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Laser remote sensing

SOMIE RISTORY ace

Some of my colleagues warned me in various ways, “Don’t go down
H O W there. Stay and build the laser. That is the work that will get you the Nobel
' Prize.” I thought the maser and laser might, in fact, win a Nobel. But, I

the Laser
Happened

ADVENTURES OF A SCIENTIST

felt it did not really matter who actually built the first one. The ideas were
there. I was not going to make a career decision to go all-out to build one
just to win the prize.

Charles H. Townes

Figure 7. My apparatus for measuring microwave spectra of molecules, built
with my students at Columbia University, 1949.
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Laser remote sensing

SOMIE RISTORY w.

Figure 16. The christening at the University of California of our first large
movable telescope on a trailer, one unit of the Infrared Spatial Interferometer,
which maps the details of stellar shapes and the clouds around stars. In op-
eration, laser beams shine back and forth between the two mirrors. Left to
right are Charles Townes, electronics technician Walter Fitelson, and physi-
cists Edmund Sutton, William Danchi, and Manfred Bester.
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Laser remote sensing

TWO BASIC QUESTIONS:

WHAT’S THE DISTANCE BETWEEN THE MOON AND THE EARTH?

HOW MUCH “MATTER” IS BETWEEN THE TWO ?
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Laser remote sensing

NON-CORERENT APPROACHIES

1930 Synge proposed a method to
determine the atmospheric density with an
anti-aircraft searchlight and a telescope
(bistatic configuration)

1936 First reported results of density profiles:
Duclaux (3.4 km), Hulbert (28 km)

1938 First reported use of a monostatic
configuration for cloud base height, using
a pulsed light source (Bureau)

1953 First retrieval of temperature profiles
from density profiles (Elterman)
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Laser remote sensing

22.2 MIN.

EXPOSURE HOMEWORK: TRY DOING AT HOME-.

[t is difficult to estimate the possible errors in APPENDIX 1
the numbers of columns (3) and (4), Table I;
they, and those of column (3), may be correct
within a factor of 2. With this qualification the

2.5 MIN. theoretical intensities of column (4) deviate in a

EXFPOSURE

Photographic determination of the intensity of the beam

A ribbon filament tungsten lamp, standardized by the
National Bureau of Standards, burning at a red (\0.655x)
black lxxi)' apparent temperature of 1719°K, served as a
regular manner from the observed intensities of  known source of energy. A diaphragm limited the exposed
column (3) as shown by the ratios of column (5). area of the filament to 0.124 cm®. A selected blue filter of
The ratios decrease from about 7 at 5 km to Kknown transmission was placed in front of the lamp; the

unity at 10 or 15 km. The deviations would be

s

spectral energy curve of the light through the filte
given in curve 1, Fig. 3. The calculated spectral energy

8 Humphreys, Physics of the Air (1929), p. 74. curve of the scattered light of the searchlight beam s

TAsBLE 11. Average temiperalure and density of the atmosphere.

B 6.3 MIN. — = = — —— —_—
EXPOSURE ALTITUDE TEM DExsiTY 4 " ‘ ALTITUDI Teme DENsITY d _
¢ 0 km 1.72°C 1256X10¢ 2611047 | 20 km —35°C 89.7<10°" 18.6X10%
2 —4.16 1010 210 | 22 - 33 65.8 13.7
b 4 —-15.3 817 170 24 55 48.2 10.0
6 ~20.3 660 137 ‘ 26 —33 35.3 1.32
a 8 —43.6 529 110 28 —35 25.9 5.39
10 542 414 86.0 30 —35 19.0 3.93
12 — 35 311 64.5 32 35 13.9 2.89
14 —55 228 47.3 34 —35 10.2 2.12
16 — 35 167 34.7 36 —55 7.54 Lot
18 —35 121 25.2 ‘ 38 55 5.53 113
4 A 2.2 MIN. - - iy = o =
EXPOSURE — e — =~ = ==
34

BLACK BODY AT 1719 K Inverse square law

4

BLUE FILTER 4, = xn.w(mszemszgp+senz(9)

655 nm
RAYLEIGH SCATTERING
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Laser remote sensing

ALMOST 30 YEARS LATER.

LIohtD A
R

551.501.71 : 551.508.93 : 538.8

PERHAPS THE FIRST
st e Fthte, Mol Por, Calfrni TIME THE WORD (ACRONYM)
O s 1y 165, e o Do 156 LIDAR was used

Suouny

Pulsed-light techniques of probing the atmosphere have been greatly extended by employing lasers as
energy sources in instruments called ‘ lidars.' Because of the nature of laser energy and the manner in which
it is used in current and proposed systems, lidar is best discussed in terms of radar. Apart from the basic
capabilitica of lidar for detecting backscattering from atmospheric constituents, possibilities exist for more
sophisticated techniques based on the wave nature of the energy. The basic capabilities of lidar, however,
make it possible to observe the atmosphere with previously unknown resolution and sensitivity. Apart from
providing new information about clouds, lidar has shown that the concentration of the particulate matter

Lidar: a new atmospheric probe

content of clear air is highly variable and that such variations can ind the and of the
clear atmosphere. These capabilitics have applications in pheric and me logical rescarch and various
operational activities.
LIDAR: A NEW ATMOSPHERIC PROBE 223
Primary receiver Auxiliary receiver

=
Figure 1. Simultaneous observations of cirrus cdoud 4 October 1965. The two traces show the returns

(relative intensity va height) from cirrus cloud a3 obeerved simultaneously by the SRI Mark II 1965 lidar
and an auxiliary receiver located at & distance of 17 m.

R.T. H. Collins, Lidar: A new atmospheric probe,
Quart. J. Royal Meteor. Society, 220-230, 1966
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Laser remote sensing

ATMOSPHERIC WINDOW

Most of the
Visible light infrared spectrum Long-wavelength
; e beanalic P Radio waves observable  adio waves
Gamma rays, X-rays and ultraviolet absorbed by from Earth
light blocked by the upper atmosphere from Earth, atmospheric blocked.
(best observed from space). with some gasses (best
atmospheric e
distortion. from space).
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Laser remote sensing

ATMOSPHERIC WINDOW
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Laser remote sensing
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Laser remote sensing

WHAT HAPPENS WHEN ONE SENDS A LASER BEAM
INTO THE ATMOSPHERE ?
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THE SCATTERING MECHANISIMS...

Laser remote sensing
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Scattering type Cross section (cm?)  Ratio (%)

Rayleigh 1.156x 10~27 100

0O, RRS 7.10x10~29 6.1
N>, RRS 2.94%107% 2.5
Air RRS 3.82x10~2° 3.3

VRS - 0.1

RAYLEIGH SCATTERING - INTENSITY

The Intensity of the scattered light is proportional to the
inverse of the fourth power of the EM wavelength.

I ~ 1%
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Laser remote sensing

BLUE vs
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Laser remote sensing

A LITTLE BIT OF DIMENSIONAL ANALISYS
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A LITTLE BIT MORE OF DIMENSIONAL ANALISYS

RAYLEIGH SCATTERING - DIMENSION ANALYSIS

SCATTERED INTENSITY (POWER)

5

J - Es-

V%79
E,-‘-V“
(o«

8

WHY DON’T WE SEE THE SKY AS VIOLET THEN ?

“ The wonders of Photoshop
and Gimp ”
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Laser remote sensing

SPECTRAL SENSITIVITY
OF THE EYE AT DAYTIME

TRAL SENSITIVITY

SPEC

|
400 500 600 700 800
WAVELENGTH IN NANOMETERS (NM)

} 380 to 780 nm ‘

range visible to humans:
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RAYLEIGH SCATTERING CROSS SECTION

Laser remote sensing
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Laser remote sensing

Unpolarized Molecule

sunlight Unpolarized
light
e \’ = ‘&
I \ Partially
polarized
light
- o 2

Polarized light
v

L
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Laser remote sensing

IN SEARCH OF ACCURACY

Here we suggest a method for calculation of Rayleigh
optical depth that goes back to first principles as sug-
gested by Penndorf (1957) rather than using curve-fit-
ting techniques, although it 1s true that the refractive
index of air 1s still derived from a curve fit to experi-
mental data. We suggest using all of the latest values
of the physical constants of nature, and we suggest in-
cluding the variability in refractive index, and also the
mean molecular weight of air, due to CO, even though
these effects are 1n the range of 0.1%—-0.01%. It should
be noted that aerosol optical depths are often as low as
0.01 at Mauna Loa. Since Rayleigh optical depth 1s of
the order of 1 at 300 nm, it 1s seen that a 0.1% error
in Rayleigh optical depth translates into a 10% error 1n
aerosol optical depth. Furthermore, it simply makes

sense to perform the calculations as accurately as pos-
sible.
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Laser remote sensing
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Laser remote sensing
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Laser remote sensing

MIE SCATTERING - TOWARDS A BIGGER SCATTERER
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Laser remote sensing

MIE SCATTERING - BUILDING CONCEPTS

SIZE PARAMETER SCATTERING EFFICIENCY
2Ta O-S
X=—F— Q ==

A 4
N4

BOTH ADIMENSIONAL QUANTITIES

B SPSAS on Atmospheric Aerosols
Sao Paulo, July 2019



Laser remote sensing

MIE SCATTERING - TOWARDS A BIGGER SCATTERER

x << 1 RAYLEIGH SCATTERING

X > 1 MIE SCATTERING
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Laser remote sensing

Mie Scattering

The scattering from molecules and very tiny particles (< 1 /10 wavelength) is
predominantly Rayleigh scattering. For particle sizes larger than a wavelength, Mie
scattering predominates. This scattering produces a pattern like an antenna lobe, with a
sharper and more intense forward lobe for larger particles.

Rayleigh Scattering Mie Scattering Mie Scattering,

Iarger particles

——- Direction of incident light

Mie scattering is not strongly wavelength dependent and produces the almost white glare
around the sun when a lot of particulate material is present in the air. It also gives us the
the white light from mist and fog.

Greenler in his "Rainbows, Haloes and Glories" has some excellent color plates

demonstrating Mie scattering and its dramatic absence in the particle-free air of the polar
regions.

h SPSAS on Atmospheric Aerosols
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Laser remote sensing

Rayleigh and Mie Scattering

Rayleigh -

Scattering N W
]
\

Mie Scattering

From overhead, the Rayleigh
scattering is dominant, the

Mie scattered intensity being
A k Rayleigh projected forward. Since
NN Rayleigh scattering strongly

Y

favors short wavelengths, we
see a blue sky.

When there is large particulate matter in
the air, the forward lobe of Mie scattering j Observer
is dominant. Since it is not very wavelength

dependent, we see a white glare around the sun.
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Laser remote sensing

Halos
The 22° Halo

The familiar 22° halo around the Sun or Moon occurs because of refraction in tiny hexagonel
ice crystals in the air. With the 60° zpex angle of the prism formed by extending the sides of
the crystal and the index of refraction of ice (n=1.31) one can calculate the angle of minium
deviation to be 21.84°.

Hexagonal ice crystals can be
viewed as part of an
equilateral 60° prism,

Ice crystals at
all orientations
in the sky give
60° 2 full circle of

light around the
S sun.

i Sun
direction

~ of original
ray

refracted 200

ray 22° Halo

Sun Dogs
Sun Dogs (Parhelia)

Crystals tend to flatten
out as they fal.
The high intensity spots of light at the horizontal @ @
points of the 22° halo compared to the rest of the
halo are attributed to the orientation of the
falling ice crystals. A portion of the ice crystals @
are flat hexagonal plates and they tend to orient X
themselves with flat side 22\
horizontal when falling X5
through the air. 22
Sun Parhelic arc
Parhelion Parhelion
(Sun dog) (Sun dog)
22° Halo

Fduarda | andull
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Laser remote sensing

MIE SCATTERING - TOWARDS A BIGGER SCATTERER
A D ———
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Fig. 8 Scattering of visible light by oil droplets
of diameter 0.1 um (solid curve), 0.8 um
(dashes), and 10 um (dots) Eraig Bl
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Laser remote sensing

MIE SCATTERING - AROUND A BIGGER SCATTERER
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Laser remote sensing

Polarized phase function
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Fig.19.2 Polarized Mie scattering phase function as
a function of scattering angle for cloud droplet having
a lognormal particle size distribution with an effective ra-
dius reff = 9 wm. Upper panel: phase function as a function
of wavelength with fixed o, = 0.02 effective size vari-
ance; lower panel: as a function of effective size variance
(courtesy of Bréon and Goloub, 2003)
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Laser remote sensing

MIE SCATTERING — SOME RESULTS

=1 38

EFICIENCIA DE EXTINCAO

0 5 10 5 20
PARAMETRO DE TAMANHO
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Laser remote sensing

gh memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the

B SPSAS on Atmospheric Aerosols Eduardo Landulfo — 2016



Laser remote sensing

MIE SCATTERING - SOME RESULTS
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MIE SCATTERING - BUILDING CONCEPTS

WHAT’S THE TYPE OF SCATTERING ???

\& . SPSAS on Atmospheric Aerosols
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Laser remote sensing

Passive methods:
Based on“uncontroled

illumination”: ..
- extinction

- Sun :
- scattering

- terrestrial emission

@[\/'/L *

- longwave emission

Active methods:

Based on “controled

illumination” and .

- lidar

measurement of

backscattering

- radar

Lidar (light detection and ranging) is an active remote
sensing technology that measures distance by illuminating a target with
a laser and analyzing the reflected light

B +. SPSAS on Atmospheric Aerosols




Laser remote sensing

Physical Process Device Objective

| Aerosols, Clouds:
Geometry, Thickness

/ﬁ Gaseous Pollutants
Absorption by ; DIAL i Ozone
Atoms and Molecules
Humidity (H,O)

Raman Lidar

Elastic Scattering Mie Lidar
by Aerosols and Clouds

Aerosols, Clouds:
Optical Density

\\( Temperature in

Inelastic Scattering

in Mid-Upper Atmos

Elastic Scattering | Rayleigh Lidar Lower Atmosphere
By Air Molecules N 4 Stratos & Mesos
" Resonance v Density & Temp

Resonance Scattering/ J Hioresconce Temperature, Wind
Fluorescence By Atoms / Lidar »  Density, Clouds

Doppler Shift Wind Lidar » Wind, Turbulence
Laser Induced Fluorescence » Fluorescence Lidar Marine, Vegetation
Reflection from Surfaces Target Lidar » Topography, Target

Laser Altimeter

B SPSAS on Atmospheric Aerosols
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Laser remote sensing

Laser-atmosphere interactions...

Laser — Atmosphere Interaction

Elastic Scattering (A,=A\,)

Inelastic Scattering (Raman
Scattering) (A,=A,+AL;)

Differential Absorption
DIAL (A,, A,)

Resonance Scattering

Doppler shift

Laser Induced Fluorescence (LIF)

. SPSAS on Atmospheric Aerosols

Atmeospheric Parameter-Species

Acrosols (PMs), clouds, atmospheric
density, atmospheric structure,
temperature. ..
Water vapor, RH, O,, temperature,
Acrosols (extinction, backscatter
coefficients)
SO,, O;, NO,, NO, CO,, Hg, HF, HCI,
NH,, HCs, CO, H,O

K, Na, L1, Ca, Fe

Wind measurements

OH-

Sao Paulo, July 2018



Laser remote sensing

Scattering and absorption processes
by molecules and particles

Transmitter
Laser

Receiver
Telescope

- ———— -

s
o
<

LIDAR I
Instrument

. Photo-detector

7
X

-

Backscattered
light collected
by the receiver

A

Electric signal as a function
of time

Lidar shows great sensitivity to
discontinuities in scattering or
absorption properties of the
atmospheric medium

A SPSAS on Atmospheric Aerosols

Moving scattering volume

Cte ct
—§ located at range r =—

Signal

The backscattered light at time
t/2 will be detected at time ¢

1
I
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|
1
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|
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Laser remote sensing

LIDAR EQUATION- BUILDING CONCEPTS

REMOTE
SENSING

>
-

-

—
-

telescopearea  Ulla Wandinger in Weitkamp
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Laser remote sensing

LIDAR EQUATION - PROBED VOLUME

Vp =A[.AR

scattering volume \’L

\\- ... .'

[frf‘

Vp =A;.—
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Laser remote sensing

| LIDAR EQUATION- BUILDING CONCEPTS

At a given Range (R) and Wavelength () :

SIGNAL GENERATION SIGNAL TRANSPORT

A SPSAS on Atmospheric Aerosols
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REMOTE
LIDAR EQUATION- BUILDING CONCEPTS SENSING

At a given Range (R) and Wavelength (M) :

SIGNAL GENERATION

NATURE OF INTERACTION

SIGNAL TRANSPORT

A SPSAS on Atmospheric Aerosols
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Laser remote sensing

LIDAR EQUATION- TRANSMISSION IN THE ATMOSPHERE

R
() 58—2/0 o(A,r)dr

EXTINCTION COEFFICIENT

h SPSAS on Atmospheric Aerosols
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Laser remote sensing

LIDAR EQUATION - THE FINAL CUT

CcT ;
J(A,R,r) =Br(A,R,r)I(R,r)| & Vp:AL.—L 8 p(;t.R.r):%x'l'(l.R)xe(/l)xg(R.r]

P(, — I(R,r).AL

R
" ( - -
-'/0 a(A,r)dr

T(A,r)=e

—2 / o(A,r)dR

P(L.R) = P, o2 Be(A. RIE)L(R). (L) o

ELASTIC LIDAR EQUATION
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Laser remote sensing

LIDAR EQUATION - OVERLAP FUNCTION

R=@n.;"T
asi\ (Plaser Laser
Ay \T_

‘ptelescope ‘@ q
Telescope )

4
v

Laser

K
T T

R= (plaser *r x‘he'escope &Y
b | L ﬁ{\DTelescope

W(r) e e

r KOVALEV & EICHINGER

e e
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Laser remote sensing

LIDAR EQUATION - OVERLAP FUNCTION

NO OVERLAP
1
2 @ PARTIAL OVERLAP
3

@ FULL OVERLAP
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Laser remote sensing

LIDAR EQUATION - SOLUTIONS

ATMOSPHERIC OPTICAL PARAMETERS

Bl Ry Po% RIEM)C(R). (SF) ezfoR)dR

h 4

v EXTINCTION COEFFICIENT
BACKSCATTERING COEFFICIENT {
(A(R)] = km

B(R)] = km " .sr
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Laser remote sensing

AEROSOL STUDIES WITH LIDARS - SOLUTIONS

LIDAR RATIO

P(A»R) . Pﬂ%ﬁﬂ’(lvR)e(l)C(R CTL 2/ l r

ol (R 81 aer( R
Laer(R) = /(R) = 3 57 Laer(R) = G\ B
6}7101 (R ) 3 ﬁaer (R )

LIDAR RATIO (MOLECULAR) LIDAR RATIO (AEROSOL)
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Vibration Raman lidar

» The technique:

Relative Intensity (arb. Units)

A SPSAS on Atmospheric Aerosols

Molecular scattering at for 532nm

1.5
125 Q Branch

1k
0.75 _ﬁ:;l;btokes Stoke’s

lines First vibrationally
05 k- shifted lines
0.25 Al
\
) JIL . A\
500 525 550 575 600 625 650
Wavelength (nm)
Emit Detect (2)
Detect (1)

Image from Kovalev V.A. (2004)

Laser remote sensing
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Laser remote sensing

Rotational Raman lidar

» The technique:

Molecular scattering at for 532nm

1.5
= 125 Q Branch
=
=
= U
E_
> ’
= ti-
@ 075 _?:eiSStokes Stoke’s
m -
= lines First vibrationally
‘o o6k shifted lines
= =
©
©
@ 025
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0 78 AN 1 1 401\ 1
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Wavelength (nm)
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Detect (1) Detect (2)
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AEROSOL STUDIES WITH LIDARS - RAMAN LIDARS

RAMAN SCATTERING CROSS SECTION

= SPSAS on Atmospheric Aerosols

DIFFERENTIAL
TRANSMISSION
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Laser remote sensing

AEROSOL STUDIES WITH LIDARS - RAMAN LIDARS

l NITROGEN RAMAN
SCATTERING

A, = 355 nm

A SPSAS on Atmospheric Aerosols
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AEROSOL STUDIES WITH LIDARS - HRSL LIDARS

HIGH RESOLUTION SPECTRAL LIDARS
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Laser remote sensing

1.0

... Emitted

06}

04

Intensity [a.u]

Aerosols

0.2

Al

0.0 A
-2 0 2 4
Frequency offset [GHz]

25

... Received /7

15¢

10

Ty
05 j// | \?\\d)

0.0
6 -4 -2

Intensity [a.u ]

Frequency offset [GHz)

Sao Paulo, July 2019

A SPSAS on Atmospheric Aerosols




Laser remote sensing

AEROSOL STUDIES WITH LIDARS - HRSL LIDARS

HIGH RESOLUTION SPECTRAL LIDARS

Pmol(r) = Km"]r-zo(r)ﬁmol(r) 3P (_2/ Q’(",)d",)
0

Poalr) = Kaer"_zo(l")ﬂaer(l") exp (_2/ Ol(l”')dl”)
0
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Laser remote sensing

Teramobile LIDAR

The TERAMOBILE laser

Laser Parameters :
790 nm
350 mJ
60 fs
5TW

Kasparian J. et al, Science, 301, 61, 2003]
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Laser remote sensing

Teramobile LIDAR Femtosecond lidar

white light channel

signal

Titanium-Sapphire ‘ I\\\
- .

laser-system, 790 nm,

\ \\
300 mJ, 100 fs \ (40omia
\
\ /

grating compressor
/ fime-resolved

spectrometer

[Kasparian J. et al, Science, 301, 61, 2003]
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