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Abstract12

A comprehensive study on the effects of photochemical aging on exhaust emissions from a13

vehicle equipped with a gasoline direct injection engine when operated over seven different driving14

cycles was assessed using an oxidation flow reactor. Both primary emissions and secondary15

aerosol production were measured over the Federal Test Procedure (FTP), LA92, New European16

Driving Cycle (NEDC), US06, and the Highway Fuel Economy Test (HWFET), as well as over17

two real-world cycles developed by the California Department of Transportation (Caltrans)18

mimicking typical highway driving conditions. We showed that the emissions of primary particles19
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were largely depended on cold-start conditions and acceleration events. Secondary organic aerosol20

(SOA) formation also exhibited strong dependence on the cold-start cycles and correlated well21

with SOA precursor emissions (i.e., non-methane hydrocarbons, NMHC) during both cold-start22

and hot-start cycles (correlation coefficients 0.95-0.99), with overall emissions of ~68-94 mg SOA23

per g NMHC. SOA formation significantly dropped during the hot-running phases of the cycles,24

with simultaneous increases in nitrate and ammonium formation as a result of the higher nitrogen25

oxide (NOx) and ammonia emissions. Our findings suggest that more SOA will be produced26

during congested, slow speed, and braking events in highways.27

Keywords: Secondary aerosol; Gasoline direct injection; Oxidation flow reactor; Driving cycles;28

Primary emissions29

1. Introduction30

On-road gasoline vehicles are an important source of both gaseous and particulate emissions,31

including nitrogen oxides (NOx), volatile organic compounds (VOCs), black carbon, and32

particulate matter (PM). Tailpipe emissions of gasoline vehicles also include intermediate33

volatility organic compounds (IVOCs) and semivolatile organic compounds (SVOCs), including34

light molecular weight monoaromatic hydrocarbons, which are precursors for the production of35

secondary organic aerosol (SOA) through photooxidation reactions in the atmosphere (Kroll and36

Seinfeld, 2008; Robinson et al., 2007; Drozd et al., 2019). It has been demonstrated that SOA is37

the largest component of ambient organic aerosol (OA), followed by primary organic aerosol38

(POA) emitted as PM from anthropogenic and biogenic sources (Robinson et al., 2007; Jimenez39

et al., 2009). Previous studies suggest that gasoline vehicles dominate SOA formation in urban40

areas and significantly exceed the contribution of modern technology diesel vehicles (Gentner et41

al., 2017; Bahreini et al., 2012; Jathar et al., 2017; Platt et al., 2017).42
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Vehicle emissions are significantly influenced by driving conditions (Maricq et al., 2017;43

Herrington et al., 2012). This is especially true for vehicles equipped with gasoline direct injection44

(GDI) engines, where fuel is directly injected into the combustion chamber leading to fuel45

impingement and localized pool fires, causing diffusive combustion and soot generation (Duronio46

et al., 2020). These phenomena are more important during cold-start operation, which favors the47

formation of unburned hydrocarbons from the fuel and lubricating oil, as well as compounds that48

can act as SOA precursors upon atmospheric dilution and evaporation (Karjalainen et al., 2016).49

Recent studies have shown elevated tailpipe SVOC emissions from gasoline vehicles during cold-50

start operation compared to highway cruise conditions (Herrington et al., 2012; Miersch et al.,51

2019; Zimmerman et al., 2019).52

Several studies have investigated the impact of gasoline vehicles on SOA formation using53

environmental smog chambers, either using transient driving cycles on a chassis dynamometer54

(Saliba et al., 2017; Vu et al., 2019; Zhao et al., 2017; Platt et al., 2013; Roth et al., 2020) or steady-55

state and idling driving conditions (Nordin et al., 2013; Liu et al., 2015; Kari et al., 2019; Zhang56

et al., 2020). The general consensus among these studies is that SOA mass exceeds POA mass (Vu57

et al., 2019; Nordin et al., 2013; Roth et al., 2020; Gordon et al., 2014). Vu et al. (2019) reported58

elevated levels of inorganic aerosol formation in the form of ammonium nitrate and several orders59

of magnitude higher SOA mass than primary PM after introducing the exhaust of four current GDI60

vehicles operated on the LA92 cycle into a chamber. Zhang and co-workers (2020) found that61

during idling conditions representing traffic congestion, higher concentrations of reactive62

aromatics and alkenes were present in the exhaust resulting in higher SOA formation potential63

compared to steady-state cruising conditions. Gordon et al. (2014) tested gasoline vehicles of a64

wide variety of model years and emission certification levels using a smog chamber and showed65
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greater SOA formation for the cold-start tests than the hot-start tests. They also showed lower SOA66

formation from newer vehicles compared to older technology vehicles. Other studies have shown67

that more volatile and semivolatile aromatic hydrocarbons present in gasoline are major emitted68

precursors for SOA formation from GDI vehicles (Roth et al., 2020; Nordin et al., 2013; Du et al.,69

2018; Peng et al., 2017).70

An alternative methodology to batch chamber reactors for the characterization of SOA formation71

from combustion sources is the potential aerosol mass (PAM) oxidation flow-through reactor,72

which was developed to simulate concurrent SOA forming potential from highly transient73

conditions (Kang et al., 2007; Lambe et al., 2011). Oxidation flow reactors can be used in vehicle74

chassis dynamometer studies to capture the rapidly changing driving conditions during a driving75

cycle, as well as in field experiments (Cao et al., 2020; Tkacik et al., 2014). A recent investigation76

of a Euro 6 GDI vehicle using an oxidation flow reactor showed elevated levels of SOA mass77

during the cold-start New European Driving Cycle (NEDC) compared to the hot-start NEDC,78

especially during the first 200 seconds of the urban phase of the test cycle (Simonen et al., 2019).79

They also showed a comparable amount of ammonium nitrate formation to SOA formation, which80

is consistent with previous chamber studies of GDI vehicles. Other studies of GDI vehicles81

utilizing oxidation flow reactors have also shown a strong contribution of cold-start conditions on82

SOA formation (Karjalainen et al., 2016; Pieber et al., 2018; Simonen et al., 2017). Zhao et al.83

(2018) tested 16 gasoline vehicles, including GDI and port fuel injection (PFI) vehicles, over the84

cold-start LA92 cycle using a PAM reactor and found more SOA formation during cold-start85

operation because of the substantially higher gaseous organic emissions. They also showed similar86

SOA formation from GDI and PFI vehicles certified to the same emission standards.87



5

In this study, the primary emissions and SOA formation potential from a current GDI vehicle88

were assessed, after introducing its dilute exhaust into an oxidation flow reactor and when89

operating on different driving cycles. A mixture of cold-start and hot-start certification driving90

cycles used in the United States (US) and Europe were employed, as well as real-world non-91

regulatory driving cycles that were developed to mimic driving conditions in California highways.92

This is one of the very few studies focusing on the effects of multiple driving conditions, including93

cold-start, hot-start, aggressive driving, and high-speed driving, on SOA formation from a GDI94

vehicle.95

2. Experimental96

2.1 Test vehicle and driving cycles97

Testing was performed on a 2016 model year passenger car equipped with a 2.4-liter, 4-98

cylinder, wall-guided fuel injection system, a three-way catalyst (TWC), and operated with an99

overall stoichiometric air-fuel ratio. The engine had a rated horsepower of 185 hp at 6000 rpm, a100

torque of 178 ft-lbs. at 4000 rpm, and a compression ratio of 10:1. The vehicle was certified to101

meet the California LEVIII SULEV 30 emissions standard and had accumulated 31406 miles.102

Testing was performed with a typical California E10 fuel.103

The vehicle was exercised in duplicate runs over several different driving cycles, including104

regulatory and non-regulatory driving schedules. Testing was conducted over the Federal Test105

Procedure (FTP), the New European Driving Cycle (NEDC), the LA92, the US06 Supplemental106

Federal Test Procedure, and the Highway Fuel Economy Test (HWFET) cycle. In addition, two107

driving schedules developed by the California Department of Transportation (Caltrans) to better108

represent typical driving patterns on California freeways were employed. The cycles (referred to109

as Caltrans 1 and Caltrans 2) were derived from field driving data representative of freeway,110
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arterial, collector road, and local driving, and traffic congestion levels typically found on Los111

Angeles freeways. More information about these test cycles are provided in the Supplementary112

Material (SM, Figure SM1).113

2.2 Emissions testing114

Gaseous and particulate emissions measurements were conducted in CE-CERT’s Vehicle115

Emissions Research Laboratory (VERL), on a Burke E. Porter 48-inch single-roll electric116

dynamometer. A Pierburg Positive Displacement Pump-Constant Volume Sampling (PDP-CVS)117

system was used to obtain standard bag measurements for total hydrocarbons (THC), carbon118

monoxide (CO), nitrogen oxides (NOx), non-methane hydrocarbons (NMHC), and carbon dioxide119

(CO2). All gaseous emissions were determined according to US EPA protocols for light-duty120

emission testing as given in the CFR, Title 40, Part 86. Tailpipe real-time soot or black carbon121

emissions were measured using an AVL Micro-Soot Sensor (MSS), which was further diluted by122

an additional dilutional tunnel. Particle size distributions were obtained using an Engine Exhaust123

Particle Sizer (EEPS) spectrometer in parallel with the MSS. The EEPS (TSI 3090, firmware124

version 8.0.0) was used to obtain real-time, second-by-second size distributions between 5.6 to125

560 nm. Particles were sampled at a flow rate of 10 L/min, which is considered to be high enough126

to minimize diffusional losses. The dilution factor in CVS compared to the raw exhaust was a127

factor of 8.2-15.5.128

2.3 Photooxidation Experiments129

A novel oxidation flow reactor, the Tampere Secondary Aerosol Reactor (TSAR) was installed130

to the setup following an ejector diluter and was utilized to study secondary aerosol formation131

potential during transient driving conditions. TSAR is an OFR254-type oxidation flow reactor132

consisting of a residence time chamber, an oxidation reactor, an ozone generator, and an expansion133



7

tube connecting the residence time chamber and oxidation reactor. Mass flow controllers were134

applied for flow control. TSAR has been designed to measure potential secondary aerosol135

formation from rapidly changing emission sources and it has nearly laminar flow conditions. In136

TSAR, the diluted exhaust is mixed with ozone, and the relative humidity (RH) of the sample is137

increased by mixing it with humidified air. The CVS and ejector diluter combined with dilution138

by ozone and humidified air flows resulted in total dilution of the sample by factors of 45-172139

before entering the TSAR. The sample then passes through a residence time tube before entering140

an oxidation region where it is exposed to 254 nm UV radiation, which induces production of OH141

radicals through the photolysis of ozone in the presence of H2O. The precursor gases present in142

the exhaust react with OH or O3 to produce lower volatility molecules that then transfer to particle143

phase and produce secondary aerosol. The experimental setup with the TSAR is described in detail144

in SM and detailed information about the TSAR can be found elsewhere (Simonen et al., 2019;145

Simonen et al., 2017).146

An average photooxidation timescale of 6.4 days was explored in this study (Table SM1, SM).147

The photooxidation time-scale falls within the timescales found to simulate peak SOA formation148

by Tkacik et al. (2014) of 2-3 days, Ortega et al. (2016) of 1-11 days, Saha et al. (2018) of 2-10149

days, and Liu et al. (2019) of 1-3 days. Because the photooxidation timescale varied within a drive150

cycle (lowest during cold-starts, see SM) and because adjusting the conditions was not possible151

within a cycle, same conditions were applied for all cycles. The OH exposure and corresponding152

atmospheric age of the sample after oxidation was estimated by applying a chemical reaction153

model which considers OH suppression in the TSAR, similarly to Simonen et al. (2017).154

The mini Aerodyne Aerosol Mass spectrometer (mAMS), equipped with a compact time-of-155

flight mass spectrometer mass resolution (i.e., m/Δm with m being the nominal m/z and Δm the full156
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width at half-maximum) of ~1100 and mass accuracy better than 20 ppm), sampled downstream157

of the flow reactor to determine the non-refractory (NR) composition (OA, sulfate, nitrate, and158

ammonium) of the submicron aerosol particles (Jayne et al., 2000; Vu et al., 2016). Aerosol159

particles were sampled only in the mass spectrum mode, with a 7-8 s time resolution. Data from160

the mAMS were analyzed using Wavemetrics Igor Pro. (Squirrel ToF-AMS analysis toolkit v.161

1.60 with PIKA module 1.20) following standard procedures outlined in previous studies (Bahreini162

et al., 2012b). Given the variable concentration of CO2 in the vehicle exhaust, gas-phase163

background CO2 was subtracted from the OA mass spectra using the measured gas-phase CO2164

concentrations from the CVS and the recommendation by Collier and Zhang (2013). Except for165

ammonium, high-resolution analysis of the mass spectra was used to generate the mass166

concentration of the other species. A composition-dependent collection efficiency factor was used167

to correct for particle bounce on the vaporizer (Middlebrook et al., 2012). Information about the168

methods used to determine the hydrocarbon-like organic aerosol (HOA) and the oxidation state of169

OA are shown in SM. In this study, SOA was determined as the difference between total measured170

organics and the estimated HOA by mAMS. It is worth noting that we cannot distinguish between171

SOA that is formed from oxidation of primary HOA versus those formed from gas to particle172

partitioning of low-volatility gaseous oxidation products.173

The particulate mass of the aged aerosol, i.e., the aerosol sample treated with TSAR, was174

measured by electrical low-pressure impactor (ELPI+, Dekati Ltd.). The aerosol mass was175

calculated by integrating the size distribution over stages 3-7, corresponding to particle176

aerodynamic cut-off diameters between 30 to 604 nm. In the absence of full composition177

measurements of the primary aerosols, unit density of 1 g/cm3 was used in the mass calculations,178

similar to the approach taken previously (Simonen et al., 2017; Simonen et al., 2019).179
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3. Results and Discussion180

3.1 Particle size distributions181

The average particle size distributions and real-time soot mass emissions for the test vehicle182

when operated on the NEDC, LA92, Caltrans 1, and Caltrans 2 cycles are presented in Figure 1.183

The particle size distribution data for the FTP is shown in Figure SM4 (SM). Particle size data for184

the US06 and HWFET cycles was not available, but their soot mass emissions are shown in Figure185

SM5 (SM). For the FTP, LA92, and NEDC cycles, the cold-start phase dominated the soot mass186

emissions and accumulation mode particle concentrations. During the first 50 s of these cycles,187

accumulation mode particle populations ranged between 40-200 nm in diameter, with geometric188

mean diameter (GMD) of the number size distribution varied between 20-110 nm. For the FTP189

and NEDC, particles gradually shifted to lower sizes (GMD of 30-60 nm) and concentrations after190

100 s in the cycle. Overall, the cold-start cycles exhibited a decidedly bimodal particle size191

distribution across all phases. The accumulation mode dominated the particle size distribution,192

with lower concentrations of nucleation mode particle peaks centered about 20-30 nm in diameter.193

The elevated accumulation mode particle concentrations and soot mass emissions during the cold-194

start period can be attributed to the incomplete fuel vaporization when directly injected into the195

cold combustion chamber surfaces and the cold piston crown, which can lead to increased fuel196

impingement and localized pockets of liquid fuel (pool fires) (Duronio et al., 2020; Cheng et al.,197

2001; Yang et al., 2019). This fuel will burn in diffusion flames where soot formation initially198

takes place. Further, incomplete combustion byproducts, such as semi-volatile hydrocarbon199

fragments, will be less efficiently oxidized, due to the TWC being below its light-off temperature.200

Accumulation mode particles in GDI engines consist of carbonaceous chain agglomerates formed201

in local rich-fuel zones. Our results agree with previous studies with GDI vehicles that have shown202
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substantially higher accumulation mode particles and soot mass emissions during cold-start203

conditions (Yang et al., 2019; Chen et al., 2017).204

It is evident that accumulation mode particle concentrations and soot mass emissions205

significantly decreased during the urban and hot-start phases of the FTP and LA92, but not during206

the entire duration of the UDC (urban driving cycle) segment of NEDC. For the UDC segment,207

accumulation mode particles were clearly found in relatively high concentrations during the208

acceleration hills of the UDC, with broader sizes ranging from 40-110 nm. Nucleation mode209

particles in modal sizes of 5-15 nm were also present throughout the duration of the UDC, owing210

their formation to the acceleration events, as transients disrupt the control of the global air-fuel211

ratios and exacerbate the heterogeneity of the cylinder charge. For the EUDC (extra-urban driving212

cycle) segment, both nucleation and accumulation mode particles were observed in lower213

concentrations than the UDC, with the major peaks appearing at the two main acceleration hills of214

the EUDC. Nucleation mode particles were likely derived mostly from semi-volatile hydrocarbon215

species via condensation, however, they can also have non-volatile fraction. Previous studies have216

indicated that GDI engines can emit small non-volatile particles that can act as condensation nuclei217

for semi-volatile exhaust compounds (Pirjola et al., 2015; Sgro et al., 2012). For the FTP and LA92218

cycles, accumulation mode particle concentrations dropped for the urban and hot-start phases as a219

result of the engine warm-up, which led to steadily higher combustion temperatures and better fuel220

vaporization, avoiding pool fires responsible for soot formation. While accumulation mode particle221

populations were found in lower levels than those of the UDC, they spiked during the steeper222

acceleration periods of both the FTP and LA92 urban and hot-start phases. For the LA92, the GMD223

of the distribution remained between 50-120 nm until the hot-start phase during which GMD was224

generally at 40-50 nm. For the hot-start Caltrans cycles, particle concentrations across all size225
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ranges were lower than the cold-start cycles. For Caltrans 1 cycle, the nucleation mode dominated226

the particle size distribution profile, showing excessive populations of smaller nucleation mode227

particles in the 5-30 nm size range over the high-speed phase (GMD of around 20 nm) compared228

to the low speed phase (GMD decreased from 150 nm to 40 nm). Higher populations of229

accumulation mode particles were seen for Caltrans 2, with the nucleation mode particles being230

practically eliminated, except for some spikes during accelerations towards the end of the high-231

speed phase and GMD varied between 15-45 nm over the cycle. We theorize that the intense232

nucleation burst during high speed and load conditions was likely due to the higher exhaust gas233

temperature and the enhanced formation of sulfuric acid (Karjalainen 2014). Maricq et al. (2017)234

suggested that at high speed conditions of GDI vehicles, the time available for soot maturation is235

reduced, since the engine runs slightly rich to produce soot. These conditions could also promote236

the formation of small nanoparticles from semi-volatile hydrocarbons instead of their condensation237

onto soot particles (Maricq et al., 2017).238

3.2 Aged aerosol239

Figure 2 and Figure 3 show the real-time evolution of aged aerosol PM, OA, HOA, and sulfate,240

nitrate, and ammonium ions, as well as tailpipe NOx and NMHC emissions during operation over241

the LA92, NEDC, Caltrans 1, and Caltrans 2 cycles, respectively. Results for the FTP, HWFET,242

and US06 cycles are shown in Figures SM6-SM8, SM. For comparison purposes, primary PM243

corrected with time-delay of the signal in TSAR reactor are also presented. For both the LA92 and244

NEDC, aged PM were significantly higher than primary PM during the entire duration of the test245

cycle. The cold-start, and especially the first 150-200 seconds, showed a pronounced influence on246

the formation of aged PM, being more than 2 times higher in concentration than primary PM. The247

cold-start period also showed significantly higher concentrations of both primary and aged PM248
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when compared to the hot-running phases of both cycles, with aged PM formation being affected249

by vehicle acceleration events. Both hot-start Caltrans cycles followed the same patterns as the250

cold-start cycles and showed substantially higher aged PM concentrations than primary PM. The251

larger difference between primary and aged PM was likely due to the absence of a cold-start period252

for these cycles, which led to more complete combustion and lower formation of in-cylinder soot253

emissions, as seen in Figure 1. Overall, our results agree with previous studies on gasoline vehicles254

that have reported higher aged PM than primary PM emissions (Karjalainen et al., 2016; Vu et al.,255

2019; Simonen et al., 2019; Pieber et al., 2018; Zhao et al., 2018). For Caltrans 1, the low speed256

phase that represents congested highway driving resulted in elevated concentrations of aged PM257

compared to the relatively steady-state high-speed highway driving conditions. Similar findings258

with the TSAR have been previously reported, where lower concentrations of aged PM were found259

during long steady-state driving (Simonen et al., 2017). For the more aggressive Caltrans 2 cycle,260

overall aged PM was seen in higher concentrations than those of Caltrans 1, as a result of the261

heavier acceleration conditions of this cycle. The lower speed but more aggressive first phase of262

Caltrans 2 generated more aged PM than the higher speed but less aggressive phase 2. Phase 4263

with the highest speed profile showed generally more aged PM than phase 3 that has slightly lower264

speed conditions.265

Driving cycle showed a strong influence on the time-series of SOA formation. The largest266

contributor to SOA production was the first 200 seconds of the cold-start periods. During the cold-267

start period for both the LA92 and NEDC cycles, as well as for the FTP (Figure SM6, SM), SOA268

mass was considerably higher than during the hot-running phases, and correlated well (correlation269

coefficient of 0.99) with the tailpipe NMHC emissions (Figure SM9) despite the fact that not all270

species of the NMHCs are SOA precursors. Cold-start measurements indicate average formation271
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of 86 mg SOA/g NMHC while the overall weighted SOA formation in these cycles was lower at272

68 mg SOA/g NMHC. Higher SOA formation from gasoline vehicles during cold-start operation273

has been reported in other studies using oxidation flow reactors (Karjalainen et al., 2016; Simonen274

et al., 2019; Pieber et al., 2018). The higher SOA formation during the cold-start period can be275

ascribed to the TWC being below its light-off temperature and therefore not efficient in oxidizing276

unburned fuel and lubricant oil hydrocarbon fragments and other VOCs, which are all known as277

SOA precursor emissions (Drozd et al., 2019). Similar observations were made by Saliba et al.278

(2017) when they found that cold-start THC emissions from SULEV vehicles equaled on average279

101.5 miles of hot-stabilized driving. Typical gasoline fuels are dominated by single-ring280

aromatics in the range of C6-C12, with benzene, toluene, ethylbenzene, and xylenes being the281

predominant species, as well as straight-chain and branched alkanes (smaller than C8). Emissions282

of the small aromatic species can be attributed to unburned fuel or partially burned heavier283

aromatics, which are usually more difficult to evaporate than other hydrocarbon compounds (i.e.,284

paraffins, olefins, etc.) during cold-start conditions in GDI combustion (Yang et al., 2019b).285

Detailed composition of the NMHC was not measured; however, consistent with previous studies,286

our results suggest a greater contribution of light aromatics in SOA formation during cold-start287

conditions that led to higher SOA formation per mass of NMHC (Roth et al., 2020; Nordin et al.,288

2013; Peng et al., 2017).289

Although the maximum OA values changed during the cold-start period depending on the drive290

cycle, the oxidation characterization of OA remained similar. As seen in Figure SM10a, f44291

(fraction of ions related to highly oxygenated organic species, CO2
+) and f43 (fraction of ions292

predominantly related to mildly oxygenated ions, C2H3O+) values during this period in all three293

cycles occupy a similar space, previously attributed to SV-OOA and LV-OOA (Ng et al., 2010).294
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At the peak of the emissions, average oxidation state of carbon (OSc) was in the range of ~ -0.84295

to ~ -0.21, while at lower OA concentrations, OSc reached values as high as ~0.5 (Figure SM10b).296

These average OSc are significantly higher than what has been observed for fresh and primary297

vehicle exhaust (with OSc of ~ -1.65), indicating that OA sampled through TSAR were not similar298

in composition to that of primary OA (Kroll et al., 2011; Aiken et al., 2008). The OSc values in299

the peak of OA concentrations from the FTP and NEDC cycles are however consistent with300

ambient values in Mexico City, as well as the SV-OOA factor in the ambient data (Kroll et al.,301

2011; Aiken et al., 2008), suggesting that during the cold-start period of these driving cycles,302

oxidation conditions of TSAR led to formation of SOA that is representative of those found in303

urban environments. During the LA92, average OSc was higher (-0.5 to 0.5), consistent with the304

more aged ambient OA and LV-OOA factor of the ambient data (Kroll et al., 2011; Aiken et al.,305

2008). These observations are consistent with a slightly higher OH exposure during the cold-start306

phase of LA92 compared to the corresponding phase in the FTP and NEDC cycles due to relatively307

lower emissions of NMHC in LA92 (5 equivalent days in LA92 vs. 3.9-4.3 equivalent days in FTP308

and NEDC, assuming daily average OH of 1.5x106 molecule/cm3) (Figure SM2b).309

For all the cold-start cycles, SOA formation, as well as SOA precursor emissions (i.e., NMHC),310

were at least an order of magnitude lower for the hot-running phases compared to the cold-start311

phase. Higher combustion and exhaust temperatures, and the higher catalytic activity of the TWC312

resulted in reduced formation and the more efficient oxidation of the emitted precursors for the313

hot-running phases. It is interesting to note that a sharp peak of SOA formation was detected at the314

end of the NEDC during the last acceleration that correlates well with the peak of tailpipe NMHC315

emissions. Similar results were observed in previous studies with gasoline vehicles over the NEDC316

(Simonen et al., 2019; Simonen et al., 2017).317
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For both Caltrans cycles, SOA formation was found to depend on driving conditions and318

oxidation conditions. For Caltrans 1, SOA formation per miles driven was factors of 1.4-3.2 higher319

during the first two phases that primarily represented slow driving in congested highways than the320

phases representing steady-state high-speed driving, despite the lower NMHC emissions for the321

first two phases. However, as shown in Figure SM2 (SM), the steady-state high speed phase had322

significantly lower OH exposure due to higher CO emissions (Figure SM11), which likely323

contributed to the lower SOA formation. Similar to Caltrans 1, the first two phases of Caltrans 2324

that were characterized by more aggressive, frequent braking, and lower speed driving resulted in325

factors of 2.2-3.6 more SOA formation compared to the higher speed and free-flow driving of the326

last two phases of the cycle. Because of the similarity in OH exposure between different phases of327

Caltrans 2, the higher SOA formation in the more aggressive driving phases suggests higher328

emissions of SOA precursors during such driving conditions.329

Time-series plots of aerosol sulfate indicate relatively low concentrations for all driving cycles330

and generally its formation was associated with vehicle accelerations. It should be noted that the331

sulfate aerosol comprised a rather small portion of the total secondary aerosol (less than 1%). This332

is primarily a consequence of the very tight sulfur standards for gasoline fuels and the very low333

sulfur levels in lubricant oils. However, even low levels of sulfur in the fuel and the lubricant oil334

can be stored in the TWC and subsequently released as SO2 to prompt the formation of SO3 and335

the further production of sulfate complexes (Simonen et al., 2019; Maricq et al., 2002). For the336

LA92 and NEDC, sulfate was seen in higher concentrations (about a factor of two) than the337

Caltrans cycles, as a result of the cold-start period, which negatively affects fuel impingement and338

evaporation, increases lubricant oil viscosity, leading to more PM and unburned hydrocarbons.339

This phenomenon was particularly noticeable over the NEDC, where sulfate aerosol showed340
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elevated concentrations during the first 100 seconds of the cycle. It is therefore assumed that341

lubricant oil, in addition to fuel fragments, may have an important role in emissions of secondary342

aerosol precursors during cold-start operation of GDI engines. For the Caltrans cycles, sulfate343

aerosol was higher during the lower speed and load conditions, suggesting higher fuel and lubricant344

oil consumption during congested highway conditions.345

There was substantial formation of nitrate for all driving cycles, which exceeded the SOA346

formation except during the cold-start periods. This finding is in good agreement with previous347

studies on gasoline vehicles that have reported elevated secondary inorganic aerosol production348

using either smog chambers or oxidation flow reactors (Vu et al., 2019; Roth et al., 2020; Tkacik349

et al., 2014). For example, Vu et al. (2019) showed higher inorganic aerosol mass than SOA when350

they tested four GDI vehicles over the LA92 using an environmental chamber, whereas Tkacik et351

al. (2014) demonstrated an increased production of ammonium nitrate by a factor of 2 compared352

to SOA when they deployed a PAM reactor in a highway tunnel in Pittsburgh. The measured nitrate353

in the current study could stem from presence of inorganic (i.e., ammonium nitrate) and organic354

nitrates; therefore, it is of interest to understand the contribution of either class of species to the355

measured aerosol nitrate. The observed ratios of two main fragments of nitrate in mAMS,356

NO+/NO2
+ (Robs), during the cold-start cycles were predominantly in the range of expected values357

for ammonium nitrate (RAN), suggesting that most of the times, and especially when the nitrate358

mass fraction relative to OA was greater than ~20%, the observed nitrate was due to formation of359

ammonium nitrate (Figure 4a). However, as seen in Figure 4b, at moderate absolute concentrations360

of nitrate and high concentrations of OA (i.e., larger markers in Figure 4(a-b)) during the cold-361

start, Robs was significantly higher than RAN. This observation suggests that in the beginning of the362

cold-start cycles, conditions were conducive for organonitrate formation given the high co-363
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emission of NOx and NMHCs. During the Caltrans cycles, the overall concentrations of OA were364

significantly lower than during the first phase of the cold-start cycles, and the nitrate mass fractions365

relative to OA reached values >70%. During these times, Robs was predominantly in the range of366

RAN, indicating that the fate of the emitted NOx during high-speed driving of the hot-cycles was367

dominated by oxidation to nitric acid (instead of reactions with peroxy radicals to form368

organonitrates) and eventual partitioning to aerosols as inorganic nitrate (Figure 5). Overall, there369

is a good agreement between tailpipe NOx emissions during acceleration and high-speed370

conditions and nitrate formation. Acceleration events and dynamic driving resulted in higher371

combustion temperatures and enhanced formation of NOx. Therefore, high-speed highway372

conditions and aggressive urban driving will likely affect the formation of secondary nitrate373

aerosol. An exception was observed for the low-speed phase of Caltrans 1, where nitrate showed374

significantly higher formation compared to the high-speed phase of the cycle despite tailpipe NOx375

emissions being low.376

Ammonium nitrate is not emitted directly from gasoline exhaust. However, secondary377

ammonium nitrate can be formed in the TSAR from the oxidation of NOx emissions to nitric acid,378

which then react with gaseous ammonia (NH3). The limiting reagents in the atmospheric379

transformation of ammonium nitrate are nitric acid or NH3 (Link et al., 2017). Although NH3380

emissions were not measured for this vehicle, an attempt was made to correlate ammonium nitrate381

formation with CO emissions since it is usually positively correlated with NH3 emissions in spark382

ignition engines (Suarez-Bertoa et al., 2014). Ammonia can be formed during rich operations in383

the TWC from NO reduction by elemental H2 during the water gas shift reaction of CO and384

hydrocarbon steam reforming (Suarez-Bertoa et al., 2014). A clear correlation between CO385

emissions and ammonium nitrate was not observed (Figure SM11), since in some cases CO386
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emissions were low when at the same time ammonium nitrate production was elevated. These387

findings indicate that ammonium nitrate formation was largely driven by NOx emissions and388

limited by nitric acid formation rather than ammonia emissions.389

3.3 Emission factors390

The emission factors (EF), expressed in mg/mile, are shown in Figure 6 and Figure SM12.391

SOA formation for the cold-start cycles was significantly higher than that for the hot-start cycles,392

with the milder driving conditions of NEDC generating 2.8 and 7.6 times more SOA than LA92393

and FTP, respectively. Cold-start SOA EFs were 31, 13, and 57 times higher than SOA EFs394

obtained during the hot-running phases of the NEDC, LA92, and FTP, respectively (Table SM2).395

As previously discussed, SOA EFs were on average 2.3 and 2.9 times higher for the first two396

phases of Caltrans 1 and Caltrans 2 cycles, respectively, that primarily represent congested397

highway driving conditions compared to the last two phases that represent high-speed, free-flow398

highway driving. Nitrate EFs contributed to the largest portion of total secondary aerosol, followed399

by ammonium. The hot-start Caltrans cycles showed the largest contribution of inorganic aerosol400

compared to the cold-start cycles, as a result of the higher NOx and NH3 emissions. Analogous to401

SOA EFs, nitrate and ammonium EFs were on average 3.9 and 3.6 times higher for the first two402

phases of Caltrans 1 and 2.5 and 2.6 times higher for the first two phases of Caltrans 2 compared403

to the last two phases of the Caltrans cycles. The results reported here suggest that more secondary404

organic and inorganic aerosol will be formed from GDI vehicles when operated under highway405

congested traffic conditions.406

4. Conclusions407

The cold-start period generated significant SOA mass, resulting in ~70-80% of the non-408

refractory mass being SOA. After TWC warmup, contribution of SOA decreased to ~5-12% of the409
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non-refractory mass while that of nitrate increased from ~15% to ~60-73%. After the cold-start410

phase, however, total non-refractory mass was also significantly (up to five times) lower than411

during the cold-start phase. These observations suggest that warming of the TWC is an important412

factor in reducing emissions of SOA precursors. Furthermore, the influence of vehicle emissions413

on secondary PM formation, both in terms of concentration and type, changes as the vehicle is414

driven farther/longer and TWC is warmed up. This suggests that under stagnant and cold415

conditions, PM exposure of neighborhood residents can be significantly different than those416

outside the neighborhood.417

A notable feature of the data is the significant emissions of nitrate (predominantly ammonium418

nitrate) in these drive cycles, except for NEDC and FTP runs, with total nitrate emission factors419

being 4-14 times higher than SOA. It is worth noting though that given the semivolatile nature of420

ammonium nitrate and its equilibrium with gas phase ammonia and nitric acid, ambient levels of421

ammonium nitrate may never reach concentrations significantly higher than SOA unless ambient422

temperature and relative humidity levels are favorable. Regardless, since ammonium nitrate423

formation is suspected to be nitric acid-limited, controls that further reduce NOx emissions will424

reduce formation of inorganic PM and improve regional air quality.425
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645

Figure 1. Particle size distributions measured by EEPS shown as heatmap together with soot646

concentrations measured by MSS (black line, left y-axis, note logarithmic scale), and vehicle speed647

(red line, right y-axis). The values are corrected to represent tailpipe concentrations. Transition648

and soak periods between different phases of the cycle have been omitted. Shown concentrations649

have been corrected by dilution to represent tailpipe concentrations. Results are averages from650

repeatable duplicate runs, except for Caltrans 1, which was a single run.651
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652

Figure 2. Time-series of primary (measured by EEPS) and aged (measured by ELPI+) PM, SOA,653

sulfate, ammonium and nitrate ions (measured by mAMS), and tailpipe NMHC and NOx654

concentrations over the LA92 and NEDC cycles. For comparison, primary PM measured by EEPS655

is shown corrected with time convolution caused by residence time in the TSAR chamber.656

Subfigures inside the plots show concentrations during the cold starts, for NEDC during the first657
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200s, and, for LA92 during the first 600s of the cycle. Shown concentrations have been corrected658

by dilution to represent tailpipe concentrations. Results are averages from repeatable duplicate659

runs, except for Caltrans 1, which was a single run.660

661
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662

Figure 3. Time-series of primary (measured by EEPS) and aged (measured by ELPI+) PM, SOA,663

sulfate, ammonium and nitrate ions (measured by mAMS), and tailpipe NMHC and NOx664

concentrations over the Caltrans 1 and Caltrans 2 cycles. For comparison, primary PM measured665

by EEPS is shown corrected with time convolution caused by residence time in the TSAR chamber.666
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Shown concentrations have been corrected by dilution to represent tailpipe concentrations. Results667

are averages from repeatable duplicate runs, except for Caltrans 1, which was a single run.668

669
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670

Figure 4. Observed high-resolution NO+/NO2
+ ratio during the full cold-start cycles of NEDC,671

FTP, and LA92 runs, as a function of (a) nitrate fraction relative to OA; (b) total measured nitrate.672

Data points are sized to the maximum OA value in each run.673

674
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675

Figures 5. Observed high-resolution NO+/NO2
+ ratio during the hot-start Caltrans 1 and Caltrans676

2 runs, as a function of  nitrate fraction relative to OA. Data points are sized to the maximum OA677

value in each run.678

679
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680

Figure 6. Emission factors for primary PM measured by EEPS and aged NO3
-, NH4

+, and SOA681

measured by AMS for NEDC, LA92, Caltrans 1, and Caltrans 2 cycles. Results are averages from682

repeatable duplicate runs, except for Caltrans 1, which was a single run.683


