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Abstract: Despite the yearly decline in PM2.5 in China, surface ozone has been rapidly increasing
recently, which makes it imperative to coordinate and control both PM2.5 and ozone in the atmosphere.
This study utilized the data of pollutant concentrations and meteorological elements during 2015 to
2018 in Nanjing, China to analyze the daily correlation between black carbon and ozone (CBO), and
the distribution of the pollutant concentrations under different levels of CBO. Besides, the diurnal
variations of pollutant concentrations and meteorological elements under high positive and negative
CBO were discussed and compared. The results show that the percentage of positive CBO had been
increasing at the average rate of 7.1%/year, and it was 38.7% in summer on average, nearly twice of
that in other seasons (19.2%). The average black carbon (BC), PM2.5 and NO2 under positive CBO
was lower than those under negative CBO. It is noticeable that the surface ozone began to ascend
when CBO was up to 0.2, with PM2.5 and NO2 decreasing and BC remaining steady. Under negative
CBO, pollutant concentrations and meteorological elements showed obvious diurnal variations: BC
showed a double-peak pattern and surface ozone, PM2.5, SO2 and CO showed single-peak patterns
and NO2 showed a trough from 10:00 to 19:00. Wind speed and visibility showed a single-peak
pattern with little seasonal difference. Relative humidity rose first, then it lowered and then it rose.
Under positive CBO, the patterns of diurnal variations became less obvious, and some of them even
showed no patterns, but just fluctuated at a certain level.

Keywords: black carbon; ozone; correlation between black carbon and ozone (CBO)

1. Introduction

Ozone is an integral trace component of the natural atmosphere, distributed mostly at
the height of 10–30 km in the stratosphere and partly (10%) in the troposphere. Although
the ozone in the stratosphere can absorb almost all the solar ultraviolet radiation in the
0.2–0.3 µm band so as to protect human skin from such harmful radiation, the surface
ozone in the troposphere would pose a great threat to the human health, vegetation, crops
and even buildings [1]. Recent studies have found that long term of exposure to the ozone
would cause a significant increase in the mortality due to respiratory diseases [2]. With
the surface ozone concentrations rising, the productivity of cotton, rice and wheat would
all decrease [3]. So, it is imperative to control the ozone in the troposphere. The sources
of tropospheric ozone are divided into natural sources and anthropogenic sources. The
natural sources are mainly from photochemical reactions [4,5] and stratospheric input [6,7].
The anthropogenic sources mainly include transportation, integrated petrochemical in-
dustry, and smoke plumes from coal-fired power plants [8–11]. Apart from the sources,
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tropospheric ozone is also affected by the meteorological elements. A study found that
the overwhelming factor of the surface ozone in western China is temperature using the
Generalized Additive Models (GAM) [12], while the research carried out with the Commu-
nity Multiscale Air Quality (CMAQ) modeling system showed that the main influencing
factor of tropospheric ozone in most parts of China is the change of wind field. In addition,
humidity, boundary layer height, cloud shape, and precipitation have obvious effects on
tropospheric ozone [13].

Black carbon (BC) is the carbonaceous substance of PM2.5 and one of the absorbers
of the visible light in the atmosphere. The main emission sources are biomass burning,
the combustion of civil fuel and the transportation source [14]. Similar to ozone, BC also
poses a great threat to humans health. Various toxic and harmful substances are easily
absorbed onto the surface of black carbon due to its loose and porous structure. These
harmful substances would affect human health when they are sucked into the respiratory
tract and reach the lung together with BC [15–17]. Therefore, it is also imperative to
reduce black carbon in the atmosphere. In recent years, China has continuously launched
a series of governance programs to control black carbon and organic carbon, which have
already been showing positive outcomes. For example, the black carbon (BC) and organic
carbon (OC) in urban areas of Beijing have been reduced by nearly half between 2013
and 2018, to 7.7 µg·m−3 and 2.6 µg·m−3, respectively, which is closely related to the air
pollution prevention and control measures. However, the results in Beijing, of the air
pollution prevention and control measures, are far from comparable to those of major cities
in developed countries, such as Los Angeles (2.9 µg·m−3 for BC and 0.6 µg·m−3 for OC)
and Tokyo (2.2 µg·m−3 for BC and 0.6 µg·m−3 for OC) [18], indicating that China still has
the potential for controlling carbonaceous pollutants in the atmosphere. BC concentrations
are also affected by meteorological elements. One of the recent studies shows that BC is
inversely proportional to temperature and wind speed and directly proportional to relative
humidity [19]. However, some other studies claim that BC is inversely proportional to
temperature, wind speed, relative humidity, visibility, and precipitation [20]. This indicates
that more research should be carried out before the relationship between meteorological
elements and BC is clear enough.

Ozone and BC are closely correlated in the atmosphere because of the light absorption
of black carbon [21–23] and the photosensitivity of the ozone generation mechanism [24,25].
The impacts of BC on photochemistry in the atmosphere, which generates ozone, are
significant in polluted urban areas. Unlike most cooling aerosols, by increasing the surface
reflectivity, BC absorbs the solar radiation and warms the atmosphere and the surface of
the Earth, which in turn influences photochemistry. A case study conducted in Houston
in 2000 has found that BC aerosols can reduce the photolysis frequencies of J[O3(1D)] in
the boundary layer, and in turn, the concentrations of the surface ozone [26]. However,
a recent study found that the BC-boundary layer interactions can offset the decrease of
ozone, because of the reduced photolysis rate, and enhance ozone formation [27]. So,
the correlation between BC and ozone is complex and worth further research. In most
cases, ozone is negatively related with black carbon, which makes the comprehensive
management of both ozone pollution and black carbon pollution difficult. In recent years,
the main pollution level in China has dropped significantly due to people’s growing
attention to the air quality and the government’s effective measures taken to combat it.
However, concerned authorities are focusing more on the control of inhalable particulate
matter (PM2.5) than on ozone pollution. With PM2.5 declining overall in most parts of
eastern China, surface ozone levels are on the rise [28–30]. Recent years have seen many
ozone pollution incidents, one of which was in the summer in 2017. In this ozone pollution
episode, most parts of China experienced severe surface ozone pollution, with 30 of China’s
74 major cities studied having the proportion of 90% that maximum 8 h average (MDA8)
ozone level exceeded 200 µg·m−3 [31]. Therefore, how to coordinately control PM2.5 and
ozone pollution in the atmosphere has become a difficult issue [32]. This paper mainly
studies the effect of black carbon in the atmosphere on the formation of surface ozone. This



Atmosphere 2021, 12, 626 3 of 13

study utilized data of pollutant concentrations (BC, O3, PM2.5, PM10, CO, NO2 and SO2)
and meteorological elements during 2015 to 2018 in Nanjing, China to analyze the daily
correlation between black carbon and ozone (CBO), and the distribution of the pollutant
concentrations under different levels of CBO. Besides, the diurnal variations of pollutant
concentrations and meteorological elements under high positive CBO and negative CBO
were also discussed and compared.

2. Data and Methods
2.1. Sampling Area and Time

In this research, the sampling area was located on the top of the meteorological
building on the campus of Nanjing University of Information Science and Technology
(NUIST, 32.207◦ N, 118.717◦ E), at the altitude of 60 m. There are numeric roads around
the sampling site, which means transportation is developed. To the northeast of the
sampling area is an industrial zone, which includes petrochemical, steel and chemical
energy polluting enterprises. The sampling time of this study is from 1 January 2015 to
31 December 2018. More details can be seen in our previous research [30].

2.2. Observation Instruments and Methodology

Black carbon was measured with the Model AE-33 aethalometer (Magee Scientific,
Berkeley, CA, USA), which uses two-point measurement technology and dynamic zero-
point calibration to provide continuous observations at fixed points at seven wavelengths
(370, 470, 520, 590, 660, 880, 950 nm). Because the absorption characteristics of other
light-absorbing aerosols (e.g., brown carbon and mineral dust) at 880 nm are not obvious,
the data measured at 880 nm are taken as the mass concentrations of BC [33]. The Model
AE-33 aethalometer uses PM2.5 cutting heads with a sampling flow of 5 L/min and a time
resolution of 1 min. Moreover, data of the mass concentrations of other air pollutants (PM2.5,
PM10, NO2, SO2, CO and O3) were provided by the national real-time publishing platform
for urban air quality (http://106.37.208.233:20035/, accessed 11 May 2021). Meteorological
elements (wind speed and direction, visibility, precipitation, etc.) are provided by the
CAWSD600 automatic observation station on the campus of NUIST. More details can be
seen in our previous research [30].

The Pearson correlation coefficient between black carbon and ozone (CBO) was calcu-
lated based on the 24-h data measured per hour in a day. Two types of data, where CBO is
significantly positive (CBO > 0.5) and significantly negative (CBO < −0.5), were selected
from the database for further analysis, as shown in Figure 1.

Figure 1. The scatter plot and the linear fit of O3 and BC concentrations.

Samples (6988) with significantly negative CBO collected are much more than those
(403) with significant positive CBO. It shows that BC and O3 are negatively correlated
in most cases, but there are still some data where they are positively correlated, and this
part of the data also needs attention. In the case of significant positive CBO, the adjusted
R-square in spring is larger, which means that the fitting result is better and the adjusted
R-square in autumn is negative, indicating that the fitting result is not ideal enough.

http://106.37.208.233:20035/
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3. Results and Discussion
3.1. Frequency Analysis of CBO

During the sampling time, from 2015 to 2018, a total of 19,310 valid hourly samples
for 955 days were obtained. In order to exclude the impact of wet deposition, we excluded
the precipitation days, and got 83 days of positive CBO, accounting for 14.0% of the total
days, which is only about one-sixth of the days with negative CBO (532 days). As shown
in Figure 2, the number of days with positive CBO from 2015 to 2018 were 16, 31, 16 and 20,
respectively, accounting for 18.0%, 34.8%, 22.5% and 24.7% of the total observation days in
that year. Among them, the number of days when CBO was over 0.5 were 3, 7, 4 and 8,
accounting for 18.8%, 22.6%, 25.0% and 40.0% of the total days with positive CBO. It is
notable that the proportion of high CBO had been increasing annually from 2015 to 2018,
and the average increasing rate was 7.1% per year.

Figure 2. The annual variations of the frequency of negative CBO and positive CBO.

Except for March, November and December, there are a considerable number of days
in each month (Figure 3) when the mass concentrations of BC and O3 are showed to be
significantly positive CBO (0.5 < CBO < 0.8). Among these, June had the largest number,
with a total of five days, accounting for 55.6% of the total days with positive CBO in this
month. Furthermore, in October and August, days of significantly positive CBO accounted
for about 50.0% and 40.0%, respectively. Thus, although negative CBO was more common
than positive correlations overall, there are considerable periods with significantly high
positive CBO.
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Figure 3. The monthly variations of the frequency of negative CBO and positive CBO.

As for the seasonal variations (Figure 4), the proportion of significantly positive CBO
(0.5 < CBO < 0.8) in summer was 38.7%, higher than that in other seasons, while the
proportion of strong positive correlations in the other seasons was merely mainly about
19.2%, nearly half of that in summer.

Figure 4. The seasonal variations of the frequency of negative CBO and positive CBO.

3.2. Distribution of Pollutants under Different Levels of CBO

According to Figure 5, the distribution of PM2.5, BC, O3 and NO2 varied greatly under
different CBOs. In the condition of positive CBO, the average mass concentrations of BC,
PM2.5 and NO2 were 1.94, 38.51 and 35.52 µg·m−3, respectively, and those on the occasion
of negative CBO were significantly lower: 2.28, 46.38 and 44.44 µg·m−3, respectively. The
average mass concentration of ozone was very close for negative CBO (81.56 µg·m−3)
and positive CBO (81.14 µg·m−3). It is worth noting that when CBO was above 0.2, the
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surface ozone began to rise significantly, with PM2.5 and NO2 decreasing significantly and
BC stable. According to Figure S1, the distribution of SO2, PM10, CO and meteorological
elements varied greatly under different CBOs, too.

Figure 5. Mass concentrations of pollutants (BC, PM2.5, O3, NO2) under different levels of CBO.

3.3. Diurnal Variations of Pollutants Concentrations and Metrological Elements under
Significantly Positive and Negative CBOs
3.3.1. Diurnal Variations of BC and Ozone

There are tremendous differences of diurnal variations of BC and ozone between
significantly positive CBO and negative CBO:

As for BC (Figure 6), (1) while −1.0 < CBO < −0.5, the diurnal variations of BC con-
centrations showed a double peak pattern. BC rose slightly around the level of 3.0 µg·m−3

during 0:00 to 5:00 and rapidly after sunrise, reaching the first peak at round 7:00–8:00,
which were 3.36, 3.37, 3.75 and 3.41 µg·m−3 in spring, summer, autumn and winter, re-
spectively. BC bottomed out to be around 1.40 µg·m−3 at about 14:00, and afterwards, it
began to increase and was approaching a steady value at dust. This coordinates with the
results of most previous studies carried out in many regions [20,34–36]. (2) In contrast,
while 0.5 < CBO < 1.0, mass concentration of BC was stable during 0:00–13:00, fluctuating
slightly around 1.40 µg·m−3, which was merely half of that (3.0 µg·m−3) during the con-
temporaneous period of the counterpart situation. The trend of BC after 13:00 differed
significantly in different seasons: In spring and summer BC rose slightly, reaching a slight
peak of 2.64, 3.03 µg·m−3 at dusk, similar to that during the contemporaneous period of
the counterpart situation. In autumn, BC increased rapidly after 13:00 and reached the
highest level (5.57 µg·m−3) of the whole day at 19:00. In winter, BC rose slowly overall and
saw a sudden drop at 16:00 and 20:00, and a sudden increase at 21:00.
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Figure 6. Diurnal variations of BC in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

As for O3 (Figure 7), (1) while −1.0 < CBO < −0.5, the diurnal variations of O3
concentrations showed a single peak pattern, which coordinated with the results from
previous studies. O3 reached the peak at 15:00–16:00, which was 157.67, 202.46, 139.53,
86.62 µg·m−3 in spring, summer, autumn and winter, respectively. (2) In contrast, while
0.5 < CBO < 1.0, the peak was 186.00, 167.40, 111.00 and 99.00 µg·m−3 in spring, sum-
mer, autumn and winter, respectively, about 118.0%, 82.7%, 79.6% and 114.3% of that for
−1.0 < CBO < −0.5. The maximums in summer and autumn declined obviously compared
with those for −1.0 < CBO < −0.5, while the maximums in spring and winter increased
obviously compared with those for −1.0 < CBO < −0.5. It is noticeable that comparing both
occasions, O3 in autumn differed greatly—the mass concentration of O3 during 11:00–19:00
for 0.5 < CBO < 1.0 was obviously lower that for −1.0 < CBO < −0.5, which may be due to
the increased BC during the contemporaneous period in autumn.

Figure 7. Diurnal variations of O3 in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

3.3.2. Diurnal Variations of the Other Pollutants

As for PM2.5 (Figure 8), (1) while −1.0 < CBO < −0.5, PM2.5 reached the peak at
9:00–10:00, which was 52.59, 36.69 and 49.43, 78.27 µg·m−3 in spring, summer, autumn
and winter, respectively. PM2.5 was severer in winter than in the other seasons. Another
feature of the diurnal variations of PM2.5 in winter is that it faced a strong reduction rate
(approximately 6.88 µg·m−3·h−1) between 11:00 and 14:00 after peaking at 9:00–10:00 and
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it remained at a relatively low value after 15:00. In contrast, PM2.5 in the other three seasons
showed similar trends as in winter, but the change was not so dramatic. (2) In contrast,
while 0.5 < CBO < 1.0, the diurnal variations of PM2.5 concentrations in spring and winter
showed a different trend from that for −1.0 < CBO < −0.5. It is noticeable that PM2.5
showed a continuous rising trend, especially after 11:00, different form the declining trend
of PM2.5 for −1.0 < CBO < −0.5. Thus, PM2.5 peaked in spring at 67.00 µg·m−3 at 18:00,
and in winter at 97.50 µg·m−3 at 23:00.

Figure 8. Diurnal variations of PM2.5 in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

As for NO2 (Figure 9), (1) while −1.0 < CBO < −0.5, the average NO2 was the
highest in winter (53.34 µg·m−3), and the lowest in summer (33.74 µg·m−3), and the
diurnal variations of NO2 had a trough between 10:00 and 19:00. (2) In contrast, while
0.5 < CBO < 1.0, the average NO2 was the highest in spring (35.85 µg·m−3), and the lowest
in winter (20.50 µg·m−3). Overall, the NO2 concentration for 0.5 < CBO < 1.0 was lower
than that for −1.0 < CBO < −0.5, and especially in winter, NO2 was merely 38.4% of that
for −1.0 < CBO < −0.5. Another feather is that for all four seasons, while 0.5 < CBO < 1.0,
NO2 fluctuated at a certain level instead of showing any apparent troughs throughout
the day.

Figure 9. Diurnal variations of NO2 in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

As shown in Figure 10, In both cases (−1.0 < CBO < −0.5 and 0.5 < CBO < 1.0), the
difference in SO2 mass concentrations was not significant, and in winter, SO2 was slightly
lower for −1.0 < CBO < −0.5 than for 0.5 < CBO < 1.0.
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Figure 10. Diurnal variations of SO2 in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

As for CO (Figure 11), (1) while −1.0 < CBO < −0.5, the diurnal variations of CO
concentrations showed a single peak pattern, peaking at around 10:00–11:00. Compared
with the other seasons, CO in winter was the highest on average (1.12 µg·m−3). (2) While
0.5 < CBO < 1.0, CO concentration was also the highest on average in winter (1.14 µg·m−3),
and CO in spring and summer was slightly lower than that for −1.0 < CBO < −0.5. As for
the diurnal variations, while 0.5 < CBO < 1.0, CO did not show the single peak pattern
as was shown while −1.0 < CBO < −0.5. CO was overall higher during 15:00–23:00 than
0:00–14:00.

Figure 11. Diurnal variations of CO in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

3.3.3. Diurnal Variations of Meteorological Elements

Recent research studies have studied the effects of meteorological elements on the
formation of O3 with WRF-CMAQ model. One of these research studies has found that,
among a series of meteorological elements, the change of wind speed had the most signifi-
cant effect on the maximum daily 8 h average (MDA8) O3 [13]. In this research, the average
value and the diurnal variations of wind speed differed under different CBOs. As is shown
in Figure 12, (1) while −1.0 < CBO < −0.5, wind speed showed a single peak pattern,
reaching a peak (around 2.68 m·s−1) at round 14:00. In such a situation, the seasonal
differences of diurnal variations of wind speed were not obvious, except for the wind speed
during 0:00–8:00 (spring ≈ winter > summer > autumn). (2) While 0.5 < CBO < 1.0, the
overall average wind speed was 2.13 m·s−1, which was 15% higher than that (1.85 m·s−1)
for −1.0 < CBO < −0.5. While 0.5 < CBO < 1.0, the seasonal differences of wind speed
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were obvious. The diurnal variations in autumn and winter showed apparent single peak
pattern as −1.0 < CBO < −0.5, while the peak happened in advance (around 10:00). The
peaking values in autumn and winter were both higher than those for −1.0 < CBO < −0.5
and especially, the highest wind speed in winter (3.95 m·s−1) was 50% higher than that
(2.69 m·s−1) for −1.0 < CBO < −0.5. Conversely, the diurnal variations in spring and
summer did not show apparent single peak pattern as −1.0 < CBO < −0.5 and fluctuated
widely at a relatively high level (spring: 3.10 m·s−1, summer: 2.46 m·s−1).

Figure 12. Diurnal variations of wind speed in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

Apart from wind speed, relative humidity differed in two situations. As shown in
Figure 13, (1) while −1.0 < CBO < −0.5, diurnal variations of relative humidity (RH) rose
at 0:00–6:00, 15:00–23:00 and dropped at 6:00–15:00, reaching a minimum at around 15:00.
The minimum was 32.04%, 49.99%, 48.07% and 40.74% in spring, summer, autumn and
winter, respectively. (2) While 0.5 < CBO < 1.0, except for spring, the diurnal variations of
RH in the other three seasons showed the similar pattern as −1.0 < CBO < −0.5, but the
minimums (62.29% in spring, 69.00% in autumn, 54.95% in winter) were much higher than
those for −1.0 < CBO < −0.5. While 0.5 < CBO < 1.0, the amplitude of diurnal variations of
RH was smaller, which means RH was more stable. The most apparent difference between
the two situations was in spring. The minimum RH in spring was merely 31.02%, lower
than that for −1.0 < CBO < −0.5. What is more, the average RH (63.19%) during 0:00–9:00
in spring was much lower than that (45.04%) for −1.0 < CBO < −0.5.

Figure 13. Diurnal variations of relative humidity in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.
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Compared with wind speed and RH, the differences of visibility between two situa-
tions were relatively small. As shown in Figure 14, (1) while −1.0 < CBO < −0.5, diurnal
variations of visibility showed a single peak pattern, reaching the maximum at around
16:00 in spring (13.10 km) and summer (14.90 km), and around 14:00–15:00 in autumn
(14.22 km) and winter (9.85 km). The average visibility was the highest in summer, second
in spring and autumn, and the lowest in winter. (2) While 0.5 < CBO < 1.0, the amplitude
of diurnal variations of visibility was smaller than that for −1.0 < CBO < −0.5. Especially
in spring and winter, visibility fluctuated at the level of around 8 km with an aptitude of
about 1 km/h.

Figure 14. Diurnal variations of visibility in two situations: (left): −1.0 < CBO < −0.5 and (right): 0.5 < CBO < 1.0.

4. Conclusions

This study utilized the data of pollutant concentrations (BC, O3, PM2.5, PM10, CO, NO2
and SO2) and meteorological elements during 2015 to 2018 in Nanjing, China to analyze the
daily correlation between black carbon and ozone (CBO). Samples (6988) with significantly
negative CBO collected are much more than those (403) with significant positive CBO.
However, the frequency analysis of CBO showed that the proportion of high positive
CBO had been increasing annually, with an average increasing rate of 7.1%/year. The
proportion of significantly positive CBO (0.5 < CBO < 0.8) in summer was 38.7% on average,
nearly twice of that in the other seasons (19.2%). The analysis of the distribution of the
pollutant concentrations under different levels of CBO showed that the average BC, PM2.5
and NO2 concentrations under positive CBO were lower than those under negative CBO.
However, the difference of average ozone concentrations between such two situations was
not apparent. It is noticeable that the surface ozone began to ascend when CBO was up to
0.2, with PM2.5 and NO2 decreasing and BC steady.

Besides, the diurnal variations of pollutant concentrations and meteorological el-
ements between two situations were also compared. Under negative CBO, pollutant
concentrations and meteorological elements showed obvious modes of diurnal variations:
BC showed a double-peak pattern, surface ozone, PM2.5, SO2 and CO showed single-peak
patterns and NO2 showed a trough from 10:00 to 19:00. Wind speed and visibility showed
a single-peak pattern with little seasonal difference. Relative humidity rose first, then
lowered and then rose. While under positive CBO, the above patterns of diurnal variations
became less obvious and some of them even showed no patterns, but just fluctuated at a
certain level. Under positive CBO, BC was stable during 0:00–13:00, fluctuating slightly
around 1.40 µg·m−3, which was merely half of that (3.0 µg·m−3) during the contemporane-
ous period under negative CBO and the trend after 13:00 differed significantly in different
seasons. Under negative CBO, the peaks of O3 in summer and autumn declined obviously
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and those in spring and winter increased obviously compared with those under negative
CBO. Besides, the overall NO2 concentrations were lower and the overall wind speed was
higher under positive CBO. The diurnal fluctuation of relative humidity and visibility was
smaller under positive CBO.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12050626/s1, Figure S1: Mass concentrations of pollutants (SO2, PM10, CO) and
meteorological elements (Visibility, Relative Humidity, Wind Speed) under different levels of CBO.
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