~~]OCCG Summer Lecture Series

Principles of lidar

Davide Dionisi

Italian National Research Council- Institute Marine Sciences (CNR — ISMAR), Rome, Italy

14 July 2026
~ ROME - TOR VERGATA
$CCG
ﬁig}? -
' MI 1‘_“. “ll
S O 5 L
Coordinating Group eyes

“S-eyes" AMR LIDAR



Summary @@

- Introduction
- What s a lidar
- Historical overview

- Lidar basics
- Description of the instrument
- Lidar equation

- Optical Interactions of Relevance to Lidar and oceanic lidar algorithms
- Elastic: Rayleigh/Mie/Polarization;
- Inelastic: Raman/Fluorescence/Brillouin;

- Lidar variables and OC products
- Uncertainties

- Precision and Accuracy
- Signal-to-noise ratio and calibration
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Introduction — Electromagnetic spectrum
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Introduction — What is a lidar @ @

Lidar is an optical sensing technology that can measure the distance to, or other properties of a target by
illuminating the target with pulsed light produced by a laser.

Active remote sensing technique Lidar mainly operatgs using ?Iectromagnetic (EM) waves in
the optical and infrared spectrum
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RADAR : Radio Detection and Ranging 1

LIDAR : Light Detection and Ranging

=> Same physical principle,

except the wavelength.
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Introduction — Historical Overview

= 1930: E.H. Synge suggests to probe the atmospheric density using light source,
« Searchlight» principle.

= 1946: First monostatic lidar system with pulsed light source to determine the
base clouds altitude by R. Bureau.

= 1959: Laser invention by G. Gould (principle given by A. Einstein in 1917).

= 1962,63: First use of laser as lidar source to measure the distance
from the moon and for stratospheric measurements by L.D. Smullins
and G. Fiocco.

= 1980: First airborne lidars by E.V. Browell

= 1994: Lidar In-space Technology Experiment (LITE). First Earth-orbiting
atmospheric lidar.
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Introduction — Lidar applications @ z@

Lidar supports a wide range of applications

» Archaeology (uncovering hidden landscapes)

» Construction (high-resolution 3D models of construction sites and existing
structures)

» Forestry and agriculture (forest structure and health; land’s surface and soil
conditions)

» Mapping and Surveying

» Transport (autonomous vehicles, aviation)

» Military and defense

» Urban Planning and risk assessment

» Energy (wind, bathymetry)

» Geology

» Environmental Monitoring (Land, Coastal, Atmosphere, Marine)
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Lidar Basics @

Block diagram of a generic lidar system
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Lidar Basics — Transmitter
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Lidar Basics — Transmitter @

Laser = Light Amplification by Stimulated Emission of Radiation

Enengy inpud by pumping

o i Frmm
T.,:I. F:::,, [TTTTT]-. By Smeiiatad
rellecior rE F ﬂﬂﬂﬂﬂ‘l E ETERLIDN Navl

¥ i mapnifani

I-!-'ﬁ ::-; m“mm'\\\\\\ %

Amplikyng medium | kg
o ——— Laser cavily -

How does Lasing work?
Upper and lower electronic LASER leveld
Two-bevel system

electron into higher energetic level {flashlamp, diodes)

I Spontanecus ermission of 2 photon By Ny
1) Spontaneoutly emitied pholon stimulates next emiseon C 1 7

&) Simulatian of further emation: by photlons refllecied al canty mirrers 3)
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> light amplification by stimulated emiszion 1 E, N.
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Lidar Basics — Transmitter @@

JEginvatavgt

eshernt amislon SRS gtk )

differenttimesandv\?li’th F&}]’E‘u ”“‘”“ JF-"L Laser emits a collimated beam.

different phases fl L Related to spatial coherence. Intrinsic
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Coherent emission: photons are emitted
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Lidar Basics — Transmitter
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High energy density
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Lidar Basics — Transmitter @

Laser Properties

Irradiance (/) or power density [W/m?2] is a consequence of the directivity 1

O For a gaussian beam (simmetric on x and y axes), the irradiance is:

—2(x2 _|_y2)] { I, = max irradiance

I(x,y,2z) = Iyexp [

> w(z) = radius of the laser beam
w z = coordinate for the beam direction

Propagation of a Gaussian beam

- h‘iI!“ —]
e o .
WA(z) = wh + (—) 2—wi+ (E) 2 (z) = &+ B o I
; ! = | Rugeighrangs | Raywigh rangs | B
= Iy

z; = Rayleigh distance = distance at which the beam
is considered collimated
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Lidar Basics — Transmitter

Laser Properties

Divergence of a Gaussian beam i
’ Amplitude of the field
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Lidar Basics — Emission geometry @

Beam expander

a
Beam quality quantified by the beam parameter product
(BPP, conservative parameter): i |

¥ |
BPP = wy - o _F‘ == ==
_WO.E A » —

By enlarging the beam size, the transmitting beam .
divergence angle is accordingly reduced due to :
conservation of BPP.

Beam expander = a small telescope with the
placement of its objective and image lenses reversed.
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Lidar Basics — reception

Telescope

Collection of the scattered return and deliver to a
photon-counting detector.

Principal elements:
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Lidar Basics — Emission-reception @ @

Bistatic
A
Monostatic CR RS
—_—
Biaxial
L

Emission — reception geometry

Laser Telescope

Background stray light is a major contributor to noise
on the lidar signal and is a major challenge for
- daytime operations.
n— Reducing the field of view is the most effective way to
Coaxial mitigate this.
Principles of lidar - Dionisi e cerehe



Lidar Basics — Emission Reception geometry @ @

Overlap factor

The telescope cannot “read” the full atmospheric cross-section illuminated by the laser beam (i.e.,

does not lie within its FOV).

The overlap function O(z)quantifies the fraction of the laser beam seen by the receiver. It increases from
0 (no overlap) to 1 (full overlap) as range increases.

It is a function of many
geometrical and optical
parameters of both the laser
and telescope.

Gong et al., 2011 (https://doi.org/10.1016/j.0ptcom.2011.01.062)
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Lidar Basics — Optical selection @ @

From Telescope Output to PMTs

The receiver uses a field stop and collimating optics to stabilize angular response and define field of view.
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Lidar Basics — Detection @
PMT

Photomultiplier tubes (PMTs) convert photons to an electrical signal

@fe

- Accelerate electrons within the chain of dynodes
- The amplification depends on the number of dynodes and the accelerating voltage. This amplified
electrical signal is collected at an anode at ground potential, which can be measured

Consiglio Nazionale delle Ricerche
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Lidar Basics — Detection

@

Photon counting

Cooling system

1 =

Vertical resolution:

Az = cAt/2

0 05 1 15 2
At=0.5 ps

To

@fe

v

Principles of lidar - Dionisi

Photon Counting Detection

Detects individual photons using devices like PMTs and SPADs
to generate electrical pulses for weak signals.

Signal Processing Chain

Amplifies pulses, applies threshold discrimination, and
converts signals into standardized digital pulses for counting.

Range Resolution and Profiling

Time-binned photon counts enable calculation of range-
dependent profiles with resolutions defined by bin width.

Statistical Sensitivity and Limitations

Photon counting follows Poisson statistics and excels at low
signals but suffers saturation at high count rates.

Consiglio Nazionale delle Ricerche
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Lidar Basics — Detection

@

Analog detection

Cooling system

Photocurrent

i(t)

Photon

J

M—n ADC

Digitized voltage proportional
to received optical power

Vertical resolution:

Az = cAt/2

At=05 s

@fe
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Principle of Analog Detection

Analog detection converts photon flux into a continuous
electrical signal proportional to optical power.

Signal Amplification and Digitization

Photocurrent is amplified by a transimpedance amplifier and
digitized by an analog-to-digital converter.

Advantages and Limitations

Analog mode handles high signals without saturation but suffers
at low signals by electronic noise and shot noise.

Combined Use with Photon Counting

Analog detection is complemented by photon counting to cover
wide dynamic ranges effectively.
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Lidar Basics — Ranging @ '@
Building a lidar profile

A >
: ammmm

-

range

® The laser pulse is not stopped by the medium; it is progressively
attenuated.

® Backscatter is received continuously along the line of sight.
® The output is a range-resolved atmospheric profile.

Lidar Each detection time corresponds to the range of
signal the scattering volume.
R=ct/2
Lidar ranging is a time-of-flight measurement with
i a two-way path.

Adapted from Flamant etal., 2010
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Lidar Basics — Ranging @ @

Building a lidar profile

] range

Finite pulse
duration

The laser pulse duration leads to a : ) e
range ambiguity AR Lidar effective resolution is due:

Lidar

e laser pulse duration
signal

| :
K- |||_-| m i - i e detector/electronics response
[
- e digitizer sampling interval

® range-bin integration time

For example: ty=10ns > AR= 1.5
m; =100 ns - AR= 15 m.

i time Adapted from Flamant et al., 2010
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Lidar Basics — Lidar equation @ @
Elastic backscatter lidar
PA 1) =Py(A)-KQA) - G() - AR - B(A 1) - T* (A1) + Pyg(X)

telescope g
EriersiEon I . .
m e E[I L P(A, 1) = power received from a distance r
= K(A) = lidar instrument constant
- | A .
| Volprm \ ¥ G(r)  =-; =telescope perception angle
i B(A,r) =molecular plus particulate backscatter
------------------------------ frrsmm s : .
C e AR = C?t’ = lidar range resolution
Erwchon =2 T(A,r) =transmission terms
= - ET - { A P, ,(X) = background power
CO—— [ owww | @ -bakonds
= = e
laser

Adapted from Flamant et al., 2010

Consiglio Nazionale delle Ricerche

(‘r I @ PrinCip/eS Oflidar' DioniSi Istituto di Scienze Marine



Lidar Basics — Lidar equation @ @*“
Ocean elastic backscatter lidar
P(}\, T') — PO (}\) ) K(}\) ) G(T') ) AR ) ﬁ(}\l T') ) TC%tm(}‘v 7") ) TSZqu(}\J 7") ) Tozceano\; T') + Pbg ()")

air molecules

particles Quasi-single-scattering  approximation:
f light propagates through the water with a
J surface series of scattering events at small

angles, undergoes a backscattering event,
and then propagates back to the surface
with only small-angle scattering events.

*1 _particulate &

- molecules

Consiglio Nazionale delle Ricerche
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Lidar Basics — Optical Interactions of Relevance @ @

Elastic interactions: Rayleigh scattering

2mp

size parameter = — *A>>p —> Opy = C/\4
Wirtual Level _ _
o e i e Rayleigh for size parameters up to 0.5., x=2np/A=0.5 for A=500nm — p=0.04um.
"':-f L—-._s Rayleigh scattering not valid for phytoplankton or other oceanographic particles
/_L (size p =>=0.5pm)
Sea water VSF
?’-'“-I"l 37 Ground Level
T 300 deg C e WOope

-1 ) L e

Rayleigh Scattering oo | - =-:u-=r-r-l ._.m.ll'l AR

VSF = 0ggy - PSF

E
508 (m? — 1\ 3 G \
ORay = 9627 \m? + 2 o I

1o ] P S S e TR
Xl Ly 503 LS ¥ ] & 0 LLE 1] e ]
PSF = i (1 + cos?y) - 1—46 -
= - — 2
Lo VSF iy (1 176 Y Zhang et al., 2009
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Lidar Basics — Optical Interactions of Relevance @ z@

Elastic interactions: Mie scattering

Mie theory is valid only for homogeneous spherical particles
~ —_ a
q_(-l ° ) p - GMie_C/x‘
e
I_I .i_'_—\-.
L -, F‘“t_;;’_r;(( 10/
al xz BN&F Q. = 0.M3
10 o 1002 #0 L 110e02 Q= 0.075
Tk D, = 0229
Mie Scattering @ o
= 1w
-]
= I.ﬂ-l ' 'u-l't‘:lpll'l
n, = 1370
Lal K, = 150007
g A ®i3ed
mr = 500.0'em
10"
0 20 &0 40 120 150 180

v |ceg]
PSF for unpolarized light for phytoplankton with p=0.5um.
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Lidar Basics — Lidar equation

@

Elastic lidar

S(z, 1) = CL%l

A
(nH+2z)?

- valid for quasi-single scattering approximation
- two unknowns: K, and B,

Different inversion techniques to solve this equation:

|- @200 - @2 [ A2 + By A D) |- expl=2 [} Kuz',2) d2'] + S,

Emitted wavelength = 355 nm
Detection channels = 355 nm

Cp= lidar instrument constant

A = telescope area

H = height of the lidar above the ocean
v = spped of light in vacuum

n = index o refraction of water

K} = lidar attenuation coefficient
Tp=transmisssion of the atmosphere
Ts= transmission of the water surface

d(Insco™™  1d dB _ _ laserm Bm= backscatter from water molecules
1) Slope method: % = Ed_S - 2K, |If 1 0 » ki 2 dz Bp= backscatter from suspended particles
Sg= background signal
where: §corr — 2nS(nH + Z)Z _g Bukin et al., 1998 8
' B vAC, B Collister et al., 2018
exp lS(Z) - Sml
corr
2) Klett method: ~ If 2o 45 _ kdK K, (z) = i
dz p Ky L S(z) =S, 2 .z S(z) =S

£ = const - (KL)k

Principles of lidar - Dionisi

@fe

Klett 1981
Chen et al. 2021
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Lidar Basics — Lidar equation @

Elastic lidar

3) Perturbation method: §T(z,A) =C - (TAZ) . (TSZ)[BO +B'(2)]- exp[_ZKLOZ — 2 foz KL’dZ’]
SCOTT(Z)
If the varying part of the attenuation can be neglected B(z) = SCOT—T(z) Bo
0

where S5°"" (z), the homogeneous part of $°""(z), can be calculated from the following linear regression:

Churnside and Marchbanks, 2017

Sgorr = In(CtransBo) — 2K where Ciraps = C (TAZ) : (TSZ)

The combined use of Klett method and perturbation retrieval techniques (i.e. the ‘Hybrid technique’) Chen et al. 2022

Appropriate elastic algorithm depends on the measurement conditions

. . . . . Consiglio Nazionale delle Ricerche
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Lidar Basics — Lidar equation

Elastic polarization lidar

A I !
Sc (z2) = CL [WT)Z] TZ(DTEfe(m, 2)B(m, A, 2)exp|—2 [ K (2', 1) dz'] + Sp

Sy(z,2) = (; % [@] TZDTE[fx(m, 2)B(m,4,2) + 2fc(m,2)B(m, 4, 2) [, v(z') dz'|exp[-2 [, K.(z',1) dz'] + Sp

y= rate of depolarization by multiple forward scattering
fy= fraction of light co or cross polarized after scattering by m radians

Depolarization due to:

1) irregular oceanic particles (e.g. fish, zooplankton,and large phytoplankton)

2) multiple forward scattering

Sx(z, A ) z
Depolarization ratio: o(mz,A) = (@A) [x(m2) + Zf y(z")dz' »
0

Sc(z ) fe(mz)

2

K, = Kzexp(f(6(m,z 1))

Q @ Principles of lidar - Dionisi

Emitted wavelength = 355 co nm
Detection channels = 355co nm,
355cross nm

If the scattering properties of the dé(m,z,Ay)
water do not change with depth T

Hu, 2016

Neely et al. 2013

= 2v(2) Churnside, 2013

Consiglio Nazionale delle Ricerche
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Lidar Basics — Optical Interactions of Relevance @ @

Inelastic interactions: Raman scattering

Raman consists in a spectral shift

of the returned wavelength :Iﬁ _ _
characteristics of the considered - Rayleigh scattering
molecule E
- QoI
Raman signals that can be used to
identify substances s
Leerm | ﬁ.:'.r-.'-.' 300 100 23800 B0 00
' B i Ml Nttt a i
e el ] : Raman wavelength distribution

function for pure water at 25 C.

e Interaction with the quantized vibrational

& rotational energy levels of the molecule
AE
hCO

l'irwi Eacard Simis L

o el il L T Aﬁ —_— f)l — fﬂs —
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Lidar Basics — Lidar equation @ @“

Emitted wavelength= 355 nm

E|aStIC — Raman Ildar Detection channels= 355 nm,

405 nm
Srmn @ A Aymn) = Co oo [tz | - TaAQ) - TaQlrmn) - (T2) - Bromn (1,2, 1) - exp[= ([ IKL (', D) + K (2, A )] d2')] + S5
S(z, 1) = CL§ [ it )2] (TZ(A) - (T2 - [Bm(m, 4, 2) + Bp(m, 4,2) | - exp[—2 [ K .(2', 1) dz'] + Sp
Brmn(2) d

d Brmn (Z) l n-scorr Y If density of seawater molecules is InSyin (z)

K (z,A) + K. (z, Armn) = — SE,;}E(Z) ‘ K (z,1) = ;mn S{(g) ‘ relatively constant (e.g. near- ‘ K.(z,4) = dz 1 k(z)
1+ (lrmn> surface ocean): 1+ (Armn)
where: K (z, 1) pR——— :
K.z ) =\ k(z) is the wavelength dependence of K,

Coupling Elastic and Raman channel: ‘
§(z)  (Bm(mz,A) + Bp(m,z,1))  T4(A) , S (z ) ,
) = 5 (m Z,pﬂ) . TA(irmn) AK (A, Apmn, 2') ‘ By (M z,4) =Brmn (M2,2) - Sﬁronq ATgem (Aw, A) - AKL (A, 4, 2)-1

where: AK; (A4, Ay, 2') = exp (— f[KL(Z JA) + KL(Z’,/lrmn)]dz’>
0

T
oty = ATgtm (Aw' AO)
Tatm_)to

( . . . . . Consiglio Nazionale delle Ricerche
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Lidar Basics — Optical Interactions of Relevance @ @

Inelastic interactions: Brillouin scattering

] Pamaies by b st1ed Bl o
i e e Brillouin light scattering is the result of the interaction between a photon
of light and the acoustic phonons of a material.
% .
f | Bl b e Py iabsrisat el ol b Stokes scatiering event: Anti-Stokes scatlering event:
QST (7 EaGH irphiled s ql"\:'-l'l-'l'l:-—'-\-cr“-l-lf
£ el S S8 A | _‘ll'.\_-l.l.---\.\.:ll.ll PO R R - rrrgz‘q' EE.I?‘
E | d K, rf
- .k, w, k,

Wk lenapihi Hostetler et al., 2018

s Raman scattering: photons scattered by the effect of

Spontaneous Brillouin  scattering occurs as a
vibrational and rotational transitions in the bonds between

consequence of density or refractive index fluctuations

in the optical properties of the medium. first-order neighboring atoms
¢ Brillouin scattering: the scattering of photons caused by large
nVy . [© scale, low-frequency phonons.
Frequency shift ~ Avp = :ET sin |

( . . . . . Consiglio Nazionale delle Ricerche
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U
Sm(2,4) = Cm 3y l(nH+z)2

1%

S,(z,2) =C

Lidar Basics — Lidar equation

@

Pan [(nH+ )2

Be = b (6n$y(@)
(CpSm (Z))

High Spectral Resolution Lidar

|- @2y - a5 - @A) expl-2 [F K ) d2'] + 5

] (TZA) - (T2) - [By(m, 4, 2)] - exp|—2 [7 Ky (z', 2) dz'] + S

1d

K.(z) = =S~ In[(nH + 2)5;,(2)]

Depending of the instrument design, cross-talk can affect the molecular and

particulate channels:

Si(2,2) = C(CLBm(m, A4, 2) + Cofp(m, 4, 2)) - (TF) - (TE) | exp _fKL(Z,)dZ’

S5 (2120 = Col(Calim(m,2,2) + Cafip(,2,20) - (T3) - (1) | exp | = [ K2t
(Con. €1 — SaCoCa)

Pr =P s coc — o

@fe

Z

0

Z

0

corr
Sb

R — Ccorr
Sm

Principles of lidar - Dionisi

Emitted wavelength= 355 nm
Detection channels= 355mol nm

355par nm
Ewrrgie
I =l 1 o "l':l .|.....:
. g i ..:_'_'.'_
i B
dengs | |V pady| o
D imme [LETE I ¥
I - ! Errereie (S ——
e 'l NN | |
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g
g oA
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I
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=]

PN i 1 ekt A R Sl T

Flpure 1. (A) Bk dSpam of 1B HSRL-I
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£33 o iclative b the xnlee vapod Diler shaorpiis

bz e 5. Hair et al., 2016
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Lidar Basics — Optical Interactions of Relevance

17 Eleviranik
it s1ate
i

Licelreni
preund ilale
157

IntEnsity

Laser induced Fluorescence

{

5 H
Fluorescence [a.u.)
=

emission spectrum

@

Typical chlorophyll fluorescence

&
oo

-]
o

0.2} /.'I \\ ;
0.0 | —
B 700 780 W00
Wawvelength (nm)
Santabarbara et al., 2020
~d Fluorescence lifetime in the order of hundreds of ps to ns

#".nrl ._"I' el vraairg Bk o rea ol

Cabo-Fernandez et al., 2019

Principles of lidar - Dionisi

Raman scattering is instantaneous (within ps or fs)

Consiglio Nazionale delle Ricerche
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Lidar Basics — Lidar equation

@

Fluorescence lidar

Z

Slggrr(}lFL:Z) = TSZTA(A)TA(AFL)BFL(T[; z,A) lexp | — j[KL(Zl;/D + K, (z', Ap)]dZ’

0

z
Seon (2, A, Aymn) = TSZTA DTy Armn) Brmn (1,2, 1) |exp | — j[KL (z', 1) + K. (Z', Armn)]az’
0

where: BrL(m,z, 1) = f

rmin

rmax dN(T') Amax do (/1, T‘)
5 or(r)dr op(r) = f i o da

Amin

Chlorophyll fluorescence—to—water Raman ratio « phytoplankton absorption
coefficient

Hoge et al., 1995

Applications: CDOM, Chlorophyll, QOil spills

Q @ Principles of lidar - Dionisi

Emitted wavelength= 532 nm
Detection channels = 650 nm
685 nm

Emission at 1, = 355 nm e

e

H Raman H,O

| | CDOM

Consiglio Nazionale delle Ricerche
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Lidar Basics — Optical selection Q @*“

Wavelength selection

. ; e Indicative spectral width
[ Elastic return [ Rotational Raman ] [ Ocean Brillouin } [ N, Raman ] [ H,0 Raman } Y

Mie + Rayleigh lines sidebands
Approx. Ak at Ao =532 nm
\ ’ Mie / elastic particle )
= laser-limited
i L <1073-10"%2 nm J
1 Rayleigh molecular h
Doppler broadened
S = 0.002—0.005 nm y,
4 Rotational Raman )
comb envelope = 1-5 nm
S individual lines << 0.01 nm J
‘ Ocean Brillouin B
shift £0.005-0.010 nm
S linewidth = 0.001-0.003 nm y,
4 Vibrational Raman h
Signal N,/H,0 channel IF
intensity S = 0.3-2 nm FWHM Y,
Order-of-magnitude values; instrument
Ao Relative spectral shift from laser line: anti-Stokes ¢~ Ao - Stokes / longer wavelength and T/P dependent.
Typical spectral selectors
Elastic / Mie / Rayleigh HSRL Rotational Raman Brillouin ocean Vibrational Raman
Narrow IF; optional PBS I, cell or FPI FPI comb / IF pair Fizeau / FPI / ASH Dichroics + narrow-band IF
[ Far-shifted Raman bands can be isolated with dichroics and interference filters; near-A, signals require high-resolution spectral discrimination. ]

( . . . . . Consiglio Nazionale delle Ricerche
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Lidar Basics — Optical selection Q @*“

Wavelength selection

Particle elastic
Mie / aerosol / hydrosol A,=532nm
not molecular Rayleigh 1 .
bl J Full molecular Rayleigh spectrum = Cabannes
N central component + pure rotational Raman
Cabannes central component sidebands
central part of the molecular
Rayleigh spectrum
J
)
Rayleigh—Brillouin structure v
Brillouin sidebands inside i
Cabannes/RB spectrum y

resolved side lines / line comb
part of molecular Rayleigh

Pure rotational Raman W

-0.08 -0.04 0 +0.04 +0.08
Wavelength shift from laser line, AA=A - A, [nm]

Indicative scales at 532 nm: Cabannes/Rayleigh Doppler width ~10~3 nm scale; ocean Brillouin shift +~0.007 nm; rotational Raman extends over nm
scale; Mie elastic is laser-line limited.

1 | ol Consiglio Nazionale delle Ricerch
Fundamentals of lidar - Dionisi @) @& S



Lidar Basics — Optical selection @ z@

Wavelength selection

m Spectral feature Typical selector Selected signal

Elastic Ao; molecular

Rayleigh N IF; ional etalon Molecular backscatter
ayleig broadened arrow IF; optional e u
Mie Elastic Ao; particle return  Narrow IF + PBS for depol. Aerosol / particles

Vibrational Raman Large Stokes shift Dichroics + narrow IF N,, O,, H,O channels
Rotational Raman Small line comb near Ao IF pair or Fabry—Perot Temperature-sensitive RR

. . . . . Temperature, salinity,

Brillouin ocean GHz-shifted sidebands Fizeau / Fabry—Perot / ASH P S Y
sound speed, liquid water

i I [ Il or F —

HSRL Molecular vs aerosol line |, absorption cell or Fabry Extinction and backscatter

shape Perot

Examples: 532 nm elastic; N, Raman =607 nm; H,O Raman =660 nm.
For 355 nm systems: N, =387 nm and H,O0 =407 nm.

Consiglio Nazionale delle Ricerche
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Lidar Basics — Lidar and OC @

Relationship between lidar products and ocean color products

_ dlnEd

Lidar products OC products K, =
dz

Ki|| Bp I Ka || bop

T
byp = 271 f BE(8) sin(6) db
/2

The described retrieval techniques assume quasi-single scattering approximation (i.e. most scattering in the ocean is at
very small scattering angles) and are valid as long as the appropriate relationships between lidar and ocean products are
used:
o Kp=>»Kgorc?
O Bp -> bbp

. . . . .. Consiglio Nazionale delle Ri h
(‘f' | @w Principles of lidar - Dionisi o oo ce e reerene
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Lidar Basics — Lidar and OC @

Relationship between lidar products and ocean color products

Y

What values should be used for K; ?

K} varies as a function of both the lidar viewing geometry and the optical properties of the sensed water.

- Gordon (1983) proposed: K;, = Kq + (c — Kg)exp(—0.85cD) for Ay = 532 nm

The ratio of the radius of the spot on the sea surface viewed by the lidar receiver optics to the mean free path of photons in

water is a significant parameter related to K;.. When this ratio is near zero, K, is given by c. If the ratio is greater than 5, K|,
is given by K

- Phillips and Koerber (1984) proposed that the upper and lower limits of Ky are given by c and the water absorption coefficient a,
respectively, depending on the receiver FOV

. . . . .. Consiglio Nazionale delle Ri h
(‘f' | @w Principles of lidar - Dionisi o oo ce e reerene
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Lidar Basics — Lidar and OC @ @

Relationship between lidar products and ocean color products

AEOLUS case (D’Alimonte et al., 2024)

i TEet
& =T | S
| " B3 4
] & B U
o amics
— Al e [Tre—
F- -ﬁl —EI —H'I
E | K, = il L [l | s e e |
| P [ B, e [
S B s Pl [ L]
a0l [ S L
e el | [ R PR F LT
RN ] EE t{_] 'I"\.'.'Fi'l
5t - =g : T S
1= 19 1 0™ o™ 1
[ Ear R T I T

K|, varies close to c and K at low and high Chl-a values, respectively with different single and multiple scattering contributions.

( . . . . . Consiglio Nazionale delle Ricerche
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Lidar Basics — Lidar and OC

Y

©

Relationship between lidar products and ocean color products

What values should be used for xp?

bbp (Z' A0) = ZT[Xp Bp (T[r Z, AO)

e
(S ol

Xp = 1.06 (Sullivan and Twardoski, 2009) - in-situ VSF measurements

@Y=

Principles of lidar - Dionisi

The conversion factor X, varies depending on size, shapes, and
composition of the particle assemblage.

aen

RS B W b

il Woparsiy. 0 T
L llll1.
B opr o mEd - 00 A
Bt Waeir s 3 0a-08 14 BEg

.l (4] [l ] L S i [y} Bl [ o il ] (1 4]

bbp (525 nen). m ', from WET Labs ECO BE3

Xp = 0.5 (Hair et al., 2016), for Ay = 532 nm - HSRL and in-situ measureme

Consiglio Nazionale delle Ricerche
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Lidar Basics — Lidar and OC @

Relationship between lidar products and ocean color products

- Xp VSF-inversion and forward modeling approach to the VSFs - Xp comparison between the CALIPSO-retrieved by, products
measured in a wide range of waters (Hu et al., 2020) and the BGC-Argo floats (Sun et al., 2023)
3:. [ - r - ._ . 1 B
. (Hu et al., 2020) hes '
&l = : o | HNCs | 40 (Sun et al., 2023)
20 | ! EL
E 15 | : E
£ (LA
| |
| | is
& | |
sl i..J 0,30
© 02 (ER ng e f {4 14 Apnsg FAETIITHCE R T ] Wil
¥ {m) Season

Depending on the particle model used, X, varies from 0.22 to 1.45
No spectral dependence
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Lidar Basics — Uncertainties

Random errors and bias (systematic) errors

Two major types of uncertainty in lidar observations

X o
1 1 | ! .-f"'-__;:-""-.
Accurate, bu’r/x W i

0 Precise, but [ 4:':~="‘~| 1.|

Not Precise Not Accurate A S
W .H'\"-\_\__..-"-. A

I~ 1 | 1 ™ T 1 T T T ey i e | 5"\-.\___ __,_-"'-.

; i _! Riasdes: small
[l ™ | Fadlemals. semall
] ‘ | a)

| -|| --__.-'_ --_'\-\.___--
I '..E. L
I \, .'\"-.\r_\__ -..-.-_ -.-.
s
i- I Randiun: loge
L | ¥ -| Sytcmadic: sl
|_I_J._. e _I. s 8. —I—I (e

i I

Data Reduction and Error Analysis, Bevington and Robinson (2003)

@fe

Principles of lidar - Dionisi

i i |I
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Basdom: small
Sysicmatic: bargs

ikl

Handoir: Barge
Syancrrans ladje

ddi
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Lidar Basics — Uncertainties @

Random errors

Random errors determine the measurement precision.

Random errors: caused by random fluctuations (or noise) inherent in the measurement from:
(a) shot noise
(b) thermal noise
(c) excess noise introduced in the multiplication process

Photon counts obey Poisson distribution =»for a given photon count N, the corresponding uncertainty is AN = /N

When many (m) shots are integrated together:
A(mN) ¥vmN 1 VN 1 AN
mN mN m N mN

Random errors can be reduced by averaging or by repeating the measurement sacrificing temporal or spatial
resolutions.

( . . . . . Consiglio Nazionale delle Ricerche
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Lidar Basics — Uncertainties @

Background signal

- -
Lidar signal Solar constant = 1367 W m=2
- oS
.'I--
| 25
II
'i = Sinlar Spectral bradance Outede Almogshers
Radiometric signal .%‘ 15 Solar Special brnciance st Sea Lev (m = 1}
£
Lidar signal E -
5
- | Measured signal it
Radiometric signal Lidar Shot noise L s
o
-

O 0.2 04 08 08 10 12 1.4 16 L8 20 2 24 26 28 10 23

L #; Lidarsignal —-"I.-.Ll"- R
" i

T .Ill_.'l H.I Radiometric signal Radiometric error [
| ’ ' L = x n - :-

:.1 k Adapted from Flamant et al., 2010 time
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Lidar Basics —

Uncertainties @ *@[‘

Signal-to-noise ratio (SNR)

- I | [ SIGNAL } [ NOISE ]
0. cirnus
I:II:I.'n.i '.I
oosl | Sy (1) Laser energy Solar background
% :: % \ |_I;='5r=-rrr== 225 b | _ Telescope area Detector dark counts
g % \\_u Optical efficiency Shot noise
o
al = . g Backscatter coefficient Electronic noise
S Ewr‘lmw Averaging / repetition rate Surface reflection / stray light

LR

. i i : i L .|| i P |
a0 4N O HE O OO0 00 TEET, TEEE (0 S

P
W el o Pt 1 1

[ SNR(z) = Signal / Noise ]

(SL _ Ra)z

2 2
o; + 0p,

SNR =

Consiglio Nazionale delle Ricerche
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Lidar Basics — Uncertainties

Signal-to-noise ratio (SNR)

Improving SNR: Design Choices and Trade-off

Increase laser pulse energy Higher signal Eye safety, power, thermal load
Increase repetition rate More averaging Data volume, system complexity
Larger telescope More collected photons Size, weight, cost
Narrower field of view Less background More demanding alignment/overlap
Narrower spectral filter Less background Lower throughput; wavelength stability
Longer averaging Lower random noise Lower temporal/spatial resolution
Night operation Lower solar background Limited operational flexibility
Principles of lidar - Dionisi e e
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Lidar Basics — Uncertainties @

Bias (systematic) errors

Systematic errors determine the measurement accuracy.

Accuracy is mainly determined by:

(1) How much we understand the physical interactions and processes involved in the measurements or

observations: e.g., scattering and absorption cross-section, transmission/extinction, interference
absorption, etc.

(2) How well we know the lidar system parameters: e.g., laser central frequency, laser linewidth and
lineshape, photo detector/discriminator calibration, receiver filter function, overlapping function,

inaccurate calibration, nonlinearities in the photodetector response, defects in optical components,
and/or a systematic electronic noise

=>» Inter-instrument comparison to assess the lidar measurement accuracy

. . . . .. Consiglio Nazionale delle Ri h
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Lidar Basics — Uncertainties

Lidar calibration

POLT) =Py(D) AR - BA 1) - T? (A1) + Ppg(D)

* Lidar signal contains both geophysical information and instrumental response.

* G(r) =1 athigh range

* K(A) converts relative signals into quantitative products.

* K(A) describes laser energy, optical alignment, optics transmission and detector gain (may vary with time).

K(A) uncertainty propagates into geophysical products.

@I

foo e
( Laser \
L energy )

( )

Atmosphere /
Ocean target

J

Telescope
collection

Optical
transmission

Detector \
L response

f Digitized
L signal

From Signal to Quantitative Products: without calibration, lidar is mostly relative; with

calibration, it becomes quantitative.

Q @ Principles of lidar - Dionisi
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Lidar Basics — Uncertainties

Laser

Receiver optics
Telescope
geometry
Detector

Polarization optics

Spectral selector

Lidar calibration

m Calibration target Why it matters

Pulse energy; wavelength;
repetition rate

Transmission; alignment; field
stop

Overlap function O(z); FOV

Gain; linearity; dead time; dark
counts

Relative gain; cross-talk;
extinction ratio

Central wavelength; bandwidth;
out-of-band rejection

Controls emitted power and spectral channel
definition

Affects signal amplitude, FOV and background
rejection

Critical at short ranges and for near-surface
ocean
Affects photon-counting and analog accuracy

Needed for depolarization ratio 6

Needed for Raman, HSRL, Brillouin channels

Principles of lidar - Dionisi
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Lidar Basics — Photons to Geophysical Products @ @

PA7) =Py(A) - KQ) - G(r) - AR - B(A, 1) - T* (A, 1) + P,y (A)

. Background Detector Range
Raw signal . — . — .
subtraction correction correction
counts or voltage vs time solar/background level dead time, analog offset, two-way geometrical
removed non-linearity spreading

Overla Averagin Lidar equation .
.p : .g/ . . < . . — Optical products
correction smoothing inversion and calibration
near-range geometry precision ; retrieval assumptions K Bpr Bpps O,
resolution {, fluorescence

{ Ancillary data J

( . . . . . Consiglio Nazionale delle Ricerche
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