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Table 1 Parameters designed for the DWOL system
Apparatus Parameter Value
Transmitter Wavelength /nm 486 &.532
Pulse energy /m] 2.7 at 486 nm & 5.4 at 532 nm
Repetition rate of laser /Hz 100

Pulse width /ns

Beam divergence /mrad

8.7 at 532 nm & 4 at 486 nm
4.7 at 486 nm & 2.4 at 532 nm

Receiver Diameter of telescope /mm
Maximal field of view /mrad
Optical efficiency
Efficiency of PMT
Time sampling resolution /ns
Height of plane /m

Speed of plane /(km+h ")

200
20
0.6
0.10
10
2000-3000
200
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LD: laser diode; OC:

output coupler; PBS: polarization beam splitter; HR: highly reflective plane-concave mirror;

VCSEL: vertical cavity surface-emitting laser; LBO: lithium triborate crystal; BBO: type I beta-barium borate crystal;

LDM: long-pass dichroic mirror
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Fig. 3 Airborne results. (a) Result for one frame of data from oceanic water at S4; (b) result for one frame of data

from coastal water at S1
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Fig. 4 Accumulation for 500-frame data. (a) From oceanic water at S4; (b) from coastal water at Sl

P& 4 T AT, 486 nm 38 I8 7E T I PR K AR gk
% K A 1) TR B B 100 m, A4 T 532 nm i
RO B T 25 % . AR R KA, i T
VTR KR B 7K B 7% 25,486 nm @i A T 532 nm
LR ENET Ry =B EE

kT T A T I K 8 A K R 2 8 TR stk —
A #5486 nm 3l I8 A 532 nm 38 B EE I 25 B L
BEXT LA AT — P R, A, O T R IR
ZVI N R Sl o =Y N A T R R S D]
APC W75 L K b 27K R FNAE 5 (9 5 1, 76 AR YR HL
HEAE L EA P EFERAKT 6 m Z2/KTF 80 m

Z TE]F [ 352 K s R A 7 S J Ak B
3.2 MBXRERRE
KA 5 9 WO B 3k R AT LA SRR Ay

Br.2) - J* N
7(71H+2)Zexp[ 2 Oa(z )dz} )
(3)

K. P ()R =z eWRIEAES . K BEOLEHEEE
BB ,2) R e T 1) I A T pR B, e R K AR T B
FoH RIiE o (D) RHBOETFRFELRE. TR
OO T IR O R R Kletr J7 B i 47 S,
Klett J5 %t %R

P(z) =K

2010002-4



§F 48 % 5§ 20 H9/2021 £ 10 B/ EEx

k

B S(z)—S ’
i + EJ exp {(z)k "l dz

K:S,, HEEAES WL R s, HEOEEIRIOL

FH i P, 0] LB APRIES 27 52 S B, ) Fl

a () Z I R AL IR 15 S () ML TR B RS

JT B 0 38 A 2 e BB S AR T A [0 £ 5 A R B0 5L B

S(z)=In[P(z) X(nH +2)*], (5)

A (4) XA A T 486 nm 1 532 nm

I JE YOG TR IR TH O R BCE S4 U ST A 4 A
WE s FiR .,

@ 0

-10

{S(z) —S,,,J
exp | ——
1)

. attenuation coefficient of 532 nm
—— attenuation coefficient of 486 nm

=201

-30

-40

Water depth /m

-80

-90 : :
0.02 004 006 008 010 012 014

Attenuation coefficient /m!

3.3 MREXWERIEE

R Y B TR AL 28 S 50 () R L AE I DX N AT T
20 M 528, I R KB S22 DL ELVF L% DI
bR, KB KSR 520 5 2L AVBL.C.D2 BL K G 5.
I FH s 28 1% oK 5 ) T (RBR XR-420, RBR
Ltd. , Canada) £ T KRR E KRBT 5 3
JEAKAR A SR A A B B, AN & 6 FIEL 7 B,

F A 0 5 1T DL S 7E KPR KR o g R
TR AR TE KT 50~60 m, I HAEHK X 4 % B
TRERFE AR W R 1 pg-L ' A4, 75
FE KR, B PR IR AR, i s AR 2 IR IR e |
Th 783 R A R B TR 2 40 A 20~40 m Z H],
Mg F T LT3R 1.5 pge L',

2 SR BIAE KPR R vt 2 22 Wk AR R 2 4y
MK 60 m Zidy 4545 &1 4 RIEL 5 45 R nl %,
532 nm MR AE 60 m DLF 8980 il Sk a5 . R
AT B AR I S 2 T A A L O 4 T S R AR UK
ol A 1) s R K e B T R K S v I S 2K 00 A Y o 8
AALRFAE , AR SR R S P, R 486 nm i iE

B 5 B 45 SR AT 0 78 K K AR 486 nm
532 nm M IE A K R IR R ECA B 22 . 486 nm
i A R R B 532 nm il A Y 3 AR K0 B
— 2 DM 486 nm 3 18 X F R KR i 2RI A B
WAL 532 nm 8 FT 0 2 EHE T 60 m DLF
FR B IR 4 25 X £ B 532 nm AYECIE#E 60 m LU
NN €I i X AR N T NSE ) 2 N D e
486 nm i E A EHE AT AR SR, AR R KA,
/K AE 2,532 nm Ml 486 nm A IR R £ H
AFN, X B 486 nm 7E 3T K R 9 45 0 A KT
532 nm BYFRMCHIE %K .

(b) 0 -attenuation coefficient of 532 nm
——attenuation coefficient of 486 nm

-10

Water depth /m
Los b
S S S

|
(@1}
(=]

|
D
S

=70
0.02

0.10 0.12 0.14

0.04 0.06 0.08
Attenuation coefficient /m!

Kl 5 486 nm @i Ml 532 nm @B LE S4 Il SI AL AKIE =W R B, (a)S4 Ak (b)ST kb

Fig. 5 Attenuation coefficients of water for 486 nm channel and 532 nm channel at S4 and S1. (a) At S4; (b) at Sl

BOHE HEAT R
R4 SCHRL27 Ja] 0, 18 5 Wl R A K, 5 4k
R pow. ZHAEYOCAABIRIE RN
K,Q) =K, + K, (1), (6)
Ky (W) =XQ) X C, )
Ao K, QO R A B I 14 4l K 1 i 5 R 08 R G
K i, (1) Ry 55 I &t 28 Ve B A OC 19 UKL ) 18 59 52 D 3R
B X QOHT e (O R A AL 1) 45 K 0T Al SCik[28 ]
133, T ROLE IR RG A K AL AR ok
AR TH G F BT DL 18 5 R R R K, RoRY
HeT (3~ (7 A, S T HL T 2k B ST, S2,
S3,S4 ) 486 nm MIEEE . 45 R UK 8 FiR .,

P8 1 B i 45 SRR WL I Rk B ST i 3 R K
S MR EBRIRZNIREZHZH. TR
JIE 486 nm 3 1 FICHE AE T K S8 R R K R v 4
A RO 3 TR S0 G 2 F6, D1, C1, B3 #
%) S KR 55 ML AT e R B S1,S2, 83, S84 Y
486 nm i 3 B4 14 B 25 SR AT A M T

G3ATT AR X LR BE R i S I 45 SR 1486 nm

2010002-5



£ 485 £ 20 H1/2021 &£ 10 A/ E# k%

| |
> Do
S S (=]

0 0 0
Chl-E1 Chl-E6 0 TLFL Chl-F6
-20 -20
-40
_ -40
40 50
-60 -60 -80 -60

0.4 06 0.8 1.0 1.2 0 0.5 1.0 15 0 0.5 1 15 0 05 1.0 15 2.0

.0
0 0 0
Chl-E2 Chl-E5 Chl-F2 Chl-F5
20 -20 -20
—40 -40 -40
60 -60 -60
1 3

| | |
(230 S \]
S o o O

-80 -80 -80 -80
0.4 06 08 0 0.5 1.0 15 0 05 1.0 15 20 0

.0 2.0 .
0 0 0
Chl-E3 Chl-E4 Chl-F3 Chl-F4
-20 -20 -20
-40 -40 -40
-60 -60 -60

_8%.2 04 06 08 -80 04 0.6 08 1.0 _800 1.0 20 30 _800 05 1.0 15 2.0

0

\/oi\')

| | |
[=2] = [\
S o O

Water depth /m

\

Chl-D1

| | |
(230 S \]
S o o O

(=)

0.5 L0 Chlorophyll concentration /(ug * L")

PR 6 S I S 30 SR TR A 30T 8 K MR I 45 3R ok R ) 4%

Fig. 6 Profiles of chlorophyll concentration in coastal water obtained in the in-situ shipborne experiment
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Fig. 7 Profiles of chlorophyll concentration in oceanic water obtained in the in-situ shipborne experiment
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(a) (¢) Distribution of attenuation coefficients profiles; (b)(d) corresponding distribution of CSL profiles
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Abstract

Objective Marine phytoplankton is crucial to the marine ecosystem due to their important roles in the global
primary carbon cycle. They can also be used as an evaluation criterion of water property because of their correction
to the watercolor remote sensing parameters. Two detection schemes are often used to obtain the distribution of
subsurface phytoplankton, including passive remote sensing technology, such as ocean color remote sensing
technology, and activity detection technology, for instance, ocean lidar. The ocean color remote sensing is a
practical approach to detecting chlorophyll-a (Chl-a) which is a proxy of phytoplankton. However, as a passive
remote sensing scheme, the ocean color remote sensing system can only obtain the integral information of upper
waters. The vertical distribution of subsurface phytoplankton in the ocean is significantly important for ocean remote
sensing study. To obtain the depth-resolved profiles of Chl-a concentration, it is necessary to use the active detection
system, such as the ocean lidar system. The conventional ocean lidar systems are often equipped with 532 nm lasers;
the 532 nm laser is robust and cost effective and can penetrate ocean water with high-energy pulses. However, a
blue laser penetrates and detects clean ocean waters better than a green laser with the same pulse energy. This study
presents a novel dual-wavelength ocean lidar (DWOL) system equipped with a dual-wavelength laser, which can emit
532 and 486 nm lasers simultaneously. An airborne experiment and a shipborne in-situ experiment were conducted
in the South China Sea to validate the performance of DWOL; the airborne data has been processed to inverse the
vertical Chl-a concentration. We hope that our novel DWOL system can be useful in researching the vertical

distribution of the subsurface phytoplankton concentration in the South China Sea.

Methods The flying speed was around 55 m/s; given that the repetition rate of the laser is 100 Hz, 500 frames of
airborne data obtained in 5 s will be accumulated to extend the dynamic range of the detector system. This study will
use the Klett method to inverse the airborne data from offshore water to coastal water. The attenuation coefficient of
486 nm and 532 nm channels was retrieved with the Klett method to compare the difference in coefficients between
coastal water and oceanic water. The detectors equipped in the DWOL are photomultiplier tube (PMT) detectors.
The PMTs will generate a series of after-pulse count (APC) noises after receiving strong returning signals from the
upper water, which will mislead the inversion results from the deep water. To avoid the effect of APC and the
saturated data returning from the water surface, the airborne data from 80 m to 6 m underwater will be used to
analyze the distribution of subsurface chlorophyll concentration. The correction between the shipborne inversed
results and the in-situ measurement results will be analyzed to validate the effectiveness of the inversed airborne
results. Finally, the swath of about 120 km was selected, and the Chl-a concentration based on the airborne data
from the selected swath was inversed to analyze the distribution of Chl-a in the South China Sea.
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Results and Discussions The profiles of backscattering signals recorded with 486 nm channel and 532 nm channel
in continuous 5 s were accumulated to enhance the dynamic range of the detecting system after the effect of after-
pulse noise induced by the strong signals from upper water was removed (Fig. 4). The results [ Fig. 4(a)] show
that the backscattering signals obtained with 486 nm channel are about 25% deeper than those obtained with 532 nm
channel, although the attenuation trend in coastal water is almost the same [Fig. 4(b)]. The inversed results of
airborne data in coastal water and oceanic water (Fig. 5) show that the attenuation coefficient of 532 nm channel is
larger than that of 486 nm channel, which means the 486 nm laser is more suitable for detecting oceanic water.
However, the attenuation coefficients of 486 nm and 532 nm channels are virtually equal in coastal water, indicating
that the 532 nm laser becomes more suitable for coastal water detection. The asynchronous shipborne experiment
was conducted in coastal water and oceanic water. The synchronous shipborne measurement results show that, in
oceanic water, the maximum chlorophyll concentration is at 60 m underwater (Fig. 7); the maximum chlorophyll
concentration in coastal water ranges from 40 to 20 m underwater (Fig. 6). The correction analysis between the
inversed airborne results and the in-situ shipborne results shows that the determination coefficient of correlation
between the inversed airborne data and the in-situ shipborne data is above 0.8 (Fig. 9), indicating that the
inversed airborne data and the in-situ shipborne measurement results are in good agreement. A flight swath was
selected from the tracks, which began the offshore water Swath-A to the coastal water Swath-B and was about
120 km in total. The inversed results of chlorophyll concentration based on the airborne from the selected swath are
shown in Fig. 10. The result (Fig.10) shows that the subsurface chlorophyll scattering layer is meanly suspended at
60 m underwater in the offshore water. When the tracks are near coastal water, the subsurface chlorophyll
scattering layer raises rapidly and is suspended from 40 to 20 m underwater because the water becomes shallower
near the coastal line.

Conclusions In this study, we describe a unique dual-wavelength lidar system that simultaneously uses 532 and
486 nm lasers. An aerial experiment and a synchronized shipborne in-situ measurement experiment were
undertaken in the South China Sea to test the performance of the dual-wavelength lidar. The inversed findings of
attenuation coefficients for the 486 nm and 532 nm channels reveal that the 486 nm blue laser is better for detecting
oceanic water, whereas the 532 nm green laser is better for detecting coastal water. The continuous inversed results
of Chl-a concentration from coastal water to oceanic water show that the subsurface chlorophyll scattering layer in the
oceanic water is primarily suspended at 60 m underwater. In contrast, the chlorophyll scattering layer in coastal
water is mainly suspended between 40 m to 20 m underwater. The determination coefficient of correlation between
the inversed aerial results and the in-situ shipborne measurement results is more significant than 0.8, showing
compelling inversed airborne results.
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