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Abstract. Aerosol acidity is a key parameter in atmospheric aqueous chemistry and strongly influences the
interactions of air pollutants and the ecosystem. The recently proposed multiphase buffer theory provides a
framework to reconstruct long-term trends and spatial variations in aerosol pH based on the effective acid dis-
sociation constant of ammonia (K N, )- However, non-ideality in aerosol droplets is a major challenge limiting
its broad applications. Here, we introduced a non-ideality correction factor (cpi) and investigated its governing
factors. We found that besides relative humidity (RH) and temperature, cyi is mainly determined by the mo-
lar fraction of NO; in aqueous-phase anions, due to different NHjlr activity coefficients between (NH4)2SO;4-
and NH4NO3-dominated aerosols. A parameterization method is thus proposed to estimate cy; at a given RH,
temperature and NO5' fraction, and it is validated against long-term observations and global simulations. In the
ammonia-buffered regime, with cpi correction, the buffer theory can reproduce well the K N, Predicted by
comprehensive thermodynamic models, with a root-mean-square deviation ~ 0.1 and a correlation coefficient
~ 1. Note that, while cy; is needed to predict K :,NH3 levels, it is usually not the dominant contributor to its
variations, as ~ 90 % of the temporal or spatial variations in K:,NH3 are due to variations in aerosol water and

temperature.

1 Introduction

Aerosol acidity strongly influences the thermodynamics and
chemical kinetics of atmospheric aerosols and is therefore
one essential parameter in evaluating their environmental,
health and climate effects (Pye et al., 2020; Zheng et al.,
2020). However, direct measurements of aerosol pH in the
real atmosphere are not available so far (Pye et al., 2020; Li
et al., 2020). The fast equilibrium with ambient air, tiny vol-
ume, and high ionic strength and nucleation potential are the
main challenges for measurements, especially online or in
situ measurements. Several groups are developing new tech-
niques for this purpose (Wei et al., 2018; Craig et al., 2018;
Li et al., 2020; Ault, 2020). For example, Wei et al. (2018)
developed an in situ Raman microscopy method for pH mea-

surements in microdroplets (diameter ~ 20 um), with an un-
certainty of ~0.5 pH units. Craig et al. (2018) and Li et
al. (2020) developed colorimetric analyses on pH-indicator
papers for aerosol pH measurement, which exhibit uncer-
tainties of around 0.4-0.5 pH units. These currently available
techniques, however, still need to be developed further for
real atmospheric applications.

Due to the lack of direct measurements, modeling tools
have been intensively used to calculate the aerosol pH (Foun-
toukis and Nenes, 2007; Fountoukis et al., 2009; Clegg et
al., 2001; Zuend et al., 2008). The results of thermodynamic
models are subject to uncertainties in the input parameters
(Fountoukis et al., 2009; Pye et al., 2020; Weber et al., 2016;
Guo et al., 2016; Guo et al., 2018; Pye et al., 2018; Tao and
Murphy, 2019; Hennigan et al., 2015; Guo et al., 2015; Peng
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et al., 2019). For example, Hennigan et al. (2015) revealed
the importance of including gas-phase species in the input,
in addition to the full aerosol composition measurements
(Fountoukis et al., 2009). Guo et al. (2015) suggests overall
uncertainties of ~0.2-0.5 pH units related to aerosol com-
position. Pye et al. (2020) reviewed major thermodynamic
models and showed that the estimated acidity among differ-
ent models was on average 0.3 pH units but sometimes as
much as 1 pH unit.

The recently proposed multiphase buffer theory shows that
globally most of the populated urban areas are within the
multiphase ammonia-buffered regime (Zheng et al., 2020).
In the buffered regions and/or periods, pK; ‘NH, Can serve
as a proxy of aerosol pH, where Kd NH; is the effective
acid dissociation constant of NH3 in multlphase systems
(Sect. 2). Ideally, pK ‘N, s fully determined by aerosol
water content (AWC) and temperature. However, the non-
ideality in aerosols may introduce deviations from the ideal
conditions. Here we investigated such deviation and derived
a non-ideality correction factor for using pK :’NH3 as a proxy
of aerosol pH. Governing factors of the non-ideality correc-
tion factor in aerosol droplets are further explored and dis-
cussed, based on which a parameterization method to esti-
mate the non-ideality correction factors is proposed. We also
estimated that a constant correction factor of pK :’NH3 is of-
ten good enough to predict pH over a period at a given site
or to explain the global pH variations. We thereby provided
a way for pH retrieval when chemical measurements are un-
available for the ammonia-buffered regions and periods.

2 Methods

2.1 Effective acid dissociation constant as a proxy of
aerosol pH

2.1.1  Acid dissociation constant of NH3z in bulk

solutions, Ky

The definition of acids and bases have been evolving over
time. The pioneering Arrhenius theory defined a base as a
substance that dissociates in water to form hydroxide (OH™)
ions (Pfennig, 2015). Therefore, an Arrhenius base can be
expressed as BoOH, which dissociates in water as

BAOH=Ba" +O0H", (1a)
with the corresponding base dissociation constant Ky, being
Kp = [BA*][OH™]/[BAOH]. (1b)
In combination with the water dissociation of
H,O=H"+OH", Ky, = [HT][OH ], ()

the corresponding acid dissociation constant, defined as
K, = Ky /Ky, is thus (Egs. 2-1)

B} + H,0 = BAOH+H", K, = [BAOHI[H']/[B{]. (3)
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The later Brgnsted—Lowry theory defined a base as a pro-
ton acceptor (Pfennig, 2015) and is expressed as By, here.
In this sense, an Arrhenius base BAOH is not regarded as a
Brgnsted base but rather as salts. The dissociation reaction
for a Brgnsted base is expressed as

BpL +H,O = Bg H" +OH",
Ky = [BgLH1[OH " 1/[BgL], )

and the corresponding K, is thus (Eqgs. 2—4)
Bp H™ = BpL +H", Ky = [BpL][H")/[BLtH']. (5

As NH3z(aq) is actually the water adduct of NH3, it is of-
ten expressed equivalently as NHz(aq) = NH3*H>O(aq) =
NH4OH(aq). In this sense, it can fit in the category of both
definitions. In the Arrhenius definition, the base BAOH =
NH4OH, namely B = NHI. Therefore, K, NH; 1s (Eq. 3)

= [NH4OH(aq)][H"]/[NH} ]
= [NH3(aq)I[H*]/[NH; 1, (©6)

KaNH;

while with the Brgnsted—Lowry definition, the base is Bgp, =
NH3(aq), and K, NH; is (Eq. 5)

KaNH; = [NH3(ag)I[HT]/[NH] ], (7)

which is the same as Eq. (6). Therefore, a different defini-
tion of bases for the ammonia family (Bx = NH} or BgL.
= NH3(aq)) will lead to the same expression of K, NH;, as
defined in Zheng et al. (2020). The same applies for other
volatile weak bases.

2.1.2 |deal multiphase acid dissociation constant of NH3

The multiphase effective ac1d dissociation constant of NH3
under ideal conditions, K a NH , depends only on AWC and
temperature as (Zheng et al., 2020)

[H* (ag)]([NH3(aq)] + [NH3(g)])

K*,i
[NH (aq)]

a,NH3 —

Pw
—K 44— ),
a’NH3< + HNH3RTAWC>

where AWC is in micrograms per cubic meters and is mainly
determined by air particulate matter concentrations and RH.
The py, is water density in micrograms per cubic meter, and
AWC / py, represents the aerosol water volume mixing ra-
tio in the air in (m> water)/(m? air). The [NH3(g)] represents
equivalent molality (in mol kg ") of gaseous NH3 in solution
(see details in Zheng et al., 2020). The Hnn, is Henry’s law
constant of NH3 in mol L~ latm™!, R is the gas constant of
0.08205 atmLmol~! K1, and T is temperature in K.

For typical ambient conditions when AWC varies between
1 to 1000 ugm™3, the [NH3(g)] is usually 10° to 10% times
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larger than [NH3(aq)], and the above equation can be simpli-
fied into

«i _ [H*(aq)][NH3(2)]
oNHs 7 INHS (aq)]

Pw
SN G, RTAWC

=K (8a)

Taking negative lognormal on both sides, we have a pH
that is related to pK 'y, (i.e., —logK,\y,) as (Zheng et al.,
2020) )

[NH3(g)]

H=pKk"l +log— ="
PE T PR, 08 N Ga)

(8b)
The multiphase buffer capacity of the NH3—NHZ pair
reached its local maximum when pH = pK,\y,, namely
when [NH3(g)] = [NHI(aq)]. At a given AWC and T,
K N, 1S constant.

2.2 Influences of non-ideality on aerosol pH

For ambient aerosols, the ionic strength (/) is high, and the
non-ideality must be considered. Under such non-ideal con-
ditions, the multiphase equilibrium of NH3 should be ex-
pressed as (Zheng et al., 2020)

i
Ka,NH3 -

(NH; () [INH3(2)] + NH; (aq) [NH3 (a@) D) (v+ [HT (aq)])
yNHI [NHI (aq)]

Pw
= K, NH; ma 9
where yy is the activity coefficient for species X. Note that
Eq. (8a) is the simplified expression of Eq. (9) under ideal
conditions when all activity coefficients are unity.

Activity coefficients for gases, like yNH;(), are usu-
ally treated as unity. Again, for typical ambient con-
ditions [NH3(g)] is much larger than [NHj3(aq)], and
YNH;3(aq)[NH3(aq)] can be omitted. Equation (9) can thus be
simplified into

i v [HT @q)]INH3(g)]

= 1
a,NHj [NH] (aq)] (10)

+
YNH}

Under non-ideal conditions, pH is usually defined by the pro-
ton activity; i.e.,

pH, = —log(yy+[H*]). (11)

However, in thermodynamic models that are most commonly
applied in current global models (ISORROPIA II, MOSAIC,
etc.), the pH is usually defined as free-H™ molality (Pye et
al., 2020); i.e.,

pH = pH; = —log([H"]). (12)
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The difference in activity- and molality-defined pH (i.e., pH,
and pHF) has been discussed in a previous study (Pye et
al., 2020), which shows that deviations of pHf from pH,
are larger at lower RH and are usually within 1 unit when
RH > 60 % (Pye et al., 2020). To be comparable with results
in previous studies, the pH we discuss hereinafter follows the
free-H' molality definition. Discussion based on activity-
defined pH is detailed in Appendices A and B.

Now we define the multiphase effective acid dissociation

constant under non-ideal conditions, K;*", as

wni_ INHy(@)I[H" (aq)]
o.NH; [NH (aq)]

(13a)

which is related to the constant under ideal conditions, K ’i,
by (Egs. 9, 10, 12 and 13)

0 yNHI *,1
a,NH; — Vit a,NH3
_ Nmf Pw

K . 13b
“N i, RTAWC (130)

And the free-H™ molality pH is therefore (Egs. 13a, b)

[NH3(g)]

pH = —log((HT (aq)]) = pK ¥y, +log ——=—.
N [NH; (aq)]

(13¢)

We now define the non-ideality correction factor cp; to rep-
resent the difference in pH caused by non-ideality. Based on
Eqgs. (8b) and (13c), cy; is therefore

cni = PK Wiy, — PR N, - (14a)
And combining Egs. (13b) and (14a), we have
YNH+
cni = —log 04 (14b)
YH*

Equation (14b) shows the intrinsic determining factors of
Cni» 1.€., Vnu} and yy+. Major influencing factors of cp;

are therefore those influencing the activity coefficients (see
Sect. 3.1).
When yyy+ and yy+ are not available, the cy; can be alter-

4
natively calculated by (Eq. 13a, b)
Cni = PK;’ni - PK:’i

— lon [ NH3@IH (ag)]
=—1lo
[NH; (aq)]

Pw
log| K _ . 14c
+ g( a,NHj HNH3RTAWC> (14¢)
Equation (14c¢) is valid as [NH3], [NHI] and [H'] concen-
trations will vary as a result of changing cp;. Note that while
[NH3]/ [NHI] and pH variations can reflect the cy; varia-
tions and therefore can be used to derive cy;, they are not the
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determining factors of cyi. As shown in Eq. (14b), cy; is de-
termined by VNH and yg+, which further depends mainly

on RH, temperature and the fraction of NO3 in anions (see
Sect. 3.1).

For some thermodynamics models that predict both the
activity coefficients of ions and the gas—particle partition-
ing of species like the E-AIM model (Sect. 2.3), cp; can be
derived either from Eq. (14b) (activity-based) or Eq. (14c)
(gas—particle partitioning based). However, current atmo-
spheric chemical transport models usually adopted the more
computation-efficient thermodynamic models (ISORROPIA
I, MOSAIC, etc.), in which only the mean activity coeffi-
cient of an electrolyte species ij in water, y;;, is derived,
where i is a cation, while j is an anion (Pye et al., 2020;
Fountoukis and Nenes, 2007; Zaveri et al., 2005). For these
models, we cannot directly derive VNHF OF Vit and ¢y is
derived through Eq. (14c) (i.e., from the predicted [NH3],
[NH; 1, [H"] and AWC).

2.3 Model simulations

Thermodynamic models. Here we used the E-AIM model
(model IV; http://www.aim.env.uea.ac.uk/aim/aim.php, last
access: 18 November 2021) (Clegg et al., 1992; Wexler and
Clegg, 2002; Friese and Ebel, 2010) to predict both the activ-
ity coefficients for individual ions and the gas—particle par-
titioning. The E-AIM model adopted the Pitzer—Simonson—
Clegg model (Clegg et al., 1992, 1998) to calculate single-
ion activity coefficients, which includes most comprehensive
conditions and has been used as a benchmark (Clegg et al.,
1992; Hennigan et al., 2015; Pye et al., 2020). Therefore,
both the activity-based pH (pH,, Eq. 11) and the free-H™
molality pH (pHf, Eq. 12) can be derived (Appendix B).
In addition, we also adopted the ISORROPIA v2.3 model
(Fountoukis and Nenes, 2007) for comparison, which is
computational effective and has been commonly adopted in
global and regional models. To reduce the computational
cost, the ISORROPIA model calculated only the binary ac-
tivity coefficients y;; using the Kusik—-Meissner relation-
ship and Bromley’s formula (Fountoukis and Nenes, 2007).
Therefore, only the free-H' molality pH (pHf, Eq. 12) can
be derived in ISORROPIA (Appendix D). For example, for
a HCI droplet, both yHi(aq) and ycl.ag) are calculated in
E-AIM, while only the mean binary activity coefficient of
YH-Cl = /VH+(aq) YCl-(aq) 1S estimated in ISORROPIA.
Global models. Spatial variation in cp; was studied based
on the two global models. The global GEOS-Chem model
simulations (v11-01) were conducted at a resolution of 2°
latitude x 2.5° longitude with 47 vertical layers for 2016.
Detailed model settings are provided elsewhere (Zheng et
al., 2020). The global EMAC (ECHAMS/MESSy?2 for At-
mospheric Chemistry) model was run at a resolution of T63
(i.e., ~1.8° x 1.8° at the Equator) with 31 vertical levels for
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2016. Detailed EMAC model settings are provided in Ap-
pendix C.

3 Results and discussion

3.1 Influencing factors of the non-ideality coefficient

All activity coefficients first depends on RH and tempera-
ture. In addition, for ammonium-buffered ambient aerosols,
major anions paired with NHZ or HT are NOj; and SO; .
The ratio of mean activity coefficients is therefore expected
to differ when they are mainly combined with SOi_ (.e.,
YNH4HSO4/ YH-HSO4) 0o NO3™ (i.e., YNH,NO3/VHNO;)-

Figure 1 shows the dependence of cy; under different sys-
tems (Appendix A), as predicted by the gas—particle portion-
ing (Eq. 14c) with E-AIM (Fig. 1a, c, e) and ISORROPIA
IT (Fig. 1b, d, f). Based on both models, cy; differs much
between the NH3—H,>SO4 system (Fig. 1a, b) and the NH3—
HNO3-H,SO4 system (Fig. 1c, d), even at the same RH and
temperature. The difference is still large when compared at
the same ionic strength and temperature (Fig. Al), illustrat-
ing that the difference is mainly due to the ion-pair specific
binary activity coefficients, yl.o. (Zaveri et al., 2005; Foun-
toukis and Nenes, 2007; Clegg et al., 1992) (Appendix B;
Fig. B1).

Due to the large difference in cp; between NH4NO3 and
(NH4)2SO4-dominated aerosols, the cp; at a given RH and
temperature conditions is therefore sensitive to the anion pro-
files, as characterized by the fraction of NO3_ in anions(aq),

fNo;’ of

fxo; (keq/ueq) = [NO5 (aq)]/[anions(aq)], (15a)

[anions(aq)] = 2[SO; (aq)]+[NO; (aq)]+[Cl~(aq)]. (15b)

The fNO; is proportional to NOj3 '/ SO?[ molar ratios when

CI™ is negligible. In comparison, the cation profiles, or
the relative abundances of non-volatile cations (NVCs; total
cations from Na*, Ca?*, Kt and Mg?"), play a minor role
as their influence is more indirect (Fig. le, f).

3.2 Comparison of ¢ estimated by E-AIM and
ISORROPIA

As discussed in Sect. 2.2, for E-AIM ¢y, can be estimated
either by activity coefficients (Eq. 14b) or gas—particle por-
tioning (Eq. 14c¢), and the results agreed perfectly (black lines
in Fig. 2). Therefore, the cy; estimation with E-AIM is calcu-
lated by the gas—particle portioning (Eq. 14c) hereinafter, the
same as for ISORROPIA.

Although showing the same influencing factors, cp;
estimated by E-AIM and ISORROPIA is not identical
(Fig. 1). Especially for the NH3-H;SO4-H>O system

https://doi.org/10.5194/acp-22-47-2022


http://www.aim.env.uea.ac.uk/aim/aim.php

G. Zheng et al.: Non-ideality in a multiphase buffer system

¢, by E-AIM

£ o (a) 09

L2

> £

= 0.8

Qs T

TS

Ty O

@) 0.7

2, &

<+

Tz

= £ 0.6

pzd 270 280 290 300

Temperature (K)

g (c) 09

o T

v 2

> ®

oo 0.8

QUE =z

TS ¥

d” C‘)” 0.7

zz

T T

T Z 0.6

Z 270 280 290 300

Temperature (K)

(e)

'+ = 1

Q 8

A @ 08

TE S

5% o

Z 7 £

T ' n04

F2 g

T 0.2

+Z. kS

S S o
S 0 01 02 03 04
i NVCs / anions(aq)

51

c,; by ISORROPIA

(b) 02
0.8
T
nd
0.7
0.6
270 280 290 300
Temperature (K)
(d) 0.9
0.8
T
14
0.7
0.6
270 280 290 300
Temperature (K)
()

-

in anions(aq)
o
[o2)

0.6
' n04
S
< 02
o
S o
o 0 01 02 03 04
- NVCs / anions(aq)

Figure 1. The non-ideality correction factor, ¢y, estimated by E-AIM (a, ¢, e) and ISORROPIA (b, d, f) for different acrosol systems. (a,
b) NH3-H,>SO4-H,O system with aerosols dominated by (NH4),SO4 at varying RH and temperature conditions; (¢, d) NH3—-HNO3-H,;O
system with aerosols dominated by NH4NOj3 at varying RH and temperature conditions, and (e, f) NaT™-NH3-HNO3-H,S04-H,O system
with varying chemical profiles at 288.15K and RH of 73 %. The chemical profiles in (e) and (f) are characterized by the fraction of NO5’
in anions(aq) and NVCs / anions(aq), where the non-volatile cations (NVCs) are assumed to be Nat only here. The assumed RH and T
conditions in (e) and (f) are marked as blacked stars in (a)—(d), while the chemical profiles of (a)—(d) are marked by the corresponding letter

in (e) and (f), respectively.

(i.e., (NH4)2SO4-dominated aerosols), E-AIM (Fig. 1a) and
ISORROPIA (Fig. 1b) even predicted reversed trends in cpj
dependence on RH and temperature. This is more clearly
shown in Fig. 2 (blue dots), where c,; by E-AIM and
ISORROPIA in the same conditions (i.e., same RH, tem-
perature and chemical profiles) is compared. As shown in
Fig. 2a, while cy; predicted by E-AIM ranged —0.3 to
0.5 for (NH4)2SO4-dominated aerosols, that predicted by
ISORROPIA was always larger than 0.1. This is mainly
caused by the difference in calculated activity coefficients
between ISORROPIA and E-AIM (Eq. 14b; see details in
Appendix D, Figs. D1 and D2).

https://doi.org/10.5194/acp-22-47-2022

Despite the large difference in predicted cp; for the NH3—
H,S04-H»0 system, the E-AIM and ISORROPIA models
generate similar predictions of AWC and therefore a sim-
ilar ideal constant of K: ’§H3 (Fig. D1a). Combined with
different cyj, this would lead to a different prediction of
[H*(aq)][NH3(g)]/ [NHI(aq)] by the two models (Eq. 14c).
However, with the constraint of charge balance and mass
conservations of ammonia (Appendix D), the disagreement
in the predicted molar ratios of NH3(g) /NHI(aq) between
these two models is relatively small (4 %—6 %; Fig. D1b),
and most of the c¢p; variations are allocated to the [H], or
pH, predictions (Fig. D1c).

Atmos. Chem. Phys., 22, 47-63, 2022
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Figure 2. Comparison of different cp; estimation methods for three representative aerosol systems. The c,; are compared under the same
conditions (i.e., same RH, temperature and chemical profiles). The x values are cy; estimated by activity coefficients (Eq. 14b) with the
E-AIM model, and the y values include cy; estimated by gas / particle ratios (Eq. 14c) with the E-AIM (black lines) and ISORROPIA (blue

dots) models. The systems are the same as in Fig. 1.

Unlike the NH3-H;SO4-H>O system, cy; estimated by
ISORROPIA generally agrees well with E-AIM when HNOj3
is present in the system (Fig. 2b, c), although it tends to be
somewhat higher than E-AIM. This indicates that constraints
from NH3-HNOj3 equilibriums are quite important in esti-
mating cn; with ISORROPIA (see details in Appendix D).
Under ambient conditions, there is barely places with neg-
ligible HNO3, thus the ISORROPIA-predicted cy,; generally
agreed with E-AIM (Sect. 3.4).

With the known governing factors, here we propose
a parameterization method to estimate cp; at a given
RH, temperature and fNO;, with lookup tables gener-

ated by comprehensive thermodynamic models, E-AIM
and ISORROPIA (“AIM_molality” database and “ISOR-
ROPIA_molality” database as in Data S1). In addition,
the parameterized cp; for activity-based pH (Eq. 11; Ap-
pendix B; Fig. B1) is also available (“AIM_activity” database
in Data S1). A Matlab code to get cp; is also provided
(Data S1). Example slices of this cp; parameterization based
on AIM_molality estimations are shown in Fig. 3. Note that
this parameterization method is aimed at the NH3—HNO3—
H>S04-H,0 system, assuming no NVCs. We will show that
this assumption is acceptable under most cases in the follow-
ing sections.

3.3 Validation and applications with long-term
observations

To validate the cy; parameterization method under actual am-
bient conditions, we here show an example application based
on the long-term measurements in Toronto (Tao and Murphy,
2019) (Fig. 4). From 2007 to 2016, Toronto resides in the
ammonia-buffered regime for ~ 80 % of the time, and the
model-predicted pH based on the measured chemical com-
positions follows nicely with the variation in actual pK;"™
estimated by thermodynamic models (Eq. 14), for both E-

AIM (Fig. 4a) and ISORROPIA (Fig. 4c). Parameterized

Atmos. Chem. Phys., 22, 47-63, 2022
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Figure 3. Example slices of the cp; parameterization based on
“AIM_molality” estimations as given in Data S1 in the Supplement.

cni agreed quite well with the actual ones for both mod-
els (Fig. 4b, d, black circles), with R? being 0.99 in both
cases and the both corresponding root-mean-square devia-
tions (RMSDs) being ~0.1.

Figure 4 also suggests that most of the variation in actual
pK;™ comes from the variation in ideal constants (pK;"),
not the non-ideality. For example, now we assume the full
aerosol and gas measurements were conducted only in a cal-
ibration year of 2012, based on which the annual mean and
monthly mean cy; can be derived (Fig. E1). Annual mean
cni 1s 0.4 for E-AIM and 0.8 for ISORROPIA estimations.
When we use the annual mean c¢y; as a constant correction
(i.e., estimated pK,™ = pK,"'+ annual mean), fluctuation
™ would actually all come from pK;'.

in the estimated pK,
However, this estimated pK;"™ can already explain ~ 90 %
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Figure 4. Comparison of pH and actual and estimated pK :’m
based on the 10-year observations in Toronto. Data were taken from
Canada’s National Air Pollution Surveillance (NAPS) Program, as
detailed in Tao and Murphy (2019). Predications are based on (a—
b) the E-AIM model and (c-d) the ISORROPIA model. The “pa-
rameterized” series in (b, d) are predicted by the parameterization
method proposed with the input of the observed RH, temperature
and model-predicted fraction of nitrates in anions. The annual mean
and monthly mean are based on mean cy; of an arbitrary example
year of 2012.

of the variations in actual pK,"" (red dots in Fig. 4b, d), illus-
trating the dominance of pK;'' (i.e., AWC and temperature
fluctuations) over non-ideality. In comparison, applying the
month-dependent cy; values (blue dots in Fig. 4b, d) makes
little difference with the annual constant estimations (R? dif-
fered only by 1 %).

Figures 4 and El1 illustrate that a constant cy; is often good
enough at a given site. Full aerosol species measurements
for a whole year, or under periods representative of annual-
average conditions (like spring or fall seasons for Toronto;
Fig. E1), are recommended in determining the localized cy;,
which, together with AWC and temperature measurements,
could already provide a good approximation of the aerosol
pH. This is especially useful in retrieving the acidity varia-
tions when full chemical measurements are not available in
the long run.

3.4 \Validation and application against global model
simulations

We further investigated the influence of non-ideality in ex-
plaining the spatial variations in aerosol acidity based on
global model simulations. On the global scale, the fraction
of NOj in aqueous-phase anions depends on two factors: the
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total nitrate (gas 4+ particle phase) to sulfate ratios and the
partitioning of total nitrates. When total nitrate < sulfates,
the aerosols would be dominated by (NH4)>SO4 even if all
the nitrates are partitioned into the particle phase. In this case,
a non-ideality correction factor can be estimated from Fig. 1a
and b at known RH and temperature. However, both GEOS-
Chem and the EMAC results show that this criterion is barely
met for the ammonia-buffered regions. Besides, for all the re-
ported observation results we know of, only the summertime
southeastern US (Weber et al., 2016) has a total nitrate that
is < 5 % of the sulfate (charge ratios). Therefore, under most
conditions, cy; largely depends on the partitioning of total
nitrates, and an estimation of fNO; is needed to derive the
correction factor. . .

Figure 5 shows the estimated pK; ™ against actual pK,"™
based on GEOS-Chem simulations, and that based on EMAC
simulations is shown in Fig. C1. Three scenarios are assumed
to examine the sensitivity of pK; ™ prediction with cp; val-
ues: (a) constant temperature (7)) of 288 K and RH of 73 %,
(b) constant RH of 73 % but with annual-average tempera-
tures for each site, and (c) annual-average 7 and RH for
each site. For all scenarios, annual mean chemical compo-
sitions for the ammonia-buffered surface regions (Zheng et
al., 2020) are used, and cy; is estimated by both E-AIM and
ISORROPIA II models. Similar to Fig. 4, in the “parameter-
ized” series cyp; is estimated by the parameterization method
proposed in this study with RH, T and fNO; at certain model
grids, while in the “global mean” series, cni is assumed to be
constant as the average of actual cy; estimated by the thermo-
dynamic models under each scenario, which is ~ 0.6 for the
E-AIM model and ~ 0.8 for the ISORROPIA model.

Based on GEOS-Chem simulations, the parameterized cp;
(black dots in Fig. 5) work nicely in reproducing actual
pK:™, with R? near 1 under all scenarios and the RMSD
of <0.03 for the ISORROPIA model and ~0.1 for the
AIM model. Again, we found that variations in c¢;; are much
smaller than the variation in pK;"' caused by particulate mat-
ter concentrations and temperatures. With a constant global-
mean cp; correction (i.e., assuming a global average fNO;)

(blue dots in Fig. 5), the estimated pK,"™ can already explain
over 93 % of the variations in actual pK;"™, with/without
considering the influence of meteorology on non-ideality
alike. Correspondingly, it can already explain ~ 70 % of the
aerosol pH variations (Zheng et al., 2020), where the pH is
further subject to variations in NH3(g) and NVCs (Eq. 8;
Zheng et al., 2020).

The EMAC simulations show similar patterns with GEOS-
Chem results. Estimated pK,"™ with the parameterized cy;
corrections agreed well with actual pK;"™, with R? over 0.94
for the E-AIM model and over 0.91 for the ISORROPIA
model (Fig. C1). This is somewhat lower than the Toronto
site (Fig. 4) or the GEOS-Chem result (Fig. 5), which is
due to the larger variations in the simulated chemical pro-
files (e.g., importance of NVCs and Cl17). The constant cy;
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study, while the global means are based on mean c; calculated from thermodynamic models under each scenario.

assumption (blue dots in Fig. C1) works similarly with the
parameterized ones when the influence of meteorology is ex-
cluded (Fig. Cla, d) or when spatial variations in tempera-
tures are considered (Fig. Clb, e). When spatial variations
in both temperature and RH (Fig. Clc, f) are considered, the
constant cp; assumption works worse than the parameterized
ones but is still acceptable (R? being 0.75 for E-AIM and
0.69 for ISORROPIA).

Note that under all conditions, the global mean method
tends to overestimate cn when the actual pK;*™ of NHj is
smaller than 2 (Figs. 5, C1). That is caused by fNO3—. The

low pK;"™ indicates low AWC levels (Zheng et al., 2020)
and relatively low pH levels (Eq. 13). Under such conditions,
HNO3 tends to stay in the gas phase (Nenes et al., 2020), cor-
responding to a low fNo; of ~ 0. In comparison, the global-

mean cy; corresponds to the global-mean simulated fNo; of
~0.4. As cpj increases with increasing fNO3— (Fig. le, 1),

the global-mean cp; would tend to overestimate actual low
pK;™ conditions (i.e., < ~2).

4 Conclusions

Overall, we found that the non-ideality correction is needed

for using pK;'™ of NH; as a proxy of aerosol pH in

Atmos. Chem. Phys., 22, 47-63, 2022

ammonia-buffered regimes. This correction factor, cp;, gener-
ally ranges from 0.3—1.1 and mainly depends on RH, temper-
ature and the fraction of nitration in aqueous-phase anions.
E-AIM generally predicted a lower cp; than the ISORROPIA
model. We proposed a parameterization method to estimate
the cni, which works quite well, as validated against both
long-term observations and global simulations. Although the
correction is needed in estimating the ammonia pK,"" lev-
els, the variations in pK;"™ is often much less sensitive to
the non-ideality than to aerosol water content and temper-
ature. Therefore, a constant correction factor of pK ;" NH; is
often good enough to predict pH over a period at a given site,
or to explain the global pH variations. We thereby provided
a way for pH retrieval when chemical measurements are un-
available for the ammonia-buffered regions.

Appendix A: Scenario settings for different systems

In Figs. 1, 2, Al, B1, D1 and D2, we assumed three systems,
with the settings detailed below.

NH3-H>S04—H>0O system. For this system, we assumed
a constant input with 0.5umolm™2 of total sulfate (i.e.,
1 peqm—3of anions) and 2 umol m~3 of total ammonia. This
ratio is to ensure that the system pH is around the maximum
buffering capacity of ammonia. However, we found that for
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Figure A1. Ionic strength (/) and the non-ideality correction factor, cyj, as calculated by E-AIM (a, ¢, €¢) and ISORROPIA (b, d, f) under
different aerosol systems. The systems are the same as in Fig. 1, while the RH in Fig. 1a—d and cy,; in Fig. 1e—f are replaced by /.

the ISORROPIA model, the solver with only ammonia and
sulfate inputs is not stable, with the predicted pH often larger
than 7. We thereby introduced 0.015 umol m—> of Nat (3%
of the total sulfate molar concentrations or 1.5 % of the an-
ions), which exerted little influence on the ionic environ-
ments (difference in E-AIM results less than 3 %) but will
change the ISORROPIA subroutine solver called. The RH
and temperature are then varied at different values to check
the influence.

NH3-HNO3-H>O system. For this system, we assumed
a constant input with 1umolm™> of total nitrate (also
1 uegm—3of anions) and 2 umolm™3 of total ammonia and
then varied the RH and temperatures to derive non-ideality
correction factors.

Nat-NH3;-HNO3;-H,S04~H>0 system. For this system,
we fixed the RH at 73 % and temperature at 288.15K,
2 umol m—3 of total ammonia and a fixed concentration of
total anions of 1 ueqm™3. The nitrate / sulfate ratios are then
varied (but keeping their total charges the same) to get dif-
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ferent nitrate fractions. For example, when the input sulfate
is 0.25 umol m—> equalling 0.5 peqm™> of anions, the input
total nitrate is then set to 0.5 umol m™—3, corresponding to a
total anion of the system of 1 yeqm™3. Meanwhile, the ratio
of NVCs (here assumed to be Na™ only) to anions is also
varied and combined with the different nitrate / sulfate ratios
to generate different simulation conditions.

Appendix B: Non-ideality correction factor for
activity-based pH definitions

With an activity-based pH definition (i.e., pH= —log(yy+
[H]), the multiphase buffer theory can be rewritten as

[NH3(g)]
[NH; (aq)]

#,nia

a,NH; — (yu+ [H+ (aq)]) = VNHZ' K Z:II\IH3

).
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pH = —log(yu+[H" (aq)])
i [NH3(g)]
=pK 4y +log ——=—| (B1b)
N INHY (ag))
where K M S the multiphase effective acid dissociation

constant under non-ideal conditions. The difference in pH
caused by non-ideality, cpia, is therefore
cia = PK;™ — pK = —log - (B2)
That is, the non-ideality correction factor for activity-based
pH is actually the VNH] > which can be calculated with the
more comprehensive models like E-AIM. The E-AIM cal-
culated mole-fraction-based activity coefficient ( f;) that can
be converted to the molality-based activity coefficient (y;) by
(Pye et al., 2020; Peng et al., 2019)
Yi = fixw = fixi/(mi My), (B3)
where x; and m; are, respectively, the mole fraction and mo-
lality of species i and x,, and My, are, respectively, the mole
fraction and molecular weight of water. All these variables
are given in E-AIM outputs. Major influencing factors of cpi,
are also RH, temperature and the fraction of NO; in anions
in the aqueous phase (aq), as shown in Fig. B1.

Appendix C: EMAC model settings

In this section, we will only focus on the model settings
for EMAC simulations, while for the GEOS-chem model
settings, please refer to Zheng et al. (2020). We used the
global ECHAM/MESSy Atmospheric chemistry — Climate
(EMAC) model, which is a numerical chemistry and cli-
mate simulation system that includes submodels describing
tropospheric and middle-atmosphere processes and their in-
teraction with oceans, land and human influences (Jockel et
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al., 2010). The core atmospheric model is the 5th genera-
tion European Centre Hamburg general circulation model
(ECHAMS) (Roeckner et al., 2006), which has been mod-
ularized and which improved submodels and updates of
boundary layer, radiation, cloud and convection routines
have been introduced. The EMAC model development is
coordinated within an international consortium: see https:
/Iwww.messy-interface.org (last access: 18 November 2021).
For the present study we applied EMAC (ECHAMS ver-
sion 5.3.02, MESSy version 2.54.0) in the T63L31 resolu-
tion, i.e., with a spherical truncation of T63 (corresponding
to a quadratic Gaussian grid of approximately 1.8 by 1.8°
in latitude and longitude) with 31 vertical hybrid terrain-
following pressure levels up to 10hPa in the lower strato-
sphere. Meteorological conditions as in ERA-Interim data
from the European Centre for Medium- range Weather Fore-
casts (ECMWF) were simulated by the model by applying a
“nudging” technique (Jockel et al., 2006). EMAC simulates
gas-phase and heterogeneous chemistry through the MECCA
submodel, which accounts for the photochemical oxidation
of natural and anthropogenic emissions, including a com-
prehensive account of volatile organic carbon compounds
(Sander et al., 2019). Aerosol microphysical processes and
gas—particle partitioning are simulated with the GMXe sub-
model (Pringle et al., 2010; Pozzer et al., 2012), which de-
scribes the aerosol size distribution by seven interacting log-
normal modes (four hydrophilic and three hydrophobic). The
aerosol composition can vary between these modes (exter-
nally mixed) and is uniform within each mode (internally
mixed). The inorganic aerosol composition is computed with
the ISORROPIA-II thermodynamic equilibrium submodel
(Fountoukis and Nenes, 2007). It calculates the gas—liquid—
solid equilibrium partitioning of inorganic compounds and
water. The composition and atmospheric evolution of or-
ganic aerosol compounds is simulated with the ORACLE
submodel, which represents volatility classes of organics
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through their effective saturation concentrations (Tsimpidi et
al., 2018). For this work the anthropogenic emissions from
EDGAR (Emissions Database for Global Atmospheric Re-
search v4.3.2) (Crippa et al., 2018) were applied, as well as
the GFAS (Global Fire Assimilation System, v1.0) (Kaiser et
al., 2012) for biomass burning emissions. The EMAC results
are shown in Fig. CI1.

Appendix D: Potential reasons for discrepancies in
predicting aerosol pH by ISORROPIA and E-AIM for
the NH3-H2S04-H-0 system

In this study, we applied ISORROPIA version 2.1 (Foun-
toukis and Nenes, 2007) and E-AIM (model 1V; http://www.
aim.env.uea.ac.uk/aim/aim.php, last access: 18 November
2021) (Clegg et al., 1992; Wexler and Clegg, 2002; Friese
and Ebel, 2010), and the following description and discus-
sion refer to these versions of the models. For the NH3—
H>S04-H,0 system, we found that by assuming the same
input of 0.5 umol m~3 of total sulfate (i.e., 1 peqm>of an-
ions) and 2 umol m—3 of total ammonia and varying the RH
(60 %9—90 %) and temperatures (265-300K), ISORROPIA
predicted a very high aerosol pH of about 13 (12.6-13.2),
while the E-AIM-predicted pH ranged from 2-5, which is
obviously more realistic. However, by introducing only an
small amount of Na™ (0.015 umol m~3 or 3 % of the total sul-
fate), the ISORROPIA-predicted pH dropped dramatically to
2-5 (Fig. D1), while the E-AIM-predicted pH changed little
compared to the no-Na* predictions (pH increased systemat-
ically by 0.03 with both R? and slope being 1). Besides, the
predicted pH assuming only HNO3 and NH3 inputs (NH3—
HNO3;-H,O system) agreed well between ISORROPIA and
E-AIM.

We found that the dramatic changes in ISORROPIA-
predicted pH levels with or without small amounts of Na™
and NO5 additions are related to the different calculation
procedures among subcases. Here we focused on subcases
under the metastable and sulfate-poor (i.e., total potential
cations, including total ammonia ([NH3];) and NVCs, exceed
twice the molar ratios of total sulfate ((H,SO4];)) conditions.

In ISORROPIA, when there are only NH3 and H,SOq4 (i.e.,
the “pure” NH3-H;SO4-H,>O system), the corresponding
subcase is “A2”. As detailed below, for this subcase, activ-
ity coefficients included in the final calculations are yH.HsO,,
¥2H-s0, and yNH,—Hs0,. As shown in Fig. D2a—c, for all
these three values, there is a large difference between E-AIM
and ISORROPIA estimations (note that log scales are used
for yn.Hso, and y>H—so, plots). Therefore, it is not surpris-
ing that there is a large discrepancy between the predicted pH
from subcase A2 of ISORROPIA and E-AIM.

In comparison, the subcase would change to “D3” when
HNO3 is introduced to the system. As detailed below, for this
subcase, only yNH,-NO; is involved in the calculations. As
shown in Fig. D2d, although ISORROPIA still shows a dif-
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ferent trend than E-AIM, it is, however, at least on the same
order of magnitude as the one predicted by E-AIM.

By introducing a small amount of Na™ into the NH3—
H>S0O4—H>0 system, the calculation procedure of ISOR-
ROPIA would change from A2 to G5 (an Na™-NHj3—
H,S0O4—HNO3-HCI-H, O aerosol system). For the G5 sub-
case, we noticed two issues: (1) although the total HNO3 is
zero, the model still tried to predict yH—No; and yYNH,-NO3 3
(2) as it was using CI™ as the x variable for the final solu-
tions, a small amount of CI™ was always present, which was
introduced by the model so the calculation procedures could
go on. The relevant values are shown in Fig. D2e. In com-
parison, E-AIM predicted no NO;™ or Cl7, and the activity
coefficients of other relevant species change little with the
no-Na* case. Therefore, we could not perform a comparison
between ISORROPIA and E-AIM for this case (as there is
no yNos or yc; in E-AIM). Based on the pH and non-ideality
comparisons (Fig. D1), however, we could see that the NH3
partitioning estimated in this way is far more realistic than
the A2 subcase.

Calculation  principles  for  subcase A2 (an
NH3—-H>S04—H> O aerosol system). For the subcase A2, the
major constraining equations include the [SOﬁ_] /[HSO, ]
equilibriums, gas—particle partitioning of ammonia and
charge balance:

HSO; = H' +507",
[H*(aq)I[SO; ™ (aq)] YH"@a) Y502 (aq)
[HSO, (aq)]

Kauso, =
YHSO0; (ag)

B [H+(aq)][SOif(aq)] V23H-so4(aq) (D1a)
- [HSO, (aq)] VPZI.HSO4(aq)7
NH; = NHj(aq) + H",
Kag NH3 = Kw/Kbg NH;
[H* (aq)][NH3(2)1Vt1+ (aq)

[NHI (aq)] yNHI (aq)

_ [H*@QIINH3(@)] Viihs0uag) Dlb)

[NHI (aq)] V1\21H4-Hso4(aq)
([NHI] + [H+])/(2[Soi_] —[HSO,]) - 1=0.

(Dlc)
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of NHj3 indicates the molar ratios of NH3(g) to particle-phase NHI.

With these three equations and known total ammonia
([NH3];) and total sulfate ([H»SO4]¢), we have

[NH3],Cas[H1/(1 4 C25[H*]) + [H']

— [H2S041,2C1/[HT 1+ 1)/(14+C/[H ) =0, (D2)
)’2
where Ci= Ka,HSO4M, while
Y2H-50,4(aq)
2
Cys= PH-HS04(00) . The only unknown is thus [H*],

- Kag,NH; VI\21H4-HSO4(aq)
which can thus be solved by bisection solution processes.
As shown in the equation, activity coefficients that matter in
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2
. VH-HSO,
in €y and _Hs0s60

YNH,-HSO4(aq)

2
i : : VH-HSO,
solving this system include —y44d

Y2H-504(aq)
in C 2S-

Calculation  principles  for  subcase D3  (an
NH3—-H>S04~HNO3—H; O aerosol system). For the subcase
D3, the major equilibriums considered is the gas—particle
partitioning of ammonia and nitrates of
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Figure D2. Comparison of activity coefficients for different species. (a—c) Comparison of activity coefficients involved in ISORROPIA
A2 subcase calculations, as predicted by ISORROPIA and E-AIM. (d) Comparison of activity coefficients involved in ISORROPIA D3
subcase calculations, as predicted by ISORROPIA and E-AIM. (e) Mean activity coefficients predicted by ISORROPIA that are involved in

ISORROPIA G5 subcase calculations.

NH; = NHz(aq) + H,
Kag NH; = Kw/Kbg NH;
[H* (aq)][NH3(2)1¥41+ (aq)
[NH 0]Vt (ag)

_ [H*@q)IINH3(®)] ¥ixosg)
~ [NHjGg)] V1\21H4-N03(aq) ,
HNO3(g) = HT +NO3,
Kag HNO;
_ [H* (aq)]INO3 (a)1¥t1+(aq) YN0 (aq) O
[HNO3(2)]vuN0;(g)
Note that in subcase D3, yy+ /J/NHZr is estimated by

(VH-NO3/YNH,-N03 )%, 1Ot (VH-HSO,/VYNH,—HS0,)° as in sub-
case A2.

These two equilibriums are further combined to be
[NO3 (aq)][NH; (aq)] Kag HNO,

3= = .
[HNO3 (g)] [NH3 (g)] Kag,NH3 ngIH4—NO3

As to the charge balance, here only major species are re-
garded as

[NH (aq)] = 2[SO;~ (aq)] ++ [NO3 (aq)]
= 2[H,SO04]; + [NO;3 (aq)].

(D3)

(D5a)

(D5b)
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Combining Egs. (D5a) and (D5b), at given total nitrate
([HNOs];, namely [NO5 (aq)] + [HNO3(g)]) and [NH3]; (=
[NHj(aq)] + [NH3(g)]) levels, the solution function can be
expressed as

[NHJ (aq)] [NO5 (aq)]
[NH3(g)] [HNOs(9)]
[NHJ (aq)]
(INH3]; — [NH; (ag)])
(INH; (aq)] — 2[H2S04]0)
([HNOs]; 4 2[H2S04]; — [NH] (aq)])

C3=0,

—C3=0, (Do)

where the only unknown is [NHj(aq)] and can be solved
through the bisection method. As shown in the equation, the
only activity coefficient that matters in solving this system is
(VNH4—NO3 )2 in C3-

Calculation  principles  for  subcase G5 (a
Na™-NH3-H,SO4~HNO3-HCI-H,0  aerosol  system).
For the subcase G5, the major equilibriums considered
are the gas—particle partitioning of NH3, HNO3 and HCI,
while sulfate is considered to exist mainly as [SOi_(aq)].
General derivation processes are similar with D3 and are
also detailed in a previous study (Song et al., 2018). Briefly,
the key equilibriums include that of HNO3 (Eq. D4) and
HCI of
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HCI(g) = H' (aq) + Cl™ (aq),
[H+(aQ)] [C1™ (ag)]yu+ (aq)YCl~ (aq)

Kag no1 = [HCI(®)lyncie
_ [H+(aq)][Cl_(aq)]V§-c1’ (D7)
[HCl(g)]
which can be combined into
C4 = §nNos /§Hc1 = [g?é;i?zgigljz)]]
_ Kaginvos ia (D8)

P .
Kag,HC] yH-NO3

Therefore [NO3 (aq)] and [HNO3(g)] (=[HNO3]; — [NO3
(aq)]) can be solved at known assumed [Cl™ (aq)].

The [NHI(aq)] associated with Cl~(aq) and NOj (aq),
[NH;{(aq)]Nc, is solved by

(INHJ (aq)Inc)® — B[NH (ag)Inc + C =0, (DY)
where

B = [NH3]; + [Na™] — 2[H,S04]; + [C] (aq)]
+[NOj3 (aq)] + Csy.

C = ([NH3]; + [Na™] — 2[H,SO4]1)([C1 (aq)]
+[NO3 (ag)]) — Ciy (2[H2S04]; — [Na ™)),

2
YH-NO3(aq)

where Con = . And with [NHI(aq)]Nc, we

Ay
Kag,NH3 VX1, -NO3 (aq)
have

[NH; (aq)] = [NH] (aq)Inc +2[H2S04] — [Na™],
[NH; (2)] = [NH3]; — [NH; (aq)].

The system then solves the equation sets through the bisec-
tion method by assuming a series of [C1™(aq)] levels.

As shown in the equations above, activity coefficients that
matter in solving this system (Eqs. D8-D9) include yH_Noj;,

yH-c1 and YNH,-NO;-

Atmos. Chem. Phys., 22, 47-63, 2022
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Appendix E: Information for the assumed calibration
year of 2012 in Toronto site (Fig. E1).

E-AIM model
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Figure E1. Monthly variation in (a, ¢) NO3- fraction in anions(aq) and (b, d) the corresponding non-ideality correction factors for the
Toronto site in 2012. The data are estimated by (a-b) the E-AIM model and (c—d) the ISORROPIA model. The black dash lines represent
the annual mean levels. The box and whiskers represent the 10th, 25th, 50th, 75th and 90th percentiles, while the red markers represent the
monthly means.
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