CHARACTERIZATION OF THE GLM PERFORMANCE
(FOCUS ON SHORT-PERIOD ASSESSMENT)
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Key Points from decades of doing this kind of work

lllustrative examples of short-term on-orbit assessments

38 iINg LMA



KEY POINT #1

‘sub-flash optical energy produced by lightning Is
Charge-transfer x Channel-length”
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KEY POIN

cloud optical depth
vertical gradient of scattering
particles channel height
Lower channel heights - |
relative to cloud fop - : L@Zﬁ?ﬁ@ & Likely due?oco
: . above) & dependence 71 extinction  GLM threshold
Regional GLM Threshold differences play  of scattering on cloud- | differences
a significant role, too (more later!) top water path (right)

results in lower DE In
Colorado vs. Alabama

00 -2 -1 0 1
10 10 10 10
CTWP (kg/m~2)

(Rutledge et al. JGR2020)

Figure 12. The detection efficiency versus CWP for Alabama (blue) and
Colorado (red).



KEY POINT # 2

b.

( the two "meet” at k-changes! )




KEY POINT # 2 (examples of simultaneous observations)

LMA + MRMS Composite Reflectivity LMA + GLM + NLDN LMA + MERLIN + GLM + NLDN
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KEY POINT # 3

0 Time vs. Dist. diff. Log Density
Time Difference Analysis Position Difference Analysis K

Count: 55113

Count: 55113
RMS: 1856.87 RMS: 8.19
median:

median: 5.59
-195.07 mean: 8.13
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GLD360 space:time matching with GLM during early validation:
(fits with GLM space:time resolufion (8-15 km ; 2 msec)



KEY POINT # 3 (crude space:fime coherence)

(b) DE vs. Flash Area (d) DE vs. Channel Length
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GLM Flash DE vs. LMA near Kennedy Space Center, Floridd as a function
of flash area and Major channel length



No single LLS reports every flash, let alone every process in every flash

Short-baseline mapping systems (both VHF and LF) come the closest, but they
have a limited spatial domain and strong spatial perfformance gradients.
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“RGB weighted detection for three “global”
LLS networks (Bitzer et al. GRL2016)




+ 10-minute coincience +1 one second coincdence

Flash FAR
AvgFAR 0.19 GLM Flashes (43.6 M) Virtual flashes (271.2 M) GLM-17 (6 mos) GLM Flashes (43.6 M) Virtual flashes (271.2 M) AvgFAR 0.49
e g " o

T —

false reports
poor detection

Latitude
0.00

Must use “stform period
coincidence” (£ 10-minute
on this case) to get a useful
estimate of false report rate
(may still be too high)

-148.00 -122.00 -70. -148.00 -122.00

Longitude k Longitude

0.0 005 03 06 1.0

False-alarm-rate (FAR) for GLM relative to a “virtual network” composed
of WWLLN, ENTLN, GLD360, and NLDN (Bateman et al., JGR2020)



(SAMPLES FROM PREVIOUS GLM VALIDATION REPORTS)



OVERALL TIMING AND DISTANCE
SEPARATION FOR MATCHED GROUPS

Timing Difference (ms)

%x10° LLS-GLM Group Separation time (microseconds)

Mean: 254
Median: -170
Std. Dev: 2786
Count: 2593229
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Mean: 312
Median: -98
Std. Dev: 2509
Count: 5362838
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Location Difference (km)

x10* LLS-GLM Group Separation distance (km)

Mean: 9.9
Median: 7.8

90" pet: 19.6
Count: 2593229
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Distance Difference (km)

«10° LLS-GLM Group Separation distance (km)

Mean: 9.6
Median: 7.0

90" pet: 20.3
Count: 5362838
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G17 Period:

Jan. 2020/

G16 Period:
Sep 26 - Oct 2
2018



LLS-GLM Group Separation Distance (km) GLD-GLM16 Group Separation Distance (km)
] []




SPATIAL LOCATION DIFFERENCE

VECTORS
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« Only found three clear

SPATIAL AND TEMPORAL FALSE REPORTS

January 1-6, 2020 G17

e
I G D360

False
Reports

A“% /

10-minute spatial maps
30-minute time- series {. -
150 W @

Matched g®roups ®

cases of false reports 21:50 o
22:20 UTC

~20k unmatched
groups in 30
minutes




SPATIAL AND TEMPORAL FALSE REPORTS

2020-01-06 01:30:00_2020-01-06-01:40:00 #GLM:15730 #LLS:7700 QA: 0.36% Outliers: 0.00%

2020-01-29 03:20:00_2020-01-29-03:29:57 #GLM:11515 #LLS:11483 QA: 0.06% Outliers: 0.00%
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GLM (G17) & GLD360 HOURLY “ABSOLUTE"
FLASH DETECTION EFFICIENCY

Estimated Absolute Flash DE for Dec 31 through Jan 31
I

(Bitzer et al.
GRL2016)

Detecion Efficiency

Average GLM Flash DE: 82.7%
Average GLD Flash DE: 59.7%
|
01/05/20 01/19

____Hour-of-Day (UTC) = __
I

I G D360

over-estimated
due to limited GLD360
DE in parfs of the
region

01/05/20 01/12 01/19
Hour-of-Day (UTC




Detecion Efficiency
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Absolute Flash DE for Dec 31 through Jan 31

Average GLM Flash DE: 79.9%
Average GLD Flash DE: 64.1%

Average GLM Flash DE: 69.1%
Average GLD Flash DE: 55.3%

GLM Count

GLM Count




GLM AND GLD360 "RELATIVE™ GROUP
DETECTION EFFICIENCY (Gim=rest: cLo=-rererence
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RATIO OF GLM GROUP COUNTS
TO GLD360 COUNTS (GLM/GLD)

GLM is simply Test/Ref Count Ratio
reporting fewer 2 :
“groups per stroke™
in the north-central
and north-western
U.S, and western
Canada

There are odd
behaviors off the
west coast of South
America, but it might
e low counts.




Specific value of long-baseline VLF data (GLD360 in this study)

-  Good time and location of high-current sub-flash processes
seen by the satellite (befter than satellite data)

- Useful but imperfect detection over full domain (poorer
than satellite in many/most regions
- can supplement with additional LLS networks
lurnal variation than satellite




Work done in collaboration
with Daile Zhang & Phillip Bitzer
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Conceptual Bases:

LMA can be relied-upon to
determine the start and minimal duration of almost all flashes

define the set of possible 3-dimensional paths for higher-current processes

Jr well after channel development
rements are very loose)

TECHNICAL APPROACH



Main Channel Length
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TECHNICAL APPROACH (CONT.)



Evaluate GLM Flash DE as a function of LMA flash parameters
Evaluate diurnal variation of DE vs. flash “size™

Analysis Period:
> 8 through February 27, 2019 (one full year)

>

TECHNICAL APPROACH (CONT.)




LMA_180320_190000-195959 from 19:40:55 through 19:41:00
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Flash Count

Flash Count

GLM Flash Detection Efficiency 2018-03-20 18:00-19:59

DE vs. Flash Duration Count [ DE

LMA Flash Count: 17758
Overall Flash DE: 67.0
IC DE:63.6 CG DE:83.0
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KSC GLM Flash DE vs. Area and Threshold (2018-03-20 19-23) C?OgLM Flash DE vs. Area and Threshold (2019-07-05 02-04)
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FIRST-PRIN
OBSERVATIONS



- ISS-LIS data from October 2017
through September 2020

- GLM max event-in-flash
estimate derived as per AMS
extended abstract (Cummins,
2021)

- Energy distribution computed
for 1.5 degree grids, with at
least 100 observations with
minimal smoothing

Mean and Median values show
factor-of-three variation by region!



Presenter
Presentation Notes
Here we take a closer look at modeled performance over north America.

These DE images were produced by employing the best DE estimate from GOES-East and –West. Note that the estimated flash detection is at or below 50% (0.5) in upper plains and south-central Canada during the daytime.


GLM-16 flash DE with respect to reference data
Matching window = 200 ms, 50 km: 2018-01-01t0 2019-12-31 5lakeslee et al., JGR 2020)

GLM-16 (GOES EAST) FLASH DETECTION ASSESSMENT



= INSTRUMENTAL VARIATION IN DETECTION THRESHOLD
- DIFFERENCES IN CLOUD-TOP OPTICAL ENERGY


Presenter
Presentation Notes
Two factors are responsible for these regional differences




G116 Instrument Thresholds

-90 -80

This is illustrated in the maps to the left
showing best-case (upper map) and
mid-level thresholds (likely daytime —
lower map) throughout CONUS for
G16. The lowest threshold (~1 fJ) is in
Florida, and it increases to higher
than 6 fJ in the northwest.

Note: the highest threshold in a region is
(roughly) twice the “Best Nightime” values
shown in the upper panel


Presenter
Presentation Notes
Let’s start with instrument threshold

(Read the text on the slide for background and motivation) 
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REGIONAL DIFFERENCES IN ISS-LIS OPTICAL SOURCE DISTRIBUTIONS

(GLM-EQUIVALENT BRIGHTEST EVENT IN EACH FLASH DERIVED FROM LIS GROUPS)



— LIS-based Model
—+— LMA-based Obs (KSC)
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GLM Pixel Threshold (fJ

Flash DE decreases by 10-15% for each 1.5 fJ increase in threshold

- model curve derived using
overall CONUS TRMM-LIS (2013)
largest-in-flash opfical sources
(groups with 4 or fewer events)

- LMA-based observations (bars)
obtained by eliminating flashes
with group energy below the
specified threshold


Presenter
Presentation Notes
This figure illustrates the accuracy of this model for storms near Kennedy Space Center in 2018-2019. 

The model is the smooth curve reaching 80% at a GLM threshold of zero, and the observations a represented by the horizontal bars.  Further details can be found in the extended abstract.

You can see that flash DE decreases by 10-15% for each 1.5 fJ increase in threshold.


DAY AND NIGHT GLM FLASH DE ESTIMATES

(FULL-CONUS SOURCE MODEL FROM ISS_LIS, ASSUMING 80% LIS FDE)

G117 I.Iprlght Best Nighttime FDE o G16 Upright - Best nghtllme FDE
- N

Regional differences in
flash size, flash height, or
cloud optical depth are
not addressed in these

estimates. (See zhang &
Cummins, 2020 and Rutledge et
al., 2020 for related details)

BQsed on known 200 -180 -160 -140 -120 -100 -80 60 -150 -100
differences in source G17 Upright - Mid-level Daytime FDE . G16 Upright - Mid-level Daytime FDE

distributions and
thresholds, the expected
FDE in Colorado is about
10% lower than what is
shown here, and the
expected FDE in Florida
should be 5-10% higher.



Presenter
Presentation Notes
Using the optical source distribution shown in the previous slide and known GLM threshold values provided by Lockheed Martin,  the estimates of daytime and nighttime DE were computed for GOES-West (left column) and GOES-East (right column). These estimates do not address expected variations in optical source energy resulting from differences in flash size, flash height, or cloud optical depth. Colorado is known for anomalously electrified storms with high flash rates, small flash areas, low flash heights, and large optical paths above the flashes. Therefore DE in this region is somewhat over-estimated using this model.   


Colorado July 5, 2019 KSC Florida 2018-2019

Estimated and Observed GLM Flash DE vs. Threshold Estimated and Observed GLM Flash DE vs. Threshold ><31£_f;"4
LIS-based Model
—+— LMA-based Obs (KSC)
GLM Reported Flash Count| 73

LIS-based Model
—+— LMA-based Obs (KSC)
GLM Reported Flash Count
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FLASH DE COMPARED TO MODEL IN COLORADO AND
FLORIDA — IMPACT OF REGIONAL SOURCE DISTRIBUTIONS




DYNAMIC TRACKING OF GLM PIXEL
THRESHOLD



RM DAY: MAY 20, 2020 Threshold Animation (2-min frame rate)

Detection Efficiency Relative to LMA Flashes
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Presenter
Presentation Notes
Given that GLM detection threshold varies by region and by time-of-day, it would be helpful to have this information when interpreting GLM data in operational settings.

It is possible to compute the detection threshold for each GLM pixel in real-time with 2–5-minute temporal resolution by accumulating statistics from the event energy values reported in the operational L2 dataset. The left panel shows such a calculation for 2-minute intervals over a 6-hour period that includes full daylight, total darkness, as well as the transition period. The median threshold in the region (green line) starts out at about 7 fJ in full daylight and ends-up at about 3 fJ in full darkness after 03 UTC.

GLM flash DE relative to the local Lightning Mapping Array (thick black line) is quite low during daylight hours in this example, but it exceeded 50% after the median threshold reduced to about 3 fJ and the percentage of small flashes reduced to about 20%. The animation on the right panel shows the per-pixel threshold, color-codes between 1 and 7 fJ, in 2-minute periods. The final image in the panel shows the minimum threshold for each pixel for the duration of the storm. 

It should be clear that real-time tracking of GLM threshold is both practical and useful


Max Period Event Count
- Sl

G17u during 2020-05-20 20:00 - 2020-05-21 05:00
Max Period r EvCounl

Maximum Threshold In Storm (fJ)

Max Period Event Count
- i —

Minimum Threshold In Storm (fJ}

-106

Instrument
Threshold
“ROﬂge”

G16u during 2020-05-20 20:00 - 2020-05-21 05:00
ax Perioup-r Ev Count

Note that the observed L2 thresholds are similar for G17 and G17, even though their
nominal day:night instrument values are quite different. Could this be a “Front Range

Effect”e



SUPPORTING SLIDES




The Spectrum of Ground-based Lightning Locating Systems

(
L& MDF/
TOA__

~
~
=

. 3D TL Mapping
‘ 2D TL Mapping

O 2D TL (most)
‘ 2D *mostly CG/

Emerging
“\Jechniquey’

\\~_’/

Network Coverage Di

10m 100m Tkm 10
LLS Spatial Resolution of Geo-located Data



KEY POINT # 2 (examples of simultaneous observations

LMA + MRMS Composite Reflectivity LMA + GLM + NLDN LMA + MERLIN + GLM + NLDN

2017-05-13 19:01 CompositeReflectivity
| 20 25
Num. GLM Events

—81.10

O b ON

Height (km)

35.674 35.760 35.933 36.019 36.106 36.192 36.278
LMA count: 1611 Time (second of minute)

MERLIN count: 379

19:01:36 451 . 19:01:36.461
19:01:36.365 :-.-.. 19:01:36.365
19:01:36.278 ‘ _' i . 19:01:36.278
19:01:36.192 . & L 19:01:36.192
19:01:36.106 . AN 19:01:36.108
18.01:36.019 9 e 19:01:36.019
19:01:35.933 o 19:01:35.933
19:01:35.846 - . 19:01:35.846
19:01:35.760 . 19:01:35.760
19:01:35.674 19:01:35.674

19:01:35.587 19:01:35.587




TOTAL (IC+CG)

(cloud-to-ground detection is much more uniform)




SPATIAL VARIATION IN MEAN
LOCATION DIFFERENCE

G17: January 2020

sition offset (km)




SPATIAL AND TEMPORAL FALSE REPORTS

(AUTOMATIC)

Only 3.8% were false reports

G17 Sample plot December 31 through January 7

Percent Uncorrrelated GLM Flashes
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SPATIAL VARIATION IN RMS
LOCATION DIFFERENCES

G17: January 2020 G1é: JuIy 20-0ct 2, 2018




Absolute DE
tries fo consider
N ’ all flashes

PR(A)  PE(4)
PR(B) PE(B)

Note:

"RELATIVE" (PR) VS. "ABSOLUTE" (PE) DETECTION EFFICIENCY



HOURLY TIME SERIES OF RELATIVE
GROUP DETECTION EFFICIENCY

Group-level Counts and Relative DE Dec 31 through Jan 31
I I

o]
o

GLM
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Average GLM Group DE: 55.1%
Average GLD Group DE: 5.1%
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GLM (G17) AND GLD360 “ABSOLUTE" FLASH
DETECTION EFFICIENCY (Gim=rest; cLo=-rererence

-200 180 -160 -140 -120 -100 -200 180 -160 -140 -120 -100
Reference LLS Log Count

e - 5 -

H

-200 -180 -160 -140 -120 -100 -80 -200 -180 -160 -140




Long Flashes  =>
« Modest diurnal variation

All Flashes =>
o« ~25% diurnal variation
for GLM

Many-more daytime
flashes
 Note log scale

# Flashes

GLM Flash DE Relative to LMA - Long Flashes (length > 20 km)

GLM Flash DE Relative to LMA - All Flashes

Local Time

LMA Flash Count

Local Time
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LMA_180320_180000-185959 from 18:03:30 through 18:04:00
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LMA_180320_180000-185959 from 18:11:30 through 18:12:00
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Missed extensive channels
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22 storm days (25 storm cases) from
March 20, 2018 through February 27, 2019

NOTE: best GLM DE is 0-10 and 22-24 UTC; worst DE is 13-17 UTC
No detailed analyiss in 2017 due to "uncalibrated" GLM GLM i MA 50th.
local midnight is about 05 UTC LMA G Percentile
urc urc Flash 10-20 km Len  10-30 km
startTime  endTime  sunrise sunset GeneralComments overa < km (# km (# Lag Time (ms) |
2018-03-20 18 Major Squall/Disturbed 17758
2018-03-20 20 Major Squall/Disturbed 24572 . . 78 94.3
2018-03-20 22 Major Squall/Disturbed 9519 X . . 96.9
2018-04-07 00 : Disturbed system 6040 67 . . . 59.5 93.9
2018-04-10 15 : 19417 3 . B 64.8 92.6
2018-04-10 17 3 17315 58.6 . . A 53.7 89.6
2018-04-11 00 E 2413 86.4 . 96.6
2018-04-23 00 ;! 3 11564 63.6 . 69 95.1
2018-05-15 00 ;. 31030 74.7 . . 80.1 95.4
2018-05-31 00 ! : 13920 59.8 . 2 64.2 94.5
2018-06-04 00 : 522 74.9 . . 87.8 96.2
2018-06-06 00 : 21402 67.7 . : 72.5
2018-07-18 00 ;! : 10495 65.9 . E 69.3 583 95
2018-08-10 00 ;. 1652 50.8 . . 56.1 62
2018-08-23 00 : 16822 67 . ! 75.6 786 92.8
2018-09-19 00 11547 71.2 . 5 84.4 395
2018-11-12 00 507 94.7 3 A 96.3 70 100
2018-11-23 00 H 3210 74.2 100 A 91.9 83 100
2018-12-03 00 6523 77 . 91.2 166
2018-12-15 00 647 88.4 95.4 . 91.5 110 100
2018-12-20 00 5337 64.4 . 72.4 . 73.1 259
2019-01-24 00 1287 91.8 8 94.5 320 91.2 190 100
2019-02-12 00 7445 84.3 . 91.2 93 639
2019-02-13 00 2261 98.3 .. 758 98.8 148 100
2019-02-27 00 527 85.2 . 100 . 140 80.8 68 100

243732 34952  73.8 865 | 18433 204 7 68889 778 " 18530 96.3

overall Ic G <8 km (# / DE) 15-25 km (# / DE) >50 km (# / DE)




DETECTION ANALYSIS FOR EACH STORM

GLM Flash Onset Delay for Ranges of Channel Lengths 2018-03-20 18:00-19:59
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2013 LIS Max Event Energy in Flash (SE CONUS)
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Presenter
Presentation Notes
I will be showing an animated sequence meant to help understand the modeling approach

We start with optical energy estimates derived from long-term measurements from the Lightning Imaging Sensors (LIS) on the TRMM satellite and on the International Space Station (ISS). The histogram and related cumulative distribution shows the nature and range of brightest events in LIS flashes in the southeast U.S. The cumulative curve represents the fraction of flashes that are not reported, as a function of increasing detection threshold. 

When the threshold id down near zero, the fraction not reported is also zero, reflecting perfect detection

As detection threshold is increased by stepping through the animation, the fraction not reported increases from 0% to over 50%


2013 LIS Max Group Energy in Flash (Southeastern US)
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See Zhang and Cummins (JGR, 2020) for conversion of
LIS Radiance to GLM-equivalent Energy

Therefore, the distribution of the
maximum pixel-sized event
energy in flash can be used to
produce a direct estimate of
group and flash DE, given local
thresholds

The associated cumulative
distributions are approximately
(1 — fractional DE)


Presenter
Presentation Notes
So of we track threshold at any given location, we then need a way to estimate flash DE using that threshold. This analysis provide that link.


2018-12-20 DE for Various Data-denial Thresholds

Flash DE
derived using
the KSC LMA
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Since the instrument threshold in
Florida is quite low, we can assess
overall flash DE vs. threshold by re-
processing the GLM data with
artificially elevated event threshold
values (see results above)

GLM Max Gr Energy vs. Fl Dur 2018-12-20 14:00-22:59
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duration flashes have the smalles

“maximum group energy in themas
values. Therefore they will beAost first
when instrument thresholdsincreases

The Box plot (above) shows Tho’r |
%

Boxes are25™ — 75t percentiles. Red +'s are
extreme values. Note log scale for energy.


Presenter
Presentation Notes

In this study, the GLM threshold was applied at the EVENT level, so the behavior matches what GLM would do.

The group optical energy Box-plot is, by definition, limited to what GLM sees. Zhang and Cummins show that there are many cloud-top optical sources that have lower energy than GLM’s minimum of about 1.5 fJ.  

Maximum Group Energy was used so that we know something about the brightest group. It would be more-informative to use the maximum event energy in each group, so it can be directly related to GLM detection threshold
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The impact of GLM threshold is clear
in the Colorado area. There are also
fewer high-energy events in this
region, compared to KSC and the
Caribbean
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Presenter
Presentation Notes
Here we take a closer look at modeled performance over north America.

These DE images were produced by employing the best DE estimate from GOES-East and –West. Note that the estimated flash detection is at or below 50% (0.5) in upper plains and south-central Canada during the daytime.
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DAY AND NIGHT GLM FLASH DE ESTIMATES
(THRESHOLD ONLY EFFECTS KSC MODEL)
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Regional differences in

flash size, flash height, or
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estimates. (See zhang &
Cummins, 2020 and Rutledge
et al., 2020 for related details)
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Presenter
Presentation Notes
Using the optical source distribution shown in the previous slide and known GLM threshold values provided by Lockheed Martin,  the estimates of daytime and nighttime DE were computed for GOES-West (left column) and GOES-East (right column). These estimates do not address expected variations in optical source energy resulting from differences in flash size, flash height, or cloud optical depth. Colorado is known for anomalously electrified storms with high flash rates, small flash areas, low flash heights, and large optical paths above the flashes. Therefore DE in this region is somewhat over-estimated using this model.   


LMA_G16_200520_230000-235959 from 23:45:30 through 23:46:00

detection of lig

the body of the active
storm as flash rate
increased

(Note: opftical depth, at
least in terms of O dBZ
radar cloud-top, also
increased)
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