25 years:

From manual inversion of prototype
Raman lidar (starting in 1992) to
automated, unsupervised inversion of
airborne MWL HSRL

(as simulator for spaceborne missions)

' Detlef Miiller .

UnlverS|ty of Hertfordshlre
Hatfield, UK




OUTLINE

Motivation: Why Vertically Resolved Particle Properties
(Optics, Microphysics, Chemistry)

The Basis for the Retrieval of MicrophySical Properties:
Raman Lidar and High-Spectral Resojlution Lidar

Inversion Algorithm (start in 1994)f Some Basics

1998 — 2012: Examples of Results (Manual, Slow, Few)

Since 2012: Examples of ults (Automated, Fast, Plenty)

Outlook: Beyond: 2017




The Effect of Aerosol Particles on Climate

Interaction of Radiation (Sun Light) with Particles

Direct effect

Scattering

Sulfate

(SO,*)

1~
000 &

Cooling

- 2
Absorption 0.05£0.05 W m
Black carbon
(BC)
\
Heati
eating _....

+0.30 Wm2 £ 0.15 W m

Cooling
T,

Organic carbon
v

Indirect effect

Change in
cloud albedo

Cloud droplet

increases O ® e
D @
T ©0°
Aerosol VALY
increases j
OQ Q@ Change in
o’ &50 @No precipitation

o«
Aerosol (CCN: cloud
condensation nuclei)



Importance of vertical position of particles

. Inluence on radiative transport (Quijano et al., JGR 2000):
» “vertical position” of particle layers

CLEAR

HEIGHT (km)
QO = N W RO O -~
I

CLEAR

0 1 2 3 4 3
NET HEATING RATE (K/day)




Vertically-Resolved Information on Particles

optical depth/extinction of aerosol particle layers
single-scattering albedo and light-absorption properties
particle size distribution (mean particle size)

refractive index

* particle shape

 particle phase function

« all these properties determine various aerosol types

— desert dust, industrial pollution, forest-fire smoke, etc.



Mt. Pinatubo Eruption 1990:
First Raman Li '

Ansmann et al.: Extinction and
backscatter coefficient and lidar
_ ratio in cirrus, PBL, and
;I stratospheric aerosol (Mt.

——+=- Pinatubo volcanlcieruptlen L.,w«f

~ nighttime and in PBl at daytime

. Orbit 6383
© JUN 18, 19

SR

A +i  Aerosol Ind
=~ NIMBUS-7 TQ
A4S NASA/ GS




Parameters measured with Raman lidar
 Particle backscatter coefficient, 3(1), extensive

» Backscattering of radiation at 180° at wavelength (1)

 Particle extinction coefficient, a(L), extensive
» scattering (c(\)) + absorption of radiation

 Particle lidar ratio, S(1) , intensive
» Extinction-to-backscatter ratio,
S(A) = o(L)/B(A) (same Al

 Particle depolarization ratio, 6(1), intensive
» for linearly polarized radiation: 6(1) = 3, (A)/B, (1)

With | denoting the cross-polarized component, and || denoting the
linear-polarized component of radaitions, with respect to the
transmitted radiation



Data Products Raman Lidar

Aerosol-typing
based on optical
properties

« Lidar ratios:

- qualitative
information on size
and refractive index
> absorption

« Depolarization ratio:

- shape

110 ™y | L | I T v 11 f T T rfrmrrmryT oy

Dust and Smoke -

Lidar ratio, sr

Aged boreal
biomass burning ~

A4 0 4 i a g b a a s o b 5 4 92 3 0§ 3 4 2 5 0 529 4 4 0 39453313435 3 3
0 5 10 15 20 25 30 35 40

Particle linear depolarization ratio, %

0 |

Fic. 8. Aerosol classification from measurements of lidar ratio and particle linear depolarization ratio at 355 nm.
Ground-based observations were performed with the Raman-polarization lidars (POLIS) (University of Munich,
dots) and Polly*™ (Leibniz Institute for Tropospheric Research, open squares) at Cape Verde (dust, marine,
dust and smoke, dusty mixtures; dots; GroB et al. 2011); Leipzig, Germany (pollution, aged boreal biomass-
burning aerosol, dusty mixtures; open squares); Munich, Germany (volcanic ash; dots; Grof3 et al. 2012); in the
Amazon basin (smoke; open squares; Baars et al. 2012); and over the North Atlantic (dust, dust and smoke;
open squares; Kanitz et al. 2013).



Multiwavelength Raman Lidar: 6+2a+106

orototype operational since 1996
-Backscatter coefficient
355, 400, 532, 710, 800, 1064 nm
- -Extinction coefficient
355, 532 nm
A" _Water vapor
« -Temperature
-Depolarization ratio

ﬁd Multiwavelength Raman Lidar: 3+2a+10
prototype operational since 1997

If we use multiwavelength lidar, we also measure:
 Angstrom Exponent, &
> a = [In(a(q)) — In(a(A2))] / [In(Rz) — In(A)]

« Ratios of these parameters
> e.g. Angstrom exponent of the lidar ratio
Instead of Angstrom exponent we can use color ratio



Information Content of Multiwavelength

Raman Lidar

1) Extinction-related Angstrom exponents
— Particle size, (refractive index, RFI: chemical composition)

2) Backscatter-related Angstrom exponents
— Particle size, particle shape, RFI

3) Extinction-to-backscatter (lidar ratio) ratio
— Particle size, RFI, particle light-absorption, particle shape

4) Linear particle depolarization ratio
— Particle shape

* Aerosol types: qualitative description of aerosol properties
 Allows for identification of basic aerosol types

- More wavelengths at which a lidar operates means a better
differentiation among aerosol types (mixing states!!!)



Classification of different aerosol types

a) b)
100 [rTT—r——— g

a0
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Pure Dust

Number of Data Points:
33076

B Aged Dust

Number of Data Points:

25179

B Biomass Burning Acrosol

Number of Data Points:
905

I Marine Aerosol
Number of Data Points:
17892

I |ndustrial Pollution Aerosol

Number of Data Points:
14927

1064 nm channel corrected with constant S, = 40 sr (-> induce uncertainties)
-> a further HSRL wavelength would allow for more accurate characterization

from: M. Esselborn, A. Petzold. et al., DLR, Germany




Aerosol typing: ,,finger print“
multi-wavelength, extinction, backscatter and
depolarization lidar

— aerosol-type classification from intensive optical parameters
- lidar ratios (355, 532 nm)
- color ratios/Angstrém exponents (extinction and backscatter)
- particle depolarization ratio
- . ratio of ratios*

— microphysical properties:
- depends on the spectral information ,,33+2a
(backscatter at 355, 532, 1064 nm, extinction at 355, 532 nm)

- depolarization information important for particle shape
(Mie-theory scatterers or non-spherical scatterers)

Data Inversion Technique, since 1997
Miiller et al., Appl. Opt., 1998, 1999,2000
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,Backward Calculation*
DATA INVERSION
infer size distribution refractive index from
optical data

1.2 . . . < 0.12 . .
v mode width  =1.7 2
g refractive index =1.5 -0i S
o =3
5 0.8 H 4 « 0.08 -
: ‘©
(3} ] (o]
g O
O 0.4} <::—:' S 0.04 -
o ©
= o
E 2
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Microphysical Parameters
I only talk about to ,,3+2 systems

We take all (1) and all au(A)
\J

Inversion algorithm

"

=N
o

* mean (effective) radius
 Number, surface-area, volume conc.
« complex refractive index (real, imaginary)

PARTICLE CONCENTRATION (a.u.)
o
3]
T

o
o

— single-scattering albedo: scat/ext VA B
— absorption coefficient 0 e ADIUS (um)
— phase function




HEIGHT (m)

First we select data in height layers

Lidar measurement of profiles Spectrum of the
at several wavelengths backscatter coefficients
and

4000 extinction coefficients

- %% /— 355 nm [ H}‘ | i B ]
Ay, —-1-'GUI|||| ~ K N
2000 |- // 532 nm — 355nm I |
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—— 800 nm |
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Fredholm Integral Equations of the First Kind

Backscatter- and
Extinctions Coefficients

Particle size Complex wavel

Kernel
Functions

Refractive
Index

Volume Size
Distribution

,ohape Property*

ength



THE INVERSE PROBLEM
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The ,,idea‘“:
We reconstruct the particle size distribution with
,base functions*

—~ 1.0 — 1.0 1.0
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v(r) B;(r) v(r) = w; By(r)

The weight factors (w;) are calculated in the
inversion



NUMERICAL SOLUTION OF
rmax
o(A)= -[r. Ko (r,m,A,s)Vv(r)dr

B(A)= I:faXKﬁ(r, m,A,s)v(r)dr

U ™~

error from
approximation with
” Aw - g ” =0 base functions, etc.
— T~
Kernel Matrix \ Optical Data

Weight Factors



Unfortunately it is not that simple

o

3 I I I I I
i correct size distribution

e from inversion
£ 2+ .
| optical data are
E L reproduced
c EXACTLY
D
>
©

XY

1
—_—

S
-_—
—_—

RADIUS (um)

Oscillations, or artificial modes, are typical
for the inversion of lidar data



ILL-Posed Inversion Problems

- solution space is incomplete

- there are mulitple solutions (microphysics) for one optical data
set

- Small errors (optical data) lead to large errors of microphysics

Regularization
turns ill-posed into well-posed problem

... Is done by introducing mathematical
and/or physical constraints, as for example
smoothness of size distribution, positive
number concentration (not trivial)



So let us reformulate the inverse problem

v(r) = w; B(r)

Langrange multiplier,
Error bound for example: 1E-3 ...

\ 1E+3

Constraint #2:
The solutions shall be
,Smooth*;
the degree of smoothing is
determined by the value of the
Lagrange multiplier

Constraint #1:
The solutions shall
reproduce the optical input
data as good as possible



PARTICLE CONC. (a.u.)

N
|

—
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SSmoothings:yy=x0

Cezaw-glrerr

Difference between
input optical data and
optical data that we obtain
from our solutions on the

microphysics

0.1 1.0
RADIUS (pum)

Suppression of oscillations of
the size distribution, which
can be expressed by means
of a discrepancy parameter

penalty term
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, smoothness
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LAGRANGE MULTIPLIER
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PARTICLE CONC. (a.u.)
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correct size distributio
| = from inversion
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The mathematical solution of the weight factors
follows after several mathematical operations

-_—
o

e’ >||Aw - g||* +/yT

4

w=(A'A+vWH ' A’ g

o
)]

PARTICLE CONCENTRATION (a.u.)

o
o

0.1 1
RADIUS (um)

v(r) = w; By(r)

(S. Twomey: Introduction to the
mathematics of inversion in remote
sensing and indirect measurements,
Elsevier. Amsterdam. 1977 )



The ,,smoothing“ term has a very simple
mathematical form, e.g. second order

smoothing
* v is a scalar

yF—)yH e His a matrix

Number of rows:

H = 1 —4 6 —4 | Equals the number
of optical data

1 -4 5 —2 P

number of columns:
Equals the number of base functions



European Aerosol Research Lidar Network
(EARLINET)

« Active since 2000, Funded by
the European Commission

 Evolved from the German
Lidar Network (1997 — 2000)

* Infrastructure Project:
— Training, Teaching,
Capacity Building
« Regular Measurements

— Vertically Resolved Aerosol
Climatology Over Europe

» Application of inversion
algorithms increased

» Quality of the inversion
products (microphysics)
improved

Map%ﬂn: e
EAR T: towards -

sustainable European aeroso
Pappalardo6 et al.,.AMT Sp &cia |

ed
idar network,



Multiwavelength 3+2 Raman Lidar Observations
in Other Places, a Few Examples




“Outpost” at the cross-road of East Asian pollution
Multi-wavelength Raman/Spectrometer Lidar in East Asia: MRS.LEA since 2009

Ideal place for feasibility studies with regard to what will be developed at UH

Transmission unit on 2™ Optical Table DAQ and Power supply

Forest Fire Smoke
(spring, summer, fall)

Anthropogenic
\ Aerosols
(all year)




Comparison:
Forest-Fire Smoke — Anthropogenic Pollution

Forest-Fire Smoke Particles
from North America and Siberia

0.5

o
~

Anthropogenic
Pollution from North

America and
Europe (ACE2)

EFFECTIVE RADIUS (um)
o

o
N

0.1

g IN 1, 3
0 1\\_2/3

ANGSTROM EXPONENT




ANGSTROM EXPONENT

Change of Particle Properties With (Transport) Time

Dependence of particle size with
transport time in various heights does
have impact on:

Growth Curve of
Forest-Fire Smoke

0.5
- Light-absorption
- Cloud properties
0.4 g - Radiation field
S — We lack in investigations of such
0.3 % effects
S
0.2 F
O
Ll
LL
LL
0.1 W : :
In-situ measurements (DLR aircraft)
. for the first 5 days
0.0 Fiebig et al., 2004

"0 5 10 15 20 25 30
TRAVEL TIME (days)

Muller et al., GRL 2007



Up to ~ 2006 comparably “few data”
could be analyzed

Measurements at Leipzig and field campaign data, 100 — 150 data points
E

= 0.7

0.6

0.5

0.4

0.3

0.2

0.1

i)

1 summary of results
L ] acquired between
A 1 2000 and 2006

T'lel—T'T

Lo |

|é_{H—ﬂ—H f

il PR |

00 05 10 15 20 25
ANGSTROM EXPONENT
Urban Haze from North America and inside Europe
Forest Fire Some From North America

South Asian Pollution

Marine at Coastal Station

EFFECTIVE RADIUS

Muller et al., JGR, 2002, 2003, 2004, 2005



Analysis of Data From Lidar in Different Locations of the World
A First Inventory on Aerosol Properties on the Vertical Scale
collected since 1998 (incomplete list!!!

Muller et al. (2003a) |Maldives, South Asian haze, South
Indian Ocean |Asian biomass burning
smoke
Muller et al. (2003b) |Germany Saharan dust
Muller et al. (2004) |Germany Mixture of east European
/Artic haze
Muller et al. (2005) |Germany Canadian/Siberian forest
fire smoke
Muller et al. (2007a) |Germany, Forest fire
Japan, South|smoke,transport,growth
Korea and
Spitsbergen
Muller et al. (2007b) |Various sites|All aerosol types
on the globe
Murayama et al.|Japan Asian  dust,  Siberian
(2004) smoke
Noh et al.(2007) South Korea |Asian dust, East Asian
haze
Noh et al.(2008) South Korea |Asian dust, East Asian
haze
Noh et al.(2009) South Korea |Asian dust, East Asian

haze, Siberian smoke

[Authors |Lidar site  |Aerosol Type
Ansmann et al. [Maldives, South Asian haze, South
(2000) Indian Ocean |Asian biomass burning
smoke
Ansmann et al.|Cape Verde,|Saharan dust, West
(2009) Brazil African biomass burning
smoke
Bockmann et al.|Germany Mixture of east European
(2005) /Arctic haze
Eixmann et al. (2002) | Germany Urban/industrial
pollution from  North
America
Emgelmann et al.|Germany European haze
(2008)
Franke et al. (2003) |Maldives, South Asian haze,
Indian Ocean |biomass burning smoke,
maritime aerosol
Mattis et al. (2002) |Germany Saharan dust
Mattis et al. (2003) |Germany Canadian/Siberian forest
fire smoke
Mattis et al.(2004) Germany European urban haze
Muller et al. (1998) |Germany European urban haze
Miller et al. (2000a) [Maldives, South Asian haze. South
Indian Ocean |biomass burning smoke
Muller et al. (2000b)) |Portugal European urban haze
Muller et al. (2001a) |Maldives, South Asian haze, South
Indian Ocean |Asian biomass burning
smoke
Muller et al. (2001b) |Germany Canadian  forest fire
smoke
Muller et al. European urban haze

(2002)

Portugal

Tesche et al. (2009a) |Morocco Saharan dust
Tesche et al. (2009b) |Cape Verde [Saharan  dust,  Africa
biomass burning smoke

Wandinger et al.|Germany European haze, Canadian
(2002) forest fire smoke
Veselovskii et al.|Germany European haze, Canadian
(2002) forest fire smoke
Veselovski et  al.|Germany Southeast Asian biomass

1(2004)

hurnino smoke
i — e - -




Next Step

Implementation of microphysics retrievals into unsupervised, automated
software with real-time capacity

Motivation for This Step:
HSRL at NASA Langley Research Center

I1st step: HSRL-1 development began ~2000
- backscatter at 355, 532, 1064nm; extinction at 532 nm
- measurements since 2006

2nd step: HSRL-2,
- based on HSRL-1 and in addition
- extinction at 355 nm and depolarization at 355, 532 and 1064 nm
- measurements since 2012



High Spectral Resolution Lidar (HSRL):

basic principle

Molecular
Scattering
Detector

Mie (Aerosol/Cloud)
Scattering

<100 MHz FWHM
/ 00 MHz Total

SIGNAL

~3.0 GHz FWHM <€—

" Rayleigh-Brillouin Scattering
Ef”f (molecular) Scattering Detector

VL,aser v

This channel measures

the full spectrum of Telescope
backscatter, including the Receiver
particulate (Mie)

backscatter and the

broadened molecular

backscatter

Surface

Rayleigh-Brillouin
~2 GHz (molecular) Scattering

v

lodine
Filter

Narrow band
Pulsed Laser

Laser L

By tuning the laser to an
iodine gas absorption line,
this channel measures
only the broadened
molecular backscatter
(the particulate
backscatter is absorbed by
the iodine gas).

The 2 channels
provide 2 equations to
solve for 2 unknowns:
» aerosol extinction

- aerosol backscatter

The “iodine technique” applies to 532 nm; interferometric approaches required for other wavelengths.



Airborne HSRL Aerosol Data Products

6.8

— Note the variability in aerosol intensive parameters
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King Air B200 Field Campaigns with Langley High
Spectral Resolution Lidar: HSRL-1 (3+1a)

ARCTAS 1 (NASA-DOE-NOAA)
April 1-20, 2008 i | RACORO (DOE-NASA)

=~ ¢i June 3-26, 2009

g

ARCTAS 2 (NASA) YN % Ocean Subsurface (NASA-ODU-NYU)

June 25 — July 14, 2008 ' September 9-29, 2009
NASA DISCOVER-AQ July 2011

CalNex (NOAA) May 12-25, 2010
CARES (DOE)

June 3-28, 2010 : @ January 22 — April 17, 2009
March 2011

: L=l T CALIPSO Validation
: p [ L, o, I Bermuda/Caribbean
AN August 11-28, 2010
4 i B ; ; i : —uy, ]
. L % | o N -
» 18 Field Campaigns: Q“‘L‘ a
o | g _ Qﬂ*\

2008 (3), 2009 (3), '
2010 (3), 2011 (2),

5

e

Caribbean CALIPSO Val. (NASA)
Jan. 22 — Feb. 3, 2008
—

Airborne HSRL has logged
>1080 science flight hours
> 330 science flights on

Birmingham (EPA)
NASA Langley King Air B200/UC12 Sept 16-Oct 16, 2008



HSRL-1 data used to apportion aerosol optical depth by
aerosol type and assess transport models

Fraction of AOT contributed by various aerosol types varies with location
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Aerosol Classification Using HSRL Measurements

Polluted Fresh

Ice Pure Dust Dusty Mix Marine Marine  Urban Smoke Smoke
s ISmoke a.nd Urban.- higher ; 1[}[} S'moke '1 - Sn.woke 2' - Iowér & Smoke - lower dep'olarizétion
8[] b= | L lidar ratio and smaller - hlgher lldar ||dar ra“o C|oser to B‘} - Spec’[ral ratio than urban
e = depolarization than dust { .% a0 F ratio, more g, rface (fresh) 2 * =
E and ice E." often Iofted\ . ‘Et'
H * Dust and Ice - high H (aged) 4
8 60f depolarizatiop, low lidar 5 60t Ice - lower : a 60r
= ratio \ .. = lidar ratio & =
- I Y i:&: - ol than dust S|
b= % L .. 5 ’y E -
8 40 .. : g 40
o a0 Az& " )
g ZD d 2 Maritime - IC'J'W'HU ratio, low il 2{} = *‘q
; "Q' |
I . 2 1 ﬂ depolarization .d: y.
0.0 01 02 03 04 00 05 1.0 15 20 25 3.0 00 05 1.0 1.5 20 25 30
Aerosol Depolarization Backscatter colorratio  Spectral Depolarization Ratio (1064 nm/532 nm)

*Uses four aerosol intensive parameters to classify aerosols
*Employs a training set of known types

Estimates the 4-D normal distributions of classes from labeled data
«Computes Mahalanobis distance to compute probability of each point
belonging to each class

*HSRL data acquired from 2006-2012 are classified

 Technique described by Burton et al. (2012) (AMT)



King Air: ceiling ~ 9 km
ER-2: ceiling 30 km
Step toward spaceborne applications
3B+2a+36 HSRL 4

-

-
e - 644 s4" g
Ty e Y i Ny

s - 4
o
v

« Objectives
— Demonstrate technology
— Validate lidar-only 3B+2a aerosol microphysical retrievals



532-nm Signal from 17 July 2012 Flight @/
off the Northeast Coast of the US (Boston Are




LaRC Airborne HSRL-2: First 3+2 HSRL @

07/17/2012 TCAP flight on B200 aircraft = High Spectral Resolution Lidar (HSRL)
< " N provides independent retrievals of
1064 nm Backscatter aerosol extinction and backscatter
» HSRL-2 Capabilities
— Backscatter at 355, 532, and 1064 nm
. s — Extinction at 355 and 532 nm (HSRL)
— Depolarization at 355, 532, 1064 nm
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July 2012: proof of concept of automated inversion from optical to
microphysical parameters with airborne NASA Langley HSRL-2 system
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Figure 4. (Top) Curtain plots of an 5 min flight segment that was used for the data inversion. (Bottom) Microphysical parameters retrieved
from the inversion method (red) and from the G-1 in situ measurements (black) on 17 July 2012. The measurement time was 16:00—
16:05 UTC for the mversion results and 15:45-15:56 UTC for the in situ data. The lidar measurements were obtained 2 km from the approxi-
mate G-1 spiral center. The inversion results represent height intervals of 150 m. The in situ data were taken with considerably higher spatial
resolution. Error bars of the individual in situ data points are composed of two types, counting and sizing. The error bars denote 1 standard
deviation.

Muller et al., AMT, 7, 3487 — 3496, 2014



TCAP Field Campaign: Profiles, Curtain Plots

> Each curtain plot: Angstréom Exponent: 1-1.5
> 73 lidar profiles A S T N S R
> ca. 3 hours

flighttime
> 2035 sets of 3B +
2a data Effective Radius: 0.15 - 0.25 ym

> 36 hours processing
timein 2012

>»about 1 hour processing
time in 2015
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Aerosol-Cloud-Ecosystems Mission (ACE)
Launch: ~2025 (2030)???

Improved climate

Cloud and aerosol
models

. I height
’ Local climate change
prediction

Organic material in

surface ocean layers Ocean productivity

QOcean health

Aerosol and cloud

types and properties Air quality models

and forecasts

Instruments: lidar, polarimeter, radar, ocean-color spectro-radiometer



Optical and microphysical aerosol parameters

Extensive optical particle parameters
Particle volume backscatter coefficient: 355, 532, and 1064 nm;
Particle volume extinction coefficient: 355 and 532 nm;
Raman quartz backscatter coefficient at 360 and 546 nm;

Intensive optical particle parameters

Linear particle polarization ratio: 532 nm;
Particle lidar ratio: 355 and 532 nm;
Extinction-related Angstrém exponent: 355/532-nm wavelength pair;
Backscatter-related Angstrém exponent: 355/532-nm and 532/1064-nm wavelength pairs;
Raman-quartz backscatter-related Angstrém exponent: 360/546-nm wavelength pair

Microphysical particle parameters (from inversion of extensive optical properties)

Real and imaginary part of the complex refractive index;
number, volume and surface-area concentration; particle volume size distribution; particle effective radius;

»High-end* particle parameters
Single-scattering albedo
Phase function



