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Abstract
Low emission zones (LEZs) aiming at improving the air quality in urban areas have been implemented in many European cities. However, studies are limited in evaluating the effects of LEZ, and most of which used simple methods. In this study, we utilized a general additive mixed model to account for confounders in the atmosphere and validated the effects of LEZ on PM10 and NO2 concentrations in two German cities. In addition, the effects of LEZ on elemental carbon (EC) and total carbon (TC) in Berlin were also evaluated. The LEZ effects were estimated after taking into account air pollutant concentrations at a reference site located in the regional background, and corrected for hour of the week, public holidays, season, and wind direction. The LEZ in Berlin, and the LEZ in combination with the heavy-duty vehicle (HDV) transit ban in Munich significantly reduced the PM10 concentrations, at both traffic sites (TS) and urban background sites (UB). The effects were greater in LEZ stage 3 than in LEZ stages 2 and/or 1. Moreover, compared with PM10, LEZ was more efficient in reducing EC, a component that is considered more toxic than PM10 mass. In contrast, the LEZ had no consistent effects on NO2 levels: no changes were observed in Berlin; in Munich, the combination of the LEZ and the HDV transit ban showed a reduction in NO2 at UB site in LEZ stage 1, but without further reductions in subsequent stages of the LEZ. Overall, our study indicated that LEZs, which target the major primary air pollution source in the central and highly populated parts of the city could be an effective way to improve key components of urban air quality such as PM mass concentration and EC level.
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1 Introduction
In many parts of the world, air pollution is a major public health risk (Beelen et al., 2014). Major pollutants including particulate matter (PM) and nitrogen dioxide (NO2) cause adverse health effects (Anenberg et al., 2018; Beelen et al., 2014; Brook et al., 2010; Hoek et al., 2013; Rückerl et al., 2011). In order to protect human health, the European Union (EU) established limit values for several pollutants, including PM10, PM2.5 (particulate matter with aerodynamic diameter smaller than 10 µm and 2.5 µm, respectively) and NO2 (Council of the European Union, 2008). From 2010 on, Member States were obliged to implement measures to reduce regulated pollutants when they exceeded the limit values. Despite the continuous improvement of air quality, the European limit values for PM10, PM2.5 and NO2 are still exceeded in many European countries (European Environment Agency, 2018). Moreover, for PM, no threshold level exists, below which no adverse health effects would occur (WHO, 2006, 2013a). Results from a large multicenter European Study, the European Study of Cohorts for Air Pollution Effects (ESCAPE) also showed significant positive associations between PM and adverse health effects even at levels far below the current EU limit values (Beelen et al., 2014; Raaschou-Nielsen et al., 2013). The scientific community also argued that the current European limit values for PM2.5 and PM10 are too high and provide no incentive for the implementation of those national and local strategies needed to achieve more ambitious goals. It has been advocated that the European Commission should adopt the lower WHO Air Quality Guideline values as limit values for PM in the near future (Brunekreef et al., 2015).
To improve the air quality, air quality action plans such as promotion of public transportation usage, ring road utilization, traffic flow improvements, speed limit reduction, and the implementation of low emission zones (LEZ) were established. LEZs are areas where access to road vehicles is restricted, usually on the basis of their emission class. In Europe, there are more than 200 LEZs in operation (Holman et al., 2015; Silva et al., 2014). As in urban areas, traffic is one important source of PM and the major source for NO2 (Belis et al., 2013; Degraeuwe et al., 2017; Viana et al., 2008), the implementation of LEZ could be an effective measure to reduce traffic related pollution and to improve urban air quality (Sadler, 2011). 
LEZ regulations vary between different cities in size, types of vehicles regulated and the ways of control and enforcement. In Germany, LEZs are operated in three different stages, LEZ 1, LEZ 2, and LEZ 3. The individual municipality decides on the implementation of a LEZ, on its area and the stage of the LEZ. In general, LEZ 3 has the most stringent requirements allowing gasoline vehicles with Euro 1 emission standard or Diesel vehicles with Euro 4, Euro 3 with diesel particle filters (DFP) or higher emission standards to enter. Detailed description of German LEZs is provided in the supplementary material part S1.
The effects of LEZs have been evaluated in the decision-making stage by emission models or in combination with dispersion models (Emplan, 2010; LfU, 2010; Watkiss et al., 2003). Some studies have been carried out to assess the effects after LEZ implementation using monitoring data (Boogaard et al., 2012; Cesaroni et al., 2012; Cyrys et al., 2014; Ellison et al., 2013; Fensterer et al., 2014; Jiang et al., 2017; Löschau et al., 2015; Malina and Scheffler, 2015; Morfeld et al., 2014a; Panteliadis et al., 2014; Santos et al., 2019; Tartakovsky et al., 2020). Overall, there is some evidence from Germany that LEZs reduced PM10 by a few percent, but in other countries the evidence is much less clear, as Holman et al. (2015) summarized in their review. This is partly due to the fact that particulate matter emitted from traffic exhaust accounts for a small fraction of ambient PM10 levels (Belis et al., 2013; Querol et al., 2004; Thorpe and Harrison, 2008). Indeed, EC is considered as a better indicator of diesel vehicle emission and more toxic than the regional background PM10 fraction (Janssen et al., 2011), and may be more suitable for evaluating the effects of LEZ on reducing traffic related emissions. Besides, LEZs showed weaker effects on NO2 than on PM10 (Jiang et al., 2017; Löschau et al., 2016), as NO2 emission under real driving conditions has not significantly been improved from Euro 4 to Euro 6 (Anenberg et al., 2017; Franco et al., 2014). 
Many of the above-mentioned studies evaluated the effect of a LEZ by comparing air pollutant concentrations before and after LEZ implementation or between cities with and without LEZs. However, a simple comparison of concentrations neglects several factors other than LEZs that affect the concentrations of air pollutants. These factors include meteorology, variations in the strength of emissions, long-range transport of aerosols and temporal factors such as season, public holidays, day of the week and rush hour times. Therefore, it is advisable to account for the confounding environmental conditions using the air pollutant concentrations at a reference site (Boogaard et al., 2012; Holman et al., 2015). Additionally, long-term measurements should also be used (Cyrys et al., 2014). In order to properly address these confounders, a general additive regression model was developed for validating the effects of LEZ on PM10 levels in Munich, Germany (Fensterer et al., 2014). 
In the present study, we applied the sophisticated model in validating the effects of all stages of LEZs on PM10 and NO2 in Berlin and Munich, respectively, and at both traffic sites and urban background sites. In addition, the long-term monitoring of elemental carbon (EC) and total carbon (TC) in Berlin provides a unique opportunity to evaluate the effectiveness of the LEZ on EC and TC concentrations in urban air. Overall, the aim of this study is to evaluate the effects of LEZs in reducing PM10, NO2, and EC and TC concentrations in urban air.

2 Methods
2.1 Study area and period
We focused our analysis on the two German cities of Berlin and Munich. The LEZs in both cities are located in and around the city center, as depicted in Figure 1. Table 1 provides more information about the two LEZs. The LEZ in Munich has an area of 44 km2, equivalent of 14% of the urban area. In Berlin, the largest city of Germany, the LEZ covers an area of 88 km2, i.e. 10% of the urban area. The time of implementation of the LEZ stages were different in the two cities: in Berlin, stage 1 was introduced on 1 January 2008 and stage 3 on 1 January 2010 (note that in Berlin no stage 2 LEZ was implemented); in Munich, stage 1 was introduced on 1 October 2008, stage 2 on 1 October 2010 and stage 3 on 1 October 2012. In addition to the LEZ, a HDV transit ban came into force in Munich on 1 February 2008 (eight months before the implementation of the LEZ): HDVs are not allowed to enter the city area if their final destination is not Munich. 
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Figure 1. LEZ area and monitoring sites in Berlin and Munich. The regional background sites are represented by rounds, urban background sites by squares, and traffic sites by triangles. Detailed information on the measurement sites in Berlin are provided in Table S1.

Table 1 gives the time periods of LEZ 1, LEZ 2 and LEZ 3 for the analysis in the two cities. In addition,  defined a period before the LEZ implementation was defined as reference period (LEZ 0): 1 January 2004 - 31 December 2006 for Berlin and 1 January 2005 - 30 September 2007 for Munich. We did not include the data within one year before the LEZ became effective into the analysis. Rather, we left a buffer of one year between the reference period and the LEZ stage 1 (LEZ 1). This is because the composition of the vehicle fleets in Munich and Berlin started to change rapidly within one year before the LEZ became officially effective. Thus, the introduction of the LEZ may affect the vehicle fleet immediately after the announcement of their implementation, and before the official LEZ launch date (Lutz, 2012). 

Table 1. Information of low emission zones in Berlin and Munich.
	
	Berlin
	Munich

	LEZ Area (% of urban area)
(% of urban area)
	~ 88 km2 (10%)
	~ 44 km2 (14%)

	Population within LEZ (%)
	~ 1.000.000 (29%)
	~ 420.000 (32%)

	HDV transit ban (start) a
	No ban
	1 Feb. 2008


	Reference period (LEZ 0)
	1 Jan. 2004 – 31 Dec. 2006
	1 Jan. 2005 – 30 Sep. 2007

	Buffer b
	1 Jan. 2007 – 31 Dec. 2007
	1 Oct. 2007 – 30 Sep. 2008

	LEZ 1
	1 Jan. 2008 – 31 Dec. 2009
	1 Oct. 2008 – 30 Sep. 2010

	LEZ 2
	–
	1 Oct. 2010 – 30 Sep. 2012

	LEZ 3
	1 Jan. 2010 - 31 Dec. 2012
	1 Oct. 2012 – 30 Sep. 2014


a HDV transit ban in Munich forbade trucks whose final destination is not the city from entering the city area;
b Buffer is a one-year period before the implementation of LEZ.

2.2 Air pollution measurement data
Figure 1 shows the locations of monitoring sites used in the analysis. Hourly PM10 and NO2 data were collected from the official monitoring network. The measurement stations in Munich are operated by the Bavarian Environmental Agency (Bayerisches Landesamt für Umwelt, LfU), whereas the measurement stations in Berlin are operated by the Senate Department for the Environment, Transport and Climate Protection (Senatsverwaltung für Umwelt, Verkehr und Klimaschutz Berlin, SenUVK). We included as many monitoring sites as possible and grouped them in three categories: traffic sites (TS), urban background sites (UB), and regional background sites (RB) (Table S1 in the Supplementary Material).
Berlin
Hourly PM10 and NO2 data were obtained from 13 official monitoring stations in Berlin: four RB stations, four urban background stations, and five traffic stations. Berlin is one of the few European cities where TC and EC concentrations were measured biweekly at major roads since the 1990s (Clemen and Kaupp, 2018). TC and EC data are available at four traffic sites and one urban background site. TC and EC were determined according to the method VDI (Verein Deutscher Ingenieure, The Association of German Engineers) 2465 part 2 (VDI 2465, 2016). Filter subsamples were first heated up to 650 °C in helium atmosphere, when the organic compounds were considered evaporated, and later oxidized to carbon dioxide (CO2) which was determined by Nondispersive infrared (NDIR) sensor. In the second step, the filters were heated up to 700 °C with the presence of oxygen (O2), the remaining soot were converted to CO2 and analyzed by NDIR. TC was defined as the sum of organic matter (OM, OM= OC×1.2) and EC.
Munich
We used hHourly PM10 and NO2 data were used, specifically, from four LfU monitoring sites in Munich including one UB site (Lothstraße), one traffic site on the border of LEZ (Landshuter Allee), one traffic site in the city center (Stachus), and one regional background site in the outskirts of the city and outside the LEZ (Johanneskirchen (JOH)) (Regierung von Oberbayern, 2007). Meteorological parameters were obtained from a meteorological station from German Weather Service (Deutscher Wetterdienst, DWD) in Oberschleißheim located northwest of Munich.

2.3 Statistical models
2.3.1 Models for hourly PM10 and NO2 data (Model 1)
Due to the diverse characteristics of the two LEZs we decided to study each LEZ separately, rather than to combine them like e.g. Malina and Scheffler (2015) and Morfeld et al. (2014b). Separate general additive regression models were applied for the hourly PM10 and NO2:
log(Pi) = β0 + β1log(Pref) + βLEZ1 ILEZ1 + βLEZ2 ILEZ2  + βLEZ3 ILEZ3  + fLEZ0(hour) ILEZ0 + fLEZ1(hour) ILEZ1 + fLEZ2(hour) ILEZ2 + fLEZ3(hour) ILEZ3 + fwd (wind direction) +  β2_public holiday + β3_season + βSiISi + ϵ   (1)
where Pi represents the concentrations of PM10 or NO2 at the station of interest. Since the data of several stations were analyzed in a single model, an indicator function ISi for the station i was included in the model. Pref denotes the concentrations of PM10 or NO2 at the reference station, i.e., the regional background station. If several reference stations were available, averaged values were used. ILEZj is the indicator function for the stages of the low emission zone (j = 0, 1, 2, 3); hour is the hour of the week; wind direction is a variable covering 0 to 360 degrees. public holiday is a dummy variable indicating the German public holidays; and season denotes a dummy variable indicating whether the season is summer (April – September) or winter (October – March). Confounders include hour of the week, wind direction, public holidays and season. ϵ denotes the model error.
A sensitivity analysis was conducted using a slightly modified model (Model S1). Model S1 used averaged PM10 or NO2 concentrations of the same types of monitoring stations (e.g., averaged hourly PM10 concentration from all traffic sites in Berlin). Details of the model S1 are provided in part S3 of the Supplementary Material.
The models were implemented in R, version 3.5.1 with the package “mgcv” (https://cran.r-project.org/web/packages/mgcv/mgcv.pdf).

2.3.2 Model for biweekly TC and EC data (Model 2)
TC and EC concentrations in Berlin from four traffic sites (Nr. 117, 143, 220, 174, see Figure 1) were included in the analysis, and an urban background site 042 (see Figure 1) was used as reference site. In order to compare the results of the TC and EC levels with the results of the PM10, we calculated biweekly PM10 concentrations based on the hourly data were calculated. Because of the biweekly temporal resolution, confounders such as hour of the week and national holidays were no longer relevant for in Model 2 (in comparison to Model 1). The remaining influencing factors were the reference site concentration, LEZ stage, wind direction, season, and station:
log(Pi) = β0 + β1log(Pref) + βLEZ1 ILEZ1 + βLEZ2 ILEZ2  + βLEZ3 ILEZ3  + fwd (wind direction) + β3_season + βSiISi + ϵ
 (2)
where Pi represents the concentration measurements of TC, EC or PM10 at the stations of interest. Model 2 was applied to biweekly TC, EC and PM10 concentrations in Berlin, respectively.
The goodness of fit of the models to the data is assessed by the adjusted coefficient of determination. The results can be found in part S5 of the Supplemental Material.

2.4 Distinguish the LEZ effects from the natural vehicle renewal
The model analysis based on air quality data alone that can barely disentangle the default fleet renewal from the additional pure LEZ impact. In order to separate the own impact from LEZ, we utilized the changes in vehicle emissions of exhaust particles and NOx in Berlin without LEZ and with LEZ, respectively (Lutz 2013). Briefly, the real fleet evolution in 2007 before the LEZ, as well as from 2008 till 2012, was obtained by recording the vehicle number plates at a couple of representative spots and retrieving the Euro standard of the vehicles from the registration database. The trend scenario assuming the normal fleet turnover without LEZ was estimated using the Handbook Emission Factors for Road Transport (HBEFa, https://www.hbefa.net/e/index.html), which is the main tool or database for emission and traffic-related pollution modelling used in Germany and many other EU member states.
Based on the fleet data, the vehicle emissions for NOx and PM for the real-world LEZ case and without LEZ scenario were obtained. When comparing the emissions of the year 2008, 2010 and 2012 with the reference year 2007, the reductions in the exhaust particle and NOx emissions were calculated. For detailed description, refer to Lutz (2013).
Table 2 shows the percentages of the contributions of LEZ, which were used to correct the GAM model results. Because the estimation has its own limitations and uncertainties, we present the corrected net LEZ effects as an addition to the main GAM model results.

Table 2. Reductions in exhaust particle emissions and NOx (tons/year) in Berlin from traffic by natural fleet renewal and by combined effects of natural fleet renewal and LEZ.
	
	Year (LEZ stage)
	Reduction by natural vehicle renewal 
	Real-world reduction with LEZ 
	percentage of LEZ

	Particle
	2010 (LEZ 1)
	76
	247
	69%

	
	2012 (LEZ 3)
	123
	281
	56%

	NOx
	2010 (LEZ 1)
	1103
	2620
	58%

	
	2012 (LEZ 3)
	1736
	3055
	43%



3 Results
3.1 PM10
3.1.1 Average PM10 levels before and after LEZ implementation
Figure 2 shows the time series of PM10 yearly mean concentrations in two cities from 2004 to 2014. PM10 was highest at traffic sites, followed by UB and regional background sites. The differences between traffic and background sites (RB and UB) were larger in Munich than in Berlin. There is an overall decreasing trend of PM10 concentrations in Berlin (2004-2012) and Munich (2005-2014), although inter-annual variations exist.
[image: ]
Figure 2. Yearly mean PM10 concentrations in Berlin and Munich. RB: regional background sites; UB: urban background sites; TS: traffic sites.

Table 2 3 shows the PM10 concentrations before and during the operation of LEZs (LEZ0, LEZ 1, LEZ 2 and LEZ 3) at all three types of measurement sites in Berlin and Munich. The ratios and differences were calculated against RB concentrations, and used as indicators of absolute and relative deviations in PM10 between TS and RB, as well as UB and RB.
In Berlin, mean PM10 concentrations decreased (statistically significantly using Mann-Whitney U test) from LEZ 0 to LEZ 1 for all three types of monitoring sites., but barely from LEZ 1 to LEZ 3. The ratios and differences of PM10 were very close between LEZ 0 and LEZ 3 at UB, but decreased at TS. In Munich, mean PM10 significantly decreased consistently from LEZ 0 to LEZ 3. At TS, the ratios of PM10 to the RB concentrations were very similar for LEZ 0, 1, 2 and 3; by contrast, the differences between TS and RB decreased from LEZ 0 to LEZ 3. At UB sites of Munich, the ratios and differences of PM10 to RB decreased from LEZ 0 to LEZ 2, and increased from LEZ 2 to LEZ 3.

Table 23. Mean and median hourly PM10 concentrations (µg/m3) before LEZ (reference period, LEZ 0) and during different LEZ stages in Berlin and Munich.
	City
	Site type a
	Variable
	LEZ 0
	LEZ 1
	LEZ 2
	LEZ 3

	Berlin
	RB
	mean±std b
	24.4±18.0
	20.7±12.4
	
	21.0±16.6

	
	
	median
	19.9
	17.9
	
	16.3

	
	UB
	mean±std
	28.8±22.3
	24.6±16.0
	skipped
	24.9±19.8

	
	
	median
	23.6
	21.6
	
	19.8

	
	
	ratio c
	1.18
	1.19
	
	1.19

	
	
	diff d
	4.4
	4.0
	
	4.0

	
	TS
	mean±std
	36.5±32.0
	29.8±31.6
	
	29.0±22.5

	
	
	median
	31.2
	26.5
	
	23.9

	
	
	ratio
	1.50
	1.44
	
	1.38

	
	
	diff
	12.2
	9.2
	
	8.0

	Munich
	RB
	mean±std
	22.9±19.6
	22.0±21.8
	19.5±15.0
	16.4±14.9

	
	
	median
	18.0
	17.5
	15.5
	13.0

	
	UB
	mean±std
	26±22.2
	24.5±23.2
	20.7±14.4
	18.6±15.5

	
	
	median
	21.0
	19.5
	17.0
	15.0

	
	
	ratio
	1.14
	1.11
	1.07
	1.14

	
	
	diff
	3.1
	2.4
	1.3
	2.2

	
	TS
	mean±std
	36.7±26.0
	35.2±25.1
	31.5±20.4
	26.7±21.0

	
	
	median
	32.0
	30.5
	27.0
	22.8

	
	
	ratio
	1.61
	1.6
	1.62
	1.63

	　
	　
	diff
	13.9
	13.2
	12.0
	10.3



	
	 
	Berlin
	Munich

	LEZ Stages a
	Site type b
	RB
	UB
	TS
	RB
	UB
	TS

	LEZ 0
	mean
	24.4
	28.8
	36.5
	22.9
	26.0
	36.7

	
	median
	19.9
	23.6
	31.2
	18.0
	21.0
	32.0

	
	ratio c
	(ref)
	1.18
	1.50
	(ref)
	1.14
	1.61

	 
	diff d
	(ref)
	4.4
	12.2
	(ref)
	3.1
	13.9

	LEZ 1
	mean
	20.7
	24.6
	29.8
	22.0
	24.5
	35.2

	
	median
	17.9
	21.6
	26.5
	17.5
	19.5
	30.5

	
	ratio
	(ref)
	1.19
	1.45
	(ref)
	1.11
	1.60

	 
	diff
	(ref)
	4.0
	9.2
	 (ref)
	2.4
	13.2

	LEZ 2
	mean
	
	
	
	19.5
	20.7
	31.5

	
	median
	       skipped
	15.5
	17.0
	27.0

	
	ratio
	
	
	
	(ref)
	1.07
	1.62

	 
	diff
	 
	 
	 
	 (ref)
	1.3
	12.0

	LEZ 3
	mean
	21.0
	24.9
	29.0
	16.4
	18.6
	26.7

	
	median
	16.3
	19.8
	23.9
	13.0
	15.0
	22.8

	
	ratio
	(ref)
	1.19
	1.38
	(ref)
	1.14
	1.63

	 
	diff
	 (ref)
	4.0
	8.0
	 (ref)
	2.2
	10.3


a The time period of LEZ 0, LEZ 1, LEZ 2 and LEZ 3 differed from Berlin to Munich (see Table 1). LEZ 2 was not introduced in Berlin.
b a RB: regional background site; UB: urban background site; TS: traffic sites.
b std: standard deviation.
c, d The ratios and differences of the mean PM10 between UB or TS sites and the RB sites, respectively.
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3.1.2 Effects of LEZ - Hourly PM10 (Model 1)
Figure 3 shows the effects of LEZ (LEZ with HDV transit ban in Munich) on PM10 at traffic and UB sites in Berlin and Munich. Detailed results are presented in Table 34. It should be noted that RB is not shown since it is used as reference for the adjustment of UB and TS.

[image: ]
Figure 3. Changes of PM10 concentrations in Berlin and Munich in LEZ stage 1 to 3 compared with the period before the introduction of LEZ. The results for TS and UB were obtained from Model 1, and RB is used as reference.

Table 34. Changes of PM10 concentrations in Berlin and Munich in LEZ stage 1 to 3 compared with period before the introduction of LEZ. The results for TS and UB were obtained from Model 1, and RB is used as reference.
	City
	Measurement siteSite type a
	Effect
	95% CI
	p-value
	Net LEZ effect b

	Berlin
	
	LEZ 1

	
	UB
	-2.1%
	(-3.0%, -1.3%)
	< 0.001
	-1.5%

	
	TS
	-11.5%
	(-12.5%, -10.5%)
	< 0.001
	-7.9%

	
	
	LEZ 3

	
	UB
	-5.5%
	(-6.3%, -4.7%)
	< 0.001
	-3.1%

	
	TS
	-16.8%
	(-17.6%, -15.9%)
	< 0.001
	-9.4%

	Munich
	
	LEZ 1 + HDV transit ban

	
	UB
	-4.4%
	(-6.8%, -2.0%)
	< 0.001
	-3.0%

	
	TS
	-6.0%
	(-8.0%, -4.0%)
	< 0.001
	-4.1%

	
	
	LEZ 2 + HDV transit ban

	
	UB
	-7.5%
	(-9.8%, -5.2%)
	< 0.001
	NA

	
	TS
	-11.3%
	(-13.2%, -9.42%)
	< 0.001
	NA

	
	
	LEZ 3 + HDV transit ban

	
	UB
	-14.7%
	(-16.8%, -12.6%)
	< 0.001
	-8.2%

	
	TS
	-23.7%
	(-25.3%, -22.1%)
	< 0.001
	-13.3%


a UB: urban background sites; TS: traffic sites.
b corrected using the percentages in Table 2. Effects for LEZ 2 cannot be corrected.

In Berlin, significant reductions of PM10 concentrations by 2.1% (UB) and 11.5% (TS) were observed during LEZ 1, and by 5.5% (UB) and 16.8% (TS) during LEZ 3, compared to LEZ 0. The reductions were greater at TS than at UB. In Munich, significant and gradually stronger decreases of PM10 concentrations were observed in parallel to the introduction of LEZ 1, LEZ 2 and finally LEZ 3: in comparison to LEZ 0, the PM10 concentrations were reduced by 4.4% (UB) and 6.0% (TS) during LEZ 1, by 7.5% (UB) and 11.3% (TS) during LEZ 2, and by 14.7% (UB) and 23.7% (TS) during LEZ 3. In LEZ 1, there were very small differences in the reduction effects between UB and TS. In LEZ 2 the difference became larger, while in LEZ 3, a very pronounced difference was observed between UB and TS. 
Table 4 also shows the net LEZ effects on PM10 corrected using the percentages from Table 2, which were 69% and 56% of the GAM model results for LEZ stage 1 and 3, respectively. The highest net LEZ effects for PM10 in Berlin (9.4%) and Munich (13.3%) were at traffic sites at LEZ stage 3.
The effects by seasons are shown in part S4 of the Supplementary Material.

3.1.3 Effects of LEZ - biweekly PM10, TC and EC in Berlin (Model 2)
In addition to PM10, we also evaluated the effects of the LEZ on TC and EC in Berlin. Figure 4 shows the effects of LEZ on biweekly PM10, TC and EC concentrations in Berlin using Model 2. Note that in Model 2 the reference site is Nansenstraße, an UB site within the Berlin LEZ. All effects shown in the figure are statistically significant. All three air pollutants showed reductions of around 10% (PM10: 11.1%, TC: 9.7%, EC: 9.1%) in LEZ stage 1. Reductions of TC and EC concentrations were much larger in LEZ stage 3 compared to PM10 (PM10: 9.7%, TC: 17.3%, EC: 24.9%).
When correcting the model 2 results with the percentages of net LEZ effects, the net effects of LEZ stage 1 become 7.7% (PM10), 6.7% (TC) and 6.3% (EC), and the net effects of LEZ stage 3 become 6.7% (PM10), 11.9% (TC) and 17.2% (EC).
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Figure 4. Changes of biweekly PM10, TC and EC at traffic sites in Berlin in LEZ stage 1 and 3 compared with the period before the introduction of LEZ. Error bars indicate the 95% confidence interval. The results for traffic sites were obtained from Model 2, and urban background site is used as reference.

3.2 NO2
It should be noted that LEZs were implemented to regulate PM10 and other PM components, but not to regulate NO2. Nevertheless, it might be of interest to observe the indirect effects on NO2.
3.2.1 Average NO2 levels before and after LEZ implementation
Figure 5 shows the time series of NO2 yearly mean concentrations in two cities from 2004 to 2014. There was a clear gradient in NO2 levels between TS, UB and RB sites (much more pronounced than PM10). In Berlin, the NO2 concentrations were generally stable from 2004 to 2012; however, in Munich, NO2 showed a decreasing trend from 2005 to 2012, and stabilized from 2012-2014.
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Figure 5. Yearly mean NO2 concentrations in Berlin and Munich. RB: regional background sites; UB: urban background sites; TS: traffic sites.

Table 4 5 shows the NO2 concentrations before and during the operation of LEZs (LEZ 0, LEZ 1, LEZ 2 and LEZ 3) at all three types of measurement sites in Berlin and Munich. The ratios and differences were calculated against regional background concentrations, used as an indicator of absolute and relative deviation in NO2 between traffic or urban background site and regional background site. The ratios and differences of NO2 (TS vs. RB, UB vs. RB) in Berlin did not change with the different stages of LEZ (LEZ 1, LEZ 3) compared to LEZ 0. In Munich, we observed rather an increasing trend in NO2 ratios between TS and RB was observed.

Table 45. Mean and median hourly NO2 concentrations (µg/m3) before LEZ (reference period, LEZ 0) and during different LEZ stages in Berlin and Munich.
	City
	Site type a
	Variable
	LEZ 0
	LEZ 1
	LEZ 2
	LEZ 3 

	Berlin
	RB
	mean±std b
	15.7±10.0
	14.5±9.0
	
	14.6±9.8

	
	
	median
	13.6
	12.5
	
	12.3

	
	UB
	mean±std
	29.3±15.6
	27.5±15.1
	
	28.4±16.1

	
	
	median
	26.1
	24.3
	
	24.8

	
	
	ratio c
	1.86
	1.89
	
	1.90

	
	
	diff d
	13.6
	13.0
	
	13.8

	
	TS
	mean±std
	56.1±24.0
	52.7±22.6
	
	53.3±24.2

	
	
	median
	53.3
	50.5
	
	50.7

	
	
	ratio
	3.56
	3.63
	
	3.6

	
	
	diff
	40.3
	38.2
	
	38.7

	Munich
	RB
	mean±std
	31.7±19.7
	28.9±18.5
	23.3±16.8
	22.6±15.1

	
	
	median
	26.5
	24.5
	18.5
	19.0

	
	UB
	mean±std
	43.8±23.6
	34.5±21.1
	32.6±20.2
	31.5±18.7

	
	
	median
	38.0
	30.0
	28.0
	27.5

	
	
	ratio
	1.38
	1.2
	1.4
	1.39

	
	
	diff
	12.1
	5.7
	9.2
	8.9

	
	TS
	mean±std
	84.7±32.8
	86±33.6
	77.4±30.3
	71.7±29.3

	
	
	median
	82.5
	82.8
	74.8
	69.3

	
	
	ratio
	2.67
	2.98
	3.31
	3.17

	　
	　
	diff
	53.0
	57.1
	54.0
	49.1



	
	 
	Berlin
	Munich

	LEZ Stages a
	Site type b
	RB
	UB
	TS
	RB
	UB
	TS

	LEZ 0
	mean
	15.7
	29.3
	56.1
	31.7
	43.8
	84.7

	
	median
	13.6
	26.1
	53.3
	26.5
	38.0
	82.5

	
	ratio
	(ref)
	1.86
	3.56
	(ref)
	1.38
	2.67

	
	diff
	 (ref)
	13.6
	40.3
	 (ref)
	12.1
	53.0

	LEZ 1
	mean
	14.5
	27.5
	52.7
	28.9
	34.5
	86.0

	
	median
	12.5
	24.3
	5.5
	24.5
	30.0
	82.8

	
	ratio
	(ref)
	1.89
	3.63
	(ref)
	1.20
	2.98

	
	diff
	(ref)
	13.0
	38.2
	 (ref)
	5.7
	57.1

	LEZ 2
	mean
	
	
	
	23.3
	32.6
	77.4

	
	median
	
	skipped
	
	18.5
	28.0
	74.8

	
	ratio
	
	
	
	(ref)
	1.40
	3.31

	
	diff
	
	
	
	(ref) 
	9.2
	54.0

	LEZ 3
	mean
	14.6
	28.4
	53.3
	22.6
	31.5
	71.7

	
	median
	12.3
	24.8
	50.7
	19.0
	27.5
	69.3

	
	ratio
	(ref)
	1.95
	3.65
	(ref)
	1.39
	3.17

	 
	diff
	 (ref)
	13.8
	38.7
	 (ref)
	8.9
	49.1


a The time period of LEZ 0, LEZ 1, LEZ 2 and LEZ 3 differed from Berlin to Munich (see Table 1). LEZ 2 was not introduced in Berlin.
b a RB: regional background site; UB: urban background site; TS: traffic sites.
b std: standard deviation.
c, d the ratios and differences of the mean NO2 between UB or TS sites and the RB sites, respectively.

3.2.2 Effects of LEZ - Hourly NO2 (Model 1)
Figure 6 shows the effects of the LEZs (LEZ with HDV transit ban in Munich) on NO2 concentrations in Berlin and Munich. Detailed results are presented in Table 56. In Berlin, the effects for NO2 were small and not statistically significant, except for LEZ 1 at UB. At traffic sites in Munich, there were very small effects for LEZ 1 (increment of 2.4%) and LEZ 2 (reduction of 2.6%). A statistically significant reduction of about 10% was found in LEZ 3. Overall, the effect of the LEZ on the NO2 concentration intensified from LEZ 1 to LEZ 3 at Munich traffic sites. In contrast, a large decrease of 20.8% in NO2 concentration was seen in LEZ 1 at the Munich UB (Lothstraße), which somewhat declined during the subsequent stages of the LEZ (15.8% in LEZ 2, 17.8% in LEZ 3). There was no clear trend of NO2 reduction with LEZ stages.
Table 6 also shows the net LEZ effects on NO2 corrected using the percentages from Table 2, which were 58% and 43% of the GAM model results for LEZ stage 1 and 3, respectively.
The effects by seasons are shown in part S4 of the Supplementary Material.

[image: ]
Figure 6. Changes of NO2 concentrations in Berlin and Munich in LEZ stage 1 to 3 compared with the period before the introduction of LEZ. The results for TS and UB were obtained from Model 1, and RB is used as reference.

Table 5 6. Changes of NO2 concentrations in Berlin and Munich in LEZ stage 1 to 3 compared with period before the introduction of LEZ. The results for TS and UB were obtained from Model 1, and RB is used as reference.
	City
	Measurement siteSite type a
	Effect
	95 % CI
	p-value
	Net LEZ effect b

	Berlin
	
	LEZ 1
	

	
	UB
	-3.2%
	(-4.3%, -2.1%)
	< 0.001
	-1.9%

	
	TS
	-0.4%
	(-1.7%, 0.985%)
	0.517
	-0.2%

	
	
	LEZ 3
	

	
	UB
	0.2%
	(-0.8%, 1.2%)
	0.667
	0.1%

	
	TS
	-0.1%
	(-1.0%, 1.3%)
	0.856
	0.0%

	Munich
	
	LEZ 1 + HDV transit ban
	

	
	UB
	- 20.8%
	(-22.3%, -19.4%)
	< 0.001
	-12.1%

	
	TS
	2.4%
	(0.9%, 3.9%)
	0.002
	1.4%

	
	
	LEZ 2 + HDV transit ban
	

	
	UB
	-15.8%
	(-17.4%, -14.3%)
	< 0.001
	NA

	
	TS
	-2.6%
	(-4.0%, -1.1%)
	0.001
	NA

	
	
	LEZ 3 + HDV transit ban
	

	
	UB
	-17.8%
	(-19.3%, -16.4%)
	< 0.001
	-7.7%

	
	TS
	-9.9%
	(-11.2%, -8.6%)
	< 0.001
	-4.3%


a UB: urban background sites; TS: traffic sites.
b corrected using the percentages in Table 2. Effects for LEZ 2 cannot be corrected.

4 Discussion
4.1 Trend of PM10 and NO2 concentrations
As Figure 2 and 5 show, the time trend in Germany is quite different for PM10 and NO2. The decreasing trend of PM10 concentration reflects the use of particle traps in vehicles, the introduction of LEZs and the reduction of PM emissions from industry (Luft, 2002) and fuel combustion and residential heating (European Environment Agency, 2018). In contrast, the situation of NO2 is based on four influencing factors (Bruckmann et al., 2019) which together are responsible for the fact that NO2 concentrations do not show a deceasing trend. Firstly, the percentage of passenger cars with Diesel engines increased from about 14% in 2000 to 33% in 2018 (Kraftfahrt-Bundesamt, 2019). Secondly, there was a shift in the conversion of NO to NO2 in the exhaust gas in Diesel cars by the use of oxidation catalysts (Kurtenbach et al., 2008). Thirdly, the real driving emissions of NOx from Euro 4 and 5 diesel cars haven’t improved much compared with Euro 3 (Lutz 2018); therefore, the vehicle fleet update may have a limited effect in reducing NOx.the European test cycle for Diesel cars underestimates the real word emissions of NO2 by a factor of 2-4. And lastly, the manipulation of the software of some automobile companies with frequent deactivation of exhaust cleaning in real driving mode further underestimated the real NO2 emissions (Borgest, 2017).
Furthermore, one should keep in mind that the observation of health effects from PM2.5 on mortality, respiratory and cardiovascular morbidity is classified as causal or likely to be causal (US EPA, 2010) whereas for NO2 this classification is used only for the risk of asthma and other respiratory endpoints (US EPA, 2016). WHO comes to similar conclusions and with respect to mortality uses a risk coefficient for 1 µg/m³ PM10 which is clearly higher than the risk coefficient for 1 µg/m³ NO2 (WHO, 2013a, b). For Germany in 2014 this results in estimated years of life lost which are more than 5 times higher for PM2.5 compared to NO2 (Wichmann, 2018).
Applying the framework for assessing causality (Owens et al., 2017) as done for the US EPA ISA 2016, it was concluded that “the evidence is suggestive of, but not sufficient to infer, a causal relationship between long-term exposure to NO2 and (cardiovascular) mortality among adults”. This overview is not covering all aspects needed for an integrated science assessment. However, the evidence has substantially strengthened through epidemiological studies after the US EPA ISA 2016. Specifically, studies have addressed confounding by PM2.5 (Eum et al., 2019; Lim et al., 2019) and showed effect modification by diet (Lim et al., 2019). The novel scientific evidence is consistent with a “likely to be causal relationship between long-term exposure to NO2 and cardiovascular mortality”. 

4.2 Effects of LEZ on PM10 and PM components
Significant decreases of PM10 concentrations after the enforcement of LEZs (in Munich in combination with HDV transit ban) were observed in Berlin and Munich for both UB and TS. The more rigorous restrictions from LEZ (i.e., stage 3 LEZs) led to larger reduction of PM10. Stronger effects on PM10 were found at traffic sites in comparison to UB sites, which is in line with the fact that the share of PM10 attributable to vehicular exhaust is larger at a TS site than at an UB site. Our results are in line with the results obtained by Fensterer et al. (2014), who in a first analysis of the Munich data for the time period from 2006 to 2010, used a very similar statistical model to estimate the changes in PM10 concentrations after the implementation of the LEZ. The reduction of PM10 concentrations after the implementation of LEZ stage 1 was larger at a single traffic site (13.0%) and smaller in the UB site (4.5%). In our analysis we observed aA very similar reduction of 4.4% at the background site was observed, whereas the reduction at two traffic sites was somewhat smaller (6.0%) compared to Fensterer et al. (2014). However, in Fensterer et al. (2014) data from the traffic site at Prinzregentenstraße were used, while in present study data from two other sites: Stachus and Landshuter Allee were used. The monitoring sites at Prinzregentenstraße was closed and the data for the time periods of LEZ 2 and LEZ 3 were not available. Compared to Fensterer et al. (2014), the current study we extended the analysis  is extended to LEZ stages 2 and 3 in Munich (showing further reduction of PM10), we described the  includes the effects of LEZ on NO2 changes , and additionally included includes Berlin LEZ for PM10, NO2, TC and EC.
We showed that TC and EC concentrations in Berlin were reduced more strongly than PM10 concentrations after the introduction of LEZ stage 3 (PM10: 10%, TC: 17%, EC: 25%). The results confirm the argument of Cyrys et al. (2014) that EC or BC would be much better indicators when evaluating the effectiveness of LEZs. Both parameters are more specific metrics for combustion related particles than PM10, and in this way also for traffic exhaust emissions. The combination of PM10 and BC monitoring in urban areas could potentially generate a useful approach to evaluate the impact of road traffic emissions on air quality. Unfortunately, BC or EC concentrations are not currently routinely measured in urban air quality networks. As BC is considered as a highly health-relevant particle fraction, the implementation of LEZs may lead to a higher health benefit than its literal reduction to the PM10 mass concentration. 

4.3 Effects of LEZ on NO2
The NO2 concentrations responded differently to LEZs (in Munich in combination with HDV transit ban) than PM10, and differently between Berlin and Munich. Only very small and mainly non-significant effects without a clear tendency were found in Berlin. In contrast, NO2 at UB in Munich significantly decreased with the introduction of the LEZ but the NO2 levels did not further decrease during LEZ 2 and LEZ 3. Reductions of NO2 concentrations at TS in Munich were observed only from LEZ 2.
The decrease of NO2 concentrations due to the introduction of LEZs was much weaker than for particulate matter. In 2012 to 2017, at around 60% of the traffic sites in Germany, exceedances of the limit values for NO2 are still being observed (UBA, 2017a). One reason for the slight reduction of NO2 concentrations maybe that NO2 emissions in real-life driving conditions were much higher than the nominal vehicular NO2 emission limit value. The test procedure used during approval testing for vehicular NO2 emission represents only a small part of the real driving situation (UBA, 2017b).
In Munich, HDV transit ban was implemented before LEZ 1, while no such measure was introduced in Berlin. The HDV transit ban may have contributed to the decrease of NO2 in Munich. There are two possible explanations for the observed reductions of NO2 at the Munich UB site. First, the HDV transit ban came into force eight months before LEZ 1. This might have had an overall effect on the urban background concentration of NO2 in Munich. As the effects did not become stronger from LEZ 1 to LEZ 3, it is likely that the LEZ did not contribute to the reduction of NO2 at urban background site. However, the HDV transit ban seemed to have a weaker effect on NO2 at traffic sites. The second explanation could be the local influences on NO2 at Munich urban background site. In this study, only one urban background site was available in Munich (Lothstraße). Some potentially unknown changes in local NO2 sources near Lothstraße before LEZ 1 implementation may have caused such results. This underlines the disadvantage of relying on a single monitoring site. In contrast, we havethe current study included two traffic sites in Munich, four urban background sites and five traffic sites in Berlin.

4.4 Strengths and limitations
The regression models developed in this study used the air pollutant measurements at regional background as reference. This allowed us to account for many confounders including meteorology, diurnal variation, long-range transport of air pollution, and secondary aerosol formation that may influence the absolute levels of air pollutants. We also used this model to evaluate the LEZ on the key components of PM10 (EC and TC).
Some limitations are inherent to our methodology. As we compared the relative difference of air pollutants between TS and RB, and between UB and RB adjusting for confounding variables, it cannot be ruled out that other mitigation measures (e.g., speed limit control, HDV transit ban, traffic rerouting, and natural vehicle renewal) than the LEZ were the cause for the observed differences. Therefore, other mitigation measures or policies that can influenced the car fleet or emission of vehicular exhaust could not be distinguished by the GAM models should be considered. During the economic crisis from 2008, the German government initiated a car scrappage program in beginning of 2019 to stimulate the economy, however, it was launched one year later than LEZ which already bans the old cars in 2008.  In Munich, a HDV transit ban was introduced at the similar time with LEZ. In Berlin, no additional control measures on traffic were introduced. We tried to differentiate the effects of natural vehicle renewal from net LEZ effects in reducing the PM10 and NO2 concentrations by estimation of the emission reductions by real-world scenario with LEZ and normal fleet turnover without LEZ, respectively.
The second limitation is due to the availability of monitoring sites and data. In Berlin, there is a sufficient number of monitoring sites (4 RB, 4 UB and 5 TS), while in Munich, the number of monitoring stations is more limited (1 RB, 1 UB and 2 TS). In the case that only a single monitoring station is available, the result is more susceptible to, e.g., the change of any local sources in the long-term measurement. In contrast, when multiple sites of the same category are available, the mean urban air pollution level represents the estimations more robustly.

4.5 Final remarks on LEZ
There have been doubts before the implementation of LEZs about whether they could constitute a suitable and effective measure in improving urban air quality. Many studies have been carried out to evaluate the effects of LEZs. In the case of Germany, most studies have found an effect in reducing PM10 concentrations (Cyrys et al., 2014; Fensterer et al., 2014; Lutz and Rauterberg-Wulff, 2009; Malina and Scheffler, 2015). Our study showed a clear effect for PM10 in the range of 2% to 24%, depending on the site category (background vs. traffic) and the LEZ stage. The effect for EC in Berlin is much stronger than for PM10. The effect on NO2 was not clear and not consistent, which might be caused by the fact that NO2 emissions in real-life driving conditions have not been significantly reduced.
After many years of implementation of LEZs, the vehicle fleet today meets the most stringent requirement of LEZ stage 3; therefore, the additive effect of LEZ now may be smaller than right after its implementation. Nevertheless, a mitigation measure, such as LEZs, which targets the major primary air pollution source in a highly populated city center could be a feasible way to improve urban air quality.

5 Conclusions
Overall, our study showed that LEZs (in Munich in combination with the HDV transit ban) proved to be effective in reducing PM10. The strongest effects were observed in LEZ stage 3, the strictest stage so far. LEZs are were effective in reducing PM10 concentrations near traffic than in urban background areas. In contrast, it is not clear whether the LEZ was responsible for the reduced NO2 concentrations; more likely the HDV transit ban contributed to the observed NO2 reduction in Munich.
The results clearly demonstrated that the LEZ had a much larger effect in reducing the EC concentration near traffic than for PM10 (25% vs. 10% in LEZ 3 in Berlin). This has a twofold implication: firstly, LEZ is more efficient in mitigating the more toxic fraction of PM10 (soot particles); secondly, the health benefit of the LEZ may be larger than the estimation based on the reduction of PM10.
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