, the di erential optical density can be calculated
using the ratio between a measured intensity and a reference intensity, and the following

conclusion can be reached:
130 )
1()

whereD is the di erential optical density of a layer for j di erent absorbers. The absorption

D%= In(

)= LG (2.3)

cross section of each trace gas is unique, therefore careful selection of wavelength intervals to
analyze will allow trace gases to be retrieved individually. The di erential optical depth can

be used to determine the slant column density (SCD) of the measurement, which corresponds
to the amount of trace gas concentration integrated along the light path. These slant column
densities can be converted to vertical pro les as well as vertical column densities through the
use of radiative transfer modelling and weighting functions [12], which describe the sensitivity

of intensity to gas perturbations at each atmospheric layer of the model.

The Ring E ect, originlally identi ed by Grainger and Ring [15] in 1962, describes the
di erence in shape of Fraunhofer Solar absorption lines when measuring direct and scattered
sunlight. The cause of this phenomena has been identi ed as rotational Raman Scattering
[3] and can a ect optical density by a maximum of a few percent, which signi cantly a ects

DOAS retrievals [18]. To account for this e ect, a Fraunhofer Reference Spectrum can be
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used during DOAS retrievals of scattered sunlight by tting for a pseudo-absorber to detect
light path enhancements due to the increased complexities of ratiative transfer when dealing

with scattered light [18].

2.1.3 Direct sun DOAS

Direct Sun Di erential Optical Absorption Spectroscopy measures unscattered solar radiance
for DOAS retirevals. Figure 2.1 shows a diagram of a typical direct sun measurement.
Since the vast majority of light collected is unscattered, this means the path length of
each retrieval will be much longer than scattered light methods, allowing for sensitivity to
both stratospheric as well as tropospheric pro les. The path length observed changes as a
function of solar position, as the sun tracks overhead, the path length decreases until it is at

its minimum at zenith.

Figure 2.1: Diagram of a Direct Sun DOAS Measurement [31]

This sensitivity can be described by the solar zenith angle (SZA) which is When directly

overhead, and 90 at the horizon. In order to quantify direct sun measurements, the slant
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column density is normally used, and is de ned as the concentration of trace gas integrated
over the path length within the entire atmosphere.

Z,
S= c(s)ds (2.4)

0
where ds is in the direction of the sun. This column density is only an apparent one,
however, which is highly di cult to interpret due to the myriad of possible path lengths
each measurement observes. Therefore, it is easier to describe the slant column density by
the di erential optical depth D' and the di erential absorption cross section ¢ S = B2 In
order to relate the SCD to a more useful quanti er, the Vertical Column Density, the ratio
between the two densities, the air mass factor, can be used. The AMF can also be related
to the slant length, L, and the vertical path length, Z, and can be estimated based on the

solar zenith angle:

R
= in ! —— sin(SZA 2.5
sec sin R T sin( ) (2.5)

N|r—

Where R is the radius of the Earth from the center to the measuring sitdy; is the e ective
height of the trace gas pro le to be retrieved, and SZA* is the solar zenith angle corrected
for atmospheric refraction. This AMF equation addresses the sensitivity to the tropospheric
pro le at solar zenith angles above 75 which allows the total column density measured by
the direct sun method to be accurately at solar zenith angles below with negligible change

in measurement accuracy 80[41].
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2.1.4 Multi-axis DOAS

Multi Axis Di erential Optical Absorption Spectroscopy (MAX-DOAS) [18] [31] is a DOAS
measuring technique that uses scattered sunlight from various azimuth and zenith angles to
retrieve slant column densities of trace gases. The absorption of trace gases as determined by
ground based measurements depend predominantly on the distribution of light paths through
the atmosphere; these light paths are in uenced by aerosols in the boundary layer, which
determine the last scattering altitude of the measured irradiance. Since scattered light can
travel along any number of light paths, atmospheric radiative transfer must be properly de-
scribed. Retrievals of Vertical Column Densities, the data product most commonly retrieved
from DOAS measurements, as well as vertical pro les of trace gas concentrations can be
made through the use of inverse modelling and optimal estimation of atmospheric radiative
transfer conditions [12] [43] [21] which uses a priori trace gas pro les to t a model of at-
mospheric conditions and sensitivities to gas perturbations in the atmosphere, the weighting
functions tted can then be used to retrieve pro les based on the di erential slant column
densities retrieved. However, mathematically the MAX-DOAS technique can be best under-
stood by assuming the light detected has been scattered a single time at an identical point
in space, rather than attempting to model the path lengths of individual photons that are

a ected by multiple scattering events that occur for scattered; this is called the single scat-
tering approximation. The approximate path length that is assumed by the single scattering
approximation can be estimated by using the e ective length 00,0, collisional complex
retrievals [11]. TheO, pro le is directly proportional to the pro le of air, which itself can

be measured through meteorological measurements of air pressure and temperature, and
dSCD's of O4 can be retrieved through the DOAS technique. The ratio between the dSCD

of O4 and the pro le of O,.
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dSCDo,

- (2.6)

Figure 2.2: Diagram of a MAX-DOAS Measurement

The slant column density retrieved through MAX-DOAS is de ned as the trace gas concen-
tration derived along the e ective light path, which is the average of an in nite number of

di erent light paths:

Z D
S= c(s)ds= —; (2.7)
0
However, the slant column density requires knowledge of the intensity of light at the top of the
atmosphere, which is unknown to ground-based measurements. Therefore, the di erential

slant column density (dSCD) can be retrieved instead, which is the measured intensity at a
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given reference angle; for MAX-DOAS, the reference angle is vertical, at a %@nith angle.

In(-80)
D700 - () s0) @8)

S= =
where is the zenith angle of the measurement. The information that can be gained from
the dSCD, however, is only the di erence in slant column densities measured, and does not
give information about the absolute trace gas concentrations around the measuring site.The
vertical column density, on the other hand, is de ned as the vertical trace gas concentration
integrated along a vertical light path:

Z,

V= c(z)dz (2.9
0

The VCD is a more convenient data product than either slant column density because it
represents the total concentration of a trace gas above a measuring site, and is neither relative
to another measurement nor measured along an unknown light path, its path is the length
of the atmosphere, or in the case of tropospheric vertical column densities, the height of the
troposphere. In addition, the Air Mass Factor (AMF) is the ratio between the SCD and
VCD retrieved by a single measurement, and the di erential air mass factor, dAMF, is the

ratio between the dSCD and VCD retrieved by a single measurement:

_S(;y ) a 1 a
_ dscD
A= = (2.11)

where is the wavelength of light, is the solar zenith angle, a is the fraction of the vertical
trace gas column below the scattering altitude, and and are the measurement azimuth

and zenith angles, respectively. This means that the AMF is sensitive mainly to these four
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guantities. Firstly, AMF is sensitive to the wavelength of light collected. This sensitivity
comes from scattering e ects; larger wavelength sensitivity comes from Mie scattering while
smaller wavelength sensitivity is due to Rayleigh scattering . AMF is also sensitive to the
measurement zenith angle. As the instrument observes scattered light at higher angles,
the concentrations observed will change as well. For instance, at low elevation angles, the
observations will be predominantly of tropospheric trace gases, below the boundary layer.
By contrast, higher elevation angles will observe trace gases at higher elevations in the
atmosphere; this is most evident in zenith-sky DOAS, which is most sensitive when measuring
stratospheric trace gases [47]. The AMF sensitivity to SZA can largely be summarized by
its e ect on the rst and last scattering altitudes. The FSA is strongly dependent on the
SZA, exhibiting an exponential growth as the SZA approaches 90In contrast, the LSA

is not dependent on the SZA. This means that as long as the FSA is above the absorbing
layer, the AMF becomes largely independent of the SZA, as is the case for tropospheric
absorbers. Finally, for horizontally inhomomogenous trace gas distributions, the azimuth
viewing angle of the AMF becomes important. In urban areas, this inhomogenity arises due
to an unequal distribution of trace gas emissions below the boundary layer. This is not the
case for rural areas, where most trace gases are transported from more urban areas, however
inhomogenities can still arise due to the distribution and e ectiveness of chemical transport

mechanisms.

In addition, the shape and altitude of the trace gas pro le can a ect sensitivity. For instance,
Wang et al. [49] and Li et al. [23] demonstrated that measurements made in a single azimuth
direction over a zenith scan with at least seven zenith angles can be used to determine the
vertical pro le of trace gas above the measuring site. For trace gases that reside close to the
surface of the Earth, all but the smallest measuring zenith angles will have the pro le below

their scattering altitude, which are the pro les of interest for MAX-DOAS. This causes the
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AMF approximation to only be a function of the measuring zenith angles, and is considered
the tropospheric component of a trace gas column. Conversely, the stratospheric component
of the trace gas column, which resides above the scattering altitude, is sensitive to the solar
zenith angle only. In practice, trace gas vertical columns will have relevant components both
above the scattering altitude and below it, however using the AMF approximation above is

a good way to separate the two components so that they may be analyzed separately.

In the context of satellite validation, MAX-DOAS retrievals can be useful for quantifying
the errors in measurements made by satellite-based instruments. However, rather than
relying on a single instrument at a single location taking measurements, it is more e ective
to validate satellites using a ground based network of instruments. These networks have
the advantage of providing time coincident measurements using identical instrumentation at
multiple locations, so that the only variable present in measurements is the trace gas pro le
of interest. These networks allow for improved satellite validation in a timely process for a

wide range of atmospheric conditions.

2.1.5 Network for the Detection of Atmospheric Composition Change

Beginning with the ERS-2 GOME satellite launched in the mid 1990s, there has been a con-
certed e ort to develop ground based remote sensing validation techniques. At measuring
sites with su ciently low tropospheric NO, concentrations the UV-VIS Zenith Scattered
Light Di erential Optical Absorption Spectroscopy (ZSL-DOAS) technique at twilight has
been useful for validation of stratosphericNO, from Lambert et al., 1997 to present [47].
ZSL-DOAS o ers increased sensitivity td\N O, and lower sensitivity to clouds over the portion

of the light path that passes through the stratosphere, while having less sensitivity to tro-

pospheric concentrations; this allows for improved stratospheric validation over other DOAS
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techniques. Multi Axis Di erential Optical Absorption Spectroscopy, or MAX-DOAS [18] on
the other hand is more sensitive to trace gas concentrations that lie below the last scattering

altitude, which for most zenith viewing angles will be almost entirely in the troposphere.

The Network for the Detection of Atmospheric Composition Change (NDACC) is a network
of over 70 ground based research stations and over 160 active instruments [8] established in

1991 with the express purpose to:

establish long-term databases for detecting changes and trends in atmospheric composi-

tion and to understand their impacts on the mesosphere, stratosphere, and troposphere

establish scienti ¢ links and feedbacks between changes in atmospheric composition,

climate, and air quality

to validate atmospheric measurements from other platforms (i.e. satellites, aircraft,

and ground-based platforms)
provide critical data sets to help Il gaps in satellite observations

provide collaborative support to scienti ¢ eld campaigns and to other chemistry and

climate-observing networks

and provide validation and development support for atmospheric models

The NDACC utilizes UV/Vis spectrometers that retrieve trace gas concentration using the

direct sun, zenith scattered light, and MAX-DOAS measurements, however these are not the
only type of instruments in the network. The Brewer-Dobson spectrometer is a UV sensing
instrument, that is able to retrieve total ozone columns above each station, and has been
used for validation of satellite-based Ozone retrievals [24]. They are one of the rst ground

based remote sensing techniques, being developed in 1957 as stratospheric ozone became a
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topic of interest for atmospheric chemists. The network also uses Fourier Transform Infrared
(FTIR) spectrometers that record high resolution, mid infrared solar spectra. These spectra
are then analyzed using the method of optimal estimation to measure the concentration
of various trace gases with vibrational-rotational modes in the mid infrared band, such as

O3;HCI;HF; CIONO ,;HNO3; N,O; CH,4; CO; C,Hg, and HCN .

Figure 2.3: . NDACC measurement capabilities, including species and parameters mea-
sured, instrumental measurement techniques, and each measurement's approximate vertical
resolution (indicated by the ripple) e ect on each bar [8]

Light Detection And Ranging (LIDAR) is a laser based active remote sensing technique
also used by the NDACC. LIDAR uses laser light in very discrete bands from UV to IR
wavelengths, and is able to measure ozone, temperature, aerosols, water vapor, and polar
stratospheric clouds at ranges from 0-10km to 30-80km, depending on the wavelengths used.
Microwave spectrometers provide vertical pro les of ozone, water vapor, and CIO from the
upper stratosphere and mesosphere. Retrieval is derived from the change in pressure broad-

ening of the rotational absorption lines as a function of altitude, and can provide data on
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timescales ranging from diurnal to multi-decadal.

2.1.6 Pandonia Global Network

Figure 2.4. Pandora 168 installed on the roof of Whittemore Hall, Blacksburg, Va

The Pandonia Global Network is a NASA and ESA funded network of quasi-autonomous
ground stations that provide real time, standardized, calibrated, and veri ed air quality data

to be used to verify satellite measurements [47]. This is achieved trough analyzing data from
portions of the network over long time series, which overcomes issues due the the di erence

in eld of view between satellite platforms and ground stations.
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The Pandora instrument is a Passive DOAS system, which uses the sun as a light source. As
sen in Figure 2.4 the head sensor collects the sunlight to be measured, with a eld of view of
1.6 . The head sensor has two sets of Iter wheels that can cycle between di erent Neutral
Density lters, cuto and cuton lters, a di user which is able to increase the eld of view

to 2:1 , and opaque and open lters. The pointing direction of the head sensor is controlled
by a tracker, which the head sensor is attached to. The tracker is a set of two actuators
that allows pointing in a 360 azimuth viewing range and a 90 zenith viewing range with

a pointing accuracy of @ . The head sensor is connected to the spectrometer by way of
a 400 m optical ber cable; the spectrometer itself is a temperature controlled Avantes
spectrometer with a dynamic range between 280 and 525nm and a spectral resolution of
0.6nm full width at half maximum. The spectrometer and the computer which records data
are both inside a secure, weatherprooof case. While the instrument is quasi-autonomous,
the computer is connected to the internet, allowing for remote access for monitoring, data
collection, and diagnostics. Pandora instruments measure in both direct sun and scattered
light multi-axis DOAS viewing geometries. A single measurement cycle is taken with an
integration time between 2.4ms and 4 seconds, with repetitions made in order to improve
the signal to noise ratio such that the total measurement takes approximately 40 seconds for

both direct sun and MAX-DOAS measurements.

2.2 Satellite observations of NO»

Satellite retrieval of NO; relies heavily on the Di erential Optical Absorption Spectroscopy
(DOAS) principle [26]. The individual instruments will collect spectra backscattered from
the surface of the Earth. DOAS tting of this data can then be performed folN O, with a

tting window between 405 and 465nm to retrieve total slant column densities within each
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instrument pixel's Field of View (FOV). Next, the portion of the slant column density that
lies in the stratosphere is separated from its tropospheric counterpart. The two compo-
nents are very di erent in terms of atmospheric chemistry and therefore it is convenient to
have the two separated so that both data sets can be analyzed individually. Stratospheric
NO, can be estimated by retrievingNO, in remote locations, such as the Paci c Ocean
where there should be almost no sources of troposphel©,, over long timescales, about a
month, to develop a latitudinal model of stratospheriocNO,. For tropospheric analysis, the
tropospheric portion of the slant column densities (SCD) are converted to vertical column
densities (VCD's). The VCD is a more quantitatively desirable value, which represents the
total amount of troposphericN O, above a particular location as opposed to the total column
of NO, measured along an arbitrary path length from the satellite to the ground. This is
done by dividing the tropospheric SCD by the air mass factor (AMF). The air mass factor is
the ratio between the slant column density already measured and the vertical column den-
sity that is desired, and can be derived analytically. The tropospheric VCD's can then be

compared to ground retrieved VCD's for validation, as well as for further air quality analysis.

221 GOME

The Global Ozone Monitoring Experiment (GOME) is a series of satellite based instruments
rst launched on the European Space Agency's ERS-2 satellite on 20 April 1995 (GOME-1)
[16]. GOME-1 scanned a 960km swath divided over three scans, allowing for global coverage
every three days; the GOME-1 pixel resolution was 320km across track and 40km along
track. The GOME-1 instrument was a four channel double monochromator with a spectral
range of 280-790nm and a spectral resolution of 0.2-0.4nm. While Ozone was the main target
of GOME-1, retrieval of other trace gases such &0,; BrO; OCIO; SO,; HCHO, and water

vapor using the DOAS technique; more speci callyNO, retrievals were performed with a
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tting window of 405-465nm

GOME-2 is an optical spectrometer with a dynamic range of 240{790nm and 0.26{0.51nm full
width at half maximum resolution [28]. The GOME-2 swath covers a width of 1920km with
a pixel resolution of 80x20km.N O, retrieval is performed in the same manner as GOME-1,
with a tting window of 405-465nm. GOME-2 instrument is onboard two separate satellites,
Metop-A (GOME-2A) which launced on October 19, 2006, and Metop-B (GOME-2B) which

launched on on April 24, 2013; both satellites continue to be operated in tandem.

It has been shown that taking Zenith Scattered Light DOAS retrievals at morning twilight in
remote, low pollution locales is an e ective method for GOME-1 Validation [20]. Drosoglou
et al. [10] validated both GOME-2A and OMI NO, columns in the Thessaloniki Area,
Greece, with a tting window of 400-450nm used for ground based Validation using the
DOAS technique. Pinardi et al. [29] used a similar approach, with a matchiny O, tting
window of 405-465nm, to validate GOME-2A tropospheric columns on a global scale using
instruments from the Pandonia Global Network to incorporate data from ground stations

across the world. In addition,

2.2.2 SCIAMACHY

The SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIA-
MACHY) is a satellite borne spectrometer launched onboard the ENVISAT satellite on
March 1, 2002. SCIAMACHY has a wide spectral band, 240{2380nm with 0.2{1.5nm reso-
lution, with DOAS retrievals able to be performed in the UV/VIS portions of SCIAMACHY's
measurable wavelengths [30]. SCIAMACY is able to perform observations at three di erent
viewing geometries: nadir, limb, and solar/lunar occultation [2]. At nadir, measurments

cover a swath of 30x960(across track)km with a resolution of 30x15km. Limb scans are
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able to cover 960km azimuthally, and up to 150km vertically with 30x3km resolution. So-
lar occultation measurements have an elevation coverage of up to 150km at 2.5km resolu-
tion, at 30km along track. Retrievals of trace gasses in the UV/VIS spectral band include:

0O3;NO,; OCIO; BrO; OCIO; SO,; H,CO.

2.2.3 OMI

The Ozone Monitoring Instrument (OMI) is a satellite borne instrument launched by the
European Space Agency in July, 2004. OMI is a nadir viewing UV/VIS ( 270 to 500nm)
spectrometer with a spectral resolution of 0.5nm measuring backscatter radiance from the
Earth's surface [22]. Its angular viewing angle is 114vhich corresponds to a 2600km swath
on the surface of the Earth, and has a pixel size of 1324km? at nadir, where the 13km is
across track. Backscattered light entering the instrument is rst depolarized then split into
two di erent detectors, a UV detector which collects light in the 270-380nm range, and a
VIS detector which collects light in the 350-500nm range. OMI utilizes 2D detectors, with
one dimension of the spectrometers collecting spectral information, and the other dimension
collecting horizontal data. Vertical data is collected as the instrument orbited Earth, in a

push broom format.

Despite the molecule ozone in the name, OMI also retrieves other trace gas column densities,
such asNO,. Retrieval of NO, involves using the DOAS principle, with a tting window
between 400-450nm [10] [45]. Ground validation of OMI products are heavily dependent
on well established ground remote sesning networks, such as the AERONET for retrieval of
aerosol optical depths, the Brewer{Dobson network for retrieval of ozone total columns, and
the Pandonia Global Network for retrieval of trace gas columns. For instance, Pinardi et al.

[29] validated OMI NO, columns, in addition to GOME-2A columns, with a 405-465nm
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tting window, with instruments from the Pandonia Global Network.

2.24 TROPOMI

The Tropospheric Monitoring Instrument (TROPOMI) was launched onboard the European
Space Agency's Copernicus Sentinel 5 Precursor (S5P) satellite on October 13, 2017 [14]. The
S5P follows a sun-synchronous low Earth orbit at an altitude of 825km with an equatorial
overpass time of 13:30 local time and period of 100 minutes which allows for daily global
coverage. The TROPOMI sensor itself is a passive optical satellite sensor able to measure
total column amounts of various trace gased\ O, included, with absorption cross sections
that lie between the Ultraviolet and shortwave infrared spectral regions. Each instrument
pixel has a resolution of & 7km? (reduced to 35 5:6km? on 6 August 2019 [14]) at

nadir, and has little resolution variation at any point on its 2600km swath.

In order to retrieve NO, total column amounts, a tting window of 405-465nm can be used
to convert the spectral radiance measured at the top of the atmosphere into slant column
density's for each individual pixel. In order to convert this SCD into a tropospheric VCD,
rst the stratospheric portion of NO, is subtracted from the SCD by using global model
estimates [1] that are re ned using data assimilation. Next, the calculated Air mass Factor

(AMF) is used to convert the tropospheric SCD's into VCD's.

Chan et al. [7] validated TROPOMI's NO, total columns using a tting window of 338-
370nm. Dimitropoulou et al. [9] used two separate bands to retriewO, pro les: 425-490nm
and 338-370nm which coveNO, absorptin of visible and ultraviolet light, respectively.
lalongo et al. [19] and Zhao et al. [51] used a tting window to validate tropospheritl O,

columns using a tting window of 400-440nm.
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2.25 TEMPO

The Tropospheric Emissions: Monitoring of Pollution (TEMPO) is a satellite borne in-
strument that will take hourly averaged measurements over the continental United States,
including Southern portions of Canada, and extending as far South as Mexico City, and as
far East as the Bahamas. The onboard spectrometer has spectral ranges of 290{490nm at
a resolution of 0.57nm and 540{740nm at 0.2nm resolution [13]. Each pixel has a ground
swath of 2.1km north{south and 4.4km east{west resolution, with simultaneous latitudinal
coverage. Every hour, TEMPO will scan east to west along its entire eld of view. One of
the air quality products from TEMPO will be hourly NO, column densities with a resolution

of 4x8km with an error budget of (036 0:2) 1015m°C";1—CZUIe [52]. This error is the result of

a sensitivity study where simulated TEMPO radiance spectra and weighting function, us-
ing the VLIDORT radiative transfer model, retrieval errors were then calculated using the
optimal estimation approach. In order to maintain its FOV, TEMPO will be launched on a

geostationary communications satellite, the rst instrument of its kind.

Since TEMPO will be the rst geostationary instrument to measureN O, there is a need to
reevaluate analysis methods that were developed for sun synchronous satellites. For instance,
Geddes et al. [13] evaluates a new method to separate stratospheric and troposphiia@;
column densities. For sun synchronous instruments, separation is rather straight forward.
Since the instrument measures the entirety of the Earth, an entire day's measurements could
be masked using results from a chemical transport model, which after smoothing would
yield an accurate model of stratospherit\O,, which could be subtracted from the data to
retrieve tropospheric column densities. A Geosynchronous satellite, on the other hand, is
only limited to its eld of view, and using this method alone would leave it vulnerable to
transport into and out of its eld of view. To overcome this issue, data from outside the

TEMPO FOV was also used to provide more context; OMI stratospheric products are used
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[5], which have already been modelled according to the previously mentioned method. This
new method performs as well as the sun synchronous model, with small biases in the farthest
North and South edges of the TEMPO FOV being the only major deviations.

Table 2.1: Summary of DOAS Satellites

Satellite Launch Date Pixel Resolution Orbit Type Trace Gases  NO; Fitting Window
GOME April 1995 320 40km Sun-Synchronous NO,;BrO; 03 405-465nm
OCIO; SO;;
HCHO;H ,O
GOME-2 METOP-A: October 2006 80 40km Sun-Synchronous NO,; BrO; O3 405-465nm
METOP-B: April 2013 OCIO; SO;;
HCHO;H ,O
SCIAMACHY March 2002 30 15m Sun-Synchronous NO;;BrO; O3
OCIO; SO;;
HCHO;H ,0
OoMI July 2004 13 24km Sun-Synchronous NO;;BrO; O3 400-450nm
OCIO; SO;;
HCHO
TROPOMI October 2017 3.5 5:6km Sun-Synchronous  NO,; CO; O3 405-465nm
CH4;SO,;HCHO
TEMPO Fall 2022 2.1 4:4km Geostationary NO,; O3 400-465nm
CyH20,;, SO;;

2.3 Satellite vs ground-based spatial sampling

Di erences between ground-based and satellite-based instrumental elds of view can result
in the sampling of di erent air masses. It is expected that spatial and temporal heterogeneity
in the distribution of air pollution is present in urban areas and near emission sources, while
more rural areas far away from major sources exhibit a more homogeneous distribution of
pollution. In order to account for this di erence in measured air masses, spatial sampling
strategies can be employed to measure an aggregate air volume that is similar to the air

volume measured by satellites.

Chan et al. [7] employed a xed sampling strategy that measured in Munich, Germany
between 2016 and 2019. Measurements were performed at 2, 3, 4, 5, 6, 8, 15, 30, and
90 zenith angles at 0, 90, 135, 180, 225, 270, and 3Hzimuth angles, relative to true
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North; 45 was excluded because the direction was blocked by a nearby building. A single
set of measurements took approximately one hour. To retrieve the NO2 pro le, a near UV
tting window and the program QDOAS was used. Monthly averages were then compared to
monthly averages retrieved from the OMI and TROPOMI satellite sensors, with pixels within
10km of the measuring site being averaged together. On average, satellite measurements
underestimatedN O, concentrations by about 30%. When the ground data was used as a
priori pro les for satellite retrieval, the NO, VCD's for OMI and TROPOMI increased by
45% and 17%, respectively. This demonstrated that one of the major sources of error in

satellite retrieval stems from the coarse spatial resolution of a priori pro les used.

Similarly, Dimitropoulou et al. [9] used a dual scan measuring strategy in Uccle, Brussels.
This involved rst a vertical scan of 0, 1, 2, 3, 4, 5, 6, 8, 12, 30, and 9@enith angles at
355 azimuth angle relative to due north. This was followed by a horizontal scan with a
xed zenith angle of 2 and at various azimuth angles that were adjusted to improve results,
the latest set of directions were 11, 25, 32, 62.5, 105, 262.5, 305, 353, and Bdltive

to due north and takes approximately 20 minutes to complete one measuring cycle. Two
tting windows were used for pro le retrieval, one in the visible spectrum, and and one
in the ultraviolet spectrum. The volume mixing ratios (VMR) of both the UV and VIS
spectrum can be used to estimate the distance of tidO, peak concentrations, where dL is

the di erential e ective path length:

1. VMRYS, > VMR g¢,-The peak concentration is located far away from the measuring

site, approximately dL?2%Y < dL < dL §92V'S.

2. VMRYE, > VMR ¥, -The peak concentration is located close to the measuring site

and is approximatelydL 2"V

3. VMRY5, = VMRRY, The NO, concentration is homogenously distributed along the
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line of sight.

This dataset was used to validate TROPOMI columns averaging all satellite pixels that
lied within the retrieved e ective path lengths and between one hour before and after the
TROPOMI overpass time. Comparisons were made between using a set of measurements
with a single azimuth direction and the full dual scan measuring strategy and showed an
increase in correlation between satellite and ground measurements with an estimated correla-
tion coe cient rising from the 0.25{0.72 range for all seasons to 0.60{0.85; this demonstrates

that averaging more azimuth directions result in more accurate validation of satellite pro les.

Ground measurements can also be used to resolve inhomogenities in satellite data. Pinardi
et al. [29] used 23 stations that performed MAX-DOAS retrieval at various locations world-
wide, as well as 16 Pandora instruments that were performing direct sun retrieval as part of
the Pandonia Global Network over di ering time periods between 2004 and 2018; retrievals
were made within the tting window of 405{465nm to match satellite windows. Comparisons
were made to OMI and GOME-2A satellite data on days with a cloud fraction below 0.5
with satellite data within a 50km radius of each measuring site. To resolve inhomogenities
within each satellite's pixels, a dilution correction function was applied to the satellite data
set. This radially dependent function was based on ground measurements and described the
radial dependence of normalized ground VCD's by dividing the retrieved VCD as a function

of radius from the measuring site by ¢ the VCD at the measuring site.

Fai (R) = V CDno,(R)=V CDyo,(0) (2.12)

The satellite VCD was then divided by the dilution correction function. This function how-
ever relies on the assumption that the inhomogenities of troposphefitO, distribution are

radial in nature relative to the ground station, which is almost never actually the case. There
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is however improved agreement in locations wheMO, emission is more homogeneously dis-
tributed, such as in suburban areas. Regardless, the application of the dilution correction

function was able to signi cantly improve validation results.

Comparisons between ground measurements and chemical transport models can also be used
to resolve inhomogenities that satellite data will miss. lalongo et al. [19] used a compari-
son between ground based Pandora direct sun measurements and VCD's derived from the
CAMS chemical transport model in Helsinki, Finland, 2018. TROPOMI data was averaged
within 5km and one hour of the TROPOMI overpass time and a Visible light tting win-
dow was used for ground retrievals, and 405{465 nm for TROPOMI retrievals. In order to
resolve tropospheric inhomogenities, the the ratio between the tropospheric VCD retrieved
from TROPOMI and the tropospheric VCD retrieved from CAMS was multiplied with the
TROPOMI tropospheric VCD as a correction factor; this corrected tropospheric VCD could
then be added with the stratospheric VCD retrieved with TROPOMI data to make a cor-
rected TROPOMI total VCD. WHile the total VCD was overestimated at low concentrations

of NO,, the total VCD was underestimated at higher concentrations, which suggests that
the stratospheric VCD's retrieved are being overestimated, while tropospheric VCD's are in

agreement.

Similarly, Drosoglou et al. [10] also used a chemical transport model to resolve inhomogenities
in the Thessaloniki area, Greece between 2014 and 2015. Ground measurements consisted of
direct sun measurements and o axis MAX-DOAS o set 80 from the solar azimuth angle,

and at 2, 3, 4, 5, 8, 10, 12, 15, 30 and 43enith angles; ground measurements were made at
three di erent locations, one rural, one suburban and one urban. To simulatd O, VCD's,

the CAMx photochemical dispersion model was used, the OMI and GOME VCD's were
divided by the simulated VCD's to formulate an adjustment factor, which was multiplied

with the satellite VCD's to resolve inhomogenities. For ground measurements, a tting



28 Chapter 2. Introduction

window of 400-440nm was used, and satellite pixels within a radius of 25km for OMI pixels
and 50km for GOME pixels were averaged together for comparisons. The adjustment factor
was shown to improve agreement between ground and satellate data best at the rural site,

which suggests it is a good method of resolving inhomogenities that a satellite will miss.

Zhao et al. [51] employed a similar method, however wind data was used to resolve inho-
mogenities in Toronto, Canada in 2019. Four Pandora ground stations were used, two at an
urban site, one at a suburban site and one at a rural site; all took direct sun measurements
with a visible spectrum tting window used for retrieval. Data from the TROPOMI and OMI
spacebourne sensors were used, with data between 10 minutes of each satellite's respective
overpass time and within 10km of each measuring site was used for validation. The wind data
was rst used to resample tropomi data by employing a pixel rotation method that aligned
each pixel so that the wind direction and two of the ground stations were aligned vertically.
Then, the data was resampled along the entire vertical length and 5km horizontally on either
side of the vertical. In addition to resolving inhomogenities, this method can analy2¢O,
concentrations that are upwind and will either arrive into the measuring area after satellite
overpass, as well as downwind concentrations that have just left the measured region before
the overpass. This analysis o sets the need for a su ciently large sample time, since the
data can analyze where concentrations have come and gone, which is convenient since this
method requires a su ciently small sample time to properly resolve changes in wind speed
and direction. While this method o ered no speci c improvement to satellite validation, it
was able to resolve local pollution sources as well as regional pollution transport patterns

that satellite data would most likely miss.

These previous works suggest that satellite validation improves when ground based instru-
ments measure in more azimuthal directions. The reason for this is quite apparent: let's

say that an instrument is performing direct sun measurements next to a busy highway, and
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Table 2.2: Summary of DOAS Satellite Validation

Satellites Validated Location Measuring Strategy  Azimuth Angles Zenith AnglesNO, Fitting Window
Chan et al. [7] TROPOMI, OMI  Munich, Germany Fixed Azimuth 0, 90, 135, 2,3,4,5, 405-465nm
MAX-DOAS 180, 225, 270, 6, 8, 15,
315 30, 90
Dimitropoulou et al. [9] TROPOMI Uccle, Brusels Dual Scan 11, 25, 32, 0,123, 425-490nm

MAX-DOAS 62.5, 105, 262.5, 4,5, 6,8,
305, 353, 344 12, 30, 90

Pinardi et al. [29] GOME-2A, OMI Global PGN Composite and Various Various 405-465nm
Dilution Correction
Drosoglou et al. [10] OMI, GOME-2 Thessoloniki, O -Axis 80 o set 2,3,4,5, 400-440nm

Greece (Rural, MAX-DOAS from SAA 8, 10, 12,
Suburban, Urban) 15, 30 45

Zhao et al. [51] OMI, TROPOMI  Toronto, Canada Direct sun and Direct Sun Direct Sun 400-4405nm

(Rural, Urban, Wind Correction
Suburban)

the SZA throughout the day has the station pointing over the road. The ground station
will be measuring emissions from the road exclusively, and with its limited eld of view, the
ground based instrument will only measure a small portion of the highway at any point in
time. However the satellite pixel that measures the road as well will also measure the area
surrounding it that is not emitting NO,. Since the satellite is limited by its eld of view in
this regard, it is unable to resolve pollution sources within each pixel, instead it sees a com-
posite measurement of alNO, that is contained within the square pyramid of atmosphere
that lies within the pixel's eld of view. It is evident that satellite measurements will appear

to be vastly di erent from ground measurements; the sun only moves 1®very hour which

is not enough to cover the highway, let alone the same area as the satellite pixel. Therefore,
in order to improve ground-based validation of satellite measurements, a sampling strategy
must be developed that can approximately measure a similar air volume as the satellite

measurements to be validated.
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Methodology

Passive satellite air quality instruments measure backscattered solar radiation where the
retrieval has to account for the photon path down and up through potentially di erent air
masses and over a relatively large area (e.g. for TROPOMI 3.5 x &f? at nadir). Ground-
based instruments typically detect photons within a narrow solid angle either by pointing
towards the sun or at a limited number of stationary azimuth angles (multi-axis sky scans).
The average photon path length in either case depends on the photon wavelength due to
molecular Rayleigh scattering and due to Mie scattering by aerosols and clouds. As a result
a careful consideration of the sampling di erences should be taken into account when using

ground based measurements for satellite product validation.

This thesis examines the advantages of a fast multi-azimuthal sky scan approach to satellite
product validation with an emphasis on tropospheric column measurements only using the
MAX-DOAS technique in 1) rural area (Blacksburg, VA, USA) and 2) heavily polluted

metropolitan area (Rotterdam, the Netherlands).

The main instrumentation used in this study to measureN O, spatial and temporal distri-

30



31

bution is the Pandora spectroscopic system described in Sec (2.1.6). The main approach
consists of fast measurements at 3 elevation angles {13(° and 9C¢°) and at multiple xed
azimuth angles relative to the Sun (on both "sides" of the Sun). The main motivation for
the o set from the Sun (> 6(°) is to reduce retrieval dependency on the knowledge about

the aerosols at small relative azimuth angles.

The following sections will describe in detail the methodology to evaluate the e ect of spatial

sampling on satellite validation:

Rural Blacksburg, VA, USA:

~ Location and instrumentation
~ Measurement schedule

" Data analysis: 1) DOAS tting; 2) Direct sun total column analysis; 3) MAX-DOAS
tropospheric column analysis (including VCD calculation, estimation of horizontal path
and cloud screening); 4) comparison between tropospheric columns from 2 observation
geometries; 5) temporal and spatial variability; 6) comparison between observation

variability and satellite NO, measurement precision.

Urban polluted Rotterdam, the Netherlands:

A

Location and description of TROLIX-19 campaign
" Measurement schedule

" Data analysis: 1) DOAS tting; 2) MAX-DOAS tropospheric column analysis (includ-
ing VCD calculation, estimation of horizontal path and cloud screening); 3) temporal
and spatial variability simulated by a chemical transport model (including description

of the model); 4) e ect of volume sampling on MAX-DOAS and satellite measurements
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