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Abstract: In Beijing, the probability of snowfall is decreasing as a result of global warming. At the
same time, Beijing has suffered severe air pollution. In this paper, the concentration and particle size
characteristics of BC (Black Carbon) in snow during the winter of 2015 in Beijing were analyzed by
the SP2 method. The average concentration of BC in snow meltwater in Beijing is 82 ng/mL, with a
minimum value of 62.9 ng/mL and a maximum of 210.6 ng/mL. The BC particle size in snow and
ice in the Beijing area is mostly concentrated in the range of 70–400 nm. After log-normal, the BC
particle size above 600 nm is still small, which should be closely related to the nature of the local BC
emission source. The concentration of BC in snow is highly susceptible to meteorological conditions
and local pollution levels. When Beijing is under the control of the east wind or the southeast wind,
aerosols in the urban areas can easily accumulate in the northwestern mountains and then settle or
participate in the snowfall process, resulting in an increase in BC aerosol accumulation in the snow,
thus further changing the optical properties of snow in the Beijing area.

Keywords: BC; Beijing; SP2; snow; size distribution

1. Introduction

Black carbon (BC) aerosol mainly comes from incomplete combustion, which is the
main absorption aerosol in the atmosphere. It is one of the most important factors in-
fluencing the uncertainty in global climate change assessment, and it is considered as a
major contributor to global warming after carbon dioxide (CO2) and methane (CH4) at
a global scale [1–6]. BC aerosol can affect solar radiation through direct effects, generate
radiative forcing, and heat the atmosphere [7,8]. It can also serve as ice nuclei participating
in increasing or decreasing precipitation [9–12]. When the BC particles settle to the snow
and ice surface of the glaciers, the surface albedo of snow and ice will be reduced, and
the melting process of snow and ice will be accelerated, thus impacting runoff and water
resources [13–16]. BC not only has impacts on climate change, but it also has recently
emerged as a significant contributor to human health. Many studies have found that the
associations of adverse health effects with BC were stronger than with fine particulates
(PM2.5) and inhalable particulates (PM10) [17–19].

Robust estimates of BC effects on snowpack evolution require accurate and reliable
data of BC content in snow [20–22]. Warren [21] pointed out that due to the complexity
of the snow and ice environment, satellite remote sensing inversion often cannot provide
accurate data of BC content on the surface of snow and ice. Even if the albedo could be
measured perfectly from satellite, its attribution would be ambiguous due to the vertical
variation of snow grain size, absorbing aerosol in the atmosphere above the snow, and
especially due to subpixel heterogeneity of the thin and patchy snow cover of the Arctic and
many other treeless regions, highlighting the importance of ground-based measurements.
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Due to the relatively low content level of BC in snow and ice, the requirements
for a sample collection are high. Compared with the method of direct observation of
the atmosphere, the method of observation and analysis of BC in snow is much more
complicated. Several measurements of BC particles have been conducted using mostly
filter and/or optical methods [23–27]. At present, there are mainly three methods for
analyzing BC in snow samples. The first is the thermo-optical method. In this method, a
quartz filter is used to filter the melted snow sample, and the BC and organic carbon on the
filter are then heated at high temperature to generate carbon dioxide. The transmittance of
the filter is monitored to distinguish between BC and organic carbon, and BC and organic
carbon concentrations are calculated by measuring the carbon dioxide content [28–34]. The
second method is using an Integrating Sphere/Integrating Sandwich Spectrophotometer
(ISSW). Membrane filtration is also used in this method. The light of a specific wavelength
is emitted by a multi-wavelength light emitting diode, passing through a filter sample. The
degree of light attenuation is measured, and then an absorption curve is established; the
concentration of BC is thus manifested by the light absorption intensity [35–39].

However, significant errors are inevitable in both of the above methods. The error
of the thermo-optical method originates from the efficiency of filtration, which means
that it is not easy to distinguish between BC and OC in the analysis. Moreover, BC
cannot be directly and accurately quantified in the ISSW method, which is based on many
assumptions (numerical), and is susceptible to light-absorbing organic carbon (brown
carbon), dust, and especially iron oxides, with relatively low sensitivity [40–43].

The third method is the Single Particle Soot Photometer (SP2) method, which has been
developed in recent years. For the first time, in 2007, McConnell et al. [44] used SP2 to test
BC concentration in snow-ice samples. In contrast to the two above-mentioned methods,
SP2 directly measures BC particles, with a detection efficiency of more than 90%, effectively
eliminating the interference of sample filtration, OC, carbonate, and other factors [45–48].
Two types of error affect the SP2 results: first, the systematic error resulting in mean bias
between the extrapolated and actual peak heights when sufficient statistics are available;
second, the random error that reflects the range of possible extrapolated values relative to
the actual ones for individual detections [49–52]. The systematic error can be estimated
via a polynomial fit to the extrapolated results for data for which the actual values are
known, and random error is the most relevant when only small collections of saturated
particle data are available [52]. Lim et al. [48] compared the advantages and disadvantages
between the SP2 and OC/EC Analyzer of thermo-optical methods in the analysis of BC
in snow/ice samples. In view of the extremely high sensitivity and accuracy of SP2 in
BC measurements, this method has received much attention in the field of analysis of BC
in snow-ice samples. In recent years, the development, optimization, and comparison of
SP2-related testing methods have emerged in the literature [49–52]. Therefore, the SP2
Black Carbon analysis method is preferred to measure BC aerosol in snow.

China has the largest share of global BC emissions, which amounts to a quarter of
global and half of Asian emissions, due to its high consumption of fossil energy [3,4,53,54].
Beijing, which is the capital of China and the most important megacity located in the
northern part of NCP, has also suffered from severe air quality in recent years due to its
large local fossil fuel consumption [55–57], and BC particles are one of the most important
anthropogenic aerosols there. Serving as one of the global super cities, Beijing provides
a natural and artificial mixed polluted laboratory [58,59]. In Beijing, the capital of China,
the probability of snowfall is decreasing as a result of global warming [60]. At the same
time, Beijing has suffered from severe air pollution. Previous studies show that Beijing
is an abundant laboratory of BC [40,42,53–56]. There is little research on the mechanism
of man-made pollutants, including BC aerosol, and the influence they have on snowfall.
In particular, the characteristics of size distribution and sources of BC during snowfall
in a megacity in China are even rarer. In this paper, the concentration and particle size
characteristics of BC in snow during the winter of 2015 in Beijing were analyzed by SP2
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method, which was designed to provide reference for correctly assessing the effect of BC
aerosol on a natural snowpack.

2. Data and Methods
2.1. Sampling Area and Time

The observation location in this article was in Yanqing County, Beijing (40.311◦ N,
115.47◦ E), with an average altitude of 928 m. The observation date is 19–21 November
2015. According to the original plan, the samples were to be collected from 4 different
points (each point is no more than 2 km apart) to reduce the error caused by single point.
On the 20th to 21st, due to road conditions, only 2 points were selected for collection. The
samples collected were fresh snow that fell on the ground that day (Table 1).

Table 1. Summary of BC concentration and actual concentration.

No. No. of Samples Concentration
(ng/mL)

Actual Concentration
(ng/mL) Weather

1 19-1 15.3995 76.9975 Light snow
2 19-2 16.0576 80.288 Light snow
3 19-3 12.8519 64.2595 Light snow
4 19-4 12.5724 62.862 Light snow
5 20-1 3.63763 18.18815 Moderate snow
6 20-4 2.89438 14.4719 Moderate snow
7 21-1 42.1161 210.5805 Heavy snow
8 21-4 29.7629 148.8145 Heavy snow

2.2. Sample Analysis

The BC analysis system used in this study is comprised of three parts (Figure 1):
Peristaltic Pump, Ultrasonic Atomizer, and Single Particle Soot Photometer (SP2, DMT
Inc., Longmont, CO, USA). The Peristaltic Pump absorbs samples with a relatively stable
speed (about 0.5–0.6 mL/min), and the Ultrasonic Atomizer atomizes aqueous solution
into droplets of about 10 µm. These droplets containing particulate matter flow through a
pipeline of 140 ◦C and are then vaporized, with the particulate matter inside the droplets
released into the carrier gas. The water vapor is then condensed through cooling pipelines
of 3 ◦C. In the end, the relatively dry carrier gas with particulate matter flows out of the
atomizer into the SP2 for testing.
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Based on previous methods [41,45,48,58], this study took the actual situation of Beijing
snow-ice samples into consideration and added the following experimental procedures:
(1) Measuring the velocity of the Peristaltic Pump. The velocity of the Peristaltic Pump will
decrease gradually in the sample testing process due to aging, and the velocity change is
considered in the process of data processing. (2) A certain concentration of the PSL particle
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with a size of 200 µm is absorbed by the Peristaltic Pump before the sample is measured,
and the atomization efficiency is calculated by the ratio of the concentration of the particle
quantity measured by SP2 and the total quantity. (3) Using the method of BC Save Only to
collect data, without recording the scatter signal. A huge amount of data brought by scatter
particle signal can be avoided, and the ratio of mixed black carbon can still be determined
by scatter signal. (4) Measuring the ultra-pure water background and the 10 ppb Aquadag
standard sample to evaluate the long-term stability of the instrument. In this study, the
change in black carbon concentration in the snow and ice sample contained in the sample
bottles of low base Polyethylene Terephthalate (PET) in different pretreatment modes
(static, stirring, and ultrasonic) was tested, and the effect of using PET sample bottles to
contain snow and ice sample with black carbon was evaluated. Lim et al. [48] found that
the ratio of surface/volume (S/V) of sample bottles influenced the storage of black carbon
samples. The smaller the S/V value is, the possibility of the sample adsorbing on the
bottle surface decreases, and the recovery rate increases [48]. In this study, the PET sample
bottle has a smooth interior surface with a smaller S/V ratio, which is more suitable for the
short-term storage of black carbon sample compared with the PP bottle. (5) Data collection.
The amount of black carbon particles collected is determined by the concentration of the
sample, usually around 5000–40,000. (6) After the sample testing is finished, the BCSC
mode is restored, the PSL standard sample is re-measured, and the change in atomization
efficiency is monitored. (7) Pump speed, atomization efficiency, sample number, data
number and other information is substituted into the Ice Core module of Paul Scherrer
Institute (PSI) software, and the mass concentration of black carbon in the sample can be
obtained as a result.

2.3. Single Particle Soot Photometer (SP2)

The BC aerosol was observed using an SP2. SP2 infers the diameter, mass, and white-
hot temperature of a single aerosol particle by using light scattering, absorption, and
emission and designs a sampling particle size range of 0.04 to 0.8 µm. The instrument
structure is described in detail in [50–52]. In simple terms, the particles in the vertical
direction enter the SP2 laser cavity one by one. When the laser beam (λ = 1064 nm) in the
horizontal direction in the cavity is heated to generate an optical signal, the signal will be
detected by detectors in four different positions. If the particles are non-light-absorbing
particles, the scattered signal is to be detected by two optical scattering lenses. If the
particles are aerosol particles wrapped in BC, the laser will first burn off the outer cladding
and emit a scattering signal, and then continue heating until the internal BC vaporizes
under light absorption and emits an incandescent light signal. The incandescent light
signal is to be detected by two other optical filters in different wavelength bands (broad
band ranging from 350 to 800 nm, narrow band ranging from 630 to 800 nm). The intensity
peak of the incandescent light signal is in direct proportion to the BC content. According to
this proportion, the mass of BC is calculated from the single-particle incandescence signal
intensity, and then the BC number concentration and mass concentration are obtained
based on the mass and quantity of BC detected in the unit time. Quality assurance and
quality control (QA/QC) primarily included the routine maintenance and calibration of
instruments. According to the standard procedure, the inlet flow, removing the noise peaks
and particle size for SP2, was calibrated at the beginning and middle as well as the end of
the campaign. More detailed information about the BC analysis protocol is provided in
Schwarz et al. [51,52].

2.4. Effects of Different Treatment Methods on Measurement

Although the measured values are relatively stable in both stirring and ultrasonic
pretreatments, it can be seen from Figure 2 that the average measurement of black carbon
in three samples when using the ultrasonic method is significantly higher than that in static
and stirring methods, which shows a better recovery rate. This was followed by a retest of
the black carbon concentration contained in PET sample bottles for a long time. It was found
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that after one month’s cold storage, the measured value can still reach more than 70% of the
initial value, proving the effect is better than the PP bottle. Therefore, PET plastic bottles
can be used for temporary storage of black carbon samples. Their study found that stirring
after ultrasonication has little effect on the measurement result. If the sample is stirred
while being injected, the stability of measurement is affected, and a considerable amount
of coarse scatter particles are agitated during the stirring process. This easily contaminates
the transducer and the atomization chamber of the CETAC ultrasonic atomizer, resulting
in a decrease in the atomization efficiency and an increase in the measurement background.
Therefore, this study only used ultrasound to inject samples. The importance of ultrasound
is not only reflected in the preinjection treatment, but also at the time of sample separation,
especially for samples that have undergone a freeze–thawing process. It is clearly shown
in Figure 3 the striking difference of BC concentrations between the snow sample being
sonicated for 15 min and that without (PP bottles subjected to freeze–thawing and stored
for a long period of time). Although the changing trend of concentration is still consistent,
concentrations are different. All samples of this study that involve sampling were subjected
to sonication before that. A detailed introduction can be found in [61].
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2.5. The Effect of Sample Dilution on Measuring Results

Although the sample was snow-ice from the comparatively clean Tibetan Plateau,
many suspended particles could still be found in the dissolved samples when the con-
tamination layer was involved. During the experiment, it was found that the injection of
some samples with more suspended particles would lead to the decrease in the injection
flow rate of SP2 (usually 120 mL/min) to about 20–30 (which could be a self-protection
mechanism of SP2, avoiding chambers being polluted by particles with high flow-rate
and density, unconfirmed by the manufacturer) and the rundown in laser power (YAG
Power). In some snow/ice samples, the SP2 scatter window counted 7000–8000 particles
cm−3. However, when the scatter signal was greater than 2000, the signal did not change
in proportion to the actual sample concentration according to the experiment. In this study,
these samples were measured by means of diluted injection and the effect of dilution on
the black carbon measuring results was evaluated.

Kaspari et al. [62] also mentioned that samples need to be diluted when black carbon
measures >10 ng/mL. A snow-ice sample from the Demura Glacier and a Beijing snowfall
sample were diluted and measured repeatedly. As can be seen in Figure 4, the two samples
exhibited a linear relation (R2 > 0.99) at a dilution ratio of 2–10 times, unaffected by the high
concentration of scattering particles. This indicates the measuring result of concentration
after the dilution test was reliable while black carbon was in the range of 1–80 ng mL−1.

Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 13 
 

 

the high concentration of scattering particles. This indicates the measuring result of con-
centration after the dilution test was reliable while black carbon was in the range of 1–80 
ng mL−1. 

 
Figure 4. Effect of dilution on black carbon measurement. 

3. Results and Discussion 
3.1. Mass Concentration of BC in Snow 

As can be seen from Figure 5, the average concentration of BC in snow meltwater on 
19th–21st was 82 ng/mL; the minimum of 62.9 ng/mL was on the 19th, and the maximum 
of 210.6 ng/mL was on the 21st. From the day-to-day changes in concentration, the average 
concentration at the four collection points on the 19th was 71.1 ng/mL and the deviation 
was no more than 10%. On the 20th, the average BC concentration in the snow at the two 
collection points dropped to 16.3 ng/mL. However, on the 21st, the BC concentration in-
creased to 210.6 ng/mL, and the average concentration in the two collection points was 
180 ng/mL, which was 11 times the average BC concentration in the snow on the 20th. 
Early studies found that human activities have a correlation with the changes in black 
carbon concentrations in ice cores. Especially after the industrial era, there are many rec-
ords that the black carbon emitted by human activities contributed to BC in ice cores. The 
study of black carbon content in snow and ice has found that local human activities have 
a significant impact. Beijing, the capital of China, is also a megacity. The amount of BC 
emitted by human activities is huge, especially in the winter heating season where the 
concentration of BC in the snow is closely related to the BC transmission of local pollution 
emissions. 

Figure 4. Effect of dilution on black carbon measurement.



Atmosphere 2021, 12, 816 7 of 12

3. Results and Discussion
3.1. Mass Concentration of BC in Snow

As can be seen from Figure 5, the average concentration of BC in snow meltwater on
19th–21st was 82 ng/mL; the minimum of 62.9 ng/mL was on the 19th, and the maximum
of 210.6 ng/mL was on the 21st. From the day-to-day changes in concentration, the average
concentration at the four collection points on the 19th was 71.1 ng/mL and the deviation
was no more than 10%. On the 20th, the average BC concentration in the snow at the
two collection points dropped to 16.3 ng/mL. However, on the 21st, the BC concentration
increased to 210.6 ng/mL, and the average concentration in the two collection points
was 180 ng/mL, which was 11 times the average BC concentration in the snow on the
20th. Early studies found that human activities have a correlation with the changes in
black carbon concentrations in ice cores. Especially after the industrial era, there are many
records that the black carbon emitted by human activities contributed to BC in ice cores.
The study of black carbon content in snow and ice has found that local human activities
have a significant impact. Beijing, the capital of China, is also a megacity. The amount
of BC emitted by human activities is huge, especially in the winter heating season where
the concentration of BC in the snow is closely related to the BC transmission of local
pollution emissions.
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Figure 5. The mass concentration of BC in snow.

3.2. Size Distribution of BC in Snow

The absorption characteristics of BC are not only closely related to the way of mixing
with other aerosol components [63,64] and snow grains [65,66], they are also affected by
the particle size distribution characteristics [67]. Schwarz et al. [68] used SP2 to observe
the BC particle size in snow and found that it was larger than that in the atmosphere, and
then obtained accurate MAC information in the snow. Moreover, the current climate model
study [69] cannot accurately calculate the MAC due to the inability to obtain reasonable
information about the particle size of BC in snow and ice, which in turn affects BC’s
radiative forcing. This study has found that the BC particle size in snow and ice in Beijing
is mostly 70–400 nm (Figure 6). While after log-normal, similar to the US and Shenzhen
in China [15,70], the BC particles with size above 600 nm are still rare, which should be
closely related to the nature of the local BC emission source. In addition, judging from the
changing trend of peak BC particle size, particles increased from 180 to 210 nm from the
19th to 21st, and the spectrum of particles above 200 nm began to widen. This indicates
that BC particles on the 21st were more aged and blended more fully with those in snow
and ice (Figure 6).
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Figure 6. Size distribution of BC in snow.

3.3. Meteorological Effects on Day-to-Day Variation in BC Concentration in Snow

In order to confirm the reason of sudden increase in BC concentration, we used the
WRF weather background field and the closest (10 km away) wind profile radar from an
observation station dating from 19–22 November 2015 (Figure 7). On the 19th, the Eurasian
middle-high latitude areas were two-slot and one-ridge. The Lake Baikal area was in the
low vortex before the high-pressure ridge and in the wide transverse trough area, with the
ground controlled by cold high pressure. In the western part of the mid-layer in the bottom
of the trough, ranging from 500 to 700 hPa in north China, there is short-wave trough
activity, and the low-level cold air activity is frequent. In the joint influence of the low-level
front, shear line, ground inverse trough, and east wind, the observation site underwent a
wide range of rain and snow. From the day of the 19th to the noon of the 20th, sleet turned
into light snow. From 08:00 of the 19th to 20:00 of the 20th, there was a short-wave trough
transit at high altitude. The 850 hPa was affected by the shear line where the cold and
warm air meet, the ground was at the bottom of the high pressure, and the cold air in the
northeast was slowly pressed down to the south, so the lower layer has a better vertical
upward movement and vapor conditions, with the specific humidity of 925 hPa exceeding
3 g/kg. At 08:00 on the 19th, the ENE wind was 6 m/s and the humidity was 92% near
Yanjiaping Village. During the day, the cold air permeating from the northeast gradually
turned into a southeast wind (Figure 7). At 20:00, it changed to south wind about 4 m/s,
and the humidity maintained at 92% (Figure 7). On the morning of the 20th, the cold air
weakened, the south windspeed decreased to 1–2 m/s, the humidity remained at 90%, and
the snowfall gradually stopped.

As can be seen from the analysis of weather conditions above, from the 19th to the
21st, the observation points had been under the control of the east wind or southeast wind,
and the aerosols in urban areas can easily accumulate at observation points along with the
east wind or southeast wind. We could see that the BC particles in urban areas showed a
degressive trend from the 19th to the 21st. East wind significantly diluted urban aerosol
pollution, and while the BC concentration in snow of the observation area had increased
from the 19th to the 21st, it especially surged on the 21st (Figure 7). This showed that urban
aerosols had gradually accumulated in observation areas in the northwestern mountains
under the meteorological conditions. During this process, we did not include how BC
and snow are mixed, whether being settled by snow or participating in snow formation as
ice nuclei.
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4. Conclusions

This study abandoned the method of calculating the atomization efficiency by directly
using the yield of CETAC liquid waste and used polystyrene (PSL) standard particles
to calculate the actual atomization efficiency of the atomizer. The study shows that the
BC recovery rate is the highest under the ultrasonic mode, because the large particles
produced by the condensation of black carbon during the storage process are broken by
the ultrasonic wave and can finally be atomized and detected by the SP2 successfully. The
average concentration of BC in snow in Beijing is 82 ng/mL, with a minimum value of
62.9 ng/mL and a maximum of 210.6 ng/mL. The BC particle size in snow and ice in the
Beijing area is mostly concentrated in the range of 70–400 nm. After log-normal, the BC
particle size above 600 nm is still small, which should be closely related to the nature of
the local BC emission source. The concentration of BC in snow is highly susceptible to
meteorological conditions and local pollution levels. When Beijing is under the control of
the east wind or the southeast wind, aerosols in the urban areas can easily accumulate in
the northwestern mountains and then settle or participate in the snowfall process, resulting
in an increase in BC aerosol accumulation in the snow, thus further changing the optical
properties of snow in the Beijing area.
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