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Supplementary Text S1
The signal stitching method consists of the following main steps:
[bookmark: _GoBack]Step 1: Signal normalization. In this system, both the shallow and deep channels use the same model of PMT but operate under different gain settings, which leads to a difference in signal intensity between the two channels. In Fig. S1, the shallow and deep channel signals are represented by the green and red solid lines, respectively. To enable subsequent signal stitching, the shallow channel signal is first multiplied by its corresponding gain factor to normalize the signal amplitude.
Step 2: Determination of the stitching region. The stitching region is selected based on the overlap between the shallow and deep channel signals. As shown in Fig. S1, the shallow signals gradually attenuate to the noise level at relatively shallow depths, while the deep signals begin to decay after remaining saturated over a certain depth range. We choose the depth at which the attenuation slopes of the shallow and deep signals match as the starting point of signal stitching, and extend it by 5 m as the endpoint. This stitching region is indicated by the grey-shaded area in the figure. 
Step 3: Signal stitching and post-processing. The stitched signal consists of three parts: the shallow signals before the stitching region, the average of the shallow and deep signals within the stitching region, and the deep signals after the stitching region. A median filter is then applied to the stitching region for smoothing, and the stitched signal is shown as a blue solid line in the figure.


Supplementary Text S2
The adaptive variable filtering method classifies photons as valid seafloor data if their count within a given frame exceeds a threshold. The size of the frame and the threshold minpts are key parameters of the filter (1, 2). The basic criterion for the frame size aims to balance the spatial resolution of the bathymetric data and the depth extraction capability. Based on the research on ICESat-2, the frame size is defined as the number of lidar signal profiles detected per second, which amounts to 100, with an along-track distance of approximately 66 m. The step size is defined as the spacing between signal profiles, which is approximately 0.66 m. Photons within each frame are further divided into vertical cells with a height interval of 50 ns, corresponding to a depth of about 5.5 m, with a depth step of 0.11 m. In the cells, photons scattered by the water also contribute to noise affecting the bottom photons, and the number of water-scattered photons decreases with depth. Therefore, in regions where the seafloor is visually distinguishable, several underwater cells are selected (these cells contain dark noise photons and water-scattered photons). Within these rectangular cells, the number of photons is counted and averaged, which serves as the threshold minpts for the study area.


Supplementary Text S3
[bookmark: _Hlk197421558][bookmark: _Hlk197421565][bookmark: _Hlk197421572][bookmark: _Hlk197421580][bookmark: OLE_LINK3]A lidar emulator based on a semi-analytical polarization Monte Carlo model was developed to simulate and model the polarization lidar signals from the bottom at different depths. Using annual average data from MODIS as a reference, typical water parameters from the clear waters of the South China Sea were selected, including an absorption coefficient of 0.035 m-1, a backscattering coefficient of 0.0011 m-1, a scattering coefficient 0.06 m-1. The bottom reflectance of 0.15 [1] was chosen, with a typical airborne lidar operating height of 400 m and a flight speed of 240 km/h. Under the given parameters, the specific simulation process includes the following steps:
Step 1: Emit a photon packet with an initial weight of 1, initial position [0,0,0], and a Stokes vector of [1, 1, 0, 0]. The emission direction makes an angle of 15° with the zenith direction.
Step 2: Calculate the reflection of the laser on the water surface based on the Fresnel reflection law, and record the time, signal intensity, and Stokes vector of the reflected signal returning to the lidar.
[bookmark: _Hlk190886260]Step 3: Calculate the step length step of the photon and scattering direction step=-lnξ/coeff, where ξ is a random number in the range [0,1], and coeff is the light attenuation coefficient in seawater. Move the photon based on the step length step and the photon direction [ux,uy,uz], and update the position [x,y,z].
Step 4: Use the semi-analytical algorithm to calculate the scattering behavior of photons at [x,y,z], changing the scattering weight to weigthnew=w0×weight. During each scattering event, there is a probability E that the photon will directly return to the lidar receiver, which can be calculated using the following formula:

[bookmark: _Hlk202360810]		


Where  represents the scattering phase function value for a scattering angle ϑ, where ϑ is the angle between the movement direction and the direction of the line connecting the photon to the receiver center.  is the receiving solid angle, d is the distance between the current position and the ocean surface along the receiving path, j represents the number of seawater layers, Ts is the transmittance at the air-sea interface, and Ta is the atmospheric transmittance. These factors update the scattering direction. Continue recording the scattering signal weight and polarization state that directly returns to the receiver.


Step 5: Update the scattering direction and polarization state. The weight of the photon after scattering is updated to (1-E)×weigthnew. The scattering direction and polarization direction of the photon after scattering are determined by the scattering angle ϑ and azimuth angle , as shown in Fig.S4. After determining the scattering angle ϑ and azimuth angle  using the rejection method, the direction of the scattered light is calculated using the spherical triangle cosine law.

		

		









Where  and  represent the zenith angles of the incident and scattered light, respectively,  and  represent the azimuth angles of the incident and scattered light, respectively. The scattering direction after scattering is [cossin, sinsin, cos], and the Stokes vector Snew after scattering [2].

		

Where M(θ) is the Mueller matrix of seawater, and  is the angle between the scattering meridian and the scattering plane, which can be calculated using the following equation:

		
Step 6: Determine whether a photon dies after scattering. If the photon dies, continue emitting photon packets from Step 1 until all photon packets are emitted. If the photon survives, it continues to propagate in the water, repeating the scattering and recording process from Step 2 to Step 5. All recorded photon signal weights and Stokes vectors are accumulated over time to obtain the total signal Stokes vector [It, Q t, Ut, V t] as a function of time. The co-polarized signal is obtained by (It+Q t)/2, and the cross-polarized signal is obtained by (It-Q t)/2.


[bookmark: _Hlk219390263]Supplementary Text S4
The Zl axis of the lidar coordinate system is defined in the opposite direction of the laser emission direction v, and the Xl axis is aligned with the laser polarization direction, forming the XlYlZl lidar coordinate system. In the lidar coordinate system, the direction of the sea surface normal vector nw is represented as [nwx1, nwy1, nwz1], expressed as:

		
[bookmark: _Hlk190360335]Where α is the angle between nw and the x-axis, Δθ is the angle between the sea surface normal vector and the Zl-axis, v, and nw form the incident plane. The components of the incident light vector are E1s in the direction of the perpendicular plane and E1p in the direction of the parallel plane. In the XlYlZl coordinate system, these are represented as:

		
The reflection coefficients rs and rp for the cross-polarized Es and co-polarized Ep are calculated based on the Fresnel equations.

		
[bookmark: _Hlk190379415]Where nwater is the refractive index of seawater, taken as 1.34. The direction of the reflected E2s is the same as the incident E1s, and the direction of the reflected E2p is perpendicular to the propagation direction of the reflected light, represented as:

		
Where |E2p| is the amplitude of E2p, equal to rp|E1p|, and the total amplitude of the reflected light is:

		 
The depolarization ratio is defined as the ratio between the component of the reflected light perpendicular to the polarization direction of the incident light and the component parallel to the polarization direction of the incident light. Since the polarization direction of the incident light is parallel to the x-axis, the depolarization ratio δ can be calculated using equation (S11):

[bookmark: ZEqnNum992168] 	
The total depolarization of the reflected light received by the lidar can be represented as:

	 	
Where ∆θmax is the maximum angle received by the lidar, equal to min[atan(D/2Hcosθ0), FOV/2], where D is the diameter of the lidar receiver telescope, FOV is the field of view, and ρ(α, ∆θ) represents the surface normal vector distribution probability of the sea surface at azimuth angle α and zenith angle ∆θ in the lidar coordinate system. Due to the incident laser having an inclination angle θ0, the angle between the sea surface normal vector and the Zw-axis in the sea surface coordinate system is:

	 	
Where α0 is the azimuth angle of Zw in the lidar coordinate system, and the probability of the sea surface normal vector is calculated based on the zenith angle of the sea surface normal vector in the world coordinate system using the Cox-Munk model [3].

[bookmark: ZEqnNum513461]	 	
Where σ2 is the sea surface variance, equal to 0.003+0.00512ws, where ws is the sea surface wind speed. In the case of a 15° incidence angle on the sea surface, with a telescope diameter of 75 mm, a working height of 400 m, and a field of view of 80 mrad, the depolarization ratio of the sea surface reflection is calculated to be 1.5×10⁻⁹ using Eq. to .


Supplementary Text S5
The airborne lidar system records two segments of signal data to reduce data redundancy in the collected data. The first segment is the laser emission waveform (with a collection length L1 of 400 and a time interval of 1 ns), and the second segment is the signal waveform upon reaching the sea surface (with a collection length L2 of 2000 and a time interval of 1 ns). Meanwhile, the system records the starting points of both segments with lengths denoted as S1 and S2, respectively. We define the peak position t0 of the laser emission signal as the laser emission position. Assuming the water surface is located at t ns in the second data segment, the total time T from the laser emission to the water surface can be expressed as:

		
The range Rs from the laser emission to the water surface is then expressed as:

		
Where c is the speed of light, pitch is the pitch angle, roll is the roll angle.


Supplementary Text S6
In this study, we corrected refraction errors in the water column, refraction errors on inclined water surfaces, and errors induced by sea surface wave effects [4]. A schematic diagram of the correction for bathymetric refraction deviation caused by sea surface slope is shown in Fig. S10, where the blue solid line represents the water surface. Following elevation correction (Section S4), the height information of each lidar profile was acquired. Subsequently, the first peak in the lidar profile was identified as the water surface. The incident laser angle βI at the water surface, measured directly from the Inertial Measurement Unit (IMU) data in the lidar system, was used to determine the refraction angle βR in the water column based on Snell’s law.

		
Where nair represents the refractive index of air (nair=1), and nwater denotes the refractive index of seawater (nwater=1.34). The laser propagation path in water, Rs, is indicated by the green dashed line. The vertical water depth Depth can be derived as:

		


Supplementary Text S7
The number of ambient light noise [1, 5] at night can be expressed as

		

Where Ib is the spectral radiance of the background light, Δλ is the bandwidth of the narrowband filter, D is the receiver telescope diameter,  is the receiver half field of view, Δt is the sampling time, k is the transmission of the optical system, η is the responsivity of the photodetector, Ts is the sea surface transmission, Ta is the atmospheric transmission. Simulation parameters are provided in Tab. S3.
The mathematical expectation of SNR can be calculated as

		
Where P is the probability mass function of the Poisson distribution.
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[bookmark: _Ref219127103]Fig. S1. Shallow and deep channel signal stitching regions.
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Fig. S2. Experimental area in Bei Jiao, when flight flew over this area at 19:58:04 (UTC+ 08:00) on 18/05/2024. (a) shows an enlarged satellite image. The red line represents the flight track. Note that the satellite image is rotated 20 degrees clockwise to show the along-track distance on the horizontal axis and the elevation on the vertical axis. (b) illustrates stitching signal combing with shallow and deep channels. The green and blue arrows represent the range of shallow and deep channels, respectively. The black dashed line represents the signal stitching line. (c) illustrates detected bathymetric data of reef edge, shallow zones, lagoon, and land represented in red, gray, yellow, and green colors, respectively.


[image: ]
Fig. S3. Experimental area in Bei Jiao, when flight flew over this area at 20:11:44 (UTC+ 08:00) on 18/05/2024. (a) shows an enlarged satellite image. The red line represents the flight track. Note that the satellite image is rotated 20 degrees clockwise to show the along-track distance on the horizontal axis and the elevation on the vertical axis. (b) illustrates stitching signal combing with shallow and deep channels. The green and blue arrows represent the range of shallow and deep channels, respectively. The black dashed line represents the signal stitching line. (c) illustrates detected bathymetric data of reef edge, shallow zones, lagoon, and land represented in red, gray, yellow, and green colors, respectively.


[image: ]
Fig. S4. Definition schematic of the frames used in the adaptive variable filtering method.


[image: ]
[bookmark: _Ref187874881][bookmark: _Toc43644542][bookmark: OLE_LINK25]Fig. S5. Meridian plane geometric schematic diagram. OP1 and OP2 represent the directions of photon motion before and after scattering, respectively, and NOP1 and NOP2 represent the meridian planes before and after scattering.


[image: ]
[bookmark: _Hlk219389033]Fig. S6. Schematic diagram of surface reflection polarization calculation.


[image: ]
Fig. S7. Data processing flow of the developed airborne bathymetric lidar.
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[bookmark: _Ref219234005]Fig. S8. Raw waveforms at the maximum depth. (A) Raw signals from the deep co-polarized channel and deep cross-polarized channel. (B) Raw data photon point cloud from total signal. (C) Raw data photon point cloud from co-polarized channel. (D) Raw data photon point cloud from cross-polarized channel. (E) Background noise counts for the cross-polarized and total signals at different depths.


[image: ]
Fig. S9. Correction for the refraction bias of water depth arising from the sea surface slope.


[image: ]
Fig. S10. Multiple scattering correction model. (A)~(F) show the depth overestimation errors and their fitted curves under different scattering coefficient b at different depths. (G)~(I) Relationship between fitting coefficients cof1 cof2 and cof3 with b.



[image: ]
Fig. S11. Schematic diagram of the division between analog and photon-counting areas.


[bookmark: _Hlk190877957][image: ]
Fig. S12. SNR improvement for the cross-polarized signal and total signal at different depths.


[image: ]
Fig. S13. Water column backscatters and dark counts for the cross-polarized and total signals at different depths.
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Fig. S14. The enlarged satellite image, with the red and blue lines indicating the flight track and ship track, respectively.
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[bookmark: _Hlk190877971][bookmark: OLE_LINK1]Fig. S15. Simulation of SNR for 160 m sea bottom detection by cross-polarized signals with different parameters. (A)-(C) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 0.8 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively. (D)-(F) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 2 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively. (G)-(I) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 5 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively.


[image: ]
[bookmark: _Hlk190877981]Fig. S16. Simulation of SNR for 160 m sea bottom detection by total signals with different parameters. (A)-(C) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 0.8 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively. (D)-(F) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 2 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively. (G)-(I) The relationship between SNR, FOV, and telescope diameter was analyzed for laser energy (E) of 5 mJ and the repetition rates (F) of 50 Hz, 100 Hz, and 150 Hz, respectively.
[bookmark: _Hlk219157020]
Tab. S1 Technical indexes of representative airborne lidar bathymetry systems.
	Parameters
	CZMIL
[6]
	Mapper 5000
[7]
	HawkEye-5
[8]
	VQ-840-G 
[9]
	LADS MK3 
[10]

	Laser energy
	1.75 mJ
	1 mJ
	-
	-
	7 mJ

	Repetition rate
	10 kHz
	5 kHz
	200 kHz
	50-200 kHz
	-

	Diameter of receiver
	200 mm
	200 mm
	-
	150 mm
	-

	Field of view
	40 mrad
	40 mrad 
	-
	3-18 mrad
	-

	Maximum detectable depth
	~60 m
	~ 68 m
	~57 m
	~21 m
	~80 m




Tab. S2 Results of maximum detection depth and optical depth for all tracks.
	Local time
	Maximum detection depth
	Optical depth

	19:58:04
	133.0 m(Southwest), 133.9 m(Northeast)
	6.1(Southwest), 6.0(Northeast)

	20:05:04
	129.5 m(Southwest), 140.4 m(Northeast)
	5.9(Southwest), 6.3(Northeast)

	20:11:44
	134.8 m(Southwest), 125.8 m(Northeast)
	6.0(Southwest), 5.7(Northeast)




[bookmark: _Ref81387459][bookmark: _Ref81387451]Tab. S3 Simulated parameters used in this study.
	Parameter name
	Value

	Pulse energy
	0.8 mJ, 2 mJ, 5 mJ

	Repetition rate
	50 Hz, 100 Hz, 150 Hz

	Diameter of receiver
	10~150 mm

	Field of view
	10~150 mrad

	Operating altitude
	400 m

	Responsivity of the photodetector
	0.5

	Transmittance of the receiver optics
	0.9

	Transmittance through the sea surface 
	0.98

	Transmittance through the atmosphere
	0.7

	Bandwidth of the filter
	0.6 nm

	Refractive index 
	1.34

	Spectral radiance of the background light
	1.410-9 Wm-2nm-1sr-1




[bookmark: _Hlk190379616]Tab. S4 Parameters of airborne lidar bathymetry.
	Parameter name
	Value

	Wavelength
	486 nm

	Pulse energy
	2 mJ

	Repetition rate
	100 Hz

	Pulse width
	6 ns

	Diameter of receiver
	75 mm

	Field of view
	80 mrad

	Sampling time resolution
	1 ns

	Incident angle
	15°
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