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The Weather Company overview

Advertising

275+ premium brands and
marketers leverage our
predictive and privacy-
forward weather solutions to
drive engagement and
growth.

The Weather Company’

JEBERY

Aviation

25,000 flights per day,

across 400+ aviation clients,

depend on us to improve
decisions and operations on
the ground and in the air.

Consumers

More than 50 million
consumers, across 178
countries, make us part of
their daily habit by visiting
our consumer apps and
websites.

Defense

Providing weather data,
modeling and simulation
solutions to help improve
planning, operations,
process decisions and
outcomes.

Media

750+ global broadcasters
use our data and
visualizations to engage their
audiences.




Why verify forecasts?

To monitor forecast quality - how accurate are the forecasts and are they improving over time?
To improve forecast quality - the first step toward getting better is discovering what you're doing wrong

To compare the quality of different forecast systems or providers - to what extent does one forecast system
give better forecasts than another, and in what ways is that system better?

To enable decision making - use verification of past weather events to understand how to make decisions in
future events

Adapted from https://www.cawcr.gov.au/projects/verification/#Why _verify
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Verification is at the heart of our forecasting process

The

| | o Weather
e At TWC, creating the World’s Best Weather is our mission Com pany

e Verification informs every change or enhancement to our systems
e But, we realize that it is challenging to verify forecasts in a way that’s tailored to every use case

e Our wide range of use cases require a verification infrastructure that’s sustainable, extensible and
configurable
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TWC Forecast Verification System Genealogy — Legacy system architecture

A different verification system (and owner) for each use case

Consumer (public) weather forecast verification system NWP (GRAF) weather forecast verification system

A
S ——

forecasts Stats
. _ processing Output
P> hard-coded visualizati

_ input lists and on tools
observations ;
stats algorithms

e

AUEME QAR VR SEE S R I SR L - Bespoke verification systems for each use case and even for different

i data types for a given use case (verif of continuous [temperature] vs.
forlégsts Stats discrete [precipitation] public weather forecasts)
Q » processing Output
< _ hafdl-_COdedd visualizati « Parameters of the verification (sites, meteorological parameters,
observations Nput lISts an on tools gen/valid times, statistical measures) all hard coded in compiled software
stats algorithms
N —————
* Very inflexible and difficult to maintain/extend
5
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TWC Forecast Verification System Philosophy

“Any member of our science staff can bring their forecast
and obs data in a predefined format and use configuration
files to quickly drive verification results for R & D and
production system monitoring purposes”
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TWC Forecast Verification System Genealogy — Legacy system architecture
The challenges of the legacy verification architecture and the capabilities of the new

Old

 Inflexible, hardcoded configuration
e Difficult to include new data sources

* Required a software engineer to perform a new
verification analysis

« Qutput format static HTML tables only — no chart, maps
« No debugging/auditing capability

 Old, inefficient hardware

Joe Koval
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New

Analysis configuration driven

Easy to add new data sources — use standardized
format

Config files make new analyses easy to add
Specify multiple output types easily in config file
Robust debugging/auditing capabilities

Modern HPC hardware
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Modern TWC Forecast Verification System

A unified, configurable, extensible forecast verification system

Bash
Configuration
layer
-Stations
-Competitors
-Gen dates

-Agg periods

-Stats funcs

-Visualization
config

Forecasts

N~
Standardized

format for
forecasts and

obs

N—

Obs

Main program

0 AY

Stats function toolbox

HTML
MAE CRPS Charts Plots
RMSE Etc... csv Maps

Output function toolbox
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VISIBILITY Verification: hourly | Global | Period: Mar 09-Mar 26

percent correct bias
1 3 5 1 3 5 1
TWC Forecast 1 0.974 0.899 0.838 0.874 1.351 1.2450.152
TWC Forecast20.9740.9 0.8380.869 1.35 1.246 0.152
TWC Forecast 3 0.9750.898 0.8350.761 1.258 1.195 0.148
ECMWF 0.977 0.917 0.852 0.353 0.758 0.956 0.053
GFS 0.97 0.8920.814 0.723 1.298 1.361 0.045
UKMO 0.951 0.891 0.819 2.192 1.497 1.479 0.104
GEM 0.98 0.911 0.84 0.0530.878 1.153 0.02
TWC Forecast 1 0.977 0.903 0.838 0.658 1.261 1.263 0.127
TWC Forecast 2 0.977 0.903 0.838 0.655 1.259 1.263 0.127
TWC Forecast 3 0.978 0.902 0.835 0.569 1.171 1.217 0.126
ECMWF 0.977 0.917 0.852 0.377 0.767 0.954 0.053
GFS 0.9710.892 0.813 0.74 1.303 1.347 0.039
UKMO 0.9510.8890.8152.2 1.5051.48 0.081
GEM 0.9810.909 0.833 0.0620.92 1.2050.018
TWC Forecast 1 0.978 0.905 0.839 0.564 1.155 1.175 0.108
TWC Forecast 2 0.977 0.905 0.839 0.561 1.153 1.1750.107
TWC Forecast 3 0.978 0.904 0.836 0.493 1.063 1.124 0.107
ECMWF 0.977 0.916 0.847 0.381 0.769 0.955 0.043
GFS 0.97 0.889 0.807 0.794 1.326 1.359 0.035
UKMO 0.952 0.887 0.811 2.099 1.468 1.445 0.062
GEM 0.981 0.906 0.824 0.062 0.949 1.247 0.015
TWC Forecast 10.978 0.904 0.842 0.526 1.113 1.06 0.09
TWC Forecast 2 0.978 0.904 0.842 0.523 1.109 1.062 0.09
TWC Forecast 3 0.979 0.903 0.839 0.444 1.02 1.009 0.087
ECMWF 0.978 0.916 0.846 0.331 0.732 0.911 0.034
GFS 0.971 0.887 0.801 0.759 1.329 1.368 0.03
UKMO 0.951 0.883 0.8052.143 1.49 1.436 0.051
GEM 0.9820.904 0.819 0.0590.99 1.266 0.014

Competitor
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Modern TWC Forecast Verification System - Configuration

Configuration files drive the system’s capabilities

Data Sourcing Settings Section

-Forecast generation date range
-Meteorological parameter name
-Generation cycle, e.g. 12UTC
-Names of forecast providers

-Paths to forecasts and obs datasets

-Temporal aggregation (hourly, 24 hour, etc)

-Station list / geographic aggregation

Verification Settings Section

-Specify number of bins to use for calculating
reliability

-How data should be aggregated, e.g. hours 1-
24 or Days 1-3

-Desired statistical measures (e.g. MAE,
RMSE, CRPS, etc)

-Contingency table thresholds

Output Data Settings Section
-Boolean flag on outputting diagnostic info

-Type of output desired (HTML table, charts,
Csv)

-Output path

-Labels for output data (statistics names, etc)
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The Weather Company Forecast Verification Platform Use Cases

e Use verification to validate each forecasting system upgrade/release (release must improve / do no harm)
e I|dentify areas of poor performance

e Assess the skill of human-driven forecast edits through our HOTL paradigm

Verification main page

Calendar Day Daypart Hourly Hourly Daypart Daypart Hrly Temp w/wxmix Calendar Day  Daypart Hourly Hourly Hourly
Raglon Precip Precip Precip QPF MaxT MinT models POP POP POP Calender Day Wind | DaypmtWind: | HourdyWind | ooyg | Visthitey
Global Calendar Day Daypart Hourly N/A Daypart Dayoad o7 CalendarDay  Daypart  Houdy  CalendarDayWind  DaypatWind  HourdyWind  Hourly Hourly
Precip Precip Precip Max T Min T POP POP POP Speed Speed Speed Ceiling Visibility
United States (.01" precip Calendar Day Daypart Hourly Hourdy  Daypart Daypat o o7 Calendar Day ~ Daypart ~ Hourly  CalendarDayWind  DaypartWind ~ HoudyWind  Hourly Hourly
threshold) Precip Precip Precip QPF Max T Min T e POP POP POP Speed Speed Speed Ceiling Visibility
Asia Pacific Calendar Day Daypart Hourly N/A Daypart Daypart Ay T Calendar Day ~ Daypart  Hourly Calendar Day Wind ~ DaypartWind ~ Hourly Wind Hourly Hourly
Precip Precip Precip Max T Min T POP. POP POP Speed Speed Speed Ceiling Visibility
Europe Calendar Day Daypart Hourly N/A Daypart Daypart Houry T Calendar Day ~ Daypart Hourty Calendar Day Wind ~ Daypart Wind Hourly Wind Hourly Hourly
Precip Precip Precip Max T Min T -1 POP POP POP Speed Speed Speed Ceiling Visibility
South Artiarica Calendar Day Daypart Hourly N/A Daypart Daypart Hourly T Calendar Day  Daypart  Hourly Calendar Day Wind ~ DaypartWind  Hourly Wind Hourly Hourly
Precip Precip Precip Max T Min T POP POP POP Speed Speed Speed Ceiling Visibility
Canada Calendar Day Daypart Hourly N/A Daypart Daypat .\ 07T Calendar Day ~ Daypart ~ Hourly  CalendarDayWind  DaypartWind ~ HourdyWind  Hourly Hourly
Precip Precip Precip Max T Min T ¥ POP POP POP Speed Speed Speed Ceiling Visibility
Middle East Calendar Day. Daypart Hourly N/A Daypart Daypart Hourly T CalendarDay  Daypart  Hourly Calendar Day Wind ~ DaypartWind  Hourly Wind Hourly Hourly
Precip Precip Precip Max T Min T POP POP POP Speed Speed Speed Ceiling Visibility
Africa Calendar Day Daypart Hourly N/A Daypart Daypart Hourly T Calendar Day  Daypart Hourly. Calendar Day Wind ~ Daypart Wind Houry Wind Hourly Hourly
Precip Precip Precip Max T Min T Sy L POP POP POP Speed Speed Speed Ceiling Visibility
Cartral Amedica CalendarDay  Daypart Hourly NIA Dayeat  Daypart o4 ¢ CalendarDay  Daypat  Hourly  CalendarDayWind DaypatWind  HouryWind  Hourly Hourly
Precip Precip Precip Max T MinT POP POP POP Speed Speed Speed Ceiling Visibility
Joe Koval 10
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Some example Verification Platform products
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Figures Enhance Interpretability of Tabular Data When Evaluating Efficacy of a New Capability

WETBOOL Verification: calendarDay | Global | Period: Jan 19-
Feb 03

Edited FOD 0.815 0.759 0.458

1 ---_

0.785 0.664 0.398

0.7350.175

Forecast Verification at The Weather Company

USA Mean Abs Error of Edited and Edited QA Daypart Max Temperature Forecasts
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Map-based Results Reveal Where Human Forecaster Edits Add Value

ocations/margin where edited Eq Threat Score (ETS) > unedited ETS on Day2 forecast gen from 20230120 to 20230227
Average value = 0.44

Edited precipitation bias on Day2 forecast gen from 20230120 to 20230227

Forecast Verification at The Weather Company

Average value = 0.8

Joe Koval
joe.koval@weather.com

'gin where Eq Threat Score (ETS) > edited ETS on Day2 forecast gen from 20230120 to 20230227

Average value = 0.3

Unedited precipitation bias on Day2 forecast gen from 20230120 to 20230227
Average value = 0.5

(4]
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TWC GRAF NWP Precipitation Verification
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TWC Air Quality Forecast Verification

0,
0-6 - -3.0% -46.4% -88.2% -11.1% 30% . R . ) . ) .
PM25_epa_agqicat Verification: hourly | United States | Period: Apr 28-May 12 | airnow-airquality-fcst
[Forecast (rows), Observation (cols) [Good Moderate Unhealthy for Sensitive Groups [Unhealthy [Very Unhealthy [Hazardous
-20% Good 332972 [12206 [218 185 7 0
(96.35%) |(3.53%) |(0.06%) (0.05%) |(0%) (0%)
0, [+)
6-12 - 1.5% Lertn Moderate 42414 13342 [815 238 5 0
o -10% o (75.52%) |(22.69%) |(1.39%) (0.4%)  |(0.01%) (0%)
c o . 563 1267 624 230 0 0
S < Unhealthy for Sensitive Groups (20.98%) |(47.21%) |(23.25%) (8.57%) |(0%) (0%)
5 5 13 5 9 23 0 0
> 12-24 - 1.7% -13.7% -0.3% - 0%
3 ° . ° ° = Unhealthy 26%)  [(10%)  [(18%) 46%)  [(0%) (0%)
T 0]
o o 0 0 0 0 0 0
2 s Very Unhealthy ©%)  [0%)  |(0%) 0%)  |(0%) (0%)
- [-10% 0 0 0 0 0 0
24-48 - 3.8% -14.5% -8.3% 0.5% Hazardous ©%)  |[0%)  |0%) ©%)  |(0%) (0%)
-20%
48-72 - -0.0% -13.7% -8.2% 0.5%
-30%
I | | |
RMSE Mean Bias Modified Fractional
Normalized Gross
Mean Bias Error

PM2.5 Concentration

® A confusion matrix identifies how forecasted air
quality categories matched with observed
categories. This view can aid in identifying forecast
biases

e Heat maps identify cases where TWC’s air quality
system forecast performs better than the
background CAMS model forecast. A negative
number indicates a more performant TWC forecast

Joe Koval
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Fractions Skill Score

e Evaluating spatial skill at differing length scales
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December 12, 2022: BO

S (Daily Avg Penalty = 0.09)

Penalty Score

A B C D E F G H u Vv W X Y Z AA
1 I KBOS Winter Event Dec 12 : Met Review
2 12-Dec Average Penalty A t f t
3 00z [ 01 [02 03 '04 05 |06z 07 08 09 [(10 ["11 [12z2[ 13 ["14 ["15 ['16 (17 182119 [20 21 ['22 [ 23 V I a I O n O r eC aS
4 Forecast Table Total Snowfallficing | 191 20 ["21 722 23 [To0o [o01L [ 02 03 [0a [To5s 06 [07.[ 08 [os [[10 [T11 [F12 [ 1314 [T15 16 [(17 [T18 .
5 12/09/2022 12:00Z 0.3 t t h
3 S 23 winter weatner
7 12/10/2022 00:00Z 0.3 .
8 12/10/2022 06:00Z 03 g t b I —
9 12/10/2022 12:00Z 0.4 S C O r I n a eS
10 12/10/2022 18:002 0.5 .
v Impact-based
12 12/11/2022 06:00Z 0.4
13 12/11/2022 12:002 0.4 . f . .
14 12/11/2022 18:002 0.7 Ve r I I C at I 0 n
15 12/12/2022 00:00Z 0.8
16 Observations 0
17 Verification 03] 0.02] 0.05] 0.05] 0.0s| "l T 041l 027] o ol of of of of o o o o o o o o o 0.09
18 12/12/2022 00:00Z: Verification 0.7 IEIG 0 0 0 of o o o o o o o o o o o o o o o o0 o 0.12
19 | 12/11/2022 18:00Z: Verification 03] o] o of o= 0 0 of o of of of of of of of of o o of o o o 0.08
20 12/11/2022 12:00Z: Verification 02 of of o o] = 0 0 0 ol of o o of of o o o o o o o o o 0.09
21 12/11/2022 06:00Z: Verification 02| of of of o] = 0 0 0 of o of of of of of o o o o o o o o 0.09
22 | 12/11/2022 00:00Z: Verification 02 o of of o] = 0 0 0 ol of of of of of of of of o o of of o o 0.09 . .
23 12/10/2022 18:00Z: Verification 02| o] o o o ol ool T of o o o of of of o o o o o o o o 0.09 SenSIble Weather penalty mautrix
24 12/10/2022 12:00Z: Verification 02 of o o o = 0 0 0 ol of o of o of o o o o o o o o o 0.09
25 12/10/2022 06:00Z: Verification 02 of of of o] = 0 0 0 of of of of of of of of of of o of o of o 0.09
26 12/10/2022 00:00Z: Verification 02 o of of of = 0 0 of o o of of o of of o o o o o o o o 0.07
27 | 12/08/2022 18:00Z: Verification 02| o o o o] - 0 0 of of o o o o o o o o o o o o o o 0.07
28 |_12/09/2022 12:00Z: Verification o o o ol T of o o o o o o o o o o o o o o o o 0.07
29
- . ., 1.0
30 Precipitation Type / Intensity L
31 Freezing Drizzle P
32 LGT Freezing Rain
. . MDT-HVY Frz Rain 0.8
33 | MDT-HVY Freezing Rain H
LGT Ice Pellets - 0.3
34 LGT Ice Pellets
35 MDT-HVY Ice Pellets MDT-HVY lce Pellets 06
36 Mix - LGT Freezing or Frozen Precipitation  Mix - LGT Freezing/Frozen Precip - 03 0.2
37 Mix - MDT-HVY Freezing or Frozen Precipitation L;f b - MOTT-HVY FrafFrezen ,,,mpﬂ .
38 - LGT Snow [vis > 2.5 mi] LT Snow [vis > 2.51- 0.2 [ 04
39 LGT Snow [vis <= 2.5 mi]
LGT Snow [vis <= 2.5] -
40 MDT-HVY Snow
41 Rain/Drizzle [T <= 35 F] MO Snow "0z
42 - Everything Else Rain/Drizzle [T <= 35F] -

=
i}
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Everything Else

2.5

Frz Drizzle

LGT Frz Rain

MDT-HVY Frz Rain

LGT Ice Pellets

MDT-HVY Ice Pellets

LGT Snow [vis > 2,5]

MDT-HVY Snow
Rain/Drizzle [T <= 35F] - =
Everything Else - -

LGT Snow [vis <

The Weather Company / © 2024

=]
I Mix - LGT Freezing/Frozen Precip
Mix - MDT-HVY Frz/Frozen Precip

ervation

-00



[
PEBw ovwounawneg

O S e
O 00~ o B W

L S ] Pd ] P d PJ
un i< w Pd = (=]

Convective TAF Verification Product

Desire for single verification product to be both human- & machine-readable.
Sheets are automatically generated and provided to airline partner on daily basis for multiple airport

locations

veriication product can be made avallable 10 other airfine partners with their own or generic penalty table

A B C N 0 p Q R S T U AR
TAF Issue Time Source 07/1610Z | 07/1611Z | 07/1612Z | 07/1613z | 07/1614z | 07/1615Z | 07/1616Z | 07/1617Z | Total Weighted Penalty
20230716T0000 1523262 NWS VCTS VCTS VCTS VCTS VCTS
20230716T0000 1523132 WSl VCTS VCTS VCTS VCTS
20230716T1500 1615002 NWS VCTS
2023071671500 1614597 WSl VCTS VCTS
Observations METAR
Observations Radar TSTM Gates TSTM Gates TSTM Gates VCTS 10-25 VCTS 10-25 VCTS 10-25
Observations Lightning TSTM Gates VCTS 10-25 VCTS 10-25 VCTS 10-25
Verification LightningOnly
20230716T1500 1614592 WSl 0 0 0 0
20230716T1500 1615002 NWS 0 0.4 0 0.4
20230716T0000 1523132 wsI 0 0 0.18 0 0.36 0.36 0.36 0.36 1.62
20230716T0000 1523267 NWS 0.4 0.4 0.18 0 0.36 0.6 0.36 0.36 2.66
Verification RadarOnly
20230716T1500 1614592 WSl 0 0 0 1.8
20230716T1500 1615002 NWS 0 0.4 0 2.2
20230716T0000 1523132 WSl 0 0 0.18 0 0.36 0.36 0.36 0.36 234
20230716T0000 1523262 NWS 0.24 0.24 0.18 0 0.36 0.6 0.36 0.36 3.06
Rows 2-5: TWC & NWS TAFs mapped to convective forecast categories for each valid hour
Observed Forecast
TSTM Field - TEMPO/FM Rows 6—8: METAR, Radar, and Lightning observations mapped to convective observation categories
VCTS 5-10 PROB30 o Future improvement: blend radar & lightning data as a single source of observation truth
VCTS 10-25 vers Rows 10-13, 15-18: Time-weighted penalty table values assigned to TWC & NWS TAFs using
TSTM Gates No TSTMs lightning, radar observations
No TSTMs

A Method to Verify Convective Weather
in TAFs Specific to Aviation Applications

Final column: Sum of penalty values across all valid hours to aid in comparisons between competitors
and generation times

Lauriana Gaudet

lauriana.gaudet@weather.com
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Subjective verification

« Sophisticated point and map viewer tools used to evaluate results for meteorological sensibility
« Particularly important as we integrate Al models into our consensus blend

CAPE TOWN, , SOUTH AFRICA
68816000 FACT -33.9670 18.6000 42m

Integration Process

[shared-data/csv_data/wxmix_full_sitelist/20240520/00/N000_S360/advanced/FACT.20240520T000000.N000_S360.csv

Day 1 - 11Z Temperature forecasts (F) - Produced 00Z May 20, 2024 (forecast hour 11)




Summary

Verification plays a crucial role in The Weather Company’s forecasting process

We had an inefficient, inflexible set of antiquated verification tools that did not support our
needs to assess the skill our our forecast products across a number of business lines

We have built a flexible, extensible and configuration-driven verification system to enable
robust verification products to support a wide variety of use cases across our business

Future enhancements include an emphasis on probabilistic verification and further
verification products to support our aviation business

20
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