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A1 ABE THEE SHESZNH LR vpT.S)
Table 1 Brillouin frequency shift as a function of temperature and salinity
/e S/%eo
0 5 10 15 20 25 30 35
0 7.0397 7.0784 7.1171 7.1559 7.1949 7.2339 7.2729 7.3121
5 7.1582 7.1953 7.2325 7.2697 7.3070 7.3444 7.3819 7.4195
10 7.2632 7.2988 7.3345 7.3703 7.4061 7.4421 7.4781 7.5141
15 7.3554 7.3897 7.4241 7.4585 7.4930 7.5276 7.5623 7.5970
20 7.4357 7.4688 7.5020 7.5352 7.5685 7.6019 7.6354 7.6689
25 7.5049 7.5369 7.5690 7.6012 7.6335 7.6658 7.6982 7.7306
30 7.5638 7.5949 7.6261 7.6574 7.6887 7.7201 7.7515 7.7831
22 WUBETHEZESHESHH ZRNELIBT.S)
Table 2 Brillouin linewidth as a function of temperature and salinity
/e S/%o
0 5 10 15 20 25 30 35
0 1.7623 1.7699 1.7775 1.7852 1.7928 1.8004 1.8080 1.8155
5 1.2370 1.2445 1.2520 1.2594 1.2669 1.2743 1.2817 1.2891
10 0.9091 0.9158 0.9224 0.9290 0.9356 0.9422 0.9488 0.9553
15 0.7085 0.7142 0.7199 0.7256 0.7312 0.7368 0.7424 0.7480
20 0.5881 0.5930 0.5978 0.6027 0.6075 0.6123 0.6171 0.6218
25 0.5158 0.5200 0.5243 0.5285 0.5328 0.5370 0.5412 0.5453
30 0.4681 0.4720 0.4760 0.4799 0.4838 0.4877 0.4916 0.4955
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Table 3 Value of t,~t,, in Eq.(5)

=120.197 t,=-43.2765

t,=21.2612 t,=3.41143

t, = -61.4753 t, = 13.7452

t, =-5.34905x 10° ty=3.73461

t, = 6.24268 ty=-1.5917
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s5,=-3.0961 x 10
5,=-1.7665% 10"
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s,=42.9405 sy =-4.776
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Fig. 2 Effect of frequency shift and linewidth on temperature variation
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Fig. 6 Inversion accuracy as a function of PMT channel number
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Fig. 7 Raw multi-channel echo profile (single shot)
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Fig. 8 Signal comparison before and after baseline correction
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Fig. 11 lllustration of target signal slicing
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Fig. 12 Retrieved spectra from two water tanks
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Fig. 13 Spectral reconstruction results from spectral slices in two tanks. (a) Water tank 1; (b) Water tank 2
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Table 7 Test results of five measurements

FF5 VLT $ik%/GHz 2L 98/GHz EE/C HBE/psu HOEIR I/ C HEERIE /psu TR B 22/K LI /psu
1 7.6964 0.5718 22.90 33.58 231 33.8 0.20 0.22
! 2 7.7082 0.5769 22.68 35.80 23.4 34.8 0.72 1.00
1 7.6988 0.5688 23.58 34.32 23.1 33.8 0.48 0.52
? 2 7.6912 0.5705 23.02 34.12 23.4 34.8 0.38 0.68
1 7.7020 0.5793 22.49 35.21 23.1 33.8 0.61 1.41
’ 2 7.7118 0.5602 23.76 34.33 23.4 34.8 0.36 0.47
1 7.6926 0.5690 23.04 32.74 23.1 33.8 0.06 1.06
! 2 7.7100 0.5599 23.77 34.04 23.4 34.8 0.37 0.76
1 7.6964 0.5763 22.63 34.10 23.1 33.8 0.47 0.30
> 2 7.7203 0.5671 23.38 36.32 234 34.8 0.02 1.52
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Temperature inversion vs. integration counts
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Fig. 14 Effect of temperature and salinity inversion on the integration counts. (a) Temperature inversion vs. integration counts; (b) Salinity inversion vs.

integration counts
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A marine multi-element remote sensing detection
system based on laser Brillouin spectroscopy
Sun Qian'%, Yang Song'?, Liang Kun?, Zhang Jinghao'?, Ren Mingyuan'?, Li Tong'?,
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Abstract

Objective The three-dimensional structure of oceanographic parameter profiles, particularly temperature and salinity, has persistently
posed a significant challenge in remote sensing detection. While traditional ocean color satellites and microwave radiometers can achieve
sea surface temperature measurements with accuracies better than 0.5 K and salinity measurements with monthly averages of 0.1 psu, these
techniques are fundamentally limited to two-dimensional planar observations. In situ measurements from ships and buoys, though capable
of vertical profiling, yield discrete, asynchronous, and non-global data that cannot satisfy the requirements of ocean science, environmental
monitoring, marine economy, and national defense. Conventional oceanographic lidar systems, which rely solely on echo intensity
detection, are unable to simultaneously measure multiple parameters like temperature and salinity. To address this critical gap, this paper
proposes a novel remote sensing system for multi-parameter oceanographic detection based on Brillouin laser spectroscopy.

Methods The proposed system leverages the laser non-elastic scattering effect, specifically spontaneous Brillouin scattering, which occurs
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when photons interact with thermal acoustic phonons in seawater. The Brillouin frequency shift and linewidth are functions of seawater
temperature and salinity, as they depend on physical properties including sound velocity, refractive index, density, and viscosity
coefficients. A two-parameter inversion model is established by solving coupled equations that relate Brillouin shift and linewidth to
temperature and salinity. Through regression fitting of numerical data generated across temperature ranges of 0—-30 °C and salinity ranges
of 0-35 %o, empirical formulas are derived to directly calculate temperature and salinity from measured Brillouin parameters.

The detection system comprises a transmitter system, a receiver system, and an integrated control and data processing system. A
frequency-stabilized narrow-linewidth laser employing injection seeding and iodine molecular frequency stabilization technology serves as
the light source, with a center frequency stability of 6 MHz, wavelength output at 532.29 nm, single pulse energy of 1 mJ, and pulse width
of 7.6 ns. The core spectroscopic detection module consists of a high-precision Fizeau interferometer coupled with a highly sensitive 16-
channel photomultiplier tube (PMT) array. The Fizeau interferometer is designed with a plate spacing of 6 mm to achieve a free spectral
range of 25 GHz, a mirror reflectivity of 0.873 to yield an instrumental function linewidth of 1.079 GHz, and a plate angle of 6.65 urad
with a clear aperture of 40 mm. When the laser beam passes through the Fizeau interferometer, the Rayleigh and two Brillouin components
form three distinct transmission peaks at different positions on the PMT array. The multi-channel signals are processed through baseline
correction, abnormal signal rejection, noise suppression, and cumulative averaging. A nonlinear least-squares fitting algorithm is then
employed to reconstruct the discrete Brillouin spectrum, extracting the frequency shift and linewidth from the measured data.

Results and Discussions Simulation analyses reveal that to achieve temperature retrieval accuracy <1 K and salinity accuracy <2 psu
for typical seawater conditions (temperature 10-25 °C, salinity 30-35 psu), the measurement uncertainty of both Brillouin shift and
linewidth must be controlled within 20 MHz. This requirement drives the stringent design specifications of the system components. The
PMT channel number selection is optimized based on simulation results showing that 8 or more channels satisfy the detection requirements,
with 16 channels selected for the actual system implementation.

Laboratory experiments were conducted in a controlled water tank environment using two separate tanks to simulate layered water body
slices, with independently controllable temperature and salinity conditions. Tank 1 was maintained at 23.1 °C and 33.8 psu, while Tank 2
was maintained at 23.4 °C and 34.8 psu. The laser pulses sequentially passed through both tanks, and the backscattered signals were
received and processed. After data accumulation of 8000 pulses, the system achieved temperature measurement accuracy of 0.37 °C and
salinity accuracy of 0.79 psu, with maximum errors of 0.72 °C and 1.52 psu respectively over five repeated measurements. The relationship
between accumulation counts and measurement accuracy was investigated, showing that accuracy improves with increasing accumulation
counts and converges to the system's optimal performance at approximately 8000 accumulations.

Conclusions This paper successfully demonstrates a Brillouin spectroscopy-based remote sensing system capable of simultaneous
temperature and salinity profiling in seawater. The system combines a frequency-stabilized laser, a custom-designed Fizeau interferometer
with optimized parameters, and a multi-channel PMT array for high-resolution spectral detection. The two-parameter inversion model
effectively derives temperature and salinity from measured Brillouin shift and linewidth. Laboratory validation confirms that the system
achieves temperature accuracy of 0.37 °C and salinity accuracy of 0.79 psu, exceeding the design targets of 1 K and 2 psu respectively.
These results establish the feasibility of using Brillouin lidar for remote sensing of oceanographic vertical profiles, providing a promising
new approach to address the long-standing challenge of three-dimensional ocean parameter measurement. Future work will focus on field
deployment and validation under real oceanic conditions.
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