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Abstract. The high variability of aerosol particle concentra-
tions, sizes and chemical composition makes their descrip-
tion challenging in atmospheric models. Aerosol-cloud in-
teraction studies are usually focused on the activation of
accumulation mode particles as cloud condensation nuclei
(CCN). However, under specific conditions Aitken mode par-
ticles can also contribute to the number concentration of
cloud droplets (Ng), leading to large uncertainties in pre-
dicted cloud properties on a global scale. We perform sen-
sitivity studies with an adiabatic cloud parcel model to con-
strain conditions under which Aitken mode particles con-
tribute to Nq. The simulations cover wide ranges of aerosol
properties, such as total particle number concentration, hy-
groscopicity (k) and mode diameters for accumulation and
Aitken mode particles. Building upon the previously sug-
gested concept of updraft (w)- and aerosol-limited regimes
of cloud droplet formation, we show that activation of Aitken
mode particles does not occur in w-limited regimes of ac-
cumulation mode particles. The transitional range between
the regimes is broadened when Aitken mode particles con-
tribute to Ny, as aerosol limitation requires much higher w
than for aerosol size distributions with accumulation mode
particles only. In the transitional regime, Ny is similarly de-
pendent on w and k. Therefore, we analyze the sensitivity
of N4 to «, £(k), as a function of w to identify the value
combinations above which Aitken mode particles can af-
fect Ng. As &£(k) shows a minimum when the smallest ac-
tivated particle size is in the range of the “Hoppel mini-
mum” (0.06 um < Dpjp < 0.08 um), the corresponding (w—
k) pairs can be considered a threshold level above which
Aitken mode particles have significant impact on Ngy. This

threshold is largely determined by the number concentration
of accumulation mode particles and by the Aitken mode di-
ameter. Our analysis of these thresholds results in a simple
parametric framework and criterion to identify aerosol and
updraft conditions under which Aitken mode particles are ex-
pected to affect aerosol—cloud interactions. Our results con-
firm that Aitken mode particles likely do not contribute to
Ny in polluted air masses (urban, biomass burning) at mod-
erate updraft velocities (w < 3ms™!) but may be important
in deep convective clouds. Under clean conditions, such as
in the Amazon, the Arctic and remote ocean regions, hygro-
scopic Aitken mode particles can act as CCN at updrafts of

w<lms™ !

1 Introduction

The representation of aerosol-cloud interactions in atmo-
spheric models is challenging due to the high variability of
aerosol particle loading, properties and processes on small
temporal and spatial scales. Aerosol-cloud interactions in-
clude both the effects of aerosol particles on clouds by acting
as cloud condensation nuclei (CCN) and the modification of
aerosol due to chemical and physical cloud processing.

The interaction of aerosol particles with water vapor is
described by the Kohler theory (Kohler, 1936). It combines
the curvature (Kelvin) effect that describes the enhancement
of the water vapor pressure above a curved particle surface
and the solute (Raoult) effect that accounts for water uptake
by hygroscopic particle mass, which is often parameterized
by the hygroscopicity parameter « (Petters and Kreidenweis,
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2007). The maximum of the Kohler curve represents the crit-
ical supersaturation (Sc¢) above which a particle of a given
composition and dry size (critical diameter, D) is activated
and efficiently grows to a cloud droplet.

Clouds are dynamic systems where the supersaturation is
continuously altered due to increasing water vapor concen-
tration in cooling air parcels and other processes and water
vapor condensation onto particles. As the supply of water
vapor and the growth timescales in clouds are limited, parti-
cles and droplets may not reach their equilibrium sizes. Thus,
conclusions based on equilibrium conditions as implied by
Kohler theory often represent overestimates of the effect of
aerosol properties on clouds, e.g., Ervens et al. (2005).

The relative importance of aerosol parameters (e.g., chem-
ical composition («), dry particle diameter (Dy), shape of
aerosol size distribution (ASD), particle number concen-
tration (V,)) and updraft velocity (w) on cloud properties
was explored in previous sensitivity studies. Feingold (2003)
showed that N, has the largest influence on the effective ra-
dius of a cloud droplet size population, followed by the ge-
ometric mean mode diameters and standard deviations of
ASDs (Dg and og). A similar ranking was discussed by
Hernandez Pardo et al. (2019), who showed that conclusions
regarding the relative importance of the aerosol properties
and w hold true for both the effective droplet radius and num-
ber concentration (Ng) with lower sensitivity of the effective
radius than that of Ny. Other sensitivity studies also identi-
fied w and N,, followed by « and other chemical composi-
tion effects, as the most important parameters determining
Nq (Ervens et al., 2005; McFiggans et al., 2006; Anttila and
Kerminen, 2007; Reutter et al., 2009; Ward et al., 2010) or
the supersaturation in clouds (Hammer et al., 2015). A simi-
lar relative importance of N, and w in the shape of the cloud
droplet size distribution (CDSD) was shown (Cecchini et al.,
2017).

CCN can be modified in clouds by mass addition due
to chemical reactions in cloud droplets and by collision—
coalescence processes (e.g., Ervens, 2015). These processes
are suggested to lead to a size separation of cloud-processed
and interstitial particles, resulting in a gap between the
Aitken and accumulation modes (“Hoppel minimum’”) (Hop-
pel et al., 1986; Cantrell et al., 1999; Feingold and Kreiden-
weis, 2000). It is traditionally assumed that only accumula-
tion mode particles (D >~ 0.07 um) undergo cloud process-
ing, leading possibly to a broadening of this mode.

Model and observational studies challenge this assump-
tion, as ambient conditions were identified under which su-
persaturation in clouds is sufficiently high to form cloud
droplets on Aitken mode particles. For example, at a con-
tinental remote background site in France, Aitken mode par-
ticles with D >~ 0.025 um were shown to contribute the ma-
jor fraction to Ny due to the absence of a significant ac-
cumulation mode (Gérémy et al., 2000). About 30 % of all
Aitken mode particles were observed to form cloud droplets
at a background site in Finland at very low N, (~ 150 cm™3)
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(Komppula et al., 2005). Similarly low aerosol loading was
encountered above the tropical ocean, where <40% of
Aitken mode particles were predicted to act as CCN (Roelofs
et al., 2006). Also in Arctic clouds, high contributions of
Aitken mode particles to Ng were predicted (Korhonen et al.,
2008; Jung et al., 2018; Bulatovic et al., 2021). In marine
stratocumuli off the Californian coast, CCN and droplet clo-
sure could only be achieved when contributions of Aitken
mode particles to Ng were taken into account in clouds with
w>0.6ms! (Schulze et al., 2020). In deep convective
clouds above the Amazon (w < 12ms_1), it was predicted
that the formation of cloud droplets on Aitken mode particles
(D = 0.02 um) might even impact the thermodynamic cloud
structure by amplifying the convective invigoration and af-
fecting precipitation rates (Fan et al., 2018).

Based on an intercomparison of 16 global models, it was
concluded that Aitken mode particles do not significantly
contribute to CCN in clouds with maximum supersaturations
Smax =0.2 % (Fanourgakis et al., 2019). Based on another
global model study, Lee et al. (2013) compared the influence
of 28 parameters characterizing aerosol emissions, processes
and size distributions on the CCN number concentration at
8§=0.3%. They identified the width of the Aitken mode as
the second most important parameter after the dry deposition
of accumulation mode particles. Chang et al. (2017) found
that on a global scale, the fraction of Aitken mode particles
to total CCN is negligible at $=0.2 %, while it can be sig-
nificant at S=0.4 % above the continental Northern Hemi-
sphere. In their later global model study, cloud supersatura-
tion in each grid cell was calculated based on the mean ver-
tical velocity, and Ng was derived as the number of particles
whose Scrit was approximated and compared for three cloud
activation schemes (Chang et al., 2021). While the schemes
mostly agreed in the Ny prediction from accumulation mode
particles, large discrepancies were found in the predictions
of the contribution of Aitken mode particles to Ng.

These prior studies provide strong evidence that Aitken
mode particles can cause large uncertainties in predicted
aerosol—cloud interactions under conditions of low N,, small
fractions of accumulation mode particles to total N, and/or
high w. In the current study, we perform simulations with
an adiabatic parcel model to systematically explore the pa-
rameter ranges of aerosol properties (N, Na ait/Naace> K,
Dg Ait, Dg acc) and of w to identify aerosol and cloud con-
ditions under which Aitken mode particles contribute to Ny.
(All parameters are defined Table Al in the Appendix.) Our
analysis results in a framework that can be used to assess un-
der which aerosol and cloud conditions detailed information
on Aitken mode particles is needed to describe their potential
role in aerosol—cloud interactions.

https://doi.org/10.5194/acp-21-11723-2021



M. L. Pohlker et al.: Aitken mode contributions to cloud droplets

2 Adiabatic parcel model
2.1 Model description

We use an adiabatic parcel model to examine droplet for-
mation on a population of aerosol particles (Feingold and
Heymsfield, 1992; Ervens et al., 2005). The evolution of par-
ticle and droplet sizes is described on a moving size grid.
The calculation of the equilibrium saturation (seq) is based
on Kohler theory, including the hygroscopicity parameter «
(Petters and Kreidenweis, 2007; Rose et al., 2008).

Vs>] < 40501 My )
seq=(1+k—) exp|—"" |, 1)
“ ( VW P RprDwet

where Dy is the wet particle diameter, oy, the surface ten-
sion of the wet particle (72 mN m~1), ps the density of the
dry particle, py the density of pure water, M, the molecu-
lar weight of water, R the constant for ideal gases and T the
absolute temperature.

We note that we do not consider additional composition
effects (such as surface tension suppression) as « represents
the effective hygroscopicity as derived from experimental
data. The model includes the standard thermodynamic equa-
tions for particle and droplet growth and the derivatives to
time of temperature, saturation and pressure (Pruppacher
and Klett, 2003). These differential equations are iteratively
solved within each model time step. The times steps are func-
tion of w and chosen such that they cover a vertical change
of the air parcel of 0.1 m. The change in the saturation is cal-
culated as

ds

— = JYw

dt ~——
updraft term

P
—wn G / DuetNa(Dy)(s — 5eq)dDers %)

S

condensation term

where W and W; are functions of temperature and saturation
(s). The updraft term describes the increase of s due to cool-
ing of a rising air parcel in an adiabatic environment; the con-
densation term accounts for the condensation of water vapor
on aerosol particles and droplets. Particle and droplet growth
are driven by the gradient between s and the particle-specific

Seq:
dD —
wet - (s Seq)- 3)
dt Dyet

2.2 Model simulations
2.2.1 Initialization

The model is initialized below cloud at RH =98 %,
T =290K and p =829mbar. The initial ASDs consist
of 545 particle size classes in a diameter range of
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0.0028 um < Ds < 1.4 um, in lognormal distributions with
geometric mean mode diameters Dg ajy= 0.037 pm and
Dy acc =0.145 um with standard deviations of o, = 0.5 (cor-
responding to 1.4 in commonly used Heisenberg fits). Note
that different versions of lognormal fit functions are used in
the literature (Pohlker et al., 2021); a standard lognormal fit
function was applied here (Pohlker et al., 2018).

In sensitivity tests, Dg ajt and Dy acc are shifted to 0.05,
0.06 and 0.07pum and to 0.13 and 0.17 um, respectively
(Sect. 3.3.2). We define 15 model ASDs that differ (i) in
the relative contributions of Aitken and accumulation mode
particles (Ny, ait, Naacc) to total N, (columns I-V in Fig. 1)
and (ii) in the total number concentration N, (rows a—c in
Fig. 1). ASDs I and V are monomodal with an accumulation
or Aitken mode only; ASDs II, III and IV are bimodal with
Na_ait corresponding to 50 % (ASD 1II), 100 % (ASD III) and
150 % (ASD 1V) of Njacc. We distinguish the two modes
by the diameter of the Hoppel minimum (~ 0.07 um). While
strictly both modes have “tails” beyond the Hoppel minimum
(Aitken mode particles being larger and accumulation mode
particles being smaller than the Hoppel minimum), we do
not consider this in our model. This simplification seems jus-
tified since the mode classification in measured ASDs is usu-
ally ascribed based on particle size and not on composition,
which may differ because of different sources of particles in
the two modes. The particle hygroscopicity is assumed to be
equal in both modes; 27 values are used in the simulations to
cover arange of 0.02 < k < 1. Additional tests are performed
for fixed « values in the accumulation mode (k,cc =0.1 and
0.5; Sect. 3.3.1). A total of 30 values for the updraft veloc-
ities are applied (0.1 ms~! <w <3 ms~!), resulting in 810
simulations (27« x 30w) for each of the 15 ASDs.

2.2.2 Analysis of sensitivities &(x) and £(N,)

Droplets are defined as particles with Dyei > 3 um. This def-
inition does not strictly follow Kohler theory that defines
droplets as particles whose St is exceeded. The reasoning
for our definition is the comparability of model results to
observational studies that commonly report data from cloud
probes detecting particles above a fixed size threshold, e.g.,
Campos Braga et al. (2021). As our study is intended to give
guidance to future field and model studies, we use the size-
based (3 um) rather than the Kohler-based (Dri¢) droplet def-
inition. We define the smallest dry particle size on which
droplets grow to > 3 um as Dp,. The droplet number con-
centration Ny is calculated as the cumulative particle number
concentration between Dy, and the largest D (1.4 um). We
describe the predicted change in Ny as a function of particle
hygroscopicity (k) as the sensitivity & (k):

“)

For comparison to conclusions on parameter regimes as
discussed in previous model sensitivity studies, we also in-
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Figure 1. Schematic of model input aerosol size distributions (ASDs, designated I-V, a—c) with different number concentrations of Aitken
mode particles (N, aj;, red) and accumulation mode particles (Na acc, blue). Particle number concentrations are given in units of cubic

centimeters (cm ). The modal geometric mean diameters are Dg Ajt = 0.037 um and Dg acc = 0.145 um.

vestigate the sensitivity of Ng to Ny:

dIln Ny
dlnN,

These definitions follow the same approach as in previ-
ous model studies that investigated the sensitivity of Ny to
and N, for monomodal accumulation mode ASDs (e.g., Mc-
Figgans et al., 2006; Reutter et al., 2009; Ward et al., 2010;
Hernandez Pardo et al., 2019).

Since Ny is predicted to increase above cloud base, we
perform most of our sensitivity analyses at 20 m above the
height level of maximum supersaturation (Spyax). In a recent
Nq closure study, we found not only the best agreement of
measured and predicted Ny at this height, but also of the lig-
uid water content, independently of the pollution level of the
air mass (Campos Braga et al., 2021).

S(Na) =

&)

3 Results and discussion
3.1 Vertical profiles of Ng, Dyin and & (k)

Figure 2 shows the vertical profiles of Ny, D, and &(x) as
a function of « (color-coding) for simulations with ASD L.b
and ASD IILb at an updraft velocity of w =2.9ms~!; com-
plementary results for w=1.0 and 0.2ms~! are shown in
Figs. S1 and S2. The black lines denote the height at which
the supersaturation reaches its maximum value (Fig. S3). At
high w and «, Ng shows significantly smaller Ny for the
monomodal ASD L.b than for the bimodal ASD IIL.b (Fig. 2a
and b). The Dnj, values are nearly identical for the two
ASDs for a given w (comparison of left and right columns
in Figs. 2, S1 and S2), and they are inversely correlated
with Ng4. Under these conditions, Dy, reaches minimum val-
ues of ~ 0.05 um, which means that all accumulation mode
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particles form cloud droplets (Ng ~ Ny acc =500 cm~3) and
Ny cannot further increase for ASD Lb. In the presence
of an Aitken mode, a significant fraction of highly hygro-
scopic Aitken mode particles grow to cloud droplets (Ng ~
620 cm™3, Fig. 2b) as Dy;y is significantly smaller than the
size range of the Hoppel minimum (Dg ~ 0.07 um).

The & («) evolution for ASD Lb (Fig. 2e) repeats the trends
of Dpin and mirrors those of Ng; i.e., £(k) is lowest for the
highest x and w. For ASD Lb, & (k) reaches the lowest values
for the highest w when nearly all particles are grown to cloud
droplets (Nq ~ 500 cm™3), and a decrease in Dy, does not
further increase Ng. The difference in £ (k) for ASD L.b and
IILb is significant (Fig. 2e, f) as &(«x) for the bimodal ASD
IILb is predicted to increase for « >~ 0.5 above the level of
Smax- This inversion of £(x) occurs at the height at which
Aitken mode particles start contributing to Ng (Fig. 2).While
for the monomodal ASD L.b £ (k) is predicted to continuously
decrease with height, the increasing contribution of Aitken
mode particles to Ny leads to the opposite trend, i.e., to the
highest & (x) values for particles with the highest «.

Generally, the differences in the vertical profiles for ASD
Lb and IIL.b are smaller with lower w (Figs. S1 and S2). At
w=1ms~!, Ng is only slightly lower for ASD Lb than for
ASD IILb. The two modes overlap at the Hoppel minimum
(Fig. 1), and the small concentration of Aitken mode parti-
cles at this size explains the somewhat higher Vg in Fig. Sla
as compared to Fig. SIb. At w=0.2ms~!, only large ac-
cumulation mode particles are activated (activated fraction,
Factace <~ 0.5 and Dpip > 0.12 ym), and & («) remains gen-
erally higher than for larger w. A high sensitivity implies that
D 1s in a size range in which the ASD exhibits a steep
slope, where a small change in Dy, translates into a rela-
tively large change in Ng.

https://doi.org/10.5194/acp-21-11723-2021
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Figure 2. Vertical profiles of (a, b) cloud droplet number concentration (Ng), (¢, d) dry size of smallest particles that contribute to Ng (Dpjp ),
overlaid by the corresponding ASD (grey lines) and (e, f) sensitivity of Ng to « (£(«)) for an updraft velocity w =2.9m s~ 1. Left and right
columns show results for ASD L.b and IIL.b, respectively. The black lines in all panels mark the height of Smax above the level of saturation

(RH = 100 %).

Similar trends of & (k) with w were discussed in previous
studies in which it was generalized that & () is highest at low
w as only a small but significant fraction of the accumulation
mode particles is activated (e.g., Moore et al., 2013; Ervens
et al., 2005). Reutter et al. (2009) showed low sensitivities of
Ny at low w for very high N,(~ 10000 cm™3). In this case,
the supersaturation is efficiently suppressed as the conden-
sation term (Eq. 2) is dominated by N,. As only very large

https://doi.org/10.5194/acp-21-11723-2021

particles grow to droplet sizes, Ng would only include parti-
cles with Dy >~ 0.3 um , i.e., only in a flat part of the ASD,
where a small change in Dy, does not lead to a significant
change in Ng4. The increased & (k) at high w for the bimodal
ASD IILb (Fig. 2f) follows the same reasoning as Dy is lo-
cated at a size range where the Aitken mode exhibits approx-
imately the same slope as at Dy, for w =0.2m s~1. For less

Atmos. Chem. Phys., 21, 11723-11740, 2021
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hygroscopic particles, Dpjy is near the Hoppel minimum and
thus & (k) is smaller than for high « (Fig. 3).

In all simulations, Ny is predicted to increase while Dpin
decreases until the air parcel reaches up to several tens of
meters above the height level of Spax (Figs. 2, S1, and S2),
as particles continue to grow and eventually reach the size
threshold of 3 um. The size distributions of haze particles
and droplets are shown in Fig. S4 at four heights for the
three w and « =0.04, 0.3 and 0.7; the red vertical lines in-
dicate the size threshold (3 um) for droplets. It can be seen
that the separation of haze particles and droplets occurs at
different heights, depending on x and w. Hygroscopic Aitken
mode particles successively grow at high w to similar droplet
sizes as accumulation mode particles (orange box at the bot-
tom of the figure), coinciding with the height at which & («)
increases. This &£(«x) trend is opposite to that for ASD Lb
and also as found in previous studies of monomodal ASDs
(Hernandez Pardo et al., 2019; Cecchini et al., 2017) that
showed decreasing sensitivities to aerosol properties with
height.

If cloud droplets were defined based on D, Ng would be
computed at the level of Spax (black lines in Figs. 2, S1, and
S2) and remain constant above this height. This would result
in different Ny as large haze particles may not be counted
if their Sci¢ were not reached in cloud, and small particles
whose S¢rit is exceeded might also not be counted using our
size-based droplet definition. Since Nq would not change
above Spax, £(k) would also be constant above this level.
A detailed comparison of predicted cloud properties apply-
ing the two droplet definitions (Dgri; versus Dyt > 2 um)
was performed in a previous sensitivity study (Loftus, 2018).
There it was shown that predicted Ny based on the two def-
initions shows largest discrepancies at the lowest w and/or
high N, and that the droplet size distributions are generally
narrower if droplets are defined based on Dcj;. Also sensi-
tivities would be overestimated if they are computed in the
unstable bottom layer of the cloud at the level of Spax. It can
be concluded that sensitivity studies in which a droplet def-
inition based on D is applied will not only lead to higher
absolute values of £(x) but, at the same time, also to an un-
derestimate of the sensitivity to « as the predicted differences
of &(x) for different x values are much smaller (e.g., Reutter
et al., 2009). Such studies might thus lead to biased conclu-
sions if they are applied to ambient Ng measurements that are
based on fixed size thresholds to discriminate cloud droplets.

3.2 Sensitivity to aerosol properties: &(x) and £(N,)
3.2.1 Dependence of &(k) on Dy, (ASD IILb)

In the following, we investigate more generally the parame-
ter ranges at which Aitken mode particles affect sensitivities
and Ny in clouds. Our discussion will be limited to cloud

conditions at a height of 20m above Spax, i.e., when Ny
has reached a constant value. Figure 3 shows results at 20 m

Atmos. Chem. Phys., 21, 11723-11740, 2021
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above the levels of Spax. This height corresponds to ~ 35 m
above the level where RH =100 % in Fig. 2e and f. Figure 3
depicts the &£(k) values resulting from the 810 simulations
for ASD IIL.b as a function of ¥ and w. The contour lines are
color-coded by 0 < &(k) < 1. Parallel to the axes, six lines
are marked for three « values (vertical lines at k =0.7 (or-
ange), 0.3 (blue) and 0.04 (red)), and three updraft velocities
(horizontal lines at w =2.9m s (orange), 1.0m s~! (blue)
and 0.2ms™! (red)).

Each &(x) can be related to a Dpi, (Fig. 3). This rela-
tionship is shown in Fig. 3b, where the £(x) values along
the vertical lines are overlaid by the aerosol size distribution.
Figure 3c shows the D, range that is covered by the sim-
ulations for the three constant « values. The end points of
the Dpip ranges in Fig. 3b and c are connected by vertical
dashed lines. In the same way, Fig. 3d shows Dy, for & (k),
i.e., along the horizontal lines in Fig. 3a.

In line with the results in Figs. 2, £(x) and Dy, are high-
est for small x and w and decrease with increasing w (Fig. 3a
and b). Analogous trends are shown in Fig. 3b for the & (k)
values as a function of Dy, along the horizontal lines (con-
stant w) in Fig. 3a. The &£(«) lines for the three «x or three w
values, respectively, overlap as &£(x) depends on the slope of
the ASD at Dy,j,. Different combinations of x and w can re-
sult in identical D, values and thus yield the same & (k) val-
ues (contour lines of identical color in Fig. 3a). When Dpin
is near the Hoppel minimum, a change in Dp;, by either of
the parameters does not lead to a significant change in Ny
leading to low & («) values. Accordingly, & (k) increases when
Dpin reaches sizes smaller than the Hoppel minimum.

Overall, & (k) as a function of Dy, traces the shape of the
ASD (black line in Fig. 3a and c). The combinations of w
and « for which an increase in & (k) with a decrease in Dy
is predicted are those in the upper right corner of Fig. 3a.

The Dpjn ranges, covered by a variation of w or « by
the same factor (~ 30) (colored bars in Fig. 3c), are simi-
lar. This suggests that an equal change in either of the pa-
rameters affects D, to the same extent. However, this re-
lationship cannot be generalized. Figures S5 and S6 show
equivalent results to those in Fig. 3 but for N, =200cm™3
and N, =5000cm™3, respectively. Smaller N, implies a
smaller condensation term (Eq. 2), resulting in a higher su-
persaturation, which allows also smaller particles to grow to
cloud droplets. Thus, for N, =200 cm™3, the Din ranges are
shifted to smaller values, resulting in higher activated frac-
tions (Fig. S5b and ¢). Accordingly, the Dy ranges move to
larger values for N, = 5000 cm ™3 (Fig. S6b and c).

While for N, =200cm™3 and 1000 cm™3 the minima in
the £(x) curves coincide with the Hoppel minimum of the
ASD, the minimum of £(x) is shifted to somewhat larger
sizes for N, = 5000 cm—3 (Fig. S6). At such high N,, the su-
persaturation is very low (Fig. S7). Under these conditions,
an increase in w or k might result in only small changes in
N4 because of buffering effects; i.e., the growth of additional

https://doi.org/10.5194/acp-21-11723-2021
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Figure 3. (a) Sensitivity of cloud droplet number concentration to aerosol hygroscopicity (§(k)) as a function of ¥ and w for ASD IIL.b at
20 m above Smax. (b) & () (right axis) as a function of Dy, for k =0.04 (red), k = 0.3 (blue) and x = 0.7 (orange). (¢) Ranges of Dy, for the
simulations in panel (b) and (d). (b) &(x) (right axis) as a function of D, for w =0.2m g1 (red), w=1.0m g1 (blue) and w =2.9m g1

(orange).

droplets suppresses the supersaturation and prevents further
activation.

The comparison of Figs. 3, S5 and S6 reveals that not only
the ranges of Dp, values are shifted as a function of N,
but also that their widths differ depending on N,. The Dpp
ranges are widest for N; =200 cm ™3, which implies that for
these conditions Ny is most sensitive to k¥ and w, as a change
in these parameters causes a significant change in Dy, and
Ny. Correspondingly, for N, = 5000cm ™3, a change in w or
k only leads to a small change in Dyyj,. While such a shift in
Dpin only leads to small change in the activated fraction, it
translates into a relatively large difference in Ng4, resulting in
high & («).

This analysis demonstrates that the similarity in the Dpin
ranges in Fig. 3b and c resulting from a change in x or w
by the same factor is coincidental and should not be general-
ized to all conditions as the relative sensitivities to x and w
depend on N,. However, it also shows that conditions exist
under which Ny is similarly sensitive to w and «, and both
parameters need to be taken into account to accurately pre-
dict Ng.

3.2.2 Sensitivity regimes of &(V,) for mono- and
bimodal ASDs

Previously, sensitivity of Ng to N, and to w was presented
in terms of aerosol (N,)- and updraft (w)-limited regimes
(Reutter et al., 2009, 2014; Chang et al., 2015). The N,-
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limited regime is characterized by high activated fractions,
i.e., when an increase in Ny can only be caused by an in-
crease in N, and Ny depends linearly only on N,; the w-
limited regime occurs for small activated fractions where
an increase in w leads to sufficient decrease in Dy, to in-
crease Ng. Our analysis in Sect. 3.2.1 suggests that for wide
parameter ranges, Ny is similarly sensitive to ¥ and w. To
discuss these results in the context of N,- and w-limited
regimes, we explore the sensitivity of Ng to N,, £(N,),
as a function of w for k =0.7 for ASD I, IIl and V with
500cm™3 < N, <5000 cm™3. Figure 4a shows Ny for ASD
I as a function of N, and w and confirms the thresholds be-
tween the regimes as suggested by Reutter et al. (2009), i.e.,
N, limitation above w/N, > ~ 103 ms~!em? and w lim-
itation below w/N, <~ 104 ms™! cm?, with a transitional
regime in between. Accordingly, £(N,) approaches unity in
the N,-limited regime when nearly all particles are activated
(upper left corner of Fig. 4d) and even exceeds this value at
high N, and low w (bottom right corner).

The £(N,) pattern in Fig. 4d exhibits a minimum when the
activated fraction is ~ 0.7. This fraction corresponds to the
size range at which the cumulative ASD exhibits the largest
slope. If more particles are activated, the relative change in
Ny and therefore in £ (N,) becomes smaller.

In the presence of an Aitken mode, in addition to an accu-
mulation mode (ASD III; Fig. 4b), Ny is not limited by Ny acc
under the same N, and w conditions as for ASD I since only
a small fraction of the Aitken mode is activated. Figure 4e
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shows the same &(V,) patterns as the part of Figure 4d for
N, <2500 cm™> under conditions where only accumulation
mode particles are activated and thus contribute to N4 and to
&(Ny). Thus, the transitional regime is extended to a broader
parameter space as &£ (V) does not show a constant value of
unity as it should in an N,-limited regime. As at high N, and
low w, only accumulation mode particles contribute to Ny,
the contours for the w-limited regime do not differ between
Fig. 4d and e.

For the monomodal ASD V (Aitken mode), the acti-
vated fraction reaches at most ~ 0.6 (Fig. 4c, f); thus, the
aerosol-limited regime is not reached. However, for N, >~
1000cm— and w < ~ 1.0ms™!, Ny is linearly dependent on
w and independent of N,, which implies a w-limited regime
for w/N, <~ 1073 ms~! cm?, i.e., shifted by an order of
magnitude as compared to ASD 1. Accordingly, £§(N,) > 1,
similar to the £(N,) values reached for much higher N, acc
and lower w for the monomodal accumulation mode ASD I.
The &£(N,) pattern in Fig. 4b exhibits a minimum when the
activated fraction is ~ (.7. This fraction corresponds to the
size range at which the cumulative ASD has the largest slope.
If more particles are activated, the relative change in Ny and
therefore in £(N,) becomes smaller. In summary, based on
these trends of £(N,) and those of &(x) in Sect. 3.2.1, the
following conclusions can be drawn:

— The N,- and w-limited regimes are dependent on par-
ticle size, and thus the w/N, limits are different for
monomodal Aitken vs. accumulation mode ASDs and
also for monomodal vs. bimodal ASDs.

— The sensitivities of Nq to ASD parameters (N, Dy, k)
and to w depend on their value combinations.

— Under most w and N, conditions as considered here for
bimodal ASDs, the N,-limited regime is not reached, as
they cover the transitional regime.

— The equivalency of a change in w and « to affect
Dnin (Fig. 3) implies that a «-sensitive regime could be
equally defined and taken into account as a w-sensitive
regime when exploring sensitivities of Ng.

3.2.3 Sensitivities £ (k) for different aerosol size
distributions

The parameter ranges of w, k and N, considered in our sim-
ulations in the presence of an Aitken mode constrain tran-
sitional or w-limited regimes in which Ny can be equally
influenced by w and «. Therefore, we explore in detail the
w—k combinations above which Aitken mode particles sig-
nificantly affect Ng and & («). Figure 5 shows &(k) contour
plots for all cases as defined in Fig. 1; the middle column
(ASD III) repeats Figs. 3a, S5a and S6a. As the supersatu-
ration and activated fractions are closely related to &(x), the
corresponding figures for the 15 cases are shown in Figs. S7
and S8.

Atmos. Chem. Phys., 21, 11723-11740, 2021

M. L. Pohlker et al.: Aitken mode contributions to cloud droplets

The &(x) values for the monomodal accumulation mode
ASD 1 are shown in the first column of Fig. 5 (a:
N,=100cm™3, b: 500cm™ and c: 2500 cm™~3). The white
regions in the upper right part of the figures mark the parame-
ter spaces above which £(x) ~ 0, i.e., the N,-limited regime.
At high N,, this space is shifted to higher x and w, in agree-
ment with the trends of larger Dy, at higher N, (Sect. 3.1.1).
The trends in & (k) along columns II, IIT and IV show the ef-
fect on & («) due to increasing N Ait/ Na,acc (0.5, 1.0, 1.5) for
a fixed Ny ycc in each row. The &(x) contours in the param-
eter space at which only accumulation mode particles con-
tribute to Ny do not significantly change for a given Nj acc
(bottom left corners of panels ASD I-IV). However, with
increasing N, ait/Na,acc, the absolute £(x) values increase,
ie., ~ 0.15<& (k) <0.25 for the major part of panels IV.a and
IV.b whereas 0 < &(x)<0.25 in panels II.a and ILb. A higher
Na, it/ Na,acc causes the range to narrow at which & (k) shows
a minimum, while the w—« combinations for minimum & (k)
are not significantly shifted (ASD I-IV within each row in
Fig. 5). This trend in & (k) is caused by the higher N, aj; near
the Hoppel minimum with increasing Ny ait/Na acc and thus
higher Ng when Dpjp ~ 0.07 pm.

At the highest N,, the £(«x) patterns do not show any sig-
nificant difference (I.c to IV.c in Fig. 5). As under these con-
ditions for k, w and N, only accumulation mode particles are
activated, the presence of the Aitken mode does not affect
& (x) within the x and w ranges considered here. If our scales
were extended to updraft velocities of several meters per sec-
ond as encountered in deep convective clouds, Aitken mode
particle particles may activate even if Ny acc > 2500 cm™3,
resulting in similar contour patterns as for lower N, and the
w ranges considered here. However, in polluted air masses
eventually a saturation effect in terms of droplet formation
is reached above which Ny and effective radii do not signifi-
cantly change, as shown for convective clouds in the Amazon
region (Polonik et al., 2020).

At first sight, the £(x) patterns for ASD V are very dif-
ferent to those of the other ASDs (columns I-IV vs. V in
Fig. 5). These apparently different trends can be reconciled
based on the discussion in Sect. 3.2.1. and 3.2.2: the higher
& (k) for highly hygroscopic particles (red area at the bottom
right corner in Fig. 5 V.a—c) implies that at low w, a large
number of particles with high « form droplets, whereas Ny
is smaller for less hygroscopic particles. This suggests that
Dmin for high « is located in a “steep” part of the ASD with
relatively high N, ait, and a decrease in « increases Dmin,
such that it is in the flat part of the ASD (D ~ 0.1 um).

For ASD 1, such situations are not encountered for the cho-
sen parameter ranges. Even for the lowest « and w, a signif-
icant fraction of N, ac is activated, and any change in Dpin
due to a change in w or « shifts it along the steep part of
the cumulative ASD. If we performed simulations for higher
Ny ace, 1.€., for conditions typical for a w-limited regime,
Dpin would be shifted to even larger sizes than shown in
Fig. S6b and c, resulting in very small Ng and & (k).
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As discussed in Sect. 3.2.2., the conditions for ASD V can
be described as a w- and/or k-limited regime that it is char-
acterized by a relatively low w/N, (or «/N,) ratio. Using
ASD 1, similar £(x) patterns as in Fig. 5V.a could be ob-
tained using ASD IL.a for smaller ¥ and/or w or higher N,
than considered here. This can be seen in the upper row of
Fig. 5 where panel V.a is apparently a continuation of panel
I.a to smaller « values. However, the match of the corre-
sponding panels (V.b to Lb or V.c to Lc, respectively) is not
as perfect which suggests different sensitivities of &£(k) to
D, and k, depending on N,. Thus, not only are the limits of
the w-limited regime depending on Dy (i.e., accumulation or
Aitken mode) but also on the parameter ranges that charac-
terize the regimes.

The comparison of the influence on &£ (x) due to increas-
ing Ny aic (V.a, b, ¢ in Fig. 5) and on &(N,) (Fig. 4f)
shows that & («) is increasing, whereas & (NN,) is decreasing.
Therefore, when high concentrations of Aitken mode parti-
cles dominate the ASD, Ny is highly sensitive to x and w
and less to N, air. While in the presence of accumulation-
mode-dominated ASDs such w- and x-sensitive conditions
might only be encountered in highly polluted air masses
(e.g., biomass burning), they can occur for Aitken mode-
dominated ASDs at much lower aerosol concentrations. This
shift in sensitivities might partially explain the large uncer-
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tainties in cloud properties predicted in global model studies
when Aitken mode particles significantly influence Ny and
other cloud properties (e.g., Lee et al., 2013; Chang et al.,
2021).

3.3 Dependence of £(k) on kacc and Dy
3.3.1 Influence of constant rycc on &(k)

While we have assumed so far that both Aitken and accu-
mulation modes have the same «, such conditions are rarely
encountered in the atmosphere. They might occur, for ex-
ample, when sea salt contributes significantly to both modes
(Wex et al., 2016). However, more frequently the accumula-
tion mode consists of material of higher hygroscopicity as it
accumulates sulfate and other compounds during cloud pro-
cessing and other aging processes. Continental accumulation
modes typically exhibit values in a range of 0.1 < kucc 0.5,
with an average value of k,c ~ 0.3 (Andreae and Rosenfeld,
2008). The Aitken mode is comprised of fresher, less hygro-
scopic particles with 0 < x<0.05 in urban and continental air
masses, corresponding to hygroscopic growth factors < 1.1
at RH=90%. Aged Aitken mode particles are more hygro-
scopic, with k ~ 0.3 in the free troposphere and « ~ 0.6 in
remote marine air (McFiggans et al., 2006). Similar trends
in the hygroscopicity of the two modes were also observed

Atmos. Chem. Phys., 21, 11723-11740, 2021



11732

Na,Ait : Na,acc 0 : 1

e /d’ﬁﬁr\'&"t Ur;.l. ‘
S '\()\ W2k

o
R

29 !

. "“E)“f

® -.\&\"" E ':'

M. L. Pohlker et al.: Aitken mode contributions to cloud droplets

ASD Il

= :,“.“". <§ ‘“w
s -

L F&O&/@w

Figure 5. Sensitivity of Ng to « (§(x)) as a function of w and « for ASDs I.a—V.c (Fig. 1). Contour plots (0 < &(k) < 1, color code in panel
(a)) are based on 810 model simulations assuming 30 different values of w and 27 different values of « for each ASD. Column ASD III

repeats panel (a) in Figs. 3, S5 and S6.

during the wet season in the Amazon, with kaj ~ 0.1 and
Kace ~ 0.2 (Zhou et al., 2002; Gunthe et al., 2009). In a global
model study, fairly large differences were predicted above
oceans (kaj ~ 0.5, xacc ~ 1) and more similar values for
both modes above continents (~ 0.3 < k¥ <0.8; Chang et al.,
2017).

To explore situations with xacc 7 kajt, We repeat the simu-
lations for ASD IILb but use a single value of «ycc, whereas
the full range of 0.02 < kaj < 1 is applied (Fig. 6a). For low
w and «, &(kajy) is zero (white space in Fig. 6¢ and d) be-
cause in this parameter range droplets only form on accumu-
lation mode particles and a change in «xaj; does not affect
Ng. When kaj > kace, small accumulation mode particles
may not become activated, whereas more hygroscopic (but
smaller) Aitken mode particles sufficiently grow and con-
tribute to Ngq. Thus, the total Ny is the sum based on two
separate D, values for Aitken and accumulation modes,
respectively. The activated fractions for the two simulations
are compared in Fig. S8; Fuctacc appears as horizontal lines
as it is independent of xaj;; only at high kaj values are
there small deviations from this behavior as very hygro-
scopic Aitken mode particles may sufficiently suppress the

Atmos. Chem. Phys., 21, 11723-11740, 2021

supersaturation and prevent efficient growth of accumulation
mode particles. The large overlap of the activated fractions
from both modes in Fig. S8a (k. =0.1) demonstrates that at
w>1ms~!, large Aitken mode particles with k;>>0.3 may
grow to droplet sizes, even though only ~ 70 % of accumula-
tion mode particles are activated, whereas the smallest 30 %
of the accumulation mode particles have not been activated
yet.

The similar & (k(air)) values in Fig. 6b—d show their weak
dependence on k.. The supersaturation is largely controlled
by Ngacc, resulting in very similar values over the full «
range, independent of the presence of an Aitken mode (Fig-
ure S7 Lb-IV.b). When «ucc =0.1, droplet formation on
Aitken mode particles occurs for slightly lower values of
k and w as compared to the case with k,.c =0.5 (Fig. 6¢
and d). More hygroscopic accumulation mode particles ef-
ficiently suppress the supersaturation and prevent smaller
(Aitken mode) particles from efficient growth. Thus, for the
same w—k combinations, Fyr it 1S smaller when «acc = 0.5
compared to k,cc =0.1 (Fig. S8).

Similar feedbacks of the two modes on cloud properties
were described in previous model sensitivity studies that

https://doi.org/10.5194/acp-21-11723-2021
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Figure 6. Sensitivity of Ng to k (§(k)) as a function of w and « for variable ASDs and aerosol properties as outlined in the top panels. (a)
Schematic ASD with constant xacc; (b) identical to Fig. 5 IILb; (¢) £ (kaj¢), assuming kacc =0.1; (d) & (kajr), assuming kacc =0.5; (e) ASDs
with different Dg aj in addition to ASD III; (f) identical to Fig. 5 IILb; () § (x) for Dg aj¢ = 0.05 um; (h) & (x) for Dg aj = 0.07 um; (i) ASDs
with different Dg acc in addition to ASD IIT; (j) £(x) for Dg acc =0.13 umy; (k) identical to Fig. 5 IIL.b; and (1) & (x) for Dg acc =0.17 um.

showed more Aitken mode particles to activate in the pres-
ence of less hygroscopic accumulation mode particles (Kul-
mala et al., 1996). In the latter study, soluble and insoluble
mass fractions were used as proxies of particle composition,
and it was shown that CCN activation can be parameterized
by the soluble mass, which may be higher in large, solu-
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ble (hygroscopic) Aitken than in small, less soluble accu-
mulation mode particles. A significant contribution of Aitken
mode particles to Ny (> 50 %) was observed at a background
site in northern Finland, with average activated fractions of
Fact.ace ~ 87 % and Fycr ait ~ 30 % (Komppula et al., 2005).
While such observations could be equally explained by exter-
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nally mixed aerosol, this would result in the same effects dur-
ing cloud processing: efficient formation of mass (e.g., sul-
fate) in droplets formed on Aitken mode particles thatled to a
narrowing of the Hoppel minimum rather than to a widening.
In a global model study, it was demonstrated that efficient
sulfate formation in such droplets could contribute several
percent (=5 %) to the global sulfate budget (Roelofs et al.,
2006).

3.3.2 Influence of Dy ajt and Dy acc on & (k)

The parameters commonly used to characterize lognormal
ASDs, Dy and oy, were identified as the most important
aerosol parameters in affecting cloud properties (e.g., Fein-
gold, 2003; Ervens et al., 2005; Reutter et al., 2009; Ward
et al., 2010; Anttila et al., 2012). To compare their impor-
tance for accumulation and Aitken modes, we vary Dg ait
and Dg acc within the range of observed values. Our base
case values (Dg ajt=0.037um, Dy zcc =0.145um, Fig. 1)
are typical for oceanic aerosol (Wex et al., 2016). In addi-
tion, we apply Dg acc =0.13 um and 0.17 um for continental
aerosol (Pohlker et al., 2016, 2018). The size of Aitken mode
particles strongly depends on their aging state; it is larger for
continental aerosol than above the ocean (e.g., Birmili et al.,
2001; Heintzenberg et al., 2004; Pohlker et al., 2016, 2018).
In sensitivity tests, we assume Dg aj = 0.05 um and 0.07 um
while keeping Dy acc =0.145 pm.

We use ASD III.b as the reference case; it is shown to-
gether with the D,-shifted ASDs in Fig. 6e and i. The pan-
els below the ASDs show the effect on £(x) of increasing
Dg ait (f, g, h) and Dg acc (, k, 1). With increasing Dg aj.
the parameter space at which &(x) exhibits minimum val-
ues is shifted to lower w and « values. The lowest values of
& (k) (~ 0) are predicted for the smallest Dg A, whereas & («)
~ (.2 for most of the w—« space above which Aitken mode
particles are activated. This is in agreement with our interpre-
tation of Fig. 3 that the dependence of & (k) on Dy, traces the
ASD shape. With Dy ajt = 0.07 um, there is no w—« space in
which & (k) shows a distinct minimum as both modes largely
overlap (dotted green line in Fig. 6€). As Dy, is determined
by the supersaturation, which, in turn, is largely controlled
by the accumulation mode properties (N acc, Dg,accs Kacc)s
a shift of Dg aj to larger sizes moves Dy to a different
part of the ASD. For example, while Dy, ~ 0.06 um only
leads to a small activated fraction of Aitken mode particles
(Fact,ait < 0.1) if Dg ajt =0.037 um, it would be > 0.5 with
Dg ait =0.07 um.

Accordingly, the trends in &(x) for a change in Dg acc
(Fig. 6j, k, 1) can be explained: the Hoppel minimum is
widest for the ASD with Dg acc = 0.17 pm, which is reflected
by the large space in which &(x) ~ 0O (Fig. 61). However, un-
like the shift of the range in which & (k) shows a minimum to
lower w—« values for increasing Dg ajt, the w—« space only
becomes broader for larger Dy acc but barely changes its po-
sition. It can be concluded that Dyg ycc is of minor importance
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as compared to Dg aj¢ for the w—« parameter space above
which Aitken mode particles contribute to Ny.

4 Updraft and hygroscopicity regimes of Aitken mode
CCN activation

Our sensitivity studies have shown that for bimodal (Aitken
and accumulation mode) ASDs, the w—« combinations re-
sulting in & (k) minimum values can be used as a criterion of
conditions under which Aitken mode particles contribute to
Ng4. An increase in w or k decreases Dy to sizes smaller
than the region of the Hoppel minimum.

To provide a general framework of our model results,
we extract from the sensitivity simulations the w—« com-
binations where Fyc ait =0.05 as a threshold above which
Aitken mode particles may significantly contribute to the to-
tal droplet number concentration. Figure 7a and ¢ present a
selection of our model ASDs, together with additional ASDs
(Na,ait/Na,acc ~ 10 and ~ 0.1) to further map out the param-
eter space. In the bottom panels, the w—« lines are summa-
rized from each simulation that correspond to Fyet ait = 0.05
(Fig. 7b, d).

The black lines in Fig. 7 show two ASDs with equal contri-
butions of Aitken and accumulation mode to N, (1000 cm™3,
ASD IILb). For ASDs of these Dy and N,, any combination
along the lines yields Fyet aic > 0.05, such as w > 1.5m g1
and kaj~ 1 or & > 0.3 and w ~3ms™!, respectively. The
red lines in Fig. 7b mark the shift of the w—« as a function
of N, and N, acc/Na,air: decreasing N, of both modes by a
factor 5 moves the line to much lower w and « values, such
that Aitken mode particles with « ~ 0.4 may be activated at
w >1ms~! and more hygroscopic Aitken mode particles
at even lower w (dotted red line). When the ASD is domi-
nated by an Aitken mode (N ait ~ 10N, acc), Aitken mode
particles with xajc > 0.1 will be activated at w > Ims™!
(dashed red line). Conversely, when Nj acc ~ 10N, aic With
Na ait =55 cm™3, the w and « values are nearly outside the
ranges of our k and w scales (solid red line). Results for even
higher N, (2500-6750 cm™3) are consequently not included
in the figure because under these conditions, the efficient sup-
pression of the supersaturation by the high N, ;.. prevents
Aitken mode particles from being activated within the con-
sidered parameter ranges of w and «. Obviously, for wider w
ranges as relevant for pyrocumuli or other highly convective
cloud systems, corresponding thresholds and w—« combina-
tions could be derived on extended axes.

The purple lines in Fig. 7b correspond to results for con-
stant Ny acc =500 cm™3 and for N, ait, being 0.5 and 1.5
times that of the accumulation mode (ASD IL.b, IV.b). The
fact that they do not show any noticeable difference to results
using ASD III.b demonstrates that the ratio Ny ait/Na,acc — if
Ny acc 1s approximately constant — does not significantly im-
pact the position of the w—« line.
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Figure 7. Updraft and hygroscopicity regimes where Aitken mode
particles are relevant as CCN. (a) Aerosol size distributions with
different Ny and N, Ait/Na,acc- (b) Lines indicate the w—« combi-
nations for which Fy¢ ajr = 0.05 using the corresponding ASDs in
(a) (same color). (¢) Aerosol size distributions with different Dg’ Ait
and Dg acc. (d) Lines indicate the w—« combinations for which
Fact, Ait = 0.05 using the corresponding ASDs in (¢) (same color).

In Fig. 7d, we show the effects of Dg ajr and Dg acc On
the w—« space. A change in Dy ycc from 0.145 to 0.13 um
or to 0.17 um has a negligible effect (solid and dotted blue
lines). The low sensitivity of the w—« line position to Dg acc
suggests that it is applicable to continental and marine air
masses, largely independent of Dy ».c. However, an increase
in Dg ajt from 0.037um (ASD IIL.b) to 0.05, 0.06 and
0.07 um (green lines) significantly reduces the w and « val-
ues that are required to activate Aitken mode particles. Thus,
aging processes might efficiently increase Dg ajt to those of
CCN.

Figure 7b and d represent a simple scheme that can be ap-
plied to estimate whether Aitken mode particles contribute to
N4 under ambient conditions in various air masses and cloud
types. While we did not explore all relevant combinations of
the parameters that are commonly used to characterize ASDs
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(Na, Ny it/ Najaces Dg,aces Dg,ait), the ranking of their rela-
tive importance in determining the position of the w—« line
is expected to hold generally true.

5 Summary and conclusions

Previous field and model studies suggested that not only ac-
cumulation, but also — under specific conditions — Aitken
mode particles increase cloud droplet number concentrations
and are involved in aerosol—cloud interactions. However, the
conditions under which the Aitken mode significantly con-
tributes to cloud droplet number concentration (Nq) had not
been fully constrained.

Using an adiabatic parcel model, we systematically inves-
tigated the conditions under which Aitken mode particles
contribute to Ny for wide ranges of aerosol size distribution
(ASD) parameters (particle number concentrations of accu-
mulation and Aitken modes, N acc, Na,ait, mode diameters,
Dy acc, Dg ait, and hygroscopicities kace, ki) and of the up-
draft velocity w for Ny. In previous model sensitivity studies
of monomodal ASDs, aerosol- and updraft-limited regimes
were defined in which N4 depends linearly on N, or w (Reut-
ter et al., 2009). Using this concept, we show that Aitken
mode particles are not activated if updraft-limited conditions
prevail in the presence of a dominant accumulation mode
(high Ny, acc). Also, aerosol-limited conditions do not occur
as by far not all Aitken mode particles are activated (for
w<3ms ! ie., updraft velocities of abundant cloud types),
and thus the transitional regime (between N, and w limita-
tions) exists over wider parameter spaces than in the pres-
ence of monomodal accumulation mode ASDs. When ASDs
are dominated by an Aitken mode, we find that Ny is highly
sensitive to w even at low N, ajx which implies that the w/N,
regime limits as identified previously for accumulation mode
ASDs are not always applicable, but they depend on param-
eter value combinations of Dg, N,, ¥ and w.

Exceeding the previous framework that was restricted to
w and N, limitations, we show that the sensitivities of Ng
in the transitional and w-limited regimes equally depend on
w and k. Therefore, we explored in detail the sensitivity of
Ny to k, £(x), as a function of w for ASDs that differ in
the number of modes (mono- or bimodal), Ny ait/Na,acc and
total N,. Based on the patterns of £(k) as a function of w
and «, we analyze the dependence of the w—« range above
which Aitken mode particles contribute to Ng on the ASD
parameters. We show that & (k) exhibits minimum values for
w—k combinations for which the smallest activated parti-
cle size (Dpjp) is near the Hoppel minimum and increases
when smaller Aitken mode particles are activated. Defining
lines near these w—« combinations as the minimum thresh-
old, it can be estimated under which aerosol (N,, «, Dg)
and w conditions Aitken mode particles start contributing to
Ng4. We conclude that the most important requirements are
a low number concentration of total and accumulation mode
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particles (Na, Naacc) and/or a large mode diameter of the
Aitken mode (Dg air). While this ranking repeats previous
findings for sensitivities to monomodal ASDs (e.g., Ervens
et al., 2005; Reutter et al., 2009; Ward et al., 2010; Cecchini
et al., 2017; Herndndez Pardo et al., 2019), our analysis ex-
ceeds these studies as it evaluates the relative importance of
these parameters of accumulation and Aitken modes for the
activation of Aitken mode particles.

Applying this framework to typical ambient aerosol condi-
tions, it seems likely that above the ocean where aerosol load-
ing is usually low and ASDs often exhibit bimodal shapes
with very hygroscopic particles (Wex et al., 2016; Campos
Braga et al., 2021), Aitken mode particles are activated to
cloud droplets. This confirms findings in marine stratocu-
mulus clouds with moderate w > 0.5 ms! (Schulze et al.,
2020). Given that marine stratocumuli comprise a large frac-
tion of global cloud coverage, the contribution of Aitken
mode particles to Ng above the ocean should thus be included
in global estimates of aerosol—cloud interactions. Similarly,
our concept is consistent with the large observed fractions
of activated Aitken mode particles at Arctic sites (Komppula
et al., 2005). Conversely, it implies that in highly polluted re-
gions even high N, aj¢ (€.g., in megacities; Monkkonen et al.,
2005) are not relevant in stratocumulus and shallow cumulus
clouds as droplets will only form on accumulation mode par-
ticles.

Atmos. Chem. Phys., 21, 11723-11740, 2021
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Global model studies have identified large uncertainties in
CCN number concentration and Ng4 predictions due to the as-
sumptions associated with Aitken mode particle properties,
specifically in the Southeast US, Europe and to a small extent
in the Amazon region (Lee et al., 2013; Chang et al., 2021).
Our framework, together with global maps of xaj; and kycc
(e.g., Chang et al., 2017), will help to reduce these uncer-
tainties and constrain aerosol—cloud interactions in regions
where Aitken mode particles affect cloud properties.
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Appendix A

Table A1. Definition of parameters that are used in the discussion.

Parameter

Description

Dy

Dg ait
Dg,acc
Dmin
Dy
Fact,Ait
Fact,acc
K

KAit
Kacc

Na
Na,acc
Na,Ait
Ny
Ny, Ait
Nd,acc
K

Seq
Smax
Og

w
&)
§(Na)

Geometric mean mode diameter

Mean Aitken mode diameter

Mean Aitken mode diameter

D of smallest particle that forms a cloud droplet

Diameter of dry particle

Activated fraction of Aitken mode particles Ng it/ Na, Ait
Activated fraction of Aitken mode particles Ng acc/Na,acc
Hygroscopicity parameter

Hygroscopicity parameter for Aitken mode particles
Hygroscopicity parameter for accumulation mode particles
Particle number concentration

Particle number concentration of Aitken mode particles
Particle number concentration of accumulation mode particles
Predicted droplet number concentration

Number concentration of droplets formed on Aitken mode particles
Number concentration of droplets formed on accumulation mode particles
Saturation

Equilibrium saturation based on Kohler theory
Supersaturation

Geometric standard deviation for mode

Updraft velocity

Sensitivity of Ng to « (Eq. 4)

Sensitivity of Nq to N (Eq. 5)
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