
Environmental Pollution 289 (2021) 117846

Available online 24 July 2021
0269-7491/© 2021 Elsevier Ltd. All rights reserved.

Source apportionment of atmospheric particle number concentrations with 
wide size range by nonnegative matrix factorization (NMF)☆ 

Chun-Sheng Liang a,c,1, Dingli Yue b,1, Hao Wu f, Jin-Sen Shi a,c, Ke-Bin He d,e,* 

a Collaborative Innovation Center for West Ecological Safety, Lanzhou University, Lanzhou, 730000, China 
b Guangdong Environmental Monitoring Center, State Environmental Protection Key Laboratory of Regional Air Quality Monitoring, Guangzhou, 510308, China 
c Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou, 730000, China 
d State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing, 100084, China 
e State Environmental Protection Key Laboratory of Sources and Control of Air Pollution Complex, Beijing, 100084, China 
f Key Laboratory of China Meteorological Administration Atmospheric Sounding, School of Electrical Engineering, Chengdu University of Information Technology, 
Chengdu, 610225, China   

A R T I C L E  I N F O   

Keywords: 
Source apportionment 
Particle number concentrations 
Nonnegative matrix factorization 
Particle number size distributions 
Receptor model 
Particle sizer 

A B S T R A C T   

Quantifying the sources of atmospheric particles is essential to air quality control but remains challenging, 
especially for the source apportionment of particles based on number concentration with wide size range. Here, 
particle number concentrations (PNC) with size range 19–20,000 nm involving four modes Nucleation, Aitken, 
Accumulation, and Coarse are used to do source apportionment of PNC at the Guangdong Atmospheric Supersite 
(Heshan) during July–October 2015 by nonnegative matrix factorization (NMF) with 6 factors. For July 2015, 
separated source apportionments for three different size ranges from collocated instruments nano scanning 
mobility particle sizer (NSMPS), SMPS, and aerodynamic particle sizer (APS) and for two different size ranges 
(below and above 100 nm) show similar quantitative source information with that for the one whole size range. 
The mean absolute difference of contribution percentages of total particle number concentrations (TPNC) based 
on 5 unique apportioned sources is 5.6 % (4.3–7.6 %) for the instrument segregated apportionment and 4.2 % 
(0–5.3 %) for the size range segregated apportionment respectively, relative to the one whole apportionment. 
Moreover, the contribution percentages of TPNC are close to the weighted sum of contribution percentages of all 
size bins, with a mean absolute difference of 1.1 % (0–3.4 %). In both these two aspects, the consistency among 
different technical paths proves the matrix factorization by NMF is practically desirable and the simplicity of 
reducing some steps or calculations saves time. Besides, dust can be identified with the wide size range including 
larger than 3000 nm. Six apportioned sources in the 4 months are Accumulation (32.4 %), Nucleation (20.0 %), 
Aitken (15.2 %), traffic (14.6 %), dust (10.6 %), and Coarse (7.1 %). Therefore, NMF would serve as a promising 
tool for PNC source apportionment with wide size range and conducting the apportionment with the whole size 
range in one matrix factorization procedure and using the single TPNC contribution percentage are feasible.   

1. Introduction 

Source apportionment of atmospheric particles is very important to 
improve air quality for public health (Almeida et al., 2020; Hopke et al., 
2020; Zhang et al., 2020), but particle source apportionment based on 
number concentration is immature. Although particle source appor-
tionment based on number concentration is complementary to and 

verifiable with that based on mass concentration (Cai et al., 2020; Liang 
et al., 2020; Rodins et al., 2020), it has been conducted much less than 
that based on mass concentration. For example, there are 53 results for 
titles ‘particle number’ and ‘source’ and 1039 results for titles ‘PM2.5’ 
and ‘source’ from Web of Science Core Collection on March 12, 2021. 

Two kinds of combinations can be found in the studies on particle 
number concentrations (PNC) with wide size range and PNC source 
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apportionment. One is about hardware (observations) and the other is 
about software (modelling). First, wider size ranges contain more 
abundant fingerprints about sources (Charron et al., 2008; Hussein et al., 
2014), which generally need to be measured by combing multiple in-
struments. It is hard to measure wide size ranges such as 2–20,000 nm by 
using one single aerosol instrument (Kulkarni and Baron, 2011). 
Consequently, two or more instruments such as scanning mobility par-
ticle sizer (SMPS), aerodynamic particle sizer (APS), and optical particle 
spectrometer/sizer (OPS) have been jointly used in studies on particle 
number size distributions (PNSD) containing PNC with wide size ranges 
(Harrison et al., 2011; Masiol et al., 2016; Spielvogel et al., 2010; Wu 
and Boor, 2020; Xia et al., 2020). Second, the practical PNC source 
apportionment operations often involve combing receptor models and 
supplementary information such as related pollutants, meteorology, and 
dispersion models (Beddows et al., 2015; Harrison et al., 2011; Masiol 
et al., 2017; Vu et al., 2015). This combing has been summarized and 
proposed to adopt for PNC source apportionment (Liang et al., 2020). 

In recent years, both instruments and receptor models have been 
developed and compared for observations and source apportionment of 
PNC. Portable and miniature ultrafine particle sizers (Liu et al., 2020; 
Sun et al., 2019; Yang et al., 2021), new nanoparticle sizer (Lee et al., 

2020), and compact low-cost optical particle sizer (Njalsson and 
Novosselov, 2018) have been developed. The state-of-the-art aerosol 
technologies have been used and verified for high flow differential 
mobility particle sizer (Kangasluoma et al., 2018) and compared for field 
observations (Vo et al., 2018). Methods to assess the performance and 
uncertainties of SMPS instruments have also been explored (Coquelin 
et al., 2018; Stolzenburg and McMurry, 2018). With respect to receptor 
models, after comparing with k-means clustering (Beddows et al., 2009), 
principal components analysis (PCA) (Khan et al., 2015; Liang et al., 
2013; Pey et al., 2009), factor analysis (FA) (Wåhlin et al., 2001), and 
positive matrix factorization (PMF) (Ogulei et al., 2006; Zhou et al., 
2004), the nonnegative matrix factorization (NMF) (Lee and Seung, 
1999) with synergetic advantages in factor distinction, nonnegative 
constraints, C++ optimized algorithms (Gaujoux and Seoighe, 2020), 
and parallel computing has been introduced and proposed to use for 
PNC source apportionment (Liang et al., 2020). Besides being aimed at 
PNC source apportionment, NMF has also been used to provide PM2.5 
and PM10 source profiles (Delmaire et al., 2010; Kfoury et al., 2016; Liu 
et al., 2019; Scerri et al., 2019; Shang et al., 2018; Suzuki et al., 2021; 
Zhang et al., 2019), deconvolve low-cost sensors data into 
CO-dominated and particle factors (Hagan et al., 2019), and identify 
sources of methylsiloxanes (Horii et al., 2021). Coupled with autocor-
relation function (ACF), the diurnal, stochastic, and persistent sources 
can be distinguished by NMF (Ouaret et al., 2017). Informed weighted 
NMF methods using αβ-divergence would reduce the influence of out-
liers in practice (Delmaire et al., 2019). 

Despite the above-mentioned advances, the performance of NMF in 
PNC source apportionment with wide size range is unknown. Some other 
unknown aspects include whether the source apportionment of PNC 
with wide size range observed by combing multiple instruments can be 
conducted in one matrix factorization procedure and whether using the 
single TPNC contribution percentage is feasible for reporting TPNC 
sources. 

To make these unknowns known, PNC with wide size range 
2–20,000 nm involving four modes Nucleation, Aitken, Accumulation, 
and Coarse are observed at the Guangdong Atmospheric Supersite 
(Heshan) during July–October 2015 by using instruments nano scanning 
mobility particle sizer (NSMPS), SMPS, and aerodynamic particle sizer 
(APS). The data are used in PNC source apportionment by NMF. Sepa-
rated source apportionment (matrix factorization) procedures for three 
different size ranges from collocated instruments NSMPS, SMPS, and 
APS and for two different size ranges (below and above 100 nm) are 
compared with that for the whole size range in one matrix factorization 
procedure, using the data of July 2015. And, the contribution percent-
age of TPNC is compared with the weighted sum of contribution per-
centages of all size bins. In addition, PNC source apportionments in all 4 
months are conducted with the selected technical paths based on these 
comparisons. 

Table 1 
R packages.  

Roles R packages (references) 

Data transformation and statistics 
and character processing 

magrittr (Bache and Wickham, 2014), readxl ( 
Wickham and Bryan, 2019), dataprep (Liang 
et al., 2020; Liang et al., 2021), dplyr ( 
Wickham et al., 2019b), reshape2 (Wickham, 
2007; Wickham, 2017), openair (Carslaw and 
Ropkins, 2019; Carslaw and Ropkins, 2012), 
lubridate (Grolemond and Wickman, 2011;  
Spinu et al., 2018), forcats (Wickham, 2019a), 
scales (Wickham and Seidel, 2019), zoo (Zeileis 
and Grothendieck, 2005; Zeileis et al., 2019), 
RcppRoll (Ushey, 2018), tidyr (Wickham and 
Henry, 2019), expss (Demin, 2019), tibble ( 
Müller and Wickham, 2019), broom (Robinson 
and Hayes, 2019), stringr (Wickham, 2019b) 

Data collection splitr (Iannone, 2021) 
Models (NMF, CWT) NMF (Gaujoux and Seoighe, 2010; Gaujoux 

and Seoighe, 2020), splitr (Iannone, 2021), 
openair (Carslaw and Ropkins, 2019; Carslaw 
and Ropkins, 2012) 

Plotting ggplot2 (Wickham, 2016; Wickham et al., 
2019a), scales (Wickham and Seidel, 2019), 
cowplot (Wilke, 2019), lattice (Sarkar, 2008, 
2018), openair (Carslaw and Ropkins, 2019;  
Carslaw and Ropkins, 2012), gtable (Wickham 
and Pedersen, 2019), ggrepel (Slowikowski, 
2019), OpenStreetMap (Fellows and Stotz, 
2019), ggplotify (Yu, 2019)  

Fig. 1. Time series of PNSD, GMD, and TPNC at the Guangdong Atmospheric Supersite (Heshan) in 2015.  
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2. Materials and methodology 

2.1. Location and observation 

The site is at the Guangdong Atmospheric Supersite (Heshan, lat =
22.728, lon = 112.929) (Fig. S1). It is on a hill with trees, plants, and 
roads around (Chang et al., 2019) and influenced by regional transport 
of air pollutants from Guangzhou and Foshan (Yue et al., 2015). 

Three particle sizers (measurement range) scanning mobility particle 
sizer (NSMPS, differential mobility analyzer (DMA) 3085, condensa-
tional particle counter (CPC) 3776, 2.21–60.4 nm, 24 bins), SMPS (DMA 
3081, CPC 3775, 19.1–930.6 nm, 28 bins), and aerodynamic particle 
sizer (APS, 3321, one bin for < 0.523 μm and 51 bins for 0.542–19.81 

μm) (TSI) were used for the PNSD observation from July to October 
2015. The time resolution of all the measurements is 5-min. The channel 
resolution of these measurements is integrated into 32 per decade of 
particle size. 

2.2. Accessory data 

The accessory data of the PNSD spectra mainly include criteria 
(regular) pollutants (including ground-level ozone O3, particulate mat-
ter PM, carbon monoxide CO, lead Pb, sulfur dioxide SO2, and nitrogen 
dioxide NO2, see https://www.epa.gov/criteria-air-pollutants, here only 
O3, SO2, NO2, CO, and PM2.5 are used) and meteorological parameters 
(wind speed (WS), wind direction (WD), atmospheric pressure (P), 

Fig. 2. Hourly averaged and cumulative PNSD and hour of day variations of size-divided PNC and GMD.  

C.-S. Liang et al.                                                                                                                                                                                                                                
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temperature (T), and relative humidity (RH)) monitored in the site and 
backward trajectories from National Oceanic and Atmospheric Admin-
istration (NOAA) accessed by using R package splitr (Iannone, 2021). 

2.3. Data analysis tools 

The R packages in system library (The R Core Team, 2021) and some 
other packages in user library were used to deal with the data. The 
selected user library R packages are listed in Table 1. 

2.4. Nonnegative matrix factorization and contribution moment 

The formula of NMF is:  

X ≈ WH                                                                                        (1) 

where X is a matrix of M variables and N observations (Lee and Seung, 
1999). NMF can find the nonnegative base matrix W (M × L) and the 
coefficient matrix H (L × N) to meet X ≈ WH (Gaujoux and Seoighe, 
2010; Gaujoux and Seoighe, 2020). 

Contribution moment (CM) was put forward to compare the influ-
ence of parameters (variables) such as wind and trajectory (Liang et al., 
2020). CM equals a normalized parameter (average is 1) times a 
normalized contribution (average is 1). 

CMParm = ParmMean
1 × CMean

1 (2)  

where Parm means parameter, ParmMean
1 means the normalized param-

eter (average is 1), and CMean
1 means the normalized contribution 

(average is 1) (Liang et al., 2020). The specific expressions were clarified 
in the reference (Liang et al., 2020). 

Fig. 3. NMF results of the whole apportionment in July 2015.  
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3. Results and discussion 

3.1. Preprocessing of data 

The new R package dataprep (Liang et al., 2020, 2021) was used to 
preprocess the raw PNC data (Fig. S2). The values in data from NSMPS 
and SMPS equal to 0 were removed (replaced by missing values). The 
arguments in function were set according to the principles of accuracy 
and completeness to keep more samples and remove obvious outliers. 
The ‘accuracy’ principle means deleting variables, observations, and 
outliers neither excessively nor insufficiently within strict constraints. 
The ‘completeness’ principle means fully respecting the original data by 
avoiding changes or preprocessing whenever feasible and rigorously 
interpolating the missing values by considering the spatiotemporal gaps 
in the horizontal and vertical directions to keep as many samples (ob-
servations and variables) and values as possible. The outliers are defined 
as follows:  

x = Max and x (Max) > QT × (1 + ET) + MTQ × CTM                        (3) 

where Max is the maximum particle number concentration of a size bin, 
QT is the top quantile (percentile) with a default of 0.995 (99.5 %), ET is 
the top allowable error coefficient with a default of 0.1, MTQ is the order 
of magnitude of QT, and CTM is the coefficient (default is 0.2) of MTQ.  

x = Min and x (Min) < QB × (1 - EB) - MBQ × CBM                            (4) 

where Min is the minimum particle number concentration of a size bin, 
QB is the bottom quantile (percentile) with a default of 0.0025 (0.25 %), 
EB is the bottom allowable error coefficient with a default of 0.2, MBQ is 
the order of magnitude of QB, and CBM is the coefficient (default is 0.4) of 
MBQ. The different parameter values are chosen based on the improve-
ment (Liang et al., 2020) from previous work (Masiol et al., 2017; Masiol 
et al., 2016). Allowable error coefficient and order of magnitude of 
quantiles and its coefficient were added as constraints to improve the 
traditional percentile-based outlier removal method. The new method 
deletes less values, deletes more completely, and generates no new 
outliers, compared with previous methods. Results (e.g., calculations 
and line plots by methods in R package dataprep (Liang et al., 2021)) of 
top and bottom percentiles, number of retained samples, amount of 
removed outliers, and descriptive statistics (e.g., standard deviation) 

should be considered in setting these values. The top and bottom pa-
rameters play symmetrical roles but their values are not because the 
bottom is less dispersed and influential than the top (Liang et al., 2020). 

The outliers are removed in a one-by-one way by considering every 
extremum. The quantiles and constraints are re-estimated after each 
removal. Both the top and bottom outliers are removed simultaneously 
(order-irrelevant) after they are calculated together in one step. Usually, 
this procedure will be repeated after a previous removal operation for 
many times. Besides the default values for most arguments, the value of 
fraction in the function dataprep was set as 0.18 for the raw PNC data 
here. 

After preprocessing, 20645 observations were retained from the 
original 23,616 observations, outliers were removed, and missing values 
were linearly interpolated based on the incomplete and dispersed de-
grees of the raw data (Fig. S3). A total of 15 variables (size bins) were 
deleted: 2.21, 2.55, 2.94, 3.40, 3.92, 4.53, 5.23, 6.04, 6.98, 8.06, 9.31, 
10.7, 12.4, 14.3, and 16.5 nm. It is because of the difficulty in mea-
surement. For example, the standard deviations and coefficients of 
variation of the size bins below 17 nm are very high (Fig. S4). The 
preprocessing here keeps more samples than ordinary methods and adds 
no new outliers after interpolation. 

3.2. Pollution characteristics 

The 5-min data (Fig. S3) were averaged into hourly data (Fig. 1) for 
analysis of characteristics and sources. The trends of geometric mean 
diameter (GMD) and TPNC are opposite. In July and August (hotter 
months) the peaks of TPNC are higher than those in September and 
October. The TPNC are highly dependent on PNC of size range 30–300 
nm. 

The concentration percentages of ultrafine particles (UFP) are about 
half or even more of the TPNC, ranging from 48.1 % to 63.5 % (Fig. 2a). 
However, these ratios are not so high than usually observed, because the 
15 smallest size bins were deleted due to excessive missing values, 
resulting in an important part of UFP is not taken into account. Particles 
larger than 1000 nm account for very few (1.5–7.1 %) in TPNC. The 
TPNC are generally higher in daytime than in nighttime, as shown in 
July, August, and October (Fig. 2b). Compared with these three months, 
the case of September is not like this and less representative because of 
containing relatively more missing observations. 

3.3. Source apportionment 

The preprocessed PNC data are from three different particle sizers 
NSMPS, SMPS, and APS, still involving the four modes Nucleation, 
Aitken, Accumulation, and Coarse, but 15 smallest size bins were 
deleted from the raw data. To test the performance of NMF, three kinds 
of apportionments based on size ranges were compared. First, PNC data 
from different instruments were separately used in source apportion-
ments by NMF. Second, similarly, PNC data with sizes below and above 
100 nm were separately input into NMF for source apportionments. 
Third, the whole PNC data were used in one source apportionment 
procedure by NMF. 

3.3.1. Instrument segregated apportionment 
According to the peaks of PNSD and normalized contributions, the 

correlations between normalized contributions and meteorological pa-
rameters and their diurnal patterns, contributions to criteria pollutants 
(O3, SO2, NO2, CO, and PM2.5), and contribution moments (wind rose 
and backward trajectories) (Liang et al., 2020), the factors N1 to N9 
(Fig. S5) in the instrument segregated apportionment are named as: N1 

Fig. 4. Source apportionment (percentages using TPNC) by NMF in three 
different methods in July 2015. 

C.-S. Liang et al.                                                                                                                                                                                                                                
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Fig. 5. 0–1 normalization weighted NMF results of the whole apportionment in July 2015.  
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Fig. 6. Binary weighted NMF results of the whole apportionment in July 2015.  
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Fig. 7. Sources and their percentages using three versions of NMF on a whole apportionment basis.  
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is Nucleation (process source, the same below), N2 is Nucleation, N3 is 
Aitken (process source, the same below), N4 is Accumulation (process 
source, the same below), N5 is Accumulation, N6 is Aitken, N7 is dust, 
N8 is Coarse (process source, the same below), and N9 is Accumulation. 

3.3.2. Size range segregated apportionment 
Similarly (Liang et al., 2020), the factors N1 to N6 (Fig. S6) in the size 

range segregated apportionment are named as: N1 is Aitken, N2 is 
Nucleation, N3 is Nucleation, N4 is Accumulation, N5 is dust, and N6 is 
Accumulation. 

3.3.3. Whole apportionment 
Likewise (Liang et al., 2020), the factors N1 to N6 (Fig. 3) in the 

whole apportionment are named as: N1 is Accumulation, N2 is Nucle-
ation, N3 is Aitken, N4 is dust, N5 is Nucleation, and N6 is 
Accumulation. 

The following Sections 3.3.4 through 3.3.7 are based on the data of 
July 2015 only. 

3.3.4. Comparisons of different apportionments 
The contribution percentages of TPNC calculated from the three 

different PNC source apportionments are shown in Fig. 4. The absolute 
difference between the instrument segregated and the whole appor-
tionments is: Nucleation (4.9 %), Aitken (4.3 %), Accumulation (7.6 %), 
Coarse (4.8 %), dust (6.4 %), with a mean of 5.6 %. Likewise, the ab-
solute difference between the size range segregated and the whole ap-
portionments is: Nucleation (5.2 %), Aitken (5.3 %), Accumulation (5.3 
%), Coarse (0 %), dust (5.2 %), with a mean of 4.2 %. If the percentages 
are calculated by using weighted sum of contribution percentages of all 
size bins, similar result will be gotten (Fig. S7). 

3.3.5. Comparisons of NMF and weighted NMF 
Figs. 5 and 6 show the 0–1 (minimum to maximum) normalization 

and binary (0 for outlier or interpolated entry and 1 for other values) 
weighted NMF results of the whole apportionment in July 2015 
respectively. More information of weighted NMF can be found else-
where (Ho, 2008). The characteristic peaks of concentrations and per-
centages of weighted NMF are more mixed (with multiple peaks, W3 and 
W4 in Fig. 5a and W5 in Fig. 6a) than those of NMF (Fig. 3a). A mixed 
factor obviously contains multiple main sources and hence is hard to 
apportion (be assigned to one certain source). 

The sources and their percentages apportioned by weighted NMF are 
shown in Fig. 7a and Fig. 7b. The difference between the outcomes of 
NMF and weighted NMF mainly lies in the mixed sources (Fig. 7c). 
Mixed sources are obscure and not so meaningful in practical use that 
needs explicit results, so the NMF rather than the weighted NMF is 
chosen to be the receptor model in this work. Although an ideal weight 
method of NMF is not found in this work, weighted NMF is worth of 
exploring and developing in the future for PNC source apportionment, 
especially based on optimizing the binary weighted NMF which is more 
promising (with one less mixed source) than the 0–1 normalization 
weighted NMF. 

3.3.6. Comparisons of calculations of contribution percentages of TPNC 
Specifically, the contribution percentages of TPNC calculated by 

both using TPNC contribution percentages alone and weighted sum of 
contribution percentages of all size bins are shown in Fig. 8. The abso-
lute difference between these two calculations is small, ranging from 0 
% to 3.4 % and averaging at 1.1 %. 

3.3.7. Influence of criteria pollutants on the matrix factorization by NMF 
To examine the influence of criteria pollutants (O3, SO2, NO2, CO, 

and PM2.5) on the matrix factorization by NMF, PNC source 

Fig. 8. Source apportionment by NMF for TPNC with two different calculations 
on a whole apportionment basis in July 2015. 

Fig. 9. Source apportionment by NMF for TPNC with and without criteria 
pollutants on a whole apportionment basis in July 2015. 

C.-S. Liang et al.                                                                                                                                                                                                                                
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apportionments without criteria pollutants were also conducted for July 
2015 (Figs. S8− S10), relative to the results above (Figs. S5, S6, and 3). 
The comparison of different apportionment methods (instrument 
segregated, size range segregated, and whole) can be further made here. 
The absolute difference between the instrument segregated and the 
whole apportionments is: Nucleation (1.2 %), Aitken (9.8 %), Accu-
mulation (5.2 %), Coarse (5.6 %), dust (8.9 %), with a mean of 6.1 % 
(Fig. S11). Likewise, the absolute difference between the size range 
segregated and the whole apportionments is: Nucleation (6.7 %), Aitken 
(3.2 %), Accumulation (3.9 %), Coarse (0 %), dust (5.9 %), with a mean 
of 3.9 % (Fig. S11). For the influence of criteria pollutants, in general, 
the absolute difference of the contribution percentages of TPNC between 
with and without criteria pollutants is small, ranging from 0 % to 7.6 % 
and averaging at 1.9 % (Fig. 9). 

3.3.8. PNC source apportionments of all months 
Similar to that of July 2015 (Fig. 3), the PNC source apportionments 

of other months August, September, and October 2015 were conducted 
by using NMF on a whole apportionment basis. The results can be seen in 
Figs. S12− S14. The sources and their percentages are summarized in 
Fig. 10. The 6 apportioned sources (normalized averages of available 
contribution percentages in the 4 months) include Accumulation (32.4 
%), Nucleation (20.0 %), Aitken (15.2 %), traffic (14.6 %), dust (10.6 
%), and Coarse (7.1 %). 

3.4. Effect of the interpolation method on the NMF performance 

The effect of the linear interpolation on the NMF performance can be 
investigated by a comparison between complete cases (omitting samples 
with missing values) and linearly interpolated cases. An obvious dif-
ference is the number of samples. The complete case of July has the same 
number of samples with that of the linearly interpolated case while the 
complete samples are many (155) less than the interpreted one in 
September (Table 2), which are also reflected by the missing values gaps 
in the time series (Fig. 1). However, the numbers of 5-min samples in 
July 2015 are 2304 and 2198 for the interpolated and complete cases 
respectively, though they have the same number of hourly samples. 

The two months July and September, with the smallest and biggest 
differences in number of samples among the complete and linearly 
interpolated cases respectively, were chosen to investigate the influence 
of linear interpolation on NMF on a whole apportionment basis. The 
NMF results of July (Fig. S15) and September (Fig. S16) without linear 

Fig. 10. Sources and their percentages and variations.  

Table 2 
Samples of complete and linearly interpolated cases.  

Month-year Number of samples 

Interpolated Complete 

Jul-15 178 178 
Aug-15 720 692 
Sep-15 553 398 
Oct-15 297 294  

C.-S. Liang et al.                                                                                                                                                                                                                                



Environmental Pollution 289 (2021) 117846

11

interpolation for PNC show small and big differences from those (Fig. 3 
and S13) with linear interpolation for PNC respectively, responding to 
the differences in number of samples. They have the same factor names 
(sources), but their mean absolute differences in contribution percent-
ages are 0.2 % (0.1–0.4 %) and 1.9 % (0.1–3.8 %) for July and 
September respectively (Fig. 11). These indicate the linear interpolation 
would not change the kinds of sources (quality) but would change the 
contribution percentages (quantity) via the retained samples. 

3.5. Further test of the NMF based PNC source apportionment method 

Since the duration of the 4-month sampling period is not so long, 
some more data gotten from the Internet were used to test the above 
proposed NMF based PNC source apportionment method. The data are 
from a European station named Ispra (lat = 45.8, lon = 8.633) in Varese, 
Italy. It is a rural station but with many sport clubs (such as compre-
hensive sports center, golf course, rowing club, and football field), res-
taurants, and small roads around. The data of PNC (10–20,000 nm) and 
criteria pollutants (O3, SO2, NO2, and CO) of Ispra in 2017 were 
downloaded from EBAS (a database storing observation data of atmo-
sphere) managed by the Norwegian Institute for Air Research (NILU) 
(Torseth et al., 2012). Their accessory data meteorological parameters 
(WS, WD, P, T, and RH in Milan Malpensa Airport, 20.2 km away from 
the Ispra station) were obtained by using R package worldmet (Carslaw, 
2021) and backward trajectories were obtained by using R package 
splitr (Iannone, 2021) from the NOAA. The PNC source apportionment 
was operated successfully by using the above proposed method on a 
whole apportionment basis (Fig. 12). N1 is aged traffic, N2 is fresh 

traffic, N3 is Accumulation 1, N4 is Accumulation 2, N5 is Nucleation 1, 
and N6 is Nucleation 2. 

The contribution percentages of the NMF factors (sources) to TPNC 
range from 9 % to 25.3 % (Fig. 13a). Traffic, Accumulation, and 
Nucleation contributed 46.1 %, 32.7 %, and 21.2 % to the TPNC 
(Fig. 13b), respectively. Compared with the relatively remote station 
Heshan (on a hill) where traffic only contributed 8.1–23.3 % during 
August to October in 2015 (Fig. 10), this rural station Ispra is much more 
influenced by traffic. The closer a station is to roads, the higher contri-
bution of traffic to PNC might be. PNC source apportionment is very 
sensitive to human activities such as transport, depending on the dis-
tance between a receptor site and the anthropogenic sources. 

4. Conclusions 

Particle number concentrations (PNC) with size range 2–20,000 nm 
at the Guangdong Atmospheric Supersite (Heshan) during July–October 
2015 were observed by using NSMPS, SMPS, and APS. After pre-
processing, the data of PNC with size range 19–20,000 nm were retained 
and used for source apportionments by using NMF. There are three main 
conclusions from the source apportionment for the exemplary July 
2015. First, different tests show that the instrument segregated, size 
range segregated, and whole apportionments are similar in contribution 
percentages of factors, with average absolute difference around 5 %. 
Second, the TPNC contribution percentages themselves are very close to 
the weighted sum of contribution percentages of all size bins, with 
average absolute difference of 1.1 %. Third, the absolute difference of 
the contribution percentages of TPNC between with and without criteria 

Fig. 11. Influence of linear interpolation on sources and their percentages.  
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Fig. 12. NMF results of Ispra in 2017 on a whole apportionment basis.  
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pollutants is small (averaging at 1.9 %). In other words, conducting the 
wide size PNC source apportionment in one step as a whole rather than 
one by one separately is feasible, using the TPNC percentage is alter-
natively enough instead of necessarily calculating the weighted sum, 
and combing the criteria pollutants with size bins is helpful with few 
disturbances. The method also proved successful in the case of Ispra in 
2017. The promising binary weighted NMF is worth of optimizing to 
develop weight method for NMF based PNC source apportionment in the 
future. In all, NMF is decent and efficient for source apportionment of 
PNC with wide size range. And, the reduced and integrated steps make 
the analysis of particle sources (or other datasets with a large number of 
numeric variables and observations) via NMF simpler. 
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