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What does an obscured lightning
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Vis/IR Satellites can’t see under
clouds very wel|[citation needed]

* Lightning detectors and surveillance
satellites both rely on anomalously
strong emissions

* How can we tell the source of the
emissions obscured by clouds?

* We can help by modeling lightning
flashes to train detection algorithms
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Multiple scattering in the cloud leads to peak
delay and time-broadening of 100s of pus from

the initial flash

Four previous studies used simplified
geometry and homogenous characteristics for
clouds

One previous study used weather model
output to make a non-homogenous cloud —
the cloud was a one-dimensionally non-
homogeneous rectangular prism

Ultimately, these clouds were not realistic
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Figure 1. Visualization of the geometries of the finite cylindrical clouds. A wide angle (180°) camera is placed at the
midlevel of the 3-D cloud domain and pointed toward the horizon. The radiance from the Cylinder (a),

Cylinder + Base (b), Cylinder + Anvil (c) and Cylinder + Base & Anvil illuminated from below are imaged with a
logarithmic normalization applied.

Examples of cloud geometry used by Peterson, 2020
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Methodology
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* Four thunderstorm events chosen for diversity of
formation mechanism and structure

* WRF output for 6 hydrometeor species used to calculate
photon mean free path (NIR 777.4 nm)
* 1 km horizontal resolution [61 x 61 km]
* 14 mb (~300 m) vertical resolution [900-76 mb (~20 km)]
* 223,260 total grid points

* Photons emitted from a diagonal linear source 5 km long
between 6-9 (2-5) km MSL with realistic time distribution

* Multiple scattering simulated with Monte Carlo method
* Photons were allowed to exit and reenter clouds
* Ground scattering simulated as 0.45 albedo Lambertian

» Exit/absorption points, directions, and times recorded
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Results

Cloud Structure & Exit Types
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Absorbed
by Cloud
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Cloud Structure & Exit Types — Orographic Lift

Orographic Mean Free Path (m) - East-West Profile Orographic Mean Free Path (m) - North-South Profile
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Cloud Structure & Exit Types — Orographic Lift IC

Altitude, MSL (m)

Photon Exit/Absorption Points East-West Profile - Orographic IC
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Cloud Structure & Exit Types — Orographic Lift CG

Results
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Altitude, MSL (m)

Photon Exit/Absorption Points East-West Profile - Orographic CG
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Results
Cloud Structure & Exit Types — Supercell

Altitude (km MSL)

—_— Supercell Mean Free Path (m) - East-West Profile
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Cloud Structure & Exit Types — Supercell IC
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Altitude, MSL (m)

Photon Exit/Absorption Points East-West Profile - Supercell IC
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Results

Cloud Structure & Exit Types — Supercell CG
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Altitude, MSL (m)

Photon Exit/Absorption Points East-West Profile - Supercell CG
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Cloud Structure & Exit Types — Sea Breeze

Altitude (km MSL)
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Results

Cloud Structure & Exit Types — Sea Breeze IC
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Altitude, MSL (m)

Photon Exit/Absorption Points East-West Profile - Sea Breeze CG
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Cloud Structure & Exit Types — Sea Breeze CG
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Cloud Structure & Exit Types — Tropical MCS
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Cloud Structure & Exit Types — Tropical MCS IC
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Cloud Structure & Exit Types — Tropical MCS CG
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Results
Cloud-Top Radiance & Validation —IC
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Cloud-Top Radiance & Validation -
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Orographic Lift — 0-1000 ps Supercell — 0-1000 ps

o - - -

Sea Breeze — 0-1000 ps
Eff Pulse Width: 294 pus

Tropical MCS — 0-1000 ps
Eff Pulse Width: 372 ps
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Results
Cloud-Top Radiance & Validation — CG
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Cloud-Top Radiance & Validation — CG
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Orographic Lift — 0-1000 ps Supercell — 0-1000 ps

o - - S

Sea Breeze — 0-1000 ps
Eff Pulse Width: 355 pus

Tropical MCS — 0-1000 ps
Eff Pulse Width: 449 ps
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Validating Cloud-Top Flashes @~ 77w

* Estimated cloud-top effective pulse widths
from simulation fell within distribution of

observed flashes, straddling median value

Event
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Tropical MCS

0.060 f—~——————————————————— 5
0.050 - _
IC Eff Pulse CG Eff Pulse 2 oou :
Width Width H 0.0305_
730 us 957 us g |/
2 0.020 £
751 ps 842 s §°
294 ys 355 s weE )
372 ps 449 ps oo00 £ L.
592 s Effective Pulse Width (microseconds)

FORTE Observed Median

4/9/24

Distribution of effective pulse widths observed by
FORTE satellite as reported by Kirkland et al., 2001
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Timing of Photon Exit @~ 7T

Optical density or cloud volume, which has more impact?

* Orographic lift and supercell cases had the most pulse-broadening
e Supercell avg 136 m MFP, Orographic lift avg 229 m MFP

* Both had extensive cirrus shields, unlike sea breeze and tropical MCS

e Optical density impacted cloud absorption

* Sea breeze had 1.5/2.0% absorbed vs orographic lift 0.3/0.2% absorbed

4/9/24 TEACHING WHAT WE RESEARCH. RESEARCHING WHAT WE TEACH.
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Location of Photon Exit ¥ = 777w

* Photons tend to exit the nearest edge of the cloud

* Photons tend to follow mean free path gradients

With multiple scattering, radiative transfer looks like diffusion

* Centralized flashes expand outward with time
* Photons from IC flashes were 2x as likely to exit the cloud top
* Photons from CG flashes were 2x as likely to be absorbed by the ground

CG is brighter on the ground, IC is brighter above the cloud

4/9/24 TEACHING WHAT WE RESEARCH. RESEARCHING WHAT WE TEACH.
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\”/'A Conclusion ZAFIT

e Generated more realistic clouds for
radiative transfer with a weather model

* Modified Monte Carlo multiple-scattering
model to handle three-dimensionally
non-homogeneous clouds

* Rudimentary validation shows results are
in line with observations

Questions?
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Methodology

Photon Transit Simulation — Multiple Scattering
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* Mean free path used to
generate a random path
length

d= —A\log (a)

* Photon advances path length
in previously-selected
direction

e Check condition at new
position

4/9/24
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ﬁ]?g/ﬁnﬁecf:;?tgir: reenters > ground packscatter into  backscatters” normal multiple
o 1(?0 m steps 7'y - simulated volume into cloud scattering regime
Photon
I_ |__Photon hits|_3 scatters ‘_ Photon in clear
Photon exits ground off ground air, impacted
simulated Photon Check for sﬁ:glljlr::ég rv?))l(lljtri:
volume backscatters ground Photon not
Inioiciond scattle g backscattered Photon met exit
Check for ground Photon conditions
backscatter into absorbed by
simulated volume ground {
m—— h 1 End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>|  position, time,
exit type velocity, and type
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Photon Transit Simulation — Multiple Scattering
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New position is still “in cloud”
AND the path was <10 m

* Considered to be a realistic
move whether photon is in
new grid box or not

* Check for absorption by
hydrometeor

* Single-scatter albedo 0.99998
* Absorption treated as exit

* If no absorption, scattering
direction randomized with
Henyey-Greenstien phase
function using 0.87
asymmetry factor
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< < 7\
. Photon scattered
Start Main Loop 1 by cloud
Photon Emitted Current position = ' Phot
; : Photon Photon position oton
o[PS o sulimcug D -+ SIS abotes
g 2 cloud g < clou
and velocity position calculated SRR .
r 3
Photon position in Resslﬁgt: ga‘xgg: New grid
A Photon = new grid box AND = po . = box is in =,
Photon in 10 m steps until Joud
position not position not in path>10m in new grid box cou
in cloud ::t)rl:(i/:(r\)‘?n lI)\loevs{ gridt £
- X is nof
Photon Photon exits | |, cloud
position L Simulated position, advance in y
in cloud RTTE 100 m steps until
P!:pton . edge reached Legend
G DOSiiON NO <
in cloud 1 ‘_" Conditional
4 Photon hits Check for ground Photon Photon in cloud;
Photon < — - L
ﬁ]?g/ﬁnﬁecf:;?tgir: reenters > ground packscatter into  backscatters” normal multiple
) (?0 7'y - simulated volume into cloud scattering regime
in 100 m steps : Photon
I_ |__Photon hits|_3 scatters ‘_ Photon in clear
Photon exits ground off ground air, impacted
simulated || phofon Check for S
volume backscatters ground Photon not
Inioiciond scattle g backscattered Photon met exit
Check for ground Photon conditions
backscatter into absorbed by
simulated volume ground
m—— h 1 End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>|  position, time,
exit type velocity, and type
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Photon Transit Simulation — Multiple Scattering

Methodology
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Ill

New position is stil

in cloud,”

but it’s in a new grid box AND

the path was > 10 m

* Possibly an unrealistic move if
the new grid box has a
different mean free path

e Reset photon to previous
position, advance until it
enters new grid box

* Calculate new path

length

from new position (or follow

“clear air” process)

4/9/24
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Photon scattered

TEACHING WHAT WE RESEARCH. RESEARCHING WHAT WE TEACH.

Start Main Loop 1 by cloud
Photon Emitted Current position P Phot
Phot oton
with randomized | o i | used to generate Jotor positon | Checkfor || opoie
position, time, o path length; new path < 10 m absorption by cloud
and velocity position calculated
r 3
Photon position in Resslﬁg‘o ga‘xgg: New grid
7'} new grid box AND Po ! A box is in =¥
Photon Photon in 10 m steps until
iti i th>10 m . : cloud
position not T T pa in new grid box
in cloud cI(t)rl;l(i /;\(r\)lD New grid |§
pa Il - box is not
Photon Photon exits Reset to previous G
position | simulated position, advance in v
in cloud VST 100 m steps until
Photon edge reached Legend
s DOSION NOL +1¢
in cloud ‘_" Conditional
4 Photon hits Check for ground Phi Photon in cloud;
Photon < 4 oton oton in cloud;
:—:‘dvanﬁe Iphoto'n reenters > ground backscatter into  =packscatters normal multiple
hrough clear air y cloud simulated volume into cloud scattering regime
in 100 m steps Photon
I_ _|Photon zits - scatters ‘_ Photon in clear
roun ir. i
‘ S
Simulated Photon Check for gmulatéd volume
volume round
backscatters groun Photon not
Inioiciond scattering backscattered Photon met exit
Check for ground Photon conditions
backscatter into absorbed by
simulated volume ground {
T L .
m—— T End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>| position, time,
exit type velocity, and type
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Photon Transit Simulation — Multiple Scattering
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New position is not in the

simulated volume

Start Main Loop

e Results in either backscatter

off ground or exit

* Check for backscatter using
surface albedo and solid
angle of simulated volume

* Very rough approximation

 Successful backscatter results
in reentry at the same point
with opposite direction and
time elapsed for traveled

distance
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Photon scattered

v by cloud
Photon Emitted Current position e Phot
Phot oton
with randomized | o i | used to generate Jotor positon | Checkfor || opoie
position, time, o path length; new path < 10 m absorption by cloud
and velocity position calculated
r 3
Photon position in Resetigiprevious New grid
- position, advance_| =G
2 Photon = new grid box AND =»{ . - box is in =,
Photon T . path > 10 m in 10 m steps until Fond
position not position notin | | in new grid box |
in cloud C"t’#‘iq\(")‘D New grid |4
pd 0 - box is not
proton e[ FESSTEREETS ] i ciou )
position simulated P ' :
in cloud VST 100 m steps until
P!:pton . edge reached Legend
G DOSiiON NO <
in cloud 1 ‘_" Conditional
4 Photon hits Check for ground Photon Photon in cloud;
Photon - —_— ’ }
ﬁ]?g/ﬁnﬁecf:;?tgir: reenters > ground packscatter into  backscatters” normal multiple
hroug 7'y simulated volume into cloud scattering regime
in 100 m steps cloud Photon
I_ | Photon hits|_ scatters ‘_ Photon in clear
Photon exits ground off ground air, impacted
simulated Photon Check for sﬂ:glljlr::ég rvi)l(lljt:!:
volume backscatters ground Photon not
Inioiciond scattle g backscattered Photon met exit
Check for ground Photon conditions
backscatter into absorbed by
simulated volume ground {
T L .
m—— T End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>| position, time,
exit type velocity, and type
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Photon Transit Simulation — Multiple Scattering
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New position is in “clear air”

AND path length <10 m

e Considered a realistic move

* Photon advanced through

“clear air” until state changes
Exits simulated volume: see

4/9/24

slide 9
Hits ground: see slide 11

Reenters cloud: new path
length calculated, slide 6
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Photon scattered

Start Main Loop 1 by cloud
Photon Emitted Current position e Phot
Phot oton
with randomized | o i | used to generate Jotor positon | Checkfor || opoie
position, time, o path length; new path < 10 m absorption by cloud
and velocity position calculated
r 3
Photon position in Resslﬁg‘o ga‘xgg: New grid
7'} new grid box AND = po : A box is in =¥
Photon Photon in 10 m steps until
iti i th>10 m . : cloud
position not T T pa in new grid box
in cloud cI(t)rl;l(i /;\(r\)lD New grid |§
pa i - box is not
Photon Photon exits Reset to previous G
position S B position, advance in v
in cloud VST 100 m steps until
Photon edge reached Legend
s DOSION NOL +1¢
in cloud ‘_" Conditional
4 Photon hits Check for ground Phi Photon in cloud;
Photon < 4 oton oton in cloud;
:—:‘dvanﬁe Iphoto'n reenters > ground backscatter into  =packscatters normal multiple
hrough clear air 'y cloud simulated volume into cloud scattering regime
in 100 m steps Photon
I_ _|Photon zits - scatters ‘_ Photon in clear
roun ir. i
‘ S
Simulated Photon Check for gmulatéd volume
volume round
backscatters groun Photon not
Inioiciond scattle g backscattered Photon met exit
Check for ground Photon conditions
backscatter into absorbed by
simulated volume ground {
T L .
m—— T End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>| position, time,
exit type velocity, and type
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°r Photon Transit Simulation — Multiple Scattering

New position is in the ground _ Photon scattered 1
Start Main Loop 1 by cloud
Photon Emitted Current position P Photon
o : wilh randomized | pogicn'n_y| used o generae sl Soug AND —{  SIECKEX L oo
° position, time, | path length; new by cloud
Results in either scattering or o mioan | | cloud | | Paltiengt new path <10m Y
absorption (exit) t :
p Photon position in Resslﬁgt: ga‘xgg: New grid
A Photon = new grid box AND = po . = box is in =,
Photon T . ath > 10 m in 10 m steps until Fond
position not p‘(’j’(')tl';n:ﬁg" J P in new grid box |
H in cloud New grid 4
* Ground considered to be a path <10m [ boxs not
Photon . Reset to previous ;
1 1 it Tzl osition, advance in |.in €loud y
Lambertian scatterer with positon | Simuateg | POSition, advance
5o in cloud RTTE 10(‘)1 m stepsh ugtll
oton eage reache Legend
albedo 0'45 e DOSION NOL +1¢ 9
in cloud ‘_" Conditional
Advance' G Photon < Photon Zits Check for ground Photon Photon in cloud;
H X - > groun backscatter into = backscatters normal multiple
 Scatter results in random trough cear air I~ reenters > simulated volume | | into cloud scattering regime
. . oton
upward direction [——f—prownhis_t | scatters l Photon In dlear
Photon exits ground ‘L off ground air, impacted
simulated Photon Check for sﬂ:glljlr::ég rvi)l(lljt:!:
. . . volume b'ackscaﬂers ground Photon not
e Absorption results in exit ! into cloud scattering backscattered Photon met ext
Check for ground J Photon conditions
backscatter into absorbed by
simulated volume ground {
m—— h 1 End Main Loop
backscattered Check photon velocity to Store photon exit
L classify top/bottom/side —>|  position, time,
exit type velocity, and type
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Photon Transit Simulation — Exit Conditions
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Photon has reached exit _ Photon scattered 1
. . Start Main Loop 1 by cloud
criteria ; = :
Photon Emitted Photon Current position Photon position Photon
with randomized | nogition in.p{ Used to generate stillin cloud AND —|  SHeeK IO apsorpeq
position, time, cloud path length; new path <10 m absorption by cloud
and velocity position calculated
. . . . 'y
e Absorption immediately exits, ncton ostion [ FESETTO Preads S—
. . | X position, advance_| %
classified by either ground or Phofon } Photon | [—{new grid box ANDI=b {1300 TT0i o e
o : th > 10 P cloud
H position not position not in i pa m | in new grid box__|
cloud absorption in cloud cloud AND New grid |§
path<10m Resetto previous | POX Is not
Photon Photon exits - P : in cloud y
position || imulated position, advance in
5o in cloud RTTE 10(()1 m stepsh ugtll
; oton
 Exits from cloud edge are . N . edge eache Legend
r 3
o H in cloud A Conditional
classified based on their  E—
. . 4 B Photon hits Check for ground Photon Photon in cloud;
d Irection Of trave l ﬁ]?(‘:ﬁgﬁecfg?tgi': rzgg:(e)ps _ > gound [T backscatter into  =backscatters- normal multiple
in 100 m steps 1 cloud o simulated volume | | into cloud scattering regime
I_ L Photon zits — scatters Photon in clear
I . . - groun off ground air, impacted
* Position, direction of travel, Ay e ground, or exited
) . scg:ﬂ;tzd Photon Check for simulated volume
time, and type of exit are backscaters | ground Photon not
Liooo o L backscattered Photon met exit
| ogge d Check for ground J Photon conditions
backscatter into absorbed by
simulated volume ground
LI L .
Bhoton Tiol ) End Main Loop
backscattered Check photon velocity to Store photon exit
Repeat process for 100I000 (Or L classify top/bottom/side —»|  position, time,
H exit type velocity, and type
desired number) photons
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Cloud Structure & Exit Types — Orographic Lift

Orographic Lift MFP by Hydrometor Species
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Results
Cloud Structure & Exit Types — Supercell

Supercell MFP by Hydrometor Species
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Cloud Structure & Exit Types — Sea Breeze
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Airmass MFP by Hydrometor Species
20.2

15.4 -

ST
[

NEREN

===
8.7: %(
5.0 V \

4.1
3.2
2.4 A
1.6

1.0
0 250 500 750 1000 1250 1500 1750 2000
Mean Free Path (m)

Altitude (km MSL)

Cloud Droplets
Rain Drops
Snow

Cloud Ice
Graupel

Hail

4/9/24 TEACHING WHAT WE RESEARCH. RESEARCHING WHAT WE TEACH.



(/'
\

Cloud Stru

Results
cture & Exit Types — Tropical MCS
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Photon Time to Exit — Orographic Lift IC
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Orographic IC
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Photon Time to Exit — Orographic Lift CG

Elapsed Time Before Photon Exit/Absorption East-West Profile - Orographic CG
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Results
Photon Time to Exit — Supercell IC
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Altitude, MSL (m)

Elapsed Time Before Photon Exit/Absorption East-West Profile - Supercell IC

2000
17500 -
o v ¢
gt 1750
- . 1]
15000 - H :
. 1500
4 T
12500 - § 2
H o
1 -1250 9
- w
4 °
10000 - E
. R | - 1000 £
r o (V]
-1 1—§-
7500 A
750 @
¢ v
L0 e Q.
3 . 1]
bol% -, w
5000 A Y €' g 500
b ..,
2500 A 250
L2 WW'.‘WJK!J.W&I‘ W K USSR R AR TS MR, & PN
T T o

4/9/24

—20000

—10000 0 10000 20000 30000

East-West distance from origin (m)

TEACHING WHAT WE RESEARCH. RESEARCHING WHAT WE TEACH.

Altitude (km MSL)

20.8
15.9
129
10.7
9.0
7.5
6.3
5.2
4.2
33
24
17
1.0

Supercell Mean Free Path (m) - East-West Profile

-30

-25

20 -15 -10 -5 0 5 10 15

East-West Offset From Center (km)

20 25 30

41

600

500

400

300

200

100



\~/

o
-

Results
Photon Time to Exit — Supercell CG
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Supercell CG
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Results

Photon Time to Exit — Sea Breeze IC
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Sea Breeze IC
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Results

Photon Time to Exit — Sea Breeze CG
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Sea Breeze CG
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Photon Time to Exit — Tropical MCS IC
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Tropical MCS IC
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Tropical MCS Mean Free Path (m) - East-West Profile
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Photon Time to Exit — Tropical MCS CG
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Elapsed Time Before Photon Exit/Absorption East-West Profile - Tropical MCS CG
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