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INTRODUCTION
WHAT IS REMOTE SENSING?

Process of obtaining information about properties of a target
without contact.

This information is propagated by means of electromagnetic
radiation interacting with the target.
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Active remote

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




INTRODUCTION

There are a wide variety of fields of applications for lidar:
* Geology
* Archaeology
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* Biology (vegetation)
* Society

* Astronomy
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INTRODUCTION
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Archaeology: aiding in the planning of field campaigns, mapping
features beneath forest canopy, and providing an overview of broad,
continuous features that may be indistinguishable on the ground,
creating high-resolution digital elevation models (DEMs) of
archaeological sites that can reveal micro-topography that are
otherwise hidden by vegetation
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Image taken from: Chase et al., 2011, Journal of Archeological Science, 38, 387-398
Maya Site of Caracol (Belize)




INTRODUCTION

Biology (vegetation): lidar has also found many applications in forestry.
Canopy height and biomass measurements can be all be studied using
airborne lidar systems. Tree height strongly correlated to other properties
(as woody biomass, age, etc)
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INTRODUCTION

Geology: In geophysics and tectonics, a combination of aircraft-based
lidar and GP’S has evolved into an important tool for detecting faults and
for measuring uplift. The output of the two technologies can produce
extremely accurate elevation models for terrain and enables surveys to be
taken of the coastline. It is also used extensively to monitor glaciers and
perform coastal change analysis
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INTRODUCTION

= Aerosol particles: liquid or solid particles suspended in a gaseous medium
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(several types)

= Atmospheric aerosols play an important role in the Earth’s climate system:

1. they interact with solar and thermal radiation, modulating the Earth
radiation budget

2. they modity clouds microphysical properties by acting as cloud
condensation nuclei and ice forming nuclei
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INTRODUCTION

= Aerosol particles: cooling/warming effect
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depending on vertical distribution and types (among other factors)
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= Classification:
v’ Mineral particles

v Marine particles
v" Carbon particles

v’ Sulfates, nitrates and
organic compounds
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INTRODUCTION

Radiative forcing by components

IPCC (2013)
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LIDAR TECHNIQUE

Lidar: Light detection and ranging
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LIDAR TECHNIQUE

D\
‘s Datn

Acquisition
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The key of this technique is the use of pulsed lasers, which
allow for obtaining range-resolved information from the
delay between emitted and received pulses
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RANGING (BASED ON TIMING)
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Spatial resolution example: S
I
Nd:YAG Laser (1064 nm) al
Q-switch pulsed: t~ 10 ns '
A 4
AR ~15m “temporal pulse length™t
In practice there are additional
limitations like the sampling
frequency of the acquisition D
system or the finite bandwidth of
the detector...
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LIDAR SETUP: LASER SOURCE

» 1960’s: nitrogen laser (337 nm) and ruby laser (694nm—>347nm):
relatively low average power, limited to 2 km
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> 1980’s: pulsed lasers with high average power as UV excimer laser
(XeCl at 308nm and XeF at 351 nm) and Nd:YAG laser

» currently Nd:YAG (Neodymiun-doped Yttrium Aluminum Garnet):
1064 nm - 532 nm - 355 nm
repetition frequency : 1-50 Hz
energy/pulse: 100 mJ to 1.5 ] (at 1064 nm)
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LIDAR SETUP: TRANSMITTER OPTICS

» Mirrors to transmit the laser beam (high reflectivity / high transmissivity)
» Beam expander made of lenses (anti-reflection coated) allows for:

a beam expansion by a factor ~ x4 - x10

reducing background light

increasing SNR

reducing divergence (~1mrad)
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LIDAR SETUP: RECEIVER OPTICS

> (Pprimary: 30 cm -1 m and (Psecondary: ~lcm

» compromise between a small FOV necessary for high background
supression and a large FOV for a sufficient signal intensity from short
distances (FOV a factor of ~2-10 larger than the laser divergence)

» receiver optics behind telescope must be optimized for high transmission
of the Raman signals

» dichroic beam splitters: reflect light of a certain A an transmit others

> interference filters: typically FWHM <0.5 nm, suppresion factor 108-10°
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LIDAR SETUP: DETECTORS AND DATA ACQUISITION

» photomultipliers in An and PC mode are typically used (PMTs)
» high quantum efficiency (in UV ~ 25%) and low noise
» detector outputs can be preamplified before registration
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» time resolution (or window length) is ~ 100 ns, (7.5 — 15 m)
» averaging time for the raw signals is 10- 60 s

» signals are usually further averaged in time and space during data
evaluation
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ELASTIC LIDAR FOR AEROSOLS

Generally consists of a non-tunable high-power pulsed laser and intensity
of the received signal is measured

A narrow beam is transmitted into the atmosphere and backscattered by
the atmosphere to a receiver telescope and detector

The nature of the backscattering is determined by the properties of the
volume of the atmosphere that contains the Rayleigh (molecules) and Mie
(particles) scatterers

The combination of the short laser pulse (~10 ns) and the small beam
divergence (~107° to 10 radians) results in volumes of a few cubic meters
at ranges of tens of km

The primary properties measured are the intensity and polarization of the
signal, and these are used to retrieve particle properties
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LIDAR EQUATION
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P, average power of single laser pulse, t temporal pulse length
E =Pt pulse energy i J-R o0
The propagation through distance R implies an attenuatione *

0a(X)dX

and (P /A) e_j represent the power per unit area that illuminate
a volume of atmosphere at distance R




LIDAR EQUATION

. A =mr?
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2 R R |
The illuminated volume c(t/2)A; produces a backscattered signal
proportional to the backscatter coefficient R
Pcr A -2 a(x)dx

This signal travels back to the detector suffering
an additional attenuation and thus the signal | 2 R®
collected by the detector system of surface A is:

p(R)e




LIDAR EQUATION
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2 jORa(x,i)dx

P(R, 4) = Po(i)%ﬂ(R,/l)e _p (z)%ﬂ(R,z)T(R,W

P(R,A) = power received by the system after backscattering from range R
P (A)= power transmitted

C =lidar calibration constant

B(R, A) = backscatter coeff. (length-'sr?)

(R, A) =volume extinction coeff. (length!)

The term B(R, A) is the backscatter coefficient at distance R, it stands for
the ability of the atmosphere to scatter light back into the direction from
which it comes

T(R, A) is the transmission term and describes how much light gets lost
on the way from the lidar to distance R and back

Most of the information about atmospheric properties derived from
backscatter lidar measurements is based on extinction, a(R, A), and
backscatter coefficients, (R, A)




. MORE ON LIDAR EQUATION

Overlap function O(R):
geometrical overlap between laser
beam and telescope field of view

O(R) accounts for the partial
overlap in the near height-range
and tends to estabilize (ideally to 1)
in the far height-range
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Elastic lidar equation including overlap:

ja(x 2)dx

P(R,A)=P (/1)—O(R),B(R Ae
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Elastic lidar equation including overlap:

—ZJ;Ra(x,A)dx

P(R,4)=P,(4) %O(R)ﬂ(R, Ae
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B(R, A) = backscatter coeff. (length-sr)

a(R, A) =volume extinction coeff. (length!)

LIDAR EQUATION .-
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shape, composition, concentration, etc.




FIRST STEPS USING LIDAR EQUATION

...performing a basic calculation (range corrected signal) on the lidar
equation, a first idea of the behavior of the atmosphere can be obtained...
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Height a.s.l.{m)

GEOMETRICAL PROPERTIES

Geometrical properties:
- base height

- top height

- geometrical thickness

11000.0- Granada station
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Time

Forest fire smoke layers on 14/07/2013
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Quicklooks can
provide a
rough estimate
of geometrical
properties but
quantitative
information is
needed
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GEOMETRICAL PROPERTIES .-
= — =5
R=1 - 7
To quantify geometrical properties ; ES —
two groups of algorithms: threshold ‘ ' W ég
methods and derivative methods 6 4 | :E =
1 =
; ' 5 ™
i ) A
Threshold  methods:  processed __ 5 4! A
profiles are needed. Typically, this — \ :3 EE
threshold is established in terms of ©? ' Z§ @)
the backscattering ratio: © | —
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GEOMETRICAL PROPERTIES

Derivative methods:

\NIT11 1 IJCNMN\AI 1\

- advantage of the derivative methods: applied directly to uncalibrated
raw lidar data, i.e., no additional measurements, models or
assumptions are required

- first derivate method, second derivate method, logarithm derivate
method
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change of the signal, instead of an absolute change as other derivative Evora
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GEOMETRICAL PROPERTIES

- the backscattered lidar signal of a clear atmosphere decreases
monotonically with altitude (derivative is always negative)

- aerosol layer implies an abrupt increase in the signal values, such that
around the layer base and layer top the sign of this derivative changes
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- the change from negative to positive is identified as layer boundaries
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GEOMETRICAL PROPERTIES

Signal-to-noise ratio (SNR) is a critical issue when geometrical
properties are computed. To improve SNR, two methods are possible:
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LAYER DEPTH, km
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Two-year analysis of layer depth in Portugal (Preissler et al., JGR 2013)
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ELASTIC METHOD

RAMAN METHOD

LIDAR OPTICAL ALGORITHMS

First we will describe the technique used to compute the particle
backscatter coefficient from return signals measured with the widely
used elastic standard backscatter lidar

The main drawback of this method is that trustworthy profiles of the
climate relevant volume extinction coefficient of the particles cannot
be obtained. The extinction profile must be estimated from the
determined backscatter coetficient profile

By applying the so-called Raman lidar technique, the profile of the
particle extinction and backscatter coefficients can be independently
determined

An aerosol Raman lidar measures two signal profiles, which permit
the separation of particle and molecular backscatter contributions
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KLETT-FERNALD METHOD

Starting point: lidar equation

N
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—2j a(xA)dx

P(R,A)=P (Z)—O(R),B(R A)e =
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=R (/I)FO(R)ﬂ(R,/I)T(R,/I)2

B(R,A) (kmsr!) and a(R, A) (km™) are the backscatter and extinction
coefficients in the atmosphere

Remembering the definition of lidar range corrected signal:

2 joRa(x,ﬂ)dx

RC.S.(R,A)=P(R,1)-R* =P, (1)-C-O(R)-5(R, 1) €




KLETT-FERNALD METHOD

—2j0Ra(x,/1)dx

RC.S.(R,A)=P(R,1)-R* =P, (1)-C-O(R)-5(R, 1) €

The conversion of lidar signal into range corrected lidar signal causes a
change in appearance:
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KLETT-FERNALD METHOD

-2f "(x.4)dx

2
O
N
U

RC.S.(R,A) = P(R, 1)R? = P,(1)-CO(R)-B(R, 1) €

... some considerations:

» the overlap is assumed to be complete, O(R)=1 =2 R>R_;,

» we dropp the wavelength dependence

RC.S.(R)=P(R)-R*=PC-B(R) €

2 jORa(x)dx

> BR) (kmlsr?) and a(R) (km?) are caused by particles and

molecules:
,B(R) — ﬂmol (R) T ﬂpart(R)
a(R) = SH(R) + cUR) + 02 (R) + o2 (R)

ol part part

~ 0 km'at lidar wavelengths




KLETT-FERNALD METHOD

Taking into account molecular absorption effects are ignored:

(R) =71 (R) + 0 par(R) + Tpan(R) = @y (R) + e (R)

ol part part

Therefore, the range corrected signal is:

_ZIOF[amoI (X)"'apart(x) ]dX

RCS(R) — I:)o 'C'[ﬁmol (R) T ﬂpart(R)]'e

measurement

unknowns

The molecular properties, B,,,;(R) and a,(R), can be determined from
the Rayleigh theory using the best available meteorological data of
temperature and pressure or approximated from appropriate standard
atmospheres so that only the aerosol scattering and absorption
properties, B,,(R) and a.,,«(R), remain to be determined

2
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KLETT-FERNALD METHOD

Shortcoming: 1 measurement versus 2 unknowns

N
\

ICN\Al |\
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F[Ofmol(X)"‘&part(X)]dX
0

RC.S.(R) =P, C{f,0 (R)+ Bran(R)J€

measurement

unknowns
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How to solve?: definition of the particle and molecular lidar ratio
(extinction-to-backscatter ratio)

L (RA) =220 Ly ()= 20 - B
ﬂpart(Ri /l) moI (R i) 3
dependent on range and independent on
wavelength because depends on: range and wavelength
» size distribution
» shape

» composition (refractive index)




KLETT-FERNALD METHOD

In the next step:

» lidar ratio definitions are included
» the equation is reorganized
» the resulting Bernoulli equation is solved

Solution:

ﬁpart(R) — _leoI (R) +

_|_

RCSR)yop ] 2 [ [Lreu)- L B 00K

RCS.(R,)

ﬂpart(RO) + ﬂmol (RO)

~ 2" Lr, (X)RCS.(X)-0xp (— 20 (L0 (0~ L1 B (x)dxjdx'

...many things ... but they are known (almost)
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KLETT-FERNALD METHOD .-

— =

ﬁpart(R):_ﬁmol(R)'i_ E; é"_)
[Res@len |2 Erun0 a0 2

+ : m =
21T ; - - (_ ‘ j ) o™
ﬂpanR(RCo)i(ﬂij(Ro) 2[ [ (I RCS () e - 2] Lt s (000 e i
o &

%9

» lidar range corrected signal (R.C.S.) is known ) §2

» molecular properties are known from meteorological data of e @)
temperature and pressure or approximated from appropriate standard =
atmospheres Evora

4" July 2016

A\

particle lidar ratio is an input parameter

» boundary condition at R, ... how to choose it?
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KLETT-FERNALD METHOD T
> O
Bran(R) = ~Brag(R)+ =
R O n
RC.S(R)-eX0 |- 2] [Lr0r(¥) — Ly [ (X)X D
+ : AENE
RC.S.(R)) : . . 2 s
ﬂpart(Ro) + ,B:M (Ro) ZIRO Lrpart(x )RCS(X )eXp (_ 2.[R0 [Lrpart(x) - er0| }ﬂmol (X)dedX ET Eg
5 "F . . (@) i
] \ normalization: 6 - 7 km. O %q
. _Il : Molecular at R(): prart(RO) << leoI (RO) :< 1
Experimental -
|\ 'l ’ prart(RO)+ﬂmol(R0)zﬁmol(RO) Tg) CD
~ Y =
I (clean air conditions are &)
= normally given in the middle Z
(@)]
c Sf and upper troposhere) Evora
S 4% July 2016
£ of
<
1} ] Now, the boundary condition
term is also known

0 I -3 I -3 I -3 -3
0.0 2.0x10° 4.0x10” 6.0x10™ 8.0x10
Normalized R.C.S. (a.u.)




KLETT-FERNALD METHOD

In principle, the solution for B,,(R) can be integrated by starting from
the reference range R, which may be either the near end (R>R,, “forward
integration”) or the remote end (R<R, “backward integration”) of the
measuring range

R<R,

o
i Forward integration | Backward integration

bad Bpart(RO) gOOd Bpart(RO)

é i (clean atmosphere)
;f, ; numerically unstable numerically stable

0 good SNR for R.C.S. worse SNR for R.C.S. at
E at R, R, (easily solved)

<

R>R, .
Backward integration method is preferred

OOO I 3 I 3 I -3 -3
. 2.0x10™ 4.0x10” 6.0x10™ 8.0x10
R.C.S. (a.u.)
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KLETT-FERNALD METHOD

N
\

I\

apart(R’ﬂ*)
/Bpart(R’i)

The most critical parameter in this method Lr (R, 1) =
is the selection of a particle lidar ratio partx™

ICN\Al |\
douyvly
C
10

Effectof Lr, on /[,

- Lr__ . values independent of
e | r=2081 | part p

—— Lr=30sr altitude are typically used
—— Lr=40sr |
m Lr=50sTI ]
6 m Lr=60sTI -

——Lr=70sr | Some values of
| r=80sr . . .
1 particle lidar ratio:

L (at 532 nm)

¢
r
-
C

D dJdyvyyvl

Altitude a.g.l.(km)
N

Marine particles 20-35 sr

)| Saharan dust 40-70 sr
| Biomass burning 70-100 sr
Urban/continental 45-75 sr

0.0 1.0x10° 2.0x10° 3.0x10° 4.0x10°
-1 -1
Part. backs. coeff. 532 nm (km™'-sr ')




KLETT-FERNALD METHOD

The spectral dependence of B, is strongly dependent on particle size:
commonly used for the qualitative description of particle size

Altitude a.s.l. (km)

7

—I 355 nm ILr=4Osr

particles

particles

m— 532 nm Lr=41sr ]

Saharan dust -

Anthropogenic

0.0

5.0x10° 1.0x10° 1.5x10° 2.0x10°-1

Part. Backsc. Coeff. (m™'sr™")

0 1 2 3
B-related AE (355-532 nm)

CN\\ I\Y
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KLETT-FERNALD METHOD

In this way we obtain the profile of the particle backscatter coefficient
and from this the profile of particle extinction coetficient can be

estimated by:
apart(R) = Lrpart(R)IBpart(R)
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An example:

— | r=20sr — | r=20sr

7} == Lr=30sr | a1 = Lr=50sr | 0
| r=40sr m— | r=80sr
e | r=50Sr1 AOD e j & art(R)dR
6 e Lr=60SF - | 0 p
— e | r=708r . L r —
E 5L = | r=80sr | part E
3
] ]
2 2 20sr 0.17
2 3r =
Z , Z 50sr 0.33
80sr 0.44
1 L
0 L L L 0 L L
0.0 1.0x10° 2.0x10° 3.0x10° 4.0x10° 0.0 1.0x10"  2.0x10"  3.0x10"

Part. backs. coeff. 532 nm (km™sr™) Part. extinct. coeff. 532 nm (km™)




C
D

KLETT-FERNALD METHOD

Improvement : K-F method constrained by AOD

N
\

I\

photometer

ICN\Al |\
douyvly
C
10

1 - Aplication of K-F method with an initial value of Lr,,

-
=
=
rm
2o
2)

2 — Computation of aerosol extinction profile and AOD from lidar:

apart(R):Lrpartprart(R) AODIldar Jm part( )dR Lrpart_[ :Bpart(R)dR

3 — Comparison of AOD from lidar and photometer:
AOD 4 ger— AOD

photometer Ildar

4 —Modification of Lr,,,, if necessary (go to 1)

This column-related Lr,,,, must be considered as an effective Lr

. . part:
the true Lr,,, profile remains unknown




SUMMARY ON K-F METHOD

» The K-F method allows for determining the B, profile
» Numerical stability is given in the backward integration

» The reference range R, is usually chosen such that B, at R, is

negligible compared to the known 3,

» The most critical input parameter is the L, (R). This quantity depends
on the microphysical, chemical and morphological properties of the
particles, and can vary strongly with height, specially when the
atmospheric aerosols present a layered structure.

» The application of the K-F method constrained by AOD,j,,tometer allows
for obtaining an an effective Lr but the true Lr,,,, profile remains

part’
unknown

» Variations between 20 and 100 sr make it practically impossible to
estimate trustworthy particle extinction profiles from backscatter ones
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MOLECULAR COMPONENT

As previously mentioned, the K-F method (and others that will be shown
later) needs the molecular component

2
O
N
U

Bmol Profile can be computed from the Rayleigh theory and ideal gas law:

97°(n’ -1)° (6+3p WL P(R)
ANZ(n+2)*(6-7p) P, T(R)

ﬂmol (R) —

n, refractive index

Yo, depolarization factor (0.0301, 0.0284 and 0.0273 at 355, 532 and 1064
nm respectively)

N, = 2.54710%cm™ molecular number density for conditions of a 4ﬂ,]ELf};’SOI6

standard atmosphere at sea level

P, =1013.25hPa T, =15°C

Only pressure and temperature profile are needed




MOLECULAR COMPONENT

How to obtain T and P profiles?
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Option 1: download radiosounding observations from...

L\ vemi http://weather.uwyo.edu/upperair/sounding.html :
Department of Atmospheric Science :
¢
Region Type of plot Year Month  From To ,f.:;::r
| South America v | | Text: List v| (2014 v | [Ju v||26M12Z v| 26122 ¥ | 80222

Click on the image to request a sounding at that location or enter the station number above.
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80222 Bogota’Eldorado (SKBO)
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How to obtain T and P profiles?

ININNI 1

1C/AMN\\\AI | \J

Option 2: if no radiosoundings nearby, use model data from NOAA
online: http://www.ready.noaa.gov/READYamet.php

' & AirResources Laboratory %

&« C A [ www.ready.noaa.gov/READYamet.php

r - ————— "y - —

Conducting research and development in the fields of air quality, atmospheric dispersion, climate, and boundary layer :

_— - e - _— oy A l

“\INI™TVI] )

[Enter search term(s) V_L(_Si\

5 i READY Archived Meteorology
ARL site only All NOAA =T
IEIARL T Archived Model Graphics

= e Choose aforecast location by entering a 3 or 4-character station identifier or a 6-digit WMO index number or a
®HYSPLIT Model latitude/longitude pair and then click the Continue button, or by clicking on the location in the map. You will be taken to
IEREADY the model products section. Information on ARL’s data archive is available at hitp:/iready arl. noaa.gov/archives php.

WREADY News :

» Transport & Dispersion —1 Select a Location
i-‘m- ’-‘s'p*‘. ‘H: oL Using a Code Identifier OR By Selecting a U.S. or World City
. £ ‘ Aifport or WO ID: | Search for Co [Or choose a city —> v
»Volcanic Ash Alrport or WMC B Search for Code | Y
» Short-Range Ensemble

‘Dispersion Forecasts OR by Lag
»Gaussian Plume Model
» Balloon Flight Forecasting Latitude (degrees) |

Tools -

is'(_;ummg Forecast Longitude (West < 0)
Meteorology
» North America
» North America

> Air Quality
wU.S Trajectories
» Smoke Forecast

Vi :

»RSMC Products
»RSMC Information
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MOLECULAR COMPONENT

How to obtain T and P profiles?

Option 2: if no radiosoundings nearby, use model data from NOAA
online: http://www.ready.noaa.gov/READYamet.php

'@, READY - x

€« C A [ www.ready.noaa.gov/ready2-bin/mainarc.pl

ARL

. Air Resources Laboratory — , 7. -
' Conducting research and development in the fields of air quality, atmospheric dispersion, climate, and boundary layer -

ARL Home > READY > Archived Meteorology > READY Program Options Menu

READY Program Options Menu
READY PRODUCTS FOR LOCATION: 37.16 -3.61
METEOROGRAM -—-Choose An Archived Dataset—--------—-——-- v |§‘
WINDGRAM ———————— Choose An Archived Dataset- 'i @[
wiMDROSE || . Choose An Archived Dataset————— rlllcol .
SOUNDING | GDAS (1 deg. 3 hourly, Global) v||[eo] |
STABILITY TIME-SERIES | ——————Choose An Archived Dataset AR EES -
2D MAP (NCAR GRAPHICS) | ——————Choose An Archived Dataset-—— v |[6o]
2D MAP (PSPLOT) ———Choose An Archived Dataset || [6o]
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MOLECULAR COMPONENT

How to obtain T and P profiles?

Option 2: if no radiosoundings nearby, use model data from NOAA
online: http://www.ready.noaa.gov/READYamet.php

'@, READY - x

€ C ff [ www.ready.noaa. gov ready2-bin/lis farcfdep product:profilela&userid:3846&metdata:GDAS18irwwciatacf§;:GDAS

Air Resources I.uboruiory >~
Conducting research and development in the fields of air quality, atmospherlc dlsperslon, climate, and boundary layer

ARL Home >READY > Archived Meteorology > Choose Archive File

Select the GDAS1 File for the Period of Interest }

GDAS1 Meteorological File: | current7days v | Nextz> |

For data availability (what's missirl)view archives.php web page

FILE FORMAT OF THE ARCHIVE DATA:
If available, the current 7 days of data are located in the file called:

current7days

otherwise,

gdast.mmmyy.w#

where,

mmm = 3 letter month (jan=January)
¥y = 2 number year (05=2005)

w# = w1 for the first 7 days of the month
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MOLECULAR COMPONENT

How to obtain T and P profiles?

I1\NIMI

IVUIrJo dadyvyviio ALAVUIMO

Option 2: if no radiosoundings nearby, use model data from NOAA

online: http://www.ready.noaa.gov/READYamet.php
V& resov- T NI T T——

= C' A [1 www.ready.noaa.gov/ready2-bin/profilela.pl

1C/AMN\\\AI | \J

“\NINI™T]

ARL Home > READY > Archived Meteorology > GDAS1 Sounding

GDAS1 Sounding

1°NC \ITWWANAINC

The GDAS1 archive file contains data beginning at 0000 UTC 7/22/2014.

*{ Change Default Model Parameters and Display Options I

Month: | 07 * Day: [22 + Hour: [12 7

Time to plot (start time for animation)

>
]
D,
A
J
C
1
=
N
J
C
<
i
D)
2

(NN Nl

N VatmVaVYall

Animation: * None Javascript ‘ Duration: | 24 ¥ | hours D
7
Type: *' Full Sounding ‘ Only to 400 mb
Output Options: Graphic and text I * Text only Evora
4th 201
Graphics: Text Listing ® Skew-T Log-P Al ]”I}/ 016
Profile graphic size (dpi): 72 84 ‘ * 96 | 120
Create PDF? Yes * No
Type your access code (displayed at right) into the text box. This code is an ::I‘ I':*I ? ‘él E.fl 'lj r;l U g |\Pf| T \; ;
image that cannot be read by a computer. This access code prevents automated sy ;f E Niadie Fal) i LG
programs from requesting access to READY products, which have saturated the fT ‘%ﬂ ‘!H jﬁ'tl ﬁmym L
a5 YV Vilekiir i By

. - N i
system denying others fram obtaining products in a timely manner. NOINTJYBMBYNDKQ

EUPJZELZZLOQOCCWD
Enterthe access code from the box above to request product (case
insensitive): |, | g1 v | Get Sounding | | Reset |

READY Use Agreement
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How to obtain T and P profiles?

1C/AMN\\\AI | \J

Option 2: if no radiosoundings nearby, use model data from NOAA
online: http://www.ready.noaa.gov/READYamet.php

>
>
-3
)
N (¢
J -
- E <
-
'@, READY - x = =
= M :
e C' 4  [1 www.ready.noaa.gov/ready2-bin/profile2apl o f
A |
L
ARL Home >READY > Archived Meteorology > GDAS1 Sounding ( \ s
GDAS1 Sounding = C
ry ) (
GDAS1 Sounding for location: 37.16 -3.61 - b
< ey
—<
Another sounding || Another product || Another location H Start over L q (
File start time : 14 722 0 O — (
File ending time: 14 7 28 21 O ( \ r
Chosen date in metecrological file: 14 7 22 12 L q
YR: 2014 MoN: 07 DAY: 22 HOUR: 12 AT POSITION: 357.4 128.2 LAT.: 37.16 LON.: -3.61 ( D
PRSS: 0.9169E+03 -
MSLP: 0.1016E+04 P Z
TPP6: 0.0000E+00
UMOF: 0.1810E-01 -
VIDF:  -0.8032E-01 Evora
SHTE: 0.2457E+03
DSWE:  0.6276E+03 4th ]11[1/ 2016
RH2M: 0.29735E+02 e
U10M: -0.1S30E+00
V10M: 0.2643E+01
TO2M: 0.3012E+03
TCLD: 0.0000E+00
SHGT: 0.8337E+03
CAPE: 0.0000E+00
CINH: 0.0000E+00
LISD: 0.2771E+03
LIB4: 0.4349E+01
PBLH: 0.7327E+03
TMPS: 0.3160E+03
CPP6: 0.0000E+00
SOLM: 0.1796E+00
CSNO: 0.0000E+00
CICE: 0.0000E+00
CFZR: 0.0000E+00
CRAI: 0.0000E+00
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How to obtain T and P profiles?

Option 2: if no radiosoundings nearby, use model data from NOAA
off-line

NI 1 1ICNMN\\AI 1\

Download HYSPLIT software from:
https://ready.arl.noaa.gov/HYSPLIT.php
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Download GDAS meteorological data from:

ftp://arlftp.arlhg.noaa.gov/pub/archives/gdas1/ s
4" July 2016
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How to obtain T and P profiles?

Option 2: if no radiosoundings nearby, use model data from NOAA
off-line

7 = T
= | X |

;v‘.' AAS LIS (] 1) «ln f‘. u ]
Meteorology ’7 Trajectory Concentration Advanced

HYSPLIT4

An integrated system for computing
Trajectories, Air Concentration, and Deposition

ININI 1 ™

DJIIO/A\T1A JIAAdridouyvaiy
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How to obtain T and P profiles?

NI AN V™
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Option 2: if no radiosoundings nearby, use model data from NOAA
off-line

HYSPLIT4
An integrated system for computing
jectories, Air Concentration, and Deposition

Convert to ARL 4

DJIIO/A\T1A JIAAdridouyvaiy

(
:
]
(
E
(
(

check pile

Utilities 4 Contour Map

A1 AN L_ W N 2N B KN AW I AW AW Y aY e

INU

Evora
4" July 2016

Heteozology relp
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Grid Domain
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How to obtain T and P profiles?

Option 2: if no radiosoundings nearby, use model data from NOAA

~off-line
{ Meteorological Data Data Profile

Displays a text meteorological data profile (file:profile.txt) for an
ARL formatted data set. Defaults (zeros) to grid center location for
the first time period.

: /hysplitd sl.mayl4d.wd

Wind Display:l {* Vector|( Polar

Time offset (hrs): ¢ 0 C 2 ¢ 3 6 12 24 ( 48

Time increment (hrs):("Ot'"l("("G(‘12("24

Profile Location | Lat: |37.16 Lon: |—3.61 |
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How to obtain T and P profiles?

ININNI 1 C
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Option 2: if no radiosoundings nearby, use model data from NOAA
off-line

\ {f SIMULATION LOG.
METEOROLOGICAL PROFILE LISTING ...
Meteorological Profile: gdasl.mayld.wd

File start time : 14 522 0 O
File ending time: 14 5 28 21 O

Radiosoundings for the

Profile Time: 14 522 0 O whole week each 3 h are
Profile Location: 37.16 -3.61 (357,128)
computed

2
C
.
]
(
!
¢
C

DJIIO/A\T1A JIAdAdridouyvaiy

PRSS MSLP TPP6 UMOF VMOF SHTF DSWF RH2M Ul0M
SOLM CSNO CICE CFZR CRAI LHTF LCLD MCLD HCLD
hPa mm

NI\ I\ INNC \ITWANAINNC

INU

927 927 1015 0 -5e-2 -4g-2 -18.1 24.0 9%0.4 1.8 Evora

4% July 2016
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How to obtain T and P profiles?

Option 3: if no radiosoundings nearby, use standard atmosphere scaled
to your surface temperature and pressure

3
O
N

Example: U. S. Standard Atmosphere, 1976

Atmospheric dT/dz Glz -z

layer(km) (K/km) P=F, -exp{— ( : O)} if d% =0
0-11 6.5 T z
11-20 0 G
20-32 1.0 P=P .[T_OTT/ i y dT/ .0
32-47 2.8 T dz
g:;i _20 3  (J gravity at sea level
71-86 _é G=9gM /R—< M mean molecular mass of air

| R=8.31432 J-K™:mol™
TO Po Ly temperature, pressure and height of the layer base

z, = 2‘R /(z + R¢ ) geopotential height with Earth’s radius: Rz =6372795m




RAMAN METHOD

To solve the problems associated with the elastic backscatter lidar

several solutions have been proposed

The Raman lidar measures lidar return signals elastically backscattered
by air molecules and particles and inelastically (Raman) backscattered

by nitrogen and/or oxygen molecules

Raman lidar systems detect the
wavelength-shifted = molecular
return produced by rotational
and vibrational Raman
scattering from the chosen
molecule

2
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RAMAN SCATTERING T
> O
Elastic scattering : scattered frequency equal to incident one = :E’I
Raman scattering: scattered frequency shifted in a known amount Ea é’_’
: U =
depending on the scatterers SRR
——A—.ﬂ,—-"luu__.._ — e — [|-| FFI

level / )
& 2l
o @ N
A — 0
, 5 Q
3 , i, — O
s hy E 2 —
Y @
5 Vibrational =

E i \ovels Evora
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_ _ _ Stokes radinbon Anti-Stokes radiation . B -
R I ek [ @
- — — AE e

AV =V, -V, = —
hc,

Key: this shift characterizes each molecule




The strength of Raman signals is a factor of 20 (rotational Raman lines)
to 500 (vibration-rotational Raman lines) lower than the one of Rayleigh
signals

(
L
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RAMAN SCATTERING s
-1 =

Shifts for N, molecule: 3 ::)I
D —

3 g

355 387 3

488 551 =

w

532 607 29 1)

SN TE

55

@)

Y

>

Evora
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The Raman lidar is mainly used during nighttime in absence of the
strong daylight sky background




RAMAN LIDAR EQUATION
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U

_IOFTa(X,/lL )+ (X, Araman) BX

C
P(R’ ﬂ“Raman) — PO (lL) ?O(R)ﬂRaman(R’ ARaman)e

P(R,Agaman) = pOWer received by the system after backscattering from
range R

P (Ar)=power transmitted

C =lidar calibration constant

Braman(RARaman) (kmsr1) is the Raman molecular backscatter coefficient
Boart(R,Ar) does not appear in the equation

The only particle scattering effect on the signal strength is the attenuation

o(R,A;) describes the extinction on the way up to the backscatter region
and o(R,Ag,man) the extinction on the way back to the lidar




ELASTIC VS. RAMAN LIDAR EQUATION

C o (X, )+a (X, Agaman) X
P(R1 — I:)O (AL)R_FZQO(R)IBRaman Raman)k I
-dx
PR fi]) = P(AL) COR)Ban(R A + By (R A ™

— 532 NM
w607 NM i

NI 1 1ICNMN\\AI 1\
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Elastic lidar signal

- /(partlcles + molecules)
Raman lidar signal

=" (molecule, N,)
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Altitude a.g.l. (km)

0 1 1 1
0.0000 0.0025 0.0050 0.0075 0.0100
Normalized RCS (a.u.)




RAMAN METHOD: PARTICLE EXTINCTION

Starting point: Raman lidar equation

P(R ﬂ‘Raman) P (ﬂ“L) O(R)IBRaman( Raman

2
O
N
U

) I'D[a(x AL )+a(X, /AtRaman)}jX

.. some considerations:

» the overlap is assumed to be complete, O(R)=1 =2 R>R ;.

»  Braman RAraman) 15 calculated from the molecular number density
Nraman Which is the N, or O, molecule number density and the
Raman backscatter cross section:

dG aman
IBRaman(R’ ﬂ“Raman) - N Raman(R).dLQ (ﬂ.’ ﬂ’Raman)

> Ngraman (R) is calculated from actual radio-sounding observations
or standard atmosphere temperature and pressure profiles




RAMAN METHOD: PARTICLE EXTINCTION

After some operation on the Raman lidar equation that include the use of
the Raman backscatter coefficient and the logarithm derivation of the
equation, we obtain:

3
C
C

|
douyyvly

a(R,A ) +a(R, An,an) = im N gaman(R)
dR _R'C'S'(R’ﬂ“Raman)_

Total extinction coefficients are caused by particles and molecules.
Therefore, the particle extinction coefficient is:

part(R ﬂ“L) T apart(R ﬂ“Raman)

. i |n NRaman(R)
dR R-C-S-(R’lRaman)

i| — ol (R1 lL) — o] (R’ ﬂ“Raman)
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RAMAN METHOD: PARTICLE EXTINCTION

To obtain the particle extinction coetficient at the transmitted wavelength
we have to introduce the k-exponent which describes the wavelength
dependence of the particle extinction coetficient for this spectral range:

apart(//t) oC ﬂ“_k apart (ﬂ’L) — apart (ZRaman)( /ﬂ“Raman)

k ~1 for particles at these “small” spectral ranges [A;, Ag.manl

N
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[355, 387] nm
[532, 607] nm
Solution:
iln NRaman(R) moI(R ﬂ“L) amol(R’ﬂ“Raman)
dR | RCS.(R, A, )
part(R ﬂ“L) o

(without any assumption on L1
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RAMAN METHOD: PARTICLE BACKSCATTER

Because now Olpart (R) is known, 3
elastic lidar equation

N
\

part(R) can also be calculated using the

ICN\AI | Y
douyyvly

Elastic lidar equation:

P(R2) = Py OR R A) o (R 2B 2

v’
N
(-
:»
r
v’
C

D dJdyvy

Raman lidar equation:

C Ta(x AL )+a(x, iRaman)}jX
P(R’ ﬁ“Raman) — I:)O (ﬂ“L) R_Z O(R)ﬂRaman( Raman) j

dO-Raman

where IBRaman(R’ /IRaman) =N Raman(R)' do

P(R’ ﬂ“L)P(RO’ﬂ‘Raman)
P(RO ! ;Z’L)P(R’ ﬂ’Raman)

(72-’ ;I’Raman)

By forming the ratio:
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RAMAN METHOD: PARTICLE BACKSCATTER

Inserting the respective lidar equations and rearranging the resulting
equation, the solution is:

ﬂpart(R' )I’L) = {ﬁmol (R’ ﬂ“Lj_{_

3! *
l P(R’ ZL)P(RO , ﬂ“RamarI NRaman(R] eXp J‘Rp [apart(xi ﬂ’Raman) +Iamo| (Xv ﬂ’Ramanl‘JdX |
1P(ROAL)P(R1/1 NRaman(RO| eXp{*J‘RFZ [apart(x,ﬂL) amO,(X,iL X}

N
\

I\

ICN\Al |\
douyvly
C
10

C \ITI\ANAIN
D dadyvvyyvl

iﬁpart(RO’lleﬁmol (RO’ALI

Raman

» overlap effects cancel out because f3,,,,; is determined from the ratio of

two lidar equations: 8, is determined even at R very close to the lidar

» the air density, B, and o, must be estimated from measured or
standard atmosphere profiles of pressure and temperature

» lidar signals are measured by the instrument

» as in the Klett method, a reference value for B, at R, must be
estimated. It is recommended to choose R, in the upper troposphere
where particle scattering is negligible compared to Rayleigh scattering




(¢)]
(¢}
)
(¢}

W
RAMAN METHOD: LIDAR RATIO .-
Finally, the height profile of the particle lidar ratio can be derived g; 23
through the independent determination of a ,,,,; and B, 52 "
L t(R ﬂ,L)— part(R AL) ;IEI §
par , >
, IB part ( R ﬂ“L ) E_ g
l l —l532 nm ! . —532 nm . — 532 nm Ej )
6 6 [ 6 — J \
< L
33
j =

2

(
L

A
|

N
1

N
N VatmiVaVYal N iaYeN miVViVV i aYe

INU

w
T
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Altitude a.s.l. (km)

Altitude a.s.l. (km)
w

Altitude a.s.l. (km
w

N
N

T
N

1} - 1} - 1}

0.0  1.0x10* 2.0x10" 3.0x10" 4.0x10* 0.0  2.0x10° 4.0x10° 6.0x10° 8.0x10° 0 50 100 150
. -1 R
Part. extinc. coeff. (m ) Part. backs. coeff. (m -sr ) Lidar ratio (sr)




SUMMARY ON RAMAN METHOD

» The Raman method allows for independently determining the o
and f,,,+(R), and therefore also L,,,«(R)

part(R)

part

» Lidar ratio assumptions or other critical assumptions are not needed

» The reference range R, is usually chosen such that B
negligible compared to the known f3

part at R, 1s

mol

> Boare can be obtained even at altitudes very close to the lidar, due to
overlap effects are canceled out because B, is determined from the
ratio of two lidar equations

» Multiwavelength Raman lidar provides this information at several
wavelengths. The “multiwavelength” information allows obtaining
particle microphysical properties
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LIDAR DEPOLARIZATION

» A fundamental principle of light is that the electric field E-vector of the
electromagnetic wave at any instant of time displays some orientation
in space

» This orientation can be fixed (linearly polarized light), rotating with
time (circularly or elliptically polarized light) and randomly changing
with time (natural light). Importantly, any state of polarization can be
converted to any other state with the help of a set of optical devices

» Pulsed lasers generally used in lidars produce linearly polarized light

» The lidar depolarization technique involves the transmission of a
linearly polarized laser pulse and the detection via a beam splitter of
the perpendicular and parallel planes of polarization of the
backscattered light

J
C

(c
DUVYVLY




LIDAR DEPOLARIZATION

» According to Mie theory, spherical particles always backscatter linearly
polarized electromagnetic radiation in the same (incident) plane of
polarization. A variety of approximate scattering theories predict that
non-spherical particles introduce a depolarized component into the
backscattered radiation

» Application of depolarization measurements is discrimination of
spherical versus non-spherical aerosol particles and liquid and solid
phase clouds
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LIDAR DEPOLARIZATION =
Types of depolarization lidar systems :?|

N

Detection perpendicular and Detection perpendicular and E
parallel total 1

J

N

D]

C

D)

>
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electronics

dichroic beamsplitter
J. 50/50% beamsplitter
primary telescope mirror / mirror

Configuracidn -
Lr3210400 |

Granada lidar (MULHACEN) Evora lidar (PAOLI)




LIDAR DEPOLARIZATION

Starting point: elastic lidar equation

P(R,A)=P (i) ~O(R)B(R,1)e

2
O
N
U

2 joRa(x,A)dx

Lidars use polarized light, and many of them are able to discriminate
between components. The elastic lidar equations for both components are
(dropping the wavelength dependence)

PI(R)=P, S0P (R)e

2 j ol (x) dx

I (x)+ar* (x) Jdx

P{RI=P, C C oRp ReH"

Initial definition of ”depolanzatlon ratio”:

"5(R)": CLIBL(R) e—jo [aII(X)+al(X)]dX ,B (R) _[ [a“(X) _q (X)]dx IBL(R)
c'5!(R) e‘zf:“"(x’dx Vg (R) " A (R)




LIDAR DEPOLARIZATION

Several definitions:

- Molecy|a,
Mess came from the beginning: ralio
. . O,
- different instrumental setups 2 ‘7,8’{\0“
- different research interests fg, depo\a“ =
% ¢ N A
8, otal S
2 oy, O linear
(o OIUme

1-. Volume linear depolarization ratio:

FR) _ PR +6a(R) _C'PYR)_ P'(R)

6,(R) == —~= || T AL plpy e piey
IB(R) :Bpart(R)+IBmol(R) C P(R) P(R)

Features:
-components: particles and molecules

- signals: cross and parallel
-no processing on raw data
-no overlap effects
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LIDAR DEPOLARIZATION

Table of depolarization’s parameters

Parameter Symbol Features Formula

volume linear depolarization ratio o Part.+mol ; cross and parallel; raw data -
v

volume linear depolarization ratio (total)
particle linear depolarization ratio

particle linear depolarization ratio (total)

2-. Volume linear depolarization ratio (total):

e (IR G Bran(R) + fi (R) _
C R BRAAR) R+ B (R)+ BRI+ B (R

- Ctotal PJ_(R) - PJ_(R)
- ct P°?(R) -l P (R) ... definitions of 6, and ol

Features: 6,(R) = '; ((FF:)) o 5°(R 5,(R)
-components: part. and mol. i (R)= 5,(R)+1
-signals: cross and total 5 (R) = B~ (R)

-no processing on raw data B (R)+/A'(R)
-no overlap effects



LIDAR DEPOLARIZATION

Table of depolarization’s parameters

Parameter Symbol Features Formula
volume linear depolarization ratio ) Part+mol;  cross  and
v parallel; raw data
volume linear depolarization ratio (total) 5t0ta| Part.+mol ; cross and total; Stotal (R) = 5, (R)
v raw data g - 5,(R)+1
\

particle linear depolarization ratio

particle linear depolarization ratio (total)

3-. Particle linear depolarization ratio:

) (R) — 'Bplaft(R) — Rbacksav (5mol +1) _5mol (5v +1)
art

i Igﬂ)art(R) Rbacks (5mol +1) B (§v +1)

Features:
-components: particles
-signals: cross and parallel
Ol = b - molecular depolarization | -retrieved backscatter coeff.

Prol (range independent) -overlap effects if K-F is used

n Pt P backscattering ratio
e Py (range dependent)
1




LIDAR DEPOLARIZATION

Table of depolarization’s parameters

Parameter Symbol Features Formula
volume linear depolarization ratio ) Part.+mol; Cross and -
v parallel; raw data
volume linear depolarization ratio (total) 5t0ta| Part.+mol ; cross and total; ol Oy
raw data v S, +1
particle linear depolarization ratio ) Part. ; cross and parallel; ~ Riaas0y (Oo) +1) = 0,101 (6, +1)
part retrieved data PR (80 FD) = (8, +1)

particle linear depolarization ratio (total)

4-. Particle linear depolarization ratio (total):

'B;art(R) _ Rbacks v( |+1) ol(§ +1)

5tota| ( )
t | _
" IB[t:)oa;[Erit (R) ( mol +l)(§ +1)(Rbacks )
... definitions of §__ . and 5%
Features: A (R) part Opart
-components: particles S an(R) ==
-signals: cross and total p part(R) §tota| (R) = o part(R)
-retrieved backscatter coeff. 51 (R) = ,Bljart(R) art 5 n(R)+1 o,
-overlap effects if K-F is used part \' ) £°(R)
part




LIDAR DEPOLARIZATION

Summary of depolarization’s parameters

Parameter

volume linear depolarization ratio

volume linear depolarization ratio (total)

particle linear depolarization ratio

particle linear depolarization ratio (total)

Symbol

0,

'

total
(SQ

)

o

part

total
part

Features Formula
Part.+mol; Cross and
parallel; raw data -
Part.+mol ; cross and total; )
total __ v
raw data , =
o,+1
Part; cross and parale; Roacisd, (Ot +1) = O (6, +1)
part —
’ backs( mol +1) (5 +1)
Part..;cross and total; —— backs ( - +1) o|(§ +]_)
retrieved data part —

( mol +1)(§ +l)(Rbacks )

ICN\\AI |
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LIDAR DEPOLARIZATION

» great range of aerosol shapes

» many aerosols consist of spherical particles: very small aerosols
(small size parameter), anthropogenic aerosols, volcanic acid sulfuric
droplets, sea drops released by the action of wind on water waves...
All shows low volume linear depolarization ratio

> irregularly shaped aerosols (particularly volcanic and desert dusts
and partially crystallized acid droplets) show larger volume linear
depolarization ratio
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LIDAR DEPOLARIZATION T
=
5 o
=
~ Aecrosoltype  Volume linear depol. ratio T =
arctic haze ~0.013 L EE
PBL (anthropogenic) 0.02-0.10 O Z:
ammonium sulfate droplets 0.02 EE EE
ammonium sulfate 0.10-0.12 3 S O
after crystallization ) E >
NaCl droplets 0.06-0.12 )
partially crystallized Ew:ﬂ:
desert dust (Sahara) ~ 0.15-0.30 4 July 2016
desert dust (Gobbi) ~0.18

desert dust (Taklamakan) 0.11-0.19




LIDAR DEPOLARIZATION

ININI 1

N
> 5
>
= =
= —
. O n
low medium - ( 3 -
R.C.5.532 nm Volume linear depolarization ratio r EI =
12000.0- o) E g
11000.0- Pl 7

10000.0 - E R w
z 9000.0- ) J ¢ D)
E 8000.0- @ — E : E
£ 70000 5’ - < ( D
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SUMMARY ON LIDAR DEPOLARIZATION
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» The lidar depolarization technique is based on the fact that spherical
particles always backscatter linearly polarized electromagnetic
radiation in the same plane of polarization, whereas non-spherical
particles introduce a depolarized component into the backscattered
radiation

-
=
=
rm
2o
2)

» Due to the different definitions for depolarization parameters, it’s
necessary to clarify what is used (parallel vs. total, particles vs.
particlestmolecules)

» Mainly, spherical particles show §, <0.10 and non-spherical particles
show 6,~0.15-0.30
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MICROPHYSICAL PROPERTIES

In nature, particle size distributions can be described rather well by
analytic expressions such as logarithmic-normal distributions:

(ln r — In rmod’N)Z

n
dn(r) = ————exp | — ; dInr
V2rlno 2(Ino)
dn(r) number concentration of particles in the radius
interval [Inr,Inr+dInr]

N . total number concentration
Niod N mode radius with respect to the number concentration

o mode width (geometric standard deviation)

This is a monomodal distribution, however multimodal distributions
(i.e. sum of >2 monomodal distributions) can be found
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MICROPHYSICAL PROPERTIES T
> O
From the number concentration, other distributions can be obtained: = :3
O n
Numb 2 & 3 (@
concentration dn(r) = exp | — 5 MV - =
distribution: V2rIno 2(Ino) 2 L
M7
o A
Surface-area Volume 4 L T
concentration da(r) =4ar°dn(r) concentration dv(r) = gﬂr dn(r) s 8
distribution: distribution: E § —
W
Integrated properties of the particle ensemble determined from the §2
inverted distributions are: Evora
) 4% July 2016
Effective Total surface-area Total volume
radius: concentration: concentration:

" altry 3 d 4
Tefi = }Zgi:z d: ay = 4 / n (}”) ’”2 dr Uy = ? f n (1”) I“3 dr




MICROPHYSICAL PROPERTIES

T
A variety of methods have been proposed since the early 1970s. Examples: 3;
®
v
Combined use of elastic Inversion with -2
lidar with other regularization from
instruments Raman lidar

IF SUNPHOTOMETER IS USED:
. - uses the spectral information contained
the drawback is that two colocated in the backscatter and extinction

nstruments are needed profiles at several wavelengths and its

simultaneously to p.rovide reliable change with the particle size
data on the same particles

, . - limitation in number of wavel.
- different observational geometry of

the instrumentation
- in most cases only night time data

- thus represents an additional source
- high data quality

- only daytime data




METHOD OF INVERSION WITH
REGULATIZATION

It is the standard method for the retrieval of particle microphysical
properties from multiwavelength Raman lidar observations

NI 1 1ICNMN\\AI 1\

Input: spectrally resolved particle backscatter and extinction coefficients

The optical data are related to the physical quantities by the Fredholm
integral equations of the first kind:
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g.(4,)= ij (r,m, A, ,sW(r)dr+ & (4,)

f:ﬁﬂ'ﬂ?‘? aﬁ@'?'j k:]j "'j'??




METHOD OF INVERSION WITH 2
> O
REGULATIZATION - =
O
g 4)= IK (r,m, A, ,s)W(r)dr+& " (A,) AN e
- 5 &
3_,85191'; Qaer , k_];---an ?; A
w
T A
g. (/1;( )  optical data at wavelengths A, at a specific height R E§ 25
— O
7 kind of information, i.e. whether it is the particle 52 ED
backscatter or extinction coefficient =
EUOVH

k wavelength: 355, 532 and 1064 nm 4 July 2016

E fﬁp (/11_ )  experimental error of backscatter or extinction coefficients




METHOD OF INVERSION WITH
REGULATIZATION

g 4)= IK (r,m, A, ,s)W(r)dr+& " (A,)

7_,35191'; Uger , k:]; cee 1

K. (r,m, /‘LK s) kernel functions of backscatter and extinction, depending
on radius, complex refractive index, wavelength and shape
of particles
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For spherical particles, are calculated from the respective
extinction and backscatter efficiencies for individual

particles weighted with their geometrical cross section 7tr? iy }EZ;O"‘; i
' July

3
K.(r,m, \, s) —Q(r m, \)

v(7) volume concentration distribution of particles




METHOD OF INVERSION WITH

1min

REGULATIZATION
g 4)= IK (r,m, A, ,s)W(r)dr+& " (A,)

I'l‘].'l.l.'l

3_,85191'; Uger , k_]p-"an

radius down to which particles are optically efficient. For
measurements > 355 nm (typical in lidars), the minimum
particle size is 50 nm (in radius)

radius at which concentrations are so low that particles no

mdx longer contribute significantly to the signal (typically < 10

microns in troposphere)
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METHOD OF INVERSION WITH L

> O

REGULATIZATION 2=

To simplify, the subscript p will be used summarizing the kind and 52 2

wavelength of optical data: :E §5

Tmax F|-| ;:

g, = ij (r,m)v(r)dr + &7 where p = (i, 1) & L-

"'min U %q

S

- it can not be solved analytically ;E 8

- the microphysical retrieval from lidars is an ill-posed inverse problem 52 E;

- incompleteness of the available information: small number of : Z
wavelengths and only backscatter and extinction information is P EZ}O"‘;OM

available Iy

- non-uniqueness of the solutions: highly complex structure of
tropospheric aerosols (maybe multimodal , of variable shape, particle
refractive index can be wavelength-dependent)
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METHOD OF INVERSION WITH
REGULATIZATION

- even uncertainties as small as round-off errors in the input data lead to
disproportionately large changes in the final solution
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- measurement errors are much larger than round-off errors
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- different combinations of microphysical parameters may lead to
similar optical properties within the measurement uncertainty

- many improvements have been done during the last decade. The most
important: the reduction of measurement wavelengths to a realistic
number

- the minimum number of wavelengths is three (355, 532 and 1064 nm)
assuming simplifications for complex refractive index: the so-called 3+2
lidar systems (3 backscatters, 2 extinctions)

- the accuracy increases if backscatter up to six wavelengths are used




METHOD OF INVERSION WITH
REGULATIZATION

To solve the equation:

! max

_ exp where
g, = J.Kp(r,m)v(r)dr+gp b= (i, 74)

Fmin

... v(r) is discretized by a linear combination of triangular base functions
B,(r) and weight factors w:as ...

V(f") _ ij Bj- (f") + gmnﬂs (f")

CONCENTRATION, LINEAR SCALE

- &"(r)is the mathematical residual error

caused by the approximation with base
functions

- By(r) are distributed equidistantly on a
logarithmic scale (to reproduce the high
dinamic range of particle size distributions)

- minimum number of By(r) is the number of
input parameters

g Ty T3 Ty T5 Fg T; Tg
RADIUS, LOGARITHMIC SCALE

- typical number of By(r) is 8
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METHOD OF INVERSION WITH
REGULATIZATION

In general the exact position of the investigated particle size distribution
over the size range used is not known

To solve this: used of a inversion window of variable width and variable
position over the investigated size range

No sensible solutions are obtained if the inversion window does not
cover the position of the investigated particle size distribution

Currently 50 different inversion windows within the particle size range
from 0.01 to 10 pm are used to obtain an estimate of the position of the
particle size distribution
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METHOD OF INVERSION WITH £
> O
REGULATIZATION - =
O
Rewriting the equations into a vector-matrix equation: E’J’ Eg
_ T =
g=Aw t g =
e=[g]  A=[a] W= [w] = [&] v &
optical data ~ weight matrix =~ weight factors errors EE 8
M —
| | 2
Fmax __ . exp math <=
E - _|_ E /2707’61
A, (m)= J.Kp(r,rﬂ)Bj(r)dr P P d 4,,,51’11/2016

i

The simple solution of this equation for the weight factors is:

w=A"g+¢g




METHOD OF INVERSION WITH o

> 5

REGULATIZATION = 3

=

_ a1l \ Qwn

wW=A g+eg s C

It fails to provide reasonable results although the optical data can be EI'I EE

reproduced within the error limits € Why? @ ::

T A

High dynamic range of several orders of magnitude of the elements of — Eg

A and A1 A P!

QP

The term &= -Al g, which describes the respective errors, and A7, g;

which denotes the inverse of the matrix A, lead to error amplification E/wm_
of the solutions 4% July 2016

How to solve it? Application of a procedure called regularization




METHOD OF INVERSION WITH %

> O
REGULATIZATION 2=

O
Procedure of regularization: it is used to reduce the number of solutions 4 EE’
by restricting the highest acceptable difference between the vector Aw |[aul=
and g: m =
=0

2 M
g T A
—
Only solutions that minimize € are accepted 2 8
O —
However, due to smoothed size distributions are expected, the penalty NS
function I'(v) is introduced and the minimization problem is rewritten as: Z
2 2 Evora

— HAW — gH + A (v) 4% July 2016
where T'(v)=w H‘ﬁ\ l T & e o
transposed e £ £
vector w A




METHOD OF INVERSION WITH ‘2

> O

REGULATIZATION 3=

O

Therefore... &3 -
_ /AT 1, T T =

w=(A'A+vyH) A'g M =

20

The final solution is: Gl
LS {E

v(r) = ZWJ.BJ. (7) <5

/ o2

Y4 ®

Errors: Z
effective radius: ~20% Evora

4% July 2016

volume and surface-area concentrations: <*50%
real part of the complex refractive index: +0.05,
imaginary part: +50%

number concentrations >+50%




METHOD OF INVERSION WITH %
> O
REGULATIZATION 2=
(
An example of forest fire smoke (17/10/2011): C 3 E E’
gy T =
18, 19 october m >
s, -0 M
aie
- N
Reff (um) 0.15+£0.03 (20%) [t E
i} S(um’cm™) 376+ 130 (35%) (S
Ela V(em’cm™) 18+8 (44%) PEANS
= ( \ —
L GRY.. 1.61+0.13  (8%) N& o
CRI,,, 0.018 +0.012 (67%) ~
EZ’OI"H
4% July 2016
35.4
Pereira et al. (2014)

Longitude




METHOD OF COMBINATION OF LIDAR
AND SUNPHOTOMETER

> Sun-photometers: widespread tool to retrieve column integrated
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- == the vertical profiling of aerosols in the atmosphere.
=

W\ 'roperties profiles are not easy to derive

275 Ye of European project ACTRI
~ | Research InfraStructure Netwo
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““ ¥ tion of AERONET sun-photon
il multiwavelength lidar data
profiles of aerosol microphysical properties,
algorithm developed in the National Acad
Belarus

Evora
4" July 2016

ACTRIS




LIRIC

LIDAR SUN-PHOTOMETER
* 3 elastic backscattered signals AERONET Retrieved properties:
(355, 532 and1064 nm) * columnar particle size distribution
 parallel and cross-polarized * volume concentrations
backscattered signal (532 nm) * refractive index

 radiative properties

LIRIC
(Lidar-Radiometer Inversion Code)

- fine mode concentration profile - AOD
- coarse mode concentration profile: - column mode concentrations
spherical/non-spherical if - integrated backscatter

depolarization is available




LIRIC

>
LIDAR SUN-PHOTOMETER 2 ;
* 3 elastic backscattered signals AERONET Retrieved properties: @)
(355, 532 and1064 nm) * columnar particle size distribution 53
 parallel and cross-polarized * volume concentrations
backscattered signal (532 nm) * refractive index

 radiative properties
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%
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\ |
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LIRIC

LIDAR SUN-PHOTOMETER
* 3 elastic backscattered signals AERONET retrieved properties:
(355, 532 and1064 nm) * columnar particle size distribution
 parallel and cross-polarized * volume concentrations
backscattered signal (532 nm) * refractive index

 radiative properties

LIRIC
(Lidar-Radiometer Inversion Code)

> the results of sun-photometric measurements represent the “truth”
particle properties over the atmosphere

» the objective is to construct the particle vertical distribution matching
both the integrated aerosol properties observed by ground-based
radiometer and the vertically variable signal of multi-wavelength lidar




LIDAR
3 elastic backscattered signals
(355, 532 and1064 nm)
 parallel and cross-polarized
backscattered signal (532 nm)
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* refractive index
 radiative properties
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WHAT IS THE PLANETARY BOUNDARY LAYER?

“The planetary boundary layer is the part of the troposphere that is directly
or indirectly influenced by the presence of the Earth’s surface (ground or
sea), and responds to surface forcings with a time scale of a few hours or
less. These forcings include heat transfer, frictional drag, atmospheric
aerosol particles emission, gases emission and terrain induced flow
modification”. (based on Stull 1998 and Cost Action 1303 ToProf)

Temperature variations in the lower atmosphere

Features: al

975 mb

-time scale: a few hours or less

- affected by diurnal surface
changes

8§50 mb ~ 1100 m

Temperature (°C)

Lawton, Oklahoma
— 1993

-Its helght varies from 110!011 | 110!011 | 110!011 | 110?11
hundred Of meters to a feW June 7 l June 8 l June 9 | June 10
kilometer Time

2
O
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WHAT IS THE PLANETARY BOUNDARY LAYER?

Importance of determining the PBL height:
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- forecast of pollutant concentration

- forecast of surface temperatures
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- turbulence measurements
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- assimilation in numerical models for weather and climate forecast

Evora
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER

FREE ATMOSPHERE

CAPPING INVERSION

RESIDUAL LAYER
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(Stull 1998)




STRUCTURE OF THE PLANETARY BOUNDARY LAYER

FREE ATMOSPHERE

CAPPING INVERSION
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RESIDUAL LAYER
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Surface layer (SL): region at the bottom of the PBL where heat conduction, P ﬁf’}f,”’g%

evaporation and frictional drag from the surface cause substantial changes
of temperature, humidity and wind speed with height. Arbitrarily, the
bottom 10% of the PBL is called the surface layer, regardless of whether it is
part of a M, L (typically day), M 4L (typically day) or SBL (typically night).
Thus, SL depth is higher during day than night. During daytime the surface
layer is statically unstable and during nighttime is stable
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER
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Mixing layer (M;,,L) (also known as convective boundary layer, CBL):
layer where the turbulence is predominant as a result of convection. Its
growth is linked to solar heating of the surface. After sunrise, warm
parcels of air rise from the surface layer through the mixing layer, creating
strong turbulence and causing potential temperature, humidity and
pollutants to mix. This layer is statically unstable, with potential
temperature decreasing with height and tends to be nearly constant (but
not constant), that means this atmospheric region is being homogenized
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Mixed layer (M.4L,): Only during situations when turbulence is FESRIEGE

particularly vigorous, i.e., under strong convective situations, the M;,.L
is re-called mixed layer (ML), and it is characterized by potential
temperature (or virtual potential temperature) constant with height,
which means the portion of atmosphere becomes completely
homogenized (statically neutral)
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Entrainment zone (EZ): stable layer at the top of the M, L (or M 4L if Evora
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exists) acting as a cap to the rising warm parcels of air. In the EZ, free
troposphere air is incorporated (i.e. entrained) into the M;,,L. (or ML
if exists), causing the layer depth to increase during the day (EZ can be
understood as a one-way valve)
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Entrainment zone (EZ) (continuation): sometimes this capping stable Evora
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layer is really a temperature inversion, i.e. temperature increases with
altitude, and therefore this layer can be called inversion layer. The
latter name is strictly only valid when temperature increases with
height. However, in many cases literature collects studies wrongly
denoting inversion layer to this stable layer independently on the
temperature behavior




STRUCTURE OF THE PLANETARY BOUNDARY LAYER
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Residual layer (RL): a layer containing characteristics from the previous
ML (or M4L if exists) (thermodynamic variables or aerosol particles and
gases). It is formed around sunset when the turbulence decays. This layer
is statically nearly neutral, causing aerosol particles and gases emitted into
tend to disperse at equal rates in the vertical and horizontal directions.
Variables such as virtual potential temp. are nearly uniform through the
RL (not exactly constant). RL is statically neutral only when the boundary
layer of the previous layer is mixed
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER

FREE ATMOSPHERE

CAPPING INVERSION

RESIDUAL LAYER
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Residual layer (RL) (continuation): When the top of the mixing layer of
the next day reaches the base of the RL, the mixing layer grows very fast.
Because this layer has not direct contact with the surface and therefore
RL is not affected by turbulent transport, many authors (such as Stull,
1988) do not consider it as part of the PBL, but at present ToProf includes
it as part of the PBL due to RL affects the characteristics of the PBL of the
next day.
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER

1.8

FREE ATMOSPHERE

CAPPING INVERSION
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Stable boundary layer (SBL) (also known as nocturnal boundary layer,
NBL): this layer is formed when the radiative heating of Earth’s surface
ends and the radiative cooling, together with the surface friction,
transtorms the lowest part of the ML (or ML if exists) and stabilize
this layer. The statically stable air tends to suppress turbulence, but the
wind shears tend to generate turbulence. This results in sporadic (and
weaker turbulence), which may cause mix throughout the stable
boundary layer.
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER
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Stable boundary layer (SBL) (continuation): Aerosol particles and gases
emitted in the SBL disperse relatively little in the vertical and disperse
more efficiently in the horizontal. Stable boundary layers can be formed
during daytime if the underlying surface is colder than the air (for
example when warm air is advected over a colder surface)
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STRUCTURE OF THE PLANETARY BOUNDARY LAYER
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Capping inversion (CI): strongly stable layer at the top of the residual
layer, leaving a separation between the residual layer and the free
troposphere. Because absolute temperature increases with altitude, it can
be defined as inversion and plays a similar role (in the sense of acting as
a cap) than the entrainment zone during daytime
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EVOLUTION OF THE PLANETARY BOUNDAKRY LAYER 4
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FA
C=Ff==
Scenario 2:
RL, 8,=const PBL layering during night time, just after sunset.
i In residual layer 0, is nearly constant in height
. SLC = ') >
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Evora
4" July 2016

Scenario 4:

PBL layering during daytime, just after sunrise.
Solar heating starts to develop a mixing layer,
but still a SBL and RL remains above

FA

Cl =
RL, B8,= const

SBL

ML, 6,= const st




EVOLUTION OF THE PLANETARY BOUNDARY LAYER 4
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ML, 6,= const PBL layering during daytime, along the morning. EEEEE
SL{= = - - Turbulence is increasing but still not strong Z
e enough and RL remains Evora
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FA
EZ Scenario 6:

PBL layering during daytime. Mixing layer
catches the RL and grows very fast. In mixing
layer O, is nearly constant in height, in mixed
layer 0, is constant in height

M;, L if B,= const
M_,L if B,= const




EVOLUTION OF THE PLANETARY BOUNDARY LAYER
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SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

* Radiosoundings:

-Richardson’s number method:

based on wind, temperature and pressure profiles

Richardson’s number method is used under

convective conditions to determine the PBL

height from  radiosounding data. The
Richardson’s number, Ry, is computed as =
function of altitude as:

0(2-2,) [6(2) ~6(z;) Es.
0@) |u@)? +v(2)’]
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INCU 1TVUVUINMMJo Aadyvvyvvli o A AUVUIMO

N

Rip(2) =

M;, L height is the altitude where the Richardson’s number profile
matches a threshold (R, = R;,.). Previous studies (e.g. Vogelezang et al.,,
1996) suggested R;,.=0.21




SOME METHODS TO DETERMINE THE =
PLANETARY BOUNDARY LAYER HEIGHT 22
=
e Radiosoundings: Q L
- Potential temperature method: ; E : =
, m =
based on temperature and pressure profiles R
N 7
Potential temperature method studies the B, }Q
atmospheric stability and unstability conditions - - E E 5
- : : Tlmo“:.: 23:23:3033:58:30 utc 21 E 2 ( D
Py 984.l.i hPa — EA { 2 —
o0 >(Q stability T i e | (2
0z I stable e | ] Evora
06 - »m St Ry 4" July 2016
E =0 neutrality g , ¢mmmmm Free atmosphere (FA)
59 Cappinginversion={—~ —-capping inversion
A 11 v nearly neutral _ | Residual Layer with
az < O unstablhty il yned | O~const. [1.4K (RS)]

stable -[ ! ﬁStable boundary layer
q i i R o L 1
260 286 290 295 300 305 310 316 fSBL) very pronounced
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SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

2
O
N
U

* Active remote sensing (lidar):

Radiosounding: low temporal frequency of launches
lidar: high temporal frequency
methods based on aerosol profiling

Granada station

Height a.s.l. (m)

B T e B o B B e B e R R R R T

—ZJZa(x,ﬂ,)dx

RC.S.(z, A) = P(z, 1)-R? : P.(z)-C-O(2)-B(z,1)e
R.C.S.(z,A) o< B(z, 1) T (z, 1)?




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

¢ Active remote sensing (lidar):
-Gradient method (GM):

based on the sharp change of the RCS derivative at the transition between
the ML or (M;,,L) and the free troposphere. This method attributes the
PBL height (zpg; o) as the height with the absolute negative minimum of
the first derivative o3f’ RCS

3
O
N

3.0
2,51 2.5
E 3
< 2,0t = 2.0
© 15} ©
@ o
=) ' S
< - K <
0,51 —
] 0,0 ; ;
Zpg, oy = MIN ORCS 0 300 600 900
oz R.C.S.




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

* Active remote sensing (lidar):
-Gradient method (GM) with several layers:

2
O
N
U

several local negative minima on the first derivative of RCS

PBL height (zpg; ) 1S the height with the negative minimum located at
the highest a%t(i)tude inside the first region with negative derivative of RCS

3.0
- |
2.5- aerosol layer 25|
€ E [
x 20 \i < 20
g 1.5- ©® 1.5f
w i
: : .
= 1.0 = 1.0}
< < |

o
A
o
(3

o
o
o
o

0 100 200 300 400 500 1.0 -05 0.0 05
R.C.S d R.C.S./ dz




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

¢ Active remote sensing (lidar):
-Inflexion point method (IPM):

This method attributes the PBL height (zp pv) @s the height of the
inflexion point of the first derivative of RCS. Therefore, zp; g py 1S the
altitude of the local minimum of the second derivative od the RCS just

below the zpg; o

Z = min [82 RCS }
PBL IPM 2
oz —
e
x
P
©
(3]
e
=
<
The same criteria

ifseveral layers exist

3.0

3.0

‘ '? ?F l—DZR:’CS
2.5 2.5}
e
2.0 = 2.0
@
1.5- © 1.5}
o
>
1.0 - = 1.0t
<C
0.5+ 0.5
0.0 i i i i ol i i i i
0 100 200 300 400 500 -1.0 -0.5 0.0 0.5 1.0

R.C.S

d R.C.S.

3
C
C

|
douyyvly




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

¢ Active remote sensing (lidar):
- Logarithm gradient method (LGM):

This method attributes the PBL height (zpg; 1 o) @s the height with the
absolute negative minimum of the first logarithmic derivative of RCS

3
O
N

aln(RCS)}

ZogL LM — mm|: o7

- Logarithm gradient method (LGM) with several layers:

several local negative minima on the first logarithmic derivative of RCS

derivative of RCS




SOME METHODS TO DETERMINE THE =
PLANETARY BOUNDARY LAYER HEIGHT 22
= 4
O n
C
Assumption: aerosol particles are much more abundant within the PBL -E =
than in the Free Troposphere (FT) M ;I;I
=0
2 &
Wavelet Covariance Transform (WCT) has the advantage of being less - c =
atfected by noise than any other method and it can be easily automated 2 8
. o:oW_CTRCSo.z {.2 E;
7 — b | —WCTi -

W, (a,b) = j RCS(2) h( - j dz b, A

4% July 2016

: . ( a 3 | G
with the Haar function: +1, b- 5S2s b _\ \PBL hefghit
2+ . "dh
h(z;bj=4—1, b<z<bt2 1 —
a 2 00 05 10 15
RCS (Normalized)
0, elsewhere




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

Optimization of the WCT-based algorithm for PBL height detection
* Selecting an appropiate dilation parameter (a) is critical

* To distinguish among strong and weak gradients Baars et al. (2008)
proposed introducing a threshold value for the W, profile

These parameters were optimized
by comparison with radiosondes
(Richardson method and parcel
method) and microwave
radiometer (parcel method)

Optimum values

a=300m
WCT-threshold value = 0.05

COICITITL I DINITILI ICNM\A 1\
DJIO/ATTU JIAAdIlNddouyvaiy

I\ 1IN INNC \ITIWANINC 1\INI IC

INU 1VUUTN1J0 AAdyvvyvl 1o AAdVUIO
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SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

From 3-month comparison between lidar and MWR, 3 scenarios are
clearly identified [Granados-Munoz et al., 2012]:

Scenario 1 Scenario 2 Scenario 3

WCT WCT WCT
0.0 0.2 0.0 0.2

\NIT11 1 IJCNMN\AI 1\

RCS
—WCT

IVUIrJo dadyvyviio ALAVUIMO
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. DFyEEEnEnm n_
-3 km) Parcel (2.3 km)

NI T 1\ 1°XC \I"NWANAINC I\IN IC

Parcel (2.2 km) WCT (2.2 km) i D
| - : . EEEEEN EEEER ;A _ : 7
10-0 0.5 1.0 1.5 12:15 0.0 0.5 1.0 1.5 12:15 0.0 0.5 1.'0 1.5 12:15 N
RCS (Normalized) 18/03/2011 RCS (Normalized) 31/03/2011 RCS (Normalized) 23/03/2011 b
Evora
I __ 1 4" July 2016
0.0 0.5 1.0 1.5 2.0 2.5 3.0
aerosol well-mixed aerosol decoupled PBL presents
PBL without from the PBL with o
N om the : with a stratification
stratification well-mixed PBL

Fail to detect
PBL height detection v~ the PBL height




SOME METHODS TO DETERMINE THE =

PLANETARY BOUNDARY LAYER HEIGHT =S

/ Radiosoundings: \ TR A E?, 22

- low launch frequency U =

- spot-like detection Fll;l EE

- continuously monitoring ) A

- low vertical resolution e w

\_ (10200m<Skmagh) a N\ :< EE

. 5 e

Hybrid method |jEge

o I ALCs + MWRs | [RS8
/Automatic Lidars/ceilometers (ALCs): N - / 4th ﬁf}?f‘z]ow

- better resolution (typically <15 m)

- ambiguous layer attribution

- STRAT software (STRucture of ATmosphere)
[Morille et al., 2007; Haeffelin et al., 2012] )

-




SOME METHODS TO DETERMINE THE
PLANETARY BOUNDARY LAYER HEIGHT

Hybrid method ALCs + MWRs:

» 1. STRAT candidates (ALC):
All candidates obtained from STRAT (applied to ceilometer

data) are potentially considered as boundaries of some sub-
layers

» 2. Atmospheric stability (MWR):
Established in terms of potential temp. (O)

% >0 % =0 % <0
0Z 0Z 0Z
stable neutral unstable

» 3. Layer atributtion:
STRAT candidates (ceilometer) are attributed considering the
atmospheric stability (assessed by MWR) compared to the
expected theoretical value




Altitude (m agl)

SOME METHODS TO DETERMINE THE
PLANEKTARY BOUNDAKRY LAYER HEIGHT

Red horizontal lines: candidates
S("e obtained from STRAT (ceilometer data)
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The hybrid method alone resolves PBL layering,
clearly identifying the SBL, RL, CI and FA
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TEST #1: ZERO-BIN AND BIN-SHIF T

Lidar (light detection and ranging) ... but ranging based on timing §?|
scatterers ES
wn
N A
ty = R/c Ideally laser and chronometer are
synchronized
R =range In practise... not

\ 4
wrong range determination!!!

trota! = tup + ta‘own =2 R/'C




TEST #1: ZERO-BIN AND BIN-SHIF T

Zero-bin test: a target is placed at the output of the laser window in
order to produce strong backscattered radiation. Thus, the first intense
peak observed by the detector system should correspond to the zero
position of our measurements

R < Az

/. ____ A Our target is placed at zero-bin,
however...
telescope Laser beam
output ZERO-BIN TEST file: Zero-Bin-0355-AN-me-LOA-UNAL. txt
70F v T v v
{ wavelegth: 0355 nm
60} | mode: AN i
zero-bin position: 14 b&nls
zero-bin position: 105 m|
50 {
40+

Raw signal {a.u.)
8

2
O
N
U




C
D

TEST #1: ZERO-BIN AND BIN-SHIF T

This test was only carried out for AN signals, since the saturation
suffered in PC mode at close height range could lead to wrong results

N
\

ICN\Al |\
douyvly
C I\l

10

For measuring a possible delay between AN and PC signals (bin-shift),
target as clouds or aerosol layers are used

¢
<
=
<
—-—
r
7’

aavvyyvi

BIN-SHIFT TEST file: Bin-Shift0355-Manaus.tzt
-

\ — AN
fl/ i E:‘-, P s e et 2 “.-.".‘“‘.‘—':...,w

Hormalized RCS (a.u.)

Altitude (km agl)
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Normafiend RCS (a0,

cooflicie i
N

Canelation

TEST #1: ZERO-BIN AND BIN-SHIFT %
129 a1 j > ( D
o i \ — =
Bin-shift is determined by the best El E?’ W
linear fit between AN and PC signals % 0 U E;
fixing the AN signal and displacing N . FII;I =
the PC Signal from -20 to +20 bins - measured PC EE [g
0"’} ==-measured PC -5 bins O ~
===measured PC +3 bins N w
BIN SHIFT TEST fibe: Bin SHN A2 Manaus.txt Y |B 'V.AB é 2~2 2A4 25 : J £ E
— N = e
. — O
In this case, {2 —
Bin-shift = - 9bins @)
Z
S ‘ ‘ ‘ Evora
i &:‘"‘“‘__ 4t Tuly 2016
= ) B 3! | bi:'ﬂgﬂr — bi:'ﬂaqﬂr + .ﬁbi:ﬂﬂ_.l,'r_pﬂ'

o ——
-8 -s-—s—a—g—a-a--68-86-57
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TEST #1: ZERO-BIN AND BIN-SHIF T

Example of results for system sp-CLA-IPEN-MSP-LIDAR-I (Sao Paulo)
blﬂgf = blﬂgﬂ + ﬂbiﬂﬂ_‘l.l.'_pl_i-

Channel Zero-bin AN Bin-shift Zero-bin PC
(nm) (bins) (bins) (bins)
355 8 -10 -2
387 8 -10 -2
408 8 -10 -2
532 1 -2 -1
607 6 -9 -3
660 7 -9 -2

To properly use the lidar signals, the some bins of the AN signals
must be removed and several blank bins must be introduced in the
PC signals following this table




TEST #2: DARK CURRENT

Dark current (DC) is the response exhibited by a receptor of radiation
even during periods when it is not actively illuminated

-

telescope

Laser beam
output

-measurement taken by covering
totally the telescope or detectors
performed with enough averaging

time (~10 min)

repetition  frequency )
configured as a usual measurement

. -all parameters (voltages, pulse

are

2
O
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TEST #2: DARK CURRENT

Example of results for systems co_CEFOP-UDEC (Medellin) and
ma-MA (Manaus)

DARK CUMNENT TEST Ml Dark Commmt S00S AN Lidae Cotop et

wwein gt §355 mn

e - Important to know during
preprocessing step

NI 1ICN\\AI | Y

i |
& s WWﬂ A ,’1 TWVM‘MWMW‘WWN““W“W

5 105 b+
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TEST #3: TELECOVER TEST

Overlap function O(R):
geometrical overlap between laser
beam and telescope field of view

O(R) accounts for the partial
overlap in the near height-range
and tends to estabilize (ideally to 1)
in the far height-range

CICILIL I INITLL ICNA\AI 1\
DJ1O/\I'1Ad JIdAdAridouyvaiy

1IN NNl INC \ITNANINC 1\INI IC

INCU 1TVUVUINMMJo Aadyvvyvvli o A AUVUIMO

N

Evora
4% July 2016

O(R) depends, among other factors,
on the alignment



TEST #3: TELECOVER TEST (QUADRANTS)

Telecover test (quadrants):

-based on the comparison of signals measured using different quadrants
of the telescope

-named as N, E, S and W, where N is the quadrant nearest to the laser
beam axis and the others named following the clockwise sense

-N measurement is performed at the end of the telecover test (N2) to
check the atmospheric stability
-Measurements ~2 min

\NIT11 1 IJCNMN\AI 1\

IVUIrJo dadyvyviio ALAVUIMO

> 2
L
D
2)
J
C
r]
O
:J
—<
LA
=
)

(@AY |
NI\ 1IN\ LITNC \ITIWANAINC IN\NIN]IC

INU

Evora
4% July 2016




RCS (a.u.)

normalized RCS (a.u.)

=
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TEST #3: TELECOVER TEST (QUADRANTS)

Atmospheric variability: Bad telecover!!!

TELECOVER TEST file: Telecover0355-AN-sp CLA IPEN-MSP-LIDAR-Ltxt

: : E : : : 5 : : —_N
R A SV SRR ST ERUURIIRRRR b RN wavelegth: 0355 nm ... ... ERUURIIRRRR P E
§ : : : : mode: AN : : : s |
N, I S . Y T .......................................................................................................... :smooth;ﬁ.poimsi ..................... .................... W
: ' ' — N2 |:
i i I
a 1 2 3 4 ] 5] 7 g 9 10
Altitude (km agl)
— N
I — E
: : : s |
. e R R R R R R R R R R R T T T T wa\ielegﬂliﬂ355nm ................. ..................... W ,
mode: AN ; : : —
L smooth: B.points................0 L e :
norm. range: 4 -5 km agl : : :
i
a 1

Altitude (km agl)
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normalized RCS (a.u.)

TEST #3: TELECOVER TEST (QUADRANTS)

Biaxial systems: N=N2<E=W<S
Coaxial systems: N=N2=E=W =5

5 —
LN T S S S S S —
| | —s
; ; : — W
I SN N e i ol
P Povwrs SN T S P PP PO PP
Tl T T e e T e T PP U PP P U TP PUUUTPPPURUTPPPPPITPPOS
0 i | | i | |
o 1 2 3 4 ] B 7 8

Altitude (km agl)
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TEST #3: TELECOVER TEST (IN-OUT)

Telecover test (in-out):

N
\

I\

-based on the comparison of signals measured using different rings of
the telescope, named as IN and OUT

ICN\Al |\
douyvly
C
10

-IN measurement is performed at the end of the telecover test (IN2) to
check the atmospheric stability

-
=
=
rm
2o
2)

-Measurements ~2 min

outzone

in zone

obscuration
zone




RCS (a.u.})

normalized RCS (a.u.)

TEST #3: TELECOVER TEST (IN-OUT)
Coaxial systems: IN=IN2<OUT

TELECOVER TEST IN-OUT file: Telecover-in-out0355-AN-sp-CLAIPEN-MSP-LIDAR-.txt

5 oo OO OO OISO OO s —n
E wa\relegth 0355 nm : ouT
4 5 mode: AN : o
Ll NN R smooth: § points R o
] : norm. range: 4 -5 km agl
gl TR ......................................................................................................... ...........................
H | :
] | | | | | | i |
o 1 2 3 4 5 G 7 8

Altitude (km agl)
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TEST #4: RAYLEIGH FIT

The Rayleigh (or molecular) fit is a tool to analyze the quality of far
range lidar signal:

3
C
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-the range corrected signal measured by the lidar system is compared to
the expected molecular range corrected signal

RCS (D) = By ()00 |2ty (E)UE = 22 (2)

R.C.S.(z):K-,B’(z)-exp%ZjoZ a(ﬁ)dg} o« B*(2)

-measurement ~30 min




TEST #4: RAYLEIGH FIT

% ............................................................... , ............................................
= .
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T e
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= : : : :
= Ll wavelegth: 0532 oo L LT TN Py E R T TP PP ERPPRTR SRRES
mode: PC
fsmonth RCS:5 plf:ints ‘
inurm. range: 5 - 6 km agl
10'2 | l | | l
0 2 4 B 8 10

Altitude (km agl)

Similar trend above 3 km agl up to 15 km agl (approx.)
This height range can be used as z,; for Klett-Fernald and Raman methods
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