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What is a compound (extreme) weather
event?
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Here 8 a AeHNTON can fke the form of weather driven andlar olimatad

driven preconditions that aggravate local or regional conditions in time and space, or

where hazards in multiple connected locations cause an aggregated impact
(Zscheischler et al. 2018).

Two "non-extreme” weather phenomena that can combine to produce

an extreme outage event—for example, heavy rain followed by high winds that each on
its own would not cause many outages but combined together (in time and/or space)
can more easily uproot trees and damage transmission and distribution infrastructure.
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Outages by Event Type

Lake-Effect Snow, High Wind, Lakeshore Flood, Winter Storm, Blizzard, Flood, Cold/Wind Chill, Thunderstorm Wind @8 2022-12-23

Winter Storm, Heavy Snow 2022-04-19
Winter Storm, Ice Storm, Heavy Snow i 2022-02-04
Lakeshore Flood, High Wind, Thunderstorm Wind 2021-12-11
High Wind, Tropical Storm, Heavy Rain, Flood, Thunderstorm Wind 2020-08-04
High Wind, Coastal Flood, Lakeshore Flood, Flood, Thunderstorm Wind 2019-11-01
Heavy Snow, Hail, Flood, Thunderstorm Wind @ 2019-06-30
Flood, Hail, Lightning, Thund Tornado, Funnel Cloud, Hail, Thunderstorm Wind 2018-05-15
Hail. Thund Tornado, Hail, High Wind, Thunderstorm Wind 2018-05-04
Flood, Thund g
High Wind, Thunderstorm Winag U1l /-03-Uc
Heavy Snow, High Wind, Tornado, Hail, Funnel Cloud, Thunderstorm Wind #l 2014-07-08
High Wind, lce Storm, Flood @ 2013-12-22
Lake-Effect Snow, Hail, Lightning, Tornado, Heat, Flood, Thunderstorm Wind 2013-07-19
Funnel Cloud, Hail, Heavy Rain, Tornado, Flood, Frost/Freeze, Thunderstorm Wind 8 2013-05-29

Heavy Snow, Lake-Effect Snow,

Storm Surge/Tide, High Wind, Coastal Flood
Winter Storm, Frost/Freeze, Heavy Snow, Coastal Flood 2011-10-29
High Wind, Storm Surge/Tide, Tropical Storm, Flood, Tornado 2011-08-28
High Surf, High Wind, Coastal Flood, Lightning, Heavy Rain, Flood, Heavy Snow JMMM 2010-03-13
Winter Storm, Debris Flow, High Wind, Heavy Snow U10-0Z-
Winter Storm, Heavy Snow 2010-02-23
Winter Storm, Ice Storm, Flood, Heavy Rain | 2008-12-11
Hail, Funnel Cloud, Heat, Lightning, Thunderstorm Wind #§ 2008-06-10
Seiche, Flood, Lake-Effect Snow, High Wind § 2008-01-30
Hail, Funnel Cloud, Lightning, Flood, Thunderstorm Wind 2007-07-10
Hail, Lightning, Heavy Rain, Flood, Thunderstorm Wind 2007-06-27

Flood, Hail, Lightning, Thunderstorm \
Flood, Funnel Cloud, Hail, Lightning, Thunderstorm \
Flood, Hail, Thund

Flood, Hail, Heavy Rain, Lightning, Thunderstorm \
Hail, Lightning, Thund
Flood, High Wind, Thund

Weather Phenomena Combination

Flood, Heavy Snow, High Wind,
High Wind, Thund
Heavy Snow, High Wind, Lake-Effect Snow,

Lightning, Thund Flood, Lake-Effect Snow 2006-10-12
Lake-Effect Snow, High Wind, Hail, Winter Storm, Heavy Snow, Cold/Wind Chill, Thunderstorm Wind 2006-02-17
Hail, Lightning, Thunderstorm \ Hail, Lightning, Rip Current, Thunderstorm Wind 8 2005-06-06
Flood, Hail, Thunderstorm \ Winter Storm, Hail, High Wind, Heavy Snow#i 2003-11-13
Winter Storm, Ice Storm, Heavy Snow 2003-04-04

2012-10-29

Q o
S 3
P P

S
S S
AD Ne

Q QQ’Q
Q
Q
9

ESIG Forecasting and Meteorology in Power Systems Workshop — Denver CO Damage Prediction from Extreme Weather Events — 15 June 2026

Total NYS Customers Affected

Q
Q
O




Numerical Weather Prediction (NWP): Weather Research and
Forecasting (WRF) modeling system

Init: 2020-08-04_00:00:00
Valid: 2020-08-04_20:00:00

Geographic Domain
“Enhancing Predictability of Weather-Caused °"°" 2 393 X 315)

Power Outages with NY Mesonet Observations:

MESO

Demonstration on the Avangrid service territory”

(Sponsored by the New York State Energy Research and
Development Authority)

Jeff Freedman, Emmanouil Anagnostou, Adam Helman, John Zack, James Rincon, June Wang,
Diego Cerrai, Kingsley Udeh, Elizabeth McCabe, Jan Woodcock, and Thomas Layton

Parameterization Scheme
Microphysics Thompson aerosol aware
Short wave radiation RRTMG
Long wave radiation RRTMG
Land surface model Rapid Update Cycle (RUC) E 5
Surface Layer Mellor-Yamada-Nakanishi-Niino (MYNN) 8§ 10 12 14 16 18 20 22 24
Boundary Layer MYNNZ2 Initial Conditions and Boundary Conditions Data : GFS analysis and forecast
Moist Convection [NONE]
Vertical levels 40 (17 below 1000 m—stretched) UAlbany-UConn OPM model domains.

The inner nest Is at 2 km resolution.
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UNIVERSITY AT ALBANY

127 Standard Sites

Average spacing 27 km

At least 1 site in every county
NYC rooftop sites

Flux [18]
1825+ sensors f Snow [20]

1 million observations per day | /\ Profiter 117)
2448 profiles per day | ———

Courtesy J. Brotzge and J. Wang
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NWP Al OPM Case studies

#Outages (Avangrid

0 _
Date Case Type escription Territories in NY)

Multiple
15 May 2018 Convection thunderstorm 146,716
complexes

Long-duration
1 -3 March 2018 Nor’easter winter storm with 334,322
heavy wet snow, rain,

and wind

31 October -1 Frontal passage

November 2019 Non-tropical system with high winds 136,045

Tropical Storm

. 163,613
Isalas

4 August 2020 Tropical system
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8 Compound Events

Number of Storm Reports by County
Storm reports B Peak reported outages
48°N

48°N

Peak customers out

100000

50000

Latitude

66°W
74°W 72°W 70°W 68°W 66°W

Longitude
Values below 10 customers out are shown in white

70°W 68°W
Source: NOAA NCEI Storm Events Database
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Surface analysis 217 Fri Mar 2 2018 SLP and 10 Meter Wind (Speed Shaded m/s) 1 March 18Z UTC Forecast for 2 March 21Z
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National Weather Service Albany, NY National Weather Service Observed Storm Total Precipitation

Boston/Norton, MA Mar 02-03, 2018
Snowfall Analysis 03/02/2018 01:00AM to 03/03/2018 01:00AM : | Bl .. A | R\ [
Data Source: Regional Observations(PNS) National Weather Service S Peak Wind Gust o

Boston/Norton, MA Mar 02-03, 2018
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Thisis an experimental product. Care should be taken in using the data. Unofficial observations are plotted. Values at interpolated locations may not represent actual precipitation totals at that location.

National Weather Service Observed Storm Total Snowfall
Boston/MNorton, MA Mar 07-08, 2018

Observed Snowfall March 7-8, 2018
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All WRF runs (including non-
events): 346 cases

38 Thunderstorm cases
17 Rain/wind cases

AN

3 Winter cases

"otal of 68 cases with > 50
Incidents

1500

1000

Daily Incidents

500

Daily Number of Incidents in NY Avangrid Territories, 1 June 2024 - 26 Feb 2025

Accumulated Daily Incidents

Wind/Rain Wind/Snow
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Need to minimize errors In spatiotemporal placement
of forecasted winds and precipitation (rain and snow)

Specifically:
1. Maximum 4-hr average 10-m wind speed;
2. Maximum 10-min average 10-m wind speed;
3. Maximum 10-m wind gust;
4. Total event precipitation;
5. Maximum 1-hr precipitation rate, and
6. Total event snowfall

ESIG Forecasting and Meteorology in Power Systems Workshop — Denver CO Damage Prediction from Extreme Weather Events — 15 June 2026
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y = 1.8251 + 0.6631x

ch\l) Std.error (slope coef.) = 0.0176 2 _0.7676 Std.error (inter) = 0.1963
Std. dev = 1.0996

Key takeaway: Max 4-hr wind speed
WRF tends to over predict gusts—an S
iSsue related to station siting and e e E
surface roughness. 5 | e el TeT A

o8- SR
WRF does correctly differentiate the
relative magnitudes of the gusts by |
event type.

Forecast Versus Observed (NYSM Network) Maximum 4-hr Wind Speed

0 11 20
Forecast (ms™)
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Key takeaway: Max 1-hr wind gust

WRF tends to over predict gusts—an
ISsue related to station siting and
surface roughness.

WRF does correctly differentiate the
relative magnitudes of the gusts by
event type.
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Observed Gust (m/s)

Q Std.error (slope coef.) = 0.0216

K10

20

10

NYSM Network Maximum 1-hr Wind Gust:

Forecasted vs Observed
y = 2.4542 + 0.662x

2 _ 0.6866 Std.error (inter) = 0.4574

Std. dev = 2.0893

® Non-event 2
Thunderstorm N
Rain/Wind S g A
oo B obe_po®
Winter . o...- "2“‘. ¢ 2 o
. - $. 4 % oe®
o'... '.3..".#.:"'0. ™
fe % .. .
st .
‘.J:.‘. ': ° .
I | [ [ I
0] 10 20 30 40

Forecast Gust (m/s)
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Key takeaway

1. Large spread in forecasted versus
observed total precipitation for each
case(48 hr period). Especially true for
Thunderstorm events—convective-type
storms tend to be more difficult to
forecast in space and time, given the
smaller scales involved.

2. Less spread in the Rain/Wind and Winter
cases, consistent with the larger
atmospheric and spatial scales involved
INn generating these types of storms. For
the more significant events (total
precipitation > 12.7 mm or 0.5 in), NWP
performance is quite good, with higher
hit rates and lower false alarms,
especially for Rain/wind and Winter
storms.

ESIG Forecasting and Meteorology in Power Systems Workshop — Denver CO Damage Prediction from Extreme Weather Events — 15 June 2026

Total Precipitation (mm)

Variable: Total Precipitation (mm)
Parameter All Cases Non-event TS RainWind

# of Fcsts 364 38 17

Mean Obs Max (mm) 25.67 60.86 29.92
Mean # Sites >12.7 mm 14.4 40.8 27.2
Mean # Site > 25.4 mm : 5.0 20.4 15.4

Bias (mm; Site Max)
MAE (mm; Site Max)
RMSE (mm; Site Max)
Bias (mm; Case Max)
MAE(mm; Case Max)
Correlation (Sites)
Hit Rate (>12.7 mm)
FA Rate (12.7 mm)
Bia Ratio (>12.7 mm)
CSI (>12.7 mm)

Hit Rate (>25.4 mm)
FA Rate (>25.4 mm)

Bias Ratio (> 25.4 mm
CSI (> 25.4 mm)

16



Key takeaway—case max snowifall

Performance for the Winter and Rain/Wind cases is reasonable
despite large errors resulting several intense large lake effect
snow events (e.g., more than five feet of snow was observed in
narrow 5-10 mile wide bands downwind of Lakes Erie and
Ontario in multiple events

Generally non-events, given the nature of type of snowfall
typically associated with lake effect (dry and fluffy) and the
localized aspect of these events.

Exception was the event of 11 — 13 December 2024, where
strong winds (gusting to 50+ MPH or > 22 ms™') after the
passage of a frontal system (a Rain/Wind event) accompanied
the subsequent development of persistent lake effect snow
bands—well-captured by NWP (circled blue dot).
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Observed Snowfall (inches)
30 40

20

10

Std. dev = 9.8302

Case Maximum Snowfall:

1 June 2024 - 28 February 2025
y = 4.2042 + 1.0517x

_Std.error (slope coef.) = 0.0652 2 _0.3769 Std.error (inter) = 0.5367

126 NYSM Sites: WRF-HRRR 06 & 12 UTC 48-hr Forecasts

® Non-event

10 20 30 10) 50
Forecast Snowfall (inches)

/Usersljfreedman/Dropbox/R/NYSERDA_OPM_Zack_Snow.R()Wed Jun 10 17:23:34 2026

1ot



Key takeaway—total snowtfall > 1~

Overall, WRF performed well when

examining the number of station

S

forecasted to experience > 1 inch of
snowfall compared with observations

(r2 of 0.88).

Observed Number of Stations Snowfall > 1 inch

120

100

80

60

40

20

Case Total Snowfall > 1 inch (Forecasted vs. Observed):

Std.error (slope coef.) = 0.014 2 _0.8843 Std.error (inter) = 0.

Std. dev = 8.3115

® Non-event

1 June 2024 - 28 February 2025
y = 0.5566 + 0.8018x

126 NYSM Sites: WRF-HRRR 06 & 12 UTC 48-hr Forecasts

| | | | |
40 610 30 100 120

Forecast Number of Stations Snowfall > 1 inch

/Users/jfreedman/Dropbox/R/NYSERDA_OPM_Zack_Snow.R()Wed Jun 10 19:13:40 2026
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Conclusions

1. Damaging (and largest power outage events) weather events
tend to be of a compound nature (at least in the Northeast

US);
2. Large-scale events forecasted well by optimized NWP (WRF);

3. Convective and lake-effect snow events can be problematic
due to spatiotemporal aspects of these systems; and

4. Work continues!

ESIG Forecasting and Meteorology in Power Systems Workshop — Denver CO Damage Prediction from Extreme Weather Events — 15 June 2026
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Thank You!
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