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Atmospheric sulfate aerosols influence climate, air quality, and cloud formation, yet they are often
represented in models as composition-independent, fully liquid particles. This study shows that common
sulfate cations can strongly alter aerosol density, hygroscopic growth, refractive index, and phase state.
In particular, multivalent sulfates form highly viscous, gel-like particles under dry conditions, suppressing
water transport while modifying shortwave radiative forcing. These measurements and the bulk—droplet
equivalency framework provide experimentally constrained parameters for more realistic treatment of
sulfate aerosols in climate and atmospheric chemistry models. The results are also relevant to evaluating
the environmental implications of sulfate-based geoengineering materials.
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1 Abstract

2 Sulfate aerosols strongly influence climate through aerosol-radiation and aerosol-
3 cloud interactions and are widely considered for climate mitigation strategies. Despite
4 this relevance, sulfate aerosols are commonly represented using simplified assumptions
5 based on the binary HoSO4~H30 system and a composition-independent refractive in-
6 dex. Here, we show that cation identity, phase state, and density can substantially
7 alter the optical properties of sulfate aerosols and the extent to which their evolution
8 is governed by diffusion-limited mass transport. We combine bulk measurements of
9 density, water activity, and refractive index with single-particle optical trapping and
10 electrodynamic balance experiments to quantify droplet size, radial growth factors, and
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wavelength-dependent refractive indices. This approach is applied to seven inorganic
sulfates (Li2SOy4, NagSOy, K2SOy, (NHy)2SOy4, MgSOy, Aly(SOy4)s, and MnSO4) and
two short-chain organosulfates. We further introduce a bulk—droplet equivalency frame-
work that retrieves the droplet thermodynamic state (e.g., composition and water ac-
tivity, including metastable and supersaturated regimes) directly from levitated-droplet
measurements. Multivalent sulfates, specifically MgSOy4, MnSOy, and Als(SOy)s, ex-
hibit pronounced inflection points and hysteresis. These features are consistent with a
transition to highly viscous, gel-like phases at relative humidity (RH) ~ 35-40%. In
this low-RH regime, these systems display humidity-buffered behavior, in which den-
sity, refractive index, and growth factor vary only weakly with further decreases in
humidity, strongly suppressing water transport and likely reducing heterogeneous reac-
tivity. Elevated refractive indices at 589 nm, reaching ~ 1.49 for MgSO,4 and Aly(SOy4)3
and ~ 1.53 for MnSQy, yield enhanced shortwave radiative forcing efficiencies relative
to conventional sulfate, as shown using Mie scattering and one-dimensional radiative
transfer calculations (libRadtran/DISORT) for lognormal size distributions. These re-
sults highlight the importance of cation-specific phase behavior and optical properties
for accurately representing sulfate aerosols in climate, atmospheric chemistry models,

and geoengineering proposals.

1 Introduction

Sulfate aerosols are efficient scatterers of sunlight and serve as a canonical example of neg-
ative aerosol direct radiative forcing, as large volcanic injections of sulfur dioxide (SO,)
into the stratosphere naturally demonstrate sulfate’s capacity to perturb Earth’s radiation
balance and climate on short timescales.? In addition, they provide reactive surfaces for
heterogeneous chemistry (e.g., acid-catalyzed reactions that contribute to secondary organic
aerosol formation), thereby altering oxidant budgets and particle growth pathways. Sulfate-
containing particles can also deactivate ice nucleation under certain conditions, modifying

cloud phase and lifetime.® " Furthermore, they act as cloud condensation nuclei (CCN), in-
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creasing cloud droplet number concentrations and cloud reflectivity (the Twomey effect).
Observational and modeling studies indicate that sulfate aerosols remain a major source of
uncertainty in estimates of anthropogenic radiative forcing.® !

Sulfate forms in the atmosphere via oxidation of sulfur precursors such as SO, and
dimethyl sulfide (DMS), originating from both anthropogenic and natural sources.?'* Gas-
phase oxidation and aqueous-phase reactions within clouds and droplets convert these precur-
sors into particulate sulfate.'® " Biogenic emissions, particularly DMS oxidation, constitute
a major natural sulfate source, while aqueous-phase and surface-catalyzed oxidation path-
ways regulate sulfate production rates and mixing state, thereby controlling regional sulfate
mass loading and chemical composition.?'® The chemical processing and mixing state of
sulfate with other aerosol components modify its solubility, hygroscopicity, and optical prop-
erties. 1920

The magnitude of aerosol indirect effects depends on how microphysical and optical prop-
erties respond to ambient humidity. Classical theory predicts that increasing the concentra-
tion of soluble particles produces more numerous but smaller cloud droplets for a fixed liquid
water content, enhancing cloud albedo, known as the Twomey effect.2122 The efficacy of
this mechanism depends on hygroscopic growth, water activity, density, and refractive index
(RI) as functions of relative humidity (RH). Even small variations in these properties can
modify activation barriers (the free-energy barrier to droplet activation and growth) and scat-
tering characteristics, thereby influencing cloud reflectivity and lifetime, %2324 with higher
solute concentration and density lowering water activity and tending to increase this barrier,
whereas reduced surface tension decreases it. Yang et al. simulated a global mean sulfate
direct radiative forcing (DRF) of -0.42 W m™2 relative to a state with no sulfur emissions.
In a separate sensitivity experiment, they quantified the sulfate incremental indirect radia-
tive forcing (IRF) as the change in cloud radiative forcing between their control simulation
and a simulation with a uniform 20% reduction in global sulfur emissions (SOs, sulfate, and

DMS), yielding -0.44 W m~2, with DMS contributing -0.23 W m~2. These two values rep-
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resent different forcing definitions and experimental baselines and are therefore not directly
comparable.?*

The binary HySO4—H>0O system is often used as a proxy for sulfate aerosols in atmo-
spheric studies. This representation effectively neglects the presence and influence of inor-
ganic cations that are ubiquitous in real atmospheric sulfate particles. In marine environ-
ments, sea spray aerosols contribute substantial amounts of sodium (Nat); however, ions such
as potassium (K'), magnesium (Mg?"), and calcium (Ca®") are often emitted with enrich-
ment factors comparable to or exceeding that of Nat. Notably, based on the composition of
seawater, the mass fraction of Mg?" in sea salt (0.0396) is comparable to that of sulfate itself
(0.0768).* Measurements of nascent sea spray aerosol are consistent with this, with seawater
mass ratios of Mg?* /Na® = 0.12 and SO7~ /Nat = 0.26.%° Beyond marine sources, metals,
including aluminum (Al) and manganese (Mn), are efficiently introduced into the atmosphere
via mineral dust emissions. Aluminum alone can account for up to approximately 10% of
total dust mass, corresponding to a global annual emission of order 3 Tg.2627 Mn, a highly
water-soluble species, has been shown to catalyze heterogeneous reactions that accelerate the
oxidation of sulfur dioxide on aerosol surfaces during haze events.?® Moreover, recent work
demonstrates that the solubility of Al in atmospheric particles can be significantly enhanced
through chemical aging processes associated with aerosol acidification.?® Taken together,
these observations indicate that the exclusion of cation effects represents a nontrivial limi-
tation in simplified sulfate aerosol frameworks and that a more explicit treatment of cation
chemistry is essential for accurately describing sulfate aerosol properties.

Despite extensive measurements for some systems, substantial gaps remain. Many sulfate
systems lack datasets spanning both bulk and droplet phases across the wide humidity and
concentration ranges needed for accurate atmospheric modeling. Data for RI, density, and
water activity at high solute mass fractions or low RH are often limited, and polynomial
fits are frequently used to estimate these quantities.?? Intercomparisons of different single-

particle methods under identical conditions are scarce. Moreover, experimentally validated
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frameworks for linking droplet-scale properties to bulk parameterizations remain limited,
making it difficult to rigorously validate polynomial or mixing models across metastable
regimes. Finally, radiative forcing modification associated with the existence of cations in
atmospheric sulfate aerosols has not been constrained, leaving major uncertainties in current
estimates.

To address these gaps, we conduct a systematic study linking bulk solution measurements
to droplet behavior using complementary optical trapping (OT) and linear quadrupole elec-
trodynamic balance (EDB) methods. We measure density, water activity, RI, solute mass
fraction, and concentration in bulk solutions, and record droplet size and optical properties
under controlled RH. We develop a bulk—droplet equivalency (BDE) framework to bridge bulk
and droplet phases, enabling retrieval of these quantities, along with the radial growth factor,
directly from levitated-droplet measurements. This framework extends to metastable regimes
where droplets become supersaturated, allowing comparison with second-order polynomial
parameterizations fitted to bulk data. An oscillator-based RI model is used to cross-validate
retrieved indices. These results show that sulfate aerosol hygroscopicity and optical properties
can vary strongly with cation identity and phase state, and that droplet-based constraints are
needed to represent these effects in models beyond simple equilibrium, composition-averaged
parameterizations. Finally, we use these experimentally derived properties to calculate short-
wave radiative forcing efficiencies under stratospherically relevant dry conditions and size dis-
tributions, and we discuss how gel formation, longwave absorption uncertainty, supply-chain
scalability, and heterogeneous reactivity together shape the suitability of multivalent sulfates
as candidate materials for stratospheric aerosol injection (SAI).

Using the BDE framework, we show that cation identity and phase state are primary
controls on the physical chemistry of these aerosols in highly concentrated, supersaturated
regimes. At low relative humidity (RH < 35 to 40%), the multivalent sulfate droplets MgSQOy,
MnSOy, and Aly(SO,)3 transition into a highly viscous, gel-like state with refractive indices of

~1.49 to 1.53, higher than the ~1.43 of the binary H,SO4,~H50O baseline commonly assumed
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for stratospheric sulfate. Shortwave radiative transfer calculations with libRadtran/DISORT
indicate that this optical difference corresponds to an increase in shortwave radiative forcing
efficiency of about 5%, while more importantly, the gel state also imposes diffusion limitations

that strongly retard water transport and are expected to reduce heterogeneous reactivity.

2 Materials and Methods

2.1 Materials

We investigated seven inorganic sulfate salts: lithium sulfate (Sigma, 99.5%, UK), sodium
sulfate (Sigma, 99%, India), potassium sulfate (Sigma, 99%, China), magnesium sulfate
(Sigma, 99%, Japan), ammonium sulfate (Sigma, 99%, France), aluminum sulfate (Sigma,
99%, US), and manganese sulfate (MP Biomedicals, 99%, India), as well as two short-chain
organosulfates, sodium methyl sulfate (SMS, Sigma, 93%, US) and sodium ethyl sulfate
(SES, Sigma, 98%, Japan). All solutions were prepared from powders as received (no further
purification) using deionized water and were diluted to the desired concentrations by serial
dilution. To minimize hydrolysis, aluminum sulfate was dissolved in water pre-acidified to
pH ~ 2.5 using sulfuric acid. Fully transparent solutions of aluminum sulfate were obtained

after &~ 10 days. See Section 1 of the Supplementary Information for additional details.

2.2 Bulk—Droplet Equivalency (BDE)

For a solution containing N components, the mass density p can be written in terms of the

partial specific volumes v, and mass fractions w, of each component « as

N
1
— = Voo, (1)
p a=1
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For the binary aqueous solutions considered here (solute s and water w), Eq. 1 reduces to
I _
— = Vg Ws + Vy (1_ws)> (2)
p

where wy is the solute mass fraction. In the BDE framework, we take Eq. 2 as the statement
of volume additivity and assume the water partial specific volume remains close to that of
pure water, vy, ~ 1/py, where py, is the density of pure water. Under this approximation,
the droplet volume change upon water loss is given by the volume of pure water removed.
We establish an initial reference state (subscript “i”) by holding a droplet at a known
relative humidity, for which water activity a, = RH/100% (neglecting the Kelvin effect,
which is justified for the micron-sized droplets studied here). If the droplet’s measured re-
fractive index matches that of a bulk solution at the same a,,, we assume the droplet shares
the same thermodynamic properties as that bulk reference. This matching condition defines
a compositional equivalence: the droplet and bulk solution are assumed to have identical
chemical composition at the same water activity, and no additional dilution or compositional

adjustment is introduced. We use a superscript o to indicate quantities obtained from the

[e]
8,19

bulk calibration. Thus, pf, wg;, and Cg; denote the droplet density, solute mass fraction,
and solute molarity at the reference state, all known from the bulk calibration. The corre-
sponding droplet radius at the reference state, R;, is measured, giving an initial volume of
Vi = (47 /3) R} and initial mass of m; = p{Vi.

For a nonvolatile solute, its mass in the droplet is conserved during water uptake or loss.
Using the calibrated reference composition, the solute mass is therefore fixed at ms = wg; m;.
Upon lowering RH, water evaporates and the droplet radius decreases to Ry (< R;), and the

droplet will often enter a supersaturated state. The final droplet volume, V%, is obtained from

the measured radius, R;. Therefore the change in droplet volume is

AV = Vi Vi= o (RV - ). 3)

Page 8 of 38
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With v, & 1/py,, the droplet mass change is approximated as the mass of pure water removed,

Am =m; — my = pe AV (4)

where my is the final mass of the droplet and the only unknown in Equation 4. Therefore it
will be my = m; — p, AV and, because my is conserved, the final solute mass fraction follows
directly from mass balance,

wsf:_:_wc‘)" (5)

The final droplet density is then obtained from its definition, pf = m¢/V;, and the solute
concentration in molarity is Cy = ms/(MV;), where Mj is the solute molar mass.
Finally, the dry particle volume is Va,y = ms/ps, where ps is the density of the dry solute.

The corresponding dry-equivalent radius is

and the radial growth factor is
R(RH)

rGF =
Rdry

(7)

Application of the reference-state mass balance (ms = wg; piV; with Vi = (47 /3)R}) to Eq. 6
yields a closed-form expression for Rg., in terms of bulk-calibrated reference properties and

the measured reference radius,

o o\ 1/3
Wg i Py >
: : (8)

S

Rdry = Ri (

To validate the accuracy of the BDE framework, we used aqueous CaCl, as a benchmark
system because it accesses very low water activities (ay, = 0.2), providing a stringent test
over a wide thermodynamic range. Thermodynamic properties retrieved from BDE analysis

of levitated droplets were compared directly against independent bulk measurements over
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the overlapping a, range. A detailed evaluation of this validation is provided in Section 2 of
the Supplementary Information.

In the subsequent sections, we use two models for the thermodynamic properties of the
chosen sulfate systems. One is a common quadratic model to estimate the solution density at
high concentrations. The details regarding this model are provided in Section 3 of the Supple-
mentary Information. The second model is an effective oscillator model that provides fitting
parametrization for the refractive index as a function of both concentration and wavelength.

The details of this model are provided in Section 4 of the Supplementary Information.

2.3 Single Droplet Measurements

We employed two complementary single-droplet levitation techniques, optical trapping (OT)
and linear-quadrupole electrodynamic balance (EDB), to study hygroscopic behavior and RI
evolution of aqueous sulfate particles over a wide RH range. Figure 1(a,b) illustrates the
schematic of the setups. By analyzing the morphology dependent resonances (MDRs) in the
inelastic Raman scattering from the trapped droplet at dry and wet conditions, we can extract
the size and the RI of the droplet, as depicted in Figure 1(c,d). Details regarding these two

methods are provided in Section 5.1 and Section 5.2 of the Supplementary Information.

2.4 Bulk Measurements

Table 1 summarizes the measured physicochemical properties of the sulfate systems. With
increasing solute mass fraction, all systems show increasing density and refractive index,
together with decreasing water activity, consistent with higher solute loading and stronger
solute-solvent interactions. Among the inorganic salts, magnesium, aluminum, and man-
ganese sulfates exhibit comparatively steep increases in both density and refractive index
with increasing concentration, likely reflecting increasingly structured hydration environ-
ments and the approach to highly viscous or gel-like regimes. Potassium sulfate, by contrast,

shows more modest changes over the accessible range, consistent with its limited solubility,

Page 10 of 38
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Table 1: Bulk physicochemical properties of aqueous sulfate salt solutions at "= 294 + 1 K.
Listed values correspond to the indicated solution concentration. Bulk solubility limits for
LisSOy4, NapSOy, KoSOy, (NHy)2SO4, MgSOy4, and Aly(SOy4); are taken from Ref. 31, for
MnSO, is taken from Ref. 32, and for SMS and SES are taken from Ref. 33.

Molar Mass Solubility Concentration Mass Density (g Water Refractive

Solute 1 (g/100 g . 3 .. Index
(g mol™1) H,0) (M) Fraction cm™?) Activity (589 nm)

0.50 0.0523 1.0495 0.9853 1.3417

1.00 0.1008 1.0901 0.9624 1.3505

LisSOy4 109.94 34.2 1.50 0.1457 1.1317 0.9346 1.3581

2.00 0.1880 1.1707 0.9039 1.3655

2.50 0.2275 1.2084 0.8679 1.3726

0.25 0.0356 1.0301 0.9951 1.3350

0.50 0.0694 1.0605 0.9890 1.3403

0.75 0.1018 1.0950 0.9760 1.3475

Naz2SO4 142.04 28.1 1.00 0.1329 1.1231 0.9694 1.3515

1.25 0.1599 1.1434 0.9650 1.3553

1.53 0.1878 1.1788 0.9534 1.3606

1.70 0.2089 1.1900 0.9450 1.3627

0.10 0.0171 1.0185 0.9976 1.3344

K250y 174.26 12.0 0.50 0.0822 1.0597 0.9879 1.3408

0.63 0.1263 1.0886 0.9788 1.3457

0.50 0.0650 1.0400 0.9821 1.3445

1.00 0.1050 1.0780 0.9710 1.3524

1.50 0.1650 1.1010 0.9523 1.3623

2.00 0.2320 1.1380 0.9282 1.3696

(NH4)2804 132.14 64 2.50 0.2840 1.1635 0.9027 1.3770

3.00 0.3316 1.1954 0.8747 1.3852

3.50 0.3788 1.2207 0.8411 1.3926

4.00 0.4225 1.2502 0.8043 1.4000

0.50 0.0599 1.0740 0.9923 1.3445

1.00 0.1134 1.1308 0.9812 1.3550

MgSOg4 120.37 35.7 1.50 0.1625 1.1796 0.9697 1.3650

2.00 0.2088 1.2177 0.9499 1.3740

2.50 0.2473 1.2699 0.9266 1.3810

0.50 0.0782 1.0800 0.9900 1.3456

1.00 0.1474 1.1440 0.9830 1.3600

1.50 0.2072 1.2160 0.9690 1.3734

MnSOg4 151.00 64.3 2.00 0.2618 1.2880 0.9500 1.3843

2.50 0.3127 1.3500 0.9150 1.3957

3.00 0.3618 1.4000 0.8790 1.4050

3.50 0.4020 1.4680 0.8359 1.4135

0.25 0.0792 1.0804 0.9731 1.3515

0.50 0.1409 1.1609 0.9500 1.3680

Al2(8O04)3 34215 38:5 0.75 0.2113 1.2466 0.9150 1.3825

0.94 0.2550 1.3050 0.8600 1.3935

0.50 0.0700 1.0250 0.9821 1.3384

1.00 0.1300 1.0720 0.9636 1.3436

1.50 0.1800 1.1050 0.9455 1.3474

SMS 134.09 61.8 2.00 0.2400 1.1520 0.9222 1.3526

2.50 0.2900 1.1840 0.8962 1.3572

3.00 0.3400 1.2220 0.8664 1.3610

3.50 0.3800 1.2560 0.8334 1.3662

0.50 0.0700 1.0300 0.9833 1.3391

1.00 0.1400 1.0540 0.9710 1.3444

1.50 0.2000 1.0990 0.9418 1.3503

SES 148.11 127.9 2.00 0.2600 1.1320 0.9124 1.3564

2.50 0.3200 1.1540 0.8837 1.3590

3.00 0.3700 1.1970 0.8505 1.3626

3.50 0.4300 1.2160 0.8154 1.3670

10
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Figure 1: Schematic presentation of (a) optical trapping (OT) and (b) linear quadrupole
electrodynamic balance (EDB) single-particle investigation techniques. (¢) Change in cavity-
enhanced Raman scattering (CERS) for a liquid droplet as RH is lowered, culminating in the
formation of a gel-phase particle. Morphology-dependent resonances (MDRs) are the sharp
resonance peaks that appear at the top of the spectrum. (d) A typical size and refractive
index evolution during droplet water loss induced by decreasing RH.

while ammonium sulfate reaches particularly low water activities and elevated refractive in-
dices at high concentrations, reflecting its ability to form highly concentrated aqueous aerosol
under atmospherically relevant RH. The organosulfates SMS and SES show weaker concen-
tration dependencies in both density and refractive index than the multivalent inorganic salts,
and their solutions are systematically less dense, consistent with their partial organic char-
acter. Details regarding the measurements are provided in Section 5.3 of the Supplementary

Information.

3 Results and Discussion

3.1 Hygroscopic Behavior

Figure 2(a—i) shows the hygroscopic response of each sulfate system as a function of RH.

Droplet radial growth factor (rGF, blue markers, left axis) and refractive index at A = 589 nm,

11
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n(589 nm) (green markers, right axis), obtained from OT (triangle symbols) and EDB (circle
symbols) measurements, show correlated but opposing trends: as RH increases, rGF increases
due to water uptake while n(589 nm) decreases as the solution becomes more dilute. Bulk RI
measurements (square symbols) at high RH closely match the single-droplet data, confirming
calibration consistency under dilute conditions.

Upon decreasing RH from initially humid conditions (= 90-95%), droplets of monovalent-
cation sulfate salts, LipSO4, NaySO,, K3SOy, and (NHy)2SO,4, undergo smooth and con-
tinuous dehydration while remaining liquid, with efflorescence (crystallization of an aqueous
droplet upon drying below a critical RH) occurring at approximately 46%, 56%, 68%, and 32%
RH, respectively, as shown in Figure 2(a—d). OT and EDB data show very close agreement
for both rGF and RI, with small systematic differences reflecting measurement technique and
associated uncertainties rather than thermodynamic inconsistency. The monotonic increase
in refractive index with decreasing RH indicates that these systems remain homogeneous
aqueous solutions down to the point of efflorescence.

In contrast, divalent- and trivalent-cation sulfates exhibit more complex hygroscopic be-
havior. MgSOy4, MnSOy, and Aly(SOy); (Figure 2(e—g)) display pronounced inflection points
at approximately 30-40% RH, consistent with partial solidification or the formation of highly
viscous gel phases. Below these transitions, water loss becomes diffusion-limited: further com-
positional change with RH is strongly retarded and the optical properties vary only gradually
at lower RH, consistent with kinetic limitations on water transport within semisolid matri-
ces. Sulfates containing Mg?* and AI** reach refractive indices of approximately 1.49 in
the hydrated gel state, whereas Mn?*-containing droplets exhibit higher values of approxi-
mately 1.53 in the gel phase. The gradual onset of gelation is consistent with increasingly
strong multivalent-cation interactions and the progressive loss of complete solvation as RH
decreases, which can promote network formation and gel-like phase transitions. This behav-
ior parallels the humidity-dependent gel transitions reported for organic—inorganic aerosols,

in which ion-mediated networks raise viscosity and suppress water transport,>* 37 and is in di-

12
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Figure 2: Hygroscopic growth behavior of levitated droplets composed of nine sulfate systems:
(a) LiQSO4, (b) NagSO4, (C) KQSO4, (d) (NH4)2SO4, (6) MgSO4, (f) MHSO4, (g) AIQ(SO4)3,
(h) sodium methyl sulfate (SMS), and (i) sodium ethyl sulfate (SES). Each panel presents the
evolution of droplet radial growth factor (rGF, blue symbols, left axis) and refractive index at
589 nm (n(589 nm), green symbols, right axis) as a function of RH. Data are obtained using
optical trapping (OT, triangle symbols) and electrodynamic balance (EDB, circle symbols)
techniques, with bulk (square symbols) measurements shown for reference at high RH. The
vertical dashed lines mark the relevant phase transition for each system: the efflorescence
relative humidity (ERH) for the monovalent-cation salts (a—d) and SMS (h), the onset of
the gel phase for the multivalent-cation salts MgSO,, MnSO,, and Aly(SO4);3 (e—g), and the
composition-dependent phase change for SES (i). Experimental uncertainties fall within the
size of the symbols and represent an average of at least three independent measurements.

rect agreement with prior observations of contact-ion-pair networks and slow water transport
in purely inorganic, supersaturated MgSO, droplets.3*# Due to absorption in the visible by
MnSOQy, only hygroscopic measurements by the EDB method are provided (see Section 6 of

the Supplementary Information for details).
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Organosulfates (SMS and SES, Figure 2(h,i)) exhibit hygroscopic behavior intermediate
between inorganic sulfates and surfactant-like organic species.*? SMS shows smooth and re-
versible changes in size and refractive index over the full RH range and effloresces at RH ~
46%, whereas SES displays pronounced hysteresis and a composition-dependent phase transi-
tion below 30% RH. The elevated RI of SES at low RH, reaching values up to approximately
1.6 at 589 nm, is consistent with a transition to a distinct concentrated phase in this regime.
As discussed in the following sections, the mass fraction of SES can exceed 0.9 at RH < 40%,

in contrast to the inorganic systems examined here.

3.2 BDE-Derived Thermodynamic Properties

Here, we discuss the extraction of thermodynamic properties of gel-forming sulfate aerosols
using the BDE framework, and for the rest of the sulfates, discussions and results are pro-
vided in Section 7 of the Supplementary Information. The results of the BDE method from
Section 2.2, summarized in Figure 3(a—c) for MgSOy4, MnSOy, and Aly(SOy)s, provide a uni-
fied framework linking droplet-scale measurements to bulk thermodynamic properties. For
each gel-forming system, the BDE was applied to OT and EDB datasets to derive p, w,
and concentration (C) as functions of RH. The retrieved parameters show strong internal
consistency across techniques and reproduce bulk trends where data overlap, demonstrating
that calibrated single-droplet measurements quantitatively recover equilibrium properties in
supersaturated regimes. For comparison, the Aerosol Inorganic-Organic Mixture Functional
Groups Activity Coefficients (ATOMFAC) thermodynamic model*? predictions of w as a func-
tion of RH are also shown, where applicable. Measurements associated with bulk, AIOMFAC,
OT, and EDB are indicated by red, orange, blue, and green symbols, respectively.

For these multivalent-cation systems, the physical properties do not freeze into an in-
variant state below the gelation threshold (RH ~ 35 to 40%). Instead, the droplet enters a
diffusion-limited regime in which water transport is strongly retarded but not entirely halted.

Under deep dehydration toward RH ~ 5%, the chemical-potential gradient drives a slow, con-
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Figure 3: Thermodynamic properties of sulfate droplets derived from the BDE framework
applied to OT and EDB measurements for (a) MgSOy, (b) MnSOy, and (¢) Aly(SO4)s. Panels
show variations of density (p), solute mass fraction (w), and solute concentration in molarity
(C) with RH. Red squares indicate bulk measurements, orange circles show the AIOMFAC
predictions, blue triangles and green circles represent the OT and EDB measurements, re-
spectively. The shaded gel region denotes a diffusion-limited regime in which slow, continuous
water loss produces a gradual increase in density and refractive index, rather than a fully
frozen or static phase state. Experimental uncertainties fall within the size of the symbols
and represent an average of at least three independent measurements.

tinuous loss of residual water from the viscous network, producing a gradual densification
(as seen in the slow rise in MgSO, density from ~2.2 to ~2.4 g cm™® in Figure 3a). This
decoupling between liquid and gel states indicates the onset of a semisolid matrix in which
limited molecular mobility constrains additional densification. To probe water transport,
OT measurements were conducted under hydration (increasing RH) while EDB experiments
tracked dehydration (decreasing RH). This difference in RH trajectory and equilibration his-

tory helps explain the offset in the gel region between the OT and EDB measurements. As
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shown in Figure 3, during hydration, gel-forming particles display only limited water up-
take until the phase transition threshold, after which they rapidly absorb water and exhibit
abrupt decreases in density, mass fraction, and concentration. During dehydration, water
continues to leave the droplets after gel formation, but at markedly slower rates. MgSQOy,
MnSQy, and Aly(SO4); reach maximum densities of approximately 2.2-2.4 g cm™ in the gel
phase, corresponding to mass fractions of roughly 0.6-0.7. Due to the larger molar mass of
Aly(SOy)s3, its concentration in the gel regime is substantially lower (about 3.4 M) than those
of MgSO,4 and MnSQOy, which exceed 11 M.

3.3 Density—Mass Fraction—RI Relationships

Figure 4(a—c) shows the relationship between p and w and wavelength-dependent RI for the
investigated gel-forming sulfate systems, and the same discussion for the rest of the systems
is provided in Section 8 of the Supplementary Information. These plots combine bulk mea-

313244 411d densities and mass fractions retrieved from

surements, reference literature values,
levitated droplets using the BDE framework. Two quadratic parameterizations are applied:
an orange curve constrained solely by bulk and literature data, and a blue curve that addition-
ally incorporates averaged BDE-derived droplet densities from OT and EDB measurements.
Inclusion of the droplet-derived data extends the fit constraints to high solute fractions, where
parameterizations based only on bulk data tend to underestimate density for these systems.
These systems persist in highly concentrated, gel-like states and reach substantially higher

3 and

densities than the monovalent-cation sulfate salts, exceeding 2.0 g em™3, 2.4 g cm™
2.2 g cm~3 for Mg?*-, Mn?*-, and Al**-containing sulfate systems, respectively.

The middle panels in Figure 4 show the variation of the real part of the refractive index (n)
at 589 nm with solute mass fraction (w), and the effective oscillator model provides linear fits
to the OT and EDB datasets separately and captures the overall concentration dependence.

In all systems, n increases monotonically with w, reflecting the higher refractive index of

increasingly concentrated solutions. These systems show noticeably steep increases in n with
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Figure 4: Relations between density (p), solute mass fraction (w), and refractive index for
(a) MgSOy, (b) MnSOy, and (c¢) Aly(SOy4)s. Pink diamonds, Red squares, blue triangles, and
green circles indicate literature values, bulk measurements, OT, and EDB measurements,
respectively. Left panel shows p as a function of w and orange and blue curves illustrate
the bulk and bulk plus droplet fits. The middle panel shows n(589 nm) as a function of
w, and the effective oscillator model provides the fit to this data. The right panel provides
the wavelength dependence of RI at different RH values. The shaded gel region denotes a
diffusion-limited regime in which slow, continuous water loss produces a gradual increase in
density and refractive index, rather than a fully frozen or static phase state.

w at high concentrations. Nonlinear behavior emerges at high w, coincident with the onset of

gel formation. This behavior is driven by strong multivalent-cation interactions, ion pairing,

and localized alterations to the hydration structure, which modify the molecular packing and

electronic polarizability as the rigid network forms. For MgSOy, n increases to ~ 1.49 before

approaching a plateau. Aly(SO,)s reaches n & 1.49, while MnSO, reaches n &~ 1.53. In this
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regime, the model captures most trends, but small deviations arise, especially for MnSQOy.
Beyond the identified transition, water loss becomes diffusion-limited and the mass fraction
changes only gradually, so the refractive index likewise varies only weakly and remains near
its maximum value. The oscillator model fitting parameters are given in Section 9 of the
Supplementary Information.

The right panel in Figure 4 represents the spectral dispersion of the real refractive index
at different RH values using the effective oscillator model fitting parameters provided in
Section S9 of the Supplementary Information. These multivalent-cation gel-forming sulfates
display steep dispersion slopes and higher refractive indices under dry conditions, consistent
with stronger electrostatic interactions and more structured hydration environments. MgSO,
in the gel regime reaches n values approaching ~ 1.67 at the shortest wavelengths, whereas
MnSO, exhibits the highest n at longer wavelengths, reaching approximately 1.53. These
behaviors reflect the combined influences of charge density, hydration structure, and phase
state on the determination of the refractive index.

Overall, these results show that common quadratic models underestimate density at high
concentrations and that entry into the gel regime causes the refractive index to vary nonlin-
early with concentration. More broadly, the BDE-derived thermodynamic properties provide
a framework for linking hydration state to optical behavior, including the wavelength depen-
dence of the refractive index. These system-specific dispersion characteristics are important
for accurately representing sulfate aerosols in radiative transfer and climate models and may
also inform assessments of their suitability for geoengineering applications, particularly in

cases where water transport is strongly suppressed.
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s 4.1 Relevance to Tropospheric Sulfate Aerosol and Model Constraints
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The measurements reported here provide useful constraints for tropospheric aerosol models
because ambient sulfate-containing particles are rarely pure HySO4—H50O solutions and often
contain a diverse set of inorganic ions derived from sea spray, mineral dust processing, and
anthropogenic emissions. 24546 While hygroscopic growth and refractive index parameteri-
zations for several inorganic salts and sulfate solutions have been reported previously,3%47
Figures 2-3 demonstrate that sulfate composition can strongly govern hygroscopic growth
and phase behavior across atmospherically relevant RH, including regimes where equilib-
rium assumptions may break down. The monovalent-cation sulfate salts show comparatively
smooth hygroscopic growth (Fig. 2a—d), whereas the multivalent-cation systems MgSQOy,
Aly(SOy4)3, and MnSO, exhibit pronounced inflection points and hysteresis consistent with
transitions into highly viscous, gel-like states (Fig. 2e—g). Such behavior is not represented in
many large-scale models that assume rapid equilibration to a fully liquid state and represent
water uptake using a single, smoothly varying relationship.*3%® In the troposphere, these
phase-state transitions may be particularly relevant for internally mixed particles influenced
by sea-salt cations (e.g., Mg?") and for aerosols that experience repeated drying-rehydration
cycles, where kinetic limitations and hysteresis can affect particle size evolution, optical prop-
erties, and cloud activation behavior. We also observe that SES forms a highly viscous state
under dry conditions, whereas SMS does not, suggesting that the tendency for short-chain
organosulfates to transition into highly viscous or semisolid phases may be compound-specific
and not straightforward to generalize from carbon number alone.

The BDE-derived thermodynamic and optical datasets further constrain key state vari-
ables used in tropospheric aerosol modules. Figure 3 provides internally consistent rela-
tionships between density, mass fraction, and concentration with water activity, enabling

improved conversion between aerosol mass, volume, and water content under metastable con-
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ditions. These quantities directly influence simulated aerosol optical depth and hygroscopic
growth factors used in aerosol-radiation interactions, as well as the sensitivity of activa-
tion to RH and supersaturation in aerosol-cloud interactions. In parallel, Fig. 4 illustrates
that first, simple quadratic parameterizations of the metastable regime can produce biased
estimates, systematically underpredicting solution densities (left panel in Fig. 4), and sec-
ond, the refractive index varies substantially with composition and concentration, and that
wavelength-dependent refractive indices are required to capture shortwave optical behavior.
This is most pronounced for the gel-forming sulfates at high mass fractions, where n(w, \)
increases strongly (middle and the right panels in Fig. 4), implying that adopting a fixed,
composition-independent refractive index for “sulfate” may lead to biases in simulated scat-
tering efficiencies and retrieval forward models. Together, these results provide a pathway
for incorporating composition- and RH-dependent density, water activity, and refractive in-
dex into tropospheric aerosol models, reducing reliance on simplified assumptions for sulfate
optical properties and hygroscopic growth.

In realistic atmospheric aerosols, mixtures of monovalent and multivalent cations are
common. Our framework can be extended to such systems using composition-weighted ther-
modynamic parameters, though synergistic gel formation may occur at distinct RH values for
each component. Models that neglect multivalent cations and assume fully aqueous sulfate
may therefore overestimate cloud activation efficiency and heterogeneous reaction rates.

To connect these experimental parameters to large-scale frameworks, we suggest sev-
eral coupling pathways targeting specific calculations in current chemical transport models
(CTMs) such as GEOS-Chem*® and WRF-Chem.*? First, equilibrium thermodynamic sub-
modules such as ISORROPIA-TI®® and MOSAIC®! treat crustal and marine cations (e.g.,
Mg?*, Ca®") by relaxing the condensed phase to internal thermodynamic equilibrium and do
not represent the slow intraparticle diffusion that accompanies gel formation. The density,
water activity, and composition relationships reported here can serve as inputs to kinetically

resolved water-uptake schemes for these systems, replacing the assumption of instantaneous
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equilibration once a gel phase forms. Second, aerosol optical properties in these models are
computed from Mie or lookup tables that assign each species a fixed, composition-independent
dry refractive index and an RH-dependent growth factor, and the resulting aerosol optical
depth (AOD), single-scattering albedo, and asymmetry parameter are then passed to the ra-
diation solver (e.g., RRTMG).%? Assigning sulfate a single refractive index misses the elevated
values of the gel phase (~1.49 to 1.53) at low RH and underestimates the mass extinction
efficiency (MEE) and column AOD; the RH-dependent refractive index from our effective
oscillator parameters provides a direct correction under dry conditions. Third, for cloud
condensation nuclei (CCN) activation parameterizations such as that of Abdul-Razzak and
Ghan, the high viscosity of the gel state can delay water uptake in particles that enter
an updraft from a low-RH state, so equilibrium Koéhler treatments may overestimate the
activated fraction for these systems.

These considerations become more complex for internally mixed particles, such as an-
thropogenic sulfate coatings on marine sea salt (a source of Mg?") or on mineral dust rich in
AI®*, Mn?**, and Ca?*. In such systems, linear, volume-weighted mixing rules are unlikely to
hold, because the co-existence of multivalent cations and sulfate can promote interionic cross-
linking and network formation even when the multivalent species are a minority of the mass.
During dehydration, spatial gradients in water loss could promote phase separation, with a
more viscous outer region surrounding a more dilute core; such a configuration could act as a
kinetic barrier to water transport and could lower the heterogeneous uptake coefficients ()
of trace gases such as N,Os, O3, and halogens.?% We note that the present measurements
do not resolve particle morphology directly, so this internal-mixture behavior is presented as
a hypothesis that motivates targeted measurements and core-shell kinetic modeling rather

than as an established result.
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ae 4.2  Gel-Forming Multivalent Sulfates as Candidates for Stratospheric

a1 Aerosol Injection (SAI)

a6 A key outcome of this work is that sulfate aerosols containing multivalent cations (MgSQOy,
ar Aly(SOy)s, and MnSO,) exhibit a distinct phase-state transition that may be advantageous
ng  for SAIL. Our single-particle measurements and BDE-derived thermodynamics show that these
no systems form highly viscous, gel-like phases below RH =~ 35-40%, characterized by limited
20 water transport and weak sensitivity of particle properties to further drying (Fig. 3). In
i1 particular, once droplets enter the gel regime, their density, refractive index, and radial
22 growth factor change only modestly with decreasing RH (during hydration they display only
23 limited water uptake until the transition threshold is crossed, after which rapid rehydration
24 occurs). This “humidity-buffered” behavior contrasts with more typical inorganic sulfates that
25 undergo strong hygroscopic growth at high RH and/or efflorescence-driven discontinuities.
26 In the context of SAI, the weak RH dependence of size and optical properties (high RI) in the
227 low-RH gel regime implies that gel-forming sulfates may better preserve an optimized size
28 distribution (and thus shortwave forcing efficiency) against variations in ambient humidity
20 and microphysical history.

430 To quantify the shortwave radiative implications of these gel-forming sulfates, we com-
s puted shortwave forcing efficiencies by combining Mie theory optical properties with 1D radia-
s tive transfer calculations. For each composition and each effective radius, r.¢, and geometric
s standard deviation, oy, pair, we defined a lognormal particle size distribution and computed
sa the extinction efficiency Qex, single-scattering albedo w, and asymmetry parameter g as a
55 function of wavelength using Mie theory for homogeneous spheres. %5 Distribution-mean op-
136 tical properties were obtained by averaging over particle radius using geometric cross-section
a7 weighting for extinction, with scattering-weighted averaging used for w and g (consistent with
ss  bulk radiative transfer requirements). Radiative forcing efficiencies were then obtained by
130 passing these distribution-mean optical properties to 1D shortwave radiative transfer calcula-

w0 tions (libRadtran/uvspec®? with DISORT®), as described in the Supporting Information.
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Figure 5 shows calculated shortwave forcing efficiencies for gel phase MgSO, (a—c), MnSO,
(d-f), and Aly(SOy4); (g-1), with optical properties derived from the measured wavelength-
dependent refractive indices at RH < 30%, which is representative of the generally dry
lower stratosphere.%! For reference, calculations for sulfate aerosol were performed using
optical properties from Dykema et al.®?. These results are shown in panels (j-1). Overall,
the gel-forming sulfates exhibit forcing efficiencies comparable in magnitude to conventional
sulfate aerosols and the presence of multivalent cations does not reduce radiative forcing.
Instead, a modest amplification is observed in both forcing magnitude and optimal particle
size, with enhancements of ~ 5%. Radiative forcing calculations here neglect absorption.
This approximation is justified because, for particles in the size range considered, shortwave
forcing is insensitive to weak visible absorption with & < 1072.5 Of the four species, MnSO,
has the strongest visible absorption, but even at high concentrations its imaginary refractive
index remains well below this threshold, with k& on the order of 107 (see Fig. S4).

Beyond microphysics, candidate materials for SAT must also be evaluated in terms of
scalability and environmental side effects. A sustained SAI deployment capable of producing
climate-relevant forcing would require Tg-scale atmospheric burdens and continuous resupply,
implying that the choice of injected material is necessarily coupled to industrial production
capacity and supply-chain constraints. Recent assessments highlight both the feasibility of
scaling SAI delivery technologies and the substantial uncertainties associated with strato-
spheric aerosol evolution and impacts.% In this context, Hack et al.%® emphasize that raw-
material production capacity and market responsiveness can materially constrain candidate
selection: for widely produced precursors such as alumina and mined sulfur (an SO, source),
the material demand associated with representative multi-decade strategies can remain at the
sub-percent level of current global production, yet these markets tend to exhibit near-inelastic
demand, implying that more aggressive forcing targets or prolonged deployment could still
place nontrivial pressure on supply chains.% From this perspective, MgSO, and Aly(SOy)s3

benefit from comparatively mature and high-volume precursor supply chains: global primary
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Figure 5: Shortwave radiative forcing efficiency (Wm™2 Tg™!) as a function of effective radius
and geometric standard deviation for stratospheric aerosol injection of (a-c) MgSOy, (d-f)
MnSOy, (g-1) Al(SO4)s, and (j-1) sulfate. Results are shown for clear-sky (left column; cloud-
free atmosphere), cloudy-sky (center column; overcast conditions), and all-sky (right column)
conditions. All-sky forcing is computed using the Independent Column Approximation (ICA)
with a cloud fraction A. = 0.6. For panels (j-1), sulfate aerosol optical properties are taken
from Dykema et al.%? Calculations assume a 1 Tg global aerosol burden uniformly distributed
between 18-23 km altitude. More negative values indicate stronger cooling (greater reflected
shortwave radiation at the top of the atmosphere). The colorbar applies to all panels.
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1

magnesium metal production is on the order of ~1 Mt yr=, while primary aluminum pro-

duction exceeds 70 Mt yr—! with well-established worldwide refining infrastructure.%%67 In
contrast, for MnSO, in particular, demand for high-purity manganese sulfate is rising due
to its role as a precursor for electric-vehicle battery cathode materials, potentially creating
competition between SAl-scale deployment and critical clean-energy supply chains. %% More
broadly, geographic concentration of upstream production and trade flows in a small number
of regions can increase vulnerability to disruptions, as highlighted in recent analyses of global
magnesium trade network structure and evolution.™

Finally, chemical reactivity remains a central concern for any stratospheric aerosol in-
tervention. It is well established from volcanic analogues and chemistry—climate modeling
that increases in aerosol surface area enhance heterogeneous reactions that activate halogens
and promote catalytic ozone destruction in the stratosphere, in part by increasing the sur-
face available for reactions involving adsorbed water.” ™ However, if multivalent sulfates
such as MgSO,, Aly(SO4)s, and MnSO, form gel-like phases, diffusion-limited transport
within the particles may partially suppress these reactions relative to those in fully aqueous
sulfate aerosols. For example, recent laboratory measurements on gel-state aerosol analogs
show that heterogeneous oxidation can become transport-limited below ~40% RH, leading to
strongly suppressed effective reaction rates as particles transition into gel phases. ™ Consistent
with this picture, temperature- and RH-dependent viscosity measurements for sucrose-H,O
aerosol proxies showed that the NoOj uptake coefficient decreases by about 1-2 orders of
magnitude as particles become semisolid and diffusion-limited and, in the absence of surface
hydrolysis, can fall to 107°-107% at viscosities above ~ 10° Pas.™ In addition, heterogeneous
chemistry on fully liquid HySO4~H5O aerosols is expected to be surface accommodation-
limited,* whereas diffusion and water-availability constraints in MgSO,, Aly(SO,)s, and
MnSO, gels could shift uptake toward transport-limited behavior and thereby reduce effec-

tive heterogeneous reactivity. Quantifying these effects will require laboratory constraints

on heterogeneous uptake coefficients and particle-phase transport in the gel regime, together
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with chemistry—climate simulations that explicitly represent phase state. Restricting at-
tention to physical and chemical considerations (and not cost or deployment logistics), the
broadly similar shortwave forcing efficiencies in Fig. 5 imply that, if longwave absorption is
also comparable, differences in heterogeneous reactivity and associated ozone impacts may

ultimately be the key factor differentiating their suitability for SAI.
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All reported measurements are provided as an .xlsx file, Sulfate_Measurements.xlsx, in the Supporting
Information.



