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CHAPTER 1

Introduction
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Department of Earth, Environmental, and Planetary Sciences, Institute at Brown for Environment

and Society, Brown University, Providence, RI 02912, USA



Nitrogen oxides (NO, = NO + NO») and their oxidation product, nitrate (gas-phase nitric
acid (HNO3) and nitrate in particulate form (pNO3)), are key reactive nitrogen species (N;) in the
atmosphere, with the potential to adversely influence air quality, climate, and human and
ecosystem health!. NO, plays an important role in regulating the oxidizing capacity of the
atmosphere, controlling the production of atmospheric oxidants such as ozone (O3) and hydroxyl
radicals (OH)**. These oxidants are responsible for removing atmospheric trace gases and
influence the lifetime of greenhouse gases such as methane (CH4)*. Gaseous HNO3 is a strong acid
and highly water-soluble such that it readily dissolves in cloud droplets, contributing to acid rain™S,
Gaseous HNOs can also be partitioned into the particle phase of NO3, a major inorganic component
of fine particulate matter (PM2.s), which has direct linkages to adverse effects on human health,
visibility, and radiative forcing>’. Exposure to NO, and its secondary pollutants increases the risk
of respiratory and cardiovascular diseases and threatens agricultural yields due to ozone-induced
crop damage. In addition, dry and wet deposition of atmospheric nitrate disrupts nutrient balances
in ecosystems and accelerates acidification, posing long-term risks to forests, soils, and aquatic

810 Due to its widespread environmental, health, and economic impacts,

environments
governments have historically mandated monitoring and reporting of NO. emissions to track

pollution sources and implement regulatory measures to protect public and ecosystem health!!-13,

NOy is emitted into the atmosphere from many sources, including both natural (e.g.,
lightning, soil nitrification/ denitrification, and wildfires) and anthropogenic (e.g., vehicle, fossil
fuel combustion, industry, residences, and agriculture) origins'. Once emitted into the atmosphere,
NO is rapidly oxidized to NO2 by O3 or peroxy radicals (HO2 and ROz) within a timescale of
approximately 1-2 min. During the daytime, NO: is photolyzed back to NO by sunlight and net

chemical production of NO is zero, which is known as a photostationary steady state (R1, 3, 4)>14,



NO + O3 > NO; + Oy (R1)

NO + RO, (HO2) —> NO, + RO (OH) (R2)

NO, + hv — NO + O(’P) (R3)
M

O(CP) + 0, - Os (R4)

where M is any non-reactive third body. These photochemical reactions involving NO,, carbon
monoxide, and volatile organic compounds (VOCs) lead to the formation of tropospheric O3,
which is harmful to human health, vegetation, and ecosystems due to its strong oxidation
capacity!>!6, The major sink for NOy in the atmosphere is its oxidation to HNO3. The dominant
HNOs formation pathway during the daytime and/or warm season (i.e., high photochemistry

season) is NO; oxidation by OH (R5):

M
NO, + OH - HNOs (R5)

On the other hand, NOx photochemistry shuts down during the nighttime. Since NO and NO> are
no longer in photochemical equilibrium and the main NO oxidant for nighttime is O3 (R1), NO:
cannot be converted back into NO. Therefore, the major nighttime and/or cold season (i.e., low

photochemistry seasons) sink of NO; is via:

NO; + O3 &> NO3 + O (R6)
M
NO;3; + NO2 = N20Os (R7)
aerosol
N205 + HHO —— 2HNO:;3 (R8)



In aqueous environments (such as wet aerosol), HNO; dissolves and dissociates to form NOs'.
Gaseous ammonia (NH3) dissolves and protonates to form NH4"; and then NO3;™ and NH4" can
associate to form particulate ammonium nitrate (NH4NO3) or they can react with existing particles,
increasing their size, a process known as aerosol condensation’. If NH3 is sufficiently available in
the atmosphere, sulfuric acid (H2SO4) and NHj first dissolve in an aqueous phase, where H2SO4
dissociates into sulfate ions (SO4*) and protons (H*), while NH3 is protonated to NHs" (R9-12).
Subsequently, these ions associate to form ammonium sulfate ((NH4)2SO4) due to the low
saturation vapor pressure of H>SO4 through the reaction (R13). The excess NH3 then reacts with
HNO3 to form NH4NOs3 through reaction (R15). HNOs is partitioned into the aerosol phase based
on thermodynamic equilibrium (i.e., NH4NO3(s) = HNO3(g) + NH3(g)) or via coarse-mode uptake
onto sea salt particles or alkaline dust (i.e., HNO3(g) + NaCl(s) = NaNOs(s) + HCI(g); HNOs3(g)
+CaCOs(s) = Ca(NOs3)(s) + COx(g) +H20(g)). The gas-to-particle partitioning rate of
HNO3/pNO3 is mainly governed by NH3 availability, temperature, RH, and aerosol pH
(R14)>%1718 The partitioning process is favorably shifted toward the particle phase under colder
temperatures, higher RH, and higher particle pH. Therefore, in general, HNO3 and pNO; are

characterized by higher concentrations in the warm (Apr-Sep) and cold (Oct-Mar) seasons,

respectively>!.

H>S04(g) — HaSO4(aq) (R9)
NH3(g) — NHs(aq) (R10)
H,S04(aq) — 2H" + SO (R11)
NHs(aq) + H" — NHy* (R12)
H>SO4(g)+ 2NHs(g) — (NH4)2804(s) (R13)



HNOs(g) & H'(aq) + NOs(aq) (R14)
HNOs(g) + NH3(g) — NH4NOs(s) (R15)

NO:; pollution has been recognized as a major environmental concern and a serious health
risk for humans and ecosystems in the US!'!?%2!, Human activities increasingly dominated inputs
to the N; budget over the past several decades. In particular, key contributors to the US NO, budget
include on-road mobile sources (39%), off-road mobile sources (15%), fossil fuel combustion from
electric utilities (25%), and industrial sources (11%)?2. In order to protect public health and the
environment from air pollution, the Clean Air Act was enacted in the 1970s, leading to strict
regulatory controls on NO, emissions in the US'!. As a result, the U.S. Environmental Protection
Agency (EPA) reports that total annual NO, emissions have significantly decreased since 2000’s2.
This reduction was primarily driven by substantial declines in emissions from electric utilities
(59 %), industrial fuel combustion (39 %), and the transportation sector (45 %). Historically, coal
combustion was the largest source of electricity generation for several decades of the US power
system, but decreased their usage by 28 % (from 1037 million short tons to 738 million short tons)
as natural gas became a more cost-effective and lower-emission alternative??-24. As a result of the

transition from coal to natural gas for electricity generation, NO, emissions decreased by 63% and

25 % for coal and natural gas, respectively, in the US.

The northeastern US remains an important region to monitor due to historically degraded
air quality due to high levels of NO, emissions and negative atmospheric nitrate deposition impacts
on sensitive ecosystems 132526, The northeast US receives elevated inputs of N; from heavily
urbanized and industrialized local regions, as well as via regional transport from Midwestern and
western states, leading to long-term environmental and health concerns. The eastern US contains

major urban centers along the Northeast Corridor, including Washington, D.C., Philadelphia, New



York City, and Boston, significantly contributing to NO, emissions from dense road networks and
high traffic volumes??. Additionally, the Ohio and Pennsylvania regions, which account for 58 %
of total US underground coal mine production, have historically been major sources of NOx
emissions in the eastern US?’, contributing to around 20 % of total NOx emissions via long-range
transport. Under the Clean Air Act Amendment, stringent regulations have led to significant
reductions in NO, emissions over the years in the northeastern US (Figure 1.1). Particularly,
according to EPA NEI, NO, emissions have decreased by 82% in the northeastern US from 2005
to 2015-a critical period for emission reductions 2>2%-30, However, despite significant local
reductions in NOj, the response to changes in endpoints such as O3, PM» s, and deposition has not
followed our expectations. For example, pNOs3 concentrations have been found to be similar or to
have increased in response to precursor emission reductions in the New England region 2°-3
(Figure 1.2). This indicates that there are significant uncertainties regarding oxidation chemistries
and feedbacks in response to emission regulations. Thus, understanding the relative contributions

of NO, emission sources and the oxidation processes responsible for their removal is crucial for

air quality improvement.
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Figure 1. 1 Satellite image of annual average NO; in the US for 2005 and 2013. Image adapted
from Lamsal et al. (2015), U.S. NO; trends (2005-2013): EPA Air Quality System (AQS) data
versus improved observations from the Ozone Monitoring Instrument (OMI).
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Figure 1.2. Long-term trends of NOy emissions in the Northeastern US (CT, MA, PA, NH, NJ,
NY, RI, and VT) and nitrate concentration in PM o, which was collected in RI from 2005 to 2015%.

Atmospheric chemistry and transport models are now widely used and provide essential
tools for interpreting observational data, testing hypotheses about chemical reactions, and
predicting future concentrations of atmospheric chemicals®*3*. These models help understand
human and natural influences on the environment and assess the impacts of emissions and
chemical processes on air quality. However, accurately reproducing atmospheric compositions still
remains challenging®31-333¢, Atmospheric nitrate concentrations have been simulated using various
chemistry models to detail spatiotemporal variabilities between precursor NO, emissions and
nitrate in the US, but models tend to underestimate or overestimate nitrate concentrations due to
uncertainties in emission inventories, chemical feedbacks, and/or deposition processes. For
example, the global 3D chemical transport model, GEOS-Chem, often underestimated nitrate

concentration in the California area, primarily due to an underestimation of ammonia emission,



which limits ammonium nitrate formation °. In contrast, in the northeastern US, the model tends
to overestimate nitrate concentrations 33°. Previous studies reveal that potential biases could be
due to uncertainties in NOy and gaseous NH3 emission estimates, dry deposition removal rates,
heterogeneous chemical production rates, and/or changing chemistry due to reductions in NO, and

sulfur dioxide emissions 2°-1:33,

Stable nitrogen and oxygen isotopes of pNOs; have been identified as a powerful
observational constraint for identifying atmospheric NO, emission sources and understanding NOx
oxidation chemistry 3743, The isotopic composition is expressed as J, which is a standardized
notation and quantified as 0 (%o) = 1000 X (Rsampie/Rreference - 1). R is the ratio of the heavy isotope
to the light isotope (e.g., ’N/N; 180/!1%0; 170/'°0) in the sample and internationally recognized
isotopic reference material (Nitrogen = Air N> and Oxygen = Vienna Standard Mean Ocean Water),
respectively. The N isotopic composition (6'°N) of NO, provides insight into the NO, emission
budget, as different NO, emission sources have distinct 6'°N values (Figure 1.3). For example,
natural gas combustion has distinctive §'"N(NOy) emission signatures near -18%o 4, +15%o of coal
combustion %, -32%o of soil emissions *¢, and -2%o of vehicle emissions 4’. These source signatures
are imprinted into §'>N(NO,) values and the chemical and physical processing during NO, cycling
and post-NO; oxidation in the atmosphere introduces isotope fractionation***-3°, Therefore, §'°N
of pNO; reflects the information about precursor NO, sources and/or NO, oxidation chemical
processing. Key isotope effects associated with nitrate formation include equilibrium isotope
effects (EIEs), unidirectional kinetic isotope effects (KIEs), and photo-induced fractionation
isotope effects (PHIEs) during NO, cycling and post-NO> oxidation reactions***%->132, Therefore,
evaluating these effects systematically is crucial to understanding the drivers of the observed

variability in 8"’N(pNO3).
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Figure 1.3. Range of 3'°N values for various NOx sources. Image credit: Dr. Emily Joyce

The oxygen isotopic compositions (A'’O and 6'30) of NOj are also a useful tool for tracing
NO; photochemical cycling and evaluating the changes in the daytime and nighttime oxidation
chemistry involving NO, 3738423355 1In general, stable oxygen isotopes fractionate via a mass-
dependent manner, leading to distinctive 6!’O and §'30 signatures for the key atmospheric oxidants
such as 02/RO2/HO,, H>0, and OH (6'70 = 0.52 x §'%0; Figure 1.4). However, one notable
exception is the mass-independent fractionation that occurs during O3 formation. Fractionation of
O3 leads to an unexpected “excess” of 6!70 relative to 6'%0, which is quantified and defined as
A0 (= 670 - 0.52 x §'%0) 3%, This effect arises because there is an intramolecular O isotope
distribution with heavier isotope values (17O, 180) at the terminal ends, which are preferentially
transferred. Previous studies report that tropospheric Oz has a A'70O value for bulk Oz of ~ 26%o
and a transferrable signal of ~ 39%o, whereas the A'’O values of other oxidants such as H-O, OH,

HO,, and RO> were assumed to be 0 %o 4>°7-°!. For 6'80, direct observations of the §'80(03) vary

10



from 90—120%o in the Northern Hemisphere mid-latitudes >7->3. HO, and RO; radicals are estimated
to have an O isotopic composition that reflects tropospheric Oz (~ 23%o) 33-°°. 680 of H,O is
assumed to be -6 %o, which is a typical mid-latitude value and represents water in the liquid phase™?.
Since direct measurements of 6'30(OH) are unavailable, it is estimated based on the assumption
that OH is in isotopic equilibrium with H>2O(g). The equilibrium fractionation factor between OH
and H,O(g) is theoretically determined as 1.0371 at 298 K, leading to an estimated 6'30 of OH at
-43%o 302, These distinct oxygen isotopic characteristics enable us to track NO, oxidation
chemistry, providing insight into the relative contributions of different oxidation mechanisms and
their variability over time and space. For example, prior experimental investigations suggest that
O isotopic equilibrium is achieved between NO, and O; or HO2/RO; radicals during the
photochemical reaction, leading to higher A0 and 6'%0 values of NO; for daytime chemistry 64,
In contrast, at night, NO; produced via primary NO directly can maintain an imprint of the oxygen
source associated with the emission type (e.g., Oz in the case of combustion), leading to lower
A0 and "0 values of NO,. These differences in NO: isotopic composition are further
transferred to nitrate with oxidation processes of NOz to pNOs. Therefore, the 6'30 and A0 of
atmospheric nitrate preserve information about NO, cycling and NO; to nitrate oxidation process,

with the dominant oxidation pathways during the process.
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Figure 1.4. Summary of 6'70 and 6'%0 values of key oxidants (OH, O2, RO, and H>0), with
exceptional excess 6'’0 of O3 (defined as A!70). Image credit: Dr. Wendell Walters.

This thesis contains studies that aimed to comprehensively examine atmospheric nitrate
chemistry in the northeastern US utilizing long-term and short-term isotope measurements along
with atmospheric chemistry models. In doing so, this research has advanced the utility of stable
oxygen (6'%0 and A'’0) and nitrogen (8'°N) isotopic compositions of atmospheric nitrate, and

their ability to quantify aspects of N; emissions and chemistry. This research has sought to:

1. Identify NO, emission sources to quantify each different NO, source and assess their
relative contributions to atmospheric nitrate.

2. Explore the spatiotemporal variability in NO, oxidation chemistry and nitrate production
mechanisms across urban and suburban/rural environments in the northeastern US.

3. Constrain uncertainties in atmospheric chemistry models by comparing observed isotopic
compositions with predictions from the model, providing insights into model biases.

4. Evaluate the impact of long-term NO, emission reductions on nitrate chemistry by

identifying shifts in oxidation pathways over the past decade.

12



5. Investigate the atmospheric response to short-term emission reductions, such as the
COVID-19 pandemic, to assess how abrupt changes in human activities influence nitrate

formation.

To achieve these objectives, this work took advantage of a unique aerosol record. From 2005-
2015, the Rhode Island Department of Management, as part of their regular monitoring to meet
EPA requirements, collected particulate matter (PMio; Figure 1.5) in Providence, RI (an urban site)
and West Greenwich, RI (a suburban/rural site). Across the US, regular, time- and resource-
intensive aerosol monitoring is conducted 249, Typically, however, only 1-2 years of samples are
available on the archive. When I arrived at Brown University in September 2020, I was provided
access to a 10-year aerosol record for Chapters 3—5 that RI DEM had archived and had since
donated to Professor Meredith Hastings’ research group. This unique collection provided the basis

for my research.
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Figure 1. 5. Overview of the filter sampling protocols, including the high-vol sampler, filters after
sampling, the filter extraction process, IC, and GC-IRMS.

The structure of this thesis is as follows. In Chapter 2, nitric acid (HNO3) and particulate
nitrate (pNO3) samples collected at three different EPA Clean Air Status and Trends Network
(CASTNET) sites in the northeastern US from December 2016 to 2018 were used to investigate
atmospheric nitrate chemistry. Oxygen isotopic compositions of HNO3z and pNO3 were analyzed
to explore spatial and temporal differences in HNO; and pNOs concentrations and production
mechanisms in the northeastern US over 2 years. In addition, the GEOS-Chem model was used to
constrain the mismatch in modeled predictions of atmospheric nitrate chemistry in the northeastern

US.
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In Chapters 35, I focus on long-term changes in nitrate chemistry using a unique record
of atmospheric PMio samples. Samples were collected at two different environmental sites from
2005 to 2015 in the state of Rhode Island, United States, including downtown Providence (41.82°N,
— 71.41°W) and West Greenwich (41.61°N, — 71.72°W), representing an urban and suburban
environment, respectively. These three chapters explore different aspects of atmospheric nitrate
over the past decade in response to emission regulations. Using those samples, in Chapter 3, major
inorganic components in PMio were analyzed to explore the long-term changes in particle
chemistry for urban and rural environments in southern New England over the decades of
emissions reduction implementation. In Chapter 4, oxygen isotopic compositions (630 and A'’0)
in the long-term pNOs record were analyzed to constrain NO, oxidation chemistry changes over a
time of large reductions in NOx. In this study, we employed the US EPA Community Multiscale
Air Quality (CMAQ) model to offer a more detailed and mechanistic understanding of the
differences in nitrate formation between suburban/rural and urban areas in the northeastern US.
Further, impacts on NO, chemical lifetime were discovered that provide context for the impact of
changes in NO; oxidation chemistry in the whole northeastern US. In Chapter 5, using the same
atmospheric nitrate records, nitrogen isotope composition (6'°N) in pNO3 was analyzed to explore
the emissions regulation impact on nitrate precursors and atmospheric chemical processing.
Applying the framework developed in my prior studies, isotope fractionations during NOx cycling
and NOx oxidation processes were quantified based on the CMAQ model output. In addition, NOx
emission estimates were constrained using a Bayesian framework-based isotope mixing model
with a Markov Chain Monte Carlo (MCMC) method. These long-term records provide a new
framework to test our understanding of the effectiveness of emission controls on secondary

pollutants such as Oz, PM, and deposition.
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Lastly, in Chapter 6, we assess the short-term response of atmospheric nitrate chemistry in
response to abrupt emission reductions. The COVID-19 pandemic in 2020 led to an unprecedented
reduction in human activities worldwide, resulting in a significant decrease in air pollutants and
greenhouse gas emissions over a short period. Here, we analyzed nitrogen and oxygen isotopes of
nitrate collected from six different environments in the northeastern US from 2019 to 2020 to

understand spatiotemporal variabilities of nitrate formation during the COVID-19 lockdown.

Overall, this research provides new insights into the evolution of NO, oxidation chemistry
and nitrate formation in response to both long-term policy-driven emission reductions and short-
term disruptions. Specifically, this study demonstrates that surface observation, together with the
atmospheric chemistry model framework, enables isotope measurements to be utilized as
quantitative constraints on NO, emissions and atmospheric chemical processes. This work
advances the understanding of atmospheric nitrate chemistry and offers a new constraint on
atmospheric processes that can inform future air quality management strategies and model

development.
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Abstract

The northeastern US represents a mostly urban corridor impacted by high population and
fossil-fuel combustion emission density. This has led to historically degraded air quality and acid
rain that has been a focus of regulatory-driven emissions reductions. Detailing the chemistry of
atmospheric nitrate formation is critical for improving the model representation of atmospheric
chemistry and air quality. The oxygen isotopic composition of atmospheric nitrate are useful
indicators in tracking nitrate formation pathways. Here, we measured oxygen isotope deltas (4(!70O)
and 6('®0)) for nitric acid (HNOs) and particulate nitrate (pNO3) from three US EPA Clean Air
Status and Trends Network (CASTNET) sites in the northeastern US from December 2016 to 2018.
The A(*’0, HNOs) and 6('*0O, HNOs) values ranged from 12.9 %o to 30.9 %o and from 46.9 %o to
82.1 %o, and the 4(’0, pNOs) and 6(**0, pNO3) ranged from 16.6 %o to 33.7 %o and from 43.6 %o
to 85.3 %o, respectively. There was distinct seasonality of §('30) and 4('’0O) with higher values
observed during winter compared to summer, suggesting a shift in O3 to HO, radical chemistry, as
expected. Unexpectedly, there was a statistical difference in 4(!’0) between HNOj3 and pNOs, with
higher values observed for pNO3 (27.1£3.8) %o relative to HNO3 (22.7£3.6) %o, and significant
differences in the relationship between §(!80) and 4(!70). This difference suggests atmospheric
nitrate phase-dependent oxidation chemistry that is not predicted in models. Based on the output
from GEOS-Chem, and both the §('80) and 4(!’O) observations, we quantify the production
pathways of atmospheric nitrate. The model significantly overestimated the heterogeneous N2Os
hydrolysis production for both HNO3 and pNOs, a finding consistent with observed seasonal
changes in §('%0) and 4('’0) of HNO; and pNOs, though large uncertainties remain in the

quantitative transfer of 6('*0) from major atmospheric oxidants. This comparison provides
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important insight into the role of oxidation chemistry in reconciling a commonly observed positive

bias for modeled atmospheric nitrate concentrations in the northeastern US.

1. Introduction

Nitrogen oxides (NO, =NO + NO3) in the atmosphere have an important impact on air quality
and human and ecosystem health (Galloway et al., 2004). NO, plays an important role in
influencing the oxidizing efficiency of the atmosphere, including the production of ozone (O3),
and leads to the formation of atmospheric nitrate (gas phase nitric acid (HNO3) and nitrate in
particulate form (pNO3)) (Crutzen et al., 1979). HNO; and pNO; are, in turn, important
contributors to dry and wet N deposition. Nitrate is a key component of particulate matter (PM2.s),
which has direct adverse effects on human respiratory and climate change, and the deposition of
N to ecosystems can contribute to soil acidification and eutrophication (Camargo and Alonso, 2006;
Schlesinger, 2007; Tai et al., 2010). Thus, changes in the chemistry and chemical feedbacks
associated with NO, have important implications for predicting air quality improvements and

climatic responses.

The US Environmental Protection Agency (EPA) reported that NO, emissions have decreased
by 36 % in the United States from 2007 to 2015 due to effective regulations in response to the
Clean Air Act and its Amendments (US EPA, 2017; CASTNET, 2019; NEI, 2017; Shah et al.,
2018). However, atmospheric pNOs concentrations have responded sub-linearly to the dramatic
NO, emission reductions, with only a 7.8 % pNOs decrease over the same period in the
northeastern US. Uncertainties in our understanding between NO, reductions and the production
of atmospheric nitrate challenge our ability to make effective reductions in reactive nitrogen

concentrations. Major factors influencing atmospheric nitrate production include oxidant
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availability, heterogeneous chemistry, gas-to-particle partitioning, and potential aerosol nitrate

photolysis (Jaeglé et al., 2018; Shah et al., 2018; Kasibhatla et al., 2018).

Atmospheric nitrate concentrations have been simulated using various chemistry models to
detail spatiotemporal variabilities between precursor NO, emissions and nitrate in the US, with
somewhat limited success (Walker et al., 2012; Zhang et al., 2012). In particular, the concentrations
of nitrate observed in the northeastern US tend to be overestimated in models (e.g., Heald et al.,
2012; Zhang et al., 2012), which is an important region to monitor due to its high population
density, transport patterns and the tendency for poor air quality (Sickles and Shadwick, 2015).
Modeling studies suggest that biases revealed by comparison with observations could be due to
uncertainties in NO, and gaseous ammonia (NH3) emission estimates, dry deposition removal rates,
heterogeneous chemical production rates, and changing chemistry due to reductions in NO, and

sulfur dioxide emissions (Heald et al., 2012; Holt et al., 2015; Shah et al., 2018).

The nitrate oxygen isotope deltas (4('’O) and 6('*0)) have proven to provide observational
constraints on the oxidation pathways that are responsible for the formation of atmospheric nitrate
(Hastings et al., 2003; Michalski et al., 2003; Alexander et al., 2009). The isotopic composition is
expressed as d, which is a standardized notation and quantified as 0 = (Rsample/Rreference — 1). R is
the ratio of the heavy isotope to the light isotope (e.g., '30/'%0; 70Q/'%0) in the sample and
internationally recognized isotopic reference material (Vienna Standard Mean Ocean Water),
respectively. Several studies have suggested that the distinctive (4('’0) = §(170) — 0.52 x §('*0))
and 6('*0) signatures of atmospheric oxidants such as Os, O2/RO2/HO,, H,O and OH are
incorporated into nitrate, tracking the oxidation chemistry of NO, (Hastings et al., 2003; Michalski
et al., 2003; Savarino et al., 2007). Traditionally, the influence of O3 incorporation in nitrate has

been quantitively tracked using only 4('’0), because of the unique mass-independent fractionation
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that results in O3 carrying excess d('70), yielding a transferrable 4('’O) = (39+2) %o (Thiemens,
2006; Vicars and Savarino, 2014). However, all other atmospheric oxidants contain expected mass-
dependent signatures such that all have A('’O) value of approximately 0 %o. The 5('30) of
atmospheric oxidants could provide further insights into nitrate production mechanisms, especially
in cases where oxidants other than O3 are important, since it is distinctive for each oxidant (e.g.,
0180, 03) = (126.3%£12) %o, (10, O2) =23 %o, 5('30, OH) = -43 %o (Michalski et al., 2012; Vicars

and Savarino, 2014)).

The northeastern US remains an important region to monitor due to historically degraded air
quality by NOx emissions and negative atmospheric nitrate deposition impacts on sensitive
ecosystems. Changes in oxidation chemistry and chemical feedbacks associated with nitrate
production and deposition have important implications for predicting air quality improvements
and informing policy recommendations. In this study, using the Clean Air Status and Trends
Network (CASTNET) samples, we explored spatiotemporal differences in HNO3; and pNO;
concentrations and production mechanisms in the northeastern US over two years. Based on these
observations, we aimed to better constrain the mismatch in modeled predictions of atmospheric
nitrate chemistry in the northeastern US. This is the first study to quantitatively evaluate the triple
oxygen isotope composition from observations and model simulations in the northeastern US. The
comparison with the combination of 4('’O) and &('*0) values, and both gaseous and particle
phases of nitrate, provide a significant advance in our ability to probe the representation of

oxidation chemistry in atmospheric chemistry models.
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2. Methods

2.1 CASTNET Samples

Atmospheric nitrate samples were collected by the US EPA at several locations of Clean Air
Status and Trends Network (CASTNET) sites in the northeastern US (Figure 2.1). Three
CASTNET sites were selected: Abington, CT (ABT147, 41.84° N, -72.01° W), Connecticut Hill,
NY (CTH110, 42.40° N, -76.65° W), Woodstock, NH (WST109, 43.94° N, -71.70° W). The
samples were collected weekly from December 23, 2016, to December 28, 2018, using a three-
stage filter pack system. Based on EPA protocols, pNOs was collected using a Teflon filter in the
first stage of the filter pack, and gaseous HNOs was collected using a Nylon filter in the second
stage of the filter pack. We note that due to the semi-volatile characteristic of ammonium nitrate,
some pNO3 might volatilize as HNOj3 and collect downstream of the filter pack leading to negative
biases for pNOs and positive biases for HNOs3 collection (Hering and Cass, 1999; Ashbaugh and

Eldred, 2004).
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Figure 2.1. Map of the United States (a) and selected CASTNET sites (b) for this study in the
northeastern US. Major cities (urban areas), transportation routes, and CASTNET sites are also
indicated in (b). The image was created using Google Earth (©2023 Google).
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2.2 Concentration and Isotope Analyses

Filters were extracted and measured for nitrate concentration using lon Chromatography and
then stored in the CASTNET laboratory at room temperature for up to two years. Extracted
samples were shipped to Brown University in the summer of 2020. Nitrate concentrations were
measured at Brown University to check for stability of nitrate using standard colorimetric methods
(i.e., US EPA Method 353.2) on an automated discrete UV-Vis Analyzer (SmartChem Westco
Scientific Instruments, Inc.). The limit of detection was 0.1 and 0.3 uM for nitrite and nitrate,
respectively, and the pooled standard deviation of replicate quality control standards was better
than 3 %. Overall, strong positive correlations were found between measured concentrations at
Brown and reported CASTNET data for both HNOs (y = 0.99x — 0.08 (R’ = 0.99); p < 0.05) and
pNOs (y = 1.04x + 0.09 (R’ = 0.99); p < 0.05) (Figure 2.2); we, therefore, consider the samples

representative of their original concentrations.
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Figure 2.2. Relationship of HNOs (a) and pNOs (b) filter extract concentrations reported by
CASTNET and re-measured at Brown University.

The samples were collected once a week, and equal volumes of filter extract were combined
for isotope analysis to produce monthly aggregates for HNO3 and pNOs, respectively. Oxygen
(6(*0) and 4('70)) stable isotopic compositions in HNO3; and pNOs were analyzed utilizing the
bacterial denitrifier method at Brown University (Sigman et al., 2001; Casciotti et al., 2002; Kaiser
etal., 2007). Briefly, samples were injected into a buffer solution containing P. aureofaciens, which
lack the nitrous oxide (N2O) reductase enzyme, and sample nitrate was quantitatively reduced to
N20. For §('80) analysis, the generated N>O is injected into a Thermo-Finnegan Delta V Plus
isotope ratio mass spectrometry (IRMS) with a modified Gas Bench system after flowing through
an automated extraction and purification system. Determination of §(**0) in N>,O was conducted
at an m/z of 44, 45, and 46 and corrected using internationally recognized isotopic reference
materials that included IAEA-NO3 (25.6 %0), USGS34 (-27.9 %0), and USGS35 (57.5 %o). The

A('70) was determined in a separate analysis. The bacteria-generated N>O was decomposed to N»
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and O in a gold furnace heated to 770 °C and analyzed at m/z 32, 33, and 34 to determine ’O/!'%0
and '80/'°0O ratios of the evolved O.. The 33/32 and 34/32 mass ratios were corrected using
isotopic reference materials, USGS34 (-0.29 %o) and USGS35 (21.6 %o), and then A('’O) was
determined from 4(’0) = 6('70) — 0.52 x §('80). Due to sample mass limitations, some samples
were only analyzed for §('30). The number of samples that were not measured for A('’0) was 1
HNOj3 sample from CTH110, 2 HNO; samples from ABT147, 5 pNOs samples from CTH110, and
16 pNO; samples from WST109. The overall pooled standard deviations of isotopic reference
materials and sample numbers were as followed: USGS34 (a(6(**0)) = 0.5 %o (n = 21); a(4('70))
=1 %o (n = 26)); USGS35 (6(5("0)) = 0.4 %o (n = 27): 5(A("O)) = 2 %o (n = 26)), and IAEA-N3

(6(5("80)) = 0.3 %o (n = 23)).

2.3 GEOS-Chem Modeling

The GEOS-Chem global model of atmospheric chemistry (Bey et al., 2001; Walker et al., 2012;
2019) was utilized to track the production of NO> and HNOs at the CASTNET sites and further to
model the oxygen isotope deltas (e.g., 4('*0) and 4(!70)) following a previous framework
(Alexander et al., 2020). Following this framework, oxidation chemistry is tagged only for HNO3
production and is assumed to be the same for pNO;. We use version 13.2.1
(doi:10.5281/zen0d0.5500717) of the model driven by GEOSS5-FP assimilated meteorology from
the NASA Global Modeling and Assimilation Office (GMAO). A nested grid (0.25° latitude x
0.3125° longitude horizontal resolution; ~25 km) simulation was conducted over the northeastern
United States (97°-60° W; 35°-60° N) in 2017 and 2018. Boundary conditions were from global
simulations performed at 4° latitude x 5° longitude horizontal resolution for the same years after
a one-year initialization. Gas- and aerosol-phase chemistry was simulated using the default

“fullchem” mechanism (Bates and Jacob, 2019; Wang et al., 2021). Inorganic gas and aerosol
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partitioning were conducted using version 2.2 of the ISORROPIA II thermodynamic equilibrium

model (Fountoukis and Nenes, 2007).

All default anthropogenic emissions were applied, which is primarily version 2.0 of the
Community Emissions Data System (Hoesly et al., 2018) as implemented by McDuffie et al.
(2020). Natural emissions respond to local meteorology and include biogenic VOCs from
terrestrial plants and the ocean (Millet et al., 2010; Guenther et al., 2012; Hu et al., 2015; Breider
et al., 2017), NO, from lightning and soil microbial activity (Murray et al., 2012; Hudman et al.,
2012), mineral dust (Ridley et al., 2012), and sea salt (Jaeglé et al., 2011; Huang and Jaegl¢, 2017).
Biomass burning emissions were monthly means from version 4.1s of the Global Fire Emissions
Database (GFED4.1s; van der Werf et al., 2017). Wet deposition for water-soluble aerosols is
described by Liu et al. (2001) and by Amos et al. (2012) for gases. Dry deposition is based on the
resistance-in-series scheme of Wesely (1989). Diagnostics were implemented to archive the total
production and loss pathways of NO,, NO,, NO2, RONO, HNO; and pNOs3, including the net flux
of mass between HNO;3; and pNOsz in ISOROPPIA II. We evaluated model performance for
simulating concentrations and isotope deltas (5('30) and 4('’0)) using the Normalized Mean Bias

(B) metric (Eq.1):
B=(XZ(@Qn-0Qs)/Z Qo) (Eq.l)
where Q,» = modeled quantities and Q, = observed quantities.
2.4 6(**0) and 4(’0) Calculations Based on Model Outputs

The oxygen isotope deltas (5('80) and 4(70)) of nitrate were calculated based on oxygen
isotope mass-balance using production rate outputs from the GEOS-Chem global 3-D model and

compared with our observations. Expected 6('*0) and A('’0) ranges resulting from nitrate
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production pathways have been previously described and calculated using oxygen mass-balance
(Alexander et al., 2009, 2020; Michalski et al., 2003; Morin et al., 2011; Carter et al., 2021). Briefly,
the 6('80) and A(!70O) of nitrate are determined by both NO, photochemical cycling and nitrate
formation reactions (Alexander et al., 2009; Walters et al., 2018). During NO, photochemical
cycling, the oxygen isotopic compositions of NOy are determined by the relative production rates
of NO; via reaction of NO with O3, peroxy and hydroperoxyl radicals, and halogen oxides (XO;
BrO, CIO). The proportional contribution of O3 during NO oxidation is denoted as 4 and is

calculated using

A = (k(O3+NO) [O3] + (XO+NO)[XO])/(k(O3+NO)[O3] + A(XO+NO)[XO] + A(HO+NO)[HO-]

+ k(RO+NO)[RO2]) (Eq.2)

where k is the respective rate constant for NO oxidation via O3, XO, HO>, and RO,. The 4('0)
value of the terminal oxygen atom in O3 (Os”) is assumed to be (39+2) %o based on observations,
while all other oxidants are assumed to be 0 %o (Vicars et al., 2012; Vicars and Savarino, 2014;
Alexander et al., 2020). 6('*0) and 4('7O) values of nitrate from each production pathway were
then determined using O mass-balance based on the O transfer from varying oxidants involved in

its formation (Table 2.1).

The GEOS-Chem global model has been previously used to quantify nitrate production
pathways based on A(!’0) (Alexander et al., 2009, 2020), but this has not been done for 6(**0).
Using a similar framework as for A(170), we expect that 5(!30) of NOz reflects isotopic signatures
of both O3 and O, as it has been assumed that the O isotopic composition of ROz and HO; is equal
to O2 (Michalski et al, 2012; Walters et al., 2018). Accordingly, the values of §(**0, NO>) can be
predicted by the proportional contribution of O3 and both HO> and RO, during NOx cycling with

their distinct §(180) values of O3 and O» (Eq. 3; Table 2.1).
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(180, NO,) = A(6(180, 03*)) + (1-4)(6(**0, 02))  (Eq.3)

Table 2.1. Equations for §('80) and 4('70) calculations by different nitrate formation pathways.

Gas-phase reactions A"0(tNO;) 0"O(tNO3)
NO; + OH 2 A470(05%) 25" O(NO,) + 3 9"*O(OH)
NO; + Hydrocarbons & A+3) 470(05%) 25" O(NO,) + 3 9%0(05*)

Heterogeneous reactions

. 2 5BOMNO,) + = §80(0s*) + -
N,Os hydrolysis (water + CI") GAT) A70(05*) 6 6 6
5"0(H,0)
NO; hydrolysis & A+3) 470(05%) 2 5"O(NO,) + 3 9%0(05*)
NO; hydrolysis G A+2) AT70(05*) 2 50(NO,) + 2 §'*0(H,0)
y y 3 3 3 3
RONO; hydrolysis A 4"70(05*) 2 5"5O(NO) + 7 "O(NO,)
XNOs hydrolysis (X =Br+Cl+1) (G A+;) 470(05%) 25" O(NO,) + 3 9%0(05*)
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The 6('30) values of O3 and O; are adopted from previous studies that determined ('O, O3") and
0(*%0, 0O2) as 126.3 %o and 23 %o (Vicars and Savarino, 2014; Kroopnick and Craig, 1972,
respectively). For the calculation of 4('®0) of nitrate, the value of 5('30) of H>O(1) is assumed to
be -6 %o, which is a typical mid-latitude value and represents water in the liquid phase incorporated
into nitrate formation associated with heterogeneous reactions by N>Os or NO> hydrolysis
(Michalski et al, 2012). The §('80) value of OH can be dependent on both O3 and H,O(g), as well
as environmental conditions since oxygen in OH can exchange with H>O(g) (Dubey et al. 1997).
Fractionation factors associated with the O transfer into NO, products are unknown and therefore
were not considered. The 5('30) of H,O(g) was estimated based on the equilibrium between H>O(1)
and H>O(g) with a temperature-dependent fractionation factor (1.0094 at 298K); it is assumed that
OH and H>O(g) exist in isotopic equilibrium, which has a theoretically determined fractionation
factor (1.0371 at 298K) and leads to an estimate of 5('*O, OH) of -43 %o (Michalski et al, 2012;
Walters and Michalski, 2016). We note that the typical annual temperature for the northeast US is
approximately 287 K, yielding a 6(**O, OH) of -45 %.; for comparison purposes with prior
publications, we utilize -43 %o, which makes little difference in the quantitative results below. In
the final step, 5('*0) or A('70O) of total atmospheric nitrate were calculated based on the monthly-
averaged production rates from GEOS-Chem and the seven major reactions that produce nitrate in

the model (Table 2.1) to compare with observations.

3. Results and Discussion

3.1 Spatiotemporal Variations of Atmospheric Nitrate Concentration

Figure 2.3 shows the monthly averaged spatiotemporal variations of HNO3; and pNO; mass

concentration (denoted as y). The observed (o) HNOs concentrations (y,(HNO3)) ranged from 0.11
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pug m> to 0.88 ug m=3, with a mean value of 0.46 ug m across the three CASTNET sites. The
observed pNOs3 concentrations (yo(pNO3)) ranged from 0.04 ug m to 2.01 pg m=, with a mean
value of 0.50 pg m, and showed clear seasonality at all three sites with averaged higher values
(0.7540.52) pg m in the cold season (October to March) and lower values (0.25+0.17) ug m in
the warm season (April to September), which were significantly different (p < 0.01). On the other
hand, y,(HNO3) was seasonally invariable with (0.42+0.17) ug m™ for cold season and (0.50+0.24)
ug m> for warm season that was not statistically different (p > 0.05). Averaged y,(HNO3) was
generally lower than pNOs3 across the sites, but the difference was statistically insignificant (p >
0.05). Both y,(HNO3) and y,(pNOs3) indicated spatial variability with higher values at ABT147 and
CTHI110 than the WST109 site. The mean annual y,(HNO3) and y,(pNO3) were (0.61£0.15) ug m
3 and (0.66+0.34) ug m™ at ABT147, (0.55+0.13) ug m and (0.68+0.58) ug m™ at CTH110, and

(0.2240.06) pg m™ and (0.17+0.13) pg m™ at WST109, respectively.

The modeled (m) HNOs concentrations (ym(HNO3)) ranged from 0.20 pg m™ to 2.36 pg m>,
with a mean value of 0.82 ug m and modeled pNOs concentrations (ym(pNOs3)) ranged from 0.20
ug m> to 5.27 ug m>3, with a mean value of 1.89 pug m3. Contrary to our observed data, no
consistent spatial variability was observed for ym(HNO3) and ym(pNO3). The mean yn(HNO3) and
ym(pNO3) were (1.09+0.62) ug m and (1.73+1.13) ug m> at ABT147, (0.74+0.46) ng m> and
(2.42+1.71) ug m= at CTH110, and (0.64+0.22) ug m= and (1.52+1.24) pg m> at WST109,
respectively. However, there are significant seasonal model biases for the HNO3z and pNOs. The
model significantly overestimates pNO;3 during the winter (3-9 times) and overestimates HNO3

during the summer (2-3 times).
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As stated above, there can be negative biases for pNOj3 and positive biases for HNOj3 collection,
but these should be reduced by comparing the model to total atmospheric nitrate (tNO3 = HNO3 +
pNO3). Still, the simulated tNOs concentration (ym(tNOs3)) with GEOS-Chem is notably
overestimated relative to observations (yo(tNO3); B = 182 %; Figure 2.3). While the simulated
pNO; well reproduce the observed seasonality (high concentrations in the cold season and vice
versa), it highly overestimated the concentrations for most of the year (B = 276 %; Figure 2.3).
The simulated HNO;3 did not capture the observed relative lack of seasonality, instead showing
clear seasonality with generally high concentrations in the warm season and low in the cold season.
The lack of agreement between GEOS-Chem and nitrate observations is consistent with previously
reported results in other studies (Heald et al., 2012; Zhang et al., 2012; Walker et al., 2012).
Uncertainties in N2Os hydrolysis rate, emission estimates, or dry and wet deposition removal rates
have been suggested as possible causes for predicted nitrate biases. For instance, Luo et al., 2019;
2020 reported dramatic improvement of nitric acid and nitrate biases by updating wet scavenging
parameterization in the GEOS-Chem model; however, this update leads to biases in oxidized

nitrogen wet deposition between model predictions and observations.

36



Observation = GEOS-Chem
y(tNO3) y(HNO3) y(PNO;)
67153 (cold): 113 % B (cold): 11 % B (cold): 176 %
54 B(warm): 134 % B (warm): 135 % B (warm): 132 %
5 4
B 34
2 2
1 m
0 T T T T T T T T T
& -
s 67 B(cold) 158 % B (cold): -17 % B (cold): 235 %
ep | 5\ B(warm): 158 % B (warm): 76 % B (warm): 358 %
3
=it
=S 3
=g 2
Q =
S 14
g M
=4 07\ T T T T T T T T
U -
675 (cold): 523 % B (cold): 129 % B (cold): 885 %
5 B (warm): 329 % B (warm): 242 % B (warm): 545 %
4 4
2
Y 3
o 2
B 14 /\W
07\ T T T T T T T T T T T T T T T T T T T T T T
1117 7117 1118 7118 1117 7117 1118 7118 1117 7117 1118 7118
Date (MM/DD/YY)

Figure 2.3. Time series of monthly mean total nitrate, HNO3 and pNOjs concentrations ()
observed and simulated at ABT147, CTH110, and WST109 CASTNET sites. B refers to the
normalized mean bias for comparison of the model to observations (see section 2.3 in Methods).

3.2 Oxygen Isotopic Compositions — Oxidation Chemistry and Phase Difference

The oxygen isotopic compositions in atmospheric nitrate are used to evaluate NO, oxidation

chemistry and to assess seasonal changes in nitrate formation mechanisms. For the CASTNET

sites, the (170, HNOs) and A4('’0, pNO3) values ranged from 12.9 %o to 30.9 %o and from 16.6 %o

to 33.7 %o, with a mean value of (22.7£3.6) %o and (27.11+3.8) %o, respectively (Figure 2.4). The

6(**0, HNOs) and 6('®0, pNOs) values ranged from 46.9 %o to 82.1 %o and from 43.6 %o to 85.3
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%0, with a mean value of (68.1£7.1) %o and (68.2+8.3) %o, respectively (Figure 2.5). These
observations are in the range of previously reported values in polluted mid-latitudes: 5('30, HNOs)
and 5('80, pNOs) in CASTNET sites in Ohio, Pennsylvania, and New York from April 2004 to
March 2005 ranged from 51.6 %o to 94.0 %0 and from 45.2 %o to 92.7 %o (Elliott et al., 2009),
respectively. They are also consistent with observations of polluted air masses in Canada from
September 2010 to January 2014, which were from 62.4 to 81.7 %o for 6('*0O, HNOs), from 19.3
t0 29.0 %o for A(!’0O, HNOs3), from 48.4 to 83.2 %ofor §('30, pNO3), and from 13.8 to 30.5 %o for

A('70, pNO3) (Savard et al., 2018).

Previous studies and modeling results have indicated that the seasonality of oxygen isotopic
compositions in HNO;3 and pNOs is driven by a shift in oxidation chemistry (e.g., Hastings et al.,
2003; Michalski et al, 2012; Alexander et al., 2009; 2020). Globally, the seasonality reflects a shift
in O3 to HOx radical chemistry during winter to summer, respectively. Wintertime has higher NO
+ O3 branching ratios than summer, which has increased NO + RO2/HO». The high values of 6('*0)
and A4('’0) in HNOs and pNO3; during the cold season are caused by the increased incorporation
of O3 into the nitrate product through N>Os heterogeneous hydrolysis on aerosols (Figures 2.4 and
2.5). In contrast, the dominance of gas-phase production by the NO> + OH reaction dilutes the
isotopic influence of O3 during warm seasons leading to the low values of 6(**0) and 4('70) in
HNOs and pNO:s. Spatial variability is observed in 6('*0) and 4(7O) of HNO3, with highest values
at CTH110 (6(**0): (71.5£5.6) %o (n = 24) and A('70): (25.0£3.1) %o (n = 23)) followed by
ABT147 (6(**0): (70.144.8) %o (n = 24) and 4(70): (23.1+2.2) %o (n = 24)) and WST109 (6(**0):
(62.8+7.7) %o (n = 24) and A('70): (20.2+3.7) %o (n = 24)). However, §('30) and 4('’0O) of pNO3

were not significantly different across the stations: for ABT147 (5('80): (68.6+7.1) %o (n = 24) and
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A(T70): (26.4%3.6) %o (n = 22)); CTH110 (5('*0): (69.1+8.9) %o (1 = 24) and A('70): (26.8+4.1)

%o (n = 19)); and WST109 (5(*0): (66.8%8.7) %o (n = 24) and A(70): (29.4+2.9) %o (n = 10)).
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Figure 2.4. Time series of the monthly mean for observed and calculated A('’0) for HNO; and

pNOsover ABT147, CTH110, and WST109 CASTNET sites. Calculated A('’O) using base (black)
and optimized (grey) GEOS-Chem are shown in the plot together. Bars indicate the residuals

between calculation and observation.
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Figure 2.5. Time series of the monthly mean for observed and calculated §('80) for HNO; and

pNOs;over ABT147, CTHI110
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Our observations indicate a significant phase-dependent difference in oxidation chemistry
between HNOj3 and pNOs that is unexpected (Figure 2.6). Many modeled mechanisms of gas- and
aqueous-phase chemistry produce HNO3, then HNOs is partitioned into the aerosol phase based
on thermodynamic equilibrium (i.e., NH4NO3(s) & HNOs3(g) + NH3(g)) or coarse uptake.
Conventional understanding would expect A('’0O) of HNO; and pNOs to be the same (e.g.,
Alexander., 2020). However, observed 4('’O, pNOs) tends to be significantly higher than A('70,
HNOs) (p < 0.01 at ABT and CTH, p = 0.088 at WST). The difference between A('’O, pNO;) and
A('70, HNOs) was larger in the cold season than in the warm season. For example, on average,
A0, pNO3) was (5.142.6 %o) higher than A('’0O, HNO;) during the cold months, while A('70,
pNO;) was (2.7+4.7 %o) higher than A('’O, HNOj3) during warm months. This phase difference in
A(Y0) cannot be explained by potential sample biases caused by volatilization, which leads to
mass-dependent fractionation. This difference might be related to the differences in particulate
nitrate size-dependent production pathways. Previous studies of size-segregated A('’O, pNOs)
indicated higher values for coarse pNO3 (aerodynamic diameter (D,) > 0.95 um) relative to fine
pNO;3 (Ds < 0.95 um) that was concluded to reflect the increased importance of heterogeneous
N20s hydrolysis on coarse particles relative to fine particles (Vicars et al., 2013). The CASTNET
pNOs samples reflect total suspended particles (TSP) such that increased importance of N2Os
heterogeneous chemistry for coarse particulate nitrate formation could explain the higher 4('70O,

pNO:s) values we observe relative to 4(170, HNO3).
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Figure 2.6. Relationship between the monthly mean (8('30) and A('70)) for observed HNO;
(green) and pNO;3 (blue) across all CASTNET sites with correlation coefficient (R?) and slope

Positive linear relationships between 6(**0) and A('’O) were observed for HNO3; and pNOs
across the CASTNET sites, with similar slopes but different oxygen isotopic signatures indicated
by different intercepts (Figure 2.6). For the relationship of 5(**0) and 4('”0), the high end-member
should result from O3, and the lower end-member depends on the isotopic signature of the
atmospheric oxidants involved. The transferable J('*0O) signatures of atmospheric oxidants are not
fully understood yet, reflecting a complex combination of atmospheric oxidant source signatures

and isotope fractionation during reaction and incorporation into the nitrate end-product. While
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ozone has a notably high A('’O) value ((39+2) %o; Vicars and Savarino, 2014), 4('’0) values of
other atmospheric oxidants such as O2/RO2/HO2, H>O and OH are equal to or close to 0 %o
(Michalski et al., 2012; Walters et al., 2019). Overall, our results suggest more Oj3 is incorporated
during the formation of pNO3 than HNO3. We further analyze the oxidation chemistry involved in

atmospheric nitrate formation based on output from the GEOS-Chem chemical transport model.

3.3 Quantifying atmospheric nitrate oxidation chemistry using 4(1’0)

Observations of the oxygen isotopic composition were utilized to quantify the relative
importance of different nitrate formation pathways and to assess model representation of the
chemistry of nitrate formation. Using atmospheric nitrate production rates from the GEOS-Chem
model (“base case”), 4('’O) was calculated within a grid cell corresponding to our CASTNET sites
and compared with observed 4('’0, HNOs, pNOs) at each site (Figure 2.4). We note that the
previous A(1’0) GEOS-Chem framework tags NO> and HNO3 production and assumes that pNOs3
production is similar to HNO3 due to thermodynamic equilibrium. Thus, we compared the
simulated 4('’0O, HNO3) from GEOS-Chem to our 4(’0, HNO3) and A('’O, pNO3) observations.
The averaged residuals over the collection period for each site were 3.9 %o, 2.8 %o, and 5.6 %o for
A(Y0, HNO3), and 1.5 %o, 1.7 %o, and 6.1 %o for A4(1’0, pNO3) at ABT147, CTH110, and WST109,
respectively (Figure 2.4). Calculated A('70O) based on GEOS-Chem output reproduced the
observed temporal variations well (Figure 2.4), although the model better captured the lower
observed 4('70) during warmer months versus the higher values observed in the cooler months
(Table 2.2). The GEOS-Chem model also does not capture observed spatial A('70O) variabilities.
For instance, higher A('70O) values (especially for HNO3) were observed at CTH110 compared to
WST109; while no significant spatial 4('70) differences were predicted from GEOS-Chem. The

model prediction was sensitive to the type of nitrate; the calculated 4('’O) showed a better
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agreement with observed 4(170) of pNOs (y = 0.55 x + 12.62 (R’ = 0.48)) than A4('’0) of HNO; (y

=0.46 x +10.68 (R = 0.44)) at all CASTNET sites (B = -2 % and 15 %, respectively) (Figure 2.7).

Table 2.2. Summary of the residuals between observed and calculated oxygen isotope deltas by
season using the base and optimized GEOS-Chem, respectively.

A(17O , A(17O , 6(180, 6(180,
Residuals

HNO:s) pNO:s) HNO:s) pNO:s)
Annual 4.1 %o 2.3 %o 15.5 %o 15.9 %o

Base
GEOS- Cold 6.2 %o 1.7 %o 23.1 %o 20.4 %o

Chem
Warm 2.0 %o 2.8 %o 7.9 %o 11.4 %o
Annual 2.0 %o 1.7 %o 6.2 %o 10.4 %o

Optimized

GEOS- Cold 2.3 %o 1.4 %o 5.7 %o 13.2 %o

Chem
Warm 18 %o 20 %o 67 %o 7.7 %o
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Figure 2.7. Correlation between observed and calculated A('70) for HNOs and pNO3 using base

GEOS-Chem (black) and optimized GEOS-Chem (grey) by each site.
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Several studies have used 4(!70) to quantify and/or constrain modeled chemical mechanisms.
Here, GEOS-Chem nitrate production rates and thus calculated 4('’O) were optimized to find the
lowest residual sum of squares between the calculated and observed 4('7O). This optimization
algorithm constrains the relative rates of nitrate formation pathways simulated by GEOS-Chem.
Additionally, the optimization was conducted for HNO3; and pNOs separately. Calculated 4('70)
from the base GEOS-Chem model was generally 1.15 times higher than observed 4('’0, HNOs)
and 0.98 times lower than A('’O, pNOs) across all CASTNET sites. After optimization, the
residuals between observed and calculated A(!70) dramatically decreased (Figure 2.4), especially
in the cold season (Table 2.2). Moreover, the linear relationships had slopes much closer to the 1:1
line (i.e., from 0.46 to 1.03 for HNO3 and from 0.55 to 0.78 for pNOs; Figure 2.7) than the base
GEOS-Chem model across the three CASTNET site (the relationships for each site before and
after optimization are shown in Figure 2.7). On a subannual basis, the 4('’O) comparison for the

cold season showed better improvement than the warm season, especially for 4('’0O, HNO3).
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Figure 2.8. Relative proportions for major nitrate production pathways by season from base
GEOS-Chem output (HNO3 + pNO3), optimized GEOS-Chem for HNO3 production only, and
optimized GEOS-Chem for pNOs production only based on comparison with observations across
the three CASTNET sites. Annual refers to the full two-year record (Dec 2016-Dec 2018). The

cold and warm seasons refer to Oct-Mar and Apr-Sep, respectively.

The dominant annual pathway for nitrate formation in the GEOS-Chem model (“base case”)
was N2Os hydrolysis, which accounts for 50 % (Figure 2.8), followed by NO> + OH (31 %) and
RONO:; hydrolysis (13 %) across all CASTNET sites. Nitrate production via the reaction of XNO3
hydrolysis and NO3; + HC was small (< 1 %) at all sites. Strong seasonality in nitrate production
was observed, as expected, with high portions of N2Os hydrolysis in winter and NO; + OH in

summer (Figure 2.8).

After optimization, the dominant pathway for nitrate formation in GEOS-Chem changed
compared to the base case. For 4('’O, pNO3), NO, + OH (60 %) was the dominant pathway for

nitrate formation in the optimized GEOS-Chem calculation, followed by N>Os hydrolysis (31 %)
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and NOs hydrolysis (4 %) (Figure 2.8). At the same time, A('’O, HNO3) was almost entirely driven
by NO; + OH reaction (98 %) in the optimized GEOS-Chem case (Figure 2.8). The optimized
GEOS-Chem calculations suggest that the fraction of nitrate produced by N>Os hydrolysis was
significantly overestimated in the GEOS-Chem base case. In the base case, N2Os hydrolysis
dominated nitrate production, especially in the cold season with a fraction of over 68 % at all
CASTNET sites (Figure 2.8). This may also partly explain major nitrate concentration

overestimates, particularly in the cold season.

3.4 Modeling 6(30) of Atmospheric Nitrate

The GEOS-Chem model §('30) was also calculated in the same manner as 4('’0O) (Figure 2.5).
Unlike the calculated 4('70), calculated 6('*O) showed remarkably positive biases compared with
measured J('*0) of HNOs (B = 22 %) and pNOs (B = 21 %). The averaged residuals for 6('*0,
HNO:s) at each site were 13.9 %o, 12.9 %o, and 19.6 %o, and for 6('*0, pNOs) were 15.4 %o, 14.2
%o, and 18.2 %o at ABT147, CTH110, and WST109, respectively (Fig. 2.5, Table 2.2). Modeling
the 6('80) values of nitrate is more challenging than 4('’0O) because not all oxidant 6(**0) values
have been directly observed and fractionation factors associated with the O transfer into NO,
products are unknown. Uncertainty in 4(**O) values could be a major factor causing disagreement
between observed and calculated §('%0). Additionally, uncertainties in the gas-phase and aerosol
scheme related to tNO; production in GEOS-Chem could account for the discrepancy. Still, as with
A('70), the calculated 5('*0) showed far more disagreement with observations during cooler

months than warmer months (Table 2.2).

Newly optimized nitrate production in GEOS-Chem was also applied to J('80) calculation and
compared with previous results. As with 4('’0), a slope of the regression line between (optimized)

calculated and observed 5('*0) became closer to 1 (i.e., from 0.30 to 0.74 for HNO3 and from 0.39
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to 0.49 for pNOs; Figure 2.9) and residuals improved at each site after the optimization (Figure
2.5). Overall, the optimized GEOS-Chem J('%0) calculation showed better agreement than the
base GEOS-Chem model (B = -6 % for §('30, HNOs) and B = 13 % for 6('*O, pNO3)). The most

significant improvement, as shown by the residuals, is during the cold season.
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Figure 2.9. Correlation between observed and calculated §(*30) for HNO3 and pNO; by each site.
Calculated 8('*0) values using base GEOS-Chem, optimized GEOS-Chem, and optimized 3('*0)
values indicated as black, grey, and green (for HNO3) or blue (for pNO3), respectively.
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3.5 6(**0) Optimization of Atmospheric Oxidants

After optimization of relative nitrate production rates in GEOS-Chem based on 4(70), we
applied the optimized chemical production to calculate d(**O) but still observed discrepancy
between observed and predicted 5('*0). The discrepancy could be related to variable and
somewhat unconstrained J('*0) values of atmospheric oxidants important for nitrate formation. To
test this, the assumed (literature) 5('80) values of oxidants were optimized by selecting the best
linear fit between the observations and calculated §('80, HNOs and pNO3) (Figure 2.10). After
optimization for J('80) of oxidants, the discrepancy between observation and calculation was
dramatically reduced (Figure 2.9) with a decrease in B from 21 to 1 %. The optimization predicted
d(**0) of H>O values similar to what was expected (-6.5 %o vs. -6.0 %o), however different values
were predicted for §('80) of O, OH, and O; (Table 2.3). A typical mid-latitude value (-6 %o) of
0(**0, H,0) was selected in this study. We note that the 4('*0, H,O) will vary seasonally; however,
the calculated 6('®0) value of nitrate was insensitive to this value because of the relatively minor
role that H>O contributes to O atoms of atmospheric nitrate. For 6(**0) of O,, OH, and O3, it is
possible that this reflects isotope effects associated with the incorporation of these oxidants during
nitrate production, rather than further issues with model chemistry since the relative production
rates here are constrained based on 4('70). The §('*0, O,) was the best fit with calculated 6('0)
of nitrate values when assuming a value of 11.1 %o (vs. the well-known 23 %o). Since atmospheric
Oz is incorporated into nitrate via NO oxidation by HO; and RO; radicals, it was assumed that the
6(**0) value of ROz and HO: is equal to O such that this does not consider any potential isotope
effects associated with HO; and RO> formation and reaction with NO. The optimized value of 11

%0 reflects the O atom derived from RO>/HO: reactions incorporated into NO,. Thus, our
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optimized value might suggest that RO2/HO> singly substituted with 30 (e.g., R'¥0'°0, H!30'°0)

reacts slower than the '°O isotopologues (e.g., R'°O or H'°O,).

——  Observed (130, HNO;) =  Base GEOS-Chem
———  Observed §(1%0, pNO;) ———  Optimized 6('30) values

5(1%0, HNO,) | 5(1%0, pNOy) |

~ i |
<+ i i
— : :
= | |
R |
< ; i
| |

o 8 ' |
= < i i
L i i
=2 s, |
O % | i
D s

TN O s s s UL A —————— i
11204 | |
100 i |

o 80 %‘
[ 1 1 1
= i 60 = i
B i :
SR | |
BT | |

i i 0- T T T i T T T T T T i

i i 1117 7/1/17 1/1/18 7/1/18 1/1/17  7/1/17 1/1/18 7/1/18 i

______________________________________________________________________________________________________________

g
z
=
S
S
<
5

Figure 2.10. Time series of observed and calculated 3('*0) for HNOs and pNOs for ABT147,
CTH110, and WSTI109 sites. Calculated 5('30) using base GEOS-Chem (black) and using
optimized 8('*0) values (grey) are shown in the plot together.
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Table 2.3. 5('*0) values for each oxidant before and after optimization based on different
scenarios

Optimized 630 (%o)
Atmospheric | Assumed
. 180y (o Fixed O3" and | Fixed 03", H,O
Oxidants 970 (%o) Non-fixed | Fixed O3" ’ ’
H>O and O
0;" 126.3 89.9 - - -
H;O -6.0 -6.5 -180.7 - -
02/RO2/HO, 23.0 11.1 40.9 44 4 -
OH -43.0 42.2 -31.3 -394 -36

The observed 5('*0) of Oz and OH for the CASTNET samples were the best fit with calculated
d(**0) when assuming values of 89.9 %o for 5('30, O3) and 42.2 %o for §('80, OH), respectively.
In the previous section, we noted that NO> + OH and N>Os hydrolysis reactions were the dominant
pathways for nitrate formation, indicating that OH and O; play an important role in determining
the 6('*0) value in nitrate. Indeed, optimizing 5(*30) values to find the best agreement between
observation and calculation is largely dependent on J('*0) values of O3 and OH (see also Table
2.3). The optimized 6('*0, O3") value (89.9 %o) was lower than the average reported 6('*0, Os")
((~126+12) %o; Vicars and Savarino, 2014), though the §('30, Os3) is known to vary with
temperature and pressure, and could also potentially be fractionated during reactions
(Brenninkmeijer et al., 2004). For example, Walters and Michalski (2016) calculated an isotopic
enrichment factor near -20 %o associated with O3 transfer in its reaction with NO, which would

lower the transferable 6(**0) of Os, consistent with our predictions. The isotope effect for NO +
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O3 reaction is the only one currently known; in other words, no other 5(!30) isotope effects
associated with O3 reaction with NOy (e.g., NO> + O3) have been calculated. Further, there is
potential for equilibrium isotope effects between N>Os, NO», and NOs that could also impart a
mass-dependent §('0) fractionation. While difficult to pinpoint the exact isotope effects occurring,
our optimized value predicts an elevated 6('®0) value derived from O3 compared to the other

oxidants, consistent with our expectation.

For 6(** O, OH), the optimized value dramatically increased compared to the initial assumed
value (-43.0 %o). The initial 5('*0, OH) value is based on several assumptions that may not be
correct regarding isotope exchange with H>O(g). Additionally, Fang et al. (2021) suggested that
J('>N) of nitrate is largely controlled by an isotope effect in the NO, + OH pathway, and it could
be conceivable that §('*0) may be affected by a similar isotope effect as well. Overall, the
optimization of §('*0, OH) is highly dependent on the §('®0, O3") (see Table 2.3), which makes
sense given the proportional control of the NO, + OH and N2Os hydrolysis reactions. Despite the
uncertainty in the transferrable 5('30) from major oxidants, the comparison between predicted and
observed §('*0) and A4('70) both suggest a larger relative importance of NO> +OH chemistry than
reflected in the model simulations. We note here that this finding is consistent with our companion

study (acp-2022-621) of 5('>N, HNO3) and 6(*°N, pNO3) as well.

Overall, the observed differences in the oxygen isotopic composition of HNO3 and pNOs, the
observed relationships of §('%0) and A('70O) in the different nitrate phases, and the significant
mismatch with the global model base case challenge our current representation of nitrate chemistry
in atmospheric chemistry models. Generally, the GEOS-Chem A('’0) simulations were biased
high relative to observations, indicating the over-incorporation of O3 during nitrate formation. The

largest discrepancies in the model-observation comparisons, particularly for pNOs, occur in winter.
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Our optimized chemistry, constrained by the observed 4('®0) and A4('70), suggested that the
heterogenous production of nitrate via NoOs chemistry is currently significantly overestimated.
While our focus is on the northeastern US, an area of important environmental change due to
regulated emissions reductions, this finding has implications for the global modeling of

atmospheric nitrate and oxidation chemistry.

4. Conclusions

Using a combination of concentration and isotopic analyses, we evaluated atmospheric nitrate
formation pathways in the northeastern US in 2017-2018. The GEOS-Chem model showed large
positive biases for HNO; and pNO; concentrations, an important issue that is common in
atmospheric chemistry models. The observed oxygen isotopic compositions (4('’O) and 5('*0))
revealed a more important relative role of NO,+OH chemistry and indicated that the model
chemistry overpredicted heterogeneous hydrolysis of N2Os for atmospheric nitrate in the
northeastern US. We also observed nitrate-phase differences in 4('’O) and §('30), which are not
captured in current models. Further investigation of size-segregated nitrate chemistry is

recommended to improve model prediction of nitrate formation.

Additionally, this finding has important implications for predicting oxidation chemistry in the
atmosphere. For instance, the production of nitrate via heterogeneous hydrolysis of N2Os
represents a radical termination process, such that a much-reduced importance of this reaction
could yield more radical chemistry with an impact on oxidant concentrations. Indeed, an important
mechanism for converting NO, to atmospheric nitrate could affect controlling the oxidizing
efficiency, which directly influences the atmospheric oxidation budget and many atmospheric

pollutants’ (notably greenhouse gases) lifetime in the atmosphere. Thus, better constraining their
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chemistries and feedbacks is crucial to understanding atmospheric nitrate production pathways and

its connection to atmospheric oxidation chemistry.

Traditionally, 4('’O) has been used to quantitatively assess nitrate production pathways. The
use of J('80) as well can enhance our understanding of the oxidants contributing to nitrate
formation, particularly for distinguishing oxidants that have similar A(1’O) values (i.¢., all are near
0 %o except ozone). However, our study also observed a discrepancy between observed and
calculated 6('%0) values, even after accounting for an optimized chemical production based on
A(Y70). The best match of the observations suggests that the transferrable J('*O) values of oxidants
may vary more than is currently suggested in the literature. Improved constraints, particularly on
the isotopic composition of OH and variability in 6('30, O3) would add critical value to modeling

and interpretation of major oxidation chemistry in the atmosphere.
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Abstract

Atmospheric nitrate and sulfate are major inorganic particulate matter components that impact
human and ecosystem health and air quality. Over the last several decades, emissions of the
precursor gases, nitrogen oxides (NO, = NO + NO») and sulfur dioxide (SO.), have dramatically
decreased in the US in response to federal regulations. However, the response in concentrations of
particulate nitrate (pNO3) and sulfate (pSO4) have not followed predictions due to complex non-
linear chemistry feedbacks that may differ amongst environments (i.e., urban vs. rural). In this
study, we explored the long-term response of particle chemistry for urban and rural environments
in southern New England, a region historically impacted by NO, and SO, emissions. Particulate
matter (PMio) samples collected via the same method from 2005 to 2015 at urban and rural
locations in Rhode Island were analyzed for their major inorganic components, and air mass
trajectories and statistical analysis were used to identify source regions over time. Our results
indicated a significant urban-rural aerosol chemical composition gradient for sampling locations
within 40 km. Over time, as anthropogenic influences have decreased, the relative contribution of
marine and crustal sources has increased greatly, impacting fine and coarse particle chemistry in
recent years. Total mass concentrations of chemical species, particularly anthropogenic pSO4 and
particulate ammonium (pNH4), have shown dramatic decreases over the ten years at both the urban
and rural sites; however, pNOs3 concentration increased by 95 % and 57 % in the urban and rural
sites, respectively, despite significant NO, emission reductions. Our results demonstrate that
changes in chemical mechanisms due to the decrease in SO emissions contributed to decreases in
pNH4, along with enhanced pNO3 concentration. Furthermore, the change in SO> emissions has
significantly impacted the atmospheric lifetime and transport distance of pNH4, favoring more

localized contributions in recent years.
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1. Introduction

Atmospheric particulate matter (PM) is a critical atmospheric pollutant originating from
various natural (e.g., sea salt particles and wind-blown dust) and anthropogenic activities (e.g.,
industrial activities, vehicle, and combustion processes) (O’Dowd et al., 1997; Manisalidis et al.,
2020; Lenschow et al., 2001; Harrison et al., 1997). PM o, a particle with diameters smaller than
10 um, has potential adverse air quality and climate change impacts as well as human and
ecosystem health (Seinfeld et al, 1998; Fuzzi et al., 2015; Camargo and Alonso, 2006; Schlesinger,
2007). For example, high concentrations of PM are directly associated with the acidity of clouds,
visibility degradation, and solar radiation transfer, which can lead to poor air quality and affect the
atmosphere’s radiative properties (Pye et al., 2020; Hyslop, 2009; Andreae et al., 2005). In terms
of health effects, epidemiological studies have shown that the level of PM i has a direct connection
with respiratory illnesses such as asthma, pulmonary damage, or mortality rate (Donaldson et al.,
2000; Wilson and Suh, 1997; Scanlon et al., 2000; Berico et al., 1997; Dominici et al., 2002;
Orellano et al., 2020). Further, inorganic components in PMo, such as particulate sulfate (pSOs),
particulate nitrate (pNO3), and particulate ammonium (pNH4), negatively impact sensitive
ecosystems causing eutrophication, soil acidification, and forest degradation (Van Breemen and

Van Dijk, 1988; Bobbink et al., 1998).

Over the past several decades, emissions of the precursor gases, sulfur dioxide (SO), and
nitrogen oxides (NO, =NO + NO3), deriving from industrialization and urbanization, have caused
severe PMio pollution in the US. The Clean Air Act Amendments (CAAA) of 1990 were
implemented in the US to reduce major environmental threats such as acid rain, urban air pollution,
and toxic air emissions. In response to the CAAA in the US, SO> and NO, emissions were

successfully controlled with a total decrease of 73 % and 43 %, respectively, between 2005 and
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2015, leading to a decrease in average PMo concentrations at the national level (US EPA, 2017;
NEI, 2017; Shah et al., 2018; Jaeglé et al., 2018). The US Environmental Protection Agency (EPA)
has continuously monitored PMio concentrations throughout the country to improve air quality
and set the national air quality standards for PMio (24-hour standards with one-expected
exceedance forms and levels of 150 pg m™; US EPA, 2017). Long-term monitoring of speciated
air pollutants has been conducted at several national monitoring networks in the US, including the
Clean Air Status and Trends Network (CASTNET), the Chemical Speciation Network (CSN), the
Interagency Monitoring of Protected Visual Environments (IMPROVE), the National Atmospheric
Deposition Program (NADP), and the Ammonia Monitoring Network (AMoN). However, these
networks utilize different techniques for sample collection depending on the network goals, such
that it can be challenging to integrate data and compare measurements across the various
monitoring networks. For example, the CASTNET program monitors total suspended particles
(TSP) collected on a Teflon filter, primarily in rural locations, while the CSN program collects fine
PM (PM:s) using Nylon filters in urban locations. The different types of filters have different
collection biases and artifacts, making it difficult to make quantitative comparisons across
networks and landscapes (i.e., urban versus rural). Compared to several national monitoring
networks, our PMjo records are simultaneously sampled using the same methodology between

rural and urban locations which motivated this research.

The northeastern US has been an important region to monitor as its high population density
and transport patterns have affected the degradation of air quality (Sickles li and Shadwick, 2015).
Reductions of SOz and NOx in the northeastern US have been even more impressive, with
decreases of 46 % and 82 %, respectively, since 2005 (NEI, 2017). However, the responses in pSO4

and pNOs concentrations have not been as strong as the precursor emission reduction due to the
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complex non-linear chemistry feedback that may differ for varying environments (i.e., urban
versus rural and summer versus winter). For example, atmospheric chemistry model (GEOS-Chem)
simulation results showed that as SO, and NO, emissions decrease, aerosol pH and oxidation
efficiency increase, leading to more effective secondary aerosol formation, especially for pNO3
(Shah et al., 2018; Guo et al., 2016; Holt et al., 2015). Consequently, pNO3 concentrations are
expected to increase in the northeastern US as SO emissions continuously decrease. A
comprehensive understanding of aerosol chemical composition changes is clearly needed to design

the emission reduction policy that can also target future particulate matter reductions.

This study aims to understand the connection between precursor emissions changes and
spatiotemporal variabilities of inorganic species in PMio utilizing aerosol samples that were
simultaneously collected using the same protocol at an urban and rural site in the northeastern US
between 2005 to 2015. In the northeastern US, particle pollution levels are exacerbated by the
combination of high population density, heavily-developed industrial and transportation sectors,
and natural influences (e.g., marine and crustal), making it difficult to target effective strategies
for mitigating air quality. This study aims to explore key uncertainties in the production
mechanisms of major anthropogenic inorganic species (e.g., pNOs, pSOa4, and pNHa; note that all
components of particulate matter are referred to as pX, where X represents nitrate, sulfate,
ammonium, sodium, etc.) in response to emission regulation implementation with an emphasis on
seasonal and spatial patterns. By comparing urban and rural areas, it is possible to better understand
the impacts of different emission sources and their changes on the chemistry of inorganic species
in PMjo. Detailing the changes in oxidation chemistry and chemical feedbacks associated with the

production and deposition of inorganic species can have important implications for testing
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chemical model mechanisms, better predicting air quality improvements, and informing future

policy recommendations.

2. Methods

2.1 Sampling and Chemical Analysis

PMio samples were collected at two different environmental sites in the state of Rhode
Island, United States, including downtown Providence (41.82° N, -71.41° W) and West Greenwich
(41.61° N, -71.72° W), representing an urban and rural environment, respectively (Fig. 3.1).
Providence has a population of 191,000 and is an urban-mixed-use region that includes
commercial buildings, residential buildings, highways, and industry (Fig. 3.1b). West Greenwich
has a population of 6,500, and the measurement site is in a meadow surrounded by trees. Forest
and recreation fields are the major land use type in this area (Fig. 3.1b). Sample collections were
conducted by the Rhode Island Department of Environmental Management (RI-DEM) and Rhode
Island Department of Health (RI-DOH) using a high-volume sampler with a flow rate of 1.13 m?
min’!. Filter samples were collected on a quartz-fiber filter every six days for 24 hours, following
EPA protocols (USEPA-Method 10-2.1, 1999) from 2005 to 2015. Samples were measured for
total mass concentration of PMjo and stored at room temperature until transferred to Brown

University in the summer of 2019.
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Figure 3.1. Map of the (a) United States and Rhode Island and (b) two sampling sites in Rhode
Island. Major cities (urban areas), transportation routes, and sampling sites are also indicated. The
image was created using Google Earth (©2023 Google).

Filter samples were extracted and analyzed for ion concentrations at Brown University.
Briefly, filter cuts were taken and transferred to triple DI-rinsed Nalgene bottles and extracted in
100 mL of ultra-high purity water (MQ > 18.2 MQ). Bottles were placed on a mechanical shaker
table overnight. Filters were removed from the bottles, and then the extracted solution was filtered
with a 0.2 pm Nylon Filter and placed in a freezer until subsequent analysis. A subset of filters was
extracted a second time with a separate volume of 100 mL. The second extraction was found to
have ion concentrations always below detection limits, such that we assume our extraction
technique fully characterizes the ion concentrations. The entire 2005-2015 record was extracted
for the Providence location. A subset of samples was extracted for the endpoints of the West

Greenwich record, including 2005-2006 and 2014-2015.
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Major inorganic ion concentrations (i.e., sodium (Na*), potassium (K*), calcium (Ca®"),
ammonium (NH4"), magnesium (Mg?*), fluoride (F-), chloride (CI’), nitrate (NOs"), and sulfate
(SO4*)) were analyzed using ion chromatography (Dionex Integrion HPIC) employing suppressed
conductivity detection. Anions were determined using a Dionex AS19-4um guard column (4 x 50
mm) and analytical column (4 x 250 mm) with 20 mM KOH as eluent and a flow rate of 1 mL
min!. Cations were analyzed using a Dionex CS-16 guard column (5 x 50 mm) analytical column
(5 x 250 mm). Eluent of 30 mM methane sulfonic acid (MSA) was used to detect cations with a
pump flow rate of 1 mL min!. Working standards of two different concentrations were analyzed
every six samples for quality control. The limit of detection (LOD) for cations was 5.3 uM, 3.2
uM, 5.2 uM, 4.8 uM, and 4.7 uM for Na*, NH4*, K*, Mg?*, and Ca?", respectively and the LOD
for anions was 0.6 uM, 1.7 uM, 1.2 uM, and 4.0 uM for F-, CI,, NOs", and SO4*", respectively. The
average relative standard deviations (RSD) of replicate quality control standards were less than
3.4 % for all analyzed ions. For high NH4" concentrations, over 250 uM, samples were rerun using
standard colorimetric methods (i.e., US EPA Method 353.2) on an automated discrete UV-Vis

Analyzer (SmartChem Westco Scientific Instruments, Inc.).

2.2 Sea salt and crustal calculation

The contributions of sea salt, crustal dust, and anthropogenic emissions to the PMig
inorganic concentrations were calculated following previous studies (Huang et al., 2008; Meng et
al., 2019; Nah et al., 2021). (Note again that all components of particulate matter are referred to as
pX, where X represents nitrate, sulfate, ammonium, sodium, etc).The concentration unit was
converted from the concentration in solution (uM) to the concentration in the air (ug m™), based
on the extraction volume and the amount of sampled air, which typically corresponded to 1700 m?

for each filter. The measured pNOs, pNH4, and pF were assumed to be solely derived from
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anthropogenic sources in this study. Other ions such as pCl, pSOs, and soluble nonvolatile cations
(NVCs, such as pNa, pK, pCa, and pMg) are expected to derive from marine or crustal origins
(Sun et al., 2006; Jayarathne et al., 2014; Meng et al., 2019); thus, their contributions were
calculated separately. For example, pCl in PMy is generally considered to originate from sea salt
with pNa or anthropogenic sources. The ratio of pCl and pNa originating from sea salt typically
has a value of 1.8 (Mclnnes et al., 1994): if the ratio is greater, it is assumed that additional
anthropogenic sources are contributing pCl (e.g., combustion processes). However, in our study,
the observed pCl/pNaratios were much lower than 1.8, indicating strong pCl depletion in the study
areas, such that pNa was considered a better tracer of sea salt (see section 4.1). The sea salt (SS)
origin of pCa, pMg, pK, and pSO4 can be estimated using volume-weighted concentration (g m

%) as follows (Eq. 1 — Eq. 4; Kennish, 2019; Huang et al., 2008; Nah et al., 2021):

[pCa] ss = 0.037 X pNa (Eq. 1)
[pMg] ss = 0.012 X pNa (Eq. 2)
[pK]ss = 0.037 X pNa (Eq. 3)
[pSOs4] ss = 0.25 X pNa (Eq. 4)

In addition to sea salt, pMg, pCa, pK, and pSOs were considered to have a crustal origin.
The contribution of crustal sources to PM1o was quantified using non-sea salt (NSS) or crustal pMg

as a reference. The crustal contribution of pCa, pK, and pSO4 was calculated as follows (Eq. 5 —

Eq. 7):
[PMg] nss = [PMg] crustat = [PMg] tora — [pMg] 55 (Eq. 5)
[pca] crustal = [ng] nss X 1.87 (Eq 6)
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[pK] crustal = [ng] nss X 0.48 (Eq 7)

where 1.87 and 0.48 represent the equivalent ratio of pCa/pMg and pK/pMg in the crust,
respectively (Huang et al., 2008). Mineral dust derived from calcium sulfate (CaSOs) contributes
to the supply of pSOs; thus, [pSO4]erusir Was calculated using the pCa/pSOs mass-ratio (Eq. 8;

Delmas, 1981).
[pSO4] crustal — 047 % [pCa] crustal (Eq 8)

The anthropogenic contributions of components with multiple origins, including pCa, pK,
and pSOs4, were calculated as the difference between the measured total and the amount of sea salt

and crustal contribution (Eq. 9 — Eq. 11; Meng et al., 2019).

[PSOa] anthropogenic = [pPSO4] totar - [PSOa] ss- [pSO4] crustal (Eq.9)
[pCa] anthropogenic = [PCa] woral - [pCa] ss- [pCa] crustar (Eq. 10)
[PK] anthropogenic = [PK] totai - [PK] s5 - [PK] crustal (Eq. 11)

If the calculated components of crustal and anthropogenic sources were negative, the values were
substituted with 0 ug m. These treatments of negative concentrations affected ~ 0.4 % of the total
data set for [pMg] crustar, leading to a 0.001 pg m increase in the averaged concentration of [pMg]
custal- Further, for anthropogenic source calculations, the treatment of negative concentrations
affected 2 %, 10 %, and 28 % of the total data set for [pSOa] anthropogenic, [PCa] anthropogenic, and [pK]
anthropogenic, tespectively. Though negative values account for a large portion of the anthropogenic
sources data set, substitution to 0 ug m™ leads to only 0.001 ug m=, 0.006 g m>, and 0.007 ug

3

m™ increase in total averaged concentration of [pSOa] anthropogenics [PCa] anthropogenic, and [pK]

anthropogenic, Tespectively.
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2.3 Back trajectory and PSCF analysis

Air-mass back trajectories were traced using the hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model with the North American Regional Reanalysis (NARR)
12 km dataset (Stein et al., 2015). 72-hour backward trajectories of air masses arriving at 1000 m
above ground level were calculated every 6 hours for the two sampling sites (Providence and West
Greenwich, RI). Back trajectories were analyzed from 2005 to 2006, 2009 to 2010, and 2014 to
2015 for Providence and from 2005 to 2006 and 2014 to 2015 for West Greenwich. The trajectory
data was collated with the main measured anthropogenic components, including pNO3s, pSOa, and
pNH4 concentration data at a weekly resolution to compute the potential source contribution
function (PSCF), which is a probability function indicating possible source locations (Ashbaugh
et al., 1985; Zeng and Hopke, 1989; Wang et al., 2006). The PSCF analysis was calculated and
plotted using the Trajstat software (Wang et al., 2009). The domain was 20 ~ 70°N and 40 ~ 110°W

with horizontal resolutions of 1° x 1°. PSCF is defined as

PSCF;; = =4 (Eq. 12)

nij

where i is latitude, j is longitude, n;; is the number of trajectories endpoints that fall in the grid cell,
and m;; is the number of trajectories endpoints above the criterion value of pollutants reaching the
grid cell. To reduce the uncertainty in the cells with a small #; value, the PSCF values were

multiplied by a weight function (i.e., W) as follows:

Weighted PSCF (WPSCF) = ; x PSCF  (Eq. 13)

Wi is defined as below.
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042, 10<n; <20 (Eq- 14)

Wi =

2.4 Emissions inventory

The US EPA National Emissions Inventory (NEI) reports national emissions data by locations,
sectors, and years. We used emission inventory data to investigate the trends in anthropogenic
emissions of SO», NO,, and ammonia (NH3) for our record from 2005 to 2015
(https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data, last access:
April 11, 2023). Annual emissions inventory data of SOz, NO,, and NH3 were obtained for the
northeastern US, including Connecticut, New Jersey, New York, Pennsylvania, Massachusetts,
New Hampshire, Rhode Island, and Vermont. This region was chosen because the back trajectory

data indicated significant transport to the study sites from this area.

3. Results

3.1 Inorganic chemical compositions of PM1o

Prior chemical composition measurements are not available for the filters used in this study.
The stability and preservation of the filter samples were therefore examined via ion charge balance.
The charge equivalence ratio of the sum of anions to cations exhibited a strong linear correlation
for all samples (R? = 0.98; p < 0.01) with a slope of 1.13 + 0.006 (Fig. 3.2). This result is likely
indicative that the PMio compositions have been well-preserved. We note that it is challenging to
compare and contrast results from this study to results from networks such as the CSN because of

the difference in collection techniques. Here we are focused on comparing the relative changes
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over time in two different environments (urban vs. rural) that utilized the same sampling protocols

such that the records are directly comparable.
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Figure 3. 2. Total cations versus total anions equivalence for all of the PMio samples (n = 873) in
Rhode Island from 2005 to 2015.

The time series of inorganic chemical compositions of PMo observed in urban and rural
areas in RI from 2005 to 2015 are presented in Fig. 3.3. For the entire measurement period, pSO4
and pNa were the most abundant components of PMjo in both urban and rural areas in terms of
mass fraction (Fig. S3.1). The pSO4 and pNa account for 47 % and 21 % in the urban site and 52 %

and 18 % in the rural site of the total inorganic compositions, with median values of 1.6 ug m
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and 0.8 ug m for urban and 1.5 ug m> and 0.7 ug m™ for rural, respectively. On the other hand,
in terms of mole fraction, pNa was the most abundant species in the urban (37 %), followed by
pSO4 (20 %) and pNH4 (18 %), while pNH4 (36 %) was the highest in the rural area followed by

pNa (29 %) and pSO4 (21 %).

Figure 3. 3. Time series of the concentrations of inorganic components (e.g., pF, pSOs,pNa, pNOs3,
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Short-term events with elevated inorganic concentrations characterized both the urban and
rural records. High concentrations of pSO4 were frequently observed in conjunction with elevated
pNH4 concentrations at the urban site, especially in the early years of the aerosol record (Figs 3.3b,
3.3e). For example, the maximum pSO4 and pNH4 concentrations reached 39.2 ug m= and 11.0 ug
m™ in September 2005. In the urban area, a strong correlation between pSO4 and pNH4 exists for
the entire period (R? = 0.93). Similarly, pNa and pCl are also well correlated (R?> = 0.77), with a
local maximum in concentrations of both species occurring in October 2005 at the urban site.
Significant correlations were also observed between pSO4 and pCa (R? = 0.60), pNa and pMg (R?
= 0.58), and pNa and pNOs (R? = 0.57). In the rural area, a strong correlation was found between
pSO4 and pNH; (R? = 0.97), but their high concentration events did not overlap with the timing of
those in the urban area. Moreover, high pNa concentrations in the rural area were observed with
high pMg concentrations. Indeed, pNa had a stronger correlation with pMg (R? = 0.81) than with
pCl (R? = 0.58). Significant correlations were also observed between pSO4 and pCa (R? = 0.59)

and pMg and pCl (R? = 0.50). The correlations for other species can be found in Fig. S3.2.

Significant spatial differences between the urban and rural sites were observed (Fig. 3.4).
The spatial comparison was conducted for 2005, 2006, 2014, and 2015, which were available years
for both sites. The total mass concentration of inorganic compositions in the urban area was usually
higher than in the rural area (p < 0.05). In addition to total mass, there were differences in the
inorganic components of PMio between the urban and rural sites. In the rural site, pF was
significantly higher than in the urban site (p < 0.01; Table S3.1). The average pNH4 concentrations
were higher than in the urban area, but this was not found to be statistically significantly different
(p = 0.25). On the other hand, significantly higher concentrations of pNO3 (p < 0.01) and sea salt

aerosol compositions such as pNa, pCL, pMg, and pCa (p < 0.01) were observed in the urban area
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relative to the rural area, as expected due to the location of the sites relative to the coastline (Fig.
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Figure 3.4. Box plots summarizing the distribution (lower extreme, lower quartile, median, upper
quartile, and upper extreme) of inorganic chemical compositions of PM o for urban and rural areas.
The plot is for 2005, 2006, 2014, and 2015, which were available years for both urban and rural
sites.

From 2005 to 2015, the total mass of inorganic chemical compositions of PMio
considerably decreased (Fig. 3.5a), though the percent change has dramatically slowed during the
most recent 5 years (from 2011 to 2015). For the entire sampling period (2005 to 2015), the total
mass of inorganic compositions decreased from 8.1 (+ 8.4) ug m to 3.8 (+ 2.2) ug m= and from
5.3 (£ 5.3) ug m3 to 2.6 (+ 1.1) ug m™ for urban and rural areas, respectively. However, in the
early years (2005 to 2010), the average rate of change downward in the total mass concentration

of ions was -14% yr!. In contrast, in the most recent years (2011-2015), the total mass
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concentration oscillates between increases and decreases, resulting in an overall change of only -

2% during this period.
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Figure 3.5. Temporal variations of total mass concentration and relative fraction of (a) PMio
inorganic ion compositions and (b) the compositions by major sources such as crustal, sea salt, and
anthropogenic from 2005 to 2015 for urban and rural areas.
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Major components of inorganic contributions to PMio mass have also changed with time
(Fig. 3.5a). In the early years, the major component comprising PMio was pSOs; however, pSO4
mass has dramatically decreased in urban and rural areas in the more recent years of the aerosol
record. Additionally, pNH4 showed elevated concentrations in the early years but was barely
detected at the urban and rural sites in the most recent years (2011-2015). Overall, pNH4 and pSO4
concentrations in PMo decreased by 88 % and 70 %, and 78 % and 65 % in urban and rural areas,
respectively. In contrast to the decreasing trend in pSOs and pNH4 concentrations, pNO;
concentrations have increased by 90 % and 57 % for urban and rural areas, respectively. The
primary sea-salt and crustal inorganic PM1o components, including pNa, pK, pMg, pCa, and pCl
indicated a consistent mass contribution throughout the record. As a result, the relative
contributions of various inorganic components to PM1¢ have changed over time. At the beginning
of the aerosol record, pSO4 accounted for nearly two-thirds of the total PMio mass, but the
proportion decreased to 30 % in recent years. In concert, the relative proportions of pNa, pCl, pCa,

and pNOs increased up to 60 % in the urban and rural areas.

The seasonality of major inorganic and anthropogenic components of pNO3, pSO4, and
pNH4 have changed over time from 2005 (red) to 2015 (blue) (Fig. 3.6). For pNOs3, concentrations
were higher in the cold season (from Oct to Mar) than in the warm season (from Apr to Sep), and
this seasonality has become more prominent in recent years. We note that recent spatiotemporal
variations of pNO; concentrations in the northeastern US region are similar (Bekker et al., 2023;
Kim et al., 2023). Contrary to pNOs, the monthly average pSO4 and pNH4 concentrations have
well-correlated seasonal variations over time, which were high in the warm season and low in the
cold season in the early years. Comparison of the annual seasonality of pSO4 and pNH4

demonstrated considerable variability from the early to late 2000s. The largest decrease in pSO4
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and pNH4 concentrations occurred in the warm season, resulting in a lack of seasonality in the

latest years of the record.
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Figure 3. 6. Seasonal variations of (a) pSOs, (b) pNHa, and (¢) pNO3 in PMjo from 2005 (red) to
2015 (blue).
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3.2 Source apportionment

The total marine, crustal, and anthropogenic contributions to the ionic components in PMi¢ for
the ten-year record were calculated for the urban and rural sites (Fig. 3.5b). Overall, the
anthropogenic inorganic contribution was the dominant source accounting for 60 % and 66 % at
the urban and rural sites, respectively, followed by sea salt (34 % for urban and 29 % for rural) and
crustal (6 % for urban and 5 % rural) sources (Fig. S3.3). Between the beginning and ending years
of the time series, total anthropogenic contribution prominently decreased from 67 % to 47 % and
from 77 % to 49 % in the urban and rural sites, respectively (Fig. 3.5b). In particular, anthropogenic
pSO4 accounted for a large portion of total anthropogenic contributions at the beginning of the
record but dramatically decreased from 4.1 to 1.0 ug m™ and from 3.2 to 1.0 ug m™ for the urban
and rural site, respectively. This change in mass corresponded to a decrease of 75 % and 70 % for
the urban and rural sites, respectively. Due to the changes in anthropogenic contributions, the
relative fraction of the crustal source to inorganic PMo increased by a factor of 1.9 for the urban
and a factor of ~3 for the rural site, and the sea salt source increased by 1.6 times for the urban site
and 2.1times for the rural site. The relative contribution of sea salt and crustal sources increased
despite their mass contributions remaining consistent throughout the record, which averaged 1.6
ug m> and 1.2 pg m for sea salt and 0.3 pg m> and 0.2 ug m for crustal at the urban and rural

sites, respectively.

3.3 Potential source contribution function (PSCF) analysis

PSCF analysis was applied to identify potential sources regions of the main anthropogenic
components (i.e., pNO3, pSOs, and pNH4) for the 2005-2006 (beginning), 2009-2010 (middle),

and 2014-2015 (end) periods of the record for Providence and 2005-2006 (beginning) and 2014-
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2015 (end) for West Greenwich. The calculated PSCF values of pNOs3, pSQOs4, and pNH4 from 2005
to 2015 are shown in Fig. 3.7. The color in the maps corresponds to a probability, indicating the
likelihood of a source region for a given species measured at the receptor site. The PSCF results
identified the northeastern US (e.g., Connecticut, New Jersey, New York, Pennsylvania,
Massachusetts, New Hampshire, Rhode Island, and Vermont) as the main sources region
contributing to pNO3, pSOs4, and pNH4 in PM 1o in RI. No major differences in spatial distributions
of the calculated PSCF values were found between urban and rural areas (see PSCF results for
West Greenwich in Fig. S3.4). Generally, PSCF results between pNO3z and pSO4 showed similar
patterns in RI, but pNH4 showed different tendencies. The main potential source areas of pNO;
and pSOs4 were consistent between 2005-2015, with an average area of 458,000 km? and extending
as much as 3,000 km from the receptor site. However, the potential source area for pNH4 gradually
diminished from 2005 to 2015, with a source contribution area of 280,150 km? to 22,850 km?.
Furthermore, the greatest transport distance from 2005-2006 to 2014-2015 diminished from 3,300
km to 1,300 km, respectively. Thus, the potential sources contributing to pNH4 for 2014-2015 were
more localized than in previous years. Overall, no significant transport or source-contributing

region changes were identified for pNO3 or pSOa.
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Figure 3.7. Annual mean WPSCF maps for (a) pNOs, (b) pSOs, and (c) pNH4 for 2005-2006
(beginning), 2009-2010 (middle), and 2014-2015 (end).

The annual trends of the major inorganic PMjo anthropogenic precursor emissions,
including NOy, SOz, and NHj3, from 2005 to 2015 for the contiguous US and the northeastern US
(e.g., Connecticut, New Jersey, New York, Pennsylvania, Massachusetts, New Hampshire, Rhode
Island, and Vermont) are shown in Fig. 3.8. Considerable reductions of national NO, and SO»
emissions have been observed throughout the US, with a total decrease of 43 % and 73 % between
2005 and 2015. Both NO, and SO; emissions in the northeastern US followed the reductions by
82 % and 46 %, respectively. On the other hand, NH3 emissions have shown little change in the
US. NH3 emissions remained relatively consistent across the US, with slight increases until 2010
and then a slight decrease until 2015. Contrary to the nationwide trend, NH3 emissions have
decreased in the northeastern US, though the relative reduction (35 %) was much lower than the

NO, and SO; reductions.
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Figure 3. 8. Temporal variations for NOx, SO2, and NH3 emissions in the northeastern US and
total US from 2005 to 2015.
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4. Discussion

4.1 Natural Sources of Inorganic PMio

Over the past decade, the total mass concentration of PMjo from natural sources in RI has
shown no significant variability, indicating a consistent contribution of crustal and sea salt sources
(e.g., pCl, pSOs4, and non-volatile cations (NVCs)). However, their relative contribution to the
inorganic aerosol compositions has increased due to the decrease in anthropogenic contribution in
recent years. The relative importance of sea salt has gradually increased and accounted for nearly
45 % of the total mass of inorganic PMjo in recent years for both urban and rural sites. Moreover,
sea salt aerosol compositions such as pNa, pCl, and pMg were strongly correlated in this region,

suggesting that the study area is heavily influenced by the nearby marine environment (Fig. S3.2).

Sodium chloride (NaCl), magnesium chloride (MgCl,), and calcium chloride (CaCly) are all
major components of sea salt particles. In particular, NaCl is the most abundant component in sea
salt aerosols contributing to more than 80 % of the mass. Interestingly, our record shows that
pCl/pNa ratios in the study region (0.19 for the urban and 0.08 for the rural) were significantly
lower than typical seawater (1.81; Mclnnes et al., 1994), suggesting an “aged” sea salt with a
dominance of pCl depletion. The estimated pCl depletion (Eq. 15) was approximately 89 % for the
urban and 95 % for the rural area, with seasonal variation ranging from 86 % in the cold season to
up to 98 % in the warm season. This depletion was larger than that reported in previous studies.
For example, Zhao and Gao, (2008) reported that pCl depletion varied from 14 % to 96 %
depending on the particle size in Newark, New Jersey, US. In Italy, Cesari et al., (2018) also
reported that pCl was depleted by about 60 %, suggesting the presence of aged sea spray at an

urban background site.
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% Chloride Depletion = (1.81 X pNa — pCl)/(1.81 X pNa) x 100 % (Eq. 15)

The pCl in sea salt particles can undergo acid displacement leading to the formation of gas-phase
hydrochloric acid (HCI). At the same time, NVCs in sea salt interact with sulfuric acid (H2SO4)
and nitric acid (HNO3) by strongly modulating the aerosol acidity (Guo et al., 2018), resulting in
fine and coarse aerosol formation, including sodium sulfate (Na>SO4; R1), sodium nitrate (NaNOs3;

R2), and calcium sulfate (CaSOs):
2NaCl (s) +HaS04 (g) — 2HCI (g) + NazSOs (s) (R1)
NaCl (s) + HNO; (g) — HCI (g) + NaNO; (s) (R2)

A stronger correlation between pNa and pNOs (R? = 0.57 at the urban and 0.43 at the rural
site) was observed compared to the correlation between pNa and pSOs (R? = 0.33 for the urban
and 0.36 for the rural). These observations suggest that pCl was primarily displaced in the form of
NaNO; by the reaction between HNO; and sea salt than Na;SOys in this region. HCI, which is
produced by pCl depletion has higher volatility relative to HNOs3, resulting in little impact on the
pH (Guo et al., 2018). Further, our record also indicated that pSO4 was well correlated with pCa
(R?> = 0.60 for the urban and 0.59 for the rural). These correlations suggest that the NVCs,
particularly pNa and pCa, play an important role in neutralizing H>SO4 and HNOj3 in addition to
pNH4 during this period. Moreover, in recent years (e.g., 2014-2015), the correlation coefficient
between pNa and pNOs reached up to 0.80 in the urban area (Fig. S3.6). Due to the massive
reduction in atmospheric acid precursors, chloride depletion diminished from 2005 to 2015; though,
it was still important for pNOs incorporation into aerosol. This might be related to the fact that a
decrease in H2SO4 concentration from the SO> emissions reduction allows more NVCs to react

with HNO3; compared to the previous years. Therefore, our results highlight that the relative role
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of NaNOs is more important to aerosol formation than in previous years, which contributes to the
increase in local pNOs3 concentration together with ammonium nitrate (NH4NO3) in recent years.
Overall, the increasing contribution of sea salt in our sites underscores the importance of pCl

depletion and NVCs in controlling aerosol formation in our study area.

4.2 Anthropogenic Changes of Major Inorganic Species in PMjo

4.2.1. Potential Source Region Changes Between 2005 to 2015

The northeastern US and its surroundings have been identified as the main potential source
region of anthropogenic pSO4 and pNOs, which has remained quite consistent over the 10 years
(Fig. 3.7). According to the US Energy Information Administration, SO2 and NO, emissions from
electricity generation, coal-fired power plants, domestic combustion, and manufacturing processes
have been considerably cut since 1990 under the CAAA in the US (US EPA, 2017; US EIA, 2018).
However, the NEI estimates that the relative SO» fossil-fuel combustion emissions in New England
have shifted from coal-dominated (52.6% in 2008) to oil-dominated (81.6% in 2014) in recent
years (NEI, 2017), with oil burning still contributing importantly to NO, emissions. Additionally,
the transportation sector still accounts for more than half of the total NO, emissions in this region
(NEIL, 2017). Thus, even though precursor emissions have dramatically decreased in this region,
the relative contribution to near-surface pSO4 or pNOs concentration could vary depending on the
emission sources over time. Note that PSCF is determined by the relative importance of the
emissions from the source areas to the receptor sites, rather than the absolute amount of emissions.
Therefore, given that the PSCF results consistently point to the northeastern US and its
surroundings as the major sources region of pSO4 and pNOs3 over the years, regional influences
via long-range transport continue to be important in determining PM1o composition. However, our

results also indicate clear changes in chemical influences on PMio composition.
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In contrast to pNOs3 and pSO4, pNH4 shows a significant change in the source region
contribution based on the PSCF analysis. While the potential source region for pNH4 was similar
to pNOs3 and pSOy in the early years, it has become much more localized in recent years. Gaseous
NH; plays an important role in neutralizing acid gases in the atmosphere and is converted into
pNH4 through gas-to-particle conversion (Seinfeld and Pandis., 2016). Accordingly, the lifetime
of total ammonium, NH, (NH3 + pNH4), can be determined by the reactions with acid gases,
leading to the formation of pSO4 and pNOs in the atmosphere. The localized trend of pNH4 from
PSCF in recent years implies that the lifetime of NH. has decreased substantially across the years
due to the reduction of pSO4. Reduced SO, emissions changed the aerosol pH, affecting the
equilibrated partitioning of semivolatile compounds, such as NH4NOs, which has increased in
recent years. Due to the semivolatile characteristics of NH4NO3, the gas-to-particle partitioning of
NH. favors NH; remaining in the gas phase at the higher pH of recent years, consequently leading

to a more localized source contribution to pNHa.

Agriculture activities such as livestock waste management and fertilizer production are
known to be dominant NH3 emission sources in the US (NEI, 2017). However, in urban areas, NH3
from vehicles and fuel-combustion emissions have been identified as important sources (Decina
et al., 2017; Walters et al., 2020; 2022). As the NH, lifetime changes with SO, emission change,
the main source of gas-phase NH3 for pNH4 formation has also changed. In the early years of the
observations, elevated PSCF probabilities for pNH4 indicated that potentially significant pNH4
source regions originated from the northeastern US, including the midwestern US and southeastern
Canada, which have significant agricultural-related NH3 emissions. Thus, long-range transport
from the agriculture sector was likely the primary source of NH3 to our measurement site in the

early years. On the other hand, localized PSCF probabilities in recent years imply that potential
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sources of pNH4 have been confined within the northeastern US. This indicates that as NH, long-
range transport decreased, local NH, emissions, such as vehicles and fuel-combustion emissions,
have become increasingly important in our study sites. This is consistent with recent isotopic
investigations conducted in RI, which show an important role for non-agriculture sources such as
mobile and fuel-combustion emissions contributing to pNH4 in the northeastern US (Walters et al.,

2020; 2022).

4.2.2. Spatial Differences in Anthropogenic Inorganic Species

As a result of SO> emissions reduction in the US, the mass fraction of pSOs4 from
anthropogenic sources has decreased from 2005 to 2015, implying the effectiveness of emission
regulations in combating anthropogenic pSO4 pollution. pSO4 had no spatial difference between
the urban and the rural sites (p > 0.05), suggesting similar background levels across the sites over
the ten-year aerosol record. pNH4 concentrations significantly decreased by nearly 96 % at both
sites (Fig. 3.5a), which was considerably higher than the reduction in NH3 emissions in the
northeastern US (34.8 %). While the spatial differences of pNH4 were insignificant between the
urban and rural areas in the early years (p = 0.35), significant spatial differences were observed for

pNH4 in recent years (p < 0.05).

Throughout the record, significant spatial differences were observed for pNOs despite the
close location of the two sites (p < 0.01). Higher pNOs concentration was always observed in the
urban site than in the rural site, which indicates that local NO, emissions are important sources of
particulate pNO3 concentrations in the urban area. On the other hand, low NO, concentrations in
the rural area well represent the rural background of pNOs. Surprisingly, the pNO3 concentration
trend did not follow the large NO, emissions reduction, as pNOs increased over the ten-year aerosol

record. Overall, the changes in pSO4, pNHa4, and pNOs that did not always follow the change in
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precursor emissions highlight the importance of the non-linear chemistry associated with their
formation. This chemistry is important to understand to make recommendations for decreasing the

concentrations of these significant anthropogenic components of PM.

4.2.3. Changes in Seasonality

The influences of emission regulations on major anthropogenic inorganic species (e.g.,
pNOs, pSO4, and pNH4) were well reflected in seasonality changes of the aerosol record. For
example, while summertime pSO4 peaks were mainly observed in the early years (e.g., 2005-2007),
no significant seasonality was observed in recent years (e.g., 2013-2015). In the polluted mid-
latitudes, SO» is oxidized to pSO4 not only through gaseous hydroxyl radical (OH) but also through
aqueous S(IV) oxidation in clouds involving hydrogen peroxide (H20-), ozone (O3), or oxygen
(O2), with a dependence on aerosol acidity (R3-R6; Alexander et al., 2009; Stockwell and Calvert,

1983; Harris et al., 2013).

SO, + 20H — HxS04 (g) (R3)
S0, + 0z + H,0 — H2804 (aq) (R4)
SO, + H,0, — HaS0s4 (aq) (R5)
H,S04 — SO42 + 2H* (R6)

In the eastern US, model simulations suggest that S(IV) oxidation via H2O; in cloud water
contributes to 46 % of pSOs4 formation, and gas phase reaction with OH is 35 % (Shah et al., 2018).
Our observations of summertime pSOs4 peaks in the early aerosol record (e.g., 2005-2007) imply
that the oxidants were sufficiently available to fully oxidize SO> to pSO4 due to the photochemical
production of oxidants relevant to SO oxidation. On the other hand, SO oxidation in winter early

in the aerosol record was likely limited by oxidant availability, specifically in cloud water, due to
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reduced sunlight and high SO: concentrations relative to oxidant availability. Compared to
summertime, we observed small wintertime pSO4 peaks in the early years of the aerosol record
that might be related to high SO; emissions due to increased seasonal heating demands. Compared
to the early years of the aerosol record, pSO4 peaks have been considerably flattened in recent
years (e.g., 2013-2015) in both winter and summer. Wintertime SO; oxidation has become less
limited by the availability of oxidants due to the reduction of SO, emissions, such that a greater
proportion of SO; emissions have been oxidized during winter in recent years. This change in
oxidation chemistry explains the relative change in pSO4 concentrations that decreased less during

winter (61 %) compared to summer (76 %) for 2005-2015.

The seasonality of pNH4 closely followed pSO4 and exhibited a dramatic change despite a
limited change in precursor NH3z emissions (Figs 3.6, 3.8). NH3 plays an important role in
controlling aerosol acidity by neutralizing H>SO4, HNO3, and HCI (Seinfeld and Pandis., 2016).
When NH;j is sufficiently available, NH3 preferentially neutralizes H>SO4 to form ammonium
bisulfate (NH4sHSO4) and ammonium sulfate ((NH4)2SO4) due to the low saturation vapor pressure
of H2SO4 by the reaction (R7) (Seinfeld and Pandis., 2016). The excess NH3 then reacts with HNO3
to form NH4NOs through reaction (R8). Therefore, the pSO4 and pNO3 formation is sensitive to

NHj3 concentration, temperature, and relative humidity (RH).
H>SO4 (g)+ 2NHj3 (g) — (NH4)2S04 (s) (R7)
HNO:s (g) + NHs (g) — NH4NO3 (s) (R8)

Given the observed strong correlation between pSOs4 and pNHs (R? = 0.96), high pNH,
concentration in the summer in the early years is associated with enhanced NH4HSO4 and

(NH4)2SO4 formation. In the early years, anthropogenic inorganic PMio was dominated by
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NH4HSO4 and (NH4)2SOs, leading to high aerosol acidity (low pH). However, as SO emissions
have decreased in recent years, the seasonality of pNH4 diminished. In more recent years, the
reaction with HNOs3 to form NH4NOs has become important for pNH4 formation and, therefore,
more important for fine mode PM, leading to an increase in particle pH for PMo. This is supported
by the significantly increased correlation coefficient between pNO3 and pNH4 (from -0.24 to 0.56)
from 2005 to 2015, especially in the urban area (Fig. S3.6). In the early years, when SO»
concentrations were high, pNH4 concentrations and coarse mode acidity were dependent upon the
availability of SO in this region. Whereas in the recent years of the aerosol record, NH; has been

a more important factor in controlling fine pNO3 concentration by the reaction with HNO3 (R8).

Compared to pSO4 and pNHa4, the pNOs seasonality has become more pronounced in recent
years. In general, pNO3 was characterized by higher concentration in the cold season than in the
warm season. The gas-to-particle partitioning rate of HNO3/pNO;3 is mainly governed by
temperature, RH, and aerosol pH (R9). The partitioning to pNO3 is favorably shifted toward the
particle phase at colder temperatures, higher RH, and higher particle pH (Seinfeld and Pandis.,
2016). During the early years of the aerosol record, high pSO4 content led to acidic aerosol pH,

causing HNO3/pNOs partitioning to favor the gaseous phase, leading to low pNO;3 concentration.

HNO;s (g) & H + NOs (R9)

In the more recent years of the aerosol record, pNOs concentrations have continuously increased,
despite the reduction of NO, emissions. This non-linear response in pNOj3 concentration in the
northeastern US might be related to changes in the relative contribution from local production,
long-range transport, or chemical mechanisms associated with pNO3 formation (Bekker et al.,
2023; Kim et al., 2023). In terms of chemical influences, as pSO4 concentration decreases, particle

pH increases, creating more favorable conditions to shift from gaseous HNO3 to pNOs, resulting
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in higher concentrations and significant seasonality of pNOj in the more recent years of the aerosol

record.

In Guo et al., 2016 and Shah et al., 2018, the fraction of pNO3 was simulated as a function
of particle pH and temperature over the eastern US using a PM thermodynamic model. The pNO3
fraction was sensitive to both aerosol pH and temperature change. In particular, the pNO; fraction
exponentially increases under the same temperature as aerosol pH increases. In these model
simulations, the pNOs fraction in an early year (e.g., 2007) was less significant than in a recent
year (e.g., 2015) due to the low particle pH caused by high pSO4 content. Further, the pNO3 fraction
was modeled to be insensitive to temperature in the early year, consistent with our record. However,
the temperature sensitivity has gradually increased as pH increased due to the decrease in SO:
emissions. Therefore, pNO;3 formation has become more sensitive to temperature under changing
atmospheric acidity due to emission regulations, leading to greater NH4sNO3 formation at colder
temperatures. This change contributes to the more pronounced seasonality of pNO3 in wintertime
in more recent years of the aerosol record. Overall, pNO; formation is limited by the availability
of NH3 and NVCs in the eastern US (Shah et al., 2018; Guo et al., 2018; Park et al., 2004), and
further, chemical feedbacks driven by emission reductions impact pNO3 enhancement as pSO4

decreases.

5. Conclusion

We observed significant spatial-temporal variations of inorganic chemical species in PMig in
urban and rural areas in southern New England from 2005 to 2015. Overall, we found that
anthropogenic and natural sources influence aerosol formation in our study area. In response to

emission regulation, the reduction of acid rain precursors (i.e., SOz and NO,) and NH3 emissions
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have changed aerosol acidity over the years. Our records show that pSO4 from anthropogenic
sources has considerably decreased, implying the effectiveness of emission control on pSO4
concentrations. Conversely, the reduction in SO emissions promotes pNO3 formation by releasing
excess NHj3, decreasing aerosol acidity. Despite the significant reduction in NO, emissions, pNO3
has reversely responded with an increase of 76 % from 2005 to 2015. The lack of a pNOs decrease
was driven by the chemical mechanism associated with pNOs partitioning. Our results indicated
that the potential source regions contributing to pSO4 and pNOs3 remain relatively unchanged over
time, but better constraints are needed to pinpoint precursor emission source changes in these

regions.

Compared to pSO4 and pNOs3, the fate of pPNH4 was more affected by interaction with other
gases, aerosols, and fine particles. The reduction in SO emissions has resulted in excess NH3 being
available to neutralize HNOs3, leading to an increase in fine pNO3 with a reduction in pNHa. Further,
the relative importance of urban NH3z emissions is gradually increasing in recent years, which
might continuously affect the neutralizing and oxidizing capacity of the atmosphere as well as
PM, 5 and PMo concentrations in the future. Our observations support modeling studies that have
suggested that pNO3 would continue to increase since 2015, due to changes in atmospheric acidity
(e.g., Shah et al., 2018). Additionally, regulating both local and transported sources of NH,
emissions may represent a more effective way to mitigate air quality, considering pNO; formation

is limited by the availability of NH3 in the northeastern US.

It is also critical to detail the role natural sources, such as sea salt and crustal material, play as
they significantly affect aecrosol chemistry at our study sites. The pNa and pCl act as an indicator
of sea salt influence, and low pCl/pNa ratios suggested that pCl depletion (about 79 % of CI™ at

both sites) was dominant in the study region. Depleted pClin sea salt acrosol allows more NVCs
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to react with H2SO4 and HNO3 with aerosol acidity neutralization, leading to a strong correlation
between pNa and pNOs. Overall, natural sources (e.g., sea salt and crustal) play an important role,
and their influence on local production of fine and coarse PM levels has increased as anthropogenic
emissions have decreased. Our results provide crucial insights into the complex relationship
between atmospheric aerosol chemistry and emissions reduction. Considering similarities seen in
recent aerosol chemistry across the northeastern US region (Bekker et al., 2023; Kim et al., 2023),
these findings are likely broadly applicable, especially in urban coastal regions where significant

NOy, SO», and NH3 emissions are present such as in western Europe and eastern China.
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8. Supplementary
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Figure S3.1. Relative mass and mole fraction (%) of PMjg inorganic ion compositions for rural
and urban areas over the entire period (2005-2015).
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Figure S3.2. Pearson correlation coefficients for PMjo inorganic ion compositions for entire
periods for rural and urban areas. The star symbol (*) indicates the significance level of the
correlation coefficient between two variables.
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level of the correlation coefficient between two variables.
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Figure S3.6. Pearson correlation coefficients for PMi inorganic ion compositions for 2005-2006
(beginning) and 2014-2015 (end) for the urban area. The star symbol (*) indicates the significance
level of the correlation coefficient between two variables.
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Table S3.1. Summary of ANOVA (ANalysis Of VAriance) p values between urban and rural
areas for PMjo inorganic ion compositions for 2005-2006 (beginning), 2014-2015 (end), and
entire periods (2005-2015).

Urban
vs. Rural pF pCl  pNOs;  pSO4 pNa pNH, pK pMg pCa
2005- p< p< p< p= p< p= p< p< p <
2006 001 00l 001 070 0.0l 035 001 00l 001
2014- p < p < p < p= p < p < p= p < p <
2015 001 00l 001 08 00l 005 022 00l 001
All p< p< p< p= p< p= p= p< p<
001 001 001 016 0.0l 025 046 0.0l 001
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Table S3.2. Summary of ANOVA (ANalysis Of VAriance) p values between different periods
for pNOs, [pSOs4] anthropogenic, pNHa, total sea salt, and total crustal for urban and rural areas.

Urban Rural

Species *Period Period Period Period

1vs2 2vs3 1vs3 1vs3
| [PNO;] p=0.78 p<00l  p<00l p <001
[PSO4] anthropogenic p<0.01 p<0.01 p<0.01 p<0.01
[PNH4] p <0.05 p=0.08 p <0.05 p <0.05
" Total Sea Salt p<00l  p=016  p=0.09 p=0.07
Total Crustal p <0.05 p=0.06 p=041 p=0.48

*Period 1: 2005-2006 / Period 2: 2009-2010 / Period 3: 2014-2015
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Abstract

The successful implementation of the US Clean Air Act has reduced nitrogen oxide (NOx)
emissions, with important improvements in air quality and acid deposition. However, predicting
the impact of emission reductions on tropospheric chemistry remains challenging, as NOx
influences oxidant concentrations and aerosol formation. Here, we quantified oxygen isotopes in
nitrate from a unique 2005-2015 aerosol record in the northeastern US to constrain chemistry
changes over a time of large reductions in NO,. Comparison with the isotope record indicates that
the US EPA air quality model accurately simulates NO, oxidation chemistry. Between 2005 and
2015, the observation and model results show a shift toward increased nighttime oxidation of NO.,.
Our analysis reveals that emission regulations have driven this shift in oxidation chemistry, which
has led to a shorter NOy lifetime and enhanced aerosol formation rate in urban areas. This explains
the continued elevated wintertime nitrate that plagues air quality in the eastern US despite
significant NO, decreases. The isotopic constraint on oxidizing chemistry greatly enhances our

ability to test and predict the effectiveness of emissions reductions on oxidation chemistry.

1. Introduction

Nitrogen oxides (NO. = nitric oxide (NO) + nitrogen dioxide (NO;)) are an important
component of the atmosphere with implications for climate, air quality, and environmental
health!?. The photochemical cycling of NOx plays an important role in atmospheric oxidation
capacity by controlling the production of major tropospheric oxidants such as the hydroxyl radical
(OH) and the criteria pollutant ozone (Os)**. These oxidants are responsible for removing
atmospheric trace gases and influence the lifetime of greenhouse gases such as methane (CHy).
NO. oxidation products include nitric acid (HNO3) and organic nitrates (RONQO>) (collectively,

nitrate), which contribute to particulate nitrate (hereafter, pNO3) and represent a significant and
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increasing component of fine particulate matter (PM2.5)®’. In addition, atmospheric dry and wet
deposition of nitrate provides a source of fixed nitrogen to terrestrial and aquatic landscapes with
important implications for ecosystem health!. Regulations have been implemented in the United
States and other regions to decrease NO, emissions, particularly from anthropogenic fossil fuel
combustion sources, to improve air quality and combat deposition’. However, predicting the
response of changes in endpoints such as Oz, PM 5 and deposition to emission regulations remains
challenging due to complex non-linear chemical feedbacks associated with NO, chemistry. For
example, recent wintertime observations of pNO; in the northeastern US revealed that
concentrations have not changed or have actually increased between 2005 to 2015, despite a
significant decrease (~35%) in NO, emissions’-!?. This non-linear response in pNO3 concentrations
to NOx emission reductions has been suggested (via modeling) to be linked with wintertime NO,
chemistry in the region!!-'?, as well as associated with an observed decrease in atmospheric acidity
driven by sulfur dioxide (SO2) emission reduction, such that a greater proportion of HNO3

partitions into the aerosol phase’-1°,

Beyond a shift in aerosol thermodynamics, changes in NO;x oxidation chemistry and the
atmosphere’s oxidative capacity affect the efficiency of NO, conversion to atmospheric nitrate.
Top-down, satellite-based observations have been employed to estimate alterations in NOx
lifetimes and, consequently, oxidation efficiency, which have indicated variable changes across
major urban centers in the US!®. These observations provide critical insight into the role of shifting
O3 production regimes from NO,-saturated to NO,-limited in response to emission regulations;
however, these estimates were confined to spring and summertime conditions and were based on
assumptions with large uncertainty involving steady-state HO, (=OH + hydroperoxyl radical (HO»)

+ organic peroxy radicals (RO2)) and NO, conditions'®. The accuracy of atmospheric chemistry
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models hinges on the models’ ability to accurately simulate chemical changes. For instance, the
GEOS-Chem model has been shown to overpredict HNO3 formation via N2Os hydrolysis in the
northeastern US, with important implications for accurately modeling atmospheric oxidants,

especially in wintertime!'?.

Observational constraints on oxidative chemistry are essential to enhance our
understanding of the connections between changes in emissions and oxidation chemistry. The
stable oxygen isotope composition, commonly reported using delta notation (A'7O and 6'%0; see
method section), has proven to provide novel observational constraints on NO, chemistry.
Atmospheric O3 possesses an excess of 7O, due to mass-independent fractionation during its
formation'®. This 7O excess is defined as A0 (= 6'70 — 0.52 x ¢'%0) and is transferred into
oxidation products involving reactions with Os. The A!7O of the terminal and transferrable O atom
of O3 (O3*) has been measured to be 39+2%0'®, while all other oxidants associated with NO,
chemistry, including HO, and RO radicals, water (H>O), and OH have a A'’O near (or assumed
to be near) 0%o!”. Thus, A'’O provides quantitative insights into the relative role of Oz involvement
in NO, oxidation chemistry'8. Conventionally, A'’O has been used to evaluate NO oxidation

18,19 "although 6'%0, with a large range of different values amongst atmospheric oxidants,

chemistry
provides potential for further detailing NO, oxidation chemistry!'*?°, For example, 6'%0(03*) has
been measured to be 126.3+12%o, 6'30(H20q)) is observed near —6%o for northern mid-latitudes,
dBO(RO2/HOy) is assumed to follow §'%0(02) = 23%o, and 5'%0(OH) has been suggested to be
near —45%o (due to OH isotope equilibrium with H2O())!'*?!. In addition to the transferrable §'*O

signal, 0'%0 is known to undergo isotope fractionation and while not all fractionations have been

directly quantified ab initio investigations suggest that the reaction of NO, with various oxidants
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should lead to no more than a 20%o change.?? This fractionation is relatively small compared to

the wide range of 6'%0 values (>120%o).

Using the oxygen isotopic composition of an archived aerosol record from 2005 to 2015 in
the northeastern US, we constrain the chemical production mechanisms for pNO3 over a time of
important emission changes. A new isotope framework, including a mechanism to track primary
emission of NO versus photochemically cycled NO, was developed for the US EPA Community
Multiscale Air Quality (CMAQ) model that serves as a tool for understanding the regulatory
attainment of air pollutants®*. Tracking the primary emission versus the secondary production of
NO was vital to accurately model A'7O of NO,**. This framework was adapted to predict both
A0 and 6'%0 compared to the pNO3 observations from 2005 to 2015. Based on a comparison
between observations and model simulations, we constrain the impact of NO, emission regulations
on atmospheric oxidative processing and NO, lifetime in the northeastern US, a region of

historically degraded air quality?>-2S.

Materials and Methods

1.1 Sampling and Chemical Analysis

Coarse mode (PMio) samples were collected at two sites in Rhode Island, United States, from
2005 to 2015: downtown Providence (41.82°N, -71.41°W) and West Greenwich (41.61°N, -
71.72°W). The Providence, RI, US site represents an urban-mixed-use region, including
commercial buildings, residential buildings, highways, and industry. In contrast, the West
Greenwich, RI, US site represents a suburban environment, within a forest, and with minimal
anthropogenic point sources nearby. Sample collections were conducted by the Rhode Island

Department of Environmental Management (RI-DEM) and Rhode Island Department of Health
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(RI-DOH) using a high-volume sampler on a quartz-fiber filter every six days for 24 hours,
following EPA protocols (USEPA-Method 10-2.1 1999). The filter samples were shipped to Brown
University and separately extracted in ultra-high purity water (> 18 MQ). The entire 2005-2015
record was extracted for the Providence location. A subset of samples was extracted for the
endpoints of the West Greenwich record, including 2005-2006 and 2014-2015. Nitrate (NO3")
concentrations were determined using ion chromatography (Dionex Integrion HPIC). Working
standards of two different concentrations were analyzed for quality control every six samples. The
average relative standard deviations (RSD) of replicate quality control standards were less than
3.4 %. A detailed methodology for sampling and chemical analysis is described in Kim et al.,

20231,

1.2 Oxygen isotope of nitrate analysis

The water-soluble pNOs3 from the filter extracts were analyzed for their stable oxygen isotopes

3336 Oxygen isotope compositions

utilizing the bacterial denitrifier method at Brown University
are denoted using delta notation (), which is quantified as 6 = (Rsample/Rreference - 1), where R is the
ratio of the heavy isotope to the light isotope (e.g., '#0/'O; 170/!'%0). Briefly, the extracted NOs"
samples were injected into a buffer solution containing Pseudomonas aureofaciens that lack the
nitrous oxide (N2O) reductase enzyme and quantitatively reduces NO3™ (and NOy") to N>O. The
generated N>O was extracted, purified, and concentrated using a customized GasBench interface
and then continuously flowed into an Isotope Ratio Mass Spectrometer (IRMS) for m/z
determination at 44, 45, and 46 for 6'30 (J'°N) determination. In a separate batch analysis, the
generated N>O was thermally decomposed to N> and O; by flowing the N>O through a gold tube

heated to 770 °C and then analyzed via IRMS at m/z 32, 33, and 34 for A'’O determination.

Following the identical treatment principle, samples were calibrated using internationally
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recognized isotopic reference material (Vienna Standard Mean Ocean Water) that included IAEA-
NO-3, USGS34, and USGS35 with 6'%0 values of 25.6 %o, -27.9 %o, and 57.6 %o, respectively,
and USGS34 and USGS35 for A0 with values of -0.29 %o and 21.6 %o, respectively®’. The A0
was calculated using the linear definition (A0 = 8'70 - 0.52 x §'%0) commonly used for nitrate
with atmospheric origin?!-*8, Samples with a concentration less than 3 umol L-!, were not analyzed
for A0 and 6'%0 due to the limited volume. The overall pooled standard deviations (o) of isotopic
reference materials were as follows: USGS34 (6(6'%0) = 0.5 %o; o(A'70) = 1.8 %o); USGS35
(6(6"80) = 0.4 %0; 6(A70) = 2.2 %0), and IAEA-NO-3 (6(5'%0) = 0.3 %o). Insignificant A'’O and
0'80 spatial differences were observed between an urban (Providence, RI) and suburban (West
Greenwich, RI) site, likely due to their proximity (i.e., within 40 km); thus, we focus our analysis
primarily on the urban site due to its more complete record (i.e., every six days versus monthly at

the suburban site). The relative uncertainty (%) for the observations is defined as:
Relative uncertainty (%) = (Analytical Uncertainty (o)/Average Value (X))x100% (Eq. 2)

where X was defined as the average of all measurements over all years. Relative uncertainties were

0.6 % and 7.9 % for 6'%0 and A'70, respectively.

1.3 CMAQ model description and simulations of oxygen isotopes

The CMAQ v5.4 was utilized to simulate the NO2 and HNO;3 formation pathways and
model the oxygen isotope compositions (e.g., 6'¥0 and A!70O) of HNO3 as recently described??24.
The CMAQ model simulation was based on replicated runs from the US EPA’s Air QUALlity TimE
Series Project (EQUATES)**3°, Briefly, the model used the Carbon Bond 6 revision 3 gas-phase

mechanisms and version 7 of the aerosol module chemical mechanism (cb6r3-ae07) with the
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addition of chlorine chemistry*®—+

, and the NOx photochemical cycling (NPC) adaptation, recently
developed to more accurately simulate A'’O of NO> and HNO3?*, The model simulations included
the bidirectional ammonia (NH3) exchange***4, the Surface Tiled Aerosol Gaseous Exchange
(STAGE) dry deposition***>-48 Weather Research and Forecasting (WRF) model version 4.1.1
meteorology*’, and emission inputs based on the EQUATES methods, which are based on the 2017
national emissions inventory (NEI) methods and year-specific emissions data when available or

30,5051 Model simulations were conducted

2017 data that has been scaled for the simulation year
for the northeastern US domain at a horizontal resolution of 12x12 km for 2005, 2010, and 2015.
Daily averaged data from the model was used to compare the model and observations. We selected

identical dates for each (i.e., the model is sampled over the same date and time resolution as the

observations).

Fractional production rates of NO2 and HNO; formation were quantified using Integrated
Reaction Rate (IRR) analysis within the Process Analysis (PA) script in CMAQ and used for the
calculation of A'70O and 6'®0 based on oxygen isotope mass balance via previously reported
frameworks!41%-21:2452 The A!70 and §'*0 of HNOj are determined by NO, photochemical cycling
and HNOj; formation reaction. Here, we simulated A'’O and 6'%0 of HNO; based on production
rates within the grid cell corresponding to our sampling sites for the lowest 1,000 m of the
atmosphere (Extended Data Table 4.1). We assume that the oxygen isotope composition of aerosol
nitrate is approximately equal to HNO3 due to rapid thermodynamic equilibrium and because the
vast majority of aerosol nitrate extracted in water should have derived from HNO3>2, For the A!’O
calculation, the transferrable terminal O from O3 (O3") was assumed to be 39+2 %o, consistent with
recent near-surface observations!® and the A'’O values of other oxidants such as H,O, OH, HO.,

and RO were assumed to be 0 %o, consistent with photochemical A'’O model expectations!”. We
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consider +5 % uncertainty for modeled A'?O(pNQO3) in this study. For the 6'*0 calculation, the
following values were assumed for the various oxidants involved in NO> and HNO; formation:
0"80(05") = (126.3%12) %o, 5'30(02) = 23 %o, 6'50(H20) = -6 %o, and 6'30(OH) = -43 %o'*?!. We

consider +10 % uncertainty for modeled 6'*O(pNO3).

To account for primary NO and secondary NO produced from NO> photolysis, the newly
modified cb6r3-ae07 (NPC) mechanism was also applied?*. In short, NO produced via NO,
photolysis was tagged as NOpnoto, Which is photochemically cycled by oxidants and reflects the
oxygen isotopic signature of oxidants involved in NOx photochemical cycling. In contrast, primary
NO is assumed to carry an O-atom from source emissions with a A'’O(NO) value of 0 %o and
d'BO(NO) value of 23 %o, assuming that the O-atom in NO stems from O,. Overall, the simulated
A0 and 6'80 values of HNOs were predicted by the proportional contribution of Os relative to
other oxidants based on the averaged relative NO, and HNO3 production rates from the CMAQ
model. This approach enables tracking of the production rates of NO, and HNOj at a reaction-
specific level, providing quantitative insights into NO, oxidation chemistry. The statistical
parameters, including the correlation coefficient (R) and normalized mean bias (NMB; (Eq. 3)),

are selected to evaluate model performance.

NMB = (Z (Qm - Qo) / Z Qo) (Eq 3)

where O, = modeled quantities and Q, = observed quantities.

1.4 Ozone (O3) Production Efficiency Calculation

Over the 10-year record, the model results indicated that ozone (Os3) concentration has

increased in major urban areas in the northeastern US. Using the CMAQ model output, we
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quantified O3z production efficiency (OPE (¢); Eq. 4), which represents the chain length associated

with NO, in the process of O3 production. OPE is calculated as:

_ P(03)
€= Non (NOL) (Eq. 4)

where P(0O3) is the production rate of O3z, and L(NO,) is the loss rate of NO,. P(O3) is the sum of
the NO + HO2/RO; production rates, while L(NOy) is the sum of the HNO3 and RONO; production
rates. Overall, the calculated annual OPE is 3.7 for 2005 and 5.6 for 2015 (Fig.S4. 5). Seasonally,
OPE increased from 2.2 to 3.0 and from 5.3 to 8.3 for the cold and warm seasons, respectively,

from 2005 to 2015.

1.5 Statistical Analysis

To assess long-term trends in observed A!’O and §'*0 of pNOs, we applied a weighted least
squares (WLS) regression with weights based on the inverse squared total error to account for
measurement uncertainty. Both raw data and annual averaged data were considered for the
regression analysis (Fig. 4.2). In addition, we conducted deseasonalization using the “stl” function
(Seasonal-Trend decomposition using locally weighted scatterplot smoothing (LOESS)) in the
openair package in R . This method decomposes the time series into trend, seasonal, and residual
components, effectively removing seasonal variability to highlight the underlying long-term trend.
The trend component captures the underlying long-term trend in the data for understanding
changes over time. The seasonal component identifies and isolates recurring patterns within each
year, accounting for seasonal fluctuations of A’O and 6'80 of pNOs. The residual component
represents the remaining unexplained variability, removing both long-term and seasonal influences
on isolate noise or other non-systematic variations. By removing the seasonal component, we can

more accurately analyze the underlying trend of A0 and 6'%0 of pNO; over time, which is
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particularly useful for assessing the effects of chemistry changes in response to emission
reductions. The statistical significance of the trend was then assessed using a two-sided #-test on
the regression slope for both observation and simulation results. To assess the statistical
meaningfulness of the observed trend, we also applied the method proposed by Bryhn & Dimberg
(2011), which evaluates trend meaningfulness based on R? and p-value criteria of >0.65 and <0.05
for time intervals ranging from 2 to 30, respectively?’. Using their developed Excel macro add-in,
we evaluated whether the §'®*0(pNO3) long-term trend, which indicated the observed long-term

trend was statistically meaningful (Table. S4.1).

1.6  Ancillary Near-Surface Observations

Near-surface observation data of gaseous and particle pollutants (e.g., O3, NOx, pNO3, and
isoprene) and meteorological factors (e.g., temperature and relative humidity) from the Chemical
Speciation Network (CSN) and the Interagency Monitoring of Protected Visual Environments
(IMPROVE) are used to validate CMAQ model performance. For example, to support our
observation, which is conducted in Providence, RI, NO,, pNO3, isoprene, and meteorological data
are used from the CSN and IMPROVE networks around the Providence (site ID: 44-007-1010;
44-007-0012; 44-007-0022). Note that Oz was only historically monitored for the warm season
(Mar-Sep) in the Providence area, so O3 in Providence was not utilized in this study. In addition,
we have evaluated the oxidation chemistry in the entire northeastern US domain. To validate model
performance in the northeastern US, we have compared near-surface Oz, NO,, pNOs, and isoprene
observation data from major urban cities, including Boston, MA (25-025-0042), New York Cities
(36-005-0110), and Washington, DC (11-001-0043), versus suburban/rural areas, including the

suburban in MA (25-013-0008), rural in NY (36-041-0005) and rural in ME (23-003-1100).
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2. Results and Discussion

2.1 Observed trends and seasonal variability of oxygen isotopes

The oxygen isotopes of water-soluble pNOs track strong seasonal variability in NO, oxidation,
with a long-term shift in response to emission changes in the northeastern US from 2005 to 2015
(Fig. 4.1). This seasonality is similar across New England sites based on the isotopic composition
of recent HNO3 and pNOs samples from the CASTNET monitoring network!'#?’. The observed
AV0 (n=524) and 0'%0 (n=532) of pNOs exhibit relatively higher values in the cold season (Oct
to Mar) and lower values in the warm season (Apr to Sep), reflecting a shift from O3— to HO—
dominated NO, oxidation chemistry, consistent with previous studies in the polluted mid-
latitudes!'#2"-28, During winter, NO is formed primarily via NO+Os3_and HNOs is formed primarily
via N2Os heterogeneous hydrolysis on aerosols (i.e., NO»+O3 forms NOj3 that reacts with NO; to
form N»Os). These reactions result in a greater proportion of O3 incorporated into pNOs during the
cold season, leading to relatively high A0 and §'®0 values. During the summer, the increased
photochemical production of HO, radicals leads to an increase in NO; formation via NO+HO2/RO,

and NO>+OH dominates nitrate production, leading to relatively lower A'70O and 6'80 values!'®?4.
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Figure 4.1. The observed (data points) and modeled (line) A0 and 'O of pNO3 in Providence
and West Greenwich, RI, from 2005 to 2015. The Providence data represents a sample collected
every six days. The West Greenwich data represents samples collected every six days merged into
mass-weighted monthly mixtures due to sample mass limitations. The shaded areas surrounding
observed A!'70 and 8'%0 data denote the +16 analytical error (+2 %o for A!7O and +0.4 %o for §!80).
The CMAQ model output is selected for the same date as the observation and is shown for 2005,
2010, and 2015. The shaded areas surrounding modeled A'7O and 'O denote the uncertainty of
the oxygen isotope composition of atmospheric oxidants involved in NOyx chemistry (£5% for A!’O
and +£10% for 5'%0).

The long-term observations also reveal a significant annual decreasing trend in 5'*O(pNOs)
based on a weighted least squares (WLS) regression (Fig. 4.2a; p<<0.01). This long-term decreasing

trend in 6'80(pNOs) is driven by change in the cold season (p<0.01), while no significant trend
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was detected for the warm season (Fig. S4. 1a-2a). A deseasonalized time series analysis was also
conducted and still reveals a significant decrease in 6'30(pNO3), suggesting that the observed trend
is driven not only by interannual seasonal fluctuations but also by shifts in nitrate formation
pathways (Extended Data Fig. 4.1). Following the approach of Bryhn and Dimberg (2011), which
recommends R?> 0.65 and p < 0.05 as criteria for statistical meaningfulness, we find that this trend
is both statistically significant and meaningful when dividing the dataset into seven equal intervals
(R?=0.71, p=0.02; Table.S4.1)*°. No annual or seasonal statistically significant long-term trend
was observed in A70, although this may be due to the larger relative uncertainty of the A'7O

measurements of 7.9% compared to 6'%0 of 0.6% (see Eq. 2, Method section for details).

(a) Observation ‘ (b) Simulation
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Figure 4.2. Box-and-whiskers plot describing the annual distribution of observed and modeled
A0 (top) and 8'%0 (bottom) of pNO3 from 2005 to 2015 in Providence, RI. The middle line and
x marker in each box represent the median and mean values, respectively. The upper and lower
ends of the box indicate the 25" and 75" percentiles and the whiskers extend from the box to the
minimum and maximum values, excluding outliers (open circles). The solid red line represents the
weighted least squares (WLS) regression trends for the observations, with the slope, its standard
error, intercept, and the p-value (based on a two-sided t-test) indicated.
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2.2 Shift in NOy oxidation chemistry between 2005-2015

To detail NO, oxidation changes over time, CMAQ model simulations from replicated runs of
the US EPA’s Air QUALlity TimE Series Project (EQUATES)*, which have shown overall excellent
agreement with reactive nitrogen concentrations, were used to calculate A’O and 6'%0 of pNO;
for the years 2005, 2010, and 2015 (Fig. 4.1; Extended Data Fig. 4.2). The simulated pNO3 and
NO. concentrations matched well with observed seasonal variability and magnitude (Extended
Data Fig. 4.3); NO, and O3 were also well captured in the simulations across the northeastern US
(Extended Data Fig. 4.4). A linear regression between the model and isotope observations yields a
slope of 0.46(£0.05), 7=0.61, and a Normalized Mean Bias (NMB) of only 1% for A'’O; for 6'30
it yields a slope of 0.84(£0.07), »=0.71, and a NMB of 6% (Eq.3). This is a very reasonable NMB,
given that the relative standard deviation of the measurements of A'’O(03*) and 6'*0(0s*) are 5%
and 16%, respectively. While the 6'80 value is expected to be influenced by fractionation processes
that depend on temperature, we do not observe any impactful trends in temperature over time (Fig.
S4.4). Therefore, we also do not expect the 6'%0 values of the various oxidants to have shifted

significantly over time.

The simulated A0 and 6'30 values of pNOs predict a significant decreasing trend from 2005
to 2015 (Fig. 4.2), consistent with 6'80 observations. The different observed trends of A0 and
0'80 of pNOs3 may be related to the precision of the analytical methods, meaning that it is possible
that a real decline signal in A'’O may be obscured by the higher noise levels in A!’O measurements,
as previously noted. §'*O(pNOs) shows a larger annual mean shift of 3.8%o from 2005 to 2015
compared to the model A!'7O shift of 1.2%o. This may also imply that the §'*O provides a more
sensitive constraint for interpreting long-term variability in NO, oxidation chemistry under these

study conditions. Based on the overall agreement between the modeled and observed A7O and
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080 as evidenced by the low NMB, the CMAQ simulations were considered an accurate
representation of our study site, allowing for the evaluation of connections between emission

regulations and the drivers of observed long-term changes in NO, oxidation chemistry.

The simulations indicate a shift in the relative importance of NO, oxidation pathways from
2005 to 2015 in response to NO, emission reductions (Fig. 4.3a). In this study, NO denoted primary
NO directly emitted from emission sources and NOphoto Was used to track secondary NO produced
from NO; photolysis during photochemical cycling (see Method section). Using these two species,
NO: produced via primary NO directly can maintain an imprint of the oxygen source associated
with the emission type (e.g., Oz in the case of combustion). In contrast, the oxygen isotope
composition of NO» produced via NOphoto Will reflect the oxidants involved in NO photochemical
cycling and oxidation. For Providence, RI, the formation of NO> was dominated by NOphototO3,
averaging a contribution of 79% over all simulations, followed by NO+Os3 (17%). While
NOphototO3 dominated NO» production, an increased contribution from primary NO+O3 was seen
between 2005 to 2015 in both the warm and cold seasons. This suggests that the relative nighttime
NO oxidation, when the oxygen isotopes of NO2 do not reach photochemical equilibrium, became
increasingly significant during the study period. Indeed, in the northeastern US, monthly average
Os concentrations were significantly higher in 2015 compared to 2005, particularly during
nighttime and colder months, for both modeled and near-surface observations (Extended Data Fig.
4.5; Fig. S4.5-6). This trend can be explained by incomplete nighttime Os titration by NO, as NOx
emissions decreased in urban areas in the northeastern US and the molar NO2/NO ratio increased
(Fig. S4.5-6). In 2005, simulated NO; concentrations exceeded O3 during the colder months,
whereas in 2015, O3 concentrations surpassed NO; throughout the year. Further, CMAQ predicted

an increase in annual O3 production efficiency (OPE) from 3.7 to 5.6 from 2005 to 2015 (Fig. S4.5;
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Method section), which resulted in a decrease in modeled A'’O and 6'%0 values of NO; because of
the increased contribution of primary NO+O3 chemistry relative to NOphototO3. All in all, the
model analysis, constrained by the oxygen isotope observations, indicated that nighttime oxidation

of NO and NO> has become more efficient in response to emission regulations.
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Figure 4.3. Fractional pathways of formation for (a) NO; and (b) HNO3, along with the rate of (c)
total NOx loss (h™!), and (d) NOx loss rate by HNO; formation for cold and warm seasons in 2005,
2010, and 2015 in Providence, RI based on the US EPA CMAQ model. Note that NO refers to
primary emissions while NOpnoto refers to secondary NO production (see Methods for details). A
detailed breakdown of other NO> and HNO; formation pathways is provided in Table S4.1.
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Across all model runs, simulated HNO; formation was annually dominated by NO»+OH (78 %)
followed by the N2Os hydrolysis pathway (18%) (Fig. 4.3b). The average relative contribution of
N20s hydrolysis was more important in the cold season, accounting for 33% of HNOj3 formation
compared to only 8% during the warm season. Between 2005 and 2015, the CMAQ model
indicated that the relative role of N2Os hydrolysis in HNO3 formation increased during the cold
season, and the importance of the NO>+OH pathway decreased. This change suggests that N>Os
hydrolysis may have previously been limited by the availability of O3, as observed in polluted
regions in the US'? and China®'. The increased O3 oxidation efficiency would be expected to
increase A'’O and 6'*0 of HNOs under conventional isotope mass-balance frameworks. However,
this effect is counterbalanced by the predicted decrease in A'7O and 680 of NO; due to an
increased contribution of O atoms from primary NO emissions. The overall enhanced nighttime
oxidation efficiency of primary NO (i.e., A70O = 0%o) by Os is key to the predicted reduction in
A0 and 6'30 values of pNOs. On average, these chemistry changes are predicted to lower A0
and 6'%0 across the northeastern US from 2005 to 2015 with spatial variabilities seemingly driven

by urban versus rural settings (Fig. 4.4a and b).

23 Spatial changes in NO, lifetime

The increased importance of O; in NOx oxidation resulting from emission regulations
substantially impacts NO; lifetime, NO, oxidation efficiency, and shifts in oxidation capacity in
the northeastern US. To quantitively understand the impact of changes in NO, oxidation chemistry,
NOy lifetime’! was calculated as the total mass of reactive N species (NO, NO2, NOs, 2N,0Os,
HONO, HNOg4, CINO>, PAN) divided by the total loss rate of terminal NO, sinks (production of

HNOj3; and RONO:») from the CMAQ output.
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Total mass of reactive N (ppby)

(Eq. 1)

T =
Total loss rate of terminal NO, sinks (ppby/h)

The NOx loss rate in Providence, RI, was mainly governed by HNO; formation, with an
increased contribution of RONO; in the warm season, particularly in the more recent years of
simulations (Fig. 4.3c; Extended Data Fig. 4.6). Overall, and as expected, NO, lifetime was much
longer in the cold season (average of 47h) than the warm season (average of 11h) because of the
relatively lower oxidant concentrations during the wintertime!>3!. In the cold season, NO>+OH
accounted for roughly 56% of total NO, chemical loss, followed by heterogeneous uptake of N2Os
(31% of total loss) averaged over all modeled years (Fig. 4.3d). In the warm season, total NO, was
mostly lost via NO>+OH (71%) followed by RONO; formation (20%). RONO; in the model
includes monofunctional organic nitrates, multifunctional organic nitrates, and reaction with
isoprene, accounting for 63%, 22%, and 14% of total RONO, formation, respectively. The relative
portion of organic nitrate contribution to HNOs production via RONO; hydrolysis (4%) was small,
but it is notable that its contribution systematically increased from 2005 to 2015 (Fig. 4.3c¢). Indeed,
the NO, chemical lifetime decrease in the warm season from 2005 to 2015 is primarily due to the
increased importance of RONO; formation. For example, RONO> formation accounted for
approximately 9% of the total NO, loss rate for the cold season over all years, whereas their
contribution during the warm season substantially increased from 14% to 26% between 2005 and
2015 (Fig. 4.3c; Extended Data Fig. 4.6). This shift in NOy loss pathways was primarily driven by
decreasing NO, concentrations, which increased the relative importance of RONO; formation
compared to HNO3 production. As NO, concentrations decreased, the chemical environment
increasingly favored RO:> radical reactions with NO, leading to more RONO> formation. Model
simulations and surface observations indicated some increase in major biogenic VOC (BVOC)

concentrations (e.g., o-pinene and isoprene) in the warm season from 2005 to 2015 (Fig. S4.7-8),
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while the NOy loss rate via RONO; formation increased by approximately 155% over the same
period (Fig. S4.7d). This suggests that changes in chemical regimes driven by changing NO,
concentrations had a far greater impact on RONO; production than VOC emissions alone. This
trend underscores the importance of understanding the environmental fate of RONO3, including

its role in renoxification, deposition, and terminal atmospheric loss*>34,

Over time, the model simulation for Providence, RI, indicated a substantial decrease in
NO; lifetime during the winter from 54h to 44h (-19%). However, across the entire northeastern
US domain, the model simulated lifetime of NO, exhibited a relatively consistent mean lifetime of
19.5h (2005) to 20.4h (2015) (Fig. 4.4c; see Extended Data Fig. 4.7 for seasonality). Investigating
this further, we found a pronounced spatial contrast in NO, oxidation chemistry and lifetime
changes between urban areas (e.g., the northeastern corridor from Washington, DC to Boston)
compared to suburban/rural areas (outside this corridor) in the northeastern US (Extended Data
Fig. 4.8-9; Fig. S4.9). As in Providence in 2005, nitrate formation in other urban regions was
dominated by the NO»+OH pathway (71%), while N2Os hydrolysis played a key role in
suburban/rural areas (e.g., ~42%; Extended Data Fig. 4.9). However, the importance of N2Os
hydrolysis in suburban/rural areas then declined to 32% in 2015, amidst a relative increase in
RONO:; formation and increased BVOC emissions, shifting nitrate formation toward NO>+OH
and RONO; hydrolysis pathways in more recent years. Furthermore, the response of O3 to NOx

reductions is different in the urban versus suburban/rural areas in the model.
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Figure 4.4. The CMAQ simulated (a) A0 and (b) 8'%0 of pNO3 and (c) calculated NOx lifetime
(t) over the northeastern US domain for 2005 and 2015 and their difference (2015 — 2005). White
circles indicate the locations of major cities in the northeastern US, including Boston, MA; New
York City, NY; Philadelphia, PA; and Washington, DC. The Turban is the average NOx lifetime for
the major cities in the northeastern US, including Providence, RI.

Overall, urban regions experienced enhanced O3 production efficiency and more efficient
conversion of NO to NO; and NO; to pNOs3, both of which contributed to a shortened NOx lifetime
and boosted pNOs; formation efficiency in recent years. In urban regions with significant
anthropogenic emissions, similar trends of decreasing NO, lifetime, particularly during winter,
were simulated between 2005 to 2015, whereas suburban/rural areas showed a more variable
response (Fig. 4.4; Extended Data Fig. 4.7). This is supported by near-surface observations in

urban areas that show a higher mean nitrate oxidation ratio (NOR) in 2015 versus 2005, indicative
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of more efficient conversion of NO, to pNOs3 (Fig. S4.10). For areas outside of the urban core in
the northeastern US, limited observations of simultaneous pNO3; and NO, indicate a variable
response in NOR. For example, in rural northeast Maine (46.69°N, —68.03°W), the mean NOR did
not change between 2005 and 2015, while in a suburban/rural location in southwest Massachusetts
(42.19°N, —72.55°W) NOR increased under the influence of the nearby northeastern corridor (Fig.

$4.10).

In conclusion, oxygen isotopes provide powerful observational constraints on NO, oxidation
chemistry, offering a more detailed and mechanistic understanding of the differences in nitrate
formation between suburban/rural and urban areas. By combining the unique observational
constraint of oxygen isotope data with concentration observations and modeling, we gain deeper
insight into the oxidation processes at work. These insights are particularly important since
NO,/pNO3 chemistry are the result of several competing reactions. Our findings suggest that
emission regulation amendments have increased NO, oxidation efficiency to inorganic and organic
nitrate in heavily urbanized locations in the northeastern US. These findings are further supported
by additional ancillary analysis of near-surface concentrations of O3, NOx, pNO3, and NOR. This
shift in chemistry contributes to the high wintertime pNOj3 concentrations that continue to plague
major urban cities in the northeastern US despite major reductions in NO”!°, Atmospheric
oxidation efficiency changes and their impact on pollutant lifetime may have also contributed to a
redistribution of acid and nutrient deposition. This work provides a new framework to test our
understanding of the effectiveness of emission controls on endpoints such as O3, PM, and

deposition.
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5. Extended data & Supplementary
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Extended Data Figure 4.1. Trends in observed (a) A0 and (b) 60 of pNO3 from 2005 to
2015 in Providence, RI. These plots show deseasonalized monthly mean isotope values, with the
solid red line indicating the trend estimate and the dashed red lines representing the 95%
confidence intervals. The overall trend is displayed at the top with the slope. The asterisks (*x*)
indicate that the trend is significant at the 0.001 level. Deseasonalization was conducted using the
stl function (Seasonal-Trend decomposition using locally weighted scatterplot smoothing
(LOESY)) in the openair package in R!2, Details can be found in the Method section.
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Extended Data Figure 4.2. Time series of observed and modeled (a) A'’O and (b) 630 o
pNO:; for the cold and warm seasons over time. Normalized mean biases (NMB) are indicated
within the plots. The shaded areas surrounding observed A'’O and '%0 data (blue) denote the +1c
analytical error (2 %o for A70, £0.4 %o for 8'%0). The shaded areas surrounding modeled A'70O
and 8'80 (red) denote the uncertainty of the oxygen isotope composition of atmospheric oxidants
involved in NOx chemistry (£5 % for A0 and +10 % for §'%0).
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Extended Data Figure 4.3. Time series of weekly mean PM:s total nitrate and NO:
concentrations observed (blue) and simulated (orange) with their correlations. The slope,
correlation coefficient (r), and normalized mean biases (NMB) are indicated within the plots.
Surface measurement data of total nitrate in PMa2.s and NO» are from the Chemical Speciation
Network (CSN) in Providence, RI. Note that observation data of total nitrate in PM s for 2010 is
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Extended Data Figure 4.4. Time series of monthly mean Oz and NOx concentrations observed
(green) and simulated (blue) with biases between model and observation. Model performance
evaluation metrics such as the normalized mean biases (NMB) and correlation coefficient (r) are
indicated within the plots (note that evaluation metrics are averaged for 2005, 2010, and 2015
years only). Urban includes Boston, MA, New York Cities, and Washington, DC datasets, while
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observation data is from EPA air quality monitoring networks.
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Extended Data Figure 4.5. Box-and-whiskers plot describing the seasonal surface O;
distribution from observations (a-c, e-f) and simulation (d) and (g)) for 2005, 2010, and 2015.
Major urban areas include (a) Boston, MA (42.33°N, —71.08°W), (b) New York (40.81°N, —
73.90°W), and (c) Washington, DC (38.92°N, —77.01°W); suburban and rural stations include (f)
MA (42.19°N, —=72.56°W) and (e) NY (43.45°N, —74.52°W), respectively. CMAQ model results
are averaged for (d) urban and (g) rural areas. Similar lowercase letters in the plots represent
statistically similar values (based on a two-sided t-test). Note that Providence is not included here
because O3 was only historically monitored for the warm season (Mar-Sep).
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HNO:s formation for cold and warm seasons in Providence, RI. A detailed breakdown of other
NO> and HNO; formation pathways is provided in Extended Data Table 4.1.
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domain for 2005 and 2015. A detailed breakdown of other NO, and HNOs3 formation pathways
is provided in Extended Data Table 4.1.
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Extended Data Figure 4.9. Fractional pathways for HNO3 formation over the northeastern
US domain for 2005 and 2015. A detailed breakdown of other NO> and HNO; formation
pathways is provided in Extended Data Table 4.1.
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Extended Data Table 4.1. Oxygen isotope mass-balance equations for A'’0O and §'®0 calculation
by different NO2 and HNO3 formation pathways.

Species | Pathway AY0O Transfer Factor 3'80 Transfer Factor
NO + O3 (122)AV0(05") (1/2)850(NO) + (1/2)3'80(05%)
NO + HO; 0 (1/2)5'80(NO) + (1/2)8'*0(HO2)
NO + RO 0 (1/2)5'50(NO) + (1/2)8"*0(RO2)
NO + CIO (12)A70(05") (1/2)5"50(NO) + (1/2)3"50(05*%)
NO:
NOphoto + O3 AV0(05%) 3180(03)
NOphoto + HO2 0 SISO(HOZ)
NOphoto +RO2 0 SISO(ROZ)
NOphoto + C1O AU0(05") $150(CIO)
NO: + OH (2/3)AVO(NO) (2/3)350(NO2) + (1/3)8'*0(OH)
NOs + VOC (2/3)AVO(NO2) + (1/3)A70(057) | (2/3)8'80(NO2) + (1/3)8'80(0s¥)
- B (2/3)8F0(NO2) + (1/6)51°0(05*) +
N20s + HO(g) 23)ATOMNO:) + (UOATOO) | (e 350(t10)
N.Os  +  H:0 - B (2/3)8"50(NO2)  +(1/6)5'30(05%) +
(acrosol) (23)ATOMNO) +(1/0)ATOOs) | 7/ \5150(H,0)
NOx =+ HO | 3 7080, (2/3)550(NO2) + (1/3)8"*0(H:0)
HNO (aerosol)
3

CINO; + H0
(aerosol)

(2/3)AVO(NO2) + (1/3)A70(05")

(2/3)380(NO2) + (1/3)3'50(0s*)

RONO:2
(aerosol)

+ HO

(from ROz + NO)

(1/3)ATO(NO»)

(1/3)3'50(NO2) + (2/3)3'%0(02)

RONO:2
(aerosol)

+ HO

(from R + NOs)

(2/3)AVO(NO2) + (1/3)A70(05")

(2/3)380(NO2) + (1/3)3'50(0s*)
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Figure S4.1. Box-and-whiskers plot describing the cold season distribution of observed and
modeled A'7O (top) and 6'30 (bottom) of pNO3 from 2005 to 2015 in Providence, RI. The
middle line and “x” symbol in each box represent the median and mean values, respectively. The
upper and lower ends of the box indicate the 25" and 75" percentiles and the whiskers extend from
the box to the minimum and maximum values, excluding outliers (open circles). The solid red line
represents the weighted least squares (WLS) regression trends for the observations, with the slope,
its standard error, intercept, and the p-value (based on a two-sided t-test) indicated.
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Figure S4.2. Box-and-whiskers plot describing the warm season distribution of observed and
modeled A'7O (top) and 6'30 (bottom) of pNO3 from 2005 to 2015 in Providence, RI. The
middle line and “x” symbol in each box represent the median and mean values, respectively. The
upper and lower ends of the box indicate the 25" and 75" percentiles and the whiskers extend from
the box to the minimum and maximum values, excluding outliers (open circles). The solid red line
represents the WLS regression trends for the observations, with the slope, its standard error,
intercept, and the p-value (based on a two-sided t-test) indicated.
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Figure S4.3. Correlation between observed and modeled A7O and 630 of pNOs for
Providence, RI, for the years 2005, 2010, and 2015.
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Figure S4.4. Box-and-whiskers plots describing the distribution of observed temperature
(year-round) from 2005 to 2015 in Providence, RI. The middle line in each box represents the
median value, while the upper and lower ends of the box indicate the 25" and 75" percentiles,
respectively. The whiskers extend from the box to the minimum and maximum values with mean

value marked as “x”. Surface measurement data of temperature is from the CSN site in Providence,
RIL

148



(a) 2005 3 (b) 2015

B a
o o
1 1

0,; & NO, (ppb)
P
{

\ia (+ 7.6)

}
()

___\21.6(110.5) /\e/ﬁ\/\\
‘ Y

o
>< : ~
~ i
10 15.7 (+ 5.7) | /""95/3@:340) |- O3
0L . . . . - , , , , , NO,

NO»/NO,

10
§ / ' |-e- OPE
8- 1 1

“
/
e

Figure S4.5. Near-surface monthly averaged Os; and NO: concentrations, along with O;
production efficiency (OPE) and NO2/NOy in Providence, RI for 2005 and 2015, as simulated
using CMAQ. Overall averages with standard deviation are indicated in the plots. In 2005, NO»
levels exceeded O3z during the winter months due to the titration of Os. In 2015, O3 concentrations
exceeded NO: concentrations throughout the entire year.
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Figure S4.6. Near-surface hourly averaged wintertime O3, NO2, and NO concentrations in
major urban areas including Boston, MA (42.33°N, -71.08°W), New York (40.81°N, —
73.90°W), and Washington, DC (38.92°N, -77.01°W) from (a) observations and (b)
simulation for 2005 and 2015.
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Figure S4.7. Monthly variations of biogenic volatile organic compound (BVOC)
concentrations, including (a) a-pinene and (b) isoprene, based on the US EPA CMAQ model,
along with (c) their percentage changes by season from 2005 to 2015. Additionally, (d) the
percentage change of total NOx loss rate by RONO; formation from 2005 to 2015 is included.
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Figure S4.8. Box-and-whiskers plot describing the warm season isoprene distribution for
2005, 2010, and 2015 in major urban cities in the northeastern US, including Providence, RI
and Boston, MA, and the rural areas in MA. The map image was created using Google Earth
(©2024 Google). Surface isoprene observation data is from the CSN in Providence, RI, Boston,
MA, and the rural areas (WESTOVER AFB) in MA.
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Figure S4.9. Fractional pathways for NO2 and HNO; formation for (a) the Northeastern US
domain and (b) the major urban cities in the Northeastern US for 2005 and 2015. A detailed
breakdown of other NO; and HNOs3 formation pathways is provided in Extended Data Table 4.1.
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Figure S4.10. Box-and-whiskers plot describing Nitrogen Oxidation Ratio (NOR)
distribution by seasons for 2005 and 2015 in major urban cities (Providence, RI and New
York City) and suburban/rural sites (suburban area in MA and rural area in ME). NOR is
calculated by observed pNOs divided by the sum of observed pNO3 and observed NOy to assess
NOx to pNOs conversion efficiency. Urban data is from the CSN sites and suburban/rural data is
from the IMPROVE (Interagency Monitoring of Protected Visual Environments) networks. Note
that pNO;3 data is not available for 2005 in rural area in ME, so we replaced it with 2006 data.
NOR has increased in the urban areas in recent years, especially in the cold season in response to
emission reduction, while no significant trends were observed from the suburban/rural sites.
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Table S4.1. Evaluation of trend meaningfulness using the method of Bryhn & Dimberg
(2011). The R? and p-values were calculated for different interval lengths to determine whether
the observed trend is statistically meaningful (R? > 0.65 and p < 0.05). Intervals that meet these
criteria are marked as 'Yes' under Meaningfulness

Intervals R square p value Meaningfulness
3 0.9388 0.1592 No
4 0.8951 0.0539 No
5 0.7014 0.0767 No
6 0.6335 0.0582 No
7 0.7058 0.0180 Yes
8 0.3421 0.1278 No
9 0.7279 0.0034 Yes
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Abstract

The transition from coal to natural gas as a primary fuel for electric power generation has
dramatically reduced NO, emissions in the United States. However, substantial uncertainties still
remain in current NO, emission inventories, complicating the accurate assessment of emission
trends and regulatory effectiveness. In fact, particulate nitrate (pNO3) concentrations in the
northeastern US have not responded as expected due to NO, emission decreases. Here, we utilized
nitrogen isotopes in nitrate (6"°N(pNO3)) from a unique 2005-2015 aerosol record in the eastern
US to directly link NO, emission regulations to air quality and environmental responses.
Simulations with the US EPA air quality model quantify seasonal variations of 6!°N(pNO3) due to
isotope fractionations that track with NO, oxidation chemistry. Over the long term, a decreasing
shift in 6"°N(pNO:s) reflects the gradual phase out of coal; however, the observations suggest that
coal emissions of NO, are underrepresented in national emission estimates. Our isotopic
investigation enables a more accurate evaluation of the effectiveness of emission control strategies

and can help refine regulatory efforts to mitigate air pollution.

1. Introduction

Nitrogen oxides (NOx) are key drivers of air pollution, contributing to the formation of short-
lived climate pollutants (SLCPs) such as tropospheric ozone and fine particulate matter (PMa s),
which negatively impact air quality, public and ecosystem health, and climate(1, 2). Exposure to
NO, and its secondary pollutants increases the risk of respiratory and cardiovascular diseases and
threatens agricultural yields due to ozone-induced damage(l, 3). In addition, dry and wet
deposition of NO, disrupts nutrient balances in ecosystems and accelerates acidification, posing
long-term risks to forests, soils, and aquatic environments(4, 5). These impacts contribute to

broader economic consequences as well, by increasing healthcare costs, reducing work
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productivity, disrupting food security, and straining environmental and industrial systems(6-9).
Due to its widespread environmental, health, and economic impacts, governments have historically
mandated monitoring and reporting of NO, emissions and implemented regulatory measures to

protect public and ecosystem health(10, 11).

Under the Clean Air Act amendment in the United States, regulatory policies have played a
pivotal role in driving down NO, emissions in the eastern US, one of the most urbanized and
industrialized regions in the country. The US Environmental Protection Agency (EPA) National
Emission Inventory (NEI) reports the total NO, emissions in the eastern US declined by
approximately 53 % between 2005 to 2015, primarily from major anthropogenic sectors like
transportation, industry, and energy production. Transportation sectors remain the dominant NOx
source in this region, accounting for 60 % of total NO, emissions from major urban centers along
the Northeast Corridor, including Washington, D.C., Philadelphia, New York City, and Boston (Fig.
S5.1). Moreover, long-range transport from coal-burning regions, such as Ohio and Pennsylvania,
has historically influenced air quality in the eastern US, but their contributions decreased by 68 %

from 2005 to 2015 (Fig. S5.1).

At the national level, the US EPA NEI reports a 43 % reduction in total NO, emissions from
2005 to 2015, with substantial declines in emissions from electric utilities (59 %), industrial fuel
combustion (39 %), and the transportation sector (45 %; Fig. S5.2-S5.3). In particular, coal
combustion was the largest source of electricity generation for several decades, but usage
decreased by 28 % (from 1037 million short tons to 738 million short tons) as natural gas became
a more cost-effective and lower-emission alternative(12). As a result of the transition from coal to
natural gas for electricity generation, NOx emissions decreased by 63% and 25 % for coal and

natural gas, respectively, leading to significantly reduced health risks in the US(13). However,
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despite large reductions in NO, emissions, the responses in endpoints such as ozone, particulate
matter, and deposition have not directly followed due to the complex non-linear chemistry

feedback and potential uncertainties in emissions estimates(14—16).

Accurately assessing the impact of regulatory mitigation efforts requires reliable emission
inventories, but previous studies have highlighted that emission estimates remain subject to
significant uncertainties(7, 17-19). For example, conventional bottom-up approaches for
estimating NO, emissions could be affected by random sampling error, uncertainty in emission
factors, and omission or underestimation of sources, all of which introduce substantial
uncertainties, particularly for sectors with highly variable emissions such as transportation and
industry(17, 20, 21). Similarly, top-down approaches from satellites or aircraft-based
measurements to infer emissions have challenges related to measurement precision, chemical
processing in the atmosphere, and the spatial and temporal resolution of data(22-24). These
uncertainties limit the confidence of emission estimates, making it more challenging to optimize
regulatory policies, assess health risks, and ensure that mitigation efforts are both effective and
economically viable. Hence, accurate and updated emission inventories combined with
observational constraints are needed to assess current pollution impacts on secondary chemistry
and design effective control measures. The nitrogen stable isotope variation (6!°N) of particulate
nitrate (pNO3) has been identified as a powerful observational constraint for identifying
atmospheric NO, emission sources and understanding NO, oxidation chemistry(25-29). In this
study, we quantified 6'""N(pNOs) collected in the northeastern US from 2005 to 2015-a critical
period for emission reductions— to reconstruct NO, emission sources and track the response of NOx

secondary products to emission regulations.
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2. Materials and Methods

2.1 Filter Samples

Atmospheric PMjo samples were obtained from downtown Providence (41.82°N, -71.41°W)
and West Greenwich (41.61°N, -71.72°W), Rhode Island, United States, from 2005 to 2015.
Providence, as a state capital, is characterized by a mix of residential, commercial, industrial, and
transportation-related activities, including major highways and business districts, which contribute
to significant air pollution sources. In contrast, the West Greenwich site represents a suburban
background air quality with abundant forest cover and minimal anthropogenic emission impact.
Sample collections at both sites were conducted by the Rhode Island Department of Environmental
Management (RI-DEM) and Rhode Island Department of Health (RI-DOH) via a high-volume
sampler on a quartz-fiber filter. Sampling was performed every six days for 24 hours, following
EPA protocols (USEPA-Method 10-2.1 1999). After collection, the filter samples were shipped to
Brown University and separately extracted in ultra-high purity water (> 18 MQ). The entire 10-
year record was extracted for the Providence location, while a subset of samples was extracted for

the endpoints of the West Greenwich record, including 2005-2006 and 2014-2015.

2.2 Stable nitrogen isotope analysis

Particulate nitrate (pNO3) concentrations were determined using ion chromatography (Dionex
Integrion HPIC). For quality control, working standards of two different concentrations were
analyzed in every six samples. The average relative standard deviations (RSD) of replicate quality
control standards were less than 3.4 %. For the West Greenwich samples, individual weekly
samples were merged into monthly composites to ensure sufficient volume for further analysis. A

detailed methodology for sampling and chemical analysis is described in Kim et al., 2025(33).
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The water-soluble pNO3 samples were analyzed for their stable nitrogen isotope utilizing the
bacterial denitrifier method at Brown University(42). Nitrogen isotopic compositions are denoted
using delta notation (J), which is quantified as 0 = (Rsample/ Rreference — 1), Where R is the ratio of the
heavy isotope to the light isotope (e.g., ’N/'¥N). Briefly, Pseudomonas aureofaciens bacteria,
which lack the nitrous oxide (N2O) reductase enzyme, were injected with the extracted NO3
samples to quantitatively reduce NOs3™ (and NO2") to N2O. The generated N>O was extracted,
purified, and concentrated using a customized GasBench interface and then continuously flowed
into an Isotope Ratio Mass Spectrometer (IRMS) for m/z determination at 44, 45, and 46 for §'°N
determination. Samples were calibrated using internationally recognized nitrate salt reference
materials that included IAEA-NO-3, USGS34, and USGS35 with §'°N values of 4.7 %o, -1.8 %o,
and 2.7 %o, respectively(43, 44). Samples under a concentration of less than 3 umol L1, were not
analyzed due to the limited volume. The overall pooled standard deviations (¢) of isotopic
reference materials were as follows: USGS34 (a(6'°N) = 0.5 %o); USGS35 (6(6'°N) = 0.4 %o), and
IAEA-NO-3 (06(6'"°N) = 0.3 %o). No significant spatial differences of observed 5"’N(pNOs)
between an urban (Providence, RI) and suburban (West Greenwich, RI) site were observed (p >
0.05) due to their close proximity (i.e., within 40 km); thus, we have prioritized the urban site in
our analysis, which has a more frequent sampling record (every six days vs. monthly at the

suburban site).

2.3 O0PN(NO,) estimation using the CMAQ simulations

To account for chemical influence on observed 6'>N(pNQO3), the US EPA CMAQ model (v5.4)
was used to estimate NO,, Oz, and pNOs3 concentrations, as well as NO, oxidation and pNO3
formation in Providence, RI. Briefly, the CMAQ model simulation was based on replicated runs

from the US EPA’s Air QUAIlity TimE Series Project (EQUATES)(45, 46). The Carbon Bond 6
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revision 3 gas-phase mechanisms and version 7 of the aerosol module chemical mechanism (cb6r3-
ae07) with the addition of chlorine chemistry were used including the bidirectional ammonia (NH3)
exchange, the Surface Tiled Aerosol Gaseous Exchange (STAGE) dry deposition, and Weather
Research and Forecasting (WRF) model (v.4.1.1)(47-55). Emissions were based on the 2017 NEI
methods, with year-specific data used when available or scaled from 2017 levels(45). Model
simulations were conducted for the northeastern US domain at a horizontal resolution of 12x12
km for 2005, 2010, and 2015. Daily averaged model outputs were aligned with observation dates

for direct comparison.

Using model outputs with observed J'°N(pNOs), J°N(NO,) values were calculated
considering isotope effects during NO, cycling and post-NO, oxidation. We assumed here that our
samples primarily represented the particulate phase of nitrate. The isotopic fractionation associated
with HNOs-to-pNO; gas-to-particle partitioning by thermodynamic equilibrium was considered to

calculate 6'"N(HNO3) as follows:

§'SN(HNO3) = §'5N(pNO3) - £(pNO3/HNO3) X (1-pNO3)) (Eq.1)

where f(pNQO3) is the relative fraction of pNOs in total nitrate (pNO3+HNOs3), which were
determined using the modeled pNOs and HNO3 outputs from CMAQ. P&(pNO3/HNO3) is the
isotope effects associated with HNO3 conversion to pNOs. We adopted 3%o in this study for

5¢(pNO3/HNOs3) based on previous works(27, 29).

Considering 6'°N isotope fractionation that occurs during NO, cycling and nitrate
formation, §'"’N(HNQO3) values were used to infer 6'>’N(NOy) value (hereafter 6'>N(NOy)carc) as

follows:
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SSN(NOy)eare = S5N(HNO3) - 5e(NO2/NO) X (1-ANO2)) - 15e(NO3/NO,) (Eq.2)

where e(NO2/NO) and °e(NO3/NO,) are the isotope effects associated with NO conversion to
NO2 (Eq. 3) and NO> conversion to NOs3 (Eq. 5), respectively. The fraction of NO2 in NO,, (NO>),
was calculated as [NO,]/[NO;x] using modeled NO and NO: concentrations. '°&(NO2/NO) is
assumed to be the combined isotope effects of the NO, equilibrium isotope effect (EIE) and the

Leighton cycle isotope effect (LCIE)(31) and can be calculated as
15¢(NO2/NO) = EIE + LCIE = frie(Pegie) + (1- fee)(PPeLcie) (Eq.3)

where Pegig represents the NO; equilibrium isotope effect between NO and NO». We used a value
of 28.9+1.9%o, based on a previous experimental study conducted under ambient NO, conditions.
In addition, " ercie refers to the Leighton cycle isotope effects occurring during the NO.
photochemical cycle, including a combination of the kinetic isotope effect associated with NO
oxidation mainly by Os, and the isotope effect associated with NO> photolysis(27, 31, 56). The
isotope fractionation associated with NO» photolysis is considered negligible(57), so we assume
that the primary contributor to LCIE is the NO + O3 isotope fractionation, which has been
experimentally measured to be -10+£5%0(27, 31). The relative contribution of EIE to NO oxidation

(feie) was calculated as:

k(NO,-EIE) [NO,]
k(NO+03) [03]+ k(NO,-EIE) [NO,]

Seie = (Eq.4)

where k(NO.—EIE) is the reaction rate of NOy EIE with a reported value of 8.14 x 107 ¢cm? s7!
and k(NO+O3) is the NO + Oj3 reaction rate of 1.73 x 107! cm? s7!(27). Modeled NO» and O3

concentrations from the CMAQ model were used for the calculation.
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For NO> oxidation to nitrate, we assumed based on a previous study that the two dominant
pathways in polluted mid-latitude regions—NO; oxidation by OH radicals and N2Os hydrolysis

primarily contributed to nitrate formation in our study area(35):
5e(NO3/NO2) = ANO2 + OH) X (*¢(NO2+OH)) + (1-ANO2 + OH)) X (°e(N205)) (Eq.5)

where f{INO: + OH) indicates the fractional contribution of NO> + OH pathway to NO; formation
from CMAQ outputs. NO> oxidation by OH radical is known to have an isotope effect of -3 %o
(1e(NO>+OH)), while N>Os hydrolysis has 28 %o of isotope effects (1°c(N20s)) at 284K during

nitrate formation.

2.4  NO, emission database and 6">N(NOy).n: estimation

The §"N(pNO3) can be a potential tracer of NO, emission sources, as distinct 0'°N values from
major NO, emission sources and their chemical processing are preserved in d'">’N(pNO3)(25, 27,
58). In this study, we estimated 6'>’N(NOx) in the eastern US using the 2020 US EPA NO, emission
inventory from the midwest and northeastern US (hereafter, 6'’N(NOx)emis). The NO, emission
inventory data were reported depending on fuel types and sectors for every year and state. Given
the wide range of NO, sources, we have simply divided them into five sectors by major source
types for the calculation. Specifically, we have categorized NO, emissions and defined their
O’N(NOxy) values as follows: agriculture activity and soil NOyx emissions (§'°N = -33.0+12.3
%0(39)), transportation (6'°N = -4.7+1.7 %o(58, 59)), and biomass burning (6'°N = 2.5+7.5 %o).
Energy production, industry, and combustion were grouped by fuel type as either combustion —
coal & solid biofuel (6'°N = 13.6+3.9 %0(36)) or combustion — liquid fuel & process (6'°N = -
16.5+1.7 %0(37)). Given NEI reports annual NO, emission data, seasonal variations of these

emissions sources were inferred using monthly NO, emissions reported by the Emissions Database
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for Global Atmospheric Research (EDGAR) (note that EDGAR data includes the whole US
domain). Annual and seasonal 6'>N(NO) values from 2005 to 2015 were modeled based on
isotope mass balance using the fraction of NO, emissions by sector and fuel type and previously

reported 6'"N(NOy) emission signatures following a previously described method(27, 58):
515N(N0x)emis = ?=1 fi X 515Ni(NOX) (Eq6)

where f; represents fractions of each emission source compared to the whole NO, emissions.

S§NY(NOy) is the emission signature of sources. Details can be found in Bekker et al., 2023.

2.5  Stable isotope mixing model with Monte Carlo

A Bayesian isotope mixing model using Markov Chain Monte Carlo (MCMC) simulation was
employed to quantify the relative contributions of different NO, sources to §'°N(NOy), accounting
for uncertainties in §'°N source signatures. The goal was to identify the fractions of each source
that best reproduce the target 0'°N value of NO,, utilizing NEI estimates as an a priori constraint
with an assumed uncertainty of £30 %. The model was run for 10,000 iterations, randomly
sampling 6'°N source values from normal distributions based on literature-reported means and
standard deviations. The modeled §'"N(NOy) values from each emission source were used for the
mixing model to infer a detailed budget of NO, emissions. Additionally, the MCMC method was
applied to propagate uncertainties in the J'°N source signatures and emission estimates, providing
a rigorous error estimate characterized by the probability density function for the contributions of
each NO; source. This approach allowed for a more comprehensive assessment of the relative
contributions of transportation, coal combustion, and natural gas/oil combustion with a basis on

seasonal and temporal variations.
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2.6  Back trajectory analysis

Air-mass back trajectories were traced to examine the frequency and origin of air masses based
on the sampling site. The trajectory frequency analysis was conducted using the National Oceanic
and Atmospheric Administration—Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model with the archived Global Data Assimilation System (GDAS) meteorological
data files via the HY SPLIT online interface. Backward trajectories were computed for 48 hours at

500 m for January and July 2005.

3. Result and Discussion

3.1  Quantifying chemical fractionation effect on 6'>N(pNQ3)

The measured atmospheric nitrate §'°N exhibited no significant spatial differences between the
urban (Providence, RI) and suburban (West Greenwich, RI) datasets; thus, our primary analysis
focuses on the urban record (Fig. 5.1a). At the urban site, observed 6"’ N(pNOs) values from 2005
to 2015 ranged from -3.8 %o to +21.7 %o with an average of +6.0(£4.6) %o (n=534). A significant
long-term decreasing trend in 6'>N(pNOs) was observed from 2005 to 2015 (Fig. 5.1a; p < 0.01).
The shift was more pronounced during the cold season (-0.6 %o yr'!) compared to the warm season
(-0.5 %o yr'!'; Fig. S5.4). Moreover, in the early years (2005-2010), the annual average rate of
decrease in 6"°N(pNOs) was more pronounced with a rate of -0.7 %o yr!, whereas in the most
recent years (2011-2015), the decrease gradually slowed to a rate of -0.2 %o yr!. This slowdown
in declining '>’N(pNOs) in recent years was similar to the observed trend of NO, emissions and
pNO;s concentration in the eastern US(16, 30). Studies have suggested that the recent slowdown in
NO:, reductions is due to shifts in dominant NO, emission sources and the diminishing impact of

emission controls, as major NO, emissions have already been significantly reduced. Specifically,
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the growing relative contributions of industrial areas and off-road mobile sources, along with
slower-than-expected reductions from on-road diesel vehicles, have likely contributed to this
slowdown(30). Therefore, we investigate the trends in §'"’N(pNOs) and their reflection of NO,

emission changes and impact on NO, oxidation chemistry.
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Figure 5.1. (a) observed 8'°N of pNOjs in Providence (open circle) and West Greenwich (closed
circle), RI, from 2005 to 2015 with moving average (red line). (b) deseasonalized monthly mean
isotope values, with the solid red line indicating the trend estimate (—0.53/year; p<0.01) and the
dashed red lines representing the 95% confidence intervals. (c) Calculated 8'""N(NOx)emi values
using the EPA NEI estimates (d) total national NOx emissions estimate in the eastern US from
2005 to 2015.
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In addition to the long-term trend change, the observed J'>N(pNOs) exhibited a clear
seasonality with relatively higher values in the cold season (Oct to Mar) and lower values in the
warm season (Apr to Sep) throughout the years. As 6'"N(pNO3) reflects both NO, emission sources
and/or isotopic effects during NO, oxidation, its seasonality and long-term trend can be attributed
to the variabilities of these factors by season. Previous studies in the northeastern US demonstrated
that the seasonality of 6'’N(pNOs) is largely driven by the isotope fractionation effect during NO,
oxidation chemistry compared to changes in NO. emission sectors by fuel type(27). Once
O’N(NOy) values are imprinted by various emission sources, isotopic effects during the oxidation
processes play a critical role in the final §"’N(pNOs) value(27, 29, 31). Key isotope effects
associated with NOy cycling include equilibrium isotope effects (EIEs), unidirectional kinetic
isotope effects (KIEs), and photo-induced fractionation isotope effects (PHIEs). Theoretical
calculation suggested that the KIE associated with the Leighton cycle (LCIE) by the NO+O3
reaction is approximately -10£5 %o at room temperature, while the EIE between NO and NO: is
approximately 28.9 %o(27, 31). The relative contribution of EIE dominates under high NOx
concentrations relative to O3 concentrations, leading to enriched °N in pNOs, especially in the
cold season. For post-NO: oxidation reactions, two major nitrate formation pathways are
associated with the NO; + OH and N»Os hydrolysis reactions in polluted areas of mid-latitude, and

their fractionation factors are calculated as -3 %o and +28 %o, respectively(26, 27, 32).

The US EPA Community Multiscale Air Quality (CMAQ) model was utilized to quantify
the expected 0'°N fractionations associated with NO, oxidation to pNO3(33, 34). The CMAQ
model has been shown to effectively capture oxidation chemistry changes in response to emission
regulations in the northeastern US between 2005-2015 (33). Our previous work using oxygen

isotopes of pNO3 from the same filter records has demonstrated that an increase in ozone (O3)
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concentrations, driven by NO, emission reductions over the past decade, has accelerated the
conversion of nitric oxide (NO) to nitrogen dioxide (NOz) and subsequently NO> to pNOs. The
production of pNO3 occurs through enhanced dinitrogen pentoxide (N20Os) hydrolysis compared

to the NO; + hydroxyl radical (OH) pathway in urban areas in the northeastern US(33).

Throughout the major cities in the northeastern US (e.g. Providence, Boston, New York
City, and Washington D.C.), two primary NO> oxidation pathways—NO> + OH and NOs
hydrolysis—are known to be dominant for nitrate formation(33, 35). Based on this information, we
back-calculated 6'>N(NOy) considering isotopic fractionation during the conversion of NO to NO;
and NO; to NO; (Hereafter 6""N(NOx)eac; See method for details; Fig. 5.2). Predicted
O0N(NOy)caic indicates that isotope effects significantly influence the 5"’ N(pNOs) seasonality. The
EIE between NO and NO> (e.g., 28.9+2 %0) dominates under the higher NO. concentrations
relative to O3 concentrations, leading to enriched >N in pNOs3, especially in the cold season (Fig.
S5.5). In addition, since N2Os hydrolysis is the primary nitrate formation pathway during the cold
season, its associated fractionation effect (e.g., +28 %o) further enriches 6'°N in pNOs. In contrast,
during the warm season, the NO> + OH pathway dominates, with a much lower fractionation effect
(e.g., -3 %o), resulting in minor differences between 6'°N(NOy) and 6'>’N(pNO3). These differences
in isotope effects during the NO, oxidation process drive a seasonal contrast between 6'°N(NOx)
and 6'"N(pNO3), leading to higher values of §'"’N(pNOs) in the cold season compared to the warm
season, which results in an opposite trend to that of §'">’N(NOx). In other words, the seasonality of
O'’N(pNO3) is primarily driven by the fractionation effect, whereas the seasonality of 0'>N(NO,)
appears to be more strongly influenced by changes in NO, emission sources than by isotope effects,

as discussed further below.
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Figure 5.2. Monthly variations of observed 8'’N(pNOs) with calculated 8'"N(NOx)rac and
SISN(NOx)emi for 2005, 2010, and 2015.

Over the long-term, although the calculated 0'>N(NOx ). values show a decreasing trend from
2005 to 2015 (Fig. 5.2), the decrease in isotope effect alone cannot explain the observed long-term
decline in 6'°N(pNO3). The predicted 6'°N(NOx)caic values suggest that the d'°N kinetic isotopic
effect (-10+£5 %o0) has become increasingly important relative to the equilibrium isotope effect
(+28+£2%o), driven by the increase in O3 concentrations, as NO, emissions decreased over the past
decade. Specifically, the increase in incomplete nighttime Os titration by NO, particularly for the
cold season, enhanced the oxidation of NO to NOg, contributing to a greater influence of the kinetic
isotope effect under conditions of higher O3 concentrations relative to NO, concentrations in 2015.
In this case, '*NOj reacts faster than 'NO,, leading to a depletion of >N in pNOs. However, the
influence of the kinetic isotope effect on observed 6!°N(pNO3) only explains approximately -1 to
-2 %o change over 10 years compared to the observed 6'°N(pNO3) depletion of -6 %o over the 10—
year record. This highlights that the primary driver of the long-term decline in 6'’N(NO,) was

likely related to changes in NO, emission sources.

171



3.2  Impact of emission changes on 6'>N(pNO3)

Using the US EPA NEI estimate and previous 6!°N(NOx) source characterization studies, we
modeled 6"’N(NO,) values (hereafter, 5"’ N(NOx)emis) to see if changes in emission sources drive
temporal variations in 6'>’N(NOy) and/or 6'°N(pNOs) over the decade. Five major NO, emission
categories that have distinguishable isotopic signatures were considered(27): transportation (on-
road, non-road, and shipping), combustion (residential, commercial, and industrial), soil
emissions/agricultural activities, and biomass burning, accounting for roughly 95 % of all emitted
NO: in the eastern US. Combustion-related sources were further classified by fuel type into coal
& solid biofuel versus liquid fuel & process combustion (see Methods for details). Predicted
OPN(NOy)emis ranges from -6.8 %o to -0.7 %o (Fig. 5.1¢) and exhibits clear seasonality with higher
values in the warm season (on average -3.4+1.3 %o from Apr to Sep) than the cold season (on
average -4.7+1.0 %o from Oct to Mar). This seasonal pattern reflects fuel-type variations as coal
combustion with '"'N-enriched NOx dominates in summer due to higher electricity demand from
air conditioning, while natural gas with "N—depleted NO is heavily used for home heating in the

winter season (27, 36, 37).

Over the past decade, the US has increasingly relied on natural gas for electric power
production gradually taking old coal power plants offline (12, 38). This switch from coal to natural
gas is reflected in 0'">N(NOx)emis as an increased portion of "N—depleted NOy. Indeed, this energy
transition contributed to the decadal decreasing trend of 6'>N(NOx)emis values at an average rate of
-0.2(£0.01) %o year! for both cold and warm seasons (p<0.01; Fig. 5.1c). Coal-based electricity
generation declined steadily across all seasons, decreasing from 22 % to 15 % of total NOx
emissions between 2005 and 2015. This reduction contributed to an overall change in

O N(NOy)emis at a consistent rate of approximately -0.8(+0.1) %o throughout all seasons from 2005
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to 2015. At the same time, a significant increase in the usage of natural gas-based electricity
generation was observed from 14 % to 22 % of total NO, emissions playing an important role in
the trend of 6'>N(NOx)emis. The increase in natural gas use is especially pronounced during the cold
seasons, driving a 1.8(+0.3) %o decrease of 6"’ N(NOx)emis over the years. During the warm season
there is also a decline in 6'>N(NOx)emis, however this is more driven by an increase in the relative
fraction of emissions from soils/agricultural activities as fossil fuel based sources have decreased.
Additionally, soil/agriculatural emissions, containing >N-depleted NO,, have gradually increased
due to enhanced microbial activity and fertilizer application during the warm season (39, 40).
Overall, the transition from coal to natural gas, combined with the increasing influence of soil-
derived NO,, has driven a long-term decline in 6">N(NOx)emis, reflecting broader changes in

emission sources and regulatory efforts to reduce anthropogenic NO, emissions.

33 0N as a NOy emission source constraints

The predicted 6'>N(NOy)emis values, based on NO, emission estimates, effectively captured the
seasonality of the predicted 6'>N(NOx)care (Fig. 5.2). However, significant offset was observed
between these predicted 5" N(NOy)emis and the predicted 6" N(NOx)eqe values (p<0.01; Fig. 5.2),
suggesting potential uncertainties in emission inventories, chemical mechanisms in the model,
and/or isotope fractionation factors. While there might be some uncertainties in the chemical
processes and/or isotope fractionation, we do not believe these factors significantly contribute to
this discrepancy. This is because our previous study using oxygen isotopes has demonstrated that
calculated oxygen isotope values using the chemical mechanisms in the CMAQ model matched
well with observed values, indicating that the chemical mechanism in the model is likely accurately
represented in our study region(33). Additionally, direct measurement of fractionation factors is

unavailable and thus, we have used fractionation factors of theoretically calculated values or
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experimentally determined values for the calculations in our study. While we acknowledge that
uncertainties in isotope fractionation factors exist, we do not anticipate that they induce significant
errors in our analysis. For example, the KIE associated with the NO to NO; conversion is
experimentally estimated to be -10 %o with an uncertainty of +5 %o0. However, this isotope effect
contributes only partially to the final 6'">’N(pNO3). As a result, its propagated influence on the final
J0N(pNOs3) value is expected to be limited, likely within +1-2 %o. Therefore, these uncertainties
are insufficient to fully account for the offset between these predicted '’N(NOx)emis and

OPN(NOx)care values.

To better constrain NO, sources, we treated the observation record as a predictor of sources
and conducted a Bayesian framework-based isotope mixing model with a Markov Chain Monte
Carlo (MCMC) method utilizing EPA emission estimates with an assumed uncertainty of £30 %
as an a priori constraint. Isotope-constrained model results indicated that transportation was the
dominant NOy source, contributing approximately 60+4 % of total year-round NO, emissions,
followed by coal and natural gas combustion (Fig. 5.1d). In both the EPA NEI and MCMC method
results, coal combustion was more influential during the warm season, and natural gas and oil
combustion were more dominant in the cold season in the early years (Figure 5.3). However, NOx
emissions from coal combustion turned out to be a more significant contributor to pNO;3 formation
than reported by the EPA NEI, accounting for 22% and 29% for the cold and warm seasons,
respectively. According to the U.S. Energy Information Administration (EIA), coal combustion
typically increases during summer months due to higher electricity demand for air conditioning,
resulting in elevated NO; emissions(41). During the more recent years of the record, the
atmospheric lifetime of NO, has become shorter facilitating its rapid oxidation to pNO3, which can

be transported over long distances. This means that the influence of long-range transport of pNO;
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from coal-derived NO, emitted in upwind regions, such as the Ohio River Valley, is a major source
of coal combustion emissions in the eastern US. On the other hand, NO, emissions from natural
gas combustion for residential heating are more prominent during the cold season when the lower
boundary layer height enhances the influence of local sources. Even though no significant seasonal
differences in air masses were observed from back-trajectory analysis (Fig. S5.6), significant
differences in their usage depending on the purpose led to seasonality of 6'">’N(NOy) in the eastern
US regions. As coal has been replaced by liquid gas, coal’s contribution to NOx emissions has
decreased by 7-9 %, with less seasonal contrast in recent years. Overall, model and isotope-based
results suggest that NO, emissions from coal combustion may have been less accounted for in
conventional emission estimates than their actual contribution to the total NO, budget in the eastern
US. Therefore, despite the decreased portion in coal combustion, its contribution to pNO3
formation appears to be still more significant, particularly during the warm season when long-

range transport plays an important role.
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Figure 5. 3. Comparison of the relative fraction of NOx emission sources from the EPA NEI
versus MCMC isotope mixing model results.

A fundamental limitation in air quality regulation and emission assessments has been the
inability to observationally connect primary emissions to secondary pollutants such as O3, PMa s,
and deposition. Our study addresses this gap by incorporating stable isotope measurements, which
provide a powerful observational constraint on the sources and chemical processing of atmospheric
nitrate. Our J'’N(pNO3) isotope records exhibit significant temporal shifts over the past decade,
providing quantitative evidence of energy transition from coal to natural gas combustion of NOx

emissions in the eastern US. This highlights the effectiveness of coal combustion controls in
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reducing NO, emissions. As coal combustion has been phased out, the emergence of alternative
energy sources brings new environmental trade-offs. For instance, while natural gas is cost-
effective and produces lower emissions than coal, it still has challenges such as the potential risk
of methane leakage and non-renewable sources. In addition, while anthropogenic NO, emissions
decline, the relative influence of natural sources, such as soil emissions and lightning, is expected
to become more prominent in NOx emissions. In our previous companion paper, oxygen isotopes
of nitrate also revealed that emission regulation amendments have increased NO, oxidation
efficiency to inorganic and organic nitrate in heavily urbanized locations in the northeastern US.
These unexpected consequences are further complicating future air quality management. Therefore,
a comprehensive understanding of these trade-offs is essential for designing balanced energy
policies that effectively mitigate air pollution while ensuring a reliable and sustainable energy

transition.
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Figure S5.1. Total NOx emission and their relative fraction for the whole United States from
2005 to 2015 from the Environmental Protection Agency (EPA) National Emission Inventory
(NEI) estimates.
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Figure S5.2. Total NOx emission and their relative fraction by sectors for the whole United

States from 2005 to 2015 from the EPA NEI estimates.
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Figure S5 3. Total NOx emission and their relative fraction for the eastern US from 2005 to 2015
from the EPA NEI estimates.
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Figure S5.4. Box-and-whiskers plot describing the annual distribution of observed 8'°N of pNO3
by early years (2005-2009) and recent years (2010-2015) by the cold (Oct-Mar) and the warm
(Apr-Sep) season in Providence, RI.
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185



Jan/2005 | Jul/2005

-0
>80 %
>70 %
>60 %
>50 %
>40 %
>30 %
20 %
10 %
1%

Trajectory Frequency
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Abstract

The outbreak of COVID-19 caused widespread restrictions on human activities, leading to
unprecedented drops in emissions across the US. In this study, we utilized stable nitrogen (6'°N)
and oxygen isotopes (630 and A'70) of particulate nitrate to investigate atmospheric nitrate
chemistry and its response to emissions reductions during the COVID-19 lockdown in the
northeastern US. Precursor NO, emission dramatically decreased in both urban and rural areas due
to restrictions, but nitrate formation exhibited different sensitivity depending on the chemical
regimes; in urban areas, reduced NO, emissions enhanced ozone (O3) levels, increasing the
oxidizing capacity and leading to more efficient nitrogen oxidation process. On the other hand, a
decrease in NO, emission both reduced O3 and nitrate formation during the COVID-19 lockdown
in rural/suburban areas in the northeastern US. Isotope records suggest that shifts in NO, oxidation
chemistry, rather than changes in the type of emission sources, were the primary contributors to
nitrate formation during the lockdown. These findings highlight the complex interactions between
emission reductions, atmospheric oxidation chemistry, and secondary aerosol formation. Therefore,
understanding these interactions is critical for making air quality policies to effectively mitigate

air pollution.

1. Introduction

Reactive nitrogen species in the atmosphere (e.g., nitrogen oxides (NO = NO + NO>) and
nitrate (gas-phase nitric acid (HNO3) and nitrate in particulate form (pNO3))) play critical roles in
air quality, climate, and human and ecosystem health!. NO, influences the oxidative capacity of
the atmosphere by controlling ozone (O3) and hydroxyl radical (OH) levels, thereby affecting the
lifetime of greenhouse gases such as methane (CH4)**. Gaseous HNOj is a strong acid and highly

water-soluble, which readily dissolves in cloud droplets, contributing to acid rain®. Gaseous HNO;
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is partitioned into the particle phase of NO3, a major inorganic component of fine particulate matter
(PM,.5), with significant adverse effects on human health, visibility, and radiative forcing>®. As a
main sink of reactive nitrogen species, the wet and dry deposition of HNOj3 and pNOs3 contributes

to acid deposition, damaging aquatic ecosystems, soil environments, and forest productivity’-%.

Over the past several decades, the Clean Air Act Amendment in the US has been implemented
in the US to mitigate major environmental threats such as acid rain, urban air pollution, and toxic
air emissions. As a result, sulfur dioxide (SO2) and NO, emissions were successfully controlled
with a total decrease of 73 % and 43 %, respectively, between 2005 and 2015 based on the US
EPA National Emission Inventory (NEI)*!°. However, the response of changes in endpoints such
as O3, PM s, and deposition to emission regulations has not followed the expectation due to

10.11 "For example, previous

complex non-linear chemical feedbacks associated with NO, chemistry
studies in the northeastern US have shown that wintertime pNOs concentrations have not changed
over the decade, despite a significant decrease (~35 %) in NO, emissions'®!!, This is because
increased O3 concentrations enhanced atmospheric oxidizing capacity as NO, emissions decreased,
leading to more efficient pNO3 formation in recent years'2. In addition, the decrease in NO,
emissions has led to increased importance of organic nitrates (RONO>) chemistry in many places
in the US, significantly shifting the mechanisms of NO; loss dominated by RONO; production'®4,
These long-term emission reductions have driven substantial changes in air quality in the US for
the past several decades, though the rate of emission reductions has recently slowed down due to
the decreasing effectiveness of regulations!>16,

However, in 2020, the outbreak of the COVID-19 pandemic led to an abrupt and

unprecedented reduction in human activities worldwide, resulting in a significant decrease in air

pollution and greenhouse gas emissions over a short time scale!”"'°. In the US, the COVID-19
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lockdown began on March 15, 2020, imposing strict restrictions on various sectors, including
transportation, industrial activities, travel, and economic operations. Consequently, these actions
resulted in decreases in NO,, SO2, and carbon monoxide (CO) emissions by approximately -
14(£2) %, -12(£10) %, and -11(+2) %, respectively?®?!. This was a greater reduction than the
average annual decline over the past decade. In contrast, SO2 and PM; s exhibited similar reduction
rates to past trends, while ammonia (NH3) emissions slightly increased during the COVID-19
lockdown?°. The unprecedented drops in emissions during the COVID-19 lockdown similarly
occurred across the countries in the world, but their response to air quality slightly varied by region.
For example, in China, NO; concentrations considerably decreased by 60 %, similar to SO> and
CO, but secondary pollutants such as O3 and PM> s concentrations are substantially enhanced,
especially in heavily urbanized areas???*. Additionally, despite the drop in various atmospheric
aerosols and trace gases, PMa s levels stayed unchanged or even increased in Europe due to an
increase in NH3 and the complicated gas-to-particle conversion process®*. In contrast, South Korea
experienced improved air quality, with significantly reduced concentrations of NO>, CO, PM; s,
and PMo during the social distancing period for COVID-19%>2¢, Similarly, most of the areas in
India also showed lower key pollutant levels such as PM2 5 (-26 %), maximum daily 8 hr average
O3 (-11 %), NOz (-50 %), and SO» (-14 %) during the COVID-19 lockdown, though the scattered
increases in O3 (up to 21 %) in some urban locations were observed in the VOC-limited areas?’-28.
Overall, the COVID-19 lockdown globally provided a unique opportunity to experience the impact
of restricted human activities on the local air quality over a short time scale.

Previous studies have demonstrated that stable nitrogen and oxygen isotopes (€.g., ORsampie =
[Rsampie/Rstandara - 11X 1000 (R = PN/MN, 180/1%0, and '70/'°0)) of nitrate serve as powerful

observational constraints for the understanding of atmospheric nitrate sources and/or chemical
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processing?®~3*. Nitrogen isotope (6!°N) of nitrate has been proven to provide information about
precursor NO, emission sources such that each source, like transportation, fuel combustion, soil,
and lightning, tends to have distinct 6'"°N values?®23-32, Further, isotope fractionation during NO,
cycling and nitrate formation can affect 6'°N(pNOs) values, reflecting variations in oxidation
chemistry34°. Oxygen isotopes (6'%0 and A!7O (= 6'70 - 0.52 x §'%0)) in nitrate have been proven
to provide observational constraints on the oxidation pathways responsible for atmospheric nitrate
formation3%3!34, Atmospheric oxidants such as Oz, O2/RO2/HO>, H>O, and OH possess distinct
080 and A!7O values and these unique signatures are incorporated into nitrate during NOy
oxidation chemistry. Atmospheric O3 possesses an excess of 170, due to mass-independent
fractionation during its formation. This 7O excess is defined as A'’O, which is the unique signature
of O3*'"#, On the other hand, each atmospheric oxidant has distinct 630 values, allowing for
further detailing of NO, oxidation chemistry compared to A'’O**, These unique characteristics thus
enable us to quantify precursor emission sources and/or NOy oxidation chemistry.

The northeastern US has historically experienced poor air quality due to emissions from highly
populated and urbanized areas, as well as long-range transport from the Midwest, where coal-fired
power plants, industrial facilities, and agricultural activities contribute to emissions. In this study,
we analyzed nitrogen and oxygen isotopes of nitrate collected from the six Clean Air Status and
Trends Network (CASTNET) sites in the northeastern US before and after the COVID-19
lockdown periods. This period provides a unique opportunity to assess the impacts of reduced
human activity on air quality on a short time scale. Based on these isotope records, we aimed to
quantitatively evaluate the spatiotemporal variabilities of atmospheric nitrate sources and/or
chemical processing under the COVID-19 lockdown impact. Our study contributes to a better

understanding of changes in atmospheric oxidation chemistry and chemical feedback to short-term

191



emission reductions, providing insights that can inform regulatory strategies for improving air

quality in the future.

2. Methods

2.1 CASTNET filter

Atmospheric particulate matter (PMa.s) samples were collected by the US EPA at several
locations of the CASTNET sites in the northeastern US. Six CASTNET sites were selected (Fig.
6.1): Abington, CT (ABT147; 41.84°N, -72.01°W); Beltsville, MD (BEL116; 39.03°N, -76.82°W);
Claryville, NY (CAT175; 41.94°N, -74.55°W); Connecticut Hill, NY (CTHI110; 42.40°N, -
76.65°W); Wash. Crossing (WSP144; 40.31°N, -74.87°W); Woodstock, NH (WST109; 43.94°N,
-71.70°W). The samples were collected weekly from 01 January 2019 to 31 December 2020 using
a three-stage filter pack system including Teflon, nylon, and cellulose filter. Based on EPA
protocols, pNO3, pSO4, and pNH4 were collected using a Teflon filter in the first stage of the filter
pack, and gaseous HNO3 was collected using a nylon filter. Filter pack flow rate is maintained at
1.50 L min! at standard conditions. The filters were extracted and analyzed for their
concentrations following standardized protocols at the Wood Gainesville, FL, US laboratory**.
Briefly, the filters were extracted using 25 mL of ultra-high purity water (> 18.2 MQ), and the
filter extracts were measured using micromembrane-suppressed lon Chromatography (IC) to
determine HNOs3, pNO; and pSOs concentrations. For pNH4 concentrations, the automated
indophenol method with the Bran+Luebbe AutoAnalyzer 3 was used* . Mass concentrations in the
air (ug m?) were calculated based on the volume of collected air. Following this analysis, the
samples were stored in a laboratory at room temperature for up to 2 years until shipment to Brown

University.
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Figure 6.1. Map of United States (a) and selected CASTNET sites (b) for this study in the
northeastern US. The image was created using Google Earth (© 2025 Google).

2.2 Concentration and Isotope Analysis

Extracted pNO3 samples were shipped to Brown University. To secure enough volume for
isotope analysis, samples were aggregated each month and remeasured their concentrations.
Nitrate concentrations were measured for isotope analysis using ion chromatography (Dionex
Integrion HPIC) employing suppressed conductivity detection. Nitrate concentrations were
determined using a Dionex AS19-4 um guard column (4x50 mm) and analytical column

(4x250mm) with 20 mM KOH as eluent and a flow rate of 1 mL min'.

Nitrogen and oxygen isotopic compositions in pPNO3 were analyzed using the well-established

4648 Briefly, samples were injected into a buffer

bacterial denitrifier method at Brown University
solution containing Pseudomonas aureofaciens, which lacks the nitrous oxide (N2O) reductase
enzyme, and nitrate samples were quantitatively reduced to N2O. For 6'°N and 6'%0 analysis, the

generated N2O is injected into a Thermo-Finnigan Delta V Plus isotope ratio mass spectrometry

(IRMS) with a modified GasBench system after flowing through an automated extraction and
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purification system. N>O was determined for their §'°N and 6'®0 compositions at an m/z of 44, 45,
and 46 and corrected using internationally recognized isotopic reference materials that included
TAEA-NO-3 (6N = 4.7 %o and 30 = 25.6 %o0), USGS34 (6'°N = —1.8 %o and '30 = —27.9 %o),
and USGS35 (6N = 2.7 %o and 6'%0 = 57.5 %o). The A!7O was determined in a separate analysis.
The bacteria-generated N>O was decomposed to N> and O> in a gold furnace heated to 770°C and
analyzed at m/z 32, 33, and 34 to determine '70O/'°0 and '%0/!°O ratios of the evolved O,. The
33/32 and 34/32 mass ratios were corrected using isotopic reference materials, USGS34 (—0.29 %o)
and USGS35 (21.6 %o), and then A!'’O was determined from A!7O = §'70 — 0.52 x 6'80. Due to
sample mass limitations, some samples were only analyzed for 6'30. The overall pooled standard
deviations of isotopic reference materials and sample numbers were as followed: USGS34
(6(6*N)=0.5 %o (n=137); 6(6'30)=1 %o (n=137); 6(A"0)=2.9 %o (n=116)); USGS35 (c(6'°N)=0.6
%o (n1=137); 6(6'%0)=1.2 %o (n=137); 5(A70)=2.5 %o (n=116)), and IAEA-NO-3 (c(6'*N)=0.4 %o

(n=137); 6(3"%0) = 0.7 %o (n=137)).

2.3  NO, emission database and 6"’N(NO) estimation

J0N(pNO:s) serves as a useful tracer of NO, emission sources, as the distinct 6'°N signatures
of NO, from various emission sources are preserved in 6'’N(NO,)*-7. Here, we estimated the
J0N(NOy) value using the 2020 US EPA national NO, emission inventory from the northeastern
US. The NO, emission inventory data were reported depending on fuel types and sectors for every
year and state. Given the wide range of NO, sources, we have simply divided them into five sectors
by major source types for the calculation. Specifically, we have categorized emissions as
follows®*337394: agriculture activity and soil NO, emissions (6'°N =-33.0+12.3 %o), transportation

(0N = -4.7£1.7 %o), and biomass burning (6'°N = 2.5+7.5 %o). Energy production, industry, and

combustion were grouped by fuel type as either combustion — coal & solid biofuel (6'°N = 13.6+3.9
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%o) or combustion — liquid fuel & process (6"°N = -16.5+1.7 %o). Given NEI reports annual NO,
emission data, seasonal variations of these emissions sources were inferred using monthly NOx
emissions reported by the Emissions Database for Global Atmospheric Research (EDGAR) (note
that EDGAR data is the whole US domain). Annual and monthly 6'>N(NOy) values from 2005 to
2015 were calculated based on isotope mass balance using the fraction of NO, emissions by sector
and fuel type and previously reported 6'°N(NOy) emission signatures following a previously

described method:
OPN(NOy) = XLy fi X 6"°Ny(NOx) (Eq.1)

where f; represents fractions of each emission source compared to whole NO, emissions. §"°N;(NOy)

is the emission signature of sources. Details can be found in Bekker et al., 202333,

2.4  Ancillary Near-Surface Observations

This study utilizes near-surface observations of gaseous pollutants, including Oz and NOy, from
the Clean Air Status and Trends Network (CASTNET) and the Chemical Speciation Network
(CSN), respectively. Hourly O3 data from the CASTNET sites were used in this study. NO, data
were obtained from the nearest air quality monitoring station since the CASTNET sites are not
measuring NO, concentrations. In addition, gaseous NH3 concentrations were used from the co-
located Ammonia Monitoring Network (AMoN) sites, which were co-located with the CASTNET

sites.
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3. Results and discussions

3.1 Spatiotemporal variations of observation (overview)

Figure 6.2 shows the overview of the monthly averaged spatiotemporal variations of trace
gases (O3 and NO,) and inorganic ion species (e.g., HNO3, pNO3, pSOs, and pNH4) for 2019 and
2020, and their statistics are summarized in Table S6.1. Throughout the two years, the observed
species exhibit distinct spatial and temporal patterns. For example, CASTNET sites located near
highly polluted urban areas, such as BEL116 and WSP144 (near Washington, D.C. and New York
City, respectively), showed higher NO, and inorganic ion concentrations than other locations due
to their proximity to major emission sources. In contrast, remote sites like WST109, which are
farther from urban centers, exhibited lower NO, and inorganic ion concentrations due to the
reduced influence of emissions. However, O3 showed the opposite pattern, which is higher
concentrations observed at sites farther from urban areas and lower concentrations near city centers,

indicating that NO; titration plays a significant role in O3 levels.
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Figure 6.2. Overview of the monthly averaged spatiotemporal variations of trace gases (O3 and

NOy), inorganic ion species (e.g., HNO3z, NH3, pNO3, pSO4, and pNHj), and isotopic compositions
of pNO; (6N, 6'80, and A'70) from Jan 2019 to Dec 2020.

In terms of temporal variations, NO, concentrations tend to be higher in winter due to a

combination of reduced photochemical activity, increased lifetime, lower boundary layer height,
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and seasonal emissions patterns. In contrast, O3 concentrations peak in the warm season, driven
by increased solar radiation and enhanced photochemical production under higher temperatures.
A strong correlation between pNO3 and pNHj exists for all periods (R? = 0.88; Fig. S6.1). This is
likely driven by pNO; and pNH4 concentrations being higher in the cold season compared to the
warm season, primarily due to the increased formation of ammonium nitrate (NH4NO3) at lower
temperatures. Temperature sensitivity has gradually increased as pH increases due to the low SO:
concentration in the winter season. In colder temperatures, HNOs; and NH; remain in the particle
phase longer, resulting in a more pronounced wintertime seasonality for both pNO; and pNH4. On
the other hand, pSOs strongly correlated with HNOs (R? = 0.75; Fig. S6.1) over the measurement.
pSO4 concentrations are higher in the warm season compared to the cold season, as SO oxidation
was more efficient with higher oxidant availabilities driven by photochemical oxidation. SO:
oxidation in winter was likely limited by oxidant availability, specifically in cloud water, due to
reduced sunlight and high SO, concentrations relative to oxidant availability. However, the
oxidants were sufficiently available to fully oxidize SO; to pSO4 in the warm season due to the
photochemical production of oxidants relevant to SO: oxidation, leading to an increase in pSOs4
concentrations. In addition, the presence of high pSOs content and elevated temperatures in
summer led to more acidic aerosol pH>’, which in turn shifted HNO3/pNOs partitioning toward the

gaseous phase, increasing HNOj3 concentrations.

For isotope records, spatiotemporal variations of J'°N, §'%0, and A!'’O in pNOs were
observed from 2019 to 2020 (Fig. 6.2). The isotopic composition of pNO; provides insight into its
precursor sources and formation pathways. Nitrogen isotope (6'°N) in pNOs serves as an indicator
of NO, emission sources and chemical processing in the atmosphere, and oxygen isotopes (630

and A!70) reflect the oxidation chemistry during nitrate formation. Significantly higher 6'°N values
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are observed for BEL and WSP sites compared to the other four sites. This is likely due to the
dominant NOy source in these areas, including vehicular traffic, industrial facilities, and power
plants. In particular, the relative contribution of coal combustion emissions with '’N-enriched NOx
dominates in these areas since major power plants are located in the Midwestern US area. Whereas
no significant spatial differences were observed for the other four sites. In terms of oxygen isotope
records, 6'%0 and A0 of pNOs did not exhibit strong spatial differences. It is expected that pNO;3
has a long atmospheric lifetime, and regional oxidation chemistry is similar; thus, regional

influence is more important for NO, oxidation chemistry compared to local influence.

For temporal variations, both nitrogen and oxygen isotopes show higher values in the
winter season compared to the warm season (Fig. 6.2), which is consistent with previous studies
in the northeastern US3*3. This seasonality can be attributed to changes in emission sources and
oxidation chemistry by season. For example, fuel-type variations are reflected in 6'°N(NOy) as
coal combustion with >N-enriched NOy dominates in summer due to higher electricity demand
from air conditioning, while natural gas with N-depleted NO, is heavily used for home heating
in the winter season. In addition, the isotope effect involved in NO, cycling and atmospheric nitrate
formation has an important role in determining 6'°N(pNO3) values. Particularly, previous studies
suggested that the fractionation effect during either NO to NO; oxidation or NO> to pNO; oxidation

was significantly important in §'">’N(pNO3) seasonality in the wintertime.

Oxygen isotopes of nitrate exhibit distinct seasonality, with higher 680 and A!’O values
observed in the cold season and lower values in the warm season, which are driven by a shift in
oxidation chemistry. During the cold season, the relative importance of N>Os hydrolysis increased,

resulting in more incorporation of O3 into pNOs formation. This led to higher 6'30 and A'7O values
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of pNOs. In contrast, during the warm season, NO> oxidation by OH dominates compared to Os.

The contribution of O3 is relatively diluted, leading to lower 6'%0 and A!7O values.

3.2 Impact of COVID lockdown (2019 vs. 2020 March)

In the mid of March 2020, the COVID-19 lockdown was implemented across the US, leading
to restrictions on travel, industrial activities, and economic operations. Most states issued stay-at-
home orders, resulting in reduced transportation and industrial emissions. Consequently, the
concentrations of primary pollutants such as NO,, SO», and CO have dramatically decreased during
the COVID-19 lockdown compared to pre-COVID-19 periods®®. To assess the impact of the
COVID-19 lockdown on air quality, we compared monthly datasets between 2019 and 2020. Since
air pollutant concentrations are strongly influenced by meteorological factors such as temperature,
relative humidity, boundary layer height, and sunlight, a month-to-month comparison minimizes
those artifacts in our records. Our statistical analysis indicates that a significant decrease in NO,
pNOs3, pSO4, and pNH4 concentrations due to the COVID-19 lockdown was observed in March
exclusively (p<0.05). The concentrations of air pollutants rebounded after March and their changes
were not significant in the following months. Therefore, our primary analysis in this section
focused on the comparison between March 2019 and March 2020, when the most significant

reductions were observed.

3.2.1 Changes in air pollutants

Figure 6.3 shows the relative changes of NO,, O3, HNO3, NH3, and inorganic ions (e.g., pNOs,
pSO4, and pNH4) concentrations as well as NO, emissions between March 2019 and March 2020
in the northeastern US. In this region, the transportation sector, electric utilities, and industrial fuel

9,33

combustion are known as the major NO, sources’>°. According to the global emission estimates

of the Emissions Database for Global Atmospheric Research (EDGAR), NO, emissions
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dramatically decreased by around -10 % in March across the US under the implementation of the
COVID-19 lockdown. The reduction primarily occurred in the transportation and power
generation sectors, yet their relative contributions remained unchanged (Fig. S6.2), indicating that
all major NO, sources were modeled to decline similarly. As a result of the NO, emission
reductions, atmospheric NO, concentrations also decreased by approximately 14% in rural areas
(i.e., ABT147, CAT175, CTHI110, and WST109) and 20% in urban areas (i.e., BEL116 and
WSP144). The impact on O3 concentrations varied depending on the local chemical regime. In
rural areas where O3 production is a NO,—limited regime, the decrease in NO, concentration led to
a 14% reduction in O3 concentration. In contrast, in urban areas where O3 concentration is sensitive
to VOC level (i.e., VOC-limited regime), the decrease in NO, emissions resulted in approximately

a 5% increase in O3 concentrations, particularly at nighttime due to reduced Os titration by NO.
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Figure 6.3. (a) Percentage change of NOx, O3, HNO3, pNH4, pNOs3, and pSO4 concentrations
between Mar 2019 and Mar 2020 for urban (BEL116 and WSP144) and rural areas (ABT147,
CATI175, CTH110, and WST109). (b) Change in isotope value of 6'°N, §'*0, and A0 of pNO3
between Mar 2019 and Mar 2020 for urban and rural areas.
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The dramatic reductions in primary emissions during the COVID-19 lockdown also influenced
secondary particulate matter formation. Overall, pNH4 and pSO4 concentrations decreased by 43 %
and 23 % in urban areas and 39 % and 27 % in rural areas, respectively. pNO3 concentrations have
also decreased by 55 % and 65 % for urban and rural areas, respectively. However, in contrast to
the overall reduction in inorganic chemical components in PMz s, gaseous HNO; concentrations
have increased by 12 % in urban in the northeastern US. This different response is likely driven

by shifts in gas-particle partitioning due to changes in primary emissions.

3.2.2 Changes in nitrogen and oxygen isotopes of pNOs

To further understand the impact of these emission changes on nitrate formation, we analyze
the nitrogen and oxygen isotopic composition of pNO3. The §">°N(pNO3) provides a powerful tracer
of observational constraints for identifying atmospheric NO, emission sources and chemical
processing during NO, oxidation chemistry. During the COVID-19 lockdown period, observed
J0N(pNO:s) significantly decreased from 2.4(£1.5) %o to 1.0(£0.1) %o and from 1.2(£0.9) %o to —
0.3(%1.1) %o compared to March 2019 for both urban areas (BEL and WSP) and rural areas (ABT,
CAT, CTH, and WST), respectively. Similarly, oxygen isotopes (6'%0 and A!'’O) in pNOs provide
observational constraints on the oxidation pathways that are responsible for atmospheric nitrate
formation. A notable decrease in J'*0O(pNO3) was also observed during the COVID-19 lockdown
period from 69.9(£3.2) %o to 65.5(%1.0) %o and from 72.3(%1.0) %o to 67.7(%£2.5) %o for both urban
areas (BEL and WSP) and rural areas (ABT, CAT, CTH, and WST), respectively. These are likely
driven by changes in NO, emissions and/or their impact on NO, oxidation chemistry during the

COVID-19 lockdown.

Previous spatiotemporal 6'°N differences in atmospheric nitrate in the midwestern and

northeastern US had been concluded to reflect the importance of precursor emission sources 32331,
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By mass balance equation, we calculate the 6'>’N(NOy) value using the NOx emission estimates
with assumed emission source values to assess whether changes in emission sources significantly
affect pNOj3 formation and thus they are responsible for the decrease in §"°N(pNO3) value during
the COVID-19 lockdown. Five major NO, emission categories that have distinguishable isotopic
signatures were considered: transportation (on-road, non-road, and shipping), combustion
(residential, commercial, and industrial), soil emissions/agricultural activities, and biomass
burning, accounting for roughly 95 % of all emitted NO, in the eastern US. Combustion-related
sources were further classified by fuel type into coal & solid biofuel versus liquid fuel & process
combustion (see Methods for details). Calculated 6'°N(NOy) values using NO, emission estimates
were -2.9 %o and -3.0 %o for March 2019 and 2020, respectively, indicating that J'">’N(NOy) values
did not exhibit significant changes between 2019 and 2020. This modeled 6'>N(NOy) suggests that
changes in emission sources played an insignificant role in determining pNO3 formation, while

changes in NOy oxidation chemistry due to the COVID-19 lockdown are likely more influential.

Assuming that the 5" N(NOy) value did not change during the COVID-19 lockdown period,
we additionally investigated if NO, oxidation chemistry changed in March 2020 using our
observed 0'>'N(pNO3) and theoretically calculated fractionation factors in previous studies®*40->2,
The influences of 6!°N fractionation associated with NO; cycling (e.g., ’¢(NO2/NO)) and NO, to
pNOs conversion (e.g., °&(NO3/NO2)) on 6'°’N(HNO;3) were quantified based on a previous

framework?>3.

The impact of NO, reductions varies by region due to differences in ozone production
sensitivity and atmospheric conditions. In urban areas, NO, emission reductions have led to an
increase in O3 concentrations. In this environment, the elevated O3 levels enhance NO oxidation

to NO,, increasing the fraction of NO, to NO,. Indeed, calculated e(NO2/NO) indicated that
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15¢ (NO2/NO) played an important role in a decrease in 6"’N(pNOs) values compared to
15¢(NO3/NO3) during the COVID-19 lockdown period. This is because the kinetic isotope effect,
primarily associated with the NO+O; pathway, became more crucial relative to the equilibrium
isotope effect (EIE), which is more important under lower f{NO;) conditions. Note that under
conditions of higher O3 concentrations relative to NOx concentrations, the kinetic isotope effect
dominates compared to the EIE, contributing to a depleted "N in pNO;. Additionally, N2Os
hydrolysis still remains an important pathway for HNO; formation in an urban environment due
to increased Os availability, leading to a higher nitrogen oxidation ratio (NOR) in March 2020.
This indicates that as NO, emission is reduced, nitrate formation becomes more efficient due to an
increase in oxidizing capacity, contributing to an increase in HNO3 concentration, not pNO3
concentration during the COVID-19 lockdown. However, its impact on J"*O(pNOs) is
counterbalanced by the NO+Oj3 reaction, which yields lower §'30 values because the oxygen atom
in NO reflects the isotopic signature of its emission sources (e.g., Oz in the case of combustion).
This mechanism resulted in the observed decrease in 6'*0(pNQO3) value in March 2020, which is

consistent with findings from a previous study!2.

On the other hand, in rural areas, reduction in NO, emissions has led to a decrease in O3
concentrations with an increase in f{NO:) such that O3 formation is primarily constrained by the
availability of NOx. No significant change in °£(NO»/NO) was calculated, but °¢(NO3/NO>) value
considerably decreased during the COVID-19 lockdown. We have assumed that two primary NO»
oxidation pathways—NO>+OH and N>Os hydrolysis—were dominant in this area for nitrate
formation as suggested in the previous study>®. The calculated *¢(NO3/NO,) value indicates that
the NO2+OH pathway has been important for pNO3 formation compared to N>Os hydrolysis in

March 2020, though total nitrate formation decreased. This is likely driven by insufficient NO»
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and O; levels for N2Os hydrolysis, leading to a shift in the dominant pathway for HNO; formation
toward the NO>+OH reaction. The fractionation effect associated with the NO2 + OH reaction is
known to be -3 %o, while fractionation during N>Os hydrolysis is assumed to be approximately
+28 %o. This means that the shift in chemical processing toward NO>+OH reaction resulted in
lower 6'°N(pNOs) values in March 2020 than in March 2019. As well as §'*O(pNOs) value
decreased due to the diluted influence of O3z into pNOs. Overall, as NO, and O3 concentrations
decreased, HNOj3 and pNOs concentrations decreased with decreased NOR, indicating that pNO3

formation became less efficient during the COVID-19 lockdown in rural regions.

33 Sensitivity of nitrate formation to precursor emissions between urban and rural

As described in the previous section, during the COVID-19 lockdown, NO, emissions notably
decreased across all sites in the northeastern US, leading to a more than 50 % reduction in pNO3
concentration. However, the response of HNO3 concentration shows a significant contrast between
urban and rural areas. This contrast might be because nitrate formation is sensitive not only to NOx
emissions, but also NH3, SOz, and VOC emissions and gas-to-particle partitioning rate, depending
on local atmospheric conditions. Here, we further explored how the sensitivity of nitrate formation

to precursor emissions differently affects urban and rural air quality.

In the presence of sufficient NHj to fully neutralize H2SOs, excess NH3 can react with HNOs,
forming NH4NOs, shifting the equilibrium toward the particulate phase. In contrast, HNO; remains
in the gas phase when NH3 availability is limited. The partitioning process of HNO; between the
gas and particle phase is influenced by ambient temperature (T), relative humidity (RH), and
aerosol pH>. The pH value within a certain range plays an important role in the gas-particle
partitioning of nitrate, which significantly impacts nitrate formation!®>°, Interestingly, during the

COVID-19 lockdown, surface NH3 concentrations considerably increased by approximately 12—
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49 % across nearly all sites, except for the WST site. This increase could be attributed to the
reduction of SO, and NO.—key precursors that react with NH3—resulting in less chemical removal
and a longer atmospheric lifetime than before. Additionally, it is likely driven by an increased
relative portion of agricultural activities, a major source of NH3 emissions, since they were not

largely affected by the lockdown restrictions.

Under these abundant NH3 conditions, as NO, emission decreased, increased O3 concentrations
led to more NO oxidation to NO> in urban areas, contributing to more N>Os hydrolysis reactions
with efficient conversion of NOx to nitrate in March 2020. Enhanced nitrate formation driven by
increased Oz levels led to elevated gas-phase HNOs concentrations during the COVID-19
lockdown. However, this did not directly result in an increase in pNOs, suggesting that gas-to-
particle partitioning was influenced by multiple factors, not only aerosol pH. For instance,
meteorological conditions, including temperature and relative humidity, along with changes in pre-
existing aerosol composition and atmospheric depositions, likely played a critical role in response
to pNO; concentrations. This highlights the complexity of secondary aerosol formation under
various chemical and physical conditions. On the other hand, the substantial decline in NO,
emissions directly leads to a decrease in O3 concentration, which in turn reduction in HNO3
production. Less efficiency in nitrate formation causes both HNO; and pNOs concentrations to
decrease. Overall, due to the abrupt decrease in precursor emissions during the COVID-19
lockdown, different sensitivities of nitrate formation to emissions were observed between urban

and rural.
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4. Implications

This work presents a comprehensive understanding of nitrate formation sensitivity to precursor
emissions restrictions during the COVID-19 lockdown across urban and rural environments.
Isotope observations provide direct evidence that the shift in oxidation chemistry driven by
emission restrictions during the COVID-19 lockdown played an important role in air quality and
atmospheric chemistry. Prior to the lockdown, NO, concentrations in urban areas were
approximately 1.5 to 2 times higher than those observed at rural sites. However, during the
COVID-19 lockdown, NOy concentrations decreased substantially across both urban and rural sites,
resulting in comparable NOy levels between the two regions. Despite similar NO, concentrations
during the lockdown, the responses of secondary pollutant formation were clearly distinguished
between the two regions due to differences in chemical regimes. Specifically, O3 production
sensitivity differed between urban and rural areas as NO, emission was reduced. In urban regions,
controls on NO, emissions were not effective at reducing O3 levels. Rather, this contributed to
increased oxidizing capacity, boosting nitrate formation, while rural/suburban areas showed both
decreases in O3 and nitrate formation during the COVID-19 lockdown. These findings underscore
that more stringent mitigation policies based on spatial variabilities are needed to achieve effective

control of air pollution.

As anthropogenic NO, emissions continue to decline with the transition to cleaner energy
sources, NO, emissions from natural sources, such as soil and lightning, are expected to be
dominant, posing new challenges for air quality management. Understanding these future
dynamics requires insight into how the atmosphere responds to substantial reductions in

anthropogenic NO,. The unprecedented drop in emissions during the COVID-19 lockdown
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provided a unique and practical window that allowed us to project long-term regulatory impacts

on air quality and atmospheric chemistry.
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Table S6.1. Statistics of yearly averaged values of trace gases (O3 and NOy) and inorganic ion
species (e.g., HNOs, pNO3, pSOs, and pNHa4).

Site Year NO, 0, HNO, NH, S0, pNO; NH, SO,  ON(PNO;) oBO(pPNO;) AO(pPNOs)
(ppbv)  (ppby)  (ppbv) (pgm?)  (ppbv) (ugm?d) (ugm?) (ugm?) (%0) (%o) (%0)
ABTI47 2019 1720 33.35 0.21 0.53 0.12 0.67 0.30 0.68 0.11 64.34 24.55
2020 16.07 32.28 0.22 0.84 0.11 0.62 0.26 0.70 -1.46 66.07 25.83
sELIe 2019 1483 29.40 0.31 1.06 0.19 0.94 0.49 1.08 0.55 67.70 27.27
2020 12.64 26.98 0.28 0.87 0.14 0.59 0.35 0.93 2.60 66.14 27.36
Carlys 2019 1440 - 0.19 0.19 0.11 0.47 0.30 0.62 -1.65 64.33 29.50
2020 15.01 - 0.21 0.20 0.10 0.45 0.31 0.63 -1.59 70.49 26.86
chio 2019 - 33.81 0.20 0.72 0.16 0.79 0.47 0.85 097 68.61 26.51
2020 - 33.67 0.20 0.79 0.14 0.61 0.39 0.78 -1.86 68.39 27.22
wsplag 2019 2603 34.69 0.36 0.55 0.19 1.10 0.49 0.99 1.74 65.63 23.88
2020 26.02 28.51 0.32 0.52 0.16 0.77 0.35 0.87 1.52 66.58 23.94
wsTlo9 2019 1090 34.19 0.07 0.37 0.08 0.18 0.19 0.47 -1.28 62.89 28.18
2020 9.47 26.36 0.09 0.40 0.08 0.18 0.20 0.52 -1.10 62.93 24.44
Total 16.13 31.32 0.22 0.59 0.13 0.61 0.34 0.76 0.15 64.59 25.48
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CHAPTER 7

Conclusion
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This thesis represents progress in our understanding of atmospheric chemistry and its
responses to emission regulations in the United States. Specifically, this work focuses on
understanding atmospheric nitrate chemistry in a densely populated region of the world that has
often suffered from air quality degradation, while also seeing significant improvement in air
quality in recent decades. Atmospheric nitrate is a key component of particulate matter and plays
a crucial role in air quality and atmospheric chemistry, influencing human and ecosystem health
and climate. The northeastern US has historically experienced poor air quality and serious acid
deposition due to emissions from highly populated and urbanized areas. Utilizing long-term and
short-term stable isotope measurements with atmospheric chemistry models, this work
demonstrates the critical role of stable nitrogen and oxygen isotopes of nitrate as powerful
observational constraints on atmospheric nitrate precursor sources and chemical processing. These
isotopes have provided in-depth and quantitative insights about atmospheric nitrate chemistry that

were not accessible using traditional tools.

This work began by focusing on recent atmospheric nitrate records in the northeastern US.
Chapter 2 provides the spatiotemporal variabilities of atmospheric nitrate formation in the
northeastern US during 20172018 using oxygen isotopes of nitrate (A!’O and 6'0) and output
from a state-of-the-art atmospheric chemistry model. This study was the first quantitative
evaluation of oxidation chemistry using the observed triple oxygen isotope compositions of both
HNO; and pNO;, employing the 3D global air quality model, GEOS-Chem, in this region. No
significant spatial variabilities of oxygen isotopes, especially for pNO; were observed in our
records, as nitrate formation is regionally influenced due to longer atmospheric nitrate. However,
interestingly, significant differences between A!O(pNO;) and AO(HNO;) were observed,

indicating phase-dependent oxidation chemistry for atmospheric nitrate formation. Conventional

217



understanding would expect A0 of HNO; and pNOj; to be the same since HNOj3 is partitioned
into the aerosol phase based on thermodynamic equilibrium (i.e., NH4NO3(s) = HNOs(g) + NH3(g))
or coarse uptake. However, our findings suggest that phase-dependent oxidation chemistry plays
a more significant role in atmospheric nitrate formation. In addition, the GEOS-Chem model
exhibited significant overestimations of HNO; and pNO; concentrations, largely due to an
overprediction of a specific nitrate production pathway—N>Os hydrolysis. Isotopic measurements
(A0 and 6'%0) indicated a greater relative contribution of NO> + OH chemistry than previously
expected, highlighting the need for improved model representation of nitrate-phase differences.
Lastly, this study has shown that the use of 6'80 can further enhance our understanding of the
oxidants contributing to nitrate formation, particularly for distinguishing oxidants that have similar
A0 values. Overall, this work provides important insight into the role of oxidation chemistry in
reconciling a commonly observed positive bias for modeled atmospheric nitrate concentrations in

the northeastern US.

In Chapters 3-5, we analyzed long-term aerosol records from 2005 to 2015, a critical
period of emission regulations. This dataset allows us to assess the effectiveness of emission
regulations on air quality over the decade. For Chapter 3, we examined a long-term trend (2005—
2015) in inorganic aerosol composition at urban and rural sites in the northeastern US. This study
addresses key uncertainties regarding the changes in production mechanisms of major
anthropogenic inorganic ions such as nitrate, sulfate, and ammonium in response to emission
regulation implementation with an emphasis on seasonal and spatial patterns. Our records reveal
that in the northeastern US, the reduction in SO emissions has resulted in a significant decrease
in sulfate and ammonium aerosol concentrations. However, we observed an increase in nitrate

concentration in the northeastern US during the same period. Our findings reveal that changes in
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chemical mechanisms, specifically aerosol acidity due to the decrease in SO: emissions, are
responsible for the observed increase in nitrate concentration in recent years. Furthermore, as
anthropogenic emissions declined, natural sources, such as sea salt and crustal material, played an
increasing role in aerosol chemistry. The reduction in SO emissions has impacted the atmospheric
lifetime and transport distance of ammonium, resulting in continued impacts on aerosol acidity
and air quality. Overall, our study provides a valuable observational record and insights into the
complex interaction between atmospheric aerosol chemistry and emissions reduction that have
implications for atmospheric chemistry and air quality policy. Based on these findings, Chapters 4
and 5 further investigate the regulation impact on particulate nitrate precursor emissions and
atmospheric oxidation chemistry on a process level using isotopic observations. In Chapter 4, the
long-term record of oxygen isotopic compositions of nitrate (A'’O and '0) was analyzed to
quantify the changes in NO;x oxidation pathways over time. Oxygen isotopes, especially 6'%0,
provided critical information for understanding NO, oxidation chemistry. In this study, we used
the US EPA Community Multiscale Air Quality (CMAQ) model, which accurately represents NO,
oxidation chemistry in the northeastern US. Our analysis demonstrates that as NO, emissions have
decreased, O3 concentrations have increased in major cities in the northeastern US. The enhanced
O3 concentrations have strengthened atmospheric oxidation capacity, resulting in a shorter urban
NO;x lifetime and increased aerosol formation. These processes have contributed to persistently
high wintertime nitrate concentrations in the eastern US despite reductions in precursor emission.
This study represents the first long-term quantitative assessment of NO, oxidation chemistry and
lifetime changes using field observations with an atmospheric chemistry model. In Chapter 5, we
focus on the nitrogen isotope of pNOs3 to understand atmospheric NO, emission sources and NOx

oxidation chemistry. Using the US EPA CMAQ air quality model, we quantify the isotope
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fractionation impact on our observed 6'°N(pNOs). Based on the framework developed in the
previous chapters, the results reveal that isotope fractionations during NO, oxidation chemistry
can explain seasonal variations of J'°N(pNOs3). In addition, long-term decreasing shifts in
O'’N(pNO3) observed over the decade reflect a shift in the primary fuel for electric power
generation in the US. Namely, coal combustion was replaced by natural gas, although coal
emissions of NO, over time may be underestimated in national emission inventories. This nitrogen
isotope work provides critical observational constraints on the sources and chemical processing of
atmospheric nitrate in response to policy-driven NO, emission reductions. Overall, these long-term
isotope records together with atmospheric chemistry models provide valuable insight to enable a

more accurate evaluation of the effectiveness of emission control strategies.

In Chapter 6, we have investigated the impact of short-term emission disruptions on air
quality. The outbreak of COVID-19 in 2020 caused widespread restrictions on human activities,
leading to unprecedented drops in emissions across the US. This period provides a unique
opportunity to assess the impacts of reduced human activity on air quality on a short time scale. In
this case, the 6'°N, 6'%0, and A'7O of particulate nitrate were utilized to track atmospheric nitrate
chemistry and its response to emissions changes during the COVID-19 lockdown in the
northeastern US. The isotope observations reveal that shifts in oxidation capacity by the change in
NO. oxidation chemistry, rather than changes in emission sources, played a dominant role in
determining nitrate formation efficiency during this period. Specifically, in urban areas, decreased
NO. emissions led to enhanced ozone, increasing the oxidizing capacity and more efficient N;
oxidation. In contrast, rural/suburban areas experienced decreases in NOy, ozone, and nitrate
formation. The unprecedented drop in emissions during the COVID-19 lockdown provided a

unique and practical window that allowed us to project regulatory impacts on air quality and
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atmospheric chemistry. These findings underscore that more stringent mitigation policies based on

spatial variabilities are needed to achieve effective control of air pollution.

Overall, this dissertation provides a new framework for evaluating the effectiveness of
precursor emission controls on key atmospheric secondary pollutants such as ozone, particulate
matter, and deposition. Specifically, this study demonstrates that stable isotopes serve as a
powerful tool for quantifying NO, emission sources and their oxidation chemistry. One of the key
takeaways from this work is the demonstrated utility of §'*0: we show that 'O is more sensitive
than A70O in detecting small, but significant changes in oxidation chemistry, providing more
detailed information about the oxidants responsible for NO, oxidation. This finding also suggests
that future work should focus on better characterizing the 6'80 signatures of oxidants, as well as
characterizing potential isotope effects during their transfer to NO, to nitrate. In addition, stable
isotopes contribute to refining the representation of nitrate formation in atmospheric chemistry
models. By incorporating the oxygen isotope and atmospheric chemistry model, we were able to
quantitatively assess the oxidation process and identify specific limitations in the model. These
findings likely provide critical guidance for improving the model’s performance for the
atmospheric modeling community. By incorporating these quantitative diagnostic approaches
employed in this study into regulatory assessments, policymakers can better prioritize control
strategies that effectively reduce secondary pollutant levels, rather than relying solely on precursor

mass reductions.

As precursor emission regulations have been implemented, shifts in atmospheric oxidation
efficiency and pollutant lifetime suggest potential redistribution of acid and nutrient deposition,
with broader environmental implications. This highlights the need for a more comprehensive

approach to precursor emission regulation to more effectively mitigate air pollution and address
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environmental challenges. Lastly, these findings are likely applicable to other regions where
significant NO,, SOz, and NH3 emissions deteriorate air quality, such as urban coastal areas in

Western Europe, as well as Eastern China.
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