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Figure S1. Extinction coefficients from Raman signal from vertical and slant measurements with
different types of filters and different filter lengths.
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Figure S2. Elastic backscatter coefficients from vertical lidar measurement for different values of
altitude-dependent lidar ratios with interval time being 1 hour on 7, April 2018.
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Figure S3. Time series of dust layer heights and peak heights (the heights for the maximum backscatter
coefficients) for both lidar measurements and ICON-ART prediction as well as cloud base heights
(green line) measured by lidar from 7 to 9, April 2018.
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Figure S4. AOD from the sun photometer (coarse mode) and ICON-ART for both SPH and NSP

particles model simulation on 7 and 8 of April for 1 hour temporal resolution. SPH = spherical; NSP
= non-spherical.
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Figure S5. Time series of backscatter coefficients from KASCAL measurements (a) and from DWD-
DELiRA measurements with ICON-ART results shown as black contour lines (b) as well as ICON-ART
results for SPH particles (c) and as ICON-ART results for NSP particles from April 7 to 9, 2018. Please
note that the model data only includes the Saharan dust while the lidar data shows also other aerosol
particles and clouds. The profiles of backscatter coefficients measured by the two lidars from 15:30 to
16:30 and predicted by ICON-ART for 16:00 on April 7, 2018 (indicated as C1 in the contour plots)
are shown on the right side of this figure. The vertical dashed lines in the contour plots indicate
dust arrival (T1), second dust layer appeared (T2), and the two dust layers merged (T3). C1 and C2
represent time periods used for a more detailed data analysis. SPH = spherical; NSP = non-spherical.
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Figure S6. Profiles of backscatter coefficient from KASCAL (both vertical and slant direction), DWD-
DEliRA measurements as well as ICON-ART model simulation for two typical cases indicated C1
(left) and C2 (right) in Fig.1. SPH = spherical; NSP = non-spherical.
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Table S1. Averaged extinction coefficients and its their stand deviations for different window types

and lengths.
Ext. cgelff- H=825m H=157.5m H=307.5m H=4575m H=6075m 112075
(Mm™+)
Rect. 48 + 32 49 + 19 48 +11 49+ 8 51+5 53+5
window
Hamming 5 | 4 48 +27 49 + 14 4949 50+ 6 51+4
window
Hanning 49 +37 48 +29 49 + 16 49+ 10 497 514
window
Ka}man 46 + 39 47 + 14 46+ 8 48 + 8 48 + 6 48 +5
filter

Table S2. Overview of SSAs measured for Saharan dust.

SSA Wavelength [nm] Reference
0.88 -0.92 439 This work
0.91 450 Miiller et al., 2011
0.96 - 0.99 530 Petzold et al., 2011
0.96 537 Schladitz et al., 2009
0.96 550 Miiller et al., 2011
0.98 637 Schladitz et al., 2009
0.87-0.96 675 This work
0.86-0.94 870 This work
0.98 950 Miiller et al., 2011
0.85-0.94 1018 This work

Table S3. Comparsion of backscatter coefficient from lidar and ICON-ART based on spherical
parameterization (SPH) and non spherical parameterization (NSP).

Mean Mm™! Std. Mm~1!
DWD-DELIRA 0.72 0.36
ICON-ART (NSP) 0.71 0.37

ICON-ART (SPH) 2.15 1.14
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Appendix: Mathematical derivation of Multi-angle method

The lidar equation and klett-Fernald method Can be expressed as following:

P(r) = CoTg Paer (1) :_Z‘Bmol(r) exp<_2 /Or[[xm(r) + amol(r)]dr) 1)

RCS(r) * exp{Z % (Sq — Sp) * er”’f ﬁmol(r’)dr’}

B(r) = —xcs
(r) Rye _ Rye
C*/ST(YWJ‘) + 2 % Sa * -f}’ f |:RCS(7’/) * exp{Z * (Sa Sm) * fi’ f ﬁmol(r//)dr//}}dr/

()

In term of the numerator, S, is for the retrieval method and Sy is for the input lidar ratio. Let elevation angle be 6;
and 6, and 61 > 0, 1 = ﬁ, Uy = ﬁ, U = pp — pq. For 6; direction:

Baer (117) + Buot (p17) pr
P(ur) = CoTg ()2 exp (2 /0 [@aer(par) + Ixmol(l/ilr)]dr) @)
RCS(p1r) * expq 2 * ( f‘lr " Bt (171"
- vevfe 525 g patt

R mR re

For 6, direction:

A — 2 Baer (H2t) + Bmol (127 ) ool —2 [ 1a At Adr
Pizr) = Gty Pr ) Bt ey (2 [ o)+ ) ®)

RCS(por) * exp{Z % (Sg — Sm) * flfrr"’f ﬁmol(yzr’)dr’}

B(par) = ;
RCS Ry H2R,,
7&%01%};22&) +2%S, % f;zr ef [RCS(VZr’) * exp{Z % (Sg — Sy * fyzr’ f ,Bmol(;tzr”)dr”}] dr’

(6)

Replace the RCS in Equation 4 and Equation 6 by Equation 3 and Equation 5, respectively. Please note that RCS =
P(r)*r2. Equation (4) divided by Equation (6). For numerator:

RCS(pir)y * eXP{Z ) [ Buot (par')1d }
RCS(por), * exp{ 2+ (S — Su) # 127 5mol(;42r’)2dr’}
ko [Baer (7)1 + Bunor (7)) % exp (=2 J32T [aer (17") + o (a7 )1 )" ) s exp{ 2 (S = Sun) # [2077 By (uar” )"}
ek [Buer (1) + Buon (127),) *eXP( fW [aer (uar”) + ot (pat")o)dr )*eXP{ (Sa = Sm f;;r "/ Buor (p2r) dr’}
(=2 [ [waer (117") + ot (1) *eXP{z* = Su) * [i" Buot (1ar'),d }
B exp(— 2[0 [@aer (par! +rxmol(yzr’ *exp{Z* Sm) * f”zr"f Buot (421", dr’}
exp{ 141 ref Xpor (P17 f Qger(pat"),dr + 2% Sg * f”l " Buor (a1’ ), dr’ }
- exp{ 142 " o (Hat") o — 2 [ waer (par’)pdr! + 2% Sy % f;’zrr“f Bnor (pa2r”! )zdr’}
B 1
a exp{ -2 [ ;4 " yor () dr! — 2f0 Qaer (r')dr’ +2 % Sy % f;rr”’f ,Bmol(r’)dr’}
- 1
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And for the denominator:

RCS(ylrref) re 117 re
W +2%Sax* f”l‘r fRCS(ylr’)l *exp{z % (Sg — S * f;fl]r f ,Bmol(ylr”)ldr”}dr’
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k eXP< =2 [0 (ager (21 ) + ot (Har))dr ) +2xSq % f”zref # % (Baer (M2 )y + Bumol (Hat')) * eXP( 2[5 ot (par™)odr" — 2 [§*" ttger (ar")pdr” +2 % S S ﬁmol(ﬂzf”)zdr”)
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Har Har

exp<—2 foylr”f (@aer (H17)q + o (H17)1 dr) +2% 8, % ”“ef[[%aer(ylr/)l + Bt (117")1] *exp( f’“ “ wor (1) dr" — f Rger (a7 )1 dr" +2% S, f;;:f ﬁmol(ylr”)ldr”)
exp (2 S0 [aaer(127)y + o (2r)ldr) + 2 S (20T (B (4203 + Brer ()] * 5 (~2 S0 toer ()l — 2 [§ ey (ar”)odr” + 2% S [1277 By (2"
exp( zfﬂlfrff zxm(ylr) +zxmol(y1r)1 dr) + 2% S, * f‘u}lllrrEf[,BﬂL’r(Vlr JF,Bmol(Vlr/)ﬂ *eXp{fz folll ref [D‘mol(ﬂlr ) — S, % ,Bmol(,ulr Zf aaer 7/117 1+ S, *,Bmol(ﬂlr”)ﬂdr”}
exp( foﬂzrmf “ﬂer(VZr) + “mol(ﬂZr)z dr) +2% 5, % fyzref [:Bﬂer(ﬂﬂ/) + ,Bmol(VZr/)z} * exp{—Z fmrmf [“mol(ﬂZr//) — Sq * ﬁmol(ﬂZrﬂ Jdr'" —2 f [@aer (p2r” ) + Sq % ﬁmol(ﬂZrﬁ)z}dW}
& ( 2 f}mref [@aer (H17)q + o1 (pa7 1]dr> +2%8, *e‘zlo 7 (oo (417") S Bt (7" Jtr” VP’leref Baer (117")1 + Bumot (17")1] s ef (nr) gy
ex ( 2 fyzrwf (@aer (H21)y 4 &1 (2T ) di’> +2%8,xe 2 Jo 2 ot (417", =St B (2" Jar" fy”;: f [Baer (12t )y + Buor (p21")5] * ef (k2r)dr
(8)
As f'(r) = —2[Sa;, * Baer () + Sa * Bmol ()] let Sain = Sa, then f) = —2x 5, % (Baer (r) + Buot (7)]
! (] f Tre
/Wf B(V/) wef gy = /wf M e/ gy = /f(wf) L * ef('/)df(rl) = ! xef () Crarp )
r r —2%5, fry —2%5; —2x% S,
f(r)
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exp( f"{l f D(ﬂer ]/117’) +D(mol (],111") ]d;’) —e 2f01 ‘Xmol(l’ll" ) sa‘ﬁmnl(ﬂlr )1]d7 *x e 2%S, fo [,Bﬂt’f(]’lly )+1BmoI(V17)]dr —e 2%S, 061 [ﬂﬂfr(ylr)""ﬂmnl(ﬂlr )]d}' (12)

I‘z ref Mot ) y
-2 fo} 2lref I:‘xmol (Vlr”>1 -5 0*Bol ("Zy”l]d’” e~ 2 Sax (Bacr (121" ) +B ot (121" )Jar’ _e 250 [Baer (127" ) +Byor (12r") ]!

exp<72 foﬂzrref (@aer (por)y + amol(yzr)z]dr) —e
1
exp{ =2 J§" [ Bt (1) = S+ Bunot () Jr’ } exp{ =2 S % [ [Baer (1) + B (r)])r'}
If S;in = Sa, the Ratio R = 1, which means that the backscatter coefficient profiles of two elevation angle are consistent. We can also see that Sy;, = S, is also
the only solution for R = 1, which also means that we can indeed get the lidar ratio from this method.




