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Abstract: Due to rapid economic development in recent years, China has become a major 

global source of refractory black carbon (rBC) particles. However, surface rBC 

measurements have been limited, and the lower troposphere suffers from a complete lack of 

measurements, especially in heavily rBC-polluted regions such as China’s capital, Beijing 

(BJ). In this study, we present the first concentration measurements using an airborne Single 

Particle Soot Photometer (SP2) instrument, including vertical distributions, size 

distributions, and the mixing state of rBC particles in the lower troposphere in BJ and its 

surrounding areas. The measurements were conducted from April to June 2012 during 11 

flights. The results show that the vertical rBC distributions had noticeable differences 

between different air masses. When an air mass originated from the south of BJ (polluted 
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region), the rBC particles were strongly compressed in the planetary boundary layer (PBL), 

and showed a large vertical gradient at the top of the PBL. In contrast, when an air mass 

originated from the north of BJ (clean region), there was a small vertical gradient. This 

analysis suggests that there was significant regional transport of rBC particles that enhanced 

the air pollution in BJ, and the transport not only occurred near the surface but also in the 

middle levels of the PBL (around 0.5 to 1 km). The measured size distributions show that 

about 80% of the rBC particles were between the diameters of 70 and 400 nm, and the mean 

diameter of the peak rBC concentrations was about 180–210 nm. This suggests that the rBC 

particles were relatively small particles. The mixing state of the rBC particles was analyzed 

to study the coating processes that occurred on the surface of these particles. The results 

indicate that the air mass strongly affected the number fraction (NF) of the coated particles. 

As for a southern air mass, the local air pollution was high, which was coupled with a lower 

PBL height and higher humidity. Consequently, hygroscopic growth occurred rapidly, 

producing a high NF value (~65%) of coated rBC particles. The correlation coefficient 

between the NF and the local relative humidity (RH) was 0.88, suggesting that the rBC 

particles were quickly converted from hydrophobic to hydrophilic particles. This rapid 

conversion is very important because it suggests a shorter lifetime of rBC particles under 

heavily polluted conditions. In contrast, under a northern air mass, there was no clear 

correlation between the NF and the local humidity. This suggests that the coating process 

occurred during the regional transport in the upwind region. In this case, the lifetime was 

longer than the southern air mass condition. 

Keywords: aircraft measurements of rBC; vertical distributions in PBL; rBC coatings 
 

1. Introduction 

Refractory black carbon (rBC) aerosol particles are emitted during incomplete combustion.  

Moreover, they serve as the most significant particulate absorbers of solar radiation in the atmosphere, 

significantly affecting the climate [1–3] as well as atmospheric photochemistry [4,5]. Airborne rBC can 

change the vertical temperature distributions in the atmosphere by absorbing more solar radiation [6–8], 

producing significant effects on the solar radiation at the Earth’s surface [9]. The particles also act as 

cloud condensation nuclei [10–13], leading to changes in cloud formation. 

China is a major global source of rBC particles [14,15], and it is important to understand the 

horizontal and vertical distributions of rBC particles in this region. Several measurements of rBC 

particles have been conducted using mostly filter and/or optical methods in this region [16–21]. 

However, these measurements were performed only at ground stations and no measurements were 

conducted in the lower troposphere due to instrument limitations, for example, a low temporal resolution 

and an inability to be used in aircraft measurements. The development of the Single Particle Soot 

Photometer (SP2) by the Droplet Measurement Technologies Company (DMT, Boulder, CO, USA) 

provides high sensitivity for detecting the concentrations, size distributions, and mixing state of rBC 

particles, which enables the SP2 instrument to conduct in-situ airborne measurements. A number of 
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airborne observations using SP2 were carried out in Europe [22–24], East Asia, North Pacific [15,25–28], 

and North America [6–8,29–33]. Measurements of rBC particles using the SP2 instrument in China are 

limited [34,35] and these data were primarily used for surface-based studies. As there are no airborne 

studies of rBC in China, there is a lack of information regarding the vertical distributions of rBC particles 

in this region. 

In order to obtain vertical information on the concentrations, size distribution, and mixing state of 

rBC particles in the Beijing (BJ) region, we present the first in-situ aircraft measurement of rBC  

particles in this region, which was conducted using an SP2 instrument that was mounted on an aircraft 

(Yun-12). The experiment was conducted in BJ and its surrounding areas. In total, 11 flights took place 

between April, May, and June 2012. The detailed flight information and analysis of the results are 

described in the following sections. 

2. Experimental Information 

2.1. Flights and Instruments 

The Yun-12 airplane was selected in this study. The Yun-12 is a small airplane that maintains an 

average flight speed of 200 km/h and is an unsealed turboprop airplane with a maximum flight altitude 

of 7000 m. The in-situ pressure and temperature inside the cabin is the same as the ambient pressure and 

temperature. An SP2 instrument was mounted inside this airplane with an external inlet, namely the 

Model 1200 (Passive) Isokinetic Aerosol Sampling Inlet (BMI, Brechtel Manufacturing Inc., Hayward, 

CA, USA). The inlet was designed to deliver a sample flow of 150 lpm with an air speed of 100 m/s. In 

addition, it transmits particles with diameters between 0.01 and 6 μm with more than 95% efficiency. 

The airport chosen for this study was the Shahe (SH) Airport, which is located on the north edge of 

BJ. The major research flights around BJ (the BJ region) took place under cloud-free conditions from 

April to June 2012. Detailed information regarding the dates and flight times of all of the flights was 

recorded (see Tables 1 and 2). There were four different flight routes during the 10 flights (see  

Figure 1). The vertical mass distributions, size distributions, and NF (number fraction of coated particles) 

of the rBC particles were measured during the flights. For more details on the flight route information, 

the study by Zhang et al. [36] is referenced, and their method was adopted for this study. 

Table 1. Information about the flights. 

Style Region Date Sampling Time (Local Time) The Direction of Air Mass in the PBL 

A 
Beijing City 

(BJ) 

3 May 10:20 a.m.–1:50 p.m. Northwest 

19 May 9:30 a.m.–12:15 p.m. South and southwest 

23 May 9:15 a.m.–12:40 p.m. Northwest 

31May 9:35 a.m.–12:15 p.m. Southwest 

11 June 9:05 a.m.–12:00 p.m. Northwest 

16 June 9:30 a.m.–12:30 p.m. Northwest 

B Baoding (BD) 17 April 12:24 p.m.–3:29 p.m. Southwest 

C Bohai Sea (BH) 

14 April 9:50 a.m.–1:20 p.m. Southwest 

25 May 12:15 p.m.–3:30 p.m. Southwest 

9 June 10:00 a.m.–1:00 p.m. Southwest 

15 June 9:35 a.m.–1:25 p.m. North 
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Table 2. Summary of measured results from different flight locations a. 

Site and Date 
Relative 

Humidity (%) 

Average BC Mass 

Concentration (ng/m3) 

Average BC Number 

Concentration (#/cm3) 

The Peak Diameter 

for BC Mass (nm) 

Number Fraction (NF) 

of Coated Particles (%) 

BJ 

3 May 10.3 461.2 282 172 20.5 

19 May 73.1 4022.8 1615 193 62.2 

23 May 16.1 236.5 137 175 11 

11 June 20.1 440.3 246 179 14.7 

16 June 30.1 482.6 289 172 14.5 

BH 

14 April 4.4 208.7 100 189 43 

25 May 15.7 315.6 131 197 26.5 

9 June 43.6 617.8 223 186 50.4 

15 June 75.4 303 163 172 27 

BD 17 April 57.6 1618.5 532 206 42.2 

SH 

14 April 9.1 901.9 373 185 30.7 

17 April 53.4 2670.6 991 200 63.2 

3 May 8.6 369.2 230 161 20.3 

23 May 11 190 98 185 13.7 

a All data were collected in the boundary layer, except the average data on 31 May, which are not listed because the height of the boundary layer was lower 

than the minimum height of the flight. The SH measurements only occurred when the airplane took off and landed; furthermore, the airplane must descend 

from a height of 3600 m. 

The rBC emission inventory of the region [37] was also recorded (see Figure 2). According to this 

inventory, there are very heavy rBC emissions located in the south of BJ. Under south wind conditions, 

polluted rBC air is transported to BJ (southern air mass condition). In contrast, in BJ, there are less 

polluted regions. Under north wind conditions, clean air is transported to BJ (northern air mass 

condition). In the following analysis, we study the effects of different air mass conditions by separating 

the air mass according to their wind directions. 

 

Figure 1. Flight route information. All flight routes are indicated by different color lines, 

and the labels (Beijing (BJ), Shahe (SH), Baoding (BD), and Bohai Sea (BH)) represent 

different locations where the vertical profiles of rBC were measured. The terrain of the 

region is shown by the shaded colors. 

41.0

40.5

40.0

39.5

39.0

38.5

38.0

La
tit

ud
e(

 °
N

)

118117116115114
Longitude( °E)

SH

BD

BJ

BH



Atmosphere 2015, 6 717 
 

 

 

Figure 2. rBC emissions in the region (unit, ton/year in a 0.5° × 0.5° grid). The white arrow 

indicates the northern air mass from the remote region, and the orange arrow indicates the 

southern air mass from the polluted region. 

 

Two major flight types were designed and subsequently applied to this study (see Figure 3). The first 

flight type (see Figure 3a) was mainly designed for measuring the detailed vertical distribution of rBC 

particles at the SH Airport. Over the airport, the aircraft first climbed to a height of approximately  

3.6 km and then spirally descended to the surface. The detailed vertical distributions were measured at 

different altitudes during the descending flights, with a total flight time of 30 min. The second flight type 

(see Figure 3b) was mainly designed for vertical distribution measurements in other areas. For example, 

the aircraft climbed from BJ to the Bohai Sea (BH), and then descended down to the BH. The vertical 

distributions of rBC were measured from 3.6 to 0.6 km at different altitudes on the downward descent 

of the aircraft. 

The PBL height was calculated using atmospheric sounding data and dew point vertical profiles.  

The sounding measurements were conducted at the observation site of the Beijing Meteorological 

Bureau, which is close to both BJ and SH. Detailed information on the sounding measurements and the 

methodology for the PBL height calculation can be found in the study performed by Quan et al. [38]. 

The dew point data were measured on the aircraft using an AIMMES-20 instrument designed by 

Aventech Research Inc. (Barrie, ON, Canada), which recorded the relative humidity (RH) with a 

temporal resolution of one second. 
 

Northern	air	
mass 

southern	air	
mass 
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Figure 3. The major flight types used in this study. The first flight type (a) was mainly 

designed for measuring the detailed vertical distribution of rBC particles at the SH Airport;  

The second flight type (b) was mainly designed for vertical distribution measurements in 

other areas. The colors indicate the flight altitude (m). 

2.2. Single Particle Soot Photometer (SP2) 

The SP2 measured every single rBC particle. The methodology and setup of the SP2 have been 

described previously [7,25,31]. After each particle was measured and recorded, the instrument calculated 

the sum of all the particles to determine the total mass of rBC. The mass concentrations of rBC were 

then calculated as the total mass divided by the sample volume. The detection diameters of single rBC 

particles ranged from 45 to 470 nm. By fitting a lognormal distribution to the measurements, the amount 

of rBC mass outside the measurement range of the SP2 can be estimated. The SP2 was calibrated before 

every flight. The incandescence signals were calibrated with Aquadag samples provided by the SP2 

research group. Mono-disperse polystyrene latex spheres (PSL) of different sizes were used to calibrate 

the scattering channels. The SP2 works at ambient pressure on the airplane and the SP2 data are 

processed under standard atmospheric pressure in the calculation. In the aircraft, the SP2 sampled the 

air using an external inlet. In order to maintain a constant volume flow of ambient air into the laser beam, 

the pressure in the optical head changed with the ambient air pressure. The sensitivity of the rBC mass 

was nearly independent of pressure (within a 10% range). The sample flow was controlled at 120 v ccm. 

The temporal resolution of the SP2 data collection was one second. All particle mass concentrations 

were reported as mass per volume of air at a standard temperature and pressure (denoted as ng/m3; 

temperature = 273.15 K; and pressure = 1013.25 hPa). 

3. Results and Discussion 

3.1. Vertical Distribution of rBC 

The vertical distributions of the rBC mass concentrations in the four areas (BJ, SH, Baoding (BD), and 

BH) were recorded for all flights (see Figure 4). The results suggest that the vertical distributions had 

significant variability. In general, the rBC values were constrained below 1000 to 1200 m, showing the mean 

PBL height locations. This result suggests that the rBC was strongly compressed at the height of the PBL, 

especially in the heavily polluted urban areas (e.g., BJ and BD), which was also reported by  
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Zhang et al. [36]. Inside the PBL, the rBC concentrations ranged from 500 to 4000 ng/m3, with the highest 

concentrations (4000 ng/m3) in the large city area (BJ). At an altitude of 600 m, the maxima concentrations 

were 4000 ng/m3 (BJ), 2600 ng/m3 (SH), 2000 ng/m3 (BD), and 1200 ng/m3 (BH) in the four areas, 

respectively. Above the height of the PBL, the rBC concentrations rapidly decreased. For example, at an 

altitude of 2500 m, the rBC concentrations were generally less than 500 ng/m3, with the lowest concentrations 

(<100 ng/m3) over the ocean region (BH). It is also worth noting that the large vertical gradient of the rBC 

concentrations inside and outside of the PBL occurred only under heavy polluted conditions. 

 

Figure 4. The measured vertical distributions of the rBC mass concentrations in the four 

areas (BJ, SH, BD, and BH) for all the flights. The grey dots show the results from all of the 

flights, and the open circles and line show the average results. The red square shows the 

height of the PBL. 

In order to compare the rBC concentrations measured in other regions of the globe, airborne SP2-based 

measurements were recorded in different areas of the world (see Table 3). For example, Oshima et al. [26] 

reported that the rBC mass concentrations over China’s Yellow Sea were 460–510 ng/m3, showing the 

rBC outflow from China. Another important issue is that the rBC concentrations in BJ are several times 

higher than the concentrations in the US and European continental regions [22,23,30,39]. 
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Table 3. Summary of rBC measurements by airborne SP2 in different regions of the globe. 

Site Measurement Period Pollution Type Altitude 
rBC Mass 

Concentration (μg/m3) 

Peak Mass Diameter 

(nmin VED) 

Number Fraction Of 

Coated Particles (%) 
Reference 

Texas, USA November 2004 Continental America  <5 km, >10 km 0.05, 0.008-0.17 ~178 ~40 
Schwarz et al., 2006 

[7] 

San Jose, Costa Rica February 2006 Tropics 1–5 km, 17.5–19.5 km 0.65 ~200 20–70, 75 
Schwarz et al., 2008b 

[31] 

Texas, USA September 2006 Urban outflow, Biomass burning outflow Boundary layer 0.72–0.81, 1.8–3.59 ~170, ~210 ~10, ~70 
Schwarz et al., 2008a 

[30] 

Nagoya, Japan March 2004 Urban outflow 0.3–4 km 0.5–1.1 182–202 35 (±5)–63 (±9) 
Moteki et al., 2007 

[25] 

Yellow, East China Seas and 

the western Pacific Ocean 
18 March–25 April 2009 Asian outflow 

Boundary layer and the 

free troposphere (<9 km) 
0.185–1.264 - - 

Oshima et al., 2012 

[26] 

The north of Europe 23–28 November 2006  Lower stratosphere 0.2–2 160–240 - 
Baumgardner et al., 

2008 [13] 

Europe 
April and  

September 2008 
Continental Europe  <3 km 0.12 ± 0.08 154–203 -  

McMeeking et al., 

2010 [22] 

England 
April 2008 and  

June 2009 
Continental Europe  Boundary layer 0.1–0.6 - 3–15, 40–50 

McMeeking et al., 

2011 [23] 

Palmdale, California 
17 June and  

24 June 2008 
Biomass burning and Fossil fuels Boundary layer 

0.513 ± 0.153,  

0.243 ± 0.146 
175 ± 10, 193 ± 16 - Sahu et al., 2012 [39] 

Mexico City, Mexico March 2006 Urban outflow 2.6–5.4 km 
0.24–1.859,  

0.375–1.070 
147–167 17 ± 3 

Subramanian et al., 

2010 [32] 

Los Angeles Basin, USA May 2010 Urban outflow Free troposphere 0.0167 161 ± 41 76 ± 13 
Metcalf et al., 2012 

[33] 

Beijing, China May–June 2012 Urban outflow Boundary layer 0.9 ± 0.3 180–210 31 ± 17% This study 
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In addition, there was large variability in the vertical distributions of the rBC concentrations (see  

Figure 4). To understand the causes of such variability, we showed the transport effects (inflow) from 

different air masses. The HYSPLIT [40] method was used to estimate the air mass direction in the PBL 

(see Table 1). The rBC vertical distributions were illustrated in two very different areas under different 

air mass directions (see Figure 5). An urban location (BJ) was used to represent a very polluted case, 

and an ocean location (BH) was used to represent a remote area. For the BJ location, there were 

noticeable differences in the vertical rBC mass and number distributions between different air mass 

conditions. Under the southern air mass conditions, a very large vertical gradient existed inside and 

outside of the PBL height, with the highest concentrations at lower PBL heights. In contrast, under the 

northern air mass conditions, a weak vertical gradient existed inside and outside of the PBL height, with 

a slightly higher concentration inside the PBL compared with the values outside the PBL. This result 

suggests that the air mass from the south contained a high rBC concentration and the air mass from the 

north contained clean air, which is consistent with the study conducted by Tie et al. [41]. According to 

their study, the northwest area of BJ has mountains and grasslands with a very small population. As a 

result, the northwest wind transports clean air to BJ. In contrast, in the south of BJ, the population is 

very dense with several mega/large cities. Thus, the south wind transports polluted air to BJ. 

 

 

Figure 5. The rBC vertical distributions in two very different areas under different air mass 

directions. One is an urban location (BJ) that represents a very polluted case (left panels), 

and the other is an ocean location (BH) that represents a remote area (right panels). The red 

color shows the northern air mass, and the blue color shows the southern air mass. The 

horizontal gray bars showed the height of the PBL. 
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Furthermore, the effects of regional transport were not only dependent on the wind directions but also 

the altitudes (see Figure 5). For example, regional transport occurred inside the PBL (around 1000 to 

1200 m). At the lower PBL height (600 m), the rBC concentrations were 500 ng/m3 (north winds) and 

4000 ng/m3 (south winds). At an altitude of 1000 m, the rBC concentrations were 500 ng/m3 (north 

winds) and 2000 ng/m3 (south winds). At an altitude of 2000 m, the difference in the rBC concentrations 

between the north and south winds was very small. This result suggests that (1) the regional transport 

played an important role in the enhancement of rBC concentrations in BJ; and (2) an important regional 

transport of polluted air occurred in the lower PBL. This result is consistent with previous studies [28,35]. 

For the ocean area (BH), the effects of the wind directions were very different compared with the 

urban area (BJ). The effect on the rBC concentrations that was attributed to different wind directions 

(north and south winds) was small. This is due to the fact that this area is located a far distance from 

heavy rBC emission regions. However, there is an indication that the air mass from the south contained 

slightly higher rBC concentrations than the air mass from the north. It is interesting to note that the 

difference occurred mostly at high altitudes (from 1500 to 3500 m), which were above the PBL height. 

This result suggests that the rBC emissions in the south of the BH were mainly from Shandong Province, 

where the emissions of rBC were high (see Figure 2). However, this is located several hundred 

kilometers from the observation area. As a result, the time to transport the rBC particles from the source 

region to the measurement area took several days. With a longer transport time, more rBC particles were 

diffused from the inside of the PBL to the outside of the PBL [42]. This result illustrates that the regional 

transport of rBC was not only limited to the inside of the PBL, but also significantly contributed to the 

outside of the PBL. 

3.2. Size Distribution 

The average size distribution was measured at the four locations (see Figure 6 and Table 2). The size 

is the “core” size, which refers to the mass equivalent diameter (MED). The result shows that the rBC 

particles were generally small, with a peak size of 180–210 nm in diameter. The majority of the rBC 

mass ranged from 70 to 500 nm in diameter. For example, at 70 and 400 nm, there was only 20% of the 

rBC mass compared with the rBC mass at the peak value. At 100 and 400 nm, there was only 50% of 

the rBC mass compared with the rBC mass at the peak value. The peak sizes also appeared to be the 

smallest in the urban region (BJ), with a size of 181 nm (see Figure 6). This suggests that there were more 

fresh rBC particles in nearby large cities, which resulted in smaller particles as compared to other areas. 

The above measured size distributions are similar to previously measured results. For example, the 

measurements of Asian outflow by Sun et al. [35] and Shiraiwa et al. [27] showed that the peak sizes 

ranged from 190 to 210 nm, which were slightly higher than the measurement in the present study. 

According to Schwarz et al. [7,30,31], Moteki et al. [25,43], and McMeeking et al. [22], this suggests 

that the aged air mass had a slightly larger peak size. 

The rBC size distributions for the urban (BJ) and ocean (BH) areas with different air mass directions 

were also recorded (see Figure 7). In the urban area (BJ), the size distribution showed a noticeable 

difference under different air masses. The southern air mass contained smaller rBC particles than the 

northern air mass. For example, with an 80 nm diameter, the rBC mass was 40% of the mass at the peak 

value under the southern air mass condition. In contrast, the rBC mass was only 20% of the mass at the 
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peak value under the northern air mass condition. The peak sizes were 180 nm and 200 nm under the 

southern and northern air mass conditions, respectively. As we described before, in BJ, the southern air 

mass originated mainly from the local rBC anthropogenic emissions of large cities, while the northern 

air mass was generally an aged air mass with a mix of different sources. Schwarz et al. [30] suggested 

that the size of the rBC particles from urban sources is smaller than the biomass from burning sources. 

In contrast, the difference in the size distributions between the southern mass and the northern mass was 

small in the ocean area compared with the urban area, even though there was some indication that the 

particle size was smaller under the northern mass than under the southern air mass condition. 

 

Figure 6. The average size distribution of rBC at the four locations (red for BJ, blue for BH, 

black for BD, and pink for SH) during the sampling. 

 

Figure 7. The average rBC size distributions for the urban area (BJ-a) and the ocean area 

(BH-b) under different air mass back trajectories. The red color represents the southern air 

mass, and the black color represents the northern air mass. 
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3.3. Mixing State of rBC Particles 

When a part of the rBC particles is coated by non-refractory and non-light absorbing compounds, 

including sulfate, nitrate, and organics [44], the rBC particle mass is referred to as entering a “mixing 

state”. The rBC coated by hydrophilic compounds will become hydrophilic particles, which can be 

removed by wet deposition (i.e., washout by precipitation). The uncoated particles remain as 

hydrophobic particles, which cannot be removed by wet deposition [45]. Thus, it is important to 

understand the evolution of the “mixing state” of the rBC particles because it has important effects on 

the life of the rBC in the atmosphere. In this study, the number fraction (NF) of coated particles (%) was 

used to study the “mixing state” of the rBC particles. We used the incandescent lag time between the 

peaks in the scattered light signal and the incandescence signal to determine the mixing state of rBC, 

which was similar to the method employed by Moteki et al. [25]. This study classified a thickly coated 

rBC particle as one with a lag time ≥1.8 s. 

The vertical distributions of the NF of coated rBC particles from BJ and the BH under different air 

mass conditions are presented (see Figure 8). It is interesting to note several important issues shown in 

the urban region (BJ). First, above the PBL height, both the NF values increased with altitude. This is 

consistent with the study conducted by Schwarz et al. [31], in which more coated rBC particles were 

found at higher altitudes. Their explanation was that the rBC particles increased in age (more coatings) 

along the regional transport process. Second, a significant difference in NF was shown under the 

different air mass conditions. In the northern air mass, NF increased with altitude, exhibiting an NF value 

of 17% in the PBL. This is consistent with the findings of several previous studies listed in  

Table 3 [25,27,28,30,32]. However, in the southern air mass, the coating process of rBC showed a very 

complex pattern. Inside the PBL, the NF values were very high, with an average of 52%. The NF values 

were highest (65%) at the lower PBL (500 m), decreased with altitude inside the PBL, and reached a 

minimum value (30%) at the top of the PBL. Above the height of the PBL, the NF values changed the 

shape of their vertical distribution and began to increase with altitude. The NF value increased from 30% 

at the top of the PBL to 40% at 2000 m. The noticeable transition of the NF vertical distributions inside 

and outside of the PBL indicates that two different processes may have controlled the coatings of the 

rBC particles. During a typical southern air mass in BJ, there is high relative humidity (RH) inside the 

PBL, which could produce fast hygroscopic growth on the surface of the rBC particles (see Figure 9). 

However, above the PBL, there is low humidity, and the hygroscopic growth of the rBC particles is less 

active compared with that inside the PBL. In contrast, during a typical northern air mass in BJ, RH values 

less than 20% are significantly lower than those for a southern air mass (60%–70%) inside the PBL. 

Above the height of the PBL, the RH increases slightly. Under low humidity, the hygroscopic growth 

cannot be significant, and the increased NF values are mainly due to an aging process during the regional 

transport of the rBC particles. This result suggests that under a southern air mass condition, the NF 

values are strongly affected by local conditions, such as high humidity values. Meanwhile, under the 

northern air mass condition, the NF values are not strongly dependent on the local conditions (such as 

humidity), but rather on the aging time during the regional transport. 

The NF values measured by SP2 in different regions were summarized (see Table 3). The values 

suggest that high NF values normally occur in remote regions, while low NF values are close to large 

cities inside the PBL, such as the measurements in the US (Texas), Mexico, and Japan. This result is 
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consistent with the case in BJ under the northern air mass condition, which suggests that aging occurred 

during the regional transport process. However, during a very polluted case (southern air mass in BJ), 

the aging process of the rBC particles was very different compared with the measurements in other  

large cities. 

 

Figure 8. The measured vertical distributions of NF of the rBC particles from BJ and BH 

under different air masses. The red color represents the southern air mass, and the green 

color represents the northern air mass. The horizontal gray bars show the height of the PBL. 

 

Figure 9. The vertical distributions of relative humidity (RH) during a typical southern air 

mass (red) and northern air mass (green) in the urban area (BJ). 
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3.4. Effect of Hygroscopic Growth of rBC Particles 

The high NF values were highly correlated with the high values of RH (>60%) during the southern 

air mass inside of the PBL (see Figures 8 and 9). This suggests that hygroscopic growth occurred on the 

rBC particles. This result was also found by Baumgardner et al. [13]. Their results suggest that the NF 

values increase as the RH increases. The correlation between the NF and RH is shown in two different 

regions (see Figure 10); i.e., a large city (BJ) and a remote ocean region (BH). The results show very 

different correlations between the two regions. In the city region (BJ), the correlation coefficient (R2) 

between NF and RH was 0.88, indicating that the rBC particles were coated by water vapors due to 

hygroscopic growth. This result suggests that the polluted region (BJ) is often coupled with high 

humidity (high RH), causing the surface of the rBC particles to be quickly coated. The water vapors 

were coated on the surface of the rBC particles, which converted hydrophobic rBC particles into 

hydrophilic rBC particles. The conversion time was short (less than one day) because it was a local event 

and occurred inside the PBL. This finding is very important because the hydrophilic rBC particles were 

larger than the uncoated rBC particles, resulting in a faster deposition on the surface. In addition, the 

hydrophilic rBC particles could be washed out by precipitation. As a result, the rapid hygroscopic growth 

could lead to a shorter lifetime of rBC particles during heavy haze in BJ. 

 

Figure 10. The correlation between the NF and RH in the two different regions. One was 

the large city (BJ-upper panel), and the other was the remote ocean region (BH-lower panel). 

4. Summary 

We presented in-situ aircraft measurements of rBC from a heavily polluted region around  
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analyzed from 11 flights that occurred between April and June 2012. The vertical distributions, size 

distributions, and “mixing state” of the rBC particles were also presented in this study. The results are 

highlighted as follows: 

(1) In the urban area (BJ), the average rBC mass concentration in the PBL was 1128 ng/m3, which 

was significantly higher than the value (361 ng/m3) in the ocean area (BH). 

(2) The vertical distributions had noticeable differences between different air masses in the urban 

region (BJ) and the remote region (BH). When the air mass originated from the south (the 

polluted region), the rBC particles were strongly compressed in the PBL, resulting in a large 

vertical gradient at the top of the PBL. In contrast, when the air mass originated from the north 

(the clean region), there was a small vertical gradient of rBC particles. This analysis suggests 

that there was significant regional transport of the rBC particles, which enhanced the air pollution 

in BJ. Moreover, this transport not only occurred near the surface but also in the middle level of 

the PBL (around 0.5 to 1 km). 

(3) The analysis of the size distributions shows that about 80% of the rBC particles were in the 

diameter range from 70 to 400 nm, and the mean diameter at the peak rBC concentrations was 

about 180–210 nm. This suggests that the rBC particles were relatively small (less than 1 μm in 

diameter). 

(4) The “mixing state” of the rBC particles was analyzed to study the coating processes that occurred 

on the surface of the rBC particles. The results indicate that the air mass conditions strongly 

affected the number fraction (NF) of the coated particles. Under the southern air mass in BJ, the 

local air pollution was high at a lower height of the PBL and a higher humidity. As a result, the 

hygroscopic growth of rBC rapidly occurred, producing high NF values (~65%). The correlation 

coefficient between the NF and the local relative humidity (RH) was 0.88. 

(5) The findings of the rapid hygroscopic growth in BJ under the polluted condition has important 

implications for studying the rBC budget in the atmosphere. The rapid conversion from 

hydrophobic to hydrophilic rBC particles results in a shorter lifetime of rBC particles under 

heavy pollution and a lower residence time of the rBC particles in the atmosphere. 
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