Dear editor:

We would like to thank the two referees for their helpful comments and suggestions, which
have been fully taken into account upon manuscript revision. A point-by-point response to all

the comments and a revised manuscript were uploaded.

Sincerely yours,

Nan Ma and co-authors



Response to comments of referee #1

General comments:

The authors reported historical trends of particle number and black carbon concentrations. The article is
well-written. | recommend to publish in ACP. A major comment is given here. The authors try to link
the pollutants historical trends with mitigation policies. However, only few pollution control regulations
are introduced in the introduction section. These regulations should be also mentioned to explain the
changes in pollutant concentrations. Thus, it would be much better for understanding the long-term
effects of emission mitigation policies. Some implications on the benefit of decreasing PN and BC, for
examples, health effects and visibility, should be added at the end of article to enhance the scientific and
policy significance.

Response:

Many thanks for the comments and suggestions.

Following your suggestion of “regulations should be also mentioned to explain the changes
in pollutant concentrations” and the general comment 1 of the referee #2, we have rewritten
most part of the result section of the manuscript, trying to find more connections between the
observed trends and emission variations. A new section “3.2 Emission change in Germany”
has been added in the manuscript, in which the overall trends of eBC mass concentration and
PNCs are compared with the emission data reported by the Federal Environment Agency.
Section “3.3 Diurnal variation of trends” and “3.4 Seasonal variation of trends” have been
rewritten and we tried to find the connections between the diurnal and seasonal trends of
observed parameters and the sources which have also distinct diurnal or seasonal variations. As
a special case study, a new section “3.5 Evaluation of low emission zones” has been added in
the manuscript to figure out if such a long-term observation network can reflect the effect of a
specific emission mitigation policy.

Following your suggestion “Some implications on the benefit of decreasing PN and BC, for
examples, health effects and visibility, should be added at the end of article to enhance the
scientific and policy significance”, a short discussion has been added at the end of Sect. 3.2:

“Based on the above results, we believe that the observed trends of PNCs and eBC mass
concentration are mainly due to the reduction in emissions. The annual changes of
meteorological conditions might have an impact on PNCs, but are not likely to be the decisive
impact factor. Detailed discussion on the possible influence of meteorological conditions will
be discussed in Sect. 4. The decreased pollutant concentrations are highly associated with the
reduced risk of human health. Pope et al. (2009) demonstrated that a decrease of 10 pg m~3in
the PM2s mass concentration is related with an increase of life expectancy of 0.61 +0.20 year

in 211 countries. The improved health effects because of decreased UFP and BC would be even



greater compared with that of PM2s mass concentration. As of 2018, 97 % of cities in low- and
mid-income countries do not meet the World Health Organization (WHO) air quality guidelines
(WHO, 2018). Our result demonstrates that the implementation of proper emission mitigation
policies can largely reduce the BC mass concentration and PNC, thus may effectively reduce
the health risk in polluted regions.”



Response to comments of referee #2

General comments:

(1) The paper presents a valuable dataset and analyses long-term trends of PNC and BC across
Germany. The topic is within the scope of ACP, but in my opinion the scientific question does
not have to be only how is it changing but why is that as well. Some of the presented conclusions
could be better supported by data. For example, if the driver of the PNC and BC decrease is
expected to be an emission decrease, could this be compared to any reported emission data? Or
any mitigation strategies results? Comparison of the trends with such data would be an added
value to the manuscript.

Response:

Thanks for your suggestions. We have rewritten most part of the result section in the
manuscript. A new section “3.2 Emission change in Germany” has been added in the
manuscript, in which the overall trends of eBC mass concentration and PNCs are compared
with the emission data reported by the Federal Environment Agency (Fig. 3 in the manuscript).
We found that total emission of BC in Germany deceases about —3.4 % per year during
2009-2017 and highly agrees with the trend of observed eBC mass concentration, suggesting
that emission reduction is very likely to be the dominant factor for the decrease in eBC mass
concentration over Germany. The total emission of PMzs and precursors show decreasing
trends as well. However, the decreases in PNCs are stronger. This discrepancy is thought to be
caused by the highly complex and nonlinear processes of secondary aerosol formation. Based
on the comparisons, we believe that the observed trends of eBC mass concentration and PNCs

are mainly due to the emission reduction.
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Figure 3: Comparison of the long-term changes in measured parameters and total emissions in

Germany.



The emission intensities of some sources have distinct diurnal or seasonal variations, such
as that of traffic and residential activities. Section “3.3 Diurnal variation of trends” and “3.4
Seasonal variation of trends” have been rewritten and we tried to find out the connections
between the diurnal and seasonal trends of observed parameters and those sources.

As a special case study, a new section “3.5 Evaluation of low emission zones” has been
added in the manuscript. The reason for adding this section is, the observed decrease in trends
is usually a combined result of the various emission mitigation policies. A question raised is
that can such long-term observation network reflect the effect of a specific emission mitigation
policy. We select one special mitigation policy low emission zone (LEZ) and trying to figure
out its effectiveness based on our dataset. We find gradual decreases in eBC mass concentration
and Npzo-2001 after the implementation of LEZ. But even with the seasonal variation subtracted
from the time series, the amplitude of variation of eBC mass concentration and Npzo-200; IS Still
very large mostly due to variations in meteorological conditions (Fig. 6 in the manuscript).
However, very clear responses are found in the increment of the aerosol concentration (the
difference of the concentrations between the traffic and the background sites) (Fig. 7 in the
manuscript), suggesting that with a multiple-site network, the effect of emission control policy

could be better detected from the increments between near-source and background sites.
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Figure 6: De-seasonalised monthly time series of eBC mass concentration and Nyzo-2007 at the two urban
background sites AUG and LTR. The vertical dashed lines refer to the start dates of LEZ of different
stages in the city of Augsburg and Leipzig. The horizontal dashed lines refer to the mean concentration

levels of measured parameters during the corresponding time period.
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Figure 7: Average diurnal cycles of the increment (defined as the difference between LMI and LTR) in

eBC mass concentrations, Njso-200) and Np200-800)-

(2) Quite some information on BC has been already published in a more detailed paper by
Kutzner et al, with more stations and longer dataset. It would be good to include an explanation
on what this manuscript brings in addition to the already published results?
Response:

Thanks for the suggestion. There are several differences between Kutzner et al. (2018) and
our study.

(a) Data from 12 stations in 3 states were used in Kutzner et al. (2018) for the trend analysis.
In our study, 16 stations distributed in 8 states (Fig. 1 in the manuscript) were used and therefore
can better represent the variation of BC concentration across Germany.

(b) Most of the stations (11 out of 12) are located in urban area and largely influence by
traffic. Thus, only the mitigation of traffic emission was considered in explaining the trend of

BC in Kutzner et al. (2018). In our study, stations in various environments (3 roadside, 5 urban



background, 3 regional background, and 3 mountain area) are used, and the changes of different
sources (traffic, domestic heating, other fuel combustions, industry, etc.) were considered.

(c) Only general trend of BC is reported in Kutzner et al. (2018). In our study, the diurnal
and seasonal variations in the long-term trend of BC were investigated and connected to the
change of specific emissions.

(d) A comprehensive evaluation of the influence of the inter-annual variations of
meteorological conditions (e.g., air masses, precipitation and temperature) is presented in our
study.

Following your suggestions, the following sentences have been added at the end of Sect. 1
in the manuscript:

“Kutzner et al. (2018) evaluated the trend of BC over Germany based on measurement at
traffic, urban background, and rural sites for the period of 2005-2014, and concluded that the
observed decreasing trends in BC are likely owing largely to mitigation measures in the traffic
sector. However, there is still a lack of a thorough investigation of the connections between the
long-term trends of PNCs/BC and the change of different anthropogenic emissions. A better
understanding of the influence of the inter-annual variation of meteorological conditions on the
observed trends is also needed.

Based on a unique dataset from the German Ultrafine Aerosol Network (GUAN), this study
investigates the long-term variation in the regional PNC and BC mass concentration, to
understand the effectiveness of the emission mitigation policies in reducing the PNC and BC
in Germany. The study was conducted for the period of 2009-2018 with data from 16
observational sites representing different types of environment (roadside, urban background,
regional background, low mountain, and high Alpine). The overall, diurnal, and seasonal trends
of PNCs and BC are evaluated and the role of potential decisive factors, including not only
emission mitigation policies, but also other potential drivers (i.e. inter-annual change in
meteorological conditions and long-range transport patterns) are discussed.”

Moreover, a comparison between our results and other studies is given in Sect. 3.1:

“The trends of the PNCs and eBC mass concentration in this study are consistent with
results from other studies conducted in Europe. Table 4 compares the long-term trends of
aerosol concentrations between the present and other studies. Since 2001, the s.s. decrease in
BC, PNCs, and PM,s have been detected for most of the evaluated sites in Table 4. The
implementation of emission mitigation polices have been thought to be the dominant impact
factors in these studies. Especially, there is one similar study that evaluated the trend of BC
mass concentration in Germany for the time period 2005-2014 (Kutzner et al., 2018), in which
decreased BC mass concentration was detected in 12 sites. Comparing the two studies, the

absolute decreasing trend of BC mass for 2005-2014 is stronger than our results for 2009-2018,



which might stem from the difference between the effects of emission mitigation policies in the
two study periods.”

Table 4. Comparison of long-term trend studies of BC, PNC, and PM in Europe.

Study Time period  Region Parameters Annual slope
(numbers in brackets are the absolute slope, in ug
m-3 year?)

This study 2009-2018 Germany BC Traffic (3 sites): —11.3 %~—5.0 %, (—0.19~-0.08);

UB (5 sites): —8.1 %~—2.3 % (—0.08~—0.03); RB to
high Alpine (6 sites): =7.8 %~—1.7 % (—0.03~0.00)

Np20-800] Traffic (3 sites): =7.3 %~—2.9 %; UB (7 sites):
—6.3 %~—2.6 %;
RB to high Alpine (6 sites): —4.2 %~—0.2 %

Kutzner et 2005-2014 Germany BC Traffic (7 sites): (—0.31, —0.15); UB (4 sites): (—0.1,
al., 2018 —0.02); Rural (1 site): 0.00

Asmi et al., 2001-2010 Europe Ni20-800] Rural to remote (4 sites): —4.6 %~1.6 %

2013

Collaud 2001-2010 Europe Absorption Rural to remote (4 sites): —1.6 %~0.0 %
Coenetal., coef.

2013

Bigi and 2005-2014 Italy, Po  PMazs Traffic (2 sites): —6.4 %~—4.6 %; UB (17 sites):
Ghermandi, valley —8.1 %~ —0.4 %; RB (4 sites): —4.9 %~0.0 %
2016

Singhetal.,, 2009-2016  United BC Traffic (1 site): —8.0 %; UB (2 sites):

2018 Kingdom —5.0 %~—4.7 %; Rural (1 site): —7.7 %

(3) The methods and data quality are mostly appropriate with some exceptions. The number of evaluated
stations is changing during the text. Why there are stations with no or non-analysed data? If LWE is not
evaluated, why is it included in the text? If LAN and Raunheim stations are used for some analyses, why
have not these been used from the beginning? At L278, 5 parameters at 16 sites makes 80 trends, why

only 77 of them was evaluated?

Response:

Thanks for the comment. The German Ultrafine Aerosol Network (GUAN) includes 17
stations. However, one station Leipzig-West (LWE) has been terminated in 2016 and it shows
high similarity as site Leipzig-TROPOS (LTR). Therefore, we decided not to include LWE in
this study. Only 16 sites were used. To avoid confusion, we have deleted LWE in site
description and in Fig.1, table 1 and 2 in the manuscript.

At site LAN, there is no measurement of eBC mass concentration. Thus, we decided to use
another site Raunheim which is not a GUAN site but close to LAN, to help detect the BC trend.
In the revised manuscript, we have deleted the results from Raunheim to avoid confusion.

For the question about the number of trends, as shown in Fig. 2 in the manuscript, the eBC
mass concentrations were not measured at MST and LAN. PNSD measurements at MST and
ZSF start from diameter of 14 and 20 nm, respectively. Thus no information of Npio-s0 IS
available at these two sites. Therefore, for 16 sites and five parameters, only 76 trends in total

were evaluated. To make it clear, a new table (Table S1) has been added in the supplemental



material giving the number of analysed stations with respect to all five parameters, and the
sentence in Sect. 3.1 has been revised as “For the five parameters at the 16 sites (76 trends in
total, see Table S1 in SM), the trends...”

Table S1: Number of sites used in trend analysis.

Parameters Number of stations analysed Excluded stations
eBC 14 MST, LAN
Nr20-800] 16 -
Nri0-30] 14 MST, ZSF
Ni30-200] 16 -
Np200-800] 16 --

(4) For the PNC data description, the uncertainty of the PNC measurements could be discussed
in the text a bit more, (L164 etc.) and compared to the presented trends.

Response:
Thanks for your comment. The following paragraph has been added in Sect. 2.2 in the text.

“Quality assurance of PNSD measurements in GUAN are periodically done to ensure that measurements
remain stable both instrument to instrument (or site to site) and instrument to standard. Monthly
maintenance and onsite/laboratory inter-comparisons with a reference MPSS with a frequency between
one to four times per year as recommended by Wiedensohler et al. (2018) are done by the World

Calibration Centre for Aerosol Physics (WCCAP, http://www.wmo-gaw-wcc-aerosol-physics.org/).

These procedures can ensure an accuracy of +10 % for PNCs over the entire measurement period (Birmili
et al., 2016). Although the uncertainty of PNCs is comparable or higher than their annual trends (Sect.
3.1), with the application of periodical quality assurance procedures, there should be no monotonicity
change or systematic bias in the measurement uncertainties. Therefore, the influence of the measurement

uncertainty on the detection of long-term trends of PNCs is assumed to be negligible.”

(5) Inthe 5.1 Section, a mean value of meteorological parameters is used for all stations. Would
not it be better to have at least three different averages for the different types of stations? It
would be difficult to compare one T and RH value for Alpine site, city etc. (L416)

Response:

Thanks for the comments. Following your suggestion, the 76 DWD stations were classified into
three categories (Table 5 in the manuscript): urban background, regional background and mountain area.
And section “4.1 Influence of precipitation, temperature, wind speed on the detected trends” has been

revised accordingly.


http://www.wmo-gaw-wcc-aerosol-physics.org/

Table 5: Trends of meteorological parameters for the three site categories in Germany. The bold

numbers are the statistically significant slopes at the 95 % significance level. The daily meteorological

data are from Germany's National Meteorological Service (Deutscher Wetterdienst, DWD).

season Urban background Regional Mountain area
background
Precipitation B B B B
mm year! (% year') 0.02 (-1.0) 0.00 (0.0) 0.02 (-0.5)
: Temperature N B N
Spring T year” 0.04 0.03 0.02
Wind speed
m s year ! (% year) 0.01 (0.2) 0.02 (0.3) 0.04 (0.6)
Precipitation
mm year! (% year') 0.14 (-5.5) 0.15 (-5.8) 0.20 (—4.7)
Summer Temperature 0.15 0.13 0.16
<C year
Wind speed B B
m s year ! (% year) 0.00 (0.0) 0.02 (0.4) 0.08 (-1.4)
Precipitation B B B B B _
mm year! (% year') 0.07 (-3.9) 0.05 (-2.5) 0.07 (-1.9)
Autumn Temperature 0.37 0.36 0.29
T year
Wind speed B B B B B B
m's Tyear ! (% year ) 0.02 (-0.8) 0.01 (-0.3) 0.09 (-1.2)
Precipitation
mm year! (% year') 0.02 (1.3) 0.04 (1.8) 0.14 (3.1)
Winter Temperature 0.41 0.43 0.34
T year
Wind speed 0.02 (0.5) 0.05 (0.9) 0.13 (1.5)

ms ! year! (% year!)

(6) Also the 5.2 section needs more detailed methodology description. Why 15 clusters were
used, what data were used for trajectory calculation? And mainly, why the analyses have not
been done for the whole period? No changes in the period 2009-2014 do not automatically
mean there will be no changes in 2009-2018 as well (L444). also it is not described what is the
difference between for example Al and A2 cluster?

Response:

Thanks for the comment. Following your suggestion, we have added a more detailed description in
supplementary information (Sect. 3 in the supplemental material) about the back-trajectory cluster
method, including the basic description, data sources, cluster algorithm, and the evaluation of cluster

results.

Guided by experience from previous studies (Engler et al., 2012; Ma et al., 2014), we tested the
cluster algorithm for a range of cluster numbers k between 8 and 19. The best solution was obtained with

cluster number 15. More and more redundancies in the cluster composition (i.e. cluster means close to



each other) were observed for k > 15; while reducing the number of clusters below 15 would, conversely,

merge clusters that could be clearly identified as different typical weather situations in Central Europe.

The trajectories were calculated using a PC version of HYSPLIT (Stein et al., 2015) with Global
Data Assimilation System (GDAS) analysis set which provides meteorological fields every 3 hours, at a
horizontal resolution of 1< and at numerous standard pressure levels. In our Back Trajectory and
Temperature Profile (BTTP) cluster method, vertical profiles of pseudopotential temperature 6, retrieved

from radiosounding data at seven stations are also used for the classification of trajectories.

We have extended the clustering for the whole time period (2009—2018) in the revised manuscript.
The corresponding figures, tables and text have been updated. The new results are similar as that for the

period of 2009-2014.

For the comment “also it is not described what is the difference between for example Al and A2

cluster?”, following description of the 15 air mass types has been added in Sect. 4.2 in the text.

“The 15 air mass types are named by seasons (CS: cold season; TS: transition season; and WS: warm
season) and synoptic patterns (ST: Stagnant; Al: Anti-cyclonic with air mass originating from Eastern
Europe; A2: Anti-cyclonic with air mass originating from west; C1: cyclonic with air mass originating
from relatively south; C2: cyclonic with air mass originating from the north). Table 6 lists the basic

statistical information of the 15 air mass types.”

Minor comments:

(1) The manuscript would definitely profit from a native speaker check, there are multiple not very usual

English phrases —

L60 early regions (first?),

L343 declined emissions => decreased?,
L493+506 downward trend => decreasing trend?

L330+331 LENGTH of the time series - sometimes a verb is missing (L277 monthly median time series
WERE USED?, L282 only MEL SHOWS increase?) or mismatched (L355 there is no difference can be

seen between, L440 shown => showed?)

there is a superfluous use of commas, for example as “it should be noted that, three sites: L300, L312,335

’

etc”,

also some minor typos, for example L316 concentrations are in consistent, L321, Po Valey, one large

industrial district.

Response:



Many thanks for the corrections and suggestions. Most parts of the manuscript have been rewritten,
and above sentences have been corrected or deleted. The manuscript has been also edited by Elsevier

Language Editing Services to improve the language.

(2) In the equation description in 2.3.2 and 2.3.3. sections, the symbols are not clearly described, so it is
quite difficult to follow the methodology. For example, Eq. 3 does not say what the 2 pi t or 4 pi t means
etc. on the other end, it is not necessary to show how a general vector or matrix looks like, L219 to 221
(with vector missing the C). If the description would be less technical and more explaining what is what,
it would be easier to follow. Similarly, the theta in Eg. 9 is not explained at all, and although | know how

the signum function works, | cannot recognize it in the eq?
Response:

Thanks for the comment. The GLS/ARB is a well-developed method and adapted by Asmi et al.
(2013) for trend analysis of aerosol concentrations. Since we use exactly the same method as that in Asmi
et al. (2013) and all details can be found in the book by Mudelsee (2010) and the paper by Asmi et al.
(2013), we decided not to repeat the details in the main text, to make the text shorter and easy to read.
Section “2.3.2 Generalized least-square-regression and auto-regressive bootstrap confidence

intervals” and “2.3.3 Regional Mann-Kendall test” has been shortened accordingly.

(3) L363+368 eBC instead of BC?
Response:

Thanks. We have rewritten the entire paragraph and this sentence has been removed. In the revised
manuscript, the term “BC” is used to stand for aerosol species black carbon, and the term “eBC” is used

to stand for the measurement data of MAAP and Aethalometer.

(4) L72-73 sentence does not fit either to the preceding or the following sentences
Response:

The sentences have been revised as “For domestic heating emission, the unsuitable fuels are listed
and their emission values are defined. For traffic emission, low emission zones (LEZs) were set up to

limit the emission of nitrogen oxide and aerosol particles from traffic exhaust.”

(5) What does it mean “dataset is sufficient for true slopes™? L336
Response:

The section has been moved to supplementary information. And the sentence in the main text has

been revised as “Robustness analysis (see Sect. 1 in the supplementary material) suggests that the time



span of our dataset is long enough for slope detection and that the influence of measurement uncertainty

is negligible.”

(6) L366 higher reduction rate is observed when human activities are more intensive?
Response:

Here, “human activities” means traffic, domestic heating, cooking etc. This section has been

rewritten and the corresponding sentence has been removed.

(7) Why is the N10-30 described as “influenced by NPF” called young Aitken and not nucleation as

usual?
Response:

The term “young Aitken mode” has been replaced by “nucleation mode” in the revised manuscript.

(8) Number of references at some sections is redundant, for example 8 references stating hon-parametric

test are used for trend analysis? L183
Response:

Thanks. Some of the references have been removed in the manuscript.

(9) L398 do you expect the biogenic emissions in summer to have a trend? If not, they should not mask

the anthropogenic trend?
Response:

We do not except any trend in the biogenic emission in summer. Biogenic emissions contribute
considerable SOA precursors and thus a large contribution on PNCs. Therefore, the relative contribution
of anthropogenic emission is lower in summer than in other seasons. Without any strong long-term
variation in biogenic emission (means a large portion in PNC does not change), its stable contribution on
PNCs may lower the relative decreasing rates in PNCs in summer. To make it clearer, the sentence has

been revised as:

“Other than the low residential emission in warm seasons, another reason might be the strong
seasonal variations in biogenic emissions (Asmi et al., 2013). Biogenic emissions contribute considerable
secondary organic aerosol (SOA) precursors in summer and thus a higher contribution on PNCs. Without
any strong long-term variation, the stable contribution of biogenic emissions on PNCs might lower the

relative decreasing rates in PNCs in summer.”

(10) L526 the a) explanation does not explain anything, it just repeats the previous sentence?



Response:

Thanks. We have rewritten the entire paragraph and this sentence has been removed.
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Anthropogenic emissions are adominant contributors to air pollution. Consequently, mitigation policies have been

attempted since the 1990s in Europe to reduce pollution by anthropogenic peHution-emissionsin-Europe-since-the
1990s. To evaluate the effectiveness of these mitigation policies, the German Ultrafine Aerosol Network (GUAN)

was established in 2008, focusing on black carbon (BC) and sub-micremetermicrometre aerosol particlesthe-. In

this study, long-term trends of atmospheric particle number concentrations (PNCs) and equivalent black-carbonBC

(eBC) mass concentration over a 10-year period (2009—-2018) were determined for 16 GUAN sites ranging from

roadside to high Alpine environments. Overall, statistically significant dewnwarddecreasing trends are found for

most of these parameters and environments in Germany. The annual relative slope of eBC mass concentration
varies between —13.1 % and —1.7 % y+-1per year. AndtThe slopes of the PNCs vary from —17.2 % to —1.7 %,
—7.8 % to —1.1 %, and —11.1 % to —1.2 % y+-1per year for 10—-30 nm, 30—200 nm, and 200—800 nm size
ranges, respectivelyefrmicrometre_. The reductions efin various anthropogenic emissions are found to be the

dominant factors responsible for the decreasing trends of eBC mass concentration and PNCs. The diurnal and

seasonal variations efin the trends clearly show the effects efferof the mitigation policies effor road transport and

residential emissions. The influences of other factors such as air masses, precipitation; and temperature-ete. were

also examined and found to be less important or negligible. This study proves that a combination of emission

mitigation policies can effectively improve the air quality on large spatial scales. It also suggests that a long-term

aerosol measurement network within _multi-type sites is an efficient and necessary tool for the

verificationevaluating emission mitigation policies.

IS

1 Introduction

Epidemiological studies have shown that increased particulate air pollution due to anthropogenic emissions leads

to adverse health effects-u

(Seaton et al.,

1995); further—and increases global disease burden (Cohen et al., 2017). Among the ambient sub-
mierometermicrometre aerosol particles (diameter < 1 pm), ultrafine particles (UFP, diameter < 100 nm) share the
greatest-largest number fraction-ef-particles. The A-main-rationalefor UFP-driven-effects-upon-health-is-their
ability-te can penetrate deep into lungs and translocate to other organs such as brain, causinge ether-health problems
such as respiratory and cardiovascular diseases (Kreyling et al., 2006; Schmid and Stoeger, 2016). Previous-studies
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2046)=In urban areas, a-significantfraction-of- UFP-mass-censists-of-black carbon (BC)_produced by i
combustion of fossil fuel and biomass accounts for a significant fraction of UFP mass;-which-is-preduced-due-to
i i i j (Chen et al., 2014; Cheng
etal., 2013; Pé&ez et al., 2010). Since-As BC may-could operate as a universal carrier of a wide variety of toxins

e

such as polycyclic aromatic hydrocarbons (PAH) and heavy metals into the-human body, exposure to BC shews
could cause acute health effects such as streng-relevanee-with-cardiopulmonary morbidity and mortality (Janssen

etal., 2012).

tThe European Union (EU) is-was one of the-early
earhiest earliest firstregions; around the world to implementwhereing emission reduction policies_to reduce the

harmful effects of air pollution-have-been-implemented. Fhe-main-policy-instruments-on-air-polution-within-the

U—include—the Ambient-A Oua Directive nd—the N ona m on—Cellings—Dire e—EU emission

mitigation legislations are directly formulated based on emission sourcessuch-as-read-transpert—industry-and
residential. In Europe, the main anthropogenic sources te-of primary aerosol particles are fuel combustions from
industrial installations (power generation, industry, etc.), non-road and road transport, and domestic heating-ete-
(European Environment Agency, 2017). The Member States of EU were required to draw-up-adraft National
Programmes to the Commission (http://ec.europa.eu/environment/air/reduction/implementation.htm). Fer
exampleexample—iln Germany, the Federal Environment Ministry issued the Federal Emission Control
Regulations (German:-Bundes-lmmissionsschutzverordnung, BImSchV). To reduce the emission from industrial
installations, the BImSchV reguires-regulatesthe permits foref construction and operation offer seme-industrial
installationsr-accordance-with-the- Federal Emission-Control-Act. The emission limits for frem-large combustion,
such as for that from power plants, are defined as well. For domestic heating_emission, the unsuitable fuels are

listed and their emission values are defined. For d-to-centrol-the-emission—traffic emissiontn-Eurepe-traffic

et-al;-2010;Pey-etal-2009)-A, low emission zones (LEZs) were set up retherpelicy;the-clean-airplan{German:

tHEoS an e o G-V 2035 Qad 203350 209

It is important to Fe-evaluate the effectiveness of the implemented these-emission mitigation policies;- through:
And long-term observations of pollutants are-crucial—especiathy-for-these-health-related-pellutants;-such as sub-
micrometermicrometre particles and BC-are-the-only-effective-way. There have been many studies abeut-on the

long-term trends of particle number concentration (PNC) and/or BC mass concentration since the 1990s. These

studies have concluded that emission mitigation policies may reduce the-human exposure to the pollutants; and the
results were important for the policy makers (Barmpadimos et al., 2011; Masiol et al., 2018; Kutzner et al., 2018;
Putaud et al., 2014;-Sabatiauskas-etal;2012: \Wang-et-ak2012). However-mMost of these studies were conducted
at roadside or urban background, which are largely dominated by traffic emissions.-0aty—a—Ffew Onpby-afFew of
themstuies have focusedinged on long-term trends ef-the-PNC-or-the-BC-mass-—concentrations-at the regional
background setting (Asmi et al., 2013; Barmpadimos et al., 2011; Murphy et al., 2011). Murphy et al. (2011) found
that between 1990 and 2004, the elemental carbon (EC) mass concentration decreased in several of the national
3
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parks and other remote sites in the US-between-1990-and-2004. This result was an indication that the emission
control policies were effective in reducing the EC mass concentration in the background air across the US. Asmi
et al. (2013) analysed the long-term change of PNC at the regional background and remote sites in Europe, North

America, Antarctica, and Pacific Ocean islands during 2001-2010. The results showed that decreased PNCs could
likely be explained by the reduction of anthropogenic emissions. Hewever—Howevertare—oney-the-leng-term

example-Kutzner et al. (2018) evaluated the long-term-trend of BC over Germany including-industrial;based on
measurement at rurak-traffic, ie-and-urban background, and rural sites duringinfor the period of 2005--2014-Fhe

result-, and concluded that the observed decreasing trends in BC are likely owing largely to mitigation measures

in the traffic sector. However, there is still a lack of a thorough investigation of the connections between the long-

term trends of PNCs/BC and the change of different anthropogenic emissions. A better understanding of the

influence of the inter-annual variation of meteorological conditions on the observed trends is also

needed.confi

Based on a unique dataset effrom the German Ultrafine Aerosol Network (GUAN), Fthis study_investigates
the long-term variation efin the regional PNC and BC mass concentration, in-orderto takes-Germany-as-an-example
te-understand the effectiveness of the emission mitigation policies en-thein reducingtien theef PNC and BC in

Germany-the-tagionabPNC-and-BCnass-concentration.—-this—-es oo —rendanalysiswas-done-for-the

the period of study-{2009—-2018); with data from 16 observational sites representing different types of environment
(roadside, urban background, regional background, low mountain, and high Alpine)-have-been-included—in-this
study—ranging-fromroadside-to-high-Alpine. The overall, weekly—diurnal —_and seasonal trends of PNCs and
BCand-the-robustness-of-the-trend were-are evaluated- aAnd the role of potential decisive factors, including not
only emission mitigation policies, but also other potential drivers (i.e. inter-annual change inthe meteorological

conditions ehange-and long-range transport patterns-change) are discussed.
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2 Dataset and methods
2.1 The German Ultrafine Aerosol Network (GUAN)

The German-Ultrafine-Aerosol-Network(GUANYGUAN s a specialized network in Germany that providesing
continuous measurements including sub-micrometetre particle number size distribution (PNSD) and the equivalent

BC (eBC) mass concentration in diverse environments including sroadside, urban background, regional

background, low mountain range and high Alpine. Fhe-sites-investigated-in-this-study-belong-to-GUAN which

The GUAN combines federal and state air quality monitoring stations; as well as atmospheric observatories from

research institutes, aiming at a better understanding of sub-micrometer-micrometre PNC and BC with respect to

human health and climate impact (Birmili et al., 2016). GUAN-is-a-specialized-network-in-Germany,—which

Table 1 lists the basic information of the GUAN sites_evaluated in this study. The locations of GUAN-all 16
sites are illustrated in Fig. 1. A summarized-summarised description of GUAN-the sites is given here with-and

more details are available in Birmili et al. (2016). Among the 17-16 sites, eight-seven are located in the state of

Saxony: Leipzig-Mitte (LMI), Leipzig-Eisenbahnstraf® (LEI), Leipzig-—Leibniz Institute for Tropospheric
Research (TROPOS)FROPOS (LTR), Leipzig-West-{L\WE)-Melpitz (MEL), Dresden-Nord (DDN), Dresden-
Winckelmann-straf® (DDW), and Annaberg-Buchholz (ANA). LMI and LEI are two roadside stations in Leipzig.
LMIFhe-formerene is located at-on roadside in an open area in the city centreer, while LE| the-latter-one-is a street

canyon station. The traffic volumes at these two sites are 44-000 and 12-000 vehicles per day, respectively. LTR

—LTR is an atmospheric
research station situated on the roof ofeperated-by the Leibniz-tnstituteforTropospheric-Research{TFROPOS)
main building of TROPOSW&%MMM#%&&M LWE was-is

ence-Station MEL operated-by TROPOS
sinee-1992-is located in a farmland about 50 km from Leipzig. Previous studies have showed that MEL can well

represent the regional background atmosphere of Central Europe (Spindler et al., 2013). Two stations are located
in the city of Dresden: a roadside station-site DDN with the-a traffic volume of ~about -36-000 vehicles per day;
and an urban background site DDW ;-which-is 1.7 km away from the city centre. ANA is an urban background
station for—Saxen-State-Office—for-Environment—Agriculture—and-Geology—(I-fULG)—located in the city of
Annaberg-Buchholz in the Ore mountain area; about 10 km away from the German-Czech border (Schladitz et al.,
2015).

Three stations are located in the lowlands of the-Northern Germany: B&el (BOS), Neuglobsow (NEU) and
Waldhof (WAL). The urban background site BOS is located in the village of B&sel, about 100 km from the North

Sea—i. It is, ththerefore,us partly influenced by maritime air masses. NEU and WAL are located in forests,

representing regional background conditions ofin the Northern Germany lowlands.

Two stations, Langen (LAN) and MUheim-Styrum (MST), are located in the western part of Germany. LAN
is an urban background site located in the city of Langen; at the edge of a residential area and a forest. Emissions
from the Frankfurt’s Rhein-Main airport (about 5 km to the southeast) may-might sometimes influence the

observations at LAN. MST is situated in the western end of the Ruhr area,— the largest urban cluster area in

Germany.
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Four stations are located in the southern part of Germany, including one urban background site Augsburg
(AUG), two low mountain range sites; Schauinsland (SCH) and Hohenpeif®nberg (HPB), and one high Alpine
site Zugspitze (ZSF;-Sehneefernerhaus). AUG is located on the premises of Augsburg's University of Applied
Sciences, about 1 km southeast of Augsburg city eentercentre. The two low mountain range sites SCH and HPB
are surrounded mainly by forests and agricultural pastures, and are located at thewith —Fheirelevations are-of
1205 and 980 m above sea level (a.s.l.z), respectively. The high Alpine site ZSF is located at 2670 m a.s.l--. and
300 m below the summit of the Zugspitze, at the south side of the highest mountain in Germany.

2.2 Instrumentation

The technical details of the PNSD and the eBC mass concentration measurements at each GUAN sites are
summarizsed in-this-section-and Table 2.-Details- More detailed information ef-on the instrumentation and data
processing technigues-are provided in Birmili et al. (2016). Depending on individual set-up, the-PNSD are
measured either by the Mobility Particle Size Spectrometers (MPSS, Wiedensohler et al., 2012) or by the Dual
Mobility Particle Size Spectrometers (D-MPSS). Regenerative-NafionThe-aAerosol dryers are used to dry the
aerosol sample to a relative humidity below 40 % (Swietlicki et al., 2008). The PNSD is ebtained-retrieved from

from the raw mobility distributions by-using an inversion algorithm (Pfeifer et al., 2014), including the commonly
used bipolar charge distribution (Wiedensohler, 1988). Cerrections-The corrections for diffusienal-particle losses
in instruments and inlets were-are made accerding-tebased on Wiedensohler et al. (2012). Due-to-the-individual

Mass concentrations of eBC have-beenare measured by-using the Multi-Angle Absorption Photometers (MAAP,
Thermo Scientific, model 5012), except in-for AUG, where an Aethalometer (Type 8100, Thermo Fisher Scientific
Inc.) is used. For the MAAP measurement, eBC mass concentration is obtained using a mass absorption cross
section of 6.6 m? g* for-at the wavelength of 637 nm (Petzold and Schénlinner, 2004; Mdler et al., 2011). Ne-eBC
data are-is not available for LAN and MST.

Quality assurance of PNSD measurements in GUAN are periodically done to ensure that measurements remain

stable both instrument to instrument (or site to site) and instrument to standard. Monthly maintenance and

onsite/laboratory inter-comparisons with a reference MPSS with a frequency between one to four times per year

as recommended by Wiedensohler et al. (2018) are done by the World Calibration Centre for Aerosol Physics

(WCCAP, http://www.wmo-gaw-wcc-aerosol-physics.org/). These procedures can

quality-assuranee-is-to-ensure an accuracy of wi a a a .
of afewpercentforthe PNSDand-of +10 % for PNCs over the entire measurement period (Birmili et al., 2016).
6
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241  Although the uncertainty of PNCs is comparable or higher than their annual trends (Sect. 3.1), with the application

242 of periodical quality assurance procedures, there should be no monotonicity change or systematic bias in the

243 measurement uncertainties. Therefore, the influence of the measurement uncertainty on the detection of long-term

244 trends of PNCs is assumed to be negligible.

245

246 To condense the information provided by PNSD, we-chese-three particle size ranges, 10—-30 nm, 30—-200 nm,

247  and 200—-800 nm, are chosen es-to obtain integrated PNCs:10-30-rm;-30-200-rm-and-200-800-nm. Fhe-young

248  Adtken—moede—Npqg 30 represents_the Adtkeanucleation mode the—in which particles are freshly formed by [&ET%K: ThR

249 homogeneous nucleation from either photochemical processes or downstream of traffic exhausts. Aitken-mede

250  particles—Npo-—2007 represents the Aitken mode in which particles are either directly emitted from incomplete

251  combustion or grown by condensational growth. Fhe-aceumulation-mode-Npoo ooy represents the accumulation
252 mode in which aged-particles;-whieh have underwentundergone condensational growth or cloud processing during
253  long-range transport. Since-As the particles below 20 nm were-are not measured al-the-time-from 2009 to 2018 at
254 ZSF and MST, we use Npzo--goq) to represent total PNC in this study instead of Npio-.so0). Data-coverage-can-largely
255  influence-the-evaluation-of-long-term-trends-Figure 2 illustrates the time span for which data eoverages-ofwereare

256  available at the 16 stations in GUAN until-the-end-offromduring the study period of 2009 to 2018;-exceptLWE. [&ET*&?&: BRLE

257 W not-evaluated-in-th WTalV nee observation-shows-high-simia v\with R un-et-al—2019)-and

258 was-terminated-at-the-end-6f 2016, To-As a sum-up, Table S1 in the SumpplementSupplemental Material (SM)
259 gives the-seleected-the number of stations and-measured-parameters-which-are-used in following-trend analysisthe-.

260 2.3 Trend analysis methods

261 Mest-ef-the-eEnvironmental data are usually not normally distributed. Therefore, non-parametric methods are< [ A it TR 0.5 K

262 often used to detect the long-term trends (e.q., Asmi et al., 2013;-Barmpadimes-et-al2011: Bigi and Ghermandi,
263 2014; Collaud-Ceoen-et-al-2007:-Collaud Coen et al., 2013:-Mej} :

264  2006). Detection of long-term linear trends misht—can be affected by several factors; such as the-time span and [&ET#&:‘&: ik (EIE)

265  time resolution-efavailable-data, the-magnitude of variability, autocorrelation and periodicity ofin the time series
266 (Weatherhead et al., 1998). To analyse the temperary—long-term trends of the PNCs and the eBC mass
267 concentrations, two trend evaluation methods, Sa customizsed Sen-Theil trend estimator and Gthe generalized

268  Lleast-sSquare-regression (GLS), were used in this study. Moreover, the rRegional Mann-Kendall test was used

269 to detect the overall trends over the wholre study region-studied. To ensure the comparability of trend slopes among

270 the different sites, relative slopes (absolute slope divided by the median value of the whole time series) in % per

271 year were used.

272 2.3.1 Customized-Customised Sen-Theil trend estimator

273 TFhe€The cuustomizsed Sen-Theil trend estimator (eustermized-customised Sen’s estimator, hereafter) is a modified
274 non-parametric procedure based on the ordinary rermal-Sen’s slope estimator; regaredless-the-influence-of-outher;
275 missing-values-and-statistical-distribution-(Sen, 1968; Theil, 1992; Birmili et al., 2015). This approach estimates
276  can give the true slope of atmospheric parameters by fully considering the effect of their seme-periodic variations,
277  of-atmespheric-peollution; such as, seasonal, weekly, er-and diurnal cycles, and avoid the influence of outliers,

278 missing values, and statistical distribution of the data. H-is-thus-pessible-to-estimate-the-true-slope-by-this-approach
279 A o : . : :

on—for-examplea Sfive-year hourly time series—Based on
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the hourly or daily time series x(i), firstly, the rates of change m;, en—of each data pair [x(i),x(i +

k x 364 days)] is calculated as:

(x(i+At)—x(i))
_ eliHAD—x() {mi,k i ve—
= ——
a At = k x 364 days
@
with-At =k % 364-days. -« {BHBRN: BRI 6 T

where k is the integer. At ensures that each data point ean-beis enly-compared only with data points_that are

separated by a multiple of 52 weeks (=364 days), that is, fwe-data points from two different years are compared

only if they both were measured onbeleng-te the same hour of the day, day of the week, and season of the year.
For our dataseteach-time-series, seme-more than 10000 slopes m; , are calculated for each time series. The median
of those slopes -is taken as the true slope m-everfor the whole period. Significance and confidence interval (CI) of

the trends are determined at 95 % confidence level from the distribution of m, .
2.3.2 Generalized Leastleast-Sguaresquare-regression and Autoauto-Regressive—regressive Beotstrap
bootstrap confidence intervals{GLS/ARB)

The second method used to detect the trends is the generalized least-square-regression (Generalized-Least-Sguare-
regression{GLS)}-£) ({Mudelsee, 2010; Asmi et al., 2013). A brief introduction of the method is given here, for

(BETHR: s

parameters in a linear regression model.

For a time series of an ebservationobserved parameter x(i), compactly written as {t (i), x(i)} ., we-separate-the
time-seriesdefine-the linear regression model can be defined as:
x(D) = B+ Bt (D) + Q(tD) + SDe @

where B;and 3, are the two trend parameters (intercept and sIopeH._n(t(i)) is a seasonal component. S(i) is the

a variability function scaling the random noise term e(i).; Q{+())-is-the-seasonal-compenenttAsmi-etal2013;

= s\ = s} (3)
S SO~ o7

The GLS regresses two-the trend and four-seasonal parameters (denoted as f, thereafterhereinafter) by minimizing< [ AR gt BTG 0 K

the sum of squares of the residuals (SSQG).:

SSQG(B) = (x = TRV ' (x — TB) (43)
whereWhere T is the-time, x is the-observation data, and and-V is the covariance matrix that can be -estimated [*‘&ET*&EC: TR L
by Eq. (6) in Asmi et al. (2013). Fhe-tFortechnical-detailsabout the covariance-matrix-estimationrefer to-the (BETHR: i i, bt
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To evaluate the robustness of the estimated-derived slopes, the the-aAuto-rRegressive bBootstrap (ARB) method-<

iswas-are used to construct the eenfidence-intervals{Cils )-of the slopes-(Mudelsee, 2010, algorithm 3.5). }-Firsthy
i i iste i The ARB resamples the white-

noise residuals of data by-using the auto-regressive persistence model-AR(L)}, adds the resampled residuals to the
fitted data, and re-calculates the slopes. The resampling was-is repeated 1000 times and the Cls arewere estimated

from these 1000 resampled slopes.

2.3.3 Regional Mann-Kendall test

(RETHR:

To detect if an overall increase or decrease exists in the whole region-studied, Rthe regional Mann-Kendall test«"~

was also applied in this study. Fhe-Mann-Kendall test is a commonly used method for detection of to-detect-the
long-term trends (Mann 1945; Kendall 1938). It detects the trend by-using the Kendall’s tau test; which is known
as a rank correlation test and it-evaluates if a monotonic increasing or decreasing trend exists. If a significant
monotonic increase or decrease is detected, the -a-Sen’s slope estimator is further used to determine the slope and
ClI of the eerresponding-time series based-on-Mann-KendaH-test-(Gilbert, 1987). Fo-detect-if-an-overal-inerease
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sga= (9)

For large sample size (3>10), S is converted to-a normal test statistic Z: < (BETHER: ik R, (10 ) )
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Considering the dataset size and< (R ), Ak EA Fhs
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estimator:estimator, and the monthly median time series werewas used for GLS/ARB. The relative annual slopes (AR siREss
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sites for eBC mass concentration and Npo-soo). The annual slope of the eBC mass concentration varies between —-
13.1 % and —-1.7 % per year. The slopes of the PNCs vary from —-17.2 % to —1.7 %, —-7.8 % to —-1.1 %, and —

11.1 % to —1.2 % per year (only the s.s trends) for 10—-30 nm, 30—-200 nm, and 200—-800 nm particle diameter
respectively —the sedby the two-no-clear trend-for Fhe-annualslope-oftheeBC masseoncentration-varieshetween

£ 17920440 1704 790, 110, d 1110
any-from _ 51 7 to 1 _an _

fRobustness analysis for-the-evaluated-trends-in-the-supplementary(see Sect. 1 in SMthe-SupplementSt:) suggests
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that the time span of our dataset is long enough for true-slope detection-and-that-the-influence-of-measurement

in the-Table 3is-shewn-in-TFable-3-as-well. It should be noted that_roadside sites might bias the regional Mann-

Kendall trends because of their prominent local influence.-three-readside-sites-might-bias-the-result-ofregional
Mann-Kendal-test-due-to-their-prominentlocal-influence. Moreover, the-locations-ef-the other-13 non-roadside
sites in GUAN are not evenly distributed in spatial scale sinee-as there are 5-five sites located in the state of Saxony
and HPB is only 42 km away from ZSFHPB-and-ZSF-are-only-42-km-apart-from-each-other. This-will-resultina
false-trend-througheut-the-entireregion—To ensure the representativeness of spatial-samplingthe regional trends,
three roadside sites (DDN, LMI and LEI) as well as LTR, ANA, and ZSF are-were excluded in the regional Mann-
Kendall test.

of which anthropogenic emissions are the major source. The regional trends of Nso-2001 and Npaoo-goo] the-PNCs-in

(BETHER: sEcR)

(BMeRm: g BT 1 TR

(BETHR: LiF

the size ranges-30—200-hm-and-200-800-nm-are both s.s. negative. Nq og01Fepresentsthe particles originated from
Ath enic_emissi h i A-Aew i i ecially-aln theA urban

area, Niso—2001 and eBC mass concentration are found to be closely related to the emissions from incomplete diesel

combustion (Cheng et al., 2013; Krecl et al., 2015). Therefore, the s.s. regional decreases in Njso200 and eBC mass
11
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concentration rightare very likely to stem from the-indicate- declineddecrease of anthropogenic emissions is-an
impertant-or-even-dominant-driverforthose-decreases-in Germany. However, insignificant regional trend was
detected for Npio--30120-30-nm. OneA plausible explanation eotld-beis that anthropogenic emissions have prebably

only minor or negligible influence on Njio-30 in the regional background area due to theirthe short lifetime and

high spatial variability of nucleation mode particles (Sun et al., 2019).Fhe-highestregional-reduction-rate-appears

The trends of the PNCs and eBC mass concentrations in this study are consistent with results from other studies

conducted in Europe. Table 4 compares the long-term trends of aerosol variablesconcentrations between the
present and other studies-in-Eurepe. Since 2001, the s.s. decrease in BC, PNCs, and PM, s have been detected for
most of the evaluated sites in the-tTable 4. The implementation of emission mitigation polices werehave been

thought to be ene-ef-the dominant impact factors in these studies. Especially, there is one similar study that

evaluated the trend of BC mass concentration in Germanys; for the time period 2005—-2014 (Kutzner et al., 2018),
in which: Bdecreased BC mass concentration was detected in 12 sites-in-theirstudy due-to-the-implementation-of
emission-control-egislation. Comparing the two studies, One-should-be-noticed-that—the-abselute-slopes-were

for 2005-2014 [ BETHR: Fk: Times New Roman

is stronger than our results for 2009—-2018, which might stem from the difference between the effects of emission

mitigation policies in the two study periods.
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weather and climate

by streng-human activities (e.qg. traffic, domestic heating, industry etc.), changes in emissions are generattyusually
the main cause of the trend of aerosol concentrations{Kutzneret-al-2018: Bigi-and-Ghermandi2014}, From 2005,

(RETHR: wihie agE

BETHER: Hgie: AagE

BRETRA: Figit: AaE

BWETHRR: wigit: AauE

Figure 3a illustrates the variation of BC total emission e£-BC-in Germany from 2009 to 2017 (black line) and the

annual mean eBC mass concentration index (defined as the percentage of the mean-concentration forin the year of
2009) for the six regional background and mountain sites (magenta line)—defined-as-the-percentage-of the mean
concentration-inthe-yearof 2009-(%of 2009). From 2009 to 2017, the total emission of BC in Germany deceaseds
about —3.4 % per year and #-shews-highly agreements with the ehangetrend of mean eBC mass concentration. As
atracerofanthropogenic-emission-ethe-BC mass concentration is eentroHedinfluenced by the-emission, transport,
and scavenging simultaneously. Highly-agreed-changeThe agreement between the-ef trend of BC total emission
and eBC mass concentration suggests that emission reduction is very likely to be the mest-dominant impaet-factor
for the reducedindecreasing of -eBC mass concentration trover Germany, while the-metesrological-condition-and
leng-range-transpert-other factors does not show a clear contribution.

Different-with-BCG,bBOther than primary emissionthe-emitted-primary-aerosolparticles, another important
process controlling the PNC is the formation of secondary particlesparticulate matters. Fhe-relative-secondary

organic-aeroese OA)-contribution-was-higherin al-backaround-condition-than-in-urban-site o6

1999).The decreased anthropogenic emissions might may—atse-reduce the concentration of precursor gases and
thus inhibit secondary aerosol formationsecendary-particles by limiting-the-emission-of precurser-gases. Figure 3b

illustrates the emission-trendvariation of total emission of PM,s and some selected precursor gasses, as well as the

annual ehange-ef-mean PNCs index for the six regional background and mountain sites. It should be noted that

Fhe-PNC is not a conserved parameter ;-and it-might change rapidly duringby particle coagulation—but-particle

volume—coneentration (PV/C)—and—particle—mass—do—net. Thus, another parameter, tetal—particle volume
concentration (PVC) in the size range of 20—800 nm (V[200-8007). iS also evaluatedshown -in the-Fig. 3b —ensuring

thefor a better comparability-between-sub-micrometer-aerosol-particles-and-PM, s-emission. Total emissions of all
precursors and PMys except NHs decreased around —2.2~—0.9- % per year during 2009-2018;. However, the

measured stope-6f-Nizo 2005, Ni200-s00) and V[z00-s00) decreases about —2.5 % per year, which is stronger than the
decreases in PM. s-andprecursers-the emissions{-0-9~2.2 % peryear}. This maymight be because the secondary
aerosol contributes a large fraction in particulate matters in the regional background settings (Castro et al., 1999).

Secondary aerosol formation processes are highly complex and nonlinear, determined by-not only by the

concentrations of precursors but also many other factors such as solar radiation, temperature, humidity, and

diffusion conditions etc. The change efin secondary aerosol particle concentration maymight not follow the change

of precursor emission. Therefore, larger discrepancies are observed between the emissions and particle
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-Based on the above results, we believe that the observed trends of PNCs and eBC mass concentration are -is

mainly due to the reduction in emissions. The annual changes of meteorological conditions might have an impact

on PNCs, but are not likely to be the decisive impact factor. Detailed discussion on the possible influence of

meteorological conditions will be discussed in Sect. 4. The decreased pollutant concentrations are highly

associated with the reduced risk of human health. Pope et al. (2009) demonstrated that a decrease of 10 pg m= in

the PM,s mass concentration is related with an increase of life expectancy of 0.61 +0.20 year in 211 counties.

The improved health effects because of decreased UFP and BC would be even greater compared with that of PM, 5

mass concentration. As of 2018, 97 % of cities in low- and mid-income countries do not meet the World Health

Organization (WHO) air _quality guidelines (WHO, 2018). Our result demonstrates that the implementation of

proper emission mitigation policies can largely reduce the BC mass concentration and PNC, thus may effectively

reduce the health risk in polluted regions.
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574  43.2-3 Diurnal variation of trends

575  The intensity-of emission intensityies fremof some emission sources have distinct seasenatdiurnal variations, such
576 as that of traffic {e.g-—morning-and-evening-rush-heurs)-and residential activities (e.g. domestic heating). T-Fhe
577  trends based on the subsets of datathe time series might reflect the impact of these changes. In-this—and-the
578  follewing sectionthis section we will analyse the diurnal and-seasenal-variations of trends and investigate their
579 connection to the sources.

580 Figure 4 shows the eustemised-Sen’s slopes of the measured PNCs and eBC mass concentration at each hour<— { R gk AT 1.35 TR

581 of day for each site category. To evaluate the diurnal trends, data pairs belonging to a-particutarthe same hour of
582 day were selected to-caleutate-the-slope-mfor the calculation of Sen’s slope. 4-Figure 4 showsure-shews that all
583  the four parameters show distinct diurnal variations at the roadside and urban background sites-aH-feur-parameters
584
585 mass concentration, Npio-s0 and Npso-200) are much stronger during daytime the-than irduring aight-timenight-time
586  than-inthe-daytime. tRAt the urban background sites, the diurnal trends efeBC-mass-concentration-and-PNCs-also
587 show stronger decrease in the morning and alse-inthe-evening—although-the decrease-is-not-as-strong-as-in-the
588  readside-sites. Such adiurnal patterns ef-trend-sare consistent with the diurnal variation of metervehicle volume
589  wvariatien-in the eityurban area—tn-urban-areas; where traffic emission is-theughtto-be the dominant source of BC
590 and uitrafine particulate-matterUFP (Ma and Birmili, 2015). As shown in Fig. S2 in SMthe-Supplementin, road
591  transport emissien-contributes to the highest emission-reduction s-in total emission of the-emission-6fBC, PMys,
592  and precursors NOx and NMVOC, from 2009 to 2017. Therefore, it can be concluded that the daytime stronger
593  deereasereduction efin PNCs and eBC mass concentration -in the the-urban area-during-the-daytime is a direct
594 result of the reductiondecrease irinef road transport emissions. In Germany, the government has made great effort

595 to reduce the emissions due to road transport. The 10th BimSchV (firsthy issued in 1994 and entered into force of
15

. 1At the roadside sites, the decrease in eBC
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recast on 14 December—14, 2010) requlates the emission requirement for petrol, diesel, and bio-diesel. Fhe

Anotherregulation{And the 28th BImSchV (issued in 2014 and amended every year)} requlates the type of engines

for mobile machinery that can be marketed commercially, ensuring low emissions from new commercial vehicles.

Meanwhile, the implementation of the European Emission Standard (EURO standards

https://en.wikipedia.org/wiki/European_emission_standards, last access: 18 September-19, 2019) starting from

1990s has significantly reduced the emissions from gasoline and diesel engines. Ht-defines-the-limitsfor-exhaust

widely-used-by-carmanufacturers—Moreover, another requlation LEZ (35th BImSchV) has ean-effectively reduced
the traffic emissions by restricting the-highly polluting vehicles in defined area in the city. Resulting from the
above combination-effect-of these-policies-above, the road transport emissions of BC, PM2s, NOy, and NMVOC
have significantly decreased during 2009—2017 as shown in Fig. S2. FhiAnd-Oeur resultss restt-confirms that the

reduction in traffic emissions plays a main role in the decreasing trends of eBC mass concentration in Germany

especially in the urban area.Figure 5-showsthe-customized-Sen’s-slopes-of the PNCs-and-eBC-mass-concentration
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For regional background and low mountain range sites; that are gereraly-far from the road the-traffic and

will-not be-directly affected by traffic emissions, trends of eBC mass concentration and PNCs do not show the
distinct diurnal patterns;. buttheButHowever, downward trends ean-be-still-seenare still visible, which stems from

mainly from the decrease efin background concentration in the whole region caused by the reduction efin

emissions as shown in Fig. 5S2.

—For the low mountain range

and high Alpine sites, trends of eBC mass concentration, Npo-s0-aR6-Nso-200- and Np2oo--so0) atse-show weakly
deerease—on-diurnal trendpatterns with slightly higher-deereasemore reduction in the afternoon—enly—shightly
deceasecanbe-seen-inthe-afternoon. This is mainly related-to-the-station-height—tn-the-afternoon;because the high-
altitude sites hasmightay have more chance to staymerge into the planetary boundary layer (PBL) in the
afternoondue-to-evelution-of PBL, resulting in a much stronger influence of anthropogenic emission-sdecrease.

It is interesting te-netice-that at the urban sites Npio--307 has similar diurnal pattern as other parameters, but at

regional background and low mountain range sites they look quite different. FerAt the regional background sites

Npio--301 Shows a maximum average reduction rate of around —-31.5 % per year %-in the afternoon attheregional

background-sitesbut basically zero trend during the night{see-Fig-—2-in-the-supplementary}. New particle formation

impertantdominant source of Nyio 307 in the non-urban areas. Based-en-the-GUAN-dataset-Ma and Birmili (2015)

reported that the annual average contributions of NPF on Nis—o0) areis 12-%;24-%and-54 % at roadside—urban
background-and-regional background sites—respectively. The-influence-of NPF-needs-to-be-considered-when-we
B L T e e e e e e e e S BT RC
long-termtrendresulting-from-contribution of NPF eventscanhasight-alse-show a diurnal trendpattern with higher
levels in the afternoon and no influence duringat night. Thus, Eerregional-background-sites—Niio og-chow-—3

supplementany)—lithe diurnal variations inef Ny -30) trend in theat regional background sites is likely to have
resulted from the inter-annual changes in the regional NPF events-since-NPF-is-the-only-deminant seurce-at those

attern-aAt the low mountain range

sites, statistically insignificant but-thepositive trends are observed-pesitive. One possible reason is that the low

mountain range sites are far from emission sources of nucleation mode particles (e.qg. traffic) and NPF is also rare

in the areas. Thus the trend of Npio-30 might be more influenced by metrological conditions.
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4.33.4 Seasonal_variation of trends

Figure 5 shows the statistical-results-of the-multi-annual-trends of the PNCs and eBC mass concentrations for

and-pollutantparameters. Similar seasonal trend patterns with stronger decrease rates in winter are detected for all
PNCs, but-not-foreBC mass-concentration—Stronger-decrease-of PNC-in-winter-which is very-likely to have been
caused by seme—otherfactors that have strong seasonal variation—fer—exarmplethe such as domestic heating
and/eombustion—or the-inter-annual-changes-in-weathermeteorological conditions. The emission of Fhe-emission
efddomestic heating is much stronger a—rate-oceurs—tsuaty—in-winterduringin cold season. The 1st BImSchV
limited the emission for medium erand small combustions (e.g. domestic heating). As-can-be-seen-from-Fig-—5;
Although domestic heating (the-residential sector) contributes only a minor fraction ofin the total emission the
emission-of BC, PM2s, SO, and NMVOC, -in-theresidential-sector-deereased-during2009-2017:its absolute
decrease from 2009 to 2017 inis large and comparable with other sectors (Fig. S24)-atthough-they-contribute-only
minor-mass-fraction-in-the-total-emission. ConverselytThe least decreases rates inef the PNCs were found in
summer. BesidesOther than the residential-emission-is-low residential emission in surmerwarm seasons, another
impaetfaeterreason mightmightay be the strong seasonal variations inef biogenic emissions (Asmi et al., 2013).
Biogenic emissions contribute considerable secondary organic aerosol (SOA) precursors in summer and thus a
higher ighthave-scontribution on PNCstreng-seasenal-variation-with-higheremissions-in-summer. Without any
strong leng-termlong-term variation, Fthe stable contribution of higherbiogenic emissions on PNCs in-summer
willmightight masklower the relative decrease rates inef PNCs eaused-by-anthropegenic-emissionsduringinin

summer. However—ANo clear seasonal pattern could be observed for eBC mass concentration because its emission

decrease is mostly contributed by the road transport thatwhieh has no obvious seasonal variation. the-sectorwhich

Long-term change of meteorological parameters might also affect the seasonal trends as well— and will be
discussed in the-Sect. 4.
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3.5 Fheinfluence-of tIEvaluation of low emission zones

As discussed in the previous sections, the reduction in total emissions could be directhy-reflected directly in the
long-term trends of the aerosol observation retwerk-in Germany, suggestingy—TFhis—also—shows that long-term

observation network with different types of site is an effective tool to verify the effectiveness of emission control
policies—reductions. However, the observed decreasinge in trends we-ebserved-isis aare }

combinatien-combined result of the various emission mitigation policies. A guestion raised is that can such long-
terms observation network reflect the effect of a specific emission mitigation policy. Fherefore—can-such-an

LEZ is believed to be a good candidate for such an evaluation due to several reasons. Firstly, LEZ has usually a

clear introduced date in each city. Secondly, traffic emissions areis the major source of aerosol particles in the

urban area. Thirdly, traffic emission sources are basically evenly distributed in the urban area and therefore hus its

contribution ofa particulate matter in the urban area will not be strongly influenced by wind direction. because-the

—In this section, we will analyse
the effects of the-two LEZs en-the-aeresel-concentrations-in the urban area based on our dataset.

LEZ is an urban access regulation in Europein-which,-the-most-polluting-vehicles-are-regulated—LEZ and is+—

one of the key ways to reduce traffic emissions in urban areas. In Germany, high-, medium-, and low-emitting

vehicles are required to be marked with with-red, yellow or green colour stickers on the front window shield. a

emitting-vehicles—The green sticker denotes the diesel vehicles with at least Euro 4 or Euro 3 engines with a
particular filter and petrol vehicles meeting with-at least Euro 1 standard. Vehicles with green stickers have lowest

emissions and can enter all LEZs. Vehicles with other stickerorstickers, meaning higher emissions, are restricted.

sticker-which-means-that-they-are-not-aHowed-to-enter LEZ-In Germany, the first LEZ was launched introduced
in 2008 in Berlin. As of November 2019, LEZs are implemented in over 60 cities. Fhe-sShort-term studies
shewedhave shown that; LEZ can immediately reduce the pollutant levels after the implementation —+esulting-from
absence-ofhighly polluted-vehiclesinLEZ (Rasch et al., 2013; Qadir et al., 2013; Jones et al., 2012),

We select two cities that have implemented LEZ during 20092018 and have measurements of both PNCs and
eBC mass concentration—-and-PNC-measured: Leipzig and Augsburg. Figure 6 illustrates the deseasonalised

meonthlytime series of monthly averaged parameters measured ferat the two urban background sites AUG and LTR,

by subtracting the seasonal cycle from the mean monthly time series. Anré-tThe horizontal dashed lines in Fig. 6

denote the mean values with respect to different LEZ stages. -In Augsburg, the first, second, and third -stages of
the LEZ were implemented respectively-eame—into—Fforee on 1 July, 2009 (red dashed line), 1 the-second-stage
en-January, 2011 (yellow dashed line), the-third-stage-enrand 1 June, 2016 (green dashed line). Figure-7-{c}-and-(d)

W—the—desease'%—zed—egg—,%s—mw 200 Wme}—and—mean—\*al‘ie—ef—q;ay—lme—wﬁh—% i f
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757  to-the different LEZ stagesHcan-be seenHFigure 6a and b show that the; the—concentrationof-eBC mass
758 concentration and Nyzo-200) have gradually decreased after the implementation of the-each-starts of new stages of
759 LEZ-introduced due-to-the-absence-of-high-peluting-vehicles. However, the difference between stage 2 and 3 is
760 relatively negligible4r-AUG. A possible reason is that-Fhereasen-is— the third stage of LEZ came into force in
761  June 2016 in Augsburg. By June 2016, around 52 cities in Germany had already implemented the third stage of
762 LEZ — which accelerates the fleet update in the whole country (also in Augsburg). A-large-rumber-of-vehicles
763 1eh-ch } }
764 difference could be seen between the second and third stage of LEZ in the city of Augsburg. It is worth noticing

h-did-not-meet the reguiremen of the third level have already completed the fleet turnever.-Thus, no large

765 that even with the seasonal variation subtracted from the time series, the amplitude of short-term variations of eBC

766 mass concentration and Npso 2007 are still very large mostly due to variations inef meteorologicaly conditions.

767 Sometimes it is even larger than the concentration decrease caused by the implementation of LEZ. This

768 indicatesmeans that short-term measurement might be influenced largely by the variations in meteorological

769 conditions and long--term measurements are necessary for a trustworthy verification ofsuch-ashike LEZs.

770 The LEZ was entered into force in the city of Leipzig directly on third level on 1 March, 2011 directly-on-third
771 level—Therefore— Clear decrease is observed inthe Npso-200) eBS-ass—concentration—andNo-ooo-showclear
772 decrease-after 2010 (shewnFig. #6-{(c) but nearly invisible in eBC mass concentration (Fig. 6d)}. In-thecity-of
773 Leipzig, we-have-measured-the PNCs and eBC mass concentrations are-PNwere measured S-at both roadside and

774 urban background sites simultaneously, which provide us the possibility to directly detect the traffic contribution

775 by evaluating the traffie-increment of the aerosol concentration (the difference of the concentrations between the

776 traffic and the background sites). And-tThe effects of background variation, other sources and meteorologyical

777  factors can be ignored. Figure 7 illustrates the annually averaged diurnal cycles of the traffic-increment—for
778  measured-parameterss. Before and after the implementation of LEZ implementation(2010 and 2011), the PNCs
779 and eBC mass concentration show a sudden decrease of up to 40 % during daytime—especiatly;. the-eBC-mass
780 concentration-decreased-about 50 % The mean concentration of eBC mass, Nso-200; and Np200-so0y -during working
781 hours (06:00 to 18:00 local time) in the-yearef2010 are respectively about 1.63, 1.33, and 1.58 times higher than
782  the-yearof those in 2011. After -2011the-yearof 2011, these aerosol variables continued to decrease, which-is
783 mainly due to the continuousty update of vehicle fleet-unrti-2018.-Actually. Theseisis result suggests that with a

784 multiple-site network, the effect of emission control policy eancould be better detected from the increments

785 between near-source and background sites.
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5-4 Meteorological influences on the trends of-the particle number and the-eBC mass concentration

Meteorological conditions also influence the concentration of temperal-variation-of-aerosol particles (Birmili et

al., 2001; ;—Mikkonen—et—ak—2011—Spindler et al., 2013; von Bismarck-Osten et al., 2013; Wehner—and
Wiedensehler,-2003;-Hussein et al., 2006)_and- theirFhus-its Linter-annualeng-term changess-of-meteorologicat

onditions{precipitationPBL-height-wind-speedtemperature-ete.) could-mightay causemodify the trends of the
parameters studied-inerease-or-decrease-of-atmospheric-poHutant-concentration. —In this section, tFe-investigate
the potential eentribution-efinfluence of -pessible-changes-in-meteorological conditions, including—in-the-period
of-interest—trends-under-different-weather-conditions precipitation, temperature, wind speed, and air mass types;
are discussed-in-this-section.

54.1 Seasenal—trends—ofInfluence of precipitation, temperature, wind speed on the detected trends

meteorological-parameters

Table 4-5 provides the long-term trends of precipitation, ambient temperature, and wind speed aH-everGermany

for-the-periodduring 2009—-2018 based on the 76 measuring sites distributed all over Germany. The trends of the

parameters were evaluated by the customised Sen’s estimator. The meteorological-data was obtained from

Germany's National Meteorological Service (Deutscher Wetterdienst, DWD). Fhe—daily—values—of-these-three
i ing sitesi A ided—AHThe 76 DWD sites are grouped

TH-can-beseen-thatthe trendss inef

all three meteorological parameters agree well among the three categoriesregional—. Temperature shows a

negligible change in spring, a slight increase in summer;, and a larger increase up toreduetion 0.43 “C- per yearys

1 enly-in autumn and winter. Increased temperature ;-especiathy-duringin wintercold seasons -might haveay leadled

to lower anthropogenic emissions from domestic heating erand power generation, thus-may-contribute-onresulting
nrand further led to a decrease inef PNCs and eBC mass concentrations56. Precipitation presents a s.s. decreasinge

trend up to about —6 % per yearyr-% in summer, which mightay inhibit the wet deposition of aerosol particles and

diminish the reduction of eBC mass concentrations and Npo-soop t0 aseme certain extent. No obvious trend is

observed in wind speed. In summary, increased ambient temperature might contribute to the decrease of the PNCs

and eBC mass concentrations shown in Sect. 3.1 and 3.4 by indirectly influencing anthropogenic emissions. While

decreased precipitation in summer might diminish the decrease of the PNCs and eBC mass concentration by

inhibiting aerosol wet deposition.
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of the PNCs-and-eBC-mass-concentration—4.2. Influence of air jmass condition on the detected trends

(RETER: 5k i

(BETHR: i i

Synoptic-scale air mass condition, including origin region and pathways is an important factor driving regional
pollutant concentration (Ma et al., 2014; Hussein et al., 2006). BesidesaAAtmospheric stability is also important

sineeas it dominates the vertical dilution of pollutants. Based on a self-developed- back-trajectory cluster method

(BCLM), the influences of the inter-annatannual changes efin air -mass conditions and atmospheric stability on

the detected trends are investigated.

used-BCLMThis-method -denoted-as-back-trajectory-cluster-method-(BCLMY; is based on a joint cluster analysis
considering air -mass backward trajectories;-PMag-mass-concentration, and-profiles of pseudo-potential temperature,
andre- PM1o mass concentration at-several-sites-over Germany;-including-regional-background,-low-meuntain-range

and-high-Alpine-conditiens (Birmili et al., 2010; Engler et al., 2007; Ma et al., 2014). In thisstudyBCLM, 15 air
mass types are clustereddefined ebtained-from-BCLM-to represent different the-everal-meteorological conditions;

2018)—MereDetailed information about data preparation, cluster processing, and the data procedures and data

products is described_—in-detai-in the—supplementarySupptement—Sect. 3 of SM and in in-a-corresponding

A

(BRI gt H4E 048 X
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research-article-by-Ma et al. (2014). Figure 7-8 shews-givesshows the average trajectories and the average
normalizsednormalized profiles of pseudo potential temperature (6,) for the 15 each-air -mass types. According-to
heirvertical stability-and-meteorological-condition-as-shown-in-Fig—9-(7b)tThe 15 air mass types are named by

the-seasons (CS: cold season; TS: transition season; and WS: warm season) and synoptic patterns atmespherie

flow€S+—eoldseason—FS+—transition season—WS+—warmseasons;—(ST: Stagnant; Al: Anti-cyclonic

{Ad-refersto-thewith air -mass originating from Eastern Europe; while-A2: Anti-cyclonic with air mass originating

from refersto-theairmass-from-west}; C1: cyclonic_with air mass originating¢Ai—masses from relatively south-;

are-named-as C1C2: cyclonic with air mass originating from the north—whereas from-north-are-named-as C2-)).
22




877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908

909
910
911
912
913
914
915
916

atmospheric-flow Table 5-6 lists the basic statistical information of each-ef-the 15 air mass types.

Figure 94 illustrates the statistics of PNCs and eBC mass concentrations for each air mass types at the regional

background site category (MEL, WAL and NEU). Large differences inef the mean values of Nizoo -soo; and eBC

mass _concentrations are observed among different air -mass types; whereasle Niio-—30; and Npso-—-200 Show less

(BETHR: kL

(BBTRR: L

significant difference asiee Npio--30p and Npso-—200) represent more local information and are not as sensitive as

Np200—-800.2nd eBC mass concentrationte-. In the following discussion, only Npzo0—-so0 ahd eBC mass concentration
are usedas-the.

Due to the high sensitivity of Np2o--s00;. and eBC mass concentration on the air mass types, frequency changes

of air mass types mightay lead to changes in the their long-term trends. However, jt is difficult to investigate the

AccordinglyTherefore, the 15 air -mass types are grouped into two categories according to pollution level. If both

(BETHR: e g

(RETHR: Fhvit: AzmE

(BBTRR: FHhEie: naRE

the median eBC mass concentration and Npz0-sog) are higher than their overall median concentration, the air -mass

is grouped into polluted air -mass category-, and vice versa.-A6

hazo aaories-AccordingtoeBCm onecen ionleve he H-m oe e aro
o-Categores oFregtoesCMa o atio V/ n a a pes-are-groe

(1): Polluted air mass category that includes CS-ST, CS-A1, CS-A2, CS-C1, TS-Al, WS-ST, WS-A1, and WS-
Cl;
(2): Cleaner air mass category that includes CS-C2a, CS-C2b, TS-A2, TS-C1, TS-C2, WS-A2, and WS-C2.

The annual occurrence of polluted air mass category together with the annul mean values of Nj200-so0) and eBC+—

mass concentration at the regional background and low mountain range sites are shown in Fig. £2910. No clear

trend of the occurrence of polluted air mass category couldar be found. However,But large difference is visible in
the occurrences petween different years. If the change in aair mass frequency ehange-plays an important role in
the variations inef N2 ¢-s00 and eBC mass concentration, low polluted air mass occurrences should be associated

—(BRRR: it B (T 0.48 K

[(RETHR: wiEER)

(RETHR: wiEER)

(BETHRR: )

with relatively low N0 -s00; and eBC mass concentration. However, such a relationship is not visible in Fig. 910.

110 The annual mean values of Nj200_soo; and eBC mass concentration (black lines in Fig. 10) eonsistenthy-decrease

consistently. Therefore, it earcould be concluded that the inter-annual changes in-ef synoptic-scale air -mass
conditions-s are not the reason foref the decrease of #npollutant concentrations shown in Sect. 3. Fwe-factorsmay

Ec
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over—Germanyin the German—Ultrafine—Aerosol-Network {GUAN}, ranging from roadside to high Alpine

environments. Overall, statistically significant dewnward-decreasing trends were-are found for mest-of these85 %

of the parameters and ebservation-sitesenvironmentsobservation sites. —Concretely, Ceneretely—tFthe annual

relative-slope of the the-eBC mass concentration varies between —13.1 % and —1.7 % per-yearyr-Lper year. And

tThe slopes of the PNCs vary from —17.2 % to —1.7 %, 7.8 % to —1.1 %, and —11.1 % to —1.2 % peryeary+-Iper

year {onlystatistically-significanttrends)-for 10-30 nm, 30—200 nm, and 200—800 nm particle-diametersize ranges,
1 I i A 0

respectively a a eBGC-ma oRcentration-o+a 6-sttes-varies-petwee

The regional Mann-Kendall test yields regional-scale trends of eBC mass concentration, Njso_2007, and Np2o0-so) Of

-5 %, —2.5 % and —2.9 % per year, respectively, indicating an overall decreasing trend in sub-micrometre PNC

(except Npio-301) and eBC mass concentration all over Germany.

observed trends of PNCs and eBC mass concentrations are mainly due to the emission reduction. The decreasing

trend of eBC mass concentration agrees well with the variation of BC total emission in Germany

eBC-mass-coneentration, suggesting reduction in emissions is the dominant factor for the reduction in eBC mass

concentrations over Germanythe country. The measureddecreasing rates of Npzo 200, Np200-go0y, and Vipzo0-soo]
decreases-about—2.5-% peryearwhich-isare stronger than the decrease in the total emissions of all precursors and
PM2s, which —Fhis-diserepaney-could have been caused by the highly complex and nonlinear processes of
secondary particleaerosol formation. ~Cemparing-thetrends—of measured-parameters-—with-total-emission,—we

The highest decrease in eBC mass concentration was observed during daytime (06:00-18:00-local-time)-at the
roadside and urban background, implying a strong evidence of reduced traffic emissions in the urban area. When
there are fewer motor vehicles at night, the PNCs and eBC mass concentration ane-PNC-in the-citythe urban sites

also show a significant deelinedecrease, which alse-could be due to the background concentration decrease caused

by the reduction in other emissions such as domestic heating, industry, etc. Stronger reductions in PNCs are found
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in winter, which is very-likely to be caused by seme-otherfactors-with-strong-seasenal-variation—for-example;

thethe decreased, emissions from domestic heating combustion:. BWETHR: i () +5SCiE S (RIE), (h30) (b E),
(Hidh) BEiE(EE)

Meteorological conditions and-syneptic-air-mass-conditions-are also able to influence the temporal variation of
aerosol partielesconcentration. The influences-efinter-annual changes in precipitation; -and temperature-and-wind

speed- might have some influence on the detected trends by, indirectly, influencing anthropogenic emissions and [&Eﬂﬁiﬁ: TR (P0) +HSCIESC (RAE), () s (vh )

inhibiting aerosol wet deposition, but they seem to be limited-and-are-not the dominant factors for the detected (BT #R: JBCE)

N\ fiﬁﬁﬂﬁiﬁ: T (FF30) +AH SRS CRIE), (130) H3L(hIE)
(RETHR: susceH)

trendslong-term decrease of the measured parameters. The influence of long-range transport pattern en-the-long-
term-trend-of -measured-parameters-is also evaluated and the inter-annual changes in synoptic-scale air mass
conditions are found to be not the reason for the reduetiondecrease in pollutant concentrations.
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This study suggests that a combination of emission mitigation policies can effectively improve the air quality

on large spatial scales such as in Germany. Given the relative novelty of the long-term measurements (particle
number—size—distributionsPNSD, BC) in a network such as GUAN, the results proved to be robust and
comprehensive. Our study shews-also shows that long-term measurements of aerosol parameters in different

environments couldan be very instrumental in detecting and understanding the long-term effects of emission

mitigation policies (Pope-etal—2009){Singh-etal-2017Wan-etal2011)
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1470  Table 1: Basic information ef-abeuton, the 16 atmespheric-measurement-sites in the German Ultrafine Aerosol<
1471 Network (GUAN), in alphabetic order{(Birmili-et-al2016)*,

. o Status i Elevation .
No. Site name Abbreviation . Site category Location
(Until 2017) (m)
1L Annabera-Buchholz ANA In operation Urban background 545-m 50°34°18” N, 12°59°56” E
2 Augsburg AUG In operation Urban background 485-m 48°21°29” N, 10°54°25” E
3 Bésel BOS Terminated Urban background 17-m 52°59°53” N, 07°56°34” E
end of 2014
4 Dresden-Nord DDN In operation Roadside 116-m 51°03°54” N, 13°44°29” E
DDW In operation Urban background 120-m 51°02°10” N, 13°43°50” E
6, Hohenpeil®nberg HPB In operation Low mountain range 980-m 47°48°06” N, 11°00°34” E
A Langen LAN In operation Urban background 130-m 50°00°18” N, 08°39°05” E
8 ~ Leipzig- LEI In operation Roadside 120-m 51°20°45” N, 12°24°23” E
"""""" Eisenbahnstraf®
9 Leipzig-Mitte LMI In operation Roadside 111-m 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
Regional
111 MelpitzLeiozi MEL o erati%nn back 4 a6 51°31°32” N, 12°55°40”
elpitzi-eipzig-West — operationFerm ackgroundYrban 122-m
N p p ; 90 E51°10205” N_12017°512
2016
121 Mdheim- In operationtn Urban 51°27°17” N, 06°51°56”
- MSTMEL i 3786-m
4 Stoumbelpiic operation  PReKIIOnGRegional = ESIS3132" N 1255540 £
background
131 NeuglobsowM&theim | ionk Regional 53°08°28” N, 13°01°52
euglobsowM n operation 3°08°28” N, 13°01°52”
_ NEUMST ) backgroundUrban 7037-m . .
3 -Styrum operation ESI27 17 NAO6TS1S6™ B
1 SchauinslandNeuglob In operationtn Low mountain 47°54°49” N, 07°54°29”
- SCHNEU i rangeRegional 120570-m
4, SO operation ol " ES308 28T N30T 1
g
15% In operationtr Regional 52°48°04” N, 10°45°23”
= WaldhofSehauinsland WALSCH ) backgroundiow 751205-m e
5 operation e g E47-34° 407 N 075547207 |
16 ‘Waldhof WAL In operation Reaional-backaround 75 m S254R704T N 104323 1
Zugspitze . . . : 0n &0 05@347"
161 (Schneefernerhaus)Zu ZSEZSF In operationtn High alpineHigh 26702670 47°25°00” N, 10°58°47
4L gspitze operation alpine m E47 257007 N HOSR 477 |
(Schneefernerhausy
1472 e
1473
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(BBTHR )
474 ik iclesi (RETHR -
475 x (#HeRzh ]
(BETHR )
fniet RETHR =
height Particle mobility Size [ -
NO. Name Type above size spectrometer range, eBCinstrument  eBC cut-off « [&E‘T*&ﬁ [—i
(BBTHR =
ground type (nm),

o - [mhan o)
) 10-800 o [(BETRR )
N ANA portable cabin 4m MPSS - MAAP PM; < [ R ﬁ
5-800 o [BETEL =

i - Aethalometer <
2 AUG portable cabin 4-m D-MPSS - (Type 8100) PM_s [ BRRE [_i
. 10-800 0 [RETHER 0
3 BOS portable cabin 4 MPSS - MAAP PM, « : [ BRI f—i

/| RETHER

4 DDN portable cabin 4m D-MPSS 5800 MAAP PM, = % e Q
DDW rtable cabi 4 MPSS 10-800 MAAP PM /0 (BETRS CJ

ortable cabin - 1 «
3 P A [wwm )
6 HPB building 12 MPSS 10-800 MAAP PMy < [&Eﬂgﬁ [ﬂ
Am [%‘%#&iiafl [ﬂ
A LAN portable cabin 14-m MPSS (TSI 3936)*%, 10-600 - PM; </ [:&E‘T%ﬁ (—i
A (mETHR =
8 LEI building 6-m TDMPSS 5800 MAAP PM, < (#HeR =
i (RETHR =
9 LMI portable cabin 4m TDMPSS 57800 MAAP PMyy < (#Hstm =
o E s =
10, LTR portable cabin 16-m TDMPSS 5800 MAAP PMy < [ #HRm )
‘;‘“ (BETHR =
111, MELLWE ) portzble ) 44m D-MPSSTDMPSS BLOZO— MAAPMAAP PMyPMy, < [Tﬁgﬁm ]
cabinporiable-cabin (RETHR )
rtabl MPSS (TSI 3936)D- e [fﬁ%ﬁﬁ‘l C)
1212 MSTMEL potedle o, MPSSOSLBD _MAAR P, < | BETER )
cabinpertable-cabin MPSS ’ [%*gﬁgq ﬁ
buildingportable MPSSMPSS{(FSt o [&gﬁgﬁ [—i
1y Neuwst 64 B0 maap-  pugem, ) /(AN )
cabin 3936) : (RETHRR =)
10 =T —
1414 SCHNEU buildingbuilding 66 MPSSMPSS 80010~  MAAPMAAR  PMiPMi = (BETHR =
800 (RETHR ]
10 (e )
1515  WALSCH buildingbuilding 66m MPSSMPSS 80010-  MAAPMAAP  PMiPMi, < (RETHR ]
800 (st .
S MPSS (TSI 20 [&Eﬁgﬁ (—i
1618 ZSF WAL buildingbuilding 66-m 2536} 60010 MAAPMAAR PMyPMyg < [ﬁgﬁm ﬁ
800-nm [*‘&ET#&E&‘. [ﬂ
T — B - (BETHR )
A (BETHR =
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(RBTHR

(#hRin -
(RETHR )
WETHR )
C[BETER o
495  Table 333; Multi-annual trends of the PNCs and eBC mass concentration ard-PNCs-in percentage per year, calculated using the eustemized-customised Sen’s estimator and+ RETHRR ﬁ
496 generallzed linear-|east squares regression with autoregression bootstrap (GLS /ARB). Fhe-beld-slopes-are-the-sStatistically significant slopes at the-95 % significance level in-% RETHR ﬁ
497  peryearare marked as bold numbers. Five site categories en-in the left column are roadside (RS), urban background (UB), regional background (RB), low mountain range (LMT), -
498 and high Alpine (HA). [&ETﬁﬁ ?:
g Ei] —
eBC mass concentration Nr20-8001 Nrio-301 Nizo-2001 Nr200-8001 BETHEA ﬁ
Category Site Sen GLS/ARB Sen GLS/ARB | Sen  GLS/ARB | Sen  GLS/ARB | Sen  GLS/ARB BETHR )
slope slope slope slope slope slope slope slope slope slope BETHER ﬁ
DDN | —11.3% —13.1-1319 | -7.3-73% —6.0-44% | —-8.0% —7.3-6:8% | —6.7% -56-44% | —97% -B.6-87% BE TR Q
BRETHER
RS, LEI —5.0%  —53-67% | —29-29% —4.0-34% | —50% —48-46% | —2.9%  -3.8-34% | —12%  -3.3-25% N 2 [ RETRR ﬁ
LMI —55%  —5.8-64% | -48-48% —69-73% | ~0.2%  —1.400%, | —55% -7373% | —48% —pI-67% “ [%ﬁﬁm ﬁ
MST - —-2.6%  —1505% - —32% 1.805% | —61% —56-54% < [%ﬁiﬁm [ﬂ
RETHR
LTR Sz 5E C.]
—41%  —5.0-64% | —43%  —5755% | —4.7% 6.7%, —41% 54-55% | —46% —52-9.9% - BETHN [ﬂ
ANA | —69% 13197%, | --55%  —7.7-68% | —65% —B4-71% | —-54% —7568%, | —-11.1% —B2-76% < izizi Q
UB, AUG | —23%  -3938% | —63% 700794 | —6.0% —B3887% | —63% —7.80979% | —37% —5140% '\ BETHER ﬁ
DDW | —81% —11.0-11.5% | —-48%  -899.20% | —-82% -5884% | —50% -5492% | —88% -820.1% < BETHR ﬁ
LAN - —34%  2630% | —14% —1.1-06% | —43%  -34-3.0% | —25%  -2.0-10% - (R )
BOS | —4.9%  —$.2-66% | -55%  -55559% | —-17% -3.9-5894 | —59% —50-55% | —63% —36-29% < [ziizi Q
MEL | —44%  —7674% | D2%  -350194 | 1.9% 0436% | 02%  —p301% | —29% —3864% - [i&ET#}iﬁ ﬁ
RB, WAL | —32%  -3.7-47%, | —-42%  -36-35% | —3.3% -3524% | —4.4% -37-35% | —-52% —p2-57% < BRETHER [ﬁ
NEU | —78%  —7.8-83% | —10%  —02-06% | —06% —0302% | —-05%  0.0-06% | —39% —A855% < ziiii Q
. HPB | —28%  —6.363% | —12% -3126% | 17%  —D603% | —129% —1126% | —3.9% -56-6.0% < BB TR ﬁ
: SCH | —-1.7%  3642% | —-15%  —3033% | 38%  —1.931% | —-20% -3033% | —-38% —38-45% < RETHR [ﬂ
‘ BETHER
HA ZSF 27- Jd k ]
—40%  —p676% | —42%  —49-55% —41%  —A355% | —4.2% 11-3%, < BETHER [ﬂ
Regional Mann-Kendall, —5.0% —2.1% —1.4% —25% —2.9% (R )
499 (#HRm )
RETH#HA )
2 BETHR =)
RETHR )
BE TR -
| (RETRR )
(RETHR =
[%ﬁ&iﬁm [ﬂ
(BETHR -
RETHR )
RETHR @




500
501

502  Table 4. Comparison of long-term trend studies of BC, PNC,and PM in Europe.

(RBTHR: 70k (130 +1SCE CRIK), S5 )

(#1540 UK, Bk RIEERUR: 10 5

Study Time Region Parameters Annual slope BRETHER [—ﬂ
period (=slopes-in-the-numbers jn prackets isare, the absolute slope, in pg m=2 yr?), (BB THR: 75 Times New Roman )

This study, 2009 2018 Germany BC Traffic (3 sites): 11.3 %~ 5.0 %, (_0.19~ 0.08)_3sites; UB (5 sites): 8.1 %~ 2.3 % \ig?i: [ﬂ]
(-0.08~--0.03)5sites; RB to high Alpine (6 sites): -7.8 %~-1.7 % (-0.03~-0.00)-6-sites: RETRR H

Ny2q 8001 Traffic (3 sites): 7.3 %~-2.9 %; UB (7 sites): -6.3 %~-2.6 Y%#-sites; WE TR H

RB to high Alpine (6 sites); -4.2 %~-0.2 %.6 sites. \[&Emﬁc )

Kutzner et al., 2018 20052014 Germany BC Traffic (7 sites): (-0.31, ~0.15) 7Zsites; UB (4 sites): (-0.1, 0.02).4sites; Rural (L site): < o (mETRER =
0.00. Lsi [&ET?&:‘&. “F44: Times New Roman ]

_ [ AR )
Asmi et al., 2013 2001-2010 Europe N20-8001 Rural to remote (4 sites): -4.6 %~1.6 %4-sites ['&Eﬂ%iﬁ =1k Times New Roman. JEAThL ]
Collaud Coen et al., 2013 2001-2010 Europe Absorption coef. Rural to remote (4 sites): -1.6 %~0.0 %4 -sites BHETHKRR [ﬂ
Bigi and Ghermandi, 2016, 2005-2014 Italy, Po valley  PMps, Traffic (2 sites): —6.4 %~-4.6 %2-sites; UB (17 sites): -8.1 %~ -0.4 %17sites; RB (4 BRETHA [ﬂ
sites): 4.9 %-~0.0 %, 4-sites BB THR ]

- - - - . - - - . RETHER [—}
Singh et al., 2018, 2009-2016  United Kingdom BC Traffic (1 site): -8.0 %;L-site; UB (2 sites): -5.0 %~-4.7 %;2-sites; Rural (1 site): 7.7 %; RETRRA H
Lsite RETHR =

503 R BRETHER =
RETHR )

BRETHER =)

RETHR )

BE TR )
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504  Table 45: Trends of meteorological parameters for the three site categories gl-ever-in Germany. The bold numbers<

505 are the statistically significant slopes at the 95_% significance level. The daily meteorological data are from
506 Germany's National Meteorological Service (Deutscher Wetterdienst, DWD).s Fhe-mean-time-series-ameng-for
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511  Table 56: Basic statistical information of the 15 different-air mass types.

) ) o ) Frequency Mean PMy
Air mass type Wind direction Source region 2009:—(%24;4»@ 2009-2018(pg m)

CS-ST Stagnant Central Europe 3.026 34.639:6 “
CS-Al East Eastern Europe 3440 34.836.5

CS-A2 West North Atlantic 5.85.6 23.125.6

Cs-C1 South West Southwest Europe 5352 24.426.6

CS-C2a South West North Atlantic £.036 11.512.8

CS-C2b West North Atlantic 5.855 11.3130

TS-Al North East Subpolar 7483 17.519.8

TS-A2 West North Atlantic 5563 16.918.7

TS-C1 South West Southwest Europe 5.05.1 14.4154

TSs-C2 North West Arctic 10.210.8 12,9141 \
WS-ST Stagnant Central Europe 74638 20.523.2 “‘.
WS-A1 South East Eastern Europe 5.956 24.828.4 \
WS-A2 North West North Atlantic 12,0124 16.717.9 \
WS-C1 West North Atlantic 9197 16.418.0 \
WSs-C2 West North Atlantic 9.08.3 12.113.0 \
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Abbreviation Site name
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AUG Augsburg
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DDN Dresden-Nord
DDW Dresden-Winckelmannstralle
HPB Hohenpeilkenberg
LAN Langen
LEI | eipzig-Eisenbahnstrale
LMI Leipzig-Mitte
LTR L eipzig-TROPOS
MEL Melpitz
MST Mulheim-Styrum
NEU Neuglobsow
SCH Schauinsland
WAL Waldhof
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Abbreviation Site name

ANA Buchholz
AUG Augsburg

BOS Bosel

DDN Dresden-Nord

DDW Dresden-Winckelmannstrale
HPB HohenpeiRenberg
LAN Langen
LEI Leipzig-Eisenbahnstrale
LMI Leipzig-Mitte

LTR Leipzig-TROPOS

LWE Leipzig-West

MEL Melpitz

MST Mailheim-Styrum

NEU Neuglobsow

SCH Schauinsland

WAL Waldhof

ZSF Zugspitze (Schneefernerhaus)
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Figure 9: Average concentrations of eBC mass concentration (a) and PNCs (b to e) for the 15 air mass types at <

the regional background site category (MEL, WAL and NEU). In gach panel, the boxes and whiskers denote the

5th, 25th, 50th, 75th and 95th percentiles, while the dots denote the mean values. The solid red line shows, the

overall median values.
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