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Fig. 1 Schematic diagram of airborne IPDA lidar detection
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Fig. 2 Schematic of IPDA lidar system

20 Ge oo 41 B RO B T 1B 3 TR Bl T
6 4% 77 A2 1572.024 nm Fl 1572.085 nm 4> 2 &2 % K
HAE online il offline i Fl 7 #4% o >R F H & Wi R N
30 Hz WG G SE B — 5 i o 436 Ltk 129 19 43
G BSM LK ik v 06 28 & 5 /9 306 43 S P 43, —
T4 1026 Al 19306 FH T BBt W, 30 Ao Y O 8 Uk 2

BF1#E AR BR IS J5 A #4708 EH A2 0 300 pm 1 £
pulsed laser
BSM1
BF1
A IS
90% 0%
4
target RM2 /
s telescope ‘
: o CL2 .
k T, BSM2 e
BF2
InGaAs FL
APD \
K3 IPDABOLTE BRI RSN & A
Fig. 3 Schematic diagram of IPDA lidar transceiver system
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Table 1 Main system parameters of airborne 1.57 pm double-
pulse IPDA lidar

Parameter Value
Wavelength (on/off) /nm 1572.024/1572.085
Pulse energy (on/off) /mJ 6/3

Pulse width (on/off) /ns 17
Pulse separation /ps 200
Optical frequency /Hz 30
Emission optical efficiency 0.8955
Receiver optical efficiency 0.3797
Telescope diameter /mm 150
Data acquisition rate /(MSa+s™") 125
Vertical sampling resolution /m 1.2
Horizontal footprint resolution /m 3.7
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Fig. 4
right, it is seen that cloud cover increases successively

and clouds become thicker

ARG IA] B fr AT A IR A BRTR M R AR AT
e BE AT B[R I JBR AR R MR S L R T R I
BB I, WO TR IR I A5 T 0 R A R e, AR TR i
TR i, BB B A0 Ak 1 [0 i {5 5 23 52 B M 75 52, DR I A
PEEUE SR 2 J, O T 6 B R A T e e e R 2
SE J (140 K500 A BV Y000 135 5 0 [ 30t £ 5 %) e {1 Pl . L (i
A7 ik SRR R B . R B BE RS
GEATRHE O 8 A 300 A5 5 T Ao, TR
JEE i F ARGy 8 BT Fow, B E RS X (4) 15 X oo

A 500 H AR a9 IR R WA S AR A S
VB B 2 22

preprocessing

A 4

A 4

extract auxiliary data ‘

| remove background noise l

}

|

time, longitude,

| extract signal feature |

latitude, angle,
height, speed

4—{ ‘ smooth denoising ‘ |
4

A

temperature, monitor signal,
humidity, echo signal
pressure i
peak voltage,
Cal‘.zlﬂate — peak position, signal statistical
altitude integral voltage, feature
noise
: effective
Doppler shift Bloud signal
correction *
—>| calculate Fiy calAculate
Tcog
|
calculate
Xoo,
v
N-point averaged
Xcoy
5 Kds b B R K

Fig. 5 Data processing flow chart

2310001-4



2% 50% 5 23 #1/2023 £ 12 B/ E#*x

R=0.5X(R,,+ Ru), (9)
0.5¢
= o (L
125 X 10
o R R # A 2 H ARG EE B (m) 5 R, AT R 3501 R
H online ik Al offline ik 31550 A% 28 far 21 8 H 5 50
BUIE B (m) ;¢ MG, c=3 X 10°m/s; 1, N online/
offline [8] I} {5 5 &4 B 51, or, M online/offline ¥ I {7
B 5 T, S R A AU
TETEEA H A5 = BB, 25 B 3] CHLAE ©AT B S A
B R, TEX () PR R AT RE , LLERHL
B AR A 6 s AR . (8] 6 TR LB O R S H bR
FERE 7R B B H A A e R 8 2 3 AR B R
2 BT ) AT R AL IE SR B AR . AL
KATEEMEESAHBE SRS R, & LR HiR
TR IR
Ry =R, — Recosyp+cosyy, (11)
PRy CHLRAT w1 B sy AIRAN AR 5y RS S o

M Ion,,,/off\, + Io), (10)

on/off

Fl6 LB TR F bR e A I R B

Fig. 6 Schematic diagram of target altitude calibration with

airborne lidar
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Fig. 7 Signals received by IPDA lidar. (a) Aliasing cloud echo signal; (b) two-layer cloud echo signal; (¢) single-layer cloud echo signal;
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2310001-6



Fig. 8 Schematic diagram of cloud signal extraction method.
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Abstract

Objective Since the industrial revolution, anthropogenic activities have resulted in unprecedented carbon emissions that exceed
the carbon sink capacity of terrestrial and marine ecosystems, with CO, concentrations increasing by approximately 30% over the
last few decades to 418 pL/L by 2022. To meet the needs to effectively implement carbon emission management, lidar detection
based on the differential absorption principle has been proposed using the existing technology. With an average global cloud
coverage of up to 60%, there are many cloud echo signals in addition to ground and ocean echo signals when laser penetrates the
atmosphere to the ground, and effective use of cloud echo signals can improve data utilization and contribute to the analysis of
carbon sources and sinks. For complex cloud echo signals, an outlier screening method based on the absolute deviation from the
median is proposed to extract signals, which can separate multi-layer cloud echo signals and the signals in which the cloud and
ground echo signals co-exist. In addition, this paper analyzes the detection capability of cloud signals, studies effective data
processing methods for cloud echo signals to calculate the CO, column concentration on the cloud, and compares the results with the

data obtained with in-sifu instrument.

Methods This paper uses data from an airborne flight experiment conducted by the integrated path differential absorption (IPDA)
lidar system in Qinhuangdao in March 2019. Firstly, the types of signals that may be received by the IPDA lidar are analyzed, and an
outlier screening method based on the absolute deviation from the median is proposed to extract the echo signals. A correction method
for the target altitudes is proposed, and the extraction results are compared with those extracted using the traditional minimum
method. Secondly, the online and offline monitor signals and echo signals of the clouds are analyzed, and data suitable for CO,
column concentration inversion are selected. Then, the relative reflectance of the clouds is calculated using the offline monitor signals
and echo signals. The relationship between the relative reflectance and cloud density is investigated by combining the cloud density
distribution with the cloud images taken by the airborne camera. Finally, the CO, column concentration on the clouds is obtained by
using the differential optical thickness and the integral weighting function corrected for Doppler shift, and the results are compared
with the trends of single-point CO, concentrations measured by in-sizu instruments. Meanwhile, the relationship between cloud

altitude and CO, column concentration on the clouds 1s also investigated.

Results and Discussions According to the signal extraction results, the amount of valid cloud signal extracted using the outlier
screening method based on the absolute deviation from the median is 1.9 times greater than that extracted using the minimum value
method (Fig. 10). The relative reflectance of the clouds is obtained by the offline monitor signals energy and the echo signals energy.
Based on the experiment, the relative reflectance of the clouds over the mountainous area is 0.1897, that over the residential area is
0.1418, and that over the sea is 0.1656 (Fig. 12). The number of signal points in the time-altitude grid area is counted to get the cloud
density distribution, and combined with the photographs taken by the airborne camera (Figs. 13 and 14), the cloud tops are found to be
around 3400 m for thin clouds and 3800 m for thick clouds on the day of the experiment. We use differential optical depth and the
integral weighting function corrected for Doppler shift to calculate the concentrations of CO, on clouds (Fig. 15). On the day of the
experiment, the average CO, column concentration over the cloud is 415.98 pl./1., the average CO, column concentration over the
residential area is 416.96 pl./L, and the average CO, column concentration over the sea area is 413.92 pLL/L., with an overall average
value of 416.23 pL./L.. The trend is consistent with those of the single-point CO, concentrations measured by the in-sizu instrument.
The altitude variation of CO, column concentrations over clouds (Fig. 16) is calculated to show the distribution of CO, column

concentrations over clouds with altitude in different regions.

Conclusions In this paper, cloud echo signals from an airborne IPDA lidar are investigated to obtain the CO, column
concentration. An outlier screening method based on the absolute deviation from the median to extract cloud echo signals is proposed,
which can improve the effective utilization of the data measured by the airborne platforms. The stable cloud echo signals from the level
flight phase of the airborne experiment are selected for analysis. The offline wavelength echo signals are used to calculate the relative
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reflectance of the clouds, and the different spatial distributions of the clouds and their reflectance variations in the experiment are
analyzed. The CO, column concentration data on the clouds are analyzed and compared with the data from the onboard in-situ carbon
dioxide instrument equipped on the same aircraft. The CO, concentration trends measured by the two methods are in good agreement,
with an average deviation of 2.8 ul./L.. The research conducted in this paper provides an important reference for processing the cloud
echo signals of the spaceborne lidar to calculate the CO, concentration.

Key words remote sensing; differential absorption lidar; carbon dioxide column concentration; cloud echo signal; differential

absorption optical depth; atmospheric remote sensing
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