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Abstract.

Dissociation of organic acids is currently not included in most atmospheric aerosol models. Organic dissociation in aqueous
aerosols could alter the H™ concentrations and affect the cloud activating properties. We implemented a simple representation
of organic dissociation in a box model version of the aerosol-chemistry—climate model ECHAM-HAMMOZ and investigated
the impact on cloud droplet number concentrations and short-wave radiative effect through changes in kinetically driven sulfate
concentrations in an aerosol population. Organic dissociation has been observed in X-ray photo-electron spectroscopy mea-
surements to be significantly suppressed in the aqueous surface. We therefore additionally introduced an empirical account of
this mechanism to explore the potential further impact on aerosol effects. Malonic acid and decanoic acid were used as proxies
for atmospheric organic acid aerosols. Both acids were found to yield sufficient hydrogen ion concentrations from dissociation
in an aqueous droplet population to strongly influence the sulfur chemistry, leading to enhanced cloud droplet number concen-
trations and a cooling short-wave radiative effect. Further considering surface modulated suppressed dissociation, the impact
on cloud microphysics was smaller than according to the well-known bulk solution organic dissociation, but still significant.
Our results show that organic aerosol acidity can significantly influence predictions of aerosol formation and aerosol-cloud-
climate effects. Furthermore, it may be important to also consider the specific influence of surface effects, also in relation to

bulk solution phenomena such as organic acid dissociation.

1 Introduction

Atmospheric aerosols are an important contributor to Earth’s climate. They may either absorb or reflect heat and sunlight,
directly affecting Earth’s energy budget (IPCC et al., 2007). Aerosols also contribute to the global climate through indirect
effects where they serve as the necessary seeds for cloud formation. The chemical composition of aerosols is complex and
includes numerous organic and inorganic species (O’Dowd et al., 2004; Putaud et al., 2010; Murphy et al., 2006). Organic
compounds have been reported to comprise approximately 20 to 50% of the total aerosol mass at mid-latitude regions (Saxena
and Hildemann, 1996; Putaud et al., 2004) and much higher (approximately 90%) in tropical forests (Andreae and Crutzen,
1997; Roberts et al., 2001; Kanakidou et al., 2005). Significant amounts of organic aerosols (approximately 70%) are also

reported in the middle troposphere (Huebert et al., 2004). Despite their abundance and importance, the organic fraction is the
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least understood component of atmospheric aerosols and the uncertainty around organic aerosols and their interaction with
clouds remains one of the largest overall sources of uncertainty in climate projections (IPCC, 2013; Seinfeld et al., 2016; Legg,
2021). This is due, in part, to a limited representation of organic aerosol (OA) processes and properties in climate models, such
as organic acidity and surface activity of the organic components (Kanakidou et al., 2005; Prisle et al., 2012a; Freedman et al.,
2018; Pye et al., 2020).

The acidity of aqueous aerosol droplets, reported in terms of pH, is one of its most fundamental chemical properties,
driving key chemical reactions that ultimately impact global climate in numerous ways (Ault, 2020). The aerosol acidity
representation in climate models uses observationally-based proxies, which serve as a universal pH indicator in simulations,
however, these proxies do not represent the entire aerosol population accurately (Pye et al., 2020). Studies comparing different
model estimates of pH using the same inputs differ on average by 0.3 pH units (but can vary up to 1 pH unit, increasing
with decreasing relative humidity) depending on the model framework used and the approach for estimating the H activity
coefficient (Peng et al., 2019; Ruan et al., 2022; Battaglia Jr et al., 2021). While gas-particle partitioning and ionic equilibria
are the dominant factors that drive aerosol acidity, models are frequently lacking H that is kinetically generated as a result
of transient gas- and liquid-phase chemical reactions (Li et al., 2022; Tilgner et al., 2013). Additionally, the organic fraction,
which often comprises significant amounts of components with acid functionality, is considered as un-dissociated and the HT
concentration in aerosols is assumed to have no contribution from the organic fraction (Kanakidou et al., 2005; Hennigan et al.,
2015). The dissociation of the organic fraction in aqueous aerosols could play a significant role in the measure of aerosol
acidity and influence chemical processes within the aerosol, such as the oxidation of sulfur dioxide by H,O- and Og3, leading
to increased sulfate concentrations in the aqueous aerosols (Liu et al., 2020). The inclusion of organic dissociation in climate
models could impact fundamental aerosol chemical processes and therefore, have a significant impact on the cloud activation
properties of aqueous aerosols.

Surface active organics (surfactants) have been reported in atmospheric aerosols from many different regions and environ-
ments (Gérard et al., 2016; Petters and Petters, 2016; Noziere et al., 2017; Krofli¢ et al., 2018; Gérard et al., 2019). In liquid
mixtures, such as aqueous solution droplets, surfactants can adsorb at the interfaces, lowering the surface tension and induc-
ing concentration gradients between the droplet surface and bulk solution (Prisle et al., 2010; Bzdek et al., 2020; Lin et al.,
2018; Malila and Prisle, 2018; Lin et al., 2020; Prisle, 2021). The bulk-surface partitioning may be significant in small droplets
like atmospheric aerosols due to the high surface area to bulk volume ratio. Therefore, surface properties should be explicitly
considered to represent surface active aerosols in climate models (Prisle et al., 2010, 2012a).

Synchrotron-radiation-based X-ray photoelectron spectroscopy (XPS) measurements in the surface region of aqueous solu-
tions containing surface-active carboxylate ions have been used to study the acid-base speciation at the surface (Prisle et al.,
2012b; Ohrwall et al., 2015; Werner et al., 2018). These studies revealed that the protonated form of the surfactant carboxylates
was found at an extraordinarily large fraction compared to that expected from the bulk pH. Specifically, (Werner et al., 2018)
found that the surface acid-base equilibrium of mono-carboxylic acids was shifted by 1 — 2 pH units compared to the bulk
acidity across a wide range of bulk pH. Very few studies have investigated the consequences of varying organic acidity on

cloud activation (Tilgner et al., 2021a; Angle et al., 2021; Li et al., 2020; Franco et al., 2021) and to the best of our knowledge,
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organic dissociation accounting for surface specific effects in aqueous aerosols has never been implemented and studied in a
cloud activation model.

In this work, we introduce organic dissociation in the aerosol-chemistry-climate box model ECHAM6.3-HAM?2.3 (Kokkola
etal., 2018; Tegen et al., 2019), and assess its impact on sulfur chemistry and cloud activation process via cloud droplet number
concentrations (CDNC) and short-wave radiative effect (RE), as examples of key processes taking place in organic aqueous
aerosols and droplets. We also implement a simple representation of surface modulated suppressed organic dissociation and

investigate the significance of such an effect for predictions of aerosol-cloud—climate effects.

2 Methods

We first introduce an account of organic dissociation and then augment it with a simple representation to further account for the
surface-driven suppression of dissociation observed in XPS measurements. The impact of organic aerosol acidity and surface-
driven suppressed dissociation on the sulfur chemistry and cloud microphysics is then assessed. We use ECHAM6.3-HAM?2.3
(referred to here as HAMBOX), which is a box model version of the aerosol-chemistry—climate model ECHAM-HAMMOZ
(Tegen et al., 2019). HAMBOX includes the SALSA2.0 sectional aerosol module as described by Kokkola et al. (2018). We
calculate the cloud droplet number concentrations (CDNC) for an air parcel, based on the predicted total aerosol population
sulfate mass accounting for the surface specific effects, and compare to predictions for identical conditions without accounting
for organic dissociation. The resulting CDNC is then used to estimate the short-wave radiative effect (RE) from cloud formation
using the method of Bzdek et al. (2020).

2.1 Aerosol module in HAMBOX

HAMBOX uses the SALSA2.0 aerosol module (Kokkola et al., 2018). In SALSAZ2.0, the aerosol size distribution is calculated
using the sectional approach (Jacobson, 2005) and represented using 10 size bins ¢. Here, we group the 10 size bins into
four sub-ranges: Nucleation (¢ = 1 and 2) with mean particle diameter, d_p =56 nm; Aitken (¢ = 3, 4 and 5) with d_p =160 nm;
Accumulation (7 = 6, 7 and 8) with d_p =485 nm and Coarse (¢ =9 and 10) with d_p = 1.85 um. The initial number concentration
in each sub-range (shown in Table 1) used for all HAMBOX simulations is reflective of a moderately polluted environment
(von Bismarck-Osten et al., 2013). As a property of the sectional approach, when particles grow or shrink out of the boundaries

of their size bins, they are redistributed to new size bins and the new aerosol size distribution is calculated at each time step.
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Table 1. Initial aerosol number concentration in each size sub-range used in HAMBOX SALSA2.0 model.

Sub-range Number concentration [N/cm?] Geometric mean diameter [um] &

Standard deviation

Nucleation 100 0.01 & 1.50
Aitken 400 0.3 & 1.50
Accumulation 200 1.0 & 1.50
Coarse 0 30&2.0

A sulfur chemistry module (Feichter et al., 1996a) is coupled to the growth module in SALSA2.0 through time step. The
sulfur chemistry module feeds in the calculated sulfate mass fraction in the aerosol population to the growth module, the
growth module undergoes an aerosol redistribution and feeds back the new aerosol size distribution and chemical composition
to the sulfur chemistry module, in each time step. The chemical compounds in SALSA?2.0 are represented by model compound
classes: ’sulphate’ (SU), *organic carbon’ (OC), ’sea salt’ (SS), ’black carbon’ (BC) and mineral dust’ (DU). We consider
five different initial conditions with different organic mass fractions, denoted by xoa = {0.2,1}, to represent different en-
vironments where OA have been reported in varying concentrations. For example, in boreal forest environments, OA mass
fraction is reported around 0.6 (Aijili et al., 2019), and in marine environments, around 0.2 (O’Dowd et al., 2004). xoa = 1
is a hypothetical extreme where we consider thhe entire aerosol to contain only organic carbon. The initial mass fractions of
all model compounds in these five conditions are shown in Table 2. Here, the sulfur chemistry module is used to calculate the
total sulfate mass in the aerosol population based on varying hydrogen ion concentration in the aqueous aerosol, considering no
organic dissociation, bulk organic dissociation and surface modulated organic dissociation. Following this, we use HAMBOX

cloud microphysics to calculate CDNC and consequent short-wave radiative effect (RE) for each of these imposed conditions.

Table 2. Initial mass fractions of all model compounds in the five different xoa = {0.2,1} considered.

XOA Sulfate (SU) Organic (OC)  Black carbon (BC)  Sea salt (SS) Mineral dust (DU)
0.2 0.4 0.2 0.05 0.1 0.25

0.4 0.4 0.4 0.05 0.05 0.1

0.6 0.4 0.6 0 0 0

0.8 0.2 0.8 0 0 0

1 0 1 0 0 0

2.2 Cloud microphysics in HAMBOX

The HAMBOX cloud microphysics used in this work includes the calculation of critical supersaturation (.S;) and the activated
fraction (n;) for each bin 7. A detailed description of the parameterizations and equations used to derive these cloud activation

factors are available in Abdul-Razzak (2002) and Abdul-Razzak et al. (1998).
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First, the maximum critical supersaturation (Sy,ax) for the air parcel is calculated by

Se

{0.5 (%>3/2 N (ni‘zc)B/T 1/2?

where 7 is the surface tension correction factor and ( is the correction factor for Kelvin term in the Kohler curve (for details,

Smax =

6]

see Eqs 5 and 6 in Abdul-Razzak and Ghan (2002)). S, is the effective critical supersaturation for the air parcel,

I
§2/3 — Zi:l Ni

= 2
25:1 Ni/sf/g

Here i is the number of bins, .S; is the critical supersaturation for each bin, and IV, is the number of particles in each bin. .S; is
given by

A B
i = - - 1a
S; = exp (Dwet 5 df;) (3)

wet

where Dyt and d,, are droplet diameter and dry particle diameter, respectively. The terms A and B are calculated as

e AM 04 B 6nsM,,
RTpy T Pw

; “)

where M, is the molecular weight of water = 0.018 kgmol~!, 7, is the surface tension of pure water = 0.073 Nm™! , p,, =
1000 kgnf‘3 is the density of water, R = 8.314 JK~lmol~1, temperature T = 293 K and n, is the number of moles of solute
obtained from yoa.

Once the maximum supersaturation of the air parcel is determined, the activation of each bin is determined by comparing
Smax With S;; and S, (the lower and upper critical supersaturation bounds of the bin). The number of activated particles (7;)

in each size bin (z) is given by

n; = 0, if Smax < Sila (5)
log(smax/sil) .

S~ ) f S’L gsmaxgsivu 6
! log(Siu/Sit) 1 : 6)
and
n; =1, if Sj < Smax- @)

Si; and S;,, are obtained using equation 3 for the diameters of the smallest particle (d;;) and biggest particle (d;,) in each size
bin. The average activated fraction for all size bins (n) is then calculated by

n= Zni
SN

®)
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The total number of activating particles is given by the cloud droplet number concentration (CDNC), which is calculated using

the number of activating particles within each size bin,

I
CDNC =) " Nin;. ©
i=1
The CDNC calculated using equation 9 accounting for organic acid dissociation is denoted by CDNCya and the change in
CDNC (ACDNC) with respect to no organic dissociation (CDNCy) is

_ CDNCga — CDNC
ACDNC = N (10)

We estimate the change in short-wave radiative effect (RE) from the change in sulfate mass as a consequence of surface
modulated organic acidity. The change in cloud-top albedo (Aa) at constant cloud liquid water content (LWC = 0.03 gm~3,
Thompson (2007)) is calculated from the change in CDNC (ACDNC) following Bzdek et al. (2020)

Aa =LWC(1-LWC)ACDNC/(3CDNC). (11)
The short-wave radiative effect (RE) is then calculated as
RE ~ — Fy EpweTavcAa, (12)

where Fy = 340 Wm ™2 is the incoming solar flux at the top of the atmosphere. In Equation 12, Eywc = 0.3 is the fractional
coverage of different types of clouds, and Trywwc = 0.76 is the transmittance of the atmosphere at visible wavelengths, constant
for all simulations. For the default HAMBOX cloud microphysics calculations, cloud temperature is taken as 271 K, cloud
pressure is 101 kPa, cloud fraction is 0.3, saturation ratio of gas phase water is 0.3, and updraft velocity is 0.3 ms~!. The

simulation time for all calculations was taken as 1 hour with 1 second time steps.
2.3 Sulfur chemistry in HAMBOX

We use the aqueous sulfur chemistry module of Feichter et al. (1996b) (with modifications described below) to calculate the
total sulfate concentration ([SOZ*]) in the aerosol population from the oxidation of SO, by HoO5 and Og in the aqueous

droplets. The reaction rate for the H,O5 oxidation pathway can be written as:

9 k4 [H204] [SO4

SO7" | = 13

6t[ 1] [H+]+0.1 (13)

where the rate constant k4 is calculated by

ks =8 x 10%exp [ —3650 o1 (14)
‘e P T 208))

where T is the cloud temperature = 271 K. Equation 13 is known to be pH- insensitive (Liu et al., 2020) and is used in this
work to determine the total sulfate concentration from the HoO5 oxidation for simulations where organic dissociation is not

considered.
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To calculate the total sulfate concentration from the HyO2 oxidation pathway accounting for pH dependency arising from
organic dissociation and further surface modulated organic acidity, we follow the procedure given by Liu et al. (2020), which
is valid for pH >2. Here we use the general acid catalysis reaction mechanism where SO, in an aqueous environment exists as
the HSO3 anion and reacts with H,O> in the presence of an organic acid (HA) catalyst, which acts as a proton donor (Maaf}

et al., 1999; McArdle and Hoffmann, 1983). Briefly, the overall reaction mechanism may be represented as

HSO; + H,0, = HOOSO; + H,0 (R1)

HOOSO; +HA — 2H" +S0%™ + X~ (R2)

The rate expression for R1-R2 is

01507 = (k + ’“H[%[f][”) Ko [S03)[H205), (15)
where K, is the thermodynamic dissociation constant of HoSOg3 and k is a constant derived from the reaction rate coeffi-
cient and the thermodynamic equilibrium constants. kg4 is the overall rate constant for the general acid catalysis mechanism
approximated by logkga = —0.57(pK,) + 6.83 (Liu et al., 2020; Drexler et al., 1991).

The total sulfate concentration from O3 oxidation is given by

% [S03 ] = (k51 + [1135*2]> (03] [SO,], (16)

where rate constants k5, and k5o are calculated by:

—4131
ks = 4.39 x 10 exp ( 7 > (17)
kso = 2.56 x 10% exp (_9T%>. (18)

Sulfate concentrations thus calculated in the aqueous phase chemistry module is distributed to pre-existing size bins in
SALSA2.0.

The [H™] concentrations in the sulfur chemistry module are obtained from water and aqueous phase sulfate concentrations.
Here, the default HAMBOX [H*] is denoted by [H" ]y and gives the [H'] concentrations when no organic dissociation (no
diss) is considered.

9
[H ] = B i + LWC[iOl\jIV\]fsoi— g

19)

where LWC is the liquid water content in cloud (gm~3), [SO3 ] is the summation of soluble sulfate in all bins. Mwsoi‘

is the molar weight of the sulfate anion (g mol™!). [H*], ... | is the hydrogen ion concentration obtained from the cloud pH
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(uniform for all bins) set to pH=5, giving initial hydrogen ion concentration ((H Jinitial, €q.19) of 2.5 x 1075 molesl~*. For all
simulations in the sulfur chemistry module, we assume [SO5], [H20O3] and [O3] in cloud are fixed at 5 ppb, 1 ppb and 50 ppb,
respectively (Tilgner et al. (2021b)). We introduce organic dissociation and modify equation (19) to get the total hydrogen ion

concentration in the aerosol population,

CC I [ L R 20)
tot initial © TW(C x MWSO2_ HA”®
4

where [H*]g4 is the concentration of the hydrogen ions dissociated by the OA.

The relative change in hydrogen ion concentration (A[H™]), with respect to *no diss’ is given by

H* ] — [H o

AH'] = [L % 100, 21

] [H*]o
and the corresponding relative change in sulfate concentration compared to 'no diss’ is

SO3~] - [SO3~

A[SO%] = [50i7] - [S01 ]°><100, (22)

[5O3 ]o

where [SO?{} is the sulfate concentration considering organic dissociation and [SO?{] o 18 the sulfate concentration for 'no
diss’.

The [H™ ;04 thus calculated is used to obtain the total sulfate concentration in the aerosol population from H2O5 oxidation
using eq. 15 and from O3 oxidation using eq. 16, for varying conditions of organic dissociation (different [H*]ga from bulk
and surface apparent pK,). The sulfate concentrations thus obtained gives a modified sulfate mass fraction (SU in section 2.1

and table 2) in the entire aerosol population.
2.4 Organic Dissociation

The dissociation behavior of monoprotic and diprotic acids, under similar dissociation environments, differ greatly from each
other and different kinetic equations are used to describe them. We consider both treatments of organic dissociation to show

two examples of dissociation behavior.
2.4.1 Dissociation of monoprotic acids

The dissociation of a monoprotic organic acid (HA) in an aqueous medium may be represented by the equilibrium
HA +H,O = A~ +H30" (R3)

where HT from the dissociation of the organic acid are considered as fully hydrated, such that the concentration of H3O™ is
equivalent to the concentration of hydrogen ions from dissociation of HA.
The equilibrium acid dissociation constant is

AH,0+aA -
K, =22
AHA

7 (23)
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where ap,o+,aa-and aga are the activities of H3O™ cations, A~anions and HA molecules, respectively. Eq. 23, can be
approximated in terms of the molar concentrations and ideal-dilute molar concentration based activity coefficients (v;) of each

species 7 as:

[H3OF][A™] yu,0+ 7a-

K,= (24)
[HA] YHA
Since HA is a monoprotic acid with only one ionsizable hydrogen,
[A7] = [H30"],[HA] = [HAJot — [H307], (25)
where [HA];os is the total concentration of the organic acid. The acid dissociation degree « is defined as
A~ H;0™"

wo A1 [H0Y] (26)

[HA]tot [HA]tot
Combining equations (24) and (26) and approximating 7}133% with the mean activity coefficient v,

a?

K, = [HA]tot T 7+ (27)

11—«
For a highly diluted solution (e.g., [HA];ot <0.001 moll~1), 43 can be assumed as 1. Under these conditions, equation (27)

can be written as

—Ka —+ \/Kg + 4Ka X [HA]tot
o=

2[HA]tot @8
2.4.2 Dissociation of diprotic acids
For a diprotic organic acid (HA), the dissociation of H ions in an aqueous medium occurs in two stages:
HoA +HyO = HA™ +H30™ (R4)
and
HA™ +H,0 = A% + H;0%. R5)

The dissociation constant for R4 is the first dissociation constant of the diprotic acid denoted as K,; and the dissociation
constant for R5 is the second dissociation constant of the diprotic acid, denoted as K,2. The overall dissociation constant of

the diprotic acid is
ﬂ:KalKaQa (29)
and therefore,

pﬁ = pKal + pKa2~ (30)
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Using similar assumptions as the monoprotic acid, for a highly dilute solution, the acid dissociation degree « for a diprotic

acid can be derived as:

1

a=—"—
468[HaAlgor +2

(3D

where, [Ha Aot is the total concentration of the diprotic acid. Thus, based on the known pK, and organic concentrations
[HA]tor and [HoAloy derived from the OA mass fraction, we calculate the dissociation degree («v) of the organic acids, follow-

ing which the amount of HY ions dissociated by the organic acid is calculated for the bulk solution.
2.4.3 van’t Hoff factor for organic dissociation

The dissociation of the solutes influences the available moles of solute in aerosol particles, affecting the water activity and crit-
ical supersaturation calculations in the model. The van’t Hoff factor for organic dissociation (ip4 ) is related to the dissociation

degree, o (shown in eq. 28 and 31) as
iOA =1+ a(nions - 1)7 (32)

where njons 1S the number of ions formed from one formula unit of the organic acid.

The available moles of the solute n, in SALSA2.0 is calculated as
Ns = isUNSU T 10ANOA T isSNSS, (33)

where the ngy, noa and ngg are the initial number of moles of sulfate, organic aerosol and sea salt, respectively, while gy,
10a and tgg are the corresponding van’t Hoff factors. The available molar amount of the solute ng influences the critical
supersaturation of the bins (the Raoult term B in eq. 3) and maximum critical supersaturation Sp,,x, thereby affecting the
critical supersaturation for each bin (.5;) and consequently the activation processes. In SALSA2.0, the sulfate and sea salt are
considered as fully dissociated and igy and igg are set to 3 and 2, respectively. By default, organic aerosol is not considered
as dissociated and ipa is set equal to 1. Here, we assume that the entire organic aerosol is an organic acid and the ipa is
calculated using eq. 32, for the surface and bulk representation of organic dissociation. The total available moles of solute (7,
eq. 33) is thus modified for organic dissociation and is then reflected in the Raoult term, B (eq. 4) which changes the critical
supersaturation S; for each bin. The change in Raoult term and S; from inclusion of organic dissociation in van’t Hoff factor,
ioa, is independent of the kinetic [H™] driven sulfate concentrations in the aqueous aerosol, and is instead a measure of the
change in water activity due to the dissociation of the organic acid and the consequent increase in the number of available

moles of solute, n.
2.4.4 Representation of bulk and surface modulated organic dissociation

We assume the entire OA to be an organic acid and consider it to be dissociated according to « calculated using reported pK,
values from literature, using eqs. 28 and 31 for monoprotic and diprotic acids, respectively. This representation of organic

dissociation does not account for any surface specific effects and represents organic dissociation in the aqueous aerosol bulk,

10



265

270

275

280

285

290

https://doi.org/10.5194/egusphere-2023-438
Preprint. Discussion started: 28 March 2023 EG U
sphere

(© Author(s) 2023. CC BY 4.0 License.

and is denoted as pKP"'¥, For the monoprotic acid pKP"¥ is the reported first pK, readily available from literature, whereas
for the diprotic acid, the sum of the reported first and second pK,, available in literature, is taken as pK ;’ulk (same as pg, eq.
30).

Previous work has shown that for aerosol particles comprising surface active organic acids and their salts, such as sodium
octanoate, sodium decanoate, sodium dodecanoate, and sodium dodecyl sulfate, during major part of hygroscopic growth
and cloud droplet activation, almost all surface active OA is partitioned to the surface (Prisle et al., 2010, 2011; Lin et al.,
2018, 2020; Prisle, 2021; Vepsildinen et al., 2022, 2023). For spherical droplets of diameter Dy,+=0.1, 1, and 10 um, the
surface area to bulk volume ratio (4/V =6/d) is 60, 6, and 0.6 pm’l, respectively (Prisle et al., 2010). Given the high
A/V of small droplets, such as submicron activating aqueous aerosols, and the surface propensity of atmospherically relevant
organic acids, surface specific properties may significantly contribute to, or entirely dominate, the overall aerosol properties
(Prisle et al., 2012b; Prisle, 2021).

Werner et al. (2018) investigated the surface characteristics of butyric and pentanoic acid in dilute aqueous solution (50
mM carboxylic acid) using surface-sensitive X-ray Photoelectron Spectroscopy, and found that the acid-base equilibrium was
systematically shifted in the surface, corresponding to an apparent shift in pK, of the order of 1 to 2 pH units, compared to
the bulk solution. Similar magnitudes of apparent pK,, shift were also previously observed by Prisle et al. (2012b) for dilute
aqueous mixtures of decanoate/decanoic acid and by Ohrwall et al. (2015) for propanoic and octanoic acid solutions. Each of
these organic acids showed significant surface propensity in the aqueous solutions. Here, we introduce a simple implementation
of the surface specific shift in acid/base equilibrium reported in these studies. We introduce acidity in the whole aerosol using
«, and modulate its value to represent observations made in the surface.

The pK, are derived by taking the negative logarithm of the acid dissociation constant from eq. 24, and the p K> and
apparent pK, at the surface, pK Zurf, are related as

pEEt = pPulk o0 (’YH30+7A ) 7 (34)
THA

where ~; denotes the activity coefficient of an ideal dilute 1 molar solution of component ¢. The observed shift in apparent pK,
THz0+ YA—

Sy ), reflecting the increased non-ideality of the charged

in the surface can be rationalized in terms of the factor log (
deprotonated species (A ™) and hydronium ions, compared to the neutral molecular acid (HA), in the surface. The magnitude
of the 1 — 2 pH units shift in log (%) further depends on the increased concentrations of the organic acid conjugate
pair in the surface driven by bulk-surface partitioning (Prisle et al., 2012b; Ohrwall et al., 2015; Werner et al., 2018).

We here consider two values of the apparent shift, covering the range of observations, and representing stronger or less strong
influence of surface properties on the whole droplet. For the monoprotic acid, pK ”"*+1 and p K ?"%+2 were extrapolated from
the reported pK,. To represent the surface shifted dissociation of both carboxylic groups in the diprotic acid, we increase both
the first and second pK, by one pH unit for pKP"*+1, and by two pH units for p K 2"*+2. For each of the apparent pK,, the
corresponding dissociation degree («) is calculated for the monoprotic acid using eq. 28 and for the diprotic acid using eq. 31.
« is smaller with increasing pK,, and therefore the shifted acidity in the surface represents suppressed organic dissociation.

The van’t Hoff factor is calculated for each apparent pK, using eq. 32. The dissociation degrees and van’t Hoff factors for the
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no organic dissociation (no diss), bulk organic dissociation (p/&?"¥) and surface modulated suppressed organic dissociation
(pK P41 and pKPuk+2), for all the OA mass fractions considered here are given in the appendix (Table Al).

We use two different organic acids as examples, malonic acid (a diprotic acid) and decanoic acid (a monoprotic acid), as
they are important aecrosol components in the atmosphere (Narukawa et al., 2002; Tedetti et al., 2006; Prisle et al., 2012b) and
prominent examples of moderately and strongly surface active species, respectively (Vepsildinen et al., 2022). The molecular
weight, density and pKP"¥ values available from literature, as well as the surface modulated pK "% +1 and pKP"¥+2, for

decanoic acid and malonic acid, are given in Table 3.

Table 3. Properties of the organic acids used in all model simulations of the organic acids.

Malonic acid Decanoic acid
Molecular weight 104 gmol —* 172.26 gmol ~!
Density, p 1.62 gem 3 0.893 gcm ™3
pKa1 2.8% 4.9b
pK a2 5.7¢ -
pKbutk 8.5 4.9
pKPulky] 10.5 59
pKPulkyo 12.5 6.9

@ Stahl and Wermuth (2002). b Martell and Smith (1974).

3 Results and discussions

We present the results of the HAMBOX-sulfur chemistry calculations in terms of total hydrogen ion concentration, [H™ J;ot,
and total sulfate concentration, [SOi_], in the aerosol population, accounting for bulk organic dissociation, surface modulated
suppressed organic dissociation and no organic dissociation. The consecutive effect on cloud activating properties, in terms of
change in CDNC (ACDNC) and RE, compared to no organic dissociation is then presented for bulk dissociation and surface

modulated suppressed dissociation of the organics.

12
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Figure 1. Aqueous aerosol hydrogen ion concentration, [H" Jot, calculated with the sulfur chemistry module of HAMBOX for the whole

aerosol population with droplet radius 0.317 um to 40 um, after 1 hour of simulation time, assuming five different initial organic mass

fractions (xoa = {0.2,1}), denoted by different colors (see also Table 2), from equation 20 with varying apparent pK, = pKP"+X,
X ) y q ying app p PhRg

corresponding to representations of bulk (X=0) and surface modulated (X=1 and X=2) organic dissociation. (a, b) All OA is assumed as

Malonic acid. (¢, d) All OA is assumed as Decanoic acid. The 'no diss’ represents simulation without accounting for organic dissociation,

and sub-figures b and d show the relative change in [H*] with respect to the "no diss’, A [H" ], calculated using eq. 21.
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Figure 1 shows the aqueous aerosol hydrogen ion concentration ([HT ;) calculated with HAMBOX using eq. 20 as a
function of varying apparent pK, = pK”"¥+X, corresponding to representations of bulk (X=0) and surface modulated (X=1
and 2) organic dissociation, considering (a,b) OA = malonic acid, and (c,d) OA = decanoic acid, for varying initial mass fraction
of organic aerosol (yoa = {0.2,1} in different colours). The hydrogen ion concentration with no organic dissociation (obtained
using eq. 19) is also shown as a black line. As expected, the hydrogen ion concentration in the aerosol does not change with
apparent pK, when organic dissociation is not accounted for, whereas a significant increase in hydrogen ion concentration is
observed when organic dissociation is considered for both organic acids. The hydrogen ion concentration is highest when bulk
organic dissociation is considered (p/& P"¥) for all initial OA mass fractions, and decreases as OA dissociation is increasingly
suppressed according to the surface modulated acidity in the form of increasing apparent pK,. The relative change in hydrogen
ion concentration compared to *no diss’ (A[H"]) for malonic acid is 298.5% with pK > for the lowest OA mass fraction
(xoa 0.2) and 696% for the highest OA mass fraction (xoa 1). Under surface modulated suppressed organic dissociation of
pKPuki1, the A[HF] decreases to 137% and 357%, respectively, for xyoa 0.2 and xoa 1. On further suppression of organic
dissociation with pKP"¥+2, these values further decrease to 54% and 148%, respectively. The hydrogen ion concentration for
decanoic acid at pKP"¥, increases by 148% with respect to 'no diss’ for yoa 0.2 and by 374% for xoa 1. At pKPulk4],
these values decrease to 61% and 168%, respectively, and at pK *u%+2, they further decrease to 20% and 47% for yoa 0.2
and 1, respectively. Therefore, on considering stronger surface modulated suppression of organic dissociation with p/ >u<42,
the total hydrogen ion concentration in the aqueous aerosol is still 20 to 47% higher than "no diss’ for decanoic acid, and 54 to

148% for malonic acid, depending on the initial organic mass fraction.
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Figure 2. Aqueous aerosol sulfate concentrations ( [SO?{}) for malonic acid (sub-figures a, ¢) and decanoic acid (sub-figures b, d), obtained
from oxidation of sulfur dioxide by H2O2 (using eq. 15 and 13) and O3 (using eq. 16), as a function of varying apparent pK 2" +X,
corresponding to representations of bulk (X=0) and surface modulated (X=1 and 2) organic dissociation, calculated in the sulfur chemistry
module of HAMBOX for the whole aerosol population with droplet radius 0.317 pm to 40 pm, after 1 hour of simulation time, assuming
five different initial organic mass fractions (xoa ), denoted by different colors (see also Table 2). The 'no diss’ represents simulation without

accounting for organic dissociation.

Figure 2 shows the sulfate concentrations ([SOZ‘]) produced through oxidation of SOs by HoO5 and O3 (Section 2.3)
for the whole aerosol population with droplet radius 0.317 pm to 40 um, after 1 hour of simulation time, for varying bulk
and surface modulated pK, of OA dissociation, where OA= malonic acid (sub-figures a, c¢) and decanoic acid (sub-figures
b, d), assuming five different initial organic mass fractions (xyoa = {0.2,1}), denoted by different colors. The total sulfate
concentration obtained from ’no diss’ is shown as a black line for reference. The relative changes in the sulfate concentration
compared to 'no diss’ (A[SO?L_]), for both oxidation pathways are given in the appendix (fig. Al). Sulfate concentration from
H505 oxidation increases drastically for both organic acids when organic dissociation is accounted for. From eq. 15, it may

seem that sulphate concentration should decrease with increasing [Hﬂtot concentration, but the reverse is observed in figure
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2. This is a property of the general acid catalysed mechanism, where the pK, dependent kio offsets the decrease in sulphate
concentration caused by increased [H+]tot concentration. These results are in line with Liu et al. (2020) where the general acid
catalysed HoO4 oxidation was suggested as a source to explain 'missing’ sulfate during severe haze episodes. The oxidation
of SO3 by O3 follows a straightforward dependence on [H™ ], concentration from eq. 16, where increased hydrogen ion
concentration results in decreased [SOZ*], compared to 'no diss’.

For malonic acid, HyO, oxidation shows an increase in total sulfate concentration compared to "no diss’, with A[SO2™]
ranging from 6434% to 14876% at pK ¥ with increasing xoa = {0.2,1}. With surface modulated suppressed organic dis-
sociation, [SO7~] decreases compared to pK "k, The lowest simulated A[SO3F ] is observed for pKP"+2 and yoa 0.2.
But even at this point, A[SO?[} is 1432%, which is a significant increase compared to "no diss’. Similar trends are observed
for the HyO5 oxidation with decanoic acid (sub-figure b), where the highest sulfate concentration is obtained for bulk or-
ganic dissociation, p KP"¥ with A[SO?™] ranging from 3557 to 8367% corresponding to xoa = {0.2,1}. The lowest sulfate
concentration predicted for OA=decanoic acid is as expected for the stronger surface modulated suppression of organic dis-
sociation at pK k42 and xoa 0.2, with A[SO3™] at this point being 598%. The sulfate concentration from O3 oxidation
decreases by 70 to 80% compared to "no diss’ for OA=malonic acid at pKP"¥ with increasing xoa = {0.2,1}. The decrease
is less for surface modulated suppressed dissociation, as expected, and is 35 to 55% for the stronger dissociation suppression
at pKE“1k+2. OA=decanoic acid also shows a similar trend for sulfate concentration from O3 oxidation, where decrease in
sulfate concentration is in the range of 20 to 75% for bulk and surface OA dissociation. Therefore, the HoO5 oxidation of SO4
results in a far greater increase in [SO?~] in the total aerosol population than the decrease in [SO?~] from the O3 oxidation of
SO5, compared to ’no diss’.

Thus, the [H];o; increase when OA acidity and ensuing dissociation is accounted for also translates into significant increase
in predicted sulfate concentration, [SO?[], in the aqueous aerosol. As expected, the effect is smaller when organic dissociation
is suppressed with surface modulated pK,, but even for the stronger suppression, the effect is 1432—4000% and 598-2500%
with xoa = {0.2,1}, for malonic acid and decanoic acid, respectively. We see that the effect is larger for the HoO4 oxidation,

suggesting that this pathway is more sensitive to inclusion of acidity and dissociation effects.
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Figure 3. Critical supersaturation (S;) as a function of the initial organic mass fraction (xoa) calculated using eq. 3 for (a) malonic acid and

ecanoic acid, for three initial dry particle sizes = nm, nm an nm) and apparent pK, representing bu o an
(b)d ic acid, for three initial di icle sizes (dp = 135 290 d 456 nm) and K. ing bulk (pK2"¥) and

surface (pK 2" +1 and p K 2" +2) organic dissociation. The "no diss’ represents simulation without accounting for organic dissociation.
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Figure 3 shows the critical supersaturation predicted with HAMBOX for the five selected initial organic mass fractions
(xoa), obtained for three dry particle sizes, d;,, = 135 nm (darkest shade), 290 nm (lighter shade) and 456 nm (lightest shade),
with apparent pK, = pKP"¥+X, corresponding to representations of bulk (X=0, blue) and surface modulated (X=1, red and
X=2, green) organic dissociation, considering (a) OA = malonic acid, and (b) OA = decanoic acid. The "no diss’ condition is
also shown (black bars) for each dry particle size in both figures. The aerosol size redistribution caused by the increased sulfate
concentrations affects the calculation of the droplet radius (Dy,.t) in eq. 3 and thus, the critical supersaturation is affected by
bulk (pK, };ulk) and surface modulated (p K }j“lk+1 and pK g”1k+2) dissociation of the OA. We see that for both organic acids, the
increased sulfate concentrations in the aqueous aerosols, compared to "no diss’, is sufficient to significantly decrease the critical
supersaturation for all three dry particle sizes and all OA mass fractions considered. As expected, the decrease in S; is lesser
when surface modulated suppressed dissociation is considered. For decanoic acid, the difference between the .S; calculated
for bulk and surface apparent (pK,) is larger than those calculated for malonic acid. This difference is more visible in the
higher dry particle sizes (lightest shade) and higher organic mass fraction (xpa 0.6 to 1). This suggests that the simulated
S; from decanoic acid dissociation is more susceptible to changes in the surface shifted apparent (pK,) than malonic acid,
especially at higher dry particle sizes and higher organic mass fractions. As the xoa increases, the difference in S; between all
apparent pK, and 'no diss’ increases for both organic acids. As the calculated S; in each bin also reflects the changes in the
water activity due to organic dissociation (section 2.4.3), we see that for both organic acids, the water activity is sufficiently
reduced, even for the surface modulated suppressed dissociation, to significantly decrease .S;, compared to "no diss’. It is well
known that critical supersaturation increases with increasing OA due to hygroscopicity (Svenningsson et al., 2006), however,
fig. 3 shows that organic dissociation can partially counter this increase. This effect is smaller if surface modulated suppressed
organic dissociation is considered, which is more relevant in smaller droplets and particles due to the high surface-to-bulk ratio

(Prisle, 2021).
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(a) Malonic acid (b) Decanoic acid
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Figure 4. The average activated fraction (n) in the whole aerosol population with droplet radius 0.317 um to 40 um, after 1 hour of simulation
time, assuming five different initial organic mass fractions (xoa), denoted by different colors, calculated using eq. 8 corresponding to
representations of bulk and surface modulated organic dissociation, considering (a) OA = malonic acid, and (b) OA = decanoic acid. The 'no

diss’ average activated fraction for each yoa is shown as a dashed line in corresponding colors.

Figure 4 shows the activated fraction (n) averaged for all size bins calculated for initial organic mass fractions, xoa =
{0.2,1}, shown by different colours, calculated using eq. 8, with apparent pK, = pK ”"*+X, corresponding to representations
of bulk (X=0) and surface modulated (X=1 and 2) organic dissociation, considering (a) OA = malonic acid, and (b) OA =
decanoic acid. The "no diss’ average activated fraction, shown in corresponding colors as dashed lines, approximately 0.006—
0.008 for both organic acids, with yoa = {0.2,1}. The inclusion of organic dissociation effects in the calculations results in
a higher activated fraction than ’no diss’, for both the organic acids, with malonic acid dissociation resulting in a greater n
than decanoic acid dissociation under the same xopa and apparent pK,. This is expected as malonic acid is a stronger acid
with lower pK,, and [H" ], from malonic acid dissociation under the same conditions was higher than that from decanoic
acid dissociation. The maximum activated fraction is observed for pK (E’ulk, 0.014 to 0.027 for OA = malonic acid and 0.012
to 0.021 for OA = decanoic acid. For surface modulated suppressed organic dissociation, pKP%k+1, the activated fraction
decreases to 0.011-0.021 and 0.010-0.016 for OA = malonic and decanoic acids, respectively. As expected, for the stronger
surface modulated dissociation suppression, pK ('fulk+2, the activated fraction further decreases, but is still higher than 'no
diss’ (0.009-0.016 and 0.009-0.013 for OA = malonic and decanoic acids, respectively, corresponding to xoa = {0.2,1}). For
both organic acids, the activated fraction also increases with increasing xoa, which is expected as the [HT | increases with
increasing xoa. For both the organic acids, the amount of [H*]tot is sufficient to decrease the critical supersaturation enough
to translate into an increased activated fraction for both bulk and surface modulated suppressed organic dissociation, with the

effect being smaller for the suppressed dissociation, as expected.
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Figure 5. The change in cloud droplet number concentration (ACDNC, calculated using equation 10) with respect to ’no diss’ for (a) OA
= malonic acid and (b) OA = decanoic acid, calculated using equation 10 for the five selected initial organic mass fractions (xoa) assuming

organic dissociation in the bulk (p K bulk ‘plue) and surface modulated organic dissociation (p K bulkyy, orange and p K, bulk o, green).

Figure 5 shows the CDNC enhancement (ACDNC) with respect to 'no diss’ for the five selected initial organic mass fraction,
Xoa = {0.2,1}, for (a) malonic acid and (b) decanoic acid, considering the three representations of organic dissociation with
apparent pK,, at pK > (blue), pKu%+1 (orange) and pK>"%+2 (green). A significant enhancement in CDNC is seen for
both malonic and decanoic acid OA, compared to when no organic acid dissociation is considered (’no diss’). Similar trends
are seen for both acids, where p/K ”"* shows the highest CDNC enhancement compared to "no diss’. This is expected based
on the calculated [H™ |0 and [SO?[] from the bulk OA dissociation and surface modulated suppressed OA dissociation and
consequent critical supersaturation (,S;) from both organic acids. At the bulk pK,, ACDNC for decanoic acid ranges from
14.70% to 83.14% on increasing xoa = {0.2,1}. For the malonic acid, the ACDNC is smaller ranging from 21.73% to 64.72%
for a corresponding increase in Yo at bulk apparent pK,. Under surface modulated suppressed dissociation of pK >uk+1,
the CDNC enhancement is less than that obtained from pK >, ranging from 7.73% to 73.9% for decanoic acid and 13.31%
to 63.15% for malonic acid. For the stronger surface modulated dissociation suppression, pKP"%+2, the CDNC enhancement
with respect to 'no diss’ is 3.14% to 62.47% for decanoic acid and 6.72% to 53.85% for malonic acid, for xoa = {0.2,1}.

The CDNC enhancement upon including OA acidity is caused by the change in size distribution due to the increased sul-
fate concentrations, which shifts the size distribution towards larger particles, which are more effective in CDNC production
(Hudson and Da, 1996; McFiggans et al., 2006). Since size plays a significant role in cloud-nucleating ability of aerosol parti-
cles (Dusek et al., 2006), the effect of organic dissociation on cloud response will be different depending on whether bulk or
surface properties are used to describe the organic aerosol, and from fig. 5 we see that this difference is significant for both
malonic and decanoic acid under the simulation conditions. The size distribution after one hour of simulation time with and

without activating the sulfur chemistry module, for OA = malonic acid and decanoic acid considering xoa = 0.8 with apparent
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pK, corresponding to bulk organic dissociation, surface modulated suppressed dissociation and no dissociation, is shown in
the appendix (figures A2 and A3). For 'no diss’, the size distribution is almost similar at one hour for simulations with and
without activating the sulfur chemistry module, for both organic acids. For organic dissociation at p/& P, the size distribution
is significantly different from the 'no diss’ size distribution, at one hour. The change is smaller for the suppressed organic dis-
sociation at pK P41 and pKPu%42, however the change in size distribution even from the stronger suppressed dissociation
is significant enough to effect 6.7-53.8 % and 3.1-62.4 % ACDNC for OA = malonic acid and decanoic acid, respectively,

compared to 'no diss’.

(a) Malonic acid

(b) Decanoic acid

02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1
Xoa XoA

Figure 6. The short wave radiative effect (RE, calculated using equation 12) with respect to "no diss’ for (a) malonic acid and (b) decanoic
acid, for the five selected initial organic mass fractions (xoa ) assuming organic dissociation in the bulk (p K2"¥, blue) and surface modulated

organic dissociation (p K 2"¥+1, orange and pKP"¥+2, green).

Figure 6 shows the short-wave radiative effect (RE) with respect to 'no diss’ for the five selected initial organic mass
fractions, xoa = {0.2,1}, considering the entire organic fraction as (a) malonic acid and (b) decanoic acid, for representations
of bulk organic dissociation, pK>"¥ (blue), and surface modulated suppressed organic dissociation, pK ”"%+1 (orange) and
pK Pk 42(green). The inclusion of organic acid dissociation leads to a cooling effect for both organic acids, compared to *no
diss’. Considering organic dissociation with bulk properties with apparent pK, at p/K *"I¥, the highest cooling effect is observed
for both acids, ranging from - 0.6 Wm =2 to - 2.7 Wm 2 for decanoic acid and - 0.86 Wm~2 to - 2.2 Wm~? for malonic acid
as yoa increases from 0.2 to 1. The effect is smaller when considering surface modulated suppressed dissociation, but still
significant compared to "no diss’, with RE ranging from -0.5 Wm~2 to -2.2 Wm~2 for malonic acid and -0.3 Wm~?2 to -2.4
Wm~2 for decanoic acid at pKP"¥+1 and -0.3 Wm~2 to -1.6 Wm 2 for malonic acid and -0.1 Wm~2 to -2.1 Wm~2 for
decanoic acid at pK Putk42,

Overall, our results show that dissociation of organic aerosols in the aqueous phase, exemplified with common atmospheric

OA moderately strong acids malonic and decanoic acid, can influence the aqueous sulfur chemistry to have a significant
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effect on the cloud short-wave radiative effect. A surface-modulated shifted acid-base equilibrium can change the extent to
which these organic acids dissociate and therefore, the concentration of hydrogen ions at the surface is different than what is
immediately expected from the bulk pH. Under these conditions, the effect of organic dissociation on the cloud properties are
reduced, but still significant. Since many atmospheric OA are acidic, this may be important to represent in large scale models.
The effect of surface modulated suppressed dissociation in the atmosphere will depend on aerosol and droplet size and is
expected to be especially relevant for smaller aerosol sizes, and our results suggest that OA dissociation should not be omitted

for accurate predictions involving organic aerosols.

4 Conclusion

We investigated the effects of organic aerosol dissociation on total hydrogen ion concentration in aqueous aerosols and the im-
pact on resulting secondary sulfate aerosol mass, cloud droplet number concentration, and aerosol short-wave radiative effect,
using the aerosol-chemistry-climate box model ECHAMG6.3-HAM?2.3. Simulations were carried out considering the entire OA
to comprise organic acid and used malonic and decanoic acid as proxies for atmospheric OA acids. Dissociation of organic
acids was considered in three scenarios: 1) the current standard of no dissociation, 2) following well-known bulk solution
properties given by the reported acid constant pK,, and 3) accounting for a surface-modulated suppression of dissociation as
observed in recent laboratory experiments.

Our results show that organic dissociation increases hydrogen ion concentrations in the aqueous aerosol phase, as expected.
This leads to strongly increased secondary sulfate aerosol mass, which in turn decreases the critical supersaturation for cloud
droplet activation and a higher activated fraction is obtained than if OA dissociation is not considered. The cloud response is
observed as enhanced cloud droplet number concentration and a strong short-wave radiative effect of clouds. The effects of
dissociation are greatest when considering the bulk acidity of OA, but still significant even when potential surface-modulated
suppression is also included.

As many atmospheric organic aerosol components are acidic (Pye et al., 2020), and thereby can have significant impacts on
cloud properties, this work highlights the importance of including effects of organic dissociation in large scale atmospheric
models. We suspect that, combined with the high surface to bulk ratio and surface-bulk partitioning in small droplets, the effects
of organic dissociation and potential size dependent surface modulated dissociation could be significant in explaining some
knowledge gaps about organic acidity in atmospheric aerosols. Additionally, OA dissociation could be particularly relevant in
explaining discrepancies of atmospheric models with observations for polluted environments (Lee et al., 2013) where organic
mass fraction is usually high and the organic dissociation effects could become more significant. Many of these organic aerosol
acids may also be surface active in aqueous solutions (Gérard et al., 2019), such as activating droplets, and therefore corrections
to account for surface modulated suppression of organic dissociation may also be necessary. This is expected to be particularly

important for smaller size ranges, due to the high surface-to-bulk ratio of such aerosols (Bzdek et al., 2020; Prisle, 2021).
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Appendix A

Table Al. The OA van’t Hoff factor (i0a) calculated using eq. 32 and dissociation degree («, in parenthesis) calculated using eq. 28 and
31 for decanoic acid and malonic acid, respectively, corresponding to the apparent pkK, for bulk organic dissociation (p K 2"™¥) and surface

suppressed organic dissociation (pK 2" +1 and pK >""¥+2) for the chosen organic mass fractions.

Malonic acid

XOA ioa (@), pKPuk  iga (@), pKPUR+1  iga (@), pKPU42 g (a), no diss
0.2 2.12 (0.560) 1.90 (0.450) 1.70 (0.350) 1 (0)
0.4 2.064 (0.532) 1.85 (0.425) 1.66 (0.331) 1 (0)
0.6 2.02 (0.510) 1.81 (0.405) 1.63 (0.315) 1 (0)
0.8 1.996 (0.498) 1.770 (0.385) 1.590 (0.295) 1 (0)
1 1.960 (0.480) 1.720 (0.360) 1.560 (0.280) 1 (0)

Decanoic acid

XOA ioa (), pKPutk ioa (@), pKPU+T o (@), pKPUE+2  iga (@), no diss
0.2 1.993 (0.993) 1.905 (0.905) 1.720 (0.720) 1(0)
0.4 1.989 (0.989) 1.890 (0.890) 1.715 (0.715) 1(0)
0.6 1.985 (0.985) 1.875 (0.875) 1.705 (0.705) 1(0)
0.8 1.981 (0.981) 1.845 (0.845) 1.680 (0.680) 1(0)
1 1.978 (0.978) 1.823 (0.823) 1.650 (0.650) 1(0)
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(a) A[Soi'] wrt 'no diss’, Malonic acid, H,0, oxidation (b) A[SOi'] wrt 'no diss', Decanoic acid, HZO2 oxidation
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Figure Al. The relative change of sulfate concentrations (A[SO32™], calculated using equation 22) with respect to 'no OA dissociation’

where organic dissociation is not considered is shown in sub-figures b and d for the HoO2 and O3 pathways respectively.
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Figure A2. Particle size distribution represented by the number concentration (IV;) as a function od particle diameter (d,) after 1 hour simula-
tion time with and without activating the sulfur chemistry module for OA = malonic acid with xoa 0.8, considering the three representations
of organic dissociation with apparent pK, of (a) pK bulk "(b) pKPUEL ], () pK P42, Sub-figure (d) shows the same simulations without

accounting for organic dissociation (no diss).
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Decanoic acid
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Figure A3. Particle size distribution represented by the number concentration (/V;) as a function od particle diameter (d,) after 1 hour
simulation time with and without activating the sulfur chemistry module for OA = decanoic acid with xoa 0.8, considering the three
representations of organic dissociation with apparent pK, of (a) pK}f“'k, (b) pK!j““‘H, (c) pK§“1k+2. Sub-figure (d) shows the same

simulations without accounting for organic dissociation (no diss).
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1. ACDNC from OA dissociation effects in water activity only
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Figure A4. Organic dissociation effects in 1) cloud droplet number concentration (ACDNC, calculated using equation 10) and 2) the
resulting short-wave radiative effect (RE, calculated using equation 12) with respect to 'no diss’,for varying initial organic mass fractions
(xoa) assuming bulk organic dissociation (pK 2", blue) and surface modulated organic dissociation (p& "™ +1, orange and pK 2" +2,
green), through changes in van’t Hoff factor and water activity only. The sulfur chemistry module has not been activated in these simulations.

(a) OA = malonic acid and (b) OA = decanoic acid.
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