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Abstract: Using a new approach that constrains thermodynamic modeling of aerosol composition with measured
gas-to-particle partitioning of inorganic nitrate, we estimate the acidity levels for aerosol sampled in the South
Korean planetary boundary layer during the NASA/NIER KORUS-AQ field campaign. The pH (mean ± 1σ =
2.43±0.68) and aerosol liquid water content determined were then used to determine the ‘chemical regime’ of
the inorganic fraction of particulate matter (PM) sensitivity to ammonia and nitrate availability. We found that the
aerosol formation is always sensitive to HNO3 levels, especially in highly polluted regions, while it is only exclu-
sively sensitive to NH3 in some rural/remote regions. Nitrate levels are further promoted because dry deposition
velocity is low and allows its accumulation in the boundary layer. Because of this, HNO3 reductions achieved by
NOX controls prove to be the most effective approach for all conditions examined, and that NH3 emissions can
only partially affect PM reduction for the specific season and region. Despite the benefits of controlling PM for-
mation to reduce ammonium-nitrate aerosol and PMmass, changes in the acidity domain can significantly affect
other processes and sources of aerosol toxicity (e.g. solubilization of Fe, Cu and other metals) as well as the
deposition patterns of these trace species and reactive nitrogen.
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sured non-refractory (NR) PM
1
composition, including ammo-

nium, nitrate, sulfate, chloride, and organic aerosol. The basic
concept, operation, and aircraft deployment of the AMS has been
described elsewhere[15-17] and the deployment for KORUS-AQ is
discussed in detail in ref. [2]. Observations are reported in units of
µg sm-3 (under standard conditions of T=273.15 K, p=1013 hPa).
For the following analysis, the data were converted to concentra-
tions at ambient conditions for the thermodynamic calculations.

TheAMS also separately measures the contribution of amines,
organonitrates and organosulfates.[18-20]During the campaign, or-
ganic nitrates comprised roughly 8% of the AMS particulate NO

3
signal and were only an important contribution to the signal when
NO

3
was below 0.50 µg sm-3 (0.45 µg m-3).[2]Average concentra-

tion of nitrate during the campaign was 8.09 ± 6.16 µg m-3, so
we consider AMS nitrate to be approximately equal to inorganic
aerosol NO

3
-. Accuracy (2σ) for AMS detection of inorganic spe-

cies is estimated to be 35%.[21]

Gas-phase HCl and HNO3
HCl and HNO

3
measurements were made using the Georgia

Institute of Technology Chemical Ionization Mass Spectrometer
(GTCIMS) and the California Institute of Technology CIMS (CIT
CIMS), respectively. The GT CIMS technique utilizes a low-pres-
sure ion source/reactor and SF

6
- reagent ion chemistry to detect

HCl.[22,23]The CIT CIMS utilizes CF
3
O- chemistry to detect HNO

3
by way of fluoride transfer.[24-26]Both methods are configured to
allow for ion chemistry in a heated Teflon-coated flow tube at
low pressure to selectively cluster the reagent ions with HNO

3
(HCl) in ambient air.[22]The ions from the flow tube enter a mass
spectrometer, where they are mass-analyzed and quantified. Gas-
phase concentrations were reported in ppbv (parts-per-billion, by
volume), and were subsequently converted to µg m-3 at ambient
conditions prior to thermodynamic analysis. The estimated CIMS
measurement uncertainty is 40%.

Non-volatile Aerosol Cations and Meteorological Variables
Non-volatile cations (NVCs), such as Na+, K+, Ca2+, and Mg2+,

weremeasuredusing the soluble acidic gases and aerosols (SAGA)
instrumentation. Bulk aerosol (nominally < 4.1 μm aerodynamic
diameter) are collected onto filters to quantify soluble ions.[27]
Detection limits are 5 pptv for Mg2+ and better than 20 pptv for
Na+, K+, and Ca2+ (https://cloud1.arc.nasa.gov/docs/intex-b/SA-
GA_Dibb.pdf). Filter sampling times were approximately 5 min
or less. Units of NVCs were reported in µg m-3 under ambient
conditions when used for thermodynamic calculations. Water va-
por content was measured using a diode laser hygrometer[28] and
then converted to relative humidity based on the measurement of
temperature measured onboard.

2.2 Thermodynamic Analysis of Observations and PM
Sensitivity to Aerosol Precursors

ISORROPIA-II[29] (http://isorropia.epfl.ch), was used to cal-
culate the equilibrium phase state and composition of inorganic
aerosol systems containing NH

4
+, SO

4
2−, NO

3
-, Cl-, Na+, Ca2+,

K+, Mg2+, aerosol liquid water content, and partitioning of semi-
volatile species (e.g. particle nitrate, NO

3
-, and gas phase nitric

acid, HNO
3
). ISORROPIA-II was run in forward mode, which

results in more robust and accurate predictions of pH owing
to the sensitivity of reverse mode calculations to measurement
uncertainty.[7,8] The model assumes that fine particles and their
corresponding volatile counterparts are in thermodynamic equi-
librium, which is a good assumption for submicron particles that
are not kinetically limited by size (i.e. in the fine mode)[30,31] and
slow diffusivity in the particle phase. For the selected KORUS-AQ
dataset (<1 kmASL, 45% < relative humidity (RH) < 95%, aver-
age RH: 62±12%; average temperature: 20.2±2.5 °C) the aerosol
tends to be in a liquid metastable state (i.e. no precipitation of salts

1. Introduction
Poor air quality from high concentrations of fine particulate

matter over South Korea has its origin in domestic emissions
from vehicles, industry, and biomass burning, combined with
long-range transport of pollutants from mainland China.[1,2] Be-
cause air quality in South Korea is a mixture of factors such as
regional and local emissions from both anthropogenic and natu-
ral (e.g. dust) sources, as well as meteorological (e.g. wind, rela-
tive humidity) and chemical interactions (e.g. photochemistry),
assessing possible air pollution control strategies in this region
is challenging.[3]

To improve our understanding of poor air quality in South
Korea, the Korean National Institute of Environmental Research
(NIER) and the United States National Aeronautics and Space
Administration (NASA), conducted a field study in South Korea
from 26th April to 18th June 2016.[3]The aim of the Korea-United
StatesAir Quality Study (KORUS-AQ), was to determine the fac-
tors that contribute to the poor regional air quality to aid the devel-
opment of effective air quality mitigation strategies.

During the KORUS-AQ campaign, secondary production of
particulate matter (PM) – organic and inorganic – constitute a sig-
nificant fraction of PM pollution, with significant contribution from
local sources. Since sulfate and nitrate comprised nearly half of the
mass of PM at sizes smaller than 1 µm (PM

1
),[2,4] aerosol acidity,

liquid water content and temperature will significantly affect aero-
sol properties including its mass through the gas-particle partition-
ing of semi-volatile species.[5]More broadly, fine aerosol particle
acidity in South Korea affects air quality and human health and
therefore requires knowledge of aerosol pH levels (e.g. refs. [5,6]).

Given that direct measurement of atmospheric aerosol pH
remains a challenge, there is large uncertainty in this important
parameter.[6]Of all approaches used to date for constraining aero-
sol pH, use of thermodynamic analysis of gas-aerosol observa-
tions together with a model provides the most robust estimates
of aerosol acidity.[6-8]To achieve the most robust pH predictions,
thermodynamic analysis requires observations of all species, both
gas and particle phase, that affect pH. Knowledge of gas-phase
ammonia and particulate ammonium is especially important, ow-
ing to its role as the dominant cation in fine-mode aerosol and
pH-sensitive partitioning. Accurate measurement of ammonia,
especially at low concentrations, is far from trivial[9,10] and sub-
ject to biases from adsorption of NH

3
in instrument inlets and

NH
4
+ volatilization.[11-14] Although aerosol NH

4
+ measurements

are common, measurements of gas-phase NH
3
are often missing

in field studies – including for KORUS-AQ. There is a need to
accurately infer aerosol pH in the absence of gas-phase NH

3
data.

This study aims to accurately determine fine particle pH for
aerosol in South Korea and use this inferred pH to understand the
sensitivity of PMmass to the availability of ammonia and nitric acid
(which are twomajor aerosol precursors). Focusing only on the inor-
ganic fraction of the aerosol, we develop a computationally rigorous
approach to estimate aerosol pH and particle liquid water despite
missing gas-phase ammonia data and apply it to the KORUS-AQ
dataset. We then utilize these data to assess optimal strategies to
control inorganic aerosol mass through reduction of either available
nitric acid or ammonia, based on the new approach from ref. [5]

2. Analysis
Observations were obtained from instruments operated on an

airborne platform, described below. Flight details are given in
Section 3 along with data and their interpretation.

2.1 Instrumentation

Non-refractory PM1 Composition
The CU-Boulder highly customizedAerodyne high-resolution

time-of-flight aerosol mass spectrometer (HR-ToF-AMS) mea-
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enables us to directly determine how change in gas phase species
will elicit a change in PM mass. As it pertains to the KORUS-AQ
campaign, we adopt the ref. [5] threshold value for nitrate and
ammonia partitioning that separates each regime at the 10% level.
For example, for nitrate this means that when more than 10% of
the total nitrate is in the particle phase, we would expect PM re-
sponses to NO

3
- precursors to be significant.

2.3 Nitrate Partitioning Constrained pH (NPC-pH)
When the thermodynamic model is run in forward mode, input

of semi-volatile species (i.e. those that can exist in particle- or
gas-phase) are assumed to be total gas and particle concentrations.
As in this study, when NH

3
data is unavailable, the total NH

3
will

be lower than the true value, as some fraction of the total NH
3
is

actually in the gas phase. In these cases, neglecting gas-phase NH
3

results is an overestimation of particle acidity – often by about 1
pH unit.[36] It is therefore highly desirable to have an approach that
can provide more realistic estimates of aerosol pH.

To address the above issue, past studies have proposed an it-
erative approach to calculate pH and gas phase ammonia data (e.g.
ref. [41]) that involves running ISORROPIA-II (without gas-
phase ammonia) to retrieve the predicted equilibrium gas phase
ammonia concentration from the model output. This equilibrium
NH

3
along with the measured NH

4
+ is then used as total ammonia

input for the next ISORROPIA-II iteration (which eventually adds
some mass to the system), holding all other input values constant.
After each such iteration, convergence is checked by examining
whether the values of gas-phase NH

3
agree to within a predefined

criterion. This method, however, is unconditionally unstable, i.e.
the method does not converge when an increasingly strict criterion
is used (see Fig. 2 for a schematic).

To demonstrate this, Fig. 3 presents how pH and gas-phase
NH

3
change with iteration; a stable algorithm would eventually

converge to values that do not change with iteration; in reality NH
3

and pH increase monotonically (but initially with very small in-
crements per iteration – which can be misinterpreted as conver-
gence) without a bound. This instability is not unique to
ISORROPIA-II, but inherent to the algorithm and should apply to
any thermodynamic model, as the amount of total ammonia with
every iteration increases – without any bound. Applying a less

Fig. 2. Method from ref. [41] for constraining aerosol pH in the absence
of NH3 data.

under supersaturated conditions.[29,32,33] Efflorescence typically
occurs for RH between 10-30%, however, such humidity points
were not considered in our analysis.

While ISORROPIA II can handle systems containing non-
volatile cations (NVCs), such as Na+, K+, Mg2+, and Ca2+, they
were not considered in the analysis owing to their very low con-
centration (Fig. 1) and minor impact on aerosol pH;[14] as well as
the fact that much of the NVCs were in the super-micron
mode.[34,35]A sensitivity calculation, using SAGA measurements
(as it includes aerosol with size less than 4.1 μm) as an upper
limit of submicron NVCs pH confirms this (Table S1).

ISORROPIA II is used to calculate the pH of aerosols. pH is
defined as:

where g
H+

is the hydronium ion activity coefficient – here as-
sumed to be unity, (mol L-1) hydronium ion concentration
in aerosol liquid water, (µg m-3) hydronium ion concentra-
tion per volume of air, and Wi (µg m-3) and Wo (µg m-3) are the
particle liquid water concentrations associated with inorganic
and organic species, respectively. AlthoughWo can be estimated,
e.g. through the hygroscopicity parameter,[36] its effect on pH, to-
gether with organic effects on the activity coefficient, are second-
ary - introducing somewhere between a 0.15 and 0.30 pH units
change.[8,36,37]Note Equation 1 is consistent with the ‘pH

F
’defini-

tion of ref. [6].
As applied here, the thermodynamic analysis provides pH

consistent with ‘bulk’ pH, which assumes that particles are inter-
nally mixed. This assumption tends to provide good estimates of
pH for submicron particles, given that the equilibrium assump-
tion is largely satisfied and semi-volatile partitioning of gases
such as NH

3
and HNO

3
is well captured.[6,38] Internal mixing is

achieved in a few hours in polluted areas due to rapid secondary
aerosol production.[39,40]Both the ground AMS[1] and the aircraft
AMS[2] saw no evidence of external mixing based on the mass
size distributions of the individual components (Fig. S2), so the
internal mixing assumption is appropriate. Furthermore, for the
aerosol considered here, organic species are highly oxidized, and
the humidity levels are above 40%, so that phase separation or
semi-solid conditions are not expected to frequently occur - hence
acidity inferences using the single-phase metastable aerosol as-
sumption tend to work well (see ref. [6], and references therein).

The results of the thermodynamic analysis are then combined
with the conceptual framework of ref. [5] to identify the chemi-
cal domains of PM mass sensitivity to HNO

3
and NH

3
availabil-

ity for this observational dataset. These sensitivity domains are
characterized as: i) primarily NH

3
-sensitive; ii) primarily HNO

3
-

sensitive; iii) combined NH
3
and HNO

3
sensitive; and, iv) HNO

3
/

NH
3
insensitive. This thermodynamically consistent approach

Fig. 1. Average inorganic PM1 mass composition throughout the entire
study and for altitudes below 1km. Average total mass is 22 µg m-3.

𝑝𝑝𝑝𝑝 = −𝑙𝑙𝑜𝑜𝑜𝑜��(𝛾𝛾��𝑝𝑝��� ) = −𝑙𝑙𝑜𝑜𝑜𝑜��(���� ��� ���������� ) ≈ −𝑙𝑙𝑜𝑜𝑜𝑜��(���� ��� ������� ) (1)
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evant from an air quality perspective (the RH in the sampling line
was often significantly lower, but exposure to these low levels of
humidity is too short to have a significant impact on semi-volatile
nitrate and ammonium[42,43]). The RH range was chosen to ensure
robust estimations from the thermodynamic model. Data for RH
> 95% were excluded owing to the exponential growth in particle
liquid water with RH, which leads to high W

i
and subsequently

large pH uncertainty owing to propagation of RH uncertainties.[36]
Guo et. al.[41] suggests that below RH of 40%, pH estimations are
subject to considerable uncertainty owing to the low aerosol liquid
water and other uncertainties, which limits the ability to capture
the observed partitioning of nitrate and other species. Data points
above the boundary layer are possibly included in the analysis,
but the low RH values typically exclude them. From this filtering
process, a total of 11 of the total flights were analyzed and are
summarized in Table S2.

3. Results

3.1 Sensitivity Studies to Evaluate the New NPC-pH
Algorithm

The NPC-pH algorithm for predicting pH without NH
3
data

was assessed based on a synthetic dataset for which aerosol is
in perfect thermodynamic equilibrium. To this dataset, random
variability is added to the concentration of semi-volatile species
(within a predefined but relatively wide range). The NPC-pH al-
gorithm was applied to the original and noisy synthetic data sets,
to predict pH. The aerosol acidity obtained from NPC-pH was
then compared to the pH of the initial data where the aerosol was
in equilibrium with all species. The robustness of the acidity to
noise level is important, especially given that aerosol semi-vola-
tile species could be in disequilibrium.

The synthetic data was constructed of aerosol precursor val-
ues relevant for KORUS-AQ conditions: total NO

3
concentra-

tion ranged from 0.2 to 110 µg m-3 allowing for ε(NO
3
) to range

strict upper bound would result in an arbitrary estimate of total
ammonia, which requires some prior knowledge on NH

3
levels to

provide realistic values of pH (which is what ref. [41] adopted).

As an alternative to the ref. [41] algorithm, we propose ameth-
od to infer pH calculations from thermodynamic analysis of ob-
servations when NH

3
data are lacking. This approach involves us-

ing an algorithm that is tied to the observed nitrate/nitric acid par-
titioning (hereafter referred to as ‘nitrate partitioning constrained
pH’, NPC-pH) to infer gas-phase NH

3
concentrations required

for plausible pH predictions. Fig. 4 summarizes the methodology
behind this approach. The observed NH

4
+, total nitrate, and nitrate

partitioning fraction, ε(NO
3
) – defined as the fraction of total ni-

trate (gas + aerosol) present in the aerosol phase – are used as in-
put to an iterative algorithm that determines the value of gas-phase
NH

3
that, together with the observed value of NH

4
+, temperature,

and relative humidity reproduces the observed ε(NO
3
) to some

predetermined level of accuracy. The thermodynamic calculations
required for each step in the iterative procedure are done with
ISORROPIA-II. Upon convergence (here, to within 10-6 between
iterations), particle liquid water, H+

air
concentration, and particle

pH are obtained and used for further analysis. In the following,
we assess the predicted pH with NPC-pH, which together with
aerosol liquid water content is needed to determine an effective
PM control strategy.

Nitric acid can condense onto fine mode and coarse particles
containing non-volatile cations (from seasalt or dust). Because
of this, nitrate may over time volatilize and recondense onto
coarse mode cations forming nonvolatile species (in the form
of Ca(NO

3
)
2
, NaNO

3
and other salts). This disequilibrium will

lead to a gas phase HNO
3
concentration which is lower than the

equilibrium value expected from the PM
1
composition and higher

than the corresponding value based on the coarse mode composi-
tion. Given that the equilibration timescale of submicron aero-
sol is much smaller than for coarse mode particles, the degree
of disequilibrium between the PM

1
nitrate and gas-phase HNO

3
is much smaller than that for coarse mode nitrate. We therefore
assume that the PM

1
semi-volatile inorganic species (NO

3
-, NH

4
+)

are in equilibrium with their gas phase components (HNO
3
, NH

3
).

Analysis carried out by ref. [14] supports this approach.

2.4 Data Selection and Analysis
Data points were filtered for conditions where ambient relative

humidity (RH) fell within the range of 45-95%, and flight altitude
below 1 kmwhich is often within the boundary layer andmost rel-

Fig. 3. Total ammonia (blue) and pH (red) as a function of iteration num-
ber using the algorithm from ref. [41].

Fig. 4. The nitrate partitioning constrained pH (NPC-pH) method to ob-
tain aerosol pH from nitrate partitioning observations.
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from 0-0.95. Total SO
4
and total NH

4
+ concentrations ranged

from 0.1-10 µg m-3 and 0.2-110 µg m-3, respectively, and ε(NH
4
)

ranged from 0-1. The total Cl concentration was kept constant at
0.50 µg m-3 and NVC concentrations were set to zero. Tempera-
ture was kept constant at 298K, and the RH ranged from 45-95%.
Comparing the equilibrium partitioning retrieved from the syn-
thetic data (without added noise) to that generated from the algo-
rithm resulted in nearly perfect agreement between the two quan-
tities, when ε(NO

3
) was greater than about 40% (Fig. 5). Higher

sensitivity of low ε(NO
3
) values to pH and gas-phase NH

3
results

in more scatter in ε(NO
3
) generated from the algorithm for ε(NO

3
)

< 0.4. Average pH for the whole synthetic dataset for equilibrium
and NPC-pHmethod are 2.14 ± 1.33 and 2.26 ± 1.25, respectively
while the average LWC for equilibrium and NPC-pH method are
42.50 ± 137.85 µg m-3 and 42.25 ± 137.93 µg m-3, respectively.
The large standard deviation is a result of a wide range of condi-
tions tested during the analysis.

To ascertain how uncertainties in nitrate partitioning (i.e. de-
viations from thermodynamic equilibrium) would impact pH in-
ferences from NPC-pH, random noise at the 1-50% level is added
to the original ε(NO

3
) values from the synthetic dataset. Reap-

plication of NPC-pH to the noisy datasets then quantify the effect
of this noise to the inferred pH. The method used to add noise is
shown in Equations 2 and 3

Where ε(NO
3
)
Rnd

is ε(NO
3
) with added random noise X that is

symmetrical about zero and scaled to the magnitude of ε(NO
3
);

F is the maximum fractional noise level (ranging from 0.01-0.5
to express a noise level of 1-50%) and Rnd is a random number
between 0 and 1, generated by the ‘rand()’ pseudorandom number
generator available in the Matlab® environment.

𝑋𝑋 = 2F �− ��+ 𝑅𝑅𝑅𝑅𝑅𝑅� 𝜀𝜀(𝑁𝑁𝑁𝑁�) (2)

𝜀𝜀(𝑁𝑁𝑁𝑁�)��� = 𝜀𝜀(𝑁𝑁𝑁𝑁�) + 𝑋𝑋 (3)

Results from this sensitivity analysis reveal that a 50% relative
error in ε(NO

3
) resulted in an average absolute error in pH of

0.28±0.45 units, and explained as follows. Fig. 6 presents ε(NO
3
),

ε(NH
4
) and pH for T= 288 K, and with average ISORROPIA-

predicted liquid water content (13.78±10.52 µg m-3) and activity
coefficients (0.125 and 1.794 for g

NO3
-g

H+
and g

H+
/g

NH4
+, respec-

tively) derived from the KORUS-AQ flight data analysis (Table
S1). In the blue region, where ε(NO

3
) approaches 1, we observe

that a small uncertainty in ε(NO
3
) can result in significant chang-

es to pH. In the pink region, however, we would expect that even
large changes in ε(NO

3
) would only result in minor changes to pH.

Evaluating 0.2< ε(NO
3
) <0.8 from the synthetic data resulted in

an average absolute error in pH of 0.21±0.15 units. Therefore, pH
predictions using this method are reasonably accurate, especially
when considering the inherent uncertainty of pH inferences using
thermodynamic models[6] and the low sensitivity of pH to NH

3
inferences error (about a factor of 10 error in NH

3
provides a pH

error of 1 unit, regardless of acidity regime.[44,45]

3.2 Aerosol Acidity During KORUS-AQ
KORUS-AQ integrated aircraft and ground-based measure-

ments, and satellite observations. The campaign was conducted
over South Korea (33 and 39 °N, 124 and 130 °E) and theYellow
Sea during the months of May and June in 2016. Flight tracks
for the DC-8 during KORUS-AQ are shown in Fig. 7, colored
by measured concentrations of NO

3
-. Most flights focused on the

western region (35 and 38 °N, 126 and 127 °E) of South Korea
extending into theYellow Sea. Major emitters of NO

X
are the Tae-

an coal power plant (36.90 °N, 126.23 °E), Dangjin power plant
(37.06 °N, 126.51 °E), andYeongheung power station (37.24 °N,
126.44 °E) – which are all within the region of observed high
nitrate concentrations.[46-48] Increased nitrate levels observed in
Table S1 for Asia are most likely the result of emissions from ve-
hicular traffic and power plants, and active photochemistry[2] and
nighttime nitrate formation from N

2
O

5
hydrolysis.[4]More details

on KORUS-AQ flights can be found in Nault et al.[2]
Measurements of HNO

3
and NO

3
- indicate that ε(NO

3
) most of

the time (approximately 92%; Fig. S4) falls between 0.1 and 0.9,
indicating that aerosol nitrate levels will be sensitive to pH (i.e.
reside in the ‘sensitivity window’[37]Fig. 6). Of the remaining 8%,

Fig. 6. Particle phase fraction of total nitrate, (NO3
-) (blue curve) and total

ammonium, (NH4
+) (red curve) versus pH for a temperature of 288 K and

an aerosol liquid water content of 13.78 mg m-3. The pink zone is a regi-
on where PM is sensitive to both HNO3 and NH3. Following the approach
of ref. [5], the dotted black line represents a pre-defined threshold,
below which the aerosol is deemed insensitive to changes in NH3 and/
or HNO3.

Fig. 5. Comparison of equilibrium nitrate partitioning retrieved from
synthetic data vs. the value from the NPC-pH method. Meteorological
conditions in the synthetic dataset cover an RH of 45-95%, Temperature
298K and SO4, NO3

T, NH4
T of 0.1-10 μg m-3, 0.2-110 μg m-3, and 0.2-110

μg m-3, respectively. Non-volatile cation concentrations were set to zero,
and Cl- concentration was kept constant at 0.5 μg m-3.
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SAGA measurements of NVCs (which includes aerosol with
size up to 4.1 μm) is within 1% of that predicted, consistent
with the impact suggested in ref. [14]. We also do not consider
the contribution of organic nitrates to the total amount of nitrates
(which constitute less than 10% of the total nitrate, hence have
a minimal impact on liquid water content and pH, based on the
analysis in Section 3.1).

Particle pH is affected by several coupled variables such as
particle nitrate and nitrate partitioning levels. Higher ambient par-
ticle pH is often associated with higher concentrations of particle
nitrate.[14]This occurs when nitrate aerosol (usually in the form of
ammonium nitrate) dominates the aerosol liquid water content; in
such situations, the aerosol can contain considerable amounts of
aerosol water but maintain small amounts of H+ in solution – as
it tends to combine with NO

3
- to form volatile HNO

3
. In contrast,

when aerosol liquid water is controlled by hygroscopic sulfates,
significant amounts of H+ can exist in solution (e.g. from the
semi-volatile partitioning of NH

4
+ to form NH

3
) as its tendency

to associate with HSO
4
-, SO

4
2- is relatively weak and sulfates are

involatile. This general effect of higher (lower) pH associated with
higher (lower) NO

3
has been seen in a number of other field cam-

paigns (see comparisons in Table S1). In Cabauw, Netherlands
during the summer Guo et al.[38] reported an ε(NO

3
) of 88%, with

a corresponding pH of 3.3±0.5. Both quantities are higher than the
values found for the KORUS-AQ campaign. The pH of aerosol in
Beijing, China in the summer was found to be 3.9±1.3 for nitrate
levels that are higher than those measured for the South Korean
data (Table S1).

3.3Acidity and PMSensitivity Regimes toNH3 andHNO3
During KORUS-AQ

Nenes et al.[5]developed a framework that allows PM sensitiv-
ity to NH

3
and HNO

3
availability to be determined from aerosol

acidity and liquid water content. This framework directly deter-
mines effective PM reduction policies – which is important given
recent work identifying NH

3
reductions over other policies (e.g.

NO
X
and SO

X
reductions)[49,50]as the most effective for PM reduc-

tions, and the dominance of PM in the region by ammonium and
nitrate (22.2 and 36.6%, respectively; Fig. 1). PM can refer to any
size cut, but mostly refer to PM

1
or PM

2.5
– the former being the

one used in this study.
In its simplest form, the Nenes et al. framework[5] is expressed

in terms of a ‘policy map’ (Figs. 8 and 9) characterized by four
distinct regimes: one, shaded pink, where ε(NO

3
) is small and

ε(NH
4
) is large (i.e. the majority of nitrate resides in the gaseous

phase and ammonium in the particle phase, defined by a relevant
threshold); here PM mass responds proportionally to changes in
the total ammonia but tends to be insensitive to total nitrate chang-
es. For this reason, Nenes et al.[5] characterize PM in this regime
as being ‘NH

3
sensitive’. The opposite is seen in the blue-shaded

regime, as the majority of nitrate resides in the aerosol phase and
ammonia in the gas phase. For this reason, Nenes et al.[5] charac-
terize PM in this region as being ‘HNO

3
sensitive’. In both acidity

regimes, partitioning may not be strongly affected by pH changes,
therefore uncertainties in its exact value carry minor implications
for PM sensitivity to available ammonia and nitrate. In the purple
acidity domain, however, which Vasilakos et al.[37] term ‘sensitiv-
ity window’, PM tends to respond to both HNO

3
and NH

3
emis-

sions, as an important fraction of both species is in the aerosol
phase.[5]Here, rather precise knowledge of aerosol pH is important
– as variations to within one unit usually imply a large change in
the partitioning fraction for each semi-volatile species, hence PM
sensitivity. The fourth domain, colored white, is characterized by
low nitrate and ammonium partitioning fraction, and PM is then
relatively insensitive to changes in NH

3
and HNO

3
availability.

From the histogram of observed nitrate partitioning (Fig. S4),
we expect a large fraction of the data to lie in the HNO

3
-NH

3

approximately 6% of these partitioning values fall below 0.1,
while 2% of all nitrate partitioning measurements were greater
than 0.9, where nitrate partitioning is expected to be less sensitive
to pH changes. Given this and the sensitivity analysis of Section
3.1, the NPC-pH algorithm can provide robust estimates of aero-
sol pH for the majority of the KORUS-AQ data. We find that the
average pH for all flights was 2.43±0.68 (Table S1), while the
average acidity between flights varied between 1.74 and 2.90
(Table S2). These pH levels are similar to what has been reported
by others in the region for spring/summertime conditions; spring
in Beijing, China (pH range= 1.8-4.3) (ref. [6] and references
therein).

The inorganic fraction of the KORUS-AQ aerosol is domi-
nated by sulfate, ammonium, and nitrate (Fig. 1). Since, as al-
ready mentioned in the methods, the relative mass concentra-
tions of NVCs to other major inorganic ion components are low,
we assume the formation of nonvolatile salts (e.g. Ca(NO

3
)
2
and

Na(NO
3
)) negligibly impact the pH derived from nitrate par-

titioning. This assumption is valid as the pH calculated using

(a)

(b)
Fig. 7 (a) Flight trajectories for altitudes below 1km during KORUS-AQ,
color mapped by NO3

- levels. Highest concentrations of NO3
- observed

near Seoul, for which NOX emissions are dominated by the transportati-
on and energy industries. (b) NOX emission sources in Korea labelled by
industry.
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sensitive domain. As distribution of nitrate partitioning is toward
the high end of ε(NO

3
) for the study (average nitrate partitioning

value of 58±24%), PM
1
reductions would be sensitive to reduc-

tions in HNO
3
– hence NO

X
reductions. Indeed, if the pH and

aerosol liquid water content for the KORUS-AQ data are plotted
on the policy map (Fig. 8), the data reside in the domain where
HNO

3
or a mix of HNO

3
-NH

3
controls are generally the most ef-

fective routes for reduction of inorganic PM
1
mass for the time

period of the study.
The above analysis can be further expanded to consider only

PM levels above a regulatory mass threshold, as PM control poli-
cies are most effective when relevant for the high PM levels seen
in pollution events. To assess this, we plot all the available data on
the policy map, but with points color-coded with PM level (Fig.
10). For PM levels exceeding e.g. 30 μg m-3, HNO

3
is always an

effective control strategy, while NH
3
is effective for about half the

points. The relatively fewer cases that fall into the NH
3
-sensitive

domain are characterized by low PM levels, hence less important
to control. Given that dry deposition dominates the loss of bound-
ary layer PM during haze episodes, and the expected low deposi-
tion rate of nitrate when ε(NO

3
) is relatively large Nenes et al.[51]

further emphasize the need to control NO
x
, as such conditions

favor the rapid accumulation of available HNO
3
– and buildup of

the high levels of NO
3
-seen in the observations (Fig. 1).

It should be pointed out that although the analysis determines
effective emissions controls for data collected within the 1 km
from ground level, we do not imply that policies should be applied
only at the local level. It is well known that long-range transport
of pollutants can bear a considerable contribution to PM levels,
and also help precondition the aerosol and its sensitivity regime by
affecting its LWC and pH. Therefore, an effective policy should
ideally combine reductions in emissions that address both remote
and local sources. Towards this a full back-trajectory analysis of
each observation would provide valuable insights on the origin
and relative importance of long-range transport – but is left for a
future study.

4. Summary and Broader Implications
Accurate estimates of atmospheric aerosol acidity are impor-

tant for understanding a number of atmospheric processes sensi-
tive to pH. Here, we present a method – called NPC-pH - for

estimating aerosol pH, through thermodynamic analysis of ob-
servations that lack gas-phase ammonia measurements. NPC-pH
is based on the observed gas-to-particle partitioning of nitrate in
the absence of ammonia measurements and is shown to perform
much better than a previously proposed algorithm that iterated for
total ammonia (using aerosol ammonium as an initial guess), as
the latter is shown to be unconditionally unstable. NPC-pH is also
shown to provide robust pH levels that are relatively insensitive to
nitrate partitioning errors.

Applying NPC-pH to airborne observations collected from
the NASA/NIER KORUS-AQ field campaign in South Korea re-
sulted in pH predictions (pH=2.43 ± 0.68) that are consistent with
published estimates in this region and season. The pH and LWC

Fig. 8. Chemical domains for entire KORUS-AQ study data. Larger frac-
tion of data falls in HNO3 sensitive region as a result of moderate-high
values of nitrate partitioning.

(a)

(b)
Fig. 9. Chemical domains for (a) flight 15 and (b) flight 19. For Flight 15,
a significant number of its data points are characterized by low nitrate
partitioning values (approx. 30%). Flight 19 is characterized by high le-
vels of particle nitrate, and moderate to high levels of nitrate partitioning.
For these reasons, PM would be sensitive to NH3 (HNO3) for flights 15
and 19, respectively.
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Fig. 10. Chemical domains for entire KORUS-AQ study data, with sym-
bols colored by the value of PM.

calculated from our thermodynamic analysis and the approaches
of refs. [50,51] determine the ‘chemical regime’of PM sensitivity
to ammonia and nitrate availability, and, ‘dry deposition veloc-
ity regime’ of inorganic nitrogen (which controls the lifetime,
hence accumulation, of nitrate in the boundary layer during haze
episodes). For KORUS-AQ, we found that the aerosol formation
is often in the NH

3
and HNO

3
-sensitive or HNO

3
-sensitive zone,

while a small fraction (4%) of the points fall in NH
3
-limited re-

gion near the Yellow Sea, Jeju Island, Busan and Eastern Sea.
Nevertheless, when PM levels are high, the data always lies in the
HNO-sensitive or HNO

3
-NH

3
sensitive region. Under these con-

ditions, we conclude that HNO
3
reductions prove to be the most

effective for all conditions examined, and that NH
3
emissions

would only partially be effective in reducing PM levels – espe-
cially given that during pollution episodes, the pH and LWC lev-
els promote rapid accumulation of nitrate aerosol in the boundary
layer owing to its slow dry deposition.[51] A complete in-depth
analysis of the complex chemistry and contributions of different
sources however is required to fully assess the most effective
NO

X
emission controls to reduce HNO

3
production, as well as un-

derstanding the origin of NO
X
(local vs. long-range transport) for

amost effective policy. Towards this, back-trajectory analysis and
regional modeling can provide the insights required for this im-
portant analysis. Source attribution information can also be rep-
resented on the policy maps shown here to understand their role
in shaping the acidity, liquid water, and PM sensitivity/deposition
regimes to further refine types of policies that could be effective
during pollution episodes. Although much of the measurements
analyzed here are close to ground, considering the difference in
conditions between ground-level and aloft (particularly the ef-
fects of temperature and RH) on the conclusions derived will
always be an important aspect that should be considered. And,
as our algorithm is applied to other ambient data sets in the fu-
ture, we suggest that a future study focusing on lab experiments
dedicated to assessing the NPC-pH method stringently would be
highly desirable.

Despite the benefits of controlling PM formation to reduce
ammonium-nitrate aerosol and PM mass, we must consider that
the acidity domain can significantly affect other processes and
sources of aerosol toxicity.[52,53] It was shown that acid-driven dis-
solution of transition metals (e.g. Fe, Cu) can potentiate health
effects such as cardiovascular morbidity and mortality through
oxidative stress.[54,55] If emissions controls, in an attempt to reduce
PM levels also lead to reduction in pH, this may unintentionally
increase aerosol toxicity with adverse health effects in humans.
Lastly, increased aerosol acidity can impact the deposition pattern

of reactive nitrogen[51] and bioavailability of micronutrients (e.g.
Fe, P) with both synergistic and/or antagonistic effects on remote
ecosystems.[56]
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