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This work reports the first statistical analysis of multi-annual data on tropospheric aerosols from the German
Ultrafine Aerosol Network (GUAN). Compared to other networks worldwide, GUAN with 17 measurement lo-
cations has the most sites equipped with particle number size distribution (PNSD) and equivalent black carbon
(eBC) instruments and the most site categories in Germany ranging from city street/roadside to High Alpine. As
we know, the variations of eBC and particle number concentration (PNC) are influenced by several factors such
as source, transformation, transport and deposition. The dominant controlling factor for different pollutant

parameters might be varied, leading to the different spatio-temporal variations among the measured parameters.
Currently, a study of spatio-temporal variations of PNSD and eBC considering the influences of both site cate-
gories and spatial scale is still missing. Based on the multi-site dataset of GUAN, the goal of this study is to
investigate how pollutant parameters may interfere with spatial characteristics and site categories.

1. Introduction

Our understanding of processes and trends in the atmosphere relies,
to a large extent, on experimental observations. Quantifiable atmo-
spheric observations have included, since 1781, temperature (Winkler,
2009), visual phenomena and, more recently, solar radiation (Wild
et al., 2005). Observations of aerosol optical depth in various locations
have allowed a quantitative comparison of competing effects of global
warming by carbon dioxide and possible cooling by aerosols (Hansen
and Lacis, 1990). State-of-the-art, in-situ observations of aerosol

particle properties yield information on particle number size distribu-
tions (PNSD), light scattering and absorption coefficients, as well as
chemical composition. These parameters are essential to validate our
picture of aerosol particle emissions, formation, and transport in the
atmosphere as well as deposition. Other benefits from aerosol ob-
servations include the support of trends in direct radiative forcing as
well as trends in particulate anthropogenic emissions. Due to fast, au-
tomated analytical methods, long-term observations are more readily
available for aerosol physical properties.

Studies about aerosol physical parameters show that, elevated
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aerosol particle concentrations may result in an increased risk of health
hazards (HEL 2013; WHO, 2012; Kreyling et al., 2006; Lanzinger et al.,
2016). Due to their high number concentrations and small diameters,
ultrafine particles (UFP, particle diameter < 100 nm) and black carbon
(BC) have higher surface area per mass to absorb toxic materials than
larger particles. Moreover, UFP have higher chance to penetrate deep
into lungs and may translocate to the brain due to their small size
(Oberdorster et al., 2009), and further cause human health hazards
such as respiratory and cardiovascular diseases (Kreyling et al., 2006;
Schmid and Stoeger, 2016). However, regular measurements of particle
mass concentrations such as PM;q or PM, 5 cannot well represent UFP
and BC since they contribute only a minor fraction to particle total
mass.

There have been lots of studies reporting the observation of UFP and
BC in various environments around the world. However, the outcomes
of these studies are difficult to compare and generalize. Firstly, most of
the studies were established only for specific locations and environ-
ments. Some of them showed the aerosol particle variability on a local
scale influenced by anthropogenic emissions from traffic, airport and
domestic heating (Colvile et al., 2001; Hofman et al., 2016; Pérez et al.,
2010; Rodriguez and Cuevas, 2007; Wahlin et al., 2006; van Pinxteren
et al.,, 2016). Some studies focused on the background aerosol con-
centration variation on a regional scale (Asmi et al., 2011; Beddows
et al., 2014; Birmili et al., 2013; Putaud et al., 2010). And some in-
vestigations were conducted at remote sites and reported the back-
ground aerosol concentration in free troposphere (Birmili et al., 2010;
Collaud Coen et al., 2011; Forrer et al., 2000; Griffiths et al., 2014).
Secondly, short-term studies usually provide only a snapshot of the
variation of aerosol particles at specific time periods, which might be
significantly influenced by particular meteorological situations (Birmili
et al., 2001; Mikkonen et al., 2011; von Bismarck-Osten et al., 2013) or
specific emission sources (Beddows et al., 2014; Costabile et al., 2009).
To obtain a full picture of the atmospheric aerosol particles in a region,
a network of monitoring stations performing long-term measurements
in different environments, including roadside, urban background, re-
gional background and remote area, is needed (HEI, 2013).

In Europe, several studies have reported the concentration of
aerosol particles as well as their physical and chemical properties
(Cavalli et al., 2010; Putaud et al., 2010; Zanatta et al., 2016). Table 1
illustrates the existing aerosol observation networks. Compared with
other observation networks, the German Ultrafine Aerosol Network
(GUAN) has the most sites equipped with PNSD and equivalent black
carbon (eBC) instruments and the most site categories. GUAN is a
consortium of national environmental authorities and research in-
stitutes, aiming at a better understanding of atmospheric aerosol par-
ticles with regard to human particle exposure and aerosol climate ef-
fects. GUAN delivers a unique dataset worldwide, including long-term
time series of PNSD and eBC at 17 observatories in different environ-
ments ranging from city street, urban background, regional back-
ground, low mountain range to High Alpine.

Most of previous studies about spatio-temporal variation of PNSD,
particle number concentration (PNC) and BC focused on, a) how pol-
lutant parameters vary with site categories within a relatively small
spatial scale, in order to estimate the influencing factors of PNC and BC
within a local area (Birmili et al., 2013; Dos Santos-Juusela et al., 2013;
Krudysz et al., 2009; Rattigan et al., 2013); and b) how the pollutant
parameters interfere with spatial scale in a large region, in order to
investigate the representativeness of measurement sites (Asmi et al.,
2011; Collaud Coen et al., 2013; Henne et al., 2010) or to generalize the
common characteristics of parameter temporal variations for specific
site categories (Briiske et al., 2011; Reche et al., 2011). However, a
study about the spatio-temporal variability of PNSD and eBC con-
sidering the influences of both site categories and spatial scale is still
missing. With long-term large scale multi-site-category measurements,
GUAN provides us an opportunity to investigate how pollutant para-
meters interfere with spatial characteristics and site categories.
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References

Observed period
2006-2011 (EUSAAR)
2011-(ACTRIS)

1992
2000-
2006
1985
2009-

Global or regional
Regional background
Regional background
Roadside to high Alpine

background

Particle numbers and concentrations network  United Kingdom  Urban or regional
Urban or regional

Site categories
background
background
background

United Kingdom Urban or regional

Region
Worldwide
Europe
Switzerland
USA
Germany

@ Most of GUAN observatories at background category are also part of ACTRIS.

Black Carbon network

Name
GAW
ACTRIS®
NABEL
IMPROVE
GUAN

Long-term atmospheric aerosol networks and infrastructure projects providing continuous particle number concentration, particle number size distribution and/or black carbon measurements.
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a Citywithroadside and
urban background sites

Urban background sites
@ Regional background sites
@ Low mountainrange sites
@ High Alpine site

ANA Annaberg-Buchholz

AUG Augshurg

BOS Bdsel

DDN Dresden-N ord

DDW Dresden-Winckelmannstraie
HPB HohenpeiRenhberg

LAN Langen
LEI Leipzig-Eisenbahnstrake
LMI Leipzig-Mitte

LTR Leipzig-TROPOS

LWE Leipzig-vWest

MEL Melpitz

MST Milheim-Styrum

NEU N euglobsow

SCH Schauinsland

WAL Waldhof

ZSF Zugspitze (Schneefernerhaus)

Fig. 1. Atmospheric measurement sites in the German Ultrafine Aerosol Network (GUAN). Table on the right side illustrates the site names and abbreviations.

2. Data and methods
2.1. The German Ultrafine Aerosol Network (GUAN)

The data evaluated in this study were collected in GUAN. The
measurement sites, instrumentation, data processing procedures and
products are described in detail in Birmili et al. (2016). The data used in
this study includes PNSD and eBC mass concentration, which have been
measured continuously since 2009 at 17 atmospheric observatories in
Germany. As illustrated in Fig. 1 and summarized in Table 2, the 17
observation sites allow capturing atmospheric aerosol properties in
different geographic locations and environments in a large spatial scale.

GUAN includes five site categories. (1) Roadside: the sites are lo-
cated nearby traffic, such as kerbside or street canyon. The distance
between site and main road should is less than 10 m. (2) Urban back-
ground: the sites are located in a campus, park or residence area in city,
or near a street with no or little traffic. The pollutants in urban back-
ground site are well-mixed and their concentrations are not dominantly
influenced by any single source. (3) Regional background: the sites are
located in areas with nature ecosystems, forests, farmland or small
settlements with little or no motorway, and no industrial influence. (4)
Low mountain range: the sites are located on the hill and can detect
both local pollution and airmasses influence. The altitudes of the sites
are between 1000 and 2000 m. (5) High Alpine: The site is located in

Table 2
Atmospheric measurement sites in GUAN, in alphabetic order (Birmili et al., 2016).

No. Site name Abbreviation Status Site category Altitude Location

1 Annaberg-Buchholz ANA In operation Urban background 545m 50°34’18” N, 12°59’56” E
2 Augsburg AUG In operation Urban background 485m 48°21°29” N, 10°54’25” E
3 Bosel BOS Terminated end of 2014 Urban background 17 m 52°59’53” N, 07°56’34” E
4 Dresden-Nord DDN In operation Roadside 116 m 51°03’54” N, 13°44’29” E
5 Dresden-Winckelmannstrae DDW In operation Urban background 120m 51°02’10” N, 13°43’50” E
6 Hohenpeienberg HPB In operation Low mountain range 980 m 47°48°06” N, 11°00°34” E
7 Langen LAN In operation Urban background 130m 50°00’18” N, 08°39°05” E
8 Leipzig-Eisenbahnstrafie LEI In operation Roadside 120m 51°20°45” N, 12°24’23” E
9 Leipzig-Mitte LMI In operation Roadside 111m 51°20’39” N, 12°22’38” E
10 Leipzig-TROPOS LTR In operation Urban background 126 m 51°21°10” N, 12°26’03” E
11 Leipzig-West LWE Terminated end of 2016 Urban background 122m 51°19°05” N, 12°17°51” E
12 Melpitz MEL In operation Regional background 86m 51°31’32” N, 12°55’40” E
13 Miilheim-Styrum MST In operation Urban background 37m 51°27°17” N, 06°51°56” E
14 Neuglobsow NEU In operation Regional background 70m 53°08’28” N, 13°01’52” E
15 Schauinsland SCH In operation Low mountain range 1205m 47°54'49” N, 07°54°29” E
16 Waldhof WAL In operation Regional background 75m 52°48’04” N, 10°45’23” E
17 Zugspitze (Schneefernerhaus) ZSF In operation High Alpine 2670 m 47°25°00” N, 10°58’47” E
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Table 3
Representativeness of the PNCs and eBC mass concentration in this study.
Parameter  Size interval  Particle mode Representativeness
Nii0-301 10-30 nm Young Aitken mode particles Freshly formed by nucleation from photochemistry, traffic exhausts or airport emissions (Birmili et al., 2013;
Hofman et al., 2016).
Ni30-200 30-200 nm Aitken mode particles Fresh emissions from incomplete combustion consist mainly of diesel soot, and aged nucleation mode particles
through condensation and coagulation.
N200-8001 200-800nm  Aged accumulation mode The result of aging processes and long-range transport (Costabile et al., 2009).
particles
Ni20-800] 20-800 nm Total PNC Tends to be dominated by UFP due to their high number fraction.
eBC - - Produced by incomplete combustion of fossil fuels or biomass.

the Alpine mountain and its altitude is higher than 2000 m, meaning
the airmass from free troposphere can be sampled.

There are three roadside sites in GUAN. Leipzig-Eisenbahnstralle
(LEI) is located in a street canyon in the city of Leipzig. Leipzig-Mitte
(LMI) and Dresden-Nord (DDN) are in an open orographic setting lo-
cated in the city of Leipzig and Dresden, with 3m and 7 m away from
roadways, respectively. Traffic volumes at these sites are 12000 ve-
hicles per day at LEI, 44 000 vehicles per day at LMI and 36 000 ve-
hicles per day at DDN.

Among the eight urban background sites, two are located in the city
of Leipzig: Leipzig-TROPOS (LTR) and Leipzig-West (LWE).
Measurements at LTR are conducted at the roof of the Leibniz Institute
for Tropospheric Research (TROPOS) main building; while LWE is lo-
cated in a hospital park area in the west of Leipzig. Dresden-
WinckelmannstraBe (DDW) and Annaberg-Buchholz (ANA) are also
located in the State of Saxony. DDW is located in the city of Dresden,
about 1.7 km south from the city center. ANA is located in the city of
Annaberg-Buchholz in the Ore Mountains (Erzgebirge), a mountain
range in SE Germany. Three urban background sites are located in the
western part of Germany: Langen (LAN), Miilheim-Styrum (MST) and
Bosel (BOS). LAN is located in the city of Langen, at the edge of a re-
sidential area and a forest. It is about 10km south of the city of
Frankfurt am Main and 5 km southeast of Frankfurt's Rhein-Main air-
port. Depending on the wind direction, emissions from the airport may
sometimes influence the measurement. The site MST is situated within a
residential area in the western end of the Ruhr area, the largest urban
agglomeration in Germany, and it qualifies as an urban background
monitoring site (Quass et al., 2004). The land-use regression modelling
and chemistry transport modelling results showed that, MST is driven
more by industrial sources than other urban background sites (Hennig
et al., 2016). BOS is an urban background site near the village of Bosel.
The site is 100 km from the North Sea, so clean maritime air masses can
reach there. The site AUG is located on the premises of Augsburg's
University of Applied Sciences and is the only urban background site in
the southern Germany in GUAN.

Three regional background sites are located in the North German
lowland: Neuglobsow (NEU), Melpitz (MEL) and Waldhof (WAL). Since
they are distant from major highways and population centers (popu-
lation greater than ca. 500 000), NEU and WAL represent the regional
background conditions in the North German lowlands. MEL is located
in a rural setting in Eastern Germany surrounded by pasture, forests,
and little villages, and can be considered as a regional background site
of central Europe (Engler et al., 2007; Spindler et al., 2013).

Three mountain sites are located at the southern Germany. Two low
mountain range sites Schauinsland (SCH, 1205 m a.s.l.) and
Hohenpeif3enberg (HPB, 980 m a.s.l.) are surrounded mainly by forests
and agricultural lands. The High Alpine site Zugspitze (ZSF,
Schneefernerhaus) is located at 2670 m a.s.l., near the summit of the
mountain Zugspitze — Germany's highest mountain.

2.2. Instrumentation

Atmospheric aerosol measurements in this study include PNSD and

eBC mass concentrations. Details of the instrumentation and data pro-
cessing are available in Birmili et al. (2016). Only a short summary is
given in this section and Appendix Table S1. Aerosol PNSD is measured
by Mobility Particle Size Spectrometers (MPSS, Wiedensohler et al.,
2012). Depending on their individual set-up, these instruments are
called MPSS, Tandem Mobility Particle Size Spectrometers (TMPSS)
and Thermodenuder Mobility Particle Size Spectrometers (TDMPSS).
The use of Nafion dryers ensures a relative humidity of the sampled
aerosol below 40%. Therefore, aerosol particles are sized at a relatively
dry, i.e., dehydrated state. The PNSD was obtained from the raw mo-
bility distributions by a multiple charge inversion (Pfeifer et al., 2014).
The corrections for internal and sampling losses due to diffusion and
sedimentation were corrected as described in Wiedensohler et al.
(2012).

Due to the different settings of MPSS at GUAN sites, the MPSS data
quality at each site was assured by on-site or laboratory inter-compar-
isons with reference instruments conducted by the World Calibration
Center for Aerosol Physics (WCCAP) at TROPOS, Leipzig, Germany,
following the recommendations given in Wiedensohler et al. (2017). It
is essential to define a standard for inter-comparisons with reference
instruments. In GUAN, a condensation particle counter (CPC, model
3010/3772, TSI Inc., Schoreview, USA) and an electrometer (model
3068B, TSI Inc., Schoreview, USA) were used as an intermediate stan-
dard for PNC (Birmili et al., 2016). These inter-comparisons were done
in the central laboratory, at calibration workshops, or in the field as
part of a “round-robin test”. The frequency of the inter-comparisons
was site-dependent varying between once to four times per year.

To condense the information provided by the PNSD, we calculated
PNCs with three particle size intervals, as shown in Table 3. Njj0.30
represents particles freshly formed from nucleation, either by photo-
chemical processes or downstream of traffic exhausts or airport emis-
sions. Particles emitted from incomplete combustion can be found
mainly in size range 30-200 nm, and can be well represented by Nz,.
200]- N200-800] 1S more representative for aged particles and the influ-
ence of long-range transport. Since the PNSD were measured only for
particle diameter greater than 20nmat MST, to maintain the con-
sistence of total PNC among different sites, we use N{20.go0; to evaluate
the total PNC.

eBC mass concentrations were measured with Multi-Angle
Absorption Photometers (MAAP, model 5012, Thermo Scientific), ex-
cept in AUG where an aethalometer (Type 8100, Thermo Fisher
Scientific Inc.) was used. eBC mass concentration was calculated using a
mass absorption cross section of 6.6 m* g~ ! at wavelength A, = 637 nm.
The use of an constant mass absorption cross section may introduce an
uncertainty in eBC mass concentration, especially for aged BC particles.
There was no eBC data available at LAN and MST.

Data coverage over the period from 2009 to 2014 is shown in
Table 4. PNSD and eBC have been measured since 2009 except six sites:
three sites (LMI, LWE, and LAN) started their measurements in 2010,
one (NEU) started in 2011, and the other two (ANA and DDW) started
in 2012. It can be seen from Table 4, most of the sites have at least data
for three or four years with more than 75% annual data coverage. In
general, the overall data coverage is adequate for detecting the main
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Sites Data coverage of eBC (%) Data coverage of PNSD (%)
Total 2009 2010 2011 2012 2013 2014 Total 2009 2010 2011 2012 2013 2014

DDN 89 95 99 95 56 93 97 73 56 70 89 50 85 87
LEI 92 9% 95 99 100 81 82 82 33 99 88 98 88 85
LMI 71 _ 50 94 95 99 91 67 - 40 90 89 93 93
MST No data 86 76 76 89 79 95 100
LTR 97 100 97 95 93 100 99 94 97 96 84 94 93 9
LWE 68 - 48 97 97 92 78 69 - 48 82 99 98 84
ANA 44 - - - 85 96 85 43 - - - 84 84 87
AUG 81 9 99 99 99 95 b 80 92 99 99 9% 93 b
DDW 44 - - - 75 95 94 36 - - - 63 89 63
LAN No data 48 - 16 79 99 76 17
BOS 85 92 98 86 71 79 81 89 87 99 86 76 100 83
MEL 98 100 100 100 100 100 91 90 90 87 78 97 94 95
WAL 71 24 99 99 77 98 31 95 97 91 93 91 98 97
NEU 78 — 85 96 90 98 98 51 - 2 59 52 98 99
HPB 100 100 100 100 100 100 99 93 97 99 81 90 93 97
SCH 82 95 83 79 49 85 99 84 91 98 74 67 84 89
ZSF 89 99 100 69 84 94 90 74 96 80 68 67 94 40

2 PNSD or eBC was not measured.
> Data in 2014 at site AUG was not provided for this study.

characteristics of the parameters. In this study, a data coverage
threshold of 75% was used in the calculation of diurnal and annual
cycles.

2.3. Clustering methods

To better understand the spatial variability of aerosol particles, a
clustering analysis was applied in this study. Clustering analysis pro-
vides a way to identify the common characteristics of observations by
the behaviors of the data itself. Usually it tends to group observation
data into subsets that similar observations are grouped together, while
different observations belong to different groups (Rocach and Maimon,
2005).

The clustering method used in this study is an agglomerative hier-
archical clustering. Each observation initially represents a cluster of its
own. Then clusters are gradually merged until the whole cluster
structure is generated. A dendrogram shows the similarity distance at
different cluster levels. Then the final clustering result can be obtained
by cutting the dendrogram with a predefined similarity threshold
(Rocach and Maimon, 2005).

Firstly, the similarity distance of the time series between each pair
of sites was calculated. Commonly used metrics include distance me-
trics (Euclidean distance, Manhattan distance etc.) and similarity me-
trics (Pearson correlation coefficient etc.). Since the aerosol parameters
analyzed here may not be normally distributed, it is more appropriate
to use the Spearman's rank correlation coefficient to determine the
distance D,

Dyy=1-—ry,

(€Y

where r,, is the Spearman's rank correlation coefficient between the
time series x; and y; at two sites. It will be high when the data points x;
and y; have a similar rank and low when data points x; and y; have a
dissimilar rank (Kruskal, 1958). Thus D, can identify whether two
observations are concurrently increasing or decreasing. In detail, for
two time series x; and y; with the same size, they are firstly converted to
ranks rgx; and rgy;. Then r,, is determined by:

_ cov(rgx, rgy)

Ty
2
where cov(rgx,rgy) is the covariance of the rank variables; ;5 and o,
are the standard deviation of the rank variables (Myers et al., 2010).
As the similarity distance is determined, a linkage criterion can be

Orgx Orgy
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used to define whether two clusters should be grouped together. There
are several commonly used linkage criteria, e.g., single, complete, and
average linkages. In our study, a complete linkage clustering criterion
was used. The distance between two clusters was obtained as the
longest distance from any member of one cluster to any member of the
other cluster (King, 1967). Usually the complete linkage can provide
more compact clusters and more useful hierarchies (Rocach and
Maimon, 2005).

Finally, a dendrogram can be generated. Each level of the hierarchy
represents a particular grouping of data into disjoint clusters. The entire
hierarchy represents an ordered sequence of such groupings (Hastie
et al., 2009). Usually, a predefined similarity threshold can be used to
determine the clusters.

3. Overview of the dataset
3.1. Basic statistics

Currently used site categories, such as roadside, urban background,
regional background etc. clearly denotes the influence of anthropogenic
sources which is one of the main factors determining the pollutant
concentrations. Basic statistics of PNCs, PNSD and eBC mass con-
centration for different site categories are analyzed in this section.

Table 5 illustrates the multi-annual statistics of eBC mass con-
centration and PNC for different size intervals at all GUAN sites. s,
std, Uos and Y75 denote the median, standard deviation, 25th and 75th
percentile values, respectively. At a first glance, remarkable differences
can be seen in the overall median values between site categories, but
the difference between the sites in the same category is relatively small.
The median values of Nj20.go0; range from 900 cm 2 at the High Alpine
site ZSF to 9000 cm ™2 at the roadside site LMI; and eBC mass con-
centrations range from 0.1 to 2.3 pg/m° PNCs and eBC mass con-
centration decrease from roadside to urban background, followed by
regional background, low mountain range and High Alpine. Due to the
industrial influence from Ruhr area (Beuck et al., 2011), the PNC below
200 nm at MST are quite close to those at the three roadside sites.

Fig. 2 illustrates the median PNSDs at the five site categories. Sig-
nificant difference can be seen among the five median PNSDs. Con-
tributed by traffic emissions, PNSD at roadside sites shows a prominent
peak at about 20 nm. And the peak moves to 40 nmat urban back-
ground sites. At regional background and low mountain range sites, the
peaks move further to about 60 nm. It is interesting to note that the
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Statistics of eBC mass concentration and PNCs at all 17 GUAN sites, based on hourly values. ys, std, {125 and p,5 denote the median, standard deviation, 25th and

75th percentile values, respectively.

Site category Site name eBC (ug/m°) Np20.8007 (€m ™) Np10.301 (em™?) Nip30.2007 (em ™) Np200-8001 (em~?)
Mso std  Has Wys  Wso std Hos H7s Hso std Hos U7s Uso std Hos U7s Mso std  Hos  Wgs
Roadside DDN 2.1 16 1.3 3.2 8380 5486 5822 11893 4647 4810 2630 7787 5872 3962 4079 8320 533 422 342 791
LEI 1.7 1.7 1.0 2.8 8458 5598 5818 11950 5394 6294 3346 8761 6019 4083 4080 8509 454 449 279 722
LMI 23 20 1.4 3.6 9012 6450 6111 13077 4938 5578 2956 8256 6367 4505 4254 9146 517 419 328 785
Mean value 2.0 - - - 8617 - - - 4993 - - - 6086 - - - 501 - - -
Urban background MST -b b _b _b 7421 4883 5136 10712 -" -® _P _P 5184 3809 3454 7702 368 335 217 572
LTR 0.8 1.3 05 1.5 4840 4110 3229 7216 2351 5067 1371 4013 3369 2903 2215 5141 354 344 202 573
LWE 0.8 1.2 05 1.5 4381 3297 2945 6486 1999 4011 1263 3166 3059 2419 2007 4653 320 332 181 528
ANA 1.1 1.8 0.6 2.0 4318 5608 2710 6988 2168 5178 1052 4369 3563 4819 2216 5821 396 429 235 633
AUG 1.4 15 1.0 22 5644 5764 3716 9045 2659 6551 1613 4424 3871 4313 2522.4 6309 289 304 158 466
DDW 09 1.1 04 1.6 4600 3921 3029 6862 2128 3621 1287 3541 3827 3506 2446 5839 394 329 221 643
LAN -¢ -¢ -¢ ¢ 5722 3830 3757 8386 4088 5219 2532 6569 3985 2835 2568 6028 - - -°< ¢
BOS 0.5 08 03 1.0 4812 3123 3226 6838 1647 2184 1050 2578 3490 2474 2252 5122 376 337 202 602
Mean value® 0.9 - - - 4902 - - - 2434 - - - 3595 - - - 352 - - -
Regional background MEL 0.5 1.2 03 1.1 3714 2998 2538 5322 1009 3199 570 1768 2668 2205 1764 3952 337 346 190 546
WAL 0.4 0.7 0.2 0.8 3391 2350 2240 4892 871 1876 474 1515 2443 1888 1551 3687 316 325 169 524
NEU 0.4 09 02 0.8 2936 1844 2036 4085 416 1411 200 817 2218 1477 1462 3170 279 291 157 476
Mean value 0.4 - - - 3347 - - - 765 - - - 2443 - - - 311 - - -
Low mountain range HPB 0.3 04 02 05 2360 1468 1550 3377 588 829 333 973 1737 1139 1131 2532 223 242 97 397
SCH 0.2 04 01 0.4 1641 1429 902 2635 360 832 180 719 1207 1086 664 1977 148 190 58 296
Mean value 0.3 - 2000 - - - 474 - - - 1472 - - - 185 - - -
High Alpine ZSF 0.1 0.2 0.0 0.2 886 874 469 1562 183 543 96 357 708 744 381 1226 69 164 19 205
@ Site MST is not included in means.
b parameter is not measured.
¢ Parameters are not included at LAN due to quality assurance.
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Fig. 2. Median PNSDs for the five site categories.

peak of the PNSD moves towards larger diameters with the increasing
distance between the sites and emission sources, reflecting the aging of
aerosol particles during its transport from sources to remote area.
During these processes, aerosol particles may grow due to condensation
and coagulation (Van Dingenen et al., 2004), resulting in the change of
the shape of PNSD as shown in Fig. 2.

3.2. Cross-correlation of measured parameters

The average PNCs are elevated at urban sites mainly due to an-
thropogenic emissions, but other sources such as new particle formation
(NPF) may also contribute to the PNCs (Reche et al., 2011). Since eBC is
a more robust tracer of traffic emission and other non-traffic combus-
tion sources such as power plants and domestic heating (Chen et al.,
2014; Di Ianni et al., 2018; Hitzenberger and Tohno, 2001; Pérez et al.,
2010), the cross-correlation between PNSD and eBC mass concentration
was analyzed to detect the influence of anthropogenic sources at dif-
ferent site categories. Fig. 3 shows the Pearson's correlation coefficient
between PNSD and eBC mass concentration.

Fig. 3. Cross-correlation between PNSD and eBC mass concentration at each
site category.

Higher correlation coefficient can be observed at roadside compared
to the other four site categories in ultrafine size range (D, < 100 nm),
confirming a stronger traffic influence. Moreover, two modes can be
found in the size-resolved correlation coefficient at roadside category:
one at 20-30 nm and the other at 100-200 nm, respectively indicating
the emission of gasoline engines and diesel engines (Harris and Maricq,
2001). The correlation coefficient curves show similar shapes at the
other four site categories. No correlation (correlation coefficients range
from —0.2 to 0.2) can be seen in the size range of 10-30 nm. The
correlation coefficient increases with increasing particle size, and fi-
nally reaches its maximum when particle diameter is larger than
200 nm. Since young Aitken mode particles may grow very fast into
Aitken mode, fresh traffic-emitted particles can be hardly observed in
this mode in these four site categories. The observed Aitken mode
particles are mainly originated from NPF. Therefore, there is nearly no
correlation between eBC mass concentration and Aitken mode PNC. At
the sites in these four categories, the observed eBC is mostly aged, and
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Fig. 4. Diurnal cycles of eBC mass concentration (A) and Nizp0.g00; (B) on
weekday (Monday to Friday) for different site categories.

locates in a size range larger than 100 nm. Higher correlation coeffi-
cients are thus yielded between eBC mass concentration and PNC at
diameter larger than 100 nm.

3.3. Diurnal cycles of aged accumulation mode particle number and
equivalent black carbon mass concentrations

Fig. 4 illustrates the diurnal cycles of eBC mass concentration and
aged accumulation mode particle number concentration Ni200-s00; O
weekdays (Monday to Friday) for different site categories. More de-
tailed diurnal and annual cycles of all parameters on weekday, Saturday
and Sunday can be found in Appendix Fig. S2 and S3.

Since eBC is a source driven parameter dominated mainly by an-
thropogenic emissions especially by traffic, significant differences in
diurnal cycles of eBC mass concentration were observed among the five
site categories, as seen in Fig. 4(A). The diurnal pattern of eBC mass
concentration for different site categories will be discussed in more
detail in Sect. 4.2. PNC is a non-conserved quantity and determined by
many size-dependent processes. The diurnal cycles of PNC thus show
different patterns with respect to their size ranges, as shown in Fig. S2.
In Fig. 4(B), the diurnal patterns of Ni200-s00; at urban background and
regional background sites are very similar. It means, to a certain extent,
“site category” is not always a valid way to catch the spatial variability
of accumulation mode particles which is mainly determined by aging
and long-range transport. “Site category” provides the information
about the influence of anthropogenic sources. Parameters controlled by
other processes might be identical between different site categories.

In general, for “source driven” pollutant parameters such as eBC
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mass concentration, their spatial variability is highly connected to the
categories of the measurement sites. Conversely, for pollutant para-
meters which are more influenced by other factors such as aging pro-
cesses and meteorological conditions, we may need other ways to
evaluate their spatial variabilities. There are several other parameters
to characterize a site, e.g. locations, elevations, topographies and me-
teorological conditions. By extracting “site groups” according to certain
characteristics, it might be possible to investigate how pollutant para-
meters interfere with spatial characteristics.

4. Spatial clustering analysis

4.1. Size-dependent similarity distance of particle number size distribution
between sites

In this section, the size-dependent spatial characteristic of particle
number concentrations was investigated with Spearman's correlation
distance. As described in Sect. 2.3, Spearman's correlation distance D,
can be used to determine the similarity between a pair of time series.
Usually, Spearman's correlation distance D, could be interpreted as
following:

® D, = 2 (ry, = —1): perfect negative correlation;

®18=<D,, <2(-1 < r., < —0.8): strong negative correlation;

e 14<D,, < 18(-0.8 < r,, = —0.4): moderate negative corre-
lation;

e 1 < D,y < 1.4(-0.4 < ry, < 0): weak negative correlation;

e D,, =1 (ry, = 0): no correlation;

® 0.6 < Dy < 1(0 < 1y, < 0.4): weak positive correlation;

® 0.2 < D,, =0.6 (0.4 =r,, < 0.8): moderate positive correlation;

e 0 < D,,<0.2(0.8 <r,, < 1): strong positive correlation;

® D, = 0 (r, = 1): perfect positive correlation.

To characterize the spatial variability of particle number con-
centration at different sizes, the similarity distance of PNSDs between
site pairs within the same site category (urban background and regional
background) is calculated as shown in Fig. 5. Although with different
absolute levels, the size-resolved D,,, for different site pairs show very
similar patterns, with higher values in size range of 10-30nm and
lower values in 100-800 nm. This result clearly illustrates the spatial
variability of aerosol particles with different sizes. Particles in
10-30 nm are dominated by various local sources and NPF, and may
grow rapidly to larger sizes via coagulation and condensation, leading
to a higher spatial variability. In contrast, particles in accumulation
mode have a longer lifetime and tend to distribute homogeneously in
the background air in a relatively large area, therefore show a lower

1 | : ] o MEL-NEU
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o 08 o~ s o MEL-WAL
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Fig. 5. Similarity distance of particle number size distributions between site pairs within the same category (urban and regional background).
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Fig. 6. Hierarchical clustering results of PNC and eBC mass concentration based on hourly time series (left column) and the diurnal and annual cycles of pollutant

parameters for each group (middle and right column).

263



J. Sun et al.

spatial variability. It can be seen that D, increases again for particle
diameter larger than 600 nm. A plausible explanation is that this size
range is in the tail of coarse mode in which particles have relative short
lifetime due to gravity settling.

Accordingly, three size intervals are extracted regarding to the si-
milarity distance curve: a higher spatial variability size range
10-30nm, a transition size range 30-100nm and a lower spatial
variability size range 100-800 nm. Since the particles in 30-200 nm
contains most of eBC mass in urban area (Cheng et al., 2013), to better
catch the variability of eBC, we will use N{39.200; and Ni200.8007 instead
of Nisz0.100; and Npigosoo; to evaluate the behavior of particles in
transition size range and lower spatial variability size range.

4.2. Hierarchical clustering of particle number and eBC mass concentrations

Based on the similarity distance, a dendrogram was generated fol-
lowing the hierarchical clustering methodology described in Sect. 2.3
and the sites were classified with a predefined threshold Dy. In this
study, we used a threshold Dy = 0.6 to extract clusters, meaning that
the observations in the same group are at least moderately positive
correlated. The clustering was based on hourly time series. Fig. 6 il-
lustrates the clustering results and the corresponding diurnal and an-
nual cycles for each group. For a certain pollutant parameter, the
measurements at sites in the same group have similar temporal varia-
tion, indicating a high spatial homogeneity of the parameter among
these sites. Conversely, the sites in different groups represent high
spatial variability of the parameter. In this section, we name each group
in the dendrogram according to the common characteristic of the sites
in the group.

4.2.1. Equivalent black carbon mass concentration

Fig. 6(A1) shows the clustering result of the eBC mass concentra-
tion. Since the eBC mass concentration is a typical tracer for anthro-
pogenic emissions, especially traffic emissions, Fig. 6(A1) shows the
degree of traffic influence at the sites. Three groups, namely “Weakly
traffic influenced”, “Strongly traffic influenced” and “Moderately traffic
influenced”, are distinguished under a threshold of 0.6.

Strongly traffic influenced group includes all three roadside sites
(LMI, LEI and DDN), and one urban background sites ANA. ANA is
located very close to the national road B101 with a distance of 10 m,
therefore it can be considered as a strongly traffic influenced urban
background site. AUG cannot be classified into any cluster under a
threshold 0.6, but can be grouped into the Strongly traffic influenced
cluster under a threshold 0.65, meaning that AUG can be defined as a
traffic influenced urban background site, which is consistent with a
previous study (Cyrys et al., 2008). As shown in Fig. 6(A2), in the
Strongly traffic influenced group, the eBC mass concentration stays at a
lower level after midnight (00:00 LT - 04:00 LT), then rapidly increases
after 04:00 LT and reaches its first peak at 07:00 LT resulting from the
morning traffic and near ground temperature inversion (Olofson et al.,
2009; Birmili et al., 2013; Wehner et al., 2002). The second peak occurs
around 15:00 LT during the afternoon rush hour. In general, the diurnal
pattern of eBC mass concentration in the strongly traffic influenced group
is mainly determined by traffic emission and the evolution of boundary
layer. The annual cycle of eBC mass concentration shows higher con-
centration levels in the cold season than in the warm season. During the
cold season, more BC is emitted from domestic heating and power
plants. Moreover, lower plenary boundary layer (PBL) in the cold
season inhibits the vertical dispersion of BC and thus elevates the eBC
mass concentration in the boundary layer.

The sites in weakly traffic influenced group include low mountain
range and high Alpine sites which are barely influenced by anthro-
pogenic emissions. Blue curves in Fig. 6(A2) and (A3) show the corre-
sponding diurnal and annual cycles. The diurnal and annual cycles of
this group show opposite behaviors from those of other groups, because
aerosol concentrations are mainly determined by PBL due to the high
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elevation of these sites (Birmili et al., 2010; Collaud Coen et al., 2014;
Lugauer et al., 1998, 2000). Mountain sites, especially ZSF, stay reg-
ularly in clean air in the free troposphere in cold season from October to
March. Conversely, during the warm season, polluted aerosol can be
transported to the mountain sites since the sites are mainly inside the
developed boundary layer. For diurnal cycle, resulting from the diurnal
evolution of PBL, eBC mass concentration stays at a low level in the
early morning (03:00 LT — 07:00 LT), then increases around noon as the
boundary layer air reaches the site.

The third group moderately traffic influenced includes all the other
urban and regional background sites. These sites are split into three
sub-groups: urban sites (LTR, LWE, MEL and DDW), regional sites (NEU
and WAL) and BOS. BOS is located in a rural setting, but is strongly
influenced by a residential area in the village Bosel. BOS is thus a site in
between of urban background and regional background. The regional
background site MEL is grouped together with three urban background
sites (DDW, LWE and LTR), because these four sites are located very
close to each other. All these sites are usually influenced by the same
plumes of BC originated from domestic heating in Eastern Europe. The
diurnal cycle of the moderately traffic influenced group shows different
behaviors compared to the previous two clusters. Due to the inhibited
boundary layer coupled with increased anthropogenic emission such as
traffic, cooking and heating, two peaks can be observed respectively in
the morning (06:00 LT - 08:00 LT) and evening (around 20:00 LT and
21:00 LT). Far from traffic sources, evolution of boundary layer seems
to play a more pronounced role in the diurnal cycle of eBC mass con-
centration. Therefore, no peak can be observed at rush hour in the
afternoon (15:00 LT). The annual cycle of this group shows a similar
pattern but at a lower concentration level compared with the one in the
Strongly traffic influenced cluster due to their farther distance from
traffic sources.

From the clustering result and corresponding temporal variation of
eBC mass concentration, it can be concluded that the spatial distribu-
tion of eBC mass concentration in Germany is mainly determined by the
distribution of anthropogenic emission sources, especially traffic
sources. The evolution of boundary layer is also a major factor de-
termining the mass concentration of eBC especially at urban back-
ground and mountain sites.

4.2.2. Young Aitken mode particles N10.305

As discussed in Sect. 4.1, PNC in the size range of 10-30 nm shows
the highest spatial variability among the parameters studied. Only two
groups are extracted under a threshold of 0.6: “Rural in Northern
Germany” and “Cities in the State of Saxony”.

Rural in Northern Germany group includes WAL and NEU, which are
relatively far from urban areas or anthropogenic emissions. In the
diurnal cycle of this group, N;0.30; increases from 11:00 LT to the late
afternoon, mainly relating to the NPF (Zikova and Zdimal, 2013). Only
minor annual variation can be seen in the annual cycle of N;0.307 . The
reason might be that high Np1o.30; only appears in very short time
periods since the newly formed particles grow rapidly up to 50-100 nm
during an NPF event (Kulmala et al., 2001). Therefore, the use of
median values may mask the influence of high concentrations which are
only shortly occurred during NPF events in the annual cycle.

Sites LTR, LWE, LEI, LMI, DDN and DDW are grouped into Cities in
the State of Saxony cluster. In these urban sites, both NPF and traffic
emission have impacts on the diurnal variation of Nyjo.30;. The first
peak in its diurnal cycle is observed at 06:00 LT due to traffic emission,
then another small peak can be seen around noon relating to NPF events
in the area (Birmili et al., 2013; Ma and Birmili, 2015).

Nii030) has the highest spatial variability among the parameters
studied due to the short lifetime of young Aitken mode particles. And it
is influenced by both NPF and traffic emission. Therefore, only the sites
with similar source influence and in a relatively small spatial scale are
classified in the same group. Most of the sites are weakly/non-corre-
lated and cannot be grouped as shown in Fig. 6(B1).
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4.2.3. Aitken mode particles Ny30.2007

Ni30.2001 represents the particles originated from anthropogenic
emissions and the aged particles originated from NPF. Clustering result
of Ni30.200] is similar as that of eBC. As shown in Fig. 6(Cl1), four
clusters can be extracted from the hierarchy, namely “Weakly traffic
influenced”, “Strongly traffic influenced”, “Moderately traffic influenced 1”
and “Moderately traffic influenced 2”.

Same as the eBC clustering result, ZSF, SCH and HPB are grouped
together as the weakly traffic influenced group. As shown in Fig. 6(C2)
and (C3), the diurnal and annual cycle of N3¢.200; in this cluster shows
similar behavior as the corresponding group of eBC mass concentration
(see Fig. 6(C2) and (C3)), which is dominated by the evolution of PBL,
as explained in Sect. 4.2.1.

Five urban sites, LMI, LEI, ANA, DDW and DDN, are grouped into
the strongly traffic influenced group. The diurnal cycle of the N30.200
shows the same pattern as that of eBC mass concentration, indicating
that Ni30.200; is strongly influenced by traffic emission in urban area.
But the annual cycle in this group shows a different pattern compared
with eBC mass concentration. The Nizo.2007 is elevated in the warm
season, contributed mainly by NPF.

Two moderately traffic influenced groups are extracted. The sites in
the cluster moderately traffic influenced 1 (NEU, WAL, MEL, LWE and
LTR) are mainly located in the NE Germany and the sites in the cluster
moderately traffic influenced 2 (MST and LAN) are located in western
Germany. The diurnal and annual cycles of these two groups show the
same patterns but at different levels. The concentration level of Ni3¢.200;
in the moderately traffic influenced 1 is lower than moderately traffic in-
fluenced 2, indicating a lower traffic emission in the sites in moderately
traffic influenced 1 group.

The clustering result of Ny30.000; indicates that the spatial distribu-
tion of Ni30.200; in Germany is mainly determined by the distribution of
anthropogenic emission sources, especially traffic sources. But it should
be noted that the clustering result also show some geographical char-
acteristics (Moderately traffic influenced 1 and 2). As shown in Fig. 5,
30-100 nm is the transition size range from low spatial correlation to
high spatial correlation.

4.2.4. Aged accumulation mode particles Ny200-s007

Ni200.800] represents the well-aged accumulation mode particles.
Resulting from their longer lifetime, these particles tend to distribute
homogeneously in the background air in a large area. Therefore, a
lower similarity distance of Np200.s00;, Mmeaning a stronger positive
correlation, can be observed between the observations at different sites.
To have a more specific clustering result, a lower threshold of 0.5 is
used here and the clustering result is illustrated in Fig. 6(D1). Four
groups are identified and are also marked in the map in Fig. 7. We can
clearly see that the sites are classified according to its geographic lo-
cations. Previous study from Bigi and Ghermandi (2014) found similar
results for PM;, mass concentration in Po Valley in Italy, since PM;,
mass concentration is also a parameter representing the background
pollution in a large spatial scale. From this result we can conclude that
the distribution of sources has only minor influence on the spatial
distribution of N[zoo,soo].

To sum up, a hierarchical clustering method was applied in this
study to investigate how pollutant parameters interfere with spatial
characteristics. In general, different parameters are controlled by dif-
ferent factors and thus show different spatial variabilities. The con-
centration of young Atiken mode particles N10.30; is a “local source
driven” parameter due to its short lifetime, thus show a high spatial
inhomogeneity. The eBC mass concentration and Nizo.200] are mainly
determined by anthropogenic emissions, thus the sites with similar
emission influence are grouped together. And the clustering result of
Ni30.2007 also shows some geographical characteristics. As particles are
growing larger, more “regional” and “background” characteristics are
reflected in the clustering. Ni200.800] Show a high spatial homogeneity.
The distribution of sources has only minor influence on its spatial
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Fig. 7. Hierarchical clustering result of N200.g00]-

distribution.

4.3. Correlation between pollutant parameter similarity and geographical
distance

To further investigate the spatial homogeneity of PNCs and eBC
mass concentrations, the correlation between the similarity of mea-
sured parameters in site pairs and their geographical distance was
analyzed in this section. Site pairs in the same category (urban, regional
background or low mountain range) was selected for the calculation.
Then the Pearson's correlation coefficient of the two time series was
calculated and plotted versus the geographical distance between two
sites as shown in Fig. 8. The three roadside sites are excluded because
these sites are strongly influenced by local traffic emissions.

In general, for all parameters, the correlation coefficient decreases
with increasing geographical distance, which follows the “First Law of
Geography” that everything is related to everything else, but near
things are more related than distant things (Tobler, 1970). However,
different parameters show different sensitivities on geographical dis-
tance. As shown in Fig. 8, the overall correlation coefficients of Nizo.
s00] are highest among the parameters studied and also well correlated
with geographical distance. Therefore, N200.g007 is @ good parameter to
examine the spatial homogeneity of regional background aerosol. Ni;o.
301 shows the lowest correlation coefficient due to the short lifetime of
Young Aitken mode particles. When the distance is larger than
~300 km, the correlation coefficients of Npjo.30; show a sudden drop,
which may indicate that the NPF events have a typical spatial scale of
several hundreds kilometers, consistent with a previous study (Birmili
et al., 2013). The “source-driven” parameters eBC mass concentration
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Fig. 8. Correlation coefficients of pollutant parameters of site pairs versus their
geographical distance.

also shows a relatively high correlation even for a geographical distance
larger than 500 km. Different from number concentrations, eBC mass
concentration is a conserved parameter if there is no emission and
scavenging. Therefore eBC mass concentration shows relatively high
spatial homogeneity in a large area.

The analysis shown above provides an important reference for set-
ting up an observation network with a specific research purpose. For
example, to study the contribution of regional NPF to particle number
concentration in different environments, sites in different categories
should be set within a small area of 100-200 km; while for monitoring
the regional background aerosol, a distance of ~500 km can be chosen
between sites. Such an analysis may be also useful for the regional scale
dispersion models and land use regression models.

5. Conclusion

Based on the long-term observation in German Ultrafine Aerosol
Network (GUAN), the spatio-temporal variability of aerosol parameters
including PNSD, PNCs and eBC mass concentration from 2009 to 2014
are investigated. Significant differences of pollutant concentration was
observed between different site categories. Six-year median value of
sub-micrometer PNC (diameter range 20-800nm) varies between
900 cm ™2 and 9000 cm ~ 3, while median eBC mass concentration varies
between 0.1 and 2.3 pg/m°.

A Spearman's rank correlation distance is applied to determine the
similarity between observations in site pairs. PNCs in different size
ranges were found to be with different spatial variabilities. Three size
intervals are extracted: a higher spatial variability size range 10-30 nm,
a transition size range 30-100 nm, and a lower spatial variability size
range 100-800 nm.

A hierarchical clustering method was used to detect how pollutant
parameters interfere with spatial characteristics. The results show that,
the traditional “site category” (roadside, urban and regional back-
ground et al.) concerning mainly the influence of local anthropogenic
sources cannot always catch the spatial distribution of aerosol particles.
Parameters controlled by other processes may not show any difference
between different site categories. For “source driven” pollutant para-
meters such as eBC mass concentration, the clustering result is basically
in consistent with the traditional “site category”, confirming that its
spatial distribution is mainly determined by the distribution of an-
thropogenic emission sources, especially traffic sources. For pollutant
parameters which are more influenced by long-range transport under
certain meteorological conditions, such as Nixgo.s00;, the clustering
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result is highly connected with site locations, confirming that accu-
mulation mode particles are distributed homogeneously in the back-
ground air in a large area.

To further investigate the spatial homogeneity of PNCs and eBC
mass concentrations, the relationship between the similarity of mea-
sured parameters in site pairs and their geographical distance was
analyzed. For all parameters, the correlation coefficient decreases with
increasing geographical distance, which follows the “First Law of
Geography”. Different parameters show different sensitivities on geo-
graphical distance. The overall correlation coefficients of Ni200.s00; are
highest among the parameters studied and well correlated with geo-
graphical distance. Ni;0.30; shows the lowest correlation coefficient due
to the short lifetime of Young Aitken mode particles. And a sudden drop
appears at a distance of ~300 km, indicating that NPF events may have
a typical spatial scale of several hundred kilometers.

The long-term measurements in GUAN provides a valuable dataset
to understand the spatial-temporal distributions of eBC mass con-
centration and particle number concentrations in Germany, and may be
used in the regional scale dispersion models, land use regression models
or epidemiological studies. The hierarchical clustering method used in
this study offers a sound scientific base to compare pollutant para-
meters measured in different locations and environments and may be
used to discover new “source clusters”. It can be also used as an ob-
jective reference to check the validity of existing site classifications.
Moreover, the analysis shown in this paper gives an important reference
for setting up an observation network with a specific research purpose.
For example, to study the contribution of regional NPF to particle
number concentration in different environments, sites in different ca-
tegories should be set within a small area of 100-200 km; while for
monitoring the regional background aerosol, a distance of ~500km
can be chosen between sites.
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