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I examine of the sources, chemistry, and transport of aerosol particles and oxidized mercury 

compounds in the atmosphere using aircraft- and ground-based observations and a global chemical 

transport model.  

In Chapter 2, I use extensive airborne observations of atmospheric composition over the 

eastern U.S. from the 2015 Wintertime Investigation of Transport, Emissions, and Reactivity 

(WINTER) campaign, ground-based observations, and the GEOS-Chem chemical transport 

model, to determine the controls on winter SO4
2- and NO3

- . The model reproduces observed 

concentrations of total SO4
2--NO3

- -NH4
+ particulates (2.45 µg sm-3) and their composition (SO4

2-: 

47%, NO3
- : 32%, NH4

+: 21%) during WINTER. I find that the wintertime oxidation efficiency of 

SO2 to SO4
2- in the eastern U.S. is limited by low [H2O2] and [OH]. Relatively acidic fine 



 

particulates (pH~1.3) allow 45% of the total nitrate to partition to the particle phase. Between the 

2007 and 2015 simulations, SO2 emissions decreased by 58%, but simulated [H2O2] remained 

constant, causing an increase in the simulated SO2 oxidation efficiency to SO4
2-. Simulated NOx 

emissions decreased by 35%, but the NO3
-  particle fraction increased as fine particle acidity 

decreased. These feedbacks resulted in a 40% decrease of [SO4
2-] and no change in [NO3

- ]. [SO4
2-] 

and [NO3
- ] will change slowly between 2015 and 2023, unless SO2 and NOx emissions decrease 

faster in the future than in the recent past. 

In Chapter 3, I analyze the wintertime emissions and secondary formation of organic 

aerosols (OA) over the northeastern U.S. with observations from the WINTER aircraft campaign 

and ground-based monitoring sites, and three OA modeling approaches in GEOS-Chem. The 

observed OA concentrations below 1 km during WINTER were 1.48 µg sm-3. Factor analysis of 

the observations indicate that secondary OA (SOA) contributed 60% and primary OA (POA) 40%. 

I reproduce the WINTER OA, POA, and SOA observations using an empirical parameterization 

for SOA from urban emissions and POA emissions from the National Emissions Inventory (NEI) 

reduced by half, suggesting that the NEI overestimates primary wintertime OA emissions. The 

simulation captures the observed OA growth from the photochemical formation of SOA, and 

reproduces ground-based OA measurements. The traditional approach, which includes SOA from 

oxidation of C6-C8 aromatics, predicts almost no SOA. The approach that includes SOA from the 

oxidation of low-volatility gases emitted initially as POA underestimates POA by a factor of 5. I 

find that OA are regionally distributed and account for 35% of the fine particulates over the NE 

US during WINTER. Wintertime OA over the region is overwhelmingly anthropogenic, with 23% 

from residential wood combustion emissions and 63% from secondary sources. 



 

In Chapter 4, I use the GEOS-Chem model to quantify how surface deposition of Hg(II) is 

influenced by oxidized mercury (Hg(II)) production at different atmospheric heights. GEOS-Chem 

reproduces ground- and aircraft-based observations of Hg(II) reasonably well. Hg(II) produced 

above 750 hPa constitutes 91% of the tropospheric mass of Hg(II) and 77% of the global Hg(II) 

deposition flux. This is because of fast chemical production and slow loss of Hg(II) at these 

altitudes. I assess the effects of the main sources of model uncertainty (oxidant concentrations, 

oxidation pathways, and emissions speciation) with additional simulations, and find similarly large 

contribution of Hg(II) produced above 750 hPa to the tropospheric Hg(II) mass (78–90%) and to 

the global Hg(II) surface deposition flux (57–76%). I find that 55% of the spatial variation of Hg 

wet deposition flux observed at the ground-based sites in the U.S. is explained by the combined 

variation of precipitation and Hg(II) produced above 750 hPa. Hg(II) present in the subtropical 

anticyclones accounts for 74% of Hg(II) at 500 hPa and about 60% at the surface over the 

continental U.S. Hg(II) produced in the upper and middle troposphere subsides in the anticyclones, 

where the dry conditions inhibit the loss of Hg(II), which make these anticyclones important for 

Hg cycling in the atmosphere. 
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Chapter 1. INTRODUCTION 

This is a study of the sources, chemistry, and transport of aerosol particles and oxidized mercury 

compounds in the atmosphere. Aerosols and mercury affect human health and impact the Earth’s 

physical and biological systems. Both are present naturally in the Earth’s atmosphere, but 

emissions from human activities have considerably altered their natural abundance and 

composition. Both aerosols and mercury have become global environmental problems and have 

been the focus of mitigation policies at the international, national, and sub-national levels. These 

policies are undergirded by our scientific understanding of the atmospheric processes of the origin 

and fate of these pollutants. My motivation in doing this work is to contribute to the understanding 

of some of the underlying processes that affect these pollutants in the atmosphere. Specifically, I 

will analyze the characteristics of aerosols during the winter season over urbanized areas focusing 

on the eastern U.S. (Chapters 2 and 3), and I examine the areas in the atmosphere where the 

oxidation of mercury and its transport occurs. I begin with a brief introduction to atmospheric 

aerosols and mercury. 

1.1 ATMOSPHERIC AEROSOLS 

Atmospheric aerosols, also known as particulate matter (PM), are tiny solid or liquid particles 

suspended in air. These particles are a complex mixture of numerous chemical species and 

biological material. Atmospheric aerosols have diameters between a few nanometers and about 

100 µm. Aerosols with a diameter smaller than 2.5 µm are known as PM2.5. PM2.5 is a pervasive 

air pollutant; its inhalation is harmful to human health. The small PM2.5 particles penetrate deep 

into the lungs and can enter the bloodstream affecting various vital organs. They cause damage to 
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the respiratory and cardiovascular systems and lead to premature death and non-fatal effects like 

heart attack, asthma, and decreased lung function (Dominici et al., 2006; Pope and Dockery, 2006; 

Zanobetti and Schwartz, 2009). Young children, older adults, and people with existing health 

conditions like asthma are most susceptible to these effects. They are also linked to adverse 

reproductive outcomes and impaired brain function (Ailshire and Crimmins, 2014; Slama et al., 

2008). Atmospheric aerosols are responsible for up to 3 million premature deaths per year globally 

(Cohen et al., 2017; Lelieveld et al., 2015; World Health Organization, 2016), and 59–130 

thousand deaths in the U.S. alone (Anenberg et al., 2010; Cohen et al., 2017; Fann et al., 2012). 

PM2.5 affect human well-being by reducing visibility by forming haze and by damaging buildings, 

statues, and monuments by depositing on their surfaces. This has led to the enactment of emissions 

regulations and establishment of air quality standards for PM2.5, such as the National Ambient Air 

Quality Standards (NAAQS) in the U.S., to protect human health and enhance human well-being. 

Atmospheric aerosols have important climatic and biogeochemical impacts, as illustrated 

in Fig. 1.1. Aerosols absorb and scatter solar and longwave radiation and affect the Earth’s climate 

(direct radiative effect). In addition, aerosols interact with clouds, producing an indirect radiative 

effect on the Earth’s climate. The radiative forcing of aerosols is not well-constrained and is a 

major source of uncertainty in climate science (Boucher et al., 2013). Absorbing aerosols can 

deposit on snow and ice surfaces, reduce surface albedo, and affect the Earth’s radiation budget. 

When deposited on to land and ocean ecosystems, they supply nutrients like carbon, nitrogen, 

phosphorous, and iron, but can also lead to eutrophication and acidification of the ecosystems 

(Mahowald et al., 2011). In addition, they are sites for heterogeneous and multiphase chemical 

reactions and thus affect the trace-gas composition of the atmosphere. 
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Figure 1.1: Illustration of the sources, fate, and impacts of atmospheric aerosols (Mahowald 
et al., 2011). Reproduced with permission from Annual Reviews. 
 

1.1.1 Sources and fate of aerosols 

Tropospheric aerosols are composed of sulfate (SO4
2-), nitrate (NO3-), ammonium (NH4

+), 

organic carbon (OA), black carbon, sea salt particles, mineral dust, and primary biological particles 

(PBP) (Fig. 1.1). They also contain water, but the composition of dry aerosols is studied more 

often because it is an indicator of the aerosol sources. Aerosols are released into the atmosphere 

by direct emissions from various anthropogenic and natural sources (primary emissions), or are 

formed in the atmosphere through chemical processing of gas-phase precursors (secondary 
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formation) from anthropogenic and natural sources. Primary anthropogenic sources of aerosols 

include incomplete fossil-fuel and biofuel burning and fires, which mostly emit OA (known as 

primary organic aerosols, POA) and black carbon (BC), and dust from human activities. Natural 

sources of primary aerosols include the suspension of mineral dust, sea salt aerosols, and biological 

particles.  

SO4
2-, NO3

- , and NH4
+ aerosols are largely formed through secondary processes. SO4

2- is 

formed from the oxidation of sulfur dioxide (SO2), which is mostly emitted from coal combustion, 

volcanic sources, or forms from the oxidation of biogenic dimethyl sulfide (DMS) emitted by 

marine phytoplankton. NO3
- is formed from the oxidation of nitrogen oxides (NOx), which are 

emitted during fossil fuel combustion and biomass burning, and from soils and lightning. NH4
+ is 

the main cation associated with SO4
2- and NO3

-. It forms from ammonia (NH3), which is emitted 

mainly from agriculture sources. Secondary organic aerosols (SOA) are formed from the oxidation 

of volatile organic compounds (VOC) emitted from anthropogenic and biogenic sources. 

Aerosols are removed from the atmosphere by rain and snow (wet deposition) or by 

turbulence-driven collisions or gravitational settling of the particles to the Earth’s surface (dry 

deposition). The efficiency of removal by these processes depends on the local meteorological 

conditions, land surface type, and the size distribution and composition of the aerosols. The 

lifetime of aerosols in the atmosphere is typically between a few hours and a few weeks. The 

irregular distribution of the aerosols sources and sinks leads to large variability in the concentration 

and composition of aerosols in space and time.  
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1.1.2 Global observations and modeling of aerosols 

Near-ground aerosols concentrations over most of the continents are close to 10 µg m-3, 

but concentrations higher than 100 µg m-3 are common over Asia and Africa (Fig. 1.2). Mineral 

dust is the largest aerosol constituent in PM10 (PM smaller than 10 µm diameter) in Asia and 

Africa, but also in Europe and parts of South America, accounting for about 35% or more of the 

aerosol mass there. Its contribution over North America is small.  

 

 

Figure 1.2: Observed concentrations of the main aerosol constituents in PM10  (PM smaller 
than 10 µm diameter) at surface sites worldwide (Boucher et al., 2013). Reproduced with 
permission. 
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Much of the mineral dust is present on coarse particles that larger than 2.5 µm. OA and 

SO4
2- are typically the most abundant species in PM2.5 over land, each contributing 10–30% to the 

aerosol mass depending on the region. The aerosol composition in urban and rural areas is not too 

different in most continents, except in North America. Urban areas here have larger amounts of 

OA and NO3
- , while rural areas have larger amounts of SO4

2-, reflecting spatial differences in the 

sources of aerosols and their precursors. The influence of anthropogenic sources reduces far from 

land, and sea salt particles begin to dominate the aerosol mass over the ocean. Sea salt aerosols 

account for about 80% of the aerosol mass over marine areas.  

The observed aerosol concentrations and composition are a product of numerous 

underlying physical and chemical processes that cannot be observed directly. Thus, to interpret 

these observations we often rely on mathematical models of these processes. Three-dimensional 

chemical transport models (CTMs) use numerical algorithms to simulate the processes of 

emissions, chemistry, transport, and deposition and produce spatially and temporally varying 

concentrations of atmospheric aerosols and trace gases. CTMs are often used to study the effect of 

human activities on the composition of Earth’s atmosphere. As such, they are important tools in 

the development of effective emissions regulations to improve air quality and to mitigate the 

climatic effect of aerosols. Moreover, by enabling the examination of properties and processes not 

directly observable, CTMs are one of the driving factors advancing our scientific understanding of 

atmospheric aerosols and trace gases.  

Table 1.1 shows the global sources and burden of main constituents of atmospheric 

aerosols simulated by an ensemble of models. We see that the natural sources of mineral dust and 

sea salt aerosols (2400–10800 Tg a-1) far exceed the sources of all other aerosol species (180–581 

Tg a-1). Thus, the simulated global mass of atmospheric aerosols is dominated by mineral dust and 
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sea salt aerosols, and explains the spatial patterns seen in the surface observations (Fig. 1.2). Of 

the remaining species, SO4
2- and OA tend to be more abundant (~35% each) than NO3

- , NH4
+, and 

BC, which is consistent with the surface observations.  

Table 1.1:Multi-model estimate of the atmospheric mass of the main aerosol constituents 
(Bian et al., 2017; Boucher et al., 2013; Kinne et al., 2006; Tsigaridis et al., 2014). 
 

Species 
Sources (Tg a-1) 
median (range) 

Burden (Tg)  
median (range) 

SO4
2- 139 (107 – 198) 1.6 (0.8 – 3.3) 

NO3
-   47 (7 – 125) 0.6 (0.1 – 1.9) 

NH4
+   31 (23 – 38) 0.3 (0.2 – 0.8) 

OA 100 (50 – 220) 1.4 (0.7 – 3.7) 

BC 11 (8 – 19) 0.2 (0.05 – 0.5) 

Sea salt aerosols 1400 – 6800 6.4 (2.5 – 13) 

Mineral dust 1000 – 4000 21 (4.5 – 30) 
 

Models are imperfect representations of real world. This is because of gaps in our 

fundamental understanding of the relevant natural processes and because of the simplifying 

assumptions used by models to be computationally viable. Different models make different 

assumptions which results in significant variation in the results of the simulations. Table 1.1 

illustrates the spread in the modelled sources and burdens of the main aerosol constituents. We see 

a factor of 2–4 variation in the magnitude of the sources of the aerosol species among the models. 

Similarly, there is at least a factor of 4 variation in the simulated burden of the aerosol species, and 

it is almost a factor of 20 for NO3
-. This spread among the models represents the uncertainty in our 

understanding the processes governing the sources, sinks, and transport of atmospheric aerosols. 

 In situ observations are indispensable for reducing this uncertainty. They are benchmarks 

against which models are tested and the use of a particular model for a given problem depends on 
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how well it reproduces the relevant observations. Ground-based monitoring sites, such as those 

shown in Fig. 1.2, provide continuous measurements over extended periods of time, but are limited 

in their spatial and chemical resolution. Aircraft-based field intensive campaigns, on the other 

hand, collect measurements with larger horizontal and vertical extent and higher time resolution, 

but over short periods. Moreover, aircraft-based campaigns typically deploy a suite of advanced 

instruments to simultaneously measure gas-phase species important in the chemistry of aerosols. 

Thus, aircraft-based campaigns provide a detailed snapshot of the chemical composition of the 

atmosphere over a region that is needed to constrain CTMs. 

1.1.3 Overview of thesis work 

In my Ph.D. research, I leverage the complementarity of aircraft-based observations, 

ground-based observations, and a three-dimension chemical transport model to study the sources 

and chemistry of aerosols during the winter season over the eastern U.S. The eastern U.S. is the 

most densely populated area of the country. It encompasses the Northeast Urban Corridor 

stretching from Washington D.C. to Boston, and the Ohio River Valley extending over parts of 

Pennsylvania, West Virginia, Ohio, Indiana, and Kentucky. These two regions are the largest 

source regions for anthropogenic pollution in the country. The annual average PM2.5 

concentrations near these regions ranged from 10 to 13 µg m-3 for the 2012-2014 period (U.S. 

Environmental Protection Agency, 2015b), which, despite recent reductions in emissions, is higher 

than the WHO guideline of 10 µg m-3 (World Health Organization, 2016). For the 2012-2014 

period, 4 counties in the Northeast U.S. exceeded the PM2.5 NAAQS standard (U.S. Environmental 

Protection Agency, 2015b). 
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The summer season has traditionally been the focus of air pollution research over the 

eastern U.S. This is because of vigorous sun-driven photochemistry in the summer, leading to the 

faster production of secondary aerosols and gaseous pollutants like ozone (O3). Many of the past 

aircraft-based field intensives and modeling studies have been carried out during the summer 

season, and the wintertime atmospheric chemistry over polluted regions like the eastern U.S. 

remain under-studied (Thornton et al., 2014). This led to the recent Wintertime INvestigation of 

Transport, Emissions, and Reactivity (WINTER) aircraft campaign. The NSF/NCAR C-130 

aircraft was used to make aerosol and trace gas measurements over the eastern U.S between 1 

February and 15 March 2015. During my Ph.D. work, I participated as a flight planner during the 

measurements phase and have subsequently used the WINTER observations and the GEOS-Chem 

CTM to analyze the wintertime sources and chemistry of aerosols over the eastern U.S. 

This work is divided into two chapters. In Chapter 2, we determine the controls on the 

formation of SO4
2-, NO3

- , and NH4
+ aerosols during the WINTER campaign, and on the basis of that 

explain changes in SO4
2-, NO3

- , and NH4
+ aerosols concentrations in response to SO2 and NOx 

emissions reduction in the recent past (2007–2015) and projected for the near future (2015–2023). 

I show that feedbacks associated with oxidant concentrations and particle acidity lower the efficacy 

of emissions reductions slowing down the decrease in wintertime PM2.5. In Chapter 3, we focus 

on the primary and secondary sources of OA over the northeastern US during WINTER. I use the 

WINTER observations, and concurrent surface observations, to evaluate three approaches to 

model OA in GEOS-Chem. Using the approach that yields results most consistent with the 

observations, we analyze the simulated spatial distribution of OA and its contribution to fine 

particulate matter over the eastern U.S. in winter. 
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1.2 ATMOSPHERIC MERCURY 

Mercury (Hg) is detrimental to human and ecosystem health. It is a toxin that affects the 

human nervous and cardiovascular systems (Mergler et al., 2007).  In animals, Hg exposure can 

affect reproductive behavior (Scheuhammer et al., 2007). Hg exposure happens through the 

consumption of food contaminated with methylmercury. Methylmercury is taken up at the bottom 

of the food chain, and bioaccumulates to concentrations that are 6–7 orders of magnitude higher 

at the top of the food chain (Morel et al., 1998). Hg abundance in the environment has increased 

by factors of 3 to 7 because of anthropogenic emissions (Amos et al., 2013; Selin, 2009; Zhang et 

al., 2014) making it a major public health concern. An international treaty, known as the Minamata 

Convention on Mercury, was adopted by about 100 countries in 2013 to protect human and 

ecosystem health from the above effects by cutting down on global anthropogenic use and 

emissions of Hg. In the U.S., the Mercury and Air Toxics Standards have been enacted to reduce 

atmospheric emissions of Hg from power plants among other regulations targeting releases of Hg 

into air and water from different industries. 

1.2.1 Mercury cycling in the atmosphere 

In the atmosphere, Hg is present as a gaseous element (Hg(0)), or in the oxidized state 

(Hg(II)), either in the gas-phase or bound to particles. Hg(II) originates predominantly from the 

oxidation of Hg(0), but the oxidation pathways and the chemical forms of Hg(II) have not been 

established. In the ocean waters and lakes, mercury is found in the dissolved elemental form, a 

variety of inorganic oxidized forms, and organic forms that include methylmercury (Fitzgerald et 

al., 2007).  
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Figure 1.3: Schematic of mercury cycling in the environment. Adapted from UNEP 
Chemicals Branch (2008). 

 

Hg is released to the atmosphere from the Earth’s crust through natural processes such as 

volcanism, and through human activities such as mining and burning of fossil fuels. In the 

atmosphere, Hg is transported long distances by winds, cycles between Hg(0) and Hg(II) through 

oxidation and reduction, and is eventually deposited to the land and ocean surfaces through wet 

and dry deposition processes (Fig. 1.3). Hg(II) is highly soluble in water, but not Hg(0). Thus, 

much of the deposition of Hg happens through Hg(II). A small fraction of the deposited Hg is 

converted to methylmercury, which gets absorbed in the food chain. However, most of the Hg 

deposited to the oceans is re-volatilized and reemitted to the atmosphere as Hg(0), restarting the 

cycle. Current Hg emissions from human activities are estimated at about 2000 Mg a-1. The highest 

primary emissions are from coal burning for power generation and residential heating (45%) 

followed by artisanal and small-scale gold mining (20%). Metal production, cement production, 

and waste incineration are other important sectors for Hg emissions. Geogenic emissions are about 
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90 Mg a-1 whereas emissions (natural and reemissions) of Hg from the ocean are estimated at 

1900–4200 Mg a-1 (Obrist et al., 2018; Pirrone et al., 2010). 

The chemistry of Hg in the atmosphere is highly uncertain. Laboratory studies suggest that 

the gas-phase oxidation of Hg(0) can occur by reaction with a number of atmospheric oxidants: 

bromine (Br), chlorine (Cl), bromine monoxide (BrO), and nitrate (NO3) radicals, O3, and hydroxyl 

(OH), but the relative importance of these various oxidants is unclear. This is because current 

instruments for measuring Hg(II) cannot differentiate between the different chemical forms of 

Hg(II) (Gustin et al., 2015; Jaffe et al., 2014). The Br radical is widely accepted as the dominant 

oxidant of Hg(0) in the global atmosphere based on field-evidence in a number of different regions 

and laboratory and theoretical studies (Ebinghaus et al., 2002; Laurier et al., 2003; Donohoue et 

al., 2006; Obrist et al., 2011; Gratz et al., 2015).  

1.2.2 Observations and modeling of atmospheric mercury 

Observations of Hg concentrations in the atmosphere are scarce. Of the limited number of 

observations that are available, most are made at ground-based monitoring sites, with some during 

aircraft- and ship-based campaigns. These observations show that Hg is present in much of the 

atmosphere at concentrations of 1–2 ng m-3. Hg concentrations are higher in the northern 

hemisphere, close to source regions, and lower in the southern hemisphere (Sprovieri et al., 2016). 

Speciated measurements of Hg have shown that almost all of the Hg present at the surface is in the 

form of Hg(0). Hg(II) concentrations are highly variable because of it is high solubility and has a 

short lifetime in the atmosphere before it is lost by deposition. Hg(II) concentrations at the surface 

are typically below 0.05 ng m-3, but can increase to 0.5–1 ng m-3 at altitudes close to the tropopause 

(Lyman and Jaffe, 2012). Hg(II) concentrations are enhanced aloft because of faster oxidation of 
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Hg(0) and lack of removal. In addition, measurements of Hg concentrations in precipitation are 

routinely made at several ground-based sites worldwide. These measurements are important in 

understanding the amounts and spatiotemporal patterns of the emissions and deposition of Hg to 

and from the atmosphere. As most of the Hg scavenged by precipitation is in the form of Hg(II), 

these measurements also provide an indirect view into the oxidation of Hg in the atmosphere.  

CTMs are used to understand the sources, sinks, and transport of Hg in the atmosphere 

(e.g. Seigneur et al., 2001; Dastoor and Larocque, 2004; Selin et al., 2007; Jung et al., 2009). 

However, the physical and chemical processes controlling the fate of Hg in the atmosphere are 

complex and poorly understood resulting in a large spread in the model results and varying 

agreement with observations. In a model inter-comparison study of four global CTMs, all models 

were found to simulate the concentrations of Hg(0) within 20% of each other and within 30% of 

the surface observations, and Hg wet deposition fluxes were mostly within a factor of 2 of the 

observations. But considerably poor agreement with the observations was seen for Hg(II) 

concentrations, with simulated Hg(II) concentrations being a factor of 3 higher for 30–90% of the 

observations sites (Travnikov et al., 2017). These models used the same anthropogenic emissions, 

but different reemissions and chemistry. The inter-model differences in simulating the Hg(II) 

concentrations and deposition fluxes reflect large uncertainties in the chemistry of Hg and the 

sparsity of speciated Hg measurements, particularly at higher altitudes, to validate the models. 

The 2013 Nitrogen, Oxidants, Mercury and Aerosols Distributions, Sources, and Sinks 

(NOMADSS) campaign was conducted with the goal to characterize the distribution of Hg(II) at 

different altitudes over a broad region of the U.S. In my master’s work, I have analyzed the 

NOMADSS Hg(II) observations with the GEOS-Chem CTM.  
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A key finding from my analysis was that higher concentrations of Hg(II) over the southeastern 

U.S. were associated with dry air masses originating in the subtropical upper troposphere. Hg(II) 

concentrations of 300–650 pg m-3 were observed in air with relative humidity less than 35% and  

CO lower than 75 ppbv (Shah et al., 2016). I also found that the GEOS-Chem simulation can 

reproduce the Hg(0) concentrations well, but could not explain the NOMADSS Hg(II) 

observations at 5–7 km altitude. The GEOS-Chem Hg(II) concentrations were a factor of 2 lower 

than the observations (Observed mean: 0.19 ng m-3, model mean: 0.1 ng m-3), but the agreement 

improved when Br concentrations in the model were tripled (model mean Hg(II): 0.16 ng m-3), or 

when a faster Hg(0)+Br reaction rate was prescribed (model mean Hg(II): 0.18 ng m-3).  

 

Figure 1.4: Global distribution of Hg(II) at 500 hPa (~6 km altitude) for July 2013 Results 
from (a) the original GEOS-Chem model (Std), (b) model with tripled Br concentration (3xBr) 
and (c) with faster Hg(0)+Br reaction rate (FastK). The contours show the sea level pressure (in 
hPa). The subtropical anticyclones correspond to areas of high pressure. (b) The simulated 
vertical profile for the two regions marked in panels a–c. (Source: Shah et al. (2016)). 
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Figure 1.4 shows the global distribution of Hg(II) at 500 hPa from these the three GEOS-

Chem simulations for July 2013. In all three simulations, we find that Hg(II) concentrations are 

enhanced in the subtropical anticyclones throughout most of the troposphere, but the enhancements 

are higher in simulations with higher Br or a faster oxidation rate. In the North Pacific anticyclone, 

Hg(II) concentrations at 6–10 km could be an order of magnitude higher (0.2–0.5 ng m-3) than 

concentrations elsewhere. These results strongly suggest that the production of Hg(II) in upper 

regions of the troposphere is faster than previously thought, and that the subtropical anticyclones 

are reservoirs of Hg(II)-rich air. We hypothesized that two processes happening in the subtropical 

anticyclones could be responsible for the Hg(II) enhancement: the downward transport of Hg(II) 

produced in the upper regions of the troposphere, and the suppression of cloud formation and 

precipitation, which suppresses the loss of Hg(II) by wet deposition. These initial results have led 

to work that I have presented in the second part of my thesis. 

1.2.3 Overview of thesis work 

In Chapter 4, we further investigate the importance of the upper regions of the troposphere and the 

subtropical anticyclones for the atmospheric concentration and deposition of Hg. We first evaluate 

the GEOS-Chem simulations against surface- and aircraft-based measurements of Hg(II) 

concentrations and Hg wet deposition. We then use a modified simulation that tracks where Hg(II) 

originates to quantify the contribution of Hg(II) formed at different heights in the atmosphere to 

its global burden and deposition. We also use the results of this simulation to explain the observed 

variability of Hg(II) concentrations and wet deposition flux at surface sites in the U.S. Finally, I 

conduct another simulation to infer how much of the Hg(II) is formed or transported in the 

subtropical anticyclones. 
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Chapter 2. SULFATE-NITRATE-AMMONIUM AEROSOLS OVER 

THE NORTHEASTERN U.S. DURING WINTER  

This chapter has been submitted for publication and is under review as:  
Shah, V., Jaeglé, L., Thornton, J. A., Lopez-Hilfiker, F. D., Lee, B. H., Schroder, J. C., Campuzano-Jost, P., 
Jimenez, J. L., Guo, H., Sullivan, A. P., Weber, R. J., Green, J. R., Fiddler, M. N., Bililign, S., Campos, T. L., Stell, 
M., Weinheimer, A. J., Montzka, D. D. and Brown, S. S.: Chemical Feedbacks Weaken The Wintertime Response 
of Particulate Sulfate And Nitrate To Emissions Reductions Over The Eastern U.S., Proceedings of the National 
Academy of Sciences, 2018. 
 

2.1 INTRODUCTION 

The past decade has seen dramatic reductions of sulfur dioxide (SO2) and nitrogen oxides (NOx) 

emissions from power plants and vehicles in the U.S. (U.S. Environmental Protection Agency, 

2017d; Krotkov et al., 2016). Thus, hundreds of thousands of deaths and illnesses from exposure 

to fine particulate matter of aerodynamic diameter less than 2.5 µm (PM2.5) have been averted 

(Cohen et al., 2017). Between 2007 and 2015, SO2 and NOx emissions have decreased by 58% 

and 35%, respectively. SO2 and NOx are precursors of sulfate (SO4
2-) and nitrate (NO3

- ) – two major 

constituents of PM2.5 over the eastern U.S. (Hand et al., 2012). Ground-based observations show 

that in response to these decreases in precursor emissions, annual average PM2.5 concentrations in 

the eastern U.S. have decreased by a third between 2007 and 2015 (U.S. Environmental Protection 

Agency, 2017e). However, this decrease in PM2.5 has occurred mostly in summer; the decrease in 

wintertime PM2.5 has been half of that in summer (U.S. Environmental Protection Agency, 2017d; 

Xing et al., 2015). A similar seasonal difference in PM2.5 response to emission reductions has 

occurred over Western Europe (Tørseth et al., 2012; Xing et al., 2015). Severe wintertime PM2.5 

pollution is prevalent in East China and North India (Huang et al., 2014; Dey and Di Girolamo, 

2011), leading to strong mitigation efforts. The design of effective strategies for air quality 
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improvement in the U.S. and many other countries critically depends on a process-based 

understanding of the response of wintertime PM2.5 to emission reductions.   

 

 

Figure 2.1: Trends and wintertime chemistry of PM2.5 (a) Population-weighted PM2.5 
concentration and composition observed over the eastern U.S. for summer (July, August, and 
September) and winter (January, February, and March) of 2007 and 2015. The PM2.5 
composition is separated into sulfate (SO4

2-), nitrate (NO3
- ), ammonium (NH4

+), organic aerosol 
(OA), black carbon (BC), and sea-salt and crustal material (other). PM2.5 observations are from 
the U.S. EPA PM2.5 monitoring network and include 59 stations shown in Fig. 2A.1 (U.S. 
Environmental Protection Agency, 2015a). Between 2007 and 2015, SO2 and NOx emissions 
decreased by 58% and 35%, respectively. (b) A representation of the important interactions in 
the wintertime chemistry of SO4

2-, NO3
- , NH4

+ and their precursors. 
 

A closer examination of the PM2.5 composition observed at U.S. Environmental Protection 

Agency (EPA) ground-based monitoring sites in the eastern U.S. illustrates the stark seasonal 

differences in [SO4
2-] and [NO3

- ] changes between 2007 and 2015 (Fig. 2.1a, 2A.1). (The eastern 

U.S. is defined here as 31˚N–43˚N, 67˚W–86.5˚W, Fig. 2A.1a, and [..] denotes atmospheric mass 
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concentrations.) During this time, average summertime [SO4
2-] and [NO3

- ] decreased by 72% and 

50%, respectively, with an associated 67% decrease in ammonium concentrations ([NH4
+]). In 

contrast, wintertime [SO4
2-] decreased by only 40%, [NH4

+] by 23% and [NO3
- ] did not change (Fig. 

2.1a). These wintertime trends in SO4
2-- NO3

- - NH4
+ PM2.5 have been unfolding since 1990 (Sickles 

II and Shadwick, 2015). 

During winter, formation of SO4
2-- NO3

- - NH4
+ PM2.5 from emitted precursors is governed 

by strong feedbacks depending on oxidant availability, cloud water chemistry, and gas-particle 

partitioning (Fig. 2.1b). With lower photochemical oxidant concentrations during winter, SO4
2- is 

formed mostly through aqueous-phase oxidation of SO2, via reactions with hydrogen peroxide 

(H2O2), ozone (O3), and oxygen (O2) catalyzed by transition metal ions (TMI). Particulate NO3
-  is 

in equilibrium with nitric acid (HNO3) gas, with the former favored at low temperature and high 

humidity. During winter, HNO3 formation by hydrolysis of dinitrogen pentoxide (N2O5) on 

aqueous particles becomes more important than by reaction of nitrogen dioxide (NO2) with 

hydroxyl radicals (OH) (Alexander et al., 2009a). NOx concentrations themselves, in turn, control 

oxidant concentrations, which influence SO2 to SO4
2- oxidation rates. In-cloud SO2 oxidation by O3 

becomes faster with increasing pH (Pandis and Seinfeld, 1989). Similarly, the fraction of HNO3 

forming particulate NO3
- (Guo et al., 2016; Weber et al., 2016) increases with increasing fine 

particle pH. The pH of fine particles and cloud water, in turn, depends on the overall gas and 

particle composition (Fig. 2.1b).  

The state of this chemical system and its feedbacks determine the response of [SO4
2-] and 

[NO3
- ] to emission reductions. However, reproducing the observed concentrations and trends has 

been a challenge for current atmospheric chemical transport models. Models are largely unable to 
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reproduce observed wintertime concentrations, particularly of NO3
-  (Heald et al., 2012; Simon et 

al., 2012), and fail to capture wintertime trends in [SO4
2-] and [NO3

- ] (Paulot et al., 2017; Xing et 

al., 2015), resulting in unclear policy guidance. Explanations for the weak response of [SO4
2-] to 

emission reductions include higher SO2 oxidation efficiency because of a weakening H2O2-

limitation on the SO2–H2O2 reaction (Paulot et al., 2017; Tsimpidi et al., 2007), rising cloud water 

pH (Paulot et al., 2017), and higher [OH] and [H2O2] at lower NOx emissions (Holt et al., 2015; 

Tsimpidi et al., 2007). Some modeling studies have suggested that NO3
-  formation in the eastern 

U.S. is limited by the availability of ammonia (NH3), such that [NO3
- ] is weakly sensitive to 

[HNO3] but increases as [SO4
2-] is lowered and NH3 availability increases (Holt et al., 2015; Park 

et al., 2004; Pinder et al., 2007; Pye et al., 2009; Tsimpidi et al., 2007).  

A lack of detailed observations of SO4
2-- NO3

- - NH4
+ PM2.5 and particularly of their 

precursors during winter has impeded verification of these various hypotheses. The 2015 

Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) aircraft campaign 

has produced a unique set of comprehensive wintertime atmospheric composition observations 

over the eastern U.S. Here, I use the GEOS-Chem chemical transport model, evaluated against 

airborne WINTER observations and ground-based observations, to show that the formation of SO4
2- 

and NO3
-  PM2.5 in winter is controlled by OH- and H2O2-mediated SO2 oxidation, and by fine 

particle pH, respectively. I demonstrate that the weakening H2O2 limitation and increasing fine 

particle pH have caused the weak response of [SO4
2-] and [NO3

- ] to emission reductions. 

2.2 OBSERVATIONS AND MODEL 

Speciated PM1 composition ([SO4
2-], [NO3

- ], and [NH4
+]) for the WINTER campaign was measured 

by the HR-ToF-AMS (Canagaratna et al., 2007; DeCarlo et al., 2006; Dunlea et al., 2009; Kimmel 
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et al., 2011). Air was sampled through a HIMIL inlet (Earth Observing Laboratory, 2018) at a flow 

rate of 10 L min-1 into a pressure controlled inlet operated at 325 torr (Bahreini et al., 2008). The 

sample passed through an aerodynamic focusing lens into the high-vacuum region of the mass 

spectrometer, and then to the detection chamber where non-refractory species are flash vaporized 

at 600°C and then ionized with 70 eV electron impact ionization. The ions are orthogonally 

extracted and analyzed by time-of-flight mass spectrometry. After applying in-field calibrated 

relative ionization efficiencies for the different inorganic species, the data was corrected for 

collection efficiency using the composition dependent algorithm proposed by Middlebrook et al. 

(2012). Measurements were reported at 1 s and 1 min periods and the latter are used here. Detection 

limits were 57 ng sm-3 (SO4
2-), 30 ng sm-3 (NO3

- ), and 5 ng sm-3 (NH4
+), and accuracy was 35% 

(Bahreini et al., 2009).  

CSN, IMPROVE, and CASTNET are ground-based PM2.5 monitoring networks (Solomon 

et al., 2014; U.S. Environmental Protection Agency, 2017f). CSN and IMPROVE report 24-hour 

mean concentrations every third or sixth day. Given my 6-week long simulation period, I include 

only sites that report every third day. CASTNET measurements are weekly averages. I exclude 

sites with less than 70% temporal coverage for Feb. 1–Mar. 15, 2015. The eastern U.S. had 26 

such CSN sites in 2015 (21 in 2007), 27 IMPROVE sites in 2015 (26 in 2007), and 26 CASTNET 

sites in 2015 (33 in 2007). When calculating the 2007–2015 change in PM2.5 concentrations, I 

include only those sites that were operational in both years (CSN: 16, IMPROVE: 23, CASTNET: 

23). 

GEOS-Chem is driven by assimilated meteorological fields from NASA GMAO’s GEOS-

5 FP system (Bey et al., 2001; Park et al., 2004; Reinecker et al., 2008). I use GEOS-Chem v10-

01 in a nested-grid configuration: 0.5˚ latitude × 0.625˚ longitude resolution over North America 
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and 4˚×5˚ elsewhere. Simulations were performed for Feb. 1–Mar. 15, with a spin-up period of 15 

days for the nested domain. The representation of SO4
2--NO3

- -NH4
+ chemistry is similar to previous 

studies (Jacob, 2000; Park et al., 2004; Evans and Jacob, 2005; Alexander et al., 2005, 2009b; Pye 

et al., 2009; Heald et al., 2012), except that I update the simulation of HNO3 production from N2O5 

hydrolysis with a new parameterization (Bertram and Thornton, 2009), and reduce the surface 

resistance to uptake of HNO3 for dry deposition to zero (Wesely and Hicks, 2000). Other minor 

modifications are described in Appendix 1.1–1.2. Gas-particle equilibrium partitioning for SO4
2--

NO3
- -NH4

+ PM1 is calculated with ISORROPIA II (Pye et al., 2009). Anthropogenic emissions of 

PM2.5 and precursor gases over the U.S. are from the U.S. EPA’s 2011v6.1 (for 2011) and 2011v6.3 

(for 2023) modeling platforms for the 2011 National Emissions Inventory (Travis et al., 2016; U.S. 

Environmental Protection Agency, 2017b). The 2011 U.S. emissions were scaled to 2015 levels 

for the WINTER simulation (scaling factors SO2: 0.72, NOx: 0.80, NH3: 1.0) based on the U.S. 

EPA emissions trend report (U.S. Environmental Protection Agency, 2015a) and the Air Markets 

Program Data (U.S. Environmental Protection Agency, 2017a) (Appendix 1.3). Wintertime 

livestock NH3 emissions were recalculated to account for the 2015 meteorology (Appendix 1.4). 

The 2007 and 2023 SO2 and NOx emissions were based on the past emissions trend (U.S. 

Environmental Protection Agency, 2015a) and projected emissions (U.S. Environmental 

Protection Agency, 2017b) reported by the U.S. EPA (Appendix 1.5). For comparison with 

observations, the model was sampled at the location and time of the measurements. All 1-second 

aircraft data were averaged to a period of 1 min, and heavily concentrated plumes (SO2 or NOx > 

10 ppbv) were excluded from the analysis.  
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2.3 OBSERVATIONS AND SIMULATION RESULTS FOR WINTER 2015 

The WINTER campaign consisted of 13 daytime and nighttime flights between Feb. 1 and Mar. 

15, 2015 (Fig. 2A.2) on the NSF/NCAR C-130 aircraft equipped with a detailed payload to 

measure gas and particle concentrations. The majority (71%) of measurements were made below 

an altitude of 1 km. Concentrations of non-refractory SO4
2--NO3

- -NH4
+ PM1 (PM with aerodynamic 

diameter < 1 µm) were made with a highly-customized high-resolution time of flight aerosol mass 

spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) (DeCarlo et al., 2006). SO2 was measured 

by pulsed ultraviolet fluorescence (Thermo Electron Corporation), and HNO3 with the Iodide-

adduct high-resolution time of flight chemical ionization mass spectrometer (HRToF-CIMS) (Lee 

et al., 2014). Other instruments onboard measured carbon monoxide (CO), O3, reactive nitrogen 

(NOy), and meteorological variables. These measurements were used to fully evaluate the GEOS-

Chem model (Fig. 2A.3).  

In the following analysis, I assume that the PM1 mass composition is representative of that 

of PM2.5 for SO4
2--NO3

- -NH4
+ over land, and that the influence of other ions (such as Na+, K+, Ca2+, 

Mg2+, Cl-) on the chemistry of SO4
2--NO3

- -NH4
+ PM2.5 is negligible. SO4

2- and NO3
- are present on 

coarse (diameter >1 µm) sea-salt and dust particles, but sea-salt and dust are minor components of 

the PM2.5 over the eastern U.S. (Fig. 2.1a, 2A.1a) and, when present, are typically externally-mixed 

with SO4
2--NO3

- -NH4
+ PM1 (Middlebrook et al., 2003; Murphy et al., 2006). Guo et al. (2016) 

showed that during WINTER nearly all SO4
2- and NO3

- over land is present as PM1, and that 

excluding the other ions in thermodynamic calculations results in better agreement with the 

observations. Therefore, hereafter, SO4
2--NO3

- -NH4
+, refers to those components in PM1. 



 23 

The observed horizontal and vertical distributions of SO4
2--NO3

- -NH4
+ are reproduced by the 

GEOS-Chem model (Fig. 2.2). Below 1 km altitude, mean observed SO4
2--NO3

- -NH4
+ during 

WINTER was 2.45 µg sm-3 (1 sm3 equals 1 m3 at 273.15 K and 1013.25 hPa), with higher 

concentrations downwind of the source regions in the Northeast Urban Corridor and in the Ohio 

River Valley (Fig. 2.2a). GEOS-Chem predicts mean concentrations (2.79 µg sm-3) and spatial 

patterns consistent with the observations (Fig. 2.2b). Furthermore, the observed composition of 

SO4
2--NO3

- -NH4
+ (47% SO4

2-; 32% NO3
- ; 21% NH4+) is reproduced by GEOS-Chem (42% SO4

2-; 34% 

NO3
- ; 24% NH4+). GEOS-Chem results are also in agreement with the ground-based observations 

at the Chemical Speciation Network (CSN), the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) network, and the Clean Air Status and Trends Network (CASTNET) 

for Feb. 1–Mar. 15, 2015 (Fig. 2A.4a, b). Past studies have found that GEOS-Chem simulations 

overestimate wintertime [NO3
- ] over the eastern U.S. by a factor of 3 (Heald et al., 2012; Holt et 

al., 2015; Walker et al., 2012; Zhang et al., 2012a) – an issue common to many models (Colette et 

al., 2011; Simon et al., 2012). The WINTER observations have allowed a detailed analysis of 

nighttime and daytime NOx chemistry, HNO3 formation, and HNO3 dry deposition, leading to 

improvements in the representation of these processes in GEOS-Chem, and a substantial reduction 

of the [NO3
- ] overestimate (Appendix 1.1, 1.2). The ability of GEOS-Chem to simulate the 

wintertime SO4
2--NO3

- -NH4
+ over the eastern U.S. is further demonstrated by the agreement between 

the simulated and observed vertical profiles of [SO4
2-], [NO3

- ], [NH4
+] (Fig. 2.2c–e), [SO2] and 

[HNO3] (Fig. 2A.5). I find that the extent of agreement with observations remains nearly 

unchanged when I conduct sensitivity simulations varying oxidant concentrations and fine particle 

pH (Appendix 2). Having evaluated the consistency of the GEOS-Chem results with the aircraft 

and ground-based observations, I now explore how wintertime SO4
2- and NO3

-  are formed. 
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Figure 2.2: Observed and simulated SO4
2--NO3

- -NH4
+, during WINTER. Spatial distribution of 

(a) observed and (b) GEOS-Chem concentrations of SO4
2--NO3

- -NH4
+, PM1 along the WINTER 

flight paths (Feb. 1–Mar. 15, 2015) below 1 km altitude. The observations are gridded onto the 
0.5˚ latitude by 0.625˚ longitude GEOS-Chem grid. The WINTER campaign means ± standard 
deviations are shown above. The inset pie charts show the average composition of the observed 
and GEOS-Chem PM1. The lower panels show vertical profiles of observed (black diamonds 
and error bars: mean ± standard deviation for each altitude bin) and GEOS-Chem (grey line) 
concentrations of (c) SO4

2-, (d) NO3
- , (e) NH4

+ along the WINTER flight tracks. Also shown are 
the mean observations for the ground-based CSN, IMPROVE, and CASTNET networks (black 
filled circles with standard deviation) and corresponding model results (grey filled circles) for 
Feb. 1–Mar. 15, 2015.  
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2.4 CONTROLS ON THE FORMATION OF SO4
2- AND NO3

- 

Gas-phase and in-cloud oxidation of SO2 to SO4
2- account for 90% of the SO4

2- source below 2 km 

altitude in the eastern U.S. during WINTER, with primary anthropogenic emissions of SO4
2-

accounting for the remaining 10%. I define the SO2 to SO4
2- oxidation efficiency (ηSO42-) as: 

ηSO4
2- =	Mass of SO2 oxidized below 2 km altitude (kg day⁄ )

Mass of SO2 emitted (kg day⁄ )
                                 (2.1) 

and calculate that over the eastern U.S. during WINTER ηSO4
2-= 0.18. In the model, I find that 46% 

of SO2 oxidation in this domain is due to reaction with H2O2 in cloud water, 35% due to gas-phase 

reaction with OH, and the rest comes from the in-cloud SO2–O3 and the TMI pathways. The slow 

winter photochemistry results in low amounts of H2O2 (GEOS-Chem winter [H2O2] is 0.2 ppbv, 

10-fold lower than summer) and OH. While recent work suggests higher oxidant concentrations 

in winter than previously expected (Thornton et al., 2010; VandenBoer et al., 2013) these oxidant 

sources are not large enough to shift the relationship between H2O2 and SO2 (Appendix 2). SO2 

oxidation during winter is significantly limited by the availability of H2O2, which often gets 

entirely consumed in the SO2–H2O2 reaction. Figure 2.3a illustrates the relationship between the 

[H2O2]/[SO2] ratio and the oxidation rate of SO2 to SO42- by reaction with H2O2 (RSO2-H2O2) in the 

model, defined here as: 

RSO2-H2O2 =  Mass of SO2 oxidized by H2O2 below 2 km altitude (kg day⁄ )
Mass of SO2 below 2 km altitude (kg)

                               (2.2) 

The winter H2O2-limitation is demonstrated by the increase of RSO2-H2O2 to around 0.35 

day-1 as [H2O2]/[SO2] increases to 3, beyond which RSO2-H2O2 becomes independent of this ratio 

and no longer H2O2-limited (Fig. 2.3a). Part of the variability in RSO2-H2O2is due local variability 

in cloud liquid water content. The lower troposphere over the land in the eastern U.S. lies in the 

H2O2-limited regime (mean [H2O2]/[SO2]: 0.4). The [H2O2]/[SO2] ratio increases over the ocean 
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as SO2 concentrations decrease away from source regions and H2O2 concentrations increase 

southward with stronger photochemical production. 

Particle-phase NO3
- is in equilibrium with gas-phase HNO3 (HNO3(g) ↔ 

H+(aq)+NO3
- (aq)). This equilibrium shifts to the particle-phase at colder temperatures and at 

higher particle pH (pH = −log10 𝑎H+, and here 𝑎H+, the activity of H+, is assumed equal to its 

molarity (Guo et al., 2016)). Figure 2.3b shows how the GEOS-Chem nitrate particle fraction (εNO3- 

, εNO3
- = [NO3

- ]
[HNO3]+[NO3

- ]	
) varies as a function of PM1 pH and temperature over the WINTER period 

below 1 km altitude. The WINTER campaign observations of εNO3
-  and PM1 pH inferred from 

thermodynamic analysis of observed PM1 composition (shown as grey circles in Fig. 2.3b) confirm 

this pattern of increasing εNO3
-  with increasing PM1 pH, as has been reported by Guo et al. (2016).   

During WINTER, the GEOS-Chem predicted median PM1 pH over land below 1 km 

altitude was 1.29 and εNO3
-  was 0.45, in good agreement with those inferred from the measurements 

(pH = 1.34 and εNO3
-  = 0.48 for RH > 40%) (Guo et al., 2016). Local variations in PM1 pH and 

temperature influence the spatial distribution of εNO3
-  in the model (Fig. 2.3c), with larger εNO3

-  (> 

0.7) over the colder Midwest with high PM1 pH (~2) owing to higher NH3 and lower SO2 

emissions, and smaller εNO3
-  (< 0.2) over the warmer ocean with low PM1 pH. The lower pH of 

SO42-- NO3
-  - NH4+ over the ocean is the result of the more rapid decrease of NH3 away from source 

regions relative to the more gradual decrease in SO4
2-, which continues to be formed from SO2 

oxidation as air is advected over the ocean. Sea-salt particles are assumed to be externally mixed 

and NO3
-  present on them is not included in εNO3

- (Fig. 2.3c). 
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Figure 2.3: Controls on the formation of SO4
2- and NO3

-  during WINTER.(a) GEOS-Chem 
simulated relationship between the oxidation rate of SO2 to SO4

2- by reaction with H2O2 
(RSO2-H2O2, see text for definition) and the H2O2/SO2 ratio for Feb. 1–Mar. 15, 2015 in the eastern 
U.S. (defined as 0-2 km altitude, 31˚N–43˚N, 67˚W–86.5˚W, shown in panel c). (b) GEOS-
Chem simulated fraction of nitrate in the particle phase (εNO3

- , see text for definition) as function 
of PM1 pH and temperature in the bottom 1 km over the eastern U.S. Overlaid (in grey circles) 
are the measured εNO3

- (means ± standard deviation for each bin) as a function of the 
measurement-inferred PM1 pH for the WINTER observations within 1 km of the surface (Guo et 
al., 2016). Only observations with relative humidity greater than 40% are considered. The black 
stars represent the mean εNO3

- and PM1 pH in the bottom 1 km over land in the eastern U.S. for 

the 2007, 2015, and 2023 simulations. The theoretical relationship between εNO3
- and PM1 pH for 

the 2015 mean WINTER conditions is shown with the grey curve. (c) The mean GEOS-Chem 
εNO3

-  (at ground-level) for Feb. 1–Mar. 15, 2015. Note that εNO3
- excludes the contribution of NO3

- 
present on sea-salt particles. The dashed black lines enclose the area defined in this study as the 
eastern U.S. 

 
 

2.5 RESPONSE OF [SO4
2-] AND [NO3

- ] TO EMISSIONS REDUCTIONS 

I now turn to explaining the weak response of wintertime [SO4
2-] and [NO3

- ] to decreases in SO2 

and NOx emissions between 2007 and 2015, and examining the future response of [SO4
2-] and    

[NO3
- ] under the 2023 U.S. EPA emissions projections (U.S. Environmental Protection Agency, 

2017b). To address these issues, I have performed additional GEOS-Chem simulations for Feb. 1–

Mar. 15 with varying U.S. SO2 and NOx anthropogenic emissions: (i) a simulation with 2007 

emissions of SO2 (15.8 Gg S d-1) and NOx (11.8 Gg N d-1) (U.S. Environmental Protection Agency, 
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2015a), and (ii) a simulation with 2023 U.S. EPA projected emissions of SO2 (3.5 Gg S d-1) and 

NOx (5.8 Gg N d-1) (U.S. Environmental Protection Agency, 2017b). Anthropogenic U.S. 

emissions of SO2 and NOx in 2015 were 6.6 Gg S d-1 and 7.7 Gg N d-1, respectively (Table 2A.1). 

Meteorology can affect the interannual variability of PM2.5 (Tai et al., 2012), therefore, to isolate 

the effect of SO2 and NOx emissions reductions, I have used the same meteorological fields as for 

my 2015 simulation. Furthermore, I do not consider emission changes for other species, including 

NH3 (2007–2015: -2%), CO (-30%), and VOCs (-14%) (U.S. Environmental Protection Agency, 

2015a). Despite these simplifying assumptions, the 2007 simulation is consistent with ground-

based PM2.5 observations for Feb. 1–Mar. 15, 2007 (Fig. 2A.4c, d).  

 

 

Figure 2.4: GEOS-Chem surface concentrations of SO4
2- (a) and NO3

- (b) PM1 for Feb.1–
Mar. 15, 2015. The contour lines show the percent change relative to 2007 concentrations 
(100×([2015]-[2007]) [2007]⁄ ).  The 2007–2015 change in SO2 and NOx emissions is -58% and 
-35%, respectively. 
 

Simulated surface SO4
2- for Feb. 1–Mar. 15, 2015 show higher concentrations near SO2 

source regions in the Ohio River Valley, but display little spatial variation elsewhere (Fig. 2.4a). 

The regional extent of SO4
2- pollution reflects the slow oxidation of SO2 as it is transported 

downwind of its sources. Between 2007 and 2015, [SO4
2-] decreased everywhere in response to 
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lower SO2 emissions, and continues to decrease between 2015 and 2023 (Fig. 2.4a, 2A.6a–c). The 

2007–2015 [SO4
2-] decrease observed at surface sites (-0.83 µg sm-3; -31%) is reproduced by 

GEOS-Chem (-1.06 µg sm-3; -40%). Between 2015 and 2023, the mean modeled [SO4
2-] at surface 

sites is projected to decrease by another 0.38 µg sm-3 (-24%) (Fig. 2.5a). 

 

 

Figure 2.5: Change in SO4
2--NO3

- -NH4
+ concentrations and chemical controls from 2007 to 

2023.(a) Average surface concentrations of SO4
2--NO3

- -NH4
+ PM2.5 for the eastern U.S. (31˚N–

43˚N, 67˚W–86.5˚W) for Feb.1–Mar. 15, 2007, 2015, and 2023 simulated by GEOS-Chem and 
observed at the CSN, IMPROVE, and CASTNET ground sites (for 2007 and 2015, bars with 
dashed lines). (b) SO2 to SO4

2- oxidation efficiency (ηSO4
2-) over land partitioned by pathway: gas-

phase oxidation with OH, aqueous oxidation with H2O2, O3, and O2 catalyzed by transition metal 
ions (TMI). SO2 emissions over the eastern U.S. are shown in purple for the three simulations.  
(c) Fraction of nitrate in the particle phase (εNO3

- ) and NOx emissions (in purple) over land in the 
eastern U.S. for the three simulations. 
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The relative decrease in modeled [SO4
2-] (2007–2015: -40%, 2015–2023: -24%) is 

significantly lower than the decrease in U.S. SO2 emissions (2007–2015: -58%, 2015–2023: -

47%). This subdued response to emissions reductions is caused by a corresponding increase in 

ηSO4
2-, from 0.11 (2007), to 0.18 (2015), and 0.26 (2023) (Fig. 2.5b), which counteracts the effect 

of reduced SO2 emissions by allowing a larger fraction of the emissions to be oxidized to SO4
2- on 

regional and local scales. The increase in ηSO4
2- is driven by the SO2–H2O2 pathway (Fig. 2.5b): 

reduced SO2 concentrations lead to a factor of 2.7 increase in the [H2O2]/[SO2] ratio between 2007 

and 2015, and another factor of 2 increase between 2015 and 2023 thereby lowering the degree of 

H2O2-limitation (Fig. 2.3a). The [H2O2]/[SO2] ratio increases mostly because of the decrease in 

SO2 concentrations and, to a small extent, because of higher [H2O2] at lower NOx emissions. A 

small increase in ηSO4
2- is also caused by a faster rate of the SO2–O3 aqueous reaction with 

increasing cloud water pH at lower SO2 emissions (Fig. 2.5b). In my simulations, mean cloud 

water pH (weighted by cloud liquid water content) over the eastern U.S. rises from 4.2 (2007) to 

4.6 (2023). My results suggest that beyond 2023, ηSO4
2- will continue to increase with continued 

relaxation of the H2O2-limitation and rise in cloud water pH, further weakening the response of 

[SO4
2-] to emission reductions.  

The model reproduces the observed lack of change in [NO3
- ] over the region between 2007 

and 2015, despite a 35% reduction in NOx emissions (Fig. 2.4b, 2.5a, 2A.6d, e). I calculate that 

the additional 25% decrease in NOx emissions expected by 2023 will not produce much change in 

[NO3
- ] (Fig. 2.5a, 2A.6f). I find that the formation of total (gas + particle) nitrate decreases linearly 

with decreasing NOx emissions between 2007 and 2015. But the decrease in nitrate formation is 

counteracted by an increase in εNO3
- from 0.29 to 0.44, buffering the response of [NO3

- ] (Fig. 2.5c). 
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In addition, the shift of nitrate to the particle phase increases its lifetime (as NO3
- deposits more 

slowly than HNO3 (Hanson and Lindberg, 1991)) and further offsets its slower formation. Between 

2007 and 2023, εNO3
- nearly doubles (0.29 to 0.54), cancelling the effect of NOx emissions 

reduction. The increase in εNO3
- is the result of an increase in PM1 pH from 0.39 to 1.7 between 

2007 and 2023 (Fig. 2.3b) mainly because of decreasing [SO4
2-] and [HNO3], but also because of 

the positive feedback between εNO3
- and PM1 pH due to the hygroscopicity of NO3

- (Guo et al., 

2017a). There are local differences in the balance between increasing PM1 pH and decreasing NOx 

emissions. For example, [NO3
- ] increases downwind of the Ohio River Valley, where the increase 

in PM1 pH outpaces the decrease in NOx emissions (Fig. 2.4b, 2A.6d–f). 

It is important to note that without a concurrent decrease in NOx emissions, the SO2 

emissions decrease in 2007–2015 would have resulted in a 30% increase in [NO3
- ] over the eastern 

U.S. following the rise in PM1 pH. It was purely coincidental that the increase in εNO3
- was closely 

matched by the decrease in NOx emissions, preventing a regional increase in [NO3
- ]. My results 

show that a similar trend is expected to continue until 2023 (Fig. 2.5a, c). At some point beyond 

2023, as PM1 pH increases, εNO3
- will approach 1, and [NO3

- ] will start responding more linearly to 

NOx emission reductions. My simulations suggest that [NO3
- ] will not decrease much in response 

to NOx emissions reductions, unless the rate of NOx emission reductions exceeds the rate of 

increase in εNO3
- . 

The effectiveness of NOx emissions reductions will be further diminished if emissions of 

NH3 were to increase. PM1 pH is sensitive to NH3 emissions under present winter conditions over 

the eastern U.S. (Appendix 2.3) and a pH increase will result in an increase in the conversion of 
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NOx to NO3
- (due to εNO3

- increasing with pH). This response of PM1 pH to NH3 emissions is not 

necessarily true in other seasons and locations where both the PM1 pH and the dependence of εNO3
- 

on pH may differ (Guo et al., 2017b; Weber et al., 2016). 

2.6 CONCLUSION 

Wintertime [SO4
2-] and [NO3

- ] in the eastern U.S. have responded weakly to SO2 and NOx emissions 

reductions. While previous modeling studies have examined the sensitivity of wintertime [SO4
2-] 

and [NO3
- ] to emission reductions, the fidelity of these models could not be verified without the 

constraints of detailed in situ observations. In this study, I have presented new aircraft observations 

of SO4
2--NO3

- -NH4
+ PM1 concentrations and precursor gases that serve as crucial benchmarks for 

models. I have shown that the GEOS-Chem model simulation of SO4
2--NO3

- -NH4
+ PM1 

concentration and composition is in good agreement with the WINTER campaign observations. 

GEOS-Chem results for the WINTER campaign showed that 18% of the SO2 is regionally oxidized 

to SO4
2- in winter over the eastern U.S., compared to about 35% during summer. SO2 oxidation 

happens mostly by H2O2 (46%) and OH (35%), and is limited by low wintertime [H2O2] and [OH]. 

The observations and model showed that about 45% of the total nitrate (gas + particle) was in the 

particle phase during the WINTER campaign period because of low PM1 pH (~1.3). GEOS-Chem 

is able to reproduce the weak decrease in [SO4
2-] and [NO3

- ] between 2007 and 2015 observed at 

ground-based sites. I find that as SO2 and NOx emissions decrease, the resulting increase in 

[H2O2]/[SO2] and PM1 pH leads to more efficient regional formation of SO4
2- and NO3

-  per unit 

mass of precursor pollutant emitted. I project that these chemical feedbacks will persist into the 

near future. Between 2015 and 2023, I predict a 24% decrease in [SO4
2-] and little to no change in 
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[NO3
- ] despite an expected 47% decrease in SO2 emissions and 25% decrease in NOx emissions. 

The counteracting chemical feedbacks during the winter necessitate stronger emissions reductions 

for faster improvements in wintertime air quality.   

2.7 APPENDIX 1: EXTENDED DESCRIPTION OF THE GEOS-CHEM SIMULATIONS 

GEOS-Chem is a global 3-D model of atmospheric composition (www.geos-chem.org). In this 

study, I use GEOS-Chem v10-01 driven by assimilated meteorological fields from NASA Global 

Modeling and Assimilation Office’s GEOS-5 Forward Processing (FP) system. The 

meteorological fields for 2015 have a native horizontal resolution of 0.25˚ latitude by 0.3125˚ 

longitude and have 72 layers (hybrid grid) in the vertical extending to 0.01 hPa. For my study I 

used the one-way nested-grid configuration with a resolution of 0.5˚ latitude by 0.625˚ longitude 

over North America (130˚W–60˚W, 10˚N–60˚N) with initial and boundary conditions from a 4˚×5˚ 

global simulation (Kim et al., 2015; Wang et al., 2004). There are 47 levels in the vertical in both 

the North America and the global grids, with typically 8 levels within 1 km of the surface. All 

simulations were performed for Feb. 1–Mar. 15, with a spin-up period of 15 days for the North 

America nested simulation, and 6 months for the global simulation. 

Transport and deposition  

GEOS-Chem simulates the process of advection with a flux-form semi-Lagrangian scheme (Lin 

and Rood, 1996), boundary layer mixing using a non-local scheme (Lin and McElroy, 2010), and 

convective transport using archived convective mass fluxes from GEOS-5 FP (Wu et al., 2007). 

The wet deposition scheme includes scavenging of gases and particles in wet convective updrafts 

and in large-scale precipitation (Amos et al., 2012; Liu et al., 2001; Wang et al., 2011). The dry 

deposition scheme is based on the standard resistance-in-series model (Wang et al., 1998; Wesely, 

1989; Zhang et al., 2001). I have made a few modifications to these schemes in my simulations.  
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In the wet deposition calculation, the scavenging rate of a tracer during rainout is inversely 

proportional to the condensed (ice + water) water content of the precipitating cloud. This is set to 

a constant value of 1 g m-3 in the current scheme (Liu et al., 2001; Wang et al., 2011). However, it 

is larger than that observed in precipitating in ice clouds (~0.1 g m-3), and results in under-vigorous 

scavenging at cold temperatures (Croft et al., 2016). I correct for this by setting a temperature 

dependent value for the condensed water content. I maintain it as 1 g m-3 for liquid clouds (T>=268 

K), but linearly decrease it to a minimum of 0.1 g m-3 for ice clouds (T<=258 K). This change 

mostly affects the concentrations of soluble gases and particles in the 2–4 km altitude range, where 

most ice or mixed-phase precipitation is formed. Concentrations below 1 km altitude are not 

sensitive to this change. 

In the dry deposition scheme, the surface resistance to uptake of gases is calculated using Wesely’s 

method (Wesely, 1989). It assumes that dry deposition of gases is extremely slow at low 

temperatures (T<268K), and applies a temperature-dependent resistance increment to the surface 

resistance. I have limited this increment in the surface resistance at cold temperatures to a factor 

of two, following Zhang et al. (2003). Instead of calculating the surface resistance to uptake of 

HNO3 online, I assume it to be effectively zero for all surfaces, considering its high solubility 

(Hanson and Lindberg, 1991; Pryor and Klemm, 2004; Sørensen et al., 2005; Wesely and Hicks, 

2000). 

Chemistry 

I simulate the tropospheric chemistry of SO4
2--NO3

- -NH4
+ (Alexander et al., 2009b; Heald et al., 

2012; Park et al., 2004; Pye et al., 2009) particles coupled to the gas-phase chemistry of HOx-

NOx-VOC-O3-SO2-BrOx (Bey et al., 2001; Parrella et al., 2012). SO2 oxidation takes place in the 

gas-phase by reaction with OH (Park et al., 2004), in cloud droplets by aqueous-phase reactions 
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with H2O2, O3 and O2 catalyzed by Fe(III) and Mn(II), in rainwater by reaction with H2O2 and on 

sea-salt aerosol by reaction with O3 (Alexander et al., 2009b; Park et al., 2004). Cloud pH for 

aqueous-phase reactions is calculated in the model based on the concentrations of SO4
2-, total       

NO3
- , and total NH3 (Alexander et al., 2012). The sources of atmospheric Fe and Mn are 

anthropogenic (via coal combustion) and natural (mineral dust). I follow the work of Alexander et 

al. (2009b) to simulate Fe(III) and Mn(II) concentrations in GEOS-Chem and their relationship to 

atmospheric Fe and Mn emissions from mineral dust and coal combustion. I modify the scheme 

of Alexander et al. (2009b) by introducing a particle-phase anthropogenic Fe tracer (pFe) in the 

GEOS-Chem model. I assume that pFe is emitted from coal combustion proportionally to primary 

SO4
2- emissions with an emission ratio of 0.15 kg kg-1 (Reff et al., 2009). Deposition of the pFe 

tracer is assumed to be similar to that of SO4
2-. Anthropogenic Mn concentrations are assumed to 

be 1/30 times pFe concentrations, based on CSN observations during Feb-Mar 2015.  

HNO3 formation takes place in the gas-phase by OH oxidation of NO2, oxidation of VOC by NO3 

radical (when proceeding via hydrogen abstraction), and through the hydrolysis of NO3 radical 

(reactive uptake coefficient, γ=1×10-4) and N2O5 (Evans and Jacob, 2005; Jacob, 2000). HNO3 

formation through heterogeneous reaction of NO2 on aerosol surfaces is slow (γ≈1×10-6) and is 

excluded from my simulations, assuming that only HNO2 is produced (Kleffmann et al., 1998). I 

update the γ for the N2O5 heterogeneous reaction using the parameterization of Bertram and 

Thornton (Bertram and Thornton, 2009) for SO4
2--NO3

- -NH4
+ particles, and for organic aerosol 

particles I assume γ=1×10-4 –1×10-3 depending on ambient relative humidity (Badger et al., 2006). 

The N2O5 heterogeneous reaction also results in the formation of ClNO2, which photolyzes to form 

NO2. With these updates, I find that about 62% of HNO3 during WINTER is formed through N2O5 

hydrolysis, 36% through NO2+OH, and 2% through the other pathways. These updates to HNO3 



 36 

production and dry deposition (described above) were important in reducing the winter bias in 

[NO3
- ] reported in previous studies. 

The gas-particle partitioning of NH3 and HNO3 is calculated with ISORROPIA II (Fountoukis and 

Nenes, 2007; Pye et al., 2009) assuming bulk equilibrium of the gas-phase with SO4
2--NO3

- -NH4
+ 

PM1. Particles are assumed to be in the liquid-phase, with no solid precipitates, at all relative 

humidity values. This assumption is suitable in the boundary layer where fluctuations in relative 

humidity, low aerosol pH and the presence of water soluble organic species often keep particles 

deliquescent above relative humidity of 20% (Bertram et al., 2011; Heald et al., 2012). 

Carbonaceous, sea-salt and dust particles are considered externally mixed with SO4
2--NO3

- -NH4
+ 

PM1 and do not participate in NH3 and HNO3 gas-particle partitioning (Hatch et al., 2011a, 2011b; 

Liu et al., 2003; Middlebrook et al., 2003; Murphy et al., 2006).  

 

Emissions 

U.S. anthropogenic emissions are from the U.S. EPA’s Emissions Modeling Platform v6.1 (U.S. 

Environmental Protection Agency, 2017b), which provides spatially (~12 km) and temporally 

(hourly) resolved emissions fluxes calculated from the U.S. EPA’s National Emissions Inventory 

(NEI) 2011 as implemented in GEOS-Chem by Travis et al. (2016). Emissions are calculated by 

the Harvard-NASA Emission Component (HEMCO) v1.1 (Keller et al., 2014). The 2011 

emissions are scaled to 2015 levels for the Feb. 1–Mar. 15, 2015 simulation (scaling factors for 

SO2: 0.72, NOx: 0.80, CO: 0.83, VOCs: 0.9) based on the U.S. EPA emissions trend report (U.S. 

Environmental Protection Agency, 2015a). The SO2 emissions scaling factor is higher than that 

based on the change in annual emissions (0.58) (U.S. Environmental Protection Agency, 2015a) 

as I also take into account the monthly U.S. EPA’s Air Markets Program Data (U.S. Environmental 
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Protection Agency, 2017a), which shows that SO2 emissions from power plants for the WINTER 

period were higher compared to the other months. Emissions totals for Feb. 1–Mar. 15, 2015 are 

shown in Table 2A.1. According to the U.S. EPA emissions speciation profiles, 2% of 

anthropogenic sulfur emissions is in the form of SO4
2-. Surface emissions of formaldehyde (HCHO) 

are scaled by a factor of 5 to match WINTER aircraft observations, and test the sensitivity to this 

scaling in Appendix 2. Open-fire emissions are from the Global Fire Emissions Database (GFED) 

version 4 inventory (http://www.globalfiredata.org/data.html). Soil and lightning NOx emissions 

and oceanic DMS emissions vary with meteorology and are calculated online in the model (Heald 

et al., 2012; Pye et al., 2009).  

NH3 emissions 

The bi-directional surface exchange of NH3 is represented in GEOS-Chem by emissions and 

deposition, which are treated independently. Anthropogenic emissions, including from livestock 

and fertilizer sources, are from the U.S. EPA v6.1 Modeling Platform. Biomass burning emissions 

are from GFEDv4, and natural emissions from uncultivated soils, wild animals, and oceans are 

from Bouwman et al. (1997). NH3 emissions vary with meteorology (Sutton et al., 2013; Willem 

A. H. Asman et al., 1998), especially temperature, but this variation is not simulated in GEOS-

Chem. I account for the dependence of NH3 livestock emissions on temperature by reallocating 

annual livestock NH3 emissions to hourly emissions as a function of the hourly surface 

temperature: log10(NH3 emissions) ~ 0.048×temperature (°C) (Aneja et al., 2000). Fertilizer 

sources of NH3 are minor during winter in the eastern U.S. and are kept unchanged from the 

original U.S. EPA emissions. Other anthropogenic NH3 emissions (e.g. vehicular sources) are also 

kept unchanged. 
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Table 2A.2: Emissions of SO2, NOx and NH3 for Feb 1–Mar. 15, 2015 over the contiguous 
U.S. (excludes Alaska and Hawaii) and the eastern U.S. (31˚N–43˚N, 67˚W–86.5˚W). NH3 
emissions for Feb 1–Mar. 15 from the U.S. EPA 2011v1 modeling platform (U.S. Environmental 
Protection Agency, 2017b) are shown in parenthesis. 
 
 

Species 
Emissions 

Contiguous U.S. Eastern U.S. 
SO2 total (Gg S d-1) 6.66 2.81 
Anthropogenic 6.56 2.90 
Biomass burning 0.014 0.003 
Volcanic 0.083 0.00 
NOx total (Gg N d-1) 9.15 2.90 
Anthropogenic 7.72 2.69 
Biomass burning 0.040 0.008 
Soils, fertilizer and lightning 1.38 0.204 
NH3 total (Gg N d-1) 4.13 (5.90) 0.806 (1.36) 
Anthropogenic 3.86 (5.64) 0.755 (1.31) 
Biomass burning 0.053 0.009 
Natural 0.210 0.043 

 
 

The temperature dependence of NH3 emissions that I use here is based on NH3 flux 

measurements from a swine waste storage facility, but for simplicity I consider it as representative 

of the temperature dependence of NH3 emissions from all livestock sources (Aneja et al., 2000). 

There is some uncertainty in the magnitude of the temperature sensitivity of NH3 emissions. Sutton 

et al. (2013) analyzed several bottom-up and top-down estimates and found that the temperature 

sensitivity of NH3 emissions from terrestrial sources fall in range of a factor of 1.5–3 increase in 

emissions for a 10˚C increase in temperature. The expression above corresponds to a temperature 

sensitivity at the upper end of this range, resulting in about a factor of 10 seasonal change in 

livestock NH3 emissions. I find that NH3 emissions for Feb. 1–Mar. 15, 2015 recalculated using 

my method are 40% lower than U.S. EPA estimate for the same period in 2011 (U.S. 
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Environmental Protection Agency, 2017b) (Table 2A.1). These lower NH3 emissions are partly 

due to cold winter temperatures for 2015 (which were about 5 ºC colder than the climatological 

mean for the region) and are supported by the agreement between the measured and simulated 

[NH4
+] and between the measurement-inferred and GEOS-Chem PM1 pH for the WINTER 

campaign.  

2007 and 2023 simulations  

The simulations for 2007 and 2023 are conducted by scaling U.S. SO2 and NOx emissions while 

emissions of other species, non-U.S. emissions, meteorology, and boundary conditions are 

unchanged from the Feb 1–Mar. 15, 2015 simulation. The scaling factors for 2007 (SO2: 2.39 and 

NOx: 1.53, with respect to 2015) are calculated from the U.S. EPA emissions trend report (U.S. 

Environmental Protection Agency, 2015a). The scaling factors for 2023 (SO2: 0.53 and NOx: 0.75, 

with respect to 2015 levels) are calculated from the U.S. EPA emissions projections in the 

2011v6.3 (2023el) modeling platform (U.S. Environmental Protection Agency, 2017b). These 

projections account for changes in activity, fuel types, and national and local regulations that are 

expected to take effect by 2023. For ease of interpretation, I neglect regional and seasonal 

differences in the emissions changes for the 2007 and 2023 simulations. Estimates of the state-

level differences in SO2 and NOx emissions changes for Feb. and Mar. for the 2007–2015 and 

2015–2023 periods are shown in Fig. 2A.7. The 2007 emissions in Fig. 2A.7 are based on the 

2007/2008 v5 Modeling Platform (U.S. Environmental Protection Agency, 2017c) and take into 

account the effect of the ozone season NOx emission reduction program. The 2023 emissions in 

Fig. 2A.7 are based on the Feb.–Mar. emissions in the 2011v6.3 (2023el) modeling platform, 

instead of the annual emissions that were used to calculate the scaling factors. There are 

considerable variations in the state-level emissions changes, but the average emissions changes for 
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the eastern U.S. are similar to the national changes. Thus, my simulated changes in [SO4
2-] and 

[NO3
- ] for 2007–2015 and 2015–2023 are representative of regional scale of the eastern U.S., but 

do not represent the local changes accurately. 

2.8 APPENDIX 2:  UNCERTAINTY IN OXIDANTS AND FINE PARTICLE PH 

Oxidant concentrations and PM1 pH are important controls on [SO4
2-] and [NO3

- ] during wintertime 

(Fig. 2.1b). Here I briefly discuss the sensitivity of my model results to uncertainties in the 

simulated oxidant sources and PM1 pH. I determine the model sensitivity to these factors by 

conducting three additional simulations for Feb.1–Mar. 15, 2015, as described below. 

HOx 

HCHO is an important anthropogenic source of HOx radicals (HOx=OH+HO2) during 

winter over the eastern U.S. It is produced from VOC oxidation and is directly emitted, but its 

wintertime sources are uncertain (Zhu et al., 2017). In my simulations, I scaled primary HCHO 

emissions from the NEI inventory by a factor of 5 to be able to capture WINTER aircraft 

observations of HCHO. I conducted a sensitivity simulation (“Low-HOx” simulation) without this 

scaling to quantify the uncertainty in HOx and its effect on concentrations of SO4
2--NO3

- -NH4
+. In 

this “Low-HOx” simulation, HOx decreases by 9% in the eastern U.S. (below 1 km), and by up to 

16% over the northern states of New York, Ohio, and Pennsylvania. This results in less than a 4% 

change in the simulated concentrations of SO4
2--NO3

- -NH4
+ along the WINTER flight tracks and at 

ground sites (Fig. 2A.8). This low sensitivity of [SO4
2-] to changes in anthropogenic HOx sources 

near the surface is because only 35% of the SO4
2- formation takes place through oxidation by OH, 

and there is little (<3%) change in [H2O2] in this simulation. The low sensitivity of [NO3
- ] is 

because only 36% of HNO3 formation takes place via the NO2+OH reaction during winter.  
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H2O2 

The SO2–H2O2 aqueous reaction is important for SO4
2- formation during winter over the 

eastern U.S. This pathway is often limited by low levels of H2O2 during winter, and I examine how 

uncertainty in the GEOS-Chem simulation of H2O2 can affects my results. A comparison of GEOS-

Chem [H2O2] with aircraft observations in the Arctic during spring showed good agreement for 

the simulations in which aerosol processing of HO2 does not result in H2O2 production (Christian 

et al., 2017; Mao et al., 2010). The HOx chemistry in my GEOS-Chem simulations is consistent 

with these previous simulations (Christian et al., 2017). H2O2 was not measured during the 

WINTER campaign, nor is it measured routinely at ground-based sites. However, the agreement 

between GEOS-Chem and the WINTER campaign observations of HOx precursors and species 

affecting HOx concentrations (Fig. 2A.3) provide indirect constraints on GEOS-Chem’s HOx and 

H2O2 during WINTER. I conduct a sensitivity study in which I increase [H2O2] by 50% everywhere 

(“High H2O2” simulation). For simplicity, I increase [H2O2] in such a way that the effect of this 

increase is restricted to SO2 and SO4
2- chemistry, and there is no direct effect on the broader HOx-

NOx-O3 chemistry. I find that an increase of 50% in [H2O2] causes an increase in the campaign-

average SO2–H2O2 reaction rate (RSO2-H2O2) of 37%, reflecting the nonlinearities in the reaction. 

Moreover, the increase in SO4
2- formation by SO2–H2O2 is compensated by a decrease in formation 

from the other pathways, as SO2 availability decreases and cloud pH increases from the additional 

SO4
2-. Total ηSO4

2- increases by 12%. The resulting increase in [SO4
2-] along the WINTER flight 

tracks and at ground-based stations is less than 5% (Fig. 2A.8). NO3
-  and NH4

+ do not change much 

either, indicating low sensitivity of SO4
2--NO3

- -NH4
+ PM1 to uncertainties in my calculated [H2O2].  
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PM1 pH 

Uncertainty in the simulated PM1 pH arises in part from uncertainty in the concentrations 

of the base cations. In my simulations, NH4
+ is the only base cation in SO4

2--NO3
- -NH4

+  PM1. Sea-

salt and dust particles are considered externally mixed, which is supported by observations in the 

eastern U.S. (Hatch et al., 2011a, 2011b; Liu et al., 2003; Middlebrook et al., 2003; Murphy et al., 

2006). [NH4
+] is a function of NH3 emissions, which themselves have an uncertainty of about 30% 

(Sutton et al., 2013). To quantify the uncertainty in PM1 pH related to concentrations of the base 

cations, and its effect on SO4
2--NO3

- -NH4
+, I conduct a third sensitivity simulation (“Low-pH” 

simulation) by decreasing domestic NH3 emissions by 30%. I find that in the “Low-pH” simulation 

PM1 pH in the bottom 1 km over land in the eastern U.S. is lower by 0.3 units compared to that in 

the reference simulation (pH=1.29). This results in a decrease in the fraction of particle nitrate 

(εNO3
-) from 0.45 to 0.37 over the region. [NO3

- ] decreases by 29% along the WINTER flight tracks 

and by 17% at the surface CSN, IMPROVE, and CASTNET sites (Fig. 2A.8). [SO4
2-] and [NH4

+] 

change by <10%. These results indicate that particle pH is sensitive to NH3 emissions and 

simulated [NO3
- ] to PM1 pH during the wintertime over the eastern U.S., unlike other regions or 

seasons (Guo et al., 2017b; Weber et al., 2016). Despite the sensitivity, the mean simulated        

[NO3
- ] in the “Low-pH” simulation is within ± 20% of the aircraft and surface observations. 
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2.9 APPENDIX 3:  ADDITIONAL FIGURES FOR CHAPTER 2 

 
 

 
Figure 2A.1: Trends in PM2.5 concentrations in the eastern U.S.(a) Locations of the 59 U.S. 
EPA PM2.5 stations used for calculating the population-weighted concentrations shown in Fig. 
2.1 (U.S. Environmental Protection Agency, 2017d). The grey shaded regions show the Core 
Based Statistical Areas or counties associated with each monitor that are used as surrogates to 
estimate the exposed population. (b) Summer (July-August-September) and (c) winter (January-
February-March) population-weighted PM2.5 concentrations from 2006 to 2015. 39 stations were 
in continuous operation in 2006–2015. The PM2.5 composition is separated into sulfate (SO4

2-), 
nitrate (NO3

- ), ammonium (NH4
+), organic aerosol (OA), black carbon (BC), and sea-salt and 

crustal material (other). The best-fit rates of concentration change (slopes) and their 95% 
confidence intervals (in brackets), are calculated with the Kendall-Theil Robust Line method 
(Helsel and Hirsch, 2002). Population-weighted (d) SO4

2- and (e) NO3
-  concentrations for summer 

and winter at the surface sites. The best-fit rates of concentration change (solid and dashed lines) 
and their 95% confidence bands (shaded) are shown. 
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Figure 2A.2: Map of the flight tracks for the 13 research flights of the WINTER campaign. 
The overlay shows the largest SO2, NOx and NH3 emissions sources for 2015 (U.S. 
Environmental Protection Agency, 2017b). 
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Figure 2A.3: Observed and simulated vertical profiles of (a) temperature, (b) specific 
humidity, (c) CO, (d) O3, and (e) sum of NOy and NO3

-  for the WINTER campaign. For the 
observations, the mean (filled diamond) ± standard deviations (error bars) for measurements in 
each altitude bin are shown.  
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Figure 2A.4: Observed and GEOS-Chem simulated concentrations of total SO4
2--NO3

- -NH4
+ 

mass concentrations at the CSN, IMPROVE and CASTNET sites for Feb. 1–Mar. 15, 2015 
(a,b) and 2007 (c,d). The text shows the observed and modeled mean ± standard deviation for 
all sites. The inset pie charts show the observed and modeled composition.  
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Figure 2A.5: Observed and simulated vertical profiles of (a) SO2 and (b) HNO3 for the 
WINTER campaign. For the observations, the mean (diamond) ± standard deviation (error bars) 
for measurements in each altitude bin are shown. 
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Figure 2A.6: Mean surface [SO4

2-] and [NO3
- ] for Feb.1–Mar. 15, 2007 (a,d), 2015 (b,e) and 

2023 (c,f). Background colors show the GEOS-Chem model concentrations, while observed 
concentrations at CSN (circles), IMPROVE (diamonds), and CASTNET (triangles) sites are 
indicated with color-coded symbols. The contour lines show the percent change with respect to 
2015 concentrations.  
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Figure 2A.7: Percent change in anthropogenic SO2 (a,b) and NOx (c.d) emissions for Feb. 
and Mar. for 2007–2015 and 2015–2023. The change is calculated as 
(([2015]-[2007]) [2007]×100⁄ ) and (([2023]-[2015]) [2015]×100⁄ ). Also noted in each panel 
are the average percent change in the national emissions and in the emissions over the eastern 
U.S. (area enclosed by dashed lines in panel a) for Feb. and Mar. In comparison, the annual 
emissions changes for 2007–2015 are -58% (SO2) and -35% (NOx), and for 2015–2023 are -47% 
(SO2) and -25% (NOx). 
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Figure 2A.8: Observed and simulated concentrations of SO4

2--NO3
- -NH4

+ along the WINTER 
flight tracks and at the CSN, IMPROVE and CASTNET surface sites for Feb. 1–Mar. 15, 
2015 with the sensitivity simulations. “Reference” denotes our primary simulation discussed in 
the main text and “Low-HOx”, “High-H2O2”, and “Low-pH” denote sensitivity simulations as 
described in Section 2. 
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Chapter 3. ORGANIC AEROSOLS OVER THE NORTHEASTERN 

U.S. DURING WINTER 

 

3.1 INTRODUCTION 

Organic aerosol particles (OA) constitute about half of the fine particulate matter in densely 

populated areas worldwide (Zhang et al., 2007; Snider et al., 2016). Over the northeastern U.S. 

(NE US) they account for 25–40% of the fine particulate matter observed at ground-based sites 

year-round (Hand et al., 2012; Malm et al., 2017). Biogenic and fire sources of OA are dominant 

globally, but anthropogenic emissions from fossil-fuel and biofuel use, hereafter called urban 

sources, become more important over the NE US during winter (Bond et al., 2004; de Gouw and 

Jimenez, 2009; Spracklen et al., 2011). These urban sources produce OA by direct emissions 

(primary organic aerosol, POA) and through atmospheric processing of organic compounds 

(secondary organic aerosol, SOA). During summer, the secondary urban sources are estimated to 

be larger than the primary urban sources, based on source apportionment of OA observations 

within and downwind of cities in the NE US (de Gouw et al., 2005; Sullivan et al., 2006; Kleinman 

et al., 2007; de Gouw et al., 2008). However, during winter, the distribution of urban POA and 

SOA sources over the NE US and other mid-latitude polluted regions is not well-understood 

because of a lack of observations. Tsigaridis et al. (2014) intercompare 31 global models, finding 

a systematic underestimate in observed urban OA concentrations especially during winter, which 

they hypothesize is due to missing urban sources of both POA and SOA in models. This issue 

extends to regional and urban scale models (e.g. Koo et al., 2014; Fountoukis et al., 2016), which 

are widely used in making policies to mitigate the health burden of fine particulate matter. 
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Wintertime OA concentrations at ground-based sites in the NE US are about a factor of 2 

lower than summertime concentrations (Hand et al., 2012). In summer, emissions of biogenic 

volatile organic compounds (VOCs), such as monoterpenes and isoprene, are at their peak, and so 

too are the concentrations of biogenic SOA. In winter, loss of deciduous foliage, less insolation, 

and cold temperatures lower the emissions of biogenic VOCs and, consequently, the 

concentrations of biogenic SOA. Open-fire sources are typically small in the NE US, especially in 

winter (Giglio et al., 2013). Emissions from residential wood combustion (RWC) become 

important during winter in the NE US. RWC is estimated to account for 61% of the POA emissions 

over the region during winter (U.S. Environmental Protection Agency, 2017b), and several source 

apportionment studies have inferred that 10–44% of the wintertime OA over cities in NE US and 

the Midwest are from RWC sources (Brown et al., 2006; Robinson et al., 2006; Jaeckels et al., 

2007). These OA source apportionment studies use receptor models such as the molecular marker 

based chemical mass balance, when the emission sources of the markers are known (Schauer et 

al., 1996), or multivariate factor analysis, when the nature of the sources is unknown (Lanz et al., 

2007; Zhang et al., 2011). The lower insolation and water vapor concentrations during winter 

reduce the source of OH radicals and slow the formation of SOA from oxidation of urban 

emissions. Despite this, 24–54% of the wintertime OA over cities in the NE US is apportioned to 

SOA (Polidori et al., 2006; Subramanian et al., 2007; Jimenez et al., 2009; Rattigan et al., 2010). 

Similarly high winter fractions of SOA are estimated for cities in East Asia (Takegawa et al., 2006; 

Kondo et al., 2007; Hu et al., 2016; Sun et al., 2016) and western Europe (Sciare et al., 2011; 

Crippa et al., 2013; Xu et al., 2016). These observations suggest efficient formation of SOA from 

urban VOC emissions, even during winter. 
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The primary and secondary sources of OA in urban environments and at regional scales 

remian poorly constrained, and varying approaches are used to represent them in chemical 

transport models. Most chemical transport models use one of two following approaches to model 

OA from urban sources: (i) POA is assumed to be nonvolatile and inert and SOA forms only from 

the oxidation of specific VOCs, or (ii) POA is assumed to be co-emitted in equilibrium with 

organic compounds of low volatility, which are treated as additional SOA precursors. Models 

using the first approach significantly underestimate urban SOA concentrations (Volkamer et al., 

2006; Dzepina et al., 2009; Hodzic et al., 2009; Heald et al., 2011; Baker et al., 2015). But the 

second approach has many remaining uncertainties relating to the sources, volatility distribution, 

and aging of low-volatility species and SOA (Heald et al., 2011; Hodzic and Jimenez, 2011; 

Bergström et al., 2012; Hayes et al., 2015; Ma et al., 2017). As a result, models using the second 

approach can reproduce the urban OA and SOA observations under certain assumptions (Hodzic 

et al., 2010; Tsimpidi et al., 2010; Shrivastava et al., 2011), but not under others (e.g. Woody et 

al., 2016; Tsimpidi et al., 2016; Fountoukis et al., 2016). A simpler third approach is to use an 

empirical parameterization based on the observed evolution of OA and SOA during field 

campaigns. Such a parameterization was developed based on observations in Mexico City and 

Pasadena, CA (Hodzic and Jimenez, 2011; Hayes et al., 2015), and has shown promising results 

when applied to simulate observations in the southeastern U.S. (Kim et al., 2015). The fidelity of 

these three OA modeling approaches has not yet been fully evaluated during winter over the NE 

US because of a lack of observations of the distribution and evolution of OA within and downwind 

of the pollution sources.  

The 2015 Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) 

campaign provides the first regional-scale dataset of high time-resolution airborne measurements 
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of OA and other related chemical constituents over the NE US during winter. Here I use the 

WINTER aircraft observations and ground-based observations to evaluate the three 

aforementioned approaches of modeling urban OA with the GEOS-Chem chemical transport 

model. I use the GEOS-Chem simulations to characterize the wintertime OA distribution and 

quantify their sources and contribution to the burden of fine particulate matter in the NE US.  

My study complements two other studies that have also analyzed the sources of OA during 

WINTER. Schroder et al. (2018) used multivariate factor analysis to determine the sources of OA 

during WINTER and found that 60% of the OA was SOA, and 40% POA. They examined SOA 

formation in an urban outflow and found that the winter SOA formation rate was similar to summer 

after accounting for difference in OH concentrations. Sullivan et al. (2018) used levoglucosan as 

a molecular marker to estimate that ~30–100% of the carbon in OA is from RWC sources during 

WINTER. The GEOS-Chem WINTER simulations are also used by Jaeglé et al. (2018) to analyze 

the budget of reactive nitrogen (NOy) over the NE US, and by Shah et al. (2018) to investigate the 

wintertime formation of SO4
2-, NO3

- , and NH4+ particles in NE U.S. 

3.2 OBSERVATIONS AND MODELS USED IN THIS STUDY  

The WINTER aircraft campaign took place between Feb. 1 and Mar. 15, 2015. The NSF/NCAR 

C-130 aircraft was used to conduct 13 research flights (RF) from the NASA Langley Research 

Center, Hampton, VA (Fig. 3.1) covering a large area in the NE US. The measurements were 

carried out during both daytime and nighttime, and the majority (71%) of measurements were 

made below an altitude of 1 km. The plane was equipped with an extensive payload measuring 

atmospheric gas and aerosol composition. Here I use measurements of aerosol composition (Sect. 

2.1), CO and C6-C8 aromatic VOCs. CO was measured by Vacuum UV fluorescence (Aero-Laser 
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AL-5002), and the VOCs were measured with the Trace Organic Gas Analyzer instrument (Apel 

et al., 2010; Hornbrook et al., 2011). 

3.2.1 Aerosol composition measurements 

A high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research 

Inc.) was used to measure the concentration of OA, SO4
2-, NO3

- , and NH4+ in PM1 (particulate 

matter with aerodynamic diameter < 1 µm) (DeCarlo et al., 2006; Canagaratna et al., 2007; Dunlea 

et al., 2009; Kimmel et al., 2011). The instrument setup, operation, and calibration during the 

WINTER campaign is described in detail by Schroder et al. (2018). Briefly, the instrument samples 

ambient air through a custom inlet; it passes through the high-vacuum region of the mass 

spectrometer to the detection chamber, where non-refractory species are flash vaporized at 600°C 

and ionized with 70 eV electron impact ionization. The ions are orthogonally extracted and 

analyzed by time-of-flight mass spectrometry. Collection efficiencies were estimated with the 

composition-dependent algorithm of Middlebrook et al. (2012). Measurements were reported at 1 

s and 1 min periods. The 1-min measurements are used in my analysis. Detection limits for the 1-

min measurements were 194 ng sm-3 (OA), 57 ng sm-3 (SO4
2-), 30 ng sm-3 (NO3

- ), and 5 ng sm-3 

(NH4
+). (1 sm3 equals 1 m3 at 273.15 K and 1013.25 hPa.) The instrument accuracy was 38% (OA) 

and 35% (inorganics) (Bahreini et al., 2009). The instrument was operational on 12 of 13 flights 

during the campaign.  

POA and SOA concentrations were inferred from the positive matrix factorization (PMF) 

of the AMS 1-min observations for flights RF01–07 as described by Schroder et al. (2018). PMF 

is a form of multivariate factor analysis that is commonly applied to the AMS measurements to 

characterize the sources and properties of OA (Ulbrich et al., 2009; Zhang et al., 2011). The PMF 

decomposes the observed time series of the OA mass spectra into a linear combination of a small 
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number of factors and their time-varying concentrations. Each factor is composed of several co-

varying chemical species and each factor represents specific sources and chemical processes. The 

PMF analysis of the WINTER OA data yields four factors: hydrocarbon-like OA (HOA), biomass 

burning OA (BBOA), less-oxidized oxidized OA (LO-OOA), and more-oxidized oxidized OA 

(MO-OOA). HOA is composed of reduced hydrocarbons emitted mainly by vehicles and correlates 

well with primary VOCs and NOx during WINTER (Schroder et al., 2018). BBOA is associated 

with emissions from wood combustion and is correlated with CO, benzene, and the AMS ions 

dominant in biomass burning OA (Schroder et al., 2018). The LO-OOA factor has a mix of 

oxidized and hydrocarbon-like species, and the MO-OOA factor is composed almost entirely of 

oxidized species. LO-OOA and MO-OOA are correlated with formaldehyde (HCHO), SO42-, CO, 

and AMS ions associated with oxidized OA (Schroder et al., 2018). Hereafter I refer to the sum of 

the HOA and BBOA concentrations as the observed POA, and the sum of LO-OOA and MO-OOA 

concentrations as the observed SOA. 

3.2.2 Surface measurements 

The Chemical Speciation Network (CSN) and the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) are ground-based PM2.5 monitoring networks (Solomon et al., 2014; 

Hand et al., 2012). The networks use a filter-based approach for measuring the concentration and 

composition of PM2.5. Both networks use the URG 3000N sampler to collect OA particles on 

quartz-fiber filters, which are subsequently analyzed using thermal optical methods to determine 

the amount of organic carbon (OC). The networks report 24-hour mean OC concentrations every 

third or sixth day. Given my 6-week long simulation period, I include only sites that report every 

third day, and have at least 70% temporal coverage for Feb. 1–Mar. 15, 2015. The NE US (defined 

here as the region between 35–45˚N and 65–89˚W, Fig. 3.1a) had 30 CSN and 26 IMPROVE sites 
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matching the above criteria. I use an OA/OC multiplier of 1.8 to determine OA concentrations 

from the OC measurements (Hand et al., 2012).   

Filter-based measurements are subject to both positive and negative biases, due to 

collection of organic gases or volatilization of semivolatile particles, during sample collection, 

transport, storage, and laboratory analysis. The IMPROVE measurements partly account for these 

OC artifacts by reporting blank-corrected concentrations, but the CSN measurements are not 

blank-corrected. Following Hand et al. (2012), I apply a uniform correction to the CSN 

measurements of –0.3 µgC sm-3, equivalent to 16% of the OC concentrations observed at the CSN 

sites in NE U.S. during WINTER. 

 
 

Figure 3.1: WINTER flight tracks and organic carbon emissions. (a) Map of the WINTER 
flight tracks overlaid onto the primary organic carbon (OC) emission flux from the U.S. EPA’s 
National Emissions Inventory (NEI) 2011 for 1 Feb–15 Mar. The area defined as the 
northeastern US in this study (35–45˚N and 65–89˚W) is enclosed by the dashed lines (b) 
Primary OC emission source distribution for the northeastern US. 
 

3.2.3 GEOS-Chem model 

I use the GEOS-Chem chemical transport model v10-01 (www.geos-chem.org) driven by 

assimilated meteorological fields from NASA Global Modeling and Assimilation Office’s GEOS-

5 Forward Processing (FP) system (Reinecker et al., 2008; Molod et al., 2015). I use the one-way 
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nested-grid configuration with a resolution of 0.5˚ latitude by 0.625˚ longitude over North America 

(130˚W–60˚W, 10˚N–60˚N) with initial and boundary conditions from a 4˚×5˚ global simulation 

(Kim et al., 2015; Wang et al., 2004). The model has 47 levels in the vertical with 8 levels within 

1 km of the surface. GEOS-Chem includes gas-phase chemistry of HOx-NOx-VOC-O3-SO2-BrOx 

(Bey et al., 2001; Mao et al., 2010; Parrella et al., 2012; Travis et al., 2016; Fisher et al., 2016) 

coupled with the chemistry of SO4
2-, nitrate (NO3

- ), ammonium (NH4
+) (Park et al., 2004; Alexander 

et al., 2005; Pye et al., 2009; Alexander et al., 2012; Kim et al., 2015) and OA (Park et al., 2003; 

Heald et al., 2006, 2011; Pye et al., 2010; Kim et al., 2015). GEOS-Chem simulates the process of 

advection with a flux-form semi-Lagrangian scheme (Lin and Rood, 1996), boundary layer mixing 

using a non-local scheme (Lin and McElroy, 2010), and convective transport using archived 

convective mass fluxes from GEOS-5 FP (Wu et al., 2007). The wet deposition scheme includes 

scavenging of gases and particles in wet convective updrafts and in large-scale precipitation (Liu 

et al., 2001; Wang et al., 2011; Amos et al., 2012). The dry deposition scheme is based on the 

standard resistance-in-series model (Wesely, 1989; Wang et al., 1998; Zhang et al., 2001). 

Emissions are calculated with the Harvard-NASA Emission Component (HEMCO) v1.1 (Keller 

et al., 2014). U.S. anthropogenic emissions are from the U.S. EPA’s National Emissions Inventory 

(NEI) 2011 (Travis et al., 2016). For the WINTER simulations, I have scaled the 2011 U.S. 

emissions to 2015 levels based on the U.S. EPA emissions trend report (U.S. Environmental 

Protection Agency, 2015a) (scaling factors SO2: 0.72, NOx: 0.80, CO: 0.83, and VOCs: 0.93). Fire 

emissions from the Global Fire Emissions Database (GFED) v4 (Giglio et al., 2013; Randerson et 

al., 2012; van der Werf et al., 2017), and biogenic emissions from Model of Emissions of Gases 

and Aerosols from Nature (MEGAN) v2.1 (Guenther et al., 2012).  
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I have a made several modifications to the GEOS-Chem model for my WINTER 

simulations, which are described in Jaeglé et al. (2018) and Shah et al. (2018). In particular, I 

increase surface emissions of HCHO by a factor of 5 to bring the GEOS-Chem predictions in better 

agreement with the WINTER observations. I decrease emissions of toluene by 60% based on Hu 

et al. (2015), who reported that GEOS-Chem simulations with the NEI emissions overpredicted 

toluene in the Midwest by a factor of 2.5. I have updated the heterogeneous chemistry of NOy, 

implemented transition-metal catalyzed SO2 oxidation, and added a simple ClNO2 chemical 

pathway. I have also updated the GEOS-Chem’s dry deposition scheme at cold temperatures and 

corrected for an underestimate of wet scavenging under cold temperatures (<268 K).  

I perform four simulations using three modeling approaches for OA from urban sources 

(Table 3.1). All simulations are performed for Feb 1–Mar 15, with a spin-up period of 6 months 

for the global simulation and 15 days for the high-resolution North America simulation. For 

comparison to observations, the model is sampled at the time and location of the measurements.  

GEOS-Chem simulates the emissions of POA from urban and fire sources, and SOA formation 

from biogenic, urban, and fire emissions (Park et al., 2003; Pye et al., 2010; Heald et al., 2011; 

Kim et al., 2015). Marine biogenic POA sources are not included in my version of GEOS-Chem. 

The spatial distribution of the NEI 2011 POA emissions for Feb 1–Mar 15 is shown in Fig. 3.1a. 

For the WINTER simulations, the NEI 2011 POA emissions are reduced by 1.7% based on the 

U.S. EPA emissions trend for PM2.5 emissions (U.S. Environmental Protection Agency, 2015a). 

During Feb 1–Mar 15, 2015, the total POA emissions over the NE US (defined as 35–45˚N and 

65–89˚W) was 470 Mg C d-1. The majority (61%) of the wintertime POA emissions in the NE US 

are from RWC sources (Fig. 3.1b). The rest of the POA emissions are from vehicles, cooking, 

industrial units, and power plants. Urban emissions of C6-C8 aromatics (represented by benzene, 
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toluene, and xylene respectively) are mainly from vehicular sources, surface coating and solvent 

use, gas stations, and RWC. The total emissions of benzene, toluene, and xylene over the NE US 

for Feb 1–Mar 15 were 184, 326, and 714 Mg C d-1. Over the NE US, biogenic emissions of 

isoprene were 93 Mg C d-1 and of monoterpenes were 1243 Mg C d-1. Biogenic emissions were 

concentrated near the southern edge of the region and decreased sharply northwards, reflecting the 

gradient in temperature and sunlight. While the emissions of monoterpenes seem large compared 

to POA emissions, a typical SOA yield from monoterpenes is about 5–15% (Griffin et al., 1999; 

Chung and Seinfeld, 2002; Shilling et al., 2008). 

I use the three OA modeling approaches which have been implemented in GEOS-Chem in 

previous work (Table 3.1). Each makes different assumptions about the properties and chemistry 

of POA and SOA. The first approach (“traditional” approach, denoted here as TRAD) follows the 

POA model of Park et al. (2003) and the urban SOA parameterization of Henze et al. (2008) with 

updates from Pye at al. (2010). In the second approach (Semivolatile POA, denoted here as 

SVPOA), urban POA and SOA are modeled as components of one dynamic organic gas-particle 

system, following the parameterization of Pye and Seinfeld (2010). The parameters used in the 

above two approaches are primarily based on laboratory studies of the chemical properties of POA 

and SOA from urban emissions (Shrivastava et al., 2006; Grieshop et al., 2009; Ng et al., 2007; 

Chan et al., 2009). The third approach (Simple approach, denoted here by the prefix SMPL), was 

described in Hodzic and Jimenez (2011) and implemented in GEOS-Chem by Kim et al. (2015). 

POA and urban SOA are assumed to be nonvolatile. SOA forms from the oxidation of POA and 

an unspeciated VOC surrogate gas. I perform two simulations using this approach: one without 

any modifications to POA emissions from the NEI inventory (SMPL_A) and the other with POA 
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emissions from the NEI inventory scaled down by a factor of 2 (SMPL_B). Further details of the 

three simulations are in the Section 3.9.  

 

Table 3.1: Overview of the GEOS-Chem OA simulations performed for this study. 
Urban POA Urban SOA 

TRAD simulation (Park et al., 2003; Pye et al., 2010) 
1) Species: 2 nonvolatile (hydrophobic and 

hydrophilic) 
2) Source: NEI POA emissions (50% to each 

specie) 
3) Aging: hydrophobic to hydrophilic 

(k=1×10−5 s−1)  

1) Species: 1 nonvolatile, 3 semivolatile gas-
aerosol pairs (C* of 1, 10, 100 µg m-3).  

2) Source: oxidation of peroxy radicals of C6-
C8 aromatics with HO2 and NO 

SVPOA simulation (Pye and Seinfeld, 2010; Pye et al., 2010) 
1) Species: 2 semivolatile gas-aerosol pairs 

(C*=20,1600 µg sm-3) 
2) Source: NEI POA emissions (~50% to each 

specie) 
3) Aging: Oxidizes in gas phase with OH  

1) Species: 1 nonvolatile, 3 semivolatile gas-
aerosol pairs (C*=1, 10, 100 µg m-3) from 
C6-C8 aromatic and P-IVOC oxidation, 2 
semivolatile gas-aerosol pairs (C*=0.2, 16 
µg m-3) from P-SVOC oxidation 

2) Sources:  
C6-C8 aromatics oxidation (similar to 
TRAD),  
P-SVOC oxidation  
P-IVOC oxidation. Naphthalene (C*=105 
µg m-3) as surrogate, scaling factor of 66. 
Naphthalene co-emitted with benzene 
(0.041 mol mol-1) 

SMPL_A & SMPL_B simulations (Hodzic and Jimenez, 2011; Kim et al., 2015) 
1) Species: 2 nonvolatile species, one from 

RWC and one from non-RWC sources 
2) Source: NEI POA emissions. POA 

emissions halved in SMPL_B simulation. 
Separation of RWC sources based on U.S. 
EPA estimates. 

3) Aging: POA oxidizes in gas phase with OH  

1) Species: 2 nonvolatile species: one from 
RWC and one from non-RWC sources 

2) Source: Oxidation with OH of surrogate 
VOC co-emitted with CO (0.069 g g−1 for 
non-RWC sources, 0.013 g g−1 for RWC 
sources) 

POA: Primary organic aerosol 
SOA: Secondary organic aerosol 
SVOC: Semivolatile organic compounds 
IVOC: Intermediate-volatility organic compounds 
P-SVOC: Primary SVOC 
P-IVOC: Primary IVOC 
C*: saturation concentration 
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3.3 OBSERVED AND MODELED DISTRIBUTION OF OA DURING WINTER 

The campaign-average concentration of OA observed below 1 km altitude was 1.48 ± 0.93 µg    

sm-3 (mean ± standard deviation) (Fig. 3.2a). OA concentrations of 3–4 µg sm-3 were measured 

downwind of the heavily urbanized area between Washington D.C. and New York City and along 

the Ohio River Valley between Cincinnati and Pittsburgh. This is similar to the urban OA 

enhancement of ~2 µg sm-3 observed at NE US CSN and IMPROVE sites during winter (Hand et 

al., 2012). Aircraft observations of OA concentrations upwind of urban regions or over the ocean 

far off the coast were lower (Fig. 3.2a). OA concentrations were highest within 0.5 km of the 

surface (1.9 µg sm-3) and decreased to below 0.5 µg sm-3 above 2 km altitude (Fig. 3.2b). The 

WINTER vertical profile is consistent with most previous aircraft campaign observations over 

polluted regions not impacted by fires (Heald et al., 2011). 

The observed mean POA and SOA concentrations below 1 km altitude for flights RF01–

07 are 0.74 µg sm-3 and 1.1 µg sm-3, respectively (Fig. 3.3a). Of the POA, 70% is composed of 

BBOA (28% of the OA). RWC is expected to be the dominant source of wintertime POA over NE 

US (Fig. 3.1b), which explains the abundance of BBOA during WINTER (Schroder et al., 2018). 

Sullivan et al. (2018) used levoglucosan measurements to estimate that ~30–100% of the OC 

observed during WINTER is from RWC sources. The WINTER RWC source contribution is 

within the range of previous observations in the NE and Midwest US (10–44%) and in Central and 

Northern Europe (17–49%) (Brown et al., 2006; Glasius et al., 2018; Jaeckels et al., 2007; Lanz et 

al., 2010; Robinson et al., 2006).  
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Figure 3.2: Observed and simulated OA concentrations during WINTER. (a) Maps of the 
OA concentrations observed along the WINTER flight tracks below the altitude of 1 km for 
RF01-13, and the corresponding modeled concentrations for the (c) TRAD, (d) SVPOA, (e) 
SMPL_A, and (f) SMPL_B simulations. The observations and the modeled concentrations are 
binned into a 0.5º latitude ´ 0.625º longitude GEOS-Chem grid. The mean ± standard deviation 
of the observed and modeled OA is shown above. The inset has the normalized mean bias 
(NMB) and the FAC2 index. (b) Vertical profile of the observed OA and the OA predicted by the 
TRAD (orange), SVPOA (blue), SMPL_A (green dashed), and SMPL_B (green solid) 
simulations. GEOS-Chem simulations. The observed means (black diamonds) ± standard 
deviations (error bars) and the modeled mean OA concentrations in each altitude bin are shown.   
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Figure 3.3: Observed and simulated POA and SOA during WINTER. (a) POA and SOA 
fractions of OA below 1 km altitude for flights RF01–RF07 inferred from the positive matrix 
factorization (PMF) analysis of the observations (black) and for the TRAD (orange), SVPOA 
(blue), SMPL_A (green, dashed), and SMPL_B (green, solid) simulations. The hydrocarbon-like 
(HOA) and biomass burning (BBOA) fractions of POA and the fractions of modeled POA from 
residential wood combustion (BB) and all remaining sources (Other) for the SMPL_B simulation 
are also shown. Vertical profiles of (b) POA and (c) SOA and the corresponding modeled POA 
and SOA. The observation-inferred POA and SOA means (black diamonds) ± standard 
deviations (error bars) in each altitude bin and the modeled means from the TRAD (orange line), 
SVPOA (blue line), SMPL_A (green dashed line), and SMPL_B (green solid line) simulations 
are shown. 

 

 

The WINTER SOA/OA fraction (60%) is also consistent with the SOA fraction inferred 

from source apportionment of past wintertime surface measurements in New York City (54%), 

Pittsburgh (~50%) and several European cities (36–60%) influenced by RWC sources (Weimer et 

al., 2006; Subramanian et al., 2007; Jimenez et al., 2009; Lanz et al., 2010). POA and SOA 

concentrations decrease from below 0.5 km to above 2 km (Fig. 3.3b, c), but the vertical gradient 

of POA is steeper than that of SOA in the 0.5–2 km layer. This layer is the so-called residual layer, 

which during winter remains detached from the surface for much of day and contains more aged 

emissions. 
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The TRAD simulation reproduces the observed total OA reasonably well, but 

overestimates POA, and substantially underestimates SOA (Fig. 3.2c, 3.3a). Compared to observed 

OA concentrations, the TRAD simulation has a normalized mean bias (NMB) of –24% and a FAC2 

index of 64%. (NMB=(Mi++++	 	Oi+++⁄ − 1)×100%, where Oi and Mi are the paired observed and modeled 

OA concentrations and the overbar represents the mean, and FAC2 is the percent of model-

observation pairs such that 0.5	≤Mi	 Oi⁄ ≤	2). This simulation predicts POA concentrations that 

are a factor of 2 higher than the observations. It predicts almost no SOA formation during 

WINTER, in stark contrast to the observations. The TRAD OA agrees well with the observations 

below 0.5 km, because of cancellation of errors in POA and SOA (Fig. 3.2b). At higher altitudes 

(between 0.5 and 2 km), the TRAD OA is a factor 2 lower than the observations, because of the 

underestimate in SOA formation aloft. Urban SOA in the TRAD simulation is formed from the 

condensation of the oxidation products of C6-C8 aromatics. GEOS-Chem tends to overestimate 

these VOCs (Fig. 3A.2), which suggests that there are other SOA precursors missing from the 

TRAD simulation.  

  The SVPOA simulation underestimates OA concentrations by about a factor of 2 (NMB= 

–49%), underestimates POA by about of factor of 5, but simulates SOA concentrations (0.86 µg 

sm-3) in better agreement with the observations (Fig. 3.2d, 3.3a). The same patterns are seen in the 

SVPOA vertical profiles (Fig. 3.2b, 3.3b, 3.3c). The SVPOA simulation treats POA as 

semivolatile. A significant fraction of the emitted POA evaporates to low-volatility gases, resulting 

in lower POA concentrations. The oxidation of the low-volatility gases to lower volatilities 

followed by condensation is the main source of SOA in this simulation.  

The SMPL_B simulation reproduces the OA observations well (NMB=8%, FAC2=74%), 

while the SMPL_A overestimates OA by a factor of 2 (NMB=49%) (Fig. 3.2d, e). The lower OA 
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in SMPL_B than in SMPL_A is due to the factor of 2 decrease in the NEI POA emissions (Sect. 

2.3). The SMPL_B POA concentrations (0.72 µg sm-3) and the contribution of BBOA to POA 

(67%) are in good agreement with the observations (Fig. 3.3a). This suggests that NEI 2011 

captures the fraction of POA emissions from RWC sources over the NE US, but the total POA 

emissions may be a factor of 2 too high. The SMPL_A and SMPL_B SOA concentrations below 

1 km (1.3–1.5 µg sm-3) are within 35% of the observations (Fig. 3.3a). The small difference in the 

SMPL_A and SMPL_B SOA concentrations is due to the difference in POA and thus the amount 

of SOA formed from POA aging. The SMPL_B simulation captures the vertical profiles of the 

observed OA, POA, and SOA well (Fig. 3.2b, 3.3b, 3.3c).  

Among the four simulations, I find that the SMPL_B simulation has the most realistic 

representation of the observed concentrations of POA and SOA during WINTER. The parameters 

for SOA formation in this simulation are based on observations in Mexico City and Pasadena, CA 

(Hodzic and Jimenez, 2011; Hayes et al., 2013), and I find that they also are suitable for simulating 

the NE US wintertime conditions. I performed 10 additional runs of the SMPL_B simulation to 

test the sensitivity to the two SOA parameters: AVOC/CO emissions ratio and AVOC+OH 

oxidation rate. I find that 5 of the sensitivity simulations generate OA and SOA concentrations 

within ±20% of the observations (Fig. 3A.3). For example, the simulation with 25% higher AVOC 

emissions and 35% lower AVOC oxidation rate than SMPL_B, and the simulation with 50% lower 

AVOC emissions and 2 times the AVOC oxidation rate result in OA and SOA concentrations close 

to the observations. Extrapolation of the results of the sensitivity simulations indicates that if the 

AVOC+OH rate is close to its theoretical upper limit (~1´10-10 cm3 molec-1 s-1), then the minimum 

AVOC/CO emissions ratio is ~20 g/kg. The SOA parameter combination of the SMPL_B 

simulation is not unique in reproducing the WINTER OA. The two parameters could be resolved 
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further using a technique like the oxidation flow reactor that artificially oxidizes SOA precursors 

in an ambient air sample in real-time (Ortega et al., 2016).  

3.4 TIME EVOLUTION OF OA 

Past studies have shown OA concentrations to increase rapidly with atmospheric processing of 

urban emissions because of the photochemical formation of SOA from urban VOC precursors (de 

Gouw et al., 2008; Kleinman et al., 2008; DeCarlo et al., 2010; Hayes et al., 2013; de Gouw and 

Jimenez, 2009; Kleinman et al., 2007). The evolution of OA with time depends on the timescales 

and efficiency of SOA formation, but also on the magnitude of emissions and loss by dilution and 

removal. Following previous studies, I minimize the effect of variability of emissions and dilution 

by considering the enhancement in OA normalized to enhancement in CO (DOA/DCO). The 

degree of photochemical processing is usually represented by an OH equivalent age, which is a 

measure of the time exposure of the emissions to a particular [OH] (Parrish et al., 1992; Kleinman 

et al., 2007).  

The OH equivalent age is usually estimated using ratios of NOx to NOy, or ratios of two 

VOCs that react with OH at different rates (Parrish et al., 1992; Kleinman et al., 2007). The 

NOx/NOy method is subject to inaccuracies arising from the mixing of emissions of different ages, 

differences in wet and dry deposition efficiencies of NOx and NOy species, and conversion of 

NOx to NOy by pathways other than reaction with OH. During WINTER only 33% of the NOx to 

NOy conversion happens through the daytime NO2+OH pathway (Jaeglé et al., 2018), which limits 

the application of the NOx/NOy method to estimate the OH equivalent age to the entire WINTER 

dataset. There are inaccuracies in the age calculated from the ratio of two VOCs because of 

uncertainties in their emission ratios and mixing of emissions of different ages. Besides, VOC 

measurements are not available for WINTER flights RF09–13. Schroder et al. (2018) applied both 
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these methods to determine the age of an urban plume encountered on a daytime WINTER flight. 

To extend this analysis to the full WINTER dataset, I use an OH equivalent age calculated by 

GEOS-Chem. It is derived from the simulated concentrations of two species (X and Y) along the 

WINTER flight tracks. Species X is emitted from urban sources and reacts with OH with a rate 

constant k (k=1.25´10-11 cm3 molec-1 s-1) to form species Y. The OH equivalent age, ∆t, is 

calculated from the simulated concentrations of X and Y (Eq. 3.1–3.3)   

         [X]∆t	=	[X]0 exp(−k[OH] ∆t)   (3.1) 

           [Y]∆t	=	[X]0.1− exp(−k[OH]	∆t)/  (3.2) 

             ∆t		=	 1
k[OH]

 ln 01+ [Y]∆t
[X]∆t

2   (3.3) 

where, [X]0	is the concentration of X at the source,	[X]∆t and [Y]∆t are the concentrations after 

time ∆t. For comparison to previous studies, I use [OH] = 1.5´106 molec cm-3. I calculate a median 

OH equivalent age of 6.5 hours along the WINTER flight tracks. The OH equivalent age is better 

correlated with simulated –log(NOx/NOy) for daytime flights than nighttime flights (Fig. 3A.4a). 

The OH equivalent age is smaller than the GEOS-Chem derived transport time of emissions (Fig. 

3A.4b), as [OH] is lower than 1.5´106 molec cm-3 in winter. An OH equivalent age of 12 hours 

corresponds to a transport time of ~1 day for daytime samples and ~1.4 days for nighttime samples.  

I analyze the observed aging of OA by grouping observations below 1 km altitude into OH 

equivalent age bins and then calculating DOA/DCO from the ordinary least squares bisector 

regression (Isobe et al., 1990) slope between OA and CO in each OH equivalent age bin (Fig. 

3A.5). I repeat this calculation for the observed DSOA/DCO for flights RF01–07, for which POA 

and SOA concentrations were calculated from PMF analysis. The observed DPOA/DOA is 

calculated without separating the observations into age bins (Fig. 3A.6). I apply the same 
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procedure to the GEOS-Chem simulations. I exclude the SMPL_A simulation from further 

analysis since it is not different from the SMPL_B simulation except for the POA emissions.   

The average observed DOA/DCO is 41 µg sm-3 ppmv-1, and the observed DPOA/DCO and 

DSOA/DCO for flights RF01–07 are equal to each other (~21 µg sm-3 ppmv-1). I find that the 

observed DOA/DCO and DSOA/DCO increase substantially with OH equivalent age (Fig. 3.4a, b), 

as a result of photochemical formation of SOA. Observed DOA/DCO doubles from 39 µg sm-3 

ppmv-1 to 85 µg sm-3 ppmv-1 as OH equivalent age increases to from 2 hours to 1 day. This implies 

an observed growth in DSOA/DCO of 46 µg sm-3 ppmv-1 in aged air. The RF01–07 observed 

DSOA/DCO shows a similar increase from 13 to 62 µg sm-3 ppmv-1 between OH equivalent ages 

of 2 and 20 hours (Fig. 3.4b). 

The observed photochemical evolution of OA and SOA observed during the WINTER 

campaign is consistent with summertime observations in the NE US and other urban regions 

(Kleinman et al., 2007, 2008; de Gouw and Jimenez, 2009; DeCarlo et al., 2010; Hayes et al., 

2013), even though there is presumably a significant shift in the types of VOC contributing to SOA 

formation between winter and summer in the NE part of the domain. The observed DOA/DCO for 

aged air falls within the range reported by de Gouw and Jimenez (2009) (45–90 µg sm-3 ppmv-1). 

I find that the WINTER observed DPOA/DCO (21 µg sm-3 ppmv-1) is a factor of 2-3 higher than 

the summertime values summarized in de Gouw & Jimenez (2009) because of the large 

contribution of RWC sources to POA during winter.   
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Figure 3.4: Observed and simulated time evolution of OA and SOA. (a) DOA/DCO and (b) 
DSOA/DCO as function of OH equivalent age for the WINTER observations below 1 km 
altitude. Panel a includes observations from all WINTER flights (RF01–13), and panel b 
includes observations from flights RF01–07. DOA/DCO and DSOA/DCO are calculated using 
linear regression of the observations grouped by their OH equivalent age as described in the text 
(Fig. 3A.4, 3A.5). The regression slopes (filled circles) ± their 95% confidence intervals (error 
bars) for each age bin are shown. The slope of the best-fit line (solid black) is indicated. The 
DPOA/DCO is calculated without binning the observations by age. Also shown are the range of 
observed urban POA/DCO (dark blue bar) and (POA+SOA)/DCO in aged urban emissions 
(yellow bar) (de Gouw and Jimenez, 2009), the range of DOA/DCO observed over the NE U.S. at 
different OH equivalent ages (light blue shaded area), and the increase in DOA/DCO with OH 
equivalent age observed in Pasadena, CA during the 2010 CalNex campaign. (c) DOA/DCO and 
(d) DSOA/DCO from the TRAD (orange), SVPOA (blue) and SMPL_B (green) simulations. The 
number of points in each age bin is shown at the top in panels c and d. 

 

The TRAD simulation, which has almost no SOA formation, shows no change in the 

modeled DOA/DCO with age (Fig. 3.4c, d). The TRAD DOA/DCO is within about 20% of the 

observations in the first 10 hours after emissions, but it is a factor of 2 too low at the age of 1 day. 
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Since the median OH equivalent age of the WINTER observations was 6.5 hours, the large 

discrepancy in TRAD OA in more aged air was not apparent when the campaign-average OA 

concentrations was compared to the observations (Sect. 3.1). The modeled DOA/DCO in the 

SVPOA simulation are lower than the observations at all OH equivalent ages (Fig. 3.4c, d), 

because of the underestimate in the modeled DPOA/DCO (8 µg sm-3 ppmv-1), and the smaller 

growth in DSOA/DCO. This suggests that the SOA formation potential of the SVPOA 

parametrization is too low.  

The SMPL_B simulation is best able to capture the time evolution of OA observed during 

WINTER. The SMPL_B simulation reproduces the mean DOA/DCO (40 µg sm-3 ppmv-1) and its 

growth (43 µg sm-3 ppmv-1) at a OH equivalent age of 1 day (Fig. 3.4c). The RF01–07 DSOA/DCO 

in SMPL_B also reaches 43 µg sm-3 ppmv-1 in aged air, and is a little lower than the observations 

(Fig. 3.4d). 

3.5 FLIGHTS RF02 AND RF04 

I now analyze the OA observations on two of the WINTER flights and evaluate the performance 

of the TRAD, SVPOA, and SMPL_B simulations for these flights. Both flights sampled air 

downwind of urban areas at low altitudes (below 0.5 km) and were both day-into-night flights. The 

first flight, RF02, sampled fresh emissions with OH equivalent ages of 3–5 hours. While the 

second flight, RF04, sampled aged pollution with OH equivalent ages of 7–20 hours. Thus, these 

two flights together represent the range of OH equivalent ages observed during the WINTER 

campaign. 

RF02 
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RF02 took place on February 6, 2015. The C-130 aircraft sampled air over the Ohio River Valley, 

downwind of the cities of Cincinnati, OH and Columbus, OH (Fig. 3.5). Sampling in the boundary 

layer at ~0.3 km altitude, took place between 12:45 and 17:45 pm (EST) (Fig. 3.5a). Mean CO 

concentrations of 0.18 ppm were observed during this period. GEOS-Chem predicts mean CO 

concentrations of 0.16 ppm and captures the observed variability. The observed OA concentrations 

vary between 1 and 4 µg sm-3 (Fig. 3.5b), closely tracking the CO timeseries. The observed POA 

and SOA concentrations are 1.0 and 0.9 µg sm-3, respectively (Fig. 3.5c, d). The observed SOA/OA 

ratio of 0.47 is consistent with the low OH equivalent age of the sampled emissions (Fig. 3.4a).  

The mean OA concentrations predicted by the TRAD (2.1 µg sm-3) and the SMPL_B (2.0 µg sm-

3) simulations are within 15% of observed concentrations (1.8 µg sm-3), but the SVPOA simulation 

(1.1 µg sm-3) is a factor of 2 too low. The SMPL_B POA (1.1 µg sm-3) and SOA (0.98 µg sm-3) 

concentrations are also close to the observations, and the SOA/OA ratio (0.49) is well-reproduced. 

The TRAD simulation POA concentrations (2.1 µg sm-3) are too high, and the OA in the TRAD 

simulation is almost entirely composed of POA. In the SVPOA simulation, most of the OA is made 

up of SOA (SOA/OA=0.81), in disagreement with the observations. 

RF04 

Flight RF04 took place on February 11, 2015, when a wide slow-moving pollution plume 

originating from Washington D.C. and Baltimore was sampled. The aircraft flew between 

Maryland and South Carolina making several transects across the plume at an altitude of about 

0.35 km. CO concentrations of 0.17 ppm were measured, with little variation within the plume 

(Fig. 3.6a). CO concentrations dropped to background levels (~0.1 ppm) whenever the plane 

climbed above the boundary layer. GEOS-Chem captures the observed CO concentrations in the 

plume. The mean observed OA concentration below 0.5 km was 2.5 µg sm-3, with lower 
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concentrations closer to the source region (15:15–16:30 EST) than further downwind (Fig. 3.6b).  

 

 
 
Figure 3.5: Comparison of observations and simulations for flight RF02. Observed and 
modeled concentrations of CO (a), OA (b), POA (c), and SOA (d) for flight RF-02. Observations 
are in black and the modeled concentrations from the three simulations are in solid lines (TRAD: 
orange, SVPOA: blue, and SMPL_B: green). Panel a also shows the flight altitude. Panel e 
shows the flight track colored by observed OA concentrations and overlaid onto the modeled OA 
concentrations at the surface-level in the SMPL_B simulation. The observed wind speed and 
direction is also shown.  
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Figure 3.6 Comparison of observations and simulations for flight RF04. Same as Fig. 3.5 
otherwise. 
 

For most of the flight, observed SOA (mean: 1.9 µg sm-3) was considerably higher than 

POA (0.65 µg sm-3), with a mean SOA/OA ratio of 0.75 (Fig. 3.6c, d). The high contribution of 

SOA to the OA mass is due to the longer period of atmospheric processing of urban emissions 

(Fig. 3.4a). The total OA concentrations from the three simulations are within ±30% of the 
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observations for this flight, but display very different SOA/OA ratios. The TRAD simulation 

significantly underestimates SOA (SOA/OA=0.04), while the SVPOA simulation overestimates 

SOA (SOA/OA=0.94). The SMPL_B simulation SOA (2.4 µg sm-3) is close to the observations 

and reproduces the SOA/OA ratio (SMPL_B: 0.74). 

3.6 COMPARISON WITH GROUND-BASED OBSERVATIONS 

The ground-based OA measurements of the CSN and IMPROVE networks provide an independent 

constraint on the modeled OA. The model, in turn, provides a link to assess the consistency 

between the ground-based and the WINTER aircraft measurements. Figure 3.6a shows the 

measured OA concentrations at these 56 ground-based sites over the NE US for Feb 1–Mar 15, 

2015, with a mean of 2.77 ± 1.12 µg sm-3 (Fig. 3.8a). Higher OA concentrations are seen at sites 

between Washington D.C. and New York City and in cities like Pittsburgh, PA and Cleveland, 

OH.  

The TRAD and the SMPL_B simulations predict mean OA concentrations in reasonable 

agreement with the observations (NMB=-8% and -11% respectively), while the SVPOA 

simulation is 65% too low (Fig. 3.6b–d, 3A.7). The TRAD simulation overestimates OA at sites 

between New York City and Boston, where POA emissions are larger (Fig. 3.1a), but 

underestimates OA elsewhere. The SMPL_B simulation shows modest skill in reproducing the 

spatial variability observed at the CSN sites and little skill for the IMPROVE sites. This could be 

because the horizontal resolution of the model (~50 km) is too coarse to simulate finer-scale spatial 

gradients in the vicinity of ground-based sites or because the local variations in POA emissions 

are not fully captured by the NEI. At the regional scale, the overall agreement of SMPL_B 

simulation with the ground-based OA measurements indicates broad consistency between the 

ground-based and WINTER aircraft measurements.  
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Overall, my results demonstrate the skill of the SMPL_B simulation in reproducing the OA 

concentrations, the fractions of POA and SOA, and growth of OA with OH equivalent age 

observed during the WINTER campaign. In the next section, I focus on the implications of the 

results of the SMPL_B simulation on the sources and distribution of OA and PM1 over the NE US 

during winter. 

 

 

 
Figure 3.7: Observed and simulated OA concentrations at ground-bsaed sites. (a) OA 
concentrations observed at the CSN and IMPROVE sites for Feb 1–Mar 15, 2015 and the 
corresponding modeled OA concentrations in the (b) TRAD, (c) SVPOA, and (d) SMPL_B 
simulations. Scatterplots of the observed and modeled concentrations are shown in Fig. 3A.6. 
 

3.7 WINTERTIME SOURCES, DISTRIBUTION AND BURDEN OF OA AND PM1 

Figure 3.8 shows the distribution of POA, SOA and OA below 1 km altitude over the NE US for 

Feb 1–Mar 15, 2015 as calculated in the SMPL_B simulation. The mean POA concentration over 

land in the NE US is 0.5 µg sm-3, with higher concentrations (0.6–1.0 µg sm-3) near the urban 
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source regions in the Northeast Corridor between Washington D.C. and Boston, and over western 

Pennsylvania and Ohio (Fig. 3.8a). I calculate that 0.33 µg sm-3 (66%) of POA over land in the 

NE US is from RWC sources (Fig. 3.9a). SOA concentrations (0.80 µg sm-3) are more evenly 

distributed over the region, and account for 60-80% of OA (Fig. 3.8b, c). While VOCs are largely 

emitted in urban areas, their slow photochemical oxidation during winter extends the influence of 

urban SOA to the regional scale. I find that only 35% of the VOCs are oxidized to SOA over the 

NE US, with the rest being exported out of the region. The fraction of SOA precursor that gets 

oxidized increases southward with increasing OH production, which along with higher biogenic 

VOCs emissions, results in higher SOA concentrations over the southeastern U.S. (black contours 

in Fig. 3.9b). The oxidized fraction of the AVOC also increases over the ocean as the urban 

emissions undergo longer photochemical processing. Further photochemical processing can lead 

to fragmentation and volatilization of SOA (Jimenez et al., 2009; Henry and Donahue, 2012; 

Epstein et al., 2014; Hodzic et al., 2015), but these processes are not included in my model.  

The distribution of OA is largely driven by the distribution of SOA and shows a nearly 

uniform distribution over the region (Fig. 3.8c). In the SMPL_B simulation, urban SOA accounts 

for 63% of the OA in the NE US (Fig. 3.9a). The SOA contribution is high over the ocean with 

continuing SOA formation from the oxidation of AVOC and POA. The distribution of OA in the 

TRAD and the SVPOA simulations are considerably different. OA in the TRAD simulation is 

centered around urban areas with high POA emissions, while OA in the SVPOA simulation shows 

a sharp north-south gradient reflecting the spatial gradient in urban SOA production (Fig. 3A.8). 

Figure 3.9 contrasts my WINTER results to the Kim et al. (2015) GEOS-Chem simulations for the 

SEAC4RS campaign over the southeastern (SE) US in Aug–Sept 2013. The version of GEOS-

Chem used for the SEAC4RS simulation is similar to my SMPL_A simulation for WINTER. 
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Higher summertime biogenic VOC and fire emissions in the SE US and faster photochemical 

formation of SOA from biogenic and urban VOCs result in the SEAC4RS OA concentrations to 

be 5 times higher than the WINTER concentrations (Fig. 3.9a, b). During SEAC4RS, urban POA 

and fire POA each account for 6–10% of OA. During WINTER, POA account for 35% of OA, 

with a large contribution from RWC sources. The amplitude of the seasonal cycle in the OA 

concentrations and sources in urban areas of the NE US is likely smaller than what the WINTER 

to SEAC4RS comparison suggests. Measurements in Queens, NY during the PMTACS-NY 

campaign show that winter OA concentration (4.8 µg m-3) are similar to summer OA 

concentrations (5.9 µg m-3) (Drewnick et al., 2004; Jimenez et al., 2009; Weimer et al., 2006). 

During the PMTACS-NY campaign, the SOA/OA ratio decreased from 81% in summer to 54% in 

winter, consistent with the seasonal change seen between the SEAC4RS (SOA/OA=81%) and 

WINTER (SOA/OA=65%) campaigns. 

I now examine the contribution of OA to the total PM1 concentrations (OA, SO4
2-, NO3

- and 

NH4
+) during WINTER (Fig. 3.10). A detailed comparison between GEOS-Chem and WINTER 

observations of SO4
2-, NO3

- , and NH4
+ is presented in Shah et al. (2018). The GEOS-Chem 

simulation predicts PM1 concentrations of ~5 µg sm-3 over most of the region, with 20–35% of the 

PM1 from OA (Fig. 3.10a). The regional extent of PM1 stems from the predominance of secondary 

sources over direct emissions. Overall, GEOS-Chem calculates that ~85% of the PM1 during 

WINTER is from secondary sources, with 35% of OA originating from primary emissions of POA 

and 4% of SO4
2-- NO3

- - NH4
+ aerosol due to primary SO4

2- emissions (Shah et al., 2018). The mean 

PM1 concentration observed below 1 km altitude during WINTER was 3.94 µg sm-3, composed of 

38% OA, 29% SO4
2-, 20% NO3

- , and 13% NH4
+. GEOS-Chem reproduces the mean observed PM1 

concentration and composition well (Fig. 3.10b). GEOS-Chem also reproduces the mean PM1 
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concentration observed at the CSN and IMPROVE sites for Feb 1–Mar 15, 2015 (8.0 µg sm-3) and 

PM1 composition (35% OA, 22% SO4
2-, 28% NO3

- , and 15% NH4
+) (Fig. 3.10c). 

 
Figure 3.8: Modeled concentrations of (a) POA, (b) SOA, and (c) OA (POA+SOA) below 1 
km altitude for Feb 1–Mar 15, 2015. (SMPL_B simulation) The contour lines in panel b show 
the percent of the AVOC oxidized to SOA. The contour lines in panel c show the percent of OA 
that is present as SOA. Note the different color scale for panel c.  

 

 

 

 
 
Figure 3.9: Comparison of sources of OA in winter and summer. (a) Contribution of urban, 
biogenic, and fire primary and secondary sources to the OA simulated for the WINTER 
campaign. (b) The GEOS-Chem simulated OA sources for the 2013 SEAC4RS campaign (Kim et 
al., 2015). 
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Figure 3.10: Distribution and compostion of PM1 over the eastern U.S. in winter. (a) 
Modeled PM1 concentrations of below 1 km altitude for Feb 1–Mar 15, 2015 in the SMPL_B 
simulation. The contour lines show the contribution of OA to PM1. The location of the CSN 
(circles) and IMPROVE (diamonds) sites in the NE US are shown. (b) The WINTER campaign-
average composition of PM1 observed and modeled (SMPL_B simulation) for flight altitudes 
below 1 km. (c) The composition of PM1 observed at the CSN and IMPROVE surface sites for 
Feb 1–Mar 15, 2015 and the corresponding modeled PM1 composition (SMPL_B simulation).  
 

3.8 CONCLUSIONS 

We have analyzed observations of OA made during the WINTER aircraft campaign over NE US 

during Feb 1–Mar 15, 2015. The observed OA concentrations below 1 km altitude was 1.48 ± 0.93 

µg sm-3. Positive matrix factorization of the OA measurements on the first 7 flights showed 

comparable magnitude of POA (0.74 µg sm-3) and SOA (1.1 µg sm-3) concentrations. Three-

quarters of the POA was composed of BBOA emitted by residential wood combustion sources. 

SOA was efficiently formed via oxidation of urban VOCs, with near-absent VOC emissions from 

biogenic and fire sources. I find that the WINTER DOA/DCO more than doubled (39 to 85 µg    

sm-3 ppmv-1) as the OH equivalent age increased from 2 hours to ~1 day, similar to published 

results for summertime observations over the NE US.  
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I find that the GEOS-Chem simulation with halved POA emissions and an empirical SOA 

parameterization (SMPL_B) reproduces the horizontal and vertical distribution of OA, POA, and 

SOA observed during the WINTER campaign. This simulation displays an NMB of 8% and a 

FAC2 index of 74% with respect to OA observations below 1 km. It simulates POA (0.74 µg       

sm-3) and SOA (1.3 µg sm-3) in agreement with observations. It also captures the observed growth 

in DOA/DCO and DSOA/DCO with photochemical processing. The related simulation that used 

unscaled POA emissions (SMPL_A), overestimates POA by a factor of 2. The TRAD simulation, 

which has SOA formation only from C6–C8 aromatics, predicts OA concentrations with a small 

bias (NMB: –24%), but overestimates POA by a factor of 2, predicts almost no SOA, and therefore 

shows no growth in DOA/DCO with age. The SVPOA simulation, with semivolatile POA and SOA 

from low-volatility organic compounds, underestimates SOA by ~20%, but POA by a factor of 5, 

and thus OA by a factor of 2. Its simulated growth in DOA/DCO with age is a factor of 2 lower 

than the observations. Flights RF02 and RF04, which sampled emissions of different OH 

equivalent ages, further illustrated these differences in the three approaches. I compared the 

simulations with ground-based observations of OA from the CSN and IMPROVE networks, and 

found that SMPL_B simulation agrees with observations better than the other simulations. 

My results of the TRAD and SVPOA simulation are consistent with those of Pye and 

Seinfeld (2010), who also found that the TRAD simulation underestimates observed OA 

concentrations at ground-based sites in in the US during winter by 22%, while the SVPOA 

simulation underestimates them by 63%. Other models with SOA parameterizations similar to the 

TRAD simulation have also been unable to explain the SOA observed in polluted areas (Volkamer 

et al., 2006; Dzepina et al., 2009; Hodzic et al., 2009; Heald et al., 2011; Baker et al., 2015). 

Models that include SOA from the oxidation of low-volatility gases, and are similar to my SVPOA 
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simulation, simulate substantially higher SOA concentrations (Hodzic et al., 2010; Tsimpidi et al., 

2010; Shrivastava et al., 2011; Woody et al., 2016). However, many of these models are also able 

to reproduce the observed POA, while my SVPOA simulation underestimates WINTER POA by 

a factor of 5. This is due to different modeling assumptions in the parameters related to the 

emissions, volatility, and aging of primary and secondary organic compounds. For example, some 

models include large emissions of low-volatility organic gases in addition to the inventoried POA 

emissions (e.g. Hodzic et al., 2010), while my SVPOA simulation does not. 

My results highlight the challenges in modeling OA using bottom-up approaches and 

shows that the simple empirical parameterization developed by Hodzic & Jimenez (2011) and 

Hayes et al. (2015), based on summertime observations in Mexico City and Pasadena, CA, can 

successfully simulate wintertime POA and SOA concentrations over the NE US. This is despite 

the large seasonal differences in the emissions of POA and SOA precursors, oxidation rates of 

organic gases, and the temperature-dependent partitioning of semivolatile species. This simulation 

(SMPL_B) shows nearly uniform distribution of OA (1–1.5 µg sm-3) over the NE US for Feb 1–

Mar 15, 2015. I find that 63% of the OA is composed of urban SOA and only 2% from biogenic 

SOA. The remaining 35% OA, is from urban POA with RWC contributing to 2/3 of urban POA 

emissions.  Overall, OA account for 35% of PM1 observed during the WINTER campaign.  

In contrast to summer, which is dominated by biogenic SOA, winter OA over the NE US 

is almost entirely from anthropogenic emissions. Shah et al. (2018) show that large SO2 and NOx 

emissions reductions over the past decade have had limited success in reducing wintertime PM1 

concentrations. They found that despite reductions of 58% and 35% in SO2 and NOx emissions, 

respectively, SO4
2- concentrations decreased by 40% and NO3

-  concentrations changed little. This 

weak response of wintertime PM1 concentrations to further SO2 and NOx emissions is likely to 
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continue in the near future as a result of chemical feedbacks forming PM1 more efficiently at lower 

emissions. OA makes up a substantial fraction of the PM1 and could be a viable policy target for 

continuing improvements in wintertime air quality. Past decreases in OA over the NE US have 

likely been driven by decreases in POA emissions (Ridley et al., 2018), but the large contribution 

of SOA observed during WINTER suggest that further decrease in wintertime OA will need 

identification, quantification, and reductions in emissions of the SOA precursors.   

3.9 APPENDIX 1:  DETAILED DESCRIPTION OF THE GEOS-CHEM OA SIMULATION 

TRAD simulation 

The modeling approach of the TRAD simulation follows the POA model of Park et al. (2003) and 

the urban SOA parameterization of Henze et al. (2008) with updates from Pye at al. (2010). POA 

is treated as nonvolatile and separated into two species: hydrophobic and hydrophilic. Both species 

are emitted in equal fractions. Their emissions are calculated by multiplying the NEI’s OC 

emissions by an OA/OC factor. Earlier GEOS-Chem studies used an OA/OC multiplication factor 

of 2.1 for POA (e.g. Pye and Seinfeld, 2010; Heald et al., 2011), which is much higher than the 

observed OA/OC ratios (Canagaratna et al., 2015). I therefore use a lower OA/OC factor of 1.4 for 

POA. The hydrophobic POA converts to hydrophilic POA with atmospheric aging at a rate of 

1×10−5 s−1. POA is lost by wet and dry deposition. Hydrophobic POA is insoluble in water and is 

not removed by in-cloud scavenging, but is removed by below-cloud scavenging through 

impaction.  

The SOA parametrization uses the volatility basis set (VBS) framework (Donahue et al., 

2006). Urban SOA is formed from the oxidation of benzene, toluene, xylene (Table 3A.1: R1–R9). 

These VOCs react with OH to form a bicyclic peroxy radical, which is oxidized by HO2 or NO to 

form a mixture of nonvolatile and secondary semi-volatile organic compounds (SVOC are organic 
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compounds with saturation concentrations, C*, between 0.3 and 300 µg m-3). I refer to secondary 

SVOC as S-SVOC and distinguish from primary SVOC (P-SVOC). The S-SVOC are lumped into 

three volatility bins (C* at 298 K of 1, 10, and 100 µg m-3). The distribution of the oxidation 

products of peroxy radicals into the SVOC and nonvolatile bins depends on the VOC and the 

peroxy oxidation pathway. SOA forms from the gas-particle partitioning of S-SVOC (Table 3A.1: 

R16)., which is based on absorptive partitioning theory (Eq. 1).  

                𝜉4= 51 + Ci*
COA

6
-1

   (3.4) 

where,	𝜉4 is the particle-phase fraction of an SVOC with saturation concentration Ci* and COA is 

the OA concentration (including POA). The method used by GEOS-Chem to solve the partitioning 

equations is described in Chung and Seinfeld (2002). The temperature dependence of C* follows 

the van’t Hoff equation, with an assumed enthalpy of vaporization of 42 kJ mol-1. The S-SVOC 

and SOA deposit by dry and wet deposition. The Henry’s law coefficient for S-SVOC is 105 M 

atm-1 (298 K). SOA is considered less-soluble, and its in-cloud scavenging efficiency is assumed 

to be 80%. The deposition of aromatic VOCs is assumed as negligible. Biogenic SOA from the 

oxidation of terpenes and isoprene is described by Pye et al. (2010).  

SVPOA simulation 

The SVPOA simulation follows the modeling approach of Pye and Seinfeld (2010). In this 

approach POA and SOA are considered as two components of one dynamic organic gas-particle 

system. Primary organic compounds are emitted as SVOC, IVOC (300 < C* < 3×106 µg m-3), and 

VOCs, which undergo gas-particle partitioning and gas-phase oxidation to lower volatilities and 

further partitioning. POA is formed from the partitioning of P-SVOC (Table 3A.1: R15), while 

SOA is formed from the condensation of secondary gases formed by the oxidation of primary 

gases. P-SVOC are lumped into 2 bins of C* at 300 K of 1600 µg m-3 (49% of emissions) and 20 
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µg m-3 (51% of emissions). POA emissions inventories may miss some of the P-SVOC emitted in 

the gas phase, depending on the conditions under which the emission factors were calculated. Pye 

and Seinfeld (2010) assumed that P-SVOC emissions are 27% higher than that captured in the 

global POA inventories, based on the laboratory studies of wood combustion. Here, I assume that 

the NEI captures all urban P-SVOC emissions as POA, and do not consider any additional P-

SVOC emissions, following Shrivastava et al. (2008) and Koo et al. (2014). The OA/OC ratio of 

the P-SVOC emissions is assumed to be 1.4, similar to the TRAD simulation. P-SVOC oxidize by 

OH (Table 3A.1: R13, R14) to produce SVOC with 100 times lower volatilities (C* at 300 K of 

16 and 0.2 µg m-3) and 50% higher mass due to the addition of oxygen (OA/OC=2.1). The S-

SVOC partition to the particle phase forming SOA (Eq. 3.4).   

Primary IVOC (P-IVOC) are represented using naphthalene as a surrogate species. 

Naphthalene is emitted from urban sources with emission ratios of 0.041 mol (mol benzene)-1 with 

a C* of 105 µg m-3 at 299 K. Naphthalene emissions are scaled up by a factor of 66 to account for 

other P-IVOC species. P-IVOC oxidation is based on chamber studies of naphthalene oxidation 

and is parameterized similar to the oxidation of C6-C8 aromatics in the TRAD simulation (Table 

3A.1: R10–12). The oxidation of C6-C8 aromatic VOCs and biogenic VOCs is the same as in the 

TRAD simulation. SOA is formed from the gas-particle partitioning of S-SVOC (Eq. 3.4). The 

enthalpy of vaporization of all SVOC species is assumed to 42 kJ mol-1. SOA, P-SVOC and S-

SVOC deposit by wet and dry deposition, and POA by dry deposition. The Henry’s law coefficient 

for P-SVOC is much lower (9.5 M atm-1) than that of S-SVOC (105 M atm-1). The in-cloud 

scavenging efficiency of SOA is 80%. The deposition of P-IVOC is considered negligible.  

The implementation of this approach in GEOS-Chem is fully described in Pye and Seinfeld 

(2010). An alternate VBS scheme has been implemented in GEOS-Chem (Jo et al., 2013), but it 
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is not currently included in the public release of the model and I do not use it here. Pye and Seinfeld 

(2010) compared the OA concentrations predicted by the TRAD and the SVPOA approaches to 

surface observations in the U.S. during winter, and found that the TRAD simulation 

underestimates the observations by 22%, but the SVPOA by 63% due to evaporation of POA to 

the gas phase. They found that a 2-fold increase in P-SVOC emissions, 10-fold decrease in C* of 

P-SVOC, or a 2-fold increase in the enthalpy of vaporization of SVOC species reduces the 

discrepancy with the observations. The WINTER observations do not provide any new constraints 

on these parameters and I keep them at their original values.  

SMPL_A and SMPL_B simulations 

The third approach (denoted here as SMPL_A and SMPL_B) was first proposed by Hodzic and 

Jimenez (2011) and implemented in GEOS-Chem by Kim et al. (2015). Urban POA is assumed to 

be nonvolatile and is separated into two species by source: one emitted by urban sources excluding 

RWC, and the other emitted form RWC sources. To separate POA from RWC sources, I use the 

county-level source-resolved POA emissions reported in the U.S. EPA 2011v6 emissions platform 

(U.S. Environmental Protection Agency, 2017b). An OA/OC multiplier of 1.34 and 1.64 is used 

to convert the NEI OC emissions to POA emissions from non-RWC urban sources and RWC 

sources, respectively (Canagaratna et al., 2015). The average OA/OA for POA is 1.55, 10% higher 

than that in the TRAD and SVPOA simulations. POA reacts with OH to form SOA (Table 3A.1: 

R17), which is also considered a nonvolatile specie. SOA largely forms from a surrogate VOC 

(AVOC) emitted by urban sources mainly from vehicles. AVOC does not correspond to any 

particular SOA precursor, but represents the combined SOA formation potential of VOCs, P-

SVOC, and P-IVOC. AVOC emissions are scaled to CO emissions from surface sources using an 

emission ratio of 0.069 g AVOC (g CO)−1 for non-RWC urban sources and 0.013 g AVOC (g 



 87 

CO)−1 for biomass burning sources (Cubison et al., 2011; Hayes et al., 2015; Kim et al., 2015). 

The separation of CO emissions from RWC sources is also based on the county-level source-

resolved CO emissions reported in the U.S. EPA 2011v6 emissions platform (U.S. Environmental 

Protection Agency, 2017b). I assume that point sources do not emit AVOC. AVOC oxidizes by 

OH to form SOA (Table 3A.1: R18). POA and SOA are lost by dry and wet deposition. The in-

cloud scavenging efficiency of POA is lower (50%) than that of SOA (80%). The loss of AVOC 

by deposition is assumed to be negligible. Biogenic SOA is assumed to form with fixed yields of 

3% and 5% from isoprene and monoterpenes, respectively, following Kim et al. (2015). I perform 

two simulations using this parameterization: one without any modifications to POA emissions 

from the NEI inventory (SMPL_A) and the other with POA emissions from the NEI inventory 

scaled down by a factor of 2 (SMPL_B).   
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Table 3A.1. Reactions of POA and SOA precursors from urban sources  
Reaction Rate (cm3 molec−1 s−1) 
VOC oxidation (TRAD and SVPOA simulations)  

1. BENZ+OH
O2 	78 BRO2 

2.33×10−12 
×exp(−193 T⁄ ) 

2. TOLU+OH
O2	78 TRO2 1.81×10−12 ×exp(338 T⁄ ) 

3. XYLE+OH
O2	78 XRO2 2.31×10−11 

4. BRO2+NO
	
→ 0.078	S-SVOC1 + 0.793	S-SVOC100 2.6 ×10−12×exp(350 T⁄ ) 

5. TRO2+NO
	
→ 0.032	S-SVOC1 +

0.094	S-SVOC10+0.08	S-SVOC100 2.6 ×10−12×exp(350 T⁄ ) 

6. XRO2+NO
	
→ 0.025	S-SVOC1 +

0.036	S-SVOC10+0.09	S-SVOC100 2.6 ×10−12×exp(350 T⁄ ) 

7. BRO2+HO2
	
→ 0.37	SOAN 1.4 ×10−12×exp(700 T⁄ ) 

8. TRO2+HO2
	
→ 0.36	SOAN 1.4 ×10−12×exp(700 T⁄ ) 

9. XRO2+HO2
	
→ 0.30	SOAN 1.4 ×10−12×exp(700 T⁄ ) 

P-IVOC oxidation (NAP as surrogate, SVPOA simulation)  

10. NAP+OH
O2	78 NRO2 1.56×10−11×exp(117 T⁄ ) 

11. NRO2+NO
	
→ 0.039	S-SVOC1 + 0.296	S-SVOC10 +

0.235	S-SVOC100 2.6 ×10−12×exp(350 T⁄ ) 

12. NRO2+HO2
	
→ 0.73	SOAN 1.4 ×10−12×exp(700 T⁄ ) 

P-SVOC oxidation (SVPOA simulation)  
13. P-SVOC20(g)+OH 	

 	
→ S-SVOC0.2	 2×10−11 

14. P-SVOC1600(g)+OH 	
 	
→ S-SVOC16 2×10−11 

Gas-particle partitioning (TRAD and SVPOA simulations)  
15.	P-SVOCi (g)

	
↔ POAi (i=20,1600) – 

16.	S-SVOCi (g)
	
↔ SOAi (i=0.2,1,10,16,100) – 

POA and AVOC oxidation (SMPL simulations)  

17. POA+OH
 
→ SOAN 3×10−12 

18. AVOC+OH
 
→ SOAN 1.25×10−11 

BENZ: benzene; TOLU: toluene; XYLE: xylene; NAP: naphthalene; 
BRO2, TRO2, XRO2, NRO2: peroxy radicals from benzene, toluene, xylene, and naphthalene, 
respectively; 
AVOC: surrogate VOC; 
SOAN: nonvolatile SOA; 
P/S-SVOCi: primary or secondary SVOC in volatility bin of saturation concentration of i µg m-3. 
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3.10 ADDITIONAL FIGURES FOR CHAPTER 3 

 
Figure 3A.1: Scatterplots comparing the OA observations shown in Fig. 3.2 and the 
corresponding modeled concentrations. (a) TRAD, (b) SVPOA, (c) SMPL_A, and (d) 
SMPL_B simulations.  
 
 
 

 
Figure 3A.2:Vertical profiles of the observed and GEOS-Chem simulated (a) benzene, (b) 
toluene, and (c) xylene. The measured xylene includes ethyl benzene too. 
 



 90 

 
Figure 3A.3:. Normalized mean bias (NMB) with respect to the WINTER observations of 
(a) OA and (b) SOA for sensitivity runs of the SMPL_B simulation with varying AVOC 
emissions and AVOC+OH oxidation rate. The parameter values used in the sensitivity runs are 
shown with the open circles, and the parameter values of the SMPL_B simulation are shown 
with the filled circle. The NMB contours are calculated by interpolation. 
 
 
 

 
 
Figure 3A.4. Scatterplot of the OH equivalent age vs. –log10(NOx/NOy) and transport time. 
The OH equivalent age is normalized to an OH concentration of 1.5´106 molec cm-3. The inset 
shows the square of the correlation coefficient (R2) and the equation for the best-fit line (red line) 
calculated using ordinary least squares bisector regression. 
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Figure 3A.5.Scatterplots of the observed OA vs. observed CO along the WINTER flights 
for different ranges of OH equivalent age values. Each panel shows the number of points (n), 
the square of the correlation coefficient (R2), and the slope and its 95% confidence interval (in 
square brackets) calculated using ordinary least squares bisector regression. The best-fit lines are 
shown in red. 
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Figure 3A.6: Scatterplots of the observed SOA and POA vs. observed CO along the 
WINTER flights RF01–07.  
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Figure 3A.7. Scatterplots comparing the OA concentrations observed at the CSN (circles) 
and IMPROVE (diamonds) sites with the modeled OA concentrations. (a) TRAD, (b) 
SVPOA, and (c) SMPL_B simulations. 
 
 
 

 
 
Figure 3A.8. Modeled POA, SOA, and OA below 1 km for Feb 1–Mar 15, 2015 for the (a–c) 
TRAD and (d–f) SVPOA simulations. 
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Chapter 4. GLOBAL PRODUCTION AND DISTRIBUTION OF 

OXIDIZED MERCURY 

This chapter has been published as: Shah, V. and Jaeglé, L.: Subtropical subsidence and surface deposition of 
oxidized mercury produced in the free troposphere, Atmospheric Chemistry and Physics, 17(14), 8999–9017, 
doi:10.5194/acp-17-8999-2017, 2017. 
 

4.1 INTRODUCTION 

Atmospheric deposition of mercury (Hg) is the main source of Hg to most aquatic ecosystems. 

Methylmercury concentrations in fish in an ecosystem are strongly linked to the local Hg 

deposition rate (Hammerschmidt and Fitzgerald, 2006; Harris et al., 2007). Dry deposition and wet 

deposition are both significant contributors to the global deposition flux of Hg (Bergan et al., 1999; 

Seigneur et al., 2001; Dastoor and Larocque, 2004; Jung et al., 2009; Amos et al., 2012). Models 

suggest that the global dry deposition fluxes of gaseous elemental mercury (Hg(0)) and oxidized 

mercury in the gas and particle phases (Hg(II)) are comparable (Seigneur et al., 2001; Amos et al., 

2012). Wet deposition of Hg occurs almost entirely through precipitation scavenging of Hg(II). 

Hg(II) is co-emitted with Hg(0) from several anthropogenic sources, but the predominant source 

of Hg(II) in the atmosphere is in situ oxidation of Hg(0) (Pirrone et al., 2010; Selin and Jacob, 

2008; Holmes et al., 2010). Br is likely the main oxidant of Hg(0) (Ebinghaus et al., 2002; Laurier 

et al., 2003; Donohoue et al., 2006; Obrist et al., 2011; Gratz et al., 2015), but the importance of 

O3 and OH is unclear (Hynes et al., 2009; Sprovieri et al., 2010; Subir et al., 2011; Ariya et al., 

2015).  

Hg(II) concentrations in the planetary boundary layer are typically about 50 pg m-3 (Valente 

et al., 2007; Gay et al., 2013), but could be as high as 1000 pg m-3 in urban areas with large 

anthropogenic sources (Poissant et al., 2005; Fu et al., 2012) and in the Arctic during springtime 
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Mercury Depletion Events (Cobbett et al., 2007). The free troposphere is thought to hold a global 

pool of elevated Hg(II) (Selin, 2009), but few Hg(II) observations have been made in the free 

troposphere. At high-elevation ground sites, back-trajectory analysis and simultaneous 

measurements of H2O and O3 were used to identify free-tropospheric air masses which contained 

higher Hg(II) concentrations compared to air masses transported from the planetary boundary layer 

(Swartzendruber et al., 2006; Faïn et al., 2009; Lyman and Gustin, 2009; Sheu et al., 2010; 

Timonen et al., 2013; Weiss-Penzias et al., 2015; Fu et al., 2016a). Lyman and Jaffe (2012) 

conducted aircraft-based measurements of Hg(II) in the upper troposphere and lower stratosphere 

and inferred that Hg(II) concentrations are highest at the tropopause. Other aircraft-based studies 

have also found increasing Hg(II) concentrations at 2-5 km altitude in the free troposphere 

(Sillman et al., 2007; Swartzendruber et al., 2009; Brooks et al., 2014). During the Nitrogen, 

Oxidants, Mercury, and Aerosol Distributions, Sources, and Sinks (NOMADSS) aircraft 

campaign, the highest Hg(II) concentrations (300–680 pg m-3) were observed in clean and dry air 

(CO < 75 ppbv and RH < 35%) originating in the subsiding air masses of the Pacific and the 

Atlantic subtropical anticyclones (Gratz et al., 2015; Shah et al., 2016). Furthermore, higher 

concentrations of Hg in precipitation are observed in thunderstorms reaching higher altitudes 

(Guentzel et al., 2001; Shanley et al., 2015; Holmes et al., 2016; Kaulfus et al., 2017), and higher 

Hg wet and dry deposition fluxes are associated with transport from the free troposphere (Weiss-

Penzias et al., 2011; Gustin et al., 2012; Huang and Gustin, 2012; Sheu and Lin, 2013).  

The influence of free-tropospheric Hg on deposition has been evaluated with regional and 

global chemical transport models. Using the global GEOS-Chem model, Selin and Jacob (2008) 

estimated that 59% of the annual Hg(II) wet deposition over the U.S. is from Hg(II) scavenged 

from altitudes above 850 hPa. In another study (Myers et al., 2013), Hg present at the upper 
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boundary (5.4 km) of the regional CMAQ model was found to contribute about 40% to dry 

deposition and about 80% to wet deposition in July over the U.S. Coburn et al. (2016) estimated 

that most of the surface Hg(II) over Florida in April 2010 was produced above 700 hPa. However, 

these model estimates are limited to specific regions and seasons.  

In this study, I use the GEOS-Chem global chemical transport model to quantify the 

regional contributions of Hg(II) produced at different heights in the atmosphere to the annual 

deposition of Hg(II). I have added a tagging method to the GEOS-Chem model to track Hg(II) 

produced in the lower (surface–750 hPa), middle (750–400 hPa) and upper troposphere (400 hPa–

tropopause), Hg(II) produced in the stratosphere, and Hg(II) emitted by anthropogenic activities. 

This simulation is described and evaluated with ground-based observations of Hg(II) 

concentrations and wet deposition (Sect. 4.2). In Sect. 4.3, I present the distribution of the tagged 

Hg(II) and calculate their contributions to wet and dry deposition fluxes in different regions of the 

world. I also examine the sensitivity of my results to different model assumptions for Hg chemistry 

and anthropogenic emission speciation. I use my simulation to examine the role of the subtropical 

anticyclones as global reservoirs of Hg(II)-rich air (Sect. 4.4) and evaluate the role of tagged Hg(II) 

tracers in explaining the observed variability of Hg(II) concentrations and wet deposition fluxes 

(Sect. 4.5).  Finally, I discuss the implications of my study in Sect. 4.6 and present conclusions in 

Sect. 4.7.  

4.2 OBSERVATIONS AND MODEL USED IN THIS STUDY 

4.2.1 Observations of Hg wet deposition and atmospheric concentrations of Hg(II) 

Hg wet deposition fluxes over North America and Europe are measured by the Mercury Deposition 

Network (MDN; http://nadp.sws.uiuc.edu/mdn/) and the European Monitoring and Evaluation 

Programme (EMEP; http://www.nilu.no/projects/ccc/index.html), respectively. These networks 
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measure precipitation depth and Hg concentrations in precipitation weekly (MDN), biweekly 

(EMEP) or monthly (EMEP). In this study, I use the 2013–2014 monthly-mean and annual-mean 

wet deposition flux and volume-weighted mean (VWM) Hg concentrations. The VWM 

concentration for any period is the total Hg wet deposition flux for that period divided by the total 

precipitation depth. All sites in the MDN network use standard instruments and protocols, and all 

samples are analyzed at the same laboratory (Prestbo and Gay, 2009). The measurement precision 

in MDN observations, estimated from collocated sampling, is less than 15% (Wetherbee et al., 

2007). A field inter-comparison of instruments and methods used in the EMEP network found the 

measurement precision for the EMEP network to be about 40% (Aas, 2006).   

To calculate monthly means, I discard sites with fewer than 3 weeks of measurements in 

any given month. For annual means I require at least 8 months of valid measurements. The MDN 

network had 80 stations over the continental U.S. that met the above data completeness criteria 

during 2013–2014, whereas the EMEP network had 9 stations over Europe (Table 4A.1).  

The Atmospheric Mercury Network (AMNet; http://nadp.sws.uiuc.edu/amn/) monitors 

surface concentrations of Hg(0), reactive gaseous mercury (RGM) and particle-bound mercury 

(PBM). The sum of RGM and PBM is considered to represent Hg(II). RGM and PBM 

measurements are made on a 2- or 3-hour cycle, depending on the site. All AMNet stations use the 

Tekran® 2537-1130-1135 speciation system, and follow operational procedures described in Gay 

et al. (2013). There is no standard calibration method for Tekran RGM and PBM measurements, 

and the uncertainties in these measurements are not fully quantified. A few studies have found that 

the AMNet instruments underestimate RGM by a factor of 2–3 in the presence of ambient water 

vapor and O3 (Lyman et al., 2010; Ambrose et al., 2013; McClure et al., 2014). Here, I use the 

2009–2012 AMNet observations, as this data is publicly available. AMNet had 23 sites over the 
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continental U.S. and eastern Canada (Nova Scotia) operational during this period (Table 4A.2). 

The annual and monthly statistics for each station are calculated by aggregating 2- or 3-hour 

measurements made during 2009–2012.  

Ground-based measurements of Hg wet deposition and Hg(II) surface concentration have 

been made as part of the Global Mercury Observations System (GMOS) network (Angot et al., 

2014; Wängberg et al., 2016; Sprovieri et al., 2016, 2017; Travnikov et al., 2017), and at sites in 

Europe (Weigelt et al., 2013), Canada, and East Asia (Sheu et al., 2010; Sheu and Lin, 2013; Fu 

et al., 2015, 2016b). I use the 2013-2014 measurements wherever available, but use all sites with 

one year or more of observations. I exclude sites in China classified as urban, because of proximity 

to large Hg(II) sources. I include 14 sites with annual-mean measurements of Hg wet deposition 

(Table 4A.1), and 14 sites with annual-mean measurements of surface Hg(II) (Table 4A.2).   

The NOMADSS aircraft campaign took place over the eastern U.S. from June 1 to July 15, 

2013. Total Hg and Hg(II) observations were made with the University of Washington Detector 

of Oxidized Hg Species (DOHGS) instrument (Ambrose et al., 2015; Swartzendruber et al., 2009; 

Lyman and Jaffe, 2012).  The detection limit of the DOHGS instrument for Hg(II) measurements 

during the campaign was between 57 and 228 pg m-3, and I use the robust Regression on Order 

Statistics (ROS) to estimate values for measurements below detection limit, as described by Shah 

et al. (2016). I also include aircraft-based measurements of Hg(II) carried out near Tullahoma, 

Tennessee, USA from August 2012 to June 2013 (Brooks et al., 2014).    

4.2.2 GEOS-Chem model 

GEOS-Chem is a global chemical transport model that simulates the emissions, transport, 

chemistry, and deposition of Hg(0), gas-phase Hg(II), and particle-phase Hg(II) (Selin et al., 2007). 

The model is driven by meteorological fields from the NASA Global Modeling and Assimilation 
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Office (GMAO) Goddard Earth Observing System Model Forward Processing (GEOS-FP) 

modeling system. The GEOS-FP system consists of a general circulation model coupled with a 

data assimilation system (Reinecker et al., 2008), and has a native horizontal resolution of 0.25° 

latitude × 0.3125° longitude with 72 vertical levels up to 0.01 hPa. I average the meteorological 

fields to a coarser resolution of 2° latitude × 2.5° longitude and 47 vertical levels for the GEOS-

Chem simulations in this study. I use GEOS-Chem v9-02 (http://acmg.seas.harvard.edu/geos/). 

Global anthropogenic emissions of Hg are from the global United Nations Environment 

Programme (UNEP) / Arctic Monitoring and Assessment Programme (AMAP) 2010 inventory 

(http://www.amap.no/mercury-emissions/datasets). I assume that stack emissions (emission height 

> 50m) of Hg consist of 90% Hg(0) and 10% Hg(II) (see Sect 2.2.1). Natural emissions are 

simulated using a slab ocean model (Strode et al., 2007; Soerensen et al., 2010) and a land 

emissions model (Selin et al., 2008). Emissions from biomass burning and geogenic activity are 

prescribed as in Holmes et al. (2010). Transport processes simulated in the GEOS-Chem model 

include advection (Lin and Rood, 1996), convective transport (Wu et al., 2007), and turbulent 

mixing in the boundary layer (Lin and McElroy, 2010). 

The redox chemistry of Hg consists of oxidation of Hg(0) by Br, as described below, and 

aqueous phase reduction in the presence of sunlight (Holmes et al., 2010).  Gas / particle 

partitioning of Hg(II) on sea-salt aerosols is simulated as a kinetic process (Holmes et al., 2010), 

while partitioning on other aerosols is simulated as an equilibrium process (Amos et al., 2012). 

The oxidation of Hg(0) to Hg(II) is simulated as follows (Goodsite et al., 2004; Balabanov et al., 

2005; Dibble et al., 2012): 

    (R4.1) 

(R4.2) 

(R4.3) 

Hg(0) + Br M← →⎯ HgBr 
HgBr + Br ⎯→⎯ Hg(0)+Br2

HgBr + X ⎯→⎯ Hg(II)
(X=NO2,HO2,BrO,Br,OH)
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with the following reaction rates: 

 

Concentrations of Br, BrO, NO2, HO2, and OH are obtained from the archived monthly-

mean output of the 4° latitude × 5° longitude HOx-NOx-O3-VOC-Br GEOS-Chem simulation for 

2013 (Bey et al., 2001; Parrella et al., 2012). In my previous work (Shah et al., 2016), I found that 

the GEOS-Chem Br concentrations simulated by Parrella et al. (2012) were insufficient in 

explaining Hg(II) concentrations observed during the NOMADSS aircraft campaign at 5–7 km 

altitude. I found improved agreement with NOMADSS Hg(II) observations when I increased Br 

concentrations by a factor of 3 between 45°S and 45°N and between 750 hPa and the tropopause. 

Schmidt et al. (2016) have recently updated the GEOS-Chem bromine simulation by expanding 

the multiphase chemistry of bromine to include reactions with chlorine and ozone. These updates 

result in faster recycling of HBr to BrOx and a factor of 2.5 increase in tropospheric Br 

concentrations for 45°S–45°N above 2.5 km, improving agreement with satellite and in situ 

observations of BrO. This is consistent with my assumption that Br concentrations are 3 times 

higher than those simulated with the previous mechanism. In addition, these updates by Schmidt 

et al. (2016) have resulted in a factor of 2.3 increase in free tropospheric Br concentrations at 

higher latitudes (45°N–90°N). To maintain consistency with my previous work, I continue to use 

the Parrella et al. (2012) Br fields with the factor of 3 scaling in this study too, but note that Br 

concentrations north of 45°N may be too low. 
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The GEOS-Chem model includes wet deposition of Hg(II) and dry deposition of Hg(0) and 

Hg(II). Wet deposition includes in-cloud scavenging (rainout) and below-cloud scavenging 

(washout) in convective and large-scale precipitation (Liu et al., 2001). Within clouds, the 

dissolution of gas-phase Hg(II) in liquid droplets is modeled as an equilibrium process, while 

particle-phase Hg(II) is assumed to be fully dissolved (Amos et al., 2012). I assume that rainout of 

gas-phase Hg(II) does not occur during ice nucleation (T < 248 K). Below clouds, gas-phase Hg(II) 

is washed out by dissolving in falling raindrops (T > 268K), but not in falling snow and ice (Amos 

et al., 2012). Particle-phase Hg(II) is washed out in collisions in falling rain, snow, and ice with 

different efficiencies (Wang et al., 2011). Dry deposition of gas-phase Hg(II) and particle-phase 

Hg(II) on particles other than sea-salt aerosols is based on the resistance-in-series model (Wesely, 

1989; Wang et al., 1998; Zhang et al., 2001). The surface resistance of gas-phase Hg(II) is assumed 

to be negligibly small (Selin et al., 2007; Amos et al., 2012). The dry deposition of particle-phase 

Hg(II) present on sea-salt aerosols is parameterized using results of a box model simulating the 

chemistry and deposition of Hg(II) in the marine boundary layer (Holmes et al., 2009, 2010).  

4.2.2.1 Model uncertainties  

Uncertainties in mercury modeling and chemistry have been recently reviewed by Gustin et al. 

(2015), Ariya et al. (2015), and Kwon and Selin (2016). Here I briefly discuss uncertainties which 

are pertinent to my study: uncertainties in the assumption of Br as the sole oxidant of Hg(0), in 

reduction kinetics of Hg(II), and in the assumed speciation of Hg(0) and Hg(II) in anthropogenic 

emissions.  

While Br, O3, and OH have been identified as possibly important oxidants of Hg(0), there 

is growing evidence from theoretical (Goodsite et al., 2004; Dibble et al., 2012), laboratory (Ariya 

et al., 2002; Donohoue et al., 2006) and field studies (Ebinghaus et al., 2002; Lindberg et al., 2002; 
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Laurier et al., 2003; Obrist et al., 2011; Gratz et al., 2015) that Br may be the most relevant oxidant 

of Hg(0) in the atmosphere. Ab-initio calculations have suggested that HgO, the product of gas-

phase oxidation of Hg(0) by O3 and OH, is a weakly-bound molecule, and that oxidation of Hg(0) 

by O3 and OH is an endothermic reaction of little importance in the atmosphere (Hynes et al., 

2009).  

The pathways for reduction of Hg(II) to Hg(0) in the atmosphere are poorly characterized. 

Laboratory experiments suggest that photoreduction of Hg(II) can occur in the aqueous-phase in 

the presence of organic compounds or on dry aerosol surfaces at atmospherically relevant rates (Si 

and Ariya, 2008; Tong et al., 2013), and field studies have found some evidence for in situ 

reduction of Hg(II) (Edgerton et al., 2006; Landis et al., 2014; de Foy et al., 2016). Most global 

atmospheric mercury models include at least one pathway of Hg(II) reduction in order to simulate 

realistic Hg(0) concentrations (Ariya et al., 2015). The reduction rate of aqueous-phase Hg(II) in 

GEOS-Chem is parameterized based on the simulated NO2 photolysis rate (Holmes et al., 2010). 

I adjust the reduction rate to best match aircraft- and ground-based observations of Hg(0) over the 

mid-latitudes. 

I have assumed an emissions speciation of 90% Hg(0) and 10% Hg(II) for anthropogenic 

emissions from stacks, as opposed to the UNEP/AMAP speciation of 55% Hg(0) : 45% Hg(II) for 

stack sources. Zhang et al. (2012b) and Kos et al. (2013) found that a speciation scheme with 10–

15% of Hg(II), and the rest Hg(0), best explains the spatial variability in Hg(II) wet deposition 

observed over the U.S. However, the speciation of Hg emissions can vary considerably based on 

the type of source, type of pollution control devices, and the availability of oxidants in the flue gas 

(Kim et al., 2010). 
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4.2.2.2 Simulations performed for this study 

I have added a tagging technique to the GEOS-Chem model to identify the production regions of 

Hg(II). I divide the atmosphere vertically into lower troposphere (LT: surface–750 hPa), middle 

troposphere (MT: 750–400 hPa), upper troposphere (UT: 400 hPa–tropopause) and stratosphere 

(STRAT), to track the Hg(II) produced in each of these regions as separate Hg(II) tracers. Hg(II) 

emitted directly to the atmosphere is also tagged separately (E–Hg(II)). Each of these tagged 

tracers undergo the same physical and chemical processes as the total Hg(II) tracer. Hg(II) loss by 

deposition or reduction in a model grid cell is divided among all tagged tracers present in the grid 

cell in proportion to their masses. I perform a simulation with the tagged tracers for the years 2013 

and 2014 following a model spin-up period of 15 years.  

I perform an additional simulation to quantify the role of the dry subsidence regions of the 

subtropical anticyclones in the global transport of Hg(II). I identify the dry subtropical subsidence 

areas as those that lie between 45°S and 45°N and between 750 hPa and the tropopause and where 

the monthly-mean relative humidity is less than 20%. The relative humidity threshold is based on 

the definition of dry subtropical areas of Cau et al. (2007). I introduce duplicate Hg(II) tracers that 

are produced and lost exactly as the original Hg(II) tracers, but at each time step I set to zero the 

concentrations of these tracers within the dry subtropical areas. The amount of Hg(II) originating 

in the dry areas (dry-Hg(II)) is then calculated by difference between the original and the duplicate 

Hg(II) tracers. This simulation is performed for the years 2013-2016.  

In addition, I perform three one-year (2013) sensitivity simulations with the tagged tracers 

addressing uncertainties in mercury oxidation and Hg(0):Hg(II) partitioning in anthropogenic 

emissions (Sect. 4.2.2.1). 
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4.2.3 Comparison of modeled and measured Hg(II) 

Figures 4.1–4.3 compare the modeled Hg(II) concentrations and wet deposition fluxes to 

observations from the MDN, EMEP, and AMNet networks. The modeled annual wet deposition 

flux at the MDN sites (10.4 ± 4.2 µg m-2 a-1; mean ± standard deviation) is in close agreement with 

observations (10.2 ± 4.0 µg m-2 a-1) (Fig. 4.1a). The model reproduces the observed spatial pattern 

in annual wet deposition fluxes (r2=0.67). Wet deposition is lowest in western U.S. (MDN: 6.9 µg 

m-2 a-1, GEOS-Chem: 6.2 µg m-2 a-1), higher in the northeast U.S. (MDN: 8.5 µg m-2 a-1, GEOS-

Chem: 8.4 µg m-2 a-1) and in the central U.S. (MDN: 11.2 µg m-2 a-1, GEOS-Chem: 13.2 µg m-2 a-

1), and largest in the southeast U.S. (MDN: 15.4 µg m-2 a-1, GEOS-Chem: 15.2 µg m-2 a-1). The 

observed monthly-mean wet deposition fluxes exhibit a seasonal maximum in summer, 

particularly in the central, northeast, and southeast regions (Fig. 4.1c). This seasonality is driven 

by an increase in precipitation and an increase in mercury concentrations in precipitation (Prestbo 

and Gay, 2009; Selin and Jacob, 2008). The model reproduces the observed seasonal variations in 

the central and northeast regions, but underestimates the summer deposition fluxes in the southeast 

because of a factor of 2 underestimate in summertime precipitation by the GEOS-FP 

meteorological fields (not shown). Overall, 66–88% of the modeled wet deposition fluxes are 

within a factor of 2 of the observations (FAC2; FAC2=percentage of points where 

 where Oi and Mi are observed and simulated values, respectively) for the four 

regions, and the normalized mean bias (NMB; ) ranges between 

-7% and +20%.  

 

 

0.5≤Mi Oi ≤ 2

NMB= Mi −Oi( )
i
∑ Oi ×100%

i
∑
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Figure 4.1: Comparison of observed and modeled Hg wet deposition over the U.S. (a) 
Annual Hg(II) wet deposition fluxes and (b) volume-weighted mean (VWM) mercury 
concentrations over the U.S. for 2013–2014. The map backgrounds show the GEOS-Chem 
results and the filled circles show the Mercury Deposition Network (MDN) measurements. The 
bottom two rows (c and d) show the seasonal variations in wet deposition and VWM 
concentrations for the four regions marked by white boxes in (a) and (b): west (WE), central 
(CE), northeast (NE), and southeast (SE). Black circles and error bars show the observed means 
and standard deviations. The red lines and orange shading are for the modeled means and 
standard deviations. Each panel displays the Normalized Mean Bias (NMB) and the percentage 
of model-observation pairs within a factor of 2 of each other (FAC2). The number of stations in 
each region (N_STA) is also shown. Note the different scales on the y-axis for the WE region 
relative to the other regions (panels c and d). 
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Figure 4.2: Comparison of observed and modeled Hg wet deposition over the Europe. Same 
as Fig. 4.1, but for European Monitoring and Evaluation Programme (EMEP) sites. 
 

 

The model also captures the observed annual VWM concentrations (MDN: 10.0 ± 4.3 ng 

L-1; GEOS-Chem: 9.7 ± 4.7 ng L-1) (Fig. 4.1d). Higher VWM concentrations are observed in the 

western and central U.S. (11.6 and 14.1 ng L-1 respectively) compared to the northeast and 

southeast (7.9 and 10.6 ng L-1 respectively), indicating the presence of higher atmospheric 

concentrations of Hg(II) over these regions. Modeled VWM concentrations show a spatial pattern 

similar to observations: higher values in western (8.7 ng L-1) and central (14.4 ng L-1) U.S. and 

lower values in northeast (6.7 ng L-1) and southeast (13.6 ng L-1). In western and central U.S., the 

observed and modeled VWM concentrations show a pronounced summer maximum (Fig. 4.1d), 

while in northeast and southeast the seasonal cycle is weaker. I find that 65–96% of the modeled 

monthly VWM concentrations are within a factor of 2 of the observations, with an NMB ranging 
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between -22% and +33%. Over southeast U.S., modeled VWM concentrations are higher than 

observations during winter and spring, suggesting a model overestimate in atmospheric Hg(II) 

concentrations in that region, or an overestimate in the amount of Hg(II) scavenged by 

precipitation. 

 

 
Figure 4.3: Comparison of observed and modeled Hg(II) surface concentrations over the 
U.S. (a) Annual surface Hg(II) concentrations over the U.S. The map backgrounds show the 
GEOS-Chem concentrations (2013–2014), and the filled circles show the observations at 
Atmospheric Mercury Network (AMNet) sites (2009–2012). (b) Monthly surface Hg(II) 
concentrations at the AMNet sites in the eastern U.S. (white box in panel a). Black circles and 
error bars show the mean and standard deviation of the monthly-mean observations. Red lines 
and orange shading indicate the modelled means and standard deviations. 

 

Over Europe (Fig. 4.2a), the modeled wet deposition flux (3.5 ± 1.4 µg m-2 a-1) 

underestimates observations at EMEP sites (6.1 ± 3.1 µg m-2 a-1). Similarly, modeled VWM 

concentrations (3.6 ± 1.0 ng L-1) are significantly lower than observations (6.0 ± 1.8 ng L-1) (Fig. 

4.2b). The summertime underestimate is partially explained by a 40% underestimate of observed 

summertime precipitation by the GEOS-FP meteorological fields, but the discrepancy exists year-

round. The remaining discrepancy could indicate an underestimate in the modeled Hg(II) 
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concentrations over the region, likely because the upward scaling of the Br concentrations in my 

simulation did not extend north of 45°N and covered only parts of southern Europe (Sect. 2.2). 

The modeled seasonal cycle in wet deposition shows higher fluxes from April to August, following 

qualitatively the observed seasonal cycle (Fig. 4.2c). I find that 55% of the modeled monthly-mean 

wet deposition fluxes are within a factor of 2 of the observations, with an NMB of -46%. Model 

and observations display a similar seasonal cycle in VWM, with higher concentrations in April 

through August (Fig. 4.2d). The FAC2 and NMB statistics for the modeled VWM concentrations 

are 63% and -41% respectively, suggesting that the modeled oxidation rate is too slow over this 

region.  

In Fig. 4.3 I present a comparison of modeled surface Hg(II) concentrations with 

observations at AMNet sites. Modeled Hg(II) surface concentrations (11.7 ± 8.3 pg m-3) are 

comparable to observations (15.0 ± 8.2 pg m-3) (Fig. 4.3a).  The fact that the observations and the 

simulations are for different periods adds additional uncertainty from inter-annual variations. From 

four years of model simulation (2013-16), I estimate this uncertainty at ±30%.  The model 

simulates enhanced Hg(II) surface concentrations (25–40 pg m-3) over the intermountain region of 

the western U.S., consistent with AMNet observations in Utah. During summer, observed and 

modeled Hg(II) concentrations reach a minimum in the eastern U.S. (Fig. 4.3b). This is due to 

multiple factors: larger losses of Hg(II) by wet deposition and reduction induced by increasing low 

cloud coverage and precipitation, as well as decrease in Hg(II) production following the seasonal 

cycle in Hg(0) concentrations (Amos et al., 2012; Zhang et al., 2012b). Overall, I find that 70% of 

monthly-mean modeled concentrations are within a factor of 2 of AMNet observations in the 

eastern U.S., with an NMB of -21%. If I assume that the reported RGM is underestimated by factor 

of 3 due to interferences (see Sect. 2.1), I find a model NMB of -57%.  
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Figs. 4A.1–4A.3 present further evaluation of the model with observations at other ground-

based sites as well as with aircraft observations. The modeled Hg wet deposition fluxes and VWM 

concentrations are in reasonable agreement with the observations (NMB: 48–52%, FAC2: 64–

78%), and show a high correlation (r = 0.86–0.93) (Fig. 4A.1a,b). This suggests that the model is 

able to capture patterns of Hg deposition observed at sites in different parts of the world. The 

comparison of the model with Hg(II) surface concentrations also shows moderate agreement 

(NMB: -9%, FAC2: 50%, r: 0.46) (Fig. 4A.2). The model is also able to broadly capture the 

increase in Hg(II) concentrations with altitude observed in aircraft measurements over Tullahoma, 

TN, U.S. (Fig. 4A.3a) and during the NOMADSS campaign (Fig. 4A.3b). The NMB at higher 

altitudes (>3 km for Tullahoma, TN and >4 km for NOMADSS) is between -29% and 14%, and a 

FAC2 of about 50%. The model is unable to capture the higher Hg(II) concentrations in the 1-3 

km region that were observed during one flight of the NOMADSS campaign as previously 

discussed in Shah et al. (2016).  

4.3 TAGGED SIMULATION RESULTS 

4.3.1 Global distribution of tagged Hg(II) tracers 

The annual zonal mean distribution of modeled Hg(II) concentrations is shown in Fig. 4.4a. Hg(II) 

concentrations increase from 10 pg m-3 near the surface to 1000 pg m-3 in the upper troposphere, 

and exhibit local maxima in the subtropical middle troposphere, within the descending Hadley 

branches. The chemical production rate of Hg(II) (via reactions R4.1–R4.3, Fig. 4.4b) increases 

by an order of magnitude between the lower and upper troposphere. This increase is driven by 

increasing Br concentrations coupled with colder temperatures (hence slower thermal 

decomposition of HgBr in R4.1) (Holmes et al., 2010). Regions of high Hg(II) production rates 

also occur near the surface in the Arctic due to springtime release of Br in bromine explosion 
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events (Holmes et al., 2010). The elevated Southern Ocean production rates are associated with 

high emissions of sea-salt aerosol, which are assumed to release bromine (Parrella et al., 2012). 

Note that the sharp gradients in Hg(II) production rates at 45°N and 45°S reflect the boundaries of 

the Br scaling in the model. 

The lifetime of Hg(II) increases from less than 1 day in the lower troposphere to over 3 

years in the tropical upper troposphere. Hg(II) in the lower troposphere is subject to dry deposition, 

and in-cloud reduction and scavenging by precipitation in the lower and middle troposphere. Thus, 

despite higher production rates, Hg(II) concentrations over the Arctic and the Southern Ocean are 

low. The long lifetimes of Hg(II) in the upper troposphere and in the descending branches of the 

Hadley circulation are due to infrequent occurrence of reduction within clouds and wet scavenging. 

As summarized in Table 4.1, I find that the tropospheric lifetime of Hg(II) decreases from 43 days 

for the STRAT tracer and 22 days for the UT tracer down to 0.6 days for the LT tracer. This is 

consistent with expectations, as most of the UT tracer, for example, resides in the upper 

troposphere, where deposition is slower. 

The large production rates of Hg(II) in the upper and middle troposphere combined with a 

longer lifetime result in the large contributions of the UT and MT tracers to the tropospheric mass 

and deposition of Hg(II). Overall, the tropospheric burden of Hg(II) is dominated by Hg(II) 

produced in the UT (84%), with contribution of 8% from the stratosphere (STRAT) and the MT, 

and less than 1% from the LT and direct emissions (Table 4.1). The UT and MT tracers each 

contribute 35-40% of the Hg(II) burden in the lower troposphere (Table 4.1 and Fig. 4.4d and e). 

The contribution of the LT tracer increases to >50% near the surface over the Arctic and the 

Southern Ocean (Fig. 4.4f), where local production of Hg(II) in the polar and marine boundary 

layers is larger. I also find that most of the Hg(II) in the lowermost stratosphere is comprised of 
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the UT tracer (Fig. 4.4d), because Hg(0) is rapidly oxidized in the upper troposphere and is almost 

completely depleted before reaching the stratosphere, as shown by observations (Talbot et al., 

2007; Lyman and Jaffe, 2012). The E-Hg(II) tracer accounts for 5% of the Hg(II) burden in the 

lower troposphere (Table 4.1), but its contribution increases to >10% over the northern mid-

latitudes (Fig. 4.4h). 

81% of the tropospheric Hg(II) production happens in the upper and middle troposphere 

(Table 4.1). Together, the UT and MT tracers account of 91% of global surface wet deposition 

(60% from UT and 31% from MT) and 52% of dry deposition (24% from UT and 28% from MT). 

Their higher contributions to wet deposition is because precipitation scavenging can directly 

remove these tracers from higher altitudes, while dry deposition requires the transport of these 

tracers to the planetary boundary layer.  

 

Table 4.1: Tropospheric budgets of Hg(II) and individual tagged Hg(II) tracers.  
  Total 

Hg(II) 
Tagged Hg(II) tracersa 

  UT MT LT STRAT E-Hg(II) 

Tropospheric mass of Hg(II)b [Mg] 618 517 48 4 48 1 

       Mass located in UT [Mg] 480 432 3 0 45 0 

       Mass located in MT [Mg] 118 79 36 0 3 0 
       Mass located in LT [Mg] 20 7 8 4 0 1 
Hg(II) production b [Mg a-1] 15,790 8,560 4,190 2,460 410 170 

Hg(II) reduction [Mg a-1] 9,740 5,750 2,390 1,260 290 50 

Hg(II) wet deposition [Mg a-1] 3,740 2,250 1,150 230 80 30 

Hg(II) dry deposition [Mg a-1] 2,310 570 640 970 40 90 

Hg(II) tropospheric lifetime [days] 14 22 4.1 0.6 43 2.2 
(a) Regions are defined as follows: UT (upper troposphere: 400hPa–tropopause), MT (middle 
troposphere: 750–400hPa), LT (lower troposphere: surface–750hPa), STRAT (stratosphere), E-
Hg(II) (directly emitted anthropogenic Hg(II)). 
(b) 1 Mg = 106 g, and 1 Mg a-1 = 106 g per year. 
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Figure 4.4: Modeled zonal mean Hg(II) distribution, production, and loss. Modeled zonal 
mean (a) Hg(II) concentrations (pg m-3), (b) Hg(II) production rates (pg m-3 month-1), and (c) 
lifetime (days) for 2013-2014. Panels (d-h) show the percent contributions of Hg(II) tagged 
tracers produced in the upper troposphere (UT), middle troposphere (MT), lower troposphere 
(LT), stratosphere (STRAT), and directly emitted (E-Hg(II)). Dotted lines indicate my 
boundaries for STRAT, UT, MT, and LT. 
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4.3.2 Origin of Hg(II) in surface deposition and concentrations 

As shown in Fig. 4.5a, the highest surface Hg(II) concentrations (>50 pg m-3) are simulated over 

high-elevation areas (e.g., western U.S., the Andes, and the Tibetan plateau), in polar regions, near 

emission sources (e.g., East Asia), and in dry subtropical areas (e.g., the Sahara Desert, southern 

Africa, and Australia). Modeled Hg(II) concentrations are generally low over the oceans because 

of fast removal by sea-salt aerosols. Together, the UT and MT tracers account for 63% of surface 

Hg(II) over the continents (Fig. 4.5e and 4.6b). Hg(II) over most of the oceans is predominantly 

from the LT tracer (Fig. 4.5e). In the subtropical anticyclones, free-tropospheric air is entrained in 

the marine boundary layer due to large-scale subsidence causing higher contributions from the 

MT. For western U.S., South America, Africa, and Australia, UT and MT each make a contribution 

of about 40% to surface Hg(II), whereas for the Pacific and the North Atlantic Oceans 57% of 

surface Hg(II) is from the LT tracer (Fig. 4.6b). The contribution of E-Hg(II) to surface Hg(II) 

concentrations is limited to regions with high anthropogenic emissions. I calculate that 27–69% of 

surface Hg(II) in eastern U.S., Europe, East and South Asia consists of E-Hg(II) (Fig. 4.6b). The 

contribution of E-Hg(II) is >80% in areas close to emission sources (Fig. 4.5e), and is likely to be 

higher within tens of kilometers of the sources. However, the near-source contribution of emitted 

Hg(II) cannot be estimated with my 2° latitude × 2.5° longitude global model.   

The global distribution of the Hg(II) wet deposition flux (Fig. 4.5b) largely follows the 

spatial distribution of precipitation, with high wet deposition along the Intertropical Convergence 

Zone (ITCZ) and in the mid-latitude storm tracks. Globally, the UT tracer accounts for 60% of 

Hg(II) in wet deposition, but in some areas over South America, Africa, and Asia it exceeds 70% 

(Fig. 4.5f). The MT tracer makes up most of the remaining fraction of wet deposition, with a global 
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average contribution of 31% (Table 4.1). The contribution from the LT tracer is significant only 

at high latitudes, while the contribution from E-Hg(II) reaches values greater than 10% mainly 

over East Asia. The relative wet deposition contributions of the tagged Hg(II) tracers remain fairly 

uniform across the ten regions summarized in Fig. 4.6c.  

 

Table 4.2: Contribution of tagged Hg(II) tracers to the tropospheric mass and total 
deposition of Hg(II) for the base case and the sensitivity simulations. 
  

Simulation 
Tagged Hg(II) tracer contribution [%] 

  UT MT LT STRAT E-Hg(II) 

Contribution to Hg(II) 
tropospheric mass [%] 

Base  84 8 <1 8 <1 

Lower UT+MT Bra  71 7 1 21 <1 

O3/OH oxidationb  61 18 4 17 <1 
Higher Hg(II) 
emissionsc 

 84 8 <1 8 <1 

Contribution to Hg(II) 
deposition [%] 

Base  47 30 19 2 2 

Lower UT+MT Bra  43 21 27 6 3 

O3/OH oxidationb  20 38 38 2 2 
Higher Hg(II) 
emissionsc 

 49 28 17 2 4 

(a) Simulation using the original GEOS-Chem Br concentrations instead of the 3 times Br 
concentrations in the base simulation, 
(b) Simulation using O3 and OH as the Hg(0) oxidants instead of Br as in the base simulation,  
(c) Simulation using the default UNEP/AMAP Hg(0):Hg(II) emission speciation of 55%:45% 
instead of the 90%:10%  speciation as in the base simulation. 
 

 

The Hg(II) dry deposition flux (Fig. 4.5c) maximizes in the subtropical anticyclones, where 

subsidence provides a source of free-tropospheric Hg(II) to the planetary boundary layer. In 

addition, local maxima occur downwind of the emissions regions of the eastern US and East Asia, 

over high-elevation regions in western U.S. and the Himalayas, and over the Southern Ocean. In 

terms of the tagged tracers, their spatial contribution to dry deposition (Fig. 4.5g) is similar to their 
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contribution to surface Hg(II) concentrations (Fig. 4.5e). I find that 79–82% of the Hg(II) dry 

deposition over western U.S., South America, Africa, and Australia is from the UT and MT tracers. 

The E-Hg(II) tracer contributes 21–62% to dry deposition over eastern U.S., Europe and South 

and East Asia (Fig. 4.6d). Over the Pacific and North Atlantic Oceans, the UT, MT, and LT tracers 

each contribute about 30% to the dry deposition flux (Fig. 4.6d). 

 

 
Figure 4.5:Simulated distribution of Hg(II) surface concentrations and deposition flux. (a) 
Annual-mean surface Hg(II) concentration, (b) wet deposition flux, (c) Hg(II) dry deposition 
flux, and (d) total (wet+dry) deposition flux simulated for 2013-2014. Contributions from tagged 
Hg(II) tracers to (e) surface Hg(II) concentrations, (f) wet deposition flux, (g) dry deposition 
flux, and (h) total deposition flux. 
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In Sect. 4.2.2.3 we saw that the model overestimated observed wet deposition of Hg(II) 

over southeast U.S. during winter and spring. As a result, my estimate of the contribution of UT 

and MT tracers is likely an overestimate for this region and season. From my model evaluation, I 

had also concluded that my free-tropospheric Hg(II) production was too slow over Europe and, 

possibly, other regions north of 45°N. This suggests an underestimate of the concentrations of 

modeled UT and MT tracers in these regions. 

 

 
 

Figure 4.6: Regional contribution of tagged Hg(II) tracers. (a) Boundaries and names for 
regions used in panels b-e. Regional contributions of tagged Hg(II) tracers to (b) Hg(II) surface 
concentrations, (c) Hg(II) wet deposition, (d) Hg(II) dry deposition, (e) Hg(II) total (wet+dry) 
deposition. For continental regions the averages are calculated over land only. 
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My estimate that 92% of Hg(II) wet deposition and 73% of dry deposition over the U.S. is 

contributed by production in the upper and middle troposphere is qualitatively consistent with the 

estimates of Selin and Jacob (2008). They calculated that 59% of the Hg(II) wet deposited over 

the U.S. was scavenged above 1.5 km, and that 70% of the Hg(II) below 1.5 km was transported 

from elsewhere. For comparison, with my simulation I find that 85% of the Hg(II) wet deposited 

over the U.S. is scavenged above 1.5 km (note that to be consistent with Selin and Jacob (2008), 

we are comparing here the contribution of Hg(II) present above 1.5 km, and not the Hg(II) 

produced above 1.5 km). While Selin and Jacob (2008) also used the GEOS-Chem model, their 

simulation was based on Hg(0) oxidation by OH and O3, while ours is based on oxidation by Br. 

In Sect. 3.3, we quantify the sensitivity of my results to the oxidation pathway assumed. 

4.3.3 Model sensitivity to oxidation chemistry and emission speciation 

We now assess the sensitivity of my results to my assumptions about mercury oxidation and 

Hg(0):Hg(II) partitioning in anthropogenic emissions. I perform three additional one-year (2013) 

sensitivity simulations with the following changes with respect to the base simulation: (i) use of 

the original GEOS-Chem Br concentrations instead of the 3 times Br concentrations in the base 

simulation, (ii) use of O3 and OH as the Hg(0) oxidants (rate constants of Hall (1995) and Sommar 

et al. (2001)) instead of Br, and (iii) with the default UNEP/AMAP Hg(0):Hg(II) emission 

speciation of 55%:45% instead of the modified speciation. I summarize the results of these three 

sensitivity simulations relative to the base simulation in Table 4.2. 

When I use the original GEOS-Chem Br concentration, the contribution of the UT and MT 

tracers to the tropospheric Hg(II) burden decreases to 78% (base: 92%), while the contribution to 

total deposition decreases to 64% (base: 77%, see Table 4.2). In the O3 and OH oxidation 

simulation, I find that Hg(II) production shifts to lower altitudes, leading to an increase in the 
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contributions of the LT and MT tracers to tropospheric Hg(II) mass (base: 8%; O3/OH: 22%) and 

deposition flux (base: 49%; O3/OH: 76%). The change in the Hg(0):Hg(II) emission speciation 

results in a doubling of the contribution of E-Hg(II) tracer to total deposition, but the contribution 

of the UT and MT tracers to deposition remains nearly unchanged (Table 4.2). In all three 

sensitivity simulations, I find that the UT+MT tracers together contribute significantly to the 

tropospheric mass (78–90%) and the surface deposition flux (57–76%) of Hg(II), thus my overall 

conclusions remain robust. 

4.4 ROLE OF THE SUBTROPICAL DRY REGIONS 

In this section, I focus on the specific role of subtropical anticyclones as a global reservoir of 

Hg(II). The large-scale sinking motion in the subtropical anticyclones transports Hg(II) produced 

in the upper and middle troposphere downwards, and suppresses cloud formation and precipitation, 

thereby inhibiting Hg(II) loss of by reduction and wet deposition. The subtropical anticyclones, 

therefore, act as global reservoirs of Hg(II), as were presented in Shah et al. (2016). Here, we 

further quantify how much Hg(II) is transported from the subtropical anticyclones (dry-Hg(II) 

tracer) with a simulation where I artificially set to zero the Hg(II) present in the subtropical dry 

areas (defined as RH < 20% and latitude < 45°). Figure 4.7 shows the means and the anomaly of 

the contributions of dry-Hg(II) to surface Hg(II), 500 hPa Hg(II), and Hg(II) wet deposition for 

2013-2016. The anomaly is defined here as the maximum deviation of the contribution of dry-

Hg(II) for individual years from the 4-year mean. Areas at 500 hPa where the 2013-2016 monthly 

mean RH was less than 20% for minimum of four months out of twelve are shown in Fig. 4.7c and 

d. Based on this definition, I find that the dry areas contain 8% of the tropospheric mass of air.  
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Figure 4.7: Contribution of dry-Hg(II) to global Hg(II) concentrations and deposition. 
Mean and anomaly (maximum deviation from the mean) of the contributions of dry-Hg(II) to 
(a,b) surface Hg(II) concentrations, (c,d) 500 hPa Hg(II) concentrations, and (e,f) Hg(II) wet 
deposition flux for 2013-2016. The white contours in (c,d) show the boundaries at 500 hPa for 
areas with RH less than 20% for a minimum of four months of the year. 

 

We see from Fig. 4.7a that dry-Hg(II) exerts a disproportionate influence on surface Hg(II) 

concentrations between 40°S and 40°N, where its contribution is 45 ± 25%. The influence is higher 

over the continents (64%) than over the oceans, where the local production of Hg(II) in the marine 

boundary layer is larger. More than 80% of the surface Hg(II) over dry areas in Africa, the Middle 

East, and Australia, and in the high-elevation regions of western U.S., Tibetan Plateau, and South 

America consists of dry-Hg(II). The influence of dry-Hg(II) on surface Hg(II) concentrations is 

<20% in anthropogenic Hg(II) source regions such as eastern U.S. and East Asia, and in regions 

that experience deep convection such as the ITCZ in the Pacific, Atlantic, and Indian Oceans, 

South Asia, the Maritime Continent. The inter-annual variation of the dry-Hg(II) contribution is 



 120 

generally less than 5% (Fig. 4.7b).  Hg(II) can also be transported to the surface from higher 

altitudes in transient large-scale eddies in the mid-latitudes. Over Canada and Russia, for example, 

the UT+MT tracer contribution to surface Hg(II) is 50%, but the influence of dry-Hg(II) is <10% 

(Figs. 4.5e and 4.7a).  

90% of the mass of Hg(II) present at 500 hPa in the 40°S–40°N band is made up of dry-

Hg(II) (Fig. 4.7c), with little inter-annual variation (Fig. 4.7d). The contribution of dry-Hg(II) 

extends far beyond the boundaries of the dry areas, suggesting that these regions act as global 

suppliers of Hg(II). My model simulation suggests that 74% of the Hg(II) present at 500 hPa over 

the continental U.S. is transported from the dry subsidence band over the Pacific Ocean. The 

contribution of dry-Hg(II) decreases north of 40°N, but is still larger than 25% over most parts of 

Canada, Europe, and northern Asia. The contribution of dry-Hg(II) to Hg(II) wet deposition falls 

in-between the contributions of dry-Hg(II) to the surface and 500 hPa concentrations (Fig. 4.7e), 

as most precipitation scavenging of Hg(II) occurs between the surface and 500 hPa. The inter-

annual variability reaches 10-20% over the western and SE U.S., Eastern Europe, and Eastern Asia 

(Fig. 4.7f). In areas of the globe with large deposition fluxes (the ITCZ and the mid-latitude storm 

tracks) at least 50% of the deposition consists of dry-Hg(II). Globally, dry-Hg(II) accounts for 

78% to the tropospheric Hg(II) mass, and 61% of the total Hg(II) deposition (wet: 69% and dry: 

48%).  

During the 2013 NOMADSS aircraft campaign, high Hg(II) concentrations were observed 

and simulated above 5 km altitude (observations: 189 ± 103 pg m-3; model: 165 ± 104 pg m-3) 

(Shah et al., 2016). Back trajectory calculations indicated that these air masses were transported 

from even higher altitudes within the Pacific and the Atlantic anticyclones (Gratz et al., 2015; Shah 

et al., 2016). I sample the GEOS-Chem model along the NOMADSS flight tracks to determine the 
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contribution of dry-Hg(II) to the Hg(II) concentrations measured during the campaign. I find that 

dry-Hg(II) accounted for 75% of Hg(II) when observed Hg(II) concentrations exceeded 250 pg   

m-3(Fig. 4.8). The dry-Hg(II) contribution decreased for observations with lower Hg(II) 

concentrations: 58% for 200–250 pg m-3 and 10–20% for concentrations below 200 pg m-3. The 

association between NOMADSS observations of high Hg(II) concentrations and higher 

contribution of dry-Hg(II) adds support to my finding that the subsidence regions act as a large 

source of Hg(II) present and deposited over the U.S.  

 

 
 

Figure 4.8: Modeled contribution of the dry-Hg(II) tracer to observed Hg(II) 
concentrations during the NOMADSS aircraft campaign. The number of 2.5-minute 
observations points in each concentration bin is shown on top of the bars. 

 

My finding is consistent with ground-based Hg(II) observations in western U.S., an area 

heavily influenced (>60%) by Hg(II) present in the dry subtropical regions (Fig. 4.7). Weiss-

Penzias et al. (2009) reported that occurrence of higher (~50 pg m-3) RGM concentrations in 

Nevada during June–August were associated with subsiding air in the anticyclone located over the 

Pacific Ocean, and Huang and Gustin (2012) found higher than mean Hg(II) deposition in Nevada 

under similar patterns of air transport. Timonen et al. (2013) showed that the highest 
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concentrations of RGM (700 pg m-3) observed at the Mt. Bachelor Observatory in Oregon (2.7 km 

altitude) corresponded to air masses transported from the subtropical Pacific Ocean.  

4.5 TAGGED TRACER CONTRIBUTIONS AT MDN AND AMNET SITES 

My tagged simulation show that the upper and middle troposphere are the predominant regions of 

production of Hg(II). Thus, areas where wet deposition is strongly influenced by Hg(II) produced 

in these regions can be expected to have higher wet deposition flux of Hg(II). We now examine 

whether such an enhancement in Hg wet deposition flux is indeed observed at MDN sites. Figure 

4.9 shows the relationship between observed MDN annual Hg wet deposition fluxes to 

precipitation and modeled contribution of the UT and MT tracers to the wet deposition flux at the 

site locations. As expected, we see that Hg wet deposition fluxes increase with increasing 

precipitation (e.g. Prestbo and Gay, 2009; Selin and Jacob, 2008). In addition, I find that the Hg 

wet deposition fluxes increase with increasing contribution of the UT and MT tracers to the wet 

deposition flux. Using multiple linear regression, I derive the following relationship between the 

observed Hg flux [µg m-2 a-1], precipitation amount [mm a-1], and contribution of UT+MT [%]:  

       (4.4) 

Where, , , and . The regression parameters are 

statistically significant (p<0.001, 2-sided t-test, N=80), implying that both higher precipitation 

amounts and higher contribution of UT+MT tracers to wet deposition result in higher Hg flux. 

Precipitation amounts and the contribution of UT and MT together explain 55% of the spatial 

variation in the observed Hg flux, while individually they explain 25% and 42% of the spatial 

variation, respectively. This is consistent with previous studies that have shown higher Hg wet 

deposition flux in convective thunderstorms that can scavenge Hg(II) present at high altitudes 

(Guentzel et al., 2001; Shanley et al., 2015; Holmes et al., 2016; Kaulfus et al., 2017).   

Flux = a1 × Precipitation + a2 × UT+MT contribution + a3

a1 = 0.004 µg L-1 a2 = 0.8 ×10-2  µg m-2a-1 a3 = −68
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Figure 4.9: Relationship of observed MDN Hg wet deposition flux to observed precipitation 
and modeled contribution of UT and MT tracers to the Hg(II) wet deposition flux.  The 
symbols identify MDN sites for each region in Fig. 4.1 (WE: diamonds, CE: squares, NE: 
circles, and SE: triangles), with color-coding according to observed wet deposition flux. Also 
shown is the multiple linear regression equation relating flux to the contribution of UT+MT 
tracers (x) and the observed precipitation (y), and the square of the correlation coefficient (r2). 
Colored contours correspond to deposition fluxes calculated with the regression equation. 
 

AMNet sites in the eastern U.S. are close to regional Hg(II) emission sources, and are thus 

more likely to be influenced by Hg(II) directly emitted rather than by Hg(II) produced aloft. Figure 

4.10 shows that the 2009–2012 median Hg(II) concentrations observed at the AMNet sites in the 

eastern U.S. are higher at sites where the contribution of E-Hg(II) tracer is higher. For example, 

the surface Hg(II) concentrations at sites NY06, WV99, and MD08 are ~10 pg m-3, with 60–65% 

of the Hg(II) due to the E-Hg(II) tracer. On the other hand, at the remote site NS01, Hg(II) 

concentration are 3 pg m-3 and the contribution of E-Hg(II) tracer is less than 10%. I find that 

spatial variation in the contribution of the E-Hg(II) tracer explains 27% of the variation in observed 

surface Hg(II) concentrations at the AMNet sites (excluding the outlier NY95) in the eastern U.S. 

(Fig. 4.10b). A statistically significant linear relationship (p=0.018, 2-sided t-test, N=20, NY95 
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excluded) between Hg(II) concentrations and the contribution of the E-Hg(II) tracer is obtained 

from ordinary least squares regression. This suggests that although Hg(II) produced in the free 

troposphere makes up a large part of Hg(II) in the planetary boundary layer, spatial variations in 

Hg(II) concentrations in areas close to Hg(II) sources reflect variations in the amount of directly 

emitted Hg(II).   

 
 
Figure 4.10: Influence of E-Hg(II) tracer at the surface over the eastern U.S. (a) Simulated 
surface concentration of Hg(II) for 2013–2014. Also shown are the locations of the AMNet 
stations mapped to the model grid. (b) Relationship between the 2009–2012 median Hg(II) 
concentrations observed at the AMNet sites and the contribution of E-Hg(II) tracer to surface 
Hg(II) concentrations. The black line is the best-fit line from ordinary least squares regression. 
The text displays the regression equation and the square of the correlation coefficient (r2). The 
outlier NY95 is excluded from the regression calculation. 
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4.6 IMPLICATIONS 

My modeling study indicates that even in areas with large anthropogenic sources of Hg(II) most 

of the mercury wet deposition flux consists of Hg(II) produced in the upper and middle 

troposphere. This implies that regional decreases in anthropogenic Hg emissions do not lead to a 

proportional regional decrease in wet deposition. Indeed, numerous studies have demonstrated the 

importance of intercontinental transport to mercury wet deposition (Pirrone and Keating, 2010). 

For example, Jaeglé et al. (2009) found that a 20% decrease in regional anthropogenic mercury 

emissions in the GEOS-Chem model leads to between 3% (North America) and 12% (East Asia) 

decrease in mercury deposition. Moreover, observed long-term temporal trends in mercury wet 

deposition reflect trends in the global emissions of Hg(0) (Zhang et al., 2016; Weiss-Penzias et al., 

2016; Zhang and Jaeglé, 2013). My study shows that oxidation of Hg(0) in the upper and middle 

troposphere is the key to linking global emissions to deposition of mercury. 

I also find that a large fraction of the upper and middle tropospheric Hg(II) over the U.S. 

is transported from the subsiding subtropical anticyclone over the Pacific Ocean. Thus, we expect 

that variability in the location of the Pacific anticyclone, the synoptic wind patterns transporting 

Hg(II) to the U.S., the heights of the precipitating clouds, in addition to the amount and type of 

precipitation can affect Hg wet deposition flux over a particular area. These meteorological 

conditions vary in response to natural variability associated with multiyear phenomena, such as 

the El Niño-La Niña cycle (Gratz et al., 2009), and can confound the interpretation of spatial and 

temporal trends in wet deposition at MDN sites. 

My results support the idea of a global pool of Hg(II) in the free troposphere. I find that 

this global pool of Hg(II) is concentrated in the upper troposphere (above 7 km) and extends to 

lower altitudes in the subsidence areas of the subtropical anticyclones. These regions of the 
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atmosphere are where most of the production of Hg(II) takes place, and where the lifetime of 

Hg(II) against reduction and deposition is the longest, making them ideal target regions for future 

aircraft-based campaigns to understand the chemistry of mercury in the atmosphere.  

4.7 CONCLUSIONS 

I have added to the GEOS-Chem mercury model a Hg(II) tagging method following regions where 

Hg(II) is produced. I have performed a two-year simulation (2013–2014) with the tagged Hg(II) 

tracers, and have found that Hg(II) produced in the upper and middle troposphere constitutes 91% 

of the tropospheric mass of Hg(II), 91% of the annual Hg(II) wet deposition flux, and 52% of the 

annual Hg(II) dry deposition flux. The disproportionately high contribution of the Hg(II) produced 

in these regions is the result of higher production of Hg(II) in the upper and middle troposphere 

combined with a longer lifetime of Hg(II) and the large-scale subsidence of Hg(II) in the 

troposphere. Hg(II) produced in the upper and middle troposphere contributes 63% to surface 

Hg(II) over the continents, and 74–82% over western U.S, South America, Africa, and Australia. 

Over the oceans, however, surface Hg(II) is formed locally in the marine boundary layer because 

of Br released from sea-salt aerosols. Directly emitted anthropogenic Hg(II) makes up a significant 

fraction (27–69%) of surface Hg(II) concentrations near source regions in eastern U.S., Europe 

and South and East Asia. However, the wet deposition flux in these regions is largely (~90%) the 

result of Hg(II) produced in the upper and middle troposphere. The contribution of directly emitted 

Hg(II) can be higher within tens of kilometers of a source, but cannot be quantified by my coarse-

resolution global model. We examined the sensitivity of my results by performing additional 

simulations with lower Br concentrations, different oxidants (O3 and OH), and different 

Hg(0):Hg(II) anthropogenic emission speciation. In these simulations, too, I found that Hg(II) 
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produced in the upper and middle troposphere together contribute significantly to the tropospheric 

Hg(II) mass (78–90%) and the global Hg(II) surface deposition flux (57–76%).  

I examined the consistency of my modeling results with measurements at the MDN, EMEP, 

and AMNet sites. I found reasonable agreement between the modeled and observed Hg wet 

deposition flux at the MDN sites (NMB: -7 to +20%, FAC2: 66 to 88%), and surface Hg(II) 

concentration at AMNet sites in the eastern U.S. (NMB: -21%, FAC2: 70%), but poorer agreement 

for Hg wet deposition flux at EMEP observations (NMB: -46%, FAC2: 55%). I also found that the 

Hg wet deposition flux at the MDN sites increases with increase in precipitation and the 

contribution of Hg(II) produced in the upper and middle troposphere. Together, they explain 55% 

of the spatial variation in the wet deposition flux across the MDN network. For AMNet sites in the 

eastern U.S., I find that 27% of the spatial variation is explained by the contribution of emitted 

Hg(II) to surface Hg(II) concentrations.  

I quantified the role of Hg(II) in dry subtropical anticyclones and found it exerts a strong 

influence on Hg(II) concentrations at the surface (44% contribution) and 500 hPa (90% 

contribution) between 40°S and 40°N. Globally, dry-Hg(II) accounts for 78% to the tropospheric 

Hg(II) mass, and 61% of the total Hg(II) deposition. About >60% of the surface Hg(II) over dry 

areas, such as the western U.S., is transported from these subtropical regions, while 74% of Hg(II) 

at 500 hPa over the continental U.S. originated in the subtropical anticyclones. I also found that 

75% of the observations with Hg(II) concentrations greater than 250 pg m-3 observed during the 

NOMADSS aircraft campaign were transported from the subsidence regions, compared to only 

10% for samples with Hg(II) concentrations less than 100 pg m-3. My results highlight the 

importance of the subtropical anticyclones as the primary conduits for the production and export 

of Hg(II) in the global atmosphere. 



 128 

4.8 APPENDIX: ADDITIONAL TABLES AND FIGURES FOR CHAPTER 4 

Table 4A.1: List of stations with observations of Hg wet deposition used in this study

Site ID Site Name Latitude Longitude Elevation 
(m.a.s.l.) 

Measurement 
period 

Network/ 
Region 

CO96 Molas Pass 37.75 -107.69 3248 2013-2014 MDNa 

FL11 Everglades National Park-
Research Center 25.39 -80.68 2 2013-2014 MDN 

WA18 Seattle/NOAA 47.68 -122.26 11 2013-2014 MDN 
TX21 Longview 32.38 -94.71 103 2013-2014 MDN 
VT99 Underhill 44.53 -72.87 399 2013-2014 MDN 
VA28 Shenandoah National 

Park-Big Meadows 
38.52 -78.43 1072 2013-2014 MDN 

WI36 Trout Lake 46.05 -89.65 509 2013-2014 MDN 
WI99 Lake Geneva 42.58 -88.50 288 2013-2014 MDN 
PA29 Kane Experimental Forest 41.60 -78.77 618 2013-2014 MDN 
PA42 Leading Ridge 40.66 -77.94 287 2013-2014 MDN 
PA72 Milford 41.33 -74.82 212 2013-2014 MDN 
TN11 Great Smoky Mountains 

National Park-Elkmont 
35.66 -83.59 640 2013-2014 MDN 

MN18 Fernberg 47.95 -91.50 524 2013-2014 MDN 
ME02 Bridgton 44.11 -70.73 222 2013-2014 MDN 
ME96 Casco Bay-Wolfe's Neck 

Farm 
43.83 -70.06 15 2013-2014 MDN 

NC08 Waccamaw State Park 34.26 -78.48 10 2013-2014 MDN 
PA13 Allegheny Portage Historic 

Site 
40.46 -78.56 739 2013-2014 MDN 

PA90 Hills Creek State Park 41.80 -77.19 476 2013-2014 MDN 
SC19 Congaree Swamp 33.81 -80.78 34 2013-2014 MDN 
IL11 Bondville 40.05 -88.37 212 2013-2014 MDN 
FL34 Everglades Nutrient 

Removal Project 
26.66 -80.40 10 2013-2014 MDN 

FL05 Chassahowitzka National 
Wildlife Refuge 28.75 -82.56 3 2013-2014 MDN 

GA09 Okefenokee National 
Wildlife Refuge 30.74 -82.13 45 2013-2014 MDN 

PA00 Arendtsville 39.92 -77.31 269 2013-2014 MDN 
KS32 Lake Scott State Park 38.67 -100.92 863 2013-2014 MDN 

ME98 Acadia National Park-
McFarland Hill 44.38 -68.26 150 2013-2014 MDN 

ME00 Caribou 46.87 -68.01 191 2013-2014 MDN 
ME09 Greenville Station 45.49 -69.66 322 2013-2014 MDN 

MN16 Marcell Experimental 
Forest 47.53 -93.47 431 2013-2014 MDN 
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Table 4A.1 continued 

Site ID Site Name Latitude Longitude Elevation 
(m.a.s.l.) 

Measurement 
period 

Network/ 
Region 

MN23 Camp Ripley 46.25 -94.50 410 2013-2014 MDN 
MN27 Lamberton 44.24 -95.30 367 2013-2014 MDN 
MO03 Ashland Wildlife Area 38.75 -92.20 257 2013-2014 MDN 

MT05 Glacier National Park-Fire 
Weather Station 48.51 -114.00 964 2013-2014 MDN 

NE15 Mead 41.15 -96.49 352 2013-2014 MDN 
NY20 Huntington Wildlife 43.97 -74.22 500 2013-2014 MDN 
NY68 Biscuit Brook 41.99 -74.50 634 2013-2014 MDN 
PA37 Waynesburg 39.82 -80.29 452 2013-2014 MDN 

MI48 Seney National Wildlife 
Refuge-Headquarters 46.29 -85.95 220 2013-2014 MDN 

SC05 Cape Romain National 
Wildlife Refuge 

32.94 -79.66 1 2013-2014 MDN 
SC03 Savannah River 33.25 -81.65 90 2013-2014 MDN 
PA60 Valley Forge 40.12 -75.88 46 2013-2014 MDN 
PA30 Erie 42.16 -80.11 177 2013-2014 MDN 
AL03 Centreville 32.90 -87.25 135 2013-2014 MDN 
GA40 Yorkville 33.93 -85.05 395 2013-2014 MDN 

MO46 Mingo National Wildlife 
Refuge 36.97 -90.14 105 2013-2014 MDN 

KY10 Mammoth Cave National 
Park 37.13 -86.15 236 2013-2014 MDN 

MS22 Oak Grove 30.98 -88.93 100 2013-2014 MDN 
WI31 Devil's Lake 43.44 -89.68 389 2013-2014 MDN 
PA47 Millersville 39.99 -76.39 84 2013-2014 MDN 
GA33 Sapelo Island 31.40 -81.28 3 2013-2014 MDN 
OK99 Stilwell 35.75 -94.67 299 2013-2014 MDN 
NV02 Lesperance Ranch 41.50 -117.50 1388 2013-2014 MDN 
MD99 Beltsville 39.03 -76.82 46 2013-2014 MDN 
MD08 Piney Reservoir 39.71 -79.01 769 2013-2014 MDN 
NJ30 New Brunswick 40.47 -74.42 21 2013-2014 MDN 
ON07 Egbert 44.23 -79.79 196 2013-2014 MDN 
WI10 Potawatomi 45.56 -88.81 570 2013-2014 MDN 
WA03 Makah National Fish 

Hatchery 
48.29 -124.65 6 2013-2014 MDN 

CA94 Converse Flats 34.19 -116.91 1724 2013-2014 MDN 
CA20 Yurok Tribe-Requa 41.56 -124.09 110 2013-2014 MDN 
OK01 McGee Creek 34.32 -95.89 195 2013-2014 MDN 
OK31 Copan 36.91 -95.88 255 2013-2014 MDN 
SD18 Eagle Butte 44.99 -101.24 742 2013-2014 MDN 
MD00 Smithsonian 

Environmental Research 
Center 

38.89 -76.56 20 2013-2014 MDN 

FL97 Everglades-Western 
Broward County 26.17 -80.82 4 2013-2014 MDN 
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Table 4A.1 continued 

Site ID Site Name Latitude Longitude Elevation 
(m.a.s.l.) 

Measurement 
period 

Network/ 
Region 

UT97 Salt Lake City 40.71 -111.96 1297 2013-2014 MDN 
OK04 Lake Murray 34.10 -97.07 245 2013-2014 MDN 
PA52 Little Pine State Park 41.36 -77.36 228 2013-2014 MDN 
KS03 Reserve 39.98 -95.57 265 2013-2014 MDN 
KS24 Glen Elder State Park 39.51 -98.34 456 2013-2014 MDN 

KS99 Cimarron National 
Grassland 37.13 -101.82 1021 2013-2014 MDN 

OK06 Wichita Mountains 34.73 -98.71 492 2013-2014 MDN 
KS04 West Mineral 37.27 -94.94 274 2013-2014 MDN 
NY43 Rochester 43.15 -77.55 136 2013-2014 MDN 
NY06 Bronx 40.87 -73.88 68 2013-2014 MDN 
MN98 Blaine 45.14 -93.22 275 2013-2014 MDN 
MS12 Grand Bay NERR 30.43 -88.43 2 2013-2014 MDN 
PA21 Goddard State Park 41.43 -80.15 385 2013-2014 MDN 
FL96 Pensacola 30.55 -87.38 45 2013-2014 MDN 
AL19 Birmingham 33.55 -86.81 200 2013-2014 MDN 
DE0008R Schmücke 50.65 10.77 937 2013-2014 EMEPb 
FI0036R Pallas (Matorova) 68.00 24.24 340 2013-2014 EMEP 
GB0036R Harwell 51.57 -1.32 137 2013-2014 EMEP 
GB0048R Auchencorth Moss 55.79 -3.24 260 2013-2014 EMEP 
NO0001R Birkenes 58.38 8.25 190 2013-2014 EMEP 
SE0005R Bredkälen 63.85 15.33 404 2013-2014 EMEP 
SE0011R Vavihill 56.02 13.15 175 2013-2014 EMEP 
SE0014R Råö 57.39 11.91 5 2013-2014 EMEP 
NYA Ny-Ålesund 78.90 11.88 12 2013-2014 GMOSc 
MHE Mace Head 53.33 -9.91 5 2013 GMOS 
ISK Iskrba 45.56 14.86 520 2013-2014 GMOS 
SIS Sisal 21.16 -90.05 7 2013-2014 GMOS 
AMS Amsterdam Island -37.80 77.55 3 2013-2014 GMOS 
CGR Cape Grim -40.68 144.69 94 2013-2014 GMOS 
MCB Mt. Changbai 42.41 128.11 736 2011-2014 Chinad 
MDM Mt. Damei 29.63 121.57 550 2012-2014 China 
MLG Mt. Leigong 26.39 108.20 2176 2008-2009 China 
MAL Mt. Ailao 24.53 101.11 2450 2011-2014 China 
MWA Mt. Waliguan 36.29 100.90 3816 2012-2014 China 
BYB Bayinbuluk 42.89 83.72 2500 2013-2014 China 
PEN Pengjiayu 25.63 122.07 102 2009 Taiwane 
PR20 El Verde 18.32 -65.82 380 2015 MDNa 
(a) http://nadp.sws.uiuc.edu/mdn/; (b) http://www.nilu.no/projects/ccc/index.html 
(c) Sprovieri et al. (2017); (d) Fu et al. (2016b) 
(e) Sheu and Lin (2013) 
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Table 4A.2: List of ground stations with observations of Hg(II) surface concentrations used 
in this study.  

Site ID Site Name Latitude Longitude Elevation 
(m.a.s.l.) 

Measurement 
period 

Network/ 
Region 

AL19 Birmingham 33.55 -86.81 177 2009-2012 AMNeta 
CA48 Elkhorn Slough 36.81 -121.78 10 2010-2011 AMNet 
FL96 Pensacola 30.55 -87.38 44 2009-2012 AMNet 
GA40 Yorkville 33.93 -85.05 394 2009-2012 AMNet 
MD08 Piney Reservoir 39.71 -79.01 761 2009-2012 AMNet 
MD96 Beltsville_B 39.03 -76.82 47 2009-2012 AMNet 
MD97 Beltsville 39.03 -76.82 47 2009-2012 AMNet 
MS12 Grand Bay NERR 30.41 -88.40 1 2009-2012 AMNet 
MS99 Grand Bay NERR_B 30.41 -88.40 1 2009-2012 AMNet 
NH06 Thompson Farm 43.11 -70.95 25 2009-2011 AMNet 
NJ05 Brigantine 39.46 -74.45 8 2009-2012 AMNet 
NS01 Kejimkujik 44.43 -65.20 158 2009-2012 AMNet 
NY06 New York City 40.87 -73.88 26 2009-2012 AMNet 
NY20 Huntington Wildlife Forest 43.97 -74.22 502 2009-2012 AMNet 
NY43 Rochester 43.15 -77.62 154 2009 AMNet 
NY95 Rochester_B 43.15 -77.55 154 2009-2012 AMNet 
OH02 Athens 39.31 -82.12 274 2009-2012 AMNet 
OK99 Stilwell 35.75 -94.67 300 2009-2012 AMNet 
PA13 Allegheny Portage 40.46 -78.56 739 2009-2012 AMNet 
UT96 Antelope Island 41.09 -112.12 1285 2009-2011 AMNet 
UT97 Salt Lake City 40.71 -111.96 1099 2009-2012 AMNet 
VT99 Underhill 44.53 -72.87 397 2009-2012 AMNet 
WI07 Horicon 43.46 -88.62 272 2009-2012 AMNet 
WV99 Canaan Valley Institute 39.12 -79.45 985 2009-2012 AMNet 
AMS Amsterdam Island -37.80 77.55 70 2012-13 GMOSb 
RAO Råö 57.39 11.91 7 2012-15 GMOSc 
LON Longobucco 39.39 16.61 1379 2013 GMOSd 
MAN Manaus -2.89 -59.97 110 2013 GMOSd 
WAL Waldhof 52.80 10.76 74 2009-2011 Germanye 
MCH Mt. Changbai 42.40 128.11 740 2013-2014 Chinaf 
MWA Mt. Waliguan 36.29 100.90 3816 2007-2008 China 
MAL Mt. Ailao 24.53 101.02 2450 2011-2012 China 
SLA Shangri-La 28.02 99.73 3580 2009-2010 China 
MYU Miyun 40.48 116.76 220 2008-2009 China 
MDA Mt. Damei 29.63 121.57 550 2011-2013 China 
MGO Mt. Gongga 29.65 102.12 1640 2005-2007 China 

LABS Lulin Atmospheric 
Background Station 23.51 120.92 2862 2006-2007 Taiwang 

ALE Alert 82.49 -62.34 210 2009-2011 Canadah 
(a) http://nadp.sws.uiuc.edu/amn/; (b) Angot et al. (2014); (c) Wängberg et al. (2016) 
(d) Travnikov et al. (2017); (e) Weigelt et al. (2013); (f) Fu et al. (2015); (g) Sheu et al. (2010)  
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Figure 4A.1: Simulated and observed Hg wet deposition at worldwide sites. (a) Simulated 
and observed Hg wet deposition flux for GMOS and other stations listed in Table 4A.1. (b) 
Simulated and observed annual volume-weighted mean (VWM) Hg concentration for GMOS 
and other stations listed in Table 4A.1. The number of stations (N_STA), normalized mean bias 
(NMB; ), and FAC2 (percentage of points where  

and Oi and Mi are observed and simulated values, respectively) is included in both panels.  
  

NMB= Mi −Oi( )
i
∑ Oi

i
∑ ×100% 0.5 ≤Mi Oi ≤ 2
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Figure 4A.2: Simulated and observed surface Hg(II) concentrations at worldwide sites. 
Stations are listed in Table 4A.2. Note the logarithmic scale on both axes. 
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Figure 4A.3: Simulated and observed Hg(II) concentrations for two aircraft campaigns 
over the U.S. (a) Simulated and observed Hg(II) concentrations for aircraft-based campaign over 
Tullahoma, TN, USA (2012-2013) (Brooks et al., 2014). (b) Simulated and observed Hg(II) 
concentrations for the NOMADSS aircraft-based campaign (2013) (Shah et al., 2016). The 
number of model-observation pairs in each height bin is shown in panel (a).  In panel (b), the 
number of model-observation pairs in each height bin, and, in parentheses, the number of model-
observation pairs where the observations were above the instrument detection limit, are shown.  
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Chapter 5. SUMMARY AND FUTURE WORK 

Aerosol particles and mercury have adverse effects on human health and impact the Earth’s 

physical and biological systems. The origin and fate of these pollutants is governed by a web of 

complex physical and chemical processes, which are not fully understood. In my Ph.D. thesis, I 

have examined the sources, chemistry, and transport of aerosols and oxidized mercury compounds 

in the atmosphere. I have done this using a combination of aircraft- and ground-based observations 

and results from the GEOS-Chem chemical transport model. 

  Two chapters have focused on wintertime air pollution from fine aerosol particles in the 

eastern U.S. I used aircraft-based observations from the Wintertime INvestigation of Transport, 

Emissions, and Reactivity (WINTER) campaign (1 Feb–15 Mar 2015), ground-based observations 

from monitoring sites and the GEOS-Chem model to investigate the sources and chemistry of   

SO4
2-, NO3

- , NH4
+ and OA. In Chapter 2, I have tried to understand why concentrations of wintertime 

SO4
2-, NO3

-  and NH4
+ in the eastern U.S. have displayed a weak or non-existent response to strong 

reductions in emissions of SO2 and NOx. Between 2007 and 2015, SO2 and NOx emissions have 

decreased by 58% and 35%, SO4
2-, respectively, but SO4

2- concentrations have decreased by 31% 

and NO3
-  concentrations have not changed much. I have first evaluated the GEOS-Chem 

simulations against aircraft- and ground-based observations. I show that GEOS-Chem can simulate 

the concentrations of SO4
2-, NO3

- , and NH4
+ in good agreement with observations from the WINTER 

campaign. The observed concentration of SO4
2--NO3

- -NH4
+, combined, below 1 km altitude was 2.45 

µg sm-3, with 47% SO4
2-, 32% NO3

- , and 21% NH4
+. I found that the GEOS-Chem predicted mean 

concentrations (2.79 µg sm-3) and composition (42% SO4
2-; 34% NO3

- ; 24% NH4
+) match the 

observations. Using the simulation results, I have analyzed the chemical controls on the formation 
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of SO4
2- and NO3

- in winter. NH4
+ concentrations are covary with SO4

2- and NO3
- . I found that during 

the WINTER campaign only 18% of the SO2 is regionally oxidized to SO4
2- in winter over the 

eastern U.S. SO2 oxidation happens mostly through the aqueous-phase H2O2 (46%) and gas-phase 

OH (35%) pathways. The efficiency of oxidation through these pathways is low in winter because 

of low concentrations of the oxidants. NO3
- is formed from the partitioning of nitric acid to the 

particle phase. The fraction that partitions depends strongly on the particle pH.  The observations 

and GEOS-Chem simulations showed that particle pH was low (~1.3) during WINTER, which 

allowed only about 45% of the total nitrate (gas + particle) to partition to the particle phase. Thus, 

I showed that there are chemical limitations on the formation of both SO4
2- and NO3

- during winter 

resulting from low oxidant concentrations and low particle pH. I next examined how these 

limitations may have evolved with changing emissions of SO2 and NOx, by analyzing recent trends 

in the concentration of SO4
2- and NO3

-.  

 SO4
2- concentrations at ground-based monitoring sites in the eastern U.S. decreased by only 

31%, despite a 58% decrease in SO2 emissions between 2007 and 2015. The GEOS-Chem 

simulations reproduced this relatively small change in SO4
2- concentrations for 2007–2015. I 

showed that the weak response of SO4
2- concentrations to decreasing SO2 emissions was caused by 

an increase in the SO4
2- formation efficiency. This is because the simulated H2O2 concentrations 

did not change between 2007 and 2015, but as SO2 emissions decrease, the amount of H2O2 

available for oxidation of each unit of SO2 emissions increases. Between 2007 and 2015, NOx 

emissions decreased by 35%, but the concentrations of NO3
- remained unchanged, appearing to not 

respond to NOx emissions. I show that the NOx emissions did decrease nitric acid formation, but 

the concurrent decrease in concentrations of SO4
2- increased the particle pH, which in turn pushed 
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more nitric acid to the particle phase. I project that these chemical feedbacks will persist into the 

near future. Between 2015 and 2023, I predict a 24% decrease in SO4
2- concentrations and little to 

no change in NO3
-  despite an expected 47% decrease in SO2 emissions and 25% decrease in NOx 

emissions. My findings have bearing on air quality management policies in the eastern U.S.    

In Chapter 3, I have used the GEOS-Chem model to determine the sources of OA observed 

during the WINTER campaign. The chemistry of OA in polluted environments is poorly 

understood, and models of OA have had limited success in reproducing the observations. The 

WINTER OA observations served as a touchstone to evaluate different OA modeling approaches. 

I conducted three simulations with the GEOS-Chem model: (i) TRAD, in which POA is considered 

as nonvolatile and SOA from only known aromatic VOCs is included, (ii) SVPOA, in which POA 

is treated as semivolatile and SOA from the oxidation of primary S/IVOCs is also included, and 

(iii) SMPL_A and SMPL_B, which treat POA as nonvolatile and the SOA chemistry uses an 

empirical parameterization based on past field studies. The EPA NEI POA emissions are scaled 

down by a factor of 2 in the SMPL_B simulation compared to the other simulations.  

The OA concentrations observed on the WINTER flights below 1 km altitude was 1.48 ± 

0.93 µg sm-3. OA was composed of higher fractions of SOA (60%) than POA (40%). I found that 

OA concentrations, normalized by enhancement in CO (DOA/DCO), grew from 39 µg sm-3     

ppmv-1 in fresh emissions to 85 µg sm-3 ppmv-1 at an OH equivalent age of 1 day driven by SOA 

formation. This was consistent with past summertime observations over the NE US. I showed that 

the SMPL_B simulation captured the observed OA, POA, and SOA well. It showed a mean bias 

of -8%, and simulated SOA (63%) and POA (37%) fractions in agreement with the observations. 

It also reproduced the observed growth in DOA/DCO and DSOA/DCO with photochemical 

processing. The SMPL_B simulation also predicted OA concentration at the ground-based 
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monitoring sites with a mean bias of -11%. I showed that the other simulations were unable to 

capture OA observations. The TRAD simulation was found to overestimate POA by a factor of 2 

but predicted almost no SOA, whereas the SVPOA simulation predicted reasonable SOA 

concentrations but underestimated POA by a factor of 5. The SMPL_B simulation results show 

that OA is nearly uniform distributed over the eastern US in the winter season and constitutes 

about 35% of fine particulates near the surface. 65% of the OA over the region is from secondary 

formation, which implies that continuing reduction in wintertime OA levels will require decreases 

in the emissions of gaseous precursors of OA. 

In Chapter 4, we looked at the influence of oxidized mercury produced in the middle and 

upper troposphere and its transport in the subtropical anticyclones. My previous work on the 

NOMADSS aircraft campaign had suggested that the subtropical anticyclones are reservoirs of 

Hg(II) because of the subsidence that transported Hg(II)-rich air from the upper troposphere and 

the lack of precipitation that prolonged the lifetime of Hg(II) in the region. I have implemented a 

tagging technique in GEOS-Chem to track the effect of Hg(II) produced at different altitudes in 

the atmosphere. I found that Hg(II) produced above 750 hPa accounted for 91% of the tropospheric 

Hg(II) mass, 91% of the annual Hg wet deposition flux, and 52% of the dry deposition flux. The 

Hg(II) produced at these altitudes contributes up to 82% to the Hg(II) present over the surface in 

the western U.S., South America, Africa, and Australia. Direct Hg(II) emissions make the highest 

contribution (up to 69%) in East and South Asia. The GEOS-Chem simulations were consistent 

with observations of Hg wet deposition and Hg(II) surface concentrations at the MDN and AMNet 

sites, where the model mean bias was about 20%. The Hg wet deposition flux at the MDN sites 

was found to increase with precipitation and the contribution of Hg(II) produced above 750 hPa. 

These two factors explained 55% of the variance in observations at the MDN sites.  
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I have quantified the role of Hg(II) in the subtropical anticyclones by conducting a 

simulation in which the Hg(II) present in the anticyclones was artificially set to zero. I found that 

between 40°S and 40°N, 44% of the Hg(II) at the surface and 90% of the Hg(II) at 500 hPa comes 

from the anticyclones. Globally, Hg(II) in the anticyclones accounts for 78% to the tropospheric 

Hg(II) mass, and 61% of the total Hg(II) deposition. I also found that 75% of the observations with 

Hg(II) concentrations greater than 250 pg m-3 observed during the NOMADSS aircraft campaign 

were transported from the anticyclones. These results further highlighted the importance of the 

subtropics in the atmospheric cycling of Hg(II).  

 

Recommendations for future work 

Below I have listed some outstanding questions that could be addressed in future work. 

i. How strong are the chemical feedbacks that control the formation of wintertime SO4
2- and 

NO3
-  for other regions of the U.S, and how do the reductions in SO2 and NOx emissions 

effect the concentrations of SO4
2-, NO3

-  and NH4
+ particles? My work has focused on the 

eastern U.S. which is typically the most polluted region in the country. But other regions 

may be under a different chemical regime, and the factors that are important for the 

eastern U.S. may not be as important elsewhere. For example, California has large urban 

sources of NOx in close proximity to large agricultural sources of NH3, but few sources 

of SO2 (Heald et al., 2012; Walker et al., 2012). The chemistry of SO4
2-, NO3

-  and NH4
+ 

particles there would be considerably different from the eastern U.S. My GEOS-Chem 

simulations for the WINTER campaign could be useful to study other regions of the U.S. 

ii. Which factors are important in the wintertime chemistry of SO4
2-, NO3

-  and NH4
+ over 

Europe and other areas of the world? Most parts of Europe have seen reductions in SO2 
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and NOx emissions similar to the eastern U.S., but still regularly have unhealthy 

concentrations of fine particulates in the winter (European Environment Agency, 2017). 

The urban areas in China and India experience some of their worst particulate pollution 

episodes in winter (Dey and Di Girolamo, 2011; Guttikunda et al., 2014; Huang et al., 

2014; Ma et al., 2016). Regional models are not always able to reproduce the observed 

concentration, composition, or trends of particulates (Colette et al., 2011). My GEOS-

Chem simulations for WINTER have showed significant improvement in our ability to 

model wintertime chemistry in polluted areas. The improved GEOS-Chem model can be 

applied beneficially to Europe and other areas of the world. 

iii. What are the wintertime concentrations of OH and H2O2 and other oxidants over the 

U.S.? What factors control the emissions and concentrations of NH3 over the U.S. in 

winter? The amounts of oxidants and NH3 are among the main uncertainties in modeling 

wintertime chemistry in polluted mid-latitude regions. There are very few measurements 

of oxidants and NH3 available to properly constrain models. Besides, the magnitude of 

NH3 emissions and their seasonal variation are not well-constrained. These questions 

should be considered by future field-intensive studies over polluted regions, which 

should include state-of-the-art measurements of oxidant concentrations, especially those 

of OH and H2O2, and concentrations of NH3. 

iv. What factors drive wintertime trends in sulfur and nitrogen species deposition? How will 

these trends change with changing emissions in the future? The trends in sulfur and 

nitrogen deposition are thought to be largely determined by trends in the emissions of 

SO2, NOx, and NH3. For example, Li et al. (2016) report that the deposition of NO3
-  has 

decreased while that of NH4
+ has increased in the past three decades in the U.S., and 
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attribute it solely to trends in NOx, and NH3 emissions. It would be useful to investigate 

what role the coupled chemistry of SO4
2-, NO3

-  and NH4
+ particles plays in modulating 

these deposition trends. 

v. How consistent is the GEOS-Chem OA simulation with surface observations in other 

areas of the U.S. and in other seasons? What is the mix of urban, biogenic and fire sources 

of POA and SOA in the U.S? The GEOS-Chem simulation with the simple SOA 

parameterization performs well for the WINTER campaign, and has been shown to 

perform well for the SEAC4RS campaign in the southeastern U.S. summer in a previous 

study (Kim et al., 2015). Given this success, such a simulation can be applied further to 

study the sources of OA in other areas of U.S. and on an annual scale. 

vi. How sensitive are the results of the complex OA modeling approach (SVPOA) to 

different assumptions and parameter values? Which modifications or updates to the 

parameterization are most consistent with WINTER observations? The SVPOA approach 

is physically more realistic than the other OA modeling approaches. The SVPOA 

includes a representation of the processes of POA evaporation, oxidation, and re-

condensation to SOA. These processes are strongly temperature-dependent, which can 

lead to seasonal differences in the SOA yields. However, the parameters in the SVPOA 

approach for the emissions, volatility distribution, and aging of low-volatility gases and 

SOA are inadequately constrained. The WINTER observations can be used to determine 

a set of assumptions and parameter values that produce results most consistent with the 

observations. Recent studies (e.g. Ma et al., 2017) have proposed updates to the OA 

parameterizations that can be implemented in GEOS-Chem and tested against the 

WINTER observations. 
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vii. What are the sources, chemical properties, and abundance of anthropogenic SOA 

precursors in urban environments? I have shown that the secondary formation of OA 

from oxidation of anthropogenic VOC precursors exceeds direct OA emissions over the 

eastern U.S. in winter. But there are still critical outstanding questions about the 

speciation, sources, and SOA formation potential of these VOC precursors. For example, 

motor vehicles are a large source of chain, branched and cycloalkanes and single-ring 

and polycyclic aromatic compounds of 8–25 carbon atoms, which are key SOA 

precursors. But it not clear whether the SOA formation potential of the mixture of 

emissions from gasoline or diesel vehicles is higher (Gentner et al., 2017), nor how the 

formation potential would change with temperature. Answering these kinds of questions 

will need additional field-intensive campaigns and laboratory studies focused on SOA in 

polluted areas. 

viii. How does the contribution of Hg(II) produced in the free troposphere vary among 

different models? Does this difference explain the inter-model spread in the simulated 

Hg vertical profiles and wet deposition? Comparisons of different Hg models have shown 

about a factor of 5 difference in the simulated Hg(II) concentrations in the free 

troposphere (Bieser et al., 2017), and about a factor of 2 difference in Hg wet deposition 

(Travnikov et al., 2017), due to different assumptions about Hg(II) production pathways. 

It would be useful to test differences among models on the basis of the primary region(s) 

of production of Hg(II) in each model. A tagging approach similar to what I used can be 

applied for this purpose.   

ix. How much does the production and transport of oxidized mercury vary inter-annually? 

How does this variability affect the trend in Hg deposition in the U.S. and in other areas? 
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Weiss-Penzias et al. (2016) found that Hg wet deposition over the U.S. has generally 

decreased for the 1997–2013 period, but for 2007–2013 the Central and Western U.S. 

have seen a reversal in this trend. They attribute this to rising Hg emissions in East Asia 

and long-range transport. My work shows that a large fraction of the spatial variability 

in Hg wet deposition over the U.S. is due to spatial variability in precipitation and the 

influence of oxidation in the free troposphere. It would be useful to employ my GEOS-

Chem tagged simulation to investigate the combined effects of emission changes and 

meteorological variability on the observed Hg wet deposition trends. 

x. Are the subtropical anticyclones reservoirs of oxidized mercury? My analysis of aircraft- 

and ground-based Hg observations and the GEOS-Chem simulations strongly suggest the 

presence of an Hg(II)-rich pool at high altitudes and in subtropical anticyclones. Other 

observation-based studies have also suggested this (e.g. Weiss-Penzias et al., 2011; 

Lyman and Jaffe, 2012; Gratz et al., 2015), but there haven’t been large-scale direct 

speciated measurements of Hg at altitudes of 8–12 km and in the subtropical 

anticyclones. Future aircraft-based measurements of Hg could focus on these areas, and 

include high time resolution speciated Hg measurements, along with measurements of 

the key Hg oxidants: Br/BrO and other halogen species, OH, and O3.  
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