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Lecture: Active remote sensing of the Atmosphere
Dual-Field-of-View Lidar: a tool for assessing

liquid-cloud microphysics

Aerosol, clouds and lidar.
Lidar multiple-scattering, dual-field-
Application and potential research.
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Clouds are a big component in Earth’'s atmosphere.

Their formation and evolution are governed by meteorological
conditions (aerosol, water vapor, vertical wind)

There are multiple processes shaping cloud macro- and
microphysics and thermodynamics.
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Introduction: aerosol-cloud interactions

Aerosol-cloud interactions Aerosol-radiation interactions

AR4, IPCC 2007
(Forster et al., 2007)

AR5, IPCC 2013
(Boucher et al., 2013)

ARG, IPCC 2021
(Arias et al., 2021)
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2) Drizzle suppression
T (Albrecht, 1989, Rosenfeld, 1999)

3) Enhanced mixing at CB
(Albrecht, 1989)

4) Faster evaporation
(Ackermann et al., 2004)

5) More entrainment
(Ackermann et al., 2004)

6) Combined INP-CCN Twomey effect
(MPC, Lohmann, 2017, Maciel et al., 2023)

7) Freezing starts higher
(Lohmann, 2016)

8) Updrafts invigorated
(Koren et al., 2005, Zang et al., 2023)

9) WBF process
(Wegener, 1911; Bergeron, 1935; Findeisen,
1938)



Cloud processes VS Aerosol-cloud interactions

1) Increase cloud albedo

Warm clouds @ (Twomey, 1959)
® g & d g nonenmen 2) Drizzle suppression
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nucleatlon gs * O - g o  F W g P (Ackermann et al., 2004)
Wet gro:fth * Secondarylce
Entrainment .. 5 pmd”‘:tm” Convective and cold clouds 6) Combined INP-CCN Twomey effect
: ._ _‘ _’_ _*_ (MPC, Lohmann, 2017, Maciel et al., 2023)
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Condensation .:..’. .: e R @®°° ‘xl: .. .f. T (Koren et al., 2005, Zang et al., 2023)
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(Morrison et al. 2020)
of aerosol and cloud
microphysics



Ice-nuclei / ice-crystal life cycle
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* 355 (elastic, II, 1)
* 387 (Raman, N,)

* 407 (Raman, H,0)
* 466 (Fluoresc.)

* 532(elastic, Il, 1)

* 607 ((Raman, N,)
* 1064 (elastic)

*  Dual-FOV

Overview of analysis flow at TROPOS

* Rotational Raman

Lidar signals
. Microphysical properties of
el aerosol particles _

Calibrations and usage of external
information (P(z), T(z), RH(z))

*  HSRL (Mie -
Rayleight)
¢ DIAL

K. Doppler shift /




Overview of analysis flow at TROPOS

-

Lidar signals

355 (elastic, Il, 1)
387 (Raman, N,)
407 (Raman, H,0)
466 (Fluoresc.)
532(elastic, II, 1)
607 ((Raman, N,)
1064 (elastic)

*  Dual-FOV

measurements
«  HSRL (Mie -
Rayleight)
¢ DIAL

K. Doppler shift

measurements
* Rotational RamaN

,

4

. <

Calibrations and usage of external
information (P(z), T(z), RH(z))

Microphysical properties of
aerosol particles _

Microphysical properties Cloud relevant

of clouds — CCNC,INPC,C




Some insights into particle microphysics

. 0(z)
P(z) = 2 CI.BAO(Z extinction
efficiency

'—I—\
L} Particle extinction coefficient @) par = fn(r)a;to’ext(r)dr = J n(r)nr? 0, o (r)dr Depends on size and

— — number density!

Type [ constrain a size distribution extinction Geometrical

and efficiency cross section cross section
Poliphon ( Mamouri & Ansmann 2016), ) .
Inversion (Veselovskii et al 2002) Particle number concentration Npar

Single scattering
What happens in liquid-water clouds? I\ () JZ[ ® + ©)] a
= ex - a a

*  Efficiencyis known Q;_ ext(r) = 2 Ao P J Ao par Ao mol

. Unknown size distributionn(r) Multiple scattering

* Lidar equation breaks because of multiple scattering z

T)IO (Z) = exp {_ f[(]- - FMS)“AO Jpar (E) + @},,mol (E)] dE}

A third unknown emerges in the lidar ’ '
equation. The multiple scattering fraction F ;¢



Light scattering at particles

Scattering phase function

Phase function (a)

1000,
> 100 O leff = 6 um
2 10% reff = 18 um
i = —— molecule
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[ Ansmann, 2025 ]
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Some insights into multiple scattering

Leipzig, MARTHA system 2017

Backward
scattering

Forward
scattering
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Some insights into multiple scattering

Multiple scattering fraction:

Example of

double scattering
Pss: Single-scattering lidar return
Pys. Multiple-scattering lidar return
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Zf

PMS(Zb)OCJJJJjIvery—difficult(zf:Hf»(pfizb'Hb'(pb»a(z)»Re(Z)»HFOV)

Op ¢p zf Of P
f

[/I'he radiative transfer problem is difficult to solve.]l'he favorable
aspect of multiple scatteringis that it depends on the microphysical

properties of the cloud, the extinction coefficient a(z) and effective
radius R, (z), but also on lidar geometry, namely the receiver Field-
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Modeling of lidar multiple scattering

2 2 0 2 f-b
$i(20) = ) 7 Opdby [ depy [ dazi )" 050 J, a((ZZlf)—aZ(f?Z)) (05 de) ;7 dg
+

Omax 2 2 b-f
J, " 0,dy [ dpy fZZCDB dzg folpFOV Ordo; [ D 1 (g, ) 522 dg

0 0 (zp—2z£)?

Where
2) f-b 2) f-b
Si( ) = Sl( ) (Zf; Bf' ¢fi Zp) Hb; ¢brMscat(Ref @fr G)b))
First forward then backward
Zf

b-f b-f
s = gD o b 26, 0, b Mscar (Rer O, O))

First backward then forward

Modified Shipley model (Wandinger PhD thesis, 1994)
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Multiple scattering to assess liquid-cloud microphysics

There are different approaches to solve lidar multiple
scattering problem (since the 1970s):

* Monte Carlo, Stochastic methods, semi-analytical
methods.

Methods have been proposed to use multiple scattering to
retrieve cloud microphysical properties, most of them o
based on Dual-FOV lidars. ,
« Multiple FOV lidar (since 1990s). Vil

* Dual-FOV Raman lidar (at TROPOS since 2010). Lilli

* Dual-FOV polarization lidar (at TROPOS since 2017). i I

* Dual-FOV high-spectral-resolution lidar (since Wl
2020s).
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mirror

1. Dual-FOV Raman lidar

FOV;,

ACI studies 2010-2015 at TROPOS, Schmidt et al., 2013, 2014, 2015.

Phase function (a) (d)
|
|
100 Multiple
z 1009\ leff = 6 LM scattering
[z 104 reff = 18 um
i § —— molecule
£ 1
2 0]
S 001
1E-3 |
1E'4: LA DL | ] T T T T T T T T T T
0 2 4 50 100 150 176 178 180
angle, degree

* Multiple-scattering problem is much more simple OO0 Fast multiple-scattering model (Malinka and Zege, 2003)
* |terative procedure. No assumptions about the vertical structure.

* Needs large averaging periods (15-30 minutes) and works only during nighttime!
16



Microphysical relations Qi exe(r) ~ 2

N,: Droplet number concentration [ n(r)dr

[ n(r)r?dr
/ [n(r)dr

[n(r)r3dr
/ [n(r)dr

Extinction coefficient

a = jn(r)ner,lo,ext(r)dr = ann(r)rzdr

RZ: surface mean radius

Ry : volume mean radius

Liquid water content

4 4 [n(r)r3dr 4 ; 2
W) = =Tp,, j n(r)r3dr = =np,, fn(r)dr =—mp,RyNy = §pwaRe

3 3 3

[n(r)dr

Effective radius
There is a linear relationship between R and R

[n@)ridr  N4R} (Martin et al., 1994).

R, = = _ Ry
Jn(r)r2dr  NyRZ =R
The value of k is related to the width of the size
Droplet number concentration distribution
_ 1 -2
Ng= ﬁaRe

From the extinction coefficient a and effective radius R ., we can derive the

liquid water content w; and droplet number concentration N4
17



Range-corrected signals [a.u.]

1. Dual FOV Raman Ildar example
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* Multiple-scattering problem is much more simpler O Fast multiple-scattering model (Malinka and Zege, 2003).
* lterative procedure. No assumptions about the vertical structure.
* Needs large averaging periods (15-30 minutes) and works only during nighttime!
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2. Dual-FOV high-spectral-resolution lidar (DFOV-HSRL)

(Wang et al., 2022)

relative intensity
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Pros:

* Fast multiple-scattering model (Malinka
and Zege, 2003). No assumptions about the
vertical structure.

No need of large averaging periods and

can potentially works during daytime.
Cons:

* HSRL is technically challenging.

* Expertise on the topic not so spread
over the community.
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3. Dual-FOV polarization lidar

Jimenez et al., ACP 2020a, 2020b (since 2017) Cloud at 3 km height, z..s = 75 meters above cloud base

3.2 ] [ iAS @ 1P RRRAET e@AE ]
Subadiabatic cloud [ 1 [ d o |
Zref ,_,3.15:- 1 T 000 As lookup table
= - ! 0.08 N
o = 0.07 - ’/I I_ \ I\T\\
EmeNY
<5005 . ’(/I :\T\T\‘\
008 B o ’%4+“.|\§
. BN === maaay
2 o R == e i 0 O s .
,-nq:’ 001" =iz km-; e;;;;n- 7.9 ym o _
5¢ St - Z s 0.6 07 08 0.9 1
14 ' ! rat
10 | : Retrievable parameters
: (b) * Extinction coefficient
5 v : e Effective radius
1 0.02 0.04 0.06 e Liguid water content
* Droplet number concentration
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Instrumental upgrade and evaluation with measurements

MARTHA PO"y XT Front view
4 FOV,y, 2 mrad>
(as Testbed) (as Workhorse) - %:E;Ej_szz i zFﬁYQ% ‘\<©t'j?
5 \ L FOV,
\ ' 1 mrad ! !

caht&

Calibration:

MARTHA: Three-signal approach
(Jimenezet al.,, amt 2019)

Polly: A90 degree approach
(Engelmannet al., 2016,
Freudenthaler, 2016)




A measurement example

Measured parameters : Retrieved information
Punta Arenas, Chile § 0.08 p, HE 4@ . | ! " Cloud base
22 Mar 2019 g (a) § g : .......................................................................... :
8 I E 0.06 - N : I 1 1
© i 4(1)
—_ (a) ® 0.04 I 7 ‘7'; 30 ) | " Cloud extinction coefficient:
E6 = f Lil= 20 - 111]11EHIHIIIHIIIEHHIII{IEIIII]IIIMIIIIIIIIIEI]I ik 25
> 20021 s 10 | | | ;
cal g 0 ! HE 1510 I ' ' Cloud effective radius:
> = s IHIIHIHHI{IH]BHIIIIBHIIIIIIEIIIIU]IIEIIHIIIIBI[}IIIIIIIMI]I
XL = 5 T Ths T T -
- W = | () ‘e g'z F(d) Liquid water content
I o ]
o | | | | 1L ot I IHHIHIH]IH]I]IHH]IIHH[HHII[[[IIIIHII]IHII]IHE]HHI iy
ooor | [ookup table 7 |
0.08 e Cloud droplet number concentration:
////// i .
//Trii, Iy II]I]I[H]JHII[[II[[[[II]I[[[I]IIIIIHI[III[{IIIH]IIIII{H]I[]IHIIMIIII
0.06 AT T .y
£ 005 - f bl 1\,& 09:00 10:00 11:00 12:00
oos. ¢ km™! I//’ B /}t - {_[Ir '1,:33 Time [UTC]
003 |- R e 0.6
vozy AT { e
(’T/VH-EA/_I:—"-—*“L_—*_Vl o A—I‘__‘_J“"L-:\'. Ay i
0.01F ,-52 km:‘:=35ﬂm 7.9;pm 14.4 pm 1 e ‘dab;&ﬁ,m 2 | " 0. 4
s 06 07 08 09 1 : - :
S S 06:00 09:00 12:00

Time [UTC] 22



AEerosol ciloua micropnysical researcn capapilities at | ROFOo
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f Diffusional growth
4 Riming

g Radiative cooling ==
l Evaporation/Sublimation S

Liquid-cloud microphysics — \
\ = Dual-FOV polarization lidar

Multiple-scattering-based method

-

Aerosol microphysics — (Ice-cloud microphysics — ) :
Multi-wavelength Raman polarization Lidar-radar synergy % 3 T
lidar L f{‘ﬁ O ®
m /" N e
t Y | o -_// :_' 6in ~ 6out 5in « 6out

Aerosol type and extinction coefficient as input to

derive number concentrations Zradar , JM*@)ND)dD 5mV/
o Elidar A(@))N(D)dD — Dy —» § 7
E > Nso,Nioo) Nosor Sary  (VE™™) dar [ A(@)IN(D) size N{:anI;er Sout
m(D) =y,,D°m , A(D) = y,D% — p, (Sin
+ Field and laboratory based parameterizations. N((D))= I)Q?D”exp[(—(; 67},/-11- 1)D/D, ] Re P3(aout’CB) — R, (D
. : — . ) size Numb
CCN and INP concentrations Ym, Om.Ya,0a: Crystal shape dependent parameters. E = P (6in CB, Re) umber
— CCNC,INPC; 4 wu: width of size distribution, and Dg the volumetric 1
mean diameter. CDNC = —ER;Z

(Mamouri and Ansmann, ACP, 2015, 2016.
\ Ansmann et al., ACP, 2019, 2021)

\_ (Biihl et al., AMT 2019, Mason et al., JGR, 2018)

J

2k
(Jimenez et al., ACP, 2020a,b, Jimenez 2021y




Long-term results of aerosol and clouds: Pristine vs Polluted

Dushanbe, Tajikistan
38.5°N, 68.8° E
June 2019 - present

20142016 CJADE X-2 Tajikistan

Punta Arenas, Chile
53.1°S,70.9° W
Nov 2018 — Nov 2021
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Where are we with DFOV-polarization lidar

Adapted from NASA GEOS-5 Nature Run collection
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Where are we wnth DFO\[-;_Ps P

Actic-+1year) — smaued Dushanbe, Tajikistan

(since June 2019)

30-150 cm3
3 . rynow and then) 100 = 400’Cm-3

Mindelo, Cabo Verde 50 300 Cm-

s < Punta Arenas 5—100 cm3
R (3 years) (since Nov-2022)

T
s, Y .




Lidar plots “polluted” vs. “clean”

00:00 00:15 00:31 0047
Time (UTC)

nnnnnnnnnn

19:53 20:00 20:06

2 (UTC)

20.00
18.75 I
17.50
16.25 I
15.00
(Logarithm
of data)

27



Long-term results of aerosol and clouds: Pristine vs Polluted

Cloud properties (75m above CB)

— Punta Arenas (53.1° S, 70.9° W)
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Aerosol-cloud-interaction index (monthly basis)

349

Dushanbe, Tajikistan
586 667 828 1466

 (a) ' i - - ! e — '
[  — o | ! 1 Ny _
: . : ' | ' . EA‘EI = 0.57 + 0.26
S T I R S .
T T T T T T T ——
 (b) 3 % i s . — -
i F . A S i ; g
Jun Jul Aug Sep Oct Nov Dic ggzr; 102 103
Month of 2019 (2020) 3
N [cm ]

1103
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Relevance of these results for the radiative effect

Punta Arenas ! Cloud depth |
0.8[0.83 + 0.20 ' '

0.6 HDushanbe : : il 1 [ Punta
0.57+ 0.26 i | L Arenas
0.4 B i : i L

Dushanbe Q

aci

ENe

0.2 : - o~ 2f
6 . . (Schmidt; 2014) £ i
0 50 100 150 200 250 E

Cloud penetration [m] 5 -3 3 i

Ng,T 2_N "

dy WOIIEY: d . . . :
B2 ~ 3 E,; —» Obtained during this work 4f ]
Twome Ngq,Twome =L ]

e e i fc (1 —ANE.S YFY*Aln Ncen -5

aci _ :
l/ Mermanetal.,ZOOO) 6:..................................-....-....:

] 0O 01 02 03 04 05 06 0.7 08 0.9
Obtained from MERRA-2 Anthropogenic fraction

(Jimenez, 2021)
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Liquid properties

Lifecycle of mixed-phase clouds

Arctic-winter case

30-31 Dec 2019 Radar reflectivity [nm® m]

ES T T 10!
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§ 103 E 10° af)
oo 08
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© 49! 1072
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Ice properties

\ % fs ’4 ’,,) \-%,/? / = f/ Y / _—
gt ¢ %, Py
f Diffusional growth " — \ — \ e
tRiming _/‘ £ ‘ P4
£ Radiative cooling — = —
l Evaporation/Sublimation S - S,

Feeder-seeder and multilayering at the initial phase.

Liquid and ice phases strongly correlated.

MPS dominated by strong cloud-top cooling and large-scale lofting.
Continuous activation of new droplets keep the cloud system alive.

(Jimenez et al., 2025, in preparation)
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Lifecycle of mixed-phase clouds

Arctic-summer case

RC signal [a.u.

e 21 Sep 2020 Radar reflectivity [mm® m™3]
E o™ o ' | 10°
— tm <
£.[ il m qu
" - 107
4
108
2
10°

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
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N w o Height [kml CI-’Ieight [km] Heig

a, [km™

lig LAM]

-3 -3
CDNC [cm™] LWC [gm®] R,

0
0
g More CCN and INP as well as water vapor available
Z 10 Liquid and ice phases
1‘5’ External forcing alter the liquid-ice balance (likely from a gravity
10 wave)
> 5 Ice phase dominated during perturbation. Liquid phase recovered
o_: and dominated evolution in the next hours until cloud system
L vanishes as water vapor is consumed.
i (Jimenez et al., 2025, ACP, accepted)
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Summary

* Aerosol and clouds are key aspects for weather and climate
research

* TROPOS is deeply involved in the developments of instruments
and methods to characterize aerosol and clouds. T

* Lidar multiple scattering is and issue but also an advantage in
liquid water clouds. N

* Several methods have been introduced to assess cloud \
microphysics using the multiple scattering effect: \

* Dual-FOV Raman (only nighttime, no high resolution) \

* Dual-FOV HSRL (daytime and high resolution, instrumentally challenging) 0

* Dual-FOV polarization (daytime and high resolution, cloud assumed \ "
subadiabatic) ‘

* Combined cloud and aerosol information can help to address |
aerosol-cloud interactions and study cloud processes.

* 1%t order aerosol-cloud interaction (Twomey effect)
oud interplay between liquid and ice phases.
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