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An aerosol-optics model for water-coated marine aerosols is introduced that accounts for irregularities in
the geometry of dry salt particles, and that mimics the processes of water-adsorption, dissolution of salt,
and rearrangement of the liquid mantle following dissolution. The model can be tuned to adjust how
rapidly the dry salt particles become spherical as water is being added to them. Size-shape distributions
of the model are generated and employed to compute the ensemble-averaged extinction and backscat-

MSC: tering cross sections, the lidar ratio, and the linear backscatter depolarisation ratio (LDR). A power law
0000 distribution that is frequently used in chemical transport models yields lidar ratios and LDR values that
1m are consistent with field and satellite observations. But the results are found to be quite sensitive to the

assumed size distribution. A generic lognormal size distribution tends to produce higher extinction cross
PACS: sections, backscattering cross sections, and somewhat higher lidar ratios than the power-law distribution,
0000 while the depolarisation ratios are of comparable magnitude. We further gauged the model’s performance
1 by comparing it with homogeneous superellipsoids. For a salt mass fraction of 0.97, the cross sections and
Keywords: the lidar ratio of cubic superellipsoids (i.e., those with unit aspect ratios) agree best with the reference

marine aerosol model over all effective radii at a superellipsoid roundness parameter of 0.6. The LDR is more challeng-

lidar ing to reproduce. For a salt mass fraction of 0.97, cubic homogeneous superellipsoids mostly give lower

remote sensing LDR values than the reference model. However, by increasing one aspect ratio, the superellipsoids can be

aerosol optics tuned to yield higher LDR values. For a salt mass fraction of 0.91, the reference model yields LDR values
below 0.1. Homogeneous superellipsoids that match the cross sections and lidar ratio of the reference
model tend to give LDR values exceeding the reference results, at least for super-micron particles.
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1. Introduction

Marine aerosols are the most abundant aerosol type in the at-
mosphere. Through their ability to act as cloud condensation nu-
clei they can impact cloud optical properties, cloud lifetime, and
precipitation [1], thus influencing the radiative energy budget and
the hydrological cycle. Representing these aerosol effects on the
radiative balance in climate models can be challenging. For in-
stance, inaccuracies in the description of marine aerosol effects in
climate models can manifests themselves as model biases in sea-
surface temperature, which has been reported to be particularly
pronounced over the Southern Ocean [2,3]. In chemical transport
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models (CTMs), an accurate description of marine aerosol emis-
sion, transport, and deposition is important for several reasons. To
study the health impact of particulate matter, it is imperative to
correctly model how the total mass concentration is partitioned
between natural particles, such as sea salt, and potentially harm-
ful anthropogenic components, such as soot or sulphate. Also, sea-
salt deposition over land impacts soil chemistry by counteracting
the effect of acidifying pollutants, which is important to ecosystem
modelling. However, recent model evaluations (e.g. [4]) revealed
that some of the state-of-the art CTMs tend to underestimate in
situ observations of near-surface concentrations as well as wet de-
position of marine aerosols.

Evaluation of highly complex, large-scale environmental mod-
elling systems, such as CTMs and climate models, is a formidable
task. The most important source of error in CTMs tends to be the
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emission flux. One common approach of evaluating models is to
compare observations with model output (e.g. mass concentrations
of long-range transported particles). This is far from straight for-
ward, because the model output can be compromised by a number
of different error sources other than the emission flux. Arguably a
more robust approach is to make use of measurements that are
very close to the source regions, because they are likely to provide
a good proxy for the emissions themselves. For marine aerosols,
the main problem is that in situ measurements over the remote
oceans are very sparse in time and space. However, long time se-
ries of data with good spatial coverage are essential for compre-
hensively evaluating global environmental modelling systems. Such
data sets can be provided by satellites. One challenge in interpret-
ing satellite observations of aerosols is to extract information on
aerosol composition and physical properties, which is required for
comparing the observations to model in- and output variables. The
critical link between observations and CTMs or climate models is
provided by aerosol-optics models (e.g. [5,6]).

Marine aerosols contain mostly sodium chloride, but also or-
ganic substances, potassium, magnesium, calcium, and dimethyl
sulphide (e.g. [7]). Their number density is strongly dependent on
wind speed, while their size can depend on sea-surface tempera-
ture and salinity (e.g. [8]). The water content is highly variable and
depends mostly on ambient relative humidity (e.g. [7]). In order
to monitor the concentration, mean size, and water content of ma-
rine aerosols by remote sensing techniques, we need to understand
how aerosol morphology and composition are related to radiative
and polarimetric properties.

Pristine sodium chloride crystals have cubic shape. Dry sea-salt
particles in nature can also be cubical [9], but they can also de-
viate from cubic shape (e.g. [10]). Cubes are often employed as
a canonical shape to model optical properties of sea-salt aerosols
[9,11-15]. Departures from cubic shape have been considered in
various modelling approaches comprising superellipsoids [16-18],
Gaussian random cubes [19] and convex polyhedra [18,19]. Superel-
lipsoids are a highly flexible and comprehensive class of model
particles covering an enormous range of optical properties that ex-
ceeds that of typical marine aerosols [17]. Thus, this model needs
to be properly constrained [18]. Convex polyhedra yield linear de-
polarisation ratio (LDR) values that are consistent with lidar field
measurements [19], and they can be used to estimate uncertainties
related to non-ideal cubic shapes.

Mixing sea-salt with water alters the dielectric and morpholog-
ical, thus the optical properties. The addition of water generally
increases the optical cross sections and quenches LDR. The details
of this effect are poorly understood, as laboratory measurements
are sparse [13]. Thus it is imperative to develop a versatile refer-
ence model, from which we can gain physical insight into the re-
lation between morphology and optical properties. In [18] a model
was proposed in which the morphology of wet marine aerosols is
simulated by use of a pseudo-potential model. The purpose of our
present study is two-fold.

1. The approach in [18] tends to coat the salt particles with a
mantle that can deviate significantly from spherical shape,
even for moderately thick coatings. Potentially, this can give
rise to atypically high LDR values for particles with a thick
water coating. Here we propose a significant modification of
the model that rectifies this problem.

2. In [18] only three discrete particle sizes have been investi-
gated. Here we perform computations for size-shape distri-
butions of marine aerosols with a range of effective particle
radii.

We will also make an attempt to gauge the prospects of using

simplified particle models. To this end, we will consider homoge-
neous superellipsoids. For homogeneous particles with point-group

Journal of Quantitative Spectroscopy & Radiative Transfer 295 (2023) 108408

symmetries, one can often significantly speed up light-scattering
computations [20,21]. Fast optics models are often required in
large-scale environmental applications, such as in chemical data
assimilation (e.g. [22,23]).

In the following section we introduce the model particles, the
model size distributions, and the numerical light-scattering meth-
ods relevant for this study. Results will be shown and discussed
in Sections 3 and 4, respectively. Concluding remarks are given in
Section 5.

2. Methods
2.1. Particle models

Dry marine aerosols. Dry, pristine sodium chloride crystals that
form under ideal conditions have cubic shape. Sea-salt particles
in nature that originate from emitted sea-spray contain mostly
sodium chloride, but also potassium, calcium, magnesium, and or-
ganic substances. The shapes of these particles are more random,
but often the cubic geometry still shows through in micrographs
(e.g. [10,24-30]). For this reason, cubes have often been used as an
idealised model geometry for marine aerosols [11-15,24]. However,
randomised cubes are likely to be a more realistic model, although
not any kind of randomisation model gives an equally good repre-
sentation of the optical properties [19].

Presently the most promising candidate seems to be the convex
polyhedra model introduced in [19]. In this approach one randomly
places N. points in a Cartesian coordinate system and applies a
concave hull around these points [19,31]. Typically, for N. « 100
one obtains random polyhedral shapes that show little similarity
to that of a cube. For N on the order of 103 the convex polyhedra
are very similar to ideal cubes. For N; on the order of a few 100
one obtains distorted cubes that look similar to shapes of marine
aerosols observed in micrographs.

We generated model particles with volume-equivalent radii ry
varying between 0.04 um and 1.5 um in size-steps of 0.02 pm.
Thus we generate model particles with 74 discrete sizes. For each
particle size, the number N, of supporting points in the concave-
hull construction was randomly selected between 100 and 300.
Thus, the ensemble of particles we consider is both a size- and
a random-shape distribution. The upper limit of our size-range
is dictated by computational constraints in the numerical light-
scattering computations with the discrete-dipole approximation
(DDA), as explained below. The particles are discretised in a Carte-
sian grid, which is required as input to the DDA. The grid spacing d
is chosen such that |m|kd < 0.4, where m is the complex refractive
index of the scatterer, and k = 27 /A is the wavenumber based on
the wavelength A of the surrounding medium. It has been demon-
strated in [19] that such a grid spacing is sufficiently fine to yield
DDA results with an error variance that is significantly lower than
that resulting from random variations in the particles’ stochastic
geometries, which is a lower bound for the uncertainties in our
model.

Water-coated marine aerosols. Marine aerosols are emitted as
sea-spray. Depending on ambient relative humidity, the water in
the emitted droplets can partly or completely evaporate. Dry sea-
salt particles are highly hygroscopic; in humid air water vapour
can condense onto the particles, and the solid salt particle can
partially or completely dissolve in the liquid coating. The micro-
physical cause of water condensation is the Coulomb interaction
between salt ions and water-vapour molecules. This interaction is
strongest for those ions on the particle surface that have a large
number of neighbouring ions. On the other hand, those salt ions
are most likely to be dissolved in a liquid coating that have the
smallest number of neighbouring ions. In [18] a pseudo-potential
model has been applied that mimics these effects. The pseudo-
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potential is defined by

N
Vi==Y fij. i=1.....N; (1)
j=1

fij:{g)

where N; is the number of discrete cells on the particle surface
that consist of either salt or liquid water. r;, r; are the position
vectors of cells i and j, where N is the total number of salt- or
water-occupied cells in the discretised particle. R is a free tuning
parameter that limits the radius within which neighbouring cells
contribute to V;. After computing V;, the surface points are sorted
by increasing potential. Subsets of equal potential are shuffled ran-
domly.

The main problem is that the addition of water changes the
surface of the particle, thus the surface potential. For this reason,
the addition of material and the re-evaluation of the surface po-
tential has to be done iteratively. This is done in a 2-step process,
which closely follows the ideas of [32]. We denote this process by
add_coating:

|ri—r;|<R
otherwise

(2)

 Step 1. We set the radius of influence R = 3d, where d is the
grid spacing. After computing the surface potential, we at-
tach N,qq = o1 Ns water cells to the particle, starting with the
surface points of lowest surface potential. We set oy = 0.04.

e Step 2. We recompute the surface potential with a
radius of influence R = max{3d,Rcr}, wWhere
(d?/ry)+/3N/(2m) — 1, where ry is the volume-equivalent
radius of the particle. Then we add another N,qq = otaNs
liquid-water cells to the surface, starting with the surface
points with the lowest potential. We set o, = 0.001. Note
that N and N; are variables that change after each iteration
step.

RCOI‘ =

This 2-step process is an inner iteration in the construction
of the model particles. However, we also need an outer iteration,
which accounts for the fact that the solid salt core will gradually
dissolve in the liquid water coating. For sea-salt we use the solu-
bility of sodium chloride ¢,=36 g salt per 100 ml water (where
the subscript b stands for brine). We also assume a brine den-
sity of 1210 kg/m3, and a solid-phase salt density of 2240 kg/m3.
The resulting relations between the liquid-water volume and mass
fractions, and the corresponding volume-equivalent particle radii
are discussed in the appendix. The dissolution of salt in the liquid
coating is modelled by a similar 2-step process, which we denote
by dissolve_salt:

o Step 1. We set R = 3d and dissolve Ng;; = B;NE°2ted solid salt
cells, where NS4 js the number of grid cells at the surface
of the solid salt core that are in immediate contact with lig-
uid coating. The process starts by dissolving those salt cells
with the highest surface potential. We set 8; = 0.0016.

e Step 2. We recompute the surface potential with R=
max{3d, Reor} and dissolve Ny :ﬂzNSCOE’ted solid salt cells,
where f, = 0.0004.

Up to this point, our model follows the one described in [18].
However, we found that this model tends to require a lot of coating
material before it approaches a spherical shape. For this reason, we
added a third process that allows the liquid coating to rearrange
itself after part of the solid salt has been dissolved and added to
the liquid phase. We do assume that there is an immobile liquid
surface layer of thickness dy which, owing to the Coulomb interac-
tion, does not rearrange itself. The liquid outside this surface layer
is regrouped toward a preferential spherical arrangement. We de-
note this process by rearrange_coating:
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o In our testing of the model, we set dy = 3d. All liquid grid
cells at a distance from the solid surface larger than 3d are
flagged for rearrangement.

o All grid cells with coordinates (i, j, k) outside the surface
layer are grouped into "onion shells”, i.e., in ascending or-
der of their distance to the origin /i2 + j2 + k2. Groups of
points with equal distance are randomly shuffled. The liquid
grid cells flagged for rearrangement are distributed to those
grid points in ascending order.

Here d; is a free parameter. Thus setting dy = 3d only defines
a particular instance of this class of model particles. By making
other choices of dy one could tune the shape of partially-coated
salt particles. Higher values d; will yield more non-spherical water
coatings at intermediate stages of the coating process.

The complete construction algorithm of our model particles
proceeds by iterating these three processes. When running the
program one prescribes the volume-equivalent radius of the dry
salt particle, the salt mass fraction f;; of the water-coated salt par-
ticle, the wavelength A, and the complex refractive index m of salt
and water at the specified wavelength. The size of the particle is
converted to a number of grid cells Ny, occupied by the dry salt
particle, using |m|kd < 0.4. From Ny, and fi, the number of grid
cells Ny, is computed that needs to be occupied by water in order
to reach this mass fraction. Thus the construction algorithm pro-
ceeds as follows:

DO WHILE Ny (now) < Ny

add_coating

dissolve_salt

rearrange_coating

END DO where Ny (now) is that number of water grid-cells in

the present iteration step.

For each of the 74 discrete particle sizes, we consider four sea-
salt mass fractions, namely, f,=1.00 (pure sea-salt), 0.97, 0.94, and
0.91. This braces the most interesting range of mass fractions, in
which the transition from strong to weak depolarisation occurs.
Figure 1 (top row) shows examples of the resulting model parti-
cles. The figure clearly illustrates that the addition of liquid water
quickly rounds off the sharp edges of the salt core, which are the
points with the highest surface potential. Also, the second top im-
age from the left illustrates the thin liquid surface layer that re-
mains stuck to the surface of the solid core. As more liquid water
is applied, the coating approaches spherical shape, while the core
becomes more and more rounded.

For dry sodium chloride at a wavelength of 532 nm, absorption
is negligible. Thus the imaginary part of the complex refractive in-
dex m vanishes. We assume my,=1.5484 [33], and we use this
value for dry sea-salt. The coating consists of a saturated salt solu-
tion (brine), for which we use the refractive index my,.=1.334 +
6.19-10-7i based on the parametrisation given in [34].

For comparison, we also performed computation for superellip-
soids. The geometry of these particles is given in Cartesian coordi-
nates by [35]

BROIRC &

where a, b, and ¢ denote the sizes of the particle in the x, y,
and z directions. Thus the overall shape can be characterised by
the two aspect ratios a/b and a/c. The parameter e expresses the
roundness of the particle in the azimuthal direction, while n con-
trols the roundness in the polar direction. We mostly focus on cu-
bic superellipsoids, which are characterised by a/b=a/c =1 and
0<n<1,0<e<1. For simplicity, we also assume n = e. We per-
form computations for the same sizes and salt-mass fractions as
for the reference model, as well as for n =e =0.1, 0.2, ..., 0.9. The
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Fig. 1. Top row: Selected geometries illustrating the reference model for marine aerosols with sea-salt mass fractions (from left to right) f»=1.00, 0.97, 0.94 and 0.91. Bottom
row: Cubic superellipsoids with roundness parameters (from left to right) e = n =0.1, 0.4, 0.6, 0.9.

mass fraction determines the volume-equivalent wet radius of the
particles (as explained in the appendix). Since the superellipsoids
are homogeneous particles, the impact of the inhomogeneous salt
core/brine mantle morphology on the optical properties is not ac-
counted for in this model. Rather, we compute the optical proper-
ties of the homogeneous superellipsoids by use of a complex ef-
fective refractive index, which is computed from the volume frac-
tion and from the complex refractive indices of the salt core and
the brine mantle; this is done by use of the Maxwell-Garnett rule
[36]. The volume fraction is computed from the mass fraction as
detailed in the appendix.

2.2. Numerical computation of aerosol optical properties

For the reference particles, the electromagnetic scattering prob-
lem is solved by use of the discrete-dipole approximation (DDA).
The DDA is based on the volume-integral equation, which can be
derived from Maxwell’s equations (e.g. [37]). The volume of the
particle is discretised into a grid of polarisable cells. By making the
cells much smaller than the wavelength, one can assume that all
points in a cell oscillate in phase, just like a dipole. The volume-
integral can thus be converted into a system of linear equations,
which can be solved numerically. We employ the DDA code ADDA
version 1.3b4 [38]. The size of the spacial grid, i.e., the dipole spac-
ing d, needs to be chosen judiciously. We have previously per-
formed tests that showed that a dipole spacing satisfying |m|kd
<04 is more than sufficient for sea-salt model particles [19].
For this choice of dipole spacing, comparisons for superellipsoids
showed excellent agreement between DDA and T-matrix results
computed with the Tsym code [39].

The particles are assumed to be randomly oriented. In ADDA
orientation-averaged results are obtained by Romberg integration
over the three Euler angles «, 8, y. For each angle a range of val-
ues and a range of subdivisions Ji,in, Jmax iS set. Following the sen-
sitivity study in [19], we use Jpin = 2, Jmax = 4 within the range
[0,360°] for @ and y, and Juyi, = 2, Jmax =3 within the range
[0, 180°] for B. For more information on how the choice of d and
the number of Euler angles affects the accuracy of the computa-
tions we refer to [19].

The optical properties of superellipsoids are computed by use
of the T-matrix program Tsym [39], version 6.6, which is based on
Waterman’s null-field method [40]. The program accounts for par-
ticle symmetries by using commutation relations of the T-matrix

[21,41] and irreducible representations of the particle’s symmetry
group [42]. Orientation averaged optical properties can be derived
analytically [43,44]. The use of symmetries and of analytical ori-
entation averaging are the two main advantages of T-matrix meth-
ods [37]. To apply the method to superellipsoids requires us to re-
express the implicit equation given in (3) as an explicit parameter-
isation of the particle surface in spherical coordinates. A derivation
of this surface parameterisation and its partial derivatives can be
found in [18].

The DDA and T-matrix computations were run on the Bi cluster
of the Swedish National Supercomputer Centre, which uses 8-core
Intel Xeon E5-2640v3 processors at 2.6 GHz. For each of the ref-
erence particles we used between 1-8 nodes (depending on size),
where each node contains 16 cores with 64 GB memory. The ADDA
computations alone took slightly more than two months of wall-
clock time. The T-matrix computations only took a few hours on a
single core.

Post-processing of the ADDA and Tsym output involved the
computation of ensemble-averaged optical properties. We are
mainly interested in quantities relevant for lidar remote-sensing
applications, namely, the extinction cross section Cext, the backscat-
tering cross section Gy, and the linear backscattering depolarisa-
tion ratio §;. Cext = Csca + Cyps is the sum of the scattering and ab-
sorption cross sections. The scattering cross section Csc; of a single
particle at a given wavelength is defined as the total monochro-
matic power removed by scattering from the incident wave divided
by the incident energy flux. The absorption cross section Cjp, is de-
fined analogously. The backscattering cross section is defined by

1
Cbal( = E scaFll (1800)7 (4)

where the phase function F;(®) is the first element of the nor-
malised Mueller matrix F;(®). The elements of this matrix are
functions of the scattering angle ®. They express the relation be-
tween the Stokes vector components I, Q, U, V of the incident and
the scattered electromagnetic fields far away from the scatterer, i.e.

I Fi Fo FRs Fgq I
Q| _ Ga |B1 B2 B3 Eal |Q
Us |  dmr2|B1 By B3 By U |
Vs Fy  Ep F3  Eg Vi

where 1 denotes the distance from the scatterer, and the subscripts
i and s label the incident and scattered Stokes-vector components.

(5)
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The linear depolarisation ratio (LDR) in the backscattering direction
is defined by

)
Rl B (6)
F1 + B2 le-1s0°
Another derived quantity of interest is the extinction-to-
backscattering ratio S, also known as the lidar ratio
C
S— ext ) (7)
Coak

When computing ensemble-averaged optical properties, such as
averages over a size-distribution n(r), one computes ensemble-
averaged cross sections

G = JSdrn(r)Cca(r)
sca = W

(and similarly for C,;), and the ensemble-averaged Mueller matrix

fdrn(r)csca(r)Fij(n Q)
[ drCsca(r)n(r)

The ensemble-averaged Mueller matrix is often denoted as the
Stokes scattering matrix [45]. Substitution of ensemble-averaged
quantities into Eqgs. (4), (6), and (7) yields the corresponding
ensemble-averaged backscattering cross section Gy, LDR §;, and
lidar ratio S.

(8)

Fj(©) = (9)

2.3. Size distributions

The size-distribution of atmospheric aerosols is often described
by a lognormal size distribution given by

NO lnz (r/rmed )
n(r) = exp | — , 10
™) rinogv2m P |: 2In* o, (10

where Ny denotes the number of particles per unit volume of air,
Tmed 1S the median volume-equivalent particle radius, oz denotes
the geometric standard deviation, and In is the natural logarithm.
n(r)dr is the number of particles per unit volume of air within a
radius interval [r,r + dr]. The size distribution of marine aerosols
has also been modelled by use of bimodal lognormal distributions
[46], i.e., by the sum of two lognormal distributions. However, in-
spection of measured size distributions of marine aerosols rarely
shows two well-separated modes (e.g. [46]). It appears that this
model has mainly been introduced to conveniently describe rela-
tively broad size distributions that are not well fitted by a mono-
modal lognormal function. The price one pays for a better fit is
that one doubles the number of free parameters compared to a
mono-modal lognormal function. This makes this model rather
unattractive for size-retrieval problems, as it is unlikely that one
can constrain all six free parameters of a bi-lognormal distribution
with remote sensing observations.

In chemical transport models (CTMs) different models for the
size distribution of marine aerosols have been developed. For in-
stance, in [8] a size distribution is used of the form

exp (55003) 1+0.05(2r)'%
2+exp(32) (2r)?

1.05exp [—( 027-legan) )2]

n(r) =N

10 (2r)@. (11)

In this parameterisation, the particles’ volume-equivalent radius r
is given in um. Nj is a factor that is proportional to the total num-
ber density of particles. In CTMs, the number density (or the flux
of particles from water to air) is modelled as a function of hori-
zontal wind speed 10 m above the water surface, sea-surface tem-
perature (SST), and salinity S,. The exponent « is modelled as a
function of SST and S,. Typical values of « lie between 0 and 1,
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but for low values of the salinity it can be almost as large as 3. It
increases with decreasing SST and with decreasing S,. The detailed
relations can be found in [8]. The model given in Eq. (11) is a syn-
thesis of two earlier models that were based on observations of
bubble-bursting and spume drops [47] and of laboratory measure-
ments in a bubble chamber[48]. The measurements by [48] cov-
ered the particle-radius range from 0.01-10.04m, where particle
radii between 0.01-0.069um were observed in 11 size bins by
a differential mobility particle sizer, and those between 0.069-
10.0um were measured in 30 size channels by an optical parti-
cle counter. Thus the parametrisation in [8] is based on reason-
ably realistic laboratory proxies observed over a large size range
with high size resolution. This parametrisation is currently being
employed, e.g., in the latest versions of the chemical transport
models MATCH [49], SILAM [8], and EMEP [50], all of which are
members of the European Copernicus Air-quality forecasting en-
semble (https://atmosphere.copernicus.eu/air-quality). Evaluations
of the emission scheme in conjunction with CTMs comprise com-
parison with in situ size distribution measurements [8,51], as well
as in situ measurements of mass concentration in air and wet de-
position of sea salt [4].

Fig. 2 shows some examples of the lognormal size distribution
(top) for og=1.5, and for ryq=0.1 (black), 0.3 (red), and 0.7 um
(green). The bottom panel shows the modified power-law distri-
butions defined in Eq. (11) for «=0.1 (black), 1.5 (red), and 3.0
(green). The lognormal distribution is a rather generic size distri-
bution that covers a very wide spectrum from particle populations
that are strongly dominated by small particles to those that mainly
consist of large particles. By contrast, the size distribution given in
Eq. (11) describes a fairly broad distribution with a high fraction of
small particles. Since this modified power-law distribution is based
on observations, it can be considered to be a reasonably realistic
model for marine aerosols. In our study we consider both cases.
The lognormal distribution is used with a fixed value of 0,=1.5,
and with r.q ranging from 0.1 to 1.1 in steps of 0.1. The modified
power-law distribution in Eq. (11) is used with « varying between
0.0 and 3.0 in steps of 0.3.

3. Results

Fig. 3 presents Cex: (top left), G,y (top right), S (bottom left),
and §; (bottom right) prior to computing an ensemble-average. The
x-axis shows the volume-equivalent radius of the dry salt particle
prior to adding liquid water. The four curves represent salt mass-
fractions f=1.00 (pure salt, black), 0.97 (blue), 0.94 (red), and 0.91
(green). The fluctuations of the optical properties as a function of
size are caused by resonances of the field induced in the particles,
but also by the stochastic variations in our model geometries. The
amplitude of these fluctuations is generally larger for differential
scattering properties, such as G, and §;, than for integral optical
properties, such as Cext.

Computation of ensemble-averaged quantities smooths out
much of these fluctuations and reduces the range within which
each optical property varies. Fig. 4 presents optical properties aver-
aged over a lognormal size distribution. The panels and colours are
as in Fig. 3. The top scale on the x-axis shows the median dry ra-
dius rgfg'd. For pure salt particles (f, = 1.0) this is equal to the me-
dian radius ryeq in Eq. (10). For water-coated particles (fi, < 1.0),
it is equal to the median radius r.q Of the size distribution that
one would obtain by removing all the water. Thus, it is important
to understand that in this figure we are comparing ensembles of
different sizes. As we go from f, = 1.00 to f, = 0.91, addition of
an increasing amount of water results in a shift of the entire size
distribution to larger sizes. The advantage of presenting the results
as a function of rﬂlry is that we very clearly see the effect of the

ed
addition of water on the cross sections.
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Fig. 3. Results obtained for the reference model of brine-coated convex salt polyhedra: Cex: (top left), Gy (top right), lidar ratio S, and LDR §; as a function of the dry radius
prior to size averaging. Results are shown for four values of the salt-mass fraction f;,, where f,, =1 refers to pure salt.

The bottom x-axis shows the effective dry radius
ay _ Jn(mrmridr

eff = W (12)

where n(r) has a median radius rf;é'd. The effective radius is based
on weighing n(r)r with a mean geometric cross sectional area 7r2.
In the geometric optics regime, where the absorption and scat-
tering cross sections are proportional to the geometric cross sec-
tion, this provides an accurate measure for the mean particle size
contributing to the size-averaged cross sections. In the resonance
regime (also referred to as the Mie regime), where the particle
radii are comparable to the wavelength of light, the dependence of
the cross sections on particle radius can be quite complex, which
makes it difficult to define an analogous measure. However, the ef-
fective radius as defined in Eq. (12) is still being used as a proxy
for estimating the mean optical size of the particles. For us, the

motivation for introducing rsf?’ is to have a common size measure
that allows us to compare the results obtained with the lognormal
and the modified power-law size distributions.

The addition of water has a minor effect on Cex (todeyleft), but

a stronger effect on Gy, (top right). For instance, for Tmeq=1-1pm

a reduction of f; from 1.0 to 0.91 increases Cext from 8.4 to 8.8
wm?, while G, increases from 0.65 to 0.89 pum?2sr—!. §;, depends
as much on size as on the salt mass fraction. In fact, it is the quan-
tity that is most sensitive to changes in fp. For rﬂ]ré'dzllum it
varies between 0.03 and 0.31, where the peak values are attained
for fy = 0.97. The lidar ratio S is mainly depending on particle size.
For rf;gdzo.lum it can exceed 60 sr, while for rg;g’d=1.1um it can
be as low as 10 sr.

Fig. 5 presents analogous results for the modified power-law
distribution in Eq. (11). The top x-axis shows the exponent « that

controls the slope of the size distribution, while the bottom x-axis
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Fig. 5. As Fig. 4, but averaged over modified power-law size-shape distributions. The bottom x-scale is as before, the top x-scale shows the slope parameter «.

shows the corresponding effective dry radius. We observe only mi-
nor differences_ in Cext (top left) between ensembles of dry and
wet particles. Gy, (top right) is more sensitive to fr, especially

for ensembles with higher values of rgfrfy and lower values of «.

For o =0.0 and f;; = 1.0, we have G,,=0.022 um?2sr—!. As more
water is added (i.e., fn is being reduced), there is an initial in-
crease in Cpy to 0.026 um?sr—!, followed by a gradual decrease.
5, (bottom right) is highly sensitive to both size and mass fraction.
For o = 0.0, we have peak values for thinly water-coated particles
(fm = 0.97) of §,=0.16. As more water is added and more salt is
dissolved in the coating, the particle becomes more spherical. This
strongly quenches the LDR; §; decreases to 0.02 at f;;=0.91.
Comparison between the bottom right panels in Figs. 4 and
5 reveals that for comparable values of r fy the LDR varies within
similar ranges for either size distribution. More pronounced differ-

ences between Fig. 4 and 5 are observed for the lidar ratio (bot-
tom left), especially for low values of r fy While the lognormal

size distribution yields values of S exceeding 60 sr, the correspond-
ing results in the modified power-law distribution remain below
40 sr. Finally, for comparable values of r the lognormal distribu-
tion yields significantly higher cross sectlons (Fig. 4, top row) than
the power-law distribution (Fig. 5, top row). This mainly confirms
that size-averaged optical cross sections in the resonance regime
can strongly depend on the entire size distribution, not just on its
effective radius.

To further illustrate the reference model’s characteristics, we
compare it to a symmetric, homogeneous model, namely, cubic su-
perellipsoids. Fig. 6 shows results for a mass fraction f; = 0.97 and
a modified power-law size distribution. Thus, these results should
be compared with the blue lines in Fig. 5. Each panel shows opti-



M. Kahnert and F. KanngiefSer

Cext

0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2

roundness parameter e =n

0.1
0.1 0.2 0.3 0.4 0.5 0.6

Journal of Quantitative Spectroscopy & Radiative Transfer 295 (2023) 108408

0.00 0.06 0.12 0.18 0.24 030 036 042

0.9

0.8

=n

0.7

0.6

0.5

0.4

0.3

roundness parameter e

0.2

0.1

0.1 0.2 0.3 0.4 0.5 0.6

r3f tum]

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

0.1 0.2 0.3 0.4 0.5 0.6

rS7 [um]

8 12 16 20 24 28 32 36 40 44

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Fig. 6. Results obtained for cubic superellipsoids, averaged over a modified power-law size distributions, and assuming fn=0.97: Cext (top left), Gu (top right), lidar ratio S,
and LDR §;. The x-axis shows the effective dry radius (bottom scale) and the slope parameter « (top scale), the y-axis shows the roundness parameter e = n.

cal properties computed with superellipsoids as a function of rg;l?’

(bottom x-scale) or exponent « (top x-scale) and of the roundness
parameter e =n on the y-axis. Cex; (top left) is insensitive to the
shape and depends only on size. These results largely agree with
those obtained for the reference model in Fig. 5. The size depen-
dence of Gy, (top right) shows qualitatively the same steep in-
crease at larger values of rgfrfy for both models, while the lidar ratio

S decreases with growing rgfrfy . Best agreement with the reference
model is achieved for a roundness parameter of about 0.6. It is
interesting to note that G, is just slightly more sensitive to the
roundness parameter than Cey. But this small difference results in
a pronounced shape-dependence of 5. The LDR §; (bottom right)
has a distinct size dependence, but an even stronger shape depen-
dence. The maximum values are around §; =0.16, which is on the
same order as the reference model. However, the superellipsoids
have such high LDR values only for e = n = 0.1, which corresponds
to particles with only mildly rounded edges and corners.

We repeated these computations for superellipsoids with other
values of the salt-mass fraction f;;, which entails small adjust-
ments in the size distribution and the complex refractive in-
dex. The resulting optical properties (not shown) deviate lit-
tle from those shown in Fig. 6. We also repeated all com-
putations for superellipsoids with an aspect ratio c/a = 1.25,
which corresponds to more elongated bricks with rounded
edges. The results are shown in Fig. 7. Compared to the cu-
bic particles in Fig. 6 (c/a=1) the extinction cross section is
hardly affected by the elongation, while the backscattering cross
section is reduced by about 20%. The LDR is increased by
roughly a factor of 2. Also, while for cubic superellipsoids LDR
was close to zero for a roundness parameter e =n=0.9, the
elongated superellipsoids have substantially higher values up
to 0.36.

Finally, we repeated the size averaging by using our lognormal
distribution instead of the modified power-law distribution. As be-
fore, we assumed oz = 1.5.
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Fig. 7. As Fig. 6, but for elongated superellipsoids with aspect ratios b/a=1 and c/a=1.25.

The results are shown in Fig. 8. The extinction and backscat-
tering cross sections (top row) are generally higher compared to
the corresponding results for the modified power-law distribution
in Fig. 6. For instance, for rgf?’ =0.6um and e =n=0.9, the log-
normal distribution yields Cex; = 2.0 um? and G, = 0.23 um? sr—'.
The corresponding values for the power-law distribution are Cex; =
0.28 um? and G, = 0.024 um?sr~!. We observed a comparable
sensitivity of the cross sections to the choice of size distribution for
the reference model. For rgfrfy = 0.6 wm, the lidar ratio (bottom left)
varies with the roundness parameter for the lognormal size distri-
bution in Fig. 8 between S=12-29sr, and the LDR varies between
0-0.15. The corresponding ranges for the power-law size distribu-
tion in Fig. 6, are for the lidar ratio between 9-28sr, and for the
LDR between 0-0.14, which is of comparable magnitude.

Comparison of the lognormal distributions of the superellip-
soids (Fig. 8) and the reference model (blue lines in Fig. 4) shows,
that the cross sections and the lidar ratio of both models agree
well, especially with superellipsoids with e =n around 0.6. How-
ever, for r‘eif?’ > 1um, the reference model yields LDR values as high
as 0.3, while the homogeneous cubic superellipsoids give LDR val-

ues not much higher than 0.2. However, as we saw in Fig. 7, when
making the superellipsoids even slightly elongated, one can pro-
duce much higher LDR values with this model.

The differences and similarities between the reference and the
homogeneous superellipsoid models can be seen more distinctly
when plotting results for monodisperse rather than size-averaged
optical properties.

Fig. 9 shows results for a mass fraction of f,=0.97 for the refer-
ence model (solid line) and for cubic, homogeneous superellipsoids
(dashed lines, a/c = a/b = 1) with different roundness parameters
as indicated in the legend. For this mass fraction, superellipsoids
with a roundness parameter of e =n =0.6 give the most faithful
fit of the size-dependence of Cext, Cpar, and S computed with the
reference model. However, for ry, > 1um, all instances of the su-
perellipsoid model predict LDR values that are lower than that of
the reference model.

Fig. 10 shows analogous results for a mass fraction of f;=0.91.
As for fi =0.97, homogeneous cubic superellipsoids with a round-
ness parameter of e =n =0.6 show the best agreement with the
reference model for the cross sections and the lidar ratio. However,
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Fig. 11. Volume-equivalent wet radius for three different salt-mass fractions as a function of volume-equivalent dry radius according to Eq. (A.8).

for rgy > 1um, all instances of the homogeneous cubic superel-
lipsoids give LDR values that lie in the range 0.1-0.4, while the
reference model never exceeds 0.1. This confirms that even mildly
aspherical homogeneous particles can produce significant depolari-
sation, a fact that is well known from studies on spheroids [52]. By
contrast, the inhomogeneous reference model yields depolarisation
results that are more strongly quenched as the particles become
more rounded due to water adsorption. To reproduce the LDR ref-
erence results with cubic homogeneous superellipsoids, one would
likely need to use a roundness parameter exceeding 0.9. However,
this would most likely reduce the agreement between the two
models for Gy, and S.

4. Discussion

Fig. 11 shows the volume-equivalent wet radius of our model
particles as a function of the volume-equivalent dry radius of the
bare salt particle for three different values of the salt mass frac-
tion fy. (The detailed relation is given in the appendix.) For in-

1

stance, for rqy=1.5um and fi,=0.91, the corresponding wet radius
is rwet=1.6um. Thus, within the range of mass fractions considered
here, the addition of water has only a minor effect on particle size.
This explains why Cex; in Figs. 4 and 5 (top left) is not very sen-
sitive to changes in fp. The high sensitivity of §; to fy (bottom
right) can be entirely attributed to changes in particle morphology.
For fin=0.91, the liquid mantle of the model particles is more or
less spherical (Fig. 1 right). This strongly suppresses depolarisation
in the backscattering direction, which is evident in both Figs. 4 and
5.

Incidentally, it is not straightforward to relate the mass frac-
tions to the ambient relative humidity. Fig. 7 in [7] provides the
efflorescence and deliquescence curves of sea salt. A visual inspec-
tion in conjunction with Eq. (A.8) in our appendix shows that our
range of mass fractions 0.91 < f; < 1.0 corresponds to relative hu-
midities of roughly 43-48% on the efflorescence branch, and 60-
72% on the deliquescence branch of the curve. But note that the
results in [7] are based on laboratory measurements by [53]. Field
measurements of lidar depolarisation ratios can give some indirect
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evidence on the transition from nonspherical dry crystals to spher-
ical liquid droplets [24,54,55]. The results shown in [24] (Fig. 13
in that paper) show a rather weak hysteresis effect and a remark-
ably smooth transition from §, ~ 0.1 around RH~40% to §, ~ 0 at
RH>80%. The analysis in [55] of ten years of night time CALIPSO
data during Austral winter over the Southern Ocean shows no con-
clusive evidence for the hysteresis effect, and a fairly smooth tran-
sition from §; ~ 0.14 at RH=40% to §, ~ 0.06 as RH approaches
100%. This raises the question whether in nature the hysteresis ef-
fect is weaker and the transition from dry crystals to wet droplets
is more gradual than suggested by laboratory studies.

How realistic are the results of our reference model quantita-
tively? In [18] a review of recent field measurements can be found
(see Table 1 in that paper). At a wavelength of 532 nm, LDR val-
ues ranging from 0.01 to 0.29 have been reported, but most ob-
served values are lower than 0.2. Typical values of the lidar ratio
S are between 15 and 30 sr. Our computations with the modified
power-law distribution (Fig. 5) results in LDR values and lidar ra-
tios that are overall consistent with the majority of field observa-
tions for the entire range of the slope parameter «. Specifically, for
relatively dry particles with f >0.97 and for « between 0 and 1
(typical over the oceans) we obtain LDR values between 0.1 and
0.15. This is also consistent with findings in the climatology study
of CALIPSO data over the Southern Ocean mentioned above [55].
The lognormal size distribution (Fig. 4) yields a larger range of li-
dar ratios between 10-60, and LDR values between 0-0.3. This is
to be expected, since the motivation of investigating this size dis-
tribution was to cover a fairly broad range of effective radii, which
yields a correspondingly large range of optical properties. Results
that are consistent with the majority of the field observations re-
viewed in [18] are obtained for a range of median radii of about

0.4pm < r&?d < 0.8 um.

Recall that our computations were limited to particles with a
maximum volume-equivalent radius of ry=1.5um. Ensembles of
marine aerosols in nature can contain larger particles. For instance,
[48] measured the size distribution of sea salt particles generated
in a bubble chamber for particle radii up to 10um. But results are
presented in that paper only for particle radii up to 5um. Larger
particles are only encountered in very low number concentrations.
If we were able to include particles in the range 1.5-5.0m in our
model, then the effective radius of the size distribution would in-
crease. For instance, with our cut-off radius of 1.5um, the power-
law size distribution covers a range of effective radii of 0.019-
0.64,.m. Extending the cut-off radius to 5.0um will increase the
maximum effective radius to 0.90m. This may modulate the re-
sults. In particular, it could lead to an increase in the LDR.

Cross sections and lidar ratios computed with the cubic homo-
geneous superellipsoid model (Figs. 6 — 10) agreed best with the
reference model for a roundness parameter around e =n=0.6.
For thinly water-coated aerosols (e.g. fm =0.97 in Fig. 9), the
cubic homogeneous superellipsoids yield LDR values that are
lower than those of the reference model, while for f =0.91
(Fig. 10) the reference results are generally lower. This suggests
that in order to reproduce the reference results, one should relax
some of the constraints we have imposed on the superellipsoids.
One possibility is to allow the superellipsoids to become elon-
gated. It has been shown in [17] that changing the roundness
parameter results in substantial changes in the LDR. Our results
in Fig. 7 are consistent with this. By changing the aspect ratio
from c/a=1 to c/a=1.25 the maximum LDR values obtained
over the range of considered roundness parameters and effective
particle radii has been extended from 0.16 to 0.36. The other
possible extension of the homogeneous superellipsoid model is to
consider inhomogeneous superellipsoids, as was done in [17,18].
One advantage of inhomogeneous superellipsoids is that they are
morphologically quite realistic. Inhomogeneity is known to be an
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important cause of depolarisation [56], but also of other optical
effects. For instance, even with a particle model as flexible as
spheroids it has been found that homogeneous spheroids are not
always adequate to reproduce optical properties of corresponding
inhomogeneous spheroids [57]. It has also been shown by use
of eccentric spherical core-mantle model particles that off-centre
positioning of a spherical salt core inside a spherical brine mantle
can give rise to considerable depolarisation [18]. On the other
hand, one advantage of elongated homogeneous superellipsoids is
that their optical properties can be computed with the null-field
method (e.g. [19]), which is computationally fast.

5. Conclusions

The main purpose of this work was to propose and test a class
of model particles that can be used as a reference model for simu-
lating optical properties of marine aerosols. The approach is based
on a pseudo-potential model that is designed to mimic the pro-
cesses of water adsorption, solution of salt, and rearrangement of
the brine mantle. One main tuning parameter is the thickness of
the liquid surface layer that remains fixed during the rearrange-
ment process. In a predecessor of our model [18], this process was
absent, which corresponds to a surface-layer thickness equal to the
mantle thickness. That model instance can give LDR values that
are only slowly converging to zero as more water is being added,
since the particles transit very gradually from cubic to spherical
shape. Here, we test the extended model by setting the surface-
layer thickness to a rather low value of 3d, where d is the dipole
spacing in the DDA. By contrast to the findings in [18], this model
instance gives a rather rapid transition from high LDR to low LDR
values. At a mass fraction of f;=0.91 the LDR was already reduced
to 0.02 or less, depending on the median radius. This may be too
rapid a transition from high to low values of LDR. But without fur-
ther guidance from more detailed laboratory measurements, it is
difficult to know exactly what choice of the surface-layer thickness
yields the most realistic description of LDR-quenching caused by
water adsorption. At this point, the main conclusion is that our
proposed class of model particles can, indeed, be tuned to describe
both gradual and rapid transitions in LDR as a result of water coat-
ing.

Size-averaged results are rather sensitive to which size distri-
bution we assume. We use a generic lognormal size distribution,
which allowed us to cover a range of effective radii from 0.15 to
1.1m. One obtains a correspondingly wide range of size-averaged
optical properties. When restricting the range of median dry radii
to about 0.4 um < rfnrgd < 0.8 um, then the range of computed li-
dar ratios and the LDRs is consistent with existing field and satel-
lite observations. The modified power-law size [8], which had been
derived from earlier work of size distribution measurements of
marine particles [47,48], gives size-averaged optical properties that
are fully consistent with field data for the entire range of the slope
parameter «.

Homogeneous cubic superellipsoids with a roundness param-
eter of 0.6 in conjunction with the power-law size distribution
give results for Cext, Gyarr and the lidar ratio that agree with the
reference model. For f,=0.97, the ensemble-averaged LDR of su-
perellipsoids is slightly lower than that obtained by the reference
model, while for f;=0.91, the reference model gives lower re-
sults. However, by allowing the superellipsoids to become elon-
gated the LDR can be tuned. For f;;=0.97, a rather mild elongation
of c/a =1.25 already had a significant effect, which roughly dou-
bled the LDR compared to cubic superellipsoids with b/a = c/a = 1.

By introducing our model in this manuscript and demonstrating
its suitability for modelling size-averaged optical properties of dis-
solving sea salt aerosol, we laid the ground work for further stud-
ies extending the applicability of our model to additional wave-
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lengths. In fact, we expect an increasing availability of simultane-
ous lidar ratio and depolarization ratio measurements at 1064 nm,
following the work in [58] on rotational Raman measurements, and
the observational studies in, e.g., [59-61]. We believe that evaluat-
ing the model simultaneously at additional wavelengths could im-
prove the robustness of the model, and it might help to further re-
fine the model by constraining its free parameters, warranting fur-
ther studies despite the high computational demand. Sufficiently
constrained, our model will become a helpful, if computationally
expensive tool to relate optical and microphysical properties, and
thus improve the interpretation of lidar measurements.

Apart from laboratory studies, field and satellite measurements
of lidar depolarisation ratios in conjunction with meteorological
data may be helpful to better tune both our reference model and
simplified models, such as homogeneous or inhomogeneous su-
perellipsoids. Examples of such measurements have been reported
in [24,54,55]. The main challenge is to select observations of ma-
rine aerosols that are not influenced by particles other than sea
salt, since long-range transported marine aerosols can often be
mixed with sulphate, nitrate, mineral dust, and other aerosols [62].
Another prerequisite is to accurately retrieve the size distribution
of the aerosols prior to tuning the model morphology of the water-
coated particles.

In summary, the reference model is tunable to cover a large
range of optical properties, and to mimic both slow and fast tran-
sitions from high to vanishing LDR as a result of water adsorption.
The size-averaged optical properties depend not only on the effec-
tive radius, but also on the form of the size distribution. In our
study, we leaned toward the parameterisation in [8]; it models the
size-resolved flux of particles from water to air based on not only
wind speed, but also sea-surface temperature and salinity. The lat-
ter two have a significant impact on the size distribution, but they
are often neglected in other studies [46]. More guidance on how
to tune our model will depend on better constraining the size dis-
tribution of marine particles by observations. Presently, we have a
number of different models for the size distribution of marine par-
ticles, comprising mono-modal [13] and bi-modal [46] lognormal
distributions, as well as various power-law distributions [8,47,48].
These models are derived from size distribution measurements.
For instance, the measurements by [48] cover a large part of the
size spectrum (radii 0.01-10.0.em) with high size resolution (41
bins). The observed particles were generated by bubble bursting,
thus mimicking one of the main production mechanisms of ma-
rine aerosols in nature. But these measurements were not accom-
panied by any observations of the aerosols’ optical properties. On
the other hand, we have simultaneous measurements by [13] of
the size distribution and of optical properties of marine aerosols.
But these size-distribution measurements only covered a limited
part of the size spectrum (radii 0.15-2.5¢m) with a limited size
resolution (five bins). Also, the salt aerosols were produced by a
nebulizer. It is not entirely clear to what extent this method pro-
duces realistic proxies of natural marine particles. In fact, a recent
comparison revealed that a nebulizer produces size distributions
of aerosols that are substantially different from those produced by
bubble bursting [63]. Further modelling progress will depend on
experimental studies that (i) consider salt aerosols representative
of marine aerosols in nature; (ii) cover a large part of the size
spectrum from the Aitken mode to the coarse mode; and (iii) pro-
vide simultaneous measurements of aerosol optical properties, es-
pecially the backscattering cross section and LDR. It would also be
desirable to study proxies of marine aerosols generated for differ-
ent water temperatures and for a range of salinities. Such com-
prehensive investigations could help us to better constrain the size
distribution, and to tune the morphology of our reference model
to best describe the transition from depolarising nonspherical par-
ticles to non-depolarising spherical droplets.
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Appendix A. Wet radius and volume fraction of water-coated
marine particles with prescribed mass fraction

The process of water condensation onto salt particles gives rise
to a brine coating that has a density different from that of wa-
ter. As a result, the relation between the volume of the compos-
ite particles to that of its separate constituents is not as trivial
as it is for particles composed of insoluble components, such as
sulphate-coated black carbon aerosols. Optical properties of parti-
cles strongly depend on their size, which is related to the particle
volume. For this reason, one often characterises optical properties
of composite particles in terms of the volume fraction of their con-
stituents. However, one motivation for developing aerosol-optics
models is to assist in the evaluation of chemical transport mod-
els (CTMs), which are mass-transport models. Therefore, it is desir-
able to express optical properties of composite particles in terms
of the mass fraction of their constituents. Here we briefly discuss
how the salt mass fraction is related to the volume fraction and
the wet radius.

Let us denote the mass density of dry salt and of saturated salt
solution by ps and pj, respectively (where the subscript b stands
for brine). We further denote the mass fraction of a saturated sea-
salt solution by

solute
— mS

oy = (A1)

my

where m§°'“‘e is the salt-mass in a saturated solution, and m,, is
the mass of water. At a temperature of 283 K ¢,=0.36 kg salt/kg
water [64]. We further use ps=2240 kg/m3 and p,=1210 kg/m3
[18]. The mass fraction of a water-coated salt particle is given by

m§°t
- tot ’
My + M

fm (A2)
where ml° is the total salt mass in the composite particle, i.e.,
comprising both the mass of salt in solution and that remain-
ing in the solid salt core. The mass of the salt core is given by
mgore — mgot _ mgolute — mgot _ mw¢b. hence

mgee = [1 - ;f’" %}m?t. (A3)
m
Thus the mass msolute — miot _ meore s given by
1—
m:olute — f fm ¢bm§0t~ (A4)
m
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The mass of the liquid mantle is given by mj = m,, + mslute —
V}, op, where V), is the volume of the mantle. Using Eq. (A.4) as well
as my = m°(1 — fiy)/ fm, this yields

1 1- fm

pb fm (1 +¢b) mS .

The volume of the core is given by VL€ =m°€/p;. Using

v, (A5)

Egs. (A.3) and (A.5), we obtain the total particle volume
yot _ 1—fm|1 +¢b _ ﬂ + l m§°t. (A.6)
fm 12) Ps Ps

From this we obtain the wet radius, i.e., the volume-equivalent ra-
dius of the composite particle ryet
1/3
1 /
+ = :
Ps

imtot[l _fm<1 + ¢ _ @)
4 F fm Pb Ps

The dry radius of the salt particle prior to adding water is given by
Tdry = [3m/ (47 ps)]1/3, so that

1/3

T'wet = T'q 1_fm[(1+¢b)ps ¢b]+1 /

wet = - - = .
v fm Pb

With this we can convert the mass fraction into the volume frac-

tion f, = rgry/ra,et, which gives

(A7)

T'wet =

(A8)

1—fm

-1
_ Ps _
fo= { . [(] + ¢b) O ¢b:| + 1} . (A.9)
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