
Supplement of Atmos. Chem. Phys., 24, 7421–7446, 2024
https://doi.org/10.5194/acp-24-7421-2024-supplement
© Author(s) 2024. CC BY 4.0 License.

Supplement of

Modeling impacts of dust mineralogy on fast climate response
Qianqian Song et al.

Correspondence to: Qianqian Song (qs7080@princeton.edu)

The copyright of individual parts of the supplement might differ from the article licence.



 1 

S1. Optical Properties of clay minerals 
Three clay minerals are considered in this study: illite, kaolinite, and smectite. These three clay 
minerals have a similar layered structure and have the same role in carrying iron oxides to remote 
regions through internally mixing with iron oxides. The similarities among the three clay minerals 
lead us to consider treating them as a single mineral when calculating their optical properties in 
their interaction with radiation. In the calculations of optical properties for the GFDL AM4.0 
model, they are considered as an external mixture when treated as three separate minerals, and as 
an internal mixture when treated as a single mineral. Therefore, this section aims to investigate the 
similarities in the optical properties between their internal and external mixtures. 

 
Figure S1. Histogram of mass fraction of (a) illite, (b) kaolinite and (c) smectite with respect to total clay minerals 
(i.e., the sum of the three minerals) for five size bins respectively. The mass fraction data is modeled all over the 
world for 19 years (2001-2019). The legend indicates the peak mass fraction for each size bin. 

The mixing ratio of the three clay minerals is required for calculating the optical properties of their 
internal and external mixtures. Figure S1 displays the histogram of mass fraction (%𝑤) of illite, 
kaolinite, and smectite with respect to the total clay minerals based on 19 years of AM4.0 
simulations. It suggests that in the atmosphere, illite, kaolinite and smectite generally account for 
40%, 30% and 30% of the total clay minerals in terms of mass, respectively. Therefore, we assume 
the mass (or volume) fraction of illite, kaolinite and smectite in their mixtures is 40%,30% and 
30%. The optical properties of their internal mixtures are calculated by using three mixing rules: 
VOL-mixing, MG-mixing, and BG-mixing.  
Figure S2 shows the optical properties of the three clay minerals and their internal and external 
mixtures. The optical properties of the three individual clay minerals are similar in mass extinction 
coefficient (e) and asymmetry parameter (𝑔), but distinct in SSA. In the visible spectrum, kaolinite 
exhibits the most scattering clay mineral, smectite shows the most absorption, while illite falls in 
the middle. Regarding their internal mixtures of the clay minerals with mass fraction of 40% illite, 
30% kaolinite and 30% smectite (referred to as clay433 hereafter), the three mixing rules lead to 
almost identical optical properties. Most importantly, the optical properties of their internal 
mixtures and external mixtures are very similar. Therefore, the results suggest that we could use a 
single mineral species (i.e., clay433) to represent all three clay minerals in their interaction with 
radiation to reduce computational cost. 
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Figure S2. Mass extinction coefficient (e), single scattering albedo (SSA), and asymmetry parameter (𝑔) for 
three clay minerals (i.e., illite, kaolinite, and smectite), their internal mixtures (i.e., VOL-mixing, MG-mixing, 
and BM-mixing), and their external mixtures (i.e., Ext-mixing). The mass (or volume) fraction of illite, kaolinite 
and smectite in their mixtures is assumed to be 40%,30% and 30%, respectively. The vertical blue and red dashed 
lines highlight wavelength at 550nm and 10µm. 
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S2. Dust Properties 
Table S1. Annual mean (2001-2019) dust emission, atmospheric load, and deposition global budgets (Tg). 
Lifetime (days). GA-2023 is the results from Gonçalves Ageitos et al., 2023 based on C1999 soil map. Clay: 
illite, kaolinite, and smectite. 

 C1999 quartz calcite feldspar gypsum hematite clay 
Emission 
(Tg/yr) 

VOL 1173.5 189.3 446.8 45.7 48.6 1249.7 
MG 1144.9 184.6 439.2 44.7 47.4 1221.7 
BM 1147.9 185.7 437.7 44.8 47.6 1223.5 

GA-2023 1359.6 181.8 451.9 47.2 56 1386.0 
        

Load 
(Tg) 

VOL 6.9 1.2 2.7 0.3 0.3 10.2 
MG 6.7 1.2 2.7 0.3 0.3 10.0 
BM 6.7 1.2 2.6 0.3 0.3 9.9 

GA-2023 9.8 1.3 3.3 0.4 0.5 13.2 
        

Dry deposition 
(Tg/yr) 

VOL 905.6 141.5 344.5 33.1 35.3 859.8 
MG 886.4 138.5 339.5 32.5 34.6 843.8 
BM 887.5 138.9 338.1 32.4 34.7 843.9 

GA-2023 820.1 109.1 273.3 27.1 31.4 760.4 
        

Wet deposition 
(Tg/yr) 

VOL 267.6 47.7 102.2 12.6 12.8 389.7 
MG 258.2 46.0 99.6 12.2 12.8 377.5 
BM 260.2 46.8 99.5 12.3 12.8 379.3 

GA-2023 511.2 68.5 169.5 18.9 23.2 582.2 
  

Total deposition 
(Tg/yr) 

VOL 1173.3 189.2 446.7 45.6 48.1 1249.5 
MG 1144.6 184.5 439.1 44.7 47.3 1221.3 
BM 1147.8 185.7 437.7 44.8 47.5 1223.2 

GA-2023 1331.3 177.6 442.9 46.0 54.6 1342.5 
  

Lifetime 
(days) 

VOL 2.1 2.4 2.2 2.6 2.5 3.0 
MG 2.1 2.4 2.2 2.6 2.5 3.0 
BM 2.1 2.4 2.2 2.6 2.5 3.0 

GA-2023 2.7 2.7 2.8 3.0 3.2 3.6 
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Figure S3. The dust load fraction in each size bin is analyzed for two homogeneous dust 
experiments (e.g., HD27 and HD09) and a mineral-resolved experiment (e.g., BM). These 
fractions are calculated based on the 19-year (2001-2019) global dust load. The size diameter 
range for each size bin is  0.2 - 2 𝜇𝑚 for bin1, 2 - 3.6 𝜇𝑚 for bin2, 3.6 - 6 𝜇𝑚 for bin3, 6 - 12 𝜇𝑚 
for bin4, 12 - 20 𝜇𝑚 for bin5.  

 

S3. Evaluation Metrics 
The evaluation of modeled dust SSA against observation-based results utilizes two evaluation 
metrics: the normalized mean bias (𝑛𝑀𝐵) and normalized root mean square error (𝑛𝑅𝑀𝑆𝐸). 
 
𝑛𝑀𝐵 =	∑ (#!$%!)!

∑ %!!
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𝑛𝑅𝑀𝑆𝐸 = 	
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Where, 𝑀( represents the modelled value at the observation location and time, 𝑂( represents the 
corresponding observed value, and 𝑁 the number of observations considered.  

S4. The Sensitivity of Dust SSA to Dust Size 
In Figure 5 (a) in the main text, the two homogeneous dust experiments (i.e., HD27 and HD09) 
show different regional variabilities, which is indicated by their standard deviation (s).  The more 
absorptive HD27 dust (𝜎 = 0.006) shows higher regional variability than the less absorptive 
HD09 dust (𝜎 = 0.004).  Both the HD27 and HD09 experiments consider dust composition to be 
uniform without spatial and temporal variations, while HD27 contains more hematite than HD09 
as described in Table 2 in the main text. Therefore, the regional variation of SSA in both 
experiments is solely attributed to the regional difference in dust size. 



 5 

Here, we conducted a simple test to investigate the impact of dust size on dust SSA for the two 
homogeneous dust RIs, namely HD27 and HD09. We utilized five dust particle size distributions 
(PSDs) that represented a range from fine to coarse dust. Specifically, the 𝑖)*  PSD has mass 
fraction of 0.6 in the 𝑖)*  size bin, while the rest size bins have a mass fraction of 0.1, as illustrated 
in Figure S4a. The 1st PSD is the finest and the 5th PSD is the coarsest PSD in the test. 
The dust SSA in Figure S4b is calculated using the five PSDs for both HD27 and HD09 dust RIs. 
For a given dust RI, coarser dust is more absorptive than finer dust (Figure S4b). This observation 
aligns with well-established findings supported by previous studies (Ryder et al., 2018). HD27 
dust is always more absorptive than HD09 dust for the same PSD due to its higher iron oxide 
content. Importantly, the results highlight that the SSA span for HD27 dust (0.064) induced by the 
PSD is larger than that for HD09 dust (0.041). This suggests that the variation in SSA due to the 
dust particle size is more pronounced for more absorptive HD27 dust compared to HD09 dust. 
This finding is supported by Figure S5, where we eliminate the effect from dust RI on SSA by 
grouping our experiments into two categories: homogeneous dust (HD27 and HD09) and mineral-
resolved dust (VOL, MG, and BM). By doing this, within each group, the SSA spatial variation is 
solely attributed to the spatial variation of dust size. It is evident that more absorptive dust (i.e., 
lower mSSA) exhibits higher SSA variation (i.e., higher s) when the effect from dust RI on SSA 
is eliminated. 
  

 
Figure S4. (a) illustrates five dust particle size distributions (PSDs) representing a range from fine to coarse 
dust. (b) displays dust SSA on the y-axis for two different dust RIs, HD27 (triangles) and HD09 (stars), 
indicated on the x-axis. The five colors represent the five PSDs, as shown in (a).  
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Figure S5. The standard deviation (s) of SSA versus the mean SSA (mSSA) at AERONET sites shown in Figure 
5 in the main text. The orange line is for homogeneous dust HD27 and HD09. The green line is for mineral-
resolved dust VOL, MG, and BM. The purple star represents AERONET retrievals. 

 

S5. Impacts of resolving dust mineralogy on clear-sky radiative fluxes on global 
scale 

Figure S6-S13 show the clear-sky radiative flux anomalies at TOA and surface (SFC) induced by 
resolving dust mineralogy over the global scale (60°S-60°N, polar regions are not included).  We 
calculate the domain averaged anomalies for the North Africa and Asia regions, which cover the 
most of the Dust Belt region (Prospero et al., 2002). We consider two seasons: JJA, when the 
Sahara dust sources are the most active, and MAM, when the Asian dust sources are the most 
active.  
Figure S6, S8, S10 and S12 display the clear-sky radiative flux anomalies induced by resolving 
dust mineralogy relative to HD27 control run. The 1st row of the figures shows the clear-sky flux 
from HD27 control run, the 2nd row of the figures shows the flux anomalies. The domain averaged 
flux for the 1st row and flux anomalies for the 2nd row of two regions: the Sahara and Sahel, are 
shown in parentheses within the title of each figure. We found that, generally there are more 
statistically significant anomalies (i.e., dotted area) over the North Africa than Asia, and the 
absolute values of anomalies is generally greater over the North Africa than Asia. Therefore, our 
study focuses on the North Africa and JJA to investigate the impacts of resolving dust mineralogy 
on clear-sky radiative fluxes. 
Figure S7, S9, S11 and S13 display the clear-sky radiative flux anomalies induced by resolving 
dust mineralogy relative to HD09 control run. Compared to HD27, we see much less significant 
anomalies for HD09 in both JJA and MAM over the global scale. This suggests that, in the case 
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of GFDL AM4.0 model, resolving dust mineralogy induce a weak impact on clear-sky fluxes at 
TOA and SFC relative to HD09. Caution should be taken before generalizing, as specific 
uncertainties of our model, such as a continuous source function blurring spatial heterogeneity 
between sources, large uncertainty in soil texture and mineralogy, and numerical diffusion, may 
not exist in other models. 
S5.1. Clear-sky radiative fluxes anomalies at TOA 
 

 
Figure S6. HD27-MAM-TOA: 19-year (2001-2019) March-April-May (MAM) clear-sky radiative fluxes at 
TOA for the HD27 control run and their anomalies resulting from resolving mineral composition, based upon 
the Bruggeman mixing rule. The dotted area denotes anomalies that are statistically significant. The two values 
in parentheses within the title of each figure are domain averaged values for the North Africa and the Asia region. 

 
Figure S7. HD09-MAM-TOA: The same as Figure S6, but with respect to HD09 control run. 
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Figure S8.  HD27-JJA-TOA: The same as Figure S6, but for June-July-August (JJA) 

 
Figure S9. HD09-JJA-TOA: The same as Figure S8, but with respect to HD09. 
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S5.2. Clear-sky radiative fluxes anomalies at Surface (SFC) 

 
Figure S10. HD27-MAM-SFC: 19-year (2001-2019) March-April-May (MAM) clear-sky radiative fluxes at 
SFC for the HD27 control run and their anomalies resulting from resolving mineral composition, based upon the 
Bruggeman mixing rule. The dotted area denotes anomalies that are statistically significant. The two values in 
the parenthesis are domain averaged values for the North Africa and the Asia region. 

 
Figure S11. HD09-MAM-SFC: The same as Figure S10, but with respect to HD09. 
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Figure S12. HD27-JJA-SFC: the same as Figure S10, but for JJA. 

 
Figure S13. HD09-JJA-SFC: the same as Figure S12, but with respect to HD09. 
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S6. Potential in reducing mineral tracers 

 
Figure S14. Seasonal mean JJA climatology (2001-2019) clear-sky SW (1st row), LW (2nd row) and Net (3rd row) 
radiative flux at TOA for the reference experiment BM (1st column) and their anomalies resulting from reducing 
mineral tracers in BM-LC (2nd column), BM-LCRH (3rd column) and BM-LCRHRG (4th column). Downward 
flux is defined as positive. The dotted area denotes anomalies that are statistically significant. The two values in 
parentheses within the title of each figure are domain average for the Sahara and Sahel regions.  

 

 

Figure S15. As in Figure S14, but for the surface. 
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Figure S16. Temperature anomaly induced by reducing mineral tracers in BM for Sahara (1st row) and Sahel (2nd 
row) regions relative to the BM experiment. Similar to Figure 10 in the main text, circles represent statistically 
significant temperature anomaly (p-value < 0.05). No circles in the figure indicates no statistically significant 
anomaly induced by reducing mineral tracers. 
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Figure S17. Surface wind at 10m from the reference experiment BM (a) and their anomalies (b), (c) and (d) 
resulting from reducing mineral tracers in BM-LC, BM-LCRH, and BM-LCRHRG experiment. Statistically 
significant wind anomalies are highlighted by red arrows.  

 
 

 
Figure S18. 19-year JJA mean precipitation from the reference experiment BM (a) and their anomalies (b), (c) 
and (d) resulting from reducing mineral tracers in BM-LC, BM-LCRH, and BM-LCRHRG experiment. The 
three values in parentheses within the title of each figure is domain averaged values for the Sahara, Sahel, and 
GC regions. The dotted area denotes anomalies that are statistically significant. Note, for anomalies (b, c, and 
d), we only average the dotted area, in other words, we only calculate the domain average of statistically 
significant anomalies. 
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