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h i g h l i g h t s
� A Tethered balloon-based black carbon measurement was firstly conducted in a megacity of China.
� Diurnal characteristics, formation, and sources of black carbon profiles were revealed.
� High atmospheric heating effects due to black carbon may influence regional climate.
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a b s t r a c t

A Tethered balloon-based field campaign was launched for the vertical observation of air pollutants
within the lower troposphere of 1000 m for the first time over a Chinese megacity, Shanghai in
December of 2013. A custom-designed instrumentation platform for tethered balloon observation and
ground-based observation synchronously operated for the measurement of same meteorological pa-
rameters and typical air pollutants. One episodic event (December 13) was selected with specific focus on
particulate black carbon, a short-lived climate forcer with strong warming effect. Diurnal variation of the
mixing layer height showed very shallow boundary of less than 300 m in early morning and night due to
nocturnal inversion while extended boundary of more than 1000 m from noon to afternoon. Wind
profiles showed relatively stagnant synoptic condition in the morning, frequent shifts between upward
and downward motion at noon and in the afternoon, and dominant downward motion with sea breeze in
the evening. Characteristics of black carbon vertical profiles during four different periods of a day were
analyzed and compared. In the morning, surface BC concentration averaged as high as 20 mg/m3 due to
intense traffic emissions from the morning rush hours and unfavorable meteorological conditions. A
strong gradient of BC concentrations with altitude was observed from the ground to the top of boundary
layer at around 250e370 m. BC gradients turned much smaller above the boundary layer. BC profiles
measured during noon and afternoon were the least dependent on heights. The largely extended
boundary layer with strong vertical convection was responsible for a well mixing of BC particles in the
whole measured column. BC profiles were similar between the early-evening and late-evening phases.
The lower troposphere was divided into two stratified air layers with contrasted BC vertical distributions.
Profiles at night showed strong gradients from the relatively high surface concentrations to low con-
centrations near the top of the boundary layer around 200 m. Above the boundary layer, BC increased
with altitudes and reached a maximum at the top of 1000 m. Prevailing sea breeze within the boundary
layer was mainly responsible for the quick cleanup of BC in the lower altitudes. In contrast, continental
outflow via regional transport was the major cause of the enhanced BC aloft. This study provides a first
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insight of the black carbon vertical profiles over Eastern China, which will have significant implications
for narrowing the gaps between the source emissions and observations as well as improving estimations
of BC radiative forcing and regional climate.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to the strong economic development for the last few
decades, China has been suffering from serious air pollution prob-
lems (Chan and Yao, 2008; Hao et al., 2007; Ouyang, 2013). The
significance of trans-boundary transport of pollutants from East
Asia, especially China has been extensively reported (Hand, 2014;
Park et al., 2004; Yamazaki et al., 2014). For instance, it was re-
ported that one O3 pollution episode that occurred in Central Cal-
ifornia during 2012 was ascribed to be related to the long-range
transport from China (Hand, 2014). Domestically in China, there
have been urgent needs to mitigate air pollution, for it has become
a big concern in economics (Lin et al., 2014), agriculture (Liu et al.,
2013; Tai et al., 2014), transportation, public health (D'Amato et al.,
2013; Kan et al., 2012; Tagaris et al., 2009), and climate change
(Jacob and Winner, 2009).

In this regard, the Chinese government has made concerted
efforts to tackle air pollution problems in recent years. For example,
more rigorous national standard of air quality was promulgated
and enforced in August 2013. Shortly after that, the State Council of
China issued the Air Pollution Prevention and Control Action Plan.
In April 2014, the environmental law was amended for better
addressing the current status of air quality in China. Meanwhile, a
comprehensive ground-based ambient air quality network for
monitoring gaseous pollutants and particulate matters has been
established in around 200 cities of thewhole country so as to gain a
better representation of the levels and spatial patterns of regional
air pollution.

Two notorious large scale smog events hovered over North
China in early January of 2013 and over East China in December
of the same year (Wang et al., 2014; Xu et al., 2013). During these
extreme air pollution events, hourly PM2.5 concentration on Jan
12 recorded more than 900 mg/m3 in Beijing; and the peak hourly
PM2.5 concentration on December 6 reached 602 mg/m3 in
Shanghai, 7e8 times higher than the national 24-h standard of
75 mg/m3. High emissions, rapid formation of secondary aerosols
and strong regional transport under the stagnant weather con-
dition were investigated to be the major factors for the formation
of these extreme haze events (Ji et al., 2014). However, most of
the previous studies mainly focused on the characteristics of air
pollutants on the surface level. Little has been known on the
vertical variation of air pollutants in the lower troposphere; How
would the variation of atmospheric boundary layer control the
vertical mixing extent; And what's the impact of regional
transport on the perturbation of air pollutants' vertical
distributions.

Currently, the most widely applied instrumentations in the
field measurement of vertical observation for airborne pollutants
include aircraft, kite, tower, and the Tethered balloon platform.
For aircraft based measurement, it was mainly focused on the
mid- and high-altitudes of around 1e10 km (Ding et al., 2009;
Yerramilli et al., 2008), but the vertical resolution is relatively
low. Aircraft was used to carry on canisters sampling for the
volatile organic compounds (Winkler et al., 2002). For a kite, it can
be operated at a height as low as 100 m (Knapp et al., 1998), but
the light-weight payload is the shortcoming for this platform. As
for a tower, it is set up at a fixed site and also has limited obser-
vation range depending on the height of the tower. For example,
in Beijing, there is a 325 m tower deployed for the measurement
of meteorological and air pollutants fields (Meng et al., 2008). The
well-known Eiffel tower in Paris was also used to collect obser-
vation data (Dupont et al., 1999). Measurements on the Frohnau
Tower in Berlin were conducted to explore the cause of elevated
PAN and O3 (Rappengluck et al., 2004). As for a Tethered balloon,
in theory it can be launched at any locations even in the harsh
environment such as the South pole (Johnson et al., 2008) as well
as in cities (Greenberg et al., 2009; Lin et al., 2007; Ma et al., 2013;
Day et al., 2010; Cuchiara et al., 2014). Its application could be
traced back to 1990's (Baumbach et al., 1993). However, the
traditional Tethered balloon platform was also limited with the
payload and generally could only carry the light-weight
instruments.

In this study, we used a Tethered balloon to investigate the
atmospheric chemistry in the lower troposphere, especially
within the atmospheric boundary layer, in a metropolitan Chinese
city, Shanghai. A custom-designed Tethered balloon filled with
1600 m3 Helium with the payload capacity of 200 kg was used.
This study is believed to be the first vertical airborne observation
within the 1000 m troposphere over a metropolitan area in China.
Particulate black carbon (BC) is the primary aerosol species
investigated in this study. Although it only accounted for 5e10% of
the aerosol mass in cities of China (Ni et al., 2012; Zhang et al.,
2012), BC plays a significant role in the visibility degradation
(Zhang et al., 2012), adverse health effect (Smith et al., 2009), and
regional climate warming (Ramanathan and Carmichael, 2008).
Its predominant sources are combustion related, e.g. fossil fuels
consumption from transportation, industries, and residential us-
age, and open burning of biomass. Since BC is a relatively inert
species, it could be regarded as a good tracer to probe the po-
tential emission source region and the transport behavior of
plumes at a specific receptor site. Most of the studies on the
vertical distribution of black carbon focused on the altitudes of
~10 km with the vertical resolution of 0.5e1.0 km using aircrafts
to explore the climate effect induced by BC (Babu et al., 2011;
Rahul et al., 2014; Ramana et al., 2010; Xue et al., 2010). In
Shanghai, very few studies on the vertical distribution of air
pollutants were conducted. Geng et al. (2009) explored the ver-
tical distribution of SO2, O3, VOC and NOx within 15 km in late-
September and early-October over the Yangtze River Delta by
means of an aircraft and suggested future traffic emissions will be
responsible for the enhancement of O3 pollution.

As a pilot study of the vertical observation of BC, we aim to
explore the characteristics of BC profiles within the 1000 m lower
troposphere over a Chinese megacity. BC profiles sampled during
different time frames in a day were compared. The impact of
varying meteorological conditions and boundary layer on shaping
the BC vertical profiles was specifically assessed. The field experi-
ment conducted in this study not only advances the atmospheric
observational technology above the ground level, but also shed
light on the nature and causes of heavy air pollution in China. It may
also improve the performance and forecast accuracy of air quality
models at the regional scale.
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2. Methodology

2.1. Field measurement

In December of 2013, one intensive field campaign equipped
with Tethered balloon was launched in Shanghai, which is located
in the Yangtze River Delta in East China. The field measurement site
(30�4904700 N, 121�3000400 E) was set up in a rural area at the
southern edge of Shanghai in the Fengxian District as shown in
Fig. 1. The surrounding area is mainly occupied by a number of
university campuses and there is a chemical industrial park around
10 km southwest from this field. This site is located to the south of
downtown Shanghai and is about 45 km away. Duringwinter of this
study, the prevailing winds are from the north. Hence, this site
could be regarded as a good receptor from urban emissions. This
monitoring site is ~47 km from the Hongqiao Airport and ~42 km
from the Pudong Airport, respectively. As shown in Fig. 1, this
monitoring site is an ideal location away from both airports as far as
possible. During the field campaign, strict coordinationwith the air
force was mandatory to make sure that all tether-balloon mea-
surements were launched without any aviation activities nearby
the monitoring site for safety issues. Hence, the impacts from
aviation emissions could be regarded negligible.
2.1.1. Description of the tethered balloon platform
The tethered balloon platform consisted of two major compo-

nents. The jet-shape Tethered balloon acted as the carrier filled
with 1600m3 Helium gas; a rackwas self-designed to deploy all the
monitoring instruments with the size of
1240 mm � 1825 mm � 650 mm. This assembly was firmly
mounted underneath the Tethered balloon as shown in Fig. 2a&b. A
Tethered line is connected to the balloon to provide electricity for
all the instruments and telecommunication between ground and
the balloon. The design of the balloon allows a maximum payload
of 200 kg. The monitoring instrument assembly was deployed to
measure the height and location of the balloon (GPS, Model: HC12),
meteorological parameters (TemperatureeHumidity sensor,
Model: MT-EC-8SX), and black carbon (Aethalometer, Model:
AE31). The meteorology sensor was mounted on the nose of the
Tethered balloon.
Fig. 1. Location of the field campaign conducted in Shanghai during December, 2013. The yel
based monitoring site operated by SEMC. Locations of the two airports (Hongqiao and Pudo
figure legend, the reader is referred to the web version of this article.)
In this study, the Tethered balloon platform was used for the
profile measurement. The balloon was launched to ascend at a
steady speed of 0.5 m/s till a maximum height of 1000 m. It
remained at the height of 1000 m for 5 min, and then descended
with the same rate. Based on the recorded flow rates of the in-
strument during the operation, we have verified that this speed
would not impact on the designed flow rates of the deployed in-
struments. The experiments were conducted when the ground
wind speeds were lower than 5 m/s without significant precipita-
tion. All of observed real-time data were transmitted at the interval
of 10 s through an optical transceiver to the developed information
system as the platform operated. In a given day, the Tethered
balloon was scheduled to be launched during four time periods
around sunrise, noon, sunset, and midnight, respectively. However,
profiles of the four time periods in the same day could not be ob-
tained in some sampling days due to the weather and malfunction
of the instruments.
2.1.2. Synchronous ground-based observation
The Tethered balloon measurement was initiated above the

height of 150 m. This was due to that the transition of power from
the standard (220 V) to high-voltage (1800 V) supply started to
function above this height for the safety protection of operators on
the ground. To obtain a full picture of the vertical distribution of air
pollutants from the ground to the upper levels, all parameters were
synchronouslymeasured using the same instruments equipped in a
ground monitoring vehicle.

In addition, a Lidar (Model: WindCube70) was set up in the field
to measure the wind profiles. Accuracy of wind speed and direction
is about 0.3 m/s and 1.5�, respectively. Mixing layer height (MLH)
was retrieved by a ceilometer (Model: CL31) synchronously. The
method of MLH inversion from ceilometer is based on the profiles
of attenuated backscatter where it experienced the steepest
gradient (Eresmaa et al., 2006). The overview picture of field
campaign is depicted in Fig. 2c.
2.1.3. Quality assurance and quality control
To assure the quality and reliability of the observations, all the

deployed instruments were examined thoroughly and flow rates
were calibrated before and after the field campaign. Aethalometer
low dot is the Tethered balloon field campaign site and the red dot represents a ground-
ng) are also indicated on the map. (For interpretation of the references to colour in this



Fig. 2. (a) Picture of the Tethered balloon platform deployed in the field (b) the monitoring instrument assembly attached underneath the Tethered balloon (c) the overview picture
of all monitoring equipments deployed in the field.

Fig. 3. Comparison of BC concentrations measured by two AE 31 aethalometers, which
were used for the balloon observation and the ground observation, respectively.
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(AE31, Magee Scientific Co.) was deployed to continuously measure
BC concentrations by the means of the attenuated light that
transmitted through the samples when collected on a filter. Owing
to the known issues of multiple scattering and filter loading
problems, the measured aerosol absorption coefficient needs to be
corrected and in this study an empirical correction method pro-
posed by Arnott et al. (2005) is used as follows:

Babs;n ¼ SG BCn � a Bsca;n
M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
Vdt
A

�Pn�1
i¼1 Babs;i

ta;f x

vuuut

where n represents the n-th measurement of BC. V is the flow rate,
dt is the measurement interval, and A is the filter area. SG, a,M, and
ta,fx are empirical values that are listed in a lookup table in Arnott
et al. (2005). In addition, pairs of instruments for the identical
species measured in the upper level and on the ground were
compared to make sure there were no obvious systematic errors
between each other. In this study, two AE31 aethalometers which
were deployed on the balloon platform and on the ground surface
were inter-compared before the field campaign. The result is shown
in Fig. 3 and a linear regression equation was fit as
BCb ¼ (1.10 ± 0.04) BCm ¼ (�304.0 ± 57.9), R2 ¼ 0.99, N ¼ 200,
where BCb and BCm (units: ng/m3) denote the instrument that is
deployed under the balloon and on the ground, respectively. The
results above suggested no systematic errors existed between the
two aethalometers.

2.2. Atmospheric heating rates

In this study, the atmospheric heating rates due to black carbon
aerosol are estimated by a solar radiative transfer model (CLIRAD-
SW) developed by Chou and Suarez (1999) and Chou et al. (2002).
This model considers solar radiation absorption by water vapor, O3,
O2, CO2, and Rayleigh scattering, and the absorption and scattering
due to aerosols. Fomin and Correa (2005) implemented new pa-
rameterizations in CLIRAD-SW and the version used in this study is
called CLIRAD (FC05)-SW. Spectrum of aerosol is divided into eight
bands from 200 to 10,000 nm in the model. The aerosol input pa-
rameters for calculating the radiative heating rates include wave-
length dependent AOD, single scattering albedo and asymmetry
factor. Wavelength dependent AOD due to black carbon (i.e. AAOD)
are calculated by the measured BC profile and the layer height.



Fig. 4. (a) Daily variation of AQI (Air Quality Index) in December, 2013. Different colors
represent different grades of air quality (b) The spatial distribution of monthly mean
AAOD (Absorption Aerosol Optical Depth) retrieved from OMI (Ozone Monitoring In-
strument) in December, 2013. Location of Shanghai is denoted by the black star on the
map. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. The diurnal variation of mixing layer height on December 13, 2013 derived from
ceilometer.

J. Li et al. / Atmospheric Environment 123 (2015) 327e338 331
Single scattering albedo and asymmetry factor of BC are taken from
a lookup table in (Wang et al., 2007). The surface albedo for
December of 2013 is from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) 16-day Albedo products (MCD43C3.005).
The atmospheric heating rates can be calculated using the equation
as below:

vT
vt

¼ ga
cp

DFðpÞ
Dp

Where vT
vt is the heating rate (K/day), ga is the acceleration due to

gravity, cp is the specific heat capacity of air at constant pressure
(~1006 J kg�1K�1) and DF(p) is the net flux divergence of a pressure
layer p.

The atmospheric heating rate (HRbc) due to black carbon is then
given by the equation below:

HRbc ¼
vT
vt

ðwith black carbonÞ � vT
vt

ðwithout black carbonÞ

3. Results and discussions

3.1. General overview of the December air quality in Shanghai

Winter is the most severe air pollution season in China due to
the enhanced emissions and unfavorable meteorological condi-
tions. Fig. 4a shows the daily AQI (Air Quality Index) with different
grades from “excellent” to “severely polluted” during the whole
December in Shanghai. The average monthly PM2.5 concentration
reached 125.2 mg/m3, about 1.7 times of the Chinese National
Ambient Air Quality Standards Grade II (75 mg/m3). In a record
breaking heavy haze pollution on December 6, 2013, the hourly
maximum PM2.5 concentration reached 602.3 mg/m3. As reported
by the daily AQI, only 8 days (AQI � 100) were considered as good
air quality days. In turn, almost 75% of the days were polluted in
different extents. Fig. 4b shows the monthly mean AAOD (Ab-
sorption Aerosol Optical Depth), a good indicator of black carbon,
retrieved from OMI (Ozone Monitoring Instrument, See Appendix
in Supplementary Materials) onboard Aura in December. Hot
spots of AAOD that exceeded 0.05 spread over the northeastern
China, including most areas of the North China Plain, Central China,
as well as the Yangtze River Delta. This implied that Shanghai
encountered intense emissions that emitted absorbing aerosols in
December 2013. The spatial pattern of AAOD resembled that of BC
anthropogenic emissions (Fig. S1). During this Tethered balloon
field campaign, we sampled BC profiles for a number of days. The
BC profile on December 13, 2013 is chosen to be analyzed in this
study as this day includes the most complete profiles sampled
during four different periods in a day.

3.2. Synoptic weather conditions on December 13, 2013

3.2.1. Diurnal variation of the mixing layer height
Mixing layer height is a key parameter influencing the vertical

dispersion of air pollution via the turbulent mixing (Emeis et al.,
2008). The diurnal variation of mixing layer height (MLH)
retrieved from the ceilometer on Dec.13, 2013 is presented in Fig. 5.
Prior to LST 11:00, MLH was shallow in the range of 150e540 m. It
should be noted that the entrainment of cold front from the north
and formation of local mist delayed the development of boundary
layer in themorning. As the solar radiation enhanced, the boundary
layer rapidly developed and stayed at relatively high values of
1000e1640 m between LST 14:00e18:00. MLH reached its
maximum of 1640 m at LST 16:00. Urban heat island effect sus-
tained the high mixing layer even after sunset. However, only after
a short duration of 3 h, MLH dropped to an extremely low value of
190m, and remained at low levels in the following hours, indicating
poor dispersion conditions during this study period.
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3.2.2. Diurnal variation of wind profiles
Fig. 6 shows the timeeheight cross section of wind profile

retrieved from the Lidar on December 13, 2013. The duration of
Lidar measurement on this day was available from LST 4:46 to
21:42. Fig. 6a refers to the timeeheight cross section of the vertical
components of winds, of which the positive values meant down-
ward air flows while the negative values meant upward air flows.
From early morning to LST 10:20, although upward motion was
observed, the vertical wind was very weak with the values of
0e0.2 m/s, implying the vertical convection within the lower
troposphere was negligible and the synoptic condition was rela-
tively stable. Starting from noon, the upward and downward winds
began to take shift as the day progressed. Upward wind speeds
slightly strengthened especially at higher altitudes of more than
650 m. The downward wind speeds were evidently higher and
could reach 1e2 m/s, implying that the turbulence of the
Fig. 6. Time series of wind profile depending on altitudes from LST 4:46 to 21:42 on Decem
motion, and vice versa (b) horizontal components of wind.
atmospheric boundary layer was enhanced due to the stronger
solar radiation. In the evening from LST 17:00, the upward winds
were almost absent. At lower altitudes, the vertical motionwas still.
Downward winds were predominant especially at higher levels
with wind speeds of 0.2e1.0 m/s. The subsidence of air during the
evening may transport pollutants from adjacent areas.

As shown in Fig. 6b, horizontally, winds prevailed from north
and northeast at all altitudes before noon. Wind speeds below
300 m were 0.8e4.0 m/s higher than the upper levels. As the day
progressed, wind speed slowed and winds gradually shifted from
the northeast around noon. During LST 13:00e15:00, winds
derived from a variety of directions and no prevailing winds were
observed. Starting from the afternoon around LST 17:00, more
northeasterlies, i.e. sea breeze, were observed at lower levels below
300 m. While at the higher altitudes, winds shifted from the
southeast with higher wind speed.
ber 13, 2013. (a) vertical components of wind: a positive value means the downward
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In comparison, it was clearly seen that horizontal wind speed is
more than 10 times higher than the vertical, indicating the hori-
zontal transport should play an important role in shaping the
vertical profiles of air pollutants.
3.3. Diurnal variation of BC near the surface

Fig. 7a shows the hourly variation of BC measured at the surface
level on Dec. 13, 2013. The mean BC concentrations during morning
(4e10 AM), noon and afternoon (10 AMe16 PM), early-evening
(16e20 PM), and late-evening (20 PMe00 AM) were 20.0, 5.7, 3.8,
and 5.6 mg/m3, respectively, BC level in the morning was evidently
much higher than any other phases. Since BC is the only aerosol
chemical species measured at the Tethered balloon site, it is hard to
apportion its dominant emission sources on a diurnal scale. Alter-
natively, we chose another ground-based site operated by SEMC
(Shanghai Environmental Monitoring Center) to supplement the
source apportionment. As shown in Fig. 1b (red circle), this site is
located northwest to the Tethered balloon site and about 15 km
from our sampling site. During this study period, the prevailing
horizontal winds were from the north and northeast. Hence, the
Tethered balloon field site could be regarded as a receptor from the
areas where the SEMC site is located. Hourly OC and EC concen-
trations at the SEMC site are available as shown in Fig. 7b. BC and EC
at the two sites showed consistent variations, suggesting the in-
fluence from similar emissions. It is noted that the OC/EC ratios
reached low values of less than 4.0 during LST 6e8 AM when
element carbon showed the highest concentrations. As indicated in
Fig. S1, power plants shouldn't be the major source as the contri-
butionwas rather low although the OC/EC emission ratio from coal-
Fig. 7. (a) Time-series of surface BC concentrations measured at the field sampling site
on December 13, 2013 (b) Time-series of OC and EC concentrations with the OC/EC
ratios measured at the Dianshanhu monitoring site on December 13, 2013.
fired power plants was in the range of 3e6 based on a compre-
hensive study of OC and EC source profiles from various sectors
(Chow et al., 2011). As for the residential emission, the OC/EC ratio
was around 2.7 and 12.7 for coal combustion and natural gas
combustion, respectively (Chow et al., 2011). Since winter resi-
dential heating is not applied in southern China and coal is not
usually used in households of Shanghai, the residential sector
shouldn't be the major contributor to the high BC levels in the
morning, either. As for the transportation sector, the OC/EC ratio for
the gasoline vehicles was around 2e4 while less than 1 for the
diesel vehicles (Chow et al., 2011). Hence, the measured OC/EC
ratios in the early morning were more close to that from the
transportation sector.

Shanghai possessed more than 2.7 million motor vehicles as of
2014 and vehicle emission is one of the major sources of black
carbon in Shanghai (Huang et al., 2012). Traffic congestions were
ubiquitous during the rush hours in Shanghai, which caused more
emissions such as black carbon due to less efficient combustion
(Chen et al., 2007). Unfavorable meteorological conditions also
contributed to this high level of BC concentrations in addition to the
enhanced emissions. As shown in Fig. 5, very shallow boundary
layer in the range of 150e230 m could trap most of the emissions
and significantly elevated the surface BC concentrations. Fig. 6a
shows the morning vertical convection was weak. Besides, the
persistent northerlies (Fig. 6b) also likely brought pollutants from
downtown Shanghai and the adjacent provinces to the sampling
site. Therefore, locally generated emissions (mainly from traffic)
plus the regional emissions under the unfavorable meteorological
conditions were responsible for the extremely high BC concentra-
tions in the morning.

During the noon and afternoon phase, BC concentration was
lowered about 3.5 times on average compared to the morning.
Wind direction gradually shifted from northerly land wind to the
easterly sea breeze. Along with the significantly reduced traffic
flows, BC concentrations were much reduced. Fig. 7b shows
elevated OC/EC ratios of more than 4.0 at the SEMC site during the
noon and afternoon phase, the highest in this day. Increased in-
dustrial emissions should be partially responsible for this as this
emission sector was characterized of higher OC/EC ratios. As for the
early evening phase, although it encountered the evening rush
hours, BC showed the lowest level compared to the other phases.
One reason could be that the evening rush hour durationwas more
extended (from ~16:30 to ~20:30 PM) than the morning rush hour
(from ~7 to ~9 AM), thus the emissions were not accumulated in a
short period. Another cause should be due to the favorable
dispersion condition that the boundary layer further developed
during the early evening phase to a maximum of 1640 m at LST
16:00 as indicated by Fig. 5. After the evening rush-hour, the BC
level showed moderate increases during the late-evening phase.
Since no intense traffic emission was expected and industrial
emission was at its minimum, the increase of BC should be mainly
related to the sharp decrease of the mixing layer height as shown in
Fig. 5.

3.4. BC vertical profiles

A total of 10 BC vertical profiles were obtained on December 13,
2013 (Fig. 8) during four time phases, i.e. morning, noon and af-
ternoon, early-evening, and late evening, respectively. In the
following sections, wewill illustrate the characteristics of BC profile
in each phase.

3.4.1. Morning BC profile
Fig. 8a presents the morning BC profiles obtained at 5:30, 8:00,

and 9:00, respectively. At 5:30, BC concentration at the ground level



Fig. 8. BC vertical profiles sampled in (a) morning, (b) noon and afternoon, (c) early-evening, and (d) late-evening on Dec. 13, 2013. Note that BC at 0 m represents concentration
measured by a ground-based aethalometer; BC concentrations measured by the Tethered balloon started from around 150 m to the top of 1000 m.
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reached an extreme high value of 19.5 mg/m3. A strong gradient of
BC concentrations with altitude was observed from the ground to
7.0 mg/m3 at 272 m. The decreasing rate from ground to 272 m
reached 0.046 mg/m3/m. Between 272m and 815m, the BC gradient
was much smaller with the decreasing rate of 0.004 mg/m3/m. The
BC profiles sampled at 8:00 and 9:00 were as similar as that of 5:30
to some extent. At 8:00, BC showed a quick drop from an even
higher surface concentration of 23.4 mg/m3 to 8.5 mg/m3 at 246 m.
Above 246 m, BC decreased slower from 8.8 mg/m3 at 315 m to
4.5 mg/m3 at 921 m and finally reached a minimum of 1.6 mg/m3 at
the top. At 9:00, BC reached 14.8 mg/m3 at the ground level and
continued to decrease till 370 mwith 1.9 mg/m3. Above this height,
BC fluctuated without showing a clear trend compared to the
profiles observed at 5:30 and 8:00. Generally, the BC profiles
observed in the morning revealed the decrease of BC with height,
which was in agreement with most of the previous results (Rahul
et al., 2014; Ramana et al., 2010). The shallow mixing layer height
in the morning was mainly responsible for the high BC concen-
trations near the surface. As shown in Fig. 5, themixing layer height
from LST 5:00e9:00 ranged from 150 to 230 m, which was rela-
tively consistent with the turning points of profiles as shown in
Fig. 8a when the BC gradient with height became smaller. The
continuous near surface emissions from traffic during the morning
rush hours and the weak vertical convection shaped the strong BC
gradient within the boundary layer. Above the boundary layer, BC
was more homogenously distributed, probably due to the limited
intrusion of emissions from below the boundary layer. As discussed
above, the BC profile at 09:00 showed a stronger fluctuation than
the other two profiles. Although no discernible vertical motionwas
observed around 9 AM (Fig. 6a), the horizontal wind exhibited an
obvious change from the prevailing northerlies to northwesterlies,
especially below 600 m (Fig. 6b). Air masses from the northeast
were relatively clean sea breeze compared to the more polluted air
masses from inland. In this regard, the change of the horizontal
wind direction should be the major cause of the stronger fluctua-
tion of BC profiles measured at 9 AM. Above 600 m, the wind di-
rections are similar throughout the morning hours (Fig. 6b). This
explained that the BC concentrations at 9:00 AM at higher altitudes
were relatively close to those at 5:30 and 8:00 AM as shown in
Fig. 8a. The average BC concentrations within the 1000 m atmo-
spheric column at 5:30, 8:00, and 9:00 were 7.3, 6.5, and 4.6 mg/m3,
respectively. The lower average BC column concentration after
sunrise should be mainly attributed to the change of wind direc-
tion. Also, the slightly developed mixing layer height from 150 m at
5:00e230 m at 9:00 also contributed to the decrease of BC to some
extent.

3.4.2. Noon and afternoon BC profile
Fig. 8b shows the BC profiles sampled at 12:30, 14:30, and 15:30

during the noon and afternoon phase. At 12:30, BC reached 4.8 mg/
m3 near the surface and fluctuated in a narrow range of 4.0e4.7 mg/
m3 within the height of 204 me686 m. Above 686 m, stronger
fluctuation of BC was observed with the concentration of 5.6 mg/m3

at 741 m, followed by a decrease at 886 m of 3.8 mg/m3 and
increased again at 898 m of 6.0 mg/m3. Enhanced BC concentrations
were detected, suggesting the presence of BC layers aloft which
may derived from the remaining BC particles in the earlier hours.
The height 686mwhere the turning point occurredwas close to the
boundary layer top as indicated by Fig. 5. Therefore, the relatively
small fluctuation of BC below the height 686m should be due to the
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well mixing within the boundary layer. Above the top of the
boundary layer, the turbulence intensified and horizontal winds
changed from the prevailing north winds in the morning to a va-
riety of directions (Fig. 6b), hence inducing the significant fluctu-
ation of BC profiles at the higher altitudes. The average BC
concentration in the measured total column at 12:30 was 4.6 mg/
m3, very close to that of 9:30. From morning to noon, as the day
progressed, more entrainment occurred with frequent shift be-
tween downward and upward motions. This enhanced convection
facilitated the mixing of BC particles and therefore BC concentra-
tions decreased much slower with height.

As for the profile at 14:30, BC showed less fluctuation compared
to the profile at 12:30 and it was noted that BC exhibited an
increasing tendency starting from 443 m to the top. Surface BC was
4.0 mg/m3 and it increased to 4.6 mg/m3 at the top. As for the BC
profile at 15:30, its concentrations were more homogeneously
distributed in the range of 3.2e3.9 mg/m3 within the 1000 m col-
umn. The shift between upward and downward vertical convection
in the afternoon (Fig. 7a) facilitated a well mixing of the residual BC
within the boundary layer. Hence, the dependence of BC on heights
was indiscernible.

3.4.3. Early-evening BC profile
Fig. 8c shows the BC profiles at 17:20 and 18:30 in the early-

evening phase. At 17:20, the surface concentration of BC was
2.3 mg/m3, and then gradually decreased to 1.2 mg/m3 at 448 m.
Above 448m, therewas a pronounced increase of BC to 3.4 mg/m3 at
1000m. At 18:30, a muchmore elevated BC concentration of 5.5 mg/
m3 was observed near the ground level compared to about 1 h ago.
The enhanced traffic emission due to the evening rush hour should
be the major cause. A decrease of boundary layer height from
1580 m at 17:00e250 m at 18:30 also contributed to elevation of
the near surface BC concentrations. After sunset, sea breeze from
the northeast prevailed as shown in Fig. 6b. 24 h backward tra-
jectory at the height of 200 m (Fig. 9a) further indicated the air
masses mainly traveled over the ocean but rarely through the
inland areas. Hence, this explained a quick decrease of BC from the
ground to the height of around 200 m at 18:30. Compared to the
profiles in noon and afternoon, the persistent clean sea breeze was
mostly responsible for the BC decreases in the height from the
ground to around 200 m in the early evening although the Friday
traffic congestion was supposed to significantly increase the
emissions. Fig. 9b plots the 24 h backward trajectory at the height of
800 m at LST 18:00. Compared to the trajectories at 200 m which
dominantly derived from the ocean, a considerable amount of air
masses at 800 m travelled through the inland areas, mainly from
urban Shanghai and major areas of Jiangsu province where BC
emission rates are intense (Fig. S1). Hence, the elevated BC levels in
the upper layer should be largely ascribed to the regional transport.

3.4.4. Late-evening BC profile
Fig. 8d shows two BC profiles during the late-evening sampling

phase. BC concentrations were 7.1 mg/m3 and 4.9 mg/m3 on the
ground level at 20:30 and 23:30, respectively. Above the ground, BC
quickly decreased to less than 1 mg/m3 in both profiles at around
160e200m, whichwas close to the top of the boundary layer. In the
height of around 200e500 m, BC concentrations fluctuated but
didn't show clear trends. The average BC concentration within this
altitude was 0.82 ± 0.13 mg/m3 and 0.62 ± 0.16 mg/m3 at 20:30 and
23:30, respectively. However, above 500 m, BC showed strong en-
hancements. At 20:30, BC increased from 0.3 mg/m3 at 587 m to
4.3 mg/m3 at 782 m, and then stayed within 3.7e4.0 mg/m3 till the
measured top height. At 23:30, BC showed a quasi-linear increasing
trend from 0.7 mg/m3 at 468 m to the maximum of 5.6 mg/m3 at
1000m. The higher BC concentrations at the upper levels in the late
night should be partly derived from the residual aloft BC layer in the
late afternoon. Also, based on the 24-h backward trajectories, air
masses shifted from the northeasterlies originating from the East
China Sea at lower levels (Fig. 9c) to the westerlies at higher levels
(Fig. 9d). The continental flows from the west transported pollut-
ants from inland to the sampling site and should partially account
for the higher BC concentrations aloft in the air. The considerable
loadings of residual BC in the late evening could be the potential
source for the next day as suggested by themeasured profiles in the
early morning.

3.5. Atmospheric heating rates due to black carbon

Fig. 10 shows the instantaneous heating rates due to black car-
bon aerosol based on the noon and afternoon profiles. Profiles
measured during the morning and evening profiles were not
considered either due to the unavailability of meteorology profiles
or absence of solar radiation during nighttime. Generally, the ver-
tical profiles of heating rates were as similar as their associated BC
profiles. The surface instantaneous heating rate reached 2.75, 1.75,
and 1.53 K/day on 12:30, 14:30, and 15:30 PM, respectively. Heating
rate at 12:30 showed relatively constant values of 2.75e3.13 K/day
below 700 mwhile changed abruptly and reach maximum of more
than 4 K/day at the top layer that was measured. As for the profiles
at 14:30 and 15:30, heating rates showed more steadily increasing
trends with altitudes. At the top layer (~1000 m), instantaneous
heating rates due to black carbon reached 2.74 and 1.85 K/day at
14:30 and 15:30, respectively. The much higher instantaneous
heating rate at 12:30 than 14:30 and 15:30 as shown in Fig. 10 was
partly due to higher BC concentrations and also due to the lower
solar zenith angle. The higher atmospheric heating from black
carbon aerosol at the upper layers than the surface would probably
induce strengthening of temperature inversion and further lead to
poor dispersion. In addition, it was found that the BC stimulated
heating caused reduction of the cloud fraction and thus may induce
a “cloud burning effect” which may decrease the precipitation
(Panicker et al., 2014) and this effect could be more obvious in re-
gard of observation of higher heating rates at higher altitudes
where clouds frequently form. Compared to studies of black carbon
heating rates in other urban regions (Panicker et al., 2014; Huang
et al., 2011; Chakrabarty et al., 2012; Tripathi et al., 2007), this
study showed comparable or higher heating rates. It should be
noted that the results in this study are derived from a moderately
polluted day. The heating effects could be more significant on the
monthly average scale during the winter of Shanghai.

4. Conclusions

In December 2013, vertical field measurement of air pollutants
and meteorological parameters within the 1000 m lower tropo-
sphere was conducted over a Chinese megacity Shanghai for the
first time. By using a Tethered balloon filled with 1600m3 Helium, a
platformwas specifically designed to carry monitoring instruments
with the maximum payload of 200 kg to ascend and descend at
steady speed. Meanwhile, mixing height layer, wind profiles, and
the same air pollutants as those measured using the Tethered
balloon were synchronously measured on the ground level. On
December 13, 2013, ground level BC concentrations were contin-
uously measured with vertical profiles of BC obtained during four
different periods. The mean BC concentrations during morning,
noon and afternoon, early-evening, and late-evening were 20.0, 5.7,
3.8, and 5.6 mg/m3, respectively. The highest BC level in themorning
was partly ascribed to the strong traffic emissions due to the
morning rush hours and also due to the very shallow boundary of
less than 300 m. Lower BC concentrations during noon, afternoon,



Fig. 9. 24 h backward trajectories starting at (a) LST 18:00 at 200 m, (b) LST 18:00 at 800 m, (c) LST 23:00 at 200 m, and (d) LST 23:00 at 800 m.
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and early-evening were attributed to the decreased source emis-
sions and relatively favorable synoptic weather conditions, e.g.
extendedmixing layer height, change of wind direction from inland
to ocean, and intensified vertical turbulence.

The morning BC profile exhibited strong gradients with alti-
tudes from the ground to the top of boundary layer at around
250e370 m. The majority of BC loading was confined within this
shallow boundary layer. Above the boundary layer, the BC gradients
were much smaller due to the limited intrusion of emissions from
below the boundary layer. BC profiles measured during noon and
afternoon were more homogenously distributed with heights. The
largely extended boundary layer due to enhanced solar radiation



Fig. 10. The instantaneous heating rates (K/d) due to black carbon aerosol based on the
profiles measured at 12:30 (solar zenith angle q of 55�), 14:30 (q of 69�), and 15:30 (q of
74�), respectively.
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and intensified vertical convection accounted for this well mixing
of BC particles. BC profiles measured in the early-evening and late-
evening phases were similar to some extent. Two stratified air
layers were formed with contrasted BC vertical distributions in the
lower troposphere. All profiles at night showed strong gradients
from the relatively high surface concentrations to low concentra-
tions near the top of the boundary layer around 200 m. Backward
trajectories at 200m indicated air parcels travelled over the Eastern
China Sea, thus quickly cleansing the pollutants within the
boundary layer. Oppositely, BC concentrations presented evident
increases with altitudes from around 500e600 m and reached a
maximum at the top of 1000 m. Backward trajectories at 800 m
suggested considerable air parcels from the inland populous areas,
indicating that the addition of regional transport with local emis-
sions was responsible for the elevated BC concentrations aloft. The
instantaneous heating rates due to black carbon aerosol were
simulated by a radiative transfer model. It is calculated that heating
rates near the surface reached 2.75, 1.75, and 1.53 K/day on 12:30,
14:30, and 15:30 PM, respectively. Higher atmospheric heating due
to black carbon aerosol at the upper layers than the surface would
probably induce strengthening of temperature inversion and
further lead to poor dispersion, as well as affecting the formation of
clouds and precipitation.

As the first study on aerosol vertical distribution over Eastern
China using a Tethered balloon, the vertical distribution of BC was
revealed over a region with the most intense BC emission rates in
China. The detailed BC profiles obtained in this study will greatly
advance the improvement of numerical simulation (e.g. plume rise
module) applied in the Chinese urban areas in the future study. As
the second largest contributor to global warming only inferior to
carbon dioxide, this study also has profound implications for more
accurately assessing the climatic effects on the regional scale.
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