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Conceptual frameworks

The process

NWP

Consensus processes

Ensembles

Track Forecasting
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Does track depend upon the intensity?

Answer: mostly no as changes in inner core processes have little
effect on track; but sometimes yes!
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v “Cork in a stream

The dominant steering is on the scale
of the outer circulation.

*To a first approximation, motion is
governed by conservation of relative
vorticity (vortex moves with the
large-scale steering flow).
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SCALE ANALYSIS OF THE
VORTICITY EQUATION

Use scales for tropical cyclone outer wind:

L~500 km
Rotational wind V ~10 m/s

Divergent wind U~1 m/s
AP ~10° Pa
va%melO‘1 sec

¢~ ¥ n2x107%sec!

§~ Y ~2x1070sec!

wn~ AP ~0.2 Pa/sec
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From NHC in 2011 WMO ppt
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e Depth oOf the steering flow

Bureau of Meteorology
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Tropospheric Steering Layer (hPa)

1000 - 990 - 980 - 970 - 960 - 950 - 940 - <940
1010 999 989 979 969 959 949

TC Intensity (hPa)

Velden & Leslie (1993)
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Moving TC Windfield
Conceptual Model

Bureau of Meteorology

 Look for wind max wind

 Compare winds on opposite sides of TC
Streamlines defining motion-shified
Satellite-derived TCwindfield cenire
Best Track Position Z

@j+; - ¢

Y
s ’
30kt
Symmetric TC FErvironmental TC Windfield
Windfield Steering Flow +

Steering Flow
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Pattern
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Synoptic Steering patterns

SOUTHERN HEMISPHERE

Steering direction
. Standard (S) $ 9/__, SYNOPTIC PATTERNS AND REGIONS
* Poleward (P)
 High-Amplitude (H) TC
« Midlatitude (M)
-Iso’rgch
maxima

Region
« Equatorial westerlies (EW)
* Tropical easterlies (TE)

e T S “Monsoon trough

» Poleward flow (PF) M”*ECYC'?”Z
- Equatorial flow (EF) BEquatorial

 Ridge poleward (RP)

* Ridge equatorward (RE)

* Trough poleward (TP)
 Midlatitude westerlies (MW)
« Midlatitude easterlies (ME)

buffer
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e Standard / Dominant Ridge

Bureau of Meteorology
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What direction would TCs be steered
—— at A/B/C?

Bureau of Meteorology
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Secondary effects:
. the Beta effect

Bureau of Meteorology

Conceptual Model of B-gyres for NH Tropical Cyclones with no

Environmental Flow

TC circulation combined with
the South-North variation of

Coriolis induces asymmetries to
produce a net NW steering
current at a few knots (NH).

Size dependent a Image: COMET



Convective asymmetries induce a -

Track of TC BOBBY
wobble short term srori Daripler Radr

{Western Standard Time)

Noticeable for slow moving TCs
Official track usually smoothed

Impacts landfall timing — storm tide -

2n
T e e N
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~ 228
Wikipedia:https://upload.wikimedia.org/wikipedia/commons/thumb/f/f0/Cycloids.svg/290p
x-Cycloids.svg.png

Secondary effects:
e i Trochoidal oscillations

10/34

199§ —
1400 23 Feb 1995


https://upload.wikimedia.org/wikipedia/commons/thumb/f/f0/Cycloids.svg/290px-Cycloids.svg.png
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e Secondary effects:
wmees [, FUjiWhara effect

Bureau of Meteorology

Interaction between two TCs
- dependent on size & separation distance

Centroid-relative Track of a Pair of Interacting Tropical Cyclones
in the Northern Hemisphere

A — Approach )
C — Capture
0 — Orbit

M — Merger

R — Recurve
E - Escape

|
\
\
N\
R ~

|
https://www.meted.ucar.edu/tropical/textbook_2nd vE
edition/media/flash/fujiwhara_zeb_alex_1998.swf
N Adapted from Lander and Holland (1993) / The COMET Program
Merger example



https://www.meted.ucar.edu/tropical/textbook_2nd_edition/media/flash/fujiwhara_zeb_alex_1998.swf
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NWP definitions

Australian Government
Bureau of Meteorology

'‘Deterministic’ track: single model (high resolution)

EC, GFS, UK, HWRF, ACCESS, COAMPS, JMA etc. tracks
Ensemble: general collection of member forecasts

a. Consensus: Averaging of different deterministic tracks

145 03:0050/1 ( +12) "
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NWP definitions: Ensembles

Australian Government

Bureau of Meteorology

b. Ensemble: Single model run many times at lower res.
Control (member with same Initialization as deterministic) +
'perturbed' members)
e.g. EC 51 members; UK 18; GFS 21; ACCESS-GE 16
Ensemble mean: average of ensemble members
Lagged ensemble combine current and multiple runs to increase
no. of runs
'Super’ ensemble: combining en e S
Indicates spread of possibilities g & |=menm——
Uncertainty/probabilistic output
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5 Consensus Forecasting
v SUPPOSE YOU have three TC forecasts. ..

* No problem... None of the forecasts go over my island

* Choose the forecast that is usually most accurate (ex: Forecast 1)
» Choose the forecast that was the most accurate yesterday

» Go with some kind of consensus

~orecast 1
~orecast 2
~orecast 3
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— Consensus: averaging

Bureau of Meteorology

Forecast 1
Forecast 2
Forecast 3

== Simple average
== Weighted average

Suppose you take the simple average of the three forecasts

» This is a reasonable consensus forecast

What if we give Forecast 1 more weight because we know it is
usually more accurate?

* This is an even better consensus forecast most of the time
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=== \\eighted average

- Range of
uncertainty

The range of uncertainty can be represented by the spread (range) of

the forecasts

...0or maybe even a bit wider since the individual forecasts contain error.
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Consensus Track Forecasting

Australian Government

Bureau of Meteorology

Consensus methods now widespread, because:

« Clear evidence of improvement (seasonal timescales) over
iIndividual guidance

* It's what forecasters naturally do
* Improved objectivity in track forecasting
 Removes the windscreen wiper effect
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Consensus Theory

Australian Government

Bureau of Meteorology

Why does it work?

The skill of a consensus depends on:
* The skill of the individual members
* Independence of error between members
* The number of members
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Australian Government

Error vs Spread

Bureau of Meteorology

1. Small Spread/Large
Error: Nightmare

2. Large Spread/Large
Error: Largest opportunity
for improvement

3. Small Spread/Small
Error: Ideal Case

4. Large Spread/Small
Error: Opposing errors
cancel each other out

Non-selective Consensus (N) Error

Ensemble Spread

# & 8 8 Actual 72-h track of TC
......... Individual model tracks

Non-selective Consensus (N) track

Courtesy: R. Ellsberry



20/34

Low model spread- high error

Australian Government

Bureau of Meteorology

TC George: The hard.gne! 120
Very rare — but critical _

T .-
Sam WDT 7 March Egﬂ?

20070306 0UTC
Probability that GEORGE will pass within 120km radius during the next 120 hours

tracks: black=OPER, green=CTRL. blue=EPS numbers: observed positions att+..h

= B & & & 38 2 B8 8
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Low model spread - low error

Australian Government

Bureau of Meteorology

Ophelia: High confidence
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Marcus 2018 — EC, UK, US ensembles
R 17/00z for T+96h
Borsee Tkl High confidence in westerly track

EC 2018-03-15 12Z2C
ECBC 2018-03-17 00Z
ECBC 2018-03-16 122
ECBC 2018-03-16 00Z
ECBC 2018-03-1512Z
¥ UK 2018-03-17 00Z
UK 2018-03-16 182
- UK 2018-03-16 122
- UK 2018-03-16 06Z
¥ US 2018-03-17 00Z
-/ US 2018-03-16 18Z
/ US 2018-03-16 122

Reload for current domain

Christmas
Istand

2018-0321 00z[ < | [ >

System: [40 v

Filter for fixes only.

Speed >=|all v

Filters for percentages (wind_perc)

Max wind distance: -

f <=2
o I Colour by: | maxWind v |
o J J
f notes snd help
[
!
!
!
E:m \ 3 MAPQUEST, @ MAPBOX, © OPENSTREETMAP | TERMS
Mslp vs max wind [m i v | of selected system (kis or hPa or %) (percentages are for preceeding 24 hrs Position of max wind relative to centre (degrees)
100 -

40

P

1 010 1020 0
ol Mar17Sat Mar185un Mar10Mon Mar20Tue MarZiWed Mar22Thu Mar23Fn  Mar24 Sat Mar25Sun Mar26 Mon Mar27 Tue
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High model spread —
challenge to be selective

Bureau of Meteorology

110 11 120 B

Dominic: small and tricky!

a
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GFS |
TXLAPS
roome
; 20090126 0 UTC
— Probability that 103 will pass within 120km radius during the next 120 hours
CL|PER_.¢-/'/, tracks: black=0OPER, green=CTRL, blue=EPS numbers: cbserved positions at t+._h
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Guidance Scatter / Consensus Plot - TC Module

|Analysis Track for 2017/11/25 03:00 from Perth TCWC

|2I:ll7f11f3l:l 06:00 UTC

' Guidance Tracks @ All Tracks
Track Type Source Colour BaseTime Input Track | Revision | Include

Cuidance Fore...|HWRF I 20171202 00:... ] -
Cuidance Fore...|JMA-VW e (201712702 00 ]
Cuidance Fore...|Subjective Dv... | NN 2017/12/02 00 |
Cuidance Fore...JUKMO I 2017/12/02 00... L]
Cuidance Fore.. |ACCESS-TCX I 201712701 12:... L]
Cuidance Fore.. |ACCESS-TCX P (201712701 00.... L]
Cuidance Fore.. |ACCESS-TCX I 2017/11/30 12 L]
Cuidance Fore... |ACCESS-C I 2017/11/30 00 v
Cuidance Fore... |[ACCESS-R I [2017/11/30 005, v]
Cuidance Fore... |ACCESS-TC I 0017/11/30 00, v
Cuidance Fore...|COAMPS-COTC | I 2017/11/30 00:... L
Guidance Fore. [COAMPS-CTCX | NN 2017/11/30 00: ¥]
Guidance Fore. . |[ECMWF P 2017/11/30 00; ¥]
Guidance Fore . |GFS-AVNO I °017/11/30 00; ¥]
Guidance Fore |[HWRF I °017/11/30 00; ¥]
Cuidance Fore... |MNAVGEM-NYGM | N 2017/11/30 00:... ||
Cuidance Fore...|UKMO I (2017/11/30 00 v
Cuiclance Fore... [ACCESS-G I (2017/11/29 12 v] ||
Cuiclance Fore...[ACCESS-TC I (2017/11/29 12:... v]
Cuidance Fore...|COAMPS-COTC | NN 2017/11/29 12:... ]
Guidance Fore.../COAMPS-CTCX | I 2017/11/29 12:... v
Cuidance Fore... [ECMWF-VW I 2017/11/29 12 v
Cuidance Fore...|GFS-AVNO I 2017/11/29 12 v]
Cuidance Fore...[GFS-VW I 2017/11/29 12, L] L
Cuidance Fore...|[HWRF-HWRF I 0017/11/29 128, L]
Cuidance Fore..|JMA-VW I 2017/11/29 12 v
Cuidance Fore... [NAVGEM -y GM | I 2017/11/29 12 L
Cuidance Fore...|UKMO I 0017/11/29 128, v
lAnalysis Ferth TCWC I 0017/11/25 03 v]
lAnalysis Darwin RSMC I 2017/11/29 12: O | 4
Consensus shift+ COALE I C°017/11/28 00; ||
Consensus avgshift+ACG... | I 2017/11/29 00 ||
Consensus shift+COAL2 I C017/11/29 00; ||
Consensus shift+ ACGOO0... | NN (2017/11/29 12:... ]
Consensus shift+ ECEOG+. . | I (2017/11/30 06:... ]
Consensus shift+ACCO0... | N |2017/12/01 12 ]
Consensus shift+ ECEOS+ . | I (2017/12/02 12:... ]
Consensus shift+ACG12... | I 2017/12/03 00.... |
Consensus shift+ACG12... | I (2017/12/03 00, L]
Consensus shift+RVC1E I C017/12/03 00... L] |
Concanci hifta CESONL I 171202 06 [l il

@ Shift to Analysis Fix. Make consensus by movement average.
(' Shift to average Guidance position at Analysis Time. Make consensus by movement average.

' Don't shift tracks. Make consensus by position average.

Scatter Plot | | Consensus Forecast || Close | | Help

24/34

Dahlia high spread +72h

éc] x| B

Adjust Plot Time - Scatter Plot

Plot At (hours): [

+00 +12 +24 +36 +48 +60 +72 +84 +96 +108 +120 +132 +144 +156 +168 +180 +192

Actual Time: 2017/12/03 06:00 UTC

Show: Consensus Path Consensus Spread Climatological Uncertainty

Vi) U

5

~— 06:00 30/11 (+72)

Actual
position

hristmas Isla

e []2017/12/02 15:00
e []2017/12/02 18:00
o []2017/12/03 00:00
o []2017/12/03 03:00
e []2017/12/03 06:00

o []2017/12/03 12:00
¢ []official Forecast Track
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Model upgrades : GFS

Australian Government
Bureau of Meteorology

Upgrade to FV3 impact on TC performance

While old GFS over-intensified TCs at 4+ days the FV3GFS model does a

bit better.
A bit better structure but remains to be seen if SH cases are any different

from Atlantic verification cases
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North West Pacific Basin 2018

Bureau of Meteorology
MODEL FORECAST — TRACK ERRORS (NM) MODEL FORECAST — INTENSITY VMAX ERRORS (KT) MODEL FORECAST — BIAS ERRORS (KT)
VERIFICATION FOR WESTERN PACIFIC BASIN 2018 VERIFICATION FOR WESTERN PACIFIC BASIN 2018 VERIFICATION FOR WESTERN PACIFIC BASIN 2018
400 —— HWF|: HWRF Oper 40 — HWFI: HWRF Oper —e—= HWF|: HWRF Oper
= COTl: COAMPS—TC Fcst/NVGM = COTI: COAMPS—TC Fcst/NVGM g COTI: COAMPS—TC Fcst/NVGM
= CTCl: COAMPS~TC Fcst/GFS 1 = CTCl: COAMPS~TC Fcst/GFS @ CTCl: COAMPS~TC Fcst/GFS
320{ === AVNI: GFS Oper 32{ == AVNI: GFS Oper 141 ——e—— AVNI: GFS Oper
=g NVGI: NAVGEM 3 ——— JTWC: JTWC fsct. —— JTWC: JTWC fsct.
—ee JTWC: JTWC fsct. <
2 b ¢ 3
zw- €244 < 71
g i /‘ §
& g / i Oy i
60 16 —1 2
& i
g
80+ ~ 84 =74
- 0 ——— il e e s s S e e
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120 12 24 36 48 60 72 84 96 108 120
#CASE432 406 377 347 301 231 170 118 §CASE434 409 380 346 299 231 167 108 #CASE434 409 380 346 299 231 167 108
Forecast lead time (hr) Hurricane project — NOAA/NCER/EMC Forecast lead time (hr) Hurricane project — NOAA/NCER/EMC Forecast lead time (hr) Hurricane project — NOAA/NCEP/EMC

Operational HWRF (in purple) had the best intensity forecast skill for 2018 in the
North West Pacific basin and low track errors till Day 2. We also saw low bias
errors up to Day 2.

Courtesy: A. Mehra NOAA
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Model upgrades HWRF

Australian Government

Bureau of Meteorology

http://www.emc. ncep noaa. qov/gc 'wméb/vxt/HWRFL/Ain‘dAe-x..‘phpk

* Nested within GFS U|E Rasuts rom anoua
« Current resolution is 13.5/4.5/1.5 km e |
 Air-Sea-Wave coupled system = wm
o Two-way Ocean (MPIPOM or .7 =" ity et s |
H Y C O M) Faracact Parind (haure)

o One-way Waves (WW3)
« Still run for all systems globally can
run 7 TCs at once inc. lows



http://www.emc.ncep.noaa.gov/gc_wmb/vxt/HWRF/index.php

CECMWF

o

Model upgrades : ECMWF > gl

B Probabilities gusts
Australian Government

emornacrnoy. COUPlEd Ocean improvements for intensity

2019 upgrade: neutral overall — slight reduction in track error
Improved wave model and ensembles (improved assimilation)

Deterministic: twice per day 9km, 137 levels to 10 days
Ensemble: twice per day 51 members 18 km 91 levels to 15 days ahead
Mon/Thurs OOUTC extended to 1 month ahead (Monthly Forecast 18/36km)

https://www.ecmwf.int/en/about/media-centre/news/2019/forecasting-system-upgrade-set-improve-global-weather-forecasts



https://www.ecmwf.int/en/about/media-centre/news/2019/forecasting-system-upgrade-set-improve-global-weather-forecasts
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’ Model upgrades :
K Met Office

http://www.metoffice.gov.uk/research/modelling-
systems/unified-model/weather-forecasting

Australian Government
Bureau of Meteorology

Skill near to EC and GFS since major 2014 upgrade
2018 upgrade: Deterministic: 10km

Ensembles (MOGREPS): 36 members at 20km resolution
Control + 17 perturbed members, combined with previous cycle to get 36 total

Avai Iab I e i n T C I\/I O d u I e MOGREPS-G: Ferecast tropical storm stnke probability

for DONNA from 00UTC 05/05/2017

Also SWFDDP:

http://swfddp.metservice.com/global-ukmo-pacific-tc-
data/tc-tracks

Probability that stoem will pass within 120km within the next 7 days

w—a Observations —  Determin: S0C


http://www.metoffice.gov.uk/research/modelling-systems/unified-model/weather-forecasting
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Model upgrades: ACCESS-G3

Australian Government

T http://www.bom.qgov.au/australia/charts/viewer/

ACCESS-G APS-3 resolution 12km(was 25km);

- significant improvement from G2

- GE ensembles

- track now contains R34, R48, R64 quadrant info.

ACCESS-TC remains a variable domain at 11km resolution when a TC is
declared

ACCESS-TCX; run daily to 5 days - sorry not (yet) in Coral Sea,;
use for intensity not track


http://www.bom.gov.au/australia/charts/viewer/
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Track Forecasting —
Australianvernment BoM Consensus approaCh

Bureau of Meteorology

Standard members: — model tracks
EC+GFS+UK+HWRF+ACCESS+IJMA+COAMPS(CTCX)+ECEM

ECEM: ensemble mean from EC — could also filter EC ensembles in TCM
Based on NRL verification work and Australian experience
 For tropical lows greater selective approaches:

Using previous runs of EC/GFS/HWRF/UK case by case basis
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Track map examples

Australian Government
Bureau of Meteorology

NIO

CNP ESP/ATL

Observed and Forecast Track
310y NSRRI
7 B :.‘l i

O Circle with radius as climatobogial track forecast emor

D Cume af uncenainry

Tt et salla1l maens of T

Wty L. AL ie.
ek oy N S rem s B "I—

CO u I’tesy EI I |Ott&Yam ag u Ch | y IWTC VI I I http://www.wmao.int/pages/prog/arep/wwrp/new/documents/Topicl_AdvancesinForecastingMotion.pdf
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Fiji Track map examples:

33/34

uncertainty and threat areas

=175

Courtesy: Fiji Met Service
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S Summary: NWP tracks delivers high skill
i Goernment— FOr@caster role to interpret and identify features

Bureau of Meteorology

Consensus delivers the 'most likely' track while historical skill and
ensemble spread describes range of likelihood
Issues: ensemble spread representative?

sometimes under-dispersive can result in overconfident
forecast

ensemble mean is misleading if multiple clusters

ongoing work to improve combination for super ensembles
Forecaster role to interpret and identify features including
confidence to describe risk
Always review broadscale environment to apply a conceptual
framework to explain motion.

COMET for more on ensembles: www.meted.ucar.edu/



http://www.meted.ucar.edu/
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Questions

Australian Government
Bureau of Meteorology

1. Adeveloping low (—=30kn) is steered by winds a.
850-500hPa b. 850-300hPa c. 700-300hPa

2. YES or NO
You have five different models available that show

TC forecasting skill. Should you still use the least
skillful of these models?
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Exercise

Australian Government

Bureau of Meteorology

Review https://ruc.noaa.gov/tracks/ for Gita (date 2018 02 11 and
Time 00)

Compare model output. GEFS, MOGREPS, EPS (Europe)
How similar are the model tracks?

Is there an outlier? How much spread is there in each ensemble?

What does this mean for Tonga?

NOAA HFIP Experimental -- Tropical Cyclone Storm Tracks from ir Model & ilistic Model Forecasts — Updated 1 July 2019

Storm Id: |-Select One— v | | View: [Manual View-N v | Zoom[3 v| Guide o Products Display Key_ (Tips);
Not For Official Use -- Consult the NHC for Official Infermation, nhe.noaa.gov

Valid 2018 02 11 0000 UTC

Date: Time:
e e Observed (black) UKMO (white)
== == Map  Satellite s
PROBABILISTIC TRACKS' #Mevesrs Samoa @
i Apia :
007 and every 6 hours Wallis and D
| O NCEP Mean mus res  mm | Futuna Samoa

GEFS (USA) =21 [

00Z and 127 Only.

® MOGREPS (UK)=z [ | "
CEM (Canada) =t [
FNMOC #20 =
EPS (Europe) #:0 BUFR: [
EPS (Europe) =50 —

Vanua Levis

B
fila

'ADECK' USA. only (slow to load) nadi P}

cliped at 120rs: 3
Multi-Mode! Track qu idance
Late-cycle guidance =10+~
Early-cycle guidance =20+

Suva Heigts

Observed Best Track (Only this)

| Compare forecasts
r

PREFERENCES:

NEW!I Color track by Intensity

Invest Storm Tracks
¥ Observed Best Track

Ensemble Track IDs (w128
Nane ¥ | Markers & Labels
48hr v | Marker Frequency o
120 v | Clip track time (hrs)
20 v |Degree Lat Lon Lines


https://ruc.noaa.gov/tracks/
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ADVANCED Track Forecasting - ensembles

emoemnog. - 1ILENING, ClUustering and super-ensembles

ECMWF Properties - TC Module x

1 Selection Method: (® Filter ) Manual AU201314_04U_T (Christine) - TC Module
Eil
liter on

°F

[bi
-_[ [winaspeed 60 [+] AND Lead Time 24 |w Remove
- - - - [Tracl "| ‘ Intensity ‘ E
osition/intensit =
p Ensemble Members:
Member | Fixes | Min WindSpeed (ki) | Max WincSpeed (k)| Min Pressure (hPay | Max Presst
1 16 28 53 978 -
- 2 0 0 63 61 El
Cluster techniques e 1 : :
=z 4 8 1 57 72 o ez
o <] | Sselect None
q - = : : i | s 120
Consensus Composition:
Lead Time (h) | Fixes | Min (ko) [ Max (k)| Med kt)| Min Pressure (hPa) | Max .
o s : 57 e T 00:00 27/12
6 s 4 55 a7 77 =
2 s 4 4 52 9
e s 4 3 54 9
a4 s 5 I 55 5 .
of s 46 7] 55 1] 00 00 2
s s 41 4 50 E B
l |Sef| II SOM E I I M ES Cons| s Method: @ Shift to Analysis Fix. Make consensus by movement average. 0900 28/ 12 4 8
Analysis Track:  |[Analysis Track for 2013/12/27 00:00 from Perth TCWC [~]
o[ Analysis ime: ‘2I]13f12f29 06:00 UTC |v‘

ge position at +00. Make Consensus by movement average.

Bang for buck? B

00:00 29/12 2

by position average.

Broome

Super-ensembles

edland

coming...availability -

[FIPNG towns
[#IPhilippines - Filled
ines

.\"‘N\
\\

latD s s Coral Bay

VLD Aws
[¥]QLD Islands
[¥]QLD inland towns
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[¥]Scale

[¥]Solomon - Filled
[Jsolomon Islands Advisory Area -
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ADVANCED: Deterministic Vs Ensemble mean

Austratan Governmens Black line - determistic

Bureau of Meteorology
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ADVANCED Track Forecasting
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Exercises: EC ensemble

iy » b
4 '-\‘tf\,‘ﬂ 5

wimimcoemen \\hat is the probability of impact at locations A, B

Bureau of Meteorology

and C?
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