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Comparison of predicted and measured R by adding NVC
[image: C:\Users\guoho\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Figure S.JPG]
Fig. S1. Comparison between ISORROPIA-predicted and PILS-IC-measured PM2.5 R (RSO4 = NH4+/SO42-, mol mol-1), where the model predictions are based on NVC-NH4+-SO42--NO3--Cl- system for the SOAS study. NVC (nonvolatile cation) was determined by an ion charge balance (color wave), that is, (2SO42- + NO3- + Cl- − NH4+) in units of μmol m-3. This results in 200% mole-equivalent concentrations of Na+ and K+ compared to Ca2+ and Mg2+ due to +1 versus +2 charges. NH4+, SO42-, NO3-, Cl- are observed PILS-IC mass concentrations. For each graph, NVC is set to be a single ion, shown as (a) Na+, (b) K+, (c) Ca2+, (d) Mg2+. Adding Na+ or K+ or Mg2+ results in predicted R (generally underpredicted) agreeing better with measured R, compared to the predicted R equal or close to 2 with zero NVC input. Ca2+ doesn’t work at all as it precipitates out from the aqueous phase as CaSO4. The solubility of CaSO4 is only 0.2 g per 100 mL water at 20 °C. The average predicted particle liquid water  (3.0 μg m-3) could only dissolve 0.006 μg m-3 Ca2+, a tenfold lower amount than the inferred Ca2+ of 0.23 μg m-3 from an ion charge calculation. Orthogonal distance regression (ODR) fits are shown and uncertainties in the fits are one standard deviation (SD).

The relationships between errors in molar ratio and organic aerosol mass
[image: C:\Users\guoho\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Delta MR vs OA mass_v2.jpg]
Fig. S2. Effect of nonvolatile cations (NVC) on the PM2.5 ammonium-sulfate molar ratio (R) as a function of measured organic aerosol (OA) concentrations based on AMS data (SOAS). The orange circular points denote ΔR calculated from ISORROPIA predicted R with measured Na+ included in the model input minus ISORROPIA predicted R without Na+ in the model input. Grey diamonds are for ΔR equal to measured R minus 2. Note that ΔR should be negative since including Na+ in the thermodynamic model results in R lower than 2, whereas not including Na+ results in an R close to 2 (on average R predicted without Na+ is 1.97 ± 0.02).

Comparison of predicted and measured RSO4 by adding NVC
[image: C:\Users\guoho\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Figure S2_v2.jpg]
[bookmark: _GoBack]Fig. S3. Comparison between ISORROPIA-predicted and AMS-measured PM1 RSO4 (RSO4 = (NH4+ − NO3-)/SO42-, mol mol-1), where the model predictions are based on NVC-NH4+-SO42--NO3-(-Cl-) system for the WINTER study. NVC (nonvolatile cation) was determined by an ion charge balance (color wave), that is, (2SO42- + NO3- − NH4+) in units of μmol m-3. This results in 200% mole-equivalent concentrations of Na+ and K+ compared to Ca2+ and Mg2+ due to +1 versus +2 charges. NH4+, SO42-, NO3- are observed AMS mass concentrations. For each graph, NVC is set to be a single species, including (a) Na+, (b) K+, (c) Ca2+, (d) Mg2+. For K+, Ca2+, and Mg2+, the assumed trace amount of total chloride (0.01 μg m-3) doesn’t perturb normal calculations of pH or HNO3-NO3- partitioning at all for only 0.0012 μg m-3 Cl- (12% of total chloride) predicted in the aerosol, but eliminates potential model errors. (Note that, Cl- is only assumed for ISORROPIA input but not included in the charge balance calculation. The predicted 0.0012 μg m-3 Cl- is negligible compared to NH4+, SO42-, and NO3-.) Adding Na+ and K+ results in predicted RSO4 agreeing with measured RSO4. Mg2+ also results in closer agreement, although some points deviate. Ca2+ doesn’t work at all as it precipitates out from the aqueous phase as CaSO4. The solubility of CaSO4 is only 0.2 g per 100 mL water at 20 °C. An approximate calculation on CaSO4 solubility shows that the average predicted particle liquid water  (2.0 μg m-3) could only dissolve 0.004 μg m-3 Ca2+, a tenfold lower amount than the inferred Ca2+ of 0.13 μg m-3 from an ion charge calculation. ODR fits are shown and uncertainties in the fits are one SD.


Effect of not fully considering NVC in SOAS and WINTER studies
Here we use the inferred Na+ calculated from the ion charge balance as representative of generic NVCs (valence of one), to investigate the impacts on pH and molar ratios from NVCs if not fully considered. A varying Na+ input from 0 to 1 μg m-3 was applied to the average conditions of the SOAS and WINTER studies; all other model inputs, including composition and meteorological conditions (RH & T), were unchanged in the simulation. An upper limit of 1 μg m-3 Na+ was based on the maximum inferred levels in SOAS and WINTER studies, much higher than the measured levels of 0.1-0.2 μg m-3. Fig. S4 shows that pH responds linearly to the added Na+ for a 0-0.6 μg m-3 Na+ range for SOAS and a wider range of 0-1 μg m-3 for WINTER. The sensitivities of pH and molar ratios to NVC and the linear ranges of pH are different between the two studies because of differences in aerosol mass concentration and composition. For instance, SOAS aerosol was mainly composed of (NH4)2SO4 and the WINTER aerosol was a mixture of (NH4)2SO4 and NH4NO3, so adding Na+ only perturbs NH3-NH4+ partitioning in SOAS, but also affects HNO3-NO3- partitioning in WINTER. Note that, 0.6 μg m-3 Na+ accounts for 34% mole fraction of the average SOAS aerosol composition, a large number that can alter  and  in the aerosol system. As a result, particle pH is changed accordingly. The RSO4 for WINTER decreases even below zero due to decreasing NH4+ (due to competition with Na+) and increasing NO3- (due to higher pH) trends when adding Na+ to the model input. Note that, RSO4 was typically observed above zero in the southeastern US (Hidy et al., 2014), which in turn sets an upper limit of the Na+ as 0.48 μg m-3 that could be in the PM1.

[image: F:\Dropbox\Research\SOAS\pH buffer\MR vs pH_can ISORROPIA predict MR\Sensitivity of MR and pH to Na_SOAS&WINTER combined_v5.jpg]
Fig. S4. Predicted particle pH and molar ratios as a function of Na+, R = NH4+/SO42- for SOAS and RSO4 = (NH4+ − NO3-)/SO42- for WINTER. In this sensitivity analysis, all model inputs are kept constant as the average SOAS or WINTER conditions and only Na+ concentration varies. For the SOAS 12-day period (11-23 June) ISORROPIA-II inputs are: 2.03 μg m-3 SO42-, 1.14 μg m-3 (NH3 + NH4+), 0.23 μg m-3 NO3-, 0.03 μg m-3 Cl-, zero K+, Ca2+, Mg2+, and 68% RH, 298.2 K T. For the WINTER study, the inputs are: 1.02 μg m-3 SO42-, 0.50 μg m-3 NH4+, 2.21 μg m-3 (HNO3 + NO3-), zero Cl-, K+, Ca2+, Mg2+, and 58% RH, 272.1 K T. Average inferred Na+ concentrations from the ion charge balance were 0.28 μg m-3 for SOAS and 0.15 μg m-3 for WINTER, shown as the vertical dashed lines. In comparison, average measured Na+ was 0.06 μg m-3 in SOAS and 0.23 μg m-3 in WINTER. ODR fits are shown and uncertainties in the fits are one SD. Since the pH response to Na+ in the SOAS study becomes nonlinear above 0.6 μg m-3 Na+, the fit is only applied to the range below. Ranges in pH and molar ratios (R and RSO4) in the eastern US are shown as the purple marks.

The nonlinear response of NH3-NH4+ or HNO3-NO3- partitioning to pH (S curve)
[image: F:\Dropbox\Research\SOAS\pH buffer\MR vs pH_can ISORROPIA predict MR\Figure S curve_v2.jpg]
Fig. S5. S curves illustrate the nonlinear response in particle phase fraction, ε(NH4+) or ε(NO3-), to variation in pH: (a) ε(NH4+) and (b) ε(NO3-) plotted vs. pH. The two S curves are calculated based on T = 20 °C, particle liquid water level = 5 µg m-3, and ideal solution (i.e.  = 1). The S curve equations can be found at Guo et al. (2017). Non-ideality only shifts the S curves but does not change the shapes. The 0.3 unit pH (SOAS) and 0.5 unit pH (WINTER) variations (biases) are the upper limit values based on the difference between zero and inferred Na+ inputs and indicated by paired red and blue sticks, respectively. The response of ε(NH4+) or ε(NO3-) to pH reaches maximum at 50% ε(NH4+) or ε(NO3-) (i.e., position (2), 0.3 unit pH change causes ~20% or 0.5 unit pH change causes ~30% shift in the particle phase fraction), but down to nearly zero when 100% or 0% ε(NH4+) or ε(NO3-) (e.g. position (1) or (3)).


Thermodynamic predictions of the 15 years’ summertime molar ratio and pH trends at CTR site (Centreville, AL)
[image: F:\Dropbox\Research\SOAS\pH buffer\MR vs pH_can ISORROPIA predict MR\CTR 1998-2013 MR reproduce\Reproduce CTR 1998-2013 MR_scatter_v3.jpg]
Fig. S6. Comparison of the measured and predicted RSO4 (with inferred Na+ as input), summer means at CTR, as shown in the Figure 5 in the main text. The upper limit of RSO4 is 2 for a composition of (NH4)2SO4 in ambient aerosols. A few observed points above 2 are results of measurement uncertainties.
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