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ABSTRACT

Investigating Formaldehyde to Nitrogen Dioxide Ratios Using
Satellite, In Situ, and Air Quality Modeling Data
by J. Jerrold M. Acdan

The use of the formaldehyde (HCHO) to nitrogen dioxide (NO2) ratio (HCHO/NO2;
‘FNR’) as an indicator for tropospheric ozone production sensitivity is an active area of
research. Early studies in this topic conducted air quality model simulations to determine FNR
threshold values for different ozone production regimes and applied them to FNRs calculated
from satellite data to assess ozone production sensitivity for various regions across the globe.
More recent work determined FNR threshold values through connecting satellite FNRs to in
situ ozone data collected by surface monitors. This thesis contributes to the growing body of
FNR-related research by utilizing satellite, in situ, and air quality modeling data to evaluate
FNRs over the Lake Michigan region while interpreting them using two distinct sets of ozone
production regime threshold values from previous studies.
Composites of TROPOspheric Monitoring Instrument (TROPOMI) satellite retrievals
of NO2 and HCHO were created on a monthly basis to reduce the influence of noise in the
HCHO retrievals. Based on FNR values, a combined 2018-2019 ozone season composite
indicated that in the Lake Michigan region, the Chicago Metropolitan Area is VOC-sensitive,
its surroundings and north along the Wisconsin shoreline up to Milwaukee are in the transition
zone, and the rest of the region falls within the NOx-sensitive ozone production regime. Further

ii
analysis showed that FNR values within the domain are greater during ozone exceedance days,
which is largely driven by changes in background HCHO concentrations.
When compared to FNRs calculated from U.S. Environmental Protection Agency
(EPA) Photochemical Assessment Monitoring Stations (PAMS) surface measurements, the
TROPOMI tropospheric column FNRs are larger. To investigate these differences, in situ
measurements from the Lake Michigan Ozone Study (LMOS) 2017 field campaign and highresolution Community Multiscale Air Quality Modeling System (CMAQ) simulations were
analyzed. CMAQ predictions showed that HCHO often extends higher into the atmosphere
than NO2, resulting in higher column FNRs than surface FNRs. Additionally, as seen in both
CMAQ output and in situ aircraft vertical profiles, lofted NO 2 plumes from elevated point
sources (such as coal-fired power plants) can lead to differences between surface and column
FNR values. Surface measurements of HCHO and NO2 made by the U.S. EPA at the Spaceport
Sheboygan enhanced monitoring site during LMOS 2017 showed that the concentrations of
both gases follow unique diurnal cycles. As a result, ozone production sensitivity and the
associated FNR values also vary throughout the day. This reveals a limitation of using
retrievals from current polar-orbiting satellite instruments to calculate FNRs because such
datasets only capture HCHO and NO2 concentrations at the satellite overpass time. Altogether,
these findings suggest the need to apply different FNR ozone production regime thresholds
when looking at satellite versus ground data. Additionally, this work highlights the need for
higher precision HCHO and higher temporal resolution HCHO and NO2 satellite retrievals to
produce FNR datasets that capture the hourly fluctuations in ozone production sensitivity that
should be considered when addressing ozone air pollution problems.
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CHAPTER 1: INTRODUCTION & BACKGROUND

1.1

Ozone Pollution & Regulation in the United States
Ozone (O3) is a naturally occurring gas in Earth’s atmosphere comprised of three

oxygen atoms. Despite existing in relatively small concentrations, ozone is an important trace
gas that affects life on Earth. Approximately 90% of the ozone can be found in the stratosphere
between about 10 and 50 kilometers (km) above Earth’s surface in a region known as ‘the
ozone layer’ (Gleason, 2008; Figure 1.1). Stratospheric ozone protects life on Earth by
absorbing biologically harmful ultraviolet radiation from the sun, leaving only a small amount
to reach the surface. The remaining 10% of atmospheric ozone is found in the troposphere
below an altitude of 15 km (Figure 1.1).

Figure 1.1 Typical vertical profile of ozone in the atmosphere (Gleason, 2008).
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Unlike ‘good’ stratospheric ozone, tropospheric (or ground-level) ozone is ‘bad’
because of its toxicity to living systems (Gleason, 2008). Short-term exposure to elevated
levels of ozone can cause various acute respiratory problems in humans, such as coughing,
throat irritation, chest pain, and inflammation of airways (U.S. Environmental Protection
Agency [EPA], 2021b). Long-term exposure can permanently damage lung tissue, decrease
lung function, worsen chronic conditions like asthma (U.S. EPA, 2021b), and has been linked
to increased mortality from respiratory and circulatory system illnesses (Jerrett et al., 2009;
Turner et al., 2016). Ozone also damages plants and is estimated to cause global agricultural
crop losses worth billions of U.S. dollars annually (Avnery et al., 2011).
To prevent these adverse effects, the U.S. EPA regulates tropospheric ozone levels
through the enforcement of the Clean Air Act (CAA) and its subsequent amendments. In
particular, the agency sets National Ambient Air Quality Standards (NAAQS) for ozone and
other pollutants, which are atmospheric abundance levels above which concentrations of these
pollutants are known to negatively impact human health and the environment (U.S. EPA,
2020a). Ground-level ozone NAAQS are currently set at an MDA8 value (the fourth-highest
daily maximum 8-hour concentration, averaged across three consecutive years) of 70 parts per
billion by volume (ppbv) (U.S. EPA, 2021a). Counties in the U.S. where ozone levels are
observed to exceed this MDA8 value are deemed ozone nonattainment areas (NAAs) and are
required by the CAA to develop state implementation plans (SIPs) to address the problem (U.S.
EPA, 2020a). Ozone NAAs are found throughout the country, including the Lake Michigan
region, which is the primary study area of this research (Figure 1.2).

3

Figure 1.2 Map of ozone NAAs in the northeast quadrant of the United States; the domain
within the red rectangle is the primary study area of this research (Adapted from U.S. EPA,
2021c).
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1.2

Tropospheric Ozone Production Regimes
To address tropospheric ozone exceedance problems, it is important to know where

ozone comes from. In polluted urban environments, ozone is a secondary pollutant formed in
a series of hydrogen oxide radical (HOx)-catalyzed (HOx ≡ hydroxyl radical [•OH] + hydrogen
radical [H•] + peroxy radicals [ROO•]) chain reactions involving the oxidation of methane
(CH4), nonmethane volatile organic compounds (VOCs), and carbon monoxide (CO) in the
presence of nitrogen oxides (NOx ≡ nitrogen monoxide [NO] + nitrogen dioxide [NO2]) and
sunlight (Haagen-Smit, 1952; Jacob, 2000; Anenberg et al., 2009). The chain is initiated with
the production of HOx and propagated by the cycling of HOx between its hydroxyl and peroxy
radical forms (Jacob, 2000). The cycling of HOx occurs through the oxidation of CO or
hydrocarbons/volatile organic compounds; this cycle itself is catalyzed by the cycling of NO x
between its NO and NO2 forms (Jacob, 2000). NO2 can then be photolyzed to produce an
oxygen atom (O), which goes on to react with an oxygen molecule (O 2) to form ozone (O3)
(Jacob, 2000). In densely populated areas, high NO x and VOC emissions control the rate at
which the catalytic cycles occur and thus ultimately affect the production rate of O 3 (Jacob,
1999). This complex series of ozone-producing reactions is illustrated in simplified form in
Figure 1.3. Note that within the figure, the ‘R’ (such as in RH or RO2) denotes either a radical
or any group in which a carbon or hydrogen atom is attached to the rest of the molecule.
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Figure 1.3 Schematic of tropospheric O3 production (Jacob, 2000).

Many research studies have shown that the production rate of tropospheric ozone is a
nonlinear function of the emissions/concentrations of NO x and VOCs (Sillman, 1995;
Kleinman et al., 2000; Goldberg et al., 2016; Mazzuca et al., 2016; Vermeuel et al., 2019). The
nonlinear nature of ozone production is often demonstrated in a plot known as an ozone
production isopleth, such as the one shown in Figure 1.4. This figure was adapted from one
created by Vermeuel et al. (2019) and quantifies the response of odd oxygen (Ox ≡ O3 + NO2;
colored shading) to changes in NOx concentrations (y-axis) and VOC concentrations (x-axis).
Ozone production isopleths reveal that O3 production can be thought of as occurring in two
regimes. In the NOx-sensitive regime, reductions in NOx emissions (ENOx) lead to decreases in
ozone production, while increases in ENOx increase ozone production (lower right of Figure
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1.4, green and red arrows, respectively). In the VOC-sensitive regime, reductions in VOC
emissions (EVOC) lead to decreases in ozone production, while increases in EVOC increase ozone
production (upper right of Figure 1.4, green and red arrows, respectively). Nonlinearity is seen
in Figure 1.4 as it demonstrates that a reduction in ENOx in a NOx-sensitive regime decreases
ozone production (lower right green arrow), but a corresponding reduction in ENOx within a
VOC-sensitive regime increases the production of ozone (upper left purple arrow). Therefore,
knowing which ozone production regime an ozone NAA falls into can be very informative for
regulatory agencies that develop and enact O3 control strategies based on the emissions of NOx
and VOCs within their regional airsheds.
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Figure 1.4 Example of an ozone production isopleth showing modeled Ox production over 5
hours as a function of NOx and VOC emissions; NOx and VOC emissions are shown relative
to 1990 estimates for the Lake Michigan-Chicago region (Adapted from Vermeuel et al.,
2019). The colored arrows are discussed in detail in the main text.
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1.3

Research Motivation: The Formaldehyde to Nitrogen Dioxide Ratio
One of the ways that ozone production regimes can be identified is through indicator

ratios that are calculated by dividing the concentrations of species involved in the chemical
cycles that create ozone. Sillman (1995) found that the formaldehyde (HCHO; a VOC) to NO y
ratio is a viable indicator for ozone-NOx-VOC sensitivity, where NOy ≡ NOx + other reactive
nitrogen species (e.g., nitric acid [HNO3] and dinitrogen pentoxide [N2O5]). Note that the
concentration of HCHO is often used as an indicator of VOC emissions since a sizable fraction
of the oxidation reactions between •OH and VOCs produces HCHO within the HOx catalytic
cycle that is discussed in Section 1.2 (Valin et al., 2016). Sillman’s chemical modeling work
(1995) showed that higher HCHO/NOy values are correlated to NOx-sensitive ozone
production while lower HCHO/NOy values are correlated to VOC-sensitive ozone production.
Tonnesen & Dennis (2000) extended Sillman’s work and found that the formaldehyde to
nitrogen dioxide ratio (HCHO/NO2; referred to as ‘FNR’ for the rest of this paper) is a more
useful indicator of ozone-NOx-VOC sensitivity since HCHO and NO2 have similar lifetimes
on the order of hours, while NOy has a lifetime on the order of days. Using species with similar
lifetimes in the indicator ratio better represents the interactions between the HO x and NOx
catalytic cycles that result in ozone production (Tonnesen & Dennis, 2000).
The satellite remote sensing research community has adapted this concept and used
FNRs to assess ozone production regimes for various regions across the globe (Martin et al.,
2004; Duncan et al., 2010; Jin & Holloway, 2015; Chang et al., 2016; Jin et al., 2017; Jin et
al., 2020). Many of these studies used satellite-based retrievals of HCHO and NO2 from the
Ozone Monitoring Instrument (OMI) onboard the National Aeronautics and Space
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Administration (NASA) Aura satellite to calculate satellite-based FNRs. Using a combination
of chemical modeling and satellite data analyses, these studies reported similar correlations to
those that previous studies found between ozone production sensitivity and the HCHO to NOy
ratio (Sillman, 1995) or HCHO to NO2 ratio (Tonnesen & Dennis, 2000). Specifically, higher
FNR values are correlated to NOx-sensitive ozone production while lower FNR values are
correlated to VOC-sensitive ozone production.
Despite this general agreement, there are differences among studies in what FNR values
correspond to the two ozone production regimes. For example, Duncan et al. (2010) [referred
to as ‘D10’ for the rest of this work] found that OMI FNRs less than 1 indicate VOC sensitivity,
FNRs between 1 and 2 indicate a transition between VOC and NOx sensitivities (‘the transition
zone’), and FNRs greater than 2 indicate NOx-sensitive ozone production (Table 1.1). A more
recent study by Jin et al. (2020) [referred to as ‘J20’ for the rest of this work], suggests that
OMI FNRs less than 3.2 indicate VOC-sensitive ozone production, FNRs between 3.2 and 4.1
indicate the transition zone, and FNRs greater than 4.1 indicate NO x-sensitive ozone
production (Table 1.1). Although both studies utilize satellite retrievals from Aura OMI, the
J20 threshold for VOC sensitivity is greater by a factor of ~3 than the D10 threshold while the
J20 threshold for NOx sensitivity is greater by a factor of ~2 than the D10 threshold.

Table 1.1 Comparison of D10 & J20 FNR thresholds for different O3 production regimes
O3 Production Regime

D10 Thresholds

J20 Thresholds

VOC-sensitive

FNR < 1

FNR < 3.2

Transition zone

1 < FNR < 2

3.2 < FNR < 4.1

NOx-sensitive

FNR > 2

FNR > 4.1
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These highlighted studies have different threshold values because of the way the FNR
threshold values were determined. D10 utilized Community Multiscale Air Quality Modeling
System (CMAQ) simulations and the NASA Langley Research Center time-dependent
photochemical box model and applied radical versus NOx sinks as an indicator of ozone-NOxVOC sensitivity to determine FNR thresholds based on surface and boundary layer (up to
altitudes of 0.2-2 km) concentrations. However, the use of chemical modeling to determine
FNR threshold values has potential drawbacks because of uncertainties in the model
predictions. Satellite data, on the other hand, retrieves full tropospheric column concentrations
(up to altitudes of 9-17 km). In other words, surface and boundary layer FNR values may be
different than those of the full tropospheric column. The potential differences between column
FNRs calculated from satellite data and surface FNRs calculated from in situ data provides a
source of motivation for this research.
In contrast to D10, J20 connected OMI-derived FNRs to high ozone event probabilities
calculated from in situ ground monitor data to determine FNR threshold values for different
ozone production regimes. Differences between the D10 and J20 threshold values (derived
from the distinctive ways that they were determined) can result in different interpretations of
ozone production sensitivity for the same ozone nonattainment area depending on which
thresholds are used to analyze satellite FNRs. The primary motivation of this research study is
to examine how J20 advances the work of D10 by analyzing the differences in ozone-NOxVOC sensitivity indicated by each study’s FNR threshold values when applied to the Lake
Michigan region.
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1.4

Research Objectives
To build upon the work of D10 and J20 as well as provide further insight on the

differences between surface and column FNRs, this study investigates three major research
questions:
(1) What do FNRs calculated from satellite retrievals indicate about ozone-NOx-VOC
sensitivity in the Lake Michigan region, and how do these interpretations of ozone
production sensitivity differ depending on which FNR threshold values (D10 or
J20) are used?
(2) How do satellite-based FNRs compare to ground-based FNRs?
(3) What accounts for the differences between satellite-based and ground-based
FNRs?
To answer these questions, monthly composited FNRs for the 2018 and 2019 ozone seasons
calculated using satellite-based retrievals of HCHO and NO2 were compared to FNRs
calculated using ground-based observations of HCHO and NO2. Additionally, field data from
the Lake Michigan Ozone Study (LMOS) 2017 field campaign (Abdioskouei et al., 2019) and
high-resolution LMOS 2017 air quality simulations were analyzed to investigate possible
causes for the numerical differences between satellite and ground FNRs.
The remainder of this thesis is organized as follows. Chapter 2 provides a description
of the satellite, in situ, and air quality modeling datasets used in this research as well as the
methodology for processing the data. Discussion and analysis of the results and limitations of
this work are presented in Chapter 3. Finally, a summary of the study’s findings and broader
implications are discussed in Chapter 4.
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CHAPTER 2: DATASETS & METHODS

2.1

Dataset Summary
This study uses a variety of datasets, including: (1) satellite retrievals of HCHO and

NO2 from the Sentinel-5 Precursor (S5P) satellite’s TROPOspheric Monitoring Instrument
(TROPOMI); (2) in situ ground measurements of HCHO and NO 2 from U.S. EPA
Photochemical Assessment Monitoring Stations (PAMS); (3) in situ surface measurements of
HCHO and NO2 from the LMOS 2017 field campaign Spaceport Sheboygan EPA ground site;
(4) LMOS 2017 CMAQ air quality simulations; and (5) in situ vertical profiles of NO2
measured from Scientific Aviation aircraft.
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2.2

Satellite Data: S5P TROPOMI
To calculate satellite FNRs, S5P TROPOMI Version 1 tropospheric NO2 (Koninklijk

Nederlands Meteorologisch Instituut [KNMI], 2018, 2019) and HCHO (German Aerospace
Center [DLR], 2019a, 2019b) orbital level 2 (L2) data for the ozone seasons of 2018 and 2019
were downloaded from the NASA Goddard Earth Sciences Data and Information Services
Center (GES DISC). The S5P satellite has a polar, sun-synchronous orbit and provides global
daily data approximately at 13:30 local solar time (Zehner, n.d.). TROPOMI is an ultravioletvisible-near infrared-shortwave infrared nadir-viewing grating spectrometer with the following
specifications: a spectral range of 270-500, 675-775, and 2305-2385 nanometers (nm); a
spectral resolution of 0.25-1.1 nm; and an original spatial resolution of 3.5 x 7 km2 (Zehner,
n.d.), which was increased to 3.5 x 5.5 km2 on August 6, 2019 (Geffen et al., 2020). TROPOMI
retrievals have signal-to-noise ratios (SNRs) that are similar to OMI but with much higher
spatial resolution (Veefkind et al., 2012; De Smedt et al., 2018). These TROPOMI datasets
were used to create FNR composites, which were evaluated using the D10 and J20 OMI-based
thresholds.
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2.2.1

Satellite FNRs: TROPOMI Ozone Season Monthly Composites
TROPOMI retrievals of HCHO are primarily derived from the instrument’s spectral

Band 3 (range: 310-405 nm), while NO2 retrievals are derived from spectral Band 4 (range:
405-500 nm) (Veefkind et al., 2012; De Smedt et al., 2018; Geffen et al., 2019). Both bands
have a minimum signal-to-noise ratio (SNR) of 800-1000 (Veefkind et al., 2012). However,
HCHO has an optical density that is an order of magnitude smaller than that of NO 2, resulting
in HCHO retrievals with lower SNRs than NO 2 retrievals (De Smedt et al., 2018). To reduce
the impacts of the lower SNRs of TROPOMI HCHO retrievals and to allow for the analysis of
general spatial patterns in FNR values, gridded monthly TROPOMI NO2 and HCHO ‘clear
sky’ (cloudy radiance fraction < 30%) composites were constructed using quality controlled
L2 retrievals based on the recommended qa_value > 0.75 from the TROPOMI README files
for NO2 (Eskes et al., 2020) and HCHO (De Smedt et al., 2020). Additional ‘detection limit’
filters of 1.5 x 1015 molecules/cm2 (mol/cm2) for NO2 (Duncan et al., 2010) and 1.8 x 1015
mol/cm2 for HCHO (Chance [Ed.], 2002) were applied to the L2 orbital retrievals used in the
monthly composites. It is important to note that these detection limit values are for OMI data,
but it is assumed that the same filter values can be applied to TROPOMI data because of the
similarities in the SNRs of both instruments.
Since part of this research was conducted in collaboration with the Lake Michigan Air
Directors Consortium (LADCO), the gridded monthly composites of HCHO and NO2 were
constructed using Meteorology-Chemistry Interface Processor (MCIP) files from the LADCO
modeling platform 12 x 12 km2 grid with a Lambert Conformal Conic projection. The LADCO
modeling platform also has a 4 x 4 km2 grid, but it was not utilized because the ‘test’
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composites created using this grid were still ‘noisy’ despite using a month of data for each
composite. This is due to the quality control and detection limit filtering that resulted in not
enough TROPOMI retrievals being averaged into the 4 x 4 km2 grid cells. The 12 x 12 km2
grid allowed for more satellite data to be averaged into the larger grid cells, which helped to
reduce noise in the monthly composites of HCHO.
The TROPOMI composites cover an area that extends north into southern Canada, east
to the East Coast, south to the northern portions of the Gulf states, and west covering portions
of central states such as Nebraska (Figure 2.1). The gridded monthly HCHO and NO2
composites were produced for the ozone seasons of 2018 and 2019, covering the periods of
June to October 2018 and May to October 2019. A May 2018 composite was not created
because TROPOMI HCHO data were not available for the entire month. Finally, monthly
satellite FNR composites were constructed by dividing the monthly composite values of
HCHO and NO2 for each grid cell.
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Figure 2.1 This map shows the full spatial domain of the TROPOMI composites in dark
blue. The inner red domain highlights the Lake Michigan region, which is the primary study
area of analysis for much of this work. The labeled states are ones for which ozone
exceedance day composites were created or ground FNRs were calculated.
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2.2.2

Satellite FNRs: TROPOMI Ozone Exceedance Day Composites
In addition to creating monthly composites of TROPOMI data for the ozone seasons of

2018 and 2019, ozone exceedance day composites for individual nonattainment areas were
also constructed. This work defines an ‘ozone exceedance day’ as having at least one ground
monitor within an NAA measuring an MDA8 value greater than the ozone NAAQS of 70 ppbv.
Collaborators at LADCO provided ozone exceedance data (Donna Kenski, personal
communication, April 1, 2020) for several NAAs, including Chicago, Illinois; Louisville,
Kentucky; Detroit, Michigan; Western Michigan, Michigan; St. Louis, Missouri; Cincinnati,
Ohio; Cleveland, Ohio; Columbus, Ohio; and Sheboygan, Wisconsin (Figure 2.1). Most of the
ozone exceedance days for the NAAs occurred in 2018. The composites were created
following the same methodology explained in Section 2.2.1 but only using TROPOMI data
for the identified ozone exceedance days for each individual NAA. Although ozone
exceedance day composites were created for all the NAAs listed above, subsequent analyses
focus on Chicago, Illinois, as it falls within the primary study area of this work and had the
largest number of ozone exceedance days (33) within the study period, resulting in the most
statistically robust composite created.
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2.3

Ground FNRs: EPA PAMS
Collaborators at LADCO also provided EPA PAMS data (Donna Kenski, personal

communication, April 15, 2020; U.S. EPA, 2020b, 2020c) for use in the calculation of ground
FNRs. This dataset contains NO2 concentrations measured in 1-hour sampling intervals and
HCHO concentrations measured in 8-hour or 24-hour sampling intervals for various EPA
PAMS sites across the United States. To compare the ground-based ratios to the satellite-based
data, the EPA PAMS data were filtered to sites within the TROPOMI composite domain
(Figure 2.1) with concurrent HCHO and NO2 measurements. This filtering process resulted in
the selection of four sites for analysis: Site 3103 in Cook County, Illinois; Site 78 in Marion
County, Indiana; Site 15 in Wayne County, Michigan; and Site 85 in St. Louis City County,
Missouri. After identifying the analysis sites, the EPA PAMS HCHO data were converted
(assuming standard pressure and temperature) from their original units of μg/m3 to the same
units as the NO2 data (ppb), and the 1-hour NO2 and 8-hour/24-hour HCHO measurements
were averaged to get monthly values. These monthly values were then divided to get monthly
FNR values in order to compare them to the previously generated monthly composites of
TROPOMI data. The nearest TROPOMI monthly composite grid boxes for each EPA PAMS
site were identified and used to extract the satellite-based ratios for comparison.
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2.4

LMOS 2017 Field Campaign Data
LMOS 2017 was a collaborative field campaign coordinated by LADCO dedicated to

studying the production of ozone along the western shore of Lake Michigan from May to June
2017 (Abdioskouei et al., 2019). Participants included individuals and groups from academic
institutions, state and federal agencies, non-profit organizations, and private companies (e.g.,
University of Wisconsin-Madison, University of Iowa, University of Minnesota, Wisconsin
Department of Natural Resources, Lake Michigan Air Directors Consortium, U.S. EPA,
NASA, Electric Power Research Institute, Scientific Aviation, etc.). LMOS 2017 field
campaign data were downloaded from the LMOS 2017 data archive on the NASA Airborne
Science Data for Atmospheric Composition website, and the data were utilized to investigate
possible causes for the differences between satellite and ground FNRs. Specifically, in situ
measurements taken from airborne and fixed ground-based observational platforms as well as
air quality modeling work were used. More details about these datasets are provided in the
following subsections.
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2.4.1

LMOS 2017 Spaceport Sheboygan EPA Ground Site FNRs
To explore the impact of 24-hour HCHO sampling on the ground-based EPA PAMS

FNRs, in situ HCHO and NO2 measurements from the LMOS 2017 Spaceport Sheboygan EPA
enhanced monitoring site (U.S. EPA Office of Research and Development, National Exposure
Research Laboratory, 2017, 2018) were analyzed. The measurements at the Spaceport
Sheboygan ground site were collected at a high temporal resolution of one minute, which
allowed for the averaging of in situ HCHO and NO2 data into block intervals representing
different sampling intervals of 5 minutes, 1 hour, and 24 hours. Additionally, because the data
were collected for 27 days between May 26 and June 21, 2017, the different block intervals
were then composited to get ‘monthly’ average ground concentrations of HCHO and NO 2.
Finally, these ‘monthly’ average ground concentrations were divided to get ‘monthly’ average
FNR values. This analysis provided additional context to comparisons between the EPA PAMS
and TROPOMI FNR data.
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2.4.2

LMOS 2017 CMAQ Simulations & Scientific Aviation NO2 Data
Output data from LMOS 2017 CMAQ simulations were analyzed to examine the

differences in the vertical profiles of HCHO and NO2, which can lead to discrepancies between
column and ground FNRs. These simulations were conducted during a project that has been
funded by the NASA Applied Sciences Health and Air Quality Program to perform air quality
modeling assessments utilizing observations from LMOS 2017 (project title: A satellite
constrained meteorological modeling platform for LADCO States SIP development; PI: Jason
Otkin). The LMOS 2017 field campaign meteorological modeling platform was developed
using a series of sensitivity experiments utilizing the Weather Research and Forecasting
(WRF) model. The most optimized framework incorporated the following: (1) Thompson et
al. microphysics (2008), (2) the Yonsei University Planetary Boundary Layer scheme (Hu et
al., 2013), (3) the Noah Land Surface Model (Ek et al., 2003), (4) lake surface temperature
retrievals from the National Oceanic and Atmospheric Administration (NOAA) Great Lakes
Environmental Research Laboratory (GLERL), (5) soil moisture and temperature analyses
provided by the NASA Short-term Prediction Research and Transition Center, (6) Visible
Infrared Imaging Radiometer Suite (VIIRS) green vegetation fraction dataset (Myneni, 2018),
and (7) the nudging of temperature, moisture, and horizontal winds only above 2 km. The latest
simulations from this project have output with a high spatial resolution of 1.3 km 2, and the
interactions between air pollution emissions and atmospheric dynamics (e.g., lake breeze) seen
in the modeling results are comparable to field measurements taken during LMOS 2017 (Otkin
et al., 2021). Vertical profiles of HCHO and NO2 from these CMAQ simulations were analyzed
as curtain plots over the grid box containing Spaceport Sheboygan. Model NO2 data were also
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compared to in situ Scientific Aviation flight observations of NO 2 (Conley, 2019) in order to
evaluate model accuracy regarding lofted features seen in the NO2 curtain plots. To do this,
the gridded CMAQ model NO2 values were interpolated via a nearest neighbor technique to
the latitude, longitude, altitude, and time of the in situ flight observations.
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CHAPTER 3: RESULTS & DISCUSSION

3.1

TROPOMI Ozone Season Monthly Composites: Full Domain
Gridded monthly clear sky HCHO, NO2, and FNR composites were produced for the

periods June to October 2018 and May to October 2019. Figures 3.1 and 3.2 show the results
of the monthly NO2 and HCHO composites for July 2018 and July 2019, respectively. Peak
July clear sky tropospheric NO2 columns occur over New York City (NYC) and reach 12 x
1015 mol/cm2 in 2018 and 7.1 x 1015 mol/cm2 in 2019. Peak July clear sky tropospheric HCHO
columns (approximately 20 x 1015 mol/cm2) occur over Oklahoma, Arkansas, and Missouri in
2018 and along the eastern seaboard during 2019. The number of NO2 and HCHO observations
per grid box varies considerably across the analysis domain. This is due to a combination of
the distribution of cloudiness as well as the detection limit threshold that was applied in the
filtering of the L2 retrievals. The highest density of NO 2 observations per grid box occurs in
urban areas, and there are a fairly low number of NO 2 retrievals above the detection limit over
rural areas. Grid boxes with a low number of binned NO 2 retrievals have ‘noisy’ composite
values and thus questionable FNR values (e.g., in Ontario, Canada, north of the Minnesota
border). However, this is not a major issue for this study because the subsequent analyses focus
on regions with relatively high numbers of binned NO2 retrievals. The density of HCHO
observations is generally higher than that of NO 2 in both rural and urban areas. This is
reasonable since HCHO is a secondary product of both biogenic and anthropogenic VOCs and
also has primary anthropogenic emissions sources.
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July 2018

Figure 3.1 July 2018 composites of TROPOMI data for NO2 (x 1015 mol/cm2, upper left),
HCHO (x 1015 mol/cm2, upper right), the number of composited NO2 retrievals per grid box
(lower left), and the number of composited HCHO retrievals per grid box (lower right).
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Figure 3.2 July 2019 composites of TROPOMI data for NO2 (x 1015 mol/cm2, upper left),
HCHO (x 1015 mol/cm2, upper right), the number of composited NO2 retrievals per grid box
(lower left), and the number of composited HCHO retrievals per grid box (lower right).
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Figure 3.3 shows the composite TROPOMI FNRs for July 2018 and 2019. The
minimum value of 1.5 occurs over NYC in 2018 while the minimum value of 2.2 occurs over
Chicago in 2019. According to the D10 thresholds, this TROPOMI-based FNR analysis
suggests that no urban centers within the domain are VOC-sensitive (FNR < 1) and that major
urban centers (Chicago and NYC) fall into the transition between NO x and VOC sensitivities
during July 2018 and 2019. However, the J20 thresholds suggest that Chicago and NYC fall in
the VOC-sensitive ozone production regime (FNR < 3.2) during July 2018 and 2019. When
using the J20 thresholds to interpret the composites, more of the domain is classified as VOCsensitive or in the transition zone as compared to using the D10 thresholds, which classifies
much of the domain as NOx-sensitive. When looking at the results of all the monthly
composites (not shown), the July 2019 minimum FNR value of 2.2 was the largest minimum
during the analysis period. The lowest minimum ratios occur in NYC in October, reaching 0.7
and 0.9 in 2018 and 2019, respectively.
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Figure 3.3 TROPOMI FNR composites for July 2018 (left) and July 2019 (right).

A combined 2018-2019 ozone season FNR composite (Figure 3.4) was created by
computing the weighted mean (based on the number of observations per grid box per month)
for HCHO and NO2 during June-October 2018 and May-October 2019 and then computing the
FNRs by dividing the weighted means. The minimum ratio occurs over NYC (1.64) with
Chicago also slightly less than 2 (1.92), placing the urban centers in the transition zone
according to D10 but in the VOC-sensitive regime according to J20. Detroit, Toronto, and
Montreal show values between 2 and 3, making these urban centers in the D10 NOx-sensitive
regime and the J20 VOC-sensitive regime. Ozone season compositing shows a number of
urban areas in the southeast US with lower ratios (~4.5) than the southeast rural areas but still
within the NOx-sensitive regime for both the D10 and J20 thresholds. As seen in the analysis
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of both Figures 3.3 and 3.4, interpretations of ozone production sensitivity are vastly different
depending on which thresholds (D10 or J20) are used.

Figure 3.4 FNR composite for the 2018 and 2019 ozone seasons combined.
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3.2

TROPOMI Ozone Season Monthly Composites: Lake Michigan Region
Figure 3.5 displays the results from Figures 3.1-3.3 when zoomed into the Lake

Michigan region, which is defined as between latitudes 41oN and 45.3oN and longitudes
88.6oW and 85.49oW. Table 3.1 lists the summary statistics of HCHO, NO2, and FNR values
for this domain. In general, HCHO is more uniformly distributed but noisier than NO2. The
highest values of HCHO can be seen along the eastern coast of Lake Michigan, resulting in the
highest FNRs within the domain. The highest values of NO 2 are found in the Chicago
Metropolitan Area (CMA), resulting in the lowest FNRs in the region. In July 2018, the CMA
had a minimum ratio value of 1.79, placing it in the D10 transition zone but the J20 VOCsensitive regime. In July 2019, the minimum ratio value within the CMA increased to 2.21 due
to a decrease in NO2, indicating NOx-sensitive ozone production according to D10 but still
within the J20 VOC-sensitive regime. Outside of the CMA, FNRs are greater than 2, making
ozone production in the rest of the domain NOx-sensitive for both July 2018 and 2019
according to D10. Using the J20 thresholds, a larger area is classified as being in the transition
zone surrounding the CMA in July 2018 and 2019, but just as using the D10 thresholds, most
of the Lake Michigan domain is classified as NOx-sensitive. The differences seen between the
TROPOMI composites of HCHO and NO2 in July 2018 and 2019 (top and middle rows, right
column of Figure 3.5) can be due to many reasons, such as differences in emissions (e.g.,
reductions in NO2 emissions) and meteorological conditions (e.g., higher temperatures and
varying transport patterns). Annual changes in NO2 in Chicago and over Lake Michigan are
evident and suggest transport differences between 2018 and 2019. The difference between the
FNR composites (bottom row, right column of Figure 3.5) appears to look more like the
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difference in HCHO rather than NO2, suggesting that variation in HCHO is the primary driver
of the variation in FNR values between July 2018 and 2019.

Table 3.1 Summary statistics of HCHO, NO2, and FNR Composite Data in Figure 3.5
July 2018

Minimum

Mean

Maximum

HCHO (mol/cm2)

8.56 x 1015

12.10 x 1015

15.60 x 1015

NO2 (mol/cm2)

1.76 x 1015

2.31 x 1015

6.44 x 1015

FNR

1.79

5.40

7.28

July 2019

Minimum

Mean

Maximum

HCHO (mol/cm2)

9.56 x 1015

12.70 x 1015

15.20 x 1015

NO2 (mol/cm2)

1.71 x 1015

2.37 x 1015

5.89 x 1015

FNR

2.21

5.50

7.79

Difference (2019 - 2018)

Minimum

Mean

Maximum

HCHO (mol/cm2)

-4.28 x 1015

0.57 x 1015

4.32 x 1015

NO2 (mol/cm2)

-2.00 x 1015

0.06 x 1015

1.04 x 1015

FNR

-1.80

0.10

2.05
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Figure 3.5 Lake Michigan region TROPOMI composites of HCHO (top row), NO2 (middle
row), and FNRs (bottom row) for July 2018 (left column), July 2019 (middle column), and
the difference between the years (2019 – 2018, right column).
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3.3

TROPOMI Ozone Exceedance Day Composites: Lake Michigan Region
Ozone exceedance composites were created by gridding TROPOMI HCHO and NO2

data collected during ozone exceedance events that occurred in the ozone NAAs listed in
Section 2.2.2. Although results were generated for all the NAAs, only the results for the
Chicago NAA are discussed in the rest of this section. Figure 3.6 focuses on the Lake Michigan
region (as defined in the previous section) and shows a comparison between HCHO, NO 2, and
FNRs for the combined 2018-2019 ozone season composite and for the Chicago NAA ozone
exceedance day composite. The Chicago NAA had the largest number of ozone exceedance
events (33) of all the NAAs during 2018 and 2019 and consequently has the most robust
statistics.
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Figure 3.6 TROPOMI composites of HCHO (top row), NO2 (middle row), and FNRs
(bottom row) for the combined 2018 and 2019 ozone seasons (left column), ozone
exceedance events in the Chicago NAA (middle column), and the difference (exceedance
composite – ozone season; right column).
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The minimum FNR during 2018 and 2019 over Chicago is 12% lower (1.73) during
ozone exceedance days than the minimum for the average ozone season (1.92). However, the
largest differences are associated with larger FNR values in non-urban areas during ozone
exceedance events. This is caused by larger background HCHO abundances (top row, right
column of Figure 3.6) and is likely due to increased temperatures during ozone exceedance
events, which lead to increased biogenic VOC emissions and thus increased ozone production
(Sillman & Samson, 1995). To investigate this further, histograms and cumulative distribution
functions (CDFs) (Figure 3.7) of HCHO, NO2, and FNR values were plotted for the ozone
season and during Chicago ozone exceedance events within the domain shown in Figure 3.6.
To determine whether the differences between the ozone season and ozone exceedance
distributions were statistically significant, two-sample Kolmogorov-Smirnov (K-S) tests were
performed. The two-sample K-S test assesses whether the two sample distributions come from
the same population distribution (Heckert, 2016). At a confidence level of 95%, the null
hypothesis (that the sample distributions come from the same population distribution) is
rejected when the p-value is less than 0.05. The results of the two-sample K-S tests are shown
in Table 3.2.

Table 3.2 Summary of two-sample K-S test results performed on data in Figure 3.7
Variable

p-value

K-S statistic

Result

HCHO

8.0x10-184

0.680

Significant

NO2

0.196

0.053

Not Significant

Ratio

2.6x10-49

0.363

Significant
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Cumulative
Distribution

Histograms

HCHO

NO2

Ratio

Values during
Ozone Season

Values during
Chicago Ozone
Exceedance Days

D10
--VOC-Sensitive-FNR < 1

D10
--NOx-Sensitive-FNR > 2

J20
--VOC-Sensitive-FNR < 3.2

J20
--NOx-Sensitive-FNR > 4.1

Figure 3.7 Histograms (left column) and CDFs (right column) of HCHO (top row), NO2
(middle row), and FNR (bottom row) values for the combined 2018 and 2019 ozone seasons
composite (blue) and for the ozone exceedance days within the Chicago NAA (green).
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As seen in the histograms in Figure 3.7, there are shifts toward higher HCHO and FNR
values during ozone exceedance days within the Chicago NAA. The results of the two-sample
K-S tests show that these shifts are statistically significant. Because the result of the twosample K-S test for NO2 has a p-value greater than 0.05 (Table 3.2), NO2 is not statistically
different during ozone exceedance events versus the 2018-2019 ozone season. As a result, it is
concluded that higher FNR values during ozone exceedance events are due to higher HCHO
values. This behavior was similarly found in the results for each of the NAAs listed in Section
2.2.2 (not shown).
If the results are interpreted using the D10 thresholds, it is important to note that while
FNR values are shifted to higher values during ozone exceedance events, the actual values
themselves suggest that the Lake Michigan region is dominated by NO x-sensitive ozone
production (FNR > 2) both during ozone exceedance events and during the typical ozone
season. None of the values are below one, and a very small number of pixels (which are located
within the Chicago Metropolitan Area) fall within the transition zone between NO x-sensitive
and VOC-sensitive ozone production (1< FNR < 2). However, interpreting the FNR values
using the J20 thresholds tells a different and more nuanced story. During the typical ozone
season, the CMA displays VOC sensitivity. Surrounding the CMA and north along the
Wisconsin coast up to Milwaukee, the ratios suggest that ozone production falls in the
transition zone. During Chicago ozone exceedance days, the CMA remains largely VOCsensitive, and its surroundings are still in the transition zone, but the overall spatial extent of
the transition zone decreases. North of the CMA along western Lake Michigan and up the
Wisconsin coast to Milwaukee change to being more NOx-sensitive during Chicago ozone
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exceedance days. Figure 3.8 visually demonstrates how the D10 and J20 thresholds lead to
differing interpretations of ozone-NOx-VOC sensitivity. This analysis shows that using the J20
thresholds for satellite data possibly reveals more insightful information about ozone
production sensitivity in the Lake Michigan region.

Ozone Season
Duncan et al. (2010)
Thresholds

VOC Sensitive
VOC-Sensitive

Chicago Exceedance Days

Jin et al. (2020)
Thresholds

Duncan et al. (2010)
Thresholds

Transition
TransitionZone
Zone

Jin et al. (2020)
Thresholds

NONO
x Sensitive
-Sensitive
x

Figure 3.8 Classification of O3 production regimes within the Lake Michigan region during
the combined 2018-2019 O3 seasons (left) and Chicago O3 exceedance days (right).
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3.4

EPA PAMS Ground FNRs & Comparisons to TROPOMI Satellite FNRs
For brevity, only results for EPA PAMS Site 3103 in Cook County, Illinois, (the only

site within the Lake Michigan region) are discussed in this section. Figure 3.9 shows time
series plots of the calculated monthly mean FNRs at EPA PAMS Site 3103 in Cook County,
Illinois, during the 2018 ozone season. Note that the two plots within the figure contain the
same data points but have different ozone production sensitivity thresholds displayed. Figure
3.9 reveals that the satellite FNRs are greater than ground FNRs for all months. The monthly
mean ground FNRs ranged from a minimum of 0.08 in October to a maximum of 0.34 in July.
In comparison, the monthly mean satellite ratio values ranged from a minimum of 1.42 in
September to a maximum of 3.04 in June. There appears to be little, if any, correlation (r =
0.20) between the ground and satellite FNR values as they change from month-to-month.
Similar results were found for the 2019 data at this site as well as for all the other sites of
analysis (not shown), which answers the second research question of this study: monthly mean
satellite-based TROPOMI FNRs are greater than monthly mean ground-based EPA PAMS
FNRs.
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Figure 3.9 Time series plots of monthly mean ground and satellite FNRs for EPA PAMS
Site 3103 in Cook County, Illinois, in 2018.

Furthermore, the differences between the ground and satellite data result in different
interpretations of ozone production when applying the D10 thresholds to the FNR values.
According to the ground FNRs, ozone production at this site is VOC-sensitive throughout the
ozone season (FNR < 1) while the satellite ratios suggest that ozone production is NO xsensitive from June to August (FNR > 2) but in the transition zone in September and October
(1 < FNR < 2). However, when using the J20 thresholds for satellite FNRs but the D10
thresholds for ground FNRs, interpretations of the ground-based and satellite-based ratios are
congruent with one another. It should be noted that the J20 thresholds were not applied to the
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ground FNRs because they were developed specifically for satellite data. The D10 thresholds
were created using CMAQ and photochemical box modeling, which are known to simulate
surface concentrations well; thus, it is assumed that they can be applied to ground FNRs. Using
the D10 interpretation of ground FNRs and the J20 interpretation of the satellite FNRs suggests
that this site is VOC-sensitive throughout the ozone season (Table 3.3). This congruence
suggests that the D10 thresholds are more appropriate for interpreting surface measurements
while the J20 thresholds are more appropriate for interpreting satellite data in the Lake
Michigan region.

Table 3.3 Data values from Figure 3.9 and their interpretations of O3 production sensitivity
Data Source

FNR/Threshold

June

July

Aug.

Sep.

Oct.

FNR Value

0.23

0.34

0.26

0.31

0.08

D10 Interpretation

VOC

VOC

VOC

VOC

VOC

FNR Value

3.04

2.54

2.59

1.42

1.67

D10 Interpretation

NOx

NOx

NOx

Transition

Transition

J20 Interpretation

VOC

VOC

VOC

VOC

VOC

Ground

Satellite
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The large discrepancies in values between EPA PAMS ground FNRs and TROPOMI
satellite FNRs leads to the third major question of this study, which is: what causes the
differences between the two types of FNRs? There are two hypotheses for the causes of these
differences that are explored in this study. The first hypothesis is that the 24-hour sampling of
HCHO at EPA PAMS sites impacts the subsequent calculation of monthly mean FNRs because
the HCHO concentration is not constant throughout the day. A 24-hour sample possibly
‘dampens out’ spikes in concentration that may occur in HCHO due to local industrial source
emissions or sunlight-driven biogenic emissions, which can lead to decreased FNR values. The
S5P satellite overpasses around 13:30 local solar time and TROPOMI captures instantaneous
HCHO and NO2 concentration values. Therefore, it would be more accurate to compare ground
FNRs calculated from 1-hour measurement data to the TROPOMI FNRs, but the HCHO data
at the EPA PAMS sites are limited to 8-hour or 24-hour samples. The second hypothesis, which
was alluded to in Section 1.3, is that the vertical profiles of HCHO and NO 2 are different. EPA
PAMS ground FNRs are calculated from boundary layer/surface concentrations while
TROPOMI satellite FNRs are calculated from full tropospheric column concentrations.
Differences in the vertical profiles of HCHO and NO 2 can therefore lead to differences between
column (TROPOMI) FNRs and surface (EPA PAMS) FNRs. These two hypotheses are
explored in the following sections.
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3.5

LMOS 2017 Spaceport Sheboygan EPA Ground Site FNRs
To investigate the impact of 24-hour HCHO sampling on the calculation of monthly

mean ground FNRs, high temporal 1-minute HCHO and NO2 measurements collected during
the LMOS 2017 field campaign at the Spaceport Sheboygan EPA ground site in Wisconsin
were averaged into block intervals of 5 minutes, 1 hour, and 24 hours to represent different in
situ sampling intervals (Figure 3.10). The block interval data were averaged again over the
entire measurement period (~27 days) to get ‘monthly’ mean HCHO and ‘monthly’ mean NO 2
values, which were then divided to get ‘monthly’ mean FNRs for each block interval. Table
3.4 shows that the FNR value decreases when the averaging interval for the data increases, but
the differences are small. The monthly FNR of the raw 1-minute data is 0.693 while the
monthly FNR of the 24-hour averaged data is 0.680, which are only about 2% different and
still classified in the same ozone production regime. The methodology of first taking the
monthly average of the HCHO and NO2 data individually and then dividing the values to get
a composite monthly FNR value makes it such that the averaging interval (representative of
different sampling intervals) used on the data does not have a big impact on the calculated
composite monthly FNR value. This analysis demonstrates that the 24-hour sampling of
HCHO at EPA PAMS sites likely has a very small effect on the calculation of monthly mean
ground FNR values from Section 3.4 of this study.
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Figure 3.10 Time series plots of HCHO (top) and NO2 (bottom) averaged into different time
block intervals at the Spaceport Sheboygan EPA ground site during LMOS 2017.

Table 3.4 Overall mean of data values in Figure 3.10 and the resulting FNR values
Averaging
Interval

Mean HCHO ± 1 SD
(ppb)

Mean NO2 ± 1 SD
(ppb)

FNR ± 1 SD*
(Mean HCHO / Mean NO2)

1-minute
(raw)

1.787 ± 0.895

2.579 ± 2.686

0.693 ± 0.714

5-minute

1.772 ± 0.878

2.580 ± 2.647

0.687 ± 0.694

1-hour

1.771 ± 0.839

2.588 ± 2.475

0.684 ± 0.648

24-hour

1.756 ± 0.571

2.580 ± 1.236

0.680 ± 0.372

*Note: The standard deviations (SD) of the FNR values were approximated using equation
(20) from Steltman (2018).
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Although the methodology of this study leads to monthly mean FNR values that are
not greatly impacted by the 24-hour sampling of HCHO, the concentrations of HCHO and NO2
are not well represented by long-term (e.g., 24-hour) in situ samples. The time series of the
raw 1-minute data in Figure 3.10 shows that HCHO and NO2 concentrations varied throughout
individual days at the Spaceport Sheboygan EPA ground site during LMOS 2017.
Furthermore, when looking at the differently averaged interval data (representative of different
in situ sampling intervals), Figure 3.10 indicates that as the averaging interval increases, the
calculated HCHO and NO2 can decrease, ‘dampening out’ any spikes in concentration. For
example, on June 16, 2017, at 0:00 local time, the HCHO 1-minute raw and 5-minute averaged
data suggest a concentration of ~6 ppb, but the 1-hour averaged data suggests ~4 ppb and the
24-hour averaged data suggests ~2 ppb. Similarly, on June 8, 2017, at 0:00 local time, the NO2
1-minute raw, 5-minute averaged, and 1-hour averaged data suggest a concentration of ~20
ppb, but the 24-hour averaged data suggests ~5 ppb. This ‘dampening effect’ is also seen in
the monthly composited HCHO and NO2 data in Table 3.4, which shows that as the averaging
interval increases, the standard deviation decreases. In other words, the variability in HCHO
concentrations indicated by the larger standard deviation value of the raw 1-minute data is not
represented well by the smaller standard deviation of the 24-hour averaged data, proving that
the 24-hour sampling of HCHO at EPA PAMS sites is not representative of the fluctuations in
the atmospheric abundance of this gas throughout the day.
The fact that HCHO and NO2 concentrations vary throughout the day means that ozone
production sensitivity, and thus FNR values, can also vary throughout the day. This nuance is
not captured in the composite monthly mean ground FNR values calculated from 24-hour
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samples of HCHO measured at EPA PAMS sites. To illustrate this point, Figure 3.11 shows a
time series of ‘instantaneously’ calculated FNR values from the differently averaged data in
Figure 3.10. On May 28, 2017, the FNR values calculated from the raw 1-minute data cycle
between a minimum of ~0.5 and a maximum of ~3, indicating that ozone production cycles
between VOC and NOx sensitivity. On the same day, the FNR value of the 24-hour averaged
data is ~0.6, which indicates VOC-sensitivity. This singular datapoint does not show how
ozone production changes throughout the day. Furthermore, as the time-averaging interval
increases (representing increasingly longer in situ sampling intervals), the calculated FNR
value typically decreases. For example, on June 18, 2017, the raw 1-minute data has an FNR
value of ~4 while the 24-hour averaged data has an FNR value of ~0.95. This leads to different
interpretations of ozone production sensitivity, with the raw data indicating NO x sensitivity but
the 24-hour averaged data indicating VOC sensitivity.

Figure 3.11 Time series plot of ‘instantaneous’ FNR values calculated in differing averaging
intervals at the Spaceport Sheboygan EPA ground site during LMOS 2017.
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Table 3.5 shows ‘monthly’ mean FNR values for each time interval calculated by
taking the average of the ‘instantaneous’ FNR values throughout the entire time series in
Figure 3.11. Again, this demonstrates that as the averaging interval increases, the resulting
‘monthly’ mean FNR value decreases. However, the decrease is much larger (~30%) than
when monthly mean NO2 and HCHO concentrations are used to calculate ‘monthly’ mean
FNR values. The 24-hour averaged ‘monthly’ mean FNR value of 0.783 indicates a different
ozone production regime than the 1-minute ‘monthly’ mean FNR value of 1.124, indicating
VOC sensitivity and the transition zone, respectively. This shows how long term (e.g., 24hour) sampling of HCHO at EPA PAMS sites can lead to incorrect interpretations of ozone
production sensitivity.

Table 3.5 ‘Monthly’ mean FNR values for the different time-averaged data in Figure 3.11
Averaging Interval

‘Monthly’ Mean FNR ± 1 SD

1-minute (raw)

1.124 ± 0.841

5-minute

1.089 ± 0.800

1-hour

1.026 ± 0.748

24-hour

0.783 ± 0.520
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Another way to investigate the impact of 24-hour HCHO sampling on FNR values is
to look at the average diurnal cycles of HCHO, NO 2, and FNR values at the Spaceport
Sheboygan EPA ground site during LMOS 2017 (Figure 3.12). At Spaceport Sheboygan
during LMOS 2017, the average HCHO diurnal cycle (top plot of Figure 3.12) shows two
peaks in concentration at 8:00 am and 8:00 pm local time, while the lowest concentrations
occur at 1:00 am and 3:00 pm local time, dropping approximately 30% from the peak
concentrations. Interestingly, the average HCHO diurnal cycle at Spaceport Sheboygan during
LMOS 2017 has a different pattern than that found in other studies. For example, Franco et al.
(2016) derived HCHO total columns from ground-based high-resolution Fourier transform
infrared solar spectra recorded at a rural, high-altitude station in the Swiss Alps. They found a
general HCHO diurnal cycle in which HCHO levels increase in the morning hours, peak
around noon local time, gradually decrease in the afternoon, and drop off at night. The Franco
et al. (2016) singularly peaked HCHO diurnal cycle is different than the Spaceport Sheboygan
HCHO diurnal cycle presented here likely because they used a remote sensing technique to
approximate column measurements at a rural site where biogenic HCHO concentrations are
driven by the diurnal cycle in solar insolation. At Spaceport Sheboygan, measurements were
made in situ and on the surface, which are affected by biogenic and potential local sources as
well as the transport of anthropogenic sources of HCHO. A study by Li et al. (2014) used longpath differential optical absorption spectroscopy (DOAS) to measure HCHO in urban
Shanghai, China, and found an average diurnal cycle that was doubly peaked around 10:00 am
and 4:00 pm local time, with concentrations generally higher during that day than at night. The
Li et al. (2014) findings are more similar to the Spaceport Sheboygan HCHO diurnal cycle
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because their measurement site was in an urban setting, and the DOAS methodology is closer
to the in situ Spaceport Sheboygan surface measurements than the method used by Franco et
al. (2016). However, the differences in the times of occurrence of the peaks within the diurnal
cycle indicate that in urban settings, local sources of HCHO and transport of anthropogenic
HCHO impact the diurnal cycle in addition to sunlight driven biogenic HCHO emissions. The
average NO2 diurnal cycle at Spaceport Sheboygan during LMOS 2017 (middle plot of Figure
3.12) has higher concentrations at night than during the day. This cycle follows a similar
pattern, but shifted in time, as that for the Chicago Metropolitan Area found by Wang et al.
(2020). Again, the dissimilarities in Wang et al. (2020) and Spaceport Sheboygan diurnal
cycles could be due to differences in local source emissions of NO2 (e.g., differences in traffic
volumes and thus car exhaust emissions of NO2). As seen in the bottom plot of Figure 3.12,
the average diurnal cycle of FNR values indicates that ozone production starts off as VOCsensitive in the early morning hours, becomes more NOx-sensitive during the day, and returns
to being VOC-sensitive at night. These plots show that the diurnal cycles of HCHO and NO 2
result in time varying FNR values that indicate different ozone production regimes throughout
the day.
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Figure 3.12 Plots of the average diurnal cycles of HCHO (top), NO2 (middle), and the
resulting FNR values (bottom) at the Spaceport Sheboygan EPA ground site during LMOS
2017.
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The diurnal cycles of HCHO and NO2 also partially explain why there are discrepancies
in the TROPOMI satellite FNR values and EPA PAMS ground FNR values presented in
Section 3.4. In the bottom plot of Figure 3.12, the orange marker indicates that the FNR value
of the 1:00 pm (13:00) local time datapoints is ~1.24; this more closely resembles what
TROPOMI would instantaneously observe during the S5P satellite overpass time. Meanwhile,
the monthly average of all the raw 1-minute data for HCHO and NO2 during the sampling
period leads to a ‘monthly’ FNR value of ~0.69 (1.8 times smaller than the 1:00 pm FNR); this
more closely resembles what was calculated from the EPA PAMS data in this study.
Instantaneous TROPOMI retrievals capture HCHO and NO2 concentrations at a specific time
within their diurnal cycles. The 24-hour sampling of HCHO at EPA PAMS sites captures an
average of the concentrations within the HCHO diurnal cycle, which is often different than the
1:00 pm concentration. This can lead to differences between ground FNR values calculated
from EPA PAMS data and satellite FNRs calculated from TROPOMI data.
These analyses bring up an important point about the limitations of the methodology
used in this and other similar studies. Because of the lower signal-to-noise ratios of HCHO
retrievals from satellite instruments, the data had to be averaged into monthly composites.
Subsequent calculations of FNR values from the satellite data only allows for the interpretation
of the average ozone production sensitivity for a region for that specific month during the
satellite overpass time. However, the raw 1-minute data in Figure 3.11 shows that there is a
diurnal variation in FNR values and ozone production regimes between VOC and NOx
sensitivities, which is driven by the diurnal cycles of HCHO and NO 2 seen in Figures 3.10 and
3.12. While knowing the ‘typical’ ozone production sensitivity regime that an airshed falls into
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is a useful piece of information for air quality regulatory agencies, such information obscures
the short-term variations in ozone production sensitivity that would need to be considered to
fully address ozone air pollution problems.
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3.6

LMOS 2017 CMAQ Simulations: HCHO and NO2 Vertical Profiles
To test the second hypothesis for the causes of the discrepancies between TROPOMI

and EPA PAMS FNRs, vertical profiles of HCHO and NO2 above Spaceport Sheboygan,
Wisconsin, were compared using LMOS 2017 CMAQ simulation data. Before looking at the
vertical profiles, surface measurements from the Spaceport Sheboygan EPA ground site were
compared to surface concentrations within the model output to evaluate model simulation
accuracy (Figure 3.13). Model and in situ HCHO have a correlation of 0.66, bias of -0.26 ppb,
and root mean square error (RMSE) of 0.74 ppb. Model and in situ NO 2 have a correlation of
0.42, bias of 0.68 ppb, and RMSE of 2.87 ppb. While the model does not perfectly simulate
the in situ measurements, the plots demonstrate that the same general patterns in concentrations
exist within both datasets. Therefore, it appears reasonable to evaluate near surface HCHO and
NO2 vertical profiles from the CMAQ simulations.
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Figure 3.13 Comparisons of in situ and model surface HCHO (top) and NO 2 (bottom) at the
Spaceport Sheboygan EPA ground site during LMOS 2017.
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Figure 3.14 shows the CMAQ vertical profiles up to an altitude of 3 km for HCHO
and NO2 over Spaceport Sheboygan. Clearly, there are profile differences between HCHO and
NO2. In general, it appears that HCHO typically extends further up at higher concentrations in
the atmosphere than NO2 (particularly above altitudes of 1 km) and is generally monotonic
with altitude. In contrast, NO2 concentrations are much greater near the surface (below
altitudes of 0.5 km) and are often not monotonic with altitude. The regions denoted with a red
box show an example of where HCHO extends much further up in the atmosphere than NO 2.

Figure 3.14 CMAQ vertical profiles of HCHO (top) and NO2 (bottom) over the Spaceport
Sheboygan EPA ground site. The red and green boxed regions are discussed in the main text.
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Figure 3.15 displays a time series that compares the surface FNR to the 0-3.2 km
column FNR over Spaceport Sheboygan within the CMAQ simulations. The 0-3.2 km column
FNR is greater than the surface FNR over 99% of the time, with an average difference (column
FNR – surface FNR) of 2.15. When looking at Figures 3.14 and 3.15 together, it appears that
the largest differences between column and surface FNR values occur when either: (1) NO 2
and HCHO both have low concentrations throughout the column, or (2) NO 2 has low
concentrations but HCHO has elevated concentrations throughout the column. Another insight
gained from Figure 3.15 is that the variability of the 0-3.2 km column FNR values (standard
deviation ~ 1.69) is larger than that of the surface FNR values (standard deviation ~ 0.42). The
larger variability of the column FNR values is possibly due to the intrusion of HCHO higher
into the atmosphere as well as the lofted NO2 features around 0.5 km altitude, which are
discussed further in Section 3.7. Although there are large numerical differences between the
surface and column FNRs within the simulations, the time series have a moderately strong
positive linear relationship as indicated by a correlation coefficient (r) value of about +0.60.
Together, the analyses of Figures 3.14 and 3.15 provide an answer to the third major research
question of this study, which is that profile differences in HCHO and NO 2 can cause
discrepancies between column (TROPOMI) and surface (EPA PAMS) FNR values. In
particular, HCHO often reaches up higher into the atmosphere than NO 2, resulting in column
FNRs greater than surface FNRs.
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Figure 3.15 Comparison of CMAQ surface FNRs and 0-3.2 km vertical column FNRs over
the Spaceport Sheboygan EPA ground site.
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3.7

Scientific Aviation NO2 Profiles & Comparisons to CMAQ Output
Also seen in Figure 3.14 are lofted NO2 features, such as those within the green box

region in the bottom plot. Since these features are above the surface, they can also cause
discrepancies between total column FNRs and surface FNRs. To see if these CMAQ-simulated
lofted features are real, CMAQ output was compared to Scientific Aviation in situ flight
measurements of NO2 from June 2, 2017, in Figure 3.16. As the plane spiraled up and down
above Spaceport Sheboygan, the in situ measurements show elevated NO 2 concentrations
between 0.4 and 0.6 km. This confirms that the lofted NO2 features seen in Figure 3.14 are
real and that the model may be underestimating their concentrations. Further investigation of
the CMAQ simulations suggest that the plumes observed at the Spaceport Sheboygan EPA
ground site originated at the Edgewater Coal Plant, which emits NO2 from a tall smokestack.
As the NO2 emitted from the smokestack is transported by wind, the locations where the lofted
NO2 travels can cause a disconnect between surface and total column FNRs.
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Figure 3.16 Comparisons between CMAQ simulations and in situ flight measurements of
NO2 over Spaceport Sheboygan on June 2, 2017.
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3.8

Limitations, Assumptions, & Suggestions for Future Work
There are a few limitations and assumptions in this study that need to be discussed to

provide full context to the results presented. First, it was assumed that the thresholds for ozoneNOx-VOC sensitivity determined by D10 and J20 for OMI data can be applied to TROPOMI
data because of the similarities in SNRs. However, the two instruments have very different
spatial resolutions, which could impact the thresholds for ozone-NOx-VOC sensitivity if
determined solely using TROPOMI data. Similarly, the detection limit filters used when
creating the TROPOMI composites are also for OMI data, but the true detection limits of
TROPOMI for HCHO and NO2 may be different. Third, the EPA PAMS ground FNR data in
Section 3.4 and Table 3.3 were interpreted using the D10 thresholds. While the D10 thresholds
were meant to be applied to satellite data by Duncan et al. (2010), it is assumed in this work
that they are applicable to in situ surface data since the thresholds were determined using
CMAQ and photochemical box modeling, which are known to simulate surface concentrations
well. This assumption, however, may not be completely accurate. Furthermore, the D10
thresholds are not necessarily geographically specific. The true FNR threshold value between
VOC-sensitive and NOx-sensitive ozone production can vary from airshed to airshed, so the
D10 thresholds maybe different than what is truly correct for the Lake Michigan region.
LMOS 2017 CMAQ simulations were compared to surface HCHO and NO 2
observations and airborne in situ NO2 measurements, which showed acceptable agreement
between the model and in situ data. Unfortunately, there were no in situ vertical profiles of
HCHO measured from the Scientific Aviation flights during LMOS 2017. Such data would
have provided additional evidence to support the finding within the CMAQ curtain plots
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(Figure 3.14) that HCHO extends further up into the atmosphere than NO 2. The CMAQ
simulations used in this work also bring up other aspects of FNRs that are potentially worth
exploring. For example, HCHO yield is dependent on the source of VOC (e.g., biogenic versus
anthropogenic VOC emissions). One could perform sensitivity experiments within CMAQ to
evaluate whether perturbing biogenic or anthropogenic VOC emissions has a greater effect on
the resulting FNR values. Another possible line of inquiry would be to dive further into the
relationship between surface and column FNR values, specifically outside of NO x and
anthropogenic HCHO source regions. One could sample various geographical locations within
the CMAQ simulations used in this study to see if the relationship between surface and column
FNRs are different for urban city centers, rural sites downwind of urban areas, isolated rural
areas, etc.
Last, as was discussed in Section 3.5, the creation of monthly mean FNRs from satellite
data obscures the diurnal cycle in FNR values and ozone production sensitivity seen in Figures
3.11 and 3.12, which can prove to be a big limitation for air quality management agencies that
create policy to address ozone air quality issues in their region. In all, calculating ozone-NOxVOC sensitivity thresholds using the J20 methodology with TROPOMI data, determining the
actual detection limits of TROPOMI HCHO and NO2 retrievals, and establishing the true
ozone-NOx-VOC sensitivity thresholds using ground data within the Lake Michigan region
airshed are suggestions for future work that could build upon this thesis research. Additionally,
having more continuous VOC measurements at EPA PAMS sites, higher precision HCHO
satellite retrievals, and higher temporal resolution satellite retrievals of HCHO and NO 2 would
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greatly improve future research studies that utilize the FNR to indicate ozone production
sensitivity.
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CHAPTER 4: SUMMARY & CONCLUSIONS

This study investigated the formaldehyde to nitrogen dioxide ratio (‘FNR’) using
satellite, in situ, and air quality modeling data. The first and second parts of this work explored
the use of satellite-based FNRs as an indicator of ozone-NOx-VOC sensitivity in the Lake
Michigan region. The satellite FNR values were interpreted using two different sets of
thresholds for ozone production sensitivity, one from Duncan et al. (2010) (‘D10’) and one
from Jin et al. (2020) (‘J20’). In general, the results of this study showed that the J20 thresholds
are more appropriate for interpreting the TROPOMI satellite FNRs and the D10 thresholds are
more appropriate for interpreting the EPA PAMS surface FNRs presented in this work.
The results also demonstrated that binning satellite data onto a 12 x 12 km2 grid allows
one to see the spatial distribution of atmospheric NO2 and HCHO on a monthly basis. Because
TROPOMI retrievals of HCHO are noisier than NO2, the data needed to be composited into
monthly averages to reduce the influence of noise in the HCHO retrievals. Results for the 2018
and 2019 ozone seasons showed that the minimum FNRs occurred over NYC (1.64) and
Chicago (1.92), which places both urban centers in VOC-sensitive regimes based on J20
thresholds. Monthly composite results showed that in the Lake Michigan region, the Chicago
Metropolitan Area (CMA) is VOC-sensitive, its surroundings and north along the Wisconsin
shoreline up to Milwaukee are in the transition zone, and the rest of the region falls within the
NOx-sensitive ozone production regime based on the J20 thresholds. These results are similar
to those of Vermeuel et al. (2019), who used chemical box modeling to investigate the ozone
production sensitivity of an air parcel as it traveled on June 2, 2017, from its Chicago-Gary
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urban source region to over Lake Michigan, and then north along the coast to the receptor site
of Zion, Illinois. Their findings show that ozone production within the plume was strongly
VOC-sensitive in its Chicago-Gary urban source region and became more NOx-sensitive as it
advected north along the Lake Michigan coastline. Both this study and that of Vermeuel et al.
(2019) found a general south-north gradient in ozone production regimes that transitions
toward less VOC sensitivity/more NOx sensitivity starting from the south in the Chicago
Metropolitan Area and going north along the Lake Michigan shoreline.
TROPOMI FNR composites interpreted using the J20 thresholds suggest that during
the ozone season and during Chicago ozone exceedance events, the CMA remains VOCsensitive, but the spatial extent of the transition zone that surrounds Chicago and extends north
up to Milwaukee decreases during ozone exceedance events (FNR values increase). Statistical
tests show that the higher FNR values are due to higher background HCHO levels rather than
changes in NO2. This is likely attributed to increased temperatures during ozone exceedance
events, which leads to increased biogenic VOC emissions and thus increased ozone production
(Sillman & Samson, 1995). Future work could investigate this hypothesis via performing
perturbation CMAQ simulations to determine if it is increases in biogenic or anthropogenic
VOC emissions that are responsible for higher FNR values and changes in ozone production
sensitivity during ozone exceedance days.
In the third part of this work, comparisons between ground-based EPA PAMS and
satellite-based TROPOMI FNR values revealed large numerical differences, with the monthly
satellite ratios always being greater than the monthly ground ratios. In the final part of this
research, reasons for the disconnect between the two types of FNRs were explored. The first
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hypothesis, which is that the lower temporal resolution of HCHO measurements (24-hour
samples) at EPA PAMS sites affects the calculation of monthly mean FNR values, was tested
through analysis of high temporal resolution HCHO and NO 2 measurements collected during
LMOS 2017 at the Spaceport Sheboygan EPA ground site. The ‘monthly’ average FNR of the
raw 1-minute data was 0.69 while the ‘monthly’ average FNR of the 24-hour averaged data
was 0.68. These analyses show that because the EPA PAMS FNRs were calculated by first
averaging the HCHO and NO2 data on a month-by-month basis and then dividing the monthly
averages to get a monthly FNR value, longer term sampling has little to no effect on the ground
FNR values presented in Section 3.4 of this study.
Although the monthly mean FNR values in Section 3.4 were not impacted by the 24hour sampling of HCHO, analysis of the high-resolution LMOS 2017 measurements revealed
major limitations of the methodology of this work as well as the low temporal resolution
HCHO sampling at EPA PAMS sites. Time series of the LMOS 2017 HCHO and NO 2 data
demonstrated that both gases have concentrations that follow unique diurnal cycles, which
means that FNR values (and thus ozone production sensitivity) also change throughout the day.
Such intraday shifts between VOC-sensitive and NOx-sensitive ozone production are not
captured by monthly mean FNR values. The existence of the HCHO diurnal cycle also means
that the 24-hour sampling of HCHO at EPA PAMS sites can ‘dampen’ out spikes in
concentrations seen throughout the day. Plots of the average diurnal cycles of HCHO and NO 2
at Spaceport Sheboygan during LMOS 2017 showed that the FNR value of the 1:00 pm local
time datapoints is 1.24 (which resembles what TROPOMI would see as it overpasses), while
the average of all the raw 1-minute data gives an FNR value of 0.69 (which resembles what
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was calculated from the EPA PAMS data in this study). Therefore, low temporal resolution
sampling of HCHO at EPA PAMS sites impact the calculation of ‘instantaneous’ FNRs and
can lead to incorrect interpretations of ozone production sensitivity.
The second hypothesis that was explored (for the differences between TROPOMI and
EPA PAMS FNR values) is that the differences in the vertical profiles of HCHO and NO 2 can
lead to different surface and column FNR values. Analysis of LMOS 2017 CMAQ simulations
showed that HCHO often extends further up into the atmosphere than NO 2, causing column
FNRs to have greater values than surface FNRs. Despite these numerical differences, a
statistical comparison of CMAQ surface and 0-3.2 km column FNR time series revealed that
the two have a moderately strong positive linear relationship as indicated by a correlation
coefficient (r) value of about +0.60. It was also shown that lofted NO2 plumes from tall point
sources (such as coal-fired power plants) cause further differences between surface and column
ratios. Testing this second hypothesis demonstrated that ratios of satellite column
measurements of HCHO and NO2 do not necessarily reflect the ratios of surface measurements.
Based on the results of this study, it is concluded that satellite-based TROPOMI FNRs
and ground-based EPA PAMS FNRs require different thresholds for NOx versus VOC
sensitivities. Using the J20 thresholds to interpret satellite ratios and using the D10 thresholds
to interpret surface ratios led to consistent interpretations of ozone-NOx-VOC sensitivity in the
Lake Michigan region. However, due to sampling interval limitations at many EPA PAMS
sites, only 8-hour or 24-hour HCHO samples are collected, which leads to FNRs calculated
from such data that are often lower than instantaneously calculated ratios because of the diurnal
cycles of HCHO and NO2. It would be more accurate to compare in situ ground measurements
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taken at 13:00 local solar time to the TROPOMI data since that is the S5P overpass time. Even
then, vertical profile differences between HCHO and NO 2 makes direct comparisons between
satellite and ground FNRs difficult. This highlights the need for more consistent and higher
temporal resolution VOC measurements at EPA PAMS sites as well as higher precision HCHO
and higher temporal resolution HCHO and NO2 satellite retrievals. The NASA Tropospheric
Emissions: Monitoring of Pollution (TEMPO) mission will launch a geostationary-orbiting
satellite into space in 2022 carrying a visible and ultraviolet light grating spectrometer that is
capable of measuring air pollutants, including HCHO and NO 2, in hourly intervals over the
United States (Zoogman et al., 2017). Such measurements represent a significant advancement
in the field of atmospheric chemistry and will provide researchers with more datasets to explore
how information from satellite-based formaldehyde to nitrogen dioxide ratios can be utilized
to properly address ozone air pollution problems throughout the country.
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