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ABSTRACT 

 
In the spring of 2023, two severe dust events occurred in the coastal city of Qinhuangdao, 

North China. We investigated organic carbon (OC) and elemental carbon (EC) in PM10 using an 
OC/EC analyzer and identified the morphology and elemental composition of individual dust 
particles using a scanning electron microscope coupled with energy-dispersive X-ray (SEM-EDX). 
Results showed that OC mass concentrations varied significantly from 12.6 µg m–3 to 74.6 µg m–3 
and showed a significant positive correlation with the PM10 mass concentration. On average, OC 
made up 4.6% ± 1.1% and 4.3% ± 0.6% of the total PM10 mass in two dust periods. Particularly, 
the weight ratio of OC-to-coarse particles (PM2.5-10) was stable at approximately 2.8% ± 0.2%. In 
contrast, EC was less than 1.0% of the total PM10 mass, with an average value of 0.13% ± 0.26% 
and 0.28% ± 0.15% in two dust periods. According to SEM-EDX results, the average weight ratios 
of sulfur on detected individual dust particles were 0.48% and 1.88% in two dust periods, which 
were less than the previously reported value in non-dust days, indicating inefficient formation of 
secondary species on the dust particles. SEM-EDX analysis further revealed that approximately 
5.2% of the particles (in number) were irregularly shaped C-dominated particles, which might be 
carbonaceous species-containing particles. These results highlighted that the dust plumes brought 
a certain amount of OC but limited EC from dust sources. 
 
Keywords: Dust storm, Organic carbon, Elemental carbon, Individual particle, SEM-EDX 
 

1 INTRODUCTION 
 

Dust storms originating from East Asian desert regions, such as the Gobi Desert in Mongolia 
and northwestern China, can travel thousands of kilometers, carrying a large number of dust 
particles into the atmosphere (Chen et al., 2023). These dust storms contribute to approximately 
20% of the global atmospheric dust load (Middleton, 2017). They can cause significant effects on 
climate and human health (Dimitriou and Kassomenos, 2019; Shi et al., 2023). In the long-distance 
transport process, dust particles from East Asia can be transported to areas such as Korea, Japan, 
and the North Pacific Ocean (Kang et al., 2013; Wang et al., 2022), and can even be transported 
to the Arctic (Huang et al., 2015). 

Many previous studies have investigated the inorganic components of dust particles and discussed 
the heterogeneous reac�ons of dust par�cles during severe dust periods (Shao et al., 2007; 
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Pan et al., 2017; Li et al., 2018; Feng et al., 2023; Wang et al., 2023). In addition to inorganic mineral 
particles, carbonaceous aerosols, including elemental carbon (EC) and organic carbon (OC) brought 
by severe dust, play a crucial role in the atmosphere (Wang et al., 2012; Wen et al., 2021; Liu et 
al., 2023). These carbonaceous aerosols can exert a significant impact on human health and climate 
(Xu et al., 2017; Hu et al., 2020). However, the characteristics of carbonaceous aerosols transported 
by severe dust plumes have not been thoroughly understood. For instance, many previous studies 
collected samples either daily or during day/night intervals (Wu et al., 2020; Ren et al., 2021). 
Consequently, these samples might encompass aerosol particles before and after dust storms since 
dust storms usually last only a few hours (Wu et al., 2017; Wen et al., 2021), making it challenging 
to assess the carbonaceous concentra�ons of dust aerosols accurately. 

In March and April 2023, North China, including the Beijing-Tianjin-Hebei region, experienced 
two intense dust storms, offering a valuable opportunity to inves�gate the physiochemistry of 
carbonaceous par�cles during dust periods. In this study, aerosol samples were collected to 
coincide with the onset and cessa�on of these dust storms. Subsequently, the “bulk chemical” 
composi�on was analyzed offline by using an OC/EC analyzer, which has been widely used in 
determining the concentra�ons of OC/EC in non-dust days. In addi�on, a scanning electron 
microscope coupled with energy-dispersive X-ray (SEM-EDX) was applied to analyze the detailed 
morphology and elemental composi�on of those individual dust par�cles. 

 

2 EXPERIMENTAL 
 

2.1 Sample Collection 
Samples were collected on the 15th floor of a teaching building at Northeastern University in 

Qinhuangdao City (119.55°E, 39.92°N), as illustrated in Fig. 1. The sampling location was surrounded 
by traffic roads and residen�al areas, with no known significant large emission sources nearby,  

 

 
Fig. 1. Map showing the geographical loca�ons of Qinhuangdao City. 
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such as power plant and industries. For “bulk chemical” analysis, the PM10 samples were collected 
on quartz fiber filters (90 mm, Whatman QM-A) employing a medium-volume cascade sampler 
(100 L min–1; Kingstar Electronic Technology Inc., China). PM2.5 samples were also simultaneously 
collected with the PM10 during the second dust storm period. Two blank filters without opening 
the sampler for 4 hours were also collected. Detailed sample informa�on can be seen in Table 1 
and Fig. 2. Before collec�on, the quartz fiber filters were pretreated in a muffle furnace at 600°C 
for 4 hours to eliminate poten�al carbonaceous substances. A�er collec�on, those samples were 
sealed with foil bags and stored in a refrigerator (–15°C) to prevent volatilization and contamination. 
The quartz fiber filters were equilibrated with rela�ve humidity (RH) of 50 ± 5% and temperature 
of 20 ± 1°C before being weighted. For individual par�cle analysis, the PM10 samples were also 
collected on polycarbonate filters with a flow rate of 16.7 L min–1. The sample informa�on of 
individual par�cle samples can be seen in Table S1. 

 
Table 1. Sampling informa�on and mass concentra�ons of different chemical composi�ons. 

Type ID Date (2023) Sampling time PM (µg m–3) OC (µg m–3) EC (µg m–3) OC/PM EC/PM 
Dust 1 
(PM10) 

Dust 1-1 3.22 10:30–13:30 958.7 28.9 0.12 3.01% 0.01% 
Dust 1-2 3.22 13:40–16:00 1762.6 62.5 0.02 3.55% 0.00% 
Dust 1-3 3.22 16:10–18:30 1684.0 74.6 0.02 4.43% 0.00% 
Dust 1-4 3.22 18:40–21:00 1619.7 66.6 0.02 4.11% 0.00% 
Dust 1-5 3.22 21:10–1:10 (+1) 1202.6 45.5 0.81 3.78% 0.07% 
Dust 1-6 3.23 2:00–6:00 415.2 18.9 0.00 4.56% 0.00% 
Dust 1-7 3.23 8:00–14:00 223.7 13.3 0.06 5.93% 0.03% 
Dust 1-8 3.23 15:00–21:00 226.5 12.6 0.43 5.57% 0.19% 
Dust 1-9 3.23 23:00–8:00 (+1) 203.9 13.4 1.69 6.58% 0.83% 
Average   921.9  37.4  0.35  4.61% 0.13% 
Std   632.3  23.8  0.54  1.12% 0.26% 

Dust 2 
(PM10) 

Dust 2-1 4.11 9:30–13:30 675.0 22.6 0.01 3.34% 0.00% 
Dust 2-2 4.12 8:00–13:50 350.0 15.2 1.09 4.35% 0.31% 
Dust 2-3 4.12 14:00–17:00 619.6 24.3 1.02 3.92% 0.17% 
Dust 2-4 4.12 17:40–21:30 519.8 20.7 1.11 3.99% 0.21% 
Dust 2-5 4.12 22:00–3:00 (+1) 536.7 28.0 1.75 5.21% 0.33% 
Dust 2-6 4.13 7:00–12:00 450.0 19.1 2.08 4.24% 0.46% 
Dust 2-7 4.13 12:40–21:00 298.0 14.9 1.33 5.01% 0.45% 
Average   492.7  20.7  1.20  4.29% 0.28% 
Std   126.5  4.4  0.61  0.60% 0.15% 

Dust 2 
(PM2.5) 

Dust 2-1 4.11 9:30–13:30 154.2 8.50 0.01 5.51% 0.01% 
Dust 2-2 4.12 8:00–13:50 97.2 8.01 0.86 8.24% 0.88% 
Dust 2-3 4.12 14:00–17:00 184.8 10.94 0.82 5.92% 0.44% 
Dust 2-4 4.12 17:40–21:30 163.0 11.00 0.90 6.75% 0.55% 
Dust 2-5 -- –– -- -- -- -- -- 
Dust 2-6 4.13 7:00–12:00 120.0 10.76 1.43 8.97% 1.19% 
Dust 2-7 4.13 12:40–21:00 86.3 8.54 0.94 9.90% 1.09% 
Average   138.9  9.4  0.83  7.19% 0.67% 
Std   35.0  1.3  0.39  1.73% 0.38% 

Dust 2 
(PM2.5-10)a 

Dust 2-1 4.11 9:30–13:30 520.8 14.05 0.00 2.70% 0.00% 
Dust 2-2 4.12 8:00–13:50 252.8 7.22 0.23 2.86% 0.09% 
Dust 2-3 4.12 14:00–17:00 434.8 13.36 0.20 3.07% 0.05% 
Dust 2-4 4.12 17:40–21:30 356.8 9.72 0.21 2.72% 0.06% 
Dust 2-5 -- –– -- -- -- -- -- 
Dust 2-6 4.13 7:00–12:00 330.0 8.31 0.65 2.52% 0.20% 
Dust 2-7 4.13 12:40–21:00 211.8 6.40 0.39 3.02% 0.19% 
Average   351.2  9.8  0.28  2.82% 0.10% 
Std   104.4  2.9  0.20  0.19% 0.07% 

a The value of PM2.5-10 was based on the calcula�on of PM10 and PM2.5 value. 
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Fig. 2. Mass concentra�ons of PM10 and sample informa�on during severe dust periods (The background photos 
were taken during sampling periods). 

 

2.2 Sample Analyses 
Each filter was weighed at least three �mes before and a�er sampling to ensure reproducibility. 

The differences between the replicated weights were  < 10 µg per filter for blank filters and < 20 µg 
for exposed samples. A 1.0 × 1.5 cm punch was removed from the quartz fiber filters for analysis 
using a Sunset Lab OC/EC analyzer (model 5L, USA) to determine the mass concentra�ons of OC 
and EC. This analyzer u�lizes the thermal-op�cal transmitance (TOT) method recommended by 
the Na�onal Ins�tute for Occupa�onal Safety and Health (NIOSH). Before sample analysis, the 
analyzer was calibrated with sucrose. About 10% of aerosol samples were randomly selected and 
determined twice as the parallel samples. The rela�ve devia�ons of the total carbon of the 
parallel samples were less than 10%. Field blank filters were also subjected to analysis, and the 
average value of the blank filter was 0.42 µg cm–2 for OC and 4.0 × 10–4 µg cm–2 for EC. The average 
blank concentra�ons were subtracted from the sample results. 

One patch of about 1 cm2 of the polycarbonate filters was excised and affixed to the sample 
holder using conduc�ve carbon tape. Subsequently, the par�cles were analyzed by using a 
scanning electron microscope (SEM) coupled with an energy-dispersive X-ray detector (FEI, Ltd., 
Hillsborough, USA). 

 

3 RESULTS AND DISCUSSIONS 
 
3.1 Characteristics of the Severe Dust Storm Episodes 

Hourly averaged PM10 and PM2.5 mass concentra�ons were obtained from the Chinese air 
quality online monitoring analysis pla�orm’s website (www.aqistudy.cn/). As shown in Fig. 2, the 
PM10 mass concentra�ons exhibited a sharp increase star�ng at 9:00 (local �me) on March 22, 
2023, for the first dust storm and from 7:00 on April 11, 2023, for the second dust storm. During 
these severe dust periods, the ra�os of PM2.5/PM10 were 0.09-0.21, significantly lower than those  
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Fig. 3. 48-h backward trajectories of air masses arriving at the sampling site (39.92°N, 199.55°E) 
(htps://www.ready.noaa.gov/HYSPLIT_traj.php). 

 
observed before the dust storms (0.39–0.75). Fig. 2 also illustrates that the peak hourly averaged 
PM10 mass concentra�on reached 1911 µg m–3 during the first dust storm, whereas the value was 
1107 µg m–3 during the second dust storm. In addi�on, the high PM10 mass concentra�ons lasted 
for a longer �me in the first dust than in the second dust. The results indicated that the first dust 
storm impacted Qinhuangdao City more than the second dust. 

To trace the sources of these severe dust storms, 48-hour backward trajectories of air masses 
were computed based on the on-line Hybrid Single-Par�cle Lagrangian Integrated Trajectory 
(HYSPLIT) model (Stein et al., 2015; Rolph et al., 2017). As shown in Fig. 3, both severe dust storms 
primarily originated from the Gobi Desert of Mongolia and northwestern China, although the first 
dust storm exhibited higher PM10 mass concentrations than the second. Notably, previous research 
has indicated that the Gobi Desert in Mongolia contributed more than 42% of the Asian dust, 
surpassing the contribu�on from the Taklimakan Desert (26%) in March and April 2023 (Chen et 
al., 2023). Therefore, the dust storms inves�gated in this study can be considered one of the 
important Asian dust storms. 

 
3.2 EC Mass Concentrations during Dust Periods 

EC, also known as black carbon (BC) for its typical sunlight-absorbing properties (Peng et al., 2016; 
Pani et al., 2020) or soot for its typical morphologies (Chen et al., 2017; Zhang et al., 2020; Shao 
et al., 2022; Niu et al., 2024), is composed of several C-bearing monomers under high-resolu�on 
SEM images as Fig. 4(a). EC primarily originates from the incomplete combus�on of fossil fuels 
and biomass burning, making it one of the typical anthropogenic emissions (Fu and Chen, 2017; 
Ji et al., 2019). 

On average, EC mass concentra�ons accounted for 0.13% ± 0.26% and 0.28% ± 0.15% of the 
total PM10 mass concentra�ons during the first and second dust storms, respec�vely. These values 
align with the findings from previous studies (Li et al., 2023; Liu et al., 2023). For example, Liu et 
al. (2023) found EC mass concentra�ons in PM2.5 was 0.2 µg m–3, cons�tu�ng 0.14% of the total 
PM2.5 during severe dust periods in Beijing. In addi�on, recent studies conducted in Wuhai, a city 
near the dust sources in northwestern China, indicated that EC accounted for 0.3%–0.5% of the 
total PM2.5 mass concentra�ons during two severe dust storm periods with averaged PM2.5 mass 
concentra�ons 252 µg m–3 (Li et al., 2023). These findings suggested that EC only comprises a 
small frac�on of the total PM10 during severe dust periods. 
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Fig. 4. High-resolu�on images of carbonaceous par�cles and their corresponding elemental composi�ons (scale bar: 1 µm). (a) is 
a soot par�cle and (b) is an organic par�cle. 

 
During the onset of severe dust events, both the mass concentrations of EC and their corresponding 

mass ra�os to the PM10 were lower than those observed at the end of the severe dust events, as 
indicated in Table 1. This observa�on is in line with the understanding that EC was mainly from 
anthropogenic emissions rather than dust sources and the anthropogenic emissions can be diluted 
by the severe dust storms (Wang et al., 2012; Liu et al., 2023). 

 
3.3 OC Mass Concentrations during Dust Periods 

In this study, OC mass concentra�ons ranged from 12.6 µg m–3 to 74.6 µg m–3 with an average 
value of 37.4 µg m–3 in the first dust periods and ranged from 14.9 µg m–3 to 28.0 µg m–3 with an 
average value of 20.7 µg m–3 in the second dust periods. Previous studies have also observed higher 
propor�ons of OC mass concentra�ons in PM during severe dust periods (Wang et al., 2012; Liu 
et al., 2014; Wen et al., 2021; Li et al., 2023; Liu et al., 2023; Xu et al., 2023). For example, Liu et 
al. (2014) reported higher OC mass concentra�ons in PM10 in Beijing during severe dust periods 
(34.82 µg m–3) than non-dust periods (21.72 µg m–3), sugges�ng regional transport source instead 
of local emissions affected the air more during severe dust periods. Liu et al. (2023) similarly found 
higher OC mass concentra�ons in PM2.5 on dusty days (13.4 µg m–3) than the average of whole 
sampling periods including haze and non-haze days (9.1 µg m–3) in Beijing. 

Although OC mass concentra�ons varied significantly, their propor�ons to PM remained 
rela�vely stable. The mass ra�os of OC-to-PM10 ranged from 3.0% to 6.6% during the first dust 
storm and ranged from 3.3% to 5.2% during the second dust storm as shown in Table 1. In addition, 
the average values of the OC to PM10 were very similar between the first (4.6% ± 1.1%) and second 
(4.3% ± 0.6%) dust storms. Further analysis revealed a linear correla�on between OC mass 
concentra�ons and PM10 mass concentra�ons, as shown in Fig. 5 (n = 16, R = 0.976). The results 
suggested that during severe dust periods, the OC might be mainly from the dust sources. 

It is known that the small-sized secondary OC can be formed in the atmosphere, and the 
anthropogenic emited OC tends to have less par�cle size (Guo et al., 2014b). To further explore 
the possible sources of OC during severe dust periods, the PM2.5 samples were simultaneously 
collected alongside the PM10 during the second dust period. It should be men�oned that due to 
a manual error, a pair of PM2.5 and PM10 were not collected simultaneously (ID: “Dust 2-5”). The 
OC-to-PM2.5 mass ra�os ranged from 5.5% to 9.9%, higher than that of OC-to-PM10 mass ra�os 
(2.5%–3.1%). Therefore, we can infer there might be less secondary organic aerosol forma�on on 
large-size par�cles. In addi�on, OC-to-PM10 mass ra�os were rela�vely stable but their mass 
concentrations varied. The results confirmed that OC in coarse particles might be mainly from dust 
sources. SEM-EDX analysis showed the weight ratios of sulfur on individual mineral dust were only 
0.48% and 1.88%, much lower than the previous reported value (11.0%) on non-dust day (Wang 
2020), further suppor�ng limited secondary aerosol forma�on as shown in Fig. 6. In addition, we 
found there were 5.2% (in number) of irregular shaped C-dominated particles (Fig. 4(b)) based  
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Fig. 5. Correla�ons of PM10 and organic carbon (OC) during two severe dust storm periods. The 
red dots represent the samples collected during the first dust storm periods (22–24 March 2023) 
and the blue dots the second (11–13 April 2023). 

 

 
Fig. 6. Rela�ve weight ra�os of different elements on individual mineral par�cles during two 
severe dust periods (non-dust data was based on Wang (2020)). 

 
on the SEM-EDX results. These findings collec�vely suggested that OC and EC might originate 
from dis�nct sources, with OC being more closely associated with dust sources and EC associated 
with anthropogenic emissions. 

 
3.4 Atmospheric Implications 

Understanding the characteris�cs of carbonaceous aerosols during severe dust periods holds 
significant implica�ons for the atmosphere. It is well known that OC comprises both primary and 
secondary types (Guo et al., 2014b; Chen et al., 2017; Ji et al., 2019). A previously introduced 
method, the EC tracer method, has been used to es�mate the forma�on of secondary organic 
aerosols (Xu et al., 2023). The key step of this method is to determine the primary OC/EC ra�o in 
the study period and region. Previous studies have applied the minimum value of OC/EC during 
sampling periods as the primary OC/EC ra�o (Guo et al., 2014a; Xu et al., 2023). However, the 
method has an assump�on that OC and EC were emited from similar sources during the study 
periods. Our results suggested that OC and EC might originate from different sources, with OC being 
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more closely associated with dust sources and EC associated with anthropogenic emissions during 
severe dust periods. Therefore, the primary OC/EC ratios might be higher during severe dust periods 
than non-dust periods. For example, the average values of OC/EC were 35.4 and 15.4, respectively, 
for two dust periods in this study, higher than the average value of OC/EC on non-dust days in 
surrounding Beijing-Tianjin-Tangshan regions (1.2–11.4) (Ji et al., 2019). Therefore, different OC/EC 
tracers should be applied when samples were both collected during dust and non-dust periods, 
otherwise the secondary organic aerosols during dust periods might be overes�mated (Xu et al., 
2023). 

 

4 CONCLUSIONS 
 
Two severe dust storms origina�ng from the desert regions in Mongolia and northwestern 

China invaded North China. This study analyzed OC and EC mass concentra�ons, as well as the 
morphologies of individual par�cles at the coastal city of Qinhuangdao during two dust periods. 
The results showed OC mass concentra�ons varied significantly but were well correlated with the 
PM10 mass concentra�ons. On average, OC made up 4.6% ± 1.1% and 4.3% ± 0.6% of the total 
PM10 mass in two dust periods. In contrast, EC was less than 1.0% of the total PM10 mass, with an 
average value of 0.13% ± 0.26% and 0.28% ± 0.15% in two dust periods. In addi�on, there were 
5.2% (in number) of irregularly shaped C-dominated par�cles, and that the mineral par�cles 
contained limited sulfur content according to the SEM-EDX results. The research highlighted that 
the severe dust plumes transported not only mineral dust but also some OC to downstream areas, 
with OC es�mated at 2.8 wt.% of coarse par�cles (PM2.5-10). 

Although the research provides some interes�ng results based on the filter-based OC and EC 
concentra�ons during severe dust periods, it should be men�oned that the heavy loading of dust 
might impact the TOT analysis due to pyrolysis, inorganic carbon, and laser transmitance. In 
addi�on, this study only analyzed the concentra�ons of OC and EC. More detailed informa�on 
such as water-soluble organic species should be inves�gated in future research to understand the 
carbonaceous component during severe dust periods fully. This study only analyzed limited number 
of dust samples since the dust storm lasted for a short �me. Therefore, more dust samples from 
different dust periods should be collected and analyzed in further research. 
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