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Motivation

* E/B ratio - the Lidar ratio

* Needed for lidar measurement retrievals

* Can be used to convert lidar profiles to extinction profiles, and aerosol optical depth,
e. g. Ridley et al., 2014, GRL, 41, 7763-7769

* m/B, m/E ratios

* Allows optical measurements to be used to estimate aerosol mass, useful for
estimating aerosol lifetimes in the stratosphere

* With assumptions integrated profile measurements (a typical lidar data product) can
be used to estimate the stratospheric sulfur burden

e 5/B, s/E ratios

* Allows optical measurements to be used to estimate aerosol surface area, important
for stratospheric chemistry

* The bad news these relationships are much less solid than the other ratios



We all know the basic equations for surface area, s, mass, m, extinction, E, and backscatter, B

s = f 7 a® dn(a)/da da,
0
m = f m a® /6 dn(a)/da da,
0
E = f T a® Qouxe (A, m,a) dn(a)/da da,
0

[f T a® Qprs(A,m, a) da‘ /4,

for aerosol size distribution dn(a)/da, where a is particle diameter, Qcx; ks the Mie extinction and backscatter cross
sections, at wavelength, 4, and particle index of refraction, m.

Aside from the Mie calculations, the tricky part is getting index of refraction, which for sulfate is a function
water vapor and temperature as these affect the weight fraction and solution density, both important for m.

But we know how to do this, e.g. Deshler et al., 2019, JGR, 124(9), 5058-5087



Extinction/backscatter calculations from in situ measurements

O

B,(m) = | ma*+Q(a,A,m)+dn/dIn(a)«dIn(a).

0

Q( /1 ) Is the extinction cross section, with m the index of
a g /%y m refraction, the only tricky part of the calculation.

* Calculation of index of refraction, m, requires:
e Water vapor (assumed) and temperature (measured) profiles
e Sulfuric acid weight percent = f(wv, T) [Steele and Hamill, 1981]
e Palmer and Williams [1975] for m(300 K) = f(sulfuric acid weight percent)
* Lorentz-Lorenz for index of refraction = f(T, density of sulfuric acid, P(TN

- (1 +24p(T )>. here A4 — _ M(300)-1
\ 1-Ap(T) m2(300) + 2]p(300)

o(T), is calculated from Luo et al. ( 1996),




£

2
f9'898522'-199’1 0627, 23 prdfiles, wopc
19910716-19941012, 43 prafiles, wopc
19950209-20131024, 61 prdfiles, wopc
20081021-20200913, 30 prafiles, wlpc
20T90110-20220403, 9 prof}les. lopc

163 OPC profiles
30 km

Start Here

Altitude (km)

10 km

532 nm, .500m
e
W = ;
1T = " --',,7..: |
20+ =
. B 2=
10 I I LI, 20 -'.:

10° 107 10° 10° 10° 107
Backscatter (km-1 sr-1)

35

30+

25F

2015

15+

10 ‘| wun\
200 210 220 230 240 250 260 270
Temperature (K)

Altitude (km)

Altitude (km)

s

532 nm, .500m
B[ AL :
"

25l i t "’:...:. '
o
E SRS
.

10 Lo vl vl '—

107 10° 10° 10* 10° 107 10

Extinction (km-1)

3

15+

10

T T

532 nm, .500m
[T

05 06 07 08 09 10

Weight fraction h2so4

35 up mmwnm
300 -
TE-‘ 25+ 3 <
3 T
Ei . -
3 s
< 20}
15+ :
1 11] T I e o I
10° 10° 107 10° 10° 10°
Mass (g/m3)
532 nm, .500m
35 T T 1
30,
Rl
=
z
=
= F p(T)
15} —
dwv =+/- 2 ppmvy
10 I NN N ljm
14 1.6 1.8 2.0 2.2 24 2.6 2.8
Solution density (g/cm3)

Altitude (km)

Altitude (km)

351

30/

(]
]
T

[
=
T

15+

oad

100l FRTTIA S YVl
001 010 1.00 10.00 100.00
Surface area (um2/cm3)
532 nm, .500m

R B B S S
30+ .
25+

* Z=m(T)
15+ .
100 ¥ oy
140 145 150 155 1.60

Real index of refraction



198905 pr
199107
1995()2)

20190110-20220407% 0 proflles. |

163 OPC profiles

3

r
lP
)

Altitude (km)

prdfiles, wopc
files, wopc
prafiles, wopc
0 prdfiles, wlpc

ODC

30 km

Start Here

Altitude (km)

10 km

35

30

25

20

15

10

FERTTTT MR TTTT BT | ul

10° 107 10° 10° 10° 107
Backscatter (km-1 sr-1)

35

30

25

20

15

10

200 210 220 230 240 250 260 270
Temperature (K)

Altitude (km)

Altitude (km)

532 nm, .500m

35 R WAL ARSI B B
30 -
25 -
20 -

E S
15+ —
10 L vl vl m% .

107 10° 10° 10* 10° 107 10
Extinction (km-1)

532 nm, .500m
R N I I I I B I

20+

15+

10

0.5 06 07 08 09 1.0
Weight fraction h2so4

Altitude (km)

Altitude (km)

532 nm, .500m
35 MRAAR ULARL REREL AL BRI

—
< L

20} — .
=

il

15}

) (1] P T B rrn, Gifares v BRI
10° 10* 107 10° 10° 10°
Mass (g/m3)

532 nm, .500m

35 T

15}

10
14 1.6 1.8 2.0 2.2 24 2.6 2.8
Solution density (g/cm3)

Altitude (km)

Altitude (km)

35

30

25¢

20

15

100l vl oK
001 010 1.00 10.00 100.00
Surface area (um2/cm3)

532 nm, .500m

K 11 B B B A B

30+ .
25+

20t m (T) ]
15+ .

!
1000 Tl
140 145 150 155 1.60

Real index of refraction



]
-
19890522-19910627, 23 prdfiles, wopc
19910716-19941012, 43 prafiles, wopc
19950209-20131024, 61 prafiles, wopc
’7‘9(])8:‘1‘(1)%(1' -2‘())2()1()21]‘ 3. 30 pr tlllcs] wlpc
20190 ,Ij 1: 1403, Y protlles. lopnc

163 OPC profiles
30 km

Altitude (km)

10 km

35

30

25

20

15

10

FERTTTT R TTTT MW | ul

107 10° 10° 10"

10°
Backscatter (km-1 sr-1)
532 nm, .500m
351 ﬁ "" URALE B BURLLE B
1\
30+
25¢
AN N
| ) VA
| I J
| B L
20+
15+ i E/B'
t
100 1= AP NP PPN

0 20 40 60 80 100 120
Extinction:Backscatter (sr)

Altitude (km)

Altitude (km)

532 nm, .500m

35
30 -
25 =
20 -

E S
15+ -
10 Ll 2wl 2 u% .

107 10° 10° 10* 10° 107 10
Extinction (km-1)

532 nm, .500m
35"""!"'1"'1"
30 A
254
20
< m/B
10L. P P U I

0 20 40 60 80 100 120
Mass:Backscatter (g/m3 sr m)

532 nm, .500m
35 MRAAR VAR ERELLARLL IR R IR
—
< L
30_ i
£ £
= =
2 2
= =
= 207 —— 1 =
m
15 B — 1
I\ W —
A
) (1] P T B rrn, Gifares v BRI
10° 10* 107 10° 10° 10°
Mass (g/m3)
532 nm, .500m
35 —=c
1 A Y
===
R ——— 1
L 7 )4 z
CiE £
D 7 @
E E
W\
L s/B
+
o>
2
101 rerel PITITH PTITE PTOTE PP

0 20 40 60 80 100 120
Surface area:Backscatter (um2/m3 sr m)*lel3

35

30

25¢

20

15

100 il vl =it

001 010 1.00 10.00 100.00
Surface area (um2/cm3)

532 nm, .500m

35(T

—

100 e b by
0 1 2 3 4 5
Mass:Extinction(g/m3 m)



Altitude (km)

30 km

Altitude (km)

10 km

35

30

20

15

532 nm, .szd

200%321-20131324, 15 proiies, wopc

20081021-20131024, 19 profiles, wipc

10

10°®

30

25

20

15

100

FERTTTT R TTTT MR TTIT MRS TTT MW

107 10° 10° 10 10°
Backscatter (km-1 sr-1)

532 nm, .szd

TT

20081021-20131024, 19 pro

~ f£E/B

sl b b e boa ol

0 20 40 60 80 100 120

Extinction:Backscatter (sr)

es, wipc

Altitude (km)

Altitude (km)

20

15

10

532 nm, .szd 532 nm, .szd
20080321-20131024, 15 profiles, wopc 35 20080321-20131024, 15 profiles, wopc
20081021-20131024, 19 proﬂw, wipc 20081021-20131024, 19 prﬂm, wipc
- i 30 L i

§ E 25+
3
2
=
- . 2‘ 20 L .
E _:::
- n 15 L .
PRTPS PRTTTS PRI PRTYTY RPRTIY RPET 10 Lol vl sl sl s
107 10° 10° 10* 10° 107 10 10° 10* 107 10° 10° 10°
Extinction (km-1) Mass (g/m3)
532 nm, .szd 532 nm, .szd
VR I AL R AN B R LY R S S S I
20080321-20131024, 15 promes, wope 20080321-20131024, 15 profiles, wopc
20081021-20131024, 19 profiles, wipc 20081021-20131024, 19 profiles, wipc
\\ N
1 \ o~
- | 0| =
} E 25+
Py
=
2
=
- n 2 20 L u

20

100 .. .
0 20 40 60 80 100 120

m/B

| IFEPES BTSN AT AT A

Mass:Backscatter (g/m3 sr m)

s/B

3
15} _% :
wla o Lo | g

10 L.

0 20 40 60 80 100 120
Surface area:Backscatter (um2/m3 sr m)*lel3

sadaaalaay

Altitude (km)

Altitude (km)

532 nm, .szd

35 50080351-20131024, iS pmiits, w
20081021-20131024, 19 profiles, w

20+ 1

T

15+ 1

100 v 0l

001 010 1.00 10.00 100.00
Surface area (um2/cm3)

532 nm, .szd

0080321-20131024, 13 profiles, w

20081021-20131024, 19 profiles, w
=~

— <
e -

PRTTTTY B ERTT

25+

20F ]

3
~
m

—
hn
T

[P
IRAREES

w‘rr

100 b b bl

0 1 2 3 4 5
Mass:Extinction(g/m3 m)




20081 (]).T_

20190

163 OPC profiles

() O proflles.

Altitude (km)

files, wopc
files, wopc
files, wopc
rdfiles, wlpc

lopc

30 km

10 km

Altitude (km)

35

30

25

20

15

) 1L T ST BT B, 7
10 107 10° 10° 107 10°
Backscatter (km-1 sr-1)
532 nm, .500m
351 i "" uRIALE BLELELE IUAM I
1\
30+
25
AN N
——
20} =
. =+ E/B
\
1001 APl AT AT

0 20 40 60 80 100 120

Extinction:Backscatter (sr)

Altitude (km)

Altitude (km)

532 nm, .500m
35
30 -
25 =
20+ | _
E S
15+ -
10 Ll 2wl 2 u% .

107 10° 10° 10* 10° 107 10

Extinction (km-1)
532 nm, .500m
R i -2 mang A I
\
30. 4
25_
20_
< m/B
ol
0 20 40 60 80 100 120
Mass:Backscatter (g/m3 sr m)

532 nm, .500m 532 nm, .500m
—
< L
30+ . 30 .
g 25¢ E 25+
2 3
2 2
= =
= 20 e . = 20 1
m
15 i — 1 15 1
I | W
A !
100 vl oo Nl 100 i i e
10° 10% 107 10° 10° 10° 0.01 010 1.00 10.00 100.00
Mass (g/m3) Surface area (um2/cm3)
532 nm, .500m 532 nm, .500m
351# EEEmmmEEEEa R jpasasnaarassnssasssnass
7 I __/_‘
N-r——=9p—< . 1
L 7 )4 z
CiE £
D 7 @
! .
= =
< m | | | 4 < .
L\
L s/B
15 ‘l | | i 4 4
+
o>
1 |
Wl 100 b b les
0 20 40 60 80 100 120 0o 1 2 3 4 5
Surface area:Backscatter (um2/m3 sr m)*lel3 Mass:Extinction(g/m3 m)



Extinction (m-1)

10°H

10°}

ly = 1.58 K

Bt
Il

-
og(Y) 0. 93 log(x) + 1.09, alf

Fy/x = 42.[78, all layers

| Illlllll | llllllll

L L Ll

y = 8.92 X%, Trop-15 km, y/x= 36.-
0.86
y =348 x"%, 15-20 km, y/x—4170,

V8 20-25 km, y/ix=47.0¥ 4/
y = 264. *%2,. 20 25-30 km, y/x=sli 8

Illl

L Lol

10°  10° 107
Backscatter (m-1 sr-1)

10°°

107

Mass (g/m3)

y
Ly
y =

LY/

p—
o
&

p—
o
Q2
TT

y=231x"%, all layers, y/x=17.94 /, -
107 Hog(y) = 0.89 log(x)+0.36, all 1a.y .

é hl ”‘7"&0%' i-l(l)] llslkllillllll&/ lllllk [ lllll
=2.07 x°88, 15-20km, y/x=16.73 ./
=0.74 X, 20-25 km, y/x=16.24 K
= 1.44 X" 25-30 km, y/x=20. 9 |

'x = 17.p4, all layers

| Illlllll | IIllllll | lIlllllI

| llllllll

L Loyl

10° 10® 107 10° 107

Backscatter (m-1 sr-1)



Surface area (um2/m3) * le-13

-~ I Illlllll I llllll]l e T T

[y = 9.50e-03 X", | Trop-15 km.
y=0.01 x*”, 15-20 km, y/x:
ly = 5.504-03 x*%, 20,25 g
y = 0.01 x>, 25-30 kg
y=0.07 x"-"’, all la -%

1()*5

| Illlllll | Illlllll

1 1 lllllll

Ill

/X= 25 2
-66

llll

I Ty

| N

10°  10° 107
Backscatter (m-1 sr-1)

10°

107

Mass (g/m3)

T

(| | I

T

10'5

10°}

107

10°

O\CCOO‘

10° /2

-y S

T T | Illllll

lllléll 0()7 I Illlllb 5 km /x_

35 9", 15 20 km, y/x=0.43

31 x™7”, 20-25 km, y/x=0.36 )
56¢-03 x*7°, [25-30 km, y/x= 0:57 - .
13 X" all layers, y/x=0.46 . .3

og(y) O 92 log(x) +-0.88, all layers ,

all layers

| llllllll | Illlllll | llllllll

T Ty
o

| A

10

10°®

107 10° 107

Extinction (m-1)

10



Mass/Sulfur (g/m2)

10!

In situ size distributions Laramie (41

N, 106 W)

10°

10
10°

Sulfur burden {g/m2)=Mass*Wtf_S

1985

1990

2000 2005

2010 2015



Mass/Sulfur (g/m2)

Sulfur (g/m2), Ibks(sr-1)

In situ size distributions Laramie (41 N, 106 W)
5 : Sulfur burden {g/m2)=Mass*Wif_S

1985 1990 1995 2000 2005 2010 2015 2020
Year

Calculated Backscatter, 532 nm

19" BTnt_bks dz)*20°Wtf S Int_(2.31%bks™ dz)*Wtf S ™ Infegral bk{

102
10°

10*

10° I ‘ | I I | ]
1985 1990 1995 2000 2005 2010 2015 2020




Mass/Sulfur (g/m2)

Sulfur (g/m2), Ibks(sr-1)

Sulfur (g/m2), Ibks(sr-1)

1 In situ size dnstrlbutlom Laramie (41 N, 106 W)
10 Fosates 4 ; Sulfur burden g/mZ):Mass*Wtf S

1985 1990 1995 2000 2005 2010 2015 2020
Year
Calculated Backscatter, 532 nm

19" BTnt_bks dz)*20°Wtf S Int_(2.31%bks™ dz)*Wtf_S T—Tntepral_bky

102
10°
10¢
10°

1985 1990 1995 2000 2005 2010 2015 2020
Year

; Tskuba Backscatter, 532 nm (36 N, 140 E)
10" Eint_bks)*20*Wtf_S mm,ml bks

1985 1990 1995 2000 2005 2010 2015 2020



Mass/Sulfur (g/m2)

Sulfur (g/m2), Ibks(sr-1)

Sulfur (g/m2), Ibks(sr-1)

Sulfur (g/m2), AOD

. In situ size dlstrlbutlons Laramie (41 N, 106 W)
" : , : Sulfur burden g/mZ)—Mass*Wtf S

1985 19‘90 19A95 20‘00 20‘05 20‘10 2({15 2020
Year

: Calculated Backscatter, 532 nm

10" Bint_bks dz)*20"Wif_S Int_(2.31%bks™ dz)*Wtf_S T—Tntepral_bky

10 : / : : . ! !

10°

10*

10° ] [ ] | ] | ]

1985 1990 1995 2000 2005 2010 2015 2020
Year

Tskuba Backscatter, 532 nm (36 N, 140 E)

Y AN St YWY NV WAL = 3
10" ETnt_bks)*20* Wif_S Tifeafal bis _ -f 3

i Calculated Extinction, 532 nm
10" ETnt_ext dz)*0.5* WIS ¥ iy Int_(0.13%*ext™ dz)*Witf_S —Afrosoloplical depii=—Int_ext az

107 T —H s A = : ; : = : I —7 : -
- VR ——— —H § i B A —*

10-3 L \ i ¥ - - y . : :
At PN T S - _ AL /== v j N\

10

10°¥ ‘ [ ] I [
1985 1990 1995 2000 2005 2010 2015 2020
Year




Mass/Sulfur (g/m2)

Sulfur (g/m2), Ibks(sr-1)

Sulfur (g/m2), Ibks(sr-1)

Sulfur (g/m2), AOD

In situ size dlstrlbutlons Laramne (41 N, 106 W)

10" ' _ Sulfur burden glmZ)—Mass*Wtf s
10° : : : : = i
10° : :
10° — - LOPC Equivalents 532 nm
1985 1990 1995 2000 2005 2010 2015 2020
Year
: Calculated Backscatter, 532 nm
10" Bint_bks dz)*20"Wif_S Int_(2.31%bks"™ dz)*Wtf_S T—Tntepral_bky
10° : ' : : : : : :
10° . ! - . ; ——— ]
1985 1990 1995 2000 2005 2010 2015 2020
Year
; Tskuba Backscatter, 532 nm (36 N, 140 E)
10" §Tnt_bks)*20°Wtf_S ] Tntegral _bKs | :
10°? 4 h
10"‘ ' ‘ L y - p \ Al v ; 4 » 4 A ' -
10° I I . I . [ 1
1985 1990 1995 2000 2005 2010 2015 2020
Year
i Calculated Extinction, 532 nm
10" BInt_cxt dz)*0.5*Witf Int_(0.13*ext™ dz)*Witf_S © Afrosol optical depth=Tmt ‘ﬂ,"’ =
10° e - = x = : I =} > B ey A
10° N , = A b —— =
10 5 ) § R P
10° — - LOPC Equivalents 532 nm . SAGE HIE Equivalentsusing 5203
1985 1990 1995 2000 2005 2010 2015 2020

Year



Conclusions

* Distribution moments (backscatter, extinction, mass, surface area) from
three generations of OPCs are consistent, outside of large geophysical
events, across 30 years of measurements.

* Ratios of these moments provide extinction or mass from backscatter
measurements, or mass from extinction measurements.

* These relationships are reasonably tight in spite of altitude and temporal
dependencies, and can often be approximated with a simple ratio.

* Relationships to surface area are much more variable. This is likely due to
the dependence of surface area on smaller particles which don’t contribute
significantly to the optical quantities.

* Application of the mass:backscatter ratio to Tskuba lidar data showed
surprisingly good correspondence of aerosol sulfur burden estimates
between the Wyoming (OPC) and Japanese (Lidar) measurements, both in
magnitude and temporally.

* These OPC data are publicly available at https://doi.org/10.15786/21534894



