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S1 Constraints on Ammonia Mixing Ratio

Ammonia is the most important atmospheric base, and plays a critical role in controlling
aerosol pH and ammonium balance', as discussed above. It also impacts new particle
formation™®. As discussed in Methods Section, even for campaigns missing ammonia
measurements, an important constraint can be placed from our thermodynamic analysis for the
potential mixing ratio of ammonia in the troposphere. For example, the point-to-point
comparison for the CalNex case study is noisy, but, on average, the modeled ammonia is within a
factor of 2 of the observed ammonia (Supplemental Figure 22 and 23). We expect this relative
uncertainty to potentially increase for regions of low ammonia concentrations (i.e., remote
locations) as most of the ammonia will be in the particle phase (Fig. 1¢).

Generally, the estimated ammonia is low (<10 pptv) outside continental and biomass
burning-influenced air over the Pacific and Atlantic Ocean (Supplemental Figure 9). This is in
agreement with remote ammonia observations from satellites; though, the satellite detection
limits (3 - 5 pptv) are higher than the low mixing ratios reported in Supplemental Figure 9. These
low mixing ratios have two important implications. First, they further support low NH_ emissions
and mixing ratios over oceanic regions* and that the lifetime of ammonia is short, preventing
high mixing ratios throughout the remote atmosphere. Second, the ternary nucleation rates by
sulfuric acid vapor, water vapor, and ammonia would be low, limiting new particle formation
from this pathway?. The air masses with higher ammonia mixing ratios would have limited new
particle formation due to higher particle number concentration and condensational sink’. This is
in agreement with ammonia being unlikely to explain the observed new particle formation

observed over these oceanic basins during ATom-1 and -2°.
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Over the continents (Supplemental Figure 9), there is high ammonia for regions affected
by agriculture and anthropogenic activities'°. In the upper troposphere and boreal forest, though,
in the absence of biomass burning plumes, there is minimal ammonia, further indicating (a)
boreal forests are a small source of ammonia® and (b) although convection can transport
ammonia’, it is short-lived and the resulting mixing ratios are still low compared to the boundary
layer and lower free troposphere. Similar to over the oceans, the regions with higher ammonia
gas mixing ratios would have limited new particle formation due to the high aerosol mass
concentrations observed (Fig. 4).

The CTMs that include ammonia show relatively high biases both over the ocean basins
and over the continents (Supplemental Figure 9). Further, the models show orders of magnitude
higher ammonia in the free troposphere than what has been observed by satellite’® or other
remote sensing instruments’. This points to two important uncertainties in the CTMs: (a) high
biases in ammonia emissions from oceans?, as the oceanic boundary layer has 1 — 2 orders of
magnitude higher ammonia than the observationally-constrained ammonia value; and, (b) too
long of ammonia lifetime, as the concentrations remain high throughout the troposphere. Thus,
these two uncertainties are potentially driving the high bias in ammonium balance between
models and observations discussed throughout the manuscript and can impact the understanding

of new particle formation in the remote regions around the world.

S2 Calculation of Hygroscopic Growth Factors
The hygroscopic growth factors (HGF) were calculated to investigate how the inorganic

aerosol composition impacted water uptake and in turn diameter. This value has important
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implications for direct radiative effect as ammonium-sulfate-like versus sulfuric-acid-like
aerosols have different values'®. We estimated the HGF for every minute of flights for all
campaigns; then, we plotted and binned the calculated HGF data as a function of RH and NH, .
To calculate the HGF, the total inorganic volume, measured by AMS (sulfate, nitrate, and

ammonium), was added to the volume from water, which was estimated by E-AIM:

volume,,,, + VOl”medry,aerosoI ) 1/3

HGF = ( Eq. S1

volume,,
ry,aerosol

The dry aerosol volume was calculated by assuming a density of 1.78 g cm™ for ammonium,
nitrate, and sulfate'"'2. Only inorganics were considered in Eq. S1 for consistency with the
GEOS-Chem DRE calculation, which assumes an external mixture of the aerosol components'?.
The HGF, calculated from all the campaigns (Supplemental Table 2), were binned against
RH and NH, ;. The dependence of HGF for T was smaller versus RH, as E-AIM operated with
the metastable assumption, making the aerosol liquid water more dependent on RH than T (and
thus not shown). The HGF shown in Supplemental Figure 6 for the CTMs was calculated by
using the average RH and NH, g, to estimate the HGF from the look up table (Supplemental

Figure 5).

S3 Theoretical E-AIM Calculation to Investigate Impact of RH and Aerosol Composition
on Ammonium Balance and pH

Here, we describe a simple sensitivity study in the role of RH and aerosol composition on
aerosol pH. These sensitivity calculations were designed to study the large variation in relative
responses between NH, 5, and pH shown in Fig. 3. We adapted the theoretical model described

by Murphy et al.". Similar to Murphy et al.", total ammonium (NH,, + NH," ) was kept
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constant at 200 nmol m”, sulfate was varied between 5 to 1000 nmol m™, total nitrate (HNO; , +
NO;" ) was kept constant at 0.01 nmol m~, and RH varied between 30 to 95%. We performed the
simulations for two temperatures, 298 and 243 K. The same E-AIM (Model IV) and definition of
pH was used here as throughout the paper. This is a significant difference compared to Murphy
et al.', in that they used the pH definition based on the mole fraction of H' instead of molality of

H*. The results of the model are described in the main text.

S4 Comparison of Volatile and Non-Volatile Volume Distribution, Description of
Condensational Sink Calculation, Description of Estimated Sea-Salt/Sodium and of Other
Cations, and Importance of Non-Volatile Cations

Here, we investigate the importance of non-volatile cations (NVCs) in fine mode aerosol
and any potential impact NVCs may have on NH, y, and pH. During ATom-1 and -2, the AMS
measured sea-salt in the marine boundary layer'", using the techniques described in Ovadnevaite
et al.'. However, this measurement does not provide information on whether the sea-salt was
internally or externally mixed with sulfate-organic dominated fine mode aerosol. The following
section investigates whether the sea-salt is internally or externally mixed into the fine aerosol and
any potential error in assuming sea-salt is externally mixed into the sulfate-organic dominated
fine mode aerosol. The summary of this section is that there are two main modes: (1) fine mode,
dominated by sulfate and organics, and minimal NVCs. Any NVCs are externally mixed, and
even if they were internally mixed, they would have minimal impact on NH, , and pH. (2) The
coarse mode, dominated by NVC, would subsequently have a different pH. The focus of the

paper is the fine mode aerosol..
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S4.1 Comparison of Volume Distributions

Here we discuss comparisons of volatile versus non-volatile (refractory) volume
distributions measured during ATom, to investigate the mixing state of NVCs as well as their
importance to AMS measurements and condensation of acidic gases (e.g., sulfuric acid) in the
MBL. Condensing onto aerosol containing the NVCs would lead to the formation of non-volatile
salts, such as sodium sulfate or calcium sulfate, while condensing onto other aerosol would lead
to formation of ammonium salts or acidic aerosol (the focus of this study). During ATom-2, a set
of instruments, ultra-high-sensitivity aerosol size spectrometers (UHSAS), were used to
measured the size distribution of particles from 63 to 1000 nm (> 90% counting efficiency) and
the remaining aerosol number concentrations (i.e., aerosol containing non-volatile cations) after
heating the aerosol with a 300°C thermodenuder installed upstream with a residence time of 1.59
to 3.7 s, for the same diameter range'”'®. As shown in Supplemental Figure 13a and b, there are
two populations in the aerosol volume — between 100 to 400 nm diameter and > 600 nm
diameter. A much larger fraction of the non-volatile components are at larger sizes, suggesting a
high degree of external mixing of those components, similar to what Guo et al. suggested'. A
large fraction of the aerosol volume at > 600 nm is non-volatile, as it is measured by the denuded
instrument, which is outside the range of aerosol measured by the AMS?’. On the other hand, the
majority of the aerosol between 200 to 400 nm, the size range measured by the AMS and used
for the acidity calculations, is volatile. This is similar to what was observed by Murphy et al.?',
where they found most of the sea-salt volume occurs above 600 nm diameter. Finally, the volume

of refractory aerosol (e.g., sea-salt) in the size range of the AMS (Supplemental Figure 13) is
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d*** and some fraction of the sizes

likely overestimated due to sea-salt being externally mixe
after denuding are smaller than in the atmosphere due to loss of some volatile material from

primary emissions®.

S4.2 Calculation of the Condensational Sink

The condensational sink provided by the ambient aerosol is used for calculating the
condensational sink of sulfuric acid to determine whether it is internally or externally mixed with
sea-salt. The instruments used for this analysis are described above. The thermodenuder channel
measured non-volatile, refractory components of the aerosol, which includes sea-salt and black
carbon. The particle number size distributions of both UHSASs were used to calculate the
condensational sink for the total aerosol and the refractory aerosol. The calculations described in
Palm et al.” were used to estimate the condensational sink. Briefly, the condensational sink was

calculated with Eq. S2:
CS = [ rB(r)N(r)dr Eq. S2
0

where the integral is the first moment of the particle size distribution, 7 is the wet particle radius,

N(7) is the particle number size distribution measured by either UHSAS, and

B(r) = Kn+l Eq. S3

0.377Kn+ 1 + $a1Kn? + $a-'Kn
is the Fuchs-Sutugin correction?®. This corrects the mass transfer of the condensing gas (i.e.,
sulfuric acid) to the particle surface in the transition regime. a is the sticking coefficient of the
condensing species to the aerosol, which is assumed to be 1?7. B(r) (Eq. S3) is a function of the

Knudsen number:
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Kn = = Eq. S4
where A, is the mean free path of the condensing gas. Finally, a growth factor of 1 is assumed
here (no aerosol liquid water), which will be an underestimation of the condensational sink as
water will increase the radius of the acrosol. However, due to limited chemical information for
the aerosol composition < 100 nm and uncertainty on the amount of internal versus external
mixing for the particle size distribution measured in the refractory channel, the assumption of 1

provides the most robust comparison.

S4.3 Comparison of Condensational Sink Distribution

As the condensational sink is dependent on aerosol surface area and is also higher for
smaller particles in the free-molecular regime, it is weighed towards smaller diameters. This
means that the overall condensational sink is dominated by the volatile, non-denuded aerosol
(Supplemental Figure 13¢ and d) for diameters less than 600 nm, which is in the range of the
AMS detection. Thus, the condensation of sulfuric acid onto aerosol is expected to preferentially
occur onto aerosol containing non-volatile (refractory) aerosol, i.e., that observed by AMS.
Therefore, for models that calculate acrosol pH on-line with a thermodynamic model and input
all inorganic aerosol (sulfate, nitrate, ammonium, and submicron or accumulation mode sea-salt)
and assume the inorganic aerosol are all internally mixed appear to not reflect the real
atmosphere and lead to the higher aerosol pH, which would affect the predicted chemistry in
regions of high sea-salt (e.g., Fig. 1). Finally, similar to volume distribution, condensational sink
contributions of refractory aerosol (e.g., sea-salt) in the size range of the AMS (Supplemental

d22,23

Figure 13) is likely overestimated due to sea-salt being externally mixe and some fraction of
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the sizes after denuding are smaller than in the atmosphere due to loss of some volatile material

from primary emissions.

S4.4 Description of Estimated Sea-Salt Volume/Mass Concentration Contribution

The UHSAS with a thermal denuder inlet was used to measure refractory aerosol number
concentration and size. These data were used to estimate the integrated volume distribution of
refractory particles during ATom-2 (see above). Black carbon was measured during ATom-2 by a
single-particle soot photometer (SP2)*. The measured mass concentration was converted to
volume concentration, assuming a density of 1.77 g em™ *. To estimate the sea-salt volume
concentration, it was assumed the refractory volume concentration was composed of black
carbon and sea-salt; thus, the sea-salt volume concentration was determined by difference
between the refractory and black carbon volume. Then, the sodium mass concentration
(Supplemental Figure 14) was estimated by assuming a sea-salt density of 1.45 g cm™ * and

assuming the chemical composition of sea-salt was approximately sodium chloride (NaCl).

S4.5 Importance of Non-Volatile Cations for PM,

An important question is whether NVCs, including sodium (Na') from sea-salt, are
internally mixed and thus should be included in calculating both pH and NH, g,,. In past studies,
the inclusion of these NVCs was shown to mainly be important for aerosols larger than the AMS
size range'*?. In this study, we focus on the pH of non-sea-salt-sulfate (NSS); the pH of sea-salt
aerosols will be higher and is not analyzed here. Multiple pieces of evidence support the

exclusion of sea-salt from the pH calculations of NSS sulfate: 1) the fraction of submicron Na*
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and sea-salt in the AMS size range is small, and even if it all was internally mixed with NSS
sulfate, it would not perturb NH, g, or pH much (NH, ,, by <1% and pH by 0.1 units, at most)
due to the low Na" mass concentration (mean = 0.01 pg sm?) (Supplemental Figure 13 and
Supplemental Figure 14); 2) sea-salt and NSS sulfate are externally mixed, due to (a) separate

emission pathways for NSS sulfate’’ and NH,* versus sea-salt*™

and to (b) sulfuric acid formed in
the MBL condensing on the dominant condensational sink of NSS sulfate, and not on the sea-salt
particles. Thus, for NSS sulfate?, sea-salt should not be included for pH estimations. This leads
to lower pH than estimated by models that include accumulation-mode sea-salt in the pH
calculations (GEOS-Chem v10 and v12). Finally, as discussed in SI Sect. 4.6 (Supplemental
Figure 15), the influence of other NVCs (such as K* and Ca*") on NH, g, and pH is minimal,
like Na'; thus, for aerosols in the AMS size range, NVCs in general do not impact the
conclusions discussed here.

In order to explore the large differences between models and observations in the BL, we
look specifically at two recent versions of the GEOS-Chem model (v10 and v12). Above the BL,
these two models capture both the trend (Supplemental Table 6) and probability distribution
function (Supplemental Figure 12) of pH. GEOS-Chem, by default, includes accumulation mode
sea-salt in the calculation of aerosol pH¥. The short lifetime of sea-salt in GEOS-Chem™
minimizes the vertical mixing of sea-salt into the free and upper troposphere, in line with the
observations from Murphy et al.?'. Therefore, the lack of sea-salt leads to better agreement
between observations and GEOS-Chem above the BL; whereas, in the BL, the inclusion of

sea-salt leads to the positive bias in the submicron aerosol pH (Fig. 3 and Supplemental Figure

12).
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S4.6 Minimal Influence from Other Non-Volatile Cations

Besides sea-salt, other sources of NVCs include dust'® and biomass burning®’. Dust was
rarely observed for particles smaller than 1 um®*, except on one flight during ATom-1, where
Saharan dust outflow was directly sampled. As discussed in Guo et al.?, dust accounted for ~1%
of PM, volume during ATom, meaning NVCs from dust generally would not impact the overall
NH, 3, and pH calculated from observations. Potassium accounts for the majority of the NVC
mass concentration for PM, from biomass burning®*’; however, as shown in Supplemental
Figure 15, the median potassium concentration observed during campaigns focused on biomass
burning (ARCTAS-B and SEAC*RS) was < 0.10 pug sm™ and for the ATom campaigns, ~0 pg
sm”. This represents < 5% difference in NH, g, and < 0.02 pH unit difference. Thus, for this
study and the size-range of aerosol observed by the AMS, NVCs generally do not affect the

NH, g, and pH reported here.

S4.7 Minimal Partitioning of Ammonia to Sea-Salt (and Other Less Acidic Aerosol)
Another important aspect of sea-salt and other aerosols impacted by NVCs is that the pH
is increased, which leads to lower partitioning of ammonia to the particle-phase®®. Prior studies

2342 which generally

have observed that the pH for aerosol strongly impacted by sea-salt is >
leads to >90% of total NH, (gas + particle) partitioning to the gas-phase®. Note, this aerosol is
also mainly coarse aerosol. This has been further verified in that the aerosol with high sea-salt

and high pH has minimal ammonium content****, Thus, it is expected that neglecting ammonium

uptake for sea-salt aerosols will not bias the results described here.

11


https://paperpile.com/c/GsLZ8K/w0w3a
https://paperpile.com/c/GsLZ8K/MZiuv
https://paperpile.com/c/GsLZ8K/EDgk7
https://paperpile.com/c/GsLZ8K/ceawR
https://paperpile.com/c/GsLZ8K/MZiuv+hY7pc
https://paperpile.com/c/GsLZ8K/NwVoC
https://paperpile.com/c/GsLZ8K/E9Qsp+46vvY+fjZ5Q+bjDF9
https://paperpile.com/c/GsLZ8K/NwVoC
https://paperpile.com/c/GsLZ8K/bjDF9+fjZ5Q+46vvY

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

S5 Sensitivity to Organic Contribution to Inorganic Mass Concentration
As the nominally inorganic ions measured by the AMS can in principle be produced from

143416

both inorganic and organic compounds in aeroso , a sensitivity analysis for each aerosol

species reported from the AMS was conducted for its impacts on aerosol pH and NH, g,

S5.1 Potential Interference of Organic Oxidized Nitrogen Compounds on Nitrate

Organic oxidized nitrogen in aerosol are thought to be mainly organic nitrates (pRONO,)
outside biomass burning plumes*#”#, but can also include nitroaromatics* in biomass burning>’.
These species thermally decompose and fragment mainly into NO™ and NO," ions, leading to a
characteristic NO," ratio that is different than inorganic nitrate**. However, some of the
campaigns used here did not perform this analysis, and for consistency we use the total reported
nitrate as inorganic nitrate. Thus, the potential influence of this interference on the total nitrate is
investigated.

Aerosol pH was calculated with the aerosol nitrate corrected for pRONO, for the
SEAC'RS campaign, as this had a mixture of inorganic nitrate from biomass burning’'? and
pRONO, from biogenic gas-phase chemistry>. The change in pH by removing pRONO, from
the nitrate mass concentration, in general, is minimal, with a few point-to-point changes
(Supplemental Figure 29). This is in agreement with the comparison of aerosol pH shown in
Supplemental Figure 21, where there is minimal impact on the predicted aerosol pH upon using
either AMS + CIMS total nitrate (particle nitrate, which includes pPRONO,, and HNO,) or MC/IC

total nitrate (particle nitrate, which should include minimal pRONO,, and HNO;). Though
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hydrolysis of pRONO, is a potentially important sink that forms an alcohol and HNO, and a
potential interference for MC/IC, most hydrolysis rates should be rapid enough to occur in the
aerosol phase prior to sampling with the MC/IC**. Thus, it is not expected that pPRONO, will
substantially affect the total nitrate observed by the MC/IC. Therefore, it is not expected that
inclusion of pRONO, has a large impact on the predicted pH, as over continental, polluted
regions, most of the total nitrate is inorganic®”; whereas, over clean, remote regions (i.e., ATom),
nitrate composes a small fraction of the total inorganic mass concentration®® and thus plays a

small role in the thermodynamic calculations of aerosol and aerosol pH.

S5.2 Potential Interference of Organic Reduced Nitrogen Compounds on Ammonium

Organic reduced nitrogen compounds in aerosol, such as amines and pyridine, have been
shown to contribute to charge balancing of sulfuric acid, especially for new particle formation
events®®, Further, amines have been suggested to potentially appear as total ammonium in the
AMS due to thermal decomposition and ionization*’. The influence of the organic reduced
nitrogen compounds to ammonium balance and aerosol pH are investigated here.

Various organic reduced nitrogen compounds have been investigated in the AMS and
compared against the NIST reference spectra®. It was found that the AMS spectra generally
agreed with the NIST spectra. That means for cyclic organic reduced nitrogen compounds, such
as pyridine, there is no contribution to the ammonium signal (NH", NH,", NH,")**. For amines, it
is expected <2% of the total signal will be observed as ammonium signal®. Further, Ge et al.”’
observed that the majority of the amine signal between m/z 14 and 18 was due to H,O," ions and

not NH_ ™ ions. Thus, at the typical mass concentrations observed at the marine surface and
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https://paperpile.com/c/GsLZ8K/bJByL
https://paperpile.com/c/GsLZ8K/9t5VN
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203

2904

295

296

297

208

299

300

301

marine boundary layer (Supplemental Table 8), it is expected that, at most, 0.6 ng sm™
ammonium would be observed due to oceanic amines. This is less than 2% of the observed
average ammonium in the marine boundary layer during ATom-1 and -2 (42 and 49 ng sm™,
respectively®®). Thus, the amines have minimal impact on the measurement of ammonium
balance in the marine boundary layer. It has been observed that the amines rapidly decrease with
altitude®®, similar to methane sulfonic acid®, with which amines are correlated®. Therefore,
amines are expected to have an even smaller effect on ammonium balance outside the marine
boundary layer (where ammonium concentrations were similar).

A more important way that the organic reduced nitrogen compounds could affect the
results reported here is by acting as a base for the sulfuric acid. As shown in Supplemental Table
8 and Supplemental Figure 31, the estimated organic reduced nitrogen compounds account for a
small fraction of the ammonium mass concentration (<10% for amines and on average, <0.1%
for pyridine). A sensitivity analysis was conducted, where it was assumed that the organic
reduced nitrogen compounds behaved like ammonium, and the ammonium mass concentration
was increased by 10% throughout ATom-2 (Supplemental Figure 30). Similar to the sensitivity
analysis for pRONO,, there is point-to-point variability in the predicted pH by increasing
ammonium for potential organic reduced nitrogen compounds; however, the slope and average
pH increase by a small amount (15% for slope and ~0.06 pH units for the average). Considering
the best estimated uncertainty in pH is ~0.5 pH units®*® the majority of the data falls within this
uncertainty (Supplemental Figure 30). Further, an upper estimate for organic reduced nitrogen
compounds for all ammonium was considered, which should not be the case above the boundary

layer®, leading to an upper limit change in the predicted changes in aerosol pH. Thus, is it
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324

expected that neglecting reduced nitrogen organic compounds will significantly impact the

predicted pH reported here.

S5.3 Potential Interference of Organosulfates on Sulfate

Organosulfates have been shown to thermally decompose and ionize into various SO,
ions (i.e., SO*, SO,", SO,", HSO,", and H,SO,"), impacting the total sulfate mass concentration*.
In biogenic regions, the organosulfates may contribute a substantial fraction of the total sulfate
mass concentration®. However, deconvolving the total sulfate signal into organic versus

inorganic sulfate is difficult due to various matrix effects*®®

, making correction for this signal
challenging. Though the fractional contribution of organosulfates to ground level total sulfate can
be high occasionally at ground sites (>10%)%, it has generally been found to be much lower for
airborne observations (<7%)%. For example, during ATom, 1% or less of the sulfate was
organosulfate, calculated from PALMS organosulfate and AMS sulfate mass concentrations,
which would lead to a small change in the average sulfate mass concentration and thus to
ammonium balance. Further, as described in Riva et al.**, the majority of the campaigns used in
this study are in locations with low epoxide to inorganic sulfate ratios, leading to minimal

conversion of inorganic sulfate to organosulfate. Therefore, organosulfates are not expected to

affect the reported ammonium balance and aerosol pH reported here.

S6 Comparison of Measured and E-AIM Modeled Volatile Species
Since accurate partitioning between gas-phase nitric acid and particle-phase nitrate
indicates that the model predictions are reasonably accurate and hence the calculated aerosol pH

is accurate to within £0.5 pH®*®" units (Fig. 1c), the model output was compared against
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346

observations for all campaigns (Supplemental Figure 18 and 19). We found that for all but two
campaigns (INTEX-B and ATom-2), the predicted versus observed gas-phase nitric acid and
aerosol-phase nitrate were typically within the instrumental uncertainty of the observations
(Supplemental Figure 20). For ATom-2, the total nitrate was low and near the AMS
limit-of-detection®. From Fig. lc, this would suggest extremely acidic aerosol, which is what is
calculated by the model (Fig. 3 and Fig. 4). Thus, the low nitrate mass concentration is difficult
to compare against the E-AIM model predictions, as this is near the noise of the measurement.
The results presented are statistically similar (t-test) with and without INTEX-B and ATom-2.

As mentioned above, some campaigns had two measurements of total nitrate through
CF,0" CIMS (HNO;) plus AMS (NO;) or MC/IC (HNO, plus NO;"), and for some campaigns,
there were large disagreements for some subsets of the data between these two total nitrate
measurements. However, as shown in Supplemental Figure 18, this disagreement does not
substantially affect the aerosol pH, with slope differences of less than 2%. Though for some
campaigns the evaluation plots of gas- and particle-phase nitrate is worse using the MC/IC
compared to the CIMS and AMS and led to increased scatter in the aerosol pH (Supplemental
Figure 21), it did not impact the average aerosol pH.

CalNex was the only campaign with gas-phase ammonia measurements. This campaign
was used to investigate potential biases using the iteration method for ammonia gas for the other
10 campaigns that did not have ammonia measurements. We ran E-AIM similar to other
campaigns (without ammonia gas mixing ratios as input) and with total NH, (ammonia gas plus
particle-phase NH,) (Supplemental Figure 22). In the E-AIM model without ammonia gas input,

there is a larger point-to-point scatter for the predicted versus observed ammonia; however, the
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347

348

349

350

351

352

353

354

355

model predicted the campaign average ammonia gas-phase concentration within a factor of 2
(Supplemental Figure 22 and 23). On the other hand, the model, on average, predicted the
partitioning of the gas- versus particle-phase ammonia and the predicted particle-phase
ammonium well (Supplemental Figure 22). Finally, the predicted pH changed by ~0.1 pH unit
between the model with and without total ammonia input (Supplemental Figure 24a). The
regression between the two cases shows some point-to-point variability (R? = 0.78) but still
shows a slope near 1 (1.11) (Supplemental Figure 24b). Therefore, these sensitivity analyses
suggest that the predicted aerosol pH for the campaigns without ammonia gas-phase

measurements are well constrained by the use of total nitrate, similar to prior studies®.
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https://paperpile.com/c/GsLZ8K/RHvF0

356 Supplemental Tables

357

358 Supplemental Table 1. References for processes represented in Fig. 1.

359

Process Reference
IEPOX Reaction Probability Gaston et al.*’
HO, Reaction Probability Thornton et al.”™
Iron pH dependent dissolution Meskhidze et al.”!
S(IV) Compound and Aqueous Oxidation Seinfeld and Pandis®’

Partitioning NH,/NH,", HNO,/NO,", HCI/CI
Aldehyde/Diol Equilibrium (Brown Carbon)

Organic aerosol phase separation

Guo et al.®

Ackendorf et al.”?

Losey et al.”
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https://paperpile.com/c/GsLZ8K/qGuRx
https://paperpile.com/c/GsLZ8K/X30tE
https://paperpile.com/c/GsLZ8K/2P1je
https://paperpile.com/c/GsLZ8K/8sx5X
https://paperpile.com/c/GsLZ8K/NwVoC
https://paperpile.com/c/GsLZ8K/67Rbk
https://paperpile.com/c/GsLZ8K/Yprap

360 Supplemental Table 2. Campaigns and subregions used in this study.

Field Coordinates
Location Campaien Time Period Season
-Aampaig Longitude (°) Latitude (°)
2- -2 farch 2 29 Mar )
Central Mexico MILAGRO™ 102 --88 16-28 9610121'11(211 006 29 March Spring
Wi m US & East =141 —-118 37-54 . .
estern US & Fastern INTEX-B/ T == e 17 April 2006 — 15 May 2006 Spring
Pacific ’ =
Camada, Alaska, Greenland ~ ARCTAS-AT® 180 - 37 60-90 18 March 2008 — 19 April 2008 Spring
Canada, Greenland ARCTAS-B® —136 - =37 5087 26 June 2008 — 13 July 2008 Summer
California, USA CalNex'" 124 —-115 33-40 20 April 2010 — 22 June 2010 Spring
Central and Eastern USA DC37%® 106 - -78 30-43 04 May 2012 — 23 June 2012 Spring
USA SEACRS™ ~126--79 1951 02 August 2013 — 23 Sept 2013 Summer
. 567 2 L .
Eastern USA WINTER:8 8567 32-43 01 Feb 2015 — 15 March 2015 Winter
South Korea KORUS-AQF! 123133 3039 0] May 2016 - 00 June 2016 Spring
. . 29 July 2016 — 23 August 2016;  Summer®
/ =500 / -1 & 23 —~15 -5 4 = .
Alom =30 Alom-l & -2 1500 20 26 Jan 2017 — 21 Feb 2016 Winter®
361
- e e - 3 - = 29 July 2016 — 23 August 2016;  Sumumer®
acific e 236 Z180 ——13 _ Y 2
ATom Pacific 25° - 50° ATom-1 & -2 180 ——130 25-50 26 Tan 2017 — 21 Feb 2016 Winter®
. . - N . - _ 20 July 2016 — 23 August 2016:  Summer”
—259tg 25° -1 & 236 — - ~25_2 & £ §
ATom Pacific —25°to 25 ATom-1 & -2 180 ——130 25-25 26 Jan 2017 — 21 Feb 2016 Winter”
ATom Pacific —50° to . 3 - 29 July 2016 — 23 August 2016;  Summer®
/ 1 & 036 — —13 -5 ] - = N
—250 Alom-d & -2 180130 20775 26 Jan 2017 - 21 Feb 2016 Winter®
- 29 July 2016 — 23 August 2016,  Sununer®
< o _ ), _36 . - . Y =
ATom =30 ATom-I & -2 180 =30 0 56 Jan 2017 - 21 Feb 2016 Winter®
ATom Atlantic —50° to - - 20 July 2016 — 23 August 2016;  Sumumner®
_ . 36 . N - (=}
250 Alom-1 & -2 150 30723 56 1an 2017 - 21 Feb 2016 Winter®
, < < 29 July 2016 — 23 August 2016;  Sunmumer”
Atlantic —25° 10 25°  ATom-1 & -23 4 252 3 g :
ATom Aflantic ~25% 10 ATom-1 & 450 > 26Jan 2017 21 Feb 2016 Winter®
s - - = 29 July 2016 — 23 August 2016;  Sumumer®
259 _ 50° -1 & -236 — 25— 7 =4
ATom Atlantic 25° - 50 ATom-1 & -2 15 -0 25-50 26 Jan 2017 — 21 Feb 2016 Winter”

362 *ATom-1 was during boreal summer
363 "ATom-2 was during boreal winter
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364 Supplemental Table 3. Instruments used in this study.

Campaign NO, SO, and NH, NH, HNO,
Measurement Measurement Measurement Measurement
MILAGRO HR-AMS#>83 HR-AMS#>83 N/A CF30-CIMS84
INTEX-B HR-AMS#?#3 HR-AMS8>83 N/A CF30-CIMS84
ARCTAS-A HR-AMS?286 HR-AMS82:86 N/A CF3O-CIMS84
MC/1CY MC/ICY
ARCTAS-B HR-AMS8286 HR-AMS8286 N/A CFSO-CIMS84
MC/ICY MC/ICY
CalNex c-ToF-AMS®¥  ¢-ToF-AMS®*#%  Acetone-CIMS*  SiF,-CIMS"!
DC3 HR-AMS# HR-AMS#* N/A CF3O—CIMS84
MC/ICY MC/ICY
SEAC*RS HR-AMS#® HR-AMS® N/A CF3O-CIMS84
MC/ICY MC/ICY
WINTER HR-AMS80:82 HR-AMS?:82 N/A I-CIMS”?
KORUS-AQ HR-AMS3#2 HR-AMS»#82 N/A CF3O—CIMS84
MC/1CY MC/1CY
ATom-1 HR-AMS?0:36:82 HR-AMS?0:3682 N/A CF30-CIMS84
MC/ICY MC/ICY
ATom-2 HR-AMS?0:36:82 HR-AMS20-3682 N/A CF3O—CIMS84

MC/1CY

MC/1CY

365
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https://paperpile.com/c/GsLZ8K/kWWv0+R3WwA
https://paperpile.com/c/GsLZ8K/kWWv0+R3WwA
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/kWWv0+uK1DW
https://paperpile.com/c/GsLZ8K/kWWv0+uK1DW
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/kWWv0+gNyxm
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+gNyxm
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+gNyxm
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+gNyxm
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/n5CVj+U2UR6
https://paperpile.com/c/GsLZ8K/n5CVj+U2UR6
https://paperpile.com/c/GsLZ8K/nL8xX
https://paperpile.com/c/GsLZ8K/aLsua
https://paperpile.com/c/GsLZ8K/kWWv0
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+qwuiQ
https://paperpile.com/c/GsLZ8K/kWWv0+qwuiQ
https://paperpile.com/c/GsLZ8K/RWnW6
https://paperpile.com/c/GsLZ8K/kWWv0+CCaQA
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+CCaQA
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+EDgk7+ceawR
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+EDgk7+ceawR
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+EDgk7+ceawR
https://paperpile.com/c/GsLZ8K/9u1Oo
https://paperpile.com/c/GsLZ8K/kWWv0+EDgk7+ceawR
https://paperpile.com/c/GsLZ8K/NHKhN
https://paperpile.com/c/GsLZ8K/9u1Oo

366 Supplemental Table 4. Chemical transport models used along with brief information about the
367 models (model year, output, etc.). For models that calculated pH on-line, ISORROPIA v2 was

368 used.
Model AeroCom-Il or pH Calculated Model Year Reference
Post-AeroCom-II on-line/off-line
CCSM4 AeroCom-II off-line 01/2006 - Tsigaridis et al.”?
12/2006
GISS-MATRIX AeroCom-II off-line 01/2006 - Tsigaridis et al.”?
12/2006
GISS-ModelE AeroCom-II off-line 01/2006 - Tsigaridis et al.”?
12/2006
TM4-ECPL-F AeroCom-II N/A 01/2006 - Tsigaridis et al.”?
12/2006
GEOS-Chem Post-AeroCom-II on-line 08/2013 - Marais et al.**
v10 07/2014
GEOS-Chem Post-AeroCom-II on-line 07/2013 - Jo et al.”
vi2 06/2014
GEOS-5 Post-AeroCom-II off-line 03/2016 - Bian et al.”®
02/2017
GEOS-Chem Post-AeroCom-II off-line 01/2016 - Kodros and
TOMAS 12/2016 Pierce’’
AM4.1 Post-AeroCom-II on-line 01/2007 - Horowitz et al.”®
12/2007

369
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https://paperpile.com/c/GsLZ8K/yd6Wj
https://paperpile.com/c/GsLZ8K/upbNr
https://paperpile.com/c/GsLZ8K/XTgP3
https://paperpile.com/c/GsLZ8K/owbGR
https://paperpile.com/c/GsLZ8K/TcZHA
https://paperpile.com/c/GsLZ8K/Tza2L

370 Supplemental Table 5. Slopes and intercepts for ammonium balance
371 ((NH /18)/((2%S0 /96)+(NO/62)) versus log, (Inorganic PM,) for observations and models by

372 pressure levels.

Data

Pressure Level Slope Intercept R?

Ambient Observations

CCSM4

GISS-MATRIX

GISS-ModelE

TM4-ECPL-F

373

GEOS-Chem v10

GEOS-Chem v12, Default

GEOS-Chem TOMAS

GEOS-5

AMA4.1

Surface to 800 hPa 0.37+0.07*  0.60+0.05° 0.57
800 to 400 hPa 0.53+0.07* 0.76+£0.04° 0.74

Surface to 800 hPa —0.04+=0.09 0.86+0.05 0.01
800 to 400 hPa —0.20£0.20 0.83+0.16 0.04

Surface to 800 hPa —0.08£0.11 0.65:0.05 0.02
800 to 400 hPa 0.27+0.15> 0.79+0.11¢ 0.12

Surface to 800 hPa 0.08+0.12 090006 0.02
800 to 400 hPa 0.60+020° 124+0.14 0.29

Surface to 800 hPa 0.40+0.05° 0.84+0.04 0.70
800 to 400 hPa 0.35£0.11°* 1.06£0.12 0.32

Surface to 800 hPa 0.31+0.08° 0.73+0.04 0.40
800 to 400 hPa 0.36+0.13> 0.79+0.08% 0.25

Surface to 800 hPa  0.42+0.08° 0.57+0.04° 0.52
800 to 400 hPa 0.43+0.10° 0.66+0.05% 0.44

Surface to 800 hPa  0.23+0.09° 0.71+0.04° 0.22
800 to 400 hPa 0.28+0.12> 0.69+0.07¢ 0.19

Surface to 800 hPa 0.10£0.07  0.48:0.03 0.10
800 to 400 hPa 0.35+£0.09®° 0.66+£0.07¢ 0.41

Surface to 800 hPa  0.28+0.07° 0.59+0.03% 0.41
800 to 400 hPa 0.46+0.10° 0.75+£0.04% 0.48

374 *The observational trends at all three pressure levels are statistically similar at 95% confidence interval.
375 "The trend in model is statistically similar to the trend in observation at 95% confidence interval.
376 °The observational y-intercept at all three pressure levels are statistically similar at 95% confidence

377 interval.

378 “The y-intercept from model results is statistically similar to the y-intercept from the observations at 95%
379 confidence interval. Only compared with slopes that were statistically similar (°).

380 © The y-intercept from model results is statistically similar to the y-intercept from the observations at
381 97.5% confidence interval. Only compared with slopes that were statistically similar (°).
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382 Supplemental Table 6. Slopes and intercepts for aerosol pH versus log,,(Inorganic PM,) for
383 observations and models by pressure levels. For TM4-ECPL-F, there are not enough outputs to

384 calculate aerosol pH.

Data Pressure Level Slope Intercept R?
Surface to 800 hPa 0.97+0.18* 0.36+0.12° 0.55
Ambient Observations 800 to 400 hPa 1.38+0.15* 0.60+0.11° 0.64

CCSM4

GISS-MATRIX

GISS-ModelE

TM4-ECPL-F

385

GEOS-Chem v10

GEOS-Chem v12, Default

GEOS-Chem TOMAS

GEOS-5

AMA4.1

Surface to 800 hPa 0.00+0.16  0.63+0.09 0.00
800 to 400 hPa —0.33+0.26 1.51+0.18 0.08

Surface to 800 hPa 0.35+£0.38° 0.69+0.15¢  0.04
800 to 400 hPa 0.52+0.39° 1.30+0.28  0.09
Surface to 800 hPa 0.07+0.23 1.68+0.11 0.00
800 to 400 hPa 1.52+0.63> 339+047 020
Surface to 800 hPa — — —

800 to 400 hPa - - -

Surface to 800 hPa —0.72+0.36 1.70+0.17  0.15
800 to 400 hPa 0.90+0.69° 1.01+0.43% 0.07
Surface to 800 hPa —0.39+0.31 1.16+0.14  0.06
800 to 400 hPa 0.67+0.36° 0.14+0.16 0.13
Surface to 800 hPa  0.96+0.26° 0.58+0.12¢ 037
800 to 400 hPa 1.08+0.37° 0.67+022¢ 028
Surface to 800 hPa  0.90+0.22° 0.49+0.11¢ 0.42
800 to 400 hPa 1.68+0.24° 147+0.19 0.68

Surface to 800 hPa  0.84+0.19° 0.13+0.09¢ 0.45
800 to 400 hPa 1.63+0.29° 044+0.12¢ 0.58

386 *The observational trends at all three pressure levels are statistically similar at 95% confidence interval.
387 "The trend in model is statistically similar to the trend in observation at 95% confidence interval.
388 °The observational y-intercept at all three pressure levels are statistically similar at 95% confidence

389 interval.

390 “The y-intercept from model results is statistically similar to the y-intercept from the observations at 95%
391 confidence interval. Only compared with slopes that were statistically similar (*).
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392 Supplemental Table 7. Description of GEOS-Chem v12 sensitivity runs conducted for Fig. 7.

Inorganic Reduced/ Reduced
Model Phase State Ocea.n lc. NH, Increased NH, Terrestrial NH,
. Emissions Henry’s .
Considered Emissions
Constant
Base No GEIA N/A No
Update HGF Yes GEIA N/A No
Update HGF and
Decreased NH,_ Yes GEIA Reduced No
H
Update HGF
Reduced NH, Yes Paulot et al.* N/A No
Ocean Emiss.
Update HGF
Reduced NH, 4
Ocean & Cont. Yes Paulot et al. N/A Yes
Emiss.
Update HGF
Re(.lu(?ed NH, Yes Paulot et al.* Increased No
Emissions and
Increased NH, H

393

24


https://paperpile.com/c/GsLZ8K/Fi3wq
https://paperpile.com/c/GsLZ8K/Fi3wq
https://paperpile.com/c/GsLZ8K/Fi3wq

394 Supplemental Table 8. Evaluation of reduced nitrogen organic compounds in aerosol from
395 different studies. Unless otherwise noted, the values reported are the mean from the study.

Reference Amines Ammonium Amines: Location Dates
(ng m?) (ng m?) Ammonium® Sampled
Miilleret Mean=0.57 Mean=80 Mean =0.007 16.86°N, May 2007 -
al.” 24 .87°W & June 2008
Median = Median = 63 Median = 17.59°N,
0.53 0.008 24.28°W
van 13 690 0.02 16°N, 24°W to 22 June - 21
Pinxteren 5°S, 4°E July, 2011
et al.'?
Frossard et 30 N/A N/A See Ref. 132;  See Ref. 132;
al.lt overview of overview of
multiple multiple
studies studies
Sorooshian 22 N/A N/A 37.0°N, June 2005 -
et al.® 123.5°W to July 2007
35.5°N,
122.0°W &
38.10°N,
122.96°W
Youn et 14 240 0.06 32.23°N, July 2012 -
al.!% 110.95°W June 2013
Gibb et 5 44 0.11 20°N, 57°E to August -
al.!® 7°N, 67°E December
1994
Facchini et 8 N/A N/A 53°N, 10°W 11 June - 6
al.'® July, 2006
Huang et Mean = 11 Mean=190  Mean = 0.06 53.55°N, April 2011 -
al.105b 8.58°E to November
Median =7 Median=  Median = 0.05 33.92°S, 2012
140 18.42°E or
53.17°N,
70.93°W

396 ®The ratio is mass concentration ratio, as the amines are a mixture of compounds. Thus, the ratio
397 should be smaller for the molar ratio, once the amines are converted to equivalent ammonium
398 molar concentration.
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https://paperpile.com/c/GsLZ8K/k0sZO

399
400
401
402
403

®Aerosol amines were measured by an Aerosol Mass Spectrometer. A large fraction of the
aerosol identified as marine nitrogen-containing OA was assigned to non-nitrogen-containing
fragments (82%, with a large oxygen content) versus nitrogen-containing fragments (18%).
Therefore, the amines mass concentration was determined by multiplying the entire marine
nitrogen-containing OA by the nitrogen fragment fraction of the OA.
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404 Supplemental Figures
Legend: ATom-1, >50°N, 0.1 g sm ° ATom-2, >50°N, 0.2 pg sm PN T TN ARTCAS-B, 0.9 g sm SEAC'RS, 19 pgsm * ATom-, Atlantic
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407 Supplemental Figure 1. Map of flight campaigns along with average aerosol molar

408

409
410
411

412

composition for each campaign. Flight tracks and average inorganic aerosol composition, in
molar charge equivalents (NH/I8 (orange), NO,62 (blue), and 2xS0,/96 (red)), for each
campaign and different oceanic locations for ATom-1 and -2 (Supplemental Table 2). The
average inorganic mass concentrations are listed above each pie chart, where sm™’
meters cubed at constant temperature (273.15 K) and pressure (1013 hPa) (STP).

is standard
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414 Supplemental Figure 2. Comparison of model to observed aerosol concentration by species and
415 altitude. Same as Fig. 2. Box plot for the ratios between AeroCom-II modeled and observed
416 sulfate (SO,), nitrate (NO,), and ammonium (NH,) for boundary layer (BL, surface to 800 hPa),
417 free troposphere (FT, 800 to 400 hPa), and upper troposphere (UT, 400 to 250 hPa) for all
418 campaigns not in urban regions (i.e., not CalNex, KORUS-AQ, MILAGRO, and WINTER)
419 evaluated here and for AeroCom-I1I CTMs (CCSM4, GISS-MATRIX, GISS-ModelE, and
420 TMA4-ECPL-F). The blue horizontal line is the median ratio of the model-to-observations
421 ensemble, and the boxes are the 25" and 75" percentiles. For data used here, see the SI File.
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Supplemental Figure 3. Curtain plot of biomass burning marker for Pacific and Atlantic
Ocean. Curtain plot of number fraction of aerosol measured as biomass burning, from the NOAA

single particle mass spectrometer (PALMS)*’, for ATom-1 and -2, over the Pacific (a) and
Atlantic (b) oceans.
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Supplemental Figure 4. Curtain plot of methyl nitrate for Pacific and Atlantic Ocean. Curtain

430 plot of methyl nitrate (CH,ONO,) measured by University of California, Irvine, whole air
431 sampler'” for ATom-1 and -2, over the Pacific (a) and Atlantic (b) oceans.
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Supplemental Figure 5. Behavior of observationally constrained HGF as a function of relative
humidity and ammonium balance. Predicted hygroscopic growth factor (HGF) for measured
ammonium, nitrate, and sulfate, averaged across campaigns analyzed here (Supplemental Table
2), as a function of relative humidity (left) and ammonium balance (nNH,/ (2xnSO, + nNO,)).
See Section S2 on details pertaining to the calculation of growth factor. Briefly, HGF was
calculated for all data observed (I-minute data) and then binned the calculated HGF as a

439 function of RH and NH 4 Bat
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441 Supplemental Figure 6. Curtain plot of observationally constrained and modeled predicted
442 HGE Curtain plot of the calculated hygroscopic growth factor for the average (a-c)
443 observations and (d-f) CTMs over the Pacific and Atlantic basins (ATom-1 and -2) and other
444 campaigns (Continental). See Section S2 on details pertaining to the calculation of the growth
445 factor. The HGF shown in Supplemental Figure 6 for the CTMs was calculated by using the
446 average RH and NH, ,,, to estimate the HGF from the look-up table (Supplemental Figure 5).
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448 Supplemental Figure S7. Probability distribution function of relative humidity for remote
449 oceanic basins. Normalized probability distribution function (PDF) of the relative humidities for
450 the Pacific and Atlantic Basins during ATom-1 and -2. Black is Pacific Basin for ATom-1, grey is

451 Atlantic Basin for ATom-1, dark blue is Pacific Basin for ATom-1, and light blue is Atlantic Basin
452 for ATom-1.
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454 Supplemental Figure 8. Predicted behavior of aerosol properties using a box model. Results
455 from a box model calculation for aerosol pH using E-AIM, where total ammonium (NH,, +
456 NH,' ) remained constant at 200 nmol m?, sulfate varied between 5 to 1000 nmol m”, relative
457 humidity varied between 30 to 95%, and temperature varied between 298 K ((a), (c), and (e))
458 and 243 K ((b), (d), and (f)).
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Supplemental Figure 9. Curtain plot of observationally constrained and CTM predicted
ammonia. Curtain plot of observationally constrained ammonia from E-AIM (a-c), average
CTMs ammonia (d-f), and ratio of CTMs-to-observations for Pacific Ocean (g), Atlantic Ocean
(h) and Continental regions (i), as defined in Supplemental Table 2. The models that had
ammonia as output were used in the curtain plots and include GEOS-Chem v10, GEOS-Chem
vi2, GEOS-Chem TOMAS, GEOS-5, and AM4.1 (Supplemental Table 4).

34



— CCSM4 = GISS-MATRIX = GISS-ModelE ~ =—— TM4-ECPL-F

GEOS-Chem v10 ===+ GEOS-Chem v12 GEOS-5 GEOS-Chem TOMAS
=== AM4 .1 = QObservations
Boundary Layer Free Troposphere Upper Troposphere
Surface to 800 hPa 800 to 400 hPa 400 to 250 hPa
® e
o
c —
©
©
m —
E
= —
c
[e]
1S —
E
<
0.0 T \IIIIH‘ T II\I\III T IIllll\l 1 I‘ T T TTTTI T \IIIHI‘ 17Tl T IIIIIII‘ T Iillllll T I\Ill\ll
46 2 46 2 4 2 46 2 46 2 456
0.01 0.1 1 10 0.01 0.1 1 0.001 0.01 0.1 1
: -3
Inorganic PM, (ug sm )
JEC)
al 3.0 —
o .
466 3
N
©
£
S
z
00 02 04 06 08 10 12 00 02 04 06 08 1.0 12
Ammonium Balance _
L
a
o
o
[H]
N
©
£
o]
4

10 11 12 13 14 100 110 120 130
Growth Factor

467 Supplemental Figure 10. Comparison of slopes and probability distribution functions for all
468 models and observations. Full results for Fig. 5. (a—c) Comparison of NH, ., versus
469 log,(inorganic PM,) slopes from observations (black) and models (Supplemental Table 5 and
470 Supplemental Table 6). (d—f) Normalized probability distribution function (PDF) of NH, ,, for
471 observations (solid black) and models. (g—i) Normalized PDF of estimated HGF for observations
472 (solid black) and models, using the values from Supplemental Figure 5, and average values RH
473 from observations (~50%, ~35%, and ~35% for BL, FT,and UT, respectively). For all figures, the
474 AeroCom-1I models are solid and the post-AeroCom-1I models are dashed. Blue solid is CCSM4,
475 gold solid is GISS-MATRIX, grey solid is GISS-ModelE, red solid is TM4-ECPL-F, light red
476 dashed is GEOS-Chem v10, light blue dashed is GEOS-Chem v12, orange dashed is GEOS-3,
477 grey dashed is GEOS-Chem TOMAS, purple dashed is AM4.1, and black solid is observations.
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479 Supplemental Figure 11. Probability distribution function results from observations and
480 various GEOS-Chem cases studies, where various factors impacting ammonium were
481 explored. Similar to Supplemental Figure 10d-f, but normalized probability distribution function
482 of ammonium balance from GEOS-Chem vI2 total ammonia sensitivity cases (Supplemental
483 Table 7) for (a) Boundary Layer (surface to 800 hPa) and (b) Upper Troposphere (400 to 250
484 hPa). Black is observations, red is base case, blue is reduced oceanic and continental NH,
485 emissions, and light red is increased NH_ lifetime.
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487 Supplemental Figure 12. Comparison of slopes and probability distribution functions for all
488 models and observations. Full results for Fig. 6. (a—c) Comparison of pH versus
489 logl0O(inorganic PM1) slopes from observations (black) and models (Supplemental Table 5 and
490 Supplemental Table 6). (d—f) Normalized PDF of pH for observations (solid black) and models.
491 BL = surface-800 hPa, FT = 800-400 hPa, and UT = 400-250 hPa. For all figures, the
492 AeroCom-1I models are solid and the post-AeroCom-1I models are dashed. Blue solid is CCSM4,
493 gold solid is GISS-MATRIX, grey solid is GISS-ModelE, light red dashed is GEOS-Chem v10),
494 light blue dashed is GEOS-Chem v12, orange dashed is GEOS-35, grey dashed is GEOS-Chem
495 TOMAS, purple dashed is AM4.1, and black solid is observations.
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497 Supplemental Figure 13 Investigation into the influence of non-volatile cations in the volume
498 distribution and condensational sink during ATom. Average volume distribution (a,b) and
499 condensational sink distribution (c,d) of measured total aerosol (UHSAS, non-denuded, grey)
500 and nonvolatile/refractory aerosol (UHSAS, denuded, red) during ATom-2 for air sampled within
501 marine boundary layer (pressure > 800 hPa, (a) & (c)) and in free/upper troposphere (pressure
502 < 800 hPa, (b) & (d)). The transmission curve (defining diameters of aerosol observed by AMS),
503 from Guo et al.?’, is shown in blue, and the aerosol not observed by AMS is shown in tan.
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505 Supplemental Figure 14. Comparison of predicted submicron sodium with sulfate measured by
506 the AMS during ATom. Scatter plot of calculated sodium mass concentration (see Sect. S4.4 for
507 details on calculation), for geometric diameters up to 450 nm (the 50% diameter cut-off for
508 AMS®) versus measured sulfate, in the boundary layer (surface to 800 hPa) during ATom-2.
509 Black circles are all data in the boundary layer, orange square is the binned data, red dashed is
510 the 1:1 line, light blue is 0.05:1 line, and blue dashed is 0.01:1 line.
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Supplemental Figure 15. Comparison of potassium mass concentrations from various
campaigns. Box-and-whisker plot for the potassium mass concentration measured during two
campaigns focused on biomass burning (ARCTAS-B and SEAC’RS) and two campaigns focused
on remote atmosphere (ATom-1 and -2). Potassium was collected onto Teflon filters and analyzed
off-line by ion chromatography'"”'"®,
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519 Supplemental Figure 16. Investigation in the impacts of removing sea-salt in the calculation of
520 aerosol pH for GEOS-Chem. (a) Comparison of aerosol pH versus log, (inorganic PM, (sulfate
521 + nmitrate + ammonium)) slopes from observations (black) and default GEOS-Chem (light blue
522 dashed), and GEOS-Chem with sea-salt excluded from the pH calculation (purple) for the
523 boundary layer (surface to 800 hPa). (b) Normalized probability distribution function of aerosol

524 pH for observations (solid black) and default GEOS-Chem and GEOS-Chem with sea-salt
525 excluded for the boundary layer.
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Supplemental Figure 17. Changes in the direct radiative effect from the base case with
different cases in calculating HGF and ammonium mass concentration. Calculated, annually
averaged, short wave direct radiative forcing (DRE) from sulfate, nitrate, and ammonium (and
associated water), from GEOS-Chem, for all sky (left column) and clear sky (right column) (a,g)
Base Case, (b,h) Base Case with updated HGF, (c,i) decreased Henrys law constant (H) for
increased wet deposition lifetime with updated HGF, (d,j) reduced NH_ oceanic emissions with
updated HGF, (e,k) reduced NH_oceanic and continental emissions with updated HGF, and (f,1)
reduced NH_ oceanic emissions, increased Henry's law constant (H) for decreased wet deposition

lifetime, and updated HGF. See Supplemental Table 7 for description of the different cases and
Fig. 7 for annual average DRE.
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539 Supplemental Figure 18. Comparison of E-AIM predicted and observed nitric acid from all
540 campaigns. Scatter plot of modeled (E-AIM) versus measured gas-phase HNO; for the
541 campaigns used here (Supplemental Table 2). For campaigns with more than one gas-phase
542 HNO; measurements (Supplemental Table 3), the comparison of modeled and gas-phase HNO,
543 from the input of both is shown in the scatter plot, where light blue is from CIMS HNO, and AMS
544 NO; and grey is from IC NO,. For values of the slopes, see Supplemental Figure 20. Regressions
545 shown are ODR, where blue is for CIMS + AMS and black is for IC.
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547 Supplemental Figure 19. Comparison of E-AIM predicted and observed nitrate from all

548 campaigns. Same as Supplemental Figure 18, but for particle-phase NO; . For values of the
549 slopes, see Supplemental Figure 20. Regressions shown are ODR.
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551 Supplemental Figure 20. Comparison of E-AIM predicted and observed nitric acid and nitrate
552 from all campaigns. Comparison of slopes from Supplemental Figure 18 and 19 for the different
553 campaigns along with the uncertainties from the measurements (red shaded) of particle-phase
554 NOj; and gas-phase HNO,. Black lines are for results using CIMS + AMS and grey is using
555 results from IC only.

556
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558 Supplemental Figure 21. Comparison of E-AIM predicted pH using different total nitrate
559 inputs. Scatter plot of pH constrained by total nitrate from MC/IC and from CIMS HNO; plus
560 AMS NO,. This is only for campaigns where both total nitrate measurements were available
561 (Supplemental Table 3). Regressions shown are ODR.
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Supplemental Figure 22. Evaluation in the performance of E-AIM with and without ammonia

as input into the calculations. Evaluation of predicted versus observed ammonia (a and d),
ammonium (b and e), and fraction of ammonium to total (ammonia plus ammonium) (c and f) for
E-AIM model constrained without measured ammonia (top) and with measured ammonia
(bottom). The evaluation is for the CalNex campaign (Supplemental Table 3), the only campaign
used here that had measurements of ammonia. Regression shown is the least-orthogonal-distance
regression fitting method (ODR) of the data. Blue squares in (c,f) are binned decile data.
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571 Supplemental Figure 23. Comparison of the observed and predicted ammonia during CalNex.
572 Box and whisker plot of observed and E-AIM model ammonia predicted mixing ratios for
573 CalNex. Blue line is the median (50™ percentile), box is 25™ and 75" percentile, and whisker is
574 the 10™ and 90" percentile.
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576 Supplemental Figure 24. Comparison in the performance of E-AIM in predicting pH with and
577 without ammonia as input. (a) Box and whisker plot of predicted pH from CalNex with input not
578 including and including gas-phase ammonia. The blue line is the median (50" percentile), box
579 uses the 25™ and 75" percentiles, and the whiskers are the 10™ and 90" percentile. (b) Scatter
580 plot of the two cases, where the regression is ODR. Red line is the fit.
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582 Supplemental Figure 25. Evaluation in the predicted trends of ammonium balance over a
583 decade with emissions constant. NH, , , from GEOS-Chem, from 2006 to 2014, with emissions
584 for 2010, for the three pressure levels in the troposphere (surface to 800 (black), 800 to 400
585 (grey), and 400 to 250 (blue) hPa), for the regions defined in Supplemental Table 2. For the
586 ATom regions, solid is for ATom-1 and dashed is for ATom-2.
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588 Supplemental Figure 26. Evaluation in the predicted trends of ammonium balance over a
589 decade with meteorology constant. NH,  , from GEOS-Chem, from 2006 to 2014, with constant
590 meteorology (2010) but varying emissions, for the three pressure levels in the troposphere
591 (surface to 800 (black), 800 to 400 (grey), and 400 to 250 (blue) hPa), for the regions defined in
592 Supplemental Table 2. For the ATom regions, solid is for ATom-1 and dashed is for ATom-2.
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594 Supplemental Figure 27. Evaluation in the predicted trends of pH over a decade with emissions
595 constant. Same as Supplemental Figure 25. pH, from GEOS-Chem, from 2006 to 2014, with
596 emissions for 2010, for the three pressure levels in the troposphere (surface to 800 (black), 800
597 to 400 (grey), and 400 to 250 (blue) hPa), for the regions defined in Supplemental Table 2. For
598 the ATom regions, solid is for ATom-1 and dashed is for ATom-2.
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Supplemetnal Figure 28. Evaluation in the predicted trends of pH over a decade with
meteorology constant. Same as Supplemental Figure 26. pH, from GEOS-Chem, from 2006 to
2014, with constant meteorology (2010) but varying emissions, for the three pressure levels in
the troposphere (surface to 800 (black), 800 to 400 (grey), and 400 to 250 (blue) hPa), for the
regions defined in Supplemental Table 2. For the ATom regions, solid is for ATom-1 and dashed
is for ATom-2.
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607 Supplemetnal Figure 29. Comparison of pH from E-AIM with and without accounting for
608 organic nitrate in the mass concentration. Scatter plot of aerosol pH, for SEAC’RS, comparing
609 pH, where nitrate was corrected for organic oxidized nitrate (pRONO,, left axis)* versus the pH
610 reported here. The regression is ODR and shown in red
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612 Supplemental Figure 30. Comparison of pH from E-AIM with and without accounting for
613 reduced organic amines/amides in the mass concentration. Scatter plot of aerosol pH, for
614 ATom-2,where ammonium was corrected for estimated amines (left axis) versus the pH reported
615 here. The shaded area represents the 0.5 pH unit uncertainty estimated from prior studies® %,

616 Blue dashed is the 1:1 line and red dashed is the fit to the data.
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618 Supplemental Figure 31. Time series of pyridine for during ATom-1. (left) Time series of
619 pyridine, observed by the AMS, during ATom-1, either by the ion (C;H;N', purple) or positive
620 matrix factorization (green)'”. (right) Ratio of the pyridine mass concentration, from the positive
621 matrix factorization result, to the total ammonium mass concentration (orange).
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