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The 19th century: Canada and Australia long tradition of meteorological
observations.

» Charles Smallwood made recording weather and rainfall every six hours
each day in Laval (1833) and McGill University started in Montreal (1863);

» Sir James Clark Ross (Hobart, 1840) and Sir Charles Todd (Adelaide,
1855) started meteorological observations in Australia.

"= Admiral Robert Fitzroy, Captain of the HMS Beagle, founded the HMS BeaQIe
meteorological service (UK Met Office) in 1854 (telegraph, the first public
forecast appeared in The Times on 1 August 1861 ...).



The 20th century: Numerical Weather Prediction (NWP)

» Numerical weather prediction model are based on the physical laws of fluid,
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The 20’s: L.F. Richardson

Weather prediction equations can be discretized and solved with sophisticated
mathematical algorithms and calculation techniques (L.F. Richardson, 1922)



The 50’s

VENSKA GEOFYSISKA FORENINGEN 4 Y

A QUARTERLY JOURNAL OF GEQPHYSICS

LA

.

3
'

X

|
b} 52
i

Trevor Pearcey (1919-98) with CSIRAC

|| Numerical Integration of the Barotropic Vorticity Equation

Jule Gregory Charney (1917-81)

* Von Neumann, pionnier of modern computers, and the American meteorologist
Charney were the first to do a Numerical Weather Prediction (NWP) forecast with
the ENIAC (1950); and,

» Charney’s thinking on weather and climate prediction was visionary (GARP, 1969;
Carbon dioxide and climate, 1979).



The 60’s

» The first successful integrations
of a global model were
performed in Montreal by the

Canadian :
André Robert  Bureau of Meteorology
(1929-93) collaborator: :

* The ancestor of all existing
global weather and climate
computer models;

* Unprecedented space and
surface based observation
systems were put in operation.




Meteorological observing systems used by
National Meteorological and Hydrological Services
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A prediction model grand challenge: representation of
the sub-grid scale dynamical and physical processes
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The Data Assimilation grand challenge:
combining observations with global model forecasts

« Over 800M ingested and
70M processed
observations per day at
ECMWEF.

* The information content
of analyses due to A\ A
observations is around O observations
10%, the rest come from analysis
past observations
propagated by the global
numerical prediction

model
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Chaos: an old problem

Henri Poincaré

“A small error in the former will produce an enormous error in (1854-1912)

the latter...The meteorologists see very well that the equilibrium
is unstable, that a cyclone will be formed somewhere, but
exactly where they are not in a position to say; a tenth of a

degree more or less at any given point, and the cyclone will
burst here and not there, and extend its ravages over districts it
would otherwise have spared.”

Science and Method, 1908, Henri Poincaré
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Capturing the uncertainty

The ensemble prediction approach

Initial Condition
Uncertainty
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-\ Forecast

Representing the Uncertainty
Probability Distribution Functions

Initial Conditior;
Uncertainty

Analysis

Forecast u \TION.
Note: ensemble prediction systems are optimal foy PRECIPITAT o
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Weather Prediction (horizontal resolution~15 km)
compared with Satellite Observations

ECMWEF predictions and Meteosat observations
(Martin Miller, ECMWF)




The Forecast Innovation Process

The transformation of observat
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The Way Forward



Sustained Teraflops
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The quiet revolution of Numerical Weather Prediction
Bauer, Thorpe and Brunet (Nature, 2015)

A study of the economic impact of the
services provided by the Bureau of
Meteorology

LE

London
.. Economics

"for every dollar spent
on delivering Bureau
services, these
services return a
benefit of $11.60 to
the Australian
economy."




CUSTOMER DEMAND FOR
TAILORED INFORMATION
(More localised, timely
‘and accurate)

Key drivers

Influencing BoM
R&D efforts over
the next decade




BoM R&D 2020-30 Plan:The four R&D objectives, day after day
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Day 1: Customised impact-based forecasts and warnings when and where it

counts
- More localised, timely and better information for cities and regional areas

Day 2: Reliable and trusted forecasts
- Enhanced assimilation of observations for more accurate predictions

Day 3: An Earth system prediction capability
- Fully integrated atmosphere, ocean, sea-ice and hydrology models

Day 4: Seamless weather and climate insights
Historical observations and predictions, from minutes to decades



Inter-dependencies of the four research and development objectives

Operating in a 'system of
systems'

- Together enabling improvements in
numerical prediction accuracy and
precision and downstream products

RESOLUTION

- Reliant on HPC availability and
optimal utilisation

COMPUTER
RESOURCES

D
URATION AND/OR



Day 1: Customised impact-based forecasts and warnings
when and where it counts

More localised, timely and better information for cities and regional areas



Customised impact-based forecasts and warnings when (L
and where it counts QE

Products and services targeted to customer needs
- Social science-based impact warnings framework
- Impact-based decision support

Data and processes to support impact-based products and services
- Streamlining routine and high impact forecasts and warnings
- Comprehensive verification

High resolution rapid update inputs for streamlined forecasting
- Post-processing of numerical guidance
- High resolution numerical prediction models over regional and urban domains

Observing and understanding high impact weather
- Integration of observations
- Research for better understanding




Numerical Earth-system and Weather-to-Climate Prediction (NEWP)
for the 2015 Pan Am Games, TORONTO: from urban to regional

scales.

Environment Canada

« Meteorological
Research Division
 Air Quality
Research Division
e oocEae st o s« Meteorological
B\ T Service of Canada



Environment Canada Science Project for the 2015 Pan Am Games

The Pan American Games are the world’s third largest
international multi-sport Games

Atmospheric TO2015
Monitoring <. -

Demonstration of seamless
atmospheric and

environmental forecasting

Enhanced local forecasts:
Weather, air quality, hydrology
and lakes

Observational networks:
surface observations, mobile
platforms, air quality, lightning

Canadd




Numerical Modeling for Pan Am: Objectives

Improve forecasts related to: .
P The City of Toronto

Extreme heat
Intense precipitation

Strong winds

Lake breezes Toronto

Air quality events

Lake conditions



Numerical Modeling for Pan Am: Resolution

Improve forecasts related to:

The City of Toronto

Extreme heat
Intense precipitation
Strong winds

Lake breezes

Air quality events

Lake conditions

Current Operational BoM Global Model ~10 km



Numerical Modeling for Pan Am: Resolution

Improve forecasts related to:

The City of Toronto

Extreme heat
Intense precipitation
Strong winds

Lake breezes

Air quality events

Lake conditions

BoM regional model — 1.5 km



Numerical Modeling for Pan Am: Resolution

Improve forecasts related to:

The City of Toronto

Extreme heat
Intense precipitation m
Strong winds

Lake breezes

Air quality events

Lake conditions

BoM experimental sub-km model — 0.1km to 0.4 km
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Example of Daytime Convective Act
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How to accelerate forecast advances in regional/urban areas?

For water management, including the need for long-term infrastructure investment to
address expanding potable water shortages;

« To deal with more frequent and more severe floodings in high-risk coastal plains and river
valleys densely populated areas;

* For even higher resolution (sub-km) models with integration of local geography and
observations, that would allow producing sector-specific forecast products, for instance, in
support of energy management or public healthcare in highly populated urban regions;

« Weather and climate observing data in the future should be interoperable with those of
socio-economic data, biophysical and other data ideally in the cloud where more and more
users and customers are.
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Reliable and trusted forecasts

Enhanced assimilation of observations for more accurate predictions
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Reliable and trusted forecasts

More and better used observations
- More timely and specific information
— Improved numerical predictions
— Support for verification

More effective observation network
— Integrated satellite, radar, in situ, 3rd party, ...
— Additional quality monitoring
— Optimized observing network

Improving our science
— Improved process understanding
— Advances in observations & Data Assimilation




Anomaly correlation of 500hPa height forecasts

Improvement of skill: what are the main contributors? Northern hemisphere Southern hemisphere

98.5

Observations vs Data Assimilation and Numerical S
Prediction Model (Dee et al., BAMS, 2014) %0
* In the last 30 years, improvements in the global 70
observing system contribute to 10% in the global . I -
forecast skill gain. a0 el
« Today’s backbone observing system needs to be Z: R — e
maintained with sufficient redundancy to fill potential o : ' DS ERAAD
gaps in case of individual mission failure. But the . o >
global observation network shows already great 70 :
resilience and coverage, so how much is ‘good o
enough’? 40 oo

1975 1980 1985 1990 1995 2000 2005 2010
Fic. |. Twelve-month running mean anomaly correla-

« With the phenomenal impact of the increase in ks 900 i, (i sl Bty TN AT fmecmsts

satellite observations for numerical prediction, in-situ
observations will always be needed to anchor them;
but what are the optimal investments in such in-situ
- observations to satisfy all user requirements is still an
open question.

of 500-hPa height for the extratropical Northern and
Southern Hemispheres from (a) ECMWF operations
from Jan 1980 to May 2013 and (b) ERA-Interim from
Jan 1979 to Apr 2013 and ERA-40 from Jan 1973 to
Dec 2001. The shading shows the difference in scores
between the two hemispheres at the forecast ranges
indicated.




An Earth system numerical prediction capability

Fully integrated atmosphere, ocean, sea-ice and hydrology models



An Earth system numerical prediction capability

Modeling the Climate System Supporting the full range of user needs
— Multi-hazard information
L, Dimeris, I At Sicaptins — Certainty & scenarios
E "' Tt & — All environmental realms
Status Cloucs @ e “ Cms s Clowss Amospherc Fully integrated information
i‘rt - T?:e‘f:\‘,’ i — Consistency of information

— Coupling where warranted

Slalus Clowds
Human Influencas Evagoration

2 § and Land Usa ,
dawetes Sea E
= lce
and Releclivily)

Heat & Salinity
Exchange

World class modeling systems
— Very high resolution

% — Continuous improvement
Winds % 2

and Waves

Ocean
{Currents, Tempersture, and Salinity)

5 Atmospheric Mode! Layers

1 Cost effective

— HPC use and software management
— Transition to operations

— Development

Vertical
Overturning




Ranking of global weather prediction centers

Weighted average of % differences between Met Office CBS scores and CBS scores from other centres
Baseline: Met Office 1.5deg scores
(Components and weightings match those used in Met Office global index formulation)

Met Office

— Met Office — JMA (JA) KMA (KO)
NCEP (US) — CMC (CA) — BoM (AU) (UM partner)
— MetFr (FR) — DWD (GE) — ECMWF (EC)

P

© Crown Copyright 2020. Source: Met Office




SA severe thunderstorm and tornado outbreak September 2016

Observed and simulated radar rain rate

400 m

dBZ 0530 em0

+ Charmaine Franklin
(Bureau of Meteorology)

* 400m better resolves
convection and has
more realistic storm
structure




Zoomed in 100m simulation showing
tornado-like vortices

radar reflectivity and vertical vorticity at 10m
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Seamless weather and climate insights

Historical observations and predictions, from minutes to decades



Seamless weather and climate insights o-‘"

Seamless climate products
- Across time, space and severity
- Including national water information

Climate risk services to meet sector needs
- Underpinned by climate predictions, forecasts, event attribution, projections and observations

Understanding of exposure and vulnerability to high impact weather and climate
- Predicting the socioeconomic impact

Co-designing climate impact assessments and climate services
- Better aligned to user needs
- Enabling enhance response and adaptation

Increased knowledge of past and future climate variability and change

Improving our record of past climate
- Including through reanalyses



Seamless climate products across time, space, field and severity

Projected change in rate we will experience
high temperatures in the future
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Forecast for the upcoming
season: chance of more hot
days than usual
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the next few days

Historical

Operational Tactical Strategic
Context




The way forward

« Seamless Prediction of the Earth System: from minutes to

months
Editors: (Brunet, Jones and Ruti)

O Provide a reference of current state and future
challenges of NWP Science in 25 chapters.

Q Itis freely available on the World Meteorological
Organization (WMO) website in English, French and T o —
Spanish.

« The quiet revolution of numerical weather prediction

Bauer, Thorpe and Brunet
__(Nature, September 3, 2015)

.........




Thank you very much! Q&AS




Thank you very much!

Q&As

Inter-dependencies of the four research and development objectives

More at the BoM Annual R&D workshop

* 23-26 November
* Dayl, 2, 3and 4 aligned with the four R&D objectives.




