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Abstract: Detection of vertical distribution of optical properties in global ocean is of
high priority to the study of marine environment and carbon cycle. Lidar has the
advantage of measuring profiles of optical properties in the water. In this paper, in order
to evaluate and analyze the detection performance of lidar for optical properties in
global ocean, a simulator was developed to generate lidar return signal and estimate the
detection depth of spaceborne oceanographic lidar with given specifications operating
in blue-green spectral region. The global detection capability of spaceborne lidar with
various power aperture products and typical operating wavelengths is estimated. The
results show the distribution of detection depth depends on both water optical properties
and operating wavelength. With the same power aperture product, in the cleanest open
ocean, the penetration depth of lidar with a wavelength of 443 nm is the deepest. In
most open ocean, the lidar with a wavelength of 486 nm has the maximum propagation
ability. The lidar with a wavelength of 532 nm is more suitable for detection in coastal
water.

an accurate simulation model to evaluate the
global detection capability of oceanographic
Spaceborne lidar for oceanography can provide lidar is of great importance.

global ocean information, making up for the
lack of detection capability of passive observing
systems at night and high latitudes [1,2].
Meanwhile, its capability of profiling the
seawater optical parameters makes it possible to
observe the wvertical ocean stratification.
Currently, oceanographic lidar has been used to
measure chlorophyll concentration [3-5],
absorption coefficient of colored dissolved
organic matter (CDOM) [6], ocean subsurface
backscattering [2,7,8], and particulate organic 2
carbon stocks [1]. )

1. Introduction

Based on the lidar equation and the bio-optical
models, the backscattering signal and the global
single photon maximum detectable depth
(SPMDD) of the oceanographic lidar are
estimated in this research. The reliability of the
simulator is verified by comparing the
simulated profiles with measured profiles. The
global ocean SPMDDs of oceanographic lidar
with different specifications are analyzed.

Simulator and data

The emitted laser energy from oceanographic 2.1. Lidar equation
lidars decays rapidly due to the strong
absorption and scattering of seawater. There are
some other factors, including the optical

The echo signal profiles of oceanographic lidar
can be simulated by the lidar equation,

properties of the seawater and the laser N(z) = KB(m, z) exp[ — 2 foz a(z)dz'] (1)
wavelength, which will also have a significant where N(z) is the photon counts scattered by the
effect on the intensity of the lidar signals. The water column received by the detector, a(z) is
maximum detectable depth and the capability to the lidar attenuation coefficient, and f(z, z) is
retrieve the profiles of the optical properties the volume scattering coefficient at a scattering
will be affected. Therefore, the study of the angle of 7 radians. The lidar instrument constant
detection mechanism and the establishment of K is expressed as
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where Ej is the single pulse energy, % is the
Planck constant, v is the laser frequency, Eo/Av
is the number of photons emitted, 4 is the
receiving area of the telescope, H is the
detection height of the lidar, » is the refractive
index of seawater, A/(nH+z)* is the receiving
solid angle, 7um is the atmospheric
transmittance, Tg, 1S the air-sea interface
transmittance, # is the detection efficiency
including optical efficiency and quantum
efficiency, and A4z is the vertical resolution.

The parameters in the lidar equation can be
determined by the specifications of the
oceanographic lidar system except for the
optical parameters, a and pf(x), which is
calculated by the bio-optical model.

The backscattering signals N¢(z) received by the
lidar detector are obtained as

N.(z) = N(2) + Ngyn (3)
where Nqn is calculated by [9]:

2
Ngun = I,ADMALY 222 (4)
where I}, is the solar spectral radiance reflected
by the atmosphere and sea surface [10], A4 is
the filter bandwidth of the detector, At is the
sampling time, ¢ is the field of view and A4 is
the wavelength. The influence of the number of
after-pulse, random noise and dark count
photons are ignored.

2.2. Bio-optical model of seawater

Considering the influence of multiple scattering,
o and f(x) are modeled as

a =Ky + (c —Ky)exp(—0.85¢D) (5)
B () = Bp(1) + P (1) (6)
= Bp (T[)bp + Bw(m)by
Eq.(5) is based on the approximation of the
Monte Carlo simulation [11]. Ky is the diffusion
attenuation coefficient of seawater, ¢ is the
attenuation coefficient of seawater, and D is the
diameter of the receiving field of view of the
ocean surface. pfy(r) and pu(w) are the
backscattering coefficients of particle and pure
seawater, respectively. They can be calculated
by the scattering phase function and the
scattering coefficient. In this paper ﬁp(n) =
3.154 x 1073sr=1 [12, 13] and B, (7m) =
0.1170 sr=1 [13].

In Eq. (5), the Ky is calculated by an empirical
relationship between K; and chlorophyll a
concentration <chl> ,

Ky = Ky + x < chl >¢ (7)
where Ky, y and e are the constants related to
the wavelength [14]. The attenuation coefficient
c is calculated as a function of <chl>

— 0.795 (A )"
cp(A) = 0407 < chl >07%5 (=) (g)

v
_ {0.5[log10 < chl>—-0.3],0.02 < chl <2
~ o, chl > 2

2.3. Simulation parameters

The simulator uses the Chl-a concentration
profile data set from the Copernicus Marine
Environment Monitoring Service (CMEMS) as
input to simulate the inherent optical parameters
(IOPs) profiles. The CMEMS data combine the
BGC-Argo and the MODIS Chl-a concentration
data to reconstruct global ocean Chl-a
concentration profile data using the neural
network method [15]. The performance of
various oceanographic lidars deployed on
different platforms can be simulated through the
simulator by changing the lidar system
specifications and environmental parameters.
The simulation parameters and algorithm flow
of the simulator are shown in Fig. 1.
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Figure 1. The flowchart of the oceanographic
lidar simulator.

3. Verification by airborne lidar

In order to verify the results of the simulator, a
real airborne oceanographic lidar data are
simulated and compared with the airborne
measured data. The bio-optical model
parameters are derived from in-situ data.
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The airborne lidar system was developed by the
Shanghai Institute of Optics and Fine
Mechanics, Chinese Academy of Sciences. The
flight experiment was conducted in the South
China Sea in 2019. During the experiment, the
in-situ  Chl-a profiles were measured
synchronously [16].

The four stations G1, G2, B3 and C2 in the
experiment are selected as Li et al., (2020) [16]
introduced. The joint experiments of airborne
lidar and in-situ measurements were conducted
in the South China Sea.The subsurface
chlorophyll maximum layers (SCMLs)
measured with the in-situ instruments are
located at a depth of about 55 m. Above 40 m
depth, the seawater is evenly mixed and the
Chl-a concentration changes slightly. The input
Chl-a concentration profiles of the four stations
are shown in Fig. 2.
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Figure 2. The in-situ Chl-a concentration
profiles from stations G1, G2, B3, and C2. The
circles are the in-situ measurements, and the
solid lines are the gaussian fitting,.

The maximum depth of in-situ Chl-a
concentration profiles is about 70-80 m. In
order to accurately simulate and analyze the
detection capability of the lidar, the Chl-a
concentration profiles need to be extrapolated.
The marine Chl-a concentration profile roughly
follows the gaussian distribution, so the profile
data with the maximum depth of 150 m are
obtained by gaussian fitting [17].

The airborne measurements and simulated
results are shown in Fig. 3. The Chl-a
concentration increases sharply at the depth of
40-50 m, and a slight bulge is formed based on
the simulation profiles. The simulation results
and the measured data match well above the
depth of the SCMLs, and the agreement gets
worse below the depth of SCMLs. The
measured and simulated photons show good
agreement. The correlation coefficients R?
reach up to 0.98 in the range of 20 to 70 m. The

difference may due to the uncertainties of the
bio-optical model and the temporal difference
between the in-situ Chl-a measurements and the
lidar flight.
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Figure 3. Profiles of measured and simulated
photon counts at 486 nm and 532 nm from G1
station and G2 station.

4. Results

According to the lidar equation, the Pp.
determines most of the performance. The
influence of different wavelengths and Pp, on
the lidar detection capability at night is
analyzed. The selected wavelength and Py,
combinations are shown in Table 1.

It is shown443 nm has better penetration
capability in the cleanest ocean. The average
global lidar penetration capability of 486 nm is
better, and there is a solar Fraunhofer dark line
near this wavelength, which can effectively
reduce the influence of solar background noise
on the lidar detection performance. The 532 nm
is the most common wavelength and it has
better penetration capability than blue light in
coastal waters.

Table 1. Specifications and Detection
Depths of Spaceborne Lidar

Specifications Values
Pulse width/ns 10
Detection efficiency 0.12
Orbit height/km 550
Field of view/mrad 0.3
P/ Wm? 1 10 100
Wavelength/nm 443
Max depth /m 123.0 158.2 188.9
Mean depth /m 56.9 753  96.0
Wavelength/nm 486
Max depth /m 1109 150.5 1834
Mean depth /m 62.6 84.6  109.5
Wavelength/nm 532
Max depth /m 51.6 73.6  95.6
Mean depth /m 42.5 59.6  76.3
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The simulated SPMDD distributions with

typical Pp. and wavelengths shown in Fig. 4.
The statistical values of the global maximum
and average detection depths are shown in
Table 1.
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