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Reply to Interactive Comment: Anonymous Referee #1 

 

MS-Nr: acpd-2011-134 

Spatiotemporal distribution of light-absorbing carbon and its relationship to other 

atmospheric pollutants in Stockholm 

 

We thank anonymous referee # 1 for all comments and suggestions that helped to improve the 

quality of this article. A detailed response to the comments of reviewer # 1 follows below. 

 

1. Correlation of PM2.5 concentrations between Aspvreten and Norr Malma.  

A low correlation (Rhourly=0.43 and Rdaily=0.71) of the PM2.5 time series at Aspvreten and Norr 

Malama was observed during the period of simultaneous measurements. However, mean (8.30 and 

8.00 µg m
-3

) and median (5.08 and 4.70 µg m
-3

) values for the simultaneous measurements were 

very similar at both sites. Thus, Norr Mama PM2.5 concentrations were used as a replacement of 

Aspvreten data only for calculations of average values (i.e., calculations related to Fig. 8). Other 

calculations involving hourly or daily PM2.5 concentrations at Aspvreten, were carried out only with 

data measured at Aspvreten. We included this information in the manuscript as suggested by the 

reviewer. 

“Because of the short PM2.5 time series at Aspvreten (started on 22 June 2006), Norr Malma PM2.5 

measurements were used as a replacement of Aspvreten data only for calculations of average 

values (means of 8.30 and 8.00 µg m
-3 

for the simultaneous measurements) since the linear 

correlation for the time series was rather low (Rhourly=0.43 and Rdaily=0.71) for the period of 

simultaneous measurements.” 

 

2. Table 1, simultaneous measurements. In the case of Tables 1, 2 and 3, we recalculated the 

statistics only when simultaneous measurements were observed at all sites (number of samples: 

1279). The new tables are presented below (Tables 1 and 2). We observed small differences 

between the results obtained using all data (old calculation) and simultaneous data (new 

calculation). We found that the difference between the two calculations is too small that the 

interpretation of the final results does not change. 

 

Table 1. Descriptive statistics of hourly MLAC concentrations at the four sites for the period 20 April- 5 July 

2006. 

MLAC [µg m
-3

] Hornsgatan Essingeleden Torkel Aspvreten 

Arithmetic mean 5.51 3.21 1.18 0.33 

Median 4.65 2.69 0.76 0.14 

5
th

 percentile 1.45 0.68 0.21 0.01 

95
th

 percentile 13.17 7.31 4.02 1.41 

Arithmetic SD 3.68 2.23 1.18 0.47 

Number of samples 1279 1279 1279 1279 

 

Table 2. Spatiotemporal variability of MLAC time series measured at the four sites in the period 20 April- 5 

July 2006. R and COD for hourly and daily (in square brackets) measurements. R > 0.75 are displayed in 

bold. 
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Coefficient Stations Essingeleden Torkel Aspvreten 

 Hornsgatan 0.58 [0.70] 0.51 [0.71] 0.27 [0.47] 

R [-] Essingeleden  0.51 [0.69] 0.28 [0.42] 

 Torkel   0.77 [0.85] 

 Hornsgatan 0.38 [0.32] 0.69 [0.71] 0.89 [0.91] 

COD [-] Essingeleden  0.54 [0.54] 0.84 [0.86] 

 Torkel   0.66 [0.67] 

 

In the case of Table 5, where we calculated intracorrelations at each site, if we consider only 

simultaneous data for all pollutant concentrations and sites as the reviewer suggested, the number of 

hourly samples is reduced to 625. This large reduction is due the small data coverage of PM2.5 

concentrations at Hornsgatan and Aspvreten. In a trade-off between using only simultaneous 

measurements at all sites (in which case the sample number would be reduced considerably) and 

using all measurements, we chose to use all data for the calculations. To help the reader interpret 

the correlations, we presented the number of samples involved in each correlation and highlighted 

results for cases when the sample number is rather low compared to other results. The same 

approach was found in other studies related to pollutant concentrations (e.g., Ketzel et al., 2004). 

To clarify the data selection for the results shown in Table 1 and Figure 4 (histograms), we 

reworded the sentence as follows (Section 4.2, 2
nd

 paragraph): 

“Descriptive statistics and frequency-of-occurrence histograms of hourly mean MLAC 

concentrations measured with the PSAP-ITM in the period 20 April - 5 July 2006 are displayed in 

Table 1 and Figure 4, respectively.” 

 

3. Statistical test to compare weekend vs. weekday concentrations. The reviewer pointed out 

that the data series need to be normally distributed to apply a t-test. Because the time series of 

weekend and weekday pollutant concentrations do not follow a normal distribution in our study, we 

applied a non-parametric Mann-Whitney U test instead. Even if the data series are log-normally 

distributed, a hypothesis test applied on the log-transformed data may be misleading when 

analyzing the difference in means.  The test of differences (log(x1)-log(x2)=log(x1/x2)) becomes the 

test of ratios instead.  

The results of the U test are reported in Section 4.5: “To test the significance of the weekday 

concentrations being higher than the weekend levels, a non-parametric Mann–Whitney U test was 

performed on the median difference concentration for each hour of the day at 95% confidence level. 

Measurements at Aspvreten showed no significant difference between weekend and weekdays for all 

variables analyzed, indicating no evidence of local anthropogenic activities. Weekday 

concentrations were statistically significantly higher than weekend levels for: (1) MLAC 

concentrations at all urban stations during daytime (07:00-20:00), (2) PM10 concentrations in the 

morning and early afternoon (08:00-15:00) at Hornsgatan and Torkel, and during daytime (07:00-

20:00) at Essingeleden, (3) NOx levels at the three urban sites during daytime (06:00-20:00), (4) 

PM2.5 concentrations only at Hornsgatan in the period 07:00-20:00 (this result should be 

considered with caution as previously mentioned).” 

“During early morning hours (00:00-05:00), Hornsgatan MLAC and NOx concentrations were 

found statistically significantly higher at weekends than on weekdays (Mann–Whitney U test, 95% 

confidence level).” 
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4. Calculate root mean square error when comparing MLAC measured with PSAP and 

Aethalometer. The calculations were done and their results included at the end of section 4.1: 

“To determine the goodness of the linear fit between hourly PSAP and Aethalometer MLAC 

concentrations, the root mean square error RMSE was calculated for both sites. The RMSE values 

were 1.78 and 0.35 µg m
-3

 for Hornsgatan and Torkel, respectively. The higher RMSE value at 

Hornsgatan indicates a larger difference between the instrument measurements at this site than at 

Torkel.” 

 

5. Plot frequency distributions of MLAC concentrations for each site. The frequency-of-occurrence 

histograms of MLAC concentrations are now presented in Figure 4 for all sites, showing the skewed 

nature of the distributions. 

 

6. Effect of meteorological variables on pollutant concentrations. Following the reviewer’s 

suggestion, we included a comment on the effect of precipitation on MLAC concentrations for the 

example week: 

“During that week, the daily mean temperature at Torkel ranged between 7.9
o
C and 10.4

o
C with 

precipitation records on 17 May (0.6 mm), 18 May (3.8 mm), and 20 May (5.6 mm). The weather at 

Aspvreten was colder than at Torkel with air temperatures between 5.1
o
C and 9.0

o
C and 

precipitation records on 17 May (1.0 mm), 18 May (2.6 mm), and 20 May (3.2 mm). At both 

stations, precipitation did not seem to produce significant washout of airborne particles when 

comparing concentrations in rainy days vs. non-rainy days. This might be explained by the low 

precipitation rate and amount.” 

We also included a more detailed discussion on the WS dependency of the pollutant concentration 

at the end of Section 4.6: 

“Hourly concentrations were classified according to the corresponding WS in intervals of 1 m s
-1

 to 

investigate the WS dependence of the pollutant concentrations at the urban sites excluding the LRT 

episode. Then the median and interquartile range were computed for each species and WS interval. 

Concentrations of PM10, MLAC, coarse particles (PM10-PM2.5) and NOx versus WS are displayed in 

Fig. 8. Due to the low data coverage of PM2.5 concentrations at Hornsgatan, the WS dependence of 

the coarse fraction was not included for this site. MLAC was diluted in a similar way as NOx (mainly 

emitted by vehicle exhausts) whereas a positive wind speed dependence of PM10 and coarse 

particles was found for WS > 6 m s
-1

. The increase in PM10 concentrations for the highest WS was 

due to the increase of the coarse particle fraction with WS. In Stockholm, dust resuspension is 

mostly produced by road abrasion when vehicles still use studded tires and paved roads are dry 

(Norman and Johansson, 2006).  

These results indicate that MLAC was mainly emitted by vehicle traffic at the kerbside stations 

whereas the LRT contribution to the LAC concentrations was masked at these sites. NOx was 

mostly emitted by traffic sources in the urban area and no agricultural wildfires influence was 

observed on NOx levels at the three sites. Both PM10 and PM2.5 concentrations were strongly 

impacted by the LRT event at all sites. In urban areas, concentrations of PM10 and coarse particles 

showed a positive WS dependency due to local dust generation by road abrasion.” 
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7. Wildfire episodes and back trajectory analysis. The reader is referred to Targino et al. (2011) 

for details on the impact of this wildfires episode on the Swedish air quality, including air mass 

back trajectory analysis. 

 

8. Explanation of Figure 8. We reworded the paragraph related to Fig. 8 as follows: 

“Finally, we illustrate the contribution of the urban sources relative to the regional background 

levels and discuss the potential to decrease urban concentrations by reducing local emission of 

atmospheric pollutants following Ketzel et al. (2004). Figure 10 displays the mean weekday 

concentrations at the different locations relative to the concentrations at the urban background site 

(Torkel, equal to 100%). Rural NOx and PM2.5 data correspond to Norr Malma station. The 

concentrations bars are stacked so that only additional contributions are displayed. A much larger 

difference between rural and urban levels is observed for MLAC and NOx compared to PM10 and 

PM2.5 concentrations. For MLAC and NOx 70-75% of the concentrations were generated in the 

urban area whereas only 35% of PM10 and 5% of PM2.5 corresponded to local urban sources. 

Regarding the kerbside stations, MLAC and NOx levels were 310-660% relatively higher than urban 

background levels whereas PM10 and PM2.5 concentrations were 130-230% higher relative to 

Torkel. Hence, the potential for reducing pollutants urban concentrations in Stockholm by 

controlling local emissions is much higher for MLAC and NOx compared to PM2.5 and PM10.” 

 

 

Minor comments 

 

9. Definition of MLAC. We defined MLAC as light-absorbing carbon mass and modified the text 

accordingly. 

 

10. Section 3.2, consistency with terminology. Following the reviewer’s suggestion, we reword the 

text to only use mass absorption cross sections and coefficients. 

11. P13287, L12-14: Meteorological instruments. We included details of the meteorological 

instruments whose time series were analyzed in this study. 

 

12. P13282, L8: ―Carbon‖ was deleted. 

 

13. P13282, L22: The explanation of NO2 (nitrogen dioxide) was added. 

 

14. P13288, L2: Meaning of bap. The definition of bap (aerosol absorption coefficient) was included 

in Section 3.1. 

 

15. P13293, L7: The definition of LT (local time) was included. 

 

16. P13298, L8: We replaced ―pollutants concentrations‖ by ―pollutant concentrations‖. 

 

17. P13294, L15-22: Reference to Vogt et al. (2010). We agreed with the reviewer and the reference 

to the Vogt et al. study was removed from our manuscript. 
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18. P13295, L14: WD sectors. WD sectors correspond to 22.5
o
 and this information was included in 

the manuscript. 

 

19. Reference list. We corrected the reference to Bond and Bergstrom, and the reference to Vogt et 

al. was deleted (see response 17). 

 

20. Tables 2 and 3. Following the reviewer’s suggestion, these tables were combined (new Table 2). 

 

21. Figure 7, regression lines. Different line types were used for the regression lines as suggested by 

the reviewer. 
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Abstract. Carbon-containing particles have deleterious effects on both Earth’s climate and human 

health. In Europe, the main sources of light-absorbing carbon (LAC) emissions are the transport 

(67%) and residential (25%) sectors. Information on the spatiotemporal variability of LAC particles 

in urban areas is relevant for air quality management and to better diagnose the population exposure 

to these particles. This study reports on results of an intensive field campaign conducted at four 

sites (two kerbside stations, one urban background site and a rural station) in Stockholm, Sweden, 

during the spring 2006. Light-absorbing carbon mass (MLAC) concentrations were measured with 

custom-built Particle Soot Absorption Photometers (PSAP). The spatiotemporal variability of MLAC 

concentrations was explored by examining correlation coefficients (R), coefficients of divergence 

(COD), and diurnal patterns at all sites. Simultaneous measurements of NOx, PM10, PM2.5, and 

meteorological variables were also carried out at the same locations to help characterize the LAC 

emission sources.  

Hourly mean and standard deviation MLAC concentrations ranged from 0.36 (rural) to 5.39 µg m
-3

 

(street canyon) and from 0.50 to 3.60 µg m
-3

, respectively. Concentrations of LAC between urban 

sites were poorly correlated even for daily averages (R<0.70), combined with highly 

heterogeneously distributed concentrations (COD>0.30) even at spatial scales of few kilometers. 

This high variability is connected to the distribution of emission sources and processes contributing 

to the LAC fraction at these sites. At urban sites, MLAC tracked NOx levels and traffic density well 

and mean MLAC/PM2.5 ratios were larger (26-38%) than at the background sites (4-10%). The results 

suggest that vehicle exhaust emissions are the main responsible for the high MLAC concentrations 

found at the urban locations whereas long-range transport (LRT) episodes of combustion-derived 

particles can generate a strong increase of levels at background sites. 

To decrease pollution levels at kerbside and urban background locations in Stockholm, we 

recommend abatement strategies that target reductions of vehicle exhaust emissions, which are the 

main contributors to MLAC and NOx concentrations. 

 

Keywords: Black Carbon; Elemental carbon; Urban aerosols; Diurnal variation; Air quality. 

 

1. Introduction  

 

Primary carbonaceous particles are mostly emitted by combustion processes (transport, residential 

sector, industry, and power generation) and represent a large fraction of the submicron aerosol.  

Regarding the optical properties of the carbonaceous material, it is usually described as two major 
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constituents: light-absorbing carbon (LAC), with strong absorption of visible light, and organic 

carbon (OC), with weak absorption in the visible electromagnetic spectrum. Despite the detrimental 

effect of carbon-containing particles on human health (Lighty et al., 2000; Franco Suglia et al., 

2007) and the potential of the LAC fraction to modify the radiative budget regionally (Ramanathan 

et al., 2007) and to have other adverse effects on climate (e.g. Ramanathan et al., 2001; Ackerman 

et al., 2000; Menon et al., 2002), their emission and ambient concentrations are still not addressed 

by local regulations worldwide. 

The main emission sources of LAC in Europe are road transport (49%), residential combustion of 

solid fuels (25%), and off-road transport (18%) according to estimations by Kupiainen and Klimont 

(2007) for the year 2000. In Sweden, the main sources contributing to LAC emissions are road 

transport (37%), residential combustion of biofuels (25%), and off-road transport (23%) as 

extracted from the Bond et al. (2004) global inventory based on 1996 fuel-use data. Streets et al. 

(2004) projected a reduction of LAC emissions in Europe in 2030 and 2050 (36-64% depending on 

the IPCC scenario), mainly due to the introduction of advanced vehicle technology. A 40% decrease 

of LAC emissions is predicted in Sweden for the year 2020 compared to 2007, associated to more 

stringent particulate emission standards for diesel engines and other vehicles (R. Abrahamsson, 

personal communication, Swedish Environmental Protection Agency, 2011). However, advances in 

reducing atmospheric emissions by the development of cleaner vehicle technologies could be 

balanced or even exceeded by increasing traffic density in many cities. 

Compared to rural zones, urban areas are characterized by higher population density, larger number 

of pollutant emission sources, higher atmospheric pollutants concentrations, and a higher LAC 

content in the fine particle (PM2.5) fraction (Putaud et al., 2004). Simultaneous and continuous time-

resolved LAC measurements are required in different parts of the city to (1) characterize the 

carbon-containing particle sources which can be used to streamline successful air quality control 

strategies to safeguard public health, (2) understand the particles fate and transport in the urban 

atmosphere, (3) study the spatiotemporal variability of LAC particles to better diagnose the 

population exposure to these particles, and (4) determine to what extent the limit values for PM2.5 

and PM10 regulate the LAC concentrations, since LAC would be a good candidate substance to be 

regulated if both climate and health effects of emissions are to be considered. 

Stockholm is the largest metropolitan region in Scandinavia (1.25 million inhabitants in the urban 

area) and has an extensive air quality monitoring program created by the Stockholm Environment 

and Health Administration and operated by SLB analys. For several atmospheric pollutants (carbon 

monoxide, sulphur dioxide, benzene, lead, and benzo[a]pyrene) Stockholm concentrations are 

below the national environmental quality standards (which are the same as the EU directives) even 

on the busiest streets in the inner city (Johansson et al., 2009). However, nitrogen dioxide (NO2) 

and PM10 mass concentrations still exceed the air quality standards in Stockholm city in connection 

to high traffic emissions (Johansson et al., 2009). High PM10 concentrations are found in the inner 

city in springtime mostly due to particle resuspension, as a result of the use of studded tires when 

roads are free from snow (Norman and Johansson, 2006). While the spatial variability of particle 

mass concentrations (Johansson et al., 2007a) and particle number concentrations (Gidhagen et al., 

2004a; 2004b; 2005) over Stockholm has already been assessed in previous studies, considerably 

less is known about the distribution of LAC particles within the city (Johansson et al., 2007b) and 

the relationship between the LAC particle fraction and other atmospheric pollutants. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VH3-4YB5M9X-3&_user=5944594&_coverDate=04%2F30%2F2010&_rdoc=3&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%236055%232010%23999559986%231831698%23FLA%23display%23Volume%29&_cdi=6055&_sort=d&_docanchor=&_ct=14&_acct=C000005458&_version=1&_urlVersion=0&_userid=5944594&md5=59bd6d0dc066275fd66782fce2982cb6&searchtype=a#bib23
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This work investigates the spatiotemporal variation of hourly light-absorbing carbon concentrations 

in Stockholm city in springtime. First, the performance of the custom-built instruments is evaluated 

in ambient air by comparing their measurements with those from commercial instruments. Then, 

descriptive statistics are presented for different monitoring sites and the spatial and temporal 

variation of the LAC mass (MLAC) concentrations is also examined. To help characterize the LAC 

emission sources, we also report the relationships between LAC and other atmospheric pollutants 

(PM2.5, PM10, and NOx), the diurnal cycles of these pollutants, and the wind dependence of the 

concentrations. Finally, the urban and rural contributions to the atmospheric pollutants load are 

discussed. 

 

2. Description of measurement sites 

 

An intensive field study was conducted simultaneously at three monitoring sites in central 

Stockholm (Hornsgatan, Torkel Knutssonsgatan (referred to as ―Torkel‖), and Essingeleden) and at 

a rural station (Aspvreten) in spring 2006 (Figs. 1 and 2). Hornsgatan is a four-lane 24 m wide street 

canyon with 24 m high buildings. Instruments were housed in a trailer parked on the street with a 

traffic volume of ~28,000 vehicles per day. On average, the composition of the vehicle fleet is: 

passenger cars 77%, light-duty vehicles 12%, buses 2%, and heavy-duty vehicles 1%. Half of the 

vehicle fleet runs on gasoline, 30% uses diesel (21% of the passenger cars, most of the taxis and 

heavy-duty vehicles), and 14% are ethanol vehicles (80% of the buses and 15% of the passenger 

cars) (Burman and Johansson, 2010). Torkel is located on a rooftop platform (25 m height) and 

thereby represents urban background concentrations for the Stockholm region, since it is not 

directly affected by nearby atmospheric emissions. Measurements were also carried out near 

Essingeleden, on the island of Lilla Essingen, by the kerb of the eight-lane E4 highway with a 

traffic flow of ~128,000 vehicles per day. The distance between Hornsgatan and Torkel sites is 450 

m, Hornsgatan-Essingeleden distance is 2.7 km, and Torkel and Essingeleden sites are 3.1 km apart. 

Aspvreten is a rural background station operated by ITM and is part of two European-scale aerosol 

monitoring networks: the European Monitoring and Evaluation Programme (EMEP) and the 

European Supersites for Atmospheric Aerosol Research (EUSAAR). The station is located 80 km 

southwest of Stockholm and 2 km inland from the Baltic Sea, and surrounded by deciduous and 

coniferous forest and grasslands. Measurements conducted at Norr Malma rural background station, 

located in a rural area ~70 km northeast of Stockholm and 1 km south of Lake Erken (Fig. 1), were 

used to complete or complement Aspvreten data. 

 

3. Instrumentation and sampling program 

 

3.1 Carbonaceous aerosol 

 

Measurements of light-absorbing carbon were performed using custom-built Particle Soot 

Absorption Photometers (PSAP) at the four sites (central Stockholm and Aspvreten) and two 

commercial Aethalometers installed at Hornsgatan and Torkel. The measurement principle of these 

instruments is the same and relies on the light absorbing properties of the carbonaceous aerosols. 

The method is based on the integrating plate technique (Lin et al., 1973) that measures the 

attenuation of light transmitted through particles that are continuously collected on a filter. The 
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LAC mass absorption cross section a  relates the absorption coefficient of the aerosol bap to the 

MLAC concentration. The calculation of  a  requires the determination of MLAC by an independent 

method (e.g., thermo-optical measurements).  

The Aethalometers series 8100 (Magee Scientific, USA) were operated with PM2.5 sample inlets 

(installed at 3.5 m above ground level) and a sample flow rate of 2 l min
-1

. The instruments reported 

1-min values, calculated from 5-min moving averages, and 15-min average values were logged into 

the acquiring system. Aethalometer concentrations were computed using the a  value provided by 

the manufacturer (16.6 m
2
 g

-1
). In this study, mean offset values of 0.50 µg m

-3
 and 0.21 µg m

-3
 

were subtracted from Aethalometer MLAC concentrations measured at Hornsgatan and Torkel, 

respectively. These offset values were found when operating the Aethalometer in the field with 

particle-free air drawn through the filter for several days. Similar Aethalometer offset values were 

observed by the instrument supplier when running baseline measurements (Krecl et al., 2007). 

The custom-built PSAPs were constructed at ITM, Stockholm University (herein after referred to as 

PSAP-ITM) and a detailed description can be found in Krecl et al. (2007; 2010). For this campaign, 

sample inlets were installed at ~2 m above ground level and no pre-cut size devices were used. The 

PSAP particle sampling was conducted through ¼‖ stainless steel tubing with the flow rate 

controlled by a needle valve (~0.06 l min
-1

 at central Stockholm sites, and 0.2 l min
-1

 at the rural 

site). Data were logged every 30 seconds and a 4-min moving average was computed for all 

voltages prior to calculating the absorption coefficients.  Several corrections were applied to PSAP 

measurements, as described in Krecl et al. (2007; 2010), to obtain the absorption coefficient of the 

airborne particles: filter property correction, filter loading correction, scattering correction and 

additional absorption correction. To correct for aerosol light scattering aerosol deposited onto the 

PSAP filter, two approaches were used depending on the data availability at each site: (1) aerosol 

scattering coefficient measurements performed at Hornsgatan in the period 23 May - 6 July 2006 

using an integrating nephelometer (520 nm wavelength, model M9003, Ecotech, Australia), (2) 

aerosol light-scattering coefficients estimated from PM2.5 mass measurements multiplied by the 

aerosol mass scattering coefficient (Krecl et al., 2007). For the urban sites, the mass scattering 

coefficient was obtained when linearly correlating daily mean PM2.5 and aerosol light scattering 

measurements at Hornsgatan in the period 23 May - 30 August 2006 (slope of 4.0 ± 0.37 (95% 

confidence interval), correlation coefficient R=0.92, number of samples: 99). Essingeleden PM2.5 

measurements were used in these calculations when Hornsgatan data were missing. Finally, a mass 

scattering coefficient of 4.0 m
2
 g

-1
 was used to correct all Stockholm PSAP calculations which 

agrees well with reported values for polluted continental air (3.5 ± 1.2 m
2
 g

-1
, IPCC, 2001). In the 

case of Aspvreten, a mass scattering coefficient of 2.0 m
2
 g

-1 
was taken from the literature for rural 

background conditions (IPCC, 2001; Pereira et al., 2008) and PM2.5 concentrations were estimated 

as 80% of PM10 levels (Areskoug et al., 2004) when PM2.5 data were missing.  

Finally, to convert the aerosol light absorption coefficient into MLAC we assumed that all light 

absorption was from light-absorbing carbon and that all LAC had the same mass absorption cross 

section at each site over the sampling period. In situ a values were determined by linearly 

correlating aerosol light-absorption coefficients (after applying all corrections) with elemental 

carbon (EC) mass concentrations. For EC/OC analysis, quartz fiber filters were collected at Torkel 

and Aspvreten using a 10 μm cut-off size sequential sampler (model SEQ 47/50, Leckel GmbH, 

Germany) installed at 1.6 m above rooftop level operated at a standard flow rate of 38.3 l m
-1

. 
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Filters were pre-baked in a furnace at 800°C for 150 minutes and placed in clean glass Petri dishes 

and kept refrigerated before and after the filter sampling. The EC/OC analysis was carried out using 

a Thermal/Optical Carbon Aerosol Analyzer (Sunset Laboratory Inc., Forest Grove, USA) operating 

on the NIOSH method 5040 (Birch and Cary, 1996). Mass specific absorption cross sections of 7.6 

m
2
 g

-1
 (R=0.80, number of samples: 9) and 10 m

2
 g

-1
 (R=0.90, number of samples: 10) were 

obtained at Torkel and Aspvreten, respectively. The a value for Torkel is in agreement with 

freshly generated light-absorbing carbon values (7.5 ± 1.2 m
2
 g

-1
) summarized by Bond and 

Bergstrom (2005) at a wavelength of 550 nm and was used for all Stockholm sites. The Aspvreten 

value is typical of aged LAC aerosol at background sites (Cozic et al., 2008).  

 

3.2 Other measurements 

 

PM10 and PM2.5 mass measurements were performed at all sites using automatic Tapered Element 

Oscillating Microbalance (TEOM 1400a, Rupprecht & Patashnick Inc., USA) instruments with 

heated inlets (50
o
C) to avoid condensing water.  To account for losses of volatile material on the 

particles, all TEOM data were corrected following Areskoug (2007). In short, built-in TEOM 

corrections were removed, mass concentrations were expressed at ambient pressure and temperature 

and, finally, concentrations were multiplied by 1.19 and an offset of 1.15 was added.  

Because of the short PM2.5 time series at Aspvreten (started on 22 June 2006), Norr Malma PM2.5 

measurements were used as a replacement of Aspvreten data only for calculations of average values 

(means of 8.30 and 8.00 µg m
-3 

for the simultaneous measurements) since the linear correlation for 

the time series was rather low (Rhourly=0.43, Rdaily=0.71) for the period of simultaneous 

measurements. NOx concentrations were measured at the three monitoring sites in central 

Stockholm and at Norr Malma station using commercial chemiluminescence analyzers (model 31 M 

LCD, Environment SA, France). Total traffic counts were recorded at Hornsgatan and Essingeleden 

using automatic counters based on magnetic impedance. Meteorological measurements were 

conducted at Torkel and Aspvreten including air temperature (Hygroclip probe, Rotronic AG, 

Switzerland), precipitation (tipping bucket rain gauge, model HB 3166-06, Casella Measurement, 

UK), and wind speed (WS) and direction (WD) (ultrasonic anemometer, model R3, Gill Instruments 

Ltd., UK). Sensors were installed at 2 m above roof at Torkel and 2 m above ground at Aspvreten, 

except for the anemometer installed at 10 m height. 

 

4. Results and discussion 

 

4.1 Comparison of aerosol light-absorption measurements 

 

Krecl et al. (2007), when comparing Aethalometer and PSAP-ITM measurements in an area 

impacted by woodsmoke, showed that the custom-built PSAP was a reliable alternative for the 

commercial Aethalometer. Because of the different physicochemical characteristics of combustion 

particles from vehicle exhaust and residential woodsmoke (Kocbach et al., 2005), we evaluate here 

the performance of the custom-built PSAP at a kerbside site (Hornsgatan) and at an urban 

background monitoring station (Torkel). The PSAP-ITM instruments used in this study were 

previously intercompared in the laboratory when sampling air from outdoors and showed a very 
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high correlation for 15-min averages (R = 0.99) (Krecl et al., 2010). Figure 3 displays the linear 

regression between hourly PSAP-ITM bap and Aethalometer MLAC for measurements carried out at 

Hornsgatan (left panel) and at Torkel (right panel) in the period 20 April - 5 July 2006. The two 

methods were found to be highly correlated (R > 0.85) for both sites, but a large y-intercept (-7.2 

Mm
-1

) was observed when correlating the Aethalometer and PSAP-ITM measurements at 

Hornsgatan, even after subtracting an offset value as described previously.  If instead the PSAP-

ITM MLAC concentrations are linearly correlated with the Aethalometer mass concentrations, the 

slope of the regression line is 1.4 ± 0.03 (95% confidence interval) for both sites (not shown). The 

slope being larger than 1 might partly result from (a) the use of an Aethalometer a value that is not 

site and season specific for this study (Sharma et al., 2002), and (b) biases of the thermo-optical 

measurements of EC (Bond and Bergstrom, 2005) used to determine the custom-built PSAP a . To 

determine the goodness of the linear fit between hourly PSAP and Aethalometer MLAC 

concentrations, the root mean square error RMSE was calculated for both sites. The RMSE values 

were 1.78 and 0.35 µg m
-3

 for Hornsgatan and Torkel, respectively. The higher RMSE value at 

Hornsgatan indicates a larger difference between the instrument measurements at this site than at 

Torkel. 

 

4.2 General overview  

 

During the selected sampling period (20 April - 5 July 2006), daily mean temperatures ranged 

between 3.7
o
C and 23.6

o
C at Torkel, and between 3.1

o
C and 19.6

o
C at Aspvreten. The mean wind 

speed was 3.5 m s
-1

 at Torkel (rooftop) and the prevailing wind directions were south (22%), 

southwest (18%), and west (15%) whereas Aspvreten mean WS was 1.8 m s
-1

 and the dominant 

winds were from south (22%), southeast (20%), and east (15%). 

Descriptive statistics and frequency-of-occurrence histograms of hourly mean MLAC concentrations 

measured with the PSAP-ITM for simultaneous measurements in the period 20 April - 5 July 2006 

are displayed in Table 1 and Figure 4, respectively. Missing data corresponded to time periods 

when the instruments were not operating or were known to be operating improperly (e.g., filter 

transmittance below the recommended threshold, voltage signal higher than the maximum data 

logger input voltage, maintenance for filter change or flow rate measurement). 

Mean MLAC concentrations ranged from 0.36 to 5.39 µg m
-3

, and standard deviation (SD) varied 

between 0.50 and 3.60 µg m
-3

. As expected, higher values of MLAC concentrations were found at the 

street canyon site whereas lower levels always corresponded to the rural station. The 95
th

 percentile 

at Hornsgatan was 12 times higher than the 95
th

 percentile at Aspvreten even for daily averages (not 

shown), and the lowest values at Hornsgatan (5
th

 percentile) were higher than the average at 

Aspvreten (1.44 µg m
-3 

versus 0.36 µg m
-3

). The other two urban sites presented intermediate 

concentrations, with Essingeleden (close to the highway) showing on average 2.8 times higher 

concentrations than the urban rooftop site. Street level concentrations of MLAC in Stockholm 

(Hornsgatan and Essingeleden) were higher than concentrations measured in a residential area 

impacted by woodsmoke in Northern Sweden during wintertime (Krecl et al., 2007; 2010). 

Compared to other European kerbside sampling sites, mean MLAC concentrations at Hornsgatan and 

Essingeleden were within the 3.11-10.68 µg m
-3

 annual average range reported by Putaud et al. 

(2004). Average values at Aspvreten were similar to other European rural background sites (Putaud 
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et al., 2004), with concentrations lower than 1 µg m
-3

. The Torkel median MLAC concentration is 

comparable to the median value observed at a Tokyo rooftop site (1.18 µg m
-3

, ~20 m height) in the 

period 2003-2005 (Kondo et al., 2006). Mean MLAC concentrations at two New York city sites were 

1.01 and 1.38 µg m
-3

 for wintertime (Venkatachari et al., 2006), being comparable to Torkel levels 

but lower than Hornsgatan and Essingeleden mean values. Figure 4 shows the skewed nature of 

MLAC datasets, with positive skewness ranging from 1.28 (Essingeleden) to 2.29 (Aspvreten). These 

measurements are more closely represented by lognormal distributions (not shown). 

A large hour-to-hour and day-to-day variability of MLAC concentrations was observed at the 

kerbside sites whereas concentrations at the rural background station showed very low levels.  

Figure 5 illustrates the spatiotemporal variability for one example week from 14 May through 20 

May 2006 when no long-range transport (LRT) from polluted areas was detected in Stockholm (as 

observed in HYSPLIT4 backward trajectory analysis and corroborated by the low levels at the rural 

site Aspvreten). More tellingly, the maximum hourly concentration at Hornsgatan reached 15.84 µg 

m
-3

 at 11:00 LT whereas a minimum value of 2.15 µg m
-3

 was observed at 21:00 LT on Friday 19 

May. At Aspvreten, MLAC concentrations ranged between 0.20 and 0.32 µg m
-3

 for the same day. 

During that week, the daily mean temperature at Torkel ranged between 7.9
o
C and 10.4

o
C with 

precipitation records on 17 May (0.6 mm), 18 May (3.8 mm), and 20 May (5.6 mm). The weather at 

Aspvreten was colder than at Torkel with air temperatures between 5.1
o
C and 9.0

o
C and 

precipitation records on 17 May (1.0 mm), 18 May (2.6 mm), and 20 May (3.2 mm). At both 

stations, precipitation did not seem to produce significant washout of airborne particles when 

comparing concentrations in rainy days vs. non-rainy days. This might be explained by the low 

precipitation rate and amount. 

 

During the present field campaign, a long-range transport of pollutants emitted by agricultural 

wildfires in Russia and the Baltic region had a strong impact on aerosol concentrations in Sweden in 

the period 24 April - 9 May 2006, mainly for background sites (Targino et al., 2011). On average, 

MLAC concentrations were 4 times higher at Torkel and 7 times higher at Aspvreten during this LRT 

episode compared to the rest of the study period. 

 

4.3 Spatiotemporal variability of MLAC concentrations 

 

Ambient particle concentrations vary spatially and temporally to different degrees at the intraurban 

scale and two statistical tools are commonly used to determine whether a pollutant concentration is 

homogeneously distributed in time and space. Correlation coefficients accurately track the temporal 

similarity of paired measurements conducted at two sites, while coefficients of divergence (COD) 

are often used to analyze the spatial uniformity of the observations (Wilson et al., 2005). 

The Pearson correlation coefficients between MLAC time series were calculated for hourly and daily 

(starting at midnight) mean concentrations during the period of simultaneous measurements and the 

results are displayed in Table 2 (upper part). All correlation coefficients were significant at the 99% 

level (not shown). Daily correlations were higher than hourly correlations for all site pairs. 

However, daily MLAC time series were still poorly correlated except for Aspvreten and Torkel 

measurements (hourly R=0.78; daily R=0.88). The high correlation between Aspvreten and Torkel 

could be explained by the long-range transport origin of the MLAC observed at the two sites since 

these sites were not affected by local emission sources. 
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The coefficients of divergence were calculated according to Wongphatarakul et al. (1998) and 

results from collocated hourly and daily MLAC concentrations in the period 20 April-5 July 2006 are 

shown in Table 2 (bottom part). Values lower than 0.20 are indicative of relative spatial uniformity, 

whereas values approaching one indicate that the concentrations are heterogeneously distributed. At 

hourly averages, COD values ranged from 0.37 (Hornsgatan-Essingeleden) to 0.88 (Hornsgatan-

Aspvreten), revealing a high spatial heterogeneity in the measured concentrations. The spatial 

uniformity did not improve when daily averages were considered. This suggest that MLAC 

concentrations are less homogeneous, even at short spatial scales of the order of a few kilometers, 

than usually assumed in health and exposure studies. Thus, analysis of health effects on the 

population due to short term (hours - days) MLAC exposure based on single point measurements 

would likely tend to underestimate the significance of the exposure-response coefficients due to 

misclassified exposure in an urban area like Stockholm. 

  

4.4 Linear correlation between pollutants concentrations 

 

Table 3 displays the average concentrations of NOx, PM10, and PM2.5 measurements conducted 

simultaneously at all sites. Note that NOx was not measured at Aspvreten. It can be seen that NOx 

concentrations decreased sharply (~20 times) when moving from the street canyon site 

(Hornsgatan) to the rural station (Norr Malma) showing the dominant role of local anthropogenic 

emissions on NOx levels. A similar reduction (~24 times) was found when comparing NOx 

concentrations at kerbside and rural sites in the Copenhagen area and Southern Sweden in fall 2002 

(Ketzel et al., 2004). In this study, PM10 concentrations also decreased from the kerbside stations to 

the rural sites and mean PM2.5 levels were similar at all sites within one standard deviation (not 

shown). Ketzel et al. (2004) also reported lower PM10 levels at background sites (9.0-10.3 µg m
-3

) 

than at kerbside stations (17.2-29.5 µg m
-3

). 

Average concentrations ratios at each site were calculated as the ratio between mean concentrations 

of each pollutant. Due to missing PM2.5 data at Hornsgatan and Aspvreten during the study period, 

the following procedure was applied: (a) calculations of MLAC/PM2.5 and PM2.5/PM10 ratios at 

Hornsgatan were restricted to periods of simultaneous valid data, (b) the rural mean PM2.5 value 

used in the calculations corresponded to Norr Malma. The mean NOx/MLAC ratios ranged between 

20.3 and 23.0 at the kerbside locations, which is consistent with ratios observed close to major 

roads (distance of 5-10 m) in Japanese urban areas (Naser et al., 2009). The mean MLAC/PM2.5 ratio 

is larger at the kerbside stations (38% at Hornsgatan, and 26% at Essingeleden) than at the 

background sites (10% at Torkel, and 4% at Aspvreten) as observed by Putaud et al. (2004) when 

studying the chemical characteristics of the particulate matter across Europe. The strongly 

decreasing PM2.5/PM10 ratio from rural (0.69) to kerbside sites (0.26), indicates a higher emission of 

coarse particles in the urban area (e.g. road dust emissions, Norman and Johansson, 2006). 

Linear correlations between hourly concentrations of atmospheric pollutants (MLAC, PM10, PM2.5, 

and NOx) measured at each station were calculated in the period 20 April - 5 July 2006: (1) 

excluding data during the LRT event (24 April - 9 May 2006), (2) including all days. Table 4 

displays the inner city correlation coefficients only when local sources dominated the pollutants 

emissions (period 1). The number of valid samples ranged from 171 to 1451 because not all 

instruments were always operating correctly, and this variation has to be considered when 

comparing R values. High R values (R > 0.75) were only observed for the variable combination 
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MLAC-NOx at all urban stations, suggesting that both compounds originated mainly from vehicle 

traffic emissions. For period 2, the correlation between MLAC and NOx concentrations decreased to 

0.47 at Torkel (not shown) and remained constant for the kerbside sites. This finding indicates a 

strong contribution of the LRT episode to MLAC concentrations at Torkel whereas NOx was emitted 

by local pollution sources. The correlation between MLAC and PM10 time series increased from 0.45 

to 0.85 at Aspvreten (not shown) when including the LRT episode, suggesting a common aerosol 

origin. However, the correlation between MLAC and PM2.5 at Aspvreten was weak and might be 

probably caused by the relative small number of valid measurements.  

 

4.5 Diurnal patterns  

 

The diurnal variation of mean MLAC, PM10, PM2.5, and NOx concentrations for the 4 sites is shown 

in Fig. 6, together with the daily pattern of traffic density at Hornsgatan and Essingeleden. 

Measurements were classified as weekdays (Monday-Friday) and weekends (Saturday-Sunday) and 

mean hourly values were calculated for the period 20 April - 5 July 2006. PM2.5 data from Norr 

Malma replaced Aspvreten measurements for this calculation due to the low data availability (only 

10%). Because of missing PM2.5 observations at Hornsgatan (36% data coverage), PM2.5 weekend 

daily patterns at these sites were not fully synchronized with the other observations. Time displayed 

in Fig. 6 corresponds to local time (LT). 

It can be observed that pollutant concentrations were generally higher on weekdays than at 

weekends between early morning and evening at the urban sites. To test the significance of the 

weekday concentrations being higher than the weekend levels, a non-parametric Mann–Whitney U 

test was performed on the median difference concentration for each hour of the day at 95% 

confidence level. Measurements at Aspvreten showed no significant difference between weekend 

and weekdays for all variables analyzed, indicating no evidence of local anthropogenic activities. 

Weekday concentrations were statistically significantly higher than weekend levels for: (1) MLAC 

concentrations at all urban stations during daytime (07:00-20:00), (2) PM10 concentrations in the 

morning and early afternoon (08:00-15:00) at Hornsgatan and Torkel, and during daytime (07:00-

20:00) at Essingeleden, (3) NOx levels at the three urban sites during daytime (06:00-20:00), (4) 

PM2.5 concentrations only at Hornsgatan in the period 07:00-20:00 (this result should be considered 

with caution as previously mentioned). 

On weekdays, the pollutants concentration rise observed at the kerbside stations in the early 

morning (05:00-06:00) was consistent with an increase in vehicle traffic, and maximum values were 

reached at ~09:00. Peak values were followed by a gradual decrease in MLAC and NOx 

concentrations at both sites through the afternoon, partially explained by the growth of the mixing 

layer depth and strong turbulent mixing during the afternoon. A similar pattern for NOx was 

observed at Hornsgatan by Olivares et al. (2007) when analyzing diurnal variations on weekdays 

and at weekends in the period June 2002 - September 2004. Hornsgatan MLAC diurnal cycle was 

similar to the pattern observed at Vallila kerbside station in Helsinki during three campaigns 

conducted between 1996 and 2005 (Järvi et al., 2008). However, Hornsgatan median concentrations 

were much higher than Valilla levels (4.47 versus 1.11 µg m
-3

) as well as morning peak values on 

weekdays (9.69 versus 2.40 µg m
-3

). 

Weekday and weekend daily patterns of traffic rate were distinct for Hornsgatan and Essingeleden 

as depicted in Figs. 6i-j. On average, the traffic volume at Essingeleden was 4.5 times higher than at 
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Hornsgatan. On weekdays, two peaks represented the morning (06:00-09:00) and afternoon (14:00-

18:00) traffic rush hours at both sites with moderate traffic volume between these periods. In the 

early morning (00:00-05:00) at weekends, the traffic rate was higher at weekends than on 

weekdays, particularly at Hornsgatan station.    

Even though the vehicle traffic was more intensive at Essingeleden than at Hornsgatan, pollutants 

concentrations were usually higher at Hornsgatan. This is most likely mainly connected to poor 

ventilation conditions at Hornsgatan because of the street canyon geometry. Higher PM10 

concentrations were observed at Essingeleden than at Hornsgatan during the afternoon on 

weekdays, which might be explained by higher road dust emissions due to the higher vehicle speed 

at Essingeleden than at Hornsgatan. At weekends, a reduced number of vehicles circulated and the 

contribution of road resuspended particles to the PM10 fraction was smaller than on weekdays. 

Thus, Hornsgatan PM10 concentrations were slightly higher than at Essingeleden on Saturday-

Sunday. 

During early morning hours (00:00-05:00), Hornsgatan MLAC and NOx concentrations were found 

statistically significantly higher at weekends than on weekdays (Mann–Whitney U test, 95% 

confidence level). This rise beyond the evening rush hour at Hornsgatan might be due to the higher 

early morning traffic at weekends than on weekends, mainly composed of diesel taxis (Burman and 

Johansson, 2010) and possibly associated to leisure-time activities in Stockholm downtown area. 

 

4.6 Wind dependence 

Wind direction is a key variable to determine the relative position of the measuring sites to the main 

pollutants emission sources. To study the pollutants concentration dependence on the wind 

direction, the concentration roses of the pollutants time series were calculated for each site. Figure 7 

displays the MLAC, PM10, and NOx concentration roses at the four sites for the whole period of 

simultaneous measurements (Figs. 7a-c), and excluding measurements during the LRT event (Figs. 

7d-f). Due to the poor data coverage of PM2.5 measurements at Hornsgatan and Aspvreten, PM2.5 

concentration roses were calculated only for Essingeleden and Torkel (not shown). The average of 

hourly concentrations was calculated for each WD sector (22.5
o
) including only data records with 

valid measurements from all sites.  

Pollutants concentrations at the kerbside stations are higher than backgrounds levels for all wind 

directions. MLAC and NOx concentrations roses showed the same pattern for the kerbside stations 

during both periods (i.e. including and excluding the LRT event). This suggests that local emission 

sources (i.e. traffic exhaust) were the main contributors to MLAC and NOx measurements at 

Hornsgatan and Essingeleden. However, Torkel and Aspvreten concentration roses for MLAC 

showed a distinct behavior. When the LRT episode was included, MLAC concentrations were higher 

at both sites for E and SE winds (Fig. 7a), matching the predominant WD at Torkel and Aspvreten 

during the agricultural wildfires episode in Russia. The reader is referred to Targino et al. (2011) for 

details on the impact of this wildfires episode on the Swedish air quality, including air mass back 

trajectory analysis. MLAC levels were lower at the background sites when the LRT episode was 

excluded and the WD dependence was negligible (Fig. 7d). PM10 concentrations showed a positive 

WD dependence at all sites for SE and E winds when the LRT event was present in the analysis 

(Fig. 7b). Hornsgatan concentration roses for MLAC and NOx presented the highest values 

associated with the NE and E sectors matching the street canyon orientation of 75
o
 from the north 

towards the east. Gidhagen et al. (2004b) showed that modeled NOx levels at the Hornsgatan site 
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were improved when traffic emissions from the surrounding streets, especially in the sector 40
o
-

140
o
, were included in the simulations. This suggests that MLAC and NOx emitted by traffic in the 

neighborhood (NE-E of Hornsgatan site) might have been transported along the street canyon 

contributing to the high load observed at Hornsgatan. 

Hourly concentrations were classified according to the corresponding WS in intervals of 1 m s
-1

 to 

investigate the WS dependence of the pollutant concentrations at the urban sites excluding the LRT 

episode. Then the median and interquartile range were computed for each species and WS interval. 

Concentrations of PM10, MLAC, coarse particles (PM10-PM2.5) and NOx versus WS are displayed in 

Fig. 8. Due to the low data coverage of PM2.5 concentrations at Hornsgatan, the WS dependence of 

the coarse fraction was not included for this site. MLAC was diluted in a similar way as NOx (mainly 

emitted by vehicle exhausts) whereas a positive wind speed dependence of PM10 and coarse 

particles was found for WS > 6 m s
-1

. The increase in PM10 concentrations for the highest WS was 

due to the increase of the coarse particle fraction with WS. In Stockholm, dust resuspension is 

mostly produced by road abrasion when vehicles still use studded tires and paved roads are dry 

(Norman and Johansson, 2006).  

These results indicate that MLAC was mainly emitted by vehicle traffic at the kerbside stations 

whereas the LRT contribution to the LAC concentrations was masked at these sites. NOx was 

mostly emitted by traffic sources in the urban area and no agricultural wildfires influence was 

observed on NOx levels at the three sites. Both PM10 and PM2.5 concentrations were strongly 

impacted by the LRT event at all sites. In urban areas, concentrations of PM10 and coarse particles 

showed a positive WS dependency due to local dust generation by road abrasion. 

 

4.7 Urban versus rural contributions 

 

Figure 9 displays the scattergram of NOx versus MLAC concentrations at Hornsgatan, Essingeleden, 

and Torkel. Only measurements conducted on weekdays and outside the LRT event period were 

averaged separately for each hour of the day and then linearly correlated. For the kerbside stations, 

the weekday diurnal variations of MLAC and NOx showed a high linear correlation (R>0.95), 

indicating that these compounds had common emission sources.  Hornsgatan and Essingeleden sites 

presented similar slopes of 24.9 and 27.3, respectively. At Torkel, the linear correlation between 

MLAC and NOx diurnal variation was lower (R=0.87) than at the kerbside sites. The correlation at 

Torkel increased to R=0.99 when measurements were restricted to the time period 08:00-18:00 LT 

and the slope was 28.5 ± 8.6 (not shown). The x-intercept of the regression lines in Fig. 9 represents 

an estimate of a ―clean‖ regional background of MLAC that is not influenced by local emissions 

(assuming that NOx concentrations are zero in this ―clean‖ background). The x-intercepts ranged 

from 0.1 to 0.4 µg m
-3

, which is consistent with mean MLAC concentrations at the rural site 

Aspvreten. Thus, a large influence of traffic emissions on MLAC and NOx concentrations was 

observed on weekdays at Hornsgatan and Essingeleden, and at Torkel but restricted to the period 

08:00-18:00 LT when the traffic volume is higher at Hornsgatan.   

Finally, we illustrate the contribution of the urban sources relative to the regional background levels 

and discuss the potential to decrease urban concentrations by reducing local emission of 

atmospheric pollutants following Ketzel et al. (2004). Figure 10 displays the mean weekday 

concentrations at the different locations relative to the concentrations at the urban background site 

(Torkel, equal to 100%). Rural NOx and PM2.5 data correspond to Norr Malma station. The 
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concentrations bars are stacked so that only additional contributions are displayed. A much larger 

difference between rural and urban levels is observed for MLAC and NOx compared to PM10 and 

PM2.5 concentrations. For MLAC and NOx 70-75% of the concentrations were generated in the urban 

area whereas only 35% of PM10 and 5% of PM2.5 corresponded to local urban sources. Regarding 

the kerbside stations, MLAC and NOx levels were 310-660% relatively higher than urban 

background levels whereas PM10 and PM2.5 concentrations were 130-230% higher relative to 

Torkel. Hence, the potential for reducing pollutants urban concentrations in Stockholm by 

controlling local emissions is much higher for MLAC and NOx compared to PM2.5 and PM10. 

 

5. Summary and conclusions 

 

Atmospheric LAC concentrations were simultaneously sampled using custom-built PSAPs in spring 

2006 in Stockholm at four locations, representing urban, urban background and rural pollution 

levels. These custom-built photometers were found to be a reliable alternative for the commercial 

Aethalometer, as indicated by the high linear correlation (R > 0.85) observed when comparing 

hourly time series.  

As expected, higher MLAC concentrations were registered at the urban sites than at the background 

locations. A large hour-to-hour and day-to-day variability of MLAC concentrations was observed at 

the kerbside locations and the variability was clearly negligible at the rural site, but for an intrusion 

of a polluted air mass transporting agricultural wildfire combustion products emitted in Russia and 

the Baltic region. Concentrations of LAC between urban sites were poorly correlated even for daily 

averages (R < 0.70), combined with highly heterogeneously distributed concentrations (COD > 

0.30) even at short spatial scales of the order of few kilometers.  

Other commonly monitored atmospheric pollutants (namely PM10, PM2.5, and NOx) were analyzed 

to help characterize LAC emission sources. In this study, two sources of LAC were identified in the 

Stockholm area: vehicle exhaust emissions and long-range transport of combustion-derived 

particles. This can be explained by inspection of five main indicators: (1) The high correlation (R > 

0.75) between hourly MLAC and NOx simultaneous measurements at the urban sites, when no LRT 

episodes were observed. NOx is a tracer for vehicle emissions and a high correlation between MLAC 

and NOx suggested a common origin; (2) The statistically significantly higher MLAC and NOx 

concentrations at weekends than on weekends in the early morning at Hornsgatan matching with 

higher traffic density of diesel vehicles; (3) The even higher correlation (R > 0.95) between 

weekday average diurnal concentrations of MLAC and NOx at the kerbside stations consistent with 

traffic density daily cycles at both locations; (4) The same pattern of MLAC and NOx concentration 

roses at the kerbside stations even when the LRT episode was considered in the data analysis. When 

the LRT event was included in the background station calculations, MLAC concentrations are highest 

for E and SE sectors, matching the predominant wind direction during the agricultural wildfires 

episode. This suggests that local emission sources (i.e. traffic exhaust) were the main contributors to 

MLAC and NOx measurements at kerbside locations and the LRT contribution to the LAC fraction 

was masked at these sites; and (5) The average NOx/MLAC ratios in the range 20-23, characteristic 

of areas impacted by high traffic exhaust emissions. 

This study highlights the benefit of highly resolved spatiotemporal measurements to accurately 

characterize the complexity of the particulate field across an urban area, and especially the carbon 

content fraction, to improve the intraurban assessment of human exposure to air pollution.  
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The potential for decreasing pollutants urban concentrations in Stockholm by reducing local 

emissions was analyzed by comparing the urban and urban background contributions to the air 

pollution levels. Abatement strategies should target reductions of vehicle exhaust emissions, after 

the much higher potential for MLAC and NOx to reduce pollution levels in urban areas (kerbside and 

urban background locations) compared to the potential of PM2.5 and PM10. 

To understand urban aerosol dynamics and long-term effects of aerosol particles on health, long 

continuous data sets are required. Thus, a longer field campaign should be conducted in a similar 

fashion in the Stockholm region. The new experiment might also allow studying the seasonal 

variation of the MLAC spatiotemporal distribution and how the contribution of the emission sources 

to the LAC content varies over the year. The possible contribution of residential wood combustion 

to the LAC fraction should be investigated in Stockholm in the wintertime. 
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Table 1. Descriptive statistics of hourly MLAC concentrations at the four sites for the period 20 

April- 5 July 2006. 

 

MLAC [µg m
-3

] Hornsgatan Essingeleden Torkel Aspvreten 

Arithmetic mean 5.39 3.23 1.13 0.36 

Median 4.47 2.63 0.72 0.14 

5
th

 percentile 1.44 0.74 0.21 0.01 

95
th

 percentile 12.46 7.51 3.99 1.58 

Arithmetic SD 3.60 2.27 1.15 0.50 

Number of samples 1744 1791 1841 1412 
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Table 2. Spatiotemporal variability of MLAC time series measured at the four sites in the period 20 

April- 5 July 2006. R and COD for hourly and daily (in square brackets) measurements. R > 0.75 

are displayed in bold. 

 

Coefficient Stations Essingeleden Torkel Aspvreten 

 Hornsgatan 0.62 [0.70] 0.48 [0.59] 0.23 [0.40] 

R [-] Essingeleden  0.50 [0.65] 0.27 [0.41] 

 Torkel   0.78 [0.88] 

 Hornsgatan 0.37 [0.31] 0.69 [0.71] 0.88 [0.90] 

COD [-] Essingeleden  0.56 [0.56] 0.84 [0.86] 

 Torkel   0.66 [0.67] 
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Table 3. Arithmetic mean NOx, PM10, PM2.5 concentrations at the different sites for the period 20 

April - 5 July 2006.  

 

Concentration [µg m
-3

] Hornsgatan Essingeleden Torkel Aspvreten Norr Malma 

NOx  109.6 74.4 15.9 - 5.3 

PM10 46.1 47.4 22.0 15.2 15.0 

PM2.5 12.8
a
 12.2 10.8 8.5

a
 10.4 

a
Reduced data availability in the selected period: 36% at Hornsgatan, and 10% at Aspvreten. 
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Table 4. Linear correlation coefficients between hourly concentrations of different species measured 

at each site in the period 20 April - 5 July 2006, but excluding the aerosol LRT event on 24 April - 

9 May 2006. n indicates the number of paired data for each combination. R>0.75 are displayed in 

bold. 

 

R [-] MLAC 

NOx 

MLAC 

PM10 

MLAC 

PM2.5 

NOx 

PM2.5 

NOx 

PM10 

PM2.5 

PM10 

Hornsgatan 0.78 0.44 0.64 0.50 0.51 0.67 

n 1368 1382 625 664 1438 673 

       
Essingeleden 0.90 0.45 0.57 0.42 0.48 0.38 

n 1443 1412 1330 1350 1433 1348 

       
Torkel 0.76 0.36 0.55 0.20 0.17 0.52 

n 1389 1451 1305 1240 1386 1306 

       
Aspvreten - 0.45 0.35 - - 0.73 

n  1037 171   176 
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Figure captions 

 

Fig. 1. Location of Stockholm city, Aspvreten and Norr Malma rural background sites. 

 

Fig. 2. Location of the monitoring stations in Stockholm: Essingeleden (1), Hornsgatan (2), and 

Torkel (3). Blue indicates water surfaces, green forest/park areas, orange built-up areas, black lines 

important roads, and grey represent public buildings (e.g., hospitals, museums, schools). 

 

Fig. 3. Linear correlation between hourly mean PSAP-ITM aerosol absorption coefficients and 

Aethalometer MLAC in the period 20 April - 5 July 2006. (a) Hornsgatan. (b) Torkel. The regression 

equation, correlation coefficient R and number of samples n are also displayed. 

 

Fig. 4. Frequency-of-occurrence histograms of hourly MLAC time series at the four sites in the 

period 20 April - 5 July 2006.  

 

Fig. 5. Time series of hourly mean MLAC concentrations at the four sites for the period 14-20 May 

2006. Date labels are at 00:00 LT. Days of the week are also displayed. 

 

Fig. 6. Average diurnal variation of MLAC, PM10, PM2.5, NOx, and traffic rate on weekdays and 

weekends for the four stations in the period 20 April – 5 July 2006. Aspvreten PM2.5 concentrations 

were replaced by Norr Malma data. 

 

Fig. 7. Rose plots of pollutant concentrations (MLAC, PM10, and NOx) based on hourly 

measurements at the four sites and expressed as µg m
-3

. Top panel (a-c): whole period 20 April - 5 

July 2006. Bottom panel (d-f): measurements in the period 24 April - 9 May 2006 were excluded 

(LRT event). Color code: Hornsgatan (black), Essingeleden (red), Torkel (green), and Aspvreten 

(blue). 

 

Fig. 8. Weed speed dependence of PM10 (a), MLAC (b), PM10-PM2.5 (c), and NOx (d) for the urban 

stations in the period 20 April – 5 July 2006 (excluding the LRT event). Median and interquartile 

range concentrations are plotted. 

 

Fig. 9. Scatterplot of MLAC versus NOx weekday diurnal variation concentrations for three sites 

(black dot: Hornsgatan, square: Essingeleden, cross: Torkel) in the period 20 April - 5 July 2006, 

excluding the LRT event. The regression equation with the 95% confidence intervals for the slope 

and y-intercept, and correlation coefficient R are also displayed. 

 

Fig. 10. Comparison of weekday MLAC, NOx, PM10 and PM2.5 concentrations at a rural, urban 

background, and kerbside stations relative to urban background concentrations. Rural NOx and 

PM2.5 data correspond to Norr Malma station. 

 



 26 

 

 

Fig. 4 
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Fig. 8 
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Fig. 9 

 

 

 


