GRASP/GARRLIC

Inversion methods for atmospheric profiling of
advanced aerosol properties
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Aerosol remote sensing

Active Passive

» vertical profiles (0.2<h<15 km): * columnar: t(A),w,(A), n(A),
B(}\',n), G(}\"n) (raman only) K(}\), dV(r)/dlnr

+ Sensitivity to P,,(A,180°) » Sensitivity to a wide scattering

range: 3° — 150°
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Objectives

» Advanced aerosol remote sensing based on
a combination of active and passive
measurements

» Benefiting from all the sensitivities of

available remote sensing instruments and
lessen the assumptions

* Unified aerosol model, describing both
vertical and columnar aerosol properties



General GRASP idea

GAS
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GRASP features

High versatility (measurements)

— suitable for satellite and ground-based measurements
— multiple instrumentation :

v'P,1(A,0), P1,(A,8), P,,(A,0), P23(A,B), P5,(A,0),P,4(A,0)
v't(A), I(A,0), Q(A,B), U(A,B), P(A,B)
v B(A,h), a(A,h)*,6(A,h)*

*in process of scientific validation



GRASP features

High versatility (retrievals)
— multi-pixel (time+space) retrievals
— multi-instrumental retrievals (single & multi-pixel)

— flexible modelling
Aerosol (mono & multi-modal)
v'Size distribution (5 to 22 parameters)
v'"Complex refractive index
v'Vertical distribution (1 to 100 parameters)
Surface
v'Surface BRDF&BPDF (land and ocean)



GRASP+LIRIC=GARRLIC

eneralized Aerosol Retrieval from Radiometer and
dar Combined data.

Previously achieved ( ):

» Allows discriminations of vertical profiles of fine &
coarse aerosols

New achievements ( ):
* Refractive index distinguished for fine & coarse modes
* Improvements of columnar properties, e.g.:

particle shape, dV(r)/dlnr, P;(A,180°), S,(A)

« Benefits from polarimetric inversions (active and
passive)



Aerosol model

Particle size distribution:

0.05 um < R (22 bins) € 15 um Complex refractive index

A =0.44; 0.67; 0.87; 1.02 um
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Total 31 parameter (AERONET) :
dV/Inr — size distribution (22 points);
n(A) n k(A) - refractive index (4+4 points);
Cepher (%) — sphericity faction (1 point)



Mixture of spherical and spheroidal particles

retrieved parameter o
AN e R e
Cx © ~© +(1C)yx >

f y -
rmax max gmax
r(A): [ K== (;nr)V(r)dn+(1-C) [| [ K;(k;n;r,g@de V(r)dr
rmin rmin gmin
o~ - \ g
Assumptions: —e Shape distribution

« dV/dInr — size distribution is the same for spheres and non-spheres;

« non-spherical particles is a mixture of randomly oriented polydisperse
spheroids;

« aspect ratio distribution N(¢) is fixed following Dubovik et al. 2006



Unified aerosol model

V, (40km)=0 Height independent:
* dV(r)/dlnr,
Mixture of spherical (Cy,,)% and J « n()), ()
" spheroidal (1-C,,)% particles * wy(M), Py(2,0)
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General structure

ap coarse
fine

dv(r)/dlnr, dV(h)/dh

* !

coarse

n(A), k(M)

Cspn — SPher. fraction

Yes qP=gfinal

fine | coarse

(M), w(M), "

S.M),
Pi' (}\"@) ’ y
\]]f,c (h) O-(}\',h)

! |

Radiative Lidar
transfer equation

I I
v

Numerical
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fine

dV(r)/dlnr, dV(h)/dh, n(}), k(\);

'C(}\ﬂ])a 000(7\971) ’ Sa()\‘ah)a 0()\‘77])

inversion

1

Photometer & Lidar
data
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GARRLIC/LIRIC

AERONET inversion Measurements

Eixed columnar estimations for PHOTOMETER
fine and coarse aerosol modes:

' . , ] « AOTs 7,(A,
* Lidar ratios Sj(lj)’sa(’lf) <€<—— . Total sca(ttéZed radiances I(lj,ei)

« AOTs Tj(/lj),fj(}tj)
* Volume concentrations vf,vz /11_0'44’0'67’0'87’1'02“’%

A, =0355,0.532,1.064um 6,€[0°,150°].i <35

LIDAR
* Altitude resolved back-scattered

radiances I(/”Lj,hl.)
A;=0.355,0.532,1.064 um

h € [hmm ’hmax]
Output
* vertical distribution of aerosol concentration for fine and
>|  coarse aerosol modes ¢’ (h,),c"(h;) <

* Lidar calibration coefficients A(/lj),),j=O.355,0.532,1.064/Jm

Columnar properties for fine and coarse aerosol modes:
«  Size distribution dV’(r)/dInr,dV*(r)/dInr

*  Real part of complex refractive mdex n’ (2,).n (1) <
* Imaginary part of complex refractive index k/(4,),k"(4,)
* Spherical particles faction C,,

lj =0.355,0.44,0.532,0.67,0.87,1.02,1.064 um




Inversion

Simultaneous maximization:
s of LIDAR & Photometer data f*
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« Similarity to a priori assumptions
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pixels and a priori
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Numerical Inversion
(single pixel scenario)

Input : observations f*

Description of error Af*:
C,- - matrix of covariances o}
W =C,/o 2 — weighting matrix

\ Birlort canstraings:

- Smoothness of V{r), n{4), k(A)
and sfA) (-surf. BRDF, BPDF};
- A priori estimates: a*, y W, =C /o 2

@ TN NN OGNNSR NN W —— W - —

flaP) - modeled observations
.- Jacobians, Af° = fla*)-f*

Normal system: Ap Ag? = VWP

A, - Fisher matrix; V¥* - gradient of W(a®); W(aP) - residual
A, = I(TW'IK'J +y,Q + Y. W,?
Ve =K TWIARP+y,Q 0%+ y W, (ak-a%)

2W(aP) = (M)TWJA’P +Ya (aP)TQpaP +Y, (ap.a*)Twa-l(aP-q*)

---------------’



GRASP AEROSOL ABSORPTION
PROFILING AT NIGHT



Day & Night measurements

LIGHT SIDE DARK SIDE

T(A) . 1(10)




Multi-temporal multi-instrumental
retrievals concept

Copyright SailingBritican.com




Multi-temporal multi-instrumental
retrievals concept

aerosol parameters inter-temporal

smoothness conSTRAINs
\_/




Numerical Inversion @ 1 At

(multi-pixel scenario) @ = = ™" leeeceeeen=- ————

-—_—_—_—_—_—e—_—_—

\
Input : f* \

. ' Normal system for i-th pixel: o e |

- retrieved vector =1
: Forward model M= 9
forN=Oipbels: B A priori constraints < AI,p AgP = VWP .
o"
R n-lo-vc-. ------ --’."

Normal system for multi-pixel case: A, Aa® = VWP
is built using single pixel systems as:

A priori_inter-pixel

constraints:

Smoothness on A 0 0 v
temporal and/or spatial " ! Meaw r

- > lep - ‘7\1}" G e P o
Inter-pixel variability of AP 0 A, 0] Q“"" : 2 [*5Cmea |, W [ g\p‘p ¥ (a ) Qma
retrieved parameters g, 0 0 A, vy

A
W B R R B R T —— i —

I
¥

r—bl a”1=agPf- t AaP |

t=t/2
£

--- same as in single-pixel -" only in multi- pixel

retrieval retrieval




Sensitivity study

50/50 mixture of smoke and dust
continuous lidar measurements

Sun photometer measurements in the evening
and in the morning

aerosol gradually decreases in concentration

aerosol type and proportion mixture don’t
change



Sensitivity study: size distribution
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Sensitivity study: refractive indices
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Sensitivity study: vertical distribution
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Sensitivity study: columnar SSA
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Sensitivity study: now with more RAMAN
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Sensitivity study: now with more RAMAN
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SHADOW campaign retrievals
7—8 APR 2015
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SHADOW retrieval: size distribution
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SHADOW retrieval: refractive indices

Real part of refractive index
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Imaginary part of refractive index

SHADOW retrieval: refractive indices
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SHADOW retrieval: vertical distribution
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SHADOW retrieval: columnar SSA
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SHADOW retrieval: vertical SSA
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SHADOW retrieval: columnar Lidar Ratio

DAKAR 07-08 APR 2015
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SHADOW retrieval: vertical Lidar Ratio
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SHADOW retrieval: GRASP vs RAMAN
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SHADOW retrieval: GRASP vs RAMAN
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SHADOW retrievals: AOD
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SHADOW retrieval: lidar fits
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GRASP AEROSOL DEPOLARIZATION
PROFILING



SHADOW retrieval:
particle depolarization profile
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SHADOW retrieval: VDPR fits
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GRASP POLARIMETRIC PROFILING



GRASP POLDER threshold profile

K=0.51371 a=0.34836 b=1174.2029 RMSE=1007.1916
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GRASP POLDER exponential profile

K=0.98809 a=0.96303 b=8.7652 RMSE=171.5313
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GRASP POLDER Gaussian profile

K=0.9832 a=0.90127 b=352.2162 RMSE=358.2394
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GRASP POLDER profiling: ground level
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GRASP POLDER proﬁlmg ground level
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GRASP POLDER profiling: ground level

K=0.71043 a=0.79879 b=10.8915 RMSE=54.4947
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Averaged Winter data of POLDER Vertical Profile Height (2005-2013)
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Averaged Summer data of POLDER Vertical Profile Height (2005-2013
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GRASP/GARRLIC HOW TO



What you can get from GRASP/GARRLIC

 Mode resolved™® aerosol properties:
— (SD, VD, CRI, %SPH) + RAND ERR + BIAS

 Mode resolved® columnar optical properties:
— AOD()), SSA(A), AAOD(MA), LR(A) + RAND_ERR + BIAS
— P,(0-180°, \), igj<4
e Vertical profiles* of optical properties
— EXT(h, A), SSA(h, A), ABS(h, A), LR(h, A), B(h, A), P;(h, A)

*at least two lidar wavelength needed




How to: get vertical profiles of aerosol
properties

* Extinction:
tfine(A)xV/Dfine () +gcoarse(A)x\/Deoarse ()

* Absorption:

(A, h) xVDf(h)x(1=SSAT (A))+t¢(A)xVDe(h)x(1—SSAC (A))

* SSA:

(EXT(A,h)—ABS(A,h))/EXT(A,h)



How to: get vertical profiles of aerosol

properties
* B(h, A)
t(A)xVDf(h)/LRT(A)+t¢(A)xVDe (h)/LR(A)
 LR(h, A):
EXT(A,h)/B(h, A)

* SCA(h, A):

tf(A)xSSAT(A)xVDf(h) + T¢(A)xSSAS(A)xVDe (h)

* P;(A,h,0):

(P,f(A,8)xSCAT(A,h) + P,¢(A,B)xSCAS(\, h))/(SCAF(A,h) +
SCA(A,h))

* A(Ah)

(P11(A,h,180°)-P,,(A,h,180°)) / (P,4(A,h,180°)
+P,,(A,h,180°))



Understanding errors:
random errors of retrieved parameters

—

JACOBIAN

FINAL RESIDUAL

JACOBIAN




Understanding errors:
random errors of optical parameters

FORWARD FORWARD
MODEL MODEL

MEASUREMENTS RANDOM ERRORS of
OPTICAL PARAMETERS




Understanding errors: bias

W(a)

W(a®)

W(al)
Lp(aﬁnal)

—>

Initial guess = a° al afinal SOLUTION

BIAS = Aa"n



How to: get error bars from GRASP

* Get total deviation (if needed)
0,=SQRT(0,,,4*+0p:..%)
e Standard deviations are provided in log scale
a =ato,
* Return to a normal scale
exp(a’)=exp(ato,)

* WARNING: Parameters are given in normal
scale already

a =a X exp(to,)



How to: get error bars from GRASP

Know your plotting software

Relative Absolute
a X exp(o,)=a" g T
E— exp(a,) a X exp(o,)—a
a """.‘.. "“.. -.....
exp(a,) B a-ax exp(-0,)

a X exp(-0,)=a",,,




How to get errors for your profiles

 Modify the code so it’ll calculate the profiles
and errors and share it with everybody!

* Try the partial derivative estimation™:
o (A)xVD'(h)+o S(A)xVDe (h)+
t(A)xa,(h) +1¢(A)x0,.< (h)

*not scientifically strict, since properties are co-
dependent



GRASP/GARRLIC LIDAR DATA
PREPARATION



Your part: Geometry, Range, Background
& other corrections

e LE for elastic lidar:
A1)

P = G(R) =5

1B, R)IIT?(A, R)] + Py

* Signal correction:

S*(z;)) = (P*(z;) — B*)z;* = (P*(iAz) — B*)i*Az*
B* — estimation of background (usually P*
averaged between 50 and 60 km)

e dead time and other technical corrections
should be applied



Driver part: Step 1. Signal cropping &
AccumulatioE\

max

driver_settings:
lilas:
minimum_height: 500.0
maximum_height: 7000.0
time:
from:
2008-01-01T16:10:00Z
to:
2008-01-04T16:20:00Z
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Range, Distance. Height. Altitude.

N

h=z"+h,

\

Z 7'=7 X sinB




lidar calibration. Why?

Aerosol layer
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Calibration on reference point.

 Reference point — range where we suppose
to have only Rayleigh scattering. Easily

calculated:
A
$*(zrer) = R(z f)ﬁm(zref)Tz(Zref)

o1 _ S (7e)

A R(Zref)
* If we choose reference wrong:

ﬁm (Zref)
:Bm (Zref) + :Ba (Zref)

Bis (Zrep )T (Zne )

R(zrer) =




Driver part: Step 2. Calibration.

* No need for manual reference point signal
calculation & selection

* Less assumptions

* No need to retrieve additional parameters
5" (z;)

?’:1 5*(z;)

‘SZal(Zi) =



Driver part: Step 3. Averaging.

Decimation.
* Logarithmical altitude scale.

— ln(zmax/zmin)(l o 1) T o
hi = Zpyax€XP N. —1 % T 5 =
" E g B2
: : O s I =
Altitude grows noise grows, & ¥ £ ¢
aerosol variation drops. h, T 3
n, ' l’leZ-
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How to: get vertical profiles of aerosol

properties
* B(h,A)
T(A)xVDf(h)/LRf(A)+T¢(A)xVDe< (h) /LRS(A)
* LR:
EXT(A,h)/B(h, A)
* P;(\h,8):

(P, (A, 8)xT(A)xSSAF(A)xVDf(h)+
P.S(A,8)xTE(\)xSSAS(A)xVD<(h))/
(T(A)xSSAF(A)xVDT(h)+Te(A)xSSAC(A)xVD<(h))
- A(Ah)
(P,,(\,h,180°)—P,,(A,h,180°)) / (P,,(A,h,180°)+P,,(\,h,180°))



General structure
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Documentation

* requirements, installation and short description
of the input data structure:

http://www.grasp-open.com/doc/

« type grasp help to get full description of all
possible settings options

* Scientific part:

Dubovik et. al. AMT 2011 doi:10.5194/

amt-4-975-2011

Lopatin et. al. AMT 2013 doi:10.5194/
amt-6-2065-2013



How to run GRASP

SETTINGS
yml

FRAMEWORK

OUTPUT

STREAM




How to run GRASP

* Open file
/examples/lidar and sunphotometer/
settings _example_lidar_sunphotometer _inversion.

ym|



