
1.  Introduction
The Lake Michigan Ozone Study conducted in 2017 (Stanier et al., 2021) was a multi-site collaborative field 
campaign to support atmospheric chemistry studies and air quality management in the Lake Michigan region. 
While peak ozone concentrations in the region have fallen in response to ozone precursor emission reductions, 
ambient air quality requirements have grown stricter over the same period. For example, ozone at lakeshore 
Wisconsin monitors has fallen from 100 to 75 ppb from 2001 to 2020 (WDNR, 2021). Thus, coastal portions 
of Wisconsin, Illinois, Indiana, and Michigan do not meet the 2015 National Ambient Air Quality Standards for 

Abstract  High concentrations of ozone along the coastline of Lake Michigan are a persistent air quality 
management challenge. Complementing observations during the 2017 Lake Michigan Ozone Study (LMOS 
2017), WRF-Chem modeling was used to quantify sensitivity of modeled ozone (O3) to anthropogenic nitrogen 
oxides (NOx) and volatile organic compound (VOC) emissions, including to changes in volatile chemical 
product (VCP). The daily maximum 8 hr average (MDA8) over the high ozone region of Lake Michigan 
decreased by 2.7 ppb with exclusion of VCP from the inventory, and was sensitive to both NOx and VOC 
changes, with greater sensitivity to NOx. Close to urban centers, MDA8 ozone was VOC-sensitive. Clusters 
of coastal receptor sites were identified based on similarity in response to emission perturbations, with most 
clusters being NOx-sensitive and NOx-sensitivity increasing with distance from major emission sources. The 2 
June 2017 ozone event, which has received considerable focus, is shown to be atypical due to unusually strong 
and spatially extended VOC-sensitive behavior. WRF-Chem integrated reaction rate analysis was used to 
compute radical termination rates due to NOx (LNOx) and to radical-radical reactions (LROx). LROx/LNOx and 
formaldehyde to NO2 ratio (FNR) were shown to be predictive of modeled MDA8 ozone sensitivity, but with 
variation in predictive power as a function of time of day, which has implications for air quality management 
use of FNR from geostationary satellites.

Plain Language Summary  Surface ozone is an air pollutant of concern due to human health 
impacts. In locations with elevated ozone concentrations, including coastal regions around Lake Michigan, 
ozone pollution is managed by controlling emissions of the two classes of chemicals that drive ozone chemistry: 
volatile organic compounds (VOCs) and nitrogen oxides (NOx). However, due to large reductions in emissions 
of NOx and VOC over the past 20 years, the leverage that future reductions will have is uncertain. Reductions of 
4–5 ppb (∼7%) are needed in several locations, relative to 2017–2019 concentrations, to meet the 2015 ozone 
standard of 70 ppb. In this paper, we use simulations of atmospheric chemistry and airflow over the Midwestern 
US to address this issue. By comparing simulations based on different VOC and NOx emissions, we find that 
reductions in NOx emissions have more influence on ozone than reductions in VOC emissions, except for a 
small zone downwind of Chicago. On high ozone days over Lake Michigan, a 10% decrease in VOC (NOx) 
emissions can lower ozone in the key high ozone zone over southern Lake Michigan by 0.4% (0.8%). Volatile 
chemical products, an uncertain component of emission inventories, are responsible for 2.7 ppb (∼4%) of 
ozone.
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ozone (United States Environmental Protection Agency (U. S. EPA) 2021). One of the key objectives of LMOS 
2017 was update to estimates of sensitivity of ozone to its precursors, volatile organic compounds (VOCs) and 
nitrogen oxides (NOx = NO + NO2), using updated emission inventories and high-resolution well-characterized 
photochemical grid models (PGMs). As shown below, existing estimates of the sensitivity of peak ozone to 
emissions are outdated given the “moving target” of decreasing emissions. NOx emissions decreases are espe-
cially large, dropping by 62% between 1997 and 2017 (Stanier et al., 2021) in inventories across EPA Region 
V (consisting of Illinois, Indiana, Michigan, Minnesota, Ohio, and Wisconsin). In addition to updating emis-
sion sensitivities using new emissions, the LMOS 2017 team sought to quantify the impact of volatile chemical 
products (VCPs) in the region, and integrate observed chemical indicators of ozone sensitivity into analysis—
including indicators measured during LMOS 2017, and indicators that are increasingly available through satellite 
remote sensing and through future field studies.

Of recent interest is the sensitivity of air quality to VCPs which include pesticides, coatings, printing inks, adhe-
sives, cleaning agents, and personal care products. VCPs are a major contributor to VOC reactivity in urban areas 
now that industrial and tailpipe emissions have been reduced (McDonald, de Gouw, et al., 2018). Areas of active 
investigation with respect to VCP include their oxidation chemistry, ozone formation potential, secondary organic 
aerosol formation potential, quantity and timing of emissions, and representation in inventories and chemical 
mechanisms. As Qin et al. (2021) has shown, due to the ground-level release of most VCP in high population 
density locations, there are likely synergies in managing exposures to primary emissions and to secondary air 
pollutants generated from VCP. Qin et al. (2021), using the Community Multiscale Air Quality modeling system 
(CMAQ), showed a change in Los Angeles summertime 8-hr daily maximum (MDA8) ozone of 9 ppb with 
exclusion of VCP emissions. Coggon et al.  (2021), using WRF-Chem for high ozone days in New York City 
during 2018, modeled the MDA8 ozone sensitivity to zeroing out of VCP as ranging from 5 to 12 ppb at its spatial 
maximum, which typically occurred about ∼50 km downwind of Manhattan. To our knowledge, no estimates of 
sensitivity of air quality to VCP downwind of Chicago have been published.

Prior work on ozone sensitivity relevant to the Lake Michigan region can be divided into three categories: (a) 
older sensitivity studies, dating prior to 2005; (b) recent regionally focused sensitivity studies; and (c) national 
or North American studies that report on ozone sensitivity in the Great Lakes region. We review the second 
category here due to its highest relevance to our work. Locations are typically classified using terminology of 
NOx-sensitive and VOC-sensitive regimes, with an intermediate transitional regime where sensitivity to NOx and 
VOC is balanced (Sillman, 1995). In the literature, sensitivity may refer to the sensitivity of instantaneous net 
production (PO3) of odd oxygen (Ox = O3 + NO2), commonly defined as PO3, to changes in emissions or concen-
trations of ozone precursors; however, it may refer to the sensitivity of ozone mixing ratios (or their averages in 
time, such as MDA8) to changes in emissions or concentrations of ozone precursors. Both types of analysis are 
employed in this paper.

Vermeuel et al. (2019) ran a Lagrangian parcel model in F0AM (Wolfe et al., 2016) using the National Emission 
Inventory (NEI) 2014 at 12  km resolution with a detailed gas-phase chemical mechanism. Parcels subjected 
to analysis originated within the Chicago metropolitan area and terminated at an LMOS 2017 observation site 
67  km north of Chicago in Zion, Illinois. Vermeuel et  al.  (2019) compared modeled and observed indicator 
ratios for the 2 June 2017 ozone episode, and reported strong VOC sensitivity at 8 a.m. Central Standard Time 
in Chicago, gradually evolving to weak VOC sensitivity at the receptor. Qin et al. (2019) studied sensitivity of 
ozone from the CMAQ model (July 2011 simulations, NEI 2011 emissions, 4 km resolution) through perturba-
tions of NOx and biogenic VOCs emissions. MDA8 ozone over the Great Lake region were found to be somewhat 
sensitive to 50% perturbations in NOx from on-road mobile sources and to biogenic VOCs, with sensitivities of 
MDA8 ozone of 0.5–3 ppb for both cases. The Lake Michigan Air Directors Consortium (LADCO) (Lake Mich-
igan Air Directors Consortium, 2018) used Comprehensive Air quality Model with extensions (CAMx) (summer 
2011 simulations, NEI 2011 emissions, 12 km resolution) to analyze a wide range of sensitivity simulations to 
emissions tagged by state and sector, including biogenic emissions, commercial marine vessels emissions, and 
wildfire emissions. Key findings were strong sensitivity of ozone at coastal Wisconsin (e.g., Sheboygan and 
Milwaukee) monitors to emissions originating in Illinois, and sector influences (in decreasing order of impor-
tance) of non-road mobile emissions, on-road mobile emissions, non-Electrical Generating Unit (EGU) point 
sources, biogenic emissions, area sources, and EGU point sources. In post-analysis work for the Lake Michi-
gan Ozone Study, Acdan et al. (2020) evaluated formaldehyde (HCHO) to nitrogen dioxide (NO2) or formalde-
hyde to NO2 ratio (FNR) ratios from the LMOS campaign measurements, and from TROPOspheric Monitoring 
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Instrument (TROPOMI) for 2018 and 2019. They found that during Chicago ozone exceedances, the Chicago 
Metropolitan Area was VOC-sensitive, a transitional sensitivity zone existed surrounding Chicago and extends 
northward up the Lake Michigan shoreline to Milwaukee, the remainder of the region was NOx-sensitive, and that 
the transitional sensitivity area was larger on non-ozone exceedance days and smaller on high ozone days due to 
variation in column formaldehyde.

Acdan et al. (2020) further expanded on the LMOS 2017 trajectory analysis of Vermeuel et al. (2019), extending 
the Lagrangian analysis from one episode day to five episode days. Acdan et al. (2020) developed methods for 
examining sensitivity based on locating ridgelines of either ozone or instantaneous ozone net production (PO3) 
as a function of formaldehyde, NO2, peroxide and nitric acid formation rates and concentrations, and radical 
termination reaction rates, allowing comparison to techniques based on these observational indicators (Duncan 
et al., 2010; Jin et al., 2017; Kleinman et al., 2001; Schroeder et al., 2017; Sillman, 1995). Acdan et al. (2020) 
found a mix of VOC-sensitive, transitional, and NOx-sensitive regimes depending on day and method. We further 
discussed results from Acdan et al. (2020) with relation to this work in Results and Discussion.

Koplitz et al. (2021) performed a national analysis, with Chicago as one of the focus areas, combining day-of-week 
(DOW) observational analysis with 12-km CAMx higher order decoupled direct method model sensitivities. Two 
full calendar years were modeled (2007 and 2016). They note increasing NOx-sensitivity, with weekday ozone 
concentrations exceed weekend values in both years (significantly in 2016) for the whole Chicago area (16 moni-
tors). A small urban core of VOC-sensitive (NOx-saturated) was reported, based on PGM modeling, by Koplitz 
et al. (2021). They further concluded that even in regions classified as NOx-sensitive, targeted controls on hazard-
ous VOC compounds would have a co-benefit of exposure reduction to both ozone and air toxics.

In this paper we expand on modeling first reported in Abdi-Oskouei et al. (2020) to address the sensitivity of 
ozone concentration and ozone production to VCP, and to changes in VOC and NOx emissions. The investigation 
is completed using recent emission inventories, and in a modeling system that is well characterized relative to 
LMOS 2017 chemical and meteorological measurements. We hope our work is complementary to other ozone 
sensitivity research in the region, which has typically focused on sensitivity at coastal receptor sites. We include 
such sites, but also focus on sensitivity of a high ozone region over southern lake Michigan. While measurements 
of this off-shore high ozone area have been sparse in the past, new field campaigns, new ship-based sampling, 
and satellite remote sensing are starting to turn this into an observable feature. We further expand on many prior 
analyses with our focus on explicit quantification of the considerable day-to-day variation in ozone episodes.

We further demonstrate that WRF-Chem's recently developed Internal Reaction Rate (IRR) tracking feature is a 
good tool for characterizing the variation in VOC reactivity between inventories and chemical species, and can 
be used to analyze net ozone production rates together with radical production and termination rates. These are 
used to establish the extent to which modeled and observed indicators of ozone chemical sensitivity are predic-
tive of MDA8 ozone. This is done in anticipation of the availability of unprecedented spatiotemporal coverage of 
formaldehyde and NO2 columns from geostationary satellites such as TEMPO.

2.  Methods
2.1.  Model Configuration

WRF-Chem version 4.0 (Grell et al., 2005; Skamarock et al., 2008) was used for simulating air quality and its 
response to changes in emissions. We also utilized its IRR capability (Jeffries & Tonnesen, 1994) to investi-
gate the ozone production chemistry (Pfister et al., 2019). The single 4 km domain is similar to Abdi-Oskouei 
et al. (2020) and covers Lake Michigan and part of the Midwest and includes 310 × 260 grid cells with 53 verti-
cal levels extending to 50 hPa and 11 layers below 1 km (Figure 1). The Model for Ozone and Related chemical 
Tracers (MOZART) (Emmons et al., 2010) with updated monoterpenes, isoprene, and heterogeneous chemis-
try (Hodzic et al., 2015; Knote et al., 2014), was adopted for simulating the gas phase chemistry. The Model 
for Simulating Aerosol Interactions and Chemistry, developed by Zaveri et al. (2008) with updated secondary 
organic aerosol formation (Hodzic & Jimenez, 2011), was used for simulating aerosol chemistry and thermody-
namics. The new Tropospheric Ultraviolet and Visible was used for photolysis parameterization (Atmospheric 
Chemistry Observation & Modeling (ACOM) 2021). Chemical initial and lateral boundary conditions were taken 
from the European Centre for Medium-Range Weather Forecasts Monitoring Atmospheric Composition and 
Climate reanalysis (Inness et al., 2013) the Copernicus Atmosphere Monitoring Service (CAMS) model. The 
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3 km High-Resolution Rapid Refresh (HRRR) model (Benjamin et al., 2016) provided meteorological boundary 
conditions. Abdi-Oskouei et al. (2020) showed that HRRR data led to better meteorological results compared with 
the National Center for Environmental Prediction Final Analysis (NCEP-FNL) data. Following Abdi-Oskouei 
et al. (2020), the meteorology was reinitialized daily with HRRR data, while the chemical state was carried over 
from the previous day's simulation. Table S1 in Supporting Information S1 summarizes the WRF-Chem configu-
rations options used in this study and additional details on the physical configuration properties and initialization 
can be found in Abdi-Oskouei et al. (2020). The modeling domain and averaging areas used for reporting inte-
grated emissions are shown in Figure 1.

2.2.  Emission Inventories and Sensitivity Simulations

The Model of Emissions of Gases and Aerosols from Nature (MEGAN v2.0.4) (Guenther et al., 2006) was used 
to simulate biogenic emissions online in the WRF-Chem simulations. By default, MEGAN uses monthly MODIS 
2003 Leaf Area Index data to estimate biogenic emissions rates. The online MEGAN also estimates soil NO 
emissions. There were not any large fires in the domain during the study and fire emissions were excluded within 
the domain. The chemical boundary conditions from the CAMS model included out-of-domain fire emissions.

The total of five different anthropogenic emission inventories were used to perform the sensitivity simulations. 
Emission inventories were based on the U.S. EPA NEI for years 2011 (NEI11) and 2017 (NEI17).

We also utilize the Fuel-based Inventory for Vehicle Emissions (FIVE) and VCP (FIVE18_VCP) for mobile 
sources (McDonald, McKeen, et al., 2018) and VCP (McDonald, de Gouw, et al., 2018), respectively. Oil and 
gas sector emissions in these inventories are from the Fuel-based Oil & Gas inventory (Francoeur et al., 2021). 
Power plant emissions are updated with Continuous Emissions Monitoring System data. Other area and point 

Figure 1.  Modeling domain, overlaid with anthropogenic NOx emissions from NEI17. The blue box shows the averaging 
area used for reported emission rates.
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source emissions are taken from the NEI 2014. Herein, we refer to this inventory as the FIVE18_VCP inventory, 
which is gridded at 4 km × 4 km resolution across the continental US and utilized in Coggon et al. (2021) and Li 
et al. (2021). Emissions outside of the US are based on those from the NEI 2005 and scaled to more recent years 
for Canada and Mexico using CEDS (Hoesly et al., 2016). The effects of VCP on simulated ozone formation 
were studied using the inventories FIVE18_VCP and FIVE18_noVCP, which were identical except for exclusion 
of VCP throughout the domain in the noVCP variant. Nitrogen oxides emissions from NEI11 were adjusted 
downward using a multiplier of 0.72 to adjust 2011 emissions to the 2017 modeling year, forming a modified 
(NEI11m) inventory as described in Abdi-Oskouei et al. (2020). NEI11m, FIVE18_VCP, and FIVE18_noVCP 
are hourly emissions averaged over the month of July. This means that there is a diurnal cycle but no day-to-day 
variability in these emission inventories. NEI17 (and NEI17m) is a daily emission inventory created for the 
LMOS campaign period and has both diurnal and day-to-day variability.

To assess the impact of changes in NOx emission, while keeping VOC emission constant, a variant of NEI17 was 
used (NEI17m) consisting of a 20% anthropogenic NOx increase. Integrated emissions from these inventories are 
presented in summary form in the results and discussion section. The WRF-Chem outputs used in this study are 
available from Abdi-Oskouei et al. (2022).

2.3.  Observational Data and Evaluation Methods

Observational data was drawn from the LMOS 2017 campaign repository at NASA as described in the campaign 
overview (Stanier et al., 2021). Additional data was used from the U.S. EPA Air Quality System. Analysis focused 
primarily on 10 ozone episode days that were identified by the LMOS team and described in Doak et al. (2021). 
These were divided into three periods: episode A (June 2–4), episode B (June 9–12) and episode C (June 14–16).

Two groups of surface observations were utilized. One was a group of routine monitoring sites on the coastal 
west region of Lake Michigan. Referred to in this work as the “coastal west” grouping, it consisted of 26 sites for 
ozone, and 8 for NO2, and are consistent with the coastal west analysis area used in Abdi-Oskouei et al. (2020). 
The second grouping, referred to as the “receptor sites” grouping, consisted of 21 ozone monitoring stations 
spread over four states (WI, IL, IN, MI) around Lake Michigan. These were selected by personnel at LADCO 
for their historical relevance in ozone air quality management planning. Thirteen receptor sites are also in the 
coastal west group. Statistical analysis of MDA8 ozone and NO2 concentrations used the metrics and benchmarks 
proposed in Emery et al. (2016); Qin et al. (2019).

2.4.  Analysis Framework

Several complementary analyses were conducted to understand the impacts of emission changes on surface ozone 
concentration, explore the high ozone regions over the lake, and characterize the major VOC species contributing 
to ozone formation. The methods for these analyses are as follows.

The first analysis reported in the results section is the simple ozone sensitivity to emissions inventory (limited to 
the high ozone episode days). For example, the difference between MDA8 ozone on episode days between the 
FIVE18_VCP and FIVE18_noVCP shows the effect of VCP emissions on ozone episode days, and we report this 
as both the effect of VCP and of anthropogenic VOC. The analysis focused on four emission inventory combi-
nations: NEI17 & NEI11m, FIVE18_VCP and NEI11m, NEI17 and NEI17m, FIVE18_noVCP and FIVE18_
VCP. Together these show the effects of various combinations of NOx and VOC emission changes. The frequent 
comparison to NEI11m is, in part, because this is our most widely used base case, used in forecasting for LMOS 
2017, and in values reported in previous LMOS 2017 publications (Abdi-Oskouei et  al.,  2020; Abdioskouei 
et al., 2019).

In a second analysis, day-specific over-lake high ozone (OLHO) regions were identified and the analysis was 
restricted to them. This approach of focusing on the OLHO region in the simulation permits extraction of the 
modeled sensitivity in a region with high net ozone production. Due to transport errors in PGMs and limited 
ozone measurements over the lake, a focus only on sensitivity at locations with high observed ozone can be 
misleading. The approach of focusing on the OLHO region is supported by the conceptual model of ozone 
formation over Lake Michigan described in the literature (Cleary et al., 2015; Dye et al., 1995; Foley et al., 2011). 
In the conceptual model, ozone is produced over the lake, and then transported to coastal monitors by the lake 
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breeze and/or synoptic winds. This pattern was observed on many of the LMOS 2017 days. Thus, understanding 
emission sensitivity of ozone production and concentrations over Lake Michigan is relevant to improving concep-
tual understanding and air quality management policies. We believe this approach is complementary to other 
approaches that focus on sensitivities at receptor sites.

Identification of the OLHO region was as follows. In the southern portion of Lake Michigan (defined as below 
45°N), the 20% of grid cells over water with the highest surface MDA8 ozone were identified for each emission 
inventory and each of the 10 episode days (shown in Figures S1–S3 in Supporting Information S1). For each 
episode day, the intersection of high ozone regions in the four simulations is used to form a consistent set of high 
ozone grid cells, referred to as the day-specific over-lake high ozone (OLHO) region. For the related variables 
that we analyze in conjunction with MDA8 ozone variables (e.g., NOx concentrations), the average from 1000 to 
1400 LST at the same locations was used, consistent with the approach of Pusede and Cohen (2012). Throughout 
this work, temporal averages are from 1000 to 1400 LST unless otherwise specified.

With identical NOx emissions and nearly identical NO2 concentrations in the OLHO region for the FIVE18_VCP 
and FIVE18_noVCP emission cases, a VOC sensitivity SVOC was

𝑆𝑆VOC =
⟨CO3⟩VCP

− ⟨CO3⟩ noVCP

⟨CVOC⟩VCP
− ⟨CVOC⟩ noVCP

� (1)

where the angle bracket indicates the mean concentration of the OLHO grid cells on a given day. A sensitivity 
to changes in NO2 was calculated in a similar fashion using two runs with a difference in anthropogenic NOx 
emissions, but with identical VOC emissions,

𝑆𝑆NOx =
⟨CO3⟩NEI17m

− ⟨CO3⟩NEI17

⟨CNOx⟩NEI17m
− ⟨CNOx⟩NEI17

� (2)

where the NEI17m emission inventory is NEI17 with a 20% NOx increase, uniformly applied to all sectors.

A third group of analyses used the IRR capability of WRF-Chem to investigate ozone formation and ozone sensi-
tivity in the region outlined in Figure 4 maps, and more broadly across the modeling domain. The IRR module 
provides the accumulative hourly reaction amount for all the reactions in the MOZART gas phase mechanism 
(Pfister et al., 2019). This capability was specifically used to investigate the compounds contributing to the VOC 
reactivity over the southern portion of Lake Michigan, and to compute LROx/LNOx over the domain. LNOx 
and LROx are the rates of all pathways destroying HOx (OH, HO2, and RO2) through NOx, and through other 
radical-radical reactions (e.g., RO2 + RO2), respectively. The reactions considered in the LROx and LNOx can be 
found in Tables S2 and S3 in Supporting Information S1. The ratio is calculated within the planetary boundary 
layer to minimize mixing errors (Pfister et al., 2019). Because HOx cycling is critical to ozone production, the 
dominant HOx termination pathway has been used as an indicator of ozone sensitivity. Termination by radicals 
(LROx) is dominant in a NOx-sensitive regime, while radical loss termination by NOx (LNOx) is dominant in 
a VOC-sensitive regime. While the LROx/LNOx ratio of 1 was previously considered as the transition point, 
Schroeder et al. (2017) found that the ozone production rates peak at a ratio of 0.35, due to growth in the over-
all radical pool as NOx is increased from LROx/LNOx of 1 to LROx/LNOx of 0.35; therefore, LROx/LNOx of 
0.35 is used in this work as the policy-relevant transition between VOC-sensitive (LROx/LNOx  <  0.35) and 
NOx-sensitive (LROx/LNOx > 0.35) conditions.

While LROx/LNOx and FNR have been shown to be predictive of instantaneous ozone production sensitivity 
to concentration changes, it remains to be seen how predictive these ratios are of the more complex statistic of 
MDA8 ozone in a domain with complex meteorology. A system to test predictive power of these instantaneous 
indicator ratios to changes in MDA8 ozone is shown in Figure 2. The flow is focused on answering two questions, 
shown in Figure 2a as Q1 and Q2. Question 1 (Q1) is stated as, is LROx/LNOx predictive of brute force sensitiv-
ity to emissions changes on ozone episode days; and if so, at what time of day is LROx/LNOx most predictive? 
Question 2 (Q2) is the identical question but with FNR as the predictor.

As shown in Figure 2a, paired model runs are used to calculate fractional changes of MDA8 surface ozone result-
ing from a VOC emissions perturbation (ΔMDA8voc) and NOx emissions perturbation (ΔMDA8NOX). This is done 
separately for each day and each model grid cell, using Equations 3 and 4, respectively. The dominator represents 
the mean of two values.
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∆MDA8VOC =
(MDA8FIVE18−VCP − MDA8FIVE18−noVCP)

< MDA8FIVE18−VCP,MDA8FIVE18−noVCP >
� (3)

∆MDA8NOx =
(MDA8NEI17m − MDA8NEI17)

< MDA8NEI17m,MDA8NEI17 >
� (4)

The LROx/LNOx and FNR ratios in the analysis are taken from the FIVE18_VCP scenario. The angle α formed 
by placing ΔMDA8voc and ΔMDA8NOx on a Cartesian plan is used as a continuous variable of sensitivity to 
emissions, with α of 90° as NOx-sensitive and VOC-insensitive, 0° as NOx-insensitive and VOC-sensitive, and 
<0° as VOC-sensitive. Predictability of brute-force sensitivity to emissions (as captured by α) is assessed by the 
coefficient of determination (R 2) of the linear regression of LROx/LNOx (and FNR) versus α. Angles in the range 
−22.5°–112.5° were used based on visual inspection of the relationships and excessive scatter outside of those 
angles. Points outside those angles are probably dominated by processes other than emissions sensitivity (e.g., 
complex transport patterns, mixing of airmasses with different sensitivity, temporal variation in sensitivity, etc.). 
Also, points with a distance to the origin less than 0.05 (small fractional sensitivity to emissions) were excluded. 
These points are mostly further from the major emission sources and are located over land (not shown).

In a final analysis, the modeled behavior at the 21 receptor sites was grouped into spatial clusters, and behavior 
within each cluster was compared to behavior at the OLHO. With four emission inventories and 10 episode days, 
an array of 40 MDA8 ozone concentrations was available for each of the 21 sites. These sites were grouped 
into eight clusters using k-means cluster analysis (MATLAB kmeans function (Vassilvitskii & Arthur, 2006)). 
The kmeans function constructs clusters to minimize the sum, over all clusters, of the within-cluster sums of 
point-to-cluster-centroid “distances” where distances are based on the squared difference in ozone concentrations.

Dimensionless emissions sensitivities DSVOC and DSNOx were calculated within each cluster on high ozone days 
using Equations 5 and 6, respectively,

DSVOC =
(MDA8VCP − MDA8noVCP) < EVOC−VCP,EVOC−noVCP >

< MDA8VCP,MDA8noVCP > (EVOC−VCP − EVOC−noVCP)
� (5)

DSNOx =
(MDA8NEI17m − MDA8NEI17) < ENOx−NEI17m,ENOx−NEI17 >

< MDA8VCP,MDA8noVCP > (ENOxNE17m − ENOx−NEI17)
� (6)

where concentrations are averaged within cluster across the 10 episode days prior to calculating the statistic, 
and the emissions and emissions changes are based on daily average anthropogenic emissions north of 40° as 
discussed in Section 3.1 and shown in Figure 2. Subscripts VCP and noVCP refer to FIVE18_VCP and FIVE18_
noVCP, respectively.

Figure 2.  Graphical technique for comparing brute force model sensitivities for MDA8 surface ozone to hour- and 
pixel-specific LROx/LNOx and FNR ratios. (a) Schematic of how the fractional change of MDA8 ozone with respect to 
volatile organic compound (VOC) and NOx is predicted using four forward model runs; the FNR is computed from one 
forward model run; the LROx/LNOx ratio is computed from one forward model run with IRR. As shown in (b) the angle that 
ΔMDA8VOC and ΔMDA8NOX make on the Cartesian plane forms a continuous variable of sensitivity to emissions, with α of 
90° as NOx-sensitive and VOC-insensitive, and 0° as NOx-insensitive and VOC-sensitive.
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3.  Results and Discussion
We first summarize key features of the four emission inventories used in this study. We then present model skill 
and statistical model performance metrics. Temporally averaged sensitivity of ozone to emissions are presented 
next, followed by the location and sensitivity of the OLHO region over the lake. Identification of the modeled 
VOC species responsible for VOC reactivity are presented next, using IRR. Ozone sensitivity using the LROx/
LNOx and FNR instantaneous ratios are then presented. Furthermore, we investigate the hours during the day 
that LROx/LNOx and FNR have higher correlation with MDA8 ozone and PO3 changes. Finally, the sensitivity of 
ozone at the receptor sites is discussed and compared to that of the OLHO region using cluster analysis.

3.1.  Relevant Features of Emission Inventories

Figure 3 compares and summarizes the NOx and VOC emissions used in this study (above 40°N latitude). While 
the spatial patterns of emissions are very similar between all the emission inventories (Figures S4 and S5 in 
Supporting Information S1 show the spatial distribution of NOx and total VOC emissions, respectively), total 
emissions vary. As shown in Figure  3a, NEI11m has the highest NOx emissions of the four inventories and 
NEI17 has the lowest NOx emissions vary by about a factor two. The molar weighted emissions of major VOCs 
are shown in Figure 3a; VOC emissions vary by about a factor of three, with FIVE18_noVCP and FIVE18_VCP 
having the lowest and highest values, respectively. Speciation of emissions, by molar emission rate, is shown in 
Figure 3c. Large alkanes group (labeled BIGALK) is the dominant emitted species in all the inventories, and 
ethylene (C2H4) and ethanol (C2H5OH) are major contributors in all the inventories. Notable variation between 
inventories includes ethane (C2H6), which is 4–5 times higher in NEI17 compared to the other inventories. 
Acetone (CH3COCH3), a prominent solvent in coatings and adhesives, and ethanol (C2H5OH), a component in 
cleaning and personal care products (Gkatzelis et al., 2021), are much higher in FIVE18_VCP compared to the 
other inventories (McDonald, de Gouw, et al., 2018).

Weighting the different VOCs by their reactivity with OH gives a slightly different picture of the inventories, 
as shown in Figure 3b (totals) and d (speciated). Rate constant for the reactions between each VOC species and 
OH are from the MOZART mechanism at standard temperature and pressure conditions. Figure 3d shows the 
OH-reactivity-weighted emissions for major species within all the inventories. It shows that the emissions of 
higher alkenes (BIGENE), BIGALK, propene (C3H6), and xylene (XYLENE) have the highest reactivity-weighted 
contribution to the inventory. On the contrary, species such as ethanol, ethane, and acetone have low reactivity 
with OH and thus appear less important in the reactivity-weighted emissions. As a result, Figure  3d shows 
that NEI11m has the largest total OH-reactivity-weighted VOC emissions compared to other inventories, while 
FIVE18_VCP has the largest mole-weighted VOC emissions.

3.2.  Model Evaluation

Our previous model evaluation, discussed in Abdi-Oskouei et al.  (2020), focused only on modeling using the 
NEI11m emissions; furthermore, previously reported results used a different photolysis option. Figure 4 shows 
surface modeled ozone and NO2 concentrations in four simulations based on different emission inventories. 
Coastal west observations are also shown using the same color scale. Ozone concentrations (when averaged over 
the 10 high ozone days) had a maxima over the southern portion of Lake Michigan. NO2 had high concentrations 
in urban centers, with the metropolitan Chicago area standing out. This was followed by Milwaukee, WI, and by 
Holland, MI, and smaller cities, where daytime NO2 exceeded regional background by about 3–7 ppb. Here we 
summarize performance of the latest model configuration.

A summary of comparisons of the model to observations at the coastal west locations is as follows: (a) Overall, 
the model, in all four scenarios, was able to capture the diurnal variation of surface ozone (with acceptable perfor-
mance) and NO2. Diurnal average shown in Figure 5, with full time period shown in Figure S7 in Supporting 
Information S1, and statistical performance is shown in Table 1. (b) The maximum ozone concentrations are 
underpredicted on some of the high ozone days. (c) NEI17 underestimates daytime and nighttime NO2 concentra-
tions. (d) NEI11m captured the daytime NO2 concentrations but overestimated maximum nighttime NO2 values. 
(e) FIVE18_VCP and FIVE18_noVCP predicted similar NO2 concentrations at the location of coastal west moni-
tors (close to emissions sources) and better captured the nighttime NO2 values. Figure 5 highlights how the NEI17 
simulation differs from the other model simulations (and from observations). The lower NO2 concentrations in 
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this simulation correspond to higher ozone concentrations at night and during the morning, and lower peak ozone 
concentrations during the day. Errors in the modeling system (e.g., deposition, chemistry, transport, subgrid 
processes, spatial representation, etc.) may offset errors in the emission inventory. Of these possible sources 
of error, meteorological performance was evaluated in Abdi-Oskouei et al.  (2020) and found to be similar to 
contemporary PGMs in the region, but with inconsistent skill for representing details of the lake breeze (arrival 

Figure 3.  Emissions in the main four anthropogenic emission inventories used in this work. The NEI17m inventory is not showed as it is a simple variation to NEI17 
inventory. Volatile organic compound (VOC) emissions (abscissa) versus NOx emissions (ordinate), both north of 40° latitude, with VOC emissions weighted by (a) 
moles and (b) OH reactivity; major VOC emissions by their category in the Model for Ozone and Related chemical Tracers gas-phase reaction mechanism weighted by 
(c) moles and (d) OH reactivity. The results are for 2 June.
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time, speed, distance of inland penetration, and vertical extent). Other potential sources of error have not been 
evaluated.

Statistical evaluation of MDA8 ozone from the four simulations is reported in Table 1. The upper portion of 
Table 1 uses all monitored MDA8 ozone values at the 26 coastal west stations on the 10 episode days. The 
observed mean MDA8 ozone is 63.0  ppb, compared to modeled values of 58.7–60.7  ppb, depending on the 
emission inventory. The performance metrics for the normalized mean error (NME) range from 5% to 7%, for the 
normalized mean bias (NMB) from −4 to −7% and for the correlation coefficient from 0.61 to 0.69. The corre-
lation coefficient measures the model's ability to capture both spatial and temporal variation of MDA8 ozone 
across these sites and across the high ozone days. Considering the benchmarks of Emery et al. (2016), all four 
simulations meet the tighter (goal) benchmark for normalized mean error, and all four simulations meet the looser 
(criteria) benchmark for correlation coefficient. Statistical performance for the bias is within the benchmark for 
two cases (NEI11, FIVE18_VCP), and is close to the benchmark for the other two cases (FIVE18_noVCP and 
NEI17).

The lower portion of Table 1 excludes monitors with measured MDA8 ozone below 60 ppb, decreasing the size 
of the observation data set by 33%. In this evaluation, the mean bias (MB) increases somewhat, reflecting the 
higher model biases in capturing peak ozone concentrations. Although the comparison shows some shortcomings 
in our simulation, the statistical performance is generally similar to other recent published works. For example, 
Qin et al. (2019) reported (for days with MDA8 ozone observed >60 ppb), a NME of 14%–16%, which can be 
compared to 9%–12% in this work. For NMB, Qin et al. (2019) reported 0% to −4%, versus −9 to −12% in this 
work.

3.3.  Overview of Sensitivity Results

Figure 6 shows the sensitivity of surface ozone concentrations to the emission inventory. As described in Section 2, 
the difference in MDA8 ozone is shown averaged over the 10 episode days. The effect of VCP emissions on ozone 

Figure 4.  Daytime (09:00–17:00 LST) model mean concentrations for surface ozone (left) and surface NO2 (right) on the 10 
episode days of focus for this work. Routine monitor network measurement values overlaid as circles with same color scale. 
Model mean biases at the monitoring stations are displayed in Figure S6 in Supporting Information S1.

 21698996, 2022, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037042, W
iley O

nline L
ibrary on [21/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ABDI-OSKOUEI ET AL.

10.1029/2022JD037042

11 of 24

Figure 5.  Diurnal pattern of (a) ozone and (b) NO2 at monitors in the coastal west region on the 10 episode days. Figure S8 
in Supporting Information S1 shows a similar plot with error bars.

N = 260

MDA8 (ppb) OBS NEI11m NEI17 FIVE18_VCP FIVE18_noVCP Emery goal Emery criteria

Mean 63.03 60.65 58.66 60.47 59.39 – –

MB – −2.38 −4.37 −2.57 −3.64 – –

NMB (%) – −3.77 −6.93 −4.07 −5.78 <±5 <±15

NME (%) – 4.8 7.42 5.44 6.44 <15% <25%

R – 0.69 0.62 0.69 0.61 >0.75 >0.5

N = 173 With obs > 60 ppb cut-off

MDA8 (ppb) OBS NEI11m NEI17 FIVE18_VCP FIVE18_noVCP

Mean 67.23 60.56 59.14 61.09 59.80

MB – −6.67 −8.1 −6.14 −7.43

NMB (%) – −9.92 −12.04 −9.13 −11.06

NME (%) – 9.92 12.04 9.13 11.06

R – 0.4 0.52 0.55 0.4

Note. Top section is for 26 sites and 10 days (N = 260). The bottom section excludes sites with observed MDA8 < 60 ppb (N = 173). Performance goal and criteria are 
from Emery et al. (2016). MB, mean bias; NMB, normalized mean bias; NME, normalized mean error.

Table 1 
Performance Statistics for MDA8 Ozone on the 10 Episode Days of LMOS 2017
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Figure 6.  Sensitivity of ozone to emission changes. (a) NEI17—NEI11m; (b) FIVE18_VCP—NEI11m; (c) NEI17—
NEI17m; (d) FIVE18_VCP—FIVE18_noVCP. (a, b, and c) show the effects of reductions in NOx under various cases 
of changes in volatile organic compound (VOC). (d) Shows the increase in ozone attributable to the VCP portion of the 
inventory, under constant NOx emissions. Black dots show the location of receptor sites. Δe shows the relative changes in 
OH-weighted VOC and NOx emissions for each scenario.
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is shown in Figure 6d, with a peak effect over the southern portion of Lake Michigan, and impact contribution of 
2–2.5 ppb on the episode days averaged MDA8. Purple and blue colors, indicative of reductions in ozone mainly 
due to lower NOx concentrations in rural and downwind areas that are VOC rich and NOx-limited, are strongest 
in Figure 6a, which corresponds to the case with the largest NOx emissions difference, that is, NEI17 versus 
NEI11m (Figure 3). Small areas of ozone increase from NOx emission decrease (indicative of the VOC-sensitive 
locations) can be seen as hot spots in urban areas, particularly in Figures 6a and 6c. These can reach up to 6 ppb 
in the average over high ozone episode day. Average sensitivities, as shown in Figure  6, mask considerable 
day-to-day variability in the magnitudes and spatial patterns of modeled sensitivity.

3.4.  Mid-Lake Sensitivity Estimates

Figure 7 shows the OLHO region for each episode day, determined as described in Section 2. Large areas, such as 
on June 2, 10, and 15, occurred when there is more consistency between spatial distribution high ozone grid cells 
across the four simulations. Smaller areas, such as June 11, are the result of less consistency.

Figure 8 shows the distribution of (a) MDA8 ozone, (b) VOC concentration, (c) NO2 concentration, and (d) 
IRR-computed VOC sensitivity, in the areas highlighted in Figure 7, for four of the emission inventories. In addi-
tion to the individual days, the distribution of all 10 days is shown in the leftmost four boxes of Figure 8. Together, 
these summarize the inventory-to-inventory variation, and the day-to-day variation, in the OLHO region. To help 
place Figure 8 in context, we note that the average of all the MDA8 ozone data in Figure 8a is 73.0 ppb. The 
corresponding averages for VOC and NO2 concentrations are 9.71 and 3.28 ppb, respectively.

Consistent with Figure 4, FIVE18_VCP (dark blue) has the highest MDA8 ozone when aggregating over the 
10 days. This is followed by NEI11m (orange) and by FIVE18_noVCP (light blue); NEI17 (red) shows the lowest 
MDA8 ozone. This ordering of ozone concentrations by inventory is repeated on many, but not all, of the individ-
ual episode days. For example, the NEI17 inventory is not the lowest for ozone on June 2. And the FIVE18_VCP 
inventory is not the highest for ozone on June 3 and June 9.

Figure 7.  The 10 areas of highest modeled ozone, used for sensitivity analysis of peak over-lake MDA8 ozone to precursors.
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Figure 8b shows the distributions of VOCs for each day and emission sensitivity case. The VOC concentrations 
are highest for the FIVE18_VCP case and lower (and similar) for the remaining three emission sensitivity cases. 
Patterns for NO2 in Figure 8c are consistent with Figures 3–5—NO2 is similar, on average, in all inventories 
except in NEI17, where it is significantly lower.

Figure  8d summarizes the IRR-based VOC versus NOx sensitivity metric. 
The value plotted is the fraction of grid cells in the OLHO region that are 
VOC-sensitive, defined as LROx/LNOx < 0.35. Low values of this metric 
indicate radical termination by reactions with NOx are significantly more 
common than radical termination by reactions with HO2 and RO2 radicals. 
This varies by episode day, with most of the OLHO region on June 2 and 
3 as VOC-sensitive and the remainder of the days having OLHO regions 
comprised mainly of grid cells that are NOx-sensitive by the LROx/LNOx 
metric. The NEI17 inventory has significantly lower VOC sensitivity than 
the other inventories. Unsurprisingly, the variation in the sensitivity metric 
(Figure 8d) follows similar patterns to the NO2 concentrations (Figure 8c). 
The LROx/LNOx results from IRR are discussed in greater detail below.

The results of this sensitivity estimation are shown in Table  2. As shown 
in the first row (“all 10 cases”), aggregating across all episode days yields 
a VOC sensitivity of 0.78  pb MDA8 ozone per ppb of VOC, and a NO2 
sensitivity of 1.87 ppb MDA8 ozone per ppb NO2. The ΔO3 from the VOC 
perturbation is calculated from removal of VCP, and thus 2.68 is our estimate 
of the influence of VCP emissions on MDA8 ozone over the OLHO region 
on episode days.

Since both the VOC and NO2 sensitivities are positive, the OLHO region is, 
on average, sensitive to both reductions in VOC and NO2 concentrations. The 

Figure 8.  Boxplot of (a) MDA8 ozone, (b) volatile organic compound (VOC) and (c) NO2 concentrations for different model simulations in the over lake high ozone 
region. Panel (d) shows the percent of grid cells meeting a VOC-sensitive condition using LROx/LNOx. Color coding indicates the emission inventory (legend in panel 
b), with NEI11m as orange, FIVE18_noVCP as light blue, FIVE18_VCP as dark blue, and NEI17 as red. Ozone is MDA8 (daily) and VOC, NO2, and LROX/LNOX are 
from 10:00 to14:00 LST.

Date

From VCP—no VCP From NEI17m–NEI17

ΔO3 SVOC ΔO3 SNOx

All 10 cases 2.68 0.78 1.01 1.87

June 2 5.90 0.76 0.37 0.23

June 3 2.70 0.58 0.96 1.99

June 4 1.75 0.62 1.92 6.06

June 9 1.43 0.81 1.10 4.38

June 10 2.08 0.67 2.21 12.04

June 11 2.23 1.37 1.64 23.01

June 12 2.32 0.74 1.01 1.97

June 14 1.01 0.92 2.06 30.1

June 15 3.26 0.79 1.42 1.47

June 16 3.00 1.81 −3.19 −13.09

Table 2 
Selected Concentration Differences and Sensitivities Calculated From 
Equations 1 and 2
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VOC sensitivities have relatively low variability, ranging from 0.58 ppb/ppb to 1.81 ppb/ppb. All are positive. 
On the other hand, the NO2 sensitivities have much more variation, ranging from −13 to +30 ppb/ppb. Two days 
had particularly low sensitivities. June 2 had near zero NOx sensitivity over the OLHO region during the time 
window (1000–1400 LST) used. June 16 had a negative NO2 sensitivity, occurring in a geographically small 
OLHO offshore of Milwaukee and transected by a high NO2 plume. In the NEI17m simulation used for the 
NOx sensitivity, the peak hourly ozone increased by 2 ppb, but the spatially averaged MDA8 ozone decreased 
by 3 ppb, resulting in a negative sensitivity to the increase in NOx emissions and NO2 concentrations resulting 
from the emission perturbation. All other days showed positive sensitivity to NO2 concentrations. The sensitiv-
ities are generally consistent with the independent methods and analysis reported in Acdan et al. (2020), where 
Lagrangian box model simulations were analyzed for sensitivity to emissions for June 2, 4, 11, 12, and 15. A more 
detailed comparison can be found in Table S5 in Supporting Information S1, but there is general agreement for 4 
of the 5 days, and disagreement for June 4.

3.5.  Insights From the Integrated Reaction Rate (IRR) Analysis

Formaldehyde (labeled as CH2O in Figure 9) is the top contributor to the VOC reactivity during the daytime 
hours followed by acetaldehyde and BIGALK. Both formaldehyde and acetaldehyde can be emitted directly or 
form as a secondary pollutant from degradation of anthropogenic and biogenic VOCs (Luecken et al., 2012). 
FIVE18_VCP simulation has the highest mean VOC reactivity on 2 June over the OLHO region, while the other 
three inventories led to similar modeled VOC reactivities. In all four simulations formaldehyde is identified as the 
top VOC contributor to the reactivity with OH with the highest reactivity rate simulated for NEI17.

Vermeuel et al. (2019) identified formaldehyde, isoprene, and acetaldehyde as the top contributors to the reac-
tivity with OH. Isoprene was not ranked as the top contributors in our analysis. This is likely due to the fact that 
Vermeuel reported the compounds contributing reactivity at the receptor site (on land, Zion, IL), where fresh 
isoprene was emitted into the parcel, and not at the point of highest net ozone formation over the lake as in this 
work.

The IRR was further used to derive the LROx/LNOx ratio which serves as an indicator of the sensitivity of ozone 
production to NOx and VOCs. Figure 10 shows the median of LROx/LNOx ratio for all the days (1-19 June) 
and for the 10 high ozone days in FIVE18_VCP scenario averaged over 1000–1400 LST (panel a) and over 
1300–1400 LST (panel b; corresponding to TROPOMI overpass time). Considering all days, both averaging 
times show that city of Chicago and the southwestern parts of the lake are VOC-sensitive (LROx/LNOx < 0.35). 
Due to higher NOx suppression earlier in the day, averaging from 1000 to 1400 LST (Figure 10a) yields a larger 
VOC-sensitive region than using only the TROPOMI overpass time (Figure 10b).

Figure 9.  (a) Volatile organic compound (VOC) reactions OH (ppb/hr) by hour of day and Model for Ozone and Related 
chemical Tracers lumped for NEI14_wVCP simulation and OLHO region on 2 June. Formaldehyde (CH2O), Acetaldehyde 
(CH3CHO), BIGALK, and Ethylene (C2H4) are VOCs with the highest contribution to reactivity with OH. (b) VOC 
reactions with OH (ppb/hr) averaged from 1,000 to 1,400 on 2 June for all four simulations. Top VOC contributors are 
colored and labeled. VOC as OH reactivity (1/s) is 0.83, 1.28, 0.96, and 0.55 for NEI11, FIVE18_VCP, FIVE18_noVCP, and 
NEI17 respectively.
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Except for NOx hotspots in Milwaukee, Muskegon, and Holland (see Figure  14 for locations), other coastal 
receptors are predominantly NOx-sensitive based on the LROx/LNOx < 0.35 criteria. Results for high ozone days 
suggest that portions of the city of Chicago remain in a VOC-sensitive regime.

Acdan et al. (2020) used FNR from TROPOMI to contrast VOC sensitivity on high ozone episode days relative 
to and ozone season (June-October) averages; and they concluded that the VOC-sensitive region decrease in size 
on episode days. Subsequent analysis by Acdan et al. (2020) showed that these differences arose due to including 
October in the ozone season composite. Figure 10a shows a larger VOC-sensitive region on episode days, when 
results are averaged over 1000–1400 LST. Figure  10b shows that the VOC-sensitive region on episode days 
changes only slightly when selecting the TROPOMI overpass time, which is consistent with the updated analysis 
of TROPOMI FNR using June-September for the ozone season composite. The VOC-sensitive region calculated 
by Koplitz et al. (2021) using 2016 emissions and CAMx higher order direct decoupled method is very similar 
to that of Figure 10b.

It is important to note that the chemical regime over the lake varies from day-to-day (as illustrated in Figure 8) 
depending on multiple factors. Figure S11 in Supporting Information S1 shows the spatial distribution of the 
LROx/LNOx ratio for each high ozone day.

We further investigated whether the sensitivity ratios (a) LROx/LNOx and (b) FNR are predictive of the more 
complex grid-cell specific changes in MDA8 ozone on high ozone days. We use the graphical technique as 
described in methods. In summary, brute force sensitivities to emissions are calculated from paired model runs 
and reduced to a grid-cell and day-specific angle α. See Figure 2 for more background. To review, α of 90° indi-
cates NOx-sensitive and VOC-insensitive (expected at high LROx/LNOx and high FNR), 45° as NOx-sensitive and 
VOC-sensitive, 0° as NOx-insensitive and VOC-sensitive (expected at the transition point from NOx-sensitive 
to VOC-sensitive conditions). Figure 11 shows that the expected behavior is born out. Warm colors in Figure 11 

Figure 10.  Median of the LROx/LNOx ratio in the FIVE18_VCP scenario during all the days and high ozone days averaged 
over (a) 1000–1400 LST and (b) 1300–1400 LST.

Figure 11.  Examples showing qualitative predictive power of hour- and pixel-specific LROx/LNOx and FNR ratios (color) 
to brute force sensitivities from photochemical grid model modeling with perturbed emissions (position on the plane). (a) 
Example using LROx/LNOx for 1200 LST on 2 June and MDA8 on 2 June; (b) Example for the same hour with FNR within 
the boundary layer. Similar plots for PO3 are in the Supporting Information S1.
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show that the highest LROx/LNOx values correspond to α of 90°, where ΔMDA8NOx > 0 and ΔMDA8VOC ≈ 0. 
The lowest LROx/LNOx and FNR occur at α < 0, or VOC-sensitive conditions, as expected. VOC sensitivity is 
nearly always positive. Samples of the correlation analysis between the sensitivity variables (LROx/LNOx and 
FNR) and α can be found in Figure S12 in Supporting Information S1. Nevertheless, we acknowledge that these 
ratios primarily are predictive of ozone production (Kleinman et al., 2001) rather than concentration. They will 
only be predictive of ozone concentrations to the extent that other drivers of concentration are small compared 
to net chemical production. We show this directly by investigating correlation of the angular parameter with PO3 
(Figure S13 in Supporting Information S1).

Results are shown in Figures 12a and 12b for MDA8 and in Figures 12c and 12d for PO3. The peak values for both 
PO3 versus LROx/LNOx (panel c; blue lines) and PO3 versus FNR (panel d; blue lines) are more than 0.5 and higher 
compared with MDA8 values (panels a, b). Furthermore, while MDA8 correlates with indicator ratios during 
high ozone days, it has very low correlation considering all the days (blue lines vs. red lines in panels a, b). These 
confirm that the correlation between PO3 and indicator ratios are higher than the ones for MDA8. Nonetheless, 
considering only the 10 high ozone days in both analysis leads to higher correlations compared to the analysis 
done over all the days. However, the peak correlation values are still limited, indicative of other factors also be 
responsible for ΔMDA8 and ΔPO3 in the tests. Changing the extent of the domain within the analysis had only a 
small effect on the results when considering multiple days, these are most likely due to the averaging many days 
in this analysis since this analysis for 2 June led to very high values (Figure S14 in Supporting Information S1). 
Similarly, Figure 13 shows the impact of averaging on PO3 fractional changes. Specifically, 2 June was strongly 
a VOC-limited day and Figure 13d shows the decrease in net ozone production over the lake occurring from the 
20% NOx emissions increase. This behavior occurred at several urban locations throughout the domain on June 
2. These features (decreases in PO3 from the NOx increase) are less prominent when averaging over the 10 high 
ozone days (panel f).

Figure 12 also shows the hourly values during the day. In PO3 correlation plots in Figure 12 (panels c, d), we 
found the highest correlations for both LROx/LNOx and FNR ratios before noon (0900–1200 LST), which does 
not coincide with the TROPOMI overpass time (1300–1400 LST). On the other hand, peak correlations in MDA8 
plots (panels a, b) during high ozone days overlap with TROPOMI overpass time. With the TEMPO Geosta-
tionary satellite mission launching in December 2022, hourly FNR can be retrieved during the day (0700–1900 
over Midwest LST), which will help in validating these findings. Considering only the 10 high ozone days in 

Figure 12.  Correlation analysis to determine hour of day where local sensitivity variables are most predictive of brute-force sensitivity to anthropogenic volatile 
organic compound (VOC) and NOx emission changes. (a) MDA8 versus LROx/LNOx (b) MDA8 versus FNR ratio, and (c) PO3 versus LROx/LNOx, and (d) PO3 versus 
FNR ratio. Values of the angular parameter α between −22.5 and 112.5 considered. Limited domain refers to the domain shown in Figure 6. The actual and potential 
overpass time (over Midwest) for TROPOMI polar orbiting and TEMPO geostationary satellites are also shown, respectively.
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Figure 13.  The fractional changes in PO3 (∆PO3) due to perturbation of anthropogenic volatile organic compound (VOC) (left column) and anthropogenic NOx 
emissions (right column) for June 2 (top row), 10 high ozone days (middle row), and all the days in this work (bottom row). The blue colors show that PO3 decreases 
by increasing emissions (i.e., disbenefit). VOC perturbation is inclusion of VCP relative to exclusion. NOx perturbation is 20% increase relative to the NEI17 case. 
Figures S15 and S16 in Supporting Information S1 show net ozone production and MDA8 concentrations for June 2 and the 10 high ozone days from four inventories, 
respectively.
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the analysis leads to higher correlations compared to the analysis done over all the days. Moreover, changing the 
extent of the domain within the analysis had only a small effects on the results.

3.6.  Relating the Over-Lake High Ozone to Shoreline and Near-Coastal Receptor Sites

The 21 receptor sites (routine air quality monitors historically relevant to ozone air quality planning) had 
MDA8 ozone values which ranged from the lowest values of 53.9 ppb at the northernmost site of Newport, 
to the highest value of 68.9 ppb at the Chiwaukee Prairie site on the LMOS ozone episode days. The sites are 
mapped in Figure 14. Observed and modeled MDA8 ozone at these sites can be found in Table S4 in Supporting 
Information S1.

We grouped the different sites into clusters using k-means cluster analysis based on similarity in modeled ozone 
concentrations and in response to changes in emissions (see methods). Figure 14a shows the result of the cluster 
analysis. Clusters have similar modeled ozone concentrations and respond similarly to the variations in emissions 
within the four inventories. Figure 14b places the clusters according to MDA8 ozone concentration on high ozone 
days, and correlation coefficients with respect to OLHO MDA8 ozone. Clusters are numbered in a generally 
south-to-north order.

Clusters 2, 4, 5, 6, and 7 were all (in the model) correlated with the OLHO ozone with a correlation coefficient 
exceeding 0.75. This consisted of all the receptor sites from Manitowac in the north to the Chicago metro area 
in the site, with the notable exception of some high NOx urban and industrial sites near the southern end of Lake 
Michigan (clusters 1 and 3). The South Water Filtration Plant site was consistently placed in a cluster of its own, 
and this behavior was independent of the total number of clusters used in k-means (it occurred whether 5, 6, 7 or 
8 total clusters were used).

Cluster 6 (eastern shore of the lake, in western Michigan) had the highest correlation with OLHO ozone. The 
five Cook county sites that we included in the analysis, representing the high emission core of the Chicago metro 
area, was split into three clusters by the k-means algorithm. South Water Filtration Plant was placed by itself as 
a high ozone site, with relatively low correlation to the OLHO area, the highest dimensionless VOC sensitivity 
of all the clusters, and the lowest NOx sensitivity of all the clusters. Together with cluster 1 in northern Indiana, 
these are the only sites with higher dimensionless VOC sensitivity than their dimensionless NOx sensitivity. In 

Figure 14.  Cluster analysis of ozone sensitivity at selected sites around Lake Michigan over a background of modeled MDA8 
ozone. (a) Sites organized into clusters according to similarity in day-specific and inventory-specific MDA8 ozone on high 
ozone days. (b) Average MDA8 ozone of each cluster (y-axis) and correlation coefficient with over-lake high ozone (OLHO) 
grid cells (x-axis), whose MDA8 ozone averaged 72.4 ppb. (c) Dimensionless emission sensitivity of ozone in each cluster to 
anthropogenic volatile organic compound changes (solid) and anthropogenic NOx changes (open) bars.
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order of increasing sensitivity to NOx emissions perturbation were cluster 2, representing Cook county sites not 
directly on the lake, and cluster 4, which included Northbrook in Cook county, as well as Coloma on the eastern 
shore of the lake, and Milwaukee. As Figure 4 shows, the sites of cluster 4 have relatively high NOx concentration 
compared to sites to the south of Milwaukee (cluster 5) and to the north of Milwaukee (cluster 7).

Cluster 7 includes coastal Wisconsin sites north of Milwaukee. This cluster has lower modeled ozone concentra-
tions, due to less frequent lake breeze impact. As shown in Abdi-Oskouei et al. (2020) and Stanier et al. (2021), 
the WRF-Chem model sometimes failed to form a lake breeze that comes onshore in areas of clusters 3 and 5 
accurately. Thus, the true ozone sensitivity for cluster Sheboygan and surrounding cluster 7 sites may be closer 
to the OLHO sensitivity due to the insufficient modeled transport from OLHO to cluster 7 receptors. Cluster 8 
consists of the northernmost sites, which have low MDA8 ozone and low correlation with ozone in the OLHO 
region. With the exception of cluster 8, all sites had lower dimensionless NOx sensitivity than the OLHO region, 
likely due to a combination of higher influence from upwind overland ozone concentrations relative to the lake, 
as well as to high localized NOx concentrations.

Solid bars in 4c graph the dimensionless emissions sensitivity of MDA8 ozone to an anthropogenic VOC emis-
sion perturbation. These are calculated from the FIVE18_VCP—FIVE18_noVCP simulations (see methods). 
Open bars graph the dimensionless emissions sensitivity of MDA8 ozone to an anthropogenic NOx emission 
perturbation, calculated from the NEI17 and NEI17m simulations (see methods). A dimensionless emissions 
sensitivity of 0.1 means that a 10% increase (decrease) in emissions yields a 1% increase (decrease) in ozone 
concentrations. As a reference, the OLHO region is sensitive to both VOC (solid) and NOx (open) changes, with 
numerical values of 0.04 and 0.08, respectively.

We acknowledge that our dimensionless VOC emissions sensitivities are calculated from large perturbations (see 
Figure 2 for the sizes of the perturbations) and accordingly, are subject to uncertainties. Furthermore, our analysis 
is for June 2017 only, and may not be representative for other months of the ozone season. As shown in Figure 8, 
and in Table 2, variations in the emissions sensitivity are strong between episode days.

Clusters that are qualitatively similar to the OLHO area (NOx sensitivity >0.06, NOx sensitivity > VOC sensi-
tivity) include clusters 4–8, consisting of all sites from Northbrook and farther north. Sites south of that (clusters 
1–3) had lower dimensionless NOx-sensitivity. We hypothesis that the high OLHO anthropogenic VOC sensitiv-
ity (compared to the coastal receptor sites) is due to the lower biogenic VOC influence over the lake, and higher 
biogenic VOC influence over land.

Koplitz et al. (2021) also investigated sensitivity at sites located in the Chicago airshed, which intersect with sites 
in clusters 1 to 4 in our work. For high ozone days, all sites were classified (using 2016 modeling) as near the isop-
leth ridgeline or somewhat NOx-sensitive. Day-of-week analysis gave a similar result. Thus Koplitz et al. (2021) 
sensitivities are qualitatively similar to those of Figure 14c for clusters 1 to 4 Figures 6 and 10 show very sharp 
gradients in sensitivity regime near the southern shore of Lake Michigan, at the Illinois Indiana border. The 
VOC-sensitive zone extends approximately one grid cell onshore (∼4 km), and the sites analyzed in this work in 
the northwestern Indiana cluster were one and four km away from the lakeshore, respectively. A number of chal-
lenging features complicate model-based and observational determination of sensitivity here, including monitor 
locations relative to lakeside point sources (and grid cell boundaries), model resolution, plume-in-grid effects 
for large point sources, spatiotemporal assignment of nearshore shipping and recreational boating emissions, 
and mixing of elevated NOx emissions to the surface. Observational analysis may be complicated by operational 
schedules of industrial sites, shipping operations, and freight rail that may not fit usual day-of-week patterns.

Using 2017–2019 ozone design values based on observations, we find that clusters 2–7 each contain 1 or more 
monitors that exceed the 70 ppb National Ambient Air Quality Standard (NAAQS) ozone standard by 3 ppb 
(cluster 3), 4 ppb (clusters 4 and 6) or 5 ppb (clusters 2, 5, and 7). Using the cluster-specific NOx and VOC 
sensitivities, approximate magnitudes of anthropogenic VOC and NOx emissions reductions that will achieve the 
NAAQS can be calculated for each cluster. The magnitudes of required emissions reduction are large, given that 
up to a 5 ppb ozone reduction is required (6.7%). But even at the highest fractional sensitivity in any of those 
clusters in Figure 14 (0.065), a 10% emission reduction only results in a 0.65% ozone decrease—much less than 
the 6.7% decrease needed.

Using linear sensitivities in this way has obvious limitations, including the fact that sensitivity at each monitor is 
different (and is not represented by the cluster average), the true sensitivities are nonlinear, the 10 days in June 
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2017 have limits in their representation of NAAQS exceedances in general, and the spatial patterns of emission 
changes may differ from those assumed here. Furthermore, as anthropogenic NOx and VOC emissions decrease 
due to technology trends (e.g., renewable electricity and electrification of transportation), concentrations of ozone 
and ozone precursors outside of our modeling domain will likely decrease, decreasing the amount of reduction 
required from within the domain. An exception to this trend is the uncertainty in soil NOx emissions. On average, 
soil emissions of NOx account for 15% of the global NOx emissions (Hudman et al., 2012; Weng et al., 2020). 
Emissions are highly variable with peak emissions during spring and summer crop fertilization and account-
ing for fertilization management improved modeled NO2 and increased surface ozone concentrations (Oikawa 
et al., 2015). The version of MEGAN biogenic emissions used in this work does not consider fertilization events. 
As large agricultural areas border the Lake Michigan airshed, increases in soil NOx emissions may run counter to 
anthropogenic emissions decreases.

4.  Implications and Summary
We have shown that the ozone hotspot that forms over southern Lake Michigan during summertime ozone 
episodes in the Lake Michigan region, has, on average, positive sensitivity to NO2 concentrations, total VOC 
concentrations, anthropogenic NOx emissions, and anthropogenic VOC emissions. During the 10 episode days in 
June 2017, the sensitivity in the OLHO region to VOCs was always positive, and averaged 0.78 ppb MDA8 ozone 
per ppb VOC. Relative to fractional changes in anthropogenic emissions, the fractional sensitivity of episode day 
MDA8 ozone was 0.04, implying a 10% decrease in VOC emissions would, on average, lower MDA8 ozone over 
the lake by 0.4%, or 0.3 ppb.

Sensitivity to NOx was lower than the average sensitivity on two of the 10 days. This included the June 2 episode, 
with approximately zero NOx sensitivity, indicating VOC-sensitive ozone in the OLHO area on June 2. And 
it included June 16, with a negative NOx sensitivity. Considering all 10 days, the average NO2 sensitivity was 
1.87 ppb MDA8 ozone per ppb of NO2. Dimensionless sensitivity of episode day MDA8 ozone to anthropogenic 
NOx emissions was 0.08. In other words, a 10% decrease in NOx emissions would, on average, lower MDA8 
ozone in the OLHO region by 0.8% (or ∼0.6 ppb) on episode days.

The pattern of positive VOC sensitivity (on all days) and positive NOx sensitivity (on the majority of days) 
matches results from Vermeuel et al. (2019) and the extension of that work in Acdan et al. (2020). It is notable that 
the most analyzed day of the LMOS 2017 field campaign, 2 June, was an atypical day with VOC-sensitive ozone 
along the trajectory to Zion, IL (as shown by Vermeuel et al. (2019) and Acdan et al. (2020)). This corresponds 
to near zero sensitivity of ozone to NO2 concentration in this work. This was for the OLHO on June 2, which was 
located in the southwest corner of Lake Michigan, including the area directly offshore from Zion.

We believe that this ozone hotspot has a strong influence on coastal monitors, particularly in the southern portion 
of Lake Michigan. Cluster analysis of 21 policy-relevant ozone monitoring sites identified eight clusters accord-
ing to their MDA8 ozone concentration on episode days, the temporal variation of MDA8 ozone, and the sensi-
tivity of MDA8 ozone to emission perturbations. Five of the eight clusters have their MDA8 ozone behavior 
(temporal variability and sensitivity to emissions) correlated with that of the OLHO region with correlation 
coefficient of higher than 0.75. Accordingly, coastal locations will benefit from ozone reductions in the OLHO 
region; however, they are further influenced by local titration by nearby NO emissions, local production of ozone, 
and the influence of rural continental air, and by entrainment of ozone (usually lower ozone) in air from aloft.

We further show that the likely influence of VCP on ozone in the region is 2.68 ppb (MDA8 ozone on high ozone 
days) in the center of the over-lake ozone hotspot. An alternate quantification of the effect on MDA8 ozone is 
from Figure 6d, which has a peak value of 2.1 ppb (averaged over the episode days). This sensitivity is lower than 
that found for Los Angeles (9 ppb, (Qin et al., 2021)), presumably because of the higher biogenic VOC back-
ground over Lake Michigan during summer. Another modeling study found an effect size ranging from 5 to 12 pb 
downwind of New York City (Coggon et al., 2021).

The spatial pattern in the sensitivities is corroborated by mapping the LROx/LNOx ratio over the lake. The major-
ity of the region is estimated as NOx sensitive, and the spatial extent of the VOC sensitive region depends on the 
time of day. Using 1000–1400 LST, the VOC sensitive region on high episode days is limited to a few high NOx 
emission locations (Chicago IL, northern Indiana, Milwaukee WI, Muskegon MI, and Holland MI) and the south-
western quadrant of Lake Michigan (west of 86.87°W and south of 42.50°N). Using the hours of the TROPOMI 
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overpass time, the VOC sensitive region is smaller, as VOC sensitivity evolves over the lake from highest values 
in the morning, to lower values throughout the rest of the day.

As shown in our previous work, which included a thorough comparison of aircraft vertical ozone profiles in 
Figure 2 of Abdi-Oskouei et al. (2020) and Figure 6 of Stanier et al. (2021), the WRF-Chem model often fails 
to produce sufficiently high ozone concentrations on episode days, particularly over water and at altitude below 
1.5 km. One likely contributing factor for this is insufficient VOC and NOx concentrations on the days and in the 
grid cells and vertical layers in question. A second problem with PGM, is that they may make sufficient ozone 
in the reactive plume over the lake, but then fail to transport it in a skillful way to achieve a match with obser-
vations. This, for example, has been discussed for June 11 in Abdi-Oskouei et al. (2020) and June 12 in Stanier 
et al. (2021). The technique employed in this paper, where we focus on over the lake high ozone area (regardless 
of whether it is in an accurate location) helps moderate the influence of this second type of error.

Taken as a whole, we believe that a major implication of our work is to show that large portions of the Lake 
Michigan airshed contains a mix of NOx-sensitive and VOC-sensitive areas on high ozone days on average. 
Ozone concentrations in these areas will decrease in response to reductions in NOx and/or VOC emissions. 
Our work indicates that the dimensionless sensitivity to anthropogenic NOx emissions reduction is greater than 
that of anthropogenic VOC reductions (on a molar basis, excluding methane). In other words, equal percentage 
reductions in anthropogenic NOx emissions, and in anthropogenic VOC emissions, do not yield equal air quality 
benefits—the benefit is greater for NOx emission reductions. However, ozone formation contributions vary by 
hydrocarbon species, and additional work could identify species where reductions would be most effective.

Our modeling indicates a significant area (Figure 10) that is VOC-sensitive on average. This area is decreasing 
over time due to reductions in NOx emissions; additional investigation of the existence of VOC-sensitive regions 
and monitors around Chicago and in northern Indiana, especially through observational methods, is still needed. 
A minority of episode days (e.g., 2 June 2017) may be significantly more VOC-sensitive than NOx-sensitive for a 
significant portion of the domain, including at monitor locations that are on average, NOx-sensitive. Transitional 
behavior (low responsiveness of O3 to NOx reductions, or limited increases in ozone as NOx is reduced) will 
occur, and can be counteracted by simultaneous reductions in VOCs.

We believe this work strengthens the conceptual model of ozone formation in the Lake Michigan airshed, char-
acterized by ozone formation in a shallow layer over the Lake, followed by onshore transport. Decreases in NO2 
and VOC in this formation region over the lake should correlate with ozone improvements at lakeshore monitors. 
Remote and in situ monitoring of key indicators such as NO2 and FNR over southern Lake Michigan are likely to 
shed considerable light on the changing ozone formation regimes over the region. Similar insight can be drawn 
from data at coastal monitor locations, especially if measurements are of high time resolution, such that lake 
breeze chemical conditions can be analyzed segregated from land-dominated air parcels. The latest generation of 
polar orbiting satellites for air quality, and the anticipated geostationary satellites, are likely to be very useful for 
monitoring ozone precursors.

Data Availability Statement
Ground-based measurements were download from the EPA Air Data website: https://aqs.epa.gov/aqsweb/airdata/
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