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S1: Other Instrumentation. 38 

The following describes other instrumentation also used in the analysis of the AEROMMA 39 
data. 40 

PM1 ion concentrations were measured using a Particle-into-Liquid Sampler (PILS) (Orsini et al., 41 

2003) coupled to a Bretchel fraction collector system (Sorooshian et al., 2006). Particles were 42 

sampled through the NASA Langley Aerosol Research Group inlet (LARGE; McNaughton et al., 43 

2007), which was shared across all aerosol instruments on the DC-8 except the AMS (which used 44 

a separate inlet). From the LARGE sampling line, particles were subsampled into the PILS through 45 

a pressure-controlled inlet (PCI). When the ambient pressure dropped below 450 mb, the PCI 46 

automatically switched to sampling cabin air. A non-rotating MOUDI impactor stage provided a 47 

PM1 size cut (50% transmission at 1 µm aerodynamic diameter at 1 atm; Marple et al., 1991). Two 48 

annular denuders coated with sodium carbonate and phosphorous acid were used to remove 49 

inorganic acidic and basic gases in order to limit possible positive artifacts from dissolving in the 50 

PILS collection liquid. Liquid samples were collected in vials every 2 minutes (1.2 mL per vial) 51 

and analyzed offline by ion chromatography. A Dionex ICS-3000 ion chromatograph was used to 52 

measure water-soluble potassium.  An eluent generator provided a concentration of 20 mM 53 

methanesulfonic acid at a flowrate of 0.5 mL/min to perform the separation on a Dionex IonPac 54 

CS12A analytical column (3 x150 mm).  The injection volume was 190 µL with a complete run 55 

time of 17 min.  The PILS uncertainty is 10%.  More details can be found in Sullivan et al. 56 

[2019,2022]. 57 

Particle number size distributions were measured aboard the DC-8 using an Ultra-High Sensitivity 58 

Aerosol Spectrometer (UHSAS; Droplet Measurement Technologies). The UHSAS sizes 59 

individual particles via light scattering from a 1054 nm intracavity laser, providing size-resolved 60 

number concentrations at 1 Hz over the dry diameter range 0.063–1.0 µm (Kupc et al., 2018). 61 

Sizing was calibrated with ammonium sulfate aerosol, with reported uncertainties of +23%/-51% 62 

in derived particle volume due to refractive index variability. UHSAS-derived volume 63 

concentrations were used to evaluate AMS + SP2 PM1 mass via the density comparison described 64 

in Sect. 3.1. 65 

Acetonitrile (CH₃CN) concentrations were measured at 1 Hz using a H3O⁺ Proton-Transfer 66 

Reaction Time-of-Flight Mass Spectrometer (VOCUS-PTR-MS) through a Teflon inlet at a flow 67 
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rate of 0.1–2 L min⁻¹, with a reported uncertainty of ~30% and a detection limit of 0.009 ppbv 68 

(Gkatzelis et al., 2024). Refractory black carbon (rBC) mass concentration was measured at 1 Hz 69 

by a single-particle soot photometer (SP2) over the size range of 90-550nm and scaled up to correct 70 

for average accumulation-mode rBC mass outside of detection range (Schwarz et al., 2006). rBC 71 

was used alongside AMS mass concentrations to calculate total PM1.  72 

NOx (NO + NO2) was measured by the NOAA Laser-Induced Fluorescence (LIF) instrument 73 

(Rollins et al., 2020), in which NO is excited at 215 nm and fluorescence is detected between 255 74 

and 267 nm; NO2 is photolyzed to NO at 295 nm prior to detection. Calibration uncertainties were 75 

±6% for NO and ±9% for NO2, with boundary layer precisions of ~2 ppt and ~10 ppt, respectively. 76 

O3 was measured by the NOAA fast-response NO-induced chemiluminescence (CL) instrument, 77 

in which ambient O3 reacts with excess NO reagent in a controlled-pressure reaction vessel and 78 

the resulting chemiluminescence is detected by photomultiplier tubes (Chace et al., 2025; 79 

Bourgeois et al., 2020). Calibration was performed in-flight via standard additions of onboard-80 

generated O3, yielding an accuracy of ±5% and 1 Hz precision of 50 ppt.  81 
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S2: Spatial Distributions of Aerosol Composition, ALWC, and pH Within Individual Study 82 
Regions 83 

S2.1. Overview 84 

The main text focuses on the East–West and inter-city patterns in PM1 aerosol liquid water content 85 
(ALWC) and pH that support the paper’s central argument: that aerosol pH is low, and near-86 
invariant across diverse North American urban environments in summer, governed primarily by 87 
the TSO4–TNO3–TNHₓ–H2O thermodynamic system, with TNO3 having a minor role in most 88 
locations. Within each region, the airborne measurements also show spatial variability in aerosol 89 
and gas-phase composition driven by local source distributions, meteorology, and urban–rural 90 
gradients. These localized distributions are consistent with the inter-city findings presented in the 91 
main text and are provided as supplementary material to maintain focus on the broader regional 92 
analysis. 93 

Spatial distributions of key gas-phase and aerosol species are shown in Figs. S7–S11, organized 94 
by region and smoke condition. Predicted ALWC and pH are overlaid on the spatial maps for 95 
selected flights to illustrate whether local compositional variability translated into meaningful 96 
local-scale variability in these thermodynamic quantities. We find that, consistent with the main 97 
text, pH remained constrained within approximately 1 unit even at the within-city scale, while 98 
ALWC tracked local RH and inorganic loading as expected. These observations are discussed 99 
region by region below. 100 

S2.2. Spatial Variability Under Low/No-Smoke Conditions 101 

S2.2.1. New York City (Fig. S7) 102 

During the August 16 low/no-smoke flight over the New York metropolitan area, aerosol and gas-103 
phase concentrations were elevated over the urban core, with the most pronounced enhancements 104 
observed over Manhattan, consistent with the concentration of vehicular and stationary sources in 105 
that area.  106 

ALWC was substantially elevated over Manhattan relative to the surrounding metropolitan area, 107 
driven by the combination of higher PM1 inorganic loading and the high ambient RH on this flight 108 
(mean 83%). Despite this spatial variability in ALWC, predicted pH remained constrained near 109 
1.5–2.3 across the entire flight domain, with no systematic relationship between local ALWC 110 
enhancements and pH. This spatially uniform pH within the various cities is similar to the inter-111 
city result described in the main text: the NH3/NH4⁺ and HNO3/NO3

- buffering mechanism 112 
suppresses pH variability even where ALWC varies substantially at the local scale. 113 

S2.2.2. Chicago (Fig. S8) 114 

During the August 12 low/no-smoke flight over the Chicago metropolitan area, PM1 species 115 
concentrations were relatively spatially uniform across metropolitan corridor sampled by the 116 
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aircraft. Total PM1 (5.31 ± 1.49 µg m⁻³ for this flight) was lower than in NYC or LA (campaign 117 
mean: 11.98 ± 8.16 µg m⁻³), consistent with the lower emission densities implied by lower NOx 118 
and O3 concentrations (Table S1).  119 

A notable feature was slightly elevated TNHx (predominantly NH3) in the western portion of the 120 
metropolitan area, consistent with proximity to agricultural sources in western Illinois and southern 121 
Wisconsin. This pattern is relevant to the inter-city comparison: it illustrates that urban NH3 122 
measurements can be influenced by upwind agricultural emissions. 123 

Over Lake Michigan, PM1 mass concentrations and ALWC were elevated relative to inland areas. 124 
This enhancement was associated with higher ambient RH over the lake surface and, in some cases, 125 
slightly lower temperatures, which together promote hygroscopic growth and aqueous-phase 126 
uptake. Predicted pH over the lake was similar to that observed over the urban core despite the 127 
higher ALWC, again illustrating the buffering effect of the system. Slightly elevated pH values of 128 
2.5–3.0 were observed over the northwestern suburbs of Chicago, collocating with areas of higher 129 
ambient NH3, consistent with the pH-elevating effect of elevated TNHx described in Sect. 4.1 of 130 
the main text. These values were still well within the 1.5–2.5 range that characterizes the broader 131 
campaign. 132 

S2.2.3. Los Angeles (Fig. S9) 133 

The three low/no-smoke flights over the Los Angeles metropolitan area (August 23, 25, and 26) 134 
revealed clear spatial structure in aerosol and gas-phase composition, reflecting the diverse source 135 
landscape of the LA basin. PM1 concentrations were generally higher over land than over the near-136 
shore and port areas, consistent with the dominance of mobile, ship and possibly industrial sources 137 
in the inland basin. Both NH3 and HNO3 were elevated within the metropolitan area and along the 138 
Interstate 10 and 210 corridors through the Anaheim–Burbank–Riverside transect, pointing to 139 
vehicular emissions as the dominant proximate source. This is consistent with the high TNHx (6.20 140 
± 2.12 µg m⁻³) and TNO3 (10.39 ± 4.61 µg m⁻³) observed over LA relative to the eastern cities. 141 

Sulfate showed a distinctive spatial pattern, with systematically elevated concentrations over Long 142 
Beach and the San Pedro Bay area, likely reflecting contributions from ship exhaust in the heavily 143 
trafficked port region. OA concentrations were consistently enhanced over forested areas north of 144 
the LA basin, suggesting a significant secondary OA contribution from regional volatile organic 145 
compound oxidation. These spatial features in composition did not produce corresponding spatial 146 
structure in pH: predicted pH across the LA basin was consistently near 2.0–2.5, and the higher 147 
sulfate near Long Beach did not elevate local acidity (lower pH) relative to the rest of the domain. 148 
This is consistent with the thermodynamic arguments in the main text – sulfate controls ALWC 149 
but pH is buffered. 150 

ALWC in LA was highest near the coast, where RH and SO4²⁻ concentrations were elevated, and 151 
decreased progressively inland as RH declined. This RH-driven gradient in ALWC, without a 152 
corresponding gradient in pH, provides a within-city illustration of the ALWC–pH decoupling 153 
described in Sect. 3.2.2 of the main text. 154 
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S2.2.4. California San Joaquin Valley – Urban–Rural Contrast with Los Angeles 155 

The California San Joaquin Valley (SJV) flight provided a rural reference environment under 156 
meteorological conditions (temperature, RH) comparable to those in LA, enabling a direct urban–157 
rural compositional comparison. The SJV was not impacted by smoke during the campaign 158 
sampling periods used in this analysis. 159 

The most distinctive feature of the SJV relative to LA was the substantially higher TNHx 160 
(approximately twice that of LA), consistent with the dominance of agricultural NH3 sources – 161 
fertilizer application, livestock operations, and irrigation-driven volatilization – that characterize 162 
California’s agricultural intensive region. Despite this elevated TNHx, mean PM1 was lower in the 163 
SJV than in LA due to lower OA and NO3⁻ mass. TNO3 in the SJV (∼4.4 µg m⁻³) was 164 
approximately half that observed in LA, consistent with lower vehicular NOx concentrations 165 
(Table S1). Aerosol-phase nitrate partitioning was similar between LA and the SJV (ε(NO3⁻) = 22 166 
± 14% and 20 ± 17%, respectively), indicating that differences in total nitrate loading, not pH, 167 
drove the compositional contrast. 168 

Predicted pH in the SJV was comparable to that in LA despite the substantially elevated TNHx. 169 
This result is consistent with the NH3/NH4⁺ buffering mechanism: although NH3 concentrations 170 
were elevated in the SJV, the lower ALWC relative to LA limited NH3 dissolution into the aerosol 171 
phase, offsetting the pH-raising effect of the higher gas-phase NH3 reservoir. The net result was a 172 
pH similar to that of the adjacent urban environment, illustrating the thermodynamic self-173 
regulation of aerosol acidity even under conditions of substantially elevated base concentrations. 174 

S2.3. Spatial Variability Under Smoke-Impacted Conditions 175 

All East Coast flights over NYC, CHI, and Toronto (TO) were smoke-impacted, with the exception 176 
of the two low/no-smoke flights discussed above. As detailed in the main text (Sects. 3.1 and 177 
3.2.2), wildfire smoke substantially elevated OA while leaving inorganic species concentrations 178 
largely unchanged. This asymmetric compositional smoke characteristic was also reflected in the 179 
within-city spatial distributions: OA concentrations showed clear spatial structure associated with 180 
smoke plume geometry, while sulfate, nitrate, and ammonia remained relatively spatially uniform 181 
across each metropolitan domain. 182 

S2.3.1. New York City – Smoke Conditions (Fig. S10) 183 

During the two smoke-impacted flights over NYC (July 28 and August 9), OA was significantly 184 
elevated east of Long Island and the New Haven, Connecticut corridor relative to the metropolitan 185 
area, consistent with smoke forecasts predicting higher concentrations in these downwind 186 
locations. The spatial enhancement in OA tracked the acetonitrile (CH3CN) biomass burning 187 
tracer, confirming its smoke origin. In contrast, other aerosol species (SO4²⁻, NH4⁺, NO3⁻) and gas-188 
phase species (NH3, HNO3) remained relatively uniform across the NYC domain during both 189 
smoke flights, consistent with the campaign-wide finding that smoke did not systematically perturb 190 
inorganic aerosol loading (Sect. S5). 191 
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ALWC under smoke conditions in NYC was lower on average than during the high-RH low/no-192 
smoke flight of August 16 (∼3.1 vs. 10.3 µg m⁻³), reflecting the substantially lower RH during the 193 
smoke flights. The OA water contribution increased under smoke (to ∼50% of total ALWC from 194 
∼31% under low/no-smoke) but was insufficient to compensate for the lower inorganic water 195 
uptake at reduced RH. Within the smoke-impacted flights, ALWC showed some spatial correlation 196 
with OA, particularly in areas of elevated smoke concentration, but the spatial pH field remained 197 
constrained near 1.5–2.0 across the flight domain with no systematic spatial structure attributable 198 
to the smoke OA gradient. 199 

S2.3.2. Chicago – Smoke Conditions (Fig. S11) 200 

During the four smoke-impacted flights over Chicago (August 1, 2, 8, and 15), OA was particularly 201 
elevated over Lake Michigan and its eastern shoreline, where smoke was forecast to persist and 202 
lake breezes may have contributed to local accumulation. OA remained elevated throughout the 203 
broader metropolitan area during August 1–2, when smoke influence was most intense. Gas-phase 204 
HNO3 was also somewhat elevated over Lake Michigan relative to inland areas, and SO4²⁻, NH4⁺, 205 
and NH3 were consistently higher north of the urban core, consistent with the known spatial 206 
patterns of industrial and traffic sources in the northern metropolitan area and the prevailing 207 
southwesterly flow that advected these emissions northward. 208 

ALWC under smoke conditions in CHI was highest on average among the three smoke-impacted 209 
cities (mean 5.98 ± 11.96 µg m⁻³), driven by the elevated total PM1 (∼3× relative to low/no-smoke 210 
conditions) and similar RH. Over Lake Michigan, ALWC was slightly elevated relative to inland 211 
areas, consistent with the higher RH and PM1 loading there. These local ALWC enhancements 212 
over the lake were not accompanied by systematic pH depressions, confirming the buffering result 213 
at the within-city scale. Predicted pH across the CHI metropolitan domain ranged from 214 
approximately 2.0 to 2.5 during smoke conditions, with slightly elevated values (approaching 2.5–215 
3.0) north of the city where TNHx was higher. 216 

S2.3.3. Toronto and Southern Ontario – Urban–Rural Contrast Under Smoke Conditions (Fig. 217 
S12) 218 

Toronto (TO) was sampled exclusively under smoke conditions (August 4 and 5), providing no 219 
low/no-smoke baseline for urban comparison. The Southern Ontario (SON) rural region, sampled 220 
en route to/from Toronto, provides a contrast environment under the same broad smoke influence. 221 

The most striking compositional contrast between SON and TO was TNHx, which was 222 
approximately three times higher in SON, consistent with agricultural NH3 sources in the 223 
intensively farmed region south and west of Toronto. PM1 NO3⁻, SO4²⁻, and OA were 1.5–2× 224 
higher in SON than in TO, and TNO3 was comparable between the two regions, but ε(NO3⁻) was 225 
approximately twice as high in SON (∼40% vs. ∼20%), indicating greater aerosol-phase nitrate 226 
partitioning in the rural environment despite similar total nitrate loading. This elevated ε(NO3⁻) in 227 
SON is consistent with the higher pH in that region (2.5–3.0 vs. 1.8–2.2 in TO), which shifts the 228 
HNO3/NO3⁻ equilibrium toward the particle phase. 229 
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The higher pH in SON relative to TO is the clearest example in the AEROMMA dataset of 230 
agricultural NH3 partially overcoming the thermodynamic buffering that maintained pH near 2 231 
across the urban regions. However, even in SON, pH remained below 3 – well within the acidic 232 
range – illustrating the limits of NH3-driven pH elevation described in Sect. 4.1 of the main text. 233 
ALWC in SON was proportionally higher than in TO, consistent with the higher inorganic PM1 234 
and RH, and OA contributed ∼65% of total ALWC in TO (the highest OA LWC fraction in the 235 
dataset) due to the elevated smoke OA mass in that environment. 236 

S2.4. A Note on Aircraft Sampling 237 

Sampling representativeness. The airborne boundary layer sampling at ∼700 m altitude provides 238 
a spatially integrated view of the urban boundary layer composition, which may differ from 239 
ground-level concentrations at specific emission hotspots. The within-city variability documented 240 
here is therefore a lower bound on the true spatial heterogeneity of ALWC and pH across the urban 241 
domain. Ground-based network measurements at higher spatial resolution, or lower-altitude 242 
aircraft sampling, would be required to characterize the full spatial range of these thermodynamic 243 
quantities at the surface.  244 
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S3: Comparison of PM1 Mass Concentration to Measured Particle Volume and Sensitivity 245 
of Thermodynamic Model to K+ 246 

S3.1. AMS Mass and Density Correction  247 

A comparison between UHSAS volume measurements to total PM1 (AMS + SP2 rBC) across all 248 
AEROMMA urban flights is shown in Fig. S1. The slope is 2.01, which is the estimated average 249 
particle density in g cm-3. This value is substantially higher than the nominal density typically 250 
assumed for atmospheric aerosols (~1.4 g cm⁻³) (Kannosto et al., 2008; Seinfeld and Pandis, 2016), 251 
suggesting that as the largest component of PM1 mass, AMS mass concentrations may be biased 252 
high. To assess the impact of this potential bias on model predictions, thermodynamic calculations 253 
were repeated using density-corrected AMS inputs (correction factor = 0.67 = 1.4/2.1, i.e., all AMS 254 
data multiplied by this factor). Applying the density correction decreased predicted ALWC by 255 
approximately 40% but had minimal impact on predicted pH. This translates to an uncertainty in 256 
a systematic bias of approximately +40% in predicted ALWC, while pH predictions are relatively 257 
insensitive to this correction. Despite the possible concentration bias, the thermodynamic model 258 
performance based on nitrate partitioning comparisons was worse with density-corrected inputs 259 
than with uncorrected AMS data, (see Figs. S2 and S3). This suggests that the density correction 260 
reduces thermodynamic consistency between particle-phase and gas-phase measurements when 261 
used jointly as model inputs and may reflect a combination of systematic biases with both the AMS 262 
and gas phase species, or that applying a correction factor based on an assumed constant particle 263 
density leads to a random uncertainty that affects the thermodynamic predictions. 264 

S3.2. K⁺ Sensitivity Tests 265 

Potassium (K⁺) is a non-volatile cation (NVC) emitted from biomass burning and can be internally 266 
mixed within PM1, particularly during smoke-impacted periods. To assess its influence on model 267 
predictions, sensitivity tests were conducted by varying K⁺ inputs from 1% to 100% of NH4

+ mass 268 
concentration. Across all K⁺ levels tested, model predictions diverged sharply from observations 269 
and the base case (without K⁺). Even at K⁺ levels as low as 1% of NH₄⁺ mass (mean K⁺ = 0.005 270 
µg m⁻³; note: PILS lower limit of detection = 0.01 µg m⁻³), the model predicted nearly all nitric 271 
acid in the particle phase and overestimated ε(NH4⁺) by a factor of two (Fig. S13), contrary to 272 
observations. This behavior was consistent across all K⁺ concentrations tested and across all cities, 273 
suggesting that K⁺ alone, without a corresponding balancing anion, is not a physically realistic 274 
model input for these conditions. 275 

S3.3. KCl Sensitivity Tests  276 

Potassium is primarily emitted as KCl from biomass burning, though its concentrations can vary 277 
with fire conditions (Lee et al., 2010). To better represent this, Cl⁻ was included alongside K⁺ in 278 
additional sensitivity tests, with KCl concentrations ranging from 5% to 100% of NH4⁺ mass 279 
concentration. Given that the smoke sampled during AEROMMA was primarily aged, Cl⁻ was 280 
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likely depleted through heterogeneous reactions (Schlosser et al., 2017). Two cases were therefore 281 
tested: (i) K:Cl molar ratio = 1 (no Cl depletion) and (ii) K:Cl = 2 (partial Cl depletion). As the 282 
model operates in forward mode, total Cl (gas + aerosol) is required as input; in the absence of 283 
HCl measurements, an HCl/Cl⁻ molar ratio of 10 was assumed based on prior smoke observations 284 
(Rivera-Adorna et al., 2025). Across all KCl concentrations tested, predictions were substantially 285 
closer to observations and the base case, unlike to K⁺-only simulations (Fig.s S14 -S17). For the 286 
same KCl concentration, cases with Cl depletion showed better agreement with observations than 287 
those without. Among all cases tested, KCl at 50% of NH4⁺ with Cl depletion yielded the best 288 
match to observed ammonia partitioning across all cities (Fig. S16 and S17), with slopes near unity 289 
and correlations exceeding 0.7 in smoke-impacted cities. However, this case still overpredicted 290 
aerosol-phase nitrate, showing no improvement in model performance over the base case. 291 
Additionally, sensitivity tests using median PILS-measured K⁺ from each smoke-impacted flight 292 
as direct model inputs showed minimal effect on partitioning predictions (Fig. S18), with results 293 
similar to the base case. 294 

S3.4. Cl⁻ as a Surrogate for Missing Anions  295 

The persistent ε(NO3
-) overprediction across all sensitivity tests suggests the possible presence of 296 

a missing anion in the thermodynamic model that is not accounted for in the current input dataset. 297 
One candidate is organic acids associated with ammonium. To provide a preliminary estimate of 298 
this effect, Cl⁻ was used as a surrogate anion in the form of NH4Cl, scaled to 5% and 50% of NH4

+ 299 
molar concentration, with HCl assumed to be 10 times the Cl⁻ concentration. At low Cl⁻ levels 300 
(5%), predicted ammonia and nitrate partitioning was unchanged from the base case. At higher 301 
levels (50%), ε(NO3⁻) again showed no improvement in the bias, whereas ε(NH4

+) was 302 
overestimated by 40% on average (Fig. S19). Overall, the addition of Cl⁻ did not substantially 303 
improve model performance, suggesting that chloride – and by extension, organic acids with 304 
similar thermodynamic properties – is unlikely to fully explain the observed nitrate bias. A more 305 
complete characterization of organic acid concentrations and their thermodynamic properties 306 
would be needed to assess this hypothesis further.   307 
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S4. Asymmetric ALWC Dependence of NO3⁻ and NH4⁺ Air-Equivalent Concentrations 308 

This section provides the derivation supporting the possible causes for an asymmetric sensitivity 309 
of NO3⁻ and NH4⁺ to aerosol liquid water content (ALWC) discussed in Sect. 4.2 of the main text. 310 
The derivation, based on ideal solutions, shows that, when expressed in air-equivalent units, the 311 
particle-phase nitrate concentration scales with the square of ALWC (W²), while the particle-phase 312 
ammonium concentration has no explicit W dependence.  313 

Following Guo et al. (2017), and ignoring non-ideality, the aqueous-phase concentrations of NO3⁻ 314 
and NH4⁺ in equilibrium with their gas-phase precursors are given by the effective Henry's law 315 
expressions 316 

[NO3
−]aq =

𝐻HNO3

∗  𝑝HNO3

[H+]aq

                                      (Eq. S4.1) 317 

[NH4
+]aq = 𝐻NH3

∗  𝑝NH3
 [H+]aq                               (Eq. S4.2) 318 

where 𝐻𝐻𝑁𝑂3
∗  (mol L⁻¹ atm⁻¹) and 𝐻𝑁𝐻3

∗  (atm⁻¹) are the effective Henry's law constant and pHNO3 319 
and pNH3 are gas-phase partial pressure (atm) for HNO3 and NH3, respectively, and [H⁺]aq is the 320 
aqueous hydrogen ion concentration (mol L⁻¹). Note the inverse dependence on [H⁺]aq for the anion 321 
(NO3⁻) and direct proportionality for the cation (NH4⁺). 322 

Converting aqueous concentrations to air-equivalent concentrations (µg m⁻³) requires multiplying 323 
by the aerosol liquid water content W (µg m⁻³), the species molar mass Mᵢ (g mol⁻¹), and dividing 324 
by density of water (ρw = 103 g L-1), which for a general chemical species denoted as i is: 325 

[𝑖]air = [𝑖]aq ⋅
𝑊 𝑀𝑖

𝜌𝑤
                                                 (Eq. S4.3) 326 

Then, the aqueous hydrogen ion concentration is related to its air-equivalent value by: 327 

[H+]aq =
[H+]air

𝑊
× 103                                           (Eq. S4.4) 328 

Substituting Eqs. S4.1 and S4.4 into Eq. S4.3, the NO3⁻ concentration in air is: 329 

NO3
− =

𝐻HNO3

∗ ⋅ 𝑝HNO3
⋅ 𝑊2 ⋅ 𝑀NO3

−

𝜌𝑤 ⋅ [H+]air

× 10−6      (Eq. S4.5) 330 

Similarly substituting Eqs. S4.2 and S4.4 into Eq. S4.3, the NH4⁺ concentration in air is: 331 
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NH4
+ = 𝐻NH3

∗ ⋅ 𝑝NH3
⋅ [H+]air ⋅

𝑀NH4
+

𝜌𝑤
                   (Eq. S4.6) 332 

This shows the asymmetry: air-equivalent NO3⁻ scales with W², while air-equivalent NH4⁺ has no 333 
explicit W dependence. For the anion, the W factor from the aqueous-to-air conversion (Eq. S4.3) 334 
compounds with the W introduced through the [H⁺]aq ↔ [H⁺]air substitution (Eq. S4.4), producing 335 
the quadratic dependence. For the cation, these two W factors cancel, since [H⁺]aq appears in the 336 
numerator of Eq. S4.2. It should be noted that this analysis assumes ideal solutions, which does 337 
not strictly apply to the high concentrations (ionic strength) for fine PM of this study, or in general. 338 
This means activity coefficients are not unity and since they also depend on ALWC (i.e., ionic 339 
strengths), the precise ALWC dependances may substantially deviate from what is shown above. 340 
Nonetheless, the qualitative W2 vs. no-W scaling remains unchanged.  341 
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S5: Low Inorganic PM1 Species Contributions from Smoke in Urban Environments 342 

To assess the influence of smoke on urban PM1 chemical species and to characterize the extent to 343 
which smoke aerosol is diluted within the urban boundary layer, the fractional contribution of 344 
smoke to each PM1 species was estimated. This was done by utilizing the smoke plumes identified 345 
in the free troposphere (Chen et al., 2025), where they are unperturbed by urban surface sources, 346 
and using these as a reference for smoke composition after transported from the source region. 347 

A spiral profile over Toronto on August 4 was selected for this analysis, as it was one of the most 348 
well defined free-tropospheric smoke plume in the study where the aircraft sampled smoke 349 
continuously for approximately two minutes and was the plume nearest to an urban area. Although 350 
the smoke was aged, the August 4 Toronto flight was also the most heavily smoke-impacted flight 351 
of the campaign, providing a limiting case for evaluating smoke perturbation in an urban 352 
environment. The vertical profile was obtained near 43.8° N, 79.2° W at approximately 13:23 local 353 
time (Fig. S20f). 354 

Normalized excess mixing ratios (NEMRs; Δ[species]/Δ[CH3CN]) were calculated for each 355 
species with respect to acetonitrile (CH3CN), a conservative biomass burning tracer, using linear 356 
regression analysis of the free-tropospheric smoke plume data, where the regression slopes 357 
represent the NEMRs. Boundary layer species concentrations attributable to smoke were then 358 
estimated by multiplying the free-tropospheric NEMRs by background-subtracted CH3CN 359 
concentrations measured in the urban boundary layer. Because Toronto was fully covered by 360 
smoke during sampling, a smoke-free background could not be determined directly; therefore, a 361 
CH3CN background of 200 ppt was assumed. Dividing these smoke-attributed concentrations by 362 
total measured concentrations yields the fractional contribution of smoke to each species. 363 

Among aerosol species, only OA correlated well with CH3CN in the free troposphere (R² = 0.6); 364 
all inorganic ions yielded R² values near zero, indicating no discernible smoke signature. This is 365 
visually corroborated by the vertical profiles of species concentrations during this transect (Fig. 366 
S20): CH3CN and PM1 OA were markedly elevated in the free troposphere relative to the boundary 367 
layer, while PM1 SO4²⁻, TNO3, and TNHx showed no corresponding enhancement, consistent with 368 
a smoke layer aloft that was compositionally distinct from the urban surface aerosol below. Within 369 
the boundary layer, the estimated fractional contribution of smoke to PM1 OA was approximately 370 
80% on average, indicating that the majority of OA over Toronto during this flight was attributable 371 
to biomass burning. In contrast, the negligible correlations for SO4²⁻, TNO3, and TNHx confirm 372 
that these species were predominantly of urban origin and were not systematically enhanced by 373 
smoke. This analysis further supports the finding in the main text (Sect. 3.1) that smoke selectively 374 
enhanced OA while leaving the inorganic PM1 system largely undisturbed. It also supports the 375 
view that K+ or KCl, also a minor component of smoke, relative to OA, did not affect the aerosol 376 
pH to a discernable extent for this study.  377 
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Table S1. Mean ± 1 standard deviation of boundary layer mixing ratios of NO, NO₂, and O₃ (ppbv) 378 
measured during AEROMMA, grouped by city and smoke condition. Gray shading indicates 379 
smoke impacted locations, and green shading are agricultural regions. 380 

  381 

City 

New 

York 

City 

New 

York 

City 

Chicago Chicago Toronto 
Southern 

Ontario 

Los 

Angeles 

San 

Joaquin 

Valley 

Smoke 

condition 

no 

smoke 
smoke 

no 

smoke 
smoke smoke smoke 

no 

smoke 

no 

smoke 

                  

NO 

(ppbv) 

0.31 ± 

0.68 

0.12 ± 

0.12 

0.16 ± 

0.31 

0.28 ± 

0.43 

0.15 ± 

0.29 

0.15 ± 

0.15 

1.96 ± 

2.05 

0.19 ± 

0.085 

NO2 

(ppbv) 

1.18 ± 

2.03 

0.50 ± 

0.47 

0.46 ± 

0.44 

0.95 ± 

0.97 

0.42 ± 

0.54 

0.49 ± 

0.42 

5.48 ± 

3.85 

0.84 ± 

0.52 

O3 

(ppbv) 

55.6 ± 

9.3 

44.7 ± 

2.9 

47.6 ± 

4.6 

54.6 ± 

15.3 

41.4 ± 

7.6 

41.0 ± 

5.7 

66.2 ± 

19.3 

61.0 ± 

8.3 
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Table S2a. Summary of slopes and R² values (in parentheses) from linear orthogonal distance 382 
regression (ODR; intercept = 0) with ISORROPIA-Lite predicted and measured partitioning 383 
fractions [ε(NH₄⁺), ε(NO₃⁻)] and individual gas- and particle-phase species concentrations (NH₃, 384 
NH₄⁺, HNO₃, NO₃⁻) under low/no-smoke and smoke conditions. Results are shown for the base 385 
case, which includes Organic Aerosol (with OA) contributions, and three sensitivity cases–386 
excluding organic aerosol (without OA), reduced relative humidity (RH × 0.85), and increased 387 
temperature (T + 0.5 K). In each sensitivity case, only the noted parameter is changed from the 388 
base case. The percentage change in slopes relative to the base case is provided in Table S2b. 389 

Condition Case NH3 NH4
+ ε(NH4

+) HNO3 NO3
- ε(NO3

-) 

Low/no-

smoke 

Base: with OA 
0.99 

(1.00) 

1.07 

(0.97) 

1.06 

(0.96) 

0.92 

(0.97) 

1.28 

(0.97) 

1.31 

(0.84) 

Without OA 
1.02 

(1.00) 

0.86 

(0.96) 

0.94 

(0.96) 

0.80 

(0.98) 

0.87 

(0.92) 

1.00 

(0.82) 

RH x 0.85 
1.01 

(1.00) 

0.94 

(0.98) 

0.95 

(0.96) 

1.01 

(0.99) 

1.01 

(0.97) 

0.96 

(0.89) 

T +0.5 
1.00 

(1.00) 

1.04 

(0.97) 

1.05 

(0.96) 

0.94 

(0.98) 

1.21 

(0.97) 

1.23 

(0.84) 

Smoke 

Base: with OA 
1.01 

(0.99) 

1.01 

(0.97) 

0.99 

(0.89) 

0.97 

(0.99) 

1.23 

(0.94) 

1.31 

(0.79) 

Without OA 
1.06 

(0.99) 

0.88 

(0.92) 

0.89 

(0.80) 

0.79 

(0.98) 

0.68 

(0.86) 

0.69 

(0.68) 

RH x 0.85 
1.04 

(0.99) 

0.93 

(0.95) 

0.93 

(0.85) 

1.04 

(0.99) 

0.85 

(0.95) 

0.85 

(0.79) 

T +0.5 
1.01 

(0.99) 

0.99 

(0.97) 

0.98 

(0.89) 

0.98 

(0.99) 

1.16 

(0.94) 

1.25 

(0.79) 

Table S2b. Percent difference in slope for the given perturbation relative to the base case derived 390 
from the above table, i.e., = (Slope with perturbation – Base slope)/Base Slope x 100%. 391 

Low/no-

smoke 

Without OA 3% -20% -11% -13% -32% -24% 

RH x 0.85 2% -12% -10% 10% -21% -27% 

T +0.5 1% -3% -1% 2% -5% -6% 

Smoke 

Without OA 5% -13% -10% -19% -45% -47% 

RH x 0.85 3% -8% -6% 7% -31% -35% 

T +0.5 0% -2% -1% 1% -6% -5% 

392 
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Table S3. Fractional species contributions to PM1 aerosol liquid water content (ALWC) and PM1 393 
mass concentration across AEROMMA flight regions, stratified by smoke condition and relative 394 
humidity (RH) bin. Gray shading indicates smoke impacted locations, and green shading are 395 
agricultural regions. The "% data" column indicates the fraction of observations within each RH 396 
bin for a given region and condition, with the corresponding bar providing a visual representation 397 
of relative data density. Colored as a continuous heatmap scaled from 0 to 100%, where green 398 
indicates lower values and red indicates higher values. 399 

  400 
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Table S4. Predicted organic aerosol density (𝜌OA) and hygroscopicity parameter (𝜅OA), and 401 
propagation of their uncertainties into organic aerosol liquid water content (OA LWC). Our 402 
analyses assumed constant values for 𝜌OA(= 1.3 g cm−3)and 𝜅OA(= 0.1) to predict OA water by 403 
ISORROPIA-Lite. Alternatively, these parameters could be derived from AMS O:C, H:C, and 404 
𝑓CO2

 (Kuwata et al., 2011; Duplissy et al., 2011). To assess the effect of our assumed constant 405 
values we performed an uncertainty analysis. The table compares the AMS OA mass measurement 406 
uncertainty (discussed in Supplement S3) to the uncertainty in using constant OA parameters 407 
versus those derived from the AMS OA composition data. Uncertainties in 𝜌OA and 𝜅OA represent 408 
the differences between the predicted and assumed constant values. Total OA LWC uncertainty 409 
was calculated by propagating the uncertainties associated with OA mass (38%), RH (15%), 𝜌OA, 410 
and 𝜅OAin quadrature. The contribution of each governing factor to total OA LWC uncertainty was 411 
calculated from its fractional contribution. The results are shown for various locations and smoke 412 
conditions. 413 

 414 

415 

  New York City Chicago Toronto 
Southern 

Ontario 
LA 

San 

Joaquin 

Valley 

 No 

smoke 
Smoke 

No 

smoke 
Smoke Smoke Smoke 

No 

smoke 

No 

smoke 

 Predicted OA properties 

𝜌𝑂𝐴,  g cm−3
 

1.40 ± 

0.08 

1.40 ± 

0.04 

1.39 ± 

0.09 

1.43 ± 

0.03 

1.40 ± 

0.03 

1.41 ± 

0.02 

1.29 ± 

0.06 

1.40 ± 

0.05 

𝜅𝑂𝐴 
0.12 ± 

0.05 

0.13 ± 

0.02 

0.13 ± 

0.06 

0.15 ± 

0.02 

0.13 ± 

0.02 

0.14 ± 

0.01 

0.09 ± 

0.04 

0.15 ± 

0.04 

 Uncertainty relative to assumptions 

𝜌𝑂𝐴  −  1.3 

𝜌𝑂𝐴
 7% 7% 6% 9% 7% 8% -1% 7% 

𝜅𝑂𝐴  −  0.1 

𝜅𝑂𝐴
 17% 23% 23% 33% 23% 29% -11% 33% 

         

Propagated 

OA LWC 

uncertainty 

45% 47% 47% 54% 47% 50% 42% 53% 

 Contribution of each component to overall OA LWC uncertainty 

AMS OA 72% 64% 64% 50% 64% 57% 81% 51% 

RH 11% 10% 10% 8% 10% 9% 13% 8% 

𝜌𝑂𝐴 3% 2% 2% 3% 2% 2% 0% 2% 

𝜅𝑂𝐴 14% 24% 24% 39% 24% 32% 7% 39% 
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  416 

 

Figure S1. Evaluation of aerosol ion balance and particle density. a) Molar concentrations of NH4
+versus 

2SO4
2−, and b) NH4

+versus 2SO4
2− + NO3

−for across various locations and conditions. Data points are colored 

by predicted aerosol pH. Black lines show linear orthogonal distance regression (ODR) fit with intercept set 

to zero; with with slopes and coefficients of determination (𝑅2) reported in each panel; blue dotted lines 

indicate the 1:1 relationship. The closer agreement with the 1:1 line after inclusion of nitrate indicates that 

nitrate, together with sulfate, accounts for most of the measured ammonium charge. East NA is eastern North 

America and includes all data over Chicago and east up to and including New York and and Long Island. c) 

Comparison between Total PM1 mass (AMS + SP2 rBC) and particle volume measurements for the entire 

campaign. Data are 1 Hz measurements. Red line represents ODR fit with intercept set to zero; slope and R² 

values are reported. The slope represents the effective PM₁ density (g cm⁻³). 
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 418 
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  420 

 

 

 

 

Figure S2. Comparison between predicted and measured a) ε(NH4
+), b) ε(NO3

-) in low/no smoke cities and c),d) 

smoke cities for ISOROPPIA-lite run with reported AMS SO4
2-, NO3

-, NH4
+ and OA. Red lines show orthogonal 

distance regression fit with intercept set to 0. Slope and R2 values are reported. 

a) 

b) 

c) 

d) 

San Joaquin Valley 

San Joaquin Valley 
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Figure S3. Comparison between predicted and measured a) ε(NH4
+), b) ε(NO3

-) in low/no smoke cities and c),d) 

smoke cities for ISOROPPIA-lite run with density-corrected AMS SO4
2-, NO3

-, NH4
+ and OA. Red lines show 

orthogonal distance regression fit with intercept set to 0. Slope and R2 values are reported. 

a) 

b) 

c) 

d) 

San Joaquin Valley 

San Joaquin Valley 
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Figure S4. Comparison between predicted and measured a) ε(NH4
+), b) ε(NO3

-) in low/no smoke cities and c),d) 

smoke cities for ISOROPPIA-lite run with reported AMS SO4
2-, NO3

- and NH4 without OA (set to zero). Red lines 

show orthogonal distance regression fit with intercept set to 0. Slope and R2 values are reported. 

a) 

b) 

c) 

d) 

San Joaquin Valley 

San Joaquin Valley 
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  429 

 

 

 

 

Figure S5. Comparison between predicted and measured a) ε(NH4
+), b) ε(NO3

-) in low/no smoke cities and c),d) 

smoke cities for sensitivity test with NH3 and HNO3 reduced by 1x uncertainty. Red lines show orthogonal distance 

regression fit with intercept set to 0. Slope and R2 values are reported. 

a) 

b) 

c) 

d) 

San Joaquin Valley 

San Joaquin Valley 
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Figure S6. Frequency distributions of measured and ISORROPIA-Lite predicted partitioning 

coefficients for (a) ammonium [ε(NH₄⁺)] and (b) nitrate [ε(NO₃⁻)] across all AEROMMA flights.  
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Figure S7. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species (NH₃, HNO₃), 

ISORROPIA-Lite predicted ALWC and pH (with OA contributions), measured partitioning fractions [ε(NH₄⁺) 

and ε(NO₃⁻)], and meteorological parameters (RH and temperature) over the New York City metropolitan area 

during the August 16 low/no-smoke boundary layer flight. Flight altitude was approximately 700 m except over 

water bodies where the aircraft descended to ∼30 m. The base maps were designed and developed by USGS | 

Powered by USGS (https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S8. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species (NH₃, HNO₃), 

ISORROPIA-predicted ALWC and pH (with OA contributions), measured partitioning fractions [ε(NH₄⁺) and 

ε(NO₃⁻)], and meteorological parameters (RH and temperature) over Chicago during low/no-smoke flights. The base 

maps were designed and developed by USGS | Powered by USGS 

(https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S9. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species (NH₃, HNO₃), 

ISORROPIA-predicted ALWC and pH (with OA contributions), measured partitioning fractions [ε(NH₄⁺) and 

ε(NO₃⁻)], and meteorological parameters (RH and temperature) over Los Angeles during low/no-smoke flights. The 

base maps were designed and developed by USGS | Powered by USGS 

(https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S10. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species (NH₃, HNO₃), 

ISORROPIA-predicted ALWC and pH (with OA contributions), measured partitioning fractions [ε(NH₄⁺) and 

ε(NO₃⁻)], and meteorological parameters (RH and temperature) over NYC during smoke flights. The base maps were 

designed and developed by USGS | Powered by USGS 

(https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer


 30 

 442 

  443 

 444 

  445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

  459 

460 

 

Figure S11. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species (NH₃, HNO₃), 

ISORROPIA-predicted ALWC and pH (with OA contributions), measured partitioning fractions [ε(NH₄⁺) and 

ε(NO₃⁻)], and meteorological parameters (RH and temperature) over Chicago during smoke flights. The base maps 

were designed and developed by USGS | Powered by USGS 

(https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S12. Spatial distributions of PM₁ aerosol species (SO₄²⁻, NO₃⁻, NH₄⁺, OA), gas-phase species 

(NH₃, HNO₃), ISORROPIA-predicted ALWC and pH (with OA contributions), measured partitioning 

fractions [ε(NH₄⁺) and ε(NO₃⁻)], and meteorological parameters (RH and temperature) over Toronto 

during smoke flights. The base maps were designed and developed by USGS | Powered by USGS 

(https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S13. Comparison between predicted and measured ε(NH4) (top) and ε(NO3) (bottom) for sensitivity tests with K+ at a) 

1%, b) 5%, c) 10%, d) 50% and e) 100% NH4
+ mass with adjusted AMS for entire AEROMMA dataset. Red lines represent 

orthogonal distance regression fit with intercept set to 0. Slope and R2 values are reported. 

Figure S14. Comparison between predicted and measured ε(NO3) (left) and ε(NH4) (right) for sensitivity tests with K+ at a) 5%, 

b), 50% and c) 100% NH4
+ mass and K:Cl molar ratio =1:1 for smoke impacted cities. Red lines represent orthogonal distance 

regression fit with intercept set to 0. Slope and R2 values are reported. 
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Figure S16. Comparison between predicted and measured ε(NO3) (left) and ε(NH4) (right) for sensitivity tests with K+ at 

a) 5%, b), 50% and c) 100% NH4
+ mass and K:Cl molar ratio = 2:1 (Cl- depletion) for smoke impacted cities. Red lines 

represent orthogonal distance regression fit with intercept set to 0. Slope and R2 values are reported. 

Figure S15. Same a figure S14 but for low/no smoke conditions. 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 
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Figure S17. Same a figure S16 but for low/no smoke conditions. 

 

Figure S18. Comparison between predicted and measured ε(NH4) (top) and ε(NO3) (bottom) for with median PILS K+ and 

K:Cl molar ratio = 1:1 for smoke impacted cities. Red lines represent orthogonal distance regression fit with intercept set 

to 0. Slope and R2 values are reported. 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 
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Figure S19. Comparison between predicted and measured ε(NO3
-) (left) and ε(NH4

+) (right) for sensitivity tests at a) low/no 

smoke, b), smoke impacted cities with Cl- = 5% NH4 and c) low/no smoke, d), smoke impacted cities with Cl- = 50% NH4
+. 

Red lines represent orthogonal distance regression fit with intercept set to 0. Slope and R2 values are reported.  

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 

San Joaquin Valley 
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Figure S20. Vertical profiles of (a) SO₄²⁻, (b) TNO₃, (c) TNHx, (d) OA (in µg m⁻³), and (e) CH₃CN (in ppbv) during the 

August 4 spiral profile over Toronto. Panel (f) shows the spiral location over the Toronto metropolitan area. Red points 

represent the smoke plume. OA and CH₃CN are markedly elevated in the free troposphere relative to the boundary layer, 

consistent with an aloft smoke layer, whereas inorganic species (SO₄²⁻, TNO₃, TNHx) show no corresponding enhancement, 

indicating that the smoke did not substantially perturb the inorganic system.  The base maps were designed and developed 

by USGS | Powered by USGS (https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer). 

 

 

https://basemap.nationalmap.gov/arcgis/rest/services/USGSTopo/MapServer
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Figure S21. Aerosol pH buffering capacities (𝛽) for the NH3/NH4
+, H2SO4/HSO4

−/SO4
2−, and 

HNO3/NO3
−systems under the representative temperature (𝑇) and aerosol water content (AWC) shown for 

each region and smoke condition. The water self-buffering contribution and overall buffering capacity are 

also shown. Red dashed vertical lines indicate the thermodynamically predicted pH for each case. The overall 

buffering capacity is dominated by the NH3/NH4
+and HNO3/NO3

− systems near the predicted pH, with their 

relative contributions varying among regions and smoke conditions. 

 

San Joaquin Valley 
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