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ABSTRACT

SPATIOTEMPORAL VARIABILITY OF PEROXY ACYL NITRATES (PANS) OVER
MEGACITIES FROM SATELLITE OBSERVATIONS

Peroxy acyl nitrates (PANs) are photochemical pollutants with implications for health and at-
mospheric oxidation capacity. PANs are formed via the oxidation of non-methane volatile organic
compounds (NMVOCs) in the presence of nitrogen oxide radicals (NO, = NO + NO,). PANs
serve as reservoir species and sources for NO, in outflow regions of megacities, facilitating Os
production downwind. While urban environments are large sources of PANs, in-situ observations
in urban areas are generally limited. Here we use satellite measurements of PANs from the Tro-
pospheric Emission Spectrometer (TES) and the S-NPP Cross-Track Infrared Sounder (CrIS) to
evaluate the spatiotemporal variability of PANs over and surrounding 9 megacities: Mexico City,
Beijing, Los Angeles, Tokyo, Sdo Paulo, Delhi, Mumbai, Lagos, and Karachi. We use monthly
mean values of PANs to determine the seasonal cycle within the urban center of megacities. We
find pronounced seasonal cycles of PANs in megacities and seasonal maxima in PANs correspond
to seasonal peaks in local photochemical activity. Local fire activity can explain some of the ob-
served interannual variability in PANs over and around megacities. We use S-NPP CrlIS data to
probe the spatial outflow pattern of PANs produced within urban Mexico City during the month
with the largest mixing ratios of PANs (April). Peak outflow in April occurs to the northeast of the
city and over the mountains south of the city. Outflow to the northwest appears infrequent. CrIS
is used to further explore changes in PANs associated with substantial declines in megacity NO,
in response to the COVID-19 pandemic. We only identify two cities over which PANs changed
significantly in response to NOy perturbations: Beijing and Los Angeles. This work demonstrates

that the space-based observations provided by CrIS and TES can increase understanding of the
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spatiotemporal variability and sensitivity to precursor emissions of PANs over and around global

megacities.
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Chapter 1

INTRODUCTION

Megacities are large metropolitan areas with greater than ten million residents (Gurjar and
Lelieveld, 2005). As of 2018, roughly 55 percent of the world’s population resided in urban areas
and this is expected to increase to over 60 percent by 2030 (UN/DESA, 2018). Megacities have
become important sources of air pollutants, and these emissions contribute to regional and global
trace gas budgets as plumes emitted in megacities are redistributed away from source regions, with
implications for regional air quality and photochemistry (Mage et al., 1996; Gurjar and Lelieveld,

2005; Madronich, 2006; Lawrence et al., 2007; Butler and Lawrence, 2009; Molina, 2021).

1.1 PEROXY ACYL NITRATES (PANs)

> PAN
PAN Long-range transport downwind
(CH;C(O)O,NO,) of megacities
thermal
decomposition
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Figure 1.1: PAN is formed in polluted environments and acts as a reservoir for NOy species in the atmo-
sphere. In this example, we consider the NOy source region to be a megacity. This figure has been adapted
from Daniel Jacob’s Introduction to Atmospheric Chemistry.



Peroxy acyl nitrates (PANs) are important photochemically-produced species that are formed
alongside ozone (Oj3) in polluted environments by the oxidation of non-methane volatile organic
compounds (NMVOC:s) in the presence of nitrogen oxides (NO, = NO + NO,) (Figure 1.1) (Singh
and Hanst, 1981; Singh et al., 1986; Gaffney et al., 1986; Roberts, 2007; Fischer et al., 2014). PANs
cause a suite of health effects. It is a respiratory and eye irritant (Smith, 1965; Altshuller, 1978;
Vyskocil et al., 1998), and it acts as a phototoxin (Taylor, 1969; Shepson et al., 1986; Kleindienst
et al., 1990). PANs are considered to be a sensitive tracer of photochemistry (e.g., Rappengliick
et al., 2003). Formation and decomposition of PANs can impact the production of O3 (e.g. Steiner
et al., 2010), the production of PANs acts as an indicator of regional photochemistry (Sillman
and West, 2009), and the concentration of PANs can be used to gauge effectiveness of Os-control
strategies (Gaffney et al., 1986). PANs respond to precursor emissions non-linearly and have been
shown to be differentially more sensitive to changes in NMVOC:s than to changes in NO, (Fischer
et al., 2014).

The lifetime of PANs against thermal decomposition is strongly dependent on air mass temper-
ature, where PANss are thermally unstable in the lower troposphere (lifetime on the order of hours at
20°C), but have a lifetime > 1 month at temperatures characteristic of the mid-troposphere (Hon-
rath et al., 1996). When transported from polluted continental regions to the remote troposphere,
PANS serve as the principal reservoir species for NOy and can contribute to efficient production of
downwind Oz in NO, limited conditions (Zaveri, 2003; Fischer et al., 2010; Mena-Carrasco et al.,
2009; Fischer et al., 2014). The distribution of O3 in the remote atmosphere would be substantially
different without PAN chemistry (e.g., Jiang et al., 2016). There have been major changes in NO,
and VOC emissions in urban areas in the recent decades (Schneider et al., 2015; Borbon et al.,
2013; Hilboll et al., 2013; Georgoulias et al., 2019) elevating the need for continued and extended
observations of photochemically-relevant species in urban regions. In situ measurements of PANs
have been collected for select urban areas for select seasons (Gaffney, 1986; Gaffney, 1999; Lee
et al., 2008; Lee et al., 2013; Wang et al., 2014; Zhang et al., 2014; Zhang et al., 2015; Qiu et al.,

2019; Qiu et al., 2020a; Qiu et al., 2021), though observations are generally sparse.



1.1.1 BRIEF PAN CHEMISTRY:

PAN is produced by the reversible reaction of the peroxyacetyl (PA) radical (CH;C(O)0O0)
with NO,:

CH;C(0)0O0 + NO, +M —= PAN+M

Where M is some third body in the reaction, typically N, or O,. On a global scale, the domi-
nant sources of the PA radical are the oxidation of acetaldehyde (CH;CHO) and the photolysis of
acetone (CH3C(O)CHj3) and methylglyoxal (CH;COCHO):

CH;CHO + OH SN CH;C(0)O0 + H,O

CH;C(O)CHj; + hv —2 CH;C(0)0O + CHs

CH;COCHO + hv SEAN CH;C(0)O0 + HCO

These three precursors are all both directly emitted (primary sources) and produced in the
atmosphere via oxidation of primary emissions of NMVOC:s (secondary sources). The distribution
of primary emission versus secondary formation varies by location and season. Other peroxy acyl
nitrates (RC(O)OONO.) are similarly formed by the oxidation of NMVOC:s, but their yields and
abundances are much lower than for PAN, which typically accounts for 75-90% of the total peroxy
acyl nitrate species (Fischer et al., 2014; Roberts, 2007; 1998; 2002; Wolfe et al.).

The main sink of PAN is thermal decomposition (reverse of the first reaction). The effective
lifetime of PAN depends on whether or not the PA radical reacts with NO, to reform PAN, or reacts
with another species (typically NO or HO,), which would lead to a permanent loss of PAN (Fischer
et al., 2014). Other loss pathways for PAN include dry deposition and photolysis, however, these

account for only 1.2 % and 1.8 % of the global PAN sink, respectively (Fischer et al., 2014).

1.2 SATELLITE OBSERVATIONS OF PANs

PANs have absorption features in the thermal infrared that can be readily measured with space-
borne spectrometers. Limb-sounding satellite observations have provided global-scale information
on PAN in the upper troposphere and lower stratosphere with high vertical resolution and sensitiv-

ity (Glatthor et al., 2007; Moore and Remedios, 2010; Wiegele et al., 2012; Tereszchuk et al., 2013;



Pope et al., 2016; Ungermann et al., 2016), but the limb-viewing geometry is not well suited to eval-
uation of urban influences on the free-troposphere. Nadir-viewing observations of PAN have been
reported from the Tropospheric Emission Spectrometer (TES) (Payne et al., 2014), the Infrared
Atmospheric Sounding Interferometer (IASI) (Franco et al., 2018) and the Cross-Track Infrared
Sounder (CrIS) (Payne et al., 2022). These nadir observations have shown large enhancements in
PAN associated with fires (Alvarado et al., 2011; Clarisse et al., 2011; Juncosa Calahorrano et al.,
2021) and have so far been used to shed new light on the role of fires, PAN precursor emissions,
dynamics on the global distribution of PAN, and on long-range transport of O3 ( Zhu et al., 2015;
Zhu et al., 2017; Payne et al., 2017; Jiang et al., 2016; Fischer et al., 2018). The TES record in-
cludes a set of targeted special observations over megacities between 2013 and 2015 (Cady-Pereira
etal., 2017). Further details are provided in Chapter 2. The spatial and temporal coverage routinely
provided by the TASI and CrIS meteorological sounders offers rich opportunities for examination
of wider spatial context and long-term variation of PAN around megacities.

For various reasons, direct comparisons of the TES, IASI and CrIS products discussed above
would be challenging. The three instruments have different noise characteristics, spectral coverage
and spectral resolution, which have affected choices made for different algorithms. The TES PAN
retrievals utilized the PAN spectral feature centered around 1150 cm™*, while the IASI observa-
tions used a larger spectral range that includes multiple PAN spectral features. The CrIS observa-
tions have made use of a spectral feature centered around 790 cm™~!. This spectral feature appears
in the IR spectra of all PANs at essentially the same frequency. Thus, the CrIS measurements re-
ported are for all PANs (i.e., they include propionyl peroxy nitrate (PPN; CH;CH,C(O)OONO,),
methacryloyl peroxy nitrate (MPAN; CH,C(CH3)C(O)OONO,), etc.) in addition to peroxy acetyl
nitrate (PAN; CH;C(O)O,NO,). The IASI PAN product described by Franco et al. 2018 utilizes
a neural network approach to retrieve PAN total column densities, while the TES and CrIS prod-
ucts cited above utilize an optimal estimation approach to retrieve profiles of volume mixing ratio
(vmr), which have then been used to calculated free-tropospheric averages. The TES and CrIS

PAN products share a common algorithm heritage, though there are some important differences,



as discussed above and in Chapter 2. In this thesis, I use the targeted TES megacity observations
to provide a view of PAN over megacities worldwide, and use CrIS observations to focus in on
the local metropolitan areas and immediate surroundings. These data sets are further discussed in

Chapter 2 below.

1.3 PANs OVER MEXICO CITY

Mexico City is one of the world’s largest megacities with a population greater than 20 million
and is well known for its high levels of pollution and reduced visibility (Molina and Molina, 2002).
The Mexico City Metropolitan Area (MCMA) is situated at a high altitude in the tropics (2240 m;
19.43° N, 99.13° W), and it is surrounded on three sides by mountains with a wide-open basin to
the north and a mountain passage to the southeast (Chalcho passage) (Figure 1.2). The MCMA
is particularly prone to poor air quality given the regional topography, frequently weak synoptic

forcing, and emissions from a variety of sources (see Molina et al., 2007 and references within).
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Figure 1.2: Elevation map of the Mexico City region. The red star denotes the center of Mexico City and
the pink box represents the area averaged to create monthly means used throughout the analysis. Colored
boxes represent regions of potential pollutant outflow further shown in Fig. 4.



During the mid 1980s and 1990s, Mexico City was ranked as the most polluted megacity in
the world with all criteria pollutants exceeding air quality standards for human health (UNEP and
WHO, 1992). Pollutants of concern include O3, fine particulate matter (PM), NO,, and volatile
organic compounds (VOCs). In addition to monitoring by the Mexico City atmospheric monitoring
system (Sistema de Monitoreo Atmosférico or SIMAT), there have been a number of other efforts
to observe and attribute regional photochemistry using in situ measurements. Analysis of field
campaign datasets (e.g, MCMA-2003 and MILAGRO-2006; Molina et al., 2007 and Molina et al.,
2010) indicate that O3 formation is often VOC-limited in the urban core and largely NO,-limited
in the surrounding area (Lei et al., 2007; Lei et al., 2008; Tie et al., 2007). The extent of NO-
versus-VOC limited regions is dependent on meteorological conditions (Lei et al., 2008; Song
et al., 2010).

PANs may play an important role in diagnosing aspects of photochemistry within the MCMA
and determining the scale over which the MCMA impacts atmospheric composition. The high
elevation (Figure 1.2) and tropical latitude of the MCMA makes for intense sunlight to the area
year round, supporting efficient production of PANs given an abundance of precursors (Bravo
et al., 1989; MARI, 1994; Streit and Guzman, 1996; Fast and Zhong, 1998; citations from Marley
et al., 2007; Lei et al., 2007; Tie et al., 2007; Lei et al., 2008; Emmons et al., 2010). Substantially
elevated PANs have been observed within Mexico City (Bravo et al., 1989; MARI, 1994; Streit
and Guzman, 1996; Fast and Zhong, 1998; Gaftney, 1999; Marley et al., 2007; Lei et al., 2007,
Tie et al., 2007; Lei et al., 2008; Emmons et al., 2010). For example, maximum daily mixing
ratios in 1997 reached 34 ppbv (Gaffney, 1999) and a maximum of 8 ppbv was observed in 2003
(Marley et al., 2007; Molina et al., 2010). O3 production can continue in outflow regions of the
MCMA as PANSs act as a reservoir and source of NO, (Mena-Carrasco et al., 2009). Comparison of
field campaign observations from 2003 and 2006 to observations from 2014 and 2019 indicate that
there have been major changes in Os-relevant VOC sources in the MCMA and oxidized nitrogen

chemistry since the earlier studies (e.g., Lei et al., 2007; Tie et al., 2007; Lei et al., 2008; Zavala



et al., 2020). This points to a need for continued and expanded observations of photochemically-

relevant species in this region, including PANs.

1.4 CHANGES ASSOCIATED WITH COVID-19

To slow the spread of the 2019 novel coronavirus (COVID-19), urban centers across the globe
began shutting down as governments began enforcing travel bans and stay-at-home orders (Chi-
nazzi et al., 2020; WHO, 2020). A consequence of this reduced economic activity was a radical
decrease in the emissions of many primary air pollutants. Reductions in global and regional par-
ticulate matter, NOy, carbon dioxide (CO-), and other trace gases associated with the COVID-19
pandemic have been documented (Bauwens et al., 2020; Miyazaki et al., 2020a; Sharma et al.,
2020; Shi and Brasseur, 2020; Venter et al., 2020; Liu et al., 2021; Miyazaki et al., 2021; Gough
and Anderson, 2022; Odekanle et al., 2022; Zhang et al., 2022a). Less is understood about changes
to secondary pollutants as they respond non-linearly to changes in precursor emissions and their
production also depends on local photochemical conditions (Kroll et al., 2020). For example, both
increases and decreases in surface ozone (O3) have been documented in urban areas during the
COVID-19 pandemic despite decreases in precursor emissions (Le et al., 2020; Sicard et al., 2020;
Shi and Brasseur, 2020; Qiu et al., 2020b; Miyazaki et al., 2021).

PANs have been shown to respond non-linearly to precursor emissions (Fischer et al., 2014).
We aim to quantify the impacts of substantial reductions in tropospheric NO; on the abundance
of PANs over 8 megacities: Mexico City, Beijing, Los Angeles, Tokyo, Sao Paulo, Lagos, and
Karachi.

In the following chapters we present the first detailed analysis of the spatiotemporal variability
of PANs over and around megacitites. Chapter 3 consists of the results from Shogrin et al. 2023
discussing the spatiotemporal variability of PANs in and around the Mexico City metropolitan
area. In Chapter 4 we identify seasonal cycles of PANs over 9 different megacities, and we discuss
the responses of urban PANs to declines in tropospheric NO associated with COVID. In Chapter
5, we discuss our conclusions from Chapters 3 and 4, as well as discuss some of the potential

directions for future work.



Chapter 2
METHODS

2.1 TES OBSERVATIONS

The Tropospheric Emission Spectrometer (TES) is a nadir-viewing Fourier transform spec-
trometer capable of measuring thermal infrared radiances at high spectral resolution (0.06 cm™1).
TES is one of four instruments aboard the NASA Aura satellite, which flies in a sun-synchronous
polar orbit in the NASA Afternoon train (A-train) constellation with equatorial overpass times of
01:30 and 13:30 local time (LT). Aura was launched in July 2004, and the TES instrument took
science measurements between September 2004 and January 2018.

A full description of the TES PAN retrieval algorithm is provided in Payne et al. [2014] and
key details are summarized in Fischer et al. [2018]. We use the publicly available TES v7 Level 2
product (NASA/LARC/SD/ASDC,2017). On a single footprint basis, TES is sensitive to elevated
PAN (detection limit roughly 0.2 ppbv) in the free troposphere with uncertainties between 30-
50 %. The peak sensitivity for TES PAN is typically between 400 and 800 hPa (Payne et al.,
2014), though TES has some degree of sensitivity to elevated PAN in the boundary layer (Fischer
et al., 2018). In general, TES PAN retrievals have about one degree of freedom, meaning that the
retrievals do not contain information on the vertical distribution of PAN. The TES PAN retrievals
are performed using an optimal estimation approach, with the state vector expressed in log (volume
mixing ratio (VMR)). One impact of this is that the degrees of freedom for signal (DOFS) depends
on the amount of PAN present. For the analysis presented below, we use a tropospheric average
from 825 hPa to 215 hPa for retrievals with DOF > 0.6. This criteria ensures that we only include
retrievals dominated by signal in the measurement rather than signal from the prior value. We also
only use retrievals where the PANs desert quality flag > 0.95, as suggested by Payne et al. [2014]
to avoid issues with a silicate feature that occurs in the surface emissivity for rocky/sandy surfaces

and happens to coincide with the location of the 1150 cm~! PAN spectral feature.
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Figure 2.1: Ranked mean PAN in TES megacity transects collected between 2013 and 2015.

Here we use TES “transect” special observations over megacities collected between January
2013 and December 2015. TES has three methods of observation: global survey, step-and-stare
mode, and transect mode. Global survey mode is the nominal observation strategy for TES in
which the instrument makes periodic observations along the satellite track spaced 200 km apart.
In step-and-stare mode the instrument takes nadir measurements every 40 km along the satellite
track for a specified latitude range, and in transect mode TES takes 20 consecutive scans spaced

roughly 12 km apart. An observation strategy focusing on 19 of the world’s megacities was intro-



duced in January 2013 and operated through December 2015. A special observation strategy was
introduced in 2011 in order to preserve the instrument’s lifetime and the megacity transect collec-
tion used here is a part of these special observations. This sampling strategy reduced the number
of sample points globally, but increased the number of retrievals over the selected 19 megacities.
Each TES megacity transect consists of 20 footprints, each footprint 5 by 8 km in size, spaced 12
km apart resulting in relatively dense coverage along the orbit track over a limited area, provid-
ing a chemical snapshot of each megacity roughly every 2 weeks. For each of these megacities,
we calculated the mean tropospheric PAN over all TES transect observations that pass the qual-
ity screening criteria over the 2013 to 2015 observation period. This provides an overall picture
of “high-PAN” vs “low-PAN” cities for this set of observations. Figure 2.1 ranks megacities by
the mean detected tropospheric PAN during the TES megacity sampling period. During this pe-
riod, the highest mean PAN was in Mexico City (average tropospheric PAN mixing ratio of 0.35
ppbv). Thus the MCMA serves as our first case study with new CrIS observations (described in
Chapter 3) given the abundance of PAN, a long history of poor air quality, and the availability of

complementary datasets.

2.2 CrIS OBSERVATIONS

The Cross-Track Infrared Sounder (CrIS) is a nadir viewing Fourier transform spectroradiome-
ter measuring thermal infrared radiances with high spectral resolution (0.625 cm™1). CrlS instru-
ments are currently flying on the Suomi National Polar-Orbiting Partnership (S-NPP) satellite and
on the National Oceanic and Atmospheric Administration (NOAA-20/JPSS-1) satellite as part of
the Joint Polar Satellite System (JPSS). CrIS instruments are planned to be housed on future JPSS
orbiters. Here we use CrIS on S-NPP. CrIS is one of five instruments aboard S-NPP which flies
in a sun-synchronous polar orbit with equatorial overpass times at 01:30 and 13:30 LT. CrIS pro-
vides measurements at 30 crosstrack positions, each with a 3 x 3 array of fields of view (FOVs),
where each field of view has a diameter of 15 km at nadir. Processed CrIS data provides calibrated
and geolocated Level 1B spectra in three bands: 650-1095 cm™! (longwave), 1210-1750 cm™!

(mid-wave), and 2155-2550 cm ™! (shortwave).

10



The PANs feature used in this analysis is located at 790 cm™*

. CrIS retrievals are processed
using the MUIti-SpEctra, MUIti-SpEcies, MUIti-Sensors (MUSES) retrieval software (Fu et al.,
2013; Fu et al., 2016; Fu et al., 2018; Worden et al., 2019) which builds on the optimal estimation
algorithm developed for Aura-TES (Bowman et al., 2006; Beer et al., 2001). One difference from
the TES PAN retrieval algorithm is that the retrievals are done in linear VMR (as opposed to
log). Further details of the CrIS PANs retrieval can be found in Payne et al. [2022]. TES PAN
could be biased high relative to CrIS PANs (Mahieu et al., 2021). In retrievals using ground-based
FTIR measurements covering the spectral regions used by both instruments, Mahieu et al. [2021]
showed that PAN values retrieved using the retrievals using the 790 cm™! spectral feature utilized
by CrIS were bias low relative to those using the 1150 cm™! spectral feature used for the TES PAN
retrievals.

This analysis used the free tropospheric column average volume mixing ratio between 825 and
215 hPa in the summary product files. CrIS sensitivity to PANs peaks in the free troposphere
(roughly 680 hPa) and decreases rapidly near the surface. Payne et al. [2022] show validation
of CrIS PANs observations against aircraft observations over the remote oceans. The validation
suggests a single sounding uncertainty of around 0.08 ppbv that reduces with averaging to an
approximate floor of 0.05 ppbv and demonstrates the ability of CrIS PANSs retrievals to capture
variation in the “background” PANs over remote regions.

CrIS-MUSES single-FOV retrievals of PANs, as well as temperature, water vapor (H;O),
deuterated water vapor (HDO), O3, carbon monoxide (CO), methane (CH,4) and ammonia (NHjs)
are being processed routinely under the NASA Tropospheric Ozone and Precursors from Earth Sys-
tem Sounding (TROPESS) project and are publicly available via the GES DISC. The TROPESS
datasets at the GES DISC include the forward stream, which incorporates both S-NPP and JPSS-1
CrlIS data (Bowman, 2021a; Bowman, 2021b). There are also plans to release a “reprocessing”
dataset, for which the long-term record will be processed with a uniform algorithm version. Due to
constraints associated with algorithm speed and the volume of data from the CrIS meteorological

sounder(s), the TROPESS project is not currently processing all available CrIS radiances. The

11



TROPESS CrIS forward stream data are subsampled using a grid sampling approach where the
region is divided into 0.8 degree latitude x 0.8 degree longitude grid boxes and the single, center-
most target within each box is selected to be included in the dataset. The forward stream dataset
provides both day and night time coverage. The TROPESS datasets also include so-called “special
collections” where the sampling may be tailored to address a particular scientific study (or studies).
Data for this work were processed as part of a special collection, using the v1.12 of the MUSES
algorithm, to provide retrievals for all S-NPP CrIS FOVs for the date range January 2016 to May
2021 in 2 degree by 2 degree latitude/longitude boxes centered on specific megacities. The list of
cities was chosen to match those included in the TES megacity transect set. Note that since the
S-NPP and JPSS-1 CrlS instruments are essentially identical, targeted processing of JPSS-1 CrIS
over megacities is also possible, but has not yet been performed at the time of submission of this
work.

CrIS CO data from the same special collection was also incorporated into this analysis as a
supplementary dataset to contextualize CrIS PANs observations, as CO is an indicator of com-
bustion (both fossil fuel and biomass burning) and it is an oxidation product of VOCs. For this
analysis, we use a tropospheric average of CrIS CO data between 825 and 215 hPa. CrIS can be
more sensitive to CO than to PANs in the lower troposphere (Juncosa Calahorrano et al., 2021).
Details of the CrIS CO retrieval can be found in Fu et al. [2016] and CrIS CO validation against
aircraft observations in Worden et al. [2022]. Note that the TROPESS CrIS CO forward stream is
also available at the GES DISC (Bowman, 2021¢; Bowman, 2021d).

This study used S-NPP CrIS data from January 2016 to May 2021. To be included in this
analysis, CrlS retrievals have to be deemed “good” by the respective master quality flags (CO and
PAN5s), and retrievals meet the additional following criteria as recommended by the developers of
these data (Payne et al., 2022). The first four flags are standard quality flags, and the fifth checks

whether the PANs spectral shape was fit:

1. Radiance Residual RMS (Root Mean Square of the standard deviation) < 5

2. Radiance Residual Mean < 2
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3. Residual Norm Final < 5

4. Quality flag in water vapor files = 1

5. B- A > -0.15 (see Equations 2.1 and 2.2 below)

CrlIS data was filtered based on the radiance files using the following equations to check if

there is an improvement in the standard deviation, where NESR is the Noise Equivalent Spectral

Radiance:
A StandardDeviation(RadianceF'it — RadianceObserved) 2.0
N NESR '
B StandardDeviation(Radiance FitInitial — RadianceObserved) 2.2)

NESR

There was a correction applied to CrIS PANs as suggested by Payne et al. [2022] to correct for
a water vapor-dependent bias (Equation 2.3). Where c is the correction to be added to individual

PANS retrievals and X is the column density of water vapor in units of molecules per cm™—2.

c=0.05+0.035x 1072 x X (2.3)

2.3 ADDITIONAL DATASETS

Given the complexity of PANs chemistry and the variety of sources that contribute to PANs
abundances, we incorporate several other datasets into our analysis to contextualize the PANs

observations.

2.3.1 OZONE MONITORING INSTRUMENT (OMI) OBSERVATIONS

We use Level 3 NO, tropospheric column measurements from OMI on the NASA Aura Satellite
to find periods of anomalous NO, decline associated with COVID in 2020. We use the Quality
Assurance for Essential Climate Variables (QA4ECV) NO, Level 3 product described in Boersma

et al. [2018] as this is the most recent and improved data product. OMI NO, L3 monthly mean
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data used in this study is provided on a global 0.125° x 0.125° grid and can be found on the TEMIS
database (Boersma et al., 2017a).

Level 3 HCHO tropospheric column measurements, also from OMI, are used to contextualize
changes in VOC concentrations in megacities during the period of anomalous tropospheric NO,
change. Space-based observations of HCHO have been used as an indicator of VOC emissions
(De Smedt et al., 2008; Shen et al., 2019). HCHO is also processed using the QA4ECYV algorithm
consistently with the NO, data used in this study. HCHO L3 monthly mean data is also provided
on a global 0.125° x 0.125° grid and can also be found on the TEMIS database (De Smedt et al.,
2017).

2.3.2 SURFACE Oj3

Surface O3 and (NO, data) included here are from the environmental government network of
Mexico City (Red Automatica de Monitoreo Atmosférico, RAMA) (RAMA, 2020). We include
monthly means of day time averages for all of the surface sites within the Mexico City Metropolitan

Area (MCMA) in the analysis presented below.

2.3.3 MODIS AND VIIRS FIRE RADIATIVE POWER

We also use observations of fires from the Moderate Resolution Imaging Spectroradiometer
(MODIS) on both the Terra and Aqua satellites for fire counts and fire radiative power (FRP) to
assess the seasonal peak in local fire activity. The MODIS Active Fire product is provided by
the Fire Information for Resource Management Systems (FIRMS) (doi:10.5067/FIRMS/MODIS/
MCD14ML). The data is processed by MODIS Adaptive Processing System (MODAPS) using the
enhanced contextual fire detection algorithm into the Collection 5 Active Fire product. Algorithm
description for the MODIS Active Fire product can be found in Roy et al. [2008]. There are two
MODIS instruments in orbit, one on the NASA Terra satellite and one on the NASA Aqua satellite.
Aqua flies in the NASA A-train constellation with local overpass times of about 01:30 and 13:30.
Terra has an overpass time of about 10:30 LT. MODIS fire data has 1 km resolution. MODIS active

fire products are not available for May 2021 on the FIRMS archive, thus we also use observations
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of fires from the S-NPP Visual Infrared Imaging Radiometer Suite (VIIRS) (doi:10.5067/FIRMS/
VIIRS/VNPI4IMGT _NRT.002). A comparative strength of VIIRS is the ability to detect smaller
fires (Li et al., 2018; Wei et al., 2018), leading to a consistently higher fire count than MODIS.

MODIS and VIIRS FRP data were filtered using only retrievals with > 80 % confidence level.

2.3.4 CHEMICAL REANALYSIS PRODUCT

We used the global chemical transport model, MIROC-CHASER (Sudo et al., 2002; Watan-
abe et al., 2011; Sekiya et al., 2018), to explain the 3-dimensional distribution of PAN, including
the relative contributions of different NO, emission sources. The model calculates tracer trans-
port (advection, cumulus convection, and vertical diffusion), emissions, dry and wet deposition,
and chemical processes (92 species and 262 reactions) of chemical species in the troposphere and
stratosphere at 1.125° horizontal resolution. Lightning NO, sources were calculated in conjunction
with the convection scheme of MIROC-atmospheric general circulation model (AGCM) (Watan-
abe et al., 2011) using the Price [1992] scheme. The meteorological fields were calculated using
the MIROC-AGCM, in which the simulated meteorological fields were nudged to the six-hourly
ERA-Interim reanalysis data.

NO, emissions for 2016-2019 were obtained from an assimilation of multi-species satellite
observations (ozone, CO, NO,, HNOj3, and SO,) in the Tropospheric Chemistry Reanalysis ver-
sion 2 (TCR-2) framework (Miyazaki et al., 2020b; https://doi.org/10.25966/9qgv-fe81). The tro-
pospheric NO, column retrievals from the QA4ECYV version 1.1 level 2 products for OMI and
GOME-2 (Boersma et al., 2017b, Boersma et al., 2017¢) were used to constrain NO, emissions. A
priori emissions were obtained from HTAP version 2 for 2010 (Janssens-Maenhout et al., 2015),
Global Fire Emissions Database (GFED) version 4 (Randerson et al., 2018), and the Global Emis-
sions Inventory Activity (Graedel et al., 1993) emissions. The data assimilation optimizes only
the combined total emission. After the data assimilation, the ratio of different emission categories
within the a priori emissions was applied to the estimated emissions to obtain the a posteriori
emissions for each sector separately. The quality of the reanalysis fields has been evaluated against

independent observations for various chemical species on regional and global scales (Miyazaki
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et al., 2020b). NO, emissions for 2020 used in our analysis are estimated using business as usual
(BAU) emissions added to the estimated COVID-19 emissions anomaly as described in Miyazaki

et al. [2021].
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Chapter 3

SPATIOTEMPORAL VARIABILITY OF PANs OVER AND

AROUND MEXICO CITY

3.1 SPATIAL DISTRIBUTION OF PANs OVER MEXICO CITY
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Figure 3.1: Maps demonstrating PANs enhancements around urban Mexico City. Monthly mean TES
transects (n = 2) are shown for (a) April and (b) August 2015, and monthly averaged gridded CrIS PANs are
shown for (c) April and (d) August 2016. CrIS PANs are plotted as a function of latitude for (e) April and
(f) August. The latitude bounds of the urban Mexico City box shown in panels a-b and Fig. 1 are denoted

by pink dashed lines in panels c-f. The Mexico City center is denoted by gray dashed lines. White pixels
show grid boxes with data that has been filtered out.

Figure 3.1 presents! the spatial extent of the PANs enhancement around urban Mexico City.
April and August are plotted because these are the two seasonal maxima in MCMA free tropo-
spheric PAN from TES (not shown) and PANs from CrIS (see Figure 3.4 and later discussion).

Figure 3.1a and 3b show the spatial extent of MCMA PAN from monthly averaged TES transects

'Results from this chapter are published in the Journal of Atmospheric Chemistry and Physics, Shogrin et al. 2023
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(n = 2). The limited spatiotemporal and irregular temporal sampling by TES combined with the
day-to-day variability in PAN limits the utility of monthly averages within the TES dataset for
individual months. Figure 3.1c and 3d show clear PANs enhancements in monthly mean gridded
CrlS data. Figure 3.1e and 3f show north-to-south slices of the data presented in Figure 3.1c and
3d. These panels show that the spatial extent of free tropospheric average PANs > 0.2 ppbv covers
0.5 degrees latitude (roughly 50 km) in April. This is less well-defined in August, but this distance
is comparable to the diameter of the Mexico City basin (Molina et al., 2009). Thus Figure 3.1
demonstrates that the spatial resolution of CrlS is sufficient to determine the size of urban tropo-
spheric PANs enhancements during specific seasons. Figure 3.1e and 3f also confirm that there is
a localized peak in free tropospheric PANs collocated with the center of Mexico City, consistent
with local production of PANs within the MCMA city limits.

The regional topography of the MCMA drives the meteorological transport patterns in the city.
Previous studies show that thermally-driven mountain-valley flows contribute to most of the day-
to-day variability in surface wind speed and direction, rather than circulations at the synoptic-scale
(Fast and Zhong, 1998; Doran and Zhong, 2000; de Foy et al., 2005; 2006; 2008; Lei et al., 2007;
Lei et al., 2008; Zavala et al., 2020). Intense vertical shear of these thermally-driven flows lead to
recirculation of air within the MCMA basin. Near-surface convergence zones due to momentum
down-mixing of thermally-driven wind and light synoptic winds aloft can lead to the accumulation
of pollutants in the basin. However, the MCMA basin has relatively effective venting through
the Chalcho passage to the southeast and northern plateau leading to little day-to-day pollutant
accumulation (Zavala et al., 2020). Prior work has shown that on average the air quality "footprint"
of MCMAA is fairly local as air transported out of the basin is diluted quickly (e.g., Mena-Carrasco
et al. [2009]; Emmons et al. [2010]). However, PANs are an exception because they can act as
reservoirs and sources of NO, to increase downwind O3 production. For example, during March
2006 a plume containing elevated NOy species was observed at about 900 km downwind in the
northeast outflow direction (Mena-Carrasco et al., 2009). Next we explore PANs in the most

common outflow regions around Mexico City.
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Figure 3.2: (a) Potential air pollutant outflow regions for the Mexico City basin (colored squares) plotted
over monthly mean gridded CrIS PAN for April 2016-2021, (b) boxplots of daily CrIS free tropospheric
PANs measurements within the boxes shown in (a). The orange lines and purple circles represent the median
and mean respectively. The whiskers represent the standard deviation of daily CrlIS free tropospheric PANs
measurements.

Figure 3.2a denotes sub-regions within the CrIS data processing area around Mexico City. The
regions denoted by NW, NE, S, and SE represent potential pollutant outflow regions for Mexico
City, and our choice of regions is informed by the common patterns of pollutant outflow identified
by de Foy et al. [2006] for the 2006 MILAGRO (Megacity Initiative: Local and Global Research
Observations) field intensive. Figure 3.2b presents boxplots of daily CrIS free tropospheric PANs
values within these regions. Together, these two panels show that there are more days with higher
PANSs in the region located to the northeast of Mexico City (yellow box) and in the region that
encompasses the mountains south of the city (light purple box). These two regions appear to be
the dominant directions of PANs outflow in MCMA in April. Our analysis implies that outflow of
PANSs to the northwest (magenta box) is infrequent, however, the lower values of PANs in the box
could also be due to loss due to a longer transport area from the city center into this region. This
box was chosen to represent the region to the NW of the urban area that is not influenced by the
surrounding mountains (see Fig. 1). The largest spread in daily average PANSs is over the southeast
Chalco Passage (dark purple box). Figure 3.2 is largely consistent with the findings of de Foy

et al. [2006]; [2008], and Emmons et al. [2010]. Pollutants can be transported out of Mexico City
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to the northeast, channeled through the southeast, or vertically injected out over mountains to the

southwest, depending on meteorological conditions present.

3.2 SEASONAL CYCLES OF PANs OVER MEXICO CITY
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Figure 3.3: (a) Monthly mean gridded CrIS PANs over Mexico City. The boxes indicate the locations
chosen to illustrate the urban Mexico City PANs (pink) enhancement compared to the “nearby background”
(orange). The background box is confined by (18.99° N, 99.84° W, 18.49° N, 99.34° W) and the urban
Mexico City box is confined by (19.15° N, 99.40° W, 19.65° N, 98.9° W). (b) Monthly mean urban and
background mean CrIS free tropospheric PANSs for the period January 2016 to May 2021.

Figure 3.3 contrasts PANs over a region only rarely impacted by direct outflow from Mexico
City to the PANs observed directly over Mexico City. Figure 3.3a presents monthly gridded mean
PANs for the period 2016-2021. The orange box in the “December” panel surrounds an area
with consistently low free tropospheric PANs mixing ratios. We refer to this area as “nearby
background” PANs conditions here. This is the same background region shown in Figure 3.2.
Figure 3.3b presents a time series of monthly averaged CrIS PANs values within the two respective
boxes shown in Figure 3.3a. Based on this Figure, PANs are always greater over the urban area

than in the “nearby background”. On average, over the period 2016-2021, the difference between
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urban and background free tropospheric PANs is greatest in April and reaches a minimum in the
winter months of October, November, and December. During these winter months, the difference
between urban and nearby background free tropospheric PANs is roughly 100 pptv. The nearby
background PANs have a seasonal maximum in May, and this is consistent with the March-April-
May peak in local fire activity (Yokelson et al., 2007; 2009; 2011). Background enhancements in
July and August were not explored at the time of this work, however, model results included in the
Supplemental Information (SI) indicate a seasonal enhancement in PANs aloft at this time that is

associated with both natural and anthropogenic NO,. sources (Figures 3.5 and 3.6).
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Figure 3.4: Seasonal cycle of CrIS free tropospheric PANs, RAMA surface Oz, CrlIS free tropospheric
CO, MODIS fire counts (solid; 2016-2020), VIIRS fire counts (dashed) and OMI HCHO columns for urban
Mexico City from 2016-2021. MODIS and VIIRS fire counts are constrained by (20.12° N, 100.40° W,
18.36° N, 98.44° W) . All other species are constrained by the urban Mexico City box defined in Figure 3.3.

Figure 3.4 displays the seasonal cycle of PANs from 2016-2021. The maximum in PANs over
urban Mexico City occurs in April. Surface O3, CrIS free tropospheric column mean CO, MODIS
and VIIRS fire counts, and tropospheric column OMI HCHO have co-occurring peaks in March,
April and May. Mexico City experiences a wet and a dry season. November through February

is typically characterized by cool and dry conditions as anticyclonic westerly winds bring dry
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air to the region. This is followed by a warm, dry season from March to May; followed by a
rainy season that typically lasts from May through October (Molina et al., 2009). The warm, dry
season is characterized by high pressure systems with clear skies, weak wind, and intense solar
radiation promoting photochemical production of O3 and other oxidants (Molina et al., 2019).
Weak winds during the warm, dry season promote stagnation of pollutants near the southern area
of the basin (Molina et al., 2019; Zavala et al., 2020). The observed seasonal maxima in surface
O3 and tropospheric column OMI HCHO occur during this period (Figure 3.4). Lei et al. [2009]
show that secondary HCHO dominates the HCHO budget in the afternoon when the observations
shown here were collected. Maxima in CrIS free tropospheric CO and MODIS fire counts occur in
April and May. Local fire activity during these months contribute to increased local tropospheric
CO abundances (Tzompa-Sosa et al., 2016; Yokelson et al., 2007; 2009; 2011). Note that the
region included in Figure 3.4 may not encompass all the fires that impact the larger Mexico City
region. It represents the local fire activity only. The rainy season is typically characterized by
lower CO and O3 mixing ratios; however, O3 production continues throughout the year as intense
photochemical reactions can occur prior to afternoon precipitation in the rainy season (Molina
et al., 2019). Elevated O3 mixing ratios can occur throughout the year in the MCMA due to
its subtropical latitude and high elevation (Molina and Molina, 2002), though over 60 % of the
O3 episodes in Mexico City (i.e., exceedances to the 1-hour standard of 95 ppbv) occur during
the warm, dry season (see Jaimes-Palomera et al. and references therein). Note that there is a
secondary peak in PANs in July and August that is not associated with an similar increase in surface
Ogs. This suggests that the PANs observed by CrIS over this region may not only be associated with
local surface photochemistry but PANs aloft (Figure 3.5). Model results included in section 3.3
indicate that there are multiple NOy sources, including anthropogenic, soil, biomass burning, and
lightning, that contribute to this feature, and the PAN enhancement is located higher aloft (i.e. at
400 hPa versus 750 hPa).

The next section discusses results from model simulations of PAN over Mexico City in 2017.

Model simulations were ran by co-author Dr. Kayuzaki Miyazaki.

22



3.3 SIMULATIONS OF PAN OVER MEXICO CITY
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Figure 3.5: Seasonal changes of monthly mean PAN concentrations (in ppbv) at 750 (b) and 400 hPa (a)
over MCMA in 2017 simulated by the CTM (black lines). Results from sensitivity calculations by using
each NOy emission separately are also shown by color lines.

The CTM model simulations were used to provide an extended picture of PAN variations over
the MCMA region, including its vertical profiles and attributions to different emission sources.
The general seasonal pattern of the simulated PAN in the troposphere, with a clear maximum
in boreal spring in the lower troposphere (up to 1.2 ppb at 750 hPa) (Figure 3.5a), is generally
consistent with the observed changes in average tropospheric PAN mixing ratio from CrIS (Figure
3.4). Meanwhile, the simulated PAN reveals different seasonal patterns between the lower and
upper troposphere, with a maximum concentration of 0.25 ppb in July in the upper troposphere (at

400 hPa) (Figure 3.5b), due to atmospheric transports and chemical transformations. This confirms
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that the observed average tropospheric PAN concentrations from satellites reflect complex vertical

structures.
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Figure 3.6: Latitude-pressure cross sections of monthly mean PAN concentrations (in ppbv) over MCMA
in 2017 simulated by the CTM (first row). The relative contributions from each emission source separately
are also shown (second through fifth row).

The model sensitivity calculations, by using each NO, emission source separately, indicate that
the enhanced PAN concentrations in the lower troposphere in boreal spring are mostly dominated
(> 90 %) by anthropogenic sources (Figures 3.5 and 3.6). The continued enhancements from
the surface through upper levels suggest the dominant effects from local anthropogenic sources.

Biomass burning also increases PAN in April-May, but with smaller contributions than anthro-
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pogenic emissions. Soil NO, emissions also have non-negligible impacts. In particular, the local
maximum in the upper troposphere during July-August produced by soil emissions demonstrates
the importance of natural emissions from surrounding areas on urban PAN distributions. The con-
tributions of lightning emissions are small over MCMA, while it has greater influences over the
southern tropics (not shown). The natural emission sources reveal strong interannual variabilities,
which could explain parts of the observed multi-year changes. Note that, because of the non-linear
chemistry, the sum of each contribution in the sensitivity calculations does not match the total con-
tribution. The model simulation also suggested a broader impact of anthropogenic NO, emissions
from Mexico City in the free troposphere horizontally (not shown). Further insights into the im-
pacts of urban emissions on regional and global nitrogen cycles can be obtained by utilizing global
satellite measurements of PAN combined with CTMs and chemical data assimilation (Miyazaki

et al., 2020a) in following studies.

3.4 INTERANNUAL VARIABILITY IN PANs OVER MEXICO CITY

In addition to air pollution from the anthropogenic sources, air quality in the MCMA is im-
pacted by local (Yokelson et al., 2007) and regional (Yokelson et al., 2009) biomass burning, as
well as agricultural residue and trash fires (Yokelson et al., 2011; Christian et al., 2010). March-
April-May is the seasonal peak in regional biomass burning (Tzompa-Sosa et al., 2016; Yokelson
et al., 2007; 2009; 2011). Biomass burning in Mexico and urban emissions from the MCMA
heavily influence the springtime air quality in much of Mexico and the United States (Yokelson
et al., 2009). Fires can contribute to a quarter of the CO production within the MCMA (Yokelson
et al., 2007). Figure 3.7 displays monthly averaged gridded CrIS PANs (panel a) and CO (panel
d) for May 2016-2021 and corresponding fire-related products in Figure 3.7b and 3.7c. We focus
on the month of May to demonstrate the interannual variability in free tropospheric PANs over
Mexico City during this month and their relationship to local fires. The free tropospheric PAN
enhancement in May 2017 located south of the urban enhancement is collocated with fires. There
were 196 and 234 fires detected in the region during May 2019 by MODIS and VIIRS, respec-
tively. S-NPP CrIS is missing data between 26 March 2019 and 24 June 2019. A hardware failure
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Figure 3.7: (a) Gridded average PANs for the month of May for the region surrounding Mexico City for
multiple years. The center of Mexico City is denoted by a red star. (b) MODIS fire radiative power (FRP)
for the Mexico City region, (c) VIIRS fire radiative power (FRP) for the Mexico City region, and (d) gridded
free tropospheric average CrIS CO. This is the full region plotted in Fig. 1 (21° N, 100.9° W, 18° N, 97.1°
W).

occured in the S-NPP CrIS mid-wave signal processor, which led to a temporary halt in the L1b
processing, but the issue was resolved by switching from the Side 1 electronics to the redundant
Side 2 electronics. Note that JPSS-1 CrIS radiances are available over this time period, but tar-
geted TROPESS/MUSES CrIS processing over megacities has not been performed for JPSS-1 at
this time. The smallest number of fires were detected in May 2018 (N = 16; 33), and the cor-
responding average free tropospheric PANs and CO are both also lower than other years, though
small enhancements in both exist collocated with fires to the south of the city. The relationships

between monthly mean CO and VIIRS (R? = 0.87) and MODIS fire counts (R? = 0.60) are strong

(Figure A.1). We also found that total monthly fire counts (plotted in Figure 3.7b and 3.7¢) explain
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a substantial amount (> 45 %) of the variability in monthly mean PAN during May; MODIS fire
counts, using only 4 months of data, explain more of the variability in monthly mean PAN (R? =
0.69; Figure 3.7b, Figure A.1) than VIIRS fire counts, which include all 5 months of available data
(R% = 0.47; Figure 3.7¢c, A.1).

3.5 RECENT CHANGES PANs, NO,, AND HCHO

In response to substantial air quality degradation the Mexican government developed and im-
plemented successive air quality management programs that combined regulatory actions with
technological advances (Molina et al., 2019; Molina, 2021). Reductions in O3 were attributed
to aggressive emission controls of O3 precursor species, including improving fuels, adopting cat-
alytic converters, removing an oil refinery and heavy industrial facilities, shifting to natural gas for
power generation and other industrial needs, reformulating liquefied petroleum gas (LPG) for cool-
ing and water heating, introducing vehicle inspection and maintenance programs, and introducing
a “no driving day” (Hoy no Circula) rule (Zavala et al., 2020 and references therein). These con-
trol strategies led to reductions in all criteria pollutants (Zavala et al., 2020 and references therein);
however, the MCMA basin still experiences elevated levels of many of the air pollutants listed
above (Fast and Zhong, 1998; Gaffney, 1999; Velasco et al., 2007; Molina et al., 2010; Johansson
et al., 2009; Jaimes-Palomera et al.; Zavala et al., 2020; Osibanjo et al., 2021; Cady-Pereira et al.,
2017). There have been no substantial improvements in the concentration of O3 (or PMs 5 and
PMj) since about 2006 (Molina et al., 2019; Zavala et al., 2020). The transport sector contin-
ues to have a large impact on VOC and NO, emissions in the MCMA. Solvents, fuel evaporation
and leaks, are large sources of VOCs, dominating over biogenic VOC emissions (Molina et al.,
2010; Velasco et al., 2007). The distribution of sources are highly inhomogeneous throughout the
MCMA (Zavala et al., 2020; Jaimes-Palomera et al.).

Figure 3.8 presents a time series and histograms of monthly averaged NOy species, CrIS PANs,
and tropospheric column OMI HCHO for the CrIS measurement record period (2016-2021) for ur-
ban Mexico City. There is a statistically significant decrease in MCMA OMI NO, between 2018

and 2019 (Mann-Whitney u-test, p = 0.0001). We separate the OMI NO, into two sample popula-
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Figure 3.8: (a) Monthly average of OMI NO;y (Dark Blue) and RAMA surface NOy observations (light
blue), (b) CrIS free tropospheric monthly average PANs, (c) OMI HCHO tropospheric columns for the
period 2016-2021. Distribution of OMI NOy (d), CrIS PANs (e), and OMI HCHO (f) from two populations:
2016-2017 (orange) and 2018-2021 (purple). Sample means () are provided in their respective colors and
units. White grid cells in (a) and (d) represent areas where retrievals have been filtered out.

tions to represent the higher-value population (2018-2021; orange) and the lower-value population
(2016-2017; purple). Figure 3.8d shows that the more recent data (purple) peaks towards lower
values and the histogram representing the older population (orange) peaks towards higher values.
This is further expressed in the sample means; the 2016-2017 and 2018-2021 means are 311 x10'3

and 246 x10'3 molecules cm~? respectively (standard deviation: 63, 52 x10'3 molecules cm~2, re-
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spectively). These are statistically different. However, there is no statistically significant difference
in the mean free tropospheric PANs as observed by CrIS between 2016-2017 and 2018-2021. The
sample means are 0.29 and 0.28 ppbv, respectively (standard deviation for both is 0.11 ppbv). We
find there is also no significant difference in OMI HCHO between the two time periods. HCHO
can be emitted directly and it is an intermediate product in the oxidation of many VOCs (Lel
et al., 2009). MCMA has elevated levels of HCHO from both primary emissions and secondary
photochemical formation (Baez et al., 1995; Garcia et al., 2006; Velasco et al., 2007; Lei et al.,
2009). Lei et al. [2009] showed that secondary HCHO dominates the MCMA HCHO budget in
the mid-morning and afternoon; coinciding with ascending satellite overpasses. HCHO is used as
an indicator of VOC emissions (De Smedt et al., 2008; Shen et al., 2019) and changes in VOC
emissions may not mirror changes in NO, (Simon et al., 2015; Gao et al., 2017; Shen et al., 2019).

The lack of a change in PANS is not surprising. PAN can be more sensitive to NMVOCs than to
NO, emissions (Fischer et al., 2014), and the PANs observed by CrIS are not all formed from local
anthropogenic NO, emissions (see Figure 3.5 and 3.6). Surface PANs can also respond to changes
in the environmental conditions that support photochemistry. For example, during the COVID-19
lockdown period, emissions of both NO, and VOCs were reduced by 60 % and 30 %, respectively
in the Beijing area, but Qiu et al. [2020b] showed enhanced levels of surface PAN in this region.
They showed that this enhanced PAN (2-3 times the concentrations of the pre lockdown period) was
the result of enhanced photochemistry, anomalous wind convergence leading to the accumulation
of precursor species and accelerated VOC oxidation (i.e. further enhancing local photochemistry),

and anomalously high temperatures to the area during the study period.
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Chapter 4
CHANGES TO PANs ASSOCIATED WITH COVID-19

4.1 SEASONAL CYCLES OF PANs, CO, AND HCHO IN MEGACITIES
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Figure 4.1: Seasonal cycles of CrIS PANs [ppbv] (respective colors shown on the map, dashed denotes
median values), CrIS CO [ppbv] (black), and OMI HCHO tropospheric column average [x1016 molecules
cm™?2] (gray) for 9 megacities. Monthly means include data from January 2016 to May 2021. The scale to
the right of the map ranks the cities using the mean CrIS PANs for the entire period. The dots on the map
are sized based on mean detected PANs for the entire time period.
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Figure 4.1 displays® the mean seasonal cycles for CrIS PANs, CrIS CO, and OMI tropospheric
column HCHO for 9 different global megacities from 2016-2021. Cities are ranked based on
average detected PANs from CrIS between 2016-2021. The highest mean PANs during this period
were present over Mexico City, consistent with TES observations from 2013-2015 (Shogrin et al.,
2023).

The seasonal springtime maximum in PAN is attributed to an increase in photochemical activity
at a time when PAN has a relatively long lifetime against thermal decomposition (Penkett and
Brice, 1986; Brice et al., 1988; Fischer et al., 2014). All but two selected megacities reflect this
pattern of springtime maxima of PANs. Seasonal maxima occur in March, April, and/or May for
northern hemisphere megacities (Mexico City, Los Angeles, Tokyo, Mumbai, Delhi, and Lagos),
and in September for Sao Paulo (23.56 °S), the beginning of austral spring. In contrast, over Lagos
(6.52 °N) and Mumbai (19.07 °N) PANs begin increasing towards the end of the calendar year and
reach a maximum in March or April.

In addition to a springtime maxima, PANs over Beijing (39.92 °N) and Karachi (24.86 °N)
remain elevated through the summer (April-September). Delhi (28.71 °N) has a comparably wide
seasonal cycle in PANs, but reaches its seasonal maximum in the springtime, similar to other
northern hemisphere megacities. Mexico City (19.43 °N), Los Angeles (34.05 °N), and Tokyo
(35.68 °N) also show a springtime maximum, but with an additional period of elevated PANs later
in the year. Mexico City has a secondary peak in July and August that may be associated with
elevated PANs aloft (Shogrin et al., 2023). The extent of the published literature attributing air
pollutants in each megacity differs widely. For example, there is a longstanding effort to attribute
and control O3 and other photochemical pollutants in Los Angeles (e.g., Langford et al., 2010;
Pollack et al., 2013 and references therein; Nussbaumer and Cohen, 2020), and the literature base

for Beijing is growing rapidly (e.g. Chen et al., 2015; Zhao et al., 2020; Zhao et al., 2022). Here

2Results from this chapter are to be submitted as the following manuscript: Shogrin, M. J., Payne, V. H., Kulawik, S. S.,
Miyazaki, K., and Fischer, E. V.: Changes to Peroxy Acyl Nitrates (PANs) associated with COVID-19 tropospheric
NO- declines in megacities from CrIS satellite observations. To be submitted
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we focus our discussion on Los Angeles, Beijing, and to a more limited extent, Tokyo, Mumbai,
Lagos, and Delhi.

PAN was identified as an eye irritant in Los Angeles smog in the 1960s (Leighton, 1961; Gros-
jean, 2003). PAN abundances at the ground over this megacity have decreased much more rapidly
than O3 in response to emission controls in the Los Angeles Basin (Pollack et al., 2013). CrIS data
indicate that free tropospheric PANs over LA have a different seasonal cycle than column HCHO
(gray line) and surface O3 (not shown); tropospheric column HCHO and O3 have broad maxima
extending from April through October and June through October respectively. Mean PANs are
elevated in the spring and summer when conditions maximize photochemical activity. Increasing
temperatures during the summer decrease the lifetime of PANs against thermal decomposition and
decrease the PANs column to O3 ratio during peak summertime photochemistry. The secondary
and tertiary peak in monthly mean PANs over Los Angeles in July and September are likely driven
by wildfires in 2018 and 2020, respectively (Liang et al., 2021). Wildfire impacts in September
2020 also drive the peak in September CO; note the difference between the mean and median as
these peaks are not evident in the median (dashed) CO or PANSs for these months.

Photochemically-produced species (surface O3 and tropospheric column HCHO) have seasonal
maximums in summer months (JJA), corresponding to the seasonal maximum in PANs over Bei-
jing. Peak concentrations of PAN and PPN at the surface in Beijing also peak during summer
(Zhang et al., 2015; Zhang et al., 2017), although more recent observations indicate that ground-
level PAN is also elevated during winter haze events in Beijing (Zhang et al., 2015; Qiu et al., 2019;
Zhang et al., 2020). CrIS observes elevated CO over Beijing in March and April, consistent with
a seasonal peak in local fire activity in northeast China (Yin et al., 2019; Fang et al., 2021; Wang
et al., 2020; Zhao et al., 2022). Biomass burning likely contributes to observed PANs during this
period, as fires are large sources of NO, and NMVOCs which serve as PAN precursors (Alvarado
et al., 2011; Clarisse et al., 2011; Juncosa Calahorrano et al., 2021).

Tokyo has a seasonal spring maximum in photochemical species from both local and distant

sources of precursors (i.e. China and Korea) (Ogawa and Miyata, 1985; Yoshitomi et al., 2011;
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Lee et al., 2021a). Tokyo is a coastal megacity and local meteorology influences day to day pho-
tochemistry heavily (Kanaya et al., 2008). The typical daily land-sea breeze transports air masses
with accumulated oxidants into the city center around midday (Kanaya et al., 2008), corresponding
to satellite overpass time.

Delhi has a humid subtropical/semi-arid climate and is influenced by the Indian monsoon. The
monsoon season lasts from July-September and the dry season is considered to be September-June.
CrIS observes elevated PANs in Delhi from April to October; on average PAN remains elevated
through the monsoon season, unlike Mumbai and Lagos. Surface O3 drops in Delhi during the
monsoon season, as a southwesterly wind flow brings clean marine air (Jain et al., 2005; Sahu
et al., 2009). Crop residue burning in April-May and October-November can deteriorate air quality
in the Delhi metropolitan area (Saxena et al., 2021). These periods correspond with periods of
elevated PANs observed by CrIS, as well as mean tropospheric column HCHO observed by OMI.
Lagos and Mumbai both have tropical wet and dry climates and thus experience strong wet and
dry seasons. They are both coastal, tropical megacities and Mumbai is greatly influenced by the
monsoon. Oz increases seasonally during the dry season (Abdul Raheem et al., 2009; Sahu et al.,
2009; Marathe and Murthy, 2015). This is consistent with CrIS observations of PANs, which
increase and decrease with the respective dry and wet seasons.

The subsequent sections will explore changes in PANs during periods of anomalous NO, de-
creases in 2020. Figure 4.1 helps identify periods in the annual cycle that coincide with PAN
production For most cities, NO- changes from COVID overlapped with periods where PAN is

above the CrlS detection limit and photochemically produced.

4.2 2020 NO, ANOMALIES

Major changes in NO, emissions and tropospheric NO, column abundances have been docu-
mented worldwide for different periods of the COVID-19 pandemic (Bauwens et al., 2020; Berman

and Ebisu, 2020; Zhang et al., 2022a). For the analysis presented here, we identify periods where:
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Figure 4.2: Trends of OMI NOs tropospheric column monthly means for 9 megacities. Area used for each
city is the same small “urban box” area around the urban area of each city used for CrIS selection. 2020 is
shown in purple. The mean of 2016-2019 is shown in bold black. Months with substantial NOs declines in
2020 have been highlighted in purple and these time frames are used in the subsequent analysis presented in
Figure 4.3.

1. the monthly mean NO, column during 2020 was > 15% below the corresponding monthly

mean for 2016-2019
2. the monthly mean PANs mixing ratio > (.05 ppbv

We only consider times in the seasonal cycle where PANs mixing ratios > 0.05 ppbv because
validation efforts for the CrIS PAN product suggest a single sounding uncertainty of around 0.08
ppbv that reduces with averaging to an approximate floor of 0.05 ppbv (Payne et al., 2021). Periods
of observed NO- decline often do not exactly coincide with the COVID-19 government-enforced
lockdowns, as reduced traffic was often observed prior to government-imposed stay-at-home or-
ders. These months are highlighted by the light purple shading in Figure 4.2. The 2020 monthly

mean NO, column density associated with these shaded periods are > 20 % less than the mean of



Changes to NO, and PANs associated with COVID
Megacity Name months of pertur- | percent | percent | percent | p-value | percent
bation change | change | change | PANs change
NO, NO, PANs HCHO
Mexico City Feb-May 22 % -56 % 1.8 % 0.45 5.6 %
Beijing January 35 % N/A 80 % 0.03 59 %
July-Sept* -40 % N/A -1.9% 0.31 7.6 %
Los Angeles March-Aug* -36 % -80 % -11% 0.06 -10 %
Tokyo March-April -40 % S1%  169% 0.11 -26 %
June-July* -40 % N/A -09% | 044 43 %
Sao Paulo April-Aug* 35 % -64 % 3.7 % 0.33 -1.7%
Delhi March-June -48 % -53 % -20 % 0.33 -9.6 %
Mumbai Feb-May -30 % N/A N/A N/A 3.0%
Lagos April-June -35% N/A 11% 0.33 -0.08 %
Karachi March-June 52 % N/A 12 % 0.14 3.6 %

Table 4.1: Periods of significant NOy decline based on OMI tropospheric column NO, monthly means
shown in Figure 4.2. Percent change represents the change in 2020 values relative to the mean of 2016-
2019 for the respective time periods. Percent change in PANs were calculated using daily means during the
months of NOy anomaly. P-values for PANs from Mann-Whitney U-Test significance testing are shown. A
negative percent change represents a decline in 2020, positive shows an increase. Locations with * denote
that NOy emissions are not representative of the entire time period. Locations with N/A represent absent
data.

the corresponding months for the period 2016-2019. Mumbai was not included in the subsequent

analysis as at the time of this work CrIS data was only available for 2020.

4.3 IMPACT OF COVID-19 NO, REDUCTIONS ON PANs OVER SELECT MEGACI-
TIES

Figure 4.3 presents the mean concentrations of tropospheric column NO,, HCHO, free tropo-
spheric PANs, and surface NO, emissions for each megacity for the time periods listed in Table
4.1. The darker colored bars represent the mean of this time period for years 2016-2019 whereas
the lighter colored bars represent the same period in 2020. We performed a Mann-Whitney U-Test
to test the significance of changes to PANs during the respective time periods of COVID-19 NO,
perturbations listed in Table 4.1. The population representing 2020 is compared to the population
representing the means of the same time period from 2016-2019. We set our alpha at 0.1, so p

values < 0.1 are considered significant and receive more discussion.
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Figure 4.3: Histograms comparing monthly means for specified months of OMI NO; tropospheric column
[x10'® molecules cm~2], NO, emissions from the Tropospheric Chemical Reanalysis [x10710 Tg yr—!],
CrIS free troposphere PANs [ppbv], and OMI HCHO tropospheric column [x10'® molecules cm~2]. Means
of monthly means for specified periods in 2020 are shown in the lighter colors and means of 2016, 2017,
2018, and 2019 are shown using the darker colors.

Figure 4.3 shows that while there were large NO, declines at some point in 2020, this did not
yield a similarly large change in free tropospheric PANs for each region. Most megacities surveyed
did not show a significant change in PAN at the 90 % confidence level, except for Los Angeles,
which showed a significant decline (p = 0.06), and Beijing, which showed a significant increase (p
= 0.03). The following paragraphs discuss these findings in the context of recent literature.

The COVID lockdown time period has been shown to correspond with increases in urban Os
(Connerton et al., 2020; Le et al., 2020; Sicard et al., 2020; Venter et al., 2020; Qiu et al., 2020b;
Khan, 2021; Miyazaki et al., 2021; Schroeder et al., 2022) and PANs (Qiu et al., 2020b) in some
megacities, despite reductions in anthropogenic NO, emissions due to transitions to a more NO,
limited O3 production regime. For the period of decreased mean tropospheric column NO, during
2020, Beijing, Karachi, and Lagos exhibited increases in PANs; Los Angeles and Delhi display a

decrease in PANs; Sdo Paulo, Mexico City and Tokyo show less than a 10 % increase (Table 4.1).
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The largest and only significant increase in free tropospheric PANs in our analysis are observed
over urban Beijing (79.8 %, p = 0.03). Qiu et al. [2020b] reported a threefold increase in ground-
level PAN measured in urban Beijing during the first lockdown period in late January through mid
February, connected to enhanced local photochemistry and abnormal meteorological conditions,
including anomalous wind convergence under higher temperatures. We find a similar change in
free tropospheric PANs over Beijing, where mean urban CrIS PANs are 2.4 times higher during
the lockdown period from 24 Jan 2020 through 15 Feb 2020. Beijing had a second period of NO,
decline in July and August 2020, which was associated with a minor decrease in PANs (-1.96 %,
p =0.31), suggesting a seasonality in sensitivity to precursor emissions. Other recent studies have
placed the Beijing region in the VOC-limited O3 production regime, where sharp declines in NOy
lead to increases in O3 (Le et al., 2020; Miyazaki et al., 2020c; Shi and Brasseur, 2020; Huang
et al., 2021 Liu et al., 2021; Shi et al., 2021; Guo et al., 2021; Zhang et al., 2022b).

Los Angeles and Delhi displayed a decrease in all species shown in Figure 4.3, coinciding with
reported decreases in surface O3 in both cities during this period (Connerton et al., 2020; Sharma
etal., 2020; Rathod et al., 2021; Vega et al., 2021; Shankar and Gadi, 2022; Schroeder et al., 2022).
Daily mean PANs over Los Angeles and Delhi during the time period of lower NO, decreased by
11 % and 27 %, respectively, though only decreases in Los Angeles are statistically significant at
the 90 % confidence interval (p = 0.06, p = 0.33). The underlying photochemical environment of
Los Angeles has been transitioning from a VOC-limited regime to a NO,-limited regime in recent
years (Lee et al., 2021b; Schroeder et al., 2022), and spring 2020 was the first year on record to be
NO-limited on average (Schroeder et al., 2022). This contributed to decreases in O3 associated
with decreases in NO,, though these decreases are highly non-linear. O3 production over Delhi is
also considered to be NO,-limited (Vega et al., 2021; Shankar and Gadi, 2022).

Karachi and Lagos show non-significant increases in PANs (27 %, p = 0.14; 12 %, p = 0.33)
in Figure 4.3. Lagos and Karachi experienced increases in Og associated with COVID despite

reductions in precursor emissions (Fuwape et al., 2021; Khan, 2021).
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Mexico City and Sdo Paulo had statistically insignificant increases in PANs (1.75 %, p = 0.45;
3.7 %, p = 0.33) Tokyo was on the cusp of significance (p = 0.11, 6.9 %) during the respective
periods in Table 4.1. Prior work indicates that O3 over Tokyo did not significantly change with
COVID-19 lockdown measures (Ito et al., 2021; Wang and Li, 2021; Damiani et al., 2022). These
studies attribute this to a shift in the underlying photochemical regime from VOC-limited towards
the transition zone where O3 production is expected to be equally sensitive to changes in both NO,
and VOC:s. Peralta et al. [2021] reported that O3 in Mexico City was statistically indistinguishable
during periods of substantial precursor reduction in 2020 from that of other years. They showed
that reductions in NO, forced the underlying photochemical regime to move from VOC-limited
towards a transition zone to more NOy-limited, similar to Tokyo. Sdo Paulo experienced an in-
crease in Oj attributable to reduction in vehicle emissions and relative humidity, as March is the
end of the rainy season (Connerton et al., 2020). Free tropospheric PANs over Tokyo during the
summer (June and July) of 2020 (not shown) were not significantly different from non-COVID
years (-0.85 %; p = 0.95), suggesting a possible minor seasonal dependence in the sensitivity of
PANSs to precursors, similar to Beijing.

The response of PANs to a major change in precursor emissions is highly non-linear and de-
pends on environmental factors. We analyzed possible changes in 2 meter air temperature and
500 hPa air temperature between the two respective periods over each of the megacities dis-
cussed above using MERRA-2 Reanalysis monthly mean product (GMAO, 2015; DOI:10.5067/
AP1BOBAS5SPD2K). We find no significant change in mean temperature at either pressure levels
between 2020 and corresponding months during the prior 3 years. Locations where temperatures
did change, albeit insignificantly, the 2020 temperature difference would serve to diminish ob-
served changes to PANs. For example, in Beijing, temperatures were slightly higher than the mean
of previous years at both pressure levels (2-Meter temperature 2016-2019: 268 K; 2020: 270.5
K; 500 hPa temperature 2016-2019: 244 K; 2020: 246 K), which would decrease the lifetime of
PANs. We find an overall significant increase in PANs in Beijing. Temperature was not likely not

a significant factor influencing anomalies in PANs during the periods of NO, perturbations.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSIONS

We use CrIS data from 2016-2021 to investigate the spatial and temporal variability of PANs
over 9 megacities and identify periods of elevated production of PANs. We use this to inform our
analysis in diagnosing the impact of NO, declines related to the COVID-19 pandemic on PANs in

8 locations. This is the first detailed analysis of satellite observations over multiple megacities.

1. We use a period with densely spaced TES observations of megacities from 2013-2015 to in-
vestigate the cities with the largest mean detected PANs from this period. The mean TES free
tropospheric PAN mixing ratios for observations over Mexico City was 0.35 ppbv. Mexico
City showed the highest mean PAN values of all the 19 megacities sampled by TES during

this period.

2. S-NPP CrIS and TES observations show that PANs are enhanced around urban Mexico City
with a strong seasonality. The largest difference between the urban enhancement and nearby
background occurs in April and reaches a minimum in winter months (October, November,
December). A seasonal maximum in PANs occurs in April and May. The seasonal peak
in Mexico City PANs co-occurs with springtime seasonal maxima in surface O3, CrIS CO,
MODIS fire counts, and tropospheric OMI HCHO. Seasonal maximums in local photochem-

istry and fire activity both contribute to the seasonal maxima in PANSs.

3. We find that extreme fire years are associated with higher monthly mean PANs than low-fire
years. However, missing observations in 2019, which was a severe fire year, make it difficult
to fully quantify the effect of fires on the observed interannual variability of PANs over

Mexico City during the month of May. JPSS-1 radiances are available for this time period
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but the JPSS-1 CrIS PANSs retrievals for dense sampling over MCMA are not available at the

time of this submission.

4. We use S-NPP CrIS data to probe the spatial outflow pattern of PANs produced within urban
Mexico City during April. We show that outflow occurs to the NE of Mexico City and over

the mountains south of Mexico City. Outflow to the NW appears infrequently.

5. We see a secondary peak in PANs in July and August that is not associated with increase
in surface O3. Analysis of model results indicate that there are multiple NO, sources that
contribute to this feature, and the PAN enhancement is located higher aloft (i.e. at 400 hPa

versus 750 hPa).

6. We examine time series of surface NO, measurements alongside OMI tropospheric NO,
to analyze changes to Mexico City NO, during our study period. We find a statistically
significant difference (decrease) in NO, between 2018 and 2019. CrIS PANs for the same

period do not show the same significant decrease, nor does tropospheric OMI HCHO.

7. There are pronounced seasonal cycles in PANs over each megacity. Monthly mean PANs
peak in the spring or summer (Beijing and Karachi), aligning with seasonal maximums in

photochemical activity. Wildfire smoke can occasionally enhance monthly mean PANS.

8. Despite large changes in tropospheric NO, columns associated with the COVID-19 pan-
demic, we only identify two megacities over which PANs changed significantly: Beijing and

Los Angeles. The relative response of PANs in these locations was smaller than the changes

in N02

9. Sensitivity of free tropospheric PANs to the abundance of precursors appears to be seasonally
dependent in Beijing and Tokyo. PANs over Beijing and Tokyo are more sensitive to NO

reductions in winter and spring respectively.

The work presented here provides new information on the seasonality of PANs over 9 different

megacities and the response of tropospheric PANs to major perturbations in NO, emissions using
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the natural experiment provided by the COVID-19 pandemic. We show that like O3, understanding
the response of PANs to a major change in precursor emissions is highly non-linear. The analysis

approach applied here has the potential to be applied to different megacities and regions of interest.

5.2 FUTURE WORK

A global dataset of CrIS PANSs retrievals will eventually be routinely processed, but at the time
of this work, selected regions and time periods were chosen for processing. In some megacities,
this area with processed CrIS retrievals around an individual megacity was sufficient to explore
regions of potential pollutant outflow from the urban center into the surrounding atmosphere, as
was shown for Mexico City. However, for megacities that have strong influence from surrounding
megacities, like the megacities of Eastern China, these current retrieval processing boxes are too
small to provide information on outflow or regional enhancements. Figure 5.1 presents gridded
monthly mean CrIS PANs data for the box surrounding Beijing. The entire box displays enhanced
PANs from March-August without any localized enhancement around urban Beijing. The Beijing
region is heavily influenced by emissions from Tianjin and cities in the Hebei Province (Streets
et al., 2007; Zhang et al., 2017), making it difficult to extract enhancements with a box localized
around only Beijing. Export of pollutants from Eastern Asia can influence pollutant concentrations
in the United States via intercontinental transport (Lee et al., 2021a), making this an important
region to understand primary pathways and seasonality of pollutant outflow. This analysis could
be possible with a larger area of CrIS observations. CrIS observations across the Pacific would
allow for further exploration of this intercontinental transport.

TES and CrlIS observations used in this work were not directly comparable for a number of
reasons. The two data records span different time periods (2013-2015 vs 2016-2021), use different

1 vs 790 cm™!), and use different types of retrievals (linear vmr vs log

spectral features (1150 cm™
vmr). The CrlIS retrievals used in this work are done using NASA LI1B full spectral resolution
(FSR) radiances. The CrIS FSR L1B product is available beginning 2 November 2015, as prior

to December 2014 the full amount of data needed to construct the FSR was not transmitted to the

ground, so the radiances were reported at nominal spectral resolution (NSR). Additional points
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Figure 5.1: Monthly mean gridded CrIS data for January 2016-May 2021. Beijing is denoted by the red
star and Tianjin is denoted by the teal star. Note that water vapor correction filtering was not applied to these
retrievals.

were included at the ends of the longwave and shortwave interferograms to improve the quality
of the calibration in November 2015 in order to be able to report at FSR. CrIS retrievals prior to
November 2015 are reported at NSR, which overlaps with the TES megacity transect period. A
more direct comparison between TES and CrIS could be possible with an overlapping time period
(taking into account the differences in retrieval and spectral features) using the NSR retrievals.
Additional work could be done with comparing the CrIS NSR and FSR retrievals in megacities to
evaluate consistency for the time period where we have both.

An additional avenue for further work with this dataset would be to explore local vs regional
enhancements in PANs over and around megacitites. In our analysis determining local seasonal
cycles of PANs and using monthly averaged gridded CrIS PANs for each city (A.5-A.15), we
find some seasonal enhancements shown in Figure 4.1 to be regional and some to be very local
around the urban center. For example, Figure 4.1 shows enhancements in PANs over urban Delhi
in April-October. Figure A.10 displays the monthly mean for the CrlIS box around Delhi, with

non-localized enhancements over the entire box in May-June. However, October, displays a clear
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localized enhancement over the Delhi/New Delhi megacity. These differences in local versus re-
gional enhancements are not fully captured in Figure 4.1. Further exploration of extreme seasonal
local enhancements around urban centers have the potential to inform decisions regarding emis-
sions control for select time periods.

The megacities used in this study were chosen based on availability of processed CrlS megac-
ity densely sampled data. This work has shown that the resolution of CrIS is sufficient to quantify
urban enhancements and seasonal cycles of PANs in megacities. Understanding of the spatiotem-
poral variability of enhanced PANs in urban regions can be greatly increased using CrIS so further

work could include applying these methods to other global megacities and regions of interest.
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Appendix A

ADDITIONAL FIGURES FOR MEGACITIES

This appendix contains additional figures for each megacity. Please note that values of CrIS
PANSs in these figures do not have the water vapor correction applied (Equation 2.3). With the

additon of the water vapor correction, we can expect all values of CrIS PANs to increase by roughly

0.05-0.1 ppbwv.

A.1 MEXICO CITY

Additional figures for Mexico City are below.
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Figure A.1: Correlations between monthly means presented in Figure 3.7. (a) CrIS CO and MODIS fire
counts (b)CrIS PANs and MODIS fire counts (c) CrIS PANs and CrIS CO (d) CrIS CO and VIIRS fire
counts (e) CrIS PANs and VIIRS fire counts (f) VIIRS and MODIS fire counts
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A.2 BEIJING

Additional figures for Beijing are below.
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Figure A.2: Daily means of CrIS PANs during January and February for urban (dark red) and rural (light
red) boxes. Pre lockdown time period highlighted in blue and lockdown time period highlighted in red.
Respective sample means printed in bottom left of time boxes.

0.4 1

0.3 1

0.2 1

CrlS urban Beijing PANs [ppbv]

1 A

2016 2017 2018 2019 2020

Figure A.3: Daily means of CrIS PANs within the urban box around Beijing for the time period of COVID-
19 lockdown (24 January 2020 through 14 February 2020) for respective years. Purple dot represents mean
of values and orange bar shows the medians. Whiskers show standard deviation and dots outside show
outliers.
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Figure A.4: Example of values of CrIS PANs over the entire CrIS Beijing "box" for April (top) and August
(bottom). Left column shows retrieval values without applying the water vapor quality flag. Right column
shows retrieval values with applying water vapor quality flag. This cuts negative retrievals significantly in

April (top).
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A.3 LOS ANGELES

Additional figures for Los Angeles are below.
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Figure A.5: Average 2016-2021 monthly mean gridded CrIS PANSs. City is shown by colored star in middle.
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Figure A.6: Average 2016-2021 monthly mean gridded tropospheric CrIS CO. City is shown by colored
star in middle.
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Figure A.7: CrIS PANs over urban LA for each year. Years impacted by fire activity are highlighted in
purple (2018 and 2020).

68



A4 TOKYO

Additional figures for Tokyo are below.
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Figure A.8: Average 2016-2021 monthly mean gridded CrIS PANSs. City is shown by colored star in middle.
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A.5 SAOPAULO

Additional figures for Sao Paulo are below.
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Figure A.9: Average 2016-2021 monthly mean gridded CrIS PANSs. City is shown by colored star in middle.
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A.6 DELHI

Additional figures for Delhi are below.
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Figure A.10: Average 2016-2021 monthly mean gridded CrIS PANs. Delhi is shown by darker blue star,
New Delhi is shown by light blue star.
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A7 MUMBAI

Additional figures for Mumbai are below.
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Figure A.11: Average 2016-2021 monthly mean gridded CrIS PANs. City is shown by colored star in

middle.
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Figure A.12: Average 2016-2021 monthly mean gridded tropospheric CrIS CO. City is shown by colored

star in middle.
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A8 LAGOS

Additional figures for Lagos are below.
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Figure A.13: Average 2016-2021 monthly mean gridded CrIS PANs. City is shown by colored star in
middle.
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Figure A.14: (left) TES transects over Lagos for April and August 2015. (middle) Monthly mean gridded
CrIS PANSs for April and August 2016. (right) latitudinal mean of PANs over longitude of city center. Blue
dashed line shows latitude of coastline, grey dashed line shows latitude of city center.
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A9 KARACHI

Additional figures for Karachi are below.
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Figure A.15: Average 2016-2021 monthly mean gridded CrIS PANs. City is shown by colored star in

middle.
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Appendix B

SPATIAL EXTENTS FOR MEGACITIES

The following tables presents the bounds for each megacity. The small box refers to the urban
box around the defined urban area of each city. The CrIS box refers to the rough spatial extents of

the box used for CrIS megacity dense sampling and the box used to grid CrlIS data.

S

Spatial extents
Megacity Name city center CrIS box small box
Mexico City 19.43°N, 99.13°W 18°N, 100.9°W, | 19.15°N,
21°N, 97.1°W 98.9°W, 19.65°N,
99.40°W
Beijing 39.90°N, 116.41°E | 38.5°N, 115°E, | 39.6°N,
41.5°N, 118°E 116.09°E,
40.22°N,
116.77°E
Los Angeles 35.05°N, 118.24°W | 33.0°N, 118.5°W, | 34.1826°N,
35.0°N, 117.0°W | 118.4937°W,
33.8022°N,
117.9937°W
Tokyo 35.68°N, 139.77°E | 35.0°N, 138.6°E, | 35.59604°N,
36.7°N, 140.8°E | 139.6365°E,
35.76494°N,
139.9067°E
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Spatial extents

Megacity Name city center CrIS box small box
Sao Paulo 23.56°S, 46.64°W 24.5°S, 47.6°W, | 23.689°S,
22.507°8S, 46.80453°W,
36.7°W, 23.39838°S,
46.361575°W
Delhi 28.71°N, 77.10°E 28.0°N, 76.0°E, | 28.416498°N,
30.0°N, 78.5°E 76.86656°E,
28.853845°N,
77.331748°E
Mumbai 19.08°N, 72.88°E 18.0°N, 71.0°E, | 19.020075°N,
20.0°N, 73.5°E 72.797566°E,
19.163379°N,
72.964448°E
Lagos 6.52°N, 3.38°E 5.0°N, 2.0°E, | 6.451°N, 3.23°E,
8.0°N, 5.0°E 6.64°N, 3.41°E
Karachi 24.86°N, 67.01°E 23.0°N, 65.5°E, | 24.802739°N,

26.0°N, 68.5°E

66.938695°E,
25.033907°N,
67.230026°E
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