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Abstract. Anthropogenic emissions are a dominant contributor to air pollution. Consequently, mitigation 24 

policies have attempted to reduce anthropogenic pollution emissions in Europe since the 1990s. To evaluate the 25 

effectiveness of these mitigation policies, the German Ultrafine Aerosol Network (GUAN) was established in 26 

2008, focusing on black carbon and sub-micrometer aerosol particles, especially ultrafine particles. In this 27 

investigation, trends of the size-resolved particle number concentrations (PNC) and the equivalent black carbon 28 

(eBC) mass concentration over a 10-year period (2009-2018) were evaluated for 16 observational sites for 29 

different environments among GUAN. The trend analysis was done for both, the full-length time series and on 30 

subsets of the time series in order to test the reliability of the results. The results show generally decreasing 31 

trends of both, the PNCs for all size ranges as well as eBC mass concentrations in all environments, except PNC 32 

in 10-30 nm at regional background and mountain sites. The annual slope of the eBC mass concentration varies 33 

between -7.7 % and -1.8 % per year. The slopes of the PNCs varies from -6.3 % to 2.7 %, -7.0 % to -2.0 %, and -34 

9.5 % to -1.5 % per year (only significant trends) for 10-30 nm, 30-200 nm, and 200-800 nm particle diameter, 35 

respectively. The regional Mann-Kendall test yielded regional-scale trends of eBC mass concentration, N[30-200] 36 

and N[200-800] of -3.8 %, -2.0 % and -2.4 %, respectively, indicating an overall decreasing trend for eBC mass 37 

concentration and sub-micrometer PNC (except N[10-30]) all over Germany. The most significant decrease was 38 

observed on working days and during daytime in urban areas, which implies a strong evidence of reduced 39 

anthropogenic emissions. For the seasonal trends, stronger reductions were observed in winter. Possible reasons 40 

for this reduction can be the increased average ambient temperatures and wind speed in winter, which resulted in 41 

less domestic heating and stronger dilution. In addition, decreased precipitation in summer also diminishes the 42 
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decrease of the PNCs and eBC mass concentration. For the period of interest, there were no significant changes 43 

in long-range transport patterns. The most likely factors for the observed decreasing trends are declining 44 

anthropogenic emissions due to emission mitigation policies of the European Union. 45 

1 Introduction 46 

Epidemiological studies show that increased particulate air pollution due to anthropogenic emissions leads to 47 

adverse effects upon health, including not only respiratory but also cardio-vascular disease (Seaton et al., 1995), 48 

further increases global disease burden (Cohen et al., 2017). Among the ambient sub-micrometer aerosol 49 

(diameter < 1 µm), ultrafine particles (UFP, diameter < 100 nm) share the greatest number fraction of particles. 50 

Previous studies suggested that exposure to UFP might lead to an increased probability of health hazards 51 

(Kreyling et al., 2006; Schmid and Stoeger, 2016), although at present, epidemiological evidence for their effects 52 

upon human health remain mixed due to a number of reasons (Ohlwein et al., 2019). A main rationale for UFP-53 

driven effects upon health is their ability to penetrate deep into lungs and translocate to other organs such as 54 

brain, cause other health problems such as respiratory and cardiovascular diseases (Kreyling et al., 2006; Schmid 55 

and Stoeger, 2016). In urban areas, a significant fraction of UFP mass consists of black carbon (BC), which is 56 

produced due to incomplete combustion of fossil fuel and biomass and then released to the atmosphere (Chen et 57 

al., 2014; Cheng et al., 2013; Pérez et al., 2010). Since BC may operate as a universal carrier of a wide variety of 58 

toxins such as polycyclic aromatic hydrocarbons (PAH) into the human body, exposure to BC shows strong 59 

relevance with cardiopulmonary morbidity and mortality (Janssen et al., 2012). 60 

To reduce the harmful effects caused by air pollution, emission mitigation policies were implemented around 61 

the world. The European Union (EU) is one of the early regions, where emission reduction policies have been 62 

implemented. The main policy instruments on air pollution within the EU include the Ambient Air Quality 63 

Directives and the National Emission Ceilings Directive. EU emission mitigation legislations are directly 64 

formulated based on sources. In Europe, the main anthropogenic sources to primary aerosol particles are fuel 65 

combustions from industrial installations (power generation, industry, etc.), non-road and road transport, and 66 

domestic heating etc. (European Environment Agency, 2017). Member States of EU were required to draw up a 67 

National Programmes to the Commission (http://ec.europa.eu/environment/air/reduction/implementation.htm). 68 

For example in Germany, the Federal Environment Ministry issued the Federal Emission Control Regulations 69 

(German: Bundes-Immissionsschutzverordnung, BImSchV). To reduce the emission from industrial 70 

installations, the BImSchV requires the permit of construction and operation for some industrial installations, in 71 

accordance with the Federal Emission Control Act. The emission limits from large combustion, such as power 72 

plants, are defined as well. For domestic heating, the unsuitable fuels are listed and their emission values are 73 

defined to control the emission. In Europe, traffic emissions have been found to be a dominant contributor to air 74 

pollution in the urban outdoor atmosphere (Kumar et al., 2010; Pey et al., 2009). Another policy, the clean air 75 

plan (German: Luftreinehalteplan) has great practical importance on the operation of vehicles. It set up low 76 

emission zone (LEZ) in Germany to limit the emission of nitrogen oxide and aerosol particle from the traffic 77 

exhaust. Previous short-term studies indicated that a LEZ can reduce the pollutant concentration immediately 78 

after its implementation, as a result of the absence of the most polluting vehicles (Rasch et al., 2013; Qadir et al., 79 

2013; Jones et al., 2012). 80 
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To evaluate the effectiveness of those emission mitigation policies, long-term observations of pollutants are 81 

crucial, especially for those health-related pollutants, such as sub-micrometer particles and BC. There have been 82 

many studies about long-term trends of particle number concentration (PNC) or BC mass concentration since the 83 

1990s. These studies concluded emission mitigation policies may reduce the human exposure to the pollutants, 84 

and were important for the policy makers (Barmpadimos et al., 2011; Masiol et al., 2018; Kutzner et al., 2018; 85 

Putaud et al., 2014; Sabaliauskas et al., 2012; Wang et al., 2012). However, most of these studies were 86 

conducted at roadside or urban background, which are largely dominated by traffic emissions. Only a few studies 87 

focused on long-term trends of the PNC or the BC mass concentrations at the regional background setting (Asmi 88 

et al., 2013; Barmpadimos et al., 2011; Murphy et al., 2011). Murphy et al. (2011) found that the elemental 89 

carbon (EC) mass concentration decreased in several national parks and other remote sites in the US between 90 

1990 and 2004. This result was an indication that emission control policies were effective in reducing the EC 91 

mass concentration in the background air across the US. Asmi et al. (2013) analysed the long-term change of 92 

PNC at the regional background and remote sites in Europe, North America, Antarctica, and Pacific Ocean 93 

islands. The results showed that decreased PNCs could likely be explained by the reduction of anthropogenic 94 

emission. Kutzner et al. (2018) evaluated the long-term trend of BC over Germany including industrial, rural, 95 

traffic and urban background sites. The result confirmed that emission control policy in the last two decades has 96 

most likely contributed to mitigate BC mass concentration in Germany and Europe. However, the long-term 97 

trend studies of PNC and BC mass concentration measured in parallel and covering different environments from 98 

roadside, urban background to regional background and remote areas in the same region have not been done. 99 

This study takes Germany as an example to understand the effectiveness of emission mitigation policies on 100 

the reduction of the regional PNC and BC mass concentration. In this investigation, trend analysis was done for 101 

the sub-micrometer PNC (diameter < 1 µm) and the equivalent black carbon (eBC) mass concentration in 102 

Germany based on a unique dataset of the German Ultrafine Aerosol Network (GUAN). For the period of study 103 

(2009-2018), 16 observational sites have been included, ranging from roadside to high Alpine. The weekly, 104 

diurnal, seasonal trends and the robustness of the trend were evaluated. To determine, if the past emission 105 

mitigation policies are the decisive factor for the long-term trends of the eBC mass concentration and PNC at 106 

different environments, the influences of other potential drivers (i.e. the meteorological condition change and 107 

long-range transport pattern change) are also discussed. 108 

2 Dataset and method 109 

2.1 The German Ultrafine Aerosol Network (GUAN) 110 

The sites investigated in this study belong to GUAN, which combines federal and state air quality monitoring 111 

stations, as well as atmospheric observatories from research institutes, aiming at a better understanding of sub-112 

micrometer PNC and BC with respect to human health and climate impact (Birmili et al., 2016). GUAN is a 113 

specialized network in Germany, which provides continuous measurements including sub-micrometer particle 114 

number size distribution (PNSD) and eBC mass concentration, with diverse environments from roadside, urban 115 

background, regional background, low mountain range to high Alpine. 116 

Table 1 lists the basic information of GUAN sites. The locations of GUAN sites are illustrated in Fig. 1. A 117 

summarized description of GUAN sites is given here with more details are available in Birmili et al. (2016). 118 

Among the 17 sites, eight are located in the state of Saxony: Leipzig-Mitte (LMI), Leipzig-Eisenbahnstraße 119 
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(LEI), Leipzig-TROPOS (LTR), Leipzig-West (LWE), Melpitz (MEL), Dresden-Nord (DDN), Dresden-120 

Winckelmann-straße (DDW) and Annaberg-Buchholz (ANA). LMI and LEI are two roadside stations in Leipzig. 121 

The former one is located at roadside in an open area in the city center, while the latter one is a street canyon 122 

station. The traffic volumes at these two sites are 44 000 and 12 000 vehicles per day, respectively. LTR and 123 

LWE are urban background sites located in the city of Leipzig with 10 km apart. LTR is an atmospheric research 124 

station operated by Leibniz Institute for Tropospheric Research (TROPOS). The station is situated on the roof of 125 

the TROPOS institute building. LWE was located in a park on the premises of a hospital, with negligible traffic 126 

influence. Station MEL operated by TROPOS since 1992, is located in farmland about 50 km from Leipzig. 127 

Previous studies showed that MEL can represent the regional background atmosphere of Central Europe 128 

(Spindler et al., 2013). Two stations are located in the city of Dresden: a roadside station DDN with the traffic 129 

volume of ~ 36 000 vehicles per day, and an urban background site DDW, which is 1.7 km away from city 130 

centre. ANA is an urban background station for Saxon State Office for Environment, Agriculture and Geology 131 

(LfULG), located in the city of Annaberg-Buchholz in the Ore mountain area, about 10 km away from German-132 

Czech border (Schladitz et al., 2015). 133 

Three stations are located in the lowlands of the Northern Germany: Bösel (BOS), Neuglobsow (NEU) and 134 

Waldhof (WAL). The urban background site BOS is located in the village of Bösel, about 100 km from the 135 

North Sea, it is thus partly influenced by maritime air masses. NEU and WAL are located in forests, representing 136 

regional background conditions in the Northern Germany lowlands. 137 

Two stations, Langen (LAN) and Mülheim-Styrum (MST), are located in the west of Germany. LAN is an 138 

urban background site located in the city of Langen, at the edge of a residential area and a forest. Emission from 139 

the Frankfurt’s Rhein-Main airport (about 5 km to the southeast) may influence the observations at LAN. MST is 140 

situated in the western end of the Ruhr area, the largest urban area in Germany. 141 

Four stations are located in the south part of Germany, including one urban background site Augsburg 142 

(AUG), two low mountain range sites, Schauinsland (SCH) and Hohenpeißenberg (HPB), and one high Alpine 143 

site Zugspitze (ZSF, Schneefernerhaus). AUG is located on the premises of Augsburg's University of Applied 144 

Sciences about 1 km southeast of Augsburg city center. The two low mountain range sites SCH and HPB are 145 

surrounded mainly by forests and agricultural pastures. Their elevations are 1205 and 980 m a.s.l., respectively. 146 

The high Alpine site ZSF is located at 2670 m a.s.l., 300 m below the summit of the Zugspitze, at the south side 147 

of the highest mountain in Germany. 148 

It needs to be noted that the selection of sites in GUAN could not be designed from scratch. As financial 149 

resources to perform specialized air pollution measurements are limited, GUAN has incorporated such sites 150 

where sub-micrometer particles were already measured by one of the partner institutions, or sites that could be 151 

co-established with the aid of other research projects or programs. This explains the incomplete geographic 152 

coverage of Germany with GUAN measurement sites. 153 

2.2 Instrumentation 154 

The technical details of the PNSD and the eBC mass concentration measurements at GUAN sites are 155 

summarized in this section and Table 2. Details of the instrumentation and data processing techniques are 156 

provided in Birmili et al. (2016). Depending on individual set-up, the PNSD are measured either by Mobility 157 

Particle Size Spectrometers (MPSS, Wiedensohler et al., 2012) or by Dual Mobility Particle Size Spectrometers 158 

(D-MPSS). Regenerative Nafion dryers are used to dry the aerosol sample to a relative humidity below 40 % 159 
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(Swietlicki et al., 2008). The PNSD is obtained from the raw mobility distributions by an inversion algorithm 160 

(Pfeifer et al., 2014), including the commonly used bipolar charge distribution (Wiedensohler, 1988). 161 

Corrections for diffusional losses in instruments and inlets were made according to Wiedensohler et al. (2012). 162 

Due to the individual settings of MPSS at GUAN sites, the quality of the PNSD was ensured by onsite or 163 

laboratory inter-comparisons conducted by the World Calibration Center for Aerosol Physics (WCCAP, 164 

http://www.wmo-gaw-wcc-aerosol-physics.org/) at TROPOS. The frequency of quality control is between one to 165 

four times per year, as recommended by Wiedensohler et al. (2018). 166 

Mass concentrations of eBC have been measured by Multi-Angle Absorption Photometers (MAAP, Thermo 167 

Scientific, model 5012), except in AUG where an Aethalometer (Type 8100, Thermo Fisher Scientific Inc.) is 168 

used. For MAAP measurement, eBC mass concentration is obtained using a mass absorption cross section of 6.6 169 

m2 g-1 for the wavelength of 637 nm (Petzold and Schönlinner, 2004; Müller et al., 2011). No eBC data are 170 

available for LAN and MST. 171 

To condense the information provided by PNSD, we chose three particle size ranges to obtain integrated 172 

PNCs: 10-30 nm, 30-200 nm, and 200-800 nm. The young Aitken mode N[10-30] represents the particles freshly 173 

formed by homogeneous nucleation from either photochemical processes or downstream of traffic exhausts. 174 

Aitken mode particles N[30-200] are either directly emitted from incomplete combustion or grown by 175 

condensational growth. The accumulation mode N[200-800] represents aged particles, which underwent 176 

condensational growth or cloud processing during long-range transport. Since the particles below 20 nm were 177 

not measured all the time from 2009 to 2018 at ZSF and MST, we use N[20-800] to represent total PNC in this 178 

study instead of N[10-800]. Data coverage can largely influence the evaluation of long-term trends. Figure 2 179 

illustrates the data coverage of 16 stations in GUAN until the end of 2018, except LWE. LWE is not evaluated in 180 

this study since its observation shows high similarity with LTR (Sun et al., 2019) and it was terminated at the 181 

end of 2016. 182 

2.3 Trend analysis methods 183 

Most of the environmental data are not normally distributed. Therefore, non-parametric methods are often used 184 

to detect the long-term trends (Asmi et al., 2013; Barmpadimos et al., 2011; Bigi and Ghermandi, 2014; Collaud 185 

Coen et al., 2007; Collaud Coen et al., 2013; Mejía et al., 2007; Murphy et al., 2011; Sharma et al., 2006). 186 

Detection of long-term, linear trends might be affected by several factors, such as the time span and time 187 

resolution of available data, the magnitude of variability, autocorrelation and periodicity in the time series 188 

(Weatherhead et al., 1998). To analyse the temporary trend of the PNCs and the eBC mass concentrations, two 189 

trend evaluation methods were used in this study. 190 

2.3.1 Customized Sen-Theil trend estimator 191 

The customized Sen-Theil trend estimator (customized Sen’s estimator, hereafter) is a modified non-parametric 192 

procedure based on the normal Sen’s slope estimator, regardless the influence of outlier, missing values and 193 

statistical distribution (Sen, 1968; Theil, 1992; Birmili et al., 2015). This approach estimates the true slope by 194 

fully considering the effect of some periodic variation of atmospheric pollution, such as seasonal, weekly, or 195 

diurnal cycles. It is thus possible to estimate the true slope by this approach for the shorter data set with higher 196 

time resolution, for example 5-year hourly time series. Based on the hourly or daily time series 𝑥(𝑖), firstly, rates 197 

of change 𝑚𝑖,𝑘 on each data pair [𝑥(𝑖), 𝑥(𝑖 + 𝑘 × 364 𝑑𝑑𝑑𝑑)] is calculated as: 198 
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𝑚𝑖,𝑘 = (𝑥(𝑖+∆t)−𝑥(𝑖))
∆t

           (1) 199 

with ∆t = 𝑘 × 364 𝑑𝑑𝑑𝑑. 200 

where k is the integer. Δt ensures that each data point can be only compared with data points separated by a 201 

multiple of 52 weeks (= 364 days), that is, two data points are compared only if they belong to the same hour of 202 

the day, day of the week, and season of the year. For each time series, some 10000 slope 𝑚𝑖,𝑘 are calculated. The 203 

median of those slopes 𝑚𝑖,𝑘 is taken as the true slope m over the whole period. Significance and confidence 204 

interval (CI) of the trends are determined at 95 % confidence level from the distribution of 𝑚𝑖,𝑘. 205 

2.3.2 Generalized Least-Square-regression and Auto-Regressive Bootstrap confidence intervals 206 
(GLS/ARB) 207 

The second method used to detect the trend is the Generalized Least-Square-regression (GLS) (Mudelsee, 2010; 208 

Asmi, 2013). For a time series of observation x(i), compactly written as {𝑡(𝑖), 𝑥(𝑖)} 𝑖=1𝑛 , we separate the time 209 

series as: 210 

𝑥(𝑖) = 𝛽1 + 𝛽2𝑡(𝑖) + Ω�𝑡(𝑖)� + 𝑆(𝑖)𝑒(𝑖)        (2) 211 

where 𝛽1 and 𝛽2  are two trend parameters (intercept and slope), 𝑆(𝑖)  is the variability function scaling the 212 

random noise term 𝑒(𝑖), Ω�𝑡(𝑖)� is the seasonal component. In this study, four seasonal components are defined 213 

as: 214 

Ω1 = 𝛽3sin( 2𝜋𝜋
(1 𝑦𝑦𝑦𝑦)

), Ω2 = 𝛽4sin( 4𝜋𝜋
(1 𝑦𝑦𝑦𝑦)

), 215 

Ω3 = 𝛽5cos( 2𝜋𝜋
(1 𝑦𝑦𝑦𝑦)

), Ω6Ω4 = 𝛽6cos( 4𝜋𝜋
(1 𝑦𝑦𝑦𝑦)

).       (3) 216 

The GLS regresses two trend and four seasonal parameters (denoted as β, thereafter) by minimizing the sum 217 

of squares: 218 

𝑆𝑆𝑆𝑆(𝜷) = (𝒙 − 𝐓𝜷)′𝑽−1(𝒙 − 𝐓𝜷)        (4) 219 

where, 220 

𝜷 = �
𝛽1
⋮
𝛽6
� (parameter vetor), 221 

𝒙 = �
𝑥(1)
⋮

𝑥(𝑛)
� (data vetor), 222 

𝑻 = �
1
⋮
1

 
𝑡(1)
⋮

𝑡(𝑛)
 
Ω1(𝑡(1))

⋮
Ω1(𝑡(𝑛))

 
⋯
⋱
…

 
Ω4(𝑡(1))

⋮
Ω4(𝑡(𝑛))

� (time matrix), 223 

and V is the covariance matrix. The estimated V matrix is: 224 

𝑽�𝑉�(𝑖1, 𝑖2) = �̂�(𝑖1) × �̂�(𝑖2) × exp[−|𝑡(𝑖1) − 𝑡(𝑖2)|/�̂�′], (𝑖1, 𝑖2=1,…,n)     (5) 225 

�̂�(𝑖1), �̂�(𝑖2) are the variability of time series at 𝑡(𝑖1), 𝑡(𝑖2). Here S is assumed to be time invariant, therefore �̂�(𝑖) 226 

is the stand deviation of the observation time series x(i). �̂�′ is the estimated, bias-corrected persistence time. To 227 

estimate the persistence time, the least-squares estimation is defined: 228 

𝑆(�̃�) = ∑ [𝑥noise(𝑖) − exp {−[𝑡(𝑖) − 𝑡(𝑖 − 1)]/�̃�} × 𝑥noise(𝑖 − 1)]2𝑛
𝑖=1      (6) 229 

and �̂� = argmin[𝑆(�̃�)]. The minimization of 𝑆(�̃�) is done by Brent’s search (Press et al., 1992). 230 

After obtaining the covariance matrix V, the solution of Eq.(6) is the GLS estimator: 231 

𝜷� = (𝑻′𝑽−1𝐓)−1𝑻′𝑽−1𝒙          (7) 232 

https://doi.org/10.5194/acp-2019-754
Preprint. Discussion started: 28 August 2019
c© Author(s) 2019. CC BY 4.0 License.



7 
 

Firstly, initial estimation of parameters β are approximated. According to the estimated β, the trend, seasonal 233 

and noise component are obtained from x(i). Then, the persistence time �̂�′ and covariance matrix V are updated 234 

to iterate the GLS fitting until the relative difference between the β from last two iterations is below a threshold 235 

0.01 %. 236 

To evaluate the robustness of the estimated slopes, the Auto-Regressive Bootstrap (ARB) was used to 237 

construct the confidence intervals (CIs) of the slopes (Mudelsee, 2010, algorithm 3.5). Firstly, the residual 𝑒(𝑖) 238 

and persistence time �̃� are calculated from GLS approach. Then, ARB resamples the white-noise residuals of 239 

data by using the auto-regressive persistence model AR(1), adds the resampled residuals to fitted data and re-240 

calculates the slopes. The resampling was repeated 1000 times and the CIs were estimated from these 1000 241 

resampled slopes. 242 

To ensure the comparability of trend slopes among different sites, the relative slope in % per year from both 243 

methods is used by dividing the absolute slope by the fitted median value of the first year. 244 

2.3.3 Regional Mann-Kendall test 245 

The Mann-Kendall test is a commonly used method to detect the long-term trend (Mann 1945; Kendall 1938). It 246 

detects the trend by Kendall’s tau test, which is known as a rank correlation test and it evaluates if a monotonic 247 

increasing or decreasing trend exists. If a significant monotonic increase or decrease is detected, a Sen’s slope 248 

estimator is further used to determine the slope and CI of the corresponding time series based on Mann-Kendall 249 

test (Gilbert, 1987). To detect if an overall increase or decrease exists in a multi-site dataset, the regional Mann-250 

Kendall test was extended to detect the trend over an observation network (Helsel and Frans, 2006). 251 

For a time series x(i) of length n, the ordinary Mann-Kendall statistic S is defined as 252 

𝑆 = ∑ ∑ sgn(𝑥(𝑗) − 𝑥(𝑘))𝑛
𝑗=𝑘+1

𝑛−1
𝑘=1         (8) 253 

where  254 

sgn(𝜃) = �
1
0
−1

    
if 𝜃 > 0
if 𝜃 = 0
if 𝜃 < 0

          (9) 255 

For large sample size (n>10), S is converted to a normal test statistic Z: 256 

𝑍 = �

𝑆−1
𝛿𝑆
0
𝑆+1
𝛿𝑆

    
if 𝑆 > 0
if 𝑆 = 0
if 𝑆 < 0

          (10) 257 

where the standard deviation of S is: 258 

𝛿𝑆 = �(𝑛/18)(𝑛 − 1)(2𝑛 + 5)          (11) 259 

A positive or negative Z refers to a monotonic increasing or decreasing trend. The significance of the trend 260 

can be evaluated by a two-tail test. At α = 0.05 significance level, the null hypothesis of no trend is rejected if 261 

|𝑍|＞1.96. 262 

Taking account of multi-sites, the regional Mann-Kendall test evaluates the individual Mann-Kendell statistic 263 

𝑆𝑘 on each individual site k separately by Eq.(8), and sums of individual 𝑆𝑘 to obtain a regional Mann-Kendall 264 

statistic 𝑆𝐿 and then, ZL can be obtained: 265 

𝑍𝐿 = �

𝑆𝐿−1
𝛿𝐿
0

𝑆𝐿+1
𝛿𝐿

    
if 𝑆𝐿 > 0
if 𝑆𝐿 = 0
if 𝑆𝐿 < 0

          (12) 266 
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where the standard deviation of 𝑆𝐿 is: 267 

𝛿𝐿 = �∑ (𝑛𝑘/18)(𝑛𝑘 − 1)(2𝑛𝑘 + 5)𝑚
𝑘=1         (13) 268 

and 𝑛𝑘is the number of the data at kth site. 269 

Once the significant trend is detected, the slope can be evaluated by ordinary Sen’s slope estimator (Sen, 270 

1968). For a time series xi, the Sen’s slope mL at each site L is: 271 

𝑚𝐿 = 1
𝑛
∑ ∑ 𝑥(𝑗)−𝑥(𝑘)

𝑗−𝑘
𝑛
𝑗=𝑘+1

𝑛−1
𝑘=1           (14) 272 

Then, the overall Sen’s slope m is obtained by the median of those mL. Considering the dataset size and 273 

calculation efficiency, the monthly median time series was used for the regional Mann-Kendall test in this study. 274 

3 Trends results over the whole time period 2009-2018 275 

3.1 Overall trends 276 

The temporal trends of the PNCs and eBC mass concentrations were evaluated by the customized Sen’s 277 

estimator and GLS/ARB. For the customized Sen’s estimator, the daily median time series were used, while the 278 

monthly median time series for GLS/ARB. The relative annual slopes are shown in Table 3. Firstly, for 5 279 

parameters at 16 sites (77 trends in total), two trend detection methods agree with each other very well, with six 280 

exceptions: N[20-800] at MST, N[10-30] at BOS, HPB and SCH, and N[30-200] at LAN and HPB, which we conclude as 281 

no increase or decrease. In general, significant decrease of the eBC mass concentration and N[200-800] are detected 282 

at all evaluated sites, except LAN, where no significant trends were found. The slopes of N[10-30] show high 283 

variability and lowest number of significant trends: at 7 sites there is a significant decrease and only MEL 284 

increase for both trend methods. Significant decrease of N[30-200] was found at all sites except LAN and three 285 

other regional background and mountain sites (MEL, NEU, HPB). In general, the annual slope of the eBC mass 286 

concentration varies between -7.7 % and -1.8 % per year, and the slope of the PNCs varies from -6.3 % to 2.7 %, 287 

-7.0 % to -2.0 %, and -9.5 % to -1.5 % per year (only significant trends) for 10-30 nm, 30-200 nm, and 200-800 288 

nm, respectively. At site LAN, only insignificant decreases of the PNCs were detected. One speculation is that, 289 

due to its low data coverage at LAN, the trend detection methods might be hard to find the significant change. 290 

To detect if there is decrease of eBC mass concentration and PNC at LAN, we evaluated the trend of eBC mass 291 

concentration at another urban background site Raunheim. Site Raunheim is an urban background site of 292 

German Environment Agency (UBA), located in the city of Raunheim, about 15 km far away from LAN. The 293 

slopes of eBC mass concentration at Raunheim are -7.2 % and -5.9 % per year (both significant) for the 294 

customized Sen’s estimator and GLS/ARB, respectively. It could be an indicator for reduction of eBC mass 295 

concentration at LAN. 296 

On one hand, for diverse pollutant parameters and sites, their spatial representativeness is different due to the 297 

lifetime of pollutant and local influence (Sun et al., 2019). On the other hand, as shown in Table 3, not all the 298 

sites show the significant decreases of PNCs. Therefore, it is hard to conclude the regional reduction of the eBC 299 

mass concentration and PNCs all over Germany from the slopes evaluated at individual sites. To evaluate the 300 

regional variation of the eBC mass concentration and PNCs all over Germany, the regional Mann-Kendall trend 301 

is shown in Table 3 as well. It should be noted that, three roadside sites might bias the result of regional Mann-302 

Kendall test due to their prominent local influence. Moreover, the locations of the other 13 sites in GUAN are 303 

not evenly distributed in spatial scale since there are 5 sites located in the state of Saxony and HPB and ZSF are 304 
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only 42 km apart from each other. This will result in a false trend throughout the entire region. To ensure the 305 

representativeness of spatial sampling, three roadside sites (DDN, LMI and LEI) as well as LTR, ANA and ZSF 306 

are excluded in the regional Mann-Kendall test. 307 

The highest regional reduction rate appears on the eBC mass concentration of which anthropogenic 308 

emissions are the major source in Germany. The regional trends of the PNCs in the size ranges 30-200 nm and 309 

200-800 nm are both significantly negative. N[30-200] represents the particles originated from anthropogenic 310 

emissions and the aged particles from new particle formation (NPF). Especially at urban area, N[30-200] and eBC 311 

mass concentration are found to be closely related to the emissions from incomplete diesel combustion (Cheng et 312 

al., 2013; Krecl et al., 2015). Significant regional decrease of N[30-200] and eBC mass concentration might indicate 313 

that, declined anthropogenic emission is an important or even dominant driver for those decreases in Germany. 314 

Insignificant regional trend was detected for 10-30 nm. One explanation could be anthropogenic emissions have 315 

probably only minor or negligible influence on N[10-30] at the regional background area due to the short lifetime 316 

and high spatial variability of young Aitken mode particles (Sun et al., 2019). 317 

The trends of the PNC and eBC mass concentrations in this study are in consistent with studies in other 318 

European countries. In Europe, the negative trends of the total PNC, particle light absorption coefficient, and 319 

other optical properties were found at 9 regional background or remote sites from 2000 to 2010 (Asmi et al., 320 

2013; Collaud Coen et al., 2013). In Spain, the PM10 and PM2.5 decreased about -5.9 % and -6.0 % from 2004 to 321 

2014, respectively (Pandolfi et al., 2016). The significant decrease of PM10 has been detected since 2008 due to 322 

the influence of reduced primary anthropogenic emissions in Po Valley, one large industrial manufacturing 323 

district in Europe (Bigi and Ghermandi, 2016). A similar study was conducted in UK. The BC trend from 2009 324 

to 2016 varied between -0.62 % and -8 % at street, urban and rural background sites (Singh et al., 2018). 325 

3.2 Robustness of the trends 326 

For the time series of a climate parameter, its trend may be caused by the homogenous variations in 327 

meteorological conditions or aerosol emissions (Conrad and Pollak, 1950), but sometimes also can be caused by 328 

inhomogeneous “break points” such as site relocation, inlet change, and new pollution sources (Collaud Coen et 329 

al., 2013). The break points not only make the time series inhomogeneous but also result in a poor 330 

representativeness of the trend. Normally, only the trends of homogenous time series are considered to be robust 331 

and trustable. Another important factor affecting the trend is the size of the time series. As shown in Fig. 2, the 332 

sizes of the time series are not the same for all evaluated sites, vary from 6 to 10 years. To evaluate if the 333 

detected decreases or increases are homogeneous and if our dataset is long enough to provide the robust trend, 334 

the evolution of trend was analyzed. Fig. 3 shows the annual changes of the eBC mass concentration and PNCs 335 

for expanding time intervals starting from 2009, using the customized Sen’s estimator. The average trend for 336 

each site category is illustrated. It can be seen that, the trends tend to be stable without strong variation after time 337 

interval 2009-2016, indicating our dataset is sufficient for true slopes. 338 

Gaps in time series may bias the observed trends. Generally, it is difficult to quantify clearly the influence of 339 

data gaps on the trend results. In this study, since the influences of periodicity and outliers are diminished by the 340 

customized Sen’s estimator, the evaluated trends are less sensitive to data gaps than those derived by other 341 

methods. Still, data gaps may affect the trend results especially for sub-dataset, for example the trends in 342 

particular seasons. 343 
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4 Trend in sub-sets 344 

As shown in Sect. 3, declined anthropogenic emissions are very likely to be the main factor of the decreased 345 

PNCs and eBC mass concentration in Germany. The intensity of human activities such as traffic volume usually 346 

has weekly and diurnal cycles. To further investigate the role of anthropogenic emissions in the downward trend 347 

of the PNCs and eBC mass concentration, their weekly, diurnal and seasonal trends were analyzed in this section. 348 

4.1 Weekly trends 349 

For the weekly Sen’s slope, only the data pairs belonging to the same weekday were selected to calculate the 350 

slope m. Figure 4 illustrates the average Sen’s slopes of the PNCs and eBC mass concentration for working day 351 

(from Monday to Friday) and weekend (Saturday and Sunday) at each site category. 352 

At roadside where traffic emission dominates the PNCs and eBC mass concentration, higher reduction rates 353 

are observed on working days for all five parameters. Traffic emission has direct influence on urban background 354 

aerosol, thus reduction rates at urban background sites are higher on weekday. But the differences are smaller 355 

than those for roadside. This result implies that traffic emission control policies such as LEZ is a main factor of 356 

the decreases of the PNCs and eBC mass concentration in urban area. There is no significant difference can be 357 

seen between working day and weekend for the regional background, low mountain range and high Alpine sites, 358 

rather indicating that the cause for the decrease is far away from the background condition and hence closer to 359 

urban areas. 360 

4.2 Diurnal trends 361 

Figure 5 shows the customized Sen’s slopes of the PNCs and eBC mass concentration at each hour of day. 362 

Similar to the weekly trend, data pairs belonging to a particular hour of day were selected to calculate the slope 363 

m. 364 

For BC which is mainly emitted from anthropogenic sources in Europe, diurnal patterns with higher 365 

reduction rate in daytime than in night-time can be seen at roadside sites. Reduction of traffic emission can 366 

directly cause a decrease of eBC mass concentration in near source areas. Therefore, higher reduction rate is 367 

observed in daytime when human activities are more intensive. Negative slopes can be also observed in night 368 

time and in other site categories. A plausible explanation is that, reduction of local anthropogenic emissions can 369 

also reduce the background eBC mass concentration in a larger area and longer time scale since BC has a 370 

lifetime of around a week (Cape et al., 2012; Wang et al., 2014). This result confirms that reduction of 371 

anthropogenic emissions plays a main role in the decreasing trends of eBC mass concentration in Germany. 372 

The trends of the PNCs depend on the particle size ranges and time of day. In most of roadside sites, similar 373 

diurnal patters as that for eBC with higher reduction rate in daytime and lower rate in nighttime can be observed 374 

for N[20-800], N[10-30] and N[30-200]. In cities, traffic emission may have large contribution on PNC in these size 375 

ranges, thus we attribute this diurnal pattern of reduction rate also to the reduced traffic emission in urban 376 

background conditions, similar as to eBC mass. NPF is an important natural source of ultrafine particles and may 377 

largely enhance N[10-30]. Based on the GUAN dataset, Ma and Birmili (2015) reported that the annual average 378 

contributions of NPF on N[5-20] are 12 %, 24 % and 54 % at roadside, urban background and regional background 379 

sites, respectively. Therefore, the inter-annual change of NPF frequency or intensity may also determine the 380 

trend of N[10-30] especially in urban and regional background sites. Actually, as can be seen in Fig. 5c that N[10-30] 381 

show a maximum reduction rate of around -3 % in the afternoon at the regional background sites. It is likely to 382 
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be resulted from the inter-annual change of regional NPF events since NPF is the only dominant source at those 383 

sites. At regional and mountain sites, N[30-200] and N[200-800] show a constant negative trend throughout the day, 384 

suggesting the decrease of PNCs in the regional background air which is likely to be the result of the reduction 385 

of anthropogenic emissions in cities. 386 

4.3 Seasonal trends 387 

It is obvious that the seasonal change of weather condition will have an influence on the change of PNCs and 388 

eBC mass concentration. In the warm season, the higher plenary boundary layer (PBL) height and better dilution 389 

can reduce the PNCs and eBC mass concentration, but NPF events may increase the PNC especially the 390 

nucleation mode particles N[10-30]. Conversely, PNC and eBC mass concentrations are elevated in cold season 391 

due to a less mixed PBL and higher anthropogenic emissions such as domestic heating. In this section, the 392 

seasonal trends of the eBC mass concentration and PNCs were detected. For seasonal trends, only the data pairs 393 

belonging to a particular season were used to calculate the customized Sen’s slope m. 394 

Figure 6 shows the statistical results of the multi-annual trends of the PNC and eBC mass concentrations for 395 

different seasons. In general, negative trends are found in all sites and pollutant parameters except N[10-30]. 396 

Reductions of the PNC are found to be stronger in winter, which can be regarded as a result of the 397 

implementation of the emission mitigation regulations for large or small combustions, such as domestic heating 398 

or power generation in winter. Conversely, the least decreases of the PNCs were found in summer. One impact 399 

factor might be the seasonal variation of biogenic emission (Asmi et al., 2013). The biogenic emission increases 400 

in summer, which will mask the decrease caused by anthropogenic emission. In winter, less biogenic emission 401 

makes anthropogenic emissions more prominent. Therefore, a higher decrease can be seen in winter, indicating 402 

that the decreasing trends of the PNCs are more likely related to anthropogenic sources than biogenic ones. 403 

Long-term change of meteorological parameters may affect the seasonal trend as well. It will be discussed in the 404 

next section. 405 

5 Meteorological influence on the trend of the particle number and the eBC mass concentration 406 

Meteorological conditions also influence the temporal variation of aerosol particles (Birmili et al., 2001; 407 

Mikkonen et al., 2011; Spindler et al., 2013; von Bismarck-Osten et al., 2013; Wehner and Wiedensohler, 2003; 408 

Hussein et al., 2006). Long-term changes of meteorological conditions (precipitation, PBL height, wind speed, 409 

temperature etc.) could cause increase or decrease of atmospheric pollutant concentration. To investigate the 410 

contribution of possible changes in meteorological conditions in the period of interest, trends under different 411 

weather conditions are discussed in this section. 412 

5.1 Seasonal trends of meteorological parameters 413 

Table 4 provides the long-term trends of precipitation, ambient temperature, and wind speed all over Germany 414 

for the period 2009-2018. The meteorological data was obtained from Germany's National Meteorological 415 

Service (Deutscher Wetterdienst, DWD). The daily values of these three meteorological parameters at 76 416 

measuring sites in Germany were provided. The mean time series among all 76 sites were used as the area 417 

average of meteorological data in Germany. The trends of meteorological parameters were evaluated by the 418 

customized Sen’s estimator. Firstly, the significant slope of precipitation was found only in summer, -5.9 % per 419 
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year. Decreased precipitation in summer might result in less wet deposition and thus in a smaller reduction rate 420 

of the eBC mass concentration and N[200-800]. For the ambient temperature, the significant increases were detected 421 

in summer, autumn and winter. Increased temperature, especially in winter, may lead to lower anthropogenic 422 

emissions from domestic heating or power generation. In addition, slight increase of wind speed was observed in 423 

winter, resulting in an increased dilution and thus decreased pollutant concentrations. In summary, increased 424 

ambient temperature and wind speed in winter might contribute to the decrease of the PNCs and eBC mass 425 

concentrations. However, decreased precipitation in summer may diminish the decrease of the PNCs and eBC 426 

mass concentration.  427 

5.2 Air mass dependency on long-term changes in particle number concentration and equivalent black 428 
carbon 429 

Synoptic-scale air masses, representing different weather conditions and long-range transport pattern, can be 430 

used to explain the different temporal variation of aged aerosol particles (Ma et al, 2014; Hussein et al., 2006). 431 

Two factors may control the concentration of aerosol particles in different air masses: residence time over the 432 

continent and regional emission at origin region. 433 

To investigate the influence of the long-range transport pattern, a backward trajectory clustering method was 434 

used. This method, denoted as back-trajectory cluster method (BCLM), is based on a joint cluster analysis 435 

considering backward trajectories, PM10 mass concentration, and profiles of pseudo-potential temperature at 436 

several sites over Germany, including regional background, low mountain range and high Alpine conditions 437 

(Birmili et al., 2010; Engler et al., 2007; Ma et al., 2014). In this study, 15 air mass types are obtained from 438 

BCLM to represent the overall meteorological condition on a large scale over Germany, and it is thus valid for 439 

all GUAN sites. It should be noticed that, the time span of BCLM is from 2009 to 2014, which does not totally 440 

cover the whole observation time in our trend analysis (2009-2018). However, as the trend evolution plots in Fig. 441 

3 and one previous short-term study (2009-2013) of GUAN dataset (Birmili et al., 2015) shown, reductions of 442 

the PNCs and eBC mass concentration have been observed at most of GUAN sites during 2009-2014. Therefore, 443 

to evaluate the influence of long-range transport on the decrease of the PNCs and eBC mass concentration, the 444 

BCLM was used in this section since we believe the change of long-range transport pattern in 2009-2014 could 445 

represent its change in the whole time period (2009-2018). More information about data preparation, cluster 446 

processing, and data procedures and data products is described in detail in a corresponding research article by 447 

Ma et al. (2014). Figure 7 shows the average trajectories and the average normalized profiles of pseudo potential 448 

temperature (θυ) for each air mass type. According to their vertical stability and meteorological condition as 449 

shown in Fig. 7b, the 15 air mass types are named by the season and atmospheric flow: CS: cold season; TS: 450 

transition season; WS: warm season; ST: Stagnant; A: Anti-cyclonic; C: cyclonic. The vertical stability is more 451 

stable at CS air masses and more neutral in WS air masses. Table 5 lists the basic statistical information of each 452 

air mass type. 453 

5.2.1 Particle number concentration and equivalent black carbon mass concentration for each air mass 454 
type 455 

Figure 8 illustrates the median value of the PNCs and eBC mass concentrations with respect to the 15 air mass 456 

types at regional background site category (MEL, WAL and NEU). First, there is less significant difference on 457 

N[10-30] and N[30-200] among different air mass types, since N[10-30] and N[30-200] represent more local information. 458 

For the N[200-800] and eBC mass concentration, higher values are observed in CS air masses as shown in Fig. 8a 459 
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and 8e. This can be explained by higher anthropogenic emissions and less dilution caused by lower PBL height 460 

in cold season. In the same season (WS, CS or TS), the median values of the N[200-800] and eBC mass 461 

concentration differ with regard to atmospheric air flows. The N[200-800] and eBC mass concentration at the air 462 

mass types A1 and ST (CS-A1, WS-A1, TS-A1, CS-ST, and WS-ST), are always higher than the ones at other 463 

air mass types in the same season. Because these air masses remained as least three days over Central Europe 464 

before reaching the measurement sites. During these three days, emitted aerosol particles are continuously 465 

accumulated into the air masses. Within these five air mass types, the median values of the N[200-800] and eBC 466 

mass concentration at CS-A1 and WS-A1 are relatively higher, since the anti-cyclonic air mass usually comes 467 

from Eastern Europe with more anthropogenic emissions. Moreover, the median values of the N[200-800] and the 468 

eBC mass concentration at the air masses type A2 (CS-A2, TS-A2, and WS-A2), C1 and C2 decrease steadily, 469 

which can be explained by the shorter residence time over the European continent. 470 

5.2.2 Influence of air masses frequency change on the trend of the particle number concentration and the 471 
equivalent black carbon mass concentration 472 

As shown in Fig. 8, the PNCs and eBC mass concentration vary widely with respect to different air mass types, 473 

meaning the air mass type is one of the factors to change the pollutant concentrations, especially for aged 474 

accumulation mode particles N[200-800] and eBC mass concentration. Therefore, the frequency change of air 475 

masses might lead to a change of long-term trend of the PNCs and eBC mass concentration. In this section, the 476 

relationship between air mass frequency change and concentration change is discussed. 477 

It is, however, hard to detect the long-term trend of pollutant parameters for each individual air mass type 478 

because the frequency of air masses varies in a range of 2.6 % to 12.4 % (see Table 5). This means that some of 479 

them are too sensitive to detect the temporal change since their frequencies are too low. Therefore, it is needed to 480 

further group the 15 air mass types. According to the different eBC mass concentration values at different air 481 

mass types (see Fig. 8a), the 15 different air mass types are grouped into two categories: 482 

(1): Polluted air mass category includes CS-ST, CS-A1, CS-A2, CS-C1, TS-A1, WS-ST, WS-A1, and WS-C1; 483 

(2): Cleaner air mass category includes CS-C2a, CS-C2b, TS-A2, TS-C1, TS-C2, WS-A2, and WS-C2. 484 

Figure 9 shows the relationship between air mass frequency change and mean pollutant concentration change 485 

at all regional background and low mountain range sites, with respect to each air mass category. If the air mass 486 

frequency change is an dominate factor for the downward trend of BC and accumulation mode particle N[200-800], 487 

a decrease in polluted air mass frequency should be associated with a decrease in N[200-800] and eBC mass 488 

concentration. From Fig. 9a, the frequency of polluted air mass does not consistently decrease: It slightly 489 

decreased from 2009 to 2012, and then started to increase after 2012. However, the annual mean values of the 490 

PNCs and the eBC mass concentrations consistently decrease at both air mass categories for all parameters. 491 

Therefore, it can be concluded that the change of long-range transport pattern is not the reason causing the 492 

reduction of pollutant concentrations. 493 

To sum up, the long-term change of meteorological parameters and long-range transport pattern are analyzed 494 

in this section to investigate their contribution to the downward trend of the PNCs and eBC mass concentration 495 

in Germany. The results show that increased ambient temperature and wind speed in winter since 2009 are 496 

thought to have a contribution to declined eBC mass concentration and PNCs, as a result of less anthropogenic 497 

emissions from domestic heating etc. and slightly stronger dilution by higher wind speed. However, decreased 498 

precipitation in summer may diminish the decrease of the PNCs and eBC mass concentration. Moreover, the 499 
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change of air mass frequency was detected and the results indicate that the change of long-range transport pattern 500 

is not the factor causing the reduction of pollutant concentrations. It is an indication that, the stringent emission 501 

mitigation policies in Germany and Europe have a beneficial effect on the declined eBC mass concentrations and 502 

PNCs. 503 

6 Conclusion 504 

In this work, long-term trends of atmospheric particle number concentrations (PNC) and the equivalent black 505 

carbon (eBC) mass concentration over a 10-year period (2009-2018) were determined for 16 sites in the German 506 

Ultrafine Aerosol Network (GUAN), ranging from roadside to high Alpine environment. Overall, significant 507 

downward trends were found for most of these parameters and observation sites. Concretely, the annual slopes of 508 

the eBC mass concentration of all 16 sites varies between -7.7 % and -1.8 % per year, and the significant slopes 509 

of the PNCs vary from -6.3 % to 2.7 %, -7.0 % to -2.0 %, and -9.5 % to -1.5 % per year for particles with 510 

diameters of 10-30 nm, 30-200 nm, and 200-800 nm, respectively. The regional Mann-Kendall test yielded 511 

regional-scale trends of eBC mass concentration, N[30-200] and N[200-800] of -3.8 %, -2.0 % and -2.4 %, respectively, 512 

indicating an overall decreasing trend for sub-micrometer PNC (except N[10-30]) and eBC mass concentration all 513 

over Germany. Particularly, the highest regional decrease appears for the eBC mass concentration for which 514 

combustion processes from motor traffic and power generation are the major source in Germany. This implies 515 

that decreasing anthropogenic emissions might be one of the factors causing the reduction of the PNCs and eBC 516 

mass concentrations. 517 

The highest decrease of eBC mass concentration was observed during both working days (from Monday to 518 

Friday) and daytime (06:00-18:00 LT) at roadside and urban background, which implies a strong evidence of 519 

reduced traffic emissions in urban area. As traffic volumes near those sites have changed little in comparison, 520 

our results are indicative of reductions in specific emission factors, facilitated e.g. by the introduction of diesel 521 

particle filters. At regional and mountain sites, most of the trends showed a constant decrease during the whole 522 

week and entire day, rather indicating that the sources for the decrease are far away from the regional 523 

background or mountains and closer to urban areas. 524 

Meteorological conditions are also able to influence the temporal variation of aerosol particles. Seasonal 525 

trends show that the reduction of the PNCs and eBC mass concentrations occurs all year round, however, 526 

stronger in wintertime. There are three explanations for this result: 527 

a) The influence of reduced anthropogenic emission on PNC is thought to be much more prominent in winter 528 

than in summer (Asmi et al., 2013), 529 

b) Increased ambient temperature and wind speed in winter are also thought to have a contribution on 530 

declined eBC mass concentration and PNCs, as a result of less anthropogenic emissions from domestic 531 

heating etc. and stronger dilution, 532 

c) Decreased precipitation in summer might result in less wet deposition and thus less scavenging and a 533 

smaller reduction rate of eBC mass concentration and N[200-800]. 534 

Moreover, the change of air mass frequency was determined but the results indicate that the change of long-535 

range transport pattern is not associated with the reduction of pollutant concentrations. We therefore conclude 536 

that the declining anthropogenic emissions are the most likely decisive factor for the decrease of the eBC mass 537 

concentration and PNCs all over Germany. 538 
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This study suggests that a combination of emission mitigation policies can effectively improve the air quality 539 

on large spatial scales such as in Germany. Given the relative novelty of the long-term measurements (particle 540 

number size distributions, BC) in a network such as GUAN, the results proved to be robust and comprehensive. 541 

Our study shows that long-term measurements of aerosol parameters in different environments can be 542 

instrumental in detecting and understanding the long-term effects of emission mitigation policies. 543 
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Table 1: Basic information of the atmospheric measurement sites in German Ultrafine Aerosol Network (GUAN), in alphabetic 777 
order (Birmili et al., 2016). 778 

No. Site name Abbreviation 
Status 

(Until 2017) 
Site category Elevation Location 

1 Annaberg-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 Bösel BOS Terminated 
end of 2014 

Urban background 17 m 52°59’53” N, 07°56’34” E 

4 Dresden-Nord DDN In operation Roadside 116 m 51°03’54” N, 13°44’29” E 

5 Dresden-
Winckelmann-straße 

DDW In operation Urban background 120 m 51°02’10” N, 13°43’50” E 

6 Hohenpeißenberg HPB In operation Low mountain range 980 m 47°48’06” N, 11°00’34” E 

7 Langen LAN In operation Urban background 130 m 50°00’18” N, 08°39’05” E 

8 Leipzig-
Eisenbahnstraße 

LEI In operation Roadside 120 m 51°20’45” N, 12°24’23” E 

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 

11 Leipzig-West LWE Terminated 
end of 2016 

Urban background 122 m 51°19’05” N, 12°17’51” E 

12 Melpitz MEL In operation Regional background 86 m 51°31’32” N, 12°55’40” E 

13 Mülheim-Styrum MST In operation Urban background 37 m 51°27’17” N, 06°51’56” E 

14 Neuglobsow NEU In operation Regional background 70 m 53°08’28” N, 13°01’52” E 

15 Schauinsland SCH In operation Low mountain range 1205 m 47°54’49” N, 07°54’29” E 

16 Waldhof WAL In operation Regional background 75 m 52°48’04” N, 10°45’23” E 

17 Zugspitze 
(Schneefernerhaus) 

ZSF In operation High alpine 2670 m 47°25’00” N, 10°58’47” E 

 779 
780 
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Table 2: Technical details of GUAN instrumentations. Mobility particle size spectrometers (MPSS) follow the TROPOS design 781 
unless stated otherwise (Birmili et al., 2016). 782 

NO. Name Type 
Inlet height 

above ground 

Particle mobility 

size spectrometer 

type 

Size range eBC instrument 
eBC cut-

off 

1 ANA portable cabin 4 m MPSS 10–800 nm MAAP PM1 

2 AUG portable cabin 4 m D-MPSS 5–800 nm Aethalometer 
(Type 8100) 

PM2.5 

3 BOS  portable cabin 4 m MPSS 10–800 nm MAAP PM10 

4 DDN portable cabin 4 m D-MPSS 5–800 nm MAAP PM1 

5 DDW portable cabin 4 m MPSS 10–800 nm MAAP PM1 

6 HPB building 12 m MPSS 10–800 nm MAAP PM10 

7 LAN portable cabin 14 m MPSS (TSI 3936) 10–600 nm – PM1 

8 LEI building 6 m TDMPSS 5–800 nm MAAP PM1 

9 LMI portable cabin 4 m TDMPSS 5–800 nm MAAP PM10 

10 LTR portable cabin 16 m TDMPSS 5–800 nm MAAP PM10 

11 LWE portable cabin 4 m TDMPSS 10–800 nm MAAP PM10 

12 MEL portable cabin 4 m D-MPSS 5–800 nm MAAP PM10 

13 MST portable cabin 4 m MPSS (TSI 3936) 14–750 nm – PM10 

14 NEU building 6 m MPSS 10–800 nm MAAP PM10 

15 SCH building 6 m MPSS 10–800 nm MAAP PM10 

16 WAL building 6 m MPSS 10–800 nm MAAP PM10 

17 ZSF  building 6 m MPSS (TSI 3936) 10–600 nm MAAP PM10 

 783 
 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 
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Table 4: Trend of meteorological parameters all over Germany. The bold numbers are the significant slopes at the 95% significance 807 
level. The daily meteorological data are from Germany's National Meteorological Service (Deutscher Wetterdienst, DWD). The 808 

mean time series among all 76 sites was used as the area average of meteorological parameters all over Germany. 809 

 

Precipitation Temperature Wind speed 
Slope 

in mm year-1 
CI 

in mm year-1 
Slope 

in °C year-1 
CI 

in °C year-1 
Slope 

in m s-1 year-1 
CI 

in m s-1 year-1 
Spring (MAM) -0.01 (-0.8%) -0.07 0.05 -0.04 (-0.4%) -0.15 0.07 0.01 (0.2%) -0.02 0.04 

Summer (JJA) -0.15 (-5.9%) -0.22 -0.06 0.15 (0.8%) 0.07 0.22 -0.01 (-0.2%) -0.03 0.02 

Autumn (SON) -0.06 (-3.3%) -0.13 0.01 0.36 (3.2%) 0.32 0.50 -0.03 (-0.6%) -0.07 0.01 

Winter (DJF) 0.04 (1.6%) -0.03 0.12 0.41 (11.3%) 1.09 1.82 0.04 (0.7%) 0.00 0.10 
 810 

 811 
Table 5: Basic statistical information of the different air mass types. 812 

Air mass type Wind direction Source region Frequency 
2009-2014 (%) 

Mean PM10 
(µg m-3) 

CS-ST Stagnant Central Europe 2.6 39.6 

CS-A1 East Eastern Europe 4.0 36.5 

CS-A2 West North Atlantic 5.6 25.6 

CS-C1 South West Southwest Europe 5.2 26.6 

CS-C2a South West North Atlantic 3.6 12.8 

CS-C2b West North Atlantic 5.5 13.0 

TS-A1 North East Subpolar 8.3 19.8 

TS-A2 West North Atlantic 6.3 18.7 

TS-C1 South West Southwest Europe 5.1 15.4 

TS-C2 North West Arctic 10.8 14.1 

WS-ST Stagnant Central Europe 6.8 23.2 

WS-A1 South East Eastern Europe 5.6 28.4 

WS-A2 North West North Atlantic 12.4 17.9 

WS-C1 West North Atlantic 9.7 18.0 

WS-C2 West North Atlantic 8.3 13.0 
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 813 

Figure 1: The map of atmospheric measurement stations in GUAN. 814 

 815 

 816 

Figure 2: Data coverage of the PNSD and the eBC mass concentration at GUAN sites, from 2009 to 2018. 817 
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 818 

 819 
Figure 3: Annual trends of the eBC mass concentration and PNCs for expanding time intervals starting from 2009, using the 820 
customized Sen’s estimator. The x-axis shows the starting and ending year of each data point. The dot indicates the mean slope and 821 
the whiskers denote the 75th and 25th percentiles. The trend evolution for each site category is illustrated: roadside (RS), urban 822 
background (UB), regional background (RB), low mountain range and high Alpine (LMT&HA). 823 
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 824 

Figure 4: Annual trends of the eBC mass concentration and PNCs for working days and weekend, using the customized Sen’s 825 
estimator at each site category: roadside (RS), urban background (UB), regional background (RB), low mountain range and high 826 
Alpine (LMT&HA). The square denotes the average Sen’s slope on corresponding days (working day or weekend) and the whiskers 827 
denote the 25th and 75th percentile of Sen’s slopes. 828 

 829 
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 830 
Figure 5: Multi-annual trends of the eBC mass concentration and PNCs corresponding to each hour of day,  831 
based on the customized Sen’s estimator. 832 

 833 
 834 
 835 
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 836 

Figure 6: Seasonal statistics of annual trends of the eBC mass concentration and PNCs, based on the customized Sen’s estimator: 837 
Spring: March to May (MAM); summer: June to August (JJA); autumn: September to November (SON) and winter: December to 838 
February (DJF). Dots refer to mean slope at all sites, black line inside the box refers to the median slope, the top and bottom of box 839 
denotes the 75th and 25th percentiles. 840 

 841 

 842 
Figure 7: Basic information on the back-trajectory cluster model (BCLM). a): 15 back-trajectory cluster centers terminated at MEL 843 
as an example. The duration of the back trajectories is 72h. The name of each air mass cluster refers to the character of each cluster: 844 
CS: cold season; TS: transition season; WS: warm season; ST: Stagnant; A: Anticyclonic; C: Cyclonic. b) Average normalized 845 
profiles of pseudo potential temperature (θυ) for the 15 air mass clusters. Profiles with a flat gradient indicate temperature inversions, 846 
while a steep gradient, imply stratification close to neutral. Data originate from the radiosounding launched at the DWD station 847 
Lindenberg, located 115 km northeast of MEL. 848 
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 849 
Figure 8: Average concentration value of eBC mass concentration (a) and size-dependent PNCs (b to e) for the 15 air mass types at 850 
regional background site category (Sites MEL, WAL and NEU). For each panel, the boxes and whiskers denote the 5th, 25th, 50th, 851 
75th and 95th percentiles, while the dots denote the mean values. The solid red line indicates the overall median values. 852 

 853 

 854 
Figure 9: Annual concentration of the eBC mass concentration and PNCs for the two air mass categories, and frequency of polluted 855 
air masses. 856 
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