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ABSTRACT 
 

Evolution of effective density of submicron aerosol particles and effects of firework displays and weather conditions on 
particle effective density in a typical valley city in northwestern China were evaluated by fitting the APS data to the SMPS 
data in the overlapping size region of the two instruments during September 2012 to August 2013. The monthly mean 
effective densities for submicron aerosol particles were found to vary from 1.3 g cm–3 to 1.6 g cm–3 depending on the 
month of year. In addition, the ranges of average submicron particle effective density were different on workdays, 
Saturdays, Sundays and holidays in different seasons with minimums in the morning and afternoon, especially observed in 
morning rush hours of weekdays, and a maximum during midday. The precipitation and strong wind resulted in particle 
effective densities increased by 0.1 g cm–3 and 0.08 g cm–3, respectively, while effective densities of submicron aerosol 
particles decreased by 0.21 g cm–3 due to the effect of dust. During the periods mainly affected by firework displays, the 
effective densities of submicron aerosol particles were 1.19 g cm–3, which was much lower than those for firework-
unaffected days, and the submicron particle effective densities decreased by 0.29 g cm–3 due to firework displays. 
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INTRODUCTION 
 

Regional or global climates were significantly affected 
by direct and indirect radiation effects of aerosol particles 
(Seinfeld and Pandis, 1998), and they also have serious 
health impact especially ultrafine particles (diameter 
smaller than 100 nm). Numerous epidemiological studies 
have found an association between particle number 
concentrations and cardiovascular and respiratory morbidity 
and mortality (Dockery et al., 1993; Laden et al., 2000). 
Ultrafine particles can easily enter in the bronchi and 
alveoli of the human respiratory system and deposit in the 
regions of the respiratory apparatus (Dockery et al., 1994; 
International Commission on Radiological Protection, 
1994; Oberdörster et al., 2005). The main mechanisms of 
deposition of inhaled particles in the respiratory apparatus 
have diffusion, inertial impaction, gravitational settling 
(sedimentation) and interception. The diffusion, an important 
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deposition mechanism for ultrafine particles, is mainly related 
to temperature and particle size, while the importance of other 
mechanisms for larger particles are related to density, size and 
retention time of the particles in the respiratory apparatus 
(International Commission on Radiological Protection, 1994; 
Oberdörster et al., 2005). Therefore, particle density may play 
a prominent role in the understanding of health effects of PM 
(particulate matter) pollutants. However, ambient particle 
density is directly affected by many factors such as sources, 
physical and chemical characteristics and the generation 
processes of aerosol particles. In addition, size-revolved 
particle density can be used to convert number to mass size 
distributions when particle shape is assumed as mobility and 
aerodynamic diameters are equivalent diameters (McMurry et 
al., 2002) and it also provide an association between mobility 
and aerodynamics sizes. The size of airborne particles varies 
over a range roughly from a few nanometers to hundred 
micrometers. The size-revolved particle density can be 
determined by combination of TDMPS-APS and MOUDI 
instruments (Hu et al., 2012) or DMA-APM approach (Geller 
et al., 2006). For example, Hu et al. (2012) showed that size-
resolved particle effective density increased with diameter 
from about 1.5 g cm–3 at the size of 0.1 µm to above 2.0 
g cm–3 in the coarse mode in urban Beijing. In this study, 
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the only average effective density of submicron airborne 
particles in urban Lanzhou was estimated due to limitation 
of instruments used. Thus, the effective densities determined 
from our study were limited to submicron airborne particles. 

Particle effective density cannot be directly measured, 
but it can be deduced by applications of numerous dual and 
triple-instrument setups. To sum up, two methods were 
developed to calculate effective density of aerosol particles. 
The first method determined effective density based on the 
ratio of the aerosol mass to volume concentrations measured 
by different instruments, such as DMA (Differential mobility 
analyzers)-APM (Aerosol particle mass analyzer) (Charvet 
et al., 2014; McMurry et al., 2002; Park et al., 2003; Yin et 
al., 2015), DMA-Couette CPMA (Olfert et al., 2007), SMPS-
APS + TEOM (Khlystov et al., 2004), SMPS + TEOM 
(Morawska, et al., 1999), DMPS + TEOM (Pitz et al., 2003, 
2008a), TDMPS-APS + MOUDI (Hu et al., 2012) and DMA-
ATOFMS (Spencer et al., 2007). However, the instrument of 
TEOM (tapered element oscillating microbalance) measured 
the aerosol PM2.5 mass concentration, so the comparison of 
the PM2.5 particle volume concentration from the merged 
SMPS-APS or DMPS distribution with the TEOM PM2.5 
mass concentration has only provided us with an estimate 
of a bulk “effective” particle density (Khlystov et al., 2004). 
Moreover, the TDMPS-APS + MOUDI approach has also 
limits, not least the low size resolution of MOUDI cascade 
impactor and volatile material was lost from the MOUDI 
stages. During the summer more than 70% of nitrate was 
lost from the MOUDI stages (Cabada et al., 2004). The 
method of DMA-APM was introduced in detail by Charvet 
et al. (2014). This approach is time-consuming, requiring 1 
h to provide the particle effective density for a given particle 
size. In addition, the APM cannot readily be used alone as 
it is based on a principle requiring the use of both a DMA and 
a particle detector, at least (Bau et al., 2014). The second 
method deduced effective density by combination of mobility 
and aerodynamic diameter measurements from various 
instruments in series or in parallel, such as DMA-ELPI 
(Electrical low-pressure impactor) (Maricq and Xu, 2004; Bau 
et al., 2014), SMPS + ELPI (Ristimaki et al., 2002; Virtanen 

et al., 2004), DMA-OPC-APS (Hand and Kreidenweis, 2002) 
and DMA + APS (Karg, 2000). The particle effective densities 
in various environments in the world were summarized in 
Table 1, and the sampling locations and used instruments 
were also given. The density of newly particles emitted 
from motor vehicles was generally lower than 1.0 g cm–3, 
which was significantly lower than that of ambient particles 
(see Table 1). However, the particles from natural sources 
such as sea salt and mineral dust generally have densities far 
above 1.0 g cm–3 due to more compact structure compared 
with the fresh particles from diesel engines (Pitz et al., 2008a). 
Particle effective density has large spatio-temporal difference 
due to varying sources, physical and chemical particle 
composition among the cities (Pitz et al., 2003, 2008a). 
However, few studies have been carried out to describe the 
particle effective density in China, with most of them focused 
on the developed cities such as Beijing (Gao et al., 2007; Yue 
et al., 2009; Hu et al., 2012) and Shanghai (Gao et al., 2007; 
Yin et al., 2015). The data given in the previous studies and 
our study were summarized in Table 2 to help the readers 
compare the different environments and fractions considered. 
For example, Gao et al. (2007) indicated that the densities 
of PM2.5 (particles with aerodynamic diameter smaller than 
2.5 µm) were 1.5 g cm–3 and 1.7 g cm–3 in Beijing and 
Shanghai, respectively. Yue et al. (2009) found particle 
apparent densities of PM1 and PM10 in Beijing to be about 
1.4 3 g cm–3 and 1.68 g cm–3, respectively. Based on the 
measurements of aerosol number, mass and chemical size 
distributions, Hu et al. (2012) estimated size-resolved 
ambient particle density in the winter season in Beijing, and 
found effective densities of ambient particles were 1.62 ± 
0.38 g cm–3 for PM1.8 and 1.67 ± 0.37 g cm–3 for PM10. Until 
now, there have been no relevant reports on the particle 
density in the cities in Northwestern China. In this study 
submicron particle effective density in urban Lanzhou was 
estimated using a scanning mobility particle sizer (SMPS 
model 3936, TSI, USA) and an aerodynamic particle sizer 
(APS model 3321, TSI, USA) in parallel, where particles 
were classified by mobility size with the SMPS and the 
aerodynamic sizes were determined by the APS. 

 

Table 1. Summary of particle effective densities in various environments in the world. 

ρ/g cm–3 Size ranges/nm Sampling environments (Season) Instruments* References 
1.2–1.8 < 1000 nm Ambient air particles (summer) SMPS + TEOM Morawska et al., 1999 
1.54–1.77 ~100–300 nm Urban Atlanta, U.S. (summer) DMA-APM McMurry et al., 2002 
0.3–1.2 < 1000 nm Diesel Exhaust Particles DMA-APM Park et al., 2003 
0.3–1.2 30–300 nm Diesel Exhaust Particles DMA-ELPI Maricq and Xu, 2004 
1.56 ± 0.12 50–20000 nm A park, Texas, U.S. (summer and fall) DMA + OPC + APS Hand and Kreidenweis, 

2002 
0.4–1.1 50–300 nm Particles from a light-duty diesel vehicle DMA-CPMA Olfert et al., 2007 
1.62 ± 0.29 500–800 nm Campus, Munich, Germany (summer) DMA + APS Karg, 2000 
1.05–2.36 < 2500 nm Urban Air in Augsburg, Germany  

(four seasons) 
TDMPS-APS + 

TEOM 
Pitz et al., 2008a 

1.50 ± 0.30 540–800 nm Urban Northeastern U.S. (summer) SMPS-APS + 
TEOM 

Khlystov et al., 2004 

1.0–1.5 < 1000 nm Riverside, California, U.S. (summer) DMA-ATOFMS Spencer et al., 2007 
1.36–1.55 50–400 nm Urban, Shanghai, China (winter) TDMA-APM Yin et al., 2015 

* “-” and “+” stand for the instruments were used in serial and in parallel, respectively.
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The objective of this study is to investigate the seasonal 
and diurnal variations of effective density of submicron 
aerosol particles in urban Lanzhou, and understand the 
effects of firework displays and weather conditions on particle 
effective density, as well as provide a basic knowledge for 
the submicron particle density in the cities in northwestern 
China. 
 
METHODS 
 

Fig. 1 shows the location of Lanzhou and the sampling 
site. The detailed descriptions can refer to Zhao et al. (2014). 
A study by Imhof et al. (2005) indicated that at 30 m above 
ground the background concentration was attained. So, our 
instrument captured the particle density in urban background 
of Lanzhou. Particle size distributions (10 nm–10 µm) 
were measured using scanning mobility particle sizer (SMPS 
model 3936, TSI, USA) and aerodynamic particle sizer 
(APS model 3321, TSI, USA) during 1 September 2012 to 
31 August 2013. The SMPS and APS measure the size 
distribution of aerosols in the size range 10–1000 nm and 
0.5–10 µm, respectively. The SMPS system (Model 3936, 
TSI, USA) consists of an electrostatic classifier (TSI Model 
3080) and a particle detector (butanol-based Condensation 
Particle Counter, TSI Model 3775). The cutoff diameter 
and counting mode were 735 nm and single-particle count 
mode, respectively. Additionally, the instrument is fitted with 
an impactor (Stk50 = 0.23, nozzle diameter = 0.508 cm) to 
reduce the influence of large, multiple charged particles on 
the mobility spectrum. The sheath and aerosol flows through 
the DMA were set to be 3 L min–1 and 0.3 L min–1 with a 
scan time of 295 s, respectively. Furthermore, the SMPS size 
distributions were corrected for diffusion losses according 
to Birmili et al. (1997). Lall and Friedlander (2006) found 
that SMPS cannot be directly used and must be corrected 
to obtain the surface area and volume distributions for 
aggregates. However, we calculated particle effective density 
based on number distributions, so aggregate correction did 
not use in this study. Additionally, although the size range 
of the APS is density-dependent (Wang and John, 1987), if 
one is sampling particles with density below 0.8 g cm–3 or 
above 2.0 g cm–3 or if one is primarily interested in particles 
below 1 µm, Stokes correction should be turned off (Aerosol 
Instrument Manager® Software for APS Sensors, 2002). 
Thus, we turned off Stokes correction for APS by Aerosol 
Instrument Manager® software during the experiment to 
improve the particle sizing accuracy of APS instrument. The 
working principles of SMPS and APS were also described 
detailedly by Zhao et al. (2014). The standardized quality 
control (QC) and quality assurance (QA) procedures for the 
measurement of particle size distributions using both TDMPS 
and APS instruments were firstly described by Pitz et al. 
(2008b). Referring to their proposed QC and QA procedures 
and the instructions of the manufacturer concerning 
maintenance and calibration, SMPS’s mobility and the APS’s 
time-of-flight responses were calibrated using monodisperse 
aerosols such as polystyrene latex (PSL) particles prior to their 
deployment in the field. The instruments normally maintained 
and calibrated by the manufacturer on a yearly basis.
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Fig. 1. A map of Lanzhou and roads and stationary emission sources around the sampling site (the Tianshui and Donggang 
West Roads are main road in urban Lanzhou with traffic volumes higher than 2500 cars hr–1, and the Second Thermal 
Power Plant is also a main central heating company in winter in Chengguan District of Lanzhou City, which is around 2.5 
kilometers from our sampling site). 

 

Furthermore, the operational parameters of the two 
instruments such as flow rates, temperatures, pressures, 
humidity and liquid levels were checked periodically and, 
if necessary, adjusted on a daily basis. The zero-points of 
the CPC and APS were checked monthly using a purge 
filter at the respective inlet. During the study period, the 
impactor of SMPS, and the inner and outer nozzle of the 
APS were also cleaned every day and every two weeks, 
respectively. Furthermore, the sample and sheath flowrates 
of SMPS and APS were examined periodically with two 
bubble flow meters (TH-ZM8 and TH-ZM10, Tianhong, 
China) to insure the good performance of the instruments. 
The measuring ranges of both butter flow meters were 0.1–

2 L min–1 and 1–30 L min–1, respectively. 
The raw data of all devices were visually checked for 

plausibility and outliers resulting from malfunctioning were 
removed from the data set (Pitz et al., 2008b). After checking 
for plausibility and outliers, daily or hourly average was 
considered valid if 66% of the data were available due to 
weak representation of less data. For example, the particle 
number concentrations (PNC) during the daytime were 
generally higher than those during the nighttime due to effects 
of human activities, so daily mean PNC for missing more 
daytime data will be significantly lower than normal daily 
mean particle number concentrations. Additionally, particle 
effective density ranged from 0.6 g cm–3 to 3 g cm–3 for urban 
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aerosol (Pitz et al., 2003). In order to obtain high quality PSD 
data and more accurately calculate particle effective density 
by combination of SMPS and APS, the daily or hourly 
mean data was considered valid if effective density ranged 
from 0.6 g cm–3 to 3 g cm–3 during the study period. Ten-
minute meteorological data such as air temperature, relative 
humidity and wind speed and direction were also obtained 
with an automatic meteorological station co-located with 
the sampling site. Beijing time (BT) (= UTC + 8) is used in 
this paper. 

In this study, the hourly mean particle effective density 
in the overlapping size region of SMPS and APS was 
calculated by fitting the APS data to the SMPS data, which 
was similar to that presented by Karg (2000). This density 
is apt to characterize the sedimentation of accumulation 
mode particles. In the overlapping concentration interval 
N1, ..., N0 the average mobility diameter D̅p and aerodynamic 
diameter D̅a are: 
 

0

1

1 0

1 N
p N pD D dN

N N


   (1) 

 
Particle density and shape have important effects on 

diameter measurements (DeCarlo et al., 2004). A correction 
to the drag equation must be introduced to account for the 
reduction in drag that occurs when the relative velocity of 
the gas at the particle surface is nonzero (Hinds, 1999). 
This correction is implemented via the Cunningham Slip 
Correction Factor Cc. Furthermore, the slip correction 
coefficient should be taken into account when effective 
density of submicron particles was calculated. Based on D̅p 
and D̅a, the average effective density can be calculated by the 
following formula (DeCarlo et al., 2004):  
 

2

0

( )

( )

a ac
e

p pc

C D D

C D D
  

 
   

 
 (2) 

 
where, ρ0 and χ were standard density (1 g cm–3) and dynamic 
shape factor, respectively. In this study, the spherical 
assumption (χ = 1) was used due to the lack of observation 
of particle shape factor in urban Lanzhou. When the 
particles are mildly nonspherical, Cc(D̅a) was also thought to 
be roughly equal to Cc(D̅p) Therefore, the ratio of the slip 
correction factors (Cc(D̅a)/Cc(D̅p)) is ~1 in our study.  
 
RESULTS AND DISCUSSION 
 

The study period (September 2012–August 2013) was 
divided into four seasons, i.e., spring (March–May, 2013), 
summer (June–August, 2013), fall (September–November, 
2012) and winter (December 2012–February 2013). In order 
to better study effective density of submicron aerosol 
particles in urban Lanzhou, the monthly mean particle 
number size distributions (PNSDs, dN/dlogDp) representing 
particle number concentrations of each channel of the 
overall size range during September 2012 to August 2013 
were first showed in Fig. 2. The error bars were not displayed 

to more clearly see monthly mean PNSD, and Dp in that 
figure referred to mobility-equivalent diameter. The particle 
number concentrations in four modes (nucleation (10–50 nm), 
Aitken (50–100 nm), accumulation (100–1000 nm) and coarse 
modes (1–10 µm), dN) in each season were also counted in 
Table 3, which integrated PNSD in the corresponding size 
ranges. The mean number concentrations of particles in 
Aitken, accumulation and coarse modes were (11380.1 ± 
6065.9) cm–3, (8114.6 ± 5014.6) cm–3 and (12.1 ± 5.6) cm–3 
in winter, which was significantly higher especially in 
January than those in the other seasons due to stable weather 
conditions. However, the mean particle number concentrations 
in nucleation mode in spring and summer were much 
higher than those in fall and winter with maximum number 
concentrations of 75447.7 cm–3 due to new particle formation 
events (Dall'Osto et al., 2011). Furthermore, the mean number 
of nucleation mode particles accounted for 57.4% and 54.6% 
of total number concentrations (10 nm–10 µm) in spring and 
summer, respectively, while that only accounted for 39.3% 
of total number concentration in summer. As it can be seen 
from Fig. 2, the mode diameters of PNSDs largely depended 
on the month of year. In general, the particles were coarser 
in heating season (November 2012–March 2013) than those 
in non-heating season. The mode diameters of PNSDs were 
in the size range 20–30 nm in September 2012 and April to 
August 2013, while for the period November 2012 to March 
2013, the mode diameters were in 60–70 nm. 

The finer particles in spring and summer were mainly 
related to more frequent new particle formation (NPF) events 
(Holmes, 2007; Dall'Osto et al., 2011). The NPF events 
can be understood by diurnal variations of particle number 
size distributions. An event of NPF was identified if there 
was a burst of particle number in the nucleation mode (10–
50 nm) followed by subsequent particle growth (Dal Maso 
et al., 2005), which were reported in our sampling site of 
urban Lanzhou using the same data as this paper (Zhao et 
al., 2015b). NPF events mainly occurred in spring and 
summer due to favorable meteorological conditions and low 
condensation sink. Atmospheric aerosol formation consists of 
a complicated set of processes that include the production of 
nanometer-size clusters from gaseous vapours, the growth of 
these clusters to detectable sizes, and their simultaneous 
removal by coagulation with the pre-existing aerosol particle 
population. Currently, several mechanisms for new particle 
formation which proposed the importance of each mechanism 
are still the center of much debate. Proposed nucleation 
mechanisms include condensation of a binary mixture of 
sulphuric acid and water; ternary nucleation of sulphuric acid, 
water and a third molecule, most likely ammonia; ion-induced 
nucleation; secondary organic aerosol formation involving 
condensation of low- or non-volatile organic compounds 
and homogeneous nucleation of iodine oxides (Holmes, 
2007). In addition, atmospheric particle formation events 
are significantly affected by environmental factors, such as 
temperature, humidity and the surface area of pre-existing 
particles (Zhao et al., 2015b). For example, the NPF events 
were easily occurred in spring and summer due to strong 
solar intensity, low RH (relative humidity) and high wind 
speed (Dall'Osto et al., 2011). 
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Fig. 2. Monthly mean particle number size distributions (PNSD) during September 2012 to August 2013. Dp referred to 
mobility-equivalent diameter. 

 

Table 3. Statistics of particle number concentrations in different size ranges in four seasons. 

Item Fall Winter 
10–50  
nm 

50–100 
nm 

100–1000
nm 

1–10 
µm 

10–50 
nm 

50–100 
nm 

100–1000 
nm 

1–10 
µm 

Max 39988.2 24639.3 20624.5 24.6 33612.3 40850.4 32878.7 68.4 
Min 930.5 380.5 241.2 0.1 1344.6 845.6 541.5 2.0 
Mean 7993.4 7091.3 5172.6 1.1 11326.3 11380.1 8114.6 12.1 
Median 7181.6 6163.4 4151.1 0.6 10920.3 11049.8 7603.5 11.8 
Standard deviation 4651.4 4730.1 3744.3 2.2 4954.3 6065.9 5014.6 5.6 
Percentage a 42.0 33.3 24.6 0.1 39.3 35.6 25.0 0.1 
Item Spring Summer 

10–50 
nm 

50–100 
nm 

100–1000
nm 

1–10 
µm 

10–50 
nm 

50–100 
nm 

100–1000 
nm 

1–10 
µm 

Max 74381.8 21214.4 43276.3 88.0 75447.7 20496.5 13181.4 15.9 
Min 1043.6 493.3 336.3 0.01 962.5 634.5 473.8 0.3 
Mean 12272.8 5527.5 3508.8 8.0 11429.5 4827.7 3156.4 3.9 
Median 10964.0 4661.5 2744.6 6.6 8582.6 4047.4 2607.8 3.0 
Standard deviation 7740.9 3645.5 2699.0 7.3 9936.9 2998.4 1866.8 2.8 
Percentage a 57.4 25.7 16.8 0.1 54.6 26.2 19.1 0.1 

a mean number of particles in different size bins account for total number concentrations in four seasons. 

 

Evolution of Particle Effective Density 
Fig. 3 gave annual variation of particle effective density 

during study period, and the span of the effective densities in 
four seasons were also provided in Fig. 4. The discrepancies 
of particle density between months can be attributed to 
changes in the proportions of particles from various sources 
present in the atmosphere (Morawska et al., 1999). For 

example, domestic heating was main pollution sources in 
winter in northern China. Freshly generated airborne particles 
from coal or biomass combustion processes for domestic 
heating consist mostly of carbonaceous materials and are 
found predominantly in the accumulation mode (100–1000 
nm). The particle size distributions vary depending on 
combustion appliance, fuel type, combustion phase and 
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Fig. 3. Annual variation of particle effective density during September 2012 to August 2013. 

 

 
Fig. 4. Boxplot of particle effective density in four seasons. 

 

sampling method (Vu et al., 2015). An estimation of the 
average effective densities for ambient air submicron particles 
was found to vary from 1.3 g cm–3 to 1.6 g cm–3 depending 
on the month of year with the minimum and maximum 
densities of 1.31 g cm–3 and 1.62 g cm–3 in November 2012 
and August 2013, respectively. The study by Pitz et al. 
(2008a) suggested maximum and minimum particle densities 
of PM2.5 were in spring and winter, respectively. However, 
in our study average effective density of submicron aerosol 
particles in spring was (1.36 ± 0.22) g cm–3, which was the 
lowest among the four seasons maybe due to our aim of 
investigating submicron particle density. Lanzhou city, 
located at the downstream of desert regions such as 

Taklimakan and Gobi Deserts, was affected easily by dust 
events. As one of the most air pollutants in spring in urban 
Lanzhou, dust particles with large density mainly concentrated 
on the aerodynamic diameter larger than 1 µm (Zhao et al., 
2015c), which was beyond the submicron range of our 
study. In addition, the study of Pitz et al. (2008a) focused 
on urban air in Augsburg, Germany, while our measurements 
were in urban Lanzhou, China. Differences of energy 
structure and economic development level can also resulted 
in discrepancy of particle effective density between the two 
cities. Additionally, compared with other seasons, the 
variation of submicron particle density was weaker in 
winter in urban Lanzhou (see also Fig. 4). The low variation 
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in submicron particle density, made it easy to estimate the 
mass concentration from the SMPS number concentration 
with an assumed density value. 

In order to better understand the dependence of submicron 
particle density on the time of day, the diurnal variations of 
effective densities of submicron aerosol particles for 
workdays, Saturday, Sunday and holidays in different 
seasons during study period were presented in Fig. 5. The 
ranges of mean submicron particle effective density were 
different on workdays, Saturday, Sunday and holidays in 
fall, spring and summer with minimums in the morning 
and afternoon, which were related to traffic soot particles 
with low density due to their agglomerate structure (Yin et 
al., 2015), especially observed in morning rush hours of 
workdays, and a maximums during midday due to increased 
secondary particle production and the presence of more 
aged particles with the built-up of the convectively mixed 
boundary layer (Pitz et al., 2008a). However, the differences 
of average submicron particle effective density on workdays, 
Saturday, Sunday and holidays in winter were not obvious 
due to the stable weather conditions. The hourly mean 
effective densities of submicron aerosol particles on holidays 
were almost higher than those on workdays, Saturdays and 
Sundays in fall, winter and spring. The study about size-
resolved effective density indicated that particle density 

increased with diameter from about 1.5 g cm–3 at the size of 
0.1 µm to above 2.0 g cm–3 in the coarse mode (Hu et al., 
2012). Aerosol particles from motor vehicles mainly located 
at nucleation and Aitken modes (10–100 nm). Therefore, 
decrease of traffic volumes in urban area on holidays due to 
people driving out of the urban area for enjoying with family 
and friends can result in increases of particle effective 
density. However, particle densities on holidays were the 
lowest in summer especially before 08:00, which may be 
related to the fact that the holiday was the first day of strict 
single and double traffic restriction measures implemented by 
the local government (11 June–10 July 2013) and more 
vehicles can be on road due to fluke mind of people. 

Particle effective density is largely affected by many 
factors such as sources, physical and chemical characteristics 
and the generation processes of aerosol particles and weather 
conditions. Furthermore, application of different approach 
to determine density maybe also causes some differences of 
calculated density. Particle densities in various environments 
in the world and in Beijing, Shanghai and Lanzhou, China 
were summarized in Tables 1 and 2, respectively. In order 
to understand the difference or specific characteristics of 
the effective density in Lanzhou compared to other cities or 
regions, the effective densities in four seasons in urban 
background of Lanzhou city from our study were also given

 

 
Fig. 5. Diurnal variations of submicron particle densities for workdays, Saturday, Sunday and holidays in different seasons 
during study period. 
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in Table 2. As it can be seen from the two tables, particle 
densities have large discrepancy among the cities or regions 
due to varying pollution sources, aerosol characteristics and 
weather conditions. 

The results from our study indicated that particle densities 
were between (1.36 ± 0.22) g cm–3 and (1.59 ± 0.18) g cm–3 
in urban air of Lanzhou city, which were comparable to 
some cities such as Atlanta (McMurry et al., 2002), Texas 
(Hand and Kreidenweis, 2002), Pittsburgh (Khlystov et al., 
2004) and Shanghai (Yin et al., 2015). However, particle 
effective densities in urban Lanzhou were significantly higher 
than those of diesel exhaust particles (Park et al., 2003; 
Maricq and Xu, 2004; Olfert et al., 2007) mainly due to 
their agglomerate structure. In addition, there are two major 
roads with traffic volume more than 2000 cars per hour 
near the sampling site, but our sampling site is on the roof 
of a 32-m high research building, high enough to reduce 
the effect of direct exhaust emissions from motor vehicles 
due to hygroscopic or coagulation growth of newly emitted 
particles during transportation. A study by Imhof et al. (2005) 
also indicated that at 30 m above ground the background 
concentration was attained. The seasonal variation of particle 
density was less analyzed. Pitz et al. (2008a) studied 
seasonal variation of PM2.5 apparent particle density (ρ2.5) 
in urban air of Augsburg, Germany using TDMPS-APS + 
TEOM approach. They found that mean ρ2.5 over the two 
year period was 1.65 g cm–3 with maximum of 2.76 g cm–3, 
which were much higher than the results of our study, which 
may be mainly related to the fact that dust particles were not 
considered in our study mainly focused on submicron ranges. 
Additionally, effective densities of submicron particles in 
summer and winter were much higher than those in spring 
and fall in urban Lanzhou, which were mainly due to more 
frequent new particle formation (NPF) events in summer 
(Zhao et al., 2015b) and more submicron particles from 
coal or biomass burning for domestic heating in winter in 
urban Lanzhou. However, Pitz et al. (2008a) indicated PM2.5 
apparent particle density was even higher in spring due to 
more frequent dust events in that season. The above analyses 
indicated particle density was significantly affected by 
sources. 
 
Effects of Weather Conditions and Firework Displays on 
Particle Density 

The mean diurnal variations of submicron particle effective 
densities for precipitation-, strong windy-, and dusty-affected 
days were compared with the other days excluded the days in 
the four seasons to investigate the effect of weather conditions 
on particle effective density (Fig. 6). The day was identified as 
precipitation-affected day if duration of precipitation was 
more than 5 hours, and the day was considered to be strong 
windy-affected day if wind speed was larger than the sum 
of corresponding monthly mean wind speed and half of 
standard deviation. The day was classified as dusty-affected 
day if PM10 mass concentration significantly increased with 
strong winds and visibility was lower than 10 km. As 
illustrated in Fig. 6, although some particle densities for the 
affected days were between the sum and difference of 
corresponding hourly mean value and standard deviation 

for the other days, this study focused on comparison of mean 
particle densities between the affected days and the other 
days. Furthermore, mean particle densities for the other days 
had minimums in the morning and afternoon and maximum 
during midday in four seasons, which was in good agreement 
with the previous studies (Pitz et al., 2003, 2008a). However, 
particle effective densities for precipitation-, strong windy-, 
and dusty-affected days did not obey the rule due to effect 
of weather conditions. The significance of difference 
between diurnal variations of mean densities for the affected 
days and the other days was also tested by Student's t-test 
with significance level of 0.05 (p = 0.05). 

The particle densities of precipitation-, strong windy-
affected days were higher than mean values for corresponding 
hours of the other days, indicating the scavenging effects of 
precipitation and strong wind on particle volume 
concentrations were more significant than on mass 
concentrations if particle effective density was defined as 
the ratio of mass to volume concentration. However, for 
dusty-affected days the submicron particle densities were 
lower than mean particle effective densities. The above 
analyses indicated that impact of dust events was in contrast 
to precipitation and strong winds. The precipitation and 
strong wind resulted in daily mean particle effective densities 
increased by 0.1 g cm–3 and 0.08 g cm–3, respectively. The 
capture of aerosol particles by falling raindrop takes place 
with Brownian and turbulent shear diffusion, inertial 
impaction, diffusiophoresis, thermophoresis and electrical 
charge effects. Detailed studies of these processes (Greenfield, 
1957; Slinn, 1983) have revealed that there exists a minimum 
in the collection efficiency of aerosol particles between sizes 
ranging from 0.1 to 2 µm diameter, which is often called 
the “Greenfield gap”. Aerosol particles in accumulation mode 
were prone to remain distributed in the atmosphere even 
after heavy rainfall and snowfall (Chate, 2005; Zhao et al., 
2015a). Therefore, precipitation (rain and snow) maybe 
resulted in increases of effective density of accumulation 
mode particles. The increased particle density during strong-
wind days was also possibly due to the prevailing wind from 
Northeast which brought polluted air masses from Baiyin city. 
However, effective densities of submicron aerosol particles 
decreased by 0.21 g cm–3 due to the effect of dust. Chun et 
al. (2001) also found that number concentrations of aerosol 
particles in accumulation mode decreased during dust periods, 
which may be caused by the fact that the increased coarse 
mode particles during dust events reduced the number 
concentration of accumulation mode through some processes 
such as inter-modal coagulation (Jung et al., 2002; Kim et 
al., 2007), leading to low particle density during dust events. 

Until now, there is limited amount of literature describing 
the effective density of submicron aerosol particles during 
Chinese Spring Festival in cities in China, especially for 
northwestern China. So, in order to explore the impact of 
firework displays on particle effective density in a typical 
valley city, northwestern China, evolution of average particle 
densities affected (9th–10th and 24th–25th February 2013) 
and unaffected by firework setting off were given in Fig. 7. 
To reduce effects of traffic count differences between 
weekdays and weekends and snow, mean particle densities 
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Fig. 6. Diurnal variations of mean submicron particle density for precipitation-, strong windy-, and dusty-affected days, 
and for other days of fall, winter, spring and summer. 

 

 
Fig. 7. Evolutions of mean submicron particle effective density affected (9th–10th and 24th–25th February 2013) and 
unaffected by firework displays. 
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for 26–27 January, 2–3, 16–17 and 23–24 February and 
27–28 January and 3–4 February were compared with 9–10 
(the Spring Festival) and 24–25 February 2013 (the Lantern 
Festival), respectively. As shown in Fig. 7, the particle 
effective densities were comparable before 18:00, while 
after 18:00 the particle densities for Spring and Lantern 
Festivals were much lower and maximally reduced by a 
factor of 0.4, especially during 18:00 9th to 02:00 10th and 
20:00–21:00 on 24th February. The significance of difference 
between diurnal variations of mean densities for the firework-
affected days and the days unaffected by firework setting 
off was also tested by Student's t-test with significance level of 
0.05 (p = 0.05). For the two periods mainly affected by 
firework displays, the mean effective densities of submicron 
aerosol particles were 1.19 g cm–3, which was much lower 
than the mean particle densities for firework-unaffected days, 
indicating firework setting off led to decrease of submicron 
particle effective densities. The effective densities decreased 
by 0.29 g cm–3 due to the effect of firework displays. 

Few studies showed that the most affected particles by 
fireworks were in the accumulation mode range (Wehner et 
al., 2000; Zhang et al., 2010; Zhao et al., 2014). Hu et al. 
(2012) and Yin et al. (2015) found that effective density of 
submicron particles increased with the diameter in urban 
areas of Beijing and Shanghai with minimum of 1.36 g cm–3 
in Shanghai. Therefore, low particle density during firework 
displays was less affected by particle diameter, which may 
be mainly related to particle compositions. Additionally, Wang 
et al. (2007) analyzed chemical compositions of aerosol 
particles during the Lantern Festival in Beijing and showed 
that chemical compositions, such as Ba, K, Sr, SO4

2– and 
NO3

–, during bonfire night were five times higher than those 
during other nights. A similar diurnal pattern was observed 
between particle density and the contribution of NO3

– and 
SO4

2– to PM1.0, suggesting that density change in response 
to particle compositions. Thus, low particle density during 
firework displays was mainly related to particle compositions. 
 
CONCLUSIONS 
 

High time resolution aerosol particle number concentrations 
and size distributions (10 nm–10 µm) were measured using 
scanning mobility particle sizer (SMPS model 3936, TSI, 
USA) and aerodynamic particle sizer (APS model 3321, 
TSI, USA) during 1 September 2012 to 31 August 2013 at 
urban Lanzhou, northwestern China. The hourly mean 
particle effective density in the overlapping size region of 
SMPS and APS was calculated by fitting the APS data to 
the SMPS data to investigate variations of effective density 
of submicron aerosol particles and effects of firework displays 
and weather conditions on particle effective density. Some 
important conclusions were obtained. 

The monthly mean effective densities for ambient 
submicron particles were found to vary from 1.3 g cm–3 to 1.6 
g cm–3 depending on the month of year with the lowest and 
highest densities 1.31 g cm–3 and 1.62 g cm–3 in November 
2012 and August 2013, respectively. Furthermore, the ranges 
of mean submicron particle effective density were different 
on workdays, Saturday, Sunday and holidays in different 

seasons with minimums in the morning and afternoon, 
especially observed in morning rush hours of weekdays, and a 
maximums during midday. Additionally, the mean effective 
density of submicron aerosol particles in spring was (1.36 ± 
0.22) g cm–3, which was the lowest among the four seasons. 
Compared with other seasons, the variation of submicron 
particle density was weaker in winter in urban Lanzhou. 

The precipitation and strong wind resulted in increases 
of particle effective densities, and increased by 0.1 g cm–3 
and 0.08 g cm–3, respectively, while effective densities of 
submicron aerosol particles decreased by 0.21 g cm–3 due 
to the effect of dust. During the periods mainly affected by 
firework displays, the effective densities of submicron 
aerosol particles were 1.19 g cm–3, which was much lower 
than the mean particle densities for firework-unaffected days, 
indicating firework setting off led to decrease of submicron 
particle effective densities, and decreased by 0.29 g cm–3. 
 
ACKNOWLEDGMENTS 
 

This work was financially supported by the Foundation 
for Excellent Youth Scholars of CAREERI, CAS (No. 
51Y451311) and the Hundred Talents Program of Chinese 
Academy of Sciences (No. 29O827631). The data used in 
the study were measured at Lanzhou Urban Environmental 
Monitoring Station (LUEMS), Cold and Arid Regions 
Environmental and Engineering Research Institute, Chinese 
Academy of Sciences. 
 
REFERENCES 
 
Aerosol Instrument Manager® Software for APS Sensors: 

Instruction Manual. (2002). Appendix D. 
Bau, S., Bémer, D., Grippari, F., Appert-Collin, J.C. and 

Thomas, D. (2014). Determining the effective density of 
airborne nanoparticles using multiple charging correction 
in a tandem DMA/ELPI setup. J. Nanopart. Res. 16: 2629. 

Birmili, W., Stratmann, F., Wiedensohler, A., Covert, D., 
Russell, L.M. and Berg, O. (1997). Determination of 
differential mobility analyzer transfer functions using 
identical instruments in series. Aerosol Sci. Technol. 27: 
215–223. 

Cabada, J.C., Rees, S., Takahama, S., Khlystov, A., Pandis, 
S.N., Davidson, C.I. and Robinson, A.L. (2004). Mass 
size distributions and size resolved chemical composition 
of fine particulate matter at the Pittsburgh supersite. 
Atmos. Environ. 38: 3127–3141. 

Charvet, A., Bau, S., Paez Coy, N.E., Bémer, D. and 
Thomas, D. (2014). Characterizing the effective density 
and primary particle diameter of airborne nanoparticles 
produced by spark discharge using mobility and mass 
measurements (tandem DMA/APM). J. Nanopart. Res. 
16: 2418. 

Chate, D.M. (2005). Study of scavenging of submicron size 
aerosol particles by thunderstorm rain events. Atmos. 
Environ. 39: 6809–6819. 

Chun, Y., Kim, J., Choi, J.C., Boo, K.O., Oh, S.N. and Lee, 
M. (2001). Characteristic number size distribution of 
aerosol during Asian dust period in Korea. Atmos. 



 
 
 

Zhao et al., Aerosol and Air Quality Research, 17: 1–13, 2017 12

Environ. 35: 2715–2721. 
Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., 

Hussein, T., Aalto, P.P. and Lehtinen, K.E.J. (2005). 
Formation and growth of fresh atmospheric aerosols: 
eight years of aerosol size distribution data from SMEAR 
II, Hyytiälä, Finland. Boreal Environ. Res. 10: 323–336. 

Dall'Osto, M., Monahan, C., Greaney, R., Beddows, 
D.C.S., Harrison, R.M., Ceburnis, D. and O'Dowd, C.D. 
(2011). A statistical analysis of North East Atlantic 
(submicron) aerosol size distributions. Atmos. Chem. 
Phys. 11: 12567–12578. 

DeCarlo, P.F., Slowik, J.G., Worsnop, D.R., Davidovits, P. 
and Jimenez, J.L. (2004). Particle morphology and 
density characterization by combined mobility and 
aerodynamic diameter measurements. Part 1: Theory. 
Aerosol Sci. Technol. 38: 1185–1205. 

Dockery, D., Pope, C.I., Xiping, X., Spengler, J., Ware, J., 
Fay, M., Ferris, B. and Speizer, F. (1993). An association 
between air pollution and mortality in six US cities. N. 
Engl. J. Med. 329: 1753–1759. 

Dockery, D.W. and Pope, C.A. (1994). Acute respiratory 
effects of particulate air-pollution. Annu. Rev. Public. 
Health 15: 107–132. 

Gao, J., Zhou, Y., Wang, T. and Wang, W. (2007). Inter-
comparison of WPS-TEOM-MOUDI and investigation 
on particle density. Environ. Sci. 28: 1929–1934. 

Geller, M., Biswas, S. and Sioutas, C. (2006). Determination 
of particle effective density in urban environments with 
a differential mobility analyzer and aerosol particle mass 
analyzer. Aerosol Sci. Technol. 40: 709–723. 

Greenfield, S. (1957). Rain scavenging of radioactive 
particulate matter from the atmosphere. J. Meteorol. 14: 
115–125. 

Hand, J.L. and Kreidenweis, S.M. (2002). A new method 
for retrieving particle refractive index and effective 
density from aerosol size distribution data. Aerosol Sci. 
Technol. 36: 1012–1026. 

Hinds, W.C. (1999). Aerosol Technology: Properties, Behavior, 
and Measurement of Airborne Particles. Wiley, New 
York. 

Holmes, N.S. (2007). A review of particle formation events 
and growth in the atmosphere in the various environments 
and discussion of mechanistic implications. Atmos. 
Environ. 44: 2183–2201. 

Hu, M., Peng, J., Sun, K., Yue, D., Guo, S., Wiedensohler, 
A. and Wu, Z. (2012). Estimation of size-resolved ambient 
particle density based on the measurement of aerosol 
number, mass, and chemical size distributions in the 
winter in Beijing. Environ. Sci. Technol. 46: 9941–9947. 

International Commission on Radiological Protection. 
(1994). Human respiratory model for radiological 
protection. Ann. ICRP. 24: 1–300. 

Imhof, D., Weingartner, E., Vogt, U., Dreiseidler, A., 
Rosenbohm, E., Scheer, V., Vogt, R., Nielsen, O.J., 
Kurtenbach, R., Corsmeier, U., Kohler, M. and 
Baltensperger, U. (2005). Vertical distribution of aerosol 
particles and NOx close to a motorway. Atmos. Environ. 
39: 5710–5721. 

Jung, C.H., Kim, Y.P. and Lee, K.W. (2002). Simulation of 

the influence of coarse mode particles on the properties 
of fine mode particles. J. Aerosol Sci. 33: 1201–1216. 

Karg, E. (2000). The density of ambient particles from 
combined DMA and APS data. J. Aerosol Sci. 31: 759–
760. 

Khlystov, A., Stanier, C. and Pandis, S.N. (2004). An 
algorithm for combining electrical mobility and 
aerodynamic size distributions data when measuring 
ambient aerosol. Aerosol Sci. Technol. 38: 229–238. 

Kim, J., Jung, C.H., Choi, B.C., Oh, S.N., Brechtel, F.J., Yoon, 
S.C. and Kim, S.W. (2007). Number size distribution of 
atmospheric aerosols during ACE-Asia dust and 
precipitation events. Atmos. Environ. 41: 4841–4855. 

Laden, F., Neas, L.M., Dockery, D.W. and Schwartz, J. 
(2000). Association of fine particulate matter from different 
sources with daily mortality in six US cities. Environ. 
Health Perspect. 108: 941–947. 

Lall, A.A. and Friedlander, S.K. (2006). On-line 
measurement of ultrafine aggregate surface area and 
volume distributions by electrical mobility analysis: I. 
Theoretical analysis. J. Aerosol Sci. 37: 260–271. 

Maricq, M.M. and Xu, N. (2004). The effective density and 
fractal dimension of soot particles from premixed flames 
and motor vehicle exhaust. J. Aerosol Sci. 35: 1251–
1274. 

McMurry, P.H., Wang, X., Park, K. and Ehara, K. (2002). The 
relationship between mass and mobility for atmospheric 
particles: A new technique for measuring particle density. 
Aerosol Sci. Technol. 36: 227–238. 

Morawska, L., Johnson, G., Ristovski, Z.D. and Agranovski, 
V. (1999). Relation between particle mass and number 
for submicrometer airborne particles. Atmos. Environ. 
33: 1983–1990. 

Oberdörster, G., Oberdörster, E. and Oberdörster, J. (2005). 
Nanotoxicology: An emerging discipline evolving from 
studies of ultrafine particles. Environ. Health Perspect. 
113: 823–839. 

Olfert, J.S., Symonds, J.P.R. and Collings, N. (2007). The 
effective density and fractal dimension of particles 
emitted from a light-duty diesel vehicle with a diesel 
oxidation catalyst. J. Aerosol Sci. 38: 69–82. 

Park, K., Cao, F., Kittelson, D.B. and McMurry, P.H. 
(2003). Relationship between particle mass and mobility 
for diesel exhaust particles. Environ. Sci. Technol. 37: 
577–583. 

Pitz, M., Cyrys, J., Karg, E., Wiedensohler, A., Wichmann, 
H.E. and Heinrich, J. (2003). Variability of apparent 
particle density of an urban aerosol. Environ. Sci. Tech. 
37: 4336–4342. 

Pitz, M., Schmid, O., Heinrich, J., Birmili, W., Maguhn, J., 
Zimmermann, R., Wichmann, H.E., Peters, A. and Cyrys, 
J. (2008a). Seasonal and diurnal variation of PM2.5 

apparent particle density in urban air in Augsburg, 
Germany. Environ. Sci. Technol. 42: 5087–5093. 

Pitz, M., Birmili, W., Schmid, O., Peters, A., Wichmann, 
H.E. and Cyrys, J. (2008b). Quality control and quality 
assurance for particle size distribution measurements at 
an urban monitoring station in Augsburg, Germany. J. 
Environ. Monit. 10: 1017–1024. 



 
 
 

Zhao et al., Aerosol and Air Quality Research, 17: 1–13, 2017 13

Ristimaki, J., Virtanen, A., Marjamaki, M., Rostedt, A. and 
Keskinen, J. (2002). On-line measurement of size 
distribution and effective density of submicron aerosol 
particles. J. Aerosol Sci. 33: 1541–1557. 

Seinfeld, J.H. and Pandis, S.N. (2006). Atmospheric 
Chemistry and Physics: From Air Pollution to Climate 
Change. (2nd ed.). New York: John Wiley and Sons, Inc. 

Slinn, W.G.N. (1983). Precipitation Scavenging in 
Atmospheric Sciences and Power Production 1979. 
Division of Biomedical Environmental Research, US 
Department of Energy, Washington DC. 

Spencer, M.T., Shields, L.G. and Prather, K.A. (2007). 
Simultaneous measurement of the effective density and 
chemical composition of ambient aerosol particles. 
Environ. Sci. Technol. 41: 1303–1309. 

Vu, T.V., Delgado-Saborit, J.M. and Harrison, R.M. (2015). 
Review: Particle number size distributions from seven 
major sources and implications for source apportionment 
studies. Atmos. Environ. 122: 114–132. 

Wang, H. and John, W. (1987). Particle density correction 
for the aerodynamic particle sizer. Aerosol Sci. Technol. 
6: 191–198. 

Wang, Y., Zhuang, G., Xu, C. and An, Z. (2007). The air 
pollution caused by the burning of fireworks during the 
lantern festival in Beijing. Atmos. Environ. 41: 417–431. 

Wehner, B., Wiedensohler, A. and Heintzenberg, J. (2000). 
Submicrometer aerosol size distributions and mass 
concentration of the millennium fireworks 2000 in 
Leipzig, Germany. J. Aerosol Sci. 31: 1489–1493. 

Virtanen, A., Ristimaki, J. and Keskinen, J. (2004). Method 
for measuring effective density and fractal dimension of 
aerosol agglomerates. Aerosol Sci. Technol. 38: 437–446. 

Yin, Z., Ye, X., Jiang, S., Tao, Y., Shi, Y., Yang, X. and 

Chen, J. (2015). Size-resolved effective density of urban 
aerosols in Shanghai. Atmos. Environ. 100: 133–140. 

Yue, D.L., Hu, M., Wu, Z.J., Wang, Z.B., Guo, S., Wehner, 
B., Nowak, A., Achtert, P., Wiedensohler, A., Jung, J., 
Kim, Y.J. and Liu, S. (2009). Characteristics of aerosol 
size distributions and new particle formation in the 
summer in Beijing. J. Geophys. Res. 114: D00G12. 

Zhang, M., Wang, X.M., Chen, J.M., Cheng, T.T., Wang, 
T., Yang, X., Gong, Y.G., Geng, F.H. and Chen, C.H. 
(2010). Physical characterization of aerosol particles 
during the Chinese New Year's firework events. Atmos. 
Environ. 44: 5191–5198. 

Zhao, S., Yu, Y., Yin, D., Liu, N. and He, J. (2014). Ambient 
particulate pollution during Chinese Spring festival in 
urban Lanzhou, northwestern China. Atmos. Pollut. Res. 
5: 335–343. 

Zhao, S., Yu, Y., He, J., Yin, D. and Wang, B. (2015a). Below-
cloud scavenging of aerosol particles by precipitation in a 
typical valley city, northwestern China. Atmos. Environ. 
102: 70–78. 

Zhao, S., Yu, Y., Yin, D. and He, J. (2015b). Meteorological 
dependence of particle number concentrations in an 
urban area of complex terrain, Northwestern China. Atmos. 
Res. 164–165: 304–317. 

Zhao, S., Yu, Y., Xia, D., Yin, D., He, J., Liu, N. and Li, F. 
(2015c). Urban particle size distributions during two 
contrasting dust events originating from Taklimakan and 
Gobi Deserts. Environ. Pollut. 207: 107–122. 

 
 

Received for review, December 17, 2015 
Revised, May 23, 2016 

Accepted, May 23, 2016
 


