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ABSTRACT

Studies on the detection of layers with elevated black carbon aerosol (BC) concentrations and
the formation conditions of these layers help understand the vertical distribution of BC
concentrations, which will provide a basis for the assessment of climate effects and early BC
pollution warnings. By using the Weather Research and Forecasting with Chemistry (WRF-Chem)
numerical model, we performed a numerical simulation analysis on the authenticity of strong
elevated BC concentration layers that were detected by an aircraft in the mixing layer over Harbin,
China, which is a high-emission area, on a clear sunny afternoon in the early heating period of
2016. We then discuss possible problems and solutions when non-vertical paths are used to detect
the vertical distribution of BC concentrations. Finally, we discuss the favorable conditions for the
formation of elevated BC concentration layers by weak vertical flow. The results show that the
horizontal variability of BC concentration in the mixing layer in the observation area in Harbin
was sufficiently large during the measurement. This produced a false elevated layer, as detected by
the aircraft during one round of spiral flight in the mixing layer. The root mean square of the
horizontal distribution of BC concentration did not change with height in the mixing layer during
the daytime, but it decreased with the thickness of the mixing layer and was higher in the mixing
layer than in the free atmosphere. Therefore, the thinner the mixing layer, in which the vertical
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distribution of the BC concentration is detected in an inclined path, the stronger interference of the
horizontal variability on the detected results. When a spiral flight detection path is used, the
aircraft should fly at least two rounds in the mixing layer. In the daytime, due to strong turbulence
in the mixing layer, weak vertical uplift is not favorable for the occurrence of elevated BC
concentration layers in the mixing layer. In the nighttime, if weak vertical uplift is well matched
with the BC concentration or its vertical gradient, elevated BC concentration layers can be formed
in the atmosphere. Compared with upper layers far from the ground, nighttime elevated layers are
easier to form in lower layers near the ground because high BC concentrations or large vertical
gradients are more likely to occur in the lower layers. Both cases facilitate the occurrence of large
vertical upward transport rates of BC.

Keywords: black carbon aerosol; aerosol layer; vertical distribution; numerical simulation;

WRF-Chem

1. Introduction

Black carbon aerosol particles (BCs) are strongly absorptive atmospheric aerosol particles.
BCs absorb solar radiation and heat the surrounding atmosphere, thereby affecting the ground
temperature. The impact of BCs on the ground temperature varies with the height of the heated
atmosphere [1]. In the Arctic, for example, if the BCs are close to snow and ice, they may increase
the ground temperature; if the BCs are located in the free atmosphere, they may decrease the
ground temperature and increase sea ice [2, 3]. The Intergovernmental Panel on Climate Change
Fifth Assessment Report (IPCC-ARDS) points out that the uncertainty in the estimated BC direct
radiative forcing contributes to a very large proportion of the uncertainty in the estimated aerosol
direct radiative forcing [4]. One of the reasons for the uncertainty in the estimated BC direct
radiative forcing is that the vertical distribution of BCs is insufficiently understood [5]. In recent
years, it has also been shown that BCs can cause heating in the boundary layer atmosphere
(especially in the upper boundary layer atmosphere), which is accompanied with a reduction in the
ground heat flux. These effects will inhibit the development of the boundary layer and increase the
number of extreme haze pollution events. This process is called the BC “dome effect” [6-8].
Studies have shown that the vertical distribution of BCs is very important. Observational studies
have shown that the BC concentration sometimes peaks at a certain height, which indicates the
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appearance of an elevated BC concentration layer. Elevated BC concentration layers have strong
radiation and dome effects [9]. Therefore, studies on the detection and formation conditions of
elevated BC concentration layers are helpful for understanding the vertical distribution of the BC
concentration and can provide a basis for the assessment of the climate impact of BCs and early
pollution warnings in pollutant emission regions.

Studies on elevated BC concentration layers often rely on in-situ observation. The
observation platforms mainly include iron towers, tethered balloons, unmanned aircrafts, and
manned aircrafts. In recent years, researchers have conducted detection studies in multiple
locations around the world using tethered balloons [10-14,1], unmanned aircraft [15], and manned
aircraft [16-23,5]. Some of the detections have had global or continental coverage, for example, in
the Arctic, Europe, North America, the tropical North Atlantic [5], the Pacific Ocean from 80N to
67S [18,24], the Arctic [16], and western and northern Europe [19]; some of the detections have
focused on regional areas of a country, such as two cities in southern India [20], four cities in New
Zealand [10], the largest city in the Yarlung Zangbo Valley [21], valleys in Italy [11], Beijing in
China [22,25-26], Shanghai in China [12], Delhi in India [13], Wistok Valley in Poland [15], the
North China Plain [14], and Ny-Alesund (Svalbard) in the Arctic [1].

Through the observation studies mentioned above, we have gained a large amount of
knowledge about elevated BC concentration layers. Schwarz et al. (2017) collected airborne
Soot-Particle Photodiameter (SP2) observation data in the Arctic, Europe, North America, and the
tropical North Atlantic from 2011 to 2013. Approximately 500 vertical profiles of the
concentration of accumulation mode refractory black carbon (referred to as rBC) aerosol particles
obtained by the SP2 in the entire troposphere were analyzed. The averaged BC concentration
profiles in the different regions include the constant-decrease-constant type and two other types of
elevated BC concentration layers in the atmosphere, namely, the inverted C type and the
constant-decrease-increase type [5]. Bisht et al. (2016) used an Aethalometer (model AE33)
attached to a tethered balloon to observe the nighttime vertical distribution of BC during a dense
foggy period in 2016. The five-day observation results showed that the BC concentration profiles
in the boundary layer have a multilayer structure [13]. Rahul et al. (2014) measured the vertical
distribution of BC three times over three days using aircraft observations in the largest city in the
Yarlung Zangbo River Valley region from the end of August to early September 2009. The altitude
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range of the detection was from the ground to 5.5-6.5km. The results show that there were
elevated layers in each profile, which are in the 1.5-3.0km, 2.5-6.5km, and 0-1.5km layers [21].
During a strong foggy period in autumn and winter, Chilinski et al. (2016) observed BC
concentrations along a 100-m uphill trail on a slope of the Wistok Mountain valley in Poland using
a manually carried micro-aethalometer AE-51. The results show that the BC concentration
generally decreased significantly with altitude. However, multilayer structures were also observed
during nighttime inversion conditions [15]. Chilinski et al. (2016) also used unmanned aerial
vehicles to measure up to the top of the boundary layer, sometimes reaching the free atmosphere.
As a result, many multilayer structures of BC concentrations were observed [15]. Ferrero et al.
(2016) analyzed the observation results of 200 vertical profiles of BC concentrations in
Ny-Alesund (Svalbard) in the Arctic in the spring and summer of 2011-2012, as detected by an
AED51 carried by a tethered balloon. They classified the BC vertical profiles, and two of the classes
included elevated BC concentration layers [1].

It can be seen that the elevated BC concentration layers don’t occur by accident. The cause of
elevated BC concentration layers has been analyzed from the perspective of horizontal transport
and vertical upward transport. For instance, Spackman et al. (2010) found that elevated BC
concentration layers appear in the free atmosphere in the Arctic in the spring. They believe that the
elevated layers were caused by long-distance transport of biomass combustion and anthropogenic
emissions [16]; Chilinski et al. (2016) observed many multi-layered structures of BC
concentrations during heavy smog periods in autumn and winter. The results showed that the high
values in the lower layer were related to BC emissions in neighboring areas. The high BC
concentration values above 1000m and away from BC emission sources suggest that the high
concentration is related to mid/long-distance transport [15]. Ding et al. (2009) and Zhang et al.
(2009) proposed that eastern China is a region controlled by large-scale monsoon circulation.
Frequent cyclones, fronts, and convections facilitate the vertical upward transport of ground
pollutants to the middle and even upper parts of the troposphere, which likely forms elevated BC
concentration layers in the atmosphere [27, 28]. However, it is still unclear what conditions are
more favorable for the formation of elevated BC concentration layers by vertical upward transport.

A large amount of BCs is emitted during the winter heating period in northern China. In this
study, we use the results of aircraft BC observation during the heating period in Harbin, a northern
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city of China. Based on the Weather Research and Forecasting with Chemistry (WRF-Chem)
numerical model, we analyze the impact of the observation path on the observation results of
elevated BC concentration layers through numerical simulation. Given that vertical upward
transport is weak in winter, we compare between daytime and nighttime, between lower and upper
layers, determine which case is more favorable for the formation of elevated BC concentration

layers under weak vertical upward transport conditions.

2. Cases and research scheme

2.1 Cases

The Beijing Weather Modification Office conducted an observation experiment in Harbin,
Heilongjiang Province under the support of the National Key Research and Development Program
of China titled the “Impact of Black Carbon Emission of Agricultural and Living Sources on
Climate and Air Quality in East Asia and the associated Climate-Health Effect Assessment”. The
observations were conducted in the afternoon of October 20, 2016 and October 25, 2016 during
the heating period. The sea level pressure (Figure 1) at 11:00 (Beijing time) on these two days
shows that Harbin (indicated with black stars in Figure 1) is located on the edge of a high-pressure
and a low-pressure system, respectively, and the weather conditions were fine and partly cloudy.

The surface wind speed was not high during the two observations.
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Figure 1. Sea level pressure at 11:00 (hereafter Beijing time)

Figure 2 shows the distribution of BC emissions in October 2012 based on the output data of
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the latest Multi-resolution Emission Inventory for China (MEIC). As seen, Harbin and the
surrounding areas emit much BC. In the map, Harbin, Daging, Changchun, and Shenyang are
marked. Figure 2 shows that Harbin and Daqing are the major emission regions of BCs in

Heilongjiang Province.

Heilongjiang Province

Daqing
% Harbin

Changchun

Shenyang

Figure 2. Distribution of black carbon aerosol emissions in October 2012 in northeastern China
and Inner Mongolia (Unit: ton per month per 0.25x0.25 cell).

2.2 Observation scheme

The King Air aircraft was selected for this observation. The King Air has a long-range fuel
tank on its wing and a flight distance of 4000 kilometers. In this observation, an SP2 manufactured
by Droplet Measurement Technologies, Inc. was used to observe BCs. The SP2 is the only precise
instrument in the world that can directly measure the mass of black carbon in a single particle. The
detection diameter ranges from 45 to 470 nm. The mass of BCs outside the detection range is
estimated by fitting the measured data using a lognormal distribution. The mass concentration of
BCs is obtained by dividing the total mass of BCs by the volume of the air samples. The sample
flow rate was controlled at 120 cm3/min, and the temporal resolution for data collection was 1 s.

The BC mass concentration value was processed under standard temperature (288.15 K) and
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pressure (1013.25 hPa), in units of ng.m=. The SP2 was calibrated before each flight. The SP2
research team provided a method for calibrating incandescent signals with colloidal graphite
samples. Monodisperse polystyrene latex (PSL) spheres of different sizes were used to calibrate
the scattering channels.

Both flights took off and landed at Ping fang Airport of Harbin city. The altitude given by the
aircraft GPS is the height above sea level (ASL), and therefore, the altitudes corresponding to the
subsequent observation data refer to the ASL height. Because the SP2 did not work properly for a
period of time after the aircraft took off, the BC detection data during the takeoff phase are
incomplete. Therefore, only the detection results during the descent phase were analyzed in this
study. The path of the two flights followed an elliptical spiral descent shape, the flight axis was
southwest-northeast, and the flight path viewed from above was a counterclockwise descent
(Figures 3a and 4a).

On October 20, the descent phase was from 12:22:30 to 13:06:03. The flight path is shown in
Figure 3. The flight duration was approximately 44 minutes. The flight range was from 45.52°N to
45.62°N and from 126.57°E to 126.79°E. The aircraft descended spirally from an altitude of
2089m and landed at Ping fang Airport at 195m ASL. More specifically, the aircraft circled 3.25
rounds at 2000m before spiraling down, then circled 1 round at 700m, and finally spiraled to land
on the ground. During the entire flight, the aircraft circled 5.5 rounds, and each round lasted
approximately 8 minutes.

On October 25, the descent phase was from 12:43:47 to 13:06:35. The flight path is shown in
Figure 4. The flight duration was approximately 23 minutes. The flight range was from 45.52°N to
45.62°N and from 126.58°E to 126.78°E. The aircraft descended spirally from a high altitude of
3781m to the ground at 193m ASL. More specifically, the aircraft circled 1 round at a height of
3400m and then descended spirally to the ground. During the entire flight, the aircraft circled 3.5

rounds, and each round lasted approximately 7 minutes.
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Figure 3. The flight path during the descent phase on October 20, 2016
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Figure 4. The flight path during the descent phase on October 25, 2016

2.3 Simulation scheme

The WRF-Chem model version 3.8.1, which was jointly developed by multiple institutions
including the National Center for Atmospheric Research (NCAR) and the National Oceanic and
Atmospheric Administration (NOAA), was used in this study. In the model, the Lambert
projection is used, with a horizontal resolution of 6km. The number of grid points in the horizontal
area is 140x140, and the center is located at 124.4°E, 45.2°N. The top of the simulated area is at
100 hPa. The number of vertical layers is 45 layers, and 24 layers are below 1 km. The initial and
boundary conditions of the meteorological field were provided by the six-hour global
NCEP/NCAR reanalysis Final (FNL) data. The initial conditions and boundary conditions of the

chemical substance concentrations were provided by the six-hour Model for Ozone and Related
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Chemical Tracers-4 (MOZART-4) simulation results.

The physical and chemical process parameterization schemes used in this study are shown in
Table 1. The photolysis rate required for photochemical reaction processes is calculated by the
Fast-J method [29]. In the calculation process, the scattering and absorption of solar radiation by
the atmosphere are considered. The photolysis rate is updated once per hour for the gas-phase
chemical module. The model gas-phase chemical mechanism used Carbon Bond Mechanism
version Z (CBM-2) [30], which contains 55 substances and 134 chemical reactions. The aerosol
chemical scheme used the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC)
[31], which includes eight types of aerosols: sulfate, nitrate, ammonium, chloride, sodium, other
inorganics, organic carbon, and elemental carbon. Both anthropogenic and natural sources are
included in the model. The anthropogenic source used in the model is from MEIC and contains 10
major air pollutants and greenhouse gases (SO2, NOx, CO, NMVOC (Non-methane \olatile
Organic Compound) , NHs, CO,, PM2.5, PM10, BC, and OC) and more than 700 anthropogenic
sources. Biosource emissions are from the Model of Emissions of Gases and Aerosols from Nature
(MEGAN)[32]. Biomass combustion values are from the Fire Inventory from NCAR (FINN) [33].

The simulation time is 36 hours from 8:00 on October 24, 2016 to 20:00 on October 25, 2016.

Table 1. Physical and chemical process parameterization schemes selected in this study

Processes Selected schemes
Microphysics Lin

Long-wave radiation RRTMG
Short-wave radiation RRTMG

Surface layer QNSE

Boundary layer QNSE-EDMF

Cumulus convection

Grell-Freitas ensemble

Land-surface unified Noah
Photolysis Fast-J

Dry deposition Wesely
Gas-phase chemical CBM-Z

Aerosol mechanism

MOSAIC
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3. Analysis of results

3.1 Analysis of airborne detection results

Figure 5 shows the vertical profiles of the potential temperature and the BC mass
concentration detected by the two flights. Based on the potential temperature, it can be seen that
the altitudes of the mixing layer top during the flight period on October 20 and October 25 were
approximately 1300 m and 1000 m, respectively. The BCs were compressed in the mixing layer,
similar to other observations [11, 14, 22]. In the mixing layer, the BC mass concentration did not
change with the altitude on October 20, which was caused by turbulent mixing. On October 25,
anomalies occurred, that is, there was an elevated layer from the ground to an altitude of 700 m
where the BC mass concentration was larger than that at the ground, and a peak value appeared at
an altitude of approximately 500 m. The 72-hour backward trajectory is calculated using the
numerical model, Hybrid Single Particle Lagrangian Integrated (HYSPLIT, Figure 6a). The
starting time was 13:00 (Beijing time, 5:00 UTC) on October 25, 2016. From Figure 6a and the
diagram combining the backward trajectory and satellite fire spots (Figure 6b), it can be seen that
the air mass at the position of the observed peak value at 5:00 UTC on October 25 (45.6°N,
126.7°E, 500m ASL) originated at 2500m ASL in Russia 72 hours ago. This air mass, after
passing over Inner Mongolia, fell to the ground near Qigihar, Heilongjiang Province with densely
distributed fire spots 48 hours prior to the observation. Then, the air mass moved southward along
the ground to fire spot areas in Bai cheng, Jilin Province and rose to 500m ASL 18hours prior to
the observation. After passing over Qigihar and Daging at a height parallel to the ground from the
northwest direction, the air mass reached Ping fang District of Harbin at an altitude of 500 m ASL.
Therefore, the peak BC mass concentration value observed in the afternoon on October 25 may be
related to the horizontal advection of BCs in the surroundings. However, on the vertical cross
section where the backward trajectory (last 13 hours) is located (Figure 7), the distribution of the
FNL horizontal wind speed at 14:00 shows no peak at approximately 500m. Given the low spatial
resolution of the FNL analysis data and the lack of horizontal distribution of BC concentrations,

we tried to simulate the peak at 500m ASL and analyzed its causes using the WRF-Chem model.
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Figure 5. Vertical profiles of potential temperature (black solid line) and BC mass concentration (purple solid
squares) detected by the two flights in October 2016

NOAA HYSPLIT MODEL
Backward trajectory ending at 0500 UTC 25 Oct 16

GFSG Meteorological Data 100° 110° 120° 130°
N
w
S (a) % (b) WJfE 5
g ") ! ]
« (3 S
i . Aa-
@0 L) d
; e T
= '.. }‘ \ (]
* ; " o Y2 ;
g 8 ..'.. ‘AA'AA:’ ? 9 8
3 . 'o. T el 2
. S Trat 5 W Tep #gi
500m ASL Backward Trajectory y ol i
- — ©23th Fire Location o’ ‘5 b
= 2000 H "&‘ 'y
g 1500 i 2 = [ X i
2| aoo gaou frry 24th Fire Location e
ey,
8 12 o6 00 18 1z 06 o0 18 12 06 . M Vi(f
. 5 mfzg . 10/23 _— o s 7 ‘s 0 ok . 5
e 17 Tt 45.600000  lon- 128 700000 heibne 500 m AMSL. ¢ {25th Fire Location P o
@ Wiy ¥ S
Y e o e M ethod- 0 o Vertical Velodity v y anw " !
Meteorology: 00002 25 Oct 2016 - GDASOpS T T
100° 110° 120° 130°
(a) horizontal and vertical section of the 72-h backward (b) Combined view of the 72-h backward trajectory
trajectory (black line represents the topography) and three-day satellite fire spots from October 23 to 25

Figure 6. The 72-h backward trajectory and satellite fire spots

‘ units:m/s

W | . | 15
‘ 14
o * . ‘ 13
o |. | 12
g . 11
7w i | >
£ [ ‘ 8
g " L
Z 0
%
z

=

Figure 7. The FNL horizontal wind speed at 14:00 on the vertical section near the projected point of the
backward trajectory of the last 13 hours (The black thick line is the backward trajectory. The red dots and black

thin line are the projection of the trajectory on the xQy plane. The black star is the starting point of the trajectory.)
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Figure 8 shows the location of the flight area and the six nearby ground grid points in the

simulation. Figure 9 shows the distribution of the simulated BC concentration with altitude at

13:00 on October 25 at these points. The simulated maximum value in the mixing layer is close to

the observed results, but the altitude of the peak value is about 800m, higher than that in the

observation (500m) as shown in figure 5b, and the elevated layers are not very distinct. The results

obtained by using other simulation schemes are similar to this result.
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Figure 8. Position of the flight area (area in the black rectangular box) and the six grid points (colored circles. The
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The simulation results at 13:00 (Figure 9) show that although the peak values of the BC
concentration did not occur at 500m, they did occur at 800 m at three grid points. At the grid point
(97, 76), the vertical BC profile shows the most distinct elevated layer. The temporal evolution of
the vertical distribution of the BC concentration at grid point (97, 76) (Figure 10) shows that a
short-term elevated layer occurred at a height of 660-800m only between 12:40 and 13:20. From
the perspective of the vertical gradient of the potential temperature, the height of the mixing layer
top is about 1000m during this period (see Figure 10(a)), indicating that the elevated layer
occurred in the upper part of the mixing layer, where the turbulent kinetic energy (TKE) is

relatively small (see Figure 10(b)).

units:pg/kg
70

6.0
[

600

Altitude ASL (m)
Altitude ASL (m)

Time (BJ) Time (BJ)
(a) BC concentration and potential temperature (b) BC concentration and TKE
Figure 10. Simulated time-altitude diagram of the BC concentration (shading, unit: ug/kg), potential
temperature (white contour, unit: K), and TKE (black contour, unit: m* s%) at grid point (97, 76).

To investigate the relationship between advection transport and the peak in the upper part of
the mixing layer, the advection transport rate is calculated. The horizontal advection transport rate

and vertical advection transport rate are calculated by the following equations:

TR = - 1 (a(pr) N a(pr)J
p\ X oy

R Latebw
p 0z

@)

)

In Egs. (1) and (2), p, b, u, v, and w represent the air density, BC concentration (here, it is the
mass of BCs per unit mass of air), the east-west component of the wind, the south-north
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component of the wind, and vertical component of the wind, respectively. In the calculation, the
approximate values are calculated using the central difference format, except that for the grid
points at the boundary, the approximate values are calculated using forward or backward
differencing.

Figure 11 shows the profiles of the horizontal advection transport rate, the vertical advection
transport rate, and the total advection transport rate (which is the sum of the first two) of the BC
concentration at grid point (97, 76) at 13:00. It can be seen that the total advection transport rate
was negative at altitudes above 850m and positive at altitudes below 850 m. Except for certain
altitudes, the horizontal advection transport rate was greater than the vertical advection transport
rate. The total advection transport rate shows a peak at approximately 650m and 800m, but the BC
concentration only shows a peak at 800m. This result could be related to the fact that the former
has greater turbulent energy than the latter (Figure 10b). The simulation results of this case show
that compared with the upper layer of the mixing layer, the turbulent energy in the lower and
middle layers is larger, and there is no particularly prominent peak advection transport. Therefore,
the simulation results do not show the peak value of BC concentrations at approximately 500m.

1000 1 1 1 1
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Vertical
= Horizontal+Vertical |
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600

400
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0 T T T T
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BC Transport Rate(ng.kg'l.s'l)

Figure 11. Simulation results of the BC advection transport rate at grid point (97, 76) at 13:00

Figure 9 shows that the difference in the vertical profiles of the BC concentrations among the
grid points is large. This finding reflects that the horizontal variability of the BC concentration is
relatively large, which can also be found in the observation results during the level-flight period of
the flight (Figure 5a). In this observation, the aircraft did not descend vertically. If the aircraft first
descended from a low-concentration area to a high-concentration area and then returned to the

low-concentration area, the observed vertical profile of the BC concentration would inevitably
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show a peak at the turning altitude. From the flight path (Figure 4), it can be seen that during the
descent phase, the aircraft flew from the southwest to the northeast at an altitude of approximately
500m. At an altitude of 400-500m, the aircraft turned to the northwest and then the southwest and
then quickly descended. The aircraft only circled one round in the mixing layer. The simulated BC
concentration is low in the southwest and high in the northeast (Figure 9), which facilitates the
occurrence of a peak at approximately 500 m in combination with the flight path. The flight path
on October 20 (Figure 3) shows that the aircraft circled twice in the mixing layer, and
correspondingly, the BC concentration also shows multiple fluctuations with the altitude (Figure
5a). Therefore, it is still possible to use the detection results of this flight to estimate the vertical
distribution of the BC concentration.

The root mean square of the BC concentration and the ratio of the maximum to the minimum
BC concentration among the six grid points (Figure 12) show that between 8:00 and 14:00 the
horizontal variability of the BC concentration among the six grid points did not change with the
altitude in the mixing layer. Above the mixing layer, the root mean square decreased rapidly with
the altitude, while the ratio of the maximum to the minimum was basically larger than the value
within the mixing layer. As the thickness of the mixing layer increased, the root mean square in
the mixing layer decreased, while the ratio of the maximum to the minimum increased.

Both the numerical simulation and observation results show that even though Ping fang
District in Harbin covers a horizontal area of only 10-20 km, in the early phase of the heating
period, the horizontal variability of the BC concentration in the atmospheric mixing layer is
sufficiently large. As a result, false elevated BC concentration layers may be detected during spiral
flight measurements. Therefore, in observations of the vertical distribution of the BC
concentration, special attention should be paid to the horizontal variability of the BC concentration
for the small thickness of the mixing layer to avoid observing false elevated BC concentration
layers. In the planning of the flight path, at least two rounds of spiral flights should be performed

in the mixing layer.
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Figure 12. Simulation results of the root mean square (shading, unit: pg/kg) and the ratio of the maximum to
the minimum (shading) BC concentration at the six grid points. The white contours represent the potential

temperature (unit: K).

3.2 Weak upward motion and the formation of elevated BC concentration layers

When we calculated the vertical advection rate above, we found that in the daytime
numerical simulation results on October 25, there was a weak vertical upward flow in the mixing
layer (on the order of cm/s, figure not shown). However, it is not easy for the weak upward flow to
form an elevated BC concentration layer in the mixing layer due to strong turbulence during the
daytime. In the nighttime simulation results, weak vertical upward motions also occurred in the
lower layer over Harbin and Daging. How does the nighttime weak upward motion affect the
formation of elevated BC concentration layers? Because the elevated BC concentration layer over
Daqging (124.82°E-125.147°E, 46.71°N-46.88°N) is relatively obvious in the simulation results,
we focus on the situation in this area. Figure 13 is the mean of the simulated values in this region.
The shading is the BC concentration (unit: pg/kg). The contours are the vertical velocity (unit:
cm/s), the solid contour lines represent positive values, and the dashed contour lines represent
negative values. From the evening of October 24 to the morning of October 25, an elevated BC
concentration layer appeared three times below 2000m: approximately from 17:00 to 18:30, a
strong elevated BC concentration layer lasting for more than one hour appeared in the layer where
the center is near 800m, referred to as A; from 23:00 to 24:00 and from 2:00 to 2:30 weak elevated

BC concentration layers appeared twice around approximately 1100m, referred to as B and C,
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respectively. Figure 13 also shows that the three elevated BC concentration layers, A, B, and C, all
corresponded to a relatively low BC concentration on the ground. Layers A, B, and C were all
accompanied with a weak vertical upward flow, but not all weak vertical upward flow areas
corresponded to elevated BC concentration layers. Further, no elevated BC concentration layer

appeared in downward flow areas.

2000 units:pg/kg
1800
1600
1400
1200
1000

800

ASL Altitude (m)

600

Time (BJ)
Figure 13. Time-altitude diagram of the simulated BC concentration (shading, unit: pg/kg) and vertical velocity
(black contours. Solid contour lines represent positive values, and dashed contour lines represent negative values,
unit: cm/s.) over Daging from the evening of October 24 to the morning of October 25

From Eq. (2), we can obtain

__1o(pw)  ow _ ., 0b
Y2 oz oz oz (3)

TR

1

That is, the vertical advection rate of the BC concentration can be approximately decomposed
into the BC concentration term —b%—vzv and the vertical BC concentration gradient term —wg—:.

Figure 14 is the time-altitude diagram of the vertical advection transport rate, the BC
concentration term -b ow/0z, and the vertical gradient term of the BC concentration -w ob/oz. It
can be found that, despite the weak vertical flow, the two elevated BC concentration layers, A
and C, corresponded to high values of the vertical advection transport rate of the BC concentration.

That the convergence of the vertical upward flow just occurred at the altitude of the high BC
concentration indicates that A was mainly caused by the BC concentration term—b Z—‘:; C was
mainly caused by a combination of the vertical upward velocity and the vertical gradient of the BC
concentration, that is, the vertical BC concentration gradient term —wg—:. From Figure 15, one

can see that some convergence zones (such as zone D in Figure 15a) of the upward flow were too
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high in altitude, where the BC concentration was too low, and thus, no positive vertical advection
transport rate occurred. Some strong upward flow zones showed no positive vertical advection
transport rate of BC concentration because there was no corresponding large vertical BC
concentration gradient, and thus, no elevated BC concentration layers occurred. None of the
downward flows formed a positive vertical advection transport rate of BC concentration.
Comparing Figure 14 and Figure 15, we can see that in the numerical simulation results of the
case in this paper, the number of vertical flow convergence zones is greater than the number of
elevated zones of the vertical advection transport rate of the BC concentration. Flow convergence
in the high BC concentration areas facilitated the formation of elevated BC concentration layers.
The analysis above also indicates that the proper combination of a weak vertical flow with the BC
concentration or the vertical gradient of the BC concentration is also conducive to the formation of
elevated BC concentration layers. Specifically, if the BC concentration in the convergence region
of weak vertical upward flow is sufficiently large or the vertical gradient of the BC concentration
at the center of weak vertical upward flow is sufficiently large, the conditions are conducive for

the formation of elevated BC concentration layers.
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Figure 14. Time-altitude diagram of the simulated vertical advection transport rate and its components over Daging
from the evening of October 24 to the morning of October 25
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Figure 15. Time-altitude diagram of the simulated divergence from the evening of October 24 to the morning of
October 25
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4. Conclusions

Using aircraft detection, elevated layers in the lower-middle part of the mixing layer were
detected in Harbin on the afternoon of October 25, 2016. The vertical distribution of the BC
concentration in the lower atmosphere over Harbin from October 24 to October 25, 2016 was
numerically simulated using the WRF-Chem model version 3.8.1 based on the actual cases. The
results show the following:

(1) The numerical simulation results for the flight area on the afternoon of that day show that
the turbulent energy in the lower and middle layers of the mixing layer is greater than that in the
upper layers, and there is no particularly prominent peak of total advection transport in the lower
and middle layers of the mixing layer. Therefore, no elevated BC concentration layers appear in
the lower and middle layers of the mixing layer. Both the numerical simulation and observation
results show that even though Ping fang District in Harbin covers a horizontal area of only 10-20
km, in the early phase of the heating period, the horizontal variability of the BC concentration in
the atmospheric mixing layer is sufficiently large. As a result, false elevated BC concentration
layers may be detected during one round of spiral flight measurements. The horizontal variability
of the BC concentration in the mixing layer basically does not change with the altitude. Above the
mixing layer, the root mean square decreases rapidly with the altitude. As the thickness of the
mixing layer increases, the root mean square in the mixing layer decreases. Therefore, in the
observation of the vertical distribution of the BC concentration, more special attention should be
paid to the horizontal variability of the BC concentration for smaller thicknesses of the mixing
layer to avoid observing false elevated BC concentration layers. In the planning of the flight path,
at least two rounds of spiral flights should be performed in the mixing layer.

(2) The weak vertical upward flow (on the order of cm/s) in the mixing layer during the
daytime can hardly form elevated BC concentration layers due to strong turbulence in the mixing
layer. However, during the nighttime, the proper combination of a weak vertical flow with the BC
concentration or the vertical gradient of the BC concentration is conducive for the formation of
elevated BC concentration layers. More specifically, if the BC concentration in the convergence
region of weak vertical upward flow is sufficiently large or the vertical gradient of the BC

concentration at the center of the weak vertical upward flow is sufficiently large, the conditions
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are conducive to the formation of elevated BC concentration layers. Because in the high BC
emission areas, the BC concentration and the vertical gradient of the BC concentration in the
lower layer of the atmosphere are large in all probability in the nighttime, the lower altitude of the
weak vertical upward flow in the nighttime favors more the formation of elevated BC

concentration layers.
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