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Abstract

:

Black carbon (BC) aerosol plays an important role in climate forcing. The net radiative effect is strongly dependent on the physical properties of BC particles. A single particle soot photometer and a carbon monoxide analyser were deployed during the Chinese Lunar Year (CLY) and on weekdays at Xi’an, China, to investigate the characteristics of refractory black carbon aerosol (rBC). The rBC mass on weekdays (8.4 μg·m−3) exceeds that during the CLY (1.9 μg·m−3), presumably due to the lower anthropogenic emissions during the latter. The mass size distribution of rBC shows a primary mode peak at ~205 nm and a small secondary mode peak at ~102-nm volume-equivalent diameter assuming 2 g·cm−3 in void-free density in both sets of samples. More than half of the rBC cores are thickly coated during the CLY (fBC = 57.5%); the percentage is slightly lower (fBC = 48.3%) on weekdays. Diurnal patterns in rBC mass and mixing state differ for the two sampling periods, which are attributed to the distinct anthropogenic activities. The rBC mass and CO mixing ratios are strongly correlated with slopes of 0.0070 and 0.0016 μg·m−3·ppbv−1 for weekdays and the CLY, respectively.
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1. Introduction


Black carbon (BC) aerosol, a by-product of the incomplete combustion of fossil fuels and biomass, plays a unique and important role in Earth’s climate system. In the boundary layer, these particles absorb solar radiation and cool the Earth’s surface, but at the top of the atmosphere, they add to the climate warming caused by radiatively-active gases [1,2]. The total climate forcing of BC aerosol has been estimated to be +1.1 W·m−2, which is ranked as the second largest contributor to anthropogenic radiative forcing after CO2 [3]. Coated BC particles also can act as cloud condensation nuclei (CCN), thereby contributing to the indirect forcing of climate [4]. In addition to the effects on the environment, epidemiological research suggests that BC particles have adverse health effects: they have been implicated in respiratory and cardiovascular diseases [5,6]. Once emitted, the BC aerosol can be transported over regional to intercontinental scales, and the particles are ultimately removed from the atmosphere through wet (e.g., in precipitation) and dry deposition to the Earth’s surface. The resulting average atmospheric lifetime for BC is about a week [3]. Therefore, reductions in BC aerosol emissions are an attractive option, not only for mitigating global warming, but also for improving environmental conditions in other ways [7].



Most large Chinese cities have suffered from air pollution in recent years (e.g., [8,9,10]), and this has become one of the nation’s top environmental concerns. An anthropogenic emission inventory of China developed from 1990 to 2005 shows that the BC emissions, and, therefore, presumably, concentrations, have increased since 2000 [11]. Most studies (e.g., [12,13]) in China have used filter-based techniques that measure bulk aerosol absorption rather than the BC mass concentrations directly. Previous studies indicate that key properties of the BC aerosol, that is the particle’s concentration, size, shape and mixing state, vary in complex ways and that these properties depend on many interacting environmental factors [14,15]. Due to the systematic limitations of most of the current filter-based BC measurements [3], direct examination of the BC size distribution and mixing state are not possible. Therefore, high-quality measurements of BC emissions have become increasingly important for accurately assessing the BC impacts on the atmospheric radiative energy balance, human health and air quality.



Here, we report the results of a study on individual refractory black carbon (rBC) mass concentrations, size distributions, the mixing state and the relationship with carbon monoxide (CO). The terms, rBC and BC, are operationally defined based on the applied measurement technique (laser-induced incandescence and light absorption), and they both refer to the most light absorbing component of carbonaceous combustion particles [16,17]. Samples for the study were collected from Xi’an, China, during the Chinese Lunar Year (CLY), and we contrast those data with observations taken on weekdays. The CLY is one of the most important traditional festivals in China. Numerous migrant workers return to their hometowns to reunite with their families and to celebrate the festival. During this one-week holiday, most companies and many industries shut down, and traffic is also at a minimum. The concentration of PM2.5 (particulate matter with an aerodynamic diameter of less than 2.5 micrometres) during this period (128.9 μg·m−3) is much lower than on weekdays (191.4 μg·m−3). This gives researchers a once-a-year opportunity to study the atmosphere when anthropogenic emissions are greatly reduced. In contrast, normal weekdays (Monday to Friday) are arguably representative of a more typical scenario with respect to pollution emissions. The comparisons of aerosol properties made for the holiday versus weekdays will lead to a better understanding of the impact of anthropogenic emissions on the physical properties of the rBC aerosol in China.




2. Experimental Section


2.1. Research Site


Xi’an, one of the major tourist cities in China, is located on the Guanzhong Plain at 34°27ʹN, 108°95ʹE, and it has a population of >8 million. Measurements of rBC were made from the rooftop (~10 m above ground level) of the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS; [18,19]). This monitoring site is located in an urban zone surrounded by a residential area ~15 km south of downtown Xi’an, where there are no major industrial activities or local fugitive dust sources (see Figure 1). The sampling periods were from 9 to 15 February 2013 on the Chinese Lunar Year (CLY) and from 23 December 2012 to 18 January 2013 on weekdays. The results of New Year’s Eve (9 to 10 February) are not included in the discussion in the following section to exclude the impacts of the intensive fireworks displays. Our focus is on the difference in the results due to the reduced anthropogenic emissions during the holiday.
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Figure 1. Location of the Xi’an sampling site. 
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2.2. rBC and CO Measurements


The commercially available single particle soot photometer (SP2) instrument (Droplet Measurement Technology, Boulder, CO, USA) has been proven useful for measuring rBC mass, size and mixing state [20,21,22]. The operating principles of the SP2 have been described in detail previously [23,24]. Briefly, the SP2 relies on laser-induced incandescence to quantify the rBC mass of individual particles. Continuous intracavity Nd:YAG laser light at 1064 nm is used to heat BC-containing particles to their vaporization point. The peak incandescence signal is linearly related to the rBC mass in the particle, irrespective of the particle morphology or mixing state; this holds true over most of the rBC mass range typically observed in the accumulation mode [25].



Here, the rBC mass in the range ~0.4–1000 fg, equivalent to ~70–1000 nm volume equivalent diameter (VED) is quantified, assuming a void-free density of 2.0 g·cm−3. This range covers >90% of the rBC mass in the accumulation mode. Note that the SP2 only quantifies the mass of the most refractory and most efficient light-absorbing component of combustion aerosol. We use the term “BC-containing particle” to refer to any particle containing this material, whether or not non-rBC material is present.



The incandescence signal was used to obtain the single particle rBC masses after calibration using a fullerene soot standard reference sample (Lot F12S011, AlphaAesar, Inc., Ward Hill, Massachusetts). The fullerene soot was separated by size by installing a differential mobility analyser (EPS-20 Electrical Particle Size, HCT Co. Ltd., Icheon-si, Korea) upstream of the SP2. Calibration curves were obtained from the peak intensities of the incandescence signals for the fullerene soot particles over a range of masses corresponding to rBC of ~0.35–30 fg; this was based on the mass-mobility relationships for this material described in Moteki and Kondo [26]. This mass range corresponds to ~80–450 nm VED, over which the calibration was close to purely linear: the various determinations of the mass to mobility relationship for this material are in good agreement [16,26].



The total uncertainty in the rBC mass determinations is ~25%; this is estimated by propagating the uncertainties in: (1) the rBC mass calibrations, including possible variability in the SP2’s response to ambient rBC mass (~20%, [26,27]); (2) sample flow measurements (~10%); and (3) estimates of the rBC mass outside of the SP2 detection range (~10%). The concentrations of rBC particles are corrected to standard temperature and pressure (STP: 273.15 K, 1013.25 hPa).



The SP2 has the capability of determining the rBC mixing state. The delay time between the peaks from the scattered light and incandescence signals has been used as an indicator of the amount of non-rBC material internally mixed with individual rBC particles [22,23,28]. This is a commonly-used approach for distinguishing “thinly-” from “thickly-coated” rBC particles, and it is sensitive to optically significant amounts of non-rBC material. The delay occurs because the coatings must be removed from the rBC fractions before the onset of incandescence. The number fraction of thickly-coated rBC (fBC) based on the distribution of delay times measured by the SP2 is an indication of the degree to which the rBC particles are coated with other substances. High values for fBC are consistent with more aged rBC particles, and this is due to the various processes in the ambient atmosphere that lead to the formation of coatings. In this study, the time criterion for distinguishing uncoated or thinly-coated rBC and thickly-coated rBC is 2 μs, and this is based on the observed minimum in the bimodal frequency distribution of delay times [29]. The SP2 measurement data are processed for a 1-h average for the later data analysis and discussion.



Five-minute average mixing ratios of carbon monoxide (CO) are obtained using gas-filter correlation technology with infrared photometric detection. The carbon monoxide analyser (Model EC9830T, Ecotech Pty Ltd., Knoxfield, Australia) used for these analyses has a detection limit for the CO of 20 ppbv.




2.3. Local Meteorological Conditions


Hourly temperature, relative humidity (RH) and wind speed were measured using an automatic weather station (MAWS201, Vaisala, Vantaa, Finland) configured with an RH/temperature probe (Model QMH101) and wind sensor (Model QMW101-M2). The meteorological conditions during the campaign are presented in Figure 2. The temperature has obvious diurnal cycles, with higher values observed during the daytime. Relative humidity shows peak values during the night. The wind speed is relatively low most of the time. For CLY samples, the average temperature, RH and wind speed are 4.7 ± 3.4 °C, 57% ± 23% and 0.2 ± 0.2 m·s−1, respectively. In comparison, the average temperature, RH and wind speed are 0.6 ± 3.6 °C, 38% ± 13% and 0.3 ± 0.3·m·s−1 on weekdays, respectively.
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Figure 2. Time series of hourly averaged relative humidity (RH), temperature and wind speed during the Chinese Lunar Year (CLY) and on weekdays. 
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3. Results and Discussion


3.1. rBC Loadings


The hourly average rBC number and mass concentrations, as well as fBC values for the CLY and weekday samples are shown in Figure 3, and a statistical summary of the data is presented in Table 1. For the CLY samples, the number and mass concentrations of rBC range from 99 to 1231 cm−3 and 0.2 to 3.9 μg·m−3, with an average value of 503 ± 212 cm−3 and 1.9 ± 0.8 μg·m−3, respectively. The concentration of rBC during CLY is similar to that during clean periods, but much lower than polluted periods in Xi’an [22]. The average rBC mass concentration in this study is comparable to or lower than the values during the 2010 Shanghai World Expo (2.0 μg·m−3, measured with an SP2, [30]) and the 2008 Beijing Olympic Games (3.2 μg·m−3, measured with an Aethalometer, [31]). Anthropogenic emissions are reduced during these events in Shanghai and Beijing, because the government implements a series of air pollution control measures to improve the air quality; these include reducing emissions from coal-fired power plants and strict regulations on motor vehicle usage. In comparison, the rBC number and mass concentrations during weekdays vary from 65 to 6505 cm−3 and 0.2 to 38.8 μg·m−3, with an average value of 1,850 ± 1242 cm−3 and 8.4 ± 6.5 μg·m−3, respectively. The high standard deviation suggests that there is a large BC burden on weekdays. The average rBC value on weekdays exceeds the average value of the CLY by a factor of approximately five. The enhanced rBC loadings on weekdays are almost certainly due to the greater impacts from the ongoing anthropogenic activities that pollute the air.
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Figure 3. Time series of the hourly averaged refractory black carbon (rBC) number and mass concentrations, the number fraction of thickly-coated rBC and the CO mixing ratio during the Chinese Lunar Year (CLY) and on weekdays. 
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Table 1. Summary of the rBC number and mass concentrations, as well as the number fractions of thickly-coated rBC (fBC) during the Chinese Lunar Year and on weekdays.
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Chinese Lunar Year

	
Weekdays




	

	
rBC (cm−3)

	
rBC (μg·m−3)

	
fBC (%)

	
rBC (cm−3)

	
rBC (μg·m−3)

	
fBC (%)






	
Average

	
503

	
1.9

	
57.5

	
1850

	
8.4

	
48.3




	
SD

	
212

	
0.8

	
8.2

	
1242

	
6.5

	
6.9




	
Maximum

	
1231

	
3.9

	
76.1

	
6505

	
38.8

	
63.6




	
Minimum

	
99

	
0.2

	
26.7

	
65

	
0.2

	
27.3









In Figure 4, the diurnal variations in rBC mass, as well as fBC measured over Xi’an during the CLY and weekdays are plotted. A clear diurnal variation in rBC concentrations is observed for the weekdays with a broad nocturnal maximum from around 22:00 to 03:00 local standard time (LST), which is consistent with rBC variation during the polluted period in Xi’an [22]. This maximum can be explained by the development of a shallow and stable boundary layer caused by nocturnal radiative cooling; this leads to the build-up of pollutants, including emissions from evening rush-hour traffic, residential heating during cold weather and diesel vehicles at midnight. The rBC loadings then are maintained at a relatively high level. This stability condition is followed by a sharp increase to the daytime peak concentrations from 08:00 to 09:00 LST, which can be attributed to the morning rush-hour traffic. The increased solar heating as the day advances produces a deeper and more turbulent boundary layer, and that leads to greater dispersion and dilution of rBC in the near surface air. Finally, the rBC concentrations decrease gradually, and a diurnal minimum is reached in the afternoon (14:00–17:00 LST). The diurnal variations in rBC mass during the CLY show different features from the weekdays, and those differences are likely linked to local dynamics. The maximum rBC mass loadings occur between 09:00 and 10:00 LST, and the high loadings are followed by a sharp decrease to daytime lows from 14:00 to 17:00 LST. The mass increases again to reach a nocturnal peak around 20:00–21:00 LST.
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Figure 4. Diurnal variations of hourly averaged rBC mass (red dots) and the number fraction of thickly-coated rBC particles (fBC) (green dots) during (a) the Chinese Lunar Year and (b) on weekdays. Vertical lines indicate one standard deviation. LST stands for local standard time. 
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3.2. rBC Mass Size and Mixing State


The mixing state of BC aerosol is one of the major uncertainties in the models used to evaluate BC direct radiative forcing [3]. As shown in Table 1, the hourly average fBC ranges from 26.7% to 76.1%, with an average of 57.5% during the CLY; this high percentage of thickly-coated particles shows that rBC aerosol is mainly composed of aged particles during the festival. The remaining particles are classified as either “thinly-coated” or “uncoated”. In comparison, on weekdays, fBC varies from 27.3% to 63.6%, with an average of 48.3%, which is ~20% lower than during the CLY. Due to the high loadings of particulates on weekdays, the organics may be the primary contributor to rBC coatings [22].



The diurnal patterns in fBC during the CLY and weekdays show similar trends, with high values in the afternoon and low values at night (Figure 4), which is consistent with the fBC pattern during the polluted period in Xi’an [22]. Generally, the afternoon fBC peaks in both sets of samples are anti-correlated with the rBC concentrations. There are two possible mechanisms to explain this relationship. First, greater convection in the afternoon would bring more aged air masses from the upper atmosphere to the sampling site, and this aged air would tend to contain more internally-mixed rBC particles [14,15]. Second, the strong solar irradiance in the mid-afternoon would favour photochemical oxidation processes that would lead to the mixing of rBC with other chemical species. On weekdays, the low fBC in the early morning and late evening can be attributed to increases in fresh, externally-mixed, rBC particles from vehicles during rush hour.
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Figure 5. (a) Mass and (b) number size distributions of rBC for the Chinese Lunar Year (CLY) and on weekdays. A two-mode lognormal function fits the data of mass size distribution, while a single-mode lognormal function fits the data of number size distribution. “M” and “D” in the vertical labels represent rBC mass and diameter, respectively. 
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Figure 5 compares the rBC number and mass size distributions for the CLY and weekday samples. It should be noted that the rBC size as used here refers to the VED of the “core”, and that does not include the contribution of the non-rBC material to the particle diameter. It is found that the number size distributions for CLY and weekday rBC particles show a single lognormal distribution, but a two-mode lognormal function is a better fit for the mass size distribution. Furthermore, the mass size distributions during the CLY and weekdays exhibit similar patterns. The primary mode has a peak at ~205 nm, consistent with the results obtained in the lower troposphere at a site in Texas, USA [32], the surface atmosphere of San Jose, USA [14], and Shenzhen, China [28]. A secondary mode in our samples peaks at ~102 nm, and it contains ~5% of the total rBC mass. Wang et al. [33] and Huang et al. [34] find a larger secondary mode in rural areas of Qinghai Lake (mass median diameter, MMD: 495 nm) and Kaiping (MMD: 690 nm), China, where biofuel/biomass burning are the main sources for rBC. Previous studies have shown that rBC particles from biomass burning tend to be rather large [35], while motor vehicles generally emit smaller rBC particles [36,37]. Thus, the small secondary size mode in Xi’an may be the result of vehicular emissions. However, further studies of rBC emission sources should be conducted to confirm this possibility.




2.3. Relationship between rBC and CO


BC has been found to be correlated with CO in urban areas [12,38], and this is reasonable, because both species are produced by the incomplete combustion of carbon-based fuels. The BC and CO relationship is controlled by the balance between emission sources and sinks. The emission ratios of BC/CO also can vary significantly with the types of emission sources. For example, the BC/CO emission ratios are known to be much higher for diesel engines compared with those for gasoline engines [39]. Thus, the BC/CO ratios can indicate the relative contributions of different sources. In addition, region-specific BC/CO values can be used to evaluate the regional emission inventory of BC and CO [40], and it is also an important constraint on global and regional air quality models [41].
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Figure 6. Scatter plots of hourly rBC concentrations versus ΔCO mixing ratios during the (a) Chinese Lunar Year (CLY) and (b) weekdays. The solid lines show linear fits to the data. 
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Furthermore, the relationship between BC and CO typically changes with time; this is because the atmospheric lifetime of BC is much shorter than that of CO, primarily due to the fact that BC is removed by wet deposition, but CO is not. As a result, the rBC/CO ratios are most informative after correcting for the rBC and CO background. The background concentrations of CO for the CLY and weekdays are defined as the 1.25th percentile of the CO values [38], while the background of the rBC concentration is assumed as zero [42]. The rBC concentrations observed during the CLY and weekdays are plotted against the background-corrected CO concentrations (ΔCO) in Figure 6. A relatively strong relationship between rBC and CO is observed for the weekdays (correlation coefficient, r = 0.88), indicating that the two substances are probably controlled by similar sources. Considering the large quantities of coal burned in winter and the heavy workday traffic, the slope of 0.0060 μg·m−3·ppbv−1 presumably represents the rBC/ΔCO ratio typical of these emissions in winter. The rBC also correlates well (r = 0.77) with ΔCO during the CLY with a slope of 0.0017 μg·m−3·ppbv−1. Compared to weekdays, the rBC/ΔCO ratio is much lower during the CLY. This may be attributed to the reduced anthropogenic activities during the CLY, such as coal burning and diesel vehicles.



For further perspective, the rBC/ΔCO ratio derived from this study is compared with the results of other studies (Table 2). The rBC/ΔCO ratios during two sampling periods here are within the range (0.0008–0.0062 μg·m−3·ppbv−1) measured in the boundary layer over Europe [43]. The rBC/ΔCO ratio for the CLY is lower than the values for most of the cities listed in Table 2. The rBC/ΔCO ratio on weekdays is towards the upper limit of the values in Beijing (0.0035 to 0.0058 μg·m−3·ppbv−1; [12]). Kondo et al. [40] reports values of 0.0057 and 0.0063 μg·m−3·ppbv−1 for Tokyo and Nagoya, Japan; these are both comparable to what we observed on weekdays in Xi’an. In contrast, the rBC/CO slope on weekdays in Xi’an is higher than that of Mexico City (0.001 μg·m−3·ppbv−1; [44]) or Guangzhou, China (0.0045 μg·m−3·ppbv−1; [45]).
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Table 2. Comparison of rBC concentrations to background-corrected CO mixing ratios (rBC/ΔCO) in Xi’an with other areas.
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Location

	
Sampling Period

	
rBC/ΔCO

	
Method a

	
Reference






	
Xi’an, China

	
December 2012/January 2013 February 2013

	
0.0060 0.0017

	
SP2

	
This study




	
Beijing, China

	
November 2005–October 2006

	
0.0035–0.0058

	
TOT

	
[12]




	
Guangzhou, China

	
July 2006

	
0.0045

	
EC-OC aerosol analyser

	
[45]




	
Multiple sites in Europe

	
April/May/September 2008

	
0.0008–0.0062

	
SP2

	
[44]




	
Tokyo, Japan

	
May 2003–February 2005

	
0.0057

	
TOT

	
[40]




	
Nagoya, Japan

	
March 2003

	
0.0063

	
Light absorption

	
[40]




	
Mexico

	
April 2003/2005

	
0.001

	
SP2

	
[45]








Notes: a SP2 stands for single particle soot photometer; TOT is thermal optical transmittance; EC is elemental carbon and OC is organic carbon.









4. Conclusions


An SP2 and a CO instrument were deployed at Xi’an to: (1) characterize the rBC mass, size distribution and mixing state; and (2) investigate the relationship between rBC and CO. Comparisons were made between samples collected during the Chinese Lunar Year (CLY), when anthropogenic emissions were reduced, and samples collected on normal weekdays. The average rBC mass concentration on weekdays (8.4 μg·m−3) exceeds the average value for the CLY (1.9 μg·m−3) by almost five-fold. Different diurnal variations in rBC are observed for the CLY and weekday samples, and this can be explained by the pollution prevention measures during the holiday. The average number fraction of thickly-coated rBC (fBC) during the CLY is 57.5%, suggesting that aged particles compose the major fraction of the rBC aerosol. In comparison, the average fBC is considerably lower (48.3%) on weekdays. Higher fBC values for both sampling periods are observed in the afternoon; this is likely due to the formation of photochemical oxidation products and stronger influences from vertical transport during the afternoon. The rBC size distributions for both sampling periods are lognormal and bi-modal; both have a primary peak at ~205 nm, which most likely reflects the variety of rBC sources in Xi’an. The peak diameter of the secondary mode is ~102 nm, and this secondary peak represents only ~5% of the total rBC mass. This persistent secondary mode may be associated with motor vehicle emissions. Strong correlations are observed between rBC and CO during the CLY celebration and on weekdays, indicating that the two species are controlled by similar sources. The average rBC/ΔCO ratio on weekdays is 0.0060 μg·m−3·ppbv−1, and this is arguably representative of air masses impacted by the pervasive pollution emissions. However, reduced anthropogenic activities during the CLY lead to a decrease in the rBC/ΔCO ratio (0.0017 μg·m−3·ppbv−1) compared with weekdays.
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