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Abstract: 

This study, for the first time, investigated the explosive growth and dissipation of fine particulate matter (PM) in Nanjing 

based on simulations using a closed-circuit boundary-layer wind tunnel. The effects of relative humidity (RH) and liquid 

water content (LWC) on PM 2.5 growth were examined. It was found that increasing moisture led to explosive growth of 

PM 2.5 mass concentrations (average growth rate of 12.35 μg/m3·min) and the pollution levels. Winds were found to 

significantly aid the dissipation of fine PM, and high concentrations of fine PM only persisted for a very short time and 

dissipated after several hours. LWC was found to correlate more strongly with fine PM concentrations than did RH. This 

work underlines the effect of moisture on explosive growth in fine PM, and provides a new approach for the simulation of 

fine PM growth and dissipation in ambient air. 

Keywords: Wind tunnel, fine particulate matter, explosive growth, dissipation, relative humidity, liquid water content  

1. Introduction 

The rapid urbanization and industrialization of China has led to an air pollution complex that varies 

from one region to another. Fine particulate matter (PM2.5) is one of the most important elements of hazy, 

polluted atmospheric conditions (Molina et al., 2004; Kang et al.,  2013). Previous studies have found that 

the physicochemical properties of fine PM in the atmosphere (such as its composition, particle size, 

hygroscopicity, and optical properties) can change through a series of chemical reactions (Jimenez et al., 
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2009; Cappa et al., 2012; Huang et al., 2013; Liu et al., 2013; Li et al., 2017), changing its effects on air 

quality (Eliason et al., 2003; Rudich et al., 2007; Sun et al., 2011; Ge et al., 2017; Chen et al., 2018). 

Furthermore, central and eastern China have experienced severe haze pollution in recent years; these 

events are typically characterized by extremely high PM pollution intens ities and long persistence times 

(Zhang et al., 2013; Wang et al., 2014), resulting in widespread concerns throughout China. Researchers 

have been studied this phenomenon through field observations, laboratory research, and model simulations. 

However, since the mechanisms of fine PM and haze formation are highly complex, there are 

inconsistencies regarding the impact of meteorological factors, such as relative humidity (RH), on the 

occurrence of haze pollution (Wu et al., 2011; Song et al., 2012; Ding and Liu, 2014; Wu et al., 2018). 

Nonetheless, it is known that a certain RH level is required for the occurrence of haze pollution (Wu, 

2014). Liquid water is ubiquitous in the atmosphere and provides an important place for the chemical 

reactions of aerosols in the aqueous phase, but unfortunately, research in this area is quite limited (Ye et al., 

2018). In addition, studies on the mechanisms of PM generation and growth under humid conditions are 

also not well understood (Hu et al., 2016). Therefore, it is not yet clear how best to quantitatively describe 

the factor(s) responsible for severe, large-scale occurrences of haze pollution in China. 

Eastern China is well known frequently experiencing sever haze pollution, and the Yangtze River 

Delta is one of the most highly polluted haze regions (Hu et al., 2014). In this study, a closed-circuit 

boundary-layer wind tunnel was used to perform several experiments (i.e., control test, humidification with 

liquid nitrogen test, and atomization humidif ication test) to simulate, for the first time, the explosive 

growth and dissipation of fine PM in the ambient air of Nanjing, China. The effects of RH and liquid water 

content (LWC) on fine PM properties were also examined. Subsequently, a quantitative analysis was 

conducted on the factors that determine the occurrence and dissipation of severe haze pollution, which 

could in turn provide the means and basis for managing and preventing atmospheric pollution. 

 

2. Materials and Methods 

The study site was inside the State Power Environmental Protection Research Institute, which is 

located in Nanjing’s Pukou District (32°1′ N, 118°7′ E), China. The experiment was conducted in late 

March to early April, 2018, and used a 24 × 4 m work section of a closed-circuit boundary-layer wind 

tunnel. The original work section was modified by removing the pneumatic balance in the center, then the 

main observation instruments were installed inside the observation house below the work section. The 

distance between the sampling tube and the front end of the work section was 5.5 m (see Fig. 1 for details).  

The advantages of using the wind tunnel for this experiment were that: 1) it can reflect the actual 

atmospheric environment of the study site; 2) we can control the conditions and investigate the 

corresponding changes of aerosol properties; and 3) the air insider the work section is not affected by 

external changes in wind velocity and the boundary layer height when the fans are turned off. 
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To better understand the fine PM variations under different RH conditions, the experiment was 

performed under three different RH conditions: ( i) control (CK), (ii) humidif ication with liquid nitrogen 

(EXPM), and (iii) atomized humidif ication (EXPN). The principles of the EXPM and EXPN conditions were 

to increase RH with temperature decrease and the addition of water vapor, respectively; the purpose of the 

CK condition was to compared with the other two conditions. 

In the CK experiment, the wind tunnel fan was first switched on to allow external air to enter the work 

section, and then switched off once the air had been evenly mixed. Prior to the humidif ication tests, both 

ends of the work section were sealed using clean foam boards to create a relatively enclosed space. A 

standing fan was then placed at each end, with both fans facing each other, to periodically evenly mix the 

air. Data were collected continuously. 

During the EXPM experiment, a 165 L pressurized liquid nitrogen cylinder was placed outside the 

work section and connected via a stainless-steel tube to an inlet below the work section. By controlling the 

pressure valve of the liquid nitrogen cylinder, liquid nitrogen was uniformly sprayed into the work section 

until the cylinder was empty, which took approximately 60 min. The entirety of the liquid nitrogen 

spraying process and the restoration of the work section temperature (T) and RH to their initial, 

pre-humidification conditions took approximately 110 min in total.  

During the EXPN experiment, an atomizer (SX-SG-6500, Suzhou Suxin Cleanroom Equipment 

Factory) was used to spray mist to humidify the work section. During each test, the atomizer was filled 

with 4 L pure and deionized water and turned on, it was only switched off when it stopped emitting mist. 

The entirety of the mist-spraying process and the restoration of T and RH to its initial, pre-humidif ication 

value took approximately 215 min. The restoration of initial PM concentrations (as measured by the 

observation instruments) lasted from between 5 and15 hours. After the end of each experiment, the foam 

boards at the ends of the work section were removed. Subsequently, the two doors of the wind tunnel were 

opened and the fans were switched on to create a direct-flow wind tunnel; thus, ventilating the tunnel. The 

ventilation of the tunnel continued until the values (including T, RH, and the concentrations of gaseous 

pollutants and fine PM) reached the initial pre-humidif itcaiton conditions and stabilized. The doors were 

then closed, after which the fans were switched off and the two ends of the work section were sealed for 

the next experiment. Each humidification experiment was repeated three times. 

In this study, the mass concentration, PM1, and chemical components of the fine PM were measured 

using a PM2.5 on-line monitor (BAM1020, Met One Instruments, USA) and an aerosol mass spectrometer 

(AMS) (SP-AMS, Aerodyne, USA). Air pressure, T, and RH were measured continuously using a small 

automatic weather station (PH-CJ-1, Wuhan Xinpuhui Technology Co., Ltd.), whereas SO2, NO2, O3, and 

NH3 were measured using an ultraviolet (UV) fluorescence SO2 analyzer (TH-2002H, Wuhan Tianhong 

Environmental Protection Industry Co., Ltd.), chemiluminescence NOx analyzer (TH-2001H, Wuhan 

Tianhong Environmental Protection Industry Co., Ltd.), UV photometer O3 analyzer (EC9810, Ecotech, 

Australia), and NO-NO2-NH3 chemiluminescence analyzer (Model 17i, Thermo Fisher Scientific, USA), 
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respectively. The observation data were measured in 5-min cycles. A silica gel drying tube was added to 

the front of the AMS sampling section to reduce the impact of RH on the instrument’s collection effic iency. 

Prior to the observations, the relative ionization efficiencies (RIEs) of the various components were 

calibrated using a scanning mobility particle sizer spectrometer (SMPS;3938L75, TSI, USA; Wang et al., 

2016a). The RIEs of organic matter (Org), nitrates, sulfates, ammonium salts, and chlorides were 1.4, 1.05, 

1.18, 3.15, and 1.4, respectively. Further information of the SP-AMS and its operating principles have 

been previously detailed (Onasch et al., 2012; Wang et al., 2016b). Unit mass resolution (UMR) and 

high-resolution (HR) AMS data were processed using SQUIRREL and PIKA 

(ToF_AMS_HRAnalysis_v1_16H), respectively, written in Igor Pro 6.37 (Wavemetrics, Lake Oswego, 

OR, USA). 

 

Fig. 1 Work section of a closed-circuit wind tunnel 

 

3. Results and Discussion 

3.1 Explosive growth and dissipation of atmospheric fine PM 

The three rounds of explosive PM2.5 growth and dissipation that occurred during the EXPN-1, EXPN-2, 

and EXPN-3 environmental wind tunnel simulations are shown in Fig. 2. After atomization humidification, 

PM2.5 mass concentrations rapidly increased from approximately 40 μg/m
3
 to 800 μg/m

3
. The PM2.5 

growth rates in the three tests were 12.91, 11.21, and 12.93 μg/m
3
·min (i.e., an average rate of 12.35 

μg/m
3
·min), respectively. Sun et al. (2019) investigated PM2.5 mass concentrations growth events in 

Beijing and Shanghai and found average growth rates of ~7.1 and 6.6 μg/m
3 
per hour, respectively; in our 

study, this would be deemed as “explosive growth”. PM2.5 mass concentrations began to decrease once the 

atomizer was turned off; further reductions took place after the fan in the wind tunnel was activated and 

the doors were opened. The restoration of the initial PM2.5 concentration occurred around 14, 5, and 7 h 

after the three tests ended, respectively. These results show clearly that increasing moisture can lead to 

explosive growth in fine PM concentrations. The airflow significantly dissipated the f ine PM, and the high 

concentrations of fine PM only persisted for a short time before dissipating after a few hours. This study 

has therefore provided a new method for simulating the growth and dissipation of fine PM (i.e., using the 

work section of a closed-circuit wind tunnel). 
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Fig. 2 Three rounds of PM 2.5 growth and dissipation, as simulated in an environmental wind tunnel (EXPN-1–EXPN-3) 

To obtain a better understanding of the above processes and to compare changes in fine PM 

concentrations with the CK and EXPM conditions, we conducted a comparison between a randomly 

selected PM growth process in the CK experiment (48 hours) and the humidif ication periods of the EXPM 

(110 min for each round) and EXPN experiments (215 min for each round). The parameters of the EXPM 

and EXPN experiments were taken as the average of three tests. Fig. 3 illustrates how T, RH, PM2.5, PM1 

(and its components), and the concentrations of gaseous pollutants varied under the CK, EXPN, and EXPM 

conditions. The CK conditions corresponded to the natural growth and dissipation of fine PM. By 

comparing the three test conditions, it was found that: (i) PM2.5 concentrations peaked under CK at the 

lowest T and highest RH, whereas PM2.5 concentrations only gradual decreased with increasing RH under 

the EXPM conditions. PM2.5 concentrations increased explosively under the EXPN conditions when T was 

basically constant and RH was at its maximum; (ii) PM1 concentration trends in all three conditions were 

generally the same as those of PM2.5. The main component of PM1 was organics; (iii) NO2 and O3 

concentrations displayed diurnal trends under the CK conditions, whereas NO2 concentrations decreased 

continuously under the EXPM conditions. Furthermore, NO2 and O3 concentrations decreased to their 

minimum values under the EXPN conditions.  

On this basis, it can be concluded that the main pollutant in f ine PM was Org. This is consistent with 

the findings of previous studies (Zhang et al., 2007; Huang et al., 2013). Fine PM concentration increase 

(including increasing explosively) with increasing RH under the CK condition and EXPN conditions, or 

decreased slightly with increasing RH under the EXPM condition. Therefore, RH should not be simply 

regarded as the main factor that determines the concentration of fine PM. This also explains why some 

studies have observed paradoxical relationships between RH and the occurrence of haze pollution. For 

example, Wu (2011) noted that high RH is a necessary condition for haze formation. After studying the 

weather in Nanjing, China, Mao and Liu (2012) concluded that high RH was needed for the occurrence of 

severe haze conditions. However, in a study regarding a severe haze incident in Jiangsu Province, Zhu et al. 

(2011) found that RH was usually around 45% when hazy weather conditions appeared in the 

Yangtze-Huai River area. Additionally, Song et al. (2012) proposed that the decline in RH in most parts of 

eastern China might be the primary cause of the increasing frequency of haze pollution during winter. 

Similarly, a study by Wu et al. (2016) found that increases in the number of hazy days in winter was 

signif icantly correlated with reductions in near-surface RH in the Yangtze-Huai River area and southern 

China. At the same time, other studies have concluded that aqueous-phase reactions in aerosols can 
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produce low-volatility organic compounds and secondary organic compounds (Ervens et al., 2004; Carlton 

et al., 2006). Therefore, we have deduced that changes in LWC might be a better factor that correlates 

generation of fine PM with RH. 

A few interesting discoveries were also made in this study. For example, SO4
2-

 concentrations did not 

fluctuate in the CK and EXP M conditions, but a peak SO4
2-

 concentration was observed under the EXPN 

conditions. This indicates that the mechanism of SO4
2-

 formation was different in each experiment, and this 

observation could be related to debated mechanism by which SO2 is converted into SO4
2-
 (Wang et al., 

2016; Guo et al., 2017). As NO2 and O3 concentrations reached their minimum values under the EXPN 

conditions, this may indicate that NO2 and O3 are involved in the relevant chemical reactions. Some 

previous studies have indicated that NO2 and O3 could participate in or promote the conversion of SO2 to 

SO4
2-

 (Shen et al., 2012; Liu et al., 2017). Additionally, NO2 concentrations declined in the EXPM-  

experiment, although the concentrations of the various components of PM1 did not increase. This indicates 

that NO2 may not have participated in a reaction related to atmospheric pollution. These results indicate 

that the impact of gaseous precursors on fine PM is not consistent. 
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Fig. 3 Changes in T, RH, PM 2.5, PM 1 (and its components), and the concentration of gaseous pollutants in the CK, EXPN, 

and EXPM conditions 

 

3.2 Relationship between fine PM and RH/LWC 

The correlations between fine PM concentrations, RH, and LWC were analyzed (Fig. 4) to verify our 

hypothesis. Owing to a lack of instrumentation, LWC data were not collected directly; instead, we 

estimated the LWC. The average RH was ~60%(i.e., the air was not saturated). The steps for estimating 

LWC were as follows: 1) calculate the actual specific humidity (q) at each moment (i.e., mean value every 

5 min), using the classical formula to calculate q: 

)/(622.0 a kgg
p

e
q ，

                                 (1) 

]
86.35-

16.273-269.17
[exp1078.6es

T

T ）（


                       (2) 

100ee sa  RH

                                   (3) 

where ea is the actual water vapor pressure (hPa), p is the air pressure (hPa), and es is the saturated water 

vapor pressure (hPa). The values of q differed significantly at each moment owing to temporal variations 

in T and RH. 

2) Comparing adjacent moment values of q, the q of the next moment is subtracted from that of the 

preceding moment. If this subtraction yields a positive value, then condensation of liquid water must have 

occurred in the next moment, and the difference is the LWC. If the subtraction yields a value of 0 or a 

negative value, liquid water condensation did not occur in the next moment and the valve of LWC is zero.  

3) Under the EXPN condition, the value of LWC at each moment should inc lude the amount of mist 

sprayed by the atomizer(0.091 L/min). 

As shown in Fig. 4, PM2.5 and PM1 concentrations were positively correlated with RH under the CK 

and EXPN conditions, with the correlation between PM1 and RH being slightly higher (R
2
 was above 0.39). 

On the other hand, there was no correlation between the fine PM concentrations and RH in EXP M. 

However, LWC was significantly and pos itively correlated with PM2.5 and PM1 concentrations under all 

three experimental conditions. Under the CK and EXPN conditions, the correlation between LWC and f ine 

PM concentration was much stronger than that between RH and fine PM concentrations; the R
2
 of the 

former was > 0.57, whereas the R
2
 of the latter was only > 0.38. These results confirmed that LWC was 

more strongly correlated with changes in fine PM concentration than it was with RH. Some studies have 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

also noted that 80% of all particulate mass is gained through condensation on existing particles (Whitby, 

1978). In some locations, the markers of secondary organic compounds are also more strongly correlated 

with LWC (Hennigan et al., 2009). Furthermore, it has been noted that increases in LWC lead to increases 

in the contribution of aqueous aerosols to fine PM concentrations (Ye et al., 2018). 

 

Fig. 4 Correlation between fine particulate matter (PM) concentration and relative humidity (RH; left) & liquid water content 

(LWC; right) 

 

4. Conclusions 

The explosive growth and dissipation of atmospheric fine PM was, for the first time, simulated via 

humidification tests in a closed-circuit boundary-layer wind tunnel using a suite of on-line measuring 

instruments. The findings indicate that increasing moisture can induce explosive growth in PM2.5 mass 

concentrations and pollution levels. Wind has a significant effect on dissipating fine PM; the high 

concentrations of fine PM only persisted for very short periods of time, and dissipated after several hours. 

The wind tunnel therefore provides a new approach for the simulation of fine PM growth and dissipation in 

ambient air. By comparing the CK, EXPN, and EXPM experimental conditions, it was found that increasing 

moisture can lead to explosive growth in fine PM concentrations and LWC correlated more strongly with 

changes in fine PM concentration than did RH. In addition, Org was found to be the main component of 

PM1. Based on these results, strong measures should be implement to control the emission of primary 

organic aerosols (POA) or volatile organic compounds. Furthermore, it was found that the formation of 

fine PM involves complex mechanisms, and the effects of gaseous pollutants on fine PM are not always 

the same; these issues and the aqueous-phase reactions of fine PM will be the major focus of our future 

research. 
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Highlights： 

 

(1) This study used a closed-circuit boundary-layer wind tunnel. 

(2) Increasing moisture led to the explosive growth of PM2.5 mass concentrations. 

(3) Liquid water content (LWC) was found to correlate more strongly with fine particulate matter (PM) 

concentrations than relative humidity (RH). 
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