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Abstract.

Dissociation-of-organic-acids-iscurrently notineladed-Acid dissociation of the organic aerosol fraction has the potential to

impact cloud activating properties by altering aqueous phase H concentrations and water activity, but is currently overlooked
in most atmospheric aerosol models. Organic-dissoctationin—agqueous-aecrosols—could-alter-theconcentrations—and-affe

cloud-aetivating properties—We implemented a simple representation of organic disseciation-in-a-bex—moedel-version-of-the

aerosol—chemistry—elimate-model ECHAM-HAMMOZ-acid dissociation in the aerosol-chemistry-climate box model ECHAM6.3-HAM?2.

and investigated the impact er-on aerosol forming aqueous Sulfur chemistry, cloud droplet number concentrations, and short-
wave radiative effectthreugh-changestnkinetically-drivensulfate-concentrationsinan-aerosel-poptlation—Organie-dissoeiation
- Many atmospheric organic acids are also surface
active and may be strongly adsorbed at the surface of small aqueous droplets. The degree of dissociation has recently been
observed for several atmospheric surface-active organics with Bronsted acid character to be significantly suppressed-in-the

agqueous-surface—We-therefore-additionally-shifted in the surface, compared to the bulk aqueous solution. In addition to the
well known bulk acidity, we therefore introduced an empirical account of this meechanism-to-surface modulated dissociation to

further explore the potential further-impact on aerosol effeets—climate effects. Malonic acid and deeaneie-Decanoic acid were
used as proxies for atmospheric organic aeid-aerosols-aerosols of different surface-active and acid strengths. Both acids were
found to yield sufficient hydrogen-Hydrogen ion concentrations from dissociation in an aqueous droplet population to strongly
influence the-sulfur-aqueous aerosol Sulfur chemistry, leading to enhanced cloud droplet number concentrations and a cooling
short-wave radiative effect. Further considering surface-modulated-suppressed-the surface modulation of organic acid dissoci-

ation, the impact on cloud microphysics was smaller than according to the well-knewn-bulkselution-organic-dissociationwell
known bulk solution acidity, but still significant. Our results show that organic aerosol aetdity-acid dissociation can significantly

influence predictions of aerosol and cloud droplet formation and aerosol-cloud-climate effects —Furthermere-and that, even for
a well known bulk solution phenomenon such as acidity, it may be important to also consider the specific influence of surface
effects -also-inrelation—to-bulkselution-phenomena-such-as-organic-acid-dissoeiationwhen surface-active acids comprise a
significant fraction of the total organic aerosol mass.
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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 dPCC-et-al52007)(Stocker et al., 2014; Masson-Delmotte et al., 2021). Aerosols also
contribute to the global climate through indirect effects where they serve as the necessary seeds for cloud formation (Twomey, 1977; Lohma
. 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-t0-5620 — 50%
of the total aerosol mass at mid-latitude regions (Saxena and Hildemann, 1996; Putaud et al., 2004) and much higher (ap-
proximately 90%) in tropical forests (Andreae and Crutzen, 1997; Roberts et al., 2001; Kanakidou et al., 2005). Significant
amounts of organic aerosols (approximately 70%70% of the total aerosol mass) are also reported in the middle troposphere
(Huebert et al., 2004). Despite their abundance and importance, the organic fraction is the least understood component of atmo-
spheric 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). Fhis-is-duein-part;-to-atimited

representation-The size, chemical composition, and phase-state of organic aerosol (OA) processes-and-propetties-tn-climate
medels-are known to directly impact its cloud droplet formation potential (Hallquist et al., 2009; McFiggans et al., 2006) and

the radiative effect of clouds (Turnock et al., 2019). However, climate models often have a limited representation of OA
processes and properties, such as organie-acidity and surface activity of the organic components (Kanakidou et al., 2005;

Prisle et al., 2012a; Freedman et al., 2018; Pye et al., 2020)-, which contribute to the overall uncertainty in predictions of OA
and their interactions with clouds.

The-acidity-of-aqueous—aerosol-droplets;reported—in—terms—of-Organic aerosols contain a substantial fraction of species
exhibiting Bronsted acid character (Jacob, 1986; Millet et al., 2015; Keene and Galloway, 1984; Chebbi and Carlier, 1996; Chen et al.,

. The concentrations of acidic species in aqueous aerosols directly affect the aerosol pH —is—ene—-of-its—mosttundamental
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conecentrations-dependent Sulfur oxidation (Liu et al., 2020) and salt formation by acidic or basic OA (Yli-Juuti et al., 2013)
can each lead to significant mass formation and alter the overall chemical composition of aerosols. The chemical form
rotonated or deprotonated) of acidic OA and contributions to the number of solute species in the aqueous aeresels{Liv-et-al52020)

—aerosol phase can strongly affect water activit
and condensation—evaporation equilibrium (Prisle, 2006; Prisle et al., 2008; Frosch et al., 2011; Michailoudi et al., 2019).

Many atmospheric organic acids also exhibit surface activity in aqueous solutions, such as aqueous aerosols and cloud
droplets (Prisle, 2023). Surface active organics (surfactants) have been reported in atmospheric aerosols from many different re-

gions and environments (Géra

. Surfactants adsorb at the inte

e-aqueous surface

leading to enhanced surface concentrations compared to the interior (bulk) of a solution. In microscopic and submicron-sized

aerosols and droplets, the surface adsorption can result in significant redistribution of surface active OA mass from the bulk
to the surface phase, so-called bulk—surface partitioning, as a consequence of the very high surface area (A) to bulk vol-

Loand 10 pm, A/V = 6/ Dyt is 60, 6, and 0.6 um ™!, respectively (Prisle, 2021). Thermodynamic calculations have shown that
for aerosol particles containing surfactant fatty acids and their salts, organosulfates, di- and polycarboxylic acids, and complex
fulvic acids, a large fraction of the surface active OA is partitioned to the surface during major parts of hygroscopic growth and

. Consequently, the chemical and physical state of the surface may significantly contribute to determining the overall aerosol
roperties (Prisle et al., 2012b; Bzdek et al., 2020; Prisle, 2021, 2023).

Highly surface sensitive synchrotron radiation excited X-ray photoelectron spectroscopy (XPS) measurements in-the-surface

i i i i tons-have been used to study-the-acid-base-speetation-at-the

investigate the acid_base

speciation of surface-active atmospheric Bronsted acids and bases in the surface region of aqueous solutions (Prisle et al., 2012b; Ohrwall e

. In these experiments, the protonated form of the-surfactant-carboxylates-each conjugate pair was found at an extraordinarily
large fraction, compared to that expected from the-bulk-their acidity and the bulk solution pH. Speeifieally, (Werner-et-al5;26018)-
found-that-the surface-acid-base-equilibrivm-of-Werner et al. (2018) observed a shift in the degree of protonation for simple
mono-carboxylic acids was-shifted-by—+—2-at the surface in dilute agueous solutions (50 mM Butyric and Pentanoic acid)
corresponding to activating cloud droplets. The acid—base equilibrium in the surface was shifted systematically across a very.

cloud droplet activation (Prisle et al., 2010b, 2011; Hansen et al., 2015; Malila and Prisle, 2018; Lin et al., 2018, 2020; Prisle, 2021; Veps:



wide range of solution pH, overall corresponding to an apparent shift in pf, on the order of 1 — 2 pH units, compared to the
95  bulkacidity-acrossa-wide range-of bulk-well known bulk acidity, for each of the acids. Shifts in surface protonation degree of
similar magnitude were also previously observed using XPS for dilute aqueous solutions of 10 — 25 mM Decanoate/Decanoic
acid (Prisle et al., 2012b). 0.1 M Propanoate/Propanoic acid, and 0.1 M Octanoate/Octanoic acid (Ohrwall et al.. 2015a) at
near-neutral pH. XPS measurements on aqueous solutions of Succinic acid, a moderately surface-active dicarboxylic acid,
over a range of concentrations from 0.05 —0.5 M and solution pH —Very-few-studies-have investigated-the-consequences-of
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—from 2.0 — 12.9 also indicated a shifted acid-base equilibrium
in_the surface compared to the bulk, where the protonated form showed a considerably higher propensity to reside in the
aqueous surface region than its conjugate deprotonated form (Werner et al., 2014a). These observations are further supported
105 by experiments by Wellen et al. (2017), who used surface tension titration and infrared reflection absorption spectroscopy to
obtain pH dependent aqueous surface tension of Nonanoic and Decanoic acids at their aqueous solution surfaces. They inferred
that the so-called surface p/{, was greater than the well known bulk p/, by L pH unit for Nonanoic acid and 2 pH units for
Decanoic acid, suggesting that the organic acid dissociation response to a given agueous bulk pH is different in the surface,
compared to the bulk.
110 The general behavior of acidic compounds at the aqueous interface is still not well constrained (Saykally, 2013). Petersen and Saykally (2
observed an enhanced surface concentration of hydronium ions in agueous solutions of Hydroiodic acid, alkali iodides and
alkali hydroxides using second harmonic generation spectroscopy experiments. This was in contrast to previous macroscopic
bubble and droplet experiments, which were interpreted to indicate that hydroxide ions were enhanced at the air-water
1995; Takahashi, 2005; Karraker and Radke, 2002; Creux et al., 2007). Enami et al. (2010) also made
115 similar observations of enhanced hydronium ions in the surface of Trimethylamine solutions using electrospray mass spectrometry.
Recently, Gong et al. (2023) used stimulated Raman scattering microscopy to observe enhanced concentrations of Sulfate and
Bisulfate anions, with Bisulfate being more surface enriched than Sulfate, in the surface of 2.9 pum aerosol droplets generated
from an aqueous solution with 300 mM NaHSO4 and 50 mM NaySO, at the same pH. They interpret this as an enhancement
of acidity, with approximately threefold increase in the Hydrogen ion concentration, at the droplet edge, compared to the center
120 of the droplet. Previous observations by Margarella et al. (2013) on the dissociation of Sulfuric acid at the water interface using
liquid-jet photoelectron spectroscopy, have also reported that the ratio of Bisulfate-to-Sulfate anions was higher in the surface

interface (Graciaa et al.,

region.

In this work, we introduece-organte-dissoectationin-the-use an aerosol-chemistry-climate box model EEHAM63-HAMZ23

125

the potential impact on aerosol forming aqueous phase Sulfur chemistry, cloud droplet activation, and aerosol-cloud-climate



parameters of organic acid dissociation in agueous aerosols and its additional surface modulation for surfactant acidic OA. Very.
130 few studies have previously addressed the dissociation of organic components in aerosols in relation to cloud chemistry and
microphysics (Tilgner et al., 2021a; Angle et al., 2021). Tilgner et al. (2021a) compiled a kinetic data set to study the implications
of varying aerosol acidity on the oxidation of the protonated and deprotonated forms of atmospheric organic acids with
aqueous-phase oxidants, such as OH radical, NO3 radical, or Os. They showed that acidity strongly affects the chemical
processing of dissociating organic compounds, but did not provide a direct correlation between organic dissociation and cloud
135 activation. Angle et al. (2021) measured the pH of nascent seaspray aerosol using a Micro-Orifice Uniform Deposit Impactor
(MOUDI) and impacting the aerosols onto colorimetric pH strips. They found that the pH of freshly emitted (nascent) seaspray.
aerosols was approximately four pH units lower than that of sea water. The dissociation of organic acids in the aerosols is
proposed as a possible factor contributing to the low nascent seaspray aerosol pH. They note that for a nascent seaspray.
aerosol with a diameter of 200 nm and surface layer of Palmitic acid, only 4.4% acid dissociation would be required to lower
140 the aerosol pH from 8 to 2. However, they do not provide any details on how the organic acid dissociation would affect the
aerosol properties. To the best of our knowledge, the organic acid dissociation in aqueous aerosols has never been studied in
the context of a cloud activation model, let alone accounting for surface specific modulation of organic acid dissociation in
aqueous aerosols.

2 Methods

145 We first introduce an account of erganie-dissoetation-well known organic acid dissociation in bulk aqueous solution and then
augment it with a simple empirical representation to further aceeunt-for-the-include surface-driven suppression of dissocia-

tion ebserved-in-according to observations from XPS measurements. Thefmﬁaet—ef—efgamﬁaefesel—aeldﬁyﬂﬁd—wfmee-dfweﬁ

{referred-to-here- HAMZ2.3 (here referred to as HAMBOX) which is a box model version of the aerosol—chemlstry—chmate
150 model ECHAM-HAMMOZ (Tegen et al., 2019)-—-HAM i

Kolkkolaet-al(2018)y—We-—ealeulate-the-, to calculate the total aerosol population Sulfate mass and cloud droplet number con-

centrations (CDNC) for an air parcel

WMW%MMMWMQ
taking place in aqueous organic aerosols and droplets. The impact of organic aerosol bulk acidity and surface-modulated
155 suppressed dissociation on aerosol Sulfur chemistry and cloud microphysics is assessed by comparing to predictions for iden-
tical conditions without accounting for organic acid dissociation. The restlting-CDNC-is-thenused-to-estimate-the short-wave

~simulation time for all calculations was 1

hour, with 1 second time steps.
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2.1 Aerosol module in HAMBOX

HAMBOX uses the SAESA2:0-SALSA2.0 aerosol module (Kokkola et al., 2018)—Ia-SALSA2:0,~, where the aerosol size
distribution is calculated using the sectional approach (Jacobson, 2005) and represented using +6-10 size bins 7. Here, we
group the +6-10 size bins into four sub-ranges: Nucleation (i = +-ard-21 and 2) with mean particle diameter, d,, = 56-56 nm;
Aitken (i = 3;4-anrd-53, 4 and 5) with d,, = +66-160 nm; Accumulation (i = 6;7and-86, 7 and 8) with d,, = 485-485 nm,

and Coarse (i = 9-and—1+09 and 10) with d_p = +:85-1.85 pm. The initial number concentration in each sub-range is-shown

in—TFable—(Table 1) used for all HAMBOX simulations is representative of clean environments, such as European villages
Tunved et al., 2005, 2008). 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 simulation time
step.

Table 1. Initial aerosol number concentration in each size sub-range used in HAMBOX—SALSAZ2.6-modelHAMBOX-SALSA2.0,
representative of clean environments Tunved et al. (2005, 2008).

Sub-range Number concentration [Nfem?} Geometric mean diameter [um] &
Nem ™3] Standard deviation
Nucleation
100-100. 0-01-&+500.01 & 1.50
Aitken
406-400. 0:3-8+500.3 & 1.50
Accumulation
Coarse

A sulfur-Sulfur chemistry module (Feichter et al., 1996a) is coupled to the aerosol growth module in SAESA2:0-through
time-step—The-sulfur-SALSA2.0. At each time step, the Sulfur chemistry module feeds in-the-caleulated-sulfate-the calculated
Sulfate mass fraction in the aerosol population te-into the growth module, the-grewth-medule-which undergoes an aerosol
redistribution and feeds back the new aerosol size distribution and chemical composition to the sulfur-chemistry-modulein
each-time step—The-chemieal-compounds-in-SALSAZ0-are Sulfur chemistry module. The aerosol chemical composition in
SALSA2.0 is represented by model compound classes +—sulphate’Sulfate’ (SU), ’erganie-carbor™(O€Organic aerosol’ (OA),
"sea-Sea salt’ (SS), "black-Black carbon’ (BC)and-—mineral-, and *Mineral dust’ (DU). Of these model compounds, Sulfate,
Organic aerosol, and Sea salt constitute the soluble species and are considered as internally mixed in each size bin of the aerosol
population. Black carbon and Mineral dust are insoluble species which are externally mixed in each size bin with the soluble
species, as described by Kokkola et al. (2018). We consider five different initial conditions with different erganie-massfractions
—deneted-by—-roxr=-10-2-1-0A mass fractions yoa ={0.2,0.4,0.6,0.8,1} to represent different environments where OA

have been reported in varying concentrations. For example, in boreal forest environments, OA mass fraction is reported around
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0:6-0.6 (Aijild et al., 2019), and in marine environments, around 620" Dewed-et-ak;2004)—oxr=1+0.2 (O’'Dowd et al., 2004
. Xoa = 1is a hypothetical extreme where we consider thhe-entire-aerosol-to-contain-only-organic-earbonOA to comprise the

entire aerosol phase. The initial mass fractions of all aerosol model compounds in these five conditions are shown in Table 2.
Herethe sulfur

The Sulfur chemistry module is used to calculate the total-sulfate-mass-aqueous phase secondary Sulfate mass from oxidation
of Sulfur dioxide in the aerosol population based on varying hydregen-Hydrogen ion concentration in the aqueous aerosol, con-

sidering no organic dissectation; bulk-organie-dissoetation-acid dissociation, organic acid dissociation according to well known

bulk acidity, and surface modulated organic disseciation—Felowingthis,we-tuse HAMBO ottd-mierophy o-catenlate
DNC-and-conseguent-sho 4 adiati
below).
Table 2. Initial acrosol mass fractions of all model compounds in the five different xox—=-+6-2-4}-environmental scenarios considered.
Sulfate Sea salt  Mineral dust
0 i Organie——OC)
Yo Qreae  (gyaa) (SSxss) BYxpu)
(x0a)_ Black carbon
(BExne)
+1 60 +0 00 000

2.2 Cloud microphysics in HAMBOX

From the total aerosol mass and composition, the resulting cloud droplet number concentrations and consequent short-wave
radiative effect are calculated with the HAMBOX cloud microphysics module. The HAMBOX cloud microphysics used in

this work includes the calculation of critical supersaturation (.S;) and the-activated fraction (n;) for each aerosol size bin 7. A
detailed description of the parameterizations and equations used to derive-calculate these cloud activation factors are available
in-from Abdul-Razzak (2002) and Abdul-Razzak et al. (1998) and briefly summarized here.
First, the maximum critical supersaturation ¢Smaso)-for the air parcel is calculated by-as_
Se

[0'5 (%)3/2 N (n_%g)SM] 1/2”

ey

Sm awSmax =
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where 7) is the surface tension correction factorand-, ¢ is the correction factor for the Kelvin term in the Kohler curve (for
details, see Egs-5-and-6-egs. 5 and 6 in Abdul-Razzak and Ghan (2002))—, and S, is the effective critical supersaturation for
the air parcel,

I
5.82/3 = 7121':1 N i2 - )
B 2i=1 Ni/S; /
Here bt bin

L = 10 is the total number of aerosol size bins,

N; is the number of particles in each bin —, and S; is the critical supersaturation for each bin, given by

A B
S, exp( - ds) o 3
p

Dwet D3 -

wet
where Dy, and d, are droplet diameter-and dry particle diameterdiameters, respectively. The terms A-and-B-A and B are
calculated as
AM 0oy B 6ngsM,,

kel,BA = —
AT RTp, ow

“)

where MM, = 0.018 kg mol ™! is the molecular weight of water="0-648—y—, 0, = 0.073 N m~1! is the surface tension
of pure water=-0-073——p;=1+006-, p,, = 1000 kg m =2 is the density of water, R-=_8314—temperature F=293-R = 8.314
JK~1mol~? is the ideal gas constant, 7’ = 293 K is the temperature, and n is the number of moles of solute obtained from
the mass fractions of soluble species xoa, Xsu,.and xss-

Onee-With the maximum supersaturation of the air parcelis-determined;-the-activation-of-, cloud droplet activation in each
bin is determined by comparing Sy,.x With S;; and S, (the lower and upper critical supersaturation bounds of the bin). The

number of activated particles {r;)-in each size bin ¢ }-is given by

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

S~ ) f S’L Ssmaxgsizm 6
! log(Siu/Sit) 1 : 6)
and
n; = 1; if Siu < Smax~ (7)

Syand-S;7-9; and 9;,, are obtained using equationeq. 3 for the diameters of the smallest particle(d;)-and-biggest-particle
{e:)-(d;;) and largest (dy,, ) particles in each size bin. The average activated fraction for all size bins {)-is then calculated by

SN

The total number of activating-activated particles is given by the cloud droplet number concentration(€EBNEC), which is calcu-

®)

lated using the number of activating particles within each size bin, as

I
CDNCCDNC = » " Njn;. )

=1



The CDNC calculated using equation9-accountingfor-organie-eq. 9 considering organic bulk acidity and surface modulated
organic acid dissociation is denoted by GBNGCrx-CDNCpa and the change in-EBNCAACDNG)-with respect to ne-erganie
disseetation(GDNGy-s-the reference condition of no organic acid dissociation (CDNCy) is

CDNCa — CDNCy CDNCha — CDNCy

2 ACDNCCDNC =
0 ACORECDNC= TobNG, NG,

(10)

We estimate the change in short-wave radiative effect (RE) from the-change-in-sulfate-mass-as-a-consequence-of-including

organic bulk acidity and surface modulated organic aeidityacid dissociation, respectively, using the method given by Bzdek et al. (2020
. The change in cloud-top albedo {Aa)-at constant cloud liquid water content (EWE-=0-63-LWC = 0.03 g m 3, Thompson

(2007)) is calculated from the-change-in-CDNCACDNC)following Bzdeket-al(2020)-ACDNC as

235 Aa=LWCLWC(I — LWCLWC)ACDNCACDNC/(3CDNC CDNC). (11)

The short-wave radiative effect {(RE)-is then calculated as

RERE ~ —FoEpworwe Tuwenwe?Aa, (12)
where Fyy = 340 W m™2 is the incoming solar flux at the top of the atmosphere—ta-Eguation+2:Frwo==0-3-, Epwe = 0.3 is
the fractional coverage of different types of clouds, and Frywo==0-76-1] = (.76 is the transmittance of the atmosphere at

240 visible wavelengths, which is assumed to be constant for all simulations. For-the-default-

For all HAMBOX cloud microphysics calculations, eleud—temperature—is—taken—as—271—-Kwe assume a constant cloud
temperature of 271 K, cloud pressure is—+6+kPaof 101 kPa, cloud fraction is-6:30f 0.3, saturation ratio of gas phase wa-

ter 1-0-3of 0.3, and updraft velocity is-0-3—The-simulation-timefor-all-caleulations-was-taken-as—1-hour-with-1-second

steps—of 0.3 ms™1, consistent with Tegen et al. (2019).

245 2.3 Sulfur chemistry in HAMBOX

We use the aqueous sukur-Sulfur chemistry module of Feichter et al. (1996b)¢, with modifications described below)-, to
calculate the total-sulfate-eoncentration-O-aqueous phase secondary Sulfate concentration [SO3~]” in the aerosol population
formed from the oxidation of SO, by H,O2 and O3 in the-aqueous droplets. The reaction rate for the H, O oxidation pathway
can be written as:

n_ ka[H202][SO2] kq [H202] [SOo]
S [l X R e

250 2 [Soiso4] (13)

ot

where the rate constant k4 is calculated by

1 1
= 104 - - 14
ks =8x10 exp( 3650(T 298))’ (14)

where T' is the cloud temperature = 274271 K. Equation 13 is known to be pH —insensitive (Liu et al., 2020) and is used in this
work to determine the total-sulfate-aqueous secondary Sulfate concentration from the H,Oo oxidation for simulations where

255 organic acid dissociation is not considered.
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To calculate the-total-sulfate-eoneentration-[SO3 ] from the H,O, oxidation pathway accounting for pH dependency aris-
ing from organic ¢ tati : ie-aeidi
Eiretal(2626)Liu et al. (2020), which is valid for >2-—HerepH > 2. Here, we use the general acid catalysis reaction mecha-

nism, where SO in an aqueous environment exists as the HSO3 anion and reacts with Hy O, in the presence of an organic acid

bulk acidity, we follow the procedure given by

(HA) catalyst, which acts as a proton donor (Maal et al., 1999; McArdle and Hoffmann, 1983). Briefly, the overall reaction
mechanism may-be-is represented as

HSO3 HSO3 + Hy05 = HOOSO; HyO0s=HOOSO; + HyOH,0 (R1)
and
HOOSO; HOOSO; +HAHA — 2HTH* 5077503~ + X~A~. (R2)

The rate expression for R+-R2-is-R1-R2 is

ki [HA] kpa [HA]
] H]

9 [S()iSO4] "=|k+

5 Kal[S()z][Hz()z]zMEgggj» (15)

where K, is the thermodynamic dissociation constant of HySOj3 and & is a constant derived from the reaction rate coefficient

and the thermodynamic equilibrium constants. %#gx—kga_is the overall rate constant for the general acid catalysis mecha-

—logkpa = —0.57(pK,) +-6.83

Liu et al. (2020) for an ionic strength of I = 0.5 molkg~!. Therefore, we assume this same ionic strength for aqueous droplets

The total-sulfate-secondary Sulfate concentration from O3 oxidation is given by

0 _ ksa ks
at{soisoi ]g: k51+[Hj] [Hj] {0303] [sogsog}, (16)

where rate constants k57 and k59 are calculated by:from

—4131
ks =4.39 x 10 exp ( T ) (17
and

—996
k5o = 2.56 x 103 exp (T) (18)

Sulfate concentrations thus calculated in the aqueous phase Sulfur chemistry module is distributed to pre-existing aerosol

size bins in SALSA2.0SALSA2.0.

HereWhen no organic aerosol acid dissociation (no diss) is considered, the default HAMBOX-H™ concentration in HAMBOX

10
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is denoted by [H]o and gives
and aqueous phase Sulfate concentrations as

—obtained from water

s0r]  [503]

sol (19)

H > > I:H+H+:| = |:H+H ] initia mitial
cone |Z Joo =[BT minalintia T LwE MW op LWO x MWz

where EWC-is-the-.LWC is the cloud liquid water content in elowd-Oris-[g m~3], MW2— is the molar weight of the Sulfate

anion (gmol ™), and the soluble Sulfate concentration [SO3]so1 is_obtained from the summation of soluble sutfate-Sulfate

(obtained from xsu;, Table 2) in all bins. MWs—i
H'] 0. =2.5x107% mol L™ is the Hydrogen ion concentration obtained from the cloud WWMWM
uniform for all bins)-set-te-size bins and consistent with the pH =5;-givi =6
of warm low lying tropospheric clouds (Pye et al., 2020). For all simulations in the sutfur-Sulfur chemistry module, we assume

[SO2], [H202], and [O3] in cloud are fixed at S—ppb—l—ppbaﬁd—ééf) b, 1 ppb, and 50 ppb, respectively (Tilgner et al. (2021b)).
' 2 gen-acid dissociation to_the Sulfur

initial

E’

We introduce organic

chemistry module by modifying eq. 19 to obtain the total Hydrogen ion concentration in the aerosol population ;-as _

{SOQ } [804 }bol +7+
initialinitial + LWC x MW. 027 LWC x MW 027 |:H7H i| HAHA, (20)

] = ]

tot

where [H" iz is the concentration of the hydrogen-Hydrogen ions dissociated by the QA=

%ﬁ%ﬂw%%mmmmm@w&md to obtain the totat
sulfate-aqueous phase secondary Sulfate concentration in the aerosol population from exidatien-asing-SO2 oxidation by HO4
(eq. 15and-from-) and O3 exidation-using-(eq. 16), for varying conditions of organic disseciation(different {H rafrombutk
and-surface-apparent-pf,)—Thesulfate-acid dissociation. The Sulfate concentrations thus obtained gives a modified sulate
Sulfate mass fraction (SU-in-seetion-2-1-and-table-ygy, Section 2.1 and Table 2) in the entire aerosol population.

2.4 Organic acid dissociation

2.5 OrganieDissociation

11



The-dissoectation-behavior-of We assume the entire OA fraction is comprised of an organic acid and consider two different acids

Malonic acid (a diprotic acid) and Decanoic acid (a monoprotic acid), as examples of important organic aerosol components in

2002; Mochida et al., 2003; Graham et al., 2003; Cheng et al., 2004; Li and Yu, 200:

310

the atmosphere (Yassaa et al., 2001; Narukawa et al.,

with different well known aqueous bulk acidity and prominent examples of moderately and strongly surface active organic

Vepsildinen et al., 2022, 2023). The acid dissociation constants for aqueous bulk solutions are here

species, respectivel

in Section 2.4.3. The molecular weight (MW), density (p)
our calculations are given in Table 3. For the monoprotic Decanoic acid, pA" is the reported first p/, readily available
from literature, whereas for the diprotic Malonic acid, pK"'* is taken as the sum of the first and second pXK, reported in
literature (same as 3 in eq. 29 below). The dissociation behavior of monoprotic and diprotic acids ;-undersimilar-dissociation
environments—-differ greatly from-each-otherand-in similar aqueous environments differ greatly and we use different kinetic

320 equations are-used-to-deseribe-them—We-consider-to describe both treatments of organic disseeiation-to-show-two-examples-of

dissoetation-behaviorbulk and surface modulated acid dissociation, presented in the following Sections 2.4.1, 2.4.2, and 2.4.3.

315 and bulk acid constants for Decanoic and Malonic acids used in

2.4.1 Disseciation-of- monoprotie Monoprotic acids

The dissociation of a monoprotic organic acid (HA) in an-agqueous-meditmmay-be-aqueous solution is represented by the

equilibrium
325 HAHA +H,O = A7H203A7 + H30+H30+, (R3)
where HT from the dissociation of the organic acid are considered as fully hydrated, such that the concentration of H3Ot is

equivalent to the concentration of hydrogen-Hydrogen ions from dissociation of HA.

The equilibrium acid dissociation constant is

G/H: O+aa—- A, O+aA—-
a=— . ; (2D

_GHA  OHA_

330 where e o ea—and-amaay, 0+, - and aga are the activities of HzO+ eations; A—antons-and HA-H; O ' cations, A ~anions

and HA molecules, respectively. Eq—Equation 21, can be approximated in terms of the molar concentrations and ideal-dilute

molar concentration based activity coefficients (v;) of each species ¢ as -

_ [H3OT][A™ ] vir,0+va- [H3OV][A™] ya,0+7a- .

Bom WAL AL m 22
Since HA-is-a monoprotic acid with-only-one-ionsizable-hydrogen-HA has only one ionizable Hydrogen, in eq. 22

335 [A”A7]=[H;0"H307], and [HAHA] = [HA] i [HAJior — [H3OTH307], (23)
where [HAJw[HA] 4 is the total concentration of the organic acid. The acid dissociation degree « is defined as
AT AT [H07) [H0Y] o

[HA]tot [HA]tot [HA}tot [HA]tot '

At et A~~~

12



340

345

350

355

360

.. . . . vy +Vp— .. . . 0s +7Aa—
Gem%&geqﬂaﬂeﬂ&é%)ﬂid—%ﬂidﬂppwxﬁﬂ&ﬁfrﬂ#—Combmm eq. 22 and 24 and approximating —2s°~ A~

with the mean activity coefficient v,

2
Kaa = [HA ot [HA ot (101 a) 7. (25)

For a highly diluted-dilute solution (e.g., —<0:
HAJot < 0.001 molL=1), 72 ~ 1 and eq. 25 can be written as

o —K,+ K2+ 4K, x [HAJtor =K, + /K2 +4K, x [HAJ;0t 26)
2[HA ot 2[HA ot .

242 Di o £ i e aeid

With [HA]¢o+ known from and other properties of the aerosol population, the Hydrogen ion concentration from organic
acid dissociation [H* ] is obtained as [H30"] in eq. 24 by

[HJia = [H;07] = o[HAior, 27)
where the acid dissociation degree « is given by eq. 26.

242 Diprotic acids

For a diprotic organic acid (H3A), the dissociation of H jons in an aqueous mediam-oeenrs-solution can be considered to

occur in two stages:-,

HQAH2A+HQO — HA_HgoaHA_ +H30+H30+ (R4)
and
HA HA™ +H,0 = A Hy0=A?" + H;0"H30™. (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,o. The overall dissociation constant of

the-diprotic-acid-Ho A is

B = Ka Kaz, (28)
and therefore,

pB=pKa +pKaa. (29)

Using similar assumptions as for the monoprotic acid, for a highly dilute solution, the acid dissociation degree « for a
diprotic acid can be derived as :-
1 1
= 4B[HoAion + 2 4B[HoAfioq 1+ 2°

(30)

13



where ; [HgA}tot is the total concentration of the dlprotlc acid. Thus—baseeke&fhekﬁemm{{—mwgaﬂic—eeﬂeeﬂ&a&eﬂs
365

feﬁewmgﬂﬁhielorfhe—ameuﬂ{—ef—Himﬂfrdiﬂeel&teekb’fAnalo ously to the case of a monoprotic acid, the efg&meaeldﬁ%
ealeulatedfor-the bulkselution—Hydrogen ion concentration from dissociation of a diprotic organic acid HJr Jua is given by

[HTia = [H307] = a[HyAler, 3D

where the acid dissociation degree «v is now given by eq. 30.

370 2.4.3 vaw’tHefffactorfor-Surface modulated organic acid dissociation

wvhfactorion =1+ a(Nions — 1),

375

NSNs = IsuNSU + 10ANOA T 1SSTSS,

We now introduce a simple empirical representation of the shift in organic acid dissociation previously observed in surface-sensitive

XPS experiments. Werner et al. (2018) found that the surface specific dissociation state of surface active mono-carboxylic

380 acids was significantly suppressed in dilute aqueous solutions across a very wide range of solution pH =2 — 12, Similar
suppressed dissociation states were also found for other mono- and dicarboxylic acids of both stronger and weaker surface
activity, in aqueous solutions closer to neutral pH (Prisle et al., 2012b: Werner et al., 2014b; Ohrwall et al., 2015a). The shifted
dissociation states are attributed to both increased concentrations of the surface active organic acids in the surface and increased
non-ideality (higher activity coefficients) of the charged deprotonated conjugate species A~ and hydronium ions, compared to

385 the neutral molecular acid HA, in the organic-rich air—solution interfacial region (Werner et al., 2018; Prisle, 2023). From eg.
22, this corresponds to an apparent shift of the acid p/, at the surface,

pK, = pK2"'  +log (W> 32)
N uA S

390

considered-as-fully-disseciated-and-igyand-igssaresetto-3-and-compared to the well known bulk acidity p K bulk htained for
dilute aqueous solutions, where all activity coefficients are assumed to be ideal, v; = 1 (Prisle, 2023).

14
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The dissociation states observed with XPS are broadly consistent with a magnitude of the apparent shift in p &K, of lo,

PH units across the surface titration curve (Prisle, 2023). We here introduce the effect of surface modulated acid dissociation
by shifting the well known bulk p/, of each organic acid according to these shifts of the surface titration curves. We consider
two magnitudes of this apparent shift, covering the range of experimental observations from XPS. For a monoprotic acid, we
consider pK, = pI"" +1 and pK, = pK"E + 2, where pK" is the well known p/, of the organic acid in aqueous bulk
solution. To represent the surface shifted dissociation of both carboxylic groups in a diprotic acid, we increase both the first and
second acid constant, by 1 or 2 i gani i i issoei ron

» , v +o-pH units, to similarly obtain
KPulk 41 and p K PUk 2. We here refer to the shifted p/, values as the surface modulated apparent pK,,. However, we
strongly emphasize that the p/,, which is an intrinsic property of each organic acid in bulk aqueous solution, is independent

to-the-dissectation—not itself changed. Only the dissociation responses of the organic acid-and-the-consequentinerease-in-the
number-of-available-meles-of sotute;nzacids to a given pH of the solution (here, the cloud pH) are changed in the surface
Prisle, 2023).

244

For both mono- and diprotic acids, respeetively—This

modulated apparent pK , readily-available-fromliterature-whereas-are given in Table 3. For each p/,, the corresponding acid
dissociation degree « is calculated for the monoprotic acid using eq. 26 and for the diprotic acid ;the-sam-of-thereported-first
; using eq. 30. The value for « decreases with increasing pK ,, such that the increased apparent pK, -available-in
; ; bulk
literature-is-taken-asp K2 (same-aspSeq—29—

THz0+ Va—

organic acid in the surface.
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Werner-et-al(2018)-investigated-the-The surface modulation of organic dissociation is most pronounced in a range of several
pH units around the bulk pK,. At very low and very high pH the surface eh&meteﬁsﬁe&ef—bt&yﬁe—aﬂd—pefﬁaﬁeie—&etdmﬁﬂt&e

equilibriam-was-systematieally-shifted-in-dissociation states collapse onto the well known bulk solution dissociation behavior
Werner et al., 2018; Prisle, 2023). For both the organic acids used here, the suffdee—eeffespeﬂfhﬂg%e%}ppafeﬂﬂrhtﬁ—m
M%MMM i

Although we implement the effect of surface modulated acid dissociation as a consequence of simultaneous surface activit
of the organic acid, pAS" —are retated-as-

VH50+ VA - >

pK:urf _ pKEUIk + lOg (
YHA

not explicitly consider the bulk—surface partitioning of organic acids in our calculations. Qur simple empirical representation
by shifting the apparent pK, in-the-surface-can-be rationalized-in-terms-of for the organic acid corresponds to assuming
that the overall dissociation state in aqueous aerosols and droplets is described by the surface modulated properties. This
is closely representative of aerosols and droplets where the majority of organic aerosol components are partitioned to the
@memwmthe 0T TA ) -refleeti

A in aacad-non de O o h e = ato ad d M-1OA oA

eﬁfrfhe%uffaee—'lihe—magmfudeeffmlcrosco ic and submicron size ranges (Prisle, 2021, 2023). In real atmospheric aerosol
and droplet mixtures of both surface active and more water soluble OA, organic species will be partially partitioned to the

overall dissociation state should be described as a combination of both well known bulk acidity and surface modulated states.
The present simple empirical representation therefore gives an upper bound of the potential effects of surface modulated acid
dissociation according to the previous observations from XPS experiments.

We-here-considertwo-values—of-When surface modulated organic acid dissociation is considered, these properties are
assumed to remain consistent throughout the 1-hour simulations. Prisle et al. (2008) and Prisle (2021) estimated that surface

adsorption of typical atmospheric surfactants equilibrate within a timescale of a second in micron-sized droplets. Lin et al. (2020

investigated the impact of surface adsorption dynamics on surfactant effects in cloud droplet activation and found that different

16
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475

dynamic effects nearly cancel out at every time step. Noziere et al. (2014) assumed that both the bulk and surface reach a
state of reasonable equilibrium with respect to organic adsorption at the aqueous surface within approximately 495 seconds.
Therefore, we consider this assumption to be a reasonable first approximation.

Table 3. Properties of the organic acids used in calculations of acid dissociation, including molecular properties (MW and p), well

known bulk solution acidity (pK a1, pKa2, and pKP"¥), and surface modulated dissociation properties (implemented as p& "' 41 and

Kbulk + 2)‘

Malonic acid Decanoic acid
Molecular weight, MW 104 gmol ! 172.26 gmol !
Density, p._ 162gem™ 0.893 gem™
.o 5T -
KR 85 19
KR 42 125 69

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

2.4.4 The van’t Hoff factor for organic dissociation

Aqgueous phase dissociation also influences the available amount of solute species in aerosol particles and droplets, affecting the
calculations of water activity and critical supersaturation (Section 2.2). The molar amount of available solute n; is calculated
in SALSA2.0 from the the apparent shift;covering the range of observations;molar amounts of all the internally mixed soluble
species as

ne = isunsy tioanoa T issnss, (33)

where the n n and ngg are the molar amounts of Sulfate, Organic aerosol, and Sea salt, respectively, derived from
the initial aerosol mass fractions given in Table 2 and igyy, i0a and representingstronger-orless—strong-influence-of surface

bulk

prop O WHo arop TO OROPTo acta;—p
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Sulfate and Sea salt are

considered as fully dissociated, such that iy = 3 and igs = 2. By default, Organic aerosol is not considered as dissociated and
ioa =1

To include effects of organic acid dissociation, ioa is calculated with consideration of the acid dissociation degree o j-is
eateutated-(from eg. 26 and 30) as_

Z‘OA =1+ a(nions - 1), (34)

where 70,5 = 2 for the monoprotic acid usingeg—26-and-and n;,,s = 3 for the diprotic ac1dmgeq%9—&wsmaﬂerwvﬁh
. . . e _ is the number of
ions formed from one formula unit of the organic acid. The total available molar amount of solute (1, eq. 33) is thus modified
supersaturation 9 for each aerosol size bin.

The van’t Hoff factor is calculated for each apparentpK, using eq. 34. The dissociation degrees and van’t Hoff factors for
the no organic dissociation (no diss), butk-erganie-dissoeiation-organic acid dissociation according to bulk acidity (p/& >u*) and
surface modulated suppressed organic disseciation{(pA 2 t-and-pA 21U 2acid dissociation (pK Pk 41 and pKPulk 4 2),
for all the OA mass fractions considered here are given in the appeﬁdﬂe@ab}e—” M@N)

3 Results and discussions

We present the results of HAMBOX simulations for Sulfur chemistry, cloud microphysics, and aerosol-cloud-climate effects
considering organic acid bulk acidity (p& ”"¥). surface modulated suppressed organic acid dissociation (p&P"* 4 1 and 2)

and no organic acid dissociation (no diss). Simulations were carried out with the entire OA fraction (Table 2) as either Malonic

calculations are presented in terms of

total hydrogenton-concentrationHydrogen ion concentration [HT ]y, -and-total-sulfate-concentrations—and secondary Sulfate
concentration [SO?7]” in the aerosol population i ‘ ‘ 3

OA = Malonic acid) or Decanoic (OA = Decanoic acid) acid. Results of Sulfur chemist
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organic—dissoctation-and-no-organic-dissoctation. The consecutive effect on cloud activating properties +-is then presented
in terms of change in EBNE~cloud droplet number concentration ACDNC )-and-RE;-compared-to-no-organie-dissociation
is-then—presentedfor-bultk-dissectation-and cloud radiative effect RE predicted for bulk and surface modulated suppressed

dissociation of the =#ssrio— sres e aommnal bdene s fon e sienaaiaglaieel b be el alas s

respeet-to-theno-diss - AfH |-ealeulated-usingeq-—35- organic acids, compared to no organic dissociation,

3.1 Agqueous aerosol Hydrogen ion concentration

Figure 1 shows the agueous-aerosol-hydrogenion-eoncentration<total Hydrogen ion concentration [H o »-calculated with
HAMBOX using—(eq. 20) in the aqueous aerosol population with sizes between Dy = 0.317 —40 pm after 1 _hour of
simulation time, as a function of varying apparent pK,=p& 24X, corresponding to representations of bulk (X=0pKPulk)
and surface modulated (X=t-and-2)-organie-p/K "% + 1 and 2) organic acid dissociation, considering {OA = Malonic acid
(panels a, b), and OA = malenie-acid—-and-(Decanoic acid (panels c, d)OA—=-deeanoic-acid, for varying initial mass fraction
of organic aerosol (xox—=A0-2-H-in-differenteoloursyon = {0.2,0.4,0.6,0.8, 1} in blue, purple, pink, orange, and yellow.
respectively). The hydrogen-Hydrogen ion concentration with no organic dissociation (ebtained-usingno diss, eq. 19) is also
shown as a black line. As expected, the-hydrogen—ton—coneentration—inthe-aeresel-[H™ ], does not change with apparent
pK, when organic acid dissociation is not accounted for, whereas a significant increase in-hydrogen-ion—coneentration—is
observed-when-organie-is observed for both Malonic and Decanoic acids when organic acid dissociation is consideredfor-both
organic-acids—The-hydrogen-. The total Hydrogen ion concentration is highest when bulk-organie-organic acid dissociation is
considered faccording to pK, }l’ulk ror-al-initial-OA-massfractions;-and-deereases-as-OA-and decreases for all xoa as acid
dissociation is increasingly suppressed according to the surface modulated acidity—in-the-form-of-inereasing-apparent-pH -
apparent pE" + 1 and pKgU £2.
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Figure 1. Aqueous aerosol total Hydrogen ion concentration, [H™]¢ot, calculated from eq. 20 with the Sulfur chemistry module of HAMBOX
in the aqueous aerosol population with sizes between Dyey = 0.317 — 40 um, after 1 hour of simulation time, assuming five different initial
1 . . .

organic mass fractions

varying pK, corresponding to representations of bulk (p/& ") and surface modulated (pK>" + 1 and 2) organic acid dissociation. (a,

b) All OA is assumed to be Malonic acid, and (c, d) all OA is assumed to be Decanoic acid. Simulations without accounting for organic

"no diss’ and panels b and d show the relative change in total Hydrogen ion concentration A[H™

acid dissociation are represented b

calculated from eq. 35 for each of the acid dissociation conditions with respect to 'no diss’.
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The relative change in hydrogen-ion—coencentration-compared-to-total Hydrogen ion concentration with respect to the 'no
diss’ (AfH)for-malonie-aeidis298-5%-condition_

+ . _H*
N h&tﬁ]([)H 1o 5 100, (35)

is shown for Malonic and Decanoic acids in panels (b) and (d), respectively, of fig. I, For Malonic acid with pK"*for-,
A[H i1 = 298.5% at the lowest OA mass fraction (rox0-2)yand-696x0a = 0.2 and 696% for the highest OA mass fraction
Eronb-—Ynderyoa = 1. Under the surface modulated suppressed organic disseeiation-of pI 2+ the- AfH+-deereasesto
137%-and 357%- respectively; foryon 0:2-and-xox—+-acid dissociation condition pAP™* 1, A[H*]o decreases to 137%
and 357% for xoa = 0.2 and xoa = 1, respectively. On further suppression of organic disseeiation—with-pA2UE+2 these
vatues-acid dissociation according to pKP ¥ +2, A[H]o, further decrease to 54%-and—14854% and 148%, respectively=
‘Fhe hydrogen-ion-coneentration-for deeanoic-acid-, at these OA mass fractions. For Decanoic acid organic aerosol, the total
Hydrogen ion concentration at pK >k —inereases-by—t48increases by 148% with respect to *no diss’ for xoa0-2-and-by
M@M@N% respectively, and at p%%—ﬂ&eyfuﬁheﬁleefease%e—%%ﬁxd—ﬁ%%eﬁmr@%
and-tpIo"" + 2 further to 20% and 47% for xoa = 0.2 and 1, respectively. Therefore, en-censidering-even considering the
stronger surface modulated suppression of organic disseeiation—with-pA 2 +2acid dissociation with pK >k 4 2. the total
hydregen-Hydrogen ion concentration in the aqueous aerosol is still 26-t0-4720 — 47% higher than 'no diss’ for decanoic
Decanoic acid, and SMM%%HWWMMMaC1d depending on the initial organic aerosol

mass fraction. A

The results shown in fig. 1 and in the following are obtained for a constant ionic strength of I = 0.5 molkg™". Tonic
strength is a bulk solution phenomenon and not expected to affect surface adsorbed organic acids, which can be considered as a
artially) liquid-liquid separated phase (Prisle et al., 2010a), to the same degree as in the bulk solution. Therefore, the amount

condition and potentially to some extent for the surface modulated conditions. The total Hydrogen ion concentration ([H™ ot "

eqg. 20) in the aerosol population is shown in fig. S1 of the Supplement for OA = Malonic acid, considerin =0.4and 0.6

and for varying ionic strengths 7 = {0.5.1,3,5} molkg™".

The total Hydrogen ion concentration decreases with increasing ionic strength, as expected. For xoa = 0.4, [H* ot is
approximately 270% greater for p/C 2" than without consideration of dissociation (no diss) at = 5 mol kg, For the surface
modulated dissociation condition at the same ionic strength and organic aerosol mass fraction, [H* ot is approximately 120%
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greater for p/C;"! + 1 compared to *no diss’. Even for the more strongly suppressed dissociation corresponding to pK"!* + 2,
[H*]cot is approximately 45% higher than without dissociation. Therefore, for 7 = {0.5.1,3,5} molkg™", the total Hydrogen
ion concentration in the aqueous aerosol has significant contribution from organic acid dissociation. Similar analysis for varying
ionic strength considering OA = Decanoic acid was not immediately possible, due to lack of data on the variation of pK, with
I for aqueous Decanoic acid solutions, However, measurements of pK, for Acetic acid in aqueous solutions with varying.
ionic strength were reported by Cohn et al. (1928). The total Hydrogen ion concentration for varying ionic strengths in the
aqueous aerosol is shown for OA = Acetic acid in fig, S2 of the Supplement. For OA = Acetic acid, organic acid dissociation
considering I = {0.02,0.2. 1,4} mol kg™ results in approximately 270 — 380% higher [H* ]y than without acid dissociation.
Both Acetic acid (pK, = 4.76, Goldberg et al. (2002)) and Decanoic acid (pK, = 4.9, Martell and Smith (1974)) are straight
chain monocarboxylic acids with comparable bulk acidity and their aqueous dissociation properties are expected to be similar.
Therefore, variation in I is expected to result in similar [H*]¢ot in the agueous aerosol for OA = Decanoic acid as for OA =

Acetic acid.

3.2 Aqueous aerosol Sulfate concentration

Figure 2 shows the aqueous phase secondary Sulfate concentrations [SOi_]’ " from oxidation of SO3 by HO and O3 (Section
2.3) fer-the-whele-in the agueous aerosol population with dreptetradius6-3+7-sizes between Doy = 0.317 — 40 umte-40--after
+, after 1 hour of simulation time, for varying butk-acid pK,, corresponding to representations of bulk (p/ "% and surface

modulated pEef-OA-dissoeiation—(pK YK 4+ 1 and pK Pk + 2) organic dissociation, assuming five different initial organic
mass fractions =40.2,0.4,0.6,0.8,1}, denoted by blue, purple, pink, orange, and yellow, respectively, and where OA =

malonic-acid-(sub-figures-Malonic acid (panels a, ¢) and deeaﬁeie—aetéésub-ﬁgﬂfe& W@b d);-assumingfive

. The secondary Sulfate
concentration obtained from simulations without consideration of organic acid dissociation (’no diss’is-shewn-as-a-blacktine,

black line) is shown for reference. The relative changes in the sulfate-Sulfate concentration compared to "no diss’ (AJSOF
A[SO37]") for both oxidation pathways are given in the-appendix{fig-22)-fig. S3 in the Supplement.

The Sulfate concentration from H>O5 oxidation (panels a, b) increases drastically for both organic acids when organic acid

dissociation is accounted for. From eq. 15, it may seem that sulphate-Sulfate concentration should decrease with increasing
[H Jsorconeentration, but the reverse is observed in figure-22—fig. 2. This is a property of the general acid catalysed mechanism,
where the pK,dependent%mx—dependent rate constant kya offsets the decrease in sulphate-eoneentration-[SO; |” caused
by increased [H*];ot concentration. These results are in line with Liu et al. (2020)where-, who suggested the general acid
catalysed HoO2 oxidation was-suggested-as-a—source-to explain 'missing’ sulfate-Sulfate during severe haze episodes. The
oxidation of SOy by Og (panels c, d) follows a straightforward dependence on [H ;o eoncentration—from-(eq. 16), where
increased hydrogen-Hydrogen ion concentration results in decreased [SO?L_]/ !, compared to the ’no diss’ condition.
For-malente-
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Figure 2. Aqueous aerosol secondary Sulfate concentrations [SOZf]” W SO ‘QXHQ O- (panels a, b, egs. 15 and 13) and O3

anels ¢, d, eq. 16), for Malonic acid (panels a, ¢) and Decanoic acid (panels b, d), with v K, corresponding to representations
of bulk (pK ") and surface modulated (pK>"™ + 1 and 2) organic acid dissociation, in the aqueous aerosol population with sizes
between Dyey = 0.317 — 40 um, calculated in the Sulfur chemistry module of HAMBOX with five different initial organic mass fractions

ink, orange, and yellow, respectively (Table 2), after 1 hour of simulation time.

black curves).

Simulations without accounting for organic acid dissociation are represented by 'no diss’

For Malonic acid, HoO4 oxidation shows an increase in total-sulfate-aqueous phase secondary Sulfate concentration com-
pared to "no diss’ ;with- A[SOZ | ranging from 6434% to14876%(fig. 2 panel a), with A[SO3~]" ranging from 6434 — 14876%

at pK P with increasing xox=-{6-2:1+ (Supplement fig. S3 panel a). With surface modulated suppressed organic
dissoeiation;—acid_dissociation, [SO37]" decreases compared to pKP>"K. The lowest simutated—-A{SOT—}-is-observedfor

LU and o 02A[SO7 )" is predicted for p Pk 4+ 2 at = 0.2. But even at-this-peint-AJSOF—is+432here,
A[SO?]" = 1432%, which is a signifieant-strong increase compared to *no diss’. Similar trends are ebserved-found for the
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H>0- oxidation with deeaﬂeie—aetd—{sub-ﬁgufelm@g\&mb) where the highest su}faf&eeﬂeemfa&eﬁ[SO i

is obtained for bulk-organie-dissoeiation; p K WX with A[SOF—}ra : .
%WW%W%QLMWWWWWMMM%
Ihgvlg\vwvevsuSOi " predicted for OA = de%mt&aemHs—a&expee&eeFD;c&&Wfor the stronger surface modu-

bulk A with atllP

lated suppression of organic €iss
DI 42 and yop =02, as expected, with AJSOL]” = 595%. The sulfte agueous phase econdary Sulfe concentration
from O3 oxidation deereases-by-76-to-800f SO, (fig. 2 panel ¢), decreases by 70 — 80% compared to 'no diss’ for OA = malonie
Malonic acid at pK >Wewith-inereasingox=16-2,1, with increasing xoa (Supplement fig. S3 panel c). The decrease is
less-smaller for surface modulated suppressed acid dissociation, as expected, and-is-35-te-55with A[SO3~]" = 35 — 55% for
the stronger-dissoeiation-suppression-at p/2*!+2-more strongly suppressed dissociation at pK" + 2. For OA = deeanoie
aeid-also-shows-Decanoic acid (fig. 2 panel d), a similar trend forsutfate-eoneentration-is seen for [SO; )" from O3 oxidation,
where decrease in sutfate-aqueous phase secondary Sulfate concentration is in the range of 26-t0-7SA[SO3 ™~ ]” = 20 — 75% for
bulk and surface OA-dissoeiation-Fherefore: the modulated suppressed dissociation (Supplement fig, 3 panel d), Therefore,
H,0, oxidation of SO, results in a far greater increase in in-the-total-[SO3~]” in the aerosol population than the decrease in

[SO27]” from the O3 oxidation of SO, compared to "no diss’.

predicted-sulfate—coneentration,—These results show how the increase in [HT |0 from organic acid dissociation in terms
of [H+]ga results in significant increases in predicted [SO;~]” in the aqueous aerosol, compared to when organic acid

dissociation is not accounted for. As expected, the effect is smaller when organic dissociation is suppressed with-according

to surface modulated pK,, but even for the stronger suppression considered here, the effect is +432-40660%-and-598-2500%

with-yor =102} formalenic-acid-and-decaneie-aeid-1432 — 4000% and 598 — 2500% with increasin for Malonic
and Decanoic acid organic aerosol, respectively. We see that the effect of acid dissociation is larger for the-H,O5 oxidation,

suggesting that this pathway is more sensitive to inclusion of organic aerosol acidity and dissociation effects.

3.3 Activation of droplets

Figure 3 shows the critical supersaturation S; (eq. 3) predicted with HAMBOX for the-five-seleeted-initial organic mass
fractions (xox)xoa ={0.2,0.4,0.6,0.8,1}, obtained for three dry particle sizes, d,, = +35-135 nm (darkest shade), 296-290
nm (lighter shade) and 456-456 nm (lightest shade), with apparent-pK, =represented by bulk (pK bulley X -correspondine to
representations-of-butk-(X=0;-blue) and surface modulated (X=1;red-and-X=2;green)-organie-pK 2" + 1 and pKPulk 4 2)
organic acid dissociation, considering (a)-OA = malonic-acid--and-(b)-Malonic acid (panel a), and OA = decanoic-acid—The
Decanoic acid (panel b). Results from simulations with the no diss’ condition is-atse-shewn-(black bars) are also shown in both
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panels for each dry particle sizein-both-figures—The-aeroselsize-redistribution-. The dry particle sizes chosen here fall in the

Accumulation sub-range of size bins. We choose these dry particle sizes to investigate the critical supersaturation as particles
in the Accumulation size range have been shown to be the most effective in CDNC production (Patel and Jiang, 2021).

The redistribution of aerosol sizes caused by the increased sutfate-Sulfate concentrations affects the calculation of the droplet

radius{(Dyorrinsize Dy (€q. 3and-thus;the-eritieat supersaturation-). Therefore, S; is affected by bulk (p K>"¥) and surface
modulated (pA LU and-pi Ll 2y Pulk 4 1 and p KPulk 4 9) acid dissociation of the OA. We see that for both organic

acids considered, the increased sulfate-secondary Sulfate concentrations in the aqueous aerosols, compared to 'no diss’, is

sufficient to significantly decrease the-eritical-supersaturationfor-all-g; for all at each of the three dry particle sizes and
al-OA-massfractions-considered. As expected, the decrease in S; is lesser-smaller when surface modulated suppressed acid

dissociation is considered—For-decanoic-acid-, compared to simulations considering bulk acidity of OA. For OA = Decanoic
acid (panel b), the difference between the-S; calculated for bulk and surface apparent{pfcz)-modulated pK, is larger than
those-calenlated-for-malonie-acid—This-difference-is-more-visible-in-the-higher-for OA = Malonic acid (panel a), especially
for the larger dry particle sizes (lightest shade) and higher organic mass fraction-(xox0-6-to-Hfractions, yoa = 0.6 — 1. This
suggests that the-simulated-S; from deeaneie-consideration of Decanoic acid dissociation is more susceptible to changes in the
surface shifted-apparent-{p/iy)-than-malenie-modulated pK, than for Malonic acid, especially at higher dry-partiele-sizes-and
higherorganie mass-fractionsd,, and yoa . While Decanoic acid is the more surface active of the two organic acids considered,
because our simple empirical representation does not explicitly account for surface adsorption, this effect is here caused by
the differences in bulk and apparent surface modulated p/<,, with respect to the aerosol pH. As the xox-organic mass fraction
increases, the difference in \S; between all apparentp K, conditions and "no diss’ increases for both organic acids. As-the-

The calculated S; in each bin-also-reflects-the-changes-in-the-size bin also includes any changes in aerosol water activity due
to erganie-dissoctation-(seetion2:4-4)-we-increased organic van’t Hoff factor from organic acid dissociation (eq. 34, Section
2.4.4). We see that for both organic acids, the water activity is sufficiently reduced, even for the surface modulated suppressed
acid dissociation, to significantly decrease .S;, compared to “no diss’. It is well known-that-eritical-supersaturation-established
that aerosol critical supersaturation typically increases with increasing OA due-to-hygroscopicity(Svenningsson-et-al52006)
~hewever,mass fraction, due to the higher hygroscopicity of organic aerosol components compared to other soluble species,
such as inorganic salts (Svenningsson et al., 2006). However, fig. 3 shows that organic acid dissociation can partially counter
this increase in ;. This effect is smaller if surface modulated suppressed-organie-suppression of organic acid dissociation is
considered, which is mere-relevantin-smaller-droplets-and-particles-due-to-the-high-surface-to-bu ioexpected to be more
relevant for smaller particles and droplets, due to their high surface area to bulk volume ratio, and for aerosol populations with
higher fractions of surface active OA (Prisle, 2021).
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Figure 3. Critical supersaturation ,S; as a function of the initial organic aerosol mass fraction yoa for (a) Malonic acid and (b) Decanoic
acid, for three initial dry particle sizes, d, = 135 nm (darkest shade), 290 nm (lighter shade), and 456 nm (lightest shade), and pIs,

g Pulk KPUk 4 1 in orange, and pKP"X + 2. in green) organic acid dissociation. Simulations

without accounting for organic acid dissociation are represented by no diss’ (black and grey bars).

representing bulk in blue) and surface
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Figure 4. The average activated fractiong, ny-i-, of the whele-aerosol population with droplet radits-6-3+7-sizes between Dye; = 0.317 — 40
umte-46-, after +-1 hour of simulation time, assaming-for five different initial organic mass fractions A =1{0.2,0.4,0.6,0.8,1},

denoted by different-colorsblue, purple, pink, orange, and yellow, respectively (see also Table 2), calculated using-eg—8-for varying pK,
corresponding to representations of bulk (pAK\;‘ﬁiLand surface modulated (pK > + 1 and 2) organic acid dissociation, and considering (a)

OA = malonie-Malonic acid, and (b) OA = deeaneie-Decanoic acid. The average activated fraction in the 'no diss’ average-activated-fraction
for-each-yon-condition is shown as a-dashed tre-lines in corresponding colors for each yga.

Figure 4 shows the activated fraction {n )-(eq. 8) of the aerosol population, with droplet sizes between D, = 0.317 — 40

um, averaged for all size-bins-aerosol size bins, calculated for initial organic mass fractions ; = 5

M&W@%Wmmmmwﬁwm
respectively (Table 2), with pK, =representing bulk (pKPUk+X;-corresponding to-representations-of butk-(X=0) and surface
md%ed@%}ﬂﬂ%ﬂwmlm%%mhssomanon, considering {a)-OA = malonicaeid
s-and-tb)-Malonic acid (panel a) and OA = deeanoie-acid-—Fhe-Decanoic acid (panel b). The average activated fractions for
simulations not considering organic acid dissociation ('no diss’average-activated-fraction; shown-in-correspondingeolors-) are
shown as dashed lines Wwﬂﬂﬁm&lwgmm for
both organic acids;with-yoa—=-0-2-1}. The inclusion of organic disseei
aetivated-fraction-acid dissociation effects results in higher activated fractions than 'no diss’ -fer-beth-the-for both organic
acids, with malenie-Malonic acid dissociation resulting in a greater n than decaneic-aciddissociation-under—the-same—¢on

and-apparent-Decanoic acid, for the same and pK,. This is expectedas-malonic-, as Malonic acid is a stronger acid
with lower pfcpK W K PuIk and [H*]4ot from matenie-Malonic acid dissociation under the same conditions was-higher-than-that

from-decanoic—aectddissectationis higher than for Decanoic acid. The maximum activated fraction is observed for pK ('f““‘ 5
0:044-t0-0:027-with = 0.014 — 0027 for OA = malonie-acid-and-0-012-t0-0:62+ Malonic acid and n = 0.012 — 0,021 for

OA = deeaneie-Decanoic acid. For surface modulated suppressed organic disseeiation; pA2 1 acid dissociation accordin
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to pKPUk 4 1, the activated fraction decreases to 9-041-0:021-and-6-610-0-646-0.011 — 0.021 and 0.010 — 0.016 for OA =
malonic-and-deeanoie-Malonic and Decanoic acids, respectively. As expected, for-the stronger surface modulated dissoetation

suppression; pA 22 acid dissociation suppression according to pK Pk + 2 further decreases the activated fractionfurther
deereases;-but-, but n is still higher than for 'no diss’ (0:609-0-616-and-0-069-0-643-0.009 — 0.016 and 0.009 —0.013 for

OA = malenie-and-deeaneie-Malonic and Decanoic acids, respectively;—eerrespending-to—-xoa—=-0-2:1}). For both organic

acids, the activated fraction also increases with increasing oy oa, which is expected as the [H* ] increases with increasing

xoxXoa_ (fig 1). For both the-organic acids, the-amount ol [ ] is sufficientto decrease the critical supersaturation-enough
to—transtate-sufficiently high to lead to a decrease in S; that translates into an increased activated fraction for both bulk and

surface modulated suppressed organic dissoctation;—with-the-effect-being-smaller-acid dissociation conditions, with a smaller
effect for the suppressed acid dissociation, as expected.

3.4 Cloud droplet number concentration

9 (a) Malonic acid % (b) Decanoic acid
801 |—e—pKK 1
0 [ f
ulk
60 - —6—ng +2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 5. The change in cloud droplet number concentration {ACDNC sealeutated-using-equation-(eq. 10) with respect to ’no diss’ for (a)
OA = malenie-Malonic acid and (b) OA = deeaneie-Decanoic acid, ealeulated-using-equation—10-for-the-fiveseleeted-as a function of initial
organic mass fractions érox)-xoa = {0.2,0.4,0.6,0.8,1} assuming organic acid dissociation in-the-according to bulk (p, bulk plue) and
surface modulated erganie-dissoetation-properties bulk B\A;i‘j\liw orange, and pMF% KPPk 1 2 oreen).

Figure 5 shows the EPNEC-enhancemenrt{ACDNCchange in cloud droplet number concentration ACDNC (e 0) with re-

spect to "no diss’ #er—th&ﬁvese}eeﬁeek&%mﬁnmal organic mass

=10.2,0.4,.0.6,0.8,1},

for varying pK, atphp*!(corresponding to
representations of bulk (pK”"% in blue), pi2uk | (orange)-and-pA k42 (greeny-and surface modulated (pK, bulk 1 1 i
orange, and pK "X + 2 in ereen) organic acid dissociation. A significant enhancement in CDNC is seen for both malenie

considering OA = Malonic acid (panel a), and OA = Decanoic acid (panel b
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and-decanote-actdOAMalonic and Decanoic acid, compared to when no organic acid dissociation is considered (“re-dissno
diss). Similar trends are seen for both acids, where pK, bulk shows the highest CDNC enhancement compared to ’no diss’.
This is expected based on the calculated [H* ] and—(fig. 1) and [SO3™]" (fig. 2) from the bulk OA-disseeiation-organic
acidity and surface modulated suppressed ©A-—organic acid dissociation and consequent critical supersaturation (.5;, fig. 3)
from both organic acids. At-the-butk-pAFor pK 2k and OA = Decanoic acid, ACDNGfor-decanoic-acidrangesfrom14:70%

m%%#l%ﬂﬂ—merea%mg%oﬂ—{OQ—H—FeFﬂ%ﬁa}emeACDNC ranges from 14.7% to 83.1% with increasin . For OA
= Malonic acid, the 2

%&M@W&MMW@%WMQM Under surface
modulated suppressed disseeiation-of pA 2 torganic acid dissociation p K> + 1, the CDNC enhancement is less than that
obtained from pK2UX, ranging from 7-73%t0-73-9%for-decanoie-acid-and13:31%t0-6315% for matonie-7.7% to 73.9% for
Decanoic acid and 13.3% to 63.1% for Malonic acid. For the stronger surface modulated dﬁ%@ﬁ&&@fﬁuppf&%ﬁ—p%%

foryox—=16-2;1}acid dissociation suppression pKP" + 2. ACDNC is 3.1% to 62.5% for OA = Decanoic acid and 6.7% to

53.9% for OA = Malonic acid, with increasin .
The CDNC enhancement upon including OA aeidity-acid dissociation is caused by the change in aerosol size distribu-

tion due to the increased sulfate-Sulfate 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-nueleating-cloud droplet nucleating ability of aerosol particles (Dusek et al., 2006), the effect of organic acid dissocia-
tion on cloud response will be different depending on whether bulk or surface modulated properties are used to describe the
organic aerosol, and from fig. 5 we see that this difference is significant for both malenie-and-decanoie-Malonic and Decanoic
acid under the simulation conditions. The aerosol size distribution after one hour of simulation time with and without activating
the sutfur-Sulfur chemistry module,
the Su

lement (figs. S4 and S5) for both organic acids, assuming initial organic mass fraction,

iss’representations of bulk (p&K %) and surface

dissociation, the size distribution is almost simitar-at-the same after one hour for simulations with and without activating the
sutur-Sulfur chemistry module, for both organic acids. For erganie-dissoeiation-at-bulk acidity pK Pk, the size-distribution

aerosol size distribution at one hour is significantly different from the ’no diss’ size distribution;-at-one-heur. The change is

smaller for the suppressed organic diss

acid dissociation conditions p K" + 1 and p KP4 2. However, even for the stronger suppressed dissociation is-signifieant

enough-te-effeet-6:7—53-8-%and 31—-62.4-%-ACDNGC-the change in aerosol size distribution is sufficient to yield ACDNC b
6.7-53.8 % and 3.1-62.4 % for OA = malenic-acid-and-decanoie-Malonic acid and Decanoic acid, respectively, compared to

‘no diss’.
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3.5 Short-wave radiative effect
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Figure 6. Theshort-Short wave radiative effect (RE, ealeulated-using-equation-eg. 12) with respect to 'no diss’ for (a) matenie-Malonic
acid and (b) deeanoie-Decanoic acid, for the-five-seleeted-varying initial organic mass fractions (xxoxXoa = 0.2 — 1) assuming organic
dissociation i-the-according to bulk acidity (pK. bulk ‘blue) and surface modulated organic - acid dissociation (pwﬂ—kpfv(m orange,
and pE2UE 2y iePulk 49 oreen).

Figure 6 shows the short-wave radiative effect (RE-RE (eq. 12) with respect to 'no diss’fer-the-fiveselected-, as a function

ARRANAAANAIAANA

of initial organic mass fractions and OA = Decanoic acid

— 1, considering OA = Malonic acid (panel a

Ngrgggp/()vgcy\ggkltvqrepresentatlons of bulk efgaﬂiedisseeiaﬂeﬂ—p{c}f“@{mblue) and surface modulated suppressed
organic-dissoeiation; pA 2+ (orange)-and-pA UK+ 2sreeny-(p K Pk 4 1, in orange, and pKPU* + 2. in green) organic acid

dissociation. The inclusion of organic acid dissociation leads to a cooling effect for both organic acids, compared to "no diss’.
Considering organic acid dissociation with bulk properties Wﬁ—h—appﬂfeﬂ{—pH(pK bmk‘eheﬂhighe%))vgvl@r\g/e&coohng effect

is observed for both acids, ranging from

from-0:2t0+-—0.6 Wm ™2 to —2.7 W m™2 for Decanoic acid and —0.86 Wm~2 to —2.2 W m™?2 for Malonic acid, as

increases from 0.2 to 1. The effect is smaller when econsideringsurface-modulated-suppressed-dissoetation-surface modulated
suppression of acid dissociation is considered, but still significant compared to ’no diss’;-with RE-rangingfrom—0-5-to—22for
W,m™? for pK 2" + 1, and from —0.3 W,m™~? to ~1,6 W, m™~? for the more strongly suppressed organic acid dissociation
I + 2. For OA = Decanoic acid, the range of RE varies from —0.3 W,m™? to —2.4 W,m"? for pK2"' + 1, and from
—0.LW,m? 10 —2.1 W,m™? for piS"™ + 2.

The effects of OA acid dissociation on cloud droplet number concentrations and radiative effect without considering the
changes in the aqueous aerosol Sulfur chemistry are shown in fig. S6 of the Supplement. Here, the effects of organic acid

30



dissociation arise from modification of the van’t Hoff factor ina (eq. 34), reflected as changes in the Raoult term B (eq. 4
and consequently S; (eq. 3). The ACDNC and RE in fig. S6 are therefore independent of the increased [H*] driven Sulfate
755 concentrations in the aqueous aerosol and instead reflect the change in water activity due to the dissociation of the organic acid

and consequent increase in the number of available moles of solute ng . 33). Considering OA acid dissociation effects in

the water activity exclusively, OA = Malonic acid shows < 0.5% ACDNC with respect to "no diss’ for all representations of
organic acid dissociation. For OA = Decanoic acid, ACDNC with respect to 'no diss’ is slightly hi specially for
bulk acidity pKPulk —and higher . The

760 resulting RE with respect to "no diss’ is within a range between 0 and —0.01 W/m~2 for OA = Malonic acid and 0 to —0.05
W/m™? for OA = Decanoic acid.

R

3.6 Discussion

Our results show that acid dissociation of organic aerosolsin-the-agueous—phase, exemplified with eommeon-atmospherie-OA
765 Malonic and Decanoic acid as common atmospheric moderately strong acidsmalenie-and-decanoie—acid, can influence the

aq&ee&s—%u%f&%ehem%&y%e%ave—a—agmﬁem%eﬁfee&% ueous phase Sulfur chemistry to significantly impact the cloud

short-wave radiative effect.

Surface modulated suppressed

acid dissociation of OA can further change the concentration of Hydrogen ions in agueous aerosol from what is immediately
770 expected from the bulk acidity and aerosol pH. Under these surface modulated conditions, the effect-of-organic-dissociation
on-the-effects of organic acid dissociation on cloud properties are reduced, but still significant. Since many components in
atmospheric OA are aeidieboth acidic and surface active, this may be important to represent in large scale models. The-effeet

Furthermore, the impact of OA acid dissociation on cloud
activating properties via aqueous phase aerosol Sulfur chemistry is significantly stronger than by changing the aerosol water
775 activity and will be strongly underestimated if only effects on water activity are considered.
The increased Hydrogen ion concentration in aqueous aerosols as a result of OA acid dissociation leads to _enhanced
Sulfate mass from oxidation of SO by H»O». Increased Sulfate concentrations could potentially lead to enhanced formation
of organosulfur compounds within the aerosols. Organosulfur compounds form in the atmosphere through heterogeneous
reactions between volatile organic compounds and inorganic aerosol Sulfate and can comprise over 15% of the secondary
organic aerosol mass (Briigeemann et al., 2020; Riva et al., 2019; Chen et al., 2021a; Hettiyadura et al., 2019). These organosulfur
compounds could further increase OA mass and affect the resulting cloud droplet number concentrations. Organosulfates
have been shown to exhibit acidic properties and primarily exist in the deprotonated form under atmospheric pH conditions
(Fankhauser et al., 2022). Organosulfates are also known to be surface active in aqueous solutions (Hansen et al., 2015; Prisle et al., 2010b,
: Therefore, the mechanisms of both organic acid dissociation and its surface modultation studied here for atmospheric
785 carboxylic acids could also apply to organosulfate acrosols, potentially affecting cloud droplet activation in a similar manner.

780
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Bulk—surface partitioning in aqueous aerosols can be seen as a form of (potentially second order) liguid-liquid phase
separation (Prisle, 2023). Phase separation of organic aerosols and its impact on cloud activating properties of aerosol particles
have been widely studied (Reid et al., 2018; Freedman, 2017; You et al,, 2014). The partitioning of surface active acrosol components
occurs between the bulk and surface phases due to differences in composition and affinity for each phase. The suppression of
790 organic acid dissociation considered here is exactly a consequence of the increased concentration of surface active organic
acid in the surface phase. Liquid-liquid phase separation in the bulk phase would effectively create two separate solutions
with different compositions and ensuing properties. The modulation of organic acid dissociation could be taken into account
separately for these phases, based on their individual concentrations, following analogous schemes as described by Prisle et al. (2010a)

795 Our results suggest that organic acid dissociation should be considered for accurate predictions of OA chemistry and cloud
microphysics in the atmosphere. The specific magnitude of predictions with the present box model implementation may not
be immediately representative of analogous simulations with full 3D aerosol-chemistry-climate models, due to their greater
complexity and numerous coupled processes. For example, the effect of potential surface modulated suppressed dissociation
will further depend on aerosol and-droplet-size-and-surface activity and is expected to be especially relevant for smaller

800 ereso es;—and-o e goe hat-OA—dtsse on—shotldnot-be-omitted—fo e—pred ons-tnvelving-ergani

aerosolsdroplet sizes, However, as we have used a box model version of ECHAM-HAMMOZ, implementation of the OA acid

dissociation mechanisms considered here will follow analogous strategies for the full model. The box model simulations

contribute insights into the detailed mechanisms of OA acid dissociation and its impact on aerosol chemistry and cloud

formation and our present results provide a first assessment of the potential significance for resulting aerosol-cloud-climate
805 parameters under conditions similar to those examined here.

4 Conclusion

We investigated the effects of organic aerosol acid dissociation on total hydregen-Hydrogen ion concentration in aqueous

aerosols and the impact on resulting secondary sulfate-Sulfate aerosol mass, cloud droplet number concentration, and aerosol

short-wave radiative effect, using the aerosol-chemistry-climate box model EEHAM6:3ECHAMG.3-HAM23HAM?2.3 (HAMBOX).
810 Simulations were carried out considering the entire OA to comprise organic acid and used-malonic-and-decanoie-we used

Malonic and Decanoic acid as proxies for atmospheric OA aeidswith different aqueous acidity and surface activity. Dissoci-

ation of organic acids was considered in three scenarios: 1) the current standard of no dissociation, 2) following weH-known

bulksolutien-properties-well known bulk solution acidity given by the reported acid constant p{ﬁgg(\gﬂlj, and 3) accounting

for a surface-modulated suppression of dissociation as observed in recent laboratory experiments.

815 Our results show that organic disseetation-inereases-hydrogen-acid dissociation increases Hydrogen ion concentrations in
the aqueous aerosol phase, as expected. This leads to strongly increased secondary sulfate-Sulfate aerosol mass, which in turn
decreases the critical supersaturation for cloud droplet activation and yields a higher activated fraction—is-obtained-aerosol

fraction than if OA acid dissociation is not considered. The cloud response is observed as enhanced cloud droplet number
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concentration and a strong short-wave radiative effect of clouds. The effects of organic acid dissociation are greatest when
considering the bulk acidity of OA, but still significant even when potential surface-modulated suppression of dissociation is
also included.

As many atmospheric organic aerosol components are acidic (Pye et al., 2020), and-thereby-their dissociation can have sig-

nificant impacts on cloud properties;-this-. This work highlights the importance of including

such
organic acid dissociation effects in large scale atmospheric models. We suspect that, combined with the high surface to-bulk
ratio-and-strface-butkarea to bulk volume ratio and bulk—surface partitioning in small droplets (Bzdek et al., 2020; Prisle, 2021)
, the effects of organic dissociation and potential size dependent surface modulated acid dissociation could be significant in ex-
plaining some knowledge gaps about organic aerosol formation and acidity in atmospheric aerosols. Additionatly; OA-OA acid
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 acid dissociation effects could
become more-very significant. Many of these organic aerosol acids may also be surface active in aqueous solutions (Gérard

et al., 2019b), such as activating-haze and activating cloud droplets, and therefore corrections to account for surface modulated
suppression of organic acid dissociation may also be necessary. This-is-expected-to-be-particularlyimportant-for-smallersize
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