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Abstract

Increasing traffic density and a changing car fleet on the one hand as well as various
reduction measures on the other hand may influence the composition of the particle
population and, hence, the health risks for residents of megacities like Beijing. A suit-
able tool for identification and quantification of source group-related particle exposure
compositions is desirable in order to derive optimal adaptation and reduction strategies
and therefore, is presented in this paper.

Particle number concentrations have been measured in high time- and space-
resolution at an urban background monitoring site in Beijing, China, during 2004—
2008. In this study a new pattern recognition procedure based on non-negative matrix
factorization (NMF) was introduced to extract characteristic diurnal air pollution pat-
terns of particle number and volume size distributions for the study period. Initialization
and weighting strategies for NMF applications were carefully considered and a scaling
procedure for ranking of obtained patterns was implemented. In order to account for
varying particle sizes in the full diameter range [3nm; 10 um] two separate NMF ap-
plications (a) for diurnal particle number concentration data (NMF-N) and (b) volume
concentration data (NMF-V) have been performed.

Five particle number concentration-related NMF-N factors were assigned to pat-
terns mainly describing the development of ultrafine (particle diameter D, < 100nm
instead of Dp) as well as fine particles (D, < 2.5um), since absolute number concentra-
tions are highest in these diameter ranges. The factors are classified into primary and
secondary sources. Primary sources mostly involved anthropogenic emission sources
such as traffic emissions or emissions of nearby industrial plants, whereas secondary
sources involved new particle formation and accumulation (particle growth) processes.
For the NMF-V application the five extracted factors mainly described coarse particle
(2.5pm < D, < 10pm) variations, generated by processes like dust storm events. Be-
cause particle volume depends on particle diameter in a cubic manner, larger particles
are emphasized in the latter application.
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In order to gain insight in the day-by-day varying source-associated composition of
the particle burden non-negative linear combinations of individual source-associated
pollution patterns were used to approximate the original particle data. Consequently,
this NMF-based procedure provides a reasonable numerical-statistical tool for the de-
scription of daily patterns of particle pollution, source identification and reconstruction
of daily patterns by summarizing weighted factors.

1 Introduction

In the last decades traffic density and energy consumption increased rapidly in Beijing
and other Chinese megacities, with enormous impacts on air quality. European limit
values for particle mass (EU, 1999) are exceeded tremendously day by day (Liu et al.,
2008; Wehner et al., 2008; Wu et al., 2007, 2008), resulting in rising health risks for the
residents (Breitner et al., 2011; Guo et al., 2009; Pan et al., 2007; Zhang et al., 2007). In
order to derive source-dependent measures for reduction of particle concentrations it is
necessary to gain insight into the exact composition of the particle burden. Hence, it is
critical to understand the processes dominating particle concentrations within different
particle size fractions in highly polluted areas.

Particulate matter (PM) is commonly defined as a mixture of particles of different
size ranges and different physical and chemical properties. That means airborne parti-
cles do not constitute a uniform population. Regarding particle size, PM is most often
distinguished between coarse (2.5 to 10 um, CP), fine (< 2.5um, FP), and ultrafine par-
ticles (< 0.1 um, UFP). Since fractions of different particle size originate from different
sources and are associated to various chemical compositions hazardousness for hu-
man health differs. Numerous studies have faced PM composition and adverse health
effects of elevated PM concentrations (Andersen et al., 2007, 2008; Arhami et al., 2010;
Atkinson et al., 2010; Bell et al., 2009; Branis et al., 2011; Cyrys et al., 2003; Duvall
et al., 2008; Franck et al., 2011a; Leitte et al., 2009; Poschl, 2002; Suwanwaiphatthana
et al., 2010). Previous research has shown that fine and ultrafine particles might be
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more harmful than coarse particles (Chalupa et al., 2004; Franck et al., 2011b; Hein-
rich et al., 2002; Leitte et al., 2011b,c; Peters et al., 1997, 2002; Wichmann et al., 2000),
because of their ability to penetrate more deeply into the lungs. Especially UFP may
attain the pulmonary alveoli and can even translocate into the bloodstream (Penttinen
et al., 2001; Rundell and Caviston, 2008). Because of high particle humber concen-
trations and large active surface area per unit mass in the UFP range, these particles
may contribute to the observed health effects largely (Brook, 2008; Delfino et al., 2005).
Reviews are given in (Brook et al., 2010; Pope and Dockery, 2006; Rickerl et al., 2011).

In addition, mode of action and hazardousness of airborne particles are predeter-
mined essentially by their origin. The majority of particles in Beijing’s air originate
from primary sources comprising emissions from traffic, industry, power plants, private
households (e.g. domestic heating) or construction sites, which are all anthropogeni-
cally caused. Latest research also focused on soot particles (Cheng et al., 2011). Sec-
ondary sources are e.g. exhaust gases, which form the basis for particle nucleation
processes. Weather conditions like wind speed, wind direction, relative humidity or
temperature considerably affect urban air particle concentrations (Wehner and Wieden-
sohler, 2003). For example, lower mixing layer heights or temperature inversions in the
lower troposphere — occurring frequently in the winter months — elevate the level of par-
ticulate air pollution heavily. The basin-like topography of Beijing’s urban area and local
weather systems are further important factors influencing air pollutant concentrations
(Ren et al., 2004). Additionally, not only local emission sources but also long-range
transported air pollutants and especially particles carried in by dust storms contribute
substantially to particulate pollution in the urban air (Sun et al., 2004; Yu et al., 2011).

The issue of temporal and spatial variation of the particle burden is still an unresolved
question in atmospheric and exposure research. Cyrys et al. (2008) focused the prob-
lem in a case study for Augsburg, Germany, by using 4 different monitoring sites. The
authors concluded that a single monitoring site is not sufficiently capable of approxi-
mating the particle number concentration (NC) level for a whole urban area, but the
temporal variation of particle concentrations can be represented rather satisfactorily as
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meteorological conditions and industrial emissions are similar for the whole area. Other
studies analyzed the spatio-temporal correlation between different types of monitoring
sites like traffic, urban background and regional background (Buzorius et al., 1999;
Krudysz et al., 2009; Puustinen et al., 2007; Tuch et al., 2006; Wang et al., 2009).

Positive matrix factorization (PMF) is a widely used receptor model, developed by
Paatero (1997). It is commonly used for characterizing aerosol sources by calculating
dominant positive factors on the basis of observation without detailed prior knowledge
of the sources and source profiles. It decomposes the measured PM composition data
or particle size distribution (PSD) data into sub factor profiles and factor contributions.
Compared to the previously used methods like principal components analysis (PCA), it
has the advantage of more realistic non-negative constraints on factor profiles and con-
tributions, and better scaling of the data by individually assigned uncertainties (Paatero
and Tapper, 1994; Paatero, 1997). The application of PMF to PSD data has been suc-
cessfully demonstrated in several studies (Gu et al., 2011; Ogulei et al., 2007; Yue
et al., 2008; Zhou et al., 2004).

Following this idea we decided to use non-negative matrix factorization (NMF), which
was introduced by Lee and Seung (1999). Actually, NMF is a basic principle realized by
a group of algorithms and differing extensions comprising the PMF method as a special
case. NMF aims on decomposing a given non-negative data matrix into non-negative
characteristic features and non-negative linear coefficients. Contrary to traditional ap-
proaches for PSD data, our data matrix was arranged by diurnal data sets comprising
quarter-hourly particle size distributions in the diameter range 3 nm—10um. Because of
the high dimensions of the data matrix and the need for better physical reliability of the
resulting factors we used a modified NMF algorithm based on the fast projected gradi-
ents method of Lin (2007) in combination with a special initialization technique called
non-negative double singular value decomposition (NNDSVD, Boutsidis and Gallopou-
los, 2008).

The aim of this study was, on the one hand, to enhance NMF by several adjustments
as a pattern recognition tool to the field of air pollution. On the other hand, it was
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our intention to use this method to categorize diurnal particle burden patterns for the
urban area of Beijing in the period 2004—-2008 into few categories, which could then
be associated to specific sources and weather conditions and classified into primary
(mostly anthropogenic) and secondary (mostly based on natural processes) source
groups.

2 Material and methods
2.1 Particle measurements

The station for particle measurements was located on the campus of the Peking Uni-
versity in an urban background area in the Haidian district in the northwestern part of
Beijing. It was placed 20 m above ground on top of a campus building and more than
500 m away from major roads to reduce local source effects on particle measurements.
Because the surrounding area is primarily residential and commercial, local emission
sources mainly are vehicular traffic, construction sites, and fuel combustion for domes-
tic cooking and heating. Industrial emissions are to be expected as regional variable.
Yue et al. (2009) confirmed that the measuring station can be considered being an
urban background station.

Particle measurements were performed by the State Key Joint Laboratory of Environ-
mental Simulation and Pollution Control, College of Environmental Sciences and Engi-
neering, Peking University (PKU), Beijing, and the Leibniz Institute of Tropospheric Re-
search (IfT), Leipzig, using a Twin Differential Mobility Particle Sizer (TDMPS) together
with two condensation particle counters (CPC) for the size range 3nm to 800 nm as
well as an Aerodynamic Particle Sizer (APS) for particles between 800 nm and 10 um.
APS data were transformed from aerodynamic to Stokes diameter assuming spheri-
cal particles and a particle density of 1.7 gcm'3 for particles > 800 nm for Beijing (Yao
et al., 2002). Afterwards, both data sets were concatenated truncating the APS data to
obtain particle number size distributions in the size range from 3nm to 10 um. A more
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detailed description of the measurement setup can be found elsewhere (Wehner et al.,
2004, 2008).

The period of investigation was 1 July 2004 to 14 December 2008 with a measure-
ment interval of 10 min. Measurements of both DMPS and APS were available for 1213
days out of 1750. To obtain a most comprehensive data base for pattern recognition,
measurement failures of less than half an hour were linearly interpolated with existing
adjacent values, whereas records containing larger failure intervals had to be excluded
from the pattern recognition process. The records for 6 January 2008 to 10 January
2008 and 1 December 2008 to 6 December 2008 reported obviously false measure-
ments with extremely elevated UFP levels, which could not be explained by weather
fluctuations or known particle emission processes. Consequently, these records were
removed precautionally prior to the analysis. After all these restrictions in total 864 out
of 1750 days with nearly complete and usable data records were determined during
the sample period.

Size distributions for particle volume V are obtained from particle number N by

av  mDy N
dlogD,) = 6  d(logD,)

(1)

assuming spherical particles and depending on particle diameters D,. Since the par-
ticle diameter affects particle volume in a cubic manner, coarse particles contribute
more efficiently to total particle volume and mass concentrations. Hence, high particle
number concentrations, e.g. in the ultrafine particle range, do not necessarily correlate
with high volume or mass concentrations.

2.2 Weather and climate of Beijing

Beijing is characterized by a temperate monsoon climate. Summers are warm and
wet with the warmest period from June to August, whereas winters are cold and dry.
During this dry season (November to March) the air pollution level rises significantly,
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e.g. through increased domestic heating. Additionally, occurring temperature inversions
and lower mixing layer heights favor high particle number concentrations (Janhall et al.,
2006; Silva et al., 2007). These conditions are characterized by cold air close to the
ground and warm air above. Emitted particles are trapped beneath the boundary layer
and may accumulate over time.

Due to its location in the North China Plain — surrounded by the Mongolian Plateau
in the north and west — besides the typical westerlies Beijing’s weather conditions
are marked by local weather phenomena like mountain and valley breezes, sea land
breezes and the urban heat island effect (Liu et al., 2009). Dust storms are also dis-
tinctive processes, originating in the Gobi Desert and exerting influence on Beijing’s
urban area by transporting dust particles. These wind systems clearly affect particle
concentrations in the Chinese capital.

Figure 1a presents the diurnal particle number size distribution pattern of a typical
winter day without dust storm influence, but characterized by particle nucleation in
the UFP range and growing processes during the course of the day. To the contrary,
Fig. 1b illustrates elevated particle number concentrations in the coarse particle range
between 8 a.m. and 2 p.m. for a typical dust storm day.

For the purpose of interpretation of pattern recognition results and correspond-
ing time series meteorological data were obtained from the data archive on www.
weatherunderground.com. The corresponding measurement site was located at Bei-
jing international airport in about 25 km distance to the particle measurement site.

2.3 NMF

Non-negative matrix factorization is a novel statistical approach for pattern recognition
introduced by Lee and Seung (1999), which since then has been applied to several re-
search areas, e.g. to meteorological fields of atmospheric pressure (Schlink and Thiem,
2010). The main idea of the method is to decompose a data matrix into a limited set
of characteristic patterns, called NMF factors, and associated weighting coefficients.
Combining the NMF factors again by their weights approximates the original data in
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a non-negative additive manner. That way, a reduced-dimensional representation of
large data sets can be obtained.

Restricted by the non-negativity of the raw data matrix X € IR as well as the arising
NMF factors W € R”*" and their corresponding weights H € R"*"”, the NMF factoriza-
tion

nxm

X~ WH
Wiz 20, hp; >0 (2)
i=1,...,n; j=1,....m; ab=1,...,r

is approximate, since for r holds r << min(n, m). Factors and weights are calculated
iteratively by minimizing a suitable measure f for the distance between X and WH.
Starting with a reasonable initialization (W°, HO) the pair of matrices is improved step
by step until convergence. The most commonly used distance function for this purpose
is the Euclidean distance. Hence the NMF problem can be rewritten as the following
constrained optimization problem (Chu et al., 2004):

n m
2 2

i=1 j=1

f(W,H) = %nv - WH22 = ~ (WH);)® — min!,  WH >0 3)

N =

where ||A||r denotes the Frobenius norm for a matrix A. Other distance measures, all of
them special cases of the so called B-divergence like the generalized Kullback-Leibler
divergence (Dhillon and Sra, 2005), are possible, but were not considered in this study.
Several NMF algorithms based on gradient descent or other non-linear optimization
methods were developed. Lee and Seung (2001) presented simple but slow multi-
plicative update formulas. In most applications alternating non-negative least squares
methods are commonly used (Berry et al., 2007; Cichocki et al., 2006; Gonzalez and
Zhang, 2005), among others the projected gradient algorithm suggested by Lin (2007).
We adjusted this algorithm for use in our NMF calculations. After careful consideration
of stopping criteria, we stopped NMF runs at a maximum iteration number of 1000.
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2.3.1 Initialization for NMF

Unfortunately the NMF problem is non-convex and non-linear in the variables w;, and
hp;. Hence all optimization methods are solely able to find a local despite of a global
minimum of the objective function 7 (Chu et al., 2004). In other words, NMF does not
assure uniqueness of its results, if starting values for the algorithm are chosen ran-
domly. Every run of the NMF algorithm may find another local minimum of the objective
function. However, uniqueness and consistence of the NMF factors are desirable prop-
erties for this kind of analysis, because physical interpretability of the obtained patterns
is intended. Therefore a reasonable preprocessing step for initialization of matrix fac-
tors W and H is necessary and helps to find an appropriate solution.

We tested three different kinds of initialization techniques for calculating NMF starting
values. In the first method a PCA was applied to the covariance matrix of the original
data, followed by a shifting of these PCA factors into the non-negative orthant and a di-
agonal scaling by the mean of the original data. Secondly, a random selection based
on a Gaussian distribution with original data sample mean and standard deviation was
used. Eventually, an initialization algorithm called non-negative double singular value
decomposition NNDSVD was applied (Boutsidis and Gallopoulos, 2008). Because this
algorithm is based on singular value decomposition (SVD), which is an equivalent pro-
cedure to PCA, it provides starting matrices that are calculated by maximizing the
explained data variance, but incorporating the non-negativity constraint.

Testing procedures showed that, as expected, in this special case of application each
of the three initialization strategies leads to different starting values and calculation
times for NMF. NNDSVD initialization resulted in fastest NMF algorithm convergence.
Unexpectedly, for each initialization method NMF generated extremely resembling re-
sults. Nevertheless NNDSVD was regarded best appropriate, because it is built on
PCA and hence accounts for reasonable and physically interpretable starting points.
We therefore used it for our final calculations.
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2.3.2 Application to particle number and volume data

Given size distributions for particle number N and calculated data for particle volume
V were considered on a daily basis ranging from 0Oa.m. to 12 p.m. as particle pollu-
tion patterns analogous to Figs. 1-3 in Wehner et al. (2004). For each day, 15-min
interval data values for diameters from 3 nm to 10 um were stored together in one vec-
tor. In other words, each data “pixel” of the charts in Fig. 1 corresponds to one vector
component. The whole set of data vectors yields a matrix X = X (D, td) of daily size
distribution patterns for particle number N or volume V, respectively. Each matrix ele-
ment depends on time of day ¢, particle diameter D, (rows of X) on the one hand and
the date of measurement d (columns of X) on the other hand.

Applying non-negative matrix factorization to the matrix X decomposes the set of
diurnal size distribution measurements into a matrix W of characteristic NMF factors
and a matrix H of time-dependent indices for each of these factors. By specifying the
number of NMF factors r, the r most important factors are extracted, which can then
be interpreted as physically caused air pollution patterns. A linear combination of the
obtained NMF factors by coefficients in H enables to reconstruct the original measured
data for each single day. Fig. 2 illustrates this favorable ability of the NMF results.

The specification of the number of NMF factors had to be considered carefully. Values
in the range r = 3...10 were tested on the basis of 864 daily data sets. In this special
case best physical interpretation and dimension reduction at the same time were ob-
tained for r = 5. The choice r < 5 produces combined factors consisting of more than
one physical pattern. Hence interpretation becomes more difficult. By contrast, in the
case of r > 5 in addition to maintained patterns (results for r = 5) further small-scale
patterns occur, that only marginally contribute to the true particle concentrations within
the original measured patterns. Residual analysis showed that the relative error of re-
constructed data based on NMF-superposition with regard to the original measured
data did not reduce significantly when increasing the number of patterns (r). On the
other hand, no systematic variations are missed for r = 5.
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Since particle number is dominated by small particles in the ultrafine and fine range,
(whereas the number of coarse particles is usually considerably less) obtained NMF
patterns for particle number emphasize these ranges. In order to make statements
about features of coarse mode particles a certain weighting for the original measured
data has to be accomplished before NMF application. One way to achieve this implicitly
is to use particle volume instead of particle number data. Since the particle diameter
affects the volume in a cubic relationship, the behavior of larger particles then sticks out
more clearly. Alternatively, we considered direct weighting of particle number size data
in X by the reciprocal of the long-term data mean, depending on particle diameter D,
as well as a weighting by the decadic logarithm of the corresponding particle diameter
(since particle size varies by several powers of ten).

Hence, separate applications of NMF were calculated for particle number and vol-
ume size distribution data, respectively. Resulting patterns were compared according
to their representativeness and physical interpretability. Both explicit weighting proce-
dures were also tested; however, since results did not provide any further information,
they are omitted here.

2.3.3 Relevance of NMF factors

In contrast to other pattern recognition procedures like PCA, where patterns are au-
tomatically sorted according to decreasing explained variance of the original data, the
NMF method does not incorporate a certain measure of importance for NMF factors.
Thus, the definition of an additional sorting strategy is necessary. An appropriate im-
portance measure could be the order of magnitude of the corresponding weights in H.
If the average weight of one factor is higher than the average weight of another one, its
influence on the linear combination and hence, on the original data is regarded more
important. But this is only valid, if the patterns themselves have all equal means. This
claim has to be incorporated as a constraint in the NMF procedure. For simplification,
variance was assumed to be constant for all factors. Therefore, after NMF calculation
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we applied a diagonal scaling step

W=wD, H=D'H (4)

on the pattern and weight matrices, aiming to achieve simultaneous scattering around
a predefined mean value for each of the NMF factors, where

d, 0
D= e R’ (5)

0 d,
Following Berry et al. (2007) the minimum property of the NMF solution is maintained
during this procedure, because
W-H=WD-D"'H=W-DD'-H=W-I-H=W-H=WH (6)
rxr

holds for each non-negative regular matrix D € IR
nal elements of D were formed as

dk=—£= C-n’

n
2 Wik
i=1

with (r, r)-identity matrix I. Diago-

k=1,...,r (7)

with an arbitrary constant C, where in this case C was chosen as the total original data
mean. Consequently, all NMF factors were normalized regarding their mean, scattering
around C and hence time series in H could be analyzed and compared to each other
regarding their mean or median amplitude. It has to be pointed out, that in doing so
time-dependent coefficients in H, called weights, do not necessarily sum up to 1.

In our application measured data means for number and volume data were C =
7208cm ™2 and C =2.414 x 10" nm® cm‘a, respectively.
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3 Results and discussion
3.1 Particle number NMF (NMF-N)

In the following, the five obtained NMF factors (called NMF-N) for particle number N
are analyzed and related to different physical conditions, including meteorological pro-
cesses and various sources. Table 1 lists main characteristics of the five factors and
their associated sources. The corresponding patterns of these factors are shown in
Fig. 4. NMF factors contribute to the total particle burden by time-varying coefficients.
In other words, these coefficients represent the diurnal impact of each of the factors at
specific days. Physical interpretation of the factors as characteristic pollution patterns
therefore also depends on time-dependent coefficients in H. The factors are sorted ac-
cording to their average contribution to the particle burden, measured in terms of the
median value of the corresponding time series. Most impact is exerted by the pattern
NMF-N1, followed by NMF-N2, NMF-N3 and so on. Figure 3 presents median contri-
butions, divided into seasons.

NMF-N1: The first factor NMF-N1 describes contributions to the particle number con-
centration in the size range (10 nm, 1000 nm). Permanent emissions of private house-
holds, traffic, and industry are combined to form this underlying pattern. It provides
a background pattern with a typical diurnal particle number size distribution and, thus,
a kind of basic load. The impact of more dynamical external influences is described
by other NMF factors. Consequently, the important process of particle nucleation, for
example, is completely excluded from NMF-N1 resulting in an artificial “zero particles”
area around noon as seen in Fig. 4a. NMF-N1 shows highest median time-dependent
weights (0.318) and thus, most impact on the particle burden among all five factors and
a rather small temporal variability. It exerts most influence during the winter months
(December, January, February, compare Fig. 4b and Fig. 3), which is on average 1.4,
1.7 and 1.2 times higher compared to summer (June, July, August), spring (March,
April, May) and autumn (September, October, November), respectively. This supports
the assumption that NMF-N1 describes the basic urban background pollution, which is
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generally higher during winter, enhanced by typical weather situations like temperature
inversions.

NMF-N2: In NMF-N2 the maximum value of the particle number size distribution
shifts towards larger particle diameters with increasing time of day indicating particle
growth. The growing process starts in the morning and ends up at midnight Fig. 4c. The
pattern is also associated to traffic emissions. Although Beijing traffic is characterized
by high volume during the whole day, there still exist rush hour peaks in the morning
and the late afternoon. At these times the second factor NMF-N2 reaches maximum
concentrations for particle diameters around 10 to 100 nm, which can be related to
exhaust emissions (Costabile et al., 2009; Shi et al., 2007; Uhrner et al., 2011). Highest
impact of the traffic pattern is achieved in autumn and winter, being on average 1.6 and
1.9 times higher as in summer.

NMF-N3: The third factor NMF-N3 accommodates for primary particle emissions
from industrial and power plants, which are transported to the city of Beijing by local
wind systems. The location of Beijing in the North China Plain surrounded by moun-
tains to the north and to the west provides the basis for a mountain and valley breeze
circulation. At night, mountains cool down much faster than the lowlands. This effect
is even amplified by the urban heat island effect in the area of Beijing. As a con-
sequence, cool air sags in the mountains and flows southwards (so-called mountain
breeze). At early noon this process turns upside down. The mountains heat up earlier
after daybreak than Beijing urban area so that warmer air masses rise and mixing layer
height increases. Reduced air pressure in the mountains causes an upstream flow of
air masses from the lowlands resulting in the valley breeze from southern directions.
By transporting particle emissions of southwards located industry to Beijing this wind
system contributes significantly to the whole particle burden. The correlation coefficient
of NMF-N3 weights and wind velocity at Beijing airport is 0.47. However, the correla-
tion with wind direction cannot be computed, because of hourly wind direction data
and daily NMF coefficients. But for randomly picked data sets, where the mountain and
valley breeze wind system was prevalent, we observed significantly higher weights for
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NMF-N3. Figure 4d illustrates the influence of this system, which divides the diurnal
particle number pattern into two parts. At night and during the morning hours a typical
particle number size distribution occurs, but at approximately 10 a.m. the valley breeze
starts and transports especially ultrafine particles to Beijing, whereas the concentration
of larger particles (100 nm to 1000 nm) decreases. The industrial pattern is most impor-
tant in spring (2.5 and 2.1 times higher compared to summer and winter, respectively),
when the local mountain and valley breeze is prevalent more often.

NMF-N4: The factor NMF-N4 displays the process of new particle formation and
subsequent particle growth in the course of the day. This pattern (Fig. 4e) is well known
in the literature and often observed in diurnal particle number concentration data sets.
Because of its shape it is often called the “banana-like” pattern. A rising mixing layer
height in the morning hours firstly causes a slight decrease of particle concentrations
at about 8a.m. Afterwards, due to increasing solar radiation, new particle formation
begins and increases the number of ultrafine particles (Metzger et al., 2010; Wu et al.,
2007; Yue et al., 2009). In the sequel these particles subsequently grow up until 6 p.m.
in the evening due to coagulation (Meier et al., 2009). The “banana-like” pattern shows
most impact during spring and summer, probably caused by increased solar radiation,
but less during winter (0.62 or 0.56 times lower median weight). One reason could be,
that the effect of hygroscopic particle growth is less important in the winter months
(Meier et al., 2009), because of drier weather and thus less condensation of water
droplets on the particle’s surface.

NMF-N5: A red area in NMF-N5 indicates elevated UFP levels showing a clear par-
ticle nucleation pattern. It comprises extremely high concentrations for the so-called
nucleation mode particles (D, < 30nm). The particle formation event starts at 8a.m. in
the morning and ends at around 2 p.m. (Fig. 4f). Compared to factor NMF-N4, formed
particles are even smaller and do not grow up afterwards. However, a combination of
NMF-N5 and NMF-N4 is also possible. Especially in winter and spring, when temper-
ature inversion appears frequently and mixing layer height is very low in the morning
(Janhall et al., 2006; Schaefer et al., 2006; Seibert et al., 2000; Silva et al., 2007),
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NMF-N5 exerts much influence, whereas during summer it is almost negligible (11.8 or
19.4 times higher median in winter and spring compared to summer).

The variation in time of all five NMF-N factors follows mainly variations of particles in
the ultrafine and fine size ranges, since the total particle number concentration is dom-
inated by these ranges and absolute number concentrations of coarse particles vary
much less than those of finer. Consequently, Beijing-typical coarse mode variations like
dust storm events are not captured by particle number NMF-N factors. To account for
variations of coarse particles, a weighting of the measured data is required. The most
obvious method is to use particle volume concentration data.

3.2 Particle volume NMF (NMF-V)

A second NMF application was performed for particle volume concentration data
(called NMF-V). Again, five factors were extracted and considered to be most suitable
for pattern description. Factors have been sorted according their importance (median
weights) and compared to each other. Contrary to the NMF-N results, the first factor of
NMF-V does not describe a basic particle burden pattern. It is just one of five factors
describing several distinct variations in the coarse mode. Fine particles’ fluctuations
are not covered. A direct interpretation of the factors in terms of physical conditions,
however, is not as clearly possible as for particle number patterns. Therefore, a detailed
description of these patterns is omitted (see Supplement).

For the Beijing urban area dust storms are the main reason for elevated particulate
air pollution levels for coarse particles (Wu et al., 2008). Especially concentrations
of particles > 1um are significantly higher on dust storm days. As these dust storm
events occur at different times in the course of the day, not just one but several NMF-V
factors obviously present patterns associated with this phenomenon at different times
of the day. Figure 1 illustrates diurnal particle patterns for a typical non-dust storm day
(Fig. 1a) and a typical dust storm day (Fig. 1b), respectively. In the dust storm example
on 18 March 2008, the time-dependent coefficient for NMF-V4 is maximal (Fig. 5), i.e.
this pattern exerted enormous influence on the daily particle volume values. Further
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dust events are indicated by elevated weights in Fig. 5b. Whereas NMF-V4 mainly
accounts for events in the morning hours (Fig. 5a), the other factors describe evening
and night variation patterns of coarse particles.

3.3 Data reconstruction

By the help of time-dependent weighting coefficients in the matrix H each day an ad-
ditive and non-negative superposition of the NMF-factors in W can be obtained to re-
construct the measured data patterns. This superposition enables us to trace the be-
havior of particle concentrations for certain particle diameters D,, over time divided into
sources. Each day, each factor contributes in a different magnitude to the whole diurnal
PSD.

Since the representation of the measured data X by its factors is approximate, differ-
ences between non-negative NMF factor superpositions and the real measured data
arise. Additional factors controlling the rest of the particle variations (in other words the
absolute error pattern) may exist. However, they are rather negligible in terms of their
average contribution, i.e. very infrequent or permanently less important.

Figure 6b shows the NMF-N superposition of five obtained particle number factors
for 10 consecutive days in March 2008 (13 March 2008 to 22 March 2008). For three
different particle diameters (3000 nm, 100 nm, 10 nm) the resulting curve is compared
to a time profile for the measured particle number data (black line). In the nucleation
mode, represented by the 10 nm area plot, the number of particles is largely determined
by the two NMF-N factors NMF-N3 and NMF-N5. They mainly describe new particle
formation events and influence of industrial emissions in the first days of the studied
period (Fig. 6a).

For increasing diameter values the composition of the curve changes. The 100 nm-
particles are mainly affected by NMF-N1, NMF-N2 and NMF-N3, which are now es-
sential for the reconstruction of the original data, while factor NMF-N5 shows almost
no importance. The reason is that the associated pattern for NMF-N5 (Fig. 4f) only
accounts for small shares to particle concentrations in this diameter range. In other
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words, the influence of an NMF-factor on the superposition curve is not only deter-
mined by daily weighting coefficients in H, but depends also on the diameter and thus
on the pattern itself. Likewise, the composition of the curve changes once again when
proceeding to the coarse particle mode, represented by D, = 3000nm. NMF-N1 — the
background pattern — is then contributing most.

The area plots for three different diameters in Fig. 6b illustrate clearly that the five
factor NMF-N model performs best for concentrations of UFP and FP particles, worse
for CP. To put it another way, the larger the particle diameter, the worse the ability of
approximating the initial data curve by a particle number based model. For example,
the dust storm on 18 March 2008, which transported enormous amounts of coarse
particles into downtown Beijing, is not detected by the NMF-N superposition curve.
None of the factors has the ability to reproduce increases in the particle number for
large particle diameters around D, = 3000nm.

For the detection and simulation of variations in the coarse mode, NMF-V factors for
particle volume are used. They emphasize larger particles and thus obtained patterns
also reconstruct behavior during dust storm events. Figure 6d presents a superposition
of NMF-V factors and D, = 3000nm, 100 nm and 10 nm, respectively. In contrast to the
approximation curve for NMF-N factors, the enormous increase in the concentration
of coarse particles on 18 March 2008 is now clearly modeled by NMF-V4, which is
also dominating for D, = 3000nm during the whole study period (Fig. 6c). Conversely,
fluctuations of smaller particles are not captured as well by NMF-V factors.

3.4 Categorization of NMF patterns

In Beijing urban area, primary aerosol particles are mostly emitted by anthropogenic
caused particle sources, especially in the fine and ultrafine range. The first three NMF-
N factors are dominated by these primary PM sources. NMF-N factors 4 and 5, how-
ever, account for particle growing processes and particle nucleation, which can be con-
sidered secondary particle processes. Although in urban air the nucleation of particles
from gaseous precursors is mostly based on anthropogenically emitted air pollutants
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like SO, (Metzger et al., 2010) and thus is also influenced by primary processes, we
decided to categorize factors 1 to 3 into primary and factors 4 to 5 into secondary
source categories. Both secondary factors are mainly favored by the prevalent meteo-
rological conditions, whereby there exist important differences for summer and winter
months. During summer particle nucleation is fostered by higher solar radiation (Bir-
mili and Wiedensohler, 2000) and higher relative humidity supports hygroscopic par-
ticle growth. Otherwise, during winter occurring nucleation events are often amplified
by lower mixing layer height in the morning hours and temperature inversion (Janhall
et al., 2006). Despite their anthropogenic origin, factors 1 to 3 are also influenced by
atmospheric conditions. Temperature inversions increase the concentration of traffic
emitted particles in the lower atmosphere. Hence, the strength of NMF-N2 depends to
some extent on weather. Besides temperature and relative humidity, wind plays an im-
portant role. The impact of industrial emissions from southwards plants in NMF-N3, for
example, is obviously increased by the local mountain and valley breeze wind system.

NMF results for particle number concentrations suggest that the primary (mostly
anthropogenic) particle emission sources show on average more influence on UFP
and FP air pollution levels in the Beijing urban area than secondary factors, since the
corresponding weights are on average higher. The bar diagram in Fig. 3, presenting
median values for time-dependent weights of NMF-N factors, underlines that the major
part of the particle burden is explained by the first three factors (NMF-N1, NMF-N2,
NMF-N3).

For Beijing high concentrations in the coarse mode are mainly fostered by dust par-
ticles (primary source). The particle volume NMF application captures variations of
larger particles and therefore comprises factors for dust storm events. Since other nat-
ural primary and secondary emission sources like volcanic ash or sea salt are less
important for the period of investigation and the area of Beijing, respectively, they were
not found as NMF-V patterns.
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3.5 Advantages of NMF results

One of its major advantages compared to other matrix factorization or pattern recog-
nition techniques is otherwise the strongest restriction of NMF — the non-negativity
constraint. It is essential for obtaining a physical interpretable decomposition of the
measured data by assuring that no cancellations appear when superposing the factors.
As putting one brick over another, several factors associated to primary and secondary
particle sources are combined additively to form the whole building, i.e. the particle
burden. The height of each brick (represented by the weight of each factor) varies day
by day indicating changing contributions from various sources. PCA and similar tech-
niques do not restrict the factors to be non-negative (Jolliffe, 1986). A meaningful su-
perposition is not possible, because single effects in the patterns amplify, whereas oth-
ers neutralize. PCA uses another constraint to reduce data dimensions: factors need
to be orthogonal. True conditions however are not necessarily formed by orthogonal
processes and are in fact somehow related to each other. NMF omits this restriction.
Further advantages of the NMF method with respect to PCA were discussed more in
detail in Schlink and Thiem (2010).

4 Conclusions

The aim of this study was to extract typical diurnal features of particulate air pollution
in Beijing for the period 2004—-2008. By the help of non-negative matrix factorization
characteristic PSD patterns on a daily basis were identified as vectors in the factor
matrix and assigned to specific sources. To account for variations of fine and ultrafine
particles on the one hand, as well as coarse particles on the other hand, two separate
NMF decompositions for particle number and particle volume were calculated. By this
means, an itemized view on particulate matter is maintained throughout the pattern
recognition process. As a consequence of our results, we recommend using particle
number (NMF-N) and particle volume applications (NMF-V) simultaneously to receive
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characteristic patterns for fine and coarse particle variations separately and to gain
a comprehensive view on the composition of particulate air pollution in its full size
range.

Whereas processes involving fine and ultrafine particles like new particle formation
events or emissions from traffic and industry were captured best in the NMF-N applica-
tion to particle number, coarse mode fluctuations like dust storm events were detected
by an NMF-V on particle volume, which implies a kind of implicit weighting on the origi-
nal data. Explicit weighting of the measured data was also investigated and considered
reasonable. It is envisaged to further address the pros and cons of different weighting
strategies in future work.

Regarding the NMF initialization, it was found that for the data set used in this study
in most runs of the algorithm random initialization led to similarly good NMF results
as found by the NNDSVD initialized method. Nevertheless, in general random starting
values do not guarantee unique and interpretable results. We consider NNDSVD or
similar initialization strategies very reasonable and therefore recommend them for this
type of NMF applications.

The daily varying contribution of each of the extracted components to the whole parti-
cle burden was analyzed by the corresponding time-dependent coefficients. In this way,
a source-associated development of particle exposure during the investigation period
was retrieved and the ability of NMF factors to reconstruct measured data in a non-
negative additive manner was proven. Further studies could start at this point, using
NMF factors as a technique for prediction purposes as well as data imputation for par-
ticle number and mass concentrations taking up the ideas in e.g. Leitte et al. (2011a).

Consequently, our analyses point out that based on the introduced modifications our
NMF approach is a suitable tool for source identification based on daily PSD data.

Future studies could take up the idea of decomposing the particle burden at several
measurement sites at a time. Including different nearby sites in a single application has
the advantage of adding another dimension for analyzing spatial variability. In this way
better localization of sources could be achieved.
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For the Olympic Games 2008 in Beijing it is intended to use the obtained NMF fac-
tors for the investigation of source-associated reduction effects caused by source con-
trol measures, which were introduced for improvement of air quality during the Beijing
Olympics, by means of their corresponding factor weights, extending the outcomes of
already conducted studies (Gao et al., 2011).

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/13015/2012/
acpd-12-13015-2012-supplement.zip.
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Table 1. 5 NMF-N factors for daily particle number size distributions and assigned sources.

NMF factor diameter range physical pattern assigned source median weight
NMF-N1 10...10000nm, basic air pollution level traffic background and industrial 0.32
full diameter background,
range fuel combustion
NMF-N2 10...300nm increasing peak of number traffic emissions and particle 0.22
(UFP and FP) size distribution during day-  growing processes
time, elevated concentra-
tions in the evening
NMF-N3 morning: ordinary distribution in the industrial emissions from south- 0.13
10...1000 nm, morning, replaced by in- wards directions, mountain and
afternoon: creasing UFP levels in the valley breeze system
3...100nm afternoon
NMF-N4 10...100nm elevated UFP level, in- particle nucleation and particle 0.09
(UFP) creasing peak of num- growth during summer months
ber size distribution in the due to specific meteorological
course of the day conditions
(hygroscopic growth)
NMF-N5 3...70nm extremely elevated UFP primary aerosol from domestic 0.01
(UFP) level in the morning until heating and particle nucleation

noon

from precursor gases during win-
ter months fostered by specific
meteorological conditions
(temperature inversion)
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Fig. 3. Medians of the time-dependent coefficients for NMF-N factors 1 to 5 for spring, summer,
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autumn, winter and all days in the period 2004—2008.
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Fig. 5. NMF-V4 (a) and its time-dependent coefficients (b) for the investigation period 2004—

2008 in Beijing.
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Fig. 6. Particle number (a) and volume size distribution (¢) for a 10-day period (13 March 2008
to 22 March 2008) and reconstruction of particle number and volume data by NMF-N (b) and

NMF-V superposition (d) for different diameters D, = 10nm, 100 nm, 3000 nm.
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