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Abstract. Dust aerosol plays a key role in cloud formation and evolution due to its high 7 

atmospheric abundance and efficient ice nucleation abilities (INA). However, a generalized 8 

parameterization of dust-induced ice formation in climate models remains challenging, because 9 

dust INA varies substantially with mineral composition, measurement methods, and 10 

atmospheric aging processes. In this study, we revisited the INA of dust particles under mixed-11 

phase cloud conditions (MPC, -38 < T < 0 ℃) compiled from previous laboratory studies. Our 12 

results indicate that measurement methods, whether particles are dry-dispersed or wet-13 

suspended introduce the largest variability in reported dust INA, represented by 𝑛𝑠 (ice active 14 

site surface density), showing a difference of 1−6 orders of magnitude at -38 < 𝑇 < -18 ℃. This 15 

discrepancy likely arises from different water-particle interactions between the two methods, 16 

including particle coagulation at artificially high particle concentration and surface 17 

modification by water. Aging generally reduces dust INA, with chemical reactions inducing the 18 

strongest reduction, followed by thermal treatments and water/aqueous aging. Based on these 19 

findings, we developed a suite of 𝑛𝑠 − based parameterizations to represent INA of dust 20 

particles with mixed and specific mineral composition. To overcome the variability introduced 21 

by measurement methods, we also developed parameterizations based on 𝐷𝑒  (spherical 22 

equivalent particle diameter within a droplet), which predict droplet freezing across the full 23 

MPC temperature range using a single expression. The developed parameterizations provide a 24 

physically grounded approach for representing dust INA and are expected to improve the 25 

accuracy of predictions of dust-induced cloud formation in climate models.  26 

Keywords 27 
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1. Introduction 29 

Aerosol particles can trigger ice formation from liquid water or water vapor in the 30 

atmosphere by serving as ice nucleating particles (INPs), a process known as heterogeneous ice 31 
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nucleation. Unlike homogeneous freezing of cloud droplets in the absence of an INP (𝑇 < -38 32 

°C), heterogeneous ice nucleation occurs at less extreme temperatures (𝑇 > -38 ℃) and lower 33 

ice supersaturation conditions. This difference arises because INPs provide a surface that lowers 34 

the energy barrier required for forming critical ice embryos. Heterogeneous ice nucleation is 35 

particularly important for mixed-phase clouds (MPCs), where homogeneous freezing rates are 36 

too low at 𝑇  ≿  -38 °C. Quantifying aerosol ice nucleation is therefore fundamental for 37 

predicting cloud phase, precipitation and radiative properties (Burrows et al., 2022; Murray et 38 

al., 2021). The physicochemical properties and ice nucleation ability (INA) of INPs vary with 39 

their emission sources and can be modified by complex atmospheric aging processes (Kanji et 40 

al., 2017). This variability complicates the identification of ice nucleation mechanisms of INPs 41 

and the parameterization of their ice formation in climate models, limiting our ability to 42 

simulate aerosol–cloud interactions and their climate impacts (Burrows et al., 2022; Murray et 43 

al., 2021; Mcgraw et al., 2023).  44 

Over the past three decades, significant progress has been made in characterizing the 45 

INA of atmospherically relevant INP species, as reviewed by many studies (Hoose and Möhler, 46 

2012; Kanji et al., 2017; Murray et al., 2012; Huang et al., 2021). Among these species, mineral 47 

dust originating from desert, arid soil and volcanic sources are considered the most important 48 

INPs, due to the high atmospheric abundance and generally strong INA under MPC relevant 49 

conditions (𝑇 < -8 °C), as reported by numerous field and laboratory studies (Hoose and Möhler, 50 

2012; Kanji et al., 2017; Murray et al., 2012). Based on these experimental findings, ice 51 

formation parameterizations have been developed to represent the INA of dust particles. Table 52 

S1 summarizes existing parameterizations derived from immersion freezing measurements of 53 

dust particles. Immersion freezing is considered the dominant ice nucleation pathway in MPCs 54 

(Ansmann et al., 2008; De Boer et al., 2011), in which an INP is immersed within a supercooled 55 

droplet and triggers droplet freezing. In general, two major types of parameterization approach 56 

have been developed: (i) classical nucleation theory (CNT)-based parameterizations (Marcolli 57 

et al., 2007; Chen et al., 2008; Murray et al., 2011; Niedermeier et al., 2011a; Savre and Ekman, 58 

2015), which estimate heterogeneous ice nucleation rates (𝐽ℎ𝑒𝑡, Table S1) of INPs based on 59 

environmental variables (e.g., temperature and ice saturation) and the contact angle (𝛳) between 60 

the ice embryo and INP surface (Chen et al., 2008; Savre and Ekman, 2015; Niedermeier et al., 61 

2011a; Marcolli et al., 2007; Murray et al., 2011). The contact angle was determined based on 62 

surface properties of aerosol particles, and different assumptions were therefore made across 63 
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studies. More details can be found in Table S1. (ii) empirical parameterizations (Demott et al., 64 

2010; Demott et al., 2015; Chen et al., 2024), which relate INP concentrations to 65 

physicochemical properties of aerosol particles, such as size distribution and surface area. For 66 

example, previous studies developed parameterizations to predict INP concentrations based on 67 

the number of dust aerosol particles larger than 500 nm (Demott et al., 2010; Demott et al., 68 

2015) or 1 µm (Mignani et al., 2021; Chen et al., 2024), by observing a strong correlation 69 

between these two variables. Another widely used parameter is the active site density of dust 70 

particles, which assumes that ice nucleation is triggered by active sites located on the particle 71 

surface. A greater number of active sites corresponds to a higher probability of particles forming 72 

ice. To enable comparison across different particle types and experimental conditions, the 73 

number of active sites is typically normalized by particle surface area or mass, resulting in the 74 

active site surface density (𝑛𝑠 ) and mass density (𝑛𝑚) , respectively. Parameterizations are 75 

developed accordingly by fitting the temperature dependency of 𝑛𝑠 or 𝑛𝑚 (listed in Table S1). 76 

INP concentration in the atmosphere can then be estimated from 𝑛𝑠  or 𝑛𝑚  if particle size 77 

distribution or mass is known. As summarized in Table S1, most existing dust INP 78 

parameterizations are derived either from a single study or from measurements on individual 79 

mineral species. Although some studies measured natural dust with complex composition, they 80 

are often restricted to samples collected from certain locations (Kanji et al., 2019; Boose et al., 81 

2016). In addition, most parameterizations are constrained to narrow temperature ranges (Table 82 

S1), largely due to the detection limits of utilized ice nucleation techniques. As a result, current 83 

parameterizations may not adequately capture the variability of dust INA under atmospherically 84 

relevant conditions, where particles exhibit diverse mineral compositions and nucleate ice 85 

across a wide range of MPC temperatures. Parameterizations capable of representing dust INA 86 

from multiple sources and across the full MPC temperature range are required. 87 

Experimental methods also contribute to discrepancies in reported INA of dust particles 88 

(Hiranuma et al., 2015; Emersic et al., 2015; Demott et al., 2018). Two common aerosol 89 

generation techniques used in the laboratory for immersion freezing studies (Hiranuma et al., 90 

2015; Emersic et al., 2015; Demott et al., 2018) are: dry dispersion of aerosol particles, typically 91 

measured using ice nucleation chambers, and wet suspension of particles using droplet freezing 92 

techniques (DFTs). Hiranuma et al. (2015) compared INA of illite particles measured by 17 93 

different instruments and found that 𝑛𝑠 values measured by dry and wet generation techniques 94 

differed by up to 3 orders of magnitude. They attributed this discrepancy to surface changes in 95 
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particles induced by water interactions, such as ion dissolution, which are likely more 96 

pronounced in wet suspensions (DFTs). Similarly, Emersic et al. (2015) observed higher 𝑛𝑠 97 

values for illite and kaolinite particles when measured using a cloud chamber compared to 98 

DFTs. They proposed an alternative explanation that dust particles may coagulate in suspension, 99 

thereby reducing the effective particle surface area available for ice nucleation. These studies 100 

point to the importance of particle–water interactions in determining the INA of dust particles. 101 

In dry dispersion and wet suspension measurements, the methodological differences in 102 

concentration and water contact time of particles may influence such interactions and contribute 103 

to variations in dust INA, an aspect that remains poorly quantified and constrained. 104 

 Atmospheric aging of dust particles, including chemical reactions with trace gases and 105 

aqueous interactions with water or salt solutions, further modifies the INA of dust particles 106 

(Huang et al., 2025; Kanji et al., 2017). The aging effects can vary with both mineral 107 

composition and aging pathways. For example, montmorillonite (Salam et al., 2007; Salam et 108 

al., 2008) and K-feldspar (Kumar et al., 2018; Chen et al., 2023a; Kumar et al., 2019a) exhibit 109 

enhanced INA after exposure to ammonia (NH3) gas or NH3/NH4
+ solutions. In contrast, Kumar 110 

et al. (2019a) indicated that the INA of quartz is decreased in alkaline solutions, which may be 111 

caused by the increased dissolution of quartz under alkaline conditions. Chemical aging or 112 

coating of dust particles (e.g., natural desert dust (Kanji et al., 2019), Arizona Test Dust (Knopf 113 

and Koop, 2006; Sullivan et al., 2010; Niedermeier et al., 2011b), illite (Kulkarni et al., 2014; 114 

Augustin‐Bauditz et al., 2014), kaolinite (Tobo et al., 2012; Wex et al., 2014; Augustin‐Bauditz 115 

et al., 2014) and feldspar (Augustin‐Bauditz et al., 2014; Kulkarni et al., 2014)) with acids and 116 

organic aerosol, leads to a reduction in their INA. Harrison et al. (2019) indicate that the INA 117 

of certain quartz species remains unchanged even after months of immersion in water or salt 118 

solutions. These results highlight the complexity and composition-specific nature of dust aging, 119 

suggesting that both dust type and aging pathway need to be considered when developing 120 

parameterizations for representing INA of aged dust particles. 121 

 In general, previous studies suggest that accounting for dust composition, atmospheric 122 

aging effects, and uncertainties related to measurement methods is important for interpreting 123 

the INA of dust particles and accurately representing their ice nucleation by parameterizations.  124 

In this work, we revisit the INA of dust particles reported for -38< 𝑇  < 0 ℃, above water 125 

saturation (i.e., MPC conditions) using data compiled from previous laboratory studies. 126 

Specifically, we assessed the influence of mineral aerosol composition, generation methods and 127 
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simulated aging pathways on INA of dust particles. Based on our findings, we propose revised 128 

empirical mineral dust INP parameterizations valid for immersion freezing throughout the MPC 129 

temperature range, accounting for measurement methods and aging pathways. 130 

2. Methodology 131 

2.1 Data collection 132 

The ice nucleation data for mineral dust particles were compiled from 25 published 133 

laboratory studies conducted between 2007 and 2023, as summarized in Table S2. These studies 134 

were identified through keyword-based searches in Web of Science and Google Scholar. The 135 

datasets combined digitized data from figures in literature, open-access repositories, and 136 

directly from corresponding authors (see Acknowledgments for details). All data included in 137 

our work were published, no unpublished data were considered.  138 

The collected studies focused on the INA of dust particles in the immersion mode with 139 

diverse mineral compositions, subjected to varied aging treatments, and generated and 140 

measured using both dry-dispersion and wet-suspension methods. Specifically, the dust 141 

particles investigated include natural dust from desert and volcanic sources, as well as particles 142 

composed mainly of nominally single mineral species, such as illite, quartz, kaolinite, feldspar, 143 

and montmorillonite. Ice formation data for Arizona Test Dust (ATD, Powder Technology Inc.) 144 

are also included, a formerly widely used surrogate of atmospheric dust in ice nucleation 145 

research. Soil dust particles from agricultural sources were excluded, due to their substantially 146 

different INA compared to desert and volcanic dust, resulting from their higher organic content 147 

and will be addressed in a separate study. In laboratory measurements, dust particles were 148 

subjected to various chemical and physical treatments to mimic their atmospheric aging and to 149 

evaluate the associated impacts on their INA. These treatments included immersion in water or 150 

salt and acid solutions (hereafter referred to as water aging and aqueous aging), thermal 151 

treatment, and chemical aging either through exposure to reactive gases or through coating with 152 

inorganic and organic acids or secondary organic aerosol (hereafter referred to as gas chemical 153 

aging and coating). More details about the aging treatments can be found in Table S1. 154 

2.2 Metrics to quantify INA of immersion mode dust particles 155 

Different ice nucleation metrics have been established to quantify and compare INA of 156 

dust particles, as summarized by Kanji et al. (2017). In this work, we use 𝑛𝑠 to compare the 157 

INA of different dust types and to develop primary ice nucleation parameterizations. This 158 
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choice is motivated by several advantages. 𝑛𝑠  is an aerosol-aware metric that accounts for 159 

particle size and surface characteristics, which aids the mechanistic interpretation of dust INA 160 

based on aerosol physicochemical properties. Compared to other available metrics (e.g., 𝑛𝑚), 161 

𝑛𝑠 has the most extensive data coverage among the collected studies, enabling broader and more 162 

consistent cross-comparisons. In addition, 𝑛𝑠 can be readily incorporated into climate models 163 

to predict the number of ice crystals induced by dust INPs, if particle size (i.e., surface area) is 164 

known. The following equations illustrate how 𝑛𝑠  can be derived based on ice nucleation 165 

measurements using different methods, i.e., chamber experiments with dry-dispersed aerosol 166 

and DFTs with wet-suspended particles. 𝑛𝑠 assumes a strong temperature dependence and time 167 

is neglected because of the secondary importance of time compared to temperature for dust 168 

particles (Welti et al., 2012; Kanji et al., 2013; Budke and Koop, 2015; Wright and Petters, 169 

2013; Vali and Snider, 2015). 170 

Dry-dispersed aerosol (chamber experiments):  171 

𝑛𝑠(𝑇) =
−ln(1 − 𝐴𝐹)

𝑆𝑝

(1) 172 

𝐴𝐹 =
𝑁ice crystals(𝑇)

𝑁total particles

(2) 173 

 Here, 𝐴𝐹 (Eq. (2)) is the ice activated fraction of aerosol particles, which is calculated 174 

based on the number of formed ice crystals (𝑁ice crystals) and total number of aerosol particles 175 

(𝑁total particles) measured in the chamber experiments. 𝑆𝑝 (Eq. (1)) represents the surface area 176 

of a single aerosol particle. 177 

Wet-suspended particles (DFT experiments): 178 

𝑛𝑠(𝑇) =
−ln(1 − 𝐹𝐹)

𝑆𝑑

(3) 179 

𝐹𝐹 =
𝑁frozen droplets(𝑇)

𝑁total droplets

(4) 180 

Here, 𝐹𝐹  (Eq. (4)) is the frozen fraction of droplets determined from the number of 181 

frozen droplets (𝑁𝑓rozen droplets) and total number of detected droplets (𝑁total droplets) in the 182 

droplet freezing measurements. 𝑆𝑑 (Eq. (3)) represents the surface area of particles immersed 183 

within a droplet. 184 
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To account for the stochastic nature (time dependence) of ice nucleation, the time 185 

dependent metrics−heterogeneous ice nucleation rate (𝐽ℎ𝑒𝑡, m-2 s-1), can be calculated based 186 

on following equations for dry-dispersed aerosol (Eq. (5)) and wet-suspended particles (Eq. 187 

(6)), respectively. 188 

𝐽ℎ𝑒𝑡,   𝑑𝑟𝑦 =
𝑛s(𝑇)

𝑡
(5) 189 

𝐽ℎ𝑒𝑡,   𝑤𝑒𝑡 =

−ln (1 −
∆𝑁𝑓𝑟𝑜𝑧𝑒𝑛

𝑁𝑢𝑛𝑓𝑟𝑜𝑧𝑒𝑛
)

𝑠𝑑∆𝑡
(6)

 190 

Here, 𝐽ℎ𝑒𝑡 describes the number of nucleation events per unit particle surface and unit 191 

time. In chamber experiments, 𝐽ℎ𝑒𝑡,𝑑𝑟𝑦 is derived based on the residence time (𝑡) of aerosol 192 

particles exposed to ice formation conditions (Eq. (5)). In DFT measurements (𝐽ℎ𝑒𝑡,𝑤𝑒𝑡, Eq. (6)), 193 

∆𝑁𝑓𝑟𝑜𝑧𝑒𝑛 denotes the number of droplets that freeze within the time interval ∆𝑡 from 𝑡1 to 𝑡2. 194 

𝑁𝑢𝑛𝑓𝑟𝑜𝑧𝑒𝑛 is the number of droplets that remain unfrozen at time 𝑡1. ∆𝑡 can be calculated based 195 

on the reported cooling rate in each freezing experiment. The residence time of aerosol particles 196 

in chamber measurements or the cooling rates in DFTs used in each study are provided in Table 197 

S2. We note that the practice of using chamber residence times slightly underestimates 𝐽ℎ𝑒𝑡,𝑑𝑟𝑦 198 

because the residence time is larger than the nucleation time.  199 

3 Results and discussions 200 

3.1 The INA of dust particles with different compositions 201 

A compilation of  𝑛𝑠 values of dust particles with different mineral compositions is shown 202 

in Figure 1. 𝑛𝑠 values exhibit substantial variability across the studied temperature range (-42 203 

< 𝑇 < -2 ℃), for example, at 𝑇 = -20 ℃, 𝑛𝑠 spans 7 orders of magnitude ranging from 5.0×103 204 

to 1.7×1011 m-2. This variability likely arises from multiple factors, including dust composition, 205 

measurement methods and aging processes, we therefore conduct a more detailed investigation 206 

into these aspects below.  207 
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 208 
Figure 1. The INA of dust particles with different mineral compositions, represented by the ice 209 
active site surface density (𝑛𝑠). The dust species included in our analysis are illite (pink, circle), 210 
Arizona Test Dust (ATD, dark blue, triangle), quartz (light blue, square), kaolinite (orange, star), 211 
feldspar (red, plus sign), montmorillonite (gray, pentagon) and natural desert and volcanic dust 212 
(green, square with cross). 𝑛𝑠 datasets used in this figure were obtained from the studies listed 213 
in Table S2. 214 

The 𝑛𝑠 data were binned into 1 ℃ intervals at -38 < 𝑇 < -2 ℃ and shown as boxplots in 215 

Figure S1. The median 𝑛𝑠  values among different dust species differ by 1–6 orders of 216 

magnitude at identical temperatures (-38 < 𝑇 < -18 ℃), highlighting the influence of mineral 217 

composition on dust INA. Previous studies have reported that feldspar, particularly potassium-218 

rich feldspar (K-feldspar), tends to exhibit higher INA compared to other dust species (Peckhaus 219 

et al., 2016; Atkinson et al., 2013; Augustin‐Bauditz et al., 2014; Chen et al., 2023b; Harrison 220 

et al., 2016). Consistent with these findings, feldspars (plus signs in Figure 1 and red box in 221 

Figure S1) in the present study generally exhibit the highest 𝑛𝑠 values at T ≤ -2 ℃ and initiated 222 

freezing at the warmest temperature (≈ -2 ℃) compared to other dust species. For example, the 223 

extremely efficient dust particles at -20 < T < -5 ℃ and at T < -20 ℃ were from K-feldspar 224 

measured by Peckhaus et al. (2016)  and Augustin‐Bauditz et al. 201433, respectively. Some 225 

ATD (dark blue, triangle) (Kanji et al., 2013; Perkins et al., 2019) and natural volcanic dust 226 

(green, squares with cross) measured by Fahy et al. (2022) also display relatively high 𝑛𝑠 values 227 

at warm freezing temperature  (≈ -2 ℃). Such high INA of ATD and volcanic dust was attributed 228 
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to the presence of K-feldspar in these particles, as supported by mineral and chemical 229 

characterizations of ATD (Chen et al., 2023b; Broadley et al., 2012) and volcanic dust (Fahy et 230 

al., 2022). The 𝑛𝑠 boxplots of different dust species (Figure S1) show a similar trend, with K-231 

feldspar exhibiting the highest INA followed by ATD. However, not all feldspars are as ice-232 

active as K-feldspar. As shown in Figure 1 and Figure S1, non-potassium-rich feldspars can 233 

exhibit 𝑛𝑠 values as low as those of quartz and illite (Harrison et al., 2016) at -21 < 𝑇 < -5 ℃. 234 

Similar variability of 𝑛𝑠 is also observed for other dust species, including illite, ATD and quartz 235 

(Figure 1 and Figure S1). This variability can be partly explained by the inherent complexity of 236 

chemical composition, crystal structure and surface properties of dust, even for particles within 237 

the same mineral group. For example, several studies (Peckhaus et al., 2016; Harrison et al., 238 

2016) found that K-feldspar exhibits higher INA than calcium-rich feldspars. The high INA of 239 

K-feldspar has been linked to surface defects with a particular crystallographic face (Kiselev et 240 

al., 2017) and to the kosmotropic (structure making) characteristic of K+ in the surface layer 241 

(Zolles et al., 2015). Although Kumar et al. (2018) indicate that the high INA of K-feldspar may 242 

not be due to the presence of K+, they observed decreased INA of K-feldspar when more K+-243 

containing solutes are added to dust suspensions. Harrison et al. (2019) measured the INA of 244 

10 types of α-quartz samples and found that 𝑛𝑠 varied 1–2 orders of magnitude at 𝑇 ≈ -13 ℃. 245 

3.2 Impact of measurement methods on INA of dust particles and ice formation 246 
parameterization development 247 

In addition to the compositional diversity of dust particles, the variability in 𝑛𝑠 can also 248 

arise from differences in measurement methods, as suggested by Hiranuma et al. (2015) and 249 

Emersic et al. (2015). Accordingly, we divided the 𝑛𝑠 values of each dust component into two 250 

groups: dry-dispersed aerosol (aerosol, hollow circles) and wet-suspended particles 251 

(suspension, solid circles) and shown in Figure 2. 𝑛𝑠 values obtained from the two methods 252 

differ at identical temperatures. For example, aerosol 𝑛𝑠  of feldspar (red) is 1–8 orders of 253 

magnitude higher than suspension 𝑛𝑠 at 𝑇 =-20 ℃. Figure S2 presents boxplots of 𝑛𝑠 separated 254 

by methods for different dust compositions (illite, ATD, K-feldspar, natural dust and kaolinite). 255 

The median 𝑛𝑠 values between aerosol and suspension differ by 1–5 orders of magnitude at 256 

overlapping temperatures, with K-feldspar and kaolinite 𝑛𝑠  showing the closest agreement 257 

between the two methods (Figure S2).  258 
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 259 

Figure 2. 𝑛𝑠 of dust particles with specific mineral compositions. Clay particles comprise illite 260 
(pink), kaolinite (yellow), and montmorillonite (gray). Hollow and solid circles denote 261 
measurements using dry-dispersed aerosol and wet suspended particles, respectively. For quartz 262 
particles, only data from suspension measurements are available. Solid lines indicate linear fits 263 
of log (𝑛𝑠) versus temperature, plotted separately for each measurement method. The values 264 
for fitting parameters (𝐴 and 𝐵) for each plot are listed in Table S3. The data used in this figure 265 
were obtained from the studies listed in Table S2. 266 

 Figure 3a compiles data from different compositions, showing that aerosol 267 

measurements (red) generally yield larger 𝑛𝑠  values compared to suspension measurements 268 

(blue). The corresponding 𝑛𝑠 boxplots for the combined data are shown in Figure S3a. The 269 

median values of aerosol 𝑛𝑠 are 1–6 orders of magnitude higher than suspension 𝑛𝑠 at -38 < 𝑇 270 

< -18 ℃, with the 𝑛𝑠 gap narrowing with decreasing temperatures. These findings confirm that 271 

measurement method is a large source of 𝑛𝑠  variability and that the magnitude of this effect 272 

depends on dust composition. In addition, wet suspension 𝑛𝑠 exhibits two distinct regimes of 273 
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increases (Figure 3a and Figure S3a), with a steeper temperature dependence observed at -38 < 274 

𝑇 < -18 ℃ compared to -18 < 𝑇 < -3 ℃.  275 

To account for the time-dependent nature of ice nucleation, the 𝐽ℎ𝑒𝑡 was estimated using 276 

Eq. (5) and Eq. (6) and shown in Figure 3b. The corresponding 𝐽ℎ𝑒𝑡  boxplots are shown in 277 

Figure S3b. Similar to 𝑛𝑠, aerosol 𝐽ℎ𝑒𝑡 values are systematically higher than suspension 𝐽ℎ𝑒𝑡 278 

values (Figure 3b), with differences in median 𝐽ℎ𝑒𝑡 values up to 6 orders of magnitude at -37 < 279 

𝑇 < -19 ℃ (Figure 3Sb). The gap between aerosol and suspension 𝐽ℎ𝑒𝑡 narrows with decreasing 280 

temperature and becomes comparable (within one order of magnitude) at 𝑇 < -27 ℃. Similar 281 

to 𝑛𝑠, suspension 𝐽ℎ𝑒𝑡 also shows a stronger temperature dependence at -42 < 𝑇 < -18 ℃ while 282 

remain relatively constant at 𝑇 > -18 ℃. The two-step temperature dependence of both 𝑛𝑠 and 283 

𝐽ℎ𝑒𝑡  underscores the necessity of explicitly incorporating this feature into ice formation 284 

parameterizations. Neglecting this feature may lead to an underestimation of dust INA at colder 285 

temperatures (𝑇 < -18 ℃) and overestimation of 𝑛𝑠 and 𝐽ℎ𝑒𝑡 at warmer temperatures (𝑇 > -18 286 

℃). 287 

The discrepancy between aerosol and suspension 𝑛𝑠  and 𝐽ℎ𝑒𝑡  may be attributed to 288 

differences in water-particle interactions between two methods (Emersic et al., 2015; Hiranuma 289 

et al., 2015). In DFTs (suspension), particles are suspended in water droplets prior to freezing 290 

measurements, whereas in chamber experiments (aerosol), particles activate into cloud droplets 291 

in situ within a few seconds. This different timescale of water-particle contact can cause varying 292 

degrees of particle surface alteration, thereby influencing their INA (Hiranuma et al., 2015). 293 

This process, known as water aging (Harrison et al., 2019; Kumar et al., 2019b), its impact on 294 

dust INA is further explored in section 3.3. Another important factor is the difference in particle 295 

concentrations within droplets generated by the two methods. Suspension samples in DFTs are 296 

typically prepared at higher particle concentrations, whereas chamber measurements detect 297 

freezing of droplets activated from individual particles. As noted by Emersic et al. (2015), high 298 

particle concentrations may cause coagulation either within suspensions or within the formed 299 

droplets, reducing the effective surface area available for nucleation and thereby lowering INA. 300 
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 301 

Figure 3. (a) 𝑛𝑠 and (b) 𝐽ℎ𝑒𝑡 of dust particles obtained from two measurement methods, dry-302 
dispersed dust aerosol measured using ice nucleation chambers (aerosol, red) and wet-303 
suspended particles measured using DFTs (suspension, blue). Solid lines are fitting curves of  304 
𝑛𝑠 or 𝐽ℎ𝑒𝑡 versus temperatures, which are in the form: log(𝑛𝑠 𝑜𝑟 𝐽ℎ𝑒𝑡) = 𝐴 × 𝑇 + 𝐵 (values for 305 
parameter 𝐴 and 𝐵 are listed in this figure). 306 
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To examine this coagulation effect, we calculated the spherical equivalent diameter (𝐷𝑒) 307 

of dust particles contained in a droplet for both measurement methods. This calculation assumes 308 

the surface area available for ice nucleation in a droplet comes from a single INP, as is typically 309 

the case in the atmosphere. The surface area in the droplets, the 𝑆𝑝 in aerosol measurement (Eq. 310 

(1)) and 𝑆𝑑 in suspension measurement (Eq. (3)), is then used to calculate the diameter of the 311 

spherical equivalent particle (𝐷𝑒 = √
𝑆𝑝 𝑜𝑟 𝑆𝑑

𝜋
). The relationship between 𝐷𝑒 and droplet freezing 312 

temperatures (𝑇) is shown in Figure 4, where the freezing temperature corresponds to the point 313 

at which 50% of droplets (𝐹𝐹 = 50%) are frozen in the suspension measurements, and at which 314 

10% of particles (𝐴𝐹 = 10%) are ice-activated in the aerosol measurements. The freezing 315 

temperature of dust particles increases with 𝐷𝑒 , and larger 𝐷𝑒  values were obtained from 316 

suspension measurements than aerosol measurements at identical freezing temperatures (Figure 317 

4a). For example, suspension 𝐷𝑒 values are 1–3 orders of magnitude larger than those from 318 

aerosol measurements at 𝑇 = -25 ℃, indicating that the relatively warm temperature freezing 319 

(𝑇 > -25 ℃) from suspension experiments would only be relevant for exceptionally large dust 320 

particles (≈ 10–7000 µm) in the atmosphere. Particles with different mineral compositions 321 

indicate a similar trend (Figure 4b), with larger suspension 𝐷𝑒  values. This explains why 322 

suspension droplet experiments freeze at warmer temperatures than droplets activated from 323 

individual aerosol particles (Figure 4), as a greater particle surface area increases the probability 324 

of ice formation. However, such elevated particle concentrations in suspension measurements 325 

are also expected to enhance particle coagulation, which reduces the effective surface area 326 

available for ice nucleation and thereby decreases the freezing efficiency of suspension droplets. 327 

Since 𝑛𝑠  is obtained by normalizing freezing ability of droplets with the suspension BET 328 

surface area, the calculated 𝑛𝑠 are lower than those that would be obtained in the absence of 329 

coagulation (i.e., a case similar to aerosol measurement with individual particles).  330 
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 331 

Figure 4. Spherical equivalent diameter (𝐷𝑒 ) of dust particles in droplets derived from (a) 332 
aerosol (red) and suspension (blue) measurements, and (b) dust particles with different mineral 333 
compositions. The temperature shown in this figure represents the point at which 50% of 334 
droplets (𝐹𝐹=50%) are frozen in the suspension measurements, and at which 10% of particles 335 
(𝐴𝐹=10%) are ice activated in the aerosol measurements. 𝐷𝑒 is calculated from studies in which 336 
𝑆𝑝 and 𝑆𝑑 were provided or could be derived. The solid line is the fitting curve of freezing 337 
temperature versus log (𝐷𝑒) , which are in the form: 𝑇 = 𝐴 × log(𝐷𝑒) + 𝐵  (values for 338 
parameter 𝐴 and 𝐵 are listed in this figure). 339 

We also noted that there are few suspension 𝐷𝑒 (≈ 1 m) at -38 < 𝑇 < -22 ℃ similar to 340 

that of aerosol measurements (Figure 4). These data correspond to suspension measurements 341 

with picoliter-size droplets, rather than from microliter-droplet measurements at warmer 342 

temperatures and therefore result in dust equivalent particle sizes (≈ 1 m) that are more 343 

atmospherically relevant. Simulations by Emersic et al. (2015) suggest that picoliter-size 344 

droplets are unlikely to contain multiple particles to result in significant coagulation effects 345 

compared to microliter-sized droplets. Consequently, the freezing behavior of picoliter-size 346 

droplets is more comparable to droplets activated from single particles in aerosol 347 

measurements. This interpretation is also consistent with Figure 3 and Figure S3, where the 348 

𝑛𝑠 and 𝐽ℎ𝑒𝑡 difference between two methods decreases with decreasing temperatures. This is 349 

because DFT measurements at relatively lower temperatures (-38 < 𝑇 < -19 ℃) were conducted 350 

using picoliter-size droplets (Table S2) (Atkinson et al., 2013; Hiranuma et al., 2015; Zolles et 351 

al., 2015) with negligible particle coagulation. 352 

These findings suggest that coagulation effect may partly explain the different 𝑛𝑠 values 353 

obtained between two methods, especially that observed for relatively warm temperatures. 354 

However, such coagulation-induced effects are primarily artifacts of the high particle 355 
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concentrations used in laboratory suspensions and are unlikely to occur under typical 356 

atmospheric conditions, where individual cloud droplets generally contain only a single dust 357 

particle. As a result, 𝑛𝑠 values obtained from aerosol measurements with individual particles 358 

are more representative of fresh dust particles emitted near the source, where particles remain 359 

largely unaggregated and have minimal interactions with water in arid environments. While 360 

suspension 𝑛𝑠 are unlikely to be relevant for dust particle freezing in the atmosphere regarding 361 

coagulation, they may reflect the INA of particles subjected to water-aging processes, which 362 

will be discussed in section 3.3. If ice formation parameterizations are developed based on 363 

suspension  𝑛𝑠, they will likely underestimate the INA of dry and fresh dust aerosol particles. 364 

Overall, the different 𝑛𝑠  obtained from the two methods highlight the need to develop 365 

parameterizations that account for these distinctions. 366 

Based on the findings in this section and section 3.1, we fitted the 𝑛𝑠  and 𝐽ℎ𝑒𝑡 367 

temperature dependent parameterizations using a log-linear form:  368 

log(𝑛𝑠) = 𝐴 × 𝑇 + 𝐵 369 

The fitted parameters ( 𝐴 , 𝐵 ) and coefficients of determination ( 𝑅2 ) for different 370 

measurement methods are indicated in Figure 3 and summarized in Table S3. For example, 371 

aerosol 𝑛𝑠  shows a weak correlation with temperatures at -41 <  𝑇  < -13 ℃, expressed as 372 

follows. To represent the INA of dust aerosol across the entire MPC temperature range, this 373 

fitted relationship was extrapolated to 𝑇 = -2 ℃ (Figure 3a). This aerosol 𝑛𝑠 parameterization 374 

represents the INA of dry and near-source dust aerosol that have a negligible effect from water 375 

exposure: 376 

log(𝑛𝑠) = −0.12081𝑇 + 7.18228 (𝑅2 = 0.30) 377 

As discussed above, suspension 𝑛𝑠 exhibits two-step temperature dependence, with a 378 

stronger temperature dependence at -41 < 𝑇 < -18 ℃ and a weaker dependence at -18 < 𝑇 < -2 379 

℃. Accordingly, the suspension 𝑛𝑠 data were fitted separately in two temperature regimes. The 380 

resulting parameterizations are summarized below: 381 

-41 < 𝑇 < -18 ℃: 382 

log(𝑛𝑠) = −0.33986𝑇 − 0.85008 (𝑅2 = 0.50) 383 

-18 <  𝑇 < -2 ℃:   384 

log(𝑛𝑠) = −0.08606 + 3.65451 (𝑅2 = 0.12) 385 
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The prediction band at the 95% confidence level (shaded area in Figure 3) captures most 386 

data points (Figure 3a), indicating the strong predictive capability of the developed 𝑛𝑠 387 

parameterizations. Specifically, 4449 out of 4661 and 5062 out of 5321 𝑛𝑠  values for 388 

suspension measurements at 𝑇 < -18 ℃ and 𝑇 > -18 ℃ were captured, and 1462 out of 1535 389 

for aerosol measurements were captured. Similar parameterizations were developed for 𝐽ℎ𝑒𝑡 390 

with the resulting functions shown in Figure 3b.  391 

Given the distinct INA among dust particles with different compositions, we also 392 

developed 𝑛𝑠 parameterizations for individual dust species, as indicated by the log-linear fits in 393 

Figure 2 and summarized in Table S3. These composition-specific parameterizations (Figure 2 394 

and Table S3) are intended for estimating atmospheric INP contributions from individual 395 

mineral types. They are therefore suitable in regions where a single mineral dominates the dust 396 

population, if its local abundances are known. In contrast, the parameterizations developed from 397 

the dataset of all dust types (Figure 3) represent the average freezing behavior of dust particles 398 

with mixed mineral compositions, which are suitable for predicting INPs in an atmosphere with 399 

compositionally diverse dust or for global-average applications.  400 

As mentioned above, suspension-derived 𝑛𝑠  often involves measurements using 401 

unrealistically high particle concentrations that promote artificial coagulation, which is unlikely 402 

to occur in real-world cloud droplets containing only one particle. In addition, applying 𝑛𝑠-403 

based parameterizations for aerosol and suspension requires distinguishing whether dust 404 

particles have been influenced by water exposure, necessitating additional physicochemical 405 

characterization of particle surfaces. To address these limitations, an 𝐷𝑒-based parameterization 406 

was developed by fitting 𝐷𝑒 as a function of droplet freezing temperature:  407 

-38 < 𝑇 < -3 ℃: 408 

𝑇 = 4.28472 × log(𝐷𝑒)－42.37274 (𝑅2 = 0.73) 409 

As shown in Figure 4a, this 𝐷𝑒 parameterization is independent of measurement method 410 

and predicts the freezing temperature of droplets directly from the surface area of immersed 411 

particles. It is applicable across the MPC temperature regime and can be readily used whenever 412 

particle size information is available. The 95% prediction band (shaded area in Figure 4) 413 

demonstrates the strong predictive capability of the developed 𝐷𝑒 parameterization, with 120 414 

out of 122 data points successfully captured.  415 
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3.3 𝒏𝒔 of dust particles subjected to different aging processes 416 

The INA changes resulting from various aging processes are also investigated. 417 

Experimental details of aging treatments are provided in Table S2. Figure 5 shows 𝑛𝑠 data for 418 

fresh (solid colors) and aged (faded colors) dust particles, with dry aerosol (Figure 5a) and wet 419 

suspension (Figure 5b) shown separately. For both aerosol and suspension, fresh (solid colors) 420 

and aged particles (faded colors) exhibit differences in 𝑛𝑠  at identical temperatures. This 421 

indicates that atmospheric aging modifies the INA of dust particles. To quantify these 422 

differences, 𝑛𝑠 data were binned into 1 ℃ intervals and are shown in Figure S4. For aerosol 423 

measurements (Figure S4a), the median 𝑛𝑠 values of fresh (solid color) and aged (faded color) 424 

particles differ by 1–2 orders of magnitude at -41 < 𝑇 < -20 ℃. A similar difference is observed 425 

in fresh and aged suspension 𝑛𝑠 at -27 < 𝑇 < -3 ℃ (Figure S4b). These differences are notably 426 

smaller than those caused by measurement methods. For example, the discrepancy between 𝑛𝑠 427 

from dry-dispersion and wet-suspension can reach 1–6 orders of magnitude in the same 428 

temperature range (Figure 3 and Figure S3). In addition, 𝑛𝑠 of both fresh and aged particles 429 

from suspension measurements (Figure S4b) exhibit a stronger temperature dependence at 430 

lower temperature (-38 < 𝑇 < -18 ℃) and a weaker dependence at higher temperature (-18 < 𝑇 431 

< -3 ℃). This feature aligns with the observation when fresh and aged datasets are combined 432 

(Figure S3). Therefore, 𝑛𝑠  parameterizations for fresh and aged particles are developed by 433 

explicitly considering their temperature dependence, as shown in Figure 5. For both fresh and 434 

aged aerosol measurements, the 𝑛𝑠 parameterizations are extrapolated to 𝑇 = -2 ℃ (Figure 5a) 435 

to represent the INA of dust particles to represent the ice-nucleating activity (INA) of dust 436 

particles that have experienced minimal interaction with water across the entire MPC 437 

temperature range. 438 
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 439 
Figure 5. 𝑛𝑠 of dust particles measured freshly (solid colors) and after aging treatments (faded 440 
colors) from (a) aerosol and (b) suspension methods. The parameterizations to predict 𝑛𝑠 of 441 
dust particles are of the form:  𝑙𝑜𝑔(𝑛𝑠) = 𝐴 × 𝑇 + 𝐵 (values for parameter 𝐴 and 𝐵 are listed 442 
in this figure and Table S3). For 𝑛𝑠  from suspension measurements, parameterizations are 443 
developed in two different temperature regimes (𝑇 < -18 ℃ and 𝑇 > -18 ℃), respectively. The 444 
data used in this figure was obtained from the studies listed in Table S2. 445 

Based on Figure 5 and Figure S4, it is challenging to draw a conclusion on how the 446 

aging process will impact the INA of dust particles, since aging does not consistently increase 447 

or decrease 𝑛𝑠 at different temperatures. The direction and magnitude of the aging effect may 448 

depend on the specific dust species and the aging pathways. To account for this, Figure S5 449 
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provides elaborated 𝑛𝑠  boxplots for individual dust species, including K-feldspar, non-450 

potassium-rich feldspars, quartz, ATD and natural dust. Clay particles are not shown due to 451 

limited data from two methods for comparison between fresh and aged particles. Given the 452 

significant contribution of clay particles to dust mass (Atkinson et al., 2013), additional 453 

measurements are needed to quantify the aging effect on their INA. Figure S5 indicates that 454 

aging may have different effects on INA of different dust species. Specifically, ATD and natural 455 

dust show a decrease of 1–2 orders of magnitude in 𝑛𝑠 at -39 < 𝑇 < -3 ℃ after aging, with the 456 

effect becoming more pronounced at lower temperatures. In contrast, the 𝑛𝑠  changes of K-457 

feldspar and quartz particles are generally within one order of magnitude, indicating that these 458 

dust species are relatively insensitive to aging. This observation is consistent with Harrison et 459 

al. (2016), who found most K-feldspars exhibited no significant change in INA after water 460 

aging. While Harrison et al. (2019) noted that certain quartz can be highly sensitive to water 461 

aging, only one of the three samples exhibited a pronounced decrease in 𝑛𝑠 after 10 months of 462 

water aging, whereas 𝑛𝑠 decrease of other quartz samples were within one order of magnitude. 463 

Their findings therefore align with our results showing insensitive of quartz to aging treatments. 464 

The response of non-potassium-rich feldspar (“other feldspars” in Figure S5) (Harrison et al., 465 

2019; Peckhaus et al., 2016) to aging process, including albite and anorthite, is more variable. 466 

Depending on temperature, aging can increase, decrease or leave their 𝑛𝑠 unchanged (Figure 467 

S3). For most temperatures, the 𝑛𝑠  changes of other feldspars remain within one order of 468 

magnitude. An exception occurs at -25 < 𝑇 < -23 ℃, where the 𝑛𝑠 of aged particles increased 469 

by 2–5 orders of magnitude compared to fresh particles. This occurs because most fresh non-470 

potassium-rich feldspars exhibit relatively low INA. However, one aged sample from Harrison 471 

et al. (2016) displayed markedly higher INA, which strongly influenced the median 𝑛𝑠 values. 472 

This variability reflects both the compositional diversity of feldspars and the limited number of 473 

available datasets for aged non-potassium-rich feldspars, as indicated in Figure S5. Overall, our 474 

results suggest that feldspars (both K-feldspar and other feldspars) and quartz are generally 475 

insensitive to aging process compared to natural dust and ATD. 476 

We further investigate how different aging pathways influence the dust INA and develop 477 

corresponding 𝑛𝑠  parameterizations. As mentioned in the methodology, laboratory aging 478 

treatments (Table S2) are categorized into four groups: water aging, aqueous aging (salt and 479 

acid solutions), gas chemical and coating, and thermal treatments. The resulting 𝑛𝑠 boxplots of 480 

dust particles subjected to these aging processes are presented in Figure 6. It should be noted 481 
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that only studies reported paired measurements of fresh and aged 𝑛𝑠 for the same dust type are 482 

considered. This restriction is necessary because 𝑛𝑠  values vary strongly among mineral 483 

species, and some species may have measurements only for the fresh state. Including such 484 

incomplete datasets could bias the median 𝑛𝑠 of fresh dust. For example, if the relatively low 485 

𝑛𝑠 of fresh quartz (Figure 1) was included and compared to aged feldspar 𝑛𝑠 with exceptionally 486 

high INA (Figure 1), the overall median 𝑛𝑠  for fresh dust would be artificially lowered, 487 

confounding the assessment of aging effects. A similar artifact was observed in the case of non-488 

potassium-rich feldspars (Figure S5) at -25 < 𝑇 < -23 ℃, where the median 𝑛𝑠 of aged particles 489 

appears higher than fresh particles, due to the inclusion of datasets lacking paired 490 

measurements. For reference, the 𝑛𝑠  derived from the complete datasets (without this 491 

restriction) is presented in Figure S6. As expected, 𝑛𝑠 values of fresh dust overlap with those 492 

from different aging processes, making it difficult to isolate the impact of each aging process 493 

(Figure S6). This is because the larger number of the fresh 𝑛𝑠 datasets compared to aged 𝑛𝑠 and 494 

their strong variability caused by mineral compositions. To minimize this bias, we therefore 495 

focus on paired datasets of fresh and aged 𝑛𝑠  and develop parameterizations accordingly 496 

(Figure 6). 497 

 498 
Figure 6. 𝑛𝑠 of dust particles measured freshly (red) and after being subjected to different aging 499 
processes, including water aging (light blue), aqueous aging (dark blue), thermal treatment 500 
(orange), gas chemical reactions and coating (purple). The datasets obtained from dry-dispersed 501 
aerosol (open box) and wet-suspended particles (solid box) are shown separately. Only 𝑛𝑠 data 502 
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from selected studies is presented, including results obtained from feldspar, quartz, ATD and 503 
natural dust, in which both fresh and aged dust particles of the same type were measured (more 504 
details in Table S2). The parameterizations to predict 𝑛𝑠 of dust particles aged through different 505 
processes are of the form: 𝑙𝑜𝑔(𝑛𝑠) = 𝐴 × 𝑇 + 𝐵.  506 

 As shown in Figure 6, both aerosol (open box) and suspension (solid box) aging exert 507 

variable impacts on the INA of dust particles at -40 < 𝑇 < -2 ℃. The aerosol and suspension 𝑛𝑠 508 

across different aging processes vary by 1–2 and 1–4 orders of magnitude at -40 < 𝑇 < -20 ℃ 509 

and -26 < 𝑇 < -2 ℃, respectively. By fitting the median 𝑛𝑠 values at different temperatures, we 510 

find that aged particles (both aerosol and suspension) generally exhibit lower INA than fresh 511 

particles (red curves). This aligns with most studies (Table S2), which report reduced INA after 512 

various aging treatments. The only exceptions are montmorillonite (Salam et al., 2007) and K-513 

feldspar (Kumar et al., 2018), which showed increased INA after exposure to NH3 gas and NH4
+ 514 

solutions. The fitting curves in Figure 6 therefore represent the average INA of fresh and aged 515 

dust particles with mixed mineral compositions which is representative of atmospheric dust 516 

populations.  517 

 For suspension measurements, aging via chemical reactions and coating causes the 518 

most significant decrease in dust INA (purple curves), followed by thermal treatment (orange 519 

curves). Aqueous aging of dust particles in water (light blue curves) or salt/acid solutions (dark 520 

blue curves) also decreases INA of dust particles. The impacts from these two pathways are 521 

similar but weaker than those induced by chemical and thermal treatment. This trend is also 522 

supported by a case study of ATD, the only dust species for which INA has been reported under 523 

all aging treatments. Figure S7 explicitly shows the 𝑛𝑠  boxplots of fresh and aged ATD. 524 

Specifically, suspension measurements of ATD show the largest decrease in 𝑛𝑠  under gas 525 

chemical and coating aging, followed by thermal treatment. The impact of water and aqueous 526 

aging are similar but less significant compared to the other two aging processes. The results 527 

from ATD confirm that the general conclusion drawn from selective studies (Figure 6) is 528 

representative of the aging impact on individual dust species. Given the different magnitudes 529 

of aging effects, we developed separate 𝑛𝑠  parameterizations for dust particles subjected to 530 

distinct aging processes, as listed in Figure 6. However, to represent the INA of bulk fresh and 531 

aged particles, we would recommend using parameterizations listed in Figure 5, which better 532 

capture the average INA of dust particles with diverse compositions. We note that data for water 533 

and aqueous aging of dry-dispersed dust particles (aerosol) are very limited. This makes the 534 

evaluation of water and aqueous aging impact on dust particles from dry dispersion not feasible, 535 

https://doi.org/10.5194/egusphere-2025-6368
Preprint. Discussion started: 18 February 2026
c© Author(s) 2026. CC BY 4.0 License.



22 

 

we thereby encourage further studies on this aspect. Nevertheless, the finding that 536 

water/aqueous aging generally reduces dust INA, may help explain the discrepancy in 𝑛𝑠 537 

between dust particles generated by dry dispersion and wet suspension (section 3.2). Because 538 

dust particles in suspensions remain in contact with water for longer periods during sample 539 

preparation, they are expected to exhibit lower 𝑛𝑠 values relative to dry dispersed particles. We 540 

therefore emphasize that water should be considered a reactive medium in ice nucleation 541 

studies. In particular, the preparation and storage duration of dust suspensions may introduce 542 

uncertainties in quantifying the INA of dust particles and should be carefully controlled. It 543 

should also be noted that water aging only reduce dust 𝑛𝑠 by 2 orders of magnitude at -26 < 𝑇 544 

< -2 ℃, which is smaller than the 𝑛𝑠 discrepancy observed between aerosol and suspension 545 

measurements within the same temperature range (up to 6 orders of magnitude at -26< 𝑇 < -20 546 

℃). This suggests that water aging alone cannot fully explain the 𝑛𝑠 discrepancy caused by 547 

measurement method, the artificial coagulation effect (section 3.2) may be an important 548 

contributing factor. 549 

4 Conclusions  550 

In this study, we systematically revisited the INA of dust particles under mixed-phase 551 

cloud conditions using a comprehensive dataset compiled from previous laboratory 552 

measurements. We assessed the impact of mineral composition, measurement methods and 553 

various aging processes on the INA of dust particles, represented by 𝑛𝑠. Our results indicate 554 

that 𝑛𝑠 of dust particles exhibit substantial variability across the studied temperature range (-42 555 

<  𝑇  < -2 ℃), for example at 𝑇 =  -20 ℃, 𝑛𝑠  spans from 5.0×103 to 9.0×1010 m-2. Such 556 

significant variability can partly be attributed to the compositional diversity of dust particles. 557 

K-feldspar rich particles can trigger immersion freezing at the warmest temperature (≈ -2 ℃) 558 

compared to other dust species with the same surface area (equivalent to particle sizes of 107 559 

nm), including clay and quartz particles. Even within a single mineral group, 𝑛𝑠  varies 560 

significantly, for example, 𝑛𝑠 of K-feldspar is 1–6 orders of magnitude higher than that of non-561 

potassium-rich feldspar at -37 < 𝑇 < -4 ℃.  562 

Measurement methods exert a systematic influence on dust 𝑛𝑠. Dry-dispersed particles 563 

generally demonstrate higher 𝑛𝑠 than those produced from wet suspensions, with discrepancies 564 

of 1–6 orders of magnitude at -38 < 𝑇 < -18 ℃. This method-related difference likely arises 565 

from particle-water interactions occurring within droplets or suspensions, including particle 566 

coagulation and surface modification induced by water exposure. Compared with dry-dispersed 567 
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particles, suspension droplets with artificially high particle concentration undergo stronger 568 

particle coagulation, which reduces the effective surface area available for ice nucleation. In 569 

addition, particles experience longer water-contact time in suspension measurements, which 570 

may modify their surfaces and thereby reducing their INA.  The difference between aerosol and 571 

suspension methods has been systematically shown for illite NX before (Hiranuma et al., 2015), 572 

but here we extend this analysis to other dust species including ATD, quartz, kaolinite, feldspar 573 

montmorillonite and natural dust.  574 

By accounting for the variability in dust INA caused by mineral composition and 575 

measurement methods, we developed 𝑛𝑠 -based parameterizations to predict INP numbers 576 

contributed by dust. Two types of parameterizations were established: those based on 𝑛𝑠 of dust 577 

across mineral compositions, representing the average INA of dust particles; and those based 578 

on composition-specific 𝑛𝑠, reflecting the INA of dust with specific mineral compositions. All 579 

parameterizations are expressed in log-linear form: log(𝑛𝑠) = 𝐴 × 𝑇 + 𝐵, with separate fits for 580 

dry and wet measurements. Suspension-derived 𝑛𝑠  exhibits a two-regime temperature 581 

dependence, characterized by a steeper increase at 𝑇 < -18 ℃ and a weaker increase at -18 < 𝑇 < 582 

-2 ℃. We developed segmented parameterizations that explicitly represent these two 583 

temperature regimes, thereby improving the prediction of dust INPs under different temperature 584 

conditions. Moreover, we developed a parameterization based on the spherical equivalent 585 

particle size within a droplet (𝐷𝑒), by assuming the surface area available for ice nucleation in 586 

a droplet comes from a single INP. This 𝐷𝑒 based parameterization predicts immersion freezing 587 

temperature of dust particles in a log-linear form at -38 < 𝑇 < -3 ℃: 𝑇 = 𝐴 × log(𝐷𝑒) + 𝐵. 588 

Unlike the 𝑛𝑠  parameterizations, it does not require distinguishing between measurement 589 

methods and temperature regimes, allowing for representing droplet freezing over the entire 590 

MPC temperature range with a single expression. 591 

We also investigated the impact of atmospheric aging on dust INA. The aging processes 592 

studied include water and aqueous aging with salt or acid solutions, thermal treatment, and 593 

chemical aging through exposure to reactive gases or coating with inorganic or organic aerosol. 594 

Our results indicate that aging modifies dust INA in composition- and process- specific ways. 595 

While 𝑛𝑠 of most dust particles reduced after aging by 1−4 orders of magnitude at -40 < 𝑇 < -596 

2 ℃, K-feldspar and quartz exhibit limited sensitivity to aging treatments. Among aging 597 

treatments, chemical reactions with gas or coating with organic/inorganic compounds induce 598 

the strongest reduction in dust INA, followed by thermal treatments. Water and aqueous aging 599 
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produce a similar but smaller reduction in dust 𝑛𝑠 (2 orders of magnitude at -26 < 𝑇 < -2 ℃) 600 

compared to other treatments. This finding confirms that water can act as a reactive medium 601 

that alters the ice nucleation of dust particles. However, the reduction in 𝑛𝑠  caused by 602 

water/aqueous aging alone cannot account for the discrepancy in 𝑛𝑠  observed for different 603 

measurement methods (up to 6 orders of magnitude at -26 < 𝑇 < -20 ℃), indicating that the 604 

artificial coagulation effect has a greater effect on the determined dust INA. Based on these 605 

results, we developed aging process-specific 𝑛𝑠 parameterizations to represent the INA of aged 606 

particles.   607 

5 Atmospheric implications 608 

All 𝑛𝑠 -based parameterizations can be applied to estimate the contribution of dust 609 

aerosol to INP concentrations and primary ice formation in different atmospheric scenarios, if 610 

the corresponding surface area of dust particles is known. The parameterizations that represent 611 

the average freezing ability of dust particles are appropriate for atmospheres with 612 

compositionally diverse dust or for global-average applications. The composition-specific 613 

parameterizations are tailored to conditions where the INP population is largely governed by a 614 

single mineral type, making them more suitable for regional or local applications.  615 

Wet-suspended dust particles generally exhibit lower INA (𝑛𝑠 ) than dry-dispersed 616 

aerosol, due to water-mediated processes. Therefore, 𝑛𝑠 parameterizations derived from dry-617 

dispersed aerosol are most representative of freshly emitted, dry dust near source regions, while 618 

those derived from suspension measurements are more relevant to particles that have undergone 619 

water-induced changes like being transported in cloudy conditions where the particles are 620 

subjected to CCN activated trajectories. However, suspension 𝑛𝑠  measurements at warmer 621 

temperature often use unrealistically high particle concentrations, which can promote artificial 622 

particle coagulation and artificially reduce the measured dust INA. Consequently, applying 623 

aerosol and suspension 𝑛𝑠 -based parameterizations to atmospheric conditions requires 624 

additional information on water-particle interactions (e.g., particle concentration, solutes and 625 

interaction time) and further physicochemical characterizations of dust particles. 𝐷𝑒 -based 626 

parameterizations overcome these limitations by linking immersion freezing temperatures of 627 

dust particles directly to particle size even when details of particle-water interactions are 628 

unknown. This approach is independent of measurement methods and allows prediction of dust 629 

freezing without the need to consider complex water or aging trajectories in models. In addition, 630 

𝑛𝑠 is derived by assuming that the distribution and properties of active sites do not change with 631 
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particle size. This assumption introduces uncertainties in dust INA, because atmospheric dust 632 

tends to be polydisperse and exhibits size-dependent variations in mineral composition and 633 

surface structure that may alter its freezing activity. In contrast, 𝐷𝑒-based parameterizations 634 

account for size-dependent variations in droplet freezing behavior by assigning freezing 635 

temperatures of droplets according to particle size. In suspension measurements, the reduced 636 

dust INA due to water aging also highlights the importance of controlling the particle-water 637 

contact during the preparation, storage, and measurement of dust suspensions. Atmospherically 638 

relevant particle concentrations should be used in suspension experiments to avoid artificial 639 

coagulation that alter dust INA. 640 

Similar to water aging, chemical reactions and thermal processes also reduce dust INA, 641 

though to different extents. The aging process-specific 𝑛𝑠  parameterizations developed here 642 

therefore provide a more realistic representation of INA for aged dust particles. When applying 643 

these parameterizations in climate models, it is important to consider the atmospheric history 644 

of dust plumes. For example, dust transported through regions with severe air pollution is better 645 

represented by parameterizations for chemically aged particles, whereas dust plumes that 646 

remain over oceans for extended periods may be better represented by parameterizations for 647 

water- or aqueous- aged particles. 648 

 Overall, this study provides physically grounded parameterizations for representing 649 

dust INA under MPC conditions. Nevertheless, several limitations remain and further studies 650 

are warranted. INP data for dry-dispersed dust aerosol of different compositions, such as clay 651 

and quartz particles are still limited, introducing uncertainties in developing composition-652 

specific and aerosol-derived 𝑛𝑠  parameterizations. The aging process-specific 653 

parameterizations developed here are based solely on suspension measurements, as 654 

comparative experiments on fresh and aqueous-aged of dry-dispersed dust particles are scarce. 655 

In addition, these aging parameterizations do not account for the time scale of aging. Future 656 

studies should systematically investigate time-dependent aging to improve INP predictions 657 

across different stages of dust plume evolution. To further evaluate the developed 658 

parameterizations, INP concentrations predicted by 𝑛𝑠-based and 𝐷𝑒-based parameterizations 659 

should be inter-compared, to those from existing INP parameterizations, and to field 660 

observations influenced by dust emissions. This will be addressed in a separate study. These 661 

comparisons will aid in quantifying the differences in estimated ice production when different 662 

parameterizations are applied, and evaluate biases compared to observed atmospheric INP 663 
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concentrations. For implementation of aging-specific parameterizations in climate models, it is 664 

important to distinguish and represent fresh and aged dust particles subjected to different aging 665 

processes within the aerosol emission schemes, and to integrate this information with the 666 

developed parameterizations to better estimate primary ice formation induced by dust under 667 

diverse atmospheric scenarios. 668 
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