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Brillouin asymmetric spatial heterodyne oceanographic lidar 1 

receiver for profiling temperature, salinity, and sound velocity 2 

JOHN A. SMITH AND CHRIS HOSTETLER 3 

NASA Langley Research Center, Hampton, VA 23681, USA 4 

*john.a.smith-3@nasa.gov 5 

Abstract: A lidar receiver employing a proposed Brillouin asymmetric spatial 6 

heterodyne (BASH) spectrometer to measure depth resolved profiles of near 7 

surface ocean temperature, salinity, and sound velocity from aircraft is 8 

conceptualized. A BASH spectrometer can have high throughput, can be 9 

designed for any wavelength and, importantly, can be field widened, allowing 10 

accurate, high spectral resolution of the Brillouin spectrum within diffuse 11 

scatter from depth. Temperature and salinity are measured independently with 12 

no assumptions about one or the other and the measurements are unbiased by 13 

the presence of particulate or elastic scatter. A sensitivity analysis and lidar 14 

simulations show the expected performance. 15 

1. Introduction 16 

No sensor today is capable of remotely sensing temperature and salinity at 17 

depth. Existing techniques depend on infrared or microwave emissions that 18 

originate from only the very surface (<1 mm) of the water, whereas lidars with 19 

blue-green wavelength transmitters (450-550 nm) are capable of penetrating 20 

10’s of meters into the water. Light interacts with water by the Brillouin 21 
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(Brillouin-Mandelstam) scatter process, and by analyzing the spectrum of 22 

Brillouin scatter from a water body the temperature and salinity can be 23 

determined. For a pulsed laser source, temporally range gating the backscatter 24 

signal can provide depth resolution. There are a host of scientific and 25 

operational drivers for such a sensor, from improved hurricane and red tide 26 

forecasting to studies of ocean fronts, eddies, and freshwater lenses. Though 27 

the idea of using Brillouin scatter to measure physical properties of the ocean 28 

has been around for several decades, no fieldable sensor has been demonstrated. 29 

The challenge has been to spectrally resolve the features of the Brillouin 30 

spectrum well enough in the diffuse backscatter from water to permit an 31 

accurate and precise retrieval. A variety of methods have been explored by 32 

several groups to accomplish this. They include the use Faraday anomalous 33 

dispersion optical filters [1], Fabry-Perot interferometers [2-6], and iodine and 34 

barium vapor cells [4,7]. Vapor cells can achieve a large etendue, but they do 35 

not fully resolve the Brillouin spectrum. The Fabry-Perot interferometer and 36 

close cousin, the virtually imaged phased array (VIPA), resolves the spectrum 37 

well enough to determine both the Brillouin shift and linewidth, and therefore 38 

both temperature and salinity, but have a very limited etendue. Approaches 39 

have been studied that exploit the temperature and salinity dependence of the 40 

spectrum of Raman scatter, but their measurement performance is inherently 41 

limited during daytime due to the large spectral bandwidth of the Raman return 42 

(30-40 nm). A rugged and fieldable Brillouin lidar sensor concept is presented 43 
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here that combines the etendue advantages of atomic and molecular vapor 44 

filters with the spectral resolution advantage of interferometric approaches, 45 

overcoming a major limitation of existing approaches. 46 

A variation on the original Doppler asymmetric spatial heterodyne (DASH) 47 

technique – here referred to as the Brillouin asymmetric spatial heterodyne 48 

(“BASH”) technique – is presented. The original, Doppler variant has been used 49 

to resolve Doppler shifts in airglow to measure winds in the upper atmosphere 50 

[8,9]. Spatial heterodyne techniques have not previously been prescribed for 51 

use in a Brillouin lidar, to this author’s knowledge, but do have advantages for 52 

this application. For example, the BASH technique can be implemented using 53 

field widened (or field “compensated”) interferometers. Since scatter from 54 

depths in the ocean is diffuse, like airglow, this is a distinct advantage. The 55 

BASH technique also provides enough spectral information to infer Brillouin 56 

shift, Brillouin linewidth and the presence of elastic scatter unambiguously, 57 

without requiring assumptions on any of these three variables. The polarizing 58 

BASH variant presented here can offer very high light throughput and can be 59 

designed for any wavelength that efficiently penetrates water. Spatial 60 

heterodyne interferometers are also rugged and have heritage with other 61 

instruments. For example, a DASH called MIGHTI flew on NASA’s ICON 62 

spacecraft [10], and a Michelson interferometer that shares structural 63 

similarities to the DASH has flown in the 355 nm receiver channel of NASA 64 

Langley Research Center’s HSRL-2 airborne high spectral resolution lidar to 65 
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make high spectral resolution measurements of aerosols and clouds on many 66 

campaigns focused on atmospheric science [11-14]. 67 

2. Description of BASH technique and application to resolving Brillouin 68 

spectrum 69 

Here, we describe the use of the novel polarizing BASH technique for resolving 70 

the spectrum of Brillouin backscatter to determine the temperature, salinity, and 71 

sound velocity within a water volume. The polarizing BASH technique is 72 

implemented using an interferometer that is a close cousin of the polarizing 73 

Michelson interferometer, but with the end mirrors replaced with gratings tilted 74 

near Littrow (Fig. 1). The tilted gratings provide a spatial representation of the 75 

Fourier transform of the input spectrum at the output, much like a monolithic 76 

Fourier transform spectrometer. This polarizing interferometer does not reflect 77 

light back to the source, and therefore has twice the throughput of a non-78 

polarizing interferometer. The polarizing DASH was introduced in [15], and 79 

the polarizing BASH inherits from this design. 80 
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 81 

Fig. 1. Illustration of dual output polarizing interferometer 82 

implementing BASH technique. HWP: half waveplate, QWP: 83 

quarter waveplate, PBS: polarizing beam splitter, FW P1 and 84 

FW P2: field widening prisms, G1 and G2: gratings. 85 

Light entering the entrance aperture is linearly polarized in the vertical 86 

direction. After passing through the half waveplate, the polarization is rotated 87 

45 degrees such that the subsequent polarizing beam splitter provides a 50:50 88 

split. The light in each arm passes through field widening prisms that reduce 89 

the sensitivity of the optical path difference (OPD) between the arms to the off-90 

axis angle, thereby enhancing the field of view. The gratings are tilted at near 91 
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the Littrow angle to create a resolvable spatial heterodyne across an OPD range 92 

spanning many wavelengths (104-105). Upon passing twice through the quarter 93 

waveplate, the polarization is rotated 90 degrees from its original orientation 94 

and the light is directed toward the second polarizing beam splitter without 95 

returning towards the source. A quarter waveplate between the first and second 96 

polarizing beam splitters is oriented such that the two polarizations from each 97 

arm interfere. Having experienced a change in phase from a difference in the 98 

optical paths between the two arms, the interfered beams have a new linear 99 

polarization with a rotation that depends on the precise phase difference 100 

between them. Changes in polarization rotation are detected as changes in the 101 

split ratio of the second polarizing beam splitter. The second polarizing beam 102 

splitter therefore creates two, complementary interferograms. Each 103 

interferogram is imaged onto its respective array detector. For light entering the 104 

entrance aperture with a spectral distribution 𝑓(𝜈), the background-subtracted 105 

interferograms acquired by the two array detectors can be modeled as follows. 106 

𝐼!(𝑥)

= 𝜂!𝐸"
𝑎!
2 ,1

+𝑀!0 𝑓(𝜈) cos(2𝜋(𝜈 − 𝜈#)(4𝑥 tan𝜃# + 2𝛥𝑑) 𝑐⁄ ) 𝑑𝜈
$

"
< 

(1) 
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𝐼%(𝑥)

= 𝜂%𝐸"
𝑎%
2 ,1

−𝑀%0 𝑓(𝜈) cos(2𝜋(𝜈 − 𝜈#)(4𝑥 tan𝜃# + 2𝛥𝑑) 𝑐⁄ ) 𝑑𝜈
$

"
< 

(2) 

Coefficients 𝑎!, 𝑎%, 𝑀! and 𝑀% parameterize defects in the interferometer 107 

and are unity for a perfect interferometer with a well collimated input (field 108 

widening will be treated later). 𝑀! and 𝑀% are referred to here as “visibility 109 

factors.” 𝜂! and 𝜂% are the photon detection efficiencies of the array detectors 110 

and 𝐸" is proportional to the input irradiance. 𝑥 is a linear position along the 111 

grating aperture in the plane of Fig. 1, which maps to a linear position along the 112 

detector arrays, with 𝑥 = 0 being the center. The factor 4𝑥 tan𝜃# + 2𝛥𝑑 is the 113 

OPD and 𝜈# is the Littrow frequency. The spectral distribution of the input is 114 

approximated as a convolution of the laser transmitter spectrum (𝑓&) centered 115 

on its carrier frequency (𝜈") with a pair of Lorentz (Cauchy) distributions 116 

centered about 𝜈" + 𝜈' and 𝜈" − 𝜈' representing the Brillouin doublet plus a 117 

central Dirac delta function at  𝜈" representing the residual elastic scatter, as 118 

shown in Eq. (3). 𝛾 is the ratio of elastic scatter to Brillouin scatter incident on 119 

the BASH and 𝜈' and Γ' are the Brillouin shift and linewidth (FWHM), 120 

respectively. 121 
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𝑓(𝜈) = 

𝑓&(𝜈 − 𝜈")⨂

⎩
⎨

⎧ 1
1 + 𝛾

1
𝜋Γ'

⎣
⎢
⎢
⎡ 1

1 + G𝜈 − 𝜈" + 𝜈'𝛤' 2⁄ I
%

+
1

1 + G𝜈 − 𝜈" − 𝜈'𝛤' 2⁄ I
%

⎦
⎥
⎥
⎤
+

𝛾
1 + 𝛾 𝛿(

(𝜈 − 𝜈")

⎭
⎬

⎫
 

(3) 

The Brillouin shift and Brillouin linewidth relate to the optical and physical 122 

properties of the water by Eq. (4) and Eq. (5), which pertain to a backscatter 123 

geometry. 124 

 𝜈' =
2

𝜆/𝑛)*
𝑉+ (4) 

 𝛤' ≅ 8𝜋 G
1

𝜆/𝑛)*
I
% 1
𝜌 G
4
3 𝜂) + 𝜂,I (5) 

Rayleigh scatter is ignored here, as it has a very small cross section 125 

compared to Brillouin scatter. Also ignored is a very small dependence on 126 

pressure. Note that the index of refraction of seawater (𝑛)*), sound velocity 127 

(𝑉+), bulk viscosity (𝜂,), shear viscosity (𝜂)) and density (𝜌) are all temperature 128 

and salinity dependent. In this work, the index of refraction of seawater derives 129 

from [16], the sound velocity and seawater density derive from [17], the bulk 130 

viscosity derives from [18], and the shear (dynamic) viscosity derives from 131 

[19]. There is an additional term in Eq. (5) that depends on the thermal 132 

conductivity and the specific heats at constant volume and constant pressure, 133 
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but it is about two orders of magnitude smaller than the terms that depend on 134 

the bulk and shear viscosities and so is omitted here. By these sources and Eq. 135 

(4) and Eq. (5), the Brillouin shift and linewidth map to a unique temperature 136 

and salinity (Fig. 2). Ppt indicates parts per thousand or g/kg (‰). 137 

 138 

Fig. 2. Illustration of Brillouin doublet centered on elastic scatter 139 

peak (left) and mapping of Brillouin shift and FWHM linewidth 140 

to temperature and salinity (right) for 532 nm illumination. 141 

Making the convenient substitutions 4𝑥 tan𝜃# + 2𝛥𝑑 → 𝛿, 𝛿 now referring 142 

to the optical path difference (OPD), and 𝜈 → 𝜈- + 𝜈", then inserting Eq. (3) 143 

into Eqs. (1) and (2) and performing the integration over 𝜈-, the results are 144 
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𝐼!(𝛿) = 𝜂!𝑁.

𝑎!
2 ,1

+𝑀!′(𝛿) G
1

1 + 𝛾 exp G−
𝜋𝛤'𝛿
𝑐 I cos G

2𝜋𝜈'𝛿
𝑐 I

+
𝛾

1 + 𝛾I cos ,
2𝜋(𝜈# − 𝜈")𝛿

𝑐 << 

(6) 

 
𝐼%(𝛿) = 𝜂%𝑁.

𝑎%
2 ,1

−𝑀%′(𝛿) G
1

1 + 𝛾 exp G−
𝜋𝛤'𝛿
𝑐 I cos G

2𝜋𝜈'𝛿
𝑐 I

+
𝛾

1 + 𝛾I cos ,
2𝜋(𝜈# − 𝜈")𝛿

𝑐 << 

(7) 

𝑀!′(𝛿) and	𝑀%′(𝛿) are the visibility factors modified by the effects of a 145 

transmitter with a non-zero spectral width. The last cosine factor is a heterodyne 146 

between the Littrow frequency and the laser’s carrier frequency and has a 147 

spatial period of 𝑐/|𝜈# − 𝜈"|. Critically, the Brillouin shift and Brillouin 148 

linewidth information is encoded in the amplitude “envelope” of this Littrow 149 

heterodyne, as shown in Fig. 3. This contrasts with the traditional DASH 150 

technique in which the information (i.e., Doppler shift) is encoded in the phase 151 

of the Littrow heterodyne rather than its amplitude. 152 
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 153 

Fig. 3. Noiseless representations of the interferograms imaged 154 

by the two array detectors (top) and cross-sections of those 155 

interferograms (bottom). An OPD (𝛿) from 𝛿" (6 cm) to 𝛿" +156 

∆𝛿 (9 cm) is illuminated in this example. The amplitude of the 157 

Littrow heterodyne envelope decays exponentially with the 158 

OPD according to the Brillouin linewidth and oscillates with a 159 

spatial frequency that depends on the Brillouin shift. 160 

After acquiring the two interferograms, a ratio of the interferograms, what 161 

will be referred to here as the “normalized interferogram,” is formed to isolate 162 

the terms that depend only on the Brillouin shift (𝜈'), Brillouin linewidth (𝛤'), 163 
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ratio of elastic to inelastic scatter (𝛾), and Littrow heterodyne frequency (𝜈# −164 

𝜈"). 165 

 
𝑄(𝛿) =

𝐼!(𝛿) − c
𝜂!𝑎!
𝜂%𝑎%

d 𝐼%(𝛿)

𝑀%′(𝛿)𝐼!(𝛿) + 𝑀!′(𝛿) c
𝜂!𝑎!
𝜂%𝑎%

d 𝐼%(𝛿)

= e
1

1 + 𝛾 exp
(−𝜋𝛤'𝛿 𝑐⁄ ) cos(2𝜋𝜈'𝛿 𝑐⁄ )

+
𝛾

1 + 𝛾f cos
(2𝜋(𝜈# − 𝜈")𝛿 𝑐⁄ ) 

(8) 

(𝜂!𝑎!) (𝜂%𝑎%)⁄  is referred to here as the “gain ratio” and can be obtained by 166 

taking the ratio of the interferograms averaged over the spatial period of the 167 

Littrow heterodyne, or, ideally, by observing a white light source like solar 168 

background. 𝑀!′(𝛿) and 𝑀%′(𝛿) can be determined using scatter from the water 169 

surface, or by episodically injecting a narrowband source. The Littrow 170 

heterodyne period can be continually assessed using any available Brillouin or 171 

elastic scatter. 172 

From Eq. (8), the OPD offset that will maximize the sensitivity of the 173 

amplitude and phase of the envelope to both Brillouin linewidth and shift, 174 

respectively, is 𝛿 ≅ 𝑐/(𝜋Γ'). For an OPD that falls within the optimum range 175 

for water temperatures between 0 and 35 °C and a transmitter with a 10 ns pulse 176 

width or greater and transform limited spectral width, the factors 𝑀!′(𝛿) and 177 

𝑀%′(𝛿) are vanishingly close to 𝑀! and 𝑀%, respectively. 𝑀! and 𝑀% may still 178 

exhibit a dependence on OPD from imperfections, however. 179 
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3. Temperature, salinity, and sound velocity error sensitivities 180 

What has been discussed up to this point is the average behavior of the 181 

normalized interferogram and its dependence on the Brillouin shift and 182 

linewidth. However, the interferograms, once acquired, will have detection 183 

noise. The attention now turns to estimating the random errors in the retrievals 184 

of Brillouin shift and linewidth caused by detection noise, with further 185 

propagation to random uncertainties in temperature, salinity, and sound 186 

velocity. The process for determining the variance of the normalized 187 

interferogram on account of detection noise on the interferograms, as shown in 188 

Appendix A, derives from another work [20] in which the analogous case of a 189 

fringe imaged, tilted Mach-Zehnder was studied. A model is fitted to the 190 

normalized interferogram to estimate the Brillouin shift, linewidth and elastic 191 

scatter ratio parameters, so the Jacobian of the normalized interferogram can be 192 

used to obtain the variance and covariance of the parameters, as shown in 193 

Appendix B. A second Jacobian describing the sensitivities of the Brillouin 194 

shift and linewidth parameters to temperature and salinity can then be used to 195 

transform the parameter covariance matrix into a covariance matrix of 196 

temperature and salinity, and another transform can be used to convert the 197 

covariance matrix of the temperature and salinity to variance in sound velocity, 198 

as shown in Appendix C. Only the results are shown in this section. 199 

Estimating uncertainties in temperature, salinity, and sound velocity requires 200 

knowing the sensitivities of the Brillouin shift and Brillouin linewidth to 201 
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temperature and salinity, and the sensitivity of sound velocity to temperature 202 

and salinity. Examples of these sensitivities for three water temperatures, a 203 

salinity of 35 ppt and 532 nm illumination are provided in Table 1. The sound 204 

velocity and its sensitivities derive from [17]. 205 

Table 1. Sensitivities of the Brillouin shift and linewidth and sound 206 

velocity to temperature and salinity. 207 

 5 °C 15 °C 25 °C 

𝜕𝜈' 𝜕𝑇⁄  
MHz/°C 

20.2 15.4 11.5 

𝜕Γ' 𝜕𝑇⁄  -76.1 -34.0 -13.1 

𝜕𝜈' 𝜕𝑆⁄  
MHz/ppt 

7.52 6.94 6.49 

𝜕Γ' 𝜕𝑆⁄  2.05 1.33 1.02 

𝜕𝑉)/𝜕𝑇 m/s/°C 4.06 3.16 2.41 

𝜕𝑉)/𝜕𝑆 m/s/ppt 1.28 1.17 1.08 

 208 

A numerical example is provided to check the accuracy of results from the 209 

analytical expressions derived in Appendices A through C against a Monte 210 

Carlo scheme. The parameters in Table 2 are assumed for the numerical 211 

example and will also be assumed for the lidar simulations later. The 212 

uncertainties pertain to a salinity of 35 ppt and 532 nm illumination. Also, the 213 

pixel density is assumed to be large compared to the Littrow heterodyne 214 
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wavenumber (i.e., 𝑃 ∆𝛿⁄ ≫ |𝜈# − 𝜈"|/𝑐), and the pixels are assumed to be large 215 

enough that the covariance (i.e., optical crosstalk) between neighboring pixels 216 

can be neglected. 217 

Table 2. Parameters assumed for the calculation of uncertainties. 218 

𝛾 0.1 

|𝜈# − 𝜈"| 76.1 GHz 

∆𝛿 3 cm 

𝛿" 6 cm 

𝐹' -1 

𝑀/ 0.8 

 219 

The Monte Carlo random error estimates are obtained by creating Poisson 220 

random realizations of the two interferograms, computing the normalized 221 

interferogram, applying a least-squares fit to obtain the Brillouin shift and 222 

linewidth, then solving iteratively for temperature and salinity using Eq. (C 1). 223 

The process is repeated 1,000 times to obtain statistics. The sound velocity is 224 

then computed for each retrieved set of temperature and salinity. The standard 225 

deviations of the retrieved temperature, salinity, and sound velocity across 226 

iterations are computed and then normalized to SNR [Eq. (A 8)] to derive the 227 
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inverse sensitivity. Results for a range of temperatures and salinities are shown 228 

in Table 3 alongside the corresponding analytical result. 229 

Table 3. Comparisons of estimates of inverse sensitivity in temperature, 230 

salinity, and sound velocity for the analytical and Monte Carlo methods 231 

for a range of temperatures and salinities typical of natural water bodies. 232 

The inverse sensitivities are divided by the SNR to obtain the random 233 

error in the corresponding quantity. 234 

 
0 °C 15 °C 30 °C 

0 ppt 35 ppt 0 ppt 35 ppt 0 ppt 35 ppt 

∆𝑇

∙ 𝑆𝑁𝑅	[℃] 

Analytical 108 120 170 183 644 667 

Monte Carlo 110 127 167 200 553 710 

∆𝑆

∙ 𝑆𝑁𝑅	[ppt] 

Analytical 1,207 1,069 587 532 1,042 1,022 

Monte Carlo 1,253 1,125 599 560 935 1,064 

∆𝑉)

∙ 𝑆𝑁𝑅	[m/s] 

Analytical 1,628 1,582 669 608 606 561 

Monte Carlo 1,632 1,616 697 605 586 585 

 235 

The agreement between the analytical and Monte Carlo method results in 236 

Table 3 across temperature and salinity provides confidence in the accuracy of 237 

the analytical model results. The contour plots in Fig. 4 show the 1𝜎 random 238 

error maps for an SNR of unity across OPD range (∆𝛿) and offset (𝛿") for 239 
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temperature (∆𝑇), salinity (∆𝑆) and sound velocity (∆𝑉)) estimated by the 240 

analytical method. 241 

 242 

Fig. 4. Contour plots of 1𝜎 random error in temperature, salinity, 243 

and sound velocity (left to right) for an SNR of unity, water 244 

temperature of 15 °C and a salinity of 35 ppt across OPD range 245 

(horizontal axis) and OPD offset (vertical axis). 246 

Fig. 4 can be used to select an optimum OPD range and OPD offset for the 247 

target application. Once an OPD offset and range are selected, the sensitivities 248 

to temperature, salinity, and sound velocity can be derived using the process 249 

outlined above and combined with SNR from lidar simulations to estimate the 250 

random errors for each quantity. The sections that follow are dedicated to 251 

deriving this SNR. 252 

To compare the sensitivities of Brillouin spectrometers, it is sometimes 253 

instructive to express the Brillouin shift random error in terms of a multiple (𝛼) 254 
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of the Brillouin linewidth divided by the SNR (i.e., ∆𝜈' = 𝛼Γ'/𝑆𝑁𝑅), as some 255 

authors, e.g. [2,7], have done. A BASH with an OPD offset of 6 cm and an OPD 256 

range of 3 cm and no defects achieves an 𝛼 of between 3.1-3.3 from 5 °C to 25 257 

°C when elastic scatter is negligible compared to Brillouin scatter. 258 

4. Discussion on operating altitude, field of view and collection area 259 

After determining OPD range and OPD offset, the next design choice is the 260 

operating altitude and telescope size. It is desirable to have a receiver footprint 261 

size of at least 6 m on the ocean surface for near-coastal water types [21]. A 262 

footprint of this size will allow efficient collection of multiple scatter from 263 

depth, making the apparent attenuation of the beam with depth closer to what’s 264 

referred to as the diffuse attenuation coefficient. Receivers with narrower fields 265 

of view and limited multiple scatter collection result in attenuation that is closer 266 

to the beam attenuation coefficient, which is much higher than the diffuse 267 

attenuation coefficient, and even more so for productive, coastal water types. 268 

For example, for waters with a chlorophyll concentration of 1 mg/m3, the 269 

diffuse attenuation is about 0.1 /m whereas the beam attenuation is 0.25-0.4 /m. 270 

Therefore, an apparent attenuation closer to beam attenuation would, for the 271 

same SNR, provide 2.5-4 times less penetration. For a field of view that 272 

provides a 6 m receiver footprint on the ground, the amount of scatter collected 273 

will scale directly with the acceptance etendue (𝐴Ω) of the receiver, so it is 274 

desirable for an ocean lidar receiver to accommodate a large etendue. 275 
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A larger field of view will also allow diverging the transmit beam such that 276 

the energy density at the surface is below levels that would be harmful to 277 

humans or marine life. A 2 m dia. (1/e2) Gaussian beam with a 2 mJ energy has 278 

a peak energy density of 1.3·10-7 J/cm2, which is below the maximum 279 

permissible exposure (MPE) for a 10 ns, 532 nm laser pulse. At a pulse 280 

repetition rate of 4 kHz, the average power density is 5.2·10-4 W/cm2, which is 281 

below the MPE for all exposure durations. A large etendue therefore also has 282 

advantages for eye safety. 283 

For most receivers, the etendue of the highest spectral resolution optic will 284 

govern the etendue of the receiver. The Brillouin spectrometer will likely be the 285 

highest spectral resolution optic in this application. An advantage of 286 

spectrometers employing the BASH technique is that they can be (and often 287 

are) field widened. Field widening is achieved by introducing refractive 288 

elements in the arms of the interferometer to create a ‘quasi-zero’ path 289 

difference condition in which the rays from each arm emerge mostly parallel 290 

and coincident with each other while still having experienced a non-zero optical 291 

path difference. This has the effect of enhancing the field of view and etendue 292 

of the interferometer. In the case of the BASH, field widening is accomplished 293 

by inserting a prism in each arm. The case of prisms with an index of refraction 294 

greater than two will be assumed here. The ray tracing algebra was worked out 295 

in [22] for this case, which finds the quartic angular dependence of the OPD 296 

shown in Eq. (9). 297 
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 𝛿(𝜗) ≈ 𝛿(0) +
𝛿(0)
16𝑛% 𝜗

0 (9) 

𝛿(0) is the OPD for a ray at normal incidence, 𝜗 is the off-axis angle and 𝑛 298 

is the index of refraction of the prisms. The impact to the visibility factors 𝑀! 299 

and 𝑀% can be assessed by integrating the cosine of the phase deviation caused 300 

by the OPD deviation 𝛿(𝜗) − 𝛿" over the distribution of ray angles 𝑓(𝜃), i.e. 301 

 𝑀1 = 0𝑓(𝜗) cosy2𝜋y𝛿(𝜗) − 𝛿(0)z 𝜆⁄ z 𝑑Ω
1

 (10) 

Assume a uniform, circular distribution of ray angles that extend up to a half 302 

angle of 𝜃2. The etendue-limited visibility factor is then, after series expansion 303 

 𝑀1 ≈ 1 −
𝜋%

640𝑛0 G
𝛿"
𝜆 I

%

𝜃23 (11) 

𝑀! and 𝑀% are both degraded by the factor 𝑀1, but note the 8th order 304 

dependence on divergence. For water-clear ZnS prisms with an index of 305 

refraction of 2.40 at 532 nm and an OPD offset of 9 cm, >99.9% of the visibility 306 

can be preserved by limiting the incident ray angle divergence to a half angle 307 

of 50 mrad. If the interferometer’s aperture is 2.5 cm × 2.5 cm, the aircraft’s 308 

altitude is 300 m, and the receiver’s full angle field of view is 6 m/300 m ~ 20 309 

mrad, the telescope’s collection area can be as large as 12.5 cm × 12.5 cm (156 310 

cm2) while still satisfying the above angular limits. A 156 cm2 collection area 311 

and 300 m flying altitude will be assumed in the simulations later in this work. 312 

It should be noted that the ZEMAX ray trace model for this same case [22] 313 
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showed higher angular sensitivity than that predicted by Eq. (9), which used 314 

small angle approximations. A more detailed study with ray tracing software is 315 

warranted. 316 

To illustrate the value of field widening for this application, consider a 317 

comparison with the Fabry-Perot interferometer (FPI) and virtually imaged 318 

phased array (VIPA) that have previously been studied for use in Brillouin 319 

spectroscopy [23-27]. For a shift of half a fringe across the solid angle of 320 

acceptance, the limiting etendues [22] for receivers employing an FPI/VIPA 321 

and BASH are 322 

 (𝐴Ω)456/865. = 𝐴
2𝜋
𝑅  (12) 

 (𝐴Ω)'.+9 = 𝐴
2√2𝜋
√𝑅

𝑛 (13) 

Where 𝑅 is the interferometer’s resolving power and 𝐴 is the area of its 323 

useable aperture. The resolving power for the BASH specified in Section 3 is 324 

𝛿 𝜆⁄ ~10:. The limiting etendue for an FPI with the same aperture and 325 

resolving power, by Eqs. (12) and (13), would be approximately 1,000 times 326 

less than that of the BASH. An FPI and VIPA with equal resolving power will 327 

have a similar solid angle of acceptance, but the VIPA has the additional 328 

constraint of requiring that the input light pass through a narrow effective 329 

entrance slit to get past the edge of a high reflection coating, greatly limiting its 330 

useable aperture [28]. The BASH therefore collects at least 1,000 times more 331 
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scatter and will achieve at least √1000 ≈ 32 times higher SNR than an FPI or 332 

VIPA for this wide field of view, eye safe lidar. Accurate measurements of the 333 

Brillouin shift or linewidth by the FPI or VIPA may also be confounded by 334 

changes in the diffuseness of the scatter with depth. 335 

5. Random errors in temperature, salinity, and sound velocity 336 

The parameters in Table 4 will be assumed for the lidar simulations. The aircraft 337 

will be assumed to fly at an altitude of 300 m and at a speed of 130 m/s (250 338 

kts). The laser transmitter parameters are borrowed from NASA Langley 339 

Research Center’s HSRL-1 airborne high spectral resolution lidar [29]. The 340 

photon detection efficiency and excess noise factor figures are consistent with 341 

commercial intensified cameras with a filmless MCP, GaAsP photocathode and 342 

fast (ns) gating function. A thin film interference filter suppresses solar 343 

background, limiting the effective passband to 0.5 nm. A polarizing element 344 

directs the depolarized component of the backscatter to another detector. Since 345 

the Brillouin backscatter is mostly copolarized with the transmitter and the solar 346 

background is mostly depolarized, the polarizer affords a further factor of ~two 347 

reduction in solar background while efficiently transmitting the Brillouin 348 

scatter. It should be noted that, by Eqs. (B 3) and (B 4), the sensitivity to 349 

Brillouin shift and linewidth will decrease when elastic scatter is present, and 350 

elastic scatter may be ~10 times stronger than Brillouin scatter for more 351 

productive waters. To mitigate the impact of elastic scatter on the sensitivity, 352 
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the backscatter will transmit through an iodine cell before the BASH and the 353 

laser transmitter will be tuned to an absorption feature of iodine that suppresses 354 

elastic scatter and efficiently passes the Brillouin scatter, as is done in HSRL-1 355 

to implement the high spectral resolution lidar technique [29]. A functionally 356 

similar alternative to the iodine cell would be a field widened Michelson with 357 

a free spectral range of twice the Brillouin shift [30], and this approach would 358 

not be limited to wavelengths that correspond to absorption lines. 359 

Table 4. Lidar instrument parameters assumed for the simulations. 360 

𝐸; Energy per pulse 2 mJ 

𝑃𝑅𝐹 Pulse repetition frequency 4 kHz 

𝜆 Wavelength 532 nm 

𝜂< Transmit optics efficiency 90% 

𝜂= Receiver optics efficiency 50% 

𝐴 Receiver collection area 156 cm2 

𝐹𝑂𝑉 Receiver field of view, full angle 20 mrad 

𝐿 Lidar altitude 300 m 

∆𝜆 Receiver effective passband 0.5 nm 

𝜂 Photon detection efficiency 50% 

𝐹 Excess noise factor, power space 2.6 
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 361 

The geophysical variables in Table 5 will be assumed for these simulations. 362 

The apparent attenuation is assumed to be constant with depth and equal to the 363 

diffuse attenuation coefficient. The depolarization ratio is also assumed to be 364 

constant with depth. 365 

Table 5. Geophysical parameters assumed for the simulations. Mm is 366 

megameter (106 m). 367 

𝑇> One-way atmospheric transmittance 95% 

𝑇) One-way surface transmittance 98% 

𝐾? Diffuse attenuation coefficient 0.1 /m 

𝛽)* Seawater backscatter coefficient 232 /Mm/sr 

𝛿)* Seawater depolarization ratio 0.039 

𝑛)* Seawater index of refraction 1.34 

𝐿@,1,B Upwelling solar radiance 7.5 mW/m2/sr/nm 

 368 

The following equations describe the number of Brillouin backscatter (𝑁.) 369 

and solar background (𝑁') photons received from a range bin with a vertical 370 

extent (depth resolution) of ∆𝑧 at a depth of 𝑧 after integrating 𝑀 laser shots. 371 

Backscatter (and background) photons from 𝑀 laser pulses are accumulated in 372 

a single exposure of (e.g.) a CCD or CMOS frame by triggering the intensified 373 
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cameras’ gate 𝑀 times before finishing the exposure and reading the frame. 374 

There would be one exposure for each depth. 375 

 

𝑁.

= 𝑀
𝐸;
ℎ𝑐 𝜆⁄ 𝜂<𝜂=𝑇>%𝑇)% exp(−2𝐾?𝑧) 𝛽)*

1
𝛿)* + 1

𝐴
(𝑛)*𝐿 + 𝑧)%

∆𝑧 
(14) 

 𝑁' = 𝑀
1
2
𝐿@,1,B
ℎ𝑐 𝜆⁄ 𝜂=𝜋 G𝐹𝑂𝑉

𝐿
2I

% 𝐴
𝐿%

2∆𝑧
𝑐/𝑛)*

 (15) 

The delay of the intensified camera gate relative to the emission of the laser 376 

pulse is varied to sequentially probe each range bin. The gate width will be 377 

assumed to be fixed at 9 ns, which will provide a depth resolution of 1 m. Gate 378 

widths of <2 ns are possible with some cameras. The number of laser shots 379 

accumulated at a particular depth will vary exponentially with depth such that 380 

the SNR is mostly constant, with exponentially more shots required at greater 381 

depths. By this scheme, the overall time it takes for a gated, intensified camera 382 

with a maximum frame rate 𝑅4 to acquire 𝑁 interferograms throughout a profile 383 

covering 0 to 𝑧" depth, with the number of shots increasing exponentially with 384 

depth according to the expected diffuse attenuation (𝐾?′) until reaching a 385 

maximum of 𝑡" at the deepest point 𝑧", will then be 386 

 

𝑁
𝑅4

+ 𝑡"�exp(−2𝐾?′𝑧"(𝑖 − 1) 𝑁⁄ )
C

/D!

=
𝑁
𝑅4

+ 𝑡"
1 − exp	(−2𝐾?′𝑧")
1 − exp	(−2𝐾?′𝑧"/𝑁)

 

(16) 
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Assume 1 s (4,000 shots) of accumulation at the deepest point and a camera 387 

frame rate of 15 Hz. The time it takes to acquire a profile of 1 m resolution 388 

through a column extending to 30 m depth is then 7.5 s, over which time the 389 

aircraft, flying at 130 m/s, has traversed 975 m horizontally. For a 𝐾?′ of 0.3 390 

/m and the same depth resolution (1 m), a profile extending 3 optical depths 391 

takes 2.9 s to acquire while the aircraft traverses 374 m horizontally. Table 6 392 

shows the expected number of backscattered and solar background photons, the 393 

SNR in day and night, and the corresponding uncertainties in temperature, 394 

salinity, and sound velocity at 30 m depth with 1 m resolution. The SNR and 395 

background parameters come from Eq. (A 8) and Eq. (A 9), respectively. The 396 

sensitivity is based on a temperature of 15 °C and salinity of 35 ppt. The 397 

variance contributed by the dark noise and readout noise of the intensified 398 

camera is assumed to be negligible compared to that contributed by shot noise 399 

from backscatter. 400 

Table 6. Cumulative backscatter and background photon number, 401 

corresponding SNR, background parameter, and temperature, salinity, 402 

and sound velocity 𝟏𝝈 random error for day (left column) and night 403 

(right column) operation. These correspond to a 1 m bin at 30 m depth 404 

with 1 second of averaging (4,000 shots) in water with a diffuse 405 

attenuation of 0.1 /m. 406 
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 Daytime Nighttime 

𝑁. 385,000 

𝑁' 441,000 0 

𝑆𝑁𝑅 186 272 

𝐹' 0.07 -1 

∆𝑇 (1-𝜎) 1.05 °C 0.67 °C 

∆𝑆 (1-𝜎) 2.97 ppt 1.95 ppt 

∆𝑉)	(1-𝜎) 3.36 m/s 2.23 m/s 

 407 

For the 3 cm OPD range and 6 cm OPD offset specified for this design, the 408 

random errors in temperature are larger than those shown in Table 6 for warmer 409 

waters. However, dense cooler waters will typically exist below warmer waters 410 

and so cooler waters shall, in general, be more SNR starved than warmer waters 411 

and therefore demand a higher sensitivity if measurement of temperature is the 412 

objective. Conversely, for sound velocity, the warmer waters produce lower 413 

uncertainties for this design. Other choices of OPD range and offset may 414 

therefore be more optimal, depending on the target application. Fig. 5 shows a 415 

profile of daytime retrievals of temperature, salinity, and sound velocity and 416 

associated 1𝜎 random errors for a temperature/salinity profile that is 25 °C/32 417 

ppt from 0-10 m depth, descends linearly to 10 °C/34 ppt between 10-15 m 418 
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depth, and remains at that level from 15-30 m depth. The diffuse attenuation 419 

coefficient is 0.1 /m throughout, so an optical depth of three corresponds to 30 420 

m. This profile is meant to be representative of a sounding through a cold pool 421 

[31]. 422 

 423 

Fig. 5. Retrieved temperature, salinity, and sound velocity with 424 

error bars showing 1𝜎 random errors for optical depths of up to 425 

three during daytime. The physical depth resolution is 1 m and 426 

horizontal resolution is 1 km for this 0-30 m profile. 427 

Using the camera gating scheme outlined above, the SNR is approximately 428 

constant throughout the column. The larger uncertainties in temperature and 429 

salinity at shallower depths in Fig. 5 are therefore due to the lower sensitivities 430 

to those quantities at higher temperatures. Fig. 5 shows that the gradient in 431 

temperature and sound velocity would be easily resolved, but not the salinity 432 

gradient. 433 
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For some applications, less depth penetration in exchange for finer 434 

horizontal resolution is preferable. For example, salinity profiles extending just 435 

one optical depth (or less) would be useful for mapping freshwater lenses and 436 

outflows. Temperature profiles extending two optical depths would be 437 

sufficient for profiling the active mixing layer across most of the ocean and 438 

determining the intensity, location and size of eddies and ocean fronts. These 439 

applications require a horizontal resolution sufficient to capture submesoscale 440 

feature lengths (~100’s m). With these objectives in mind, Fig. 6 shows the 441 

daytime random errors in temperature, salinity, and sound velocity across 442 

horizontal resolution and maximum profile depth. A fixed temperature/salinity 443 

of 15 °C/35 ppt is assumed, along with a depth resolution of 1 m and 0.1 /m 444 

apparent attenuation. 445 

 446 

Fig. 6. A mapping of daytime random errors in temperature, 447 

salinity, and sound velocity for different horizontal averaging 448 

scales and maximum profile depths (i.e., deepest extent of the 449 
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profile). Contours are truncated where the number of shots at 450 

the surface would be <1. 451 

6. Systematic errors in temperature, salinity, and sound velocity 452 

Major sources of systematic error will be knowledge of the visibility factors, 453 

knowledge of the Littrow heterodyne period, knowledge of solar background, 454 

knowledge of gain ratio, knowledge of the linearity of the intensified camera, 455 

and any variations in the spectral transmittance of the elastic scatter suppression 456 

filter that might alter the apparent, relative strengths of the two Brillouin 457 

doublet peaks (“Brillouin doublet imbalance”). The sensitivities of the 458 

measurements of temperature, salinity, and sound velocity to each of these 459 

factors are now investigated. This is done by performing a retrieval against a 460 

“truth” temperature, salinity, and sound velocity and then introducing small 461 

perturbations in the retrieval parameters to observe their effect on the retrieval, 462 

which is essentially the same process as the Monte Carlo method outlined 463 

earlier but with the random errors from detection noise replaced with systematic 464 

errors in the retrieval inputs. The temperature is 15 °C, salinity is 35 ppt, solar 465 

background is equal to backscatter (𝐹' = 0), gain ratio is assumed to be unity, 466 

and the two visibility factors are assumed to be 0.8. The sensitivities are shown 467 

in Table 7. 468 

Table 7. First order propagation of systematic errors in visibility factors, 469 

Littrow heterodyne phase, solar background, gain ratio and Brillouin 470 



 

 31 

doublet imbalance to errors in temperature, salinity, and sound velocity. 471 

Values are the errors in T, S, or 𝑽𝒔 per percent or radian error in the 472 

parameter indicated in left column. 473 

 ∆𝑇 (°C) ∆𝑆 (ppt) ∆𝑉) (m/s) 

Visibility factor -0.34 /% 0.74 /% -0.21 /% 

Littrow heterodyne phase 0.81 /rad -1.03 /rad 1.35 /rad 

Solar background 0.37 /% -0.78 /% 0.25 /% 

Gain ratio -0.049 /% -0.048 /% -0.21 /% 

Intensified camera linearity 0.016 /% -0.030 /% 0.015 /% 

Brillouin doublet imbalance 0.002 /% 0.005 /% 0.011 /% 

 474 

For retrievals at the shallowest depths (<5 m), or during nighttime, the solar 475 

background error sensitivity becomes negligible, but the linearity error 476 

sensitivity amplifies to -0.21 °C/% in temperature, 0.46 ppt/% in salinity and -477 

0.12 m/s/% in sound velocity and becomes the dominant error source. Both the 478 

Littrow heterodyne phase and gain ratio can be assessed frequently and are 479 

expected to be stable on profile acquisition timescales (~10 s). A phase error on 480 

the order of a few mrad and gain ratio error of 1% is probably achievable, 481 

making these error contributions to temperature and salinity negligible. The 482 

gain ratio error is still significant to the sound velocity, however. The linearity 483 
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error could be made small by characterizing the camera’s response. By Table 484 

7, the sensitivity to error from Brillouin doublet imbalance is very small. 485 

Therefore, the major sources of error in temperature and salinity are likely to 486 

be the knowledge of the visibility factors and, for daytime operation and 487 

retrievals from depth, knowledge of the solar background. The solar 488 

background would need to be measured continually on a separate detector that 489 

is episodically cross calibrated with the intensified camera. If we assume 1% 490 

errors in the visibility factors, solar background and gain ratio, the root sum of 491 

square errors in temperature, salinity, and sound velocity are 0.5 °C, 1.1 ppt, 492 

and 0.4 m/s, respectively. Accurate knowledge of the visibility factors and solar 493 

background will be more critical for warmer waters because the temperature 494 

sensitivity of the Brillouin linewidth is significantly lower at warmer 495 

temperatures. At 25 °C, the sensitivity to visibility factor error ~doubles to 496 

about -0.8 °C/%, 1.5 ppt/% and -0.4 m/s/% and the sensitivity to solar 497 

background error also ~doubles to 0.9 °C/%, -1.6 ppt/% and 0.5 m/s/% with 498 

respect to the 15 °C case. A version of the retrieval of temperature that uses 499 

only the Brillouin shift parameter – with assumption about salinity and errors 500 

associated with that assumption – might therefore be more accurate for warmer 501 

waters. An error of about 0.4 °C/ppt can be expected under this assumption 502 

[32]. Substantially smaller errors in gradient measurements can be expected. 503 

Also, absolute errors will be smaller if measurements can be periodically 504 

“pinned” to coincident, collocated measurements from in-situ, microwave/IR 505 
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derived sea surface temperature (SST), microwave derived sea surface salinity 506 

(SSS), or other sources. 507 

Another potential source of systematic error is the effect of multiple scatter 508 

on the backscatter spectrum. Simulations [33] have shown minimal corruption 509 

of the Brillouin backscatter spectrum by multiple scatter, reasoning that since 510 

particulates predominantly forward scatter that a direct backscatter by the 511 

Brillouin process was significantly more probable than scatter at any other 512 

angle for productive waters. For a purely Brillouin scattering water body more 513 

corruption was noted, but this scattering regime is not seen in natural water 514 

bodies, even in the open ocean. The effect of multiple scatter could be modeled 515 

and quantified, but efforts to accurately model multiple scatter are often 516 

confounded by inaccurate knowledge of the particulate scatter phase 517 

function(s) for a particular water body. Other potential sources of error could 518 

be inexact knowledge of the bulk and shear viscosities as a function of 519 

temperature and salinity, so these might need to be verified in a water tank 520 

demonstration, or the measurements episodically pinned to other temperature 521 

and salinity data sources. 522 

7. Conclusions and science outlook 523 

An airborne Brillouin lidar capable of scientifically and operationally 524 

meaningful remote sensing measurements of temperature, salinity, and sound 525 

velocity is practical with current technology. The concept presented here 526 
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achieves an expected daytime (nighttime) random error of 1.1 °C (0.7 °C) in 527 

temperature, 3.0 ppt (2.0 ppt) in salinity, and 3.4 m/s (2.2 m/s) in sound velocity 528 

throughout a column that extends three optical depths with a depth resolution 529 

of 1 m and horizontal resolution of 1 km. Similar performance is obtained for 530 

profiles extending two (one) optical depths with a horizontal resolution of 200 531 

m (100 m). The main sources of systematic error are the errors in knowledge of 532 

the visibility factors and solar background, which might need to be known to 533 

the sub-percent level for warmer waters, depending on requirements. Error in 534 

the knowledge of the visibility factor, like other errors, would depend on the 535 

accuracy with which the visibility factors can be assessed, combined with the 536 

rate of these assessments and the rate of change between assessments. This and 537 

the camera characterization would need to be part of a future study. More 538 

advanced laser and detector technologies on the horizon could significantly 539 

enhance performance beyond that shown here. A laser transmitter that emits in 540 

the blue (470-490 nm) would offer twice the penetration depth in less 541 

productive waters typical of the open ocean. Projects focused on the 542 

development of blue laser transmitter technology are currently active in the US 543 

and elsewhere. A large array of single photon sensitive elements (e.g., single 544 

photon avalanche diodes) with integrated electronics that allow timing all 545 

photons received from throughout the column would improve the horizontal 546 

resolution of profiles extending three optical depths from 1 km to ~100 m and 547 
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the lower excess noise factor could afford a factor of ~1.6 reduction in random 548 

error relative to existing intensified cameras. Such arrays are also being studied. 549 

The Brillouin lidar receiver described herein would require a single mode 550 

laser transmitter that is frequency stable and perhaps also frequency agile to a 551 

limited degree. Workhorse airborne lidars with such transmitters and receivers 552 

of similar size and complexity are deployed routinely by NASA [11-14, 29], so 553 

a Brillouin lidar system based on this BASH spectrometer receiver concept 554 

would be compact and lightweight enough to fly economically on one of 555 

NASA’s smaller aircraft, e.g., de Havilland Canada DHC-6 Twin Otter, 556 

Beechcraft B200 King Air, or suitable unpiloted aerial vehicle (UAS) for near 557 

shore operations as well as large aircraft for distant or longer duration 558 

operations. The depth to which measurements can be made is limited to a few 559 

10’s of meters, paling in comparison to the depths possible with moorings, 560 

floats, and ship-based sensors. However, an airborne sensor has unique 561 

advantages in terms of deployment flexibility and spatial coverage. Such a lidar 562 

could be quickly targeted to remote domains of specific interest by flying in a 563 

fuel-efficient mode at cruise altitude and then acquiring low altitude 564 

measurements over hundreds to thousands of kilometers at a sampling density 565 

of the order 1 /km or better, providing synoptic scale transects containing 566 

hundreds to thousands of profiles of temperature and salinity in a matter of 567 

hours and at much lower cost than soundings from a ship or airborne 568 

expendable bathythermographs and conductivity-temperature-depth (CTD) 569 
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probes. Such a lidar could complement in-situ sensors by improving their 570 

targeting and providing a means for cross calibration. A lidar sensor would also 571 

not suffer the thermal lag problem experienced with CTD sensors due to the 572 

thermal mass of the sensor. The absence of thermal lag errors would have 573 

significant advantages in resolving the depth of layers that have a steep gradient 574 

in temperature, like cold pools [34, 35].  575 

There are many potential science applications for an airborne Brillouin lidar. 576 

Profiles from a lidar based on the BASH technique would provide valuable 577 

information on mixed layer depth and the location, size, and intensity of eddies, 578 

ocean fronts, cold pools, freshwater lenses, and freshwater outflows, and could 579 

be used to study the fate of meltwater from sea ice and glaciers at high latitudes, 580 

and its influence on upper ocean stratification and phytoplankton blooms [36]. 581 

Moreover, it would be straightforward to add simultaneous measurement of 582 

particulate backscatter, which can be used to estimate phytoplankton biomass 583 

and investigate phenomenon like diel vertical migration of zooplankton and 584 

other marine animals. There are many potential science applications for an 585 

airborne Brillouin lidar.  586 

As a specific application, consider measurements of the position of the Mid-587 

Atlantic Bight (MAB) Cold Pool, which is spatiotemporally variable [37] and 588 

is of prime importance for understanding the path and evolution of approaching 589 

storms, especially tropical cyclones [38], and for predicting the movement of 590 

fish species [39]. Mixing by tropical cyclones of the abundant cold bottom 591 
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water in the MAB with warmer surface water is known to be capable of causing 592 

rapid deintensification, as in the case of Hurricane Irene (2011) prior to its New 593 

Jersey landfall as an example [40]. In contrast, Hurricane Sandy (2012) was 594 

able to cause immense destruction across New Jersey and New York because 595 

of the disappearance of the Cold Pool off the coast that season [41], which 596 

usually serves as a barrier to such storms. Model assimilation of rapidly 597 

acquired temperature profiles across tropical cyclone tracks could therefore 598 

improve forecasts and prevent excessively early or unnecessary evacuations. 599 

For major population centers, reducing decision lead times from 72 to 48 hours 600 

could save hundreds of millions of dollars in evacuation costs annually [42]. 601 

The MAB Cold Pool is warming and shrinking [43], speaking to the need for 602 

more observations to track its evolution. There is also interest in understanding 603 

the impact of offshore wind farm pylons on stratification of the MAB Cold Pool 604 

[44], and implications for storms and fisheries. A temperature profiling lidar 605 

could perform raster maneuvers around offshore wind farms to address this 606 

observational need. Assimilation of lidar measured temperature profiles could 607 

improve the skill of circulation models developed for the MAB and Gulf of 608 

Maine that currently only assimilate data from satellite SST and in-situ sources 609 

[45]. Root-mean-square errors of 0.86-4.64 °C were observed between 610 

Saildrone and SST data [46], with the greater errors near the coast in summer 611 

where (and when) reliable temperature data is most critical for storm 612 

forecasting, compared with errors of 0.5 °C for the BASH. The value of the 613 
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BASH technique for forecasts of hurricane trajectory and intensification to the 614 

open ocean. Hurricane trajectory models would benefit from assimilation of 615 

temperature and salinity profiles from lidars installed on long-range, long-616 

duration Hurricane Hunter aircraft, e.g., NOAA’s Lockheed WP-3D Orion fleet 617 

and the Air Force Reserve’s Lockheed-Martin WC-130J fleet, to fill gaps 618 

between bathythermographs and CTD probes.  619 

Another application of data from such a lidar would be improvement to 620 

forecast models for red tide algal bloom events, e.g., off the West Florida 621 

Continental Shelf [47]. Such blooms can evolve rapidly, and forecasts would 622 

benefit from assimilation of temperature and salinity observations from an 623 

airborne lidar to sensitive regions, and to improve targeting of in-situ assets. 624 

General benefits of this temperature/salinity technique for many applications 625 

include the ability for rapid targeted deployment and the ability to make 626 

observations below clouds that thwart satellite SST retrievals. This lidar, if 627 

developed, could have significant societal benefits for the US Atlantic and Gulf 628 

Coast regions, and perhaps other regions with similar climates, e.g., the Indian 629 

Ocean and Pacific Ocean typhoon basins. 630 

Most of the applications above relate to temperature measurement, but there 631 

is also significant interest in near-surface measurements of salinity. Microwave 632 

(L-band) SSS instruments struggle to resolve submesoscale feature lengths, 633 

even from aircraft. Also, in contrast with the Brillouin techniques, L-band SSS 634 

retrievals are more challenged in cooler Arctic or near polar waters. A Brillouin 635 
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lidar could provide unprecedented horizontal resolution of near-surface salinity 636 

in these regions. Such measurements would therefore be well suited to studying 637 

inflows into the ocean from ice shelf melting that existing remote sensing 638 

instruments do not resolve well. A Brillouin lidar could also be well suited to 639 

studying freshwater lenses, which are shallow layers of freshwater above 640 

saltwater where gradients from 1 ppt to 25 ppt are often seen, and these layers 641 

exert strong control over refreezing. River outflows and plumes could be 642 

mapped to much higher spatiotemporal resolution than is possible with 643 

satellites, which only achieve resolutions of 0.25° (~30 km) in a 2-week period. 644 

Reasonable info exists on large rivers like the Amazon, but scant information 645 

exists on small rivers that are challenging to observe from space. Brillouin 646 

lidars could inform coastal hydrology and the fate of freshwater in river plumes, 647 

measure freshwater inputs from rainfall associated with strong convective 648 

storms in the inter-tropical convergence zone (ITCZ) and examine freshwater 649 

inputs at the ocean surface and the impacts of air-sea fluxes, i.e., heat fluxes. A 650 

Brillouin lidar could therefore help provide valuable insight into the climate 651 

and societal impacts of the exchange of freshwater and heat with the ocean. 652 

Appendix A: Variance of the normalized interferogram 653 

For simplification, assume that coefficients 𝑎! and 𝑎% are unity, that the 654 

visibility factors are equal (𝑀! = 𝑀% = 𝑀/) and that the detection efficiencies 655 

are also equal (𝜂! = 𝜂% = 𝜂). Consider a two-dimensional image of the 656 
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normalized interferogram that is summed along the isophase lines of the 657 

Littrow heterodyne fringes (row-wise in Fig. 3) and in which 𝑖 indexes through 658 

each of these 𝑃 summations. 659 

 𝑄/- =
𝐼!,/ − 𝐼%,/
𝐼!,/ + 𝐼%,/

= 𝑀/𝑄/ (A 1) 

𝑄/- is the normalized interferogram before correcting for the visibility factor 660 

and 𝑄/ is consistent with its definition in Eq. (8). 𝐼!,/ and 𝐼%,/ are shorthand for 661 

𝐼!(𝛿/) and 𝐼%(𝛿/), respectively, with 662 

 𝛿/ = ∆𝛿
(𝑖 − 1)
𝑃 + 𝛿",					𝑖 = 1…𝑃 (A 2) 

The variance of the ratio at each index 𝑖 is approximately 663 

 

var 𝑄/-

𝑄F-���
% =

vary𝐼!,/ − 𝐼%,/z

y𝐼!,F���� − 𝐼%,F����z
% +

vary𝐼!,/ + 𝐼%,/z

y𝐼!,F���� + 𝐼%,F����z
%

− 2
cov(𝐼!,/ − 𝐼%,/ , 𝐼!,/ + 𝐼%,/)
y𝐼!,F���� − 𝐼%,F����zy𝐼!,F���� + 𝐼%,F����z

 

(A 3) 

Where ‘var’ indicates variance and ‘cov’ indicates covariance. If the noises 664 

on 𝐼!,/ and 𝐼%,/ are uncorrelated detection noises, we have 665 

 vary𝐼!,/ − 𝐼%,/z = vary𝐼!,/ + 𝐼%,/z = var 𝐼!,/ + var 𝐼%,/ (A 4) 

 covy𝐼!,/ − 𝐼%,/ , 𝐼!,/ + 𝐼%,/z = var 𝐼!,/ − var 𝐼%,/ (A 5) 

The variance of the ratio is then 666 
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 var	𝑄/- = c1 + 𝑄F-���
%d

var 𝐼!,/ + var 𝐼%,/
y𝐼!,F���� + 𝐼%,F����z

% − 2𝑄F-���
var 𝐼!,/ − var 𝐼%,/
y𝐼!,F���� + 𝐼%,F����z

%  (A 6) 

Define 𝑁.,F����� and 𝑁',F����� as the mean number of total backscatter and background 667 

photons, respectively, accumulated at index 𝑖. If it is assumed that the detection 668 

of the signal plus background is shot noise and excess noise limited, then var 669 

𝐼!,/ + var 𝐼%,/ = 𝜂𝐹(𝑁.,F����� + 𝑁',F�����) and var 𝐼!,/ − var 𝐼%,/ = 𝜂𝐹𝑄F-��� ∙ 𝑁.,F�����, with 𝐹 670 

being the excess noise factor of the intensified camera expressed in power 671 

(variance) space. The substitutions 𝑄F-��� → 𝑀/𝑄F�  and var	𝑄/- → 𝑀/
%var	𝑄/ are now 672 

made. The variance of 𝑄/ in terms of its expected value (𝑄F� ) is then given by 673 

Eq. (A 7). 674 

 var	𝑄/ =
1 + 𝐹',/𝑀/

%𝑄F�
%

𝑀/
%𝑆𝑁𝑅/%

 (A 7) 

Where 𝑆𝑁𝑅/ represents the signal-to-noise ratio of the sum of the signal in 675 

corresponding pixels of each interferogram at index 𝑖 676 

 𝑆𝑁𝑅/ =
�𝜂𝑁.,/

�𝐹(1 + 𝑁',//𝑁.,/)
 (A 8) 

And 𝐹',/ is defined as the “background factor” 677 

 𝐹',/ =
𝑁',/ − 𝑁.,/
𝑁',/ + 𝑁.,/

 (A 9) 

The background factor varies between −1 and +1, depending on the 678 

background relative to the backscatter in that pixel. If both the backscatter and 679 

background are uniformly distributed among 𝑃 pixels, then 𝑆𝑁𝑅/% = 𝑆𝑁𝑅%/𝑃 680 
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and 𝐹',/ = 𝐹' and the variance of the normalized interferogram at each pixel 681 

becomes. 682 

 var 𝑄/ =
1 + 𝐹'𝑀/

%𝑄F�
%

𝑀/
%𝑆𝑁𝑅%/𝑃

 (A 10) 

Appendix B: Propagation to variance and covariance in Brillouin 683 

shift and Brillouin linewidth 684 

Assume a least-squares fit of a model is applied to the normalized interferogram 685 

to retrieve the Brillouin shift, Brillouin linewidth and elastic scatter ratio. Since 686 

the variance of the normalized interferogram at each pixel is known by Eq. (A 687 

10), the uncertainties in the least squares fitting parameters can be estimated. 688 

To estimate these uncertainties, the covariance matrix (𝐶) for the fitted 689 

parameters can be computed using the weighted Jacobian, 𝐽. The diagonal of 690 

the covariance matrix will contain the variances of the parameters. 691 

 𝐶 = (𝐽G𝐽)H! (B 1) 

The weighted Jacobian can be written as follows 692 

 𝐽 =

⎝

⎜⎜
⎛

𝜕𝑄! 𝜕𝜈'⁄

�var 𝑄!

𝜕𝑄! 𝜕Γ'⁄

�var 𝑄!

𝜕𝑄! 𝜕𝛾⁄

�var 𝑄!
⋮ ⋮ ⋮

𝜕𝑄5 𝜕𝜈'⁄

�var 𝑄5

𝜕𝑄5 𝜕Γ'⁄

�var 𝑄5

𝜕𝑄5 𝜕𝛾⁄

�var 𝑄5⎠

⎟⎟
⎞

 (B 2) 

With var 𝑄/ given by Eq. (A 10) and 693 
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𝜕𝑄/ 𝜕𝜈'⁄

= −2𝜋
𝛿/
𝑐

1
1 + 𝛾 exp G−

𝜋𝛤'𝛿/
𝑐 I sin G

2𝜋𝜈'𝛿/
𝑐 I cos ,

2𝜋(𝜈# − 𝜈")𝛿/
𝑐 < 

(B 3) 

 

𝜕𝑄/ 𝜕Γ'⁄

= −𝜋
𝛿/
𝑐

1
1 + 𝛾 exp G−

𝜋𝛤'𝛿/
𝑐 I cos G

2𝜋𝜈'𝛿/
𝑐 I cos ,

2𝜋(𝜈# − 𝜈")𝛿/
𝑐 < 

(B 4) 

 

𝜕𝑄/ 𝜕𝛾⁄

=
1

(1 + 𝛾)% G1

− exp G−
𝜋𝛤'𝛿/
𝑐 I cos G

2𝜋𝜈'𝛿/
𝑐 II cos ,

2𝜋(𝜈# − 𝜈")𝛿/
𝑐 < 

(B 5) 

𝛿/ is defined in (A 2). After solving the covariance matrix, the variances in 694 

Brillouin shift and linewidth are along the diagonal and the covariance is in the 695 

off-diagonal. 696 

 𝐶 = , ∆𝜈'% ∆𝜈'∆𝛤'
∆𝜈'∆𝛤' ∆𝛤'%

< (B 6) 

The third row and column contain the covariance of the elastic scatter ratio, 697 

but this parameter has no relationship to temperature and salinity and so is 698 

omitted from (B 6) and ignored going forward. 699 

Appendix C: Propagation to variance in temperature, salinity, and 700 

sound velocity 701 
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Once the Brillouin linewidth and Brillouin shift are measured, the temperature 702 

and salinity can be retrieved using an iterative process. Starting with an initial 703 

guess and the measured Brillouin shift and linewidth, the temperature and 704 

salinity are solved using the Gauss-Newton algorithm, implemented by 705 

iterating on Eq. (C 1). 𝑇ID" and 𝑆ID" are the initial guesses and 𝜈'-  and Γ'-  are 706 

the measured Brillouin shift and Brillouin linewidth. 707 

 G𝑇IJ!𝑆IJ!
I = G𝑇I𝑆I

I + 𝐽-H! ∙ eG𝜈'
-

Γ'-
I − G𝜈'

(𝑇I , 𝑆I)
Γ'(𝑇I , 𝑆I)

If (C 1) 

𝐽- is a new Jacobian describing the sensitivities of the Brillouin shift and 708 

linewidth to temperature and salinity. 709 

 𝐽- = G𝜕𝜈'(𝑇I , 𝑆I)/𝜕𝑇 𝜕𝜈'(𝑇I , 𝑆I)/𝜕𝑆
𝜕Γ'(𝑇I , 𝑆I)/𝜕𝑇 𝜕Γ'(𝑇I , 𝑆I)/𝜕𝑆

I (C 2) 

To determine the covariance in temperature and salinity, the Brillouin shift 710 

and linewidth covariance matrix from Eq. (B 6) is transformed into a covariance 711 

in temperature and salinity (𝐶′) using Jacobian 𝐽-. 712 

 𝐶′ = 𝐽′H!𝐶(𝐽′H!)G (C 3) 

After solving the covariance matrix, the variances in temperature and 713 

salinity are along the diagonal and the covariance is in the off-diagonal. 714 

 𝐶- = c ∆𝑇
% ∆𝑇∆𝑆

∆𝑇∆𝑆 ∆𝑆%
d (C 4) 
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The temperature and salinity covariance matrix can be converted to a 715 

random error in sound velocity using its sensitivities to those variables, by 716 

analogy with Eq. (C 3). 717 

 (∆𝑉))% = (𝜕𝑉)/𝜕𝑇 𝜕𝑉)/𝜕𝑆)𝐶′ G
𝜕𝑉)/𝜕𝑇
𝜕𝑉)/𝜕𝑆

I (C 5) 
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