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Observation of atmospheric boundary layer height by

ground-based LiDAR during haze days
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Abstract: In order to investigate characteristics of atmospheric boundary layer height (ABLH) during haze pollution, we used

ground-based CE370-C micro pulse LiDAR to derive the ABLH during January 2013 over Beijing, based on the gradient method.

We find that the ABLH in severe haze days is lower than that in weak haze days and beneath about 500 m, with daily averaged

value of about 424 m. The ABLH has negative correlation with the concentration of surface PM, ;. The comparison of LiDAR

observation with radiosonde detection is also presented in the paper and results show that two approaches have good consistency

with difference less than about 86 meters.
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1 INTRODUCTION

With the rapid economic expansion and the development of
urbanization, haze pollution has become increasingly serious. In
recent years, haze weather has aroused people’s widely concerns
in China. Haze whether is also an important indicator of the air
quality (Wu, et al., 2007; Wu, 2006). Therefore the research on
characteristics of haze is a hotspot in the field of atmospheric
pollution (Gu, et al., 2010; Huang, et al., 2012).

The atmospheric boundary layer is the main district in
which haze weather occurred. The atmospheric boundary layer,
which usually refers to the area directly influenced by the ground
in the troposphere, has the closest relationship with human activ-
ities and ecological environment. It responses to surface effect in
a time scale of 1 hour or less (Hu, et al., 2003).Moreover, the
atmospheric boundary layer height is one of important
parameters in the research of remote monitoring particulate
matters near the ground (Zhang & Li, 2013). Active LiDAR
detection technique is an effective approach for observing the
atmospheric boundary layer height (He & Mao, 2004; Yang,
et al., 2005; Liu, et al., 2006; Pan, et al., 2010; Tsaknakis, et al.,
2011; Wang, et al., 2012; Wu, et al., 2013; Griffiths, et al., 2013;
Han, et al., 2007; Zhang, et al. 2004). In China, Qiu, et al. (2003)
carried out detection experiment of high cloud and aerosol in the
troposphere based on the multi-wavelength LiDAR. Mao, et al.

(2006, 2007) determined the vertical distribution and changes of
urban boundary layer height using LiDAR, and gave a prelim-
inary analysis of the ground meteorological environment impacts
on the diurnal variation of the boundary layer. Wang, et al.
(2008) studied atmospheric boundary layer structure characteristics
during summer in Beijing, as well as the extinction characte-
ristics of atmospheric aerosols in the atmosphere boundary layer.

However, there are few studies on the atmospheric
boundary layer height during severe haze weather detected by
ground-based LiDAR. In order to investigate the characteristics
of the haze whether in Beijing during January of 2013, in this
paper, we determine the ABLH and the changes of atmospheric
boundary layer under the haze weather, using ground-based
micro-pulse LiDAR, as well as validating the result with the
ABLH derived from the radiosonde observation. We also discuss
the boundary layer height changes during the haze event, and
study the relationship of its changes versus particle concentration
of surface PM, ;.

2 INSTRUMENT AND METHODS

2.1 Observation instrument and data

LiDAR used in this study is located at Institute of Remote
Sensing and Digital Earth (RADI), Chinese Academy of Sciences
(CAS), (40.00° N, 116.38° E), named CE370-C micro-pulse
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LiDAR and produced by CIMEL company in France. The diam-
eter of laser transmitter system is 20 cm, which is used to expand
laser beam through a refracting telescope. The receiver system
includes two parts: standard module and low altitude module.
The measurement of standard module ranges from 0.3 km to
30 km, while the low altitude module from 0.1 km to 3 km. Both
vertical spatial resolutions are 15 m. In this paper, we use the
signal received from standard module. After the residual impulse,
background, range and overlap corrections, we can derive the
range corrected signal (RCS). Using the signal changes and
cooperating with aerosol backscatter extinction profile information,
we can estimate the height of the atmospheric boundary layer.

The radiosonde data, which used for comparison with
LiDAR in the study, is measured at Southern Observatory (site
54511) in Beijing (39.80° N, 116.47° E), including pressure,
height, temperature, humidity, vapor mixing ratio, potential
temperature, wind speed and wind direction. Moreover, we
reprocess vapor mixing ratio and potential temperature
information to estimate the ABLH based on radiosounde method
presented by Liu (1990).

2.2 Atmospheric boundary layer height observation
by LiDAR

2.2.1 Gradient method

Gradient method is commonly used to detect the ABLH by
LiDAR. LiDAR signal intensity corresponds to the concentration
of atmospheric aerosol particles. Due to the effect of warm cover
of the inversion layer, most of atmospheric aerosol particles
concentrate in atmospheric boundary layer. Therefore, between
atmosphere boundary layer and free atmosphere, the concentration
of atmospheric aerosol particles will change sharply (Lammert &
Bosenderg, 2005; Hennemuthet & Lammert,2006; Wang, et al.,
2008; Pan, et al., 2010). Therefore, RCS gradient profile
represents the atmospheric aerosol vertical distribution gradient
changes. LIDAR backscatter signal can be expressed in Eq.(1)
(Klett, 1981; Fernald, et al., 1972)

P(r) = P, TP D el -2 (1)

where P (r) is the backscatter intensity received from the
distance r, P, is the intensity emitted by the laser; ¢ is a constant
of laser radar system, 7 is duration of impulse of the laser, A is
the geometric correction factor, 3(r) and o (r) are backscatter
extinction and total extinction coefficients, respectively.

A derivative of the range corrected signal (RCS=P(r) r2)
can be represented as:

DEV(r) = d(RCS)/dr (2)
where DEV is the derivation of RCS with respect to r. The verti-
cal position corresponding to the minimum value of DEV is
therefore the height of the atmospheric boundary layer, where the
concentration of aerosol particles within the atmosphere changes
fastest.

2.2.2 Radiosonde method

Radiosonde method (Liu, 1990) can be used to determine
the ABLH based on radiosonde data, which comprise wind
direction (D), wind speed (V), mixing ratio (S), potential temper-

ature (f) and temperature (¢), within and beyond the boundary
layer. Within the boundary layer, due to the fully turbulent
mixing effects, various physical properties of the atmosphere in
the vertical direction tend to be uniform (Liu, 1990; Liao, 2005).
In the boundary layer it should be satisfied with the following
criterions

M =0,95 2

0z 0z

@)r >r,mr =r,

(3) D and V are consistent (except for the range from the
ground to 10 or dozens of meters).
where, r is the atmospheric temperature lapse rate and r, is the
dry adiabatic lapse rate.

Based above method, using radiosonde data, we can deter-
mine the atmospheric boundary height. However, as a result of
using tethered sounding, this method is constrained by the length
of tether line, which is usually less than about 1000 m. Therefore
this method is somewhat limited in the application (Liu, 1990;
Liao, 2005).

3 OBSERVATION AND DATA PROCESSING

In this paper, we use micro-pulse LIDAR CE370-C to get
the ABLH information during haze pollution of January 2013 in
Beijing based on gradient method. In order to discuss the
polluted level of the haze whether, we classify haze weather
according to the Air Quality Index (AQI). The Air Quality Index
greater than 100 corresponds to weak haze day, and more than
200 to severe haze day. Therefore, January 25, 2013 belongs to
weak haze days with AQI of 104, and January 28 belongs to
severe haze days with AQI of 398, those will be analyzed below.

Time resolution of this LiDAR is about 1 min. In this paper,
in order to compare with radiosonde method, we use the hourly
average LIDAR RCS. The vertical range of LiDAR observations
is between 300 m and 1500 m. In the paper, we use the gradient
method (flow diagram in Fig.1) to determine the ABLH.

RCS

Single min

“Find DEV
minimum value

None Multiple min

DEV(DEV) Threshold
close to zero determination

Atmospheric
——>| boundary

layer height

Expert
nspect

Lidar backscatter image

Fig.l Flow chart of gradient method to detect the ABLH

Operation steps are:

(1) Calculate the derivative, DEV. If there is only one mini-
mum value, the ABLH could be determined. As shown in
Fig.2(a)(b), the minimum point of 420 m is the ABLH at 7:00
am on January 28.
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(2) From 300 m to 1500 m, if there are multiple minimum
values, the value between —10° and —10’ is then used to get the
extreme value point, with inspecting the continuous changes of
the atmospheric profile signals and LiDAR backscatter image. As
shown in Fig2(c)(d), the possible ABLH is 645 m and 780 m.
With LiDAR backscatter image, we can easily determine that
780 m is the ABLH at 4:00 am on January 26.

(3) From 300 m to 1500 m, if there is no minimum value, we

1600 1600
1400 | 1400
1200 1200

£ 000 £ 1000 }

2 %

£ 800 £ 800
600 | 600 |
400-—'—\N'— 400 -‘"5“ '''''''
200 L . L 200 L 1 .

0 5.80x10° 1.16x10'" -2x10° 0 2x10°
RCS DEV(RCS)

(a) 2013-01-28 7:00am RCS

(b) 2013-01-28 7:00am DEV(RCS)

need to calculate the derivative of DEV, noted by DEV (DEV).
With the continuous changes of the atmospheric boundary layer
and LiDAR backscatter image, we need to perform expert judg-
ments. According to our experience, the minimum value after the
first jump is the ABLH. As shown in Fig.2(e)(f)(g), down from
1500 m, the DEV(DEV) curve after the first jump tends to be
zero at 450 m, which is the ABLH at 8:00 am on January 28.
Moreover, LIDAR backscatter image confirms this.

1600 1600

1400 1400
1200 1200
1000 1000

800 800

Height/m
Height/m

600 600 |

400 400

- .
-24x10° -1.2x10° 0

DEV(RCS)

(d) 2013-01-26 4:00am DEV(RCS)

200 1 1 1
0 7.0x10° 1.4x10'°

RCS
(c)2013-01-26 4:00am RCS

1600 1600 r 1600
1400 - 1400 1400 |
1200 | 1200 1200 }
£ 1000} £ 1000 £ Jo00t
= = =
& &b &
2 800 2 800 T 800F
600 | 600 600 |
400 F~ 400 400 F
200 1 1 1 O L 1 1 200 il 1 1
0 5x10° 1x10% —1.4x10° -7.0x108 0 0 1x10% 2x108
RCS DEV(RCS) DEV(DEV)

(e) 2013-01-28 8:00am RCS

Fig2

(£) 2013-01-28 8:00am DEV(RCS) (g)2013-01-28 8:00am DEV(DEV)

Interpretation of the gradient method to detect the ABLH

(for (a)(b), the dot lines represent the minimum value position; for(c)(d), the horizontal dot lines indicate the location of minimum value positions under the

threshold range, while the perpendicular dot lines represent the threshold range; for (e)(f)(g), the dot lines represent that DEV (DEV) tend to zero after the first

jump from top to bottom)

Fig.3(a) shows the daily variation of the ABLH on January
25 and January 28. Lines in this figure represent the hourly aver-
age ABLH from LiDAR. It can be seen that the boundary layer
height is up to 1100 m on January 25 (weak haze day), and at
night the value is roughly between 700 m and 1000 m. The
boundary layer height has no obvious changes between day and
night, continuously between 300 m and 500 m on January 28
(severe haze day). Fig.3 (b) and Fig.3 (c) show comparison of
water vapor mixing ratio and potential temperature on January
25 and January 28, respectively. It shows that water vapor
mixing ratio on January 28 is obviously higher than that on
January 25. Namely, on January 25, vertical changes of water
vapor mixing ratio reflects the ABLH position. However, on
January 28, potential temperature vertical changes have an
obvious temperature inversion, which suggests that in the severe
haze days, the boundary layer is stable. Therefore, with the
increase of the degree of haze pollution, day time and night time

changes of the ABLH decrease significantly. Especially, during
severe haze weather, the ABLH diurnal variation is not obvious,
and the ABLH is averagely about 500 m lower than that of weak
haze days.

We analyze the characteristics of an increasing haze process
from January 25 to January 28. Fig.3 shows the comparisons of
ABLH with PM2.5 concentration and average wind speed from
January 25 to January 28, respectively. All data are shown as
daily average. In Fig.4(a), with gradually increase of the haze,
the boundary layer height decreases and PM,; concentration
increases. The main reason for this phenomenon can be
explained by the wind speed, which is almost constant between
135 m/s and 1.61 m/s as shown in Fig4(b). No wind or breeze
makes atmospheric turbulence weaken, and ABLH becomes
steady. The pollutant concentration increases quickly, and then
the serious pollution is formed.
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Fig3 (January 25 and 28, 2013, Beijing) ABLH from
LiDAR detection, water vapor mixing ratios detected
from radiosondes, and potential temperatures
detected from radiosondes

4 COMPARISON AND ANALYSIS

In order to validate LiDAR observation, we derive the
ABLH by radiosonde approach based on the atmospheric sound-
ing data in January of 2013, with two values at 8:00 am and
20:00 pm each day. The relative error of this method compared
with the dry adiabatic curve method is between 2.7% and 15%
(Liu, 1990). In this article, we perform a comparative analysis on
the ABLH obtained from LiDAR and radiosonde during haze
whether with the AQI higher than 100. Fig.5 is the ABLH
histogram from these two methods. It can be seen that the
monthly average ABLH detected from LiDAR is about 575 m,
and the standard deviation is 155 m. Meanwhile, the ABLH of

1000 —e— Daily average atmospheric ] Gl

L e boundary layer height J 400
800 k —A— Daily average PM, / : .

<4300 &
g 600 ] i
: \ 1250 2
2 400} ® 1200 &
1 o
r - 150
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I A 1
- 50
0 1 1 1 1
25 26 27 28
Day
(a) Comparison of daily averaged ABLH
with the daily average PM, ; concentration
1000 450
° —e— Daily average atmospheric _] 45
boundary layer height '
800 - —A—Daily average wind speed 7 4.0
3 4135 @
£ 600} — J30 £
= 4 =
iﬂ \ 425 g
Q ° " 1)
T 400 | 120 3
A/A—A/A 415 2
200 —41.0
=405
0 1 1 1 1 ] 0
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(b) Comparison of daily averaged ABLH
with the of daily average wind speed

Fig4 Relations among ABLH, PM2.5 and wind during
haze days on January 25 and 28, 2013

radiosonde is about 590 m and the standard deviation is 178 m.
It shows that the ABLHs detected from two methods agree well,
with the monthly average difference of ABLH about 86 m.
Considering the spatial distance between these two stations, the
difference between these two methods is acceptable.

1400 , 5 1400
= [idar, Ave= (575+155)m
1200 = Radiosonde, Ave= (590+178)m 1 1200
1000 4 1000
£ g0} 1800
b
2 600 1600
400 t 1400
200 4200

0
1 357 9111315171921 2325272931
Day of January 2013

Fig.5 Histogram of the ABLH obtained from LiDAR
and radiosonde in January of 2013 at Beijing

Advantage of LiDAR observation is its continuous real-time
detecting capability. Real-time monitoring of boundary layer
height can be used in the haze monitoring, and the gradient
method is an effective method in this detection. However,
gradient method used to detected ABLH has shortcomings in two
aspects: Firstly, when weather is clear, the atmospheric aerosol
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extinction is weak and it is difficult to find RCS derivative
profile change position. Then, when there are lots of clouds led
to multiple minimum points of signal derivative, it will need
expert interpretation to determine cloud height, and distinguish
clouds from aerosols.

5 CONCLUSIONS

We derived the ABLH from LiDAR measurements based on
gradient method in January 2013 in Beijing. We analyzed the
relationship between ABLH and related parameters, such as
PM, ; concentration, average wind speed, and get the following
conclusions:

(1) On the detection ability, the traditional meteorological
observation approach, e.g., radiosonde method due to the limited
frequency of detectionis difficult to obtain continuous information.
However, the gradient method based on LiDAR is an effective
method to obtain continuous ABLH during haze days.

(2) During haze days, ABLH has obvious a downward
trend. In severe haze days, the averaged ABLH is about 300—
500 m. By comparison with weak haze days, the ABLH of
severe haze days can continues a long time to lower, e.g., during
a day and night, which aggravates the accumulation of atmos-
pheric pollutants.

(3) By comparing ABLH obtained from LiDAR with the
surface PM, ; concentration on January 25 and January 28 during
the haze pollution, we find that ABLH and PM, ; concentration
are significantly negatively correlated, the lower the atmospheric
boundary layer, the higher PM, ; concentration.

The ABLH is of great interests to the remote sensing of
particulate matter mass concentration near ground. Our LiDAR
results show good consistency with radiosonde detection during
sever haze, which can be used in the relevant researches on the
aerosol vertical distribution.
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About the Cover

20105+ EHBERISBUSIEEEMR ( ChinaCover2010 )
The China National Land Cover Data for 2010 (ChinaCover2010)

2010 S E T EERERETUEIESE ( ChinaCover2010 ) HFERFRIEMSHFHIRMRAAKSEM 9 AN HEREAE , RA 30 m 25
SHRNTEE (H)-1A/1B ) 48 , FARSERKRES (FAO) NLCCSHE TR, MBTIERTPEERREN 38 - EW SRR, F
BEFBEFANEETLE. ERNRNBmSE. WEEASEHSHN 10 A MNFINFELURBASIERE S38EaI5E | 8UENEIAT 85%.
ChinaCover2010 EEE‘FE?‘EEB?& ﬁﬂﬁ%ﬁm & . FEEMERI M LR PSR RIS HIERATE R RIE 78RR | rlhs
E&EAINET AL SR ARG EREHRSTH. ( Rkt : http://www.chinacover.org.cn)

The China National Land Cover Data for 2010 (ChinaCover2010) has been completed after two years of team effort by the Institute of
Remote Sensing and Digital Earth (RADI), Chinese Academy of Sciences (CAS), together with nine other institutions’ participation. The HJ-
1A/1B satellite at 30 m resolution is main data source. Based on the landscape features in China, 38 land cover classes have been defined
using UN FAO Land Cover Classification System (LCCS). Super computers were used in the data preprocessing. An object-oriented method
and a thorough field survey (about 100000 field samples) were used in the land cover classification, with radar imagery as auxiliary data.
The overall accuracy of ChinaCover2010 is around 85%. Mainly based on domestic imagery, the products take advantage of various in situ
data and strict quality control. ChinaCover2010 is a good dataset for ecological environment change assessment and terrestrial carbon
budget studies. (Website: http://www.chinacover.org.cn)
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