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We appreciate Referee #2’s comments and suggestions to help improve the manuscript. 

Every comment is addressed, and the detailed responses and related changes are shown 

below. Our response is in blue and the modifications in the manuscript are in red. 

 

General comments: 

The paper titled “High Enrichment of Heavy Metals in Fine Particulate Matter through 

Dust Aerosol Generation” by Gao et al. examined the enrichment of heavy metals in 

the laboratory-generated dust aerosols, which generated from soil samples that 

collected from dust source regions and typical cities. Then, by using a regional air 

quality model, the authors modeled the contribution of dust aerosol to atmospheric 

heavy metal loadings, based on dust aerosol profiles determined in present study as well 

as the SPECIATE profile from the US EPA’s SPECIATE database, the comparison 

analysis suggested that usually using the SPECIATE profile in regional air quality 

models could not capture the correct size-dependent selectivity of heavy metals in dust 

aerosols, and would have significant errors in calculating contribution of fine dust 

aerosols to atmospheric heavy metals, as well as their cancer risks. The manuscript was 

well written and presented clearly. Therefore, I recommend the publication of Gao et 

al. work after some issues were properly revised and improved. 

 

Response: We thank Referee 2 for the valuable comments and suggestions. Below are 

the responses to each specific comment and question. 

 

Specific and technical comments: 



1. Soil sample collection, it is not clear why the authors collected soil sample in 

Shanghai as it was not the dust source region. In addition, it is better to provide 

information on the dust events occurred in Shanghai and which dust source region 

influence Shanghai city most. Then, the motivation on the selection of soil sample 

would be more clear. 

Response:  

In this study, a total of 14 soil samples were analyzed, with 13 samples 

collected from dust source areas, such as S1-S13. The soil sample collected in 

Shanghai is considered as a local reference for comparison. During dry weather 

conditions, wind can also suspend dust aerosols from the soil surface in the 

Shanghai region, making it a significant local source of dust aerosols (Liu et al., 

2016; Liu et al., 2020). 

The north of China has been divided into four major dust storm source regions 

by the Chinese Ministry of Environmental Protection. These regions include the 

Gansu Hexi Corridor and Inner Mongolia's Alxa League, the surrounding areas of 

Taka Laka Mangal Desert in Xinjiang, the adjacent areas of Yin Shan North Slope 

and Hun Shan Dake Desert in Inner Mongolia, and the areas along the Great Wall 

of China near the boundaries of Mongolia and Ningxia. During the prevailing dust 

storm periods (March to May) in the East Asian region, there are significant 

increases in the concentrations of dust aerosols.  

Dust events in Shanghai are primarily influenced by dust sources from the 

western Inner Mongolia Gobi, deserts in the Tibetan Plateau, and arid deserts in 

northwest China (Fu et al., 2010; Fu et al., 2014; Sun et al., 2017). 

   Changes in Manuscript: 

“Although the soil (S14) collected in Shanghai does not originate from a dust 

source region, it can still produce dust aerosols in some cases. For example, under 

dry weather conditions, the soil surface in the Shanghai area could serve as a 

significant local contributor to the generation of dust aerosols (Liu et al., 2016; Liu 

et al., 2020). During the prevailing dust storm periods from March to May, 

Shanghai is primarily influenced by dust originating from the western Inner 



Mongolia Gobi, deserts in the Tibetan Plateau, and arid deserts in northwest China 

(Fu et al., 2010; Fu et al., 2014; Sun et al., 2017).” 

 

2. Line 208-210, what about the regions that between the dust sources? 

Response:  

In the manuscript, we have included the statement, "…outside these four 

regions were estimated using Inverse Distance Weight (IDW) spatial interpolation 

methods." Specifically, we utilized the Inverse Distance Weight (IDW) spatial 

interpolation methods to derive the emission factors (which refer to the amount of 

heavy metal emitted per kilogram of dust) for areas outside the four regions. This 

approach relied on the experimental dataset of emission factors within these four 

regions and is a commonly used method for estimating the spatial distribution of 

atmospheric pollutant variables (Zhang and Tripathi, 2018). The details of the IDW 

method could be found in the revised SI. Subsequently, we generated a map of 

emission factors for the four major dust regions and other regions in China. 

Furthermore, we employed the dataset of emission factors in the CMAQ model to 

simulate the spatial distributions of heavy metals originating from the dust sources 

both inside and outside the four major dust regions.  

Changes in Manuscript: 

“It is worth noting that the emission factors for areas outside these four regions 

were estimated using Inverse Distance Weight (IDW) spatial interpolation methods. 

These methods were based on the dataset of emission factors within these four 

regions, which represent the amount of heavy metal emitted per kilogram of dust 

(Zhang and Tripathi, 2018).” 

 

Texture S2. Inverse Distance Weight (IDW) 

IDW is a point based interpolation method (Harman et al., 2016). The value at 

point (N0) is calculated through the following formula. 

 𝑁𝑁0 =  ∑ 𝑁𝑁𝑖𝑖 ∙ 𝑃𝑃𝑖𝑖𝑛𝑛
𝑖𝑖=1
∑ 𝑃𝑃𝑖𝑖𝑖𝑖𝑛𝑛
𝑖𝑖=1

                                                                          (1) 



Where n represents the number of measurement points. Ni represents the value 

at point i. Pi is the weight of the value at i position. The weight Pi can be calculated 

with Eq. (2) below as a function of the distance between the reference point and the 

interpolation point following from the idea that the effect of the closer points is 

higher than distance ones (Macedonio and Pareschi, 1991). 

 𝑝𝑝𝑖𝑖 =  1
𝑑𝑑𝑖𝑖
𝑘𝑘        𝑖𝑖 = 1, 2, …𝑛𝑛                          (2) 

Where di is the horizontal distance between the interpolation point at (x0, y0) 

and the reference points at (xi, yi) and is calculated by Eq. (3). k is the power of the 

distance. 

 𝑑𝑑𝑖𝑖 =  �(𝑥𝑥𝑖𝑖 − 𝑥𝑥0)2 + (𝑦𝑦𝑖𝑖 − 𝑦𝑦0)2                    (3)  

 

3.  Line 259-260, the EFs value of 5 for Cd along has no meaning, could you 

provide some information on EFs from other studies and relate discussions here? 

Response:  

We have conducted a thorough review of relevant literature and included this 

discussion in the revised manuscript. No other literature has reported the enrichment 

of Cd or other heavy metals in dust aerosols. However, there is one study showing 

the enrichment of water-soluble ions during dust aerosol production from soil (Wu 

et al., 2022). It reports that the EFs of Ca2+ ranged from approximately 5.6 to 223.1, 

and the EF values of Mg2+ were between approximately 2.1 and 90.3 for dust-PM2.5 

from Sandy soils in the Taklamakan Desert. In this study, it is found that the EF of 

Cd and other metals falls within the range of EF for these water-soluble ions, 

consistent with the value reported by Wu et al., (2022).  

Changes in Manuscript: 

“No other literature has reported the enrichment of Cd or other heavy metals in 

dust aerosols. However, there is one study showing the enrichment of water-soluble 

ions during dust aerosol production from soil (Wu et al., 2022). It reports that the EFs 

of Ca2+ ranged from approximately 5.6 to 223.1, and the EF values of Mg2+ were 

between approximately 2.1 and 90.3 for dust-PM2.5 from Sandy soils in the Taklamakan 



Desert. In this study, it is found that the EF of Cd and other metals falls within the range 

of EF for these water-soluble ions, consistent with the value reported by Wu et al., 

(2022).” 

 

1. Line 275-276, as six kinds of soil types (silty loam; sand; sandy loam; loam; loam 

sand; silty clay loam.) had been collected, I suggested the comparison analysis 

among different soil types or soil texture on heavy metals and their EFs needed to 

be conducted. 

Response:  

To examine the relationship between soil texture and their corresponding 

enrichment factors (EFs), we conducted a one-way Analysis of Variance (ANOVA) 

test using SPSS. ANOVA is a statistical method used to determine if there are any 

significant differences between the means of two or more groups. The p-value in 

ANOVA represents the probability of obtaining the observed differences in means 

(or more extreme differences) by random chance alone, assuming that there is no 

true difference between the groups. If the p-value is less than a predetermined 

significance level (commonly 0.05), it indicates that there are significant differences 

between the means of the groups being compared. 

In our study, we first compared the differences in EFs within the same soil 

texture. Specifically, for sandy soil, we found variations in the enrichment factors 

of heavy metal for dust-PM2.5 (p-value=0.004<0.05) and dust-PM10 (p-

value=0<0.05). These results indicate that there are significant differences in the 

EFs of heavy metals within the sandy soil group. 

Furthermore, we compared the EFs among six different soil types. The 

ANOVA results indicated significant differences in the EFs of dust-PM2.5 (p-

value=0<0.05) and dust-PM10 (p-value=0<0.05) among these soil types. The 

differences observed among the six different soil types were greater than those 

observed among the six sandy soils for dust-PM2.5, suggesting a potential role of 

soil type in affecting EFs, which would require further study to elucidate. 

 



Changes in Manuscript: 

“When examining the impact of soil texture on dust aerosol enrichment, first, 

notable variations were observed in the EF values from one soil texture, such as sandy 

soils, specifically S2, S4, S7, S10, S11, and S12. To assess the significance of these 

variations, a one-way Analysis of Variance (ANOVA) was conducted using SPSS. In 

ANOVA, the p-value represents the probability of obtaining the observed differences 

in means (or more extreme differences) by random chance alone, assuming no true 

difference between the groups. A p-value below a predetermined significance level 

(commonly 0.05) indicates significant differences between the means of the 

compared groups. Specifically, for sandy soil, analysis results reveal significant 

variations between these six soils in terms of the EF values for both dust-PM2.5 (p-

value=0.004<0.05) and dust-PM10 (p-value=0<0.05) (Table S5 and S6). These results 

indicate that there are significant differences in the EFs of heavy metals within the 

sandy soil group. Then, the variation between soil types was analyzed. For the six 

different types of soil samples, the results of ANOVA showed significant differences 

in the EFs of dust-PM2.5 (p-value=0<0.05) and dust-PM10 (p-value =0<0.05) among 

these soil types (Table S7 and S8). The differences among the six soils from different 

soil types were greater than those observed among the different soils in the same soil 

type, indicating a potential role of soil type in affecting EFs, which would require 

further study to elucidate. Detailed information was found in SI of Texture S3 and 

Table S5-S10.” 

 

Text S3. A one-way Analysis of Variance (ANOVA) analysis  

To examine the relationship between soil texture and their corresponding 

enrichment factors (EFs), a one-way Analysis of Variance (ANOVA) test was 

conducted using SPSS. When comparing the differences among the six types of sandy 

soils (S2, S4, S7, S10, S11, and S12), enter the average EF values (dust-PM2.5 and dust-

PM10) for the six types of sandy soils in the software, and then select one-way ANOVA 

with a confidence level of 0.05. 

To compare the differences in enrichment factors among different soil types, 



considering that the number of soil samples for each type was not equal, calculate the 

average enrichment factor for each type using two or more soil samples of the same 

type. Then, input the average enrichment factors (dust-PM2.5 and dust-PM10) for each 

type of soil (silty loam, sand, sandy loam, loam, loam sand, and silty clay loam) into 

the software and perform the aforementioned operations. The data and specific results 

can be found in Table S5-S8. 

 

Table S5. A one-way Analysis of Variance (ANOVA) analysis was conducted for dust-

PM2.5 among sandy soils (S2, S4, S7, S10, S11, and S12).  

 

Origin of disparities SS df MS F P-value F crit 
Between the group 15.62294 5 3.124589 3.79773 0.004393 2.353809 
Within the group 54.30161 66 0.822752    
       

Total 69.92456 71         

 

Table S6. A one-way Analysis of Variance (ANOVA) analysis was conducted in dust-

PM10 among sandy soils (S2, S4, S7, S10, S11, and S12). 

 

Origin of disparities SS df MS F P-value F crit 
Between the group 14.74211 5 2.948422 31.17927 3.79E-16 2.353809 
Within the group 6.241193 66 0.094564    
       

Total 20.9833 71         
 
Table S7. A one-way Analysis of Variance (ANOVA) analysis was conducted in dust-

PM2.5 among six different soil types (silty loam; sand; sandy loam; loam; loam sand 

and silty clay loam). 

 

Origin of disparities SS df MS F P-value F crit 
Between the group 78.82538 5 15.76508 15.56416 4.28E-10 2.353809 
Within the group 66.852 66 1.012909    
       

Total 145.6774 71         

 



Table S8. A one-way Analysis of Variance (ANOVA) analysis was conducted in dust-

PM10 among six different soil types (silty loam; sand; sandy loam; loam; loam sand and 

silty clay loam). 

Origin of disparities SS df MS F P-value F crit 
Between the group 6.130101 5 1.22602 19.79507 5.35E-12 2.353809 
Within the group 4.087752 66 0.061936    
       

Total 10.21785 71         

 

2. Line 282-283, I note that only one soil sample (S10) was chosen to explore its 

particle size distribution and associated EFs. Did the authors also investigate the 

other soil samples? And why? 

Response:  

We focused our investigation solely on the S10 soil sample to examine its 

particle size distribution and associated EFs. Here are the reasons: 

First, S10 is sampled from the western Inner Mongolia Gobi, which serves as 

a representative dust source area that impacts the Shanghai region during dust storm 

events. Thus, S10 can serve as a representative soil sample for our study. 

Second, the MOUDI experiment is a very labor-intensive process that requires 

at least three replicates, each involving seven PVC filters capturing particles with 

different size ranges. One set of experiments would produce at least 21 filters that 

need to be analyzed with the offline techniques. Conducting MOUDI experiments 

with multiple soils would require significantly more effort and cost. 

Therefore, here we only used the S10 soil sample for the MOUDI experiment. 

 

3. Line 285-290, the discussion on the dust particle size distribution is limited. More 

information on the heavy metals presented in Fig,2 should be provided. I note that 

the EFs of some heavy metals increased with decreased particle size, some showed 

no changes and one heavy metal (Ti) showed reverse variations. These interesting 

results should be provided.   

Response:  



We have some additional discussion regarding the correlation between dust 

particle size distribution and EFs for various heavy metals, including V, Cr, Co, Mn, 

Ni, Cu, Zn, As, and Ba. It was observed that the EFs of these metals increase as the 

particle size decreases. However, the EFs for Cd do not show any significant 

variation with particle size. Interestingly, the EFs of Ti exhibit an opposite trend, 

increasing as the particle size increases. We added some more discussion on these 

findings below. 

 
Changes in Manuscript: 

“V, Cr, Co, Mn, Ni, Cu, Zn, As, and Ba show consistent trends, with EFs 

increasing as the particle size decreases. In detail, V (ranging from ~1.1 to ~18.9), Cr 

(ranging from ~1.5 to ~23.7), Co (ranging from ~1.7 to ~93.7), Mn (ranging from 

~2.3 to ~7.4), Ni (ranging from ~1.6 to ~29.7), Cu (ranging from ~3.3 to ~54.3), Zn 

(ranging from ~2.3 to ~19.0), As (ranging from ~1.8 to ~112.3), and Ba (ranging from 

~1.4 to ~7.0), as the particle size decreases from 10 μm to 0.56 μm.  

In contrast, Cd's EFs remain relatively unchanged with varying particle sizes. 

On the other hand, Ti exhibits an opposite trend, with EF values decreasing as the 

particle size decreasing, and the reason for this difference requires further study.” 

 

4. Line 315-323, for the modelled heavy metals concentrations, it is between to 

include the comparison discussion with the field observation results as plenty of 

particle chemical composition data in dust source regions and megacities had been 

published. Then, the author could evaluate the errors of using SPECIATE profile 

and the improvement in dust profiles conducted in present study. 

Response:  

We have thoroughly considered the comparison between our findings and field 

observations, as well as the evaluation of errors for specific elements in both dust 

source regions and megacities. However, it is important to note that our model 

represents the annual average data for the year 2013. Despite the existence of field 

studies conducted in the same year (Wang et al., 2021; Shi et al., 2018), they provide 



additional insights. 

In Wang et al.'s study, atmospheric heavy metal pollution in different regions 

of China over the past 30 years were analyzed and summarized. The analysis 

focused on the regional pollution characteristics of seven heavy metal elements, 

including As, Zn, Cr, Pb, Cd, Mn, and Ni in PM2.5. The study revealed that regions 

with high levels of heavy metals in PM2.5 were mainly concentrated in economically 

developed areas such as North China, East China, and South China. For example, 

in Baoding, a city in the North China region, the concentration of Pb was found to 

be 192.30 ng/m3 in 2013, possibly attributed to metal smelting. 

In Shi et al.'s research, PM2.5 samples were collected in April and October 2013 

in Kunming city. The study investigated Cr, Mn, Pb, Ni, Cu, Zn, As, and Cd. The 

results indicated that the mass concentrations of Mn, Pb, Ni, Cu, Zn, As, and Cd in 

PM2.5 were higher in the industrial area monitoring site compared to the traffic-

intensive area and the clean control site. Additionally, heavy metal concentrations 

were generally higher in winter and spring compared to summer and autumn. 

Principal component analysis suggested that the main sources of heavy metals in 

PM2.5 in the urban area of Kunming were metallurgical industries (49.43%), a 

mixture of dust from the ground and road traffic (18.73%), and coal combustion 

(12.61%). 

As mentioned above, while these studies provide valuable insights, we were 

unable to obtain annual average data for a direct comparison with our model results. 

 
Changes in Manuscript: 

“Uncertainties associated with the use of SPECIATE have also been identified 

in previous studies (Ho et al., 2003; Xia et al., 2017). Specifically, the dust PM2.5 

source profiles obtained from local studies indicated that SPECIATE overestimated 

the contributions of atmospheric K and Al by approximately 23%, while 

underestimating the contributions of Ca and Na by 50%. Additionally, the model 

represents the annual average data for the year 2013. Although there are some field 

studies conducted in the same year (Wang et al., 2021; Shi et al., 2018), there is no 



available annual average data for a direct comparison with the model results.” 

 

5. Line 313, it should be Cu not Cr that present in Fig S12.   

Response: 

 Thanks for your comment. Revised accordingly. 

  Changes in Manuscript: 

“…Cu…”. 

 

6. Line 331-332, why the simulated areas were different by applying different profiles? 

 Response: 

Thanks for pointing this out. The writing here is not clear and confusing. Some 

previous studies (Gunawardana et al., 2012; Zhuang et al., 2001) have made an 

assumption that the composition of dust aerosols is similar to that of its parent soil. 

Thus, we apply the profiles from soil composition and dust-PM2.5 to the model and 

investigate the difference, which is indeed evident. For example, when applying 

dust-PM2.5 profiles, the contribution of dust aerosols to atmospheric Cr ranged 

from 0.02 to 0.08 μg/m3 over a larger geographical area in China. Whereas using 

soil profiles, it was observed that dust aerosols contributed to atmospheric Cr levels 

ranging from 0.02 to 0.08 μg/m3 within a much smaller geographical area in China. 

We have revised the sentence to avoid any potential misunderstanding.  

Changes in Manuscript: 

“In contrast, the application of the soil profile to the model reveals a 

significantly reduced area where the modeled Cr concentration from dust aerosols 

falls within the range of 0.02 to 0.08 𝜇𝜇𝜇𝜇/𝑚𝑚3.” 

 

7. Line 368-369, before comparison with the field observations of ambient PM2.5, it 

could not be concluded that dust aerosol could be the main sources of multiple 

heavy metals in China. 

Response: 

Thanks for this comment. This sentence was modified and shown below. 



Changes in Manuscript: 

“Our modeling results suggest that dust aerosol could be a major source of 

multiple heavy metals in PM2.5 in China.” 

 

Again, we thank the Referee for all the valuable questions and suggestions, which 

have helped improve our work greatly! 
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