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Abstract. Formic and acetic acids are major organic species in cloud water and affect precipitation acidity. In
atmospheric models, their losses are limited to chemical oxidation in the gas and aqueous phases and deposition
processes. Previous lab studies suggest that these acids can be efficiently biodegraded in water by atmospheri-
cally relevant bacteria. However, the importance of biodegradation as a loss process in the atmospheric multi-
phase system has not been fully assessed. We implemented biodegradation as a sink of formic and acetic acids
in a detailed atmospheric multiphase chemistry model. In our model, biodegradation is considered in 0.1 % of
cloud droplets according to atmospheric bacteria concentrations of 0.1 cm™3. We predict that up to 20 ppth~!
formic acid and 5 ppth™! acetic acid are biodegraded. This translates into a concentration change of 20 % and
3 % in addition to that caused by chemical losses. Our sensitivity studies suggest that acetic acid is most effi-
ciently biodegraded at pH > 5, whereas biodegradation is least efficient for formic acid under such conditions.
This trend can be explained by the fact that formic acid partitions more efficiently into the aqueous phase due to
its higher Henry’s law constant (K ef(HCOOH) = 2 x 10° Matm ™! vs. Ky ef(CH3COOH) = 3 x 10* M atm™!
at pH =5). Therefore, under such conditions, formic acid evaporates less efficiently from bacteria-free droplets,
resulting in less formic acid in the gas phase for dissolution bacteria-containing droplets to replenish biodegraded
acid. Our analysis demonstrates that previous estimates of the importance of atmospheric biodegradation were
often biased high as they did not correctly account for such uptake limitation in bacteria-containing droplets. The
results suggest that, under specific conditions, biological processes can significantly affect atmospheric compo-

sition and concentrations in particular volatile, moderately soluble organics.

1 Introduction

Small monocarboxylic acids have been of particular interest
for several decades as they control, to a large extent, the acid-
ity of cloud water, fog, dew and rainwater in regions that are
not heavily anthropogenically impacted (Pye et al., 2020).
They contribute up to 60 % to the free acidity in remote ar-
eas and up to ~ 30 % in polluted regions (Millet et al., 2015).
Recently, it was proposed that the increase in organic par-
ticulate matter in continental areas leads to a new chemi-
cal regime, in which acid deposition is largely controlled
by organic acids, as opposed to the previous dominance by
secondary inorganic pollutants (sulfate, nitrate) (Lawrence
et al., 2023). Formic and acetic acids, which are the small-

est organic acids, are commonly found to be major contrib-
utors to the global organic acid budget (Khare et al., 1999;
Paulot et al., 2011). Typical mixing ratios range from 0.015
to 40 ppb for formic acid and 0.05 to 16 ppb for acetic acid
(Chebbi and Carlier, 1996; Millet et al., 2015). Their direct
emission sources include biomass burning, fossil fuel com-
bustion, biogenic sources and land use activities (Khare et al.,
1999; Paulot et al., 2011; Gong et al., 2020). Their abun-
dance in regions far from direct emission sources, e.g., in the
Arctic, implies their formation in the atmosphere (Mungall
et al., 2018). Their chemical sources include the oxidation
of isoprene-derived products by ozone or OH in the gas
phase (Paulot et al., 2011) and the oxidation of formalde-
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hyde and acetaldehyde by the OH radical in the aqueous
phase (Jacob, 1986; Chebbi and Carlier, 1996). Significant
fractions (~ 20 %-90 %) of formic and acetic acids are dis-
solved in the aqueous phase of clouds, comprising a major
fraction of the total dissolved organic carbon (Herckes et al.,
2013). Therefore, major losses of atmospheric formic and
acetic acids include wet deposition and aqueous phase oxi-
dation. Such source and sink processes are included in atmo-
spheric models of various scales (Paulot et al., 2011). The
comparisons of chemical models to observations show gen-
erally good agreement on a global scale; however, they often
reveal discrepancies on regional scales, possibly pointing to
inaccurate emission inventories and/or incomplete chemical
mechanisms (Franco et al., 2020).

Recent lab studies suggest that formic and acetic acids are
biodegraded by bacteria under atmospherically relevant con-
ditions (Herlihy et al., 1987; Vaitilingom et al., 2011; Liu
et al., 2023). Bacteria comprise a small number fraction of
total atmospheric aerosol particles (< 1 %), with concentra-
tions on the order of ~ 103 to 10° cells m;f ; this corresponds
to 10° to 10’ cells mL;ll at typical cloud liquid water con-

tents (~0.1-1¢g m;f ) (Amato et al., 2007). However, to date,
biological processes and functions, such as biodegradation,
are not included in atmospheric models to describe their po-
tential effects on atmospheric composition or, in turn, the
influence of the atmosphere on the aeromicrobiome (Amato
et al., 2023). The consideration of bacteria in models is usu-
ally limited to their role as ice nuclei (Frohlich-Nowoisky
et al., 2016, and references therein). However, ice nucle-
ation does not necessarily require living, biologically active
cells. The atmosphere is considered to be a harsh environ-
ment for microorganisms due to extreme and rapidly chang-
ing conditions in terms of temperature, pH, water and nutri-
ent availability (Amato et al., 2007). Yet, living bacteria cells
are commonly found far from emission sources and have
been isolated from cloud and fog water, which suggests that
clouds may be “atmospheric oases” for bacteria (Fuzzi et al.,
1997, Sattler et al., 2001; Amato et al., 2017; Santl-Temkiv
et al., 2022). Biodegradation is a well-known efficient aero-
bic loss process for organics in soil where bacteria cell con-
centrations are on the order of 10° cell cm™3 (Adeleke et al.,
2017). Cell concentrations in the atmosphere are much lower
(~0.01 cm™3) than in the denser soil that typically has an
aerobic layer of ~ 10cm. Therefore the atmospheric vol-
ume is much larger as compared to the biotic terrestrial and
aquatic environments which may result in comparable rates
(cell concentration x volume) if one compares losses in dif-
ferent environments (atmosphere vs. soil vs. surface waters).

A first comparison of biodegradation rates to those of
chemical processes in clouds was performed based on at-
mospherically relevant cell concentrations and lab-derived
biodegradation rates of organic acids. This comparison sug-
gests that biodegradation might be similarly efficient as OH
or NO3 reactions in cloud water (Vaitilingom et al., 2013;
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Jaber et al., 2021). However, such processes are not widely
included in atmospheric models, mainly due to the lack of
comprehensive data sets and appropriate model approaches.
Comparing typical number concentrations of cloud droplets
(~50-500 cm—3) to those of bacteria cells, it is evident that
only a small subset of cloud droplets (~0.01 %—0.1 %) con-
tain a bacteria cell (or possibly a few cells). In the current
study, we use a multiphase chemistry model complemented
by biodegradation processes to systematically explore the
conditions under which biodegradation of formic and acetic
acids by bacteria may be a significant sink in addition to
chemical losses in the gas and aqueous phases. We investi-
gate the sensitivities to wide ranges of cloud droplet diame-
ters and pH values.

2 Description of the multiphase model

2.1 Model equations

We use a multiphase chemistry box model with detailed gas-
and aqueous-phase chemistry, including 58 reactions in the
gas phase and 34 in the aqueous phase (Ervens et al., 2014;
Khaled et al., 2021). In total, 15 of the 31 chemical species
are transferred between the gas and aqueous phases. All pa-
rameters for the aqueous-phase reactions and phase transfer
processes are listed in Tables S1-S4 in the Supplement. We
use the standard equations to describe the multiphase chem-
istry system:

dCaq,g¢

=kt LWC ( Cg — &
LWC Ky RT

phase transfer
+ Saq - Laq — Lpact, (D
———

chemical processes

dc
—& =k LWC (Cg —

Caq!g
dr LWC Kyt RT

phase transfer

+  Sg—Lg 2)
——
chemical processes

where LWC is the liquid water content (vol vol_l), KHetr) is
the (effective) Henry’s law constant (M atm™ 1), and R is the
constant for ideal gases (0.082 L atm (mol K)~1). All concen-
trations are expressed in units related to the gas-phase vol-
ume (mol g;rl). The terms Saq, Lag, Sg and Ly denote the
chemical sources and losses in the aqueous (aq) and gas (g)
phases. Lp, refers to the loss rates of formic and acetic acids
by the biodegradation that occurs in a subset of droplets.
We derived rate constants for biodegradation by converting
lab-derived biodegradation rates (mol cell 's™1) into kpact
(Lcell~! s71) (Reactions R33 and R34 in Table S1) (Khaled
et al.,, 2021). We use data measured at a temperature of
17 °C for Pseudomonas sp., being a representative genus for
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commonly abundant atmospheric bacteria (Vaitilingom et al.,
2011). Unlike for chemical reactions, we did not account for
temperature-dependent biodegradation rates. The reasoning
for this assumption is explored in Sect. 4.2. kpac; is multiplied
with the (constant) cell concentration of 2 x 108 cells g;rl
and the modeled organic acid concentrations to obtain Lpac
(mol L™!s™1). The phase transfer of soluble gases is de-
scribed by means of the kinetic mass transfer coefficient kpy
(Schwartz, 1986; Nathanson et al., 1996):

-1
r2 rda |27 M,
ke = | =% + ==/ =5 I 3
m (3Dg+3(x RT ©)

where rq is the drop radius (cm), Dy is the gas-phase diffu-
sion coefficient (cm2 s’l), « is the dimensionless mass ac-
commodation coefficient, and M, is the molecular weight
(g mol™1).

2.2 Model initialization and simulations

The box model includes a monodisperse drop population
with a constant liquid water content of 0.42 gm™>. Simula-
tions are performed at constant temperature (286 K) and air
density (1.032 x 1073 gcm_3). Drop diameter D4, number
concentration Ny and pH value are kept constant throughout
each simulation. The model is initialized with the mixing ra-
tios summarized in Table S5. All simulations are performed
for 1 h. This period reflects multiple cloud cycles for a single
particle (e.g., bacteria cell) given the lifetime of droplets on
the order of ~ 10-30 min (Ervens et al., 2008). Simulations
are performed for 30 pH values (3 < pH < 6) and 30 drop di-
ameters (1 um < Dgq <30 um). Given the constant LWC, the
total drop number concentration Ny increases with decreas-
ing Dq:

6LWC
Ng x T @
T Dd

In the reference set of 900 simulations, no bacteria are con-
sidered (Lpact =0); i.e., all droplets have the same compo-
sition. The results are compared to a second set of simula-
tions, in which it is assumed that a small number fraction of
the droplets contains bacteria cells (Ng2 = Nceyp = 0.1 cm;f ).
This concentration is at the upper end of atmospheric bacteria
cell concentrations. To quantify the importance of biodegra-
dation for each Dy—pH combination, we define the differ-
ences between the total acid concentrations (gas + aqueous)
predicted in the two simulation sets as follows:

AC = |Ct,n0cell - Ct,cel]|~ (5)
AC represents the absolute difference in predicted total acid

concentration (expressed as mixing ratios [ppt]) at the end of
the simulation (Fig. 1). Thus, it quantifies the extent to which
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Figure 1. Schematic to illustrate the predicted absolute (AC) and
relative (ACye) differences in predicted total (gas + aqueous) acid
concentrations in the absence (C pocen1) and presence (Cy cen) of
bacteria cells after 1 h simulation time.

the total acid concentration is overestimated if biodegrada-
tion is not included. Accordingly, the relative difference is

AC

100 %. (6)
CO - Ct,nocell

ACre] = ‘

Depending on model conditions (Dg, pH), the two acids
show either a net increase or a loss, as schematically shown in
Fig. 1. All model parameters are defined in Table A1. There-
fore, ACyel expresses either the relative extent to which the
net increase is reduced or the relative extent to which the net
loss is enhanced due to biodegradation under the model con-
ditions.

3 Model results

3.1 Absolute and relative differences in predicted acid
concentrations — AC and AC,g

Figure 2 shows the predicted absolute concentration differ-
ence AC from 900 1h model simulations as a function of
pH value and Dy for formic and acetic acids. The maxi-
mum values are ACpax ~ 20 ppt for formic acid (pH=4.7,
Dq=30pum) and ACpax ~ 8.5ppt for acetic acid (pH==6,
Dq =27 um). These values correspond to ~4 % of the ini-
tial acid mixing ratios of 500 and 200 ppt (Table S5). Both
maxima appear at high Dy values but at different pH.

The comparison of the mixing ratios (ppt) of the two acids
reveals that they show different trends as a function of pH:
whereas formic acid is predicted to be highest at the high-
est pH value (Fig. Sla, b), the opposite trend is seen for
acetic acid (Fig. S2a, b). There is a net loss in formic acid
at pH 2 3.5 (Fig. Slc, d) and a net formation of acetic acid at
pH =6 (Fig. S2c, d), nearly doubling its initial mixing ratio.
The resulting relative differences ACye (Eq. 6) are shown in
Figs. Sle and S2e. For formic acid, ACye exceeds 100 % at
pH ~ 3.5; however, these values do not seem to be meaning-
ful since the absolute change in acid concentration is very
small (< 1 ppt). In less acidic droplets, ACy for formic acid
decreases from ~50% (pH~4) to < 1% at pH>5.5. The
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(a) Formic acid

AC [ppt] = C1h,nocell - C1h,cel|
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(b) Acetic acid
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Figure 2. Predicted concentration differences (AC; Eq. 5) of 900 model simulations for all combinations of 30 pH and 30 Dy values.
(a) Formic acid. (b) Acetic acid. The red lines denote conditions that are discussed in detail in Sect. 3.2 and 3.3. The numbers on the contour

lines indicate AC (in ppth_l).

corresponding values for acetic acid show a continuous in-
crease with increasing pH, resulting in |ACrej| =2.8 % at pH
~ 6 (Fig. S2e).

For both acids, biodegradation might lead to decreases in
total concentrations on the order of ~4 %h~!. This corre-
sponds to an enhancement of the formic acid loss rate by
up to 20 % as compared to chemical losses alone. The net
formation rate of acetic acid is reduced by up to 8 % under
the model conditions. In other words, the formic acid loss
by chemical processes of ~ 300 ppt (pH=15.5) is enhanced
to 360 ppt due to biodegradation. Acetic acid is predicted
to increase by ~80ppth~! due to chemical processes (at
pH =5.5); this net increase is reduced to 66 ppth™! in the
presence of bacteria cells. These numbers or trends may in-
crease or decrease in different chemical regimes or may pos-
sibly depend on the details of the chemical mechanism; how-
ever, the dependence on Dy and pH is likely to be robust. In
the following, it will be explored why the two acids show dif-
ferences in the dependency of their biodegradation efficiency
on pH and Dy.

3.2 Dependence of AC on Dy

Both AC and ACye show the highest values at the largest
Dq. To more clearly illustrate this trend, Fig. 3a repeats AC
as a function of Dy, as seen along the vertical red lines in
Fig. 2, at a single pH (pH=4.6 for formic acid, pH=5.6
for acetic acid). The drop size dependence of chemical reac-
tions with organics in the atmospheric multiphase system has
been discussed previously. It was demonstrated that organic
oxidation tends to be more efficient in small droplets due to
higher OH uptake rates (k¢ Dé) and resulting enhanced
OH(aq) concentrations (Ervens et al., 2014; Chakraborty
et al., 2016). Biodegradation apparently shows the opposite
trend, i.e., higher efficiency in large droplets (Fig. 3a). If
OH(aq) were significantly smaller in large droplets, less acid
may be oxidized there, leaving higher acid concentrations for
biodegradation. However, neither the acid concentration nor
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the OH(aq) concentration shows any clear trend with drop
size (Fig. 3b). Therefore, we conclude that uptake limitation
of the reactants into the droplets and competition effects be-
tween chemical and biodegradation processes cannot be the
main reason for the AC dependence on Dy.

A change in Dy leads to a change in the total droplet num-
ber concentration Ng since we assume a constant LWC. The
number concentration of bacteria cells (Neey =0.1cm™3)
does not change in our simulations. This implies that the frac-
tion of bacteria-containing droplets (Fncelr) to the total drop
number concentration Ngq changes with Dy according to

N =D
Frcell = —2 = Neet—=2— - 100 %. (7
Nrot LWC

Fncenn can vary largely depending on conditions and
on the aerosol size range that is considered. It may be
as high as several percent if Ny is assumed to consti-
tute only super-micron particles in dust storms (Hu et al.,
2020) or in the upper troposphere (DeLeon-Rodriguez et al.,
2013). If the total particle size range is taken into ac-
count (D > 10nm), the fraction can be calculated as being
< 0.001 %, e.g., for conditions that are typical at the Puy de
Dome station (Nior,average ~ 2000 cm ™2 for Dparticle > 10 nm
and 10* < Neenn < 10%: Baray et al., 2020). In a coniferous
forest, the fraction of bioaerosol particles (including bacteria
but also other microbes) to total particles in ambient aerosol
populations has been found to be in the range of 0.1 %—0.5 %
for super-micron particles (Petersson Sjogren et al., 2023).

Accordingly, Fig. 3c shows that Fncen spans several or-
ders of magnitude from ~ 10™* % to ~ 0.3 %. Thus, when
droplets are large, biodegradation occurs in a relatively larger
fraction of the aqueous phase, with more acid being di-
rectly accessible for the bacteria. This relationship can ex-
plain the trend of an increase in AC by a factor of ~7
(B ppt < AC <20ppt) for formic acid and by a factor of ~3
(2ppt < AC <6ppt) for acetic acid (Fig. 3a). It is not ex-
pected that the increase in AC is as strong as that for Fncell
since the complex interactions of chemical and phase trans-
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Figure 3. Dependence of (a) AC of formic acid (pH=4.6) and acetic acid (pH=15.6) on the droplet diameter Dg; (b) aqueous-phase
concentrations of formic acid (pH =4.6) and acetic acid (pH =5.6) (left scale) and the OH radical (right scale) as a function of Dg; and
(c) the percentage of bacteria-containing droplets Fycep for LWC =0.42 ¢ m~3, with Ncenn =0.1 cm™3 as a function of Dy. All values were

derived from simulations after 1 h simulation time.

fer processes within the multiphase system do not necessarily
translate into linear relationships between loss rates and re-
action volume (Sect. 3.5). A similar increase with Dy as for
AC is also seen for ACye (Figs. Sle and S2e), in particular
for relatively small Dy (S 10um). Based on the ACy val-
ues, it may be concluded that a fraction of ~ 0.01 % bacteria-
containing cloud droplets may be sufficient to impact the to-
tal acid concentrations by several percentage points. The as-
sumptions of a constant bacteria concentration and varying
drop number concentration may represent very specific con-
ditions. Often, the drop number concentration is a function of
the total particle concentration. Under highly polluted condi-
tions, the bacteria concentration scales with the particle num-
ber concentration of PM» 5 or PMg (Gao et al., 2016; Zhai
et al., 2018), which may ultimately lead to similar Fncelr, but
the specific trend will depend on the air mass composition.
An increase in N may lead to a nearly linear increase in
biodegraded mass (Khaled et al., 2021).

3.3 Dependence of AC on pH value

Similarly to the analysis in the previous section, Fig. 4a
shows the AC values, as seen along the red horizontal lines
in Fig. 2, i.e., the pH dependence at Dq = 20 um. Most strik-
ingly, the AC trends with pH for the two acids are dif-
ferent, with a maximum at pH ~4.6 for formic acid and
a continuous increase over the full pH range for acetic
acid. AC of formic acid spans a range of ~ 1 to ~ 17 ppt,
while this is smaller for acetic acid with 1 ppt < AC <7 ppt.
The biodegradation rates themselves are assumed to be pH-
independent due to intracellular buffering, in agreement with
lab studies that showed only small variations in biodegra-
dation rates for cloud-relevant pH ranges (Liu et al., 2023;
Vaitilingom et al., 2011). The biodegradation rate constants
of the two acids differ by less than a factor of 2 (Table S1);
therefore, it seems unlikely that they cause a significant dif-
ference in the general trends of ACye with any parameter.
Thus, differences in the (physico)chemical properties of the
carboxylic acids may be rather responsible for the trends.

https://doi.org/10.5194/acp-24-5181-2024

Rate constants of OH reactions with undissociated acids
krcoown are usually smaller than those of the corresponding
carboxylates krcoo due to a shift in the mechanism from H
abstraction to electron transfer (Herrmann, 2003). The over-
all rate constant is a combination of the two rate constants
and the proportions of the undissociated acid xrcoon and
the carboxylate (1 — xrcoon) as a function of pH:

®)

where kroo refers to the rate constants of Reactions (R21)
and (R30), kroonu refers to those of Reactions (R22) and
(R29) (Table S1), and xrcoon is dependent on the acid dis-
sociation constant K.

K, \ !
10~ PH

As seen in the above, ko, it 1S shown for both acids as a
function of pH in Fig. 4b. The dotted lines in the figure (right
axis) illustrate the relative increase normalized to the small-
est kon, tor at pH = 3. This comparison demonstrates that both
rate constants increase by a factor of ~ 5.5 over the pH range
between 3 and 6. A high koH,tor at high pH implies that more
acid is chemically degraded, reducing the acid concentration
available for biodegradation. This would be opposite to the
predicted AC trend with pH for acetic acid and could only
explain AC values above pH ~ 4.6 for formic acid. Thus, the
competition between the pH-dependent chemical rate and the
biodegradation cannot be the main reason for the apparent
pH dependence of AC.

The second pH-dependent parameter that may affect con-
version rates in the aqueous phase is the effective Henry’s
law constant Ky efr, the ratio between the total aqueous-
phase concentration (undissociated acid and carboxylate)
and its gas-phase partial pressure at thermodynamic equilib-
rium:

koH,tot = XRCOOH - krRcooH + (1 — xrRCOOH) - kRCOO,

XRCOOH = (1 + &)

[RCOOH],q + [RCOO],q
[RCOOH]gqs
K

[H+]> '
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Figure 4. The pH dependencies of (a) the predicted concentration difference in the absence and presence of bacteria cells (AC). (b) The
total rate constant for the oxidation of formic and acetic acids according to Eq. (8). (¢) Effective Henry’s law constant.

Ky is the physical Henry’s law constant (M atm™'). The in-
crease in Ky s with pH is approximately 1 order of mag-
nitude higher for formic acid than for acetic acid (Fig. 4c).
Therefore, it can be expected that, under equilibrium condi-
tions, more formic acid is available for biodegradation, lead-
ing to a higher AC with increasing pH. The fact that either
pH-dependent parameter kon, ot Of KH,eff can explain some
range of the A values in Sect. 3.3 suggests that a combina-
tion of the aqueous-phase partitioning and reactivity leads to
the differences in the trends shown in Fig. 2.

3.4 Dependence of AC on the gas—aqueous-phase
partitioning

The fraction of a compound in the aqueous phase can be de-
fined as

Caq,g

=~ an
Caqg + Cq

€aq
when aqueous- and gas-phase concentrations (C,q,¢ and Cy)
are given in identical units (e.g., mol g;rl). Aqueous-phase
concentrations of Cyq (typically given in units of mol L;ql)
can be converted by

Cag.e = 1072 Cag LWC pyir. (12)

At equilibrium conditions (eq), the aqueous-phase concen-
tration Caq ¢ i

Cidg = KHet CeLWCRT. (13)

The values for €,q at thermodynamic equilibrium (e§3) are
shown in Fig. 5a, overlaid with the AC values from Fig. 4a
(dotted lines). It is evident that the decrease in AC for formic
acid occurs when more than 50 % of formic acid is predicted
to be in the aqueous phase under equilibrium conditions. The
threshold of ezg =0.5 is not reached for acetic acid due to its
significantly smaller effective Henry’s law constant (smaller
K,, Table S2), and AC continues to increase with pH.

The assumption of equilibrium conditions may not be al-
ways valid. Species that are very reactive in the aqueous
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Figure 5. (a) Aqueous-phase fraction of total formic and acetic
acids (undissociated and dissociated) at thermodynamic equi-
librium; (b) deviation from thermodynamic equilibrium in the
bacteria-containing droplets (Dgq =20 um; 1 h simulation) (Eq. 14);
the corresponding ¢ values for bacteria-free droplets are not shown
as they are at unity, i.e., indicating thermodynamic equilibrium.

phase are more efficiently consumed than they may be re-
plenished by uptake. To quantify deviations from thermo-
dynamic equilibrium, a parameter g can be used to repre-
sent the ratio of the equilibrium concentration to measured or
modeled aqueous-phase concentrations (Ervens, 2015; Barth
etal., 2021):

eq
Cyq €q 1—é€yq

; (14)

1 PeKuett 1—€q €q
where p, corresponds to the gas-phase partial pressure (atm).
The resulting values for the bacteria-containing drop class
qcen are shown in Fig. 5b. It is evident that the acids in the
bacteria-containing droplets are in equilibrium at pH = 3 but
are increasingly subsaturated at higher pH. At pH =35.6, the
formic acid concentration is only about 30 % of the equilib-
rium concentration (gcep = 0.3), whereas it is nearly 90 %
for acetic acid. This suggests that, at high pH, relatively lit-
tle formic acid is available for biodegradation, resulting in
low AC values. The higher gcey value for acetic acid implies
that it is closer to equilibrium; therefore, AC values correlate
approximately with Ky efr.

These gcell trends apparently contradict findings from pre-
vious measurements or model studies that have often shown
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that not only formic and acetic acids are in thermodynamic
equilibrium in clouds or fog — this is also the case for other
small organics (Winiwarter et al., 1994; Voisin et al., 2000;
Facchini et al., 1992; Ervens, 2015). However, it should be
kept in mind that the bacteria-containing droplets only com-
prise 0.1 % of all droplets (if Dg =20 um, Fig. 3c). Such a
small deviation would not be detected in measurements of
bulk cloud water or in models that treat the aqueous vol-
ume as a homogeneously composed aqueous phase. In fact,
the corresponding predicted g values for the bacteria-free
droplets are all at unity over the full pH range (not shown).

3.5 Redistribution of acids between the gas phase and
droplets

The previous sections point to the competition of the
biodegradation with chemical loss processes but also with
the phase transfer to replenish biodegraded acids. To quan-
tify these effects, we compare in the following the individual
process rates for the two acids at different pH values. Fig-
ure 6a shows a schematic of all processes considered in the
model (Eqgs. 1 and 2). In Fig. 6b—d, the relative rates for all
processes are shown (at pH values of 3, 4.6 and 5.6), normal-
ized to the biodegradation rate Lpac¢ (in units of mol g;r] s~ D).
Accordingly, the biodegradation rate is indicated as being at
unity. The units are used as they reflect the differences of the
liquid water contents of the two drop classes (999 :1). The
absolute values for Ly, are shown in the last column at the
bottom of each panel, together with the aqueous-phase con-
centrations (in mol L;ll) of the acids and the OH radical. The
rates for all processes are summarized in Table S6 (in units
of mol g;rl s~! and mol Lﬂ_q1 s7h.

At pH =3, both acids evaporate from the bacteria-free
droplets and are taken up by the bacteria-containing droplets.
All chemical loss rates for formic acid are less than unity;
i.e., the biodegradation represents the strongest sink in the
full multiphase system even though it only occurs in 0.1 %
of the aqueous-phase volume. The lack of efficient chemical
sinks for formic explains the high ACy at low pH (Fig. Sle).
However, at this pH, the chemical loss of formic acid is neg-
ligible since the oxidation in the gas phase (Rg3, Table S4)
is relatively slow; in addition, the oxidation in the aque-
ous phase is not efficient due to low Ky eff and ko, tor- The
aqueous-phase concentrations in the two drop classes do not
differ, which suggests that the biodegradation — though rel-
atively efficient — does not significantly affect the absolute
concentration. This explains the small AC values at low pH
(Fig. 2a). This is also reflected in the identical rates within
the aqueous phase if expressed in units of mol La’q1 s~! (bot-
tom part of Table S6), which would be expected in a system
where all droplets are considered to be identical.

The rate constant of the gas-phase loss of acetic acid
is 1 order of magnitude higher than that of formic acid
(Rg4, Table S4). This leads to efficient acetic acid loss in
the gas phase, exceeding by far (factor 43) the rates of the
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uptake into the bacteria-containing droplets and the subse-
quent biodegradation. This results in low values of ACy
(Fig. S2e). Similarly to formic acid, the chemical rates in the
bacteria-containing droplets are not affected by biodegrada-
tion; i.e., the total amount of biodegraded acetic acid is very
small (low AC). The yellow arrows in Fig. 6b illustrate the
major pathways of the two acids that explain the similari-
ties in AC due to the sequence of evaporation, uptake and
biodegradation and the differences in terms of loss processes
resulting in differences in ACye.

At pH = 4.6, the effective Henry’s law constants for formic
and acetic acid are higher by factors of ~ 10 and ~ 2 as com-
pared to pH =3 (Fig. 4¢). The increased aqueous-phase par-
titioning leads to higher phase transfer rates into the droplets.
Also, the rate constants for the aqueous-phase 1oss koH, tor are
higher by factors of 5 and 3 for formic and acetic acids, re-
spectively (Fig. 4b). This increased aqueous-phase loss leads
to a fast consumption and phase transfer of formic acid in
all droplets. Most formic acid is taken up by the bacteria-
free droplets and consumed there (yellow arrow). However,
only about two-thirds of formic acid (PT1/PT2=1.9/1)
is taken up into bacteria-free droplets, whereas one-third is
transferred into the bacteria-containing droplets even though
they only comprise 0.1 % of the total aqueous phase. The
chemical loss rate of formic acid is only 7 times higher than
the loss by biodegradation (Laq1 /Lbact = 7) despite the much
smaller drop volume. The higher partitioning allows more
formic acid to be biodegraded (high AC), but its contribution
relative to the chemical losses is smaller than at low pH (low
ACrer). For acetic acid, the increases in kon, ot and Ky eff are
not sufficient to compete with its strong gas-phase sink and
to shift the direction of the major pathways towards predom-
inating uptake into bacteria-free droplets. Thus, the rate pat-
tern does not change significantly as compared to the lower
pH and only results in small increases in both AC and A Cy.

At pH=5.6, ~90 % of formic acid is expected to par-
tition to the aqueous phase under equilibrium conditions
(Fig. 5a). However, the concentration in bacteria-containing
droplets is only ~30% of this value (Fig. 5b). The effi-
cient uptake into the bacteria-free droplets and the consump-
tion there dominate the sinks (Laq1/Lpact = 55). This leads to
even less efficient replenishment of biodegraded acid in the
bacteria-containing droplets so that the formic acid concen-
trations between the droplet classes differ by a factor of ~4
(Cag1 =13uM, Cyqp =3.4uM). In a previous model study,
even higher concentration differences in bacteria-free and
bacteria-containing droplets were predicted (Khaled et al.,
2021). This led to the conclusion that biodegradation for
highly soluble compounds may be inefficient. However, this
latter study did not include aqueous-phase formation pro-
cesses (S,q) to provide a continuous acid source (e.g., for
formic acid: Reactions R7 and R9 in Table S1). For acetic
acid, gas-phase loss becomes relatively less important with
increasing Ky eff and kom, wt. Instead, the fraction of acetic
acid being taken up into the bacteria-containing droplets in-
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Figure 6. (a) Schematic of the chemical sources (S) and losses (L), biodegradation (Lpyct), and phase transfers (PT) of acids in the gas (g) and

aqueous (aq) phases. (b—d) Numbers next to the arrows denote the relative rates, normalized to the biodegradation rate Lp,c¢ (mol galr

—1y;

(b) pH=3; (¢c) pH=4.6; (d) pH =5.6. Yellow arrows indicate the series of processes that explain the pH dependencies of AC and ACie|
for formic and acetic acids. The tables at the bottom show the aqueous-phase concentrations of the acids and the OH radical, together with
the absolute value of Lpyet (10_16 mol g;rl s~1). All results are for 1 h model simulations — Dq =20 pm.

creases, increasing both AC and ACrj. Unlike formic acid
that is only formed in the aqueous phase, formation of acetic
acid also takes place in the gas phase (Rgl, Rg2, Table S4) in
addition to its aqueous-phase sources (Reactions R17-R19,
Table S1). The efficient net production of acetic acid leads to
significantly higher total acetic acid concentrations as com-
pared to those for formic acid, resulting in more acetic acid
being degraded at high pH (higher AC, Fig. 2).

4 Discussion

4.1 Comparison to previous estimates of the
importance of biodegradation in the atmosphere:
Fbactaq and Fpact

4.1.1 Estimates based on the comparison of measured

chemical and biodegradation rates

The importance of biodegradation has been compared to
chemical loss processes in the atmospheric multiphase sys-
tem in several previous studies. Most of these comparisons
limited the comparison to losses in the aqueous phase:

Lpact
Lyact + Laql + Laq2
———

-100 %.

5)

Fbact,aq =

Lag,tot
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Only a few studies extended the comparison to gas-phase
losses to consider the full atmospheric multiphase system:

Lpact
Lyact + Laql + Laq2 + Lg
———

-100 %.

Fract = (16)

Laq,tot

Table 1 summarizes Fpact,aq and Fpact values based on lit-
erature data for formic and acetic acids and other organ-
ics, together with the assumptions made in these compar-
isons. Most values are based on comparisons of lab-derived
biodegradation rates Ly and chemical rates with the OH
radical in aqueous solution (“bulk L,qot”) (Vaitilingom
etal., 2010, 2011, 2013; Ariya et al., 2002; Liu et al., 2023).
Herlihy et al. (1987) reported biodegradation rates of formic
and acetic acid observed in incubated rainwater. To derive
Foact,aqs We calculated Lyq assuming [OH(aq)] =10~ M
and koy at pH=4.6. Similarly, Ariya et al. (2002) com-
pared L,q to biodegradation rates that were estimated after
exposing solutions of carboxylic acids to atmospheric fungi
in ambient air. Predicted values of Fpact,aq for formic acid
differ between < 0.004 % and 66 %. According to our dis-
cussion in Sect. 3.5, the lowest value (<2 %) is expected at
pH < 5.6. Only the study by Pailler et al. (2023) was per-
formed at such high pH and resulted in a much higher value
(Fbact,aq ~ 28 %). Their bulk model (where biodegradation
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occurs in all cloud droplets) cannot represent the redistribu-
tion of acids that leads to a reduced Lpyc at high L,q and
K efr (Fig. 6d and Sect. 4.1.2). Therefore, their model over-
estimates losses by biodegradation for highly soluble species
(e.g., formic acid at high pH), as also discussed previously
by Khaled et al. (2021). Instead of drop classes with signifi-
cant differences in acid concentration due to biodegradation,
as shown in Fig. 6d, such a bulk model predicts relatively
high acid concentrations in all droplets (similarly to those
as predicted for bacteria-free droplets in the current simula-
tions). In such a bulk approach, substrate-limited conditions
may not even be reached where biodegradation efficiency be-
comes negligible below some threshold of substrate (acid)
concentration.

Liu et al. (2023) predict decreasing Fpact,aq With pH for
formic acid. However, the agreement of this trend with our
results in Fig. 6 seems fortuitous. In their study, the pH value
is considered to be a proxy for pollution level (urban, re-
mote, marine); thus, not only the pH value changed between
scenarios — this is also the case for oxidant levels and bac-
teria concentrations. All other values for Fyuct,aq in Table 1
that were determined for pH <5 agree approximately with
those found in the current study. As discussed in Sect. 3.5,
under such conditions, the composition of the aqueous phase
is not largely affected by biodegradation; therefore, the as-
sumption of a bulk aqueous phase is applicable for species
with chemical reactivity comparable to that of formic acid.
Similarly, literature values of Fpact,aq for acetic acid are in
agreement with those found in the current study. Small differ-
ences between the values are expected since different bacte-
ria species and strains were used in the various experiments.
The Kg of phenol is even smaller than that of formic acid
and acetic acid at pH = 3. Therefore, its Fpact,aq €stimated by
Jaber et al. (2020) is likely a good approximation. However,
given the much higher Ky of catechol (comparable to Ky eff
of formic acid at pH =5.6), we conclude that their estimate
of Fpact(aq) may be too high. Only a few studies provided val-
ues of Fpact- The Fpyer values predicted by Fankhauser et al.
(2019) (<0.004 %) are orders of magnitude lower than our
results (2 %—42 % for formic acid, 2 %—19 % for acetic acid).
Their value is based on the assumption that only organics
present in bacteria-containing droplets are biodegraded, and
they estimate that 0.004 % of the atmospheric aqueous vol-
ume contains bacteria (Dg = 10 um). However, these consid-
erations neglect the sequence of processes as discussed in
Sect. 3.5.

4.1.2 Implementation of organic acid biodegradation

into multiphase chemistry models
The few studies that implemented biodegradation of organic

acids into multiphase chemistry models applied different as-
sumptions:
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1. The model approach by Khaled et al. (2021) is similar
to the current model. The only difference is that they fo-
cused on the comparison of loss processes of generic or-
ganics over wide ranges of chemical and biodegradation
rates and solubility but without any chemical sources.

2. Fankhauser et al. (2019) considered only bacteria-
containing droplets, i.e., a total LWC that is several or-
ders of magnitude smaller than in real clouds (Ngq; =0).
Thus, the reactor volume for aqueous-phase chemical
reactions is small.

3. Pailler et al. (2023) used a multiphase box model with
similar LWC and drop sizes as in the current model.
They assumed that biodegradation occurs in all droplets
in an analogy to chemical reactions. They used the same
lab data for biodegradation rates by Vaitilingom et al.
(2010) as we do in the current study. However, their
model approach implied that the biodegradation rate in
each droplet is smaller by a factor 1/Fncenl as com-
pared to our approach, where no biodegradation occurs
in > 99 % of the droplets.

The commonalities and differences between these ap-
proaches are summarized in Table 2.

All three models included a (I) multiphase chem-
istry mechanism and explored the potential importance of
biodegradation in the atmosphere by means of (II) sensitiv-
ity studies in the absence and presence of bacteria cells, re-
spectively. However, there are distinct differences between
the three model approaches that allow us to address the dif-
ferent aspects of the importance of biodegradation. They are
briefly discussed in the following.

Realistic cloud liquid water content (III). We show in
Fig. 6 that, at pH =3, the bacteria-free droplets act as ef-
ficient reactors of formic acid and acetic acid production.
In the absence of bacteria, all droplets would produce these
acids at pH =3 and, thus, increase the total acid concentra-
tion in the atmosphere. This acid production is not fully rep-
resented in the model by Fankhauser et al. (2019) because
of the limited “reactor size”, comprised of the very small
aqueous-phase volume. Thus, in their study, the importance
of biodegradation may have been generally underestimated
because of an incomplete multiphase system that did not
comprehensively represent the full organic acid budget.

When acids are chemically formed in bacteria-free
droplets, evaporate and then are taken up into bacteria-
containing droplets (Fig. 6), contributions by biodegrada-
tion can exceed, by far, the fraction of the aqueous volume
where biodegradation occurs. This may ultimately result in
biodegradation rates being comparable to chemical loss rates
in the total aqueous phase (Table S6). Considering bacteria-
containing droplets to be isolated systems is only appropriate
for non-volatile organics, including (di)carboxylic and amino
acids, that are not replenished by phase transfer into bacteria-
containing droplets. For such compounds, the upper limit of
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Table 1. Literature data on the relative importance of biodegradation as compared to chemical processes of organic compounds in the
atmospheric aqueous-phase Fpact,aq (Eq. 15) and Fpact (Eq. 16).

Species Assumption pH Fhact,aq Fpact  Comment Ref
(%) (%)

Monocarboxylic acids

Formic acid Lag1 # Lag (Fig. 62) 3,4.6,5.6 66,13,2 42,12,2 AC=8,18,5ppt(Dq=20pum) this study
Bulk Lag,tot 5-53 56 !
Bulk Lag,tot ~5,~63 25 pH estimated based on ko 2
Bulk Lagq, ot 4,5,5 60, 20, 1 urban; remote; marine 3
Droplets Laq) = Lag2 5.5 28 23 Diff in Cagq: AC/Cpocell 4
Incubated rainwater 4.6 12 Laq estimated w [OH]aq = 10-8Bm 5
Ng1=0, Lyq1 =0 45 100 <0.004 9
Acetic acid Lag1 # Lag (Fig. 62) 3,4.6,56 97,87,57 2,6,19 AC=2,3,6ppt(Dgq=20pum) this study
Bulk Lag,tot 553 27 !
Bulk Laq, tot ~5 ~63 83 pH estimated based on kgy 2
Droplets Lagi = Lag2 55 63 7 Diffin Caq: AC/Crocell 4
Incubated rainwater 4.6 92 Lagq estimated w [OH]aq = 10-3m 3
Ngi =0, Loq1 =0 45 24 <0.004 9
Other volatile organics
Formaldehyde Droplets Laq) = Lag2 5.5 55 5 Diffin Cag: AC/Chocell 4
Ngi, Lag1 =0 4.5 2 <0.004 9
Phenol Bulk Lag,tot 4 3 <01 Kyg=647Matm™! 6
Catechol Bulk Lag, ot 50 17 Ky=8.3x10°Matm™! 6
Generic organics  Lyq1 # Laq2: Sg.aq =0 86,44,1 6,40,1 Kyg=10% 10, 10°Matm™! 8
Non-volatile organics
Oxalic acid Bulk Laq, tot 0 2
Bulk Lag, tot 4,5,5 28,10, 1 Urban; remote; marine 3
Bulk Lag,tot 1.2 98 using [OHaq] = 10713 M 10
Ng1 =0, Lyq1 =0 45 100 <0.004 9
Malonic acid Bulk Lag, tot 1.9 43 Lag estimated w [OH]yq =103 M 10
Ng1 =0, Lyq1 =0 45 100 <0.004 9
Succinic acid Bulk Laq, tot 5-5.3 37 1
Bulk Lag,tot ~5,~6.3 72 2
Bulk Lag,tot >4 4 Lag estimated w [OHJyq=10"13M 10
Ng1 =0, Lyq1 =0 45 100 <0.004 9
Glutaric acid Bulk Lag,tot >4 3 Lag estimated w [OH]yq =103 M 10
Adipic acid Bulk Lag,tot >4 3 Lag estimated w [OHJyq=10"13M 10
Pimelic acid Bulk Lag, tot >4 1 Lag estimated w [OHJyq=10"13M 10
Amino acids Bulk Lag, tot 6 2-99 Depending on acid 7
Generic organics  Laq1 # Lag < Feell 8
(Fig. 3¢)

1 Vaitilingom et al. (2010) — P. graminis; 2 Vaitilingom et al. (2011); 3 Liuetal. (2023); 4 we compare to the conditions as defined by “summer” in Pailler et al. (2023) since our
[OHlaq in Fig. 6d is most similar to these conditions; 3 Herlihy et al. (1987); © Jaber et al. (2020); 7 Jaber et al. (2021); 8 Khaled et al. (2021) - Rg = 107051,
Rpact =103 571, Rag= 1073 s71; ® Fankhauser et al. (2019); ' Ariya et al. (2002).
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Table 2. Comparison of model features between our model study1 and the ones by Fankhauser et al. (2019)2 and Pailler et al. (2023)3.

Model feature and capability 1 2 3
L Full multiphase chemistry mechanism v v Y
IL. Comparison of acid concentrations in the absence and presence of bacteria cells v v Y
III.  Chemical and biological processing of acids in a realistic water volume to account for v x

the total organic acid budget
Iv. Uptake limitation due to the very high biodegradation rates by individual bacteriacells v v X
V. Realistic distribution of bacteria cells in a few droplets only v v o ox
VL. Sensitivity studies of biodegradation of organics with Ky eff > 10° Matm ™! v X X
VII. Conclusion with regard to the need to consider multiple drop classes to correctly ac- v x X

count for the role of biodegradation in the atmosphere

Fpact 1s indeed constrained by the aqueous-phase volume that
contains bacteria. This limit may be as high as 0.3 %, depend-
ing on LWC, Ny and Dy (Fig. 3c).

Uptake limitation (IV). As discussed in Sect. 3.4 and
shown in Fig. 6, the loss by biodegradation in the bacteria-
containing droplets is very efficient; neither chemical reac-
tions in the aqueous phase nor the uptake from the gas phase
are sufficient to compensate for this rapid acid consumption,
resulting in g <1 (Fig. 5c). Even though Fankhauser et al.
(2019) did not explicitly discuss it in their study, similar
trends can be deduced from their results since the formic acid
concentration in the aqueous phase is basically zero in the
presence of bacteria cells, whereas, in the absence of cells,
the aqueous-phase concentration corresponds to its equilib-
rium value (Sect. S1). Pailler et al. (2023) did not observe
that uptake limitation affected the formic acid aqueous-phase
concentration. In their model, biodegradation occurred in all
droplets but at moderate rates which could be always com-
pensated for by acid sources (either uptake or chemical pro-
duction in the aqueous phase). Even in the presence of bacte-
ria cells, formic acid was apparently (approximately) in ther-
modynamic equilibrium, which may explain their findings
that the net phase transfer was negligible. Thus, their predic-
tions of biodegraded formic acid might represent overesti-
mates since the acid concentration available for biodegrada-
tion may have been to high. Although they implemented an
expression to account for a non-linear decrease of biodegra-
dation at low substrate (acid) concentrations, such conditions
may not have even been reached. In our model study, the
biodegradation rate depends linearly on the substrate con-
centration (kpact X [Acid],q) and was, thus, significantly sup-
pressed under uptake-limited conditions.

Biodegradation of species with Kyefr) > ~ 10 M atm™!
(VI). Uptake limitations are most prominent for species
that are predicted to partition to a significant fraction
in the aqueous phase, such as formic acid at pH>5
(K,eff > 10° Matm_l). Our model study is the first one to
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systematically explore the sensitivity of biodegradation (as
quantified by AC and ACy) to the solubility (Kygetr) of spe-
cific substrates. The finding that biodegradation of species
with Kyeefry > 103 is likely unimportant in the atmosphere
gives important guidance for future research, e.g., for lab
experiments dedicated to the investigation of biodegradation
rates of additional compounds.

Consideration of multiple drop classes with and with-
out bacteria (V and VII). We conclude that it is essential
in models to distinguish the small number concentration of
bacteria-containing droplets from those without cells to prop-
erly account for uptake limitations. The implementation of
biodegradation in models of larger (regional, global) scales
may, thus, not be straightforward since such models usually
do not distinguish drop classes but rather assume homoge-
neous monodisperse drop populations.

4.2 Potential effects of additional microphysical
chemical and biological parameters on AC, ACg
and Fpact

The results discussed in the previous section cover a limited
set of cloud (micro)physical, chemical and biological param-
eters. However, based on our sensitivity studies, we can pre-
dict trends of the absolute (AC) and relative (ACrel, Fpact)
importance of biodegradation as a function of various param-
eters, as schematically shown in Fig. 7.

One simplified assumption regarding the biodegradation
rates is the use of values derived in lab studies at 17 °C.
Similarly to chemical rates, biodegradation rates also show
a temperature dependence. Based on the measurements by
Vaitilingom et al. (2010) at 5 and 17 °C, we estimated acti-
vation energies E, of 90 and 27 kJ mol~! for the biodegra-
dation of formic and acetic acid, respectively (Sect. S2). To
describe the temperature dependence of biological processes,
often the Q¢ factor is used to quantify the change in a rate
within a temperature interval of 10 K. The resulting Q¢ fac-
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Figure 7. Predicted change of absolute (AC) or relative (ACre], Fpact) importance of biodegradation as a function of cloud microphysical,
chemical and biological parameters. Red (blue) arrows indicate increased (decreased) importance with an increase in model parameter 7;
color intensity scales with the expected strength of the effect. Gray arrows denote either an insignificant change or an unpredictable sign of
the change depending on n. These estimates are based on the assumption that one parameter at a time is varied.

tors are 3.9 and 1.5 for biodegradation of formic and acetic
acids by Pseudomonas sp.; these are in general agreement for
other biological processes that often show values between 2
and 3. The overview of E, and Q¢ values in Tables S7 and
S8 suggests that differences between bacteria species may
be larger than those due to temperature variation for a single
species. However, these trends should cautiously interpreted
due to the very limited data base they were derived on. It
should be also noted that the rates of biological processes
often follow Arrhenius’ law over limited temperature inter-
vals only as they decrease beyond an optimum temperature
(Schipper et al., 2014). Based on the current very limited data
set, it may be concluded that, overall, the temperature depen-
dence of biodegradation rates may not have a large impact
on AC. Given that the trend with temperature is similar for
chemical reactions and biodegradation (both follow the Ar-
rhenius law), ACre] may be even less affected.

A monodisperse droplet population is a simplified repre-
sentation of realistic cloud microphysical properties. The as-
sumption of a polydisperse population with the same LWC
and cell concentration distributed randomly across the popu-
lation will not change Fncelr; therefore, AC is not expected
to change. Rates of OH(aq) reactions haven been shown to be
enhanced in small droplets and correspondingly decreased in
large droplets (Ervens et al., 2014; Chakraborty et al., 2016).
These effects might (partially) cancel each other, resulting in
a similar total L,q, which implies that neither ACrel nor Fpyct
will change. An increase in LWC (typically in the range of
0.1-1 gm~3 for warm clouds) might be caused by a higher
droplet number concentration (Ng) or larger droplets (Dq) (or
a combination of both; Eq. 4). An increase in Dq results in an
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increase in the fraction of bacteria-containing droplets Fncell
(Fig. 3c), leading to somewhat higher AC and ACy. Ac-
cordingly, an increase in Nq leads to a decrease in Fncep and
to lower AC and ACy since the reaction volume for chem-
ical aqueous-phase reactions and therefore L,q increase. The
absolute amount of acid that is biodegraded AC is a function
of the number of available cells; thus, it is not expected to sig-
nificantly change as a function of available liquid water. So
far, the microphysical parameters LWC, Ngq and Dq referred
to properties of clouds. Given that aerosol particles outside
clouds also contain liquid water, similar considerations may
apply to such scenarios. Studies of gas—particle partitioning
of acids have shown that significant acid fractions are parti-
tioned into particles despite very low LWC (~ 10sugm™)
(Yuan et al., 2015; Nah et al., 2018). If metabolic activity un-
der such water-limited conditions were comparable to that in
clouds, AC may be comparable if it scales by cell concen-
tration only. There are indications that bacteria are metabol-
ically active outside clouds (Krumins et al., 2014; Péguil-
han et al., 2023). The relative importance of biodegradation
(ACrel, Fpacy(aq)) might be even higher than under cloud con-
ditions due to the smaller role of aqueous-phase chemical
reactions. However, due to the lack of systematic data for
biodegradation under such conditions, to date, such compar-
isons cannot be reliably performed.

Chemical models often underpredict observed formic acid
and acetic acid concentrations (Millet et al., 2015). In ad-
dition to missing emission sources, recent studies suggested
that chemical mechanisms are not complete in terms of gas-
phase sources (Paulot et al., 2011; Yuan et al., 2015; Chen
et al., 2021; Gao et al., 2022; Luo et al., 2023). The addi-
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tion of such formation processes would enhance S, leading
to higher atmospheric acid concentrations and higher AC.
However, the higher concentrations would enhance loss rates
in both phases so that, overall, ACy] might remain constant.
In the aqueous phase, the direct oxidation processes of alde-
hydes (Reactions R7 and R19, Table S1) are likely to be the
main sources of formic and acetic acids. However, additional
multiphase pathways, as suggested by Franco et al. (2021),
may occur. Such sources increase S,q in all cloud droplets.
Given that most additional acid would be produced in or on
bacteria-free droplets, the additional acid directly accessible
to the bacteria may be very small, leading to a small in-
crease in AC. Consequently, ACy may decrease since the
increased acid concentration will enhance L,q in the total
aqueous volume. Additional acid loss processes of acids in
either phase (Lg, Laq) lead to a decreased role of biodegrada-
tion, both in absolute and relative numbers. Such losses may
include not only chemical reactions but also acid removal by
deposition, which is considered to be a major loss for small
acids (Chebbi and Carlier, 1996).

In addition to gaps in chemical mechanisms, current mod-
els are even more incomplete with regards to biological pro-
cesses. Formic and acetic acids may not only be biodegraded
but also formed by metabolic processes (Vyas and Gulati,
2009). Such a process could be added as Spae; in Fig. 6a.
Formaldehyde is a likely substrate that may be metabolized
and converted into formic acid, in parallel to the chemical
pathway (Reaction R7, Table S1). The biodegradation rate
of formaldehyde is comparable to that of the aqueous-phase
oxidation (Pailler et al., 2023); as a consequence, Spact could
be comparable to Lp,ci. An additional formic acid source in
bacteria-containing droplets would enhance AC, ACy and
Fpace- Depending on the biotransformation efficiency, this
process may affect the formaldehyde concentration not only
in the bacteria-containing droplets but possibly even in the
full multiphase system. However, due to the lack of data de-
scribing such bioformation processes (rates, yields) under at-
mospherically relevant conditions, they are neglected in our
model.

The cell concentration assumed in the current study
(0.1cm™3) is at the upper end of the range of in-cloud ob-
servations. Such high concentrations may be particularly rel-
evant in fog close to the ground and/or near strong emission
sources of bacteria. All three parameters — AC, ACy and
Fract — are expected to linearly scale with the concentration
of (living, metabolically active) cells (Khaled et al., 2021).
For simplicity, we assumed that the total bacteria population
is composed of metabolically active Pseudomonas sp. since
they usually represent a major fraction of atmospheric bac-
teria. However, this assumption underestimates the bacteria
diversity in the atmosphere since, usually, a mixture of dif-
ferent bacteria types and strains are present (Gandolfi et al.,
2013). The biodegradation rates of formic and acetic acids
span a range of more than 1 order of magnitude (Vaitilingom
et al., 2010, 2011). Thus, both the proportions of individual
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bacteria strains and their different metabolic activities vary
depending on the location. It may be speculated that, on av-
erage, the consideration of a greater bacteria diversity may
not change our results and conclusions for formic and acetic
acids significantly. However, more detailed studies are war-
ranted to confirm the validity of this assumption for different
locations and atmospheric conditions.

5 Summary and conclusions

Bacteria comprise a ubiquitous, small number fraction of at-
mospheric aerosol particles. The potential of their metabolic
process to affect atmospheric composition has not been
widely explored yet. We extended a multiphase box model
including detailed gas- and aqueous-phase chemistry by im-
plementing biodegradation of formic and acetic acids in
cloud droplets. Biodegradation is considered in a small sub-
set of the droplets reflecting a typical atmospheric bacteria
concentration of 0.1 cm;f . Model studies were performed
for a cloud liquid water content (LWC) of 0.42gm™> with
a monodisperse droplet population. To identify scenarios
where biodegradation significantly affects formic acid and
acetic acid concentrations, wide ranges of cloud droplet
diameters (1 pum < D4 <30um) and cloud water acidity
(3 <pH < 6) were explored.

We predict losses of AC <20 and < 5ppth™! for formic
and acetic acids, respectively, corresponding to loss rates
of 4%h~! for both acids. This enhances the chemical net
loss of formic acid by ACre <20 % and reduces the net for-
mation of acetic acid by ACpe] <3%. AC and ACy are
highest in the presence of large droplets, i.e., when the to-
tal droplet number concentration is small and, consequently,
the fraction of bacteria-containing droplets is largest. The
loss by biodegradation increases with pH for acetic acid;
however, it reaches its maximum at pH ~4.6 for formic
acid and decreases at higher pH. The inefficient biodegra-
dation of formic acid at high pH is explained by its strong
aqueous-phase partitioning (Kpefr =8 x 10> Matm™') and
high aqueous-phase reactivity (kog =3 X 10°M~ 11 at
pH =15.6. These factors lead to the predominant consump-
tion of formic acid in the bacteria-free droplets that com-
prise >99% of all cloud droplets. As both the solubil-
ity and reactivity of acetic acid are lower at the same pH
(Khefi=8 x 10*Matm™!, kog=7x 10’ M~ s~1), suffi-
cient gas-phase acetic acid is available to replenish biode-
graded acetic acid in the bacteria-containing droplets.

We compared our results to previous estimates of the im-
portance of biodegradation as a loss process in the atmo-
spheric aqueous phase (Fpact,aq) and in the complete atmo-
spheric multiphase system (Fpact) based on the simplistic
comparison of chemical vs. biodegradation rates. The analy-
sis of our model results revealed that the assumption of an av-
eraged biodegradation rate in the full aqueous volume is only
appropriate for volatile compounds with low or moderate sol-
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ubility and aqueous-phase reactivity. A detailed comparison
of our model results to those of the previous model studies by
Pailler et al. (2023) and Fankhauser et al. (2019) highlighted
important differences between the three model approaches.
Based on this, we conclude that the role of biodegradation
of compounds with Kyetr) > ~ 10° M atm™! will be overes-
timated by a bulk approach, in which biodegradation is as-
sumed to occur in the full aqueous volume, since uptake-
limited phase transfer processes between bacteria-containing
and bacteria-free droplets cannot be properly described. For
the same reasons, bulk models overestimate the biodegrada-
tion of non-volatile species that, in the real atmosphere, only
takes in the small subset of bacteria-containing droplets. For
such species, the upper limit of the biodegradable mass of
non-volatile species (e.g., dicarboxylic acids) is constrained
by the number fraction of bacteria-containing droplets. Our
conclusions based on the comparison of the three model ap-
proaches show the need for the developments of parame-
terizations to describe biodegradation in larger-scale models
since such models usually do not distinguish individual drop
classes with different chemical compositions (e.g., with and
without bacteria cells).

We also highlight the need for more refined data on the
abundance and diversity of (living) bacteria in the atmo-
sphere. Additional biological processes may lead not only
to the consumption but also to the formation of organic com-
pounds in clouds and possibly also aqueous aerosol particles
outside clouds. We conclude that, despite a very small num-
ber concentration in the atmosphere (< 0.1 % of all aerosol
particles and cloud droplets), metabolically active microor-
ganisms (bacteria, fungi, yeast) may be efficient drivers to
significantly affect atmospheric concentrations of organic
compounds. Our model can be considered a starting point
for future studies to further constrain the role of biological
processes in the atmosphere to affect biogeochemical cycles
in the Earth system.
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Appendix A

Table A1. Definition of model parameters.

5195

Parameter  Description Unit

Caq Aqueous-phase concentration mol L,d_ql

Caq,g Aqueous-phase concentration, related to gas volume mol ge;rl

C 23@ Aqueous-phase concentration at equilibrium conditions mol g;rl

Cg Gas-phase concentration mol g . rl

Ct nocell Total acid concentration in the absence of cells ppt

Ci cell Total acid concentration in the presence of cells ppt

Dy Cloud droplet diameter um

Fyact Fraction of biodegradation to total (chemical + biological) loss %

Fhact,aq Fraction of biodegradation to total (chemical + biological) loss in the aqueous phase %

FNncell Droplet number fraction with bacteria %

Ky Physical Henry’s law constant M atm™!

Ky, eff Effective Henry’s law constant Matm™!

krcooH Aqueous-phase rate constant of OH reactions with undissociated acid M~lg—l

krCOO Aqueous-phase rate constant of OH reaction with carboxylate M~ ls!

kOH, tot pH dependent rate constant of OH reaction with acid and its carboxylate M1

Lg Chemical loss rate in the gas phase mol g;rl g1

Lag Chemical loss rate in the aqueous phase mol gegrl s~1 or mol L;ql 51
Laqi Chemical loss rate in bacteria-free droplets mol g;rl s~1 or mol L;ll 5!
Lag Chemical loss rate in bacteria-containing droplets mol g;rl s~1 or mol L;ll s—1
Lpact Biodegradation rate mol ge;rl s~1 or mol L;ql s—1
Ng Total drop number concentration cm;r3

Nai Number concentration of bacteria-free droplets cma;r3

Ng Number concentration of bacteria-containing droplets cm;S

Ncell Bacterial cell concentration sz;g

PT1 Phase transfer rate of bacteria-free droplets mol g;rl s~1 or mol L;]I 5!
PT2 Phase transfer rate of bacteria-containing droplets mol g;rl s~ or mol L;ll s—1
qcell Ratio of actual and equilibrium concentrations: Caq,g/C. 23, g dimensionless

Sg Chemical source rate in the gas phase mol g . rl s—1

Saq Chemical source rate in the aqueous phase mol g;rl s~1 or mol La_q1 51
Saql Chemical source rate in bacteria-free droplets mol g;rl s~1 or mol qul s—1
Saq2 Chemical source rate in bacteria-containing droplets mol gegrl s~1 or mol L;ql 51
AC Absolute difference in total acid concentration ppt

ACre] Relative difference in total acid concentration %

€aq Aqueous-phase fraction of total acid dimensionless

e;‘f} Aqueous-phase fraction of total acid at thermodynamic equilibrium dimensionless

XRCOOH Fraction of undissociated acid dimensionless
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