- |U.S.NAVAL |
' LRESEARCF
LABOR_,_%_\TQI:?Y :

Jee
B el oo
s

Jamesil Do 20 Jon Moskaitis, Rien rlodur!, Sua Chan,
NI Jin, Will Komaromi, Alex Reinzeka, David Ryglieki,

et - Dan Starn?, Shouping YWang

b S o Nzl Raszzuen Laboratory, Yontaray, CA
— | SAIC, 2UCAR

2% Acknowled eJ2imanist Soonsors ONR, NRL, NOAA rlF]P

5 - 5 Jaot, 13 2018 0510 UTC, MODIS jinze2 of Suvar Tyotco ) EEiROASTY)




wun] COAMPS-TC System Overview
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* Analysis:
s AtMOS.:
eOcean:

*Ops.:

No cycling or Cycling: 3D-Var (NAVDAS), 4D-Var, EnKF DART
Nonhydrostatic, moving nests, TC physics

3D-Var (NCODA), ocean (NCOM), wave options (SWAN, WWIII)
45-15-5km (2016); 36-12-4km (2017) COTC (NAVGEM) & CTCX (GFS)

sEnsemble: 45-15-5km (2016); 36-12-4km (2017) 11 member CTCX ensemble
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wwe] COAMPS Performance History
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2013-2016 (AL/EP/CP/WP)
_______Track Error (nm) ) Intensity Error (kt)
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Marked improvement in COAMPS-TC (CTCX) track and
Intensity forecasts over time (non-homogeneous sample)




wwe] COAMPS Performance History
Intensity Distribution: 2013-2016

Intensity relative frequency distribution, all positive lead times 015 Intensity relative frequency distribution, all positive lead times
0.15 T T T T T T T . I 1 T T T T T T
— CTCX — CTCX
2 O 1 3 Best-track 2 O 1 6 = Best-track
Mean =60.8 Mean = 65.9
StDev =29.8 StDev = 30.3
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Much Improved Intensity Distribution for Strong Storms
(above 120 kts)
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wwe] COAMPS Performance History
Y Pressure-Wind Relatlonshlp 2013-2016
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Improved Pressure-Wind Relationship Primarily Due to New Formulation of

Surface Drag Coefficient and Coupled Air-Ocean Interaction




wwe] COAMPS Performance History
Y Pressure-Wind Relationship: 2013-2016
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Improved Pressure-Wind Relationship Primarily Due to New Formulation of
Surface Drag Coefficient and Coupled Air-Ocean Interaction
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2015-2016
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COAMPS-TC (CTCX) has performed very well compared with other leading models
for the 2015-2016 time period (AL/EP/CP/WP)




wwn| 2016 Operational Statistics

Mean absolute error (nm)
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Position Error Atlantic Basin
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 Significant improvements in 2016 for CTCX and COTC in both track & intensity
» Two-way coupling with NCOM
» Improvements to vortex initialization, physics (new C, param.)
« CTCX (GFS) and COTC (NAVGEM) fairly close together in terms of overall
performance, although CTCX better by 1-3 kt and in track too
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wwn| 2016 Operational Statistics
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. Eastern and Central Pacific Basins . .
Position Error Intensity Error & Bias
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 Significant improvements in 2016 for CTCX and COTC in both track & intensity
» Two-way coupling with NCOM
» Improvements to vortex initialization, physics (new C, param.)
« CTCX (GFS) and COTC (NAVGEM) fairly close together in terms of overall
performance, although CTCX better by 1-3 kt and in track too
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W. Pacific Basin
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Position Error Intensity Error & Bias
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 Significant improvements in 2016 for CTCX and COTC in both track & intensity
» Two-way coupling with NCOM
» Improvements to vortex initialization, physics (new C, param.)
« CTCX (GFS) and COTC (NAVGEM) fairly close together in terms of overall
performance, although CTCX better by 1-3 kt and in track too
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Atmosphere-Ocean Coupling g
Example from Gaston (07L) (12Z 28 Aug 2016) -

 Both track forecasts are accurate;
note slow motion of TC through 48h

» Coupled: Intensity decreases after 12
h; recovers after 48 h (similar to obs)

* Uncoupled: Intensity is too high

|
\
|

\ Coupled model SSTs and 10 m winds

10-m wind and sea-surface temperature, TC = al072016, DTG = 2016082812, Lead time = & h, Real-time COAMPS-TC

1
1
|

Lat = 30.6 deg; Lon = 55.1 deg; Int = 94 ki; Min p = 964 mb

i
58°W 8°W 547 52°W
Sea-surface temperature contours every 1deg C

64°W 82"W 60°W
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MAE (kt, solid), ME (kt dashed)
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Hurricane Leslie (2012):
Intensity Error & Bias
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Hurricane Leslie (2012):

2012090600 forecast
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E £ 7
Hl Forecasts every 24 h

Lead time (h)

For a very slow-moving TC such as
Leslie, the coupled model substantially
outperforms uncoupled model in
intensity prediction

Latitude

TC moves little during first
48 h of forecast; ocean
interaction of first-order
importance

Coupled model has much
more accurate intensity
prediction for all lead
times. Track is also
improved in this case

T

00h
12h
24h
36h
48h
T2h
96 h

B62°W

60°W
Longitude

120 h

58°W
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16W Maximum Wind Speed from 1200 UTC 11 SEP 2016

Meranti (16W
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CTCX
COTC
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DSHP
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oYY

60 72 84

Farecast Time [Hour)

12 24 36 48

Rapid Intensification i(ORB

Maximum Wind {kt)
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21 Moximum Wind Speed frem Q000 UTC 01 OCT 2016

180
Chaba (21W)
mm(2016) HWRF
ECMF
DSHP
1404 Best o
S5YY
120 1
100 1
801
60 |
40
29

48 B0 72 24

Forecast Time (Hour)

Many challenges remain for RI prediction and it is unclear what the necessary
physics, air-sea coupling, data assimilation, resolution needed to predict a
Patricia or Meranti and maintain top-flight predictions of weaker storms.

13



‘ U.S.NAVAL \
ESEARC

LABORATORY

180

Rapid Intensification

16W Maximum Wind Speed from 1200 UTC 11 SEP 2016
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Farecast Time [Hour)

Maximum Wind {kt)

180

1601

1404

1204

1804

801

Z0E Maximum Wind Speed from 1800 UTC 20 OCT 2015
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BEST
CTCX
COoTC
HWRF

Patricia (20E)
(2015)

GFDL
DSHP
LGEM
QFCL
IVCN

0 12 24 36 48 60 72 g4 96 108

Forecast Time (Hour)

Many challenges remain for RI prediction and it is unclear what the necessary
physics, air-sea coupling, data assimilation, resolution needed to predict a
Patricia or Meranti and maintain top-flight predictions of weaker storms.
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Atlantic/EastPac/WestPac TCs observed to rapidly intensify (0-24 h)

7 )
N4 RESEARS

Intensity MAE (solid) and ME (dashed) Intensity MAE (solid) and ME (dashed)
45/15/5km | ' ' ' — el 3Kkm ; '

2 o s | AN ; |

36/12/4 km

Best Track : :
15_? ......... ......... ......... ,

oL A = A SR SSSSURURUUIE SOOI S

MAE (kt, solid), ME (kt, dashed)
MAE (kt, solid), ME (kt, dashed)
o

Sample size
Sample size

Sample size Sample size

Lead time (h) Lead time (h)

e 2017 version of COAMPS-TC with 4 km horizontal resolution.
* Intensity MAE is improved at all lead times for the full sample
» Forecasts are particularly improved for TCs with observed RI
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Rmax (nm)

COAMPS-TC 2017 Version

100

Rmax conditional (on intensity) mean

45/15/5 km (Control) |

36/12/4 km
Best Track

a0

Expa

(| m— Ep b
Best-track | |

..............................................................................................

* Observed Rmax
decreases w/ intensity

* For intensity > 80 kt, 4-
km forecasts have
smaller mean Rmax
than 5-km forecasts;
similar to best track

» Higher resolution model
can more realistically
simulate intense storms
with small inner cores

a0
Intensity {kt)
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014-2016 Atlantic

\s\ Intensity Skill
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SEoRAroR ( 20 14-2016)
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COAMPS-TC and HFIP
High-Resolution Ensemble -

OFFICE Gf

e Real-time HFIP ensemble: COAMPS-TC (3km), HWRF (3km), GFDL (6km)
« COAMPS-TC & HWRF control consensus and ensemble mean outperform their
single-model counterparts in deterministic validation

Intensity (kt)

Real-time forecast example: COAMPS-TC

ensemble

Hurricane Joaquin (11L)
TC =al112015, DTG = 2015092800

T T T T T I I
140 —_ === Best track __ RASERRER LIS ____,/_\l__ ;';"_":_"

' Ens. members 5 5 / ' “

Ens. control : W, 7 > \\

120 .

1 | = Ens. mean A
100_ ........................................................... -
80_ ............................................ -
Y s~ R e SRS o S
40+ / : ................................................................................... a
) SR NSO SO SRR o S -

iCat 5

ECatl

0 12 24 36 48 72 96 120
Lead time (h)

TC = al112015, DTG = 2015092800, Tau = 0 h, Mem = 11

s Best track
HWRF control| 40°N

CTCX control
GFDL control
Ens. mean

mwvad e <

Best track

Ens. members

HWRF contro
CTCX contral
GFDL control
Ens. mean

| [32°N} -

e, ' 1
75 70°W 65°W
Longitude



. COAMPS-TC and HFIP )
R High-Resolution Ensemble ‘

e Real-time HFIP ensemble: COAMPS-TC (3km), HWRF (3km), GFDL (6km)
« COAMPS-TC & HWRF control consensus and ensemble mean outperform their
single-model counterparts in deterministic validation

Real-time forecast example: Multi-model
Hurricane Joaquin (11L) ensemble

TC

=2l112015, DTG = 2015092800, Tau = 0 h, Mem = 42
50N .

TC = al112015, DTG = 2015092800

T T T T T T

: : mmmm Best track
140 | e Best frack A A Y _’ _ __Cat 5 ——— HWREF control
— Ens. members P ) “ ——— CTCX control
120F - HWRF CI]I'IU'D| ........ P : ‘§- ; E ——— GFDL contral
—— CTCX control : _ 77 “"-r'/-\_\ ' Ens. mean
ol |~ GFDL contol {l, A’”
N R i A O,
- s E1S. MeaAN ,”ffp:.@gg%f\ % O Besttrack
g , ‘ , 77 W ® Ens. members
2 A HWRF control
% . - v CTCX contral
2 7 Y. |cat 1 > GFDLcontol |
60 A B Ens.mean |N
: @
e S S R
| | | | | | | |

. ?z‘*wlr B4°W
Lead time (h) Longitude



‘U_S‘NAVAL\ COAMPS-TC Ensemble System

Joaquin (2015)
11L (Joaquin) 2015-09-28 12Z: 300 hPa wind (m/s): DO1 t=48h

d01 wind 300hPa 048h mem03

ol ;

e I

40°N

* In all 3 of the members moving SW, the upper-
level trough NE of Joaquin propagates further SW
e e and is stronger than it is in any of the other

] members
T » Also, a low-level circulation develops beneath the
e upper-level low NE of Joaquin in all 3 members
: e « In most of the other members, this cyclone either
develops further from Joaquin or does not
develop at all

4w 72°W
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Mean absolute error (nm)

Ensemble control vs

Track MAE

I I I T T T
160_ Contr0| .......................................................................
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120__; _________ _________ _________ _________ _______________ ..................
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80_ ................................................................................................
60—-5 _________ _________ _________ ________ __________________ ..................
40__5 _________ _________ B e __________________ ..................

20 - e S TR TR L TP PR

Sample size

Sample size

Lead time (h)

MAE (kt, solid), ME (kt, dashed)

COAMPS-TC Ensemble System
2016 Statistics for ATL and EPAC

15H

=y
=]

o

Sample size

OFFICE Gf

Control :
= Ensemble mean|

Sample size

Lead time (h)

 Ensemble mean outperforms control at long lead times
 Ensemble mean similar or better MAE w.r.t. control for most lead times
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Mautical miles

COAMPS-TC Ensemble System
2016 Statistics for ATL and EPAC
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Ensemble mean error vs Ensemble spread

Track

I I I I I
200H Average error of the ensemble mean I P e, n _|
Average spread of ensemble about its mean| : :
1801 oo I N A O S D -
160 3o A A, ST ST S AR -
10| SR SR U SRS SN RO SR
120_ .............................................................................................. -
01 S R O R R R R R —
80_ ................................................................................................ -
60_ ............................................................................................... -
40_ ............................................................................................... -
20_ .............................................................................................. -
0
0 12 24 36 48 72 96 120
Lead time (h)
[}]
M
w
K
a
E
4]
(%]

Lead time (h)

Knots

Sample size

Intensity

Average error of the ensemble mean
= f\verage spread of ensemble about its mean
I I I

72 96 120
Lead time (h)

Lead time (h)

« Spread is too large for this sample of cases (ensemble mean very accurate)
« As in previous years, intensity spread is lacking relative to intensity skill

« Stochastic physics for surface fluxes is in development




‘U_S_NAVAL\ COAMPS-TC Ensemble System
RESEARCH New Forecast Products for 2017

Track colored by forecast intensity

COAMPS-TC COAMPS-TC / HWRF / GFDL
TC = 072016, DTG = 2016082600 TC = 07L2016, DTG = 2016082600

40%

30°N o6 | I 30°N

259y
24°N

20
- 64w O a0’ 70% ) 0 «
CTGKEPS 56°W 48°W CTCX/HWRF/GFDL 60'w S0°W
—o— Ens. members ® (Caths
—o— Ens. members ® (Cats —A— HWRF control ® (Catd
—O— Ens. control ® Cat4 —7— CTCX control ® Cat3
== En5. mean ® (Cat3 —— GFDL control ® Cat2
¢ Cat2 —O— Ens. mean Cat 1
Cat 1 TS =50 kts
TS =50 kits ® TS <H0kts
® TS <50 kis ® TD =20 kis
® TD>20kis ® <20 kis
® =20 kts
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‘U_S_NAVAL\ COAMPS-TC Ensemble System
RESEARCH New Forecast Products for 2017

Intensity (kt)

Rapid intensification probability

COAMPS-TC COAMPS-TC / HWRF / GFDL

HWRFCTCXGFDLEPS: TC = 07L2016, DTG = 2016082600

CTCXEPS: TC =07L2016, DTG = 2016082600

150 | T T 150

100F 100+

|
|
|
|
|
|
|
|
|
f

Intensity (kt)

501 B2

50}
Lead time (h) Lead time (h)
= =
2 2
[+
= =
A Lo 0 0 0 0 0 0 0 Alo 0 0 0 0 0 0
Lead time (h) Lead time (h)
Probability of Al >=65ktin0to 72 h =0.09 Ens. members Probability of A1 >= 65 ktin 0 to 72 h = 0.02 Ens. members
Members which satisfy above criteria highlighted with bold line type ~ [-Ens. control Members which satisfy above criteria highlighted with bold line type ~ ["HWRF control
CTCX control
GFDL control

Available for Al 230in0to24 h,Al=Z255in0to48 h,and Al=265in0to 72 h

(as shown in example above)
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‘U_S_NAVAL\ COAMPS-TC Ensemble System
RESEARCH New Forecast Products for 2017

24 h intensity change probability

COAMPS-TC COAMPS-TC / HWRF

CTCXEPS: TC = 07L2016, DTG = 2016082600 HWRFCTCXGFDLEPS: TC = 07L2016, DTG = 2016082600

—

2

w
=
w0

o

o
o
o

o

~J
o
~J

g

=)
=
=2

2

o
=
n

0.4 0.4

0.3 0.3F

0.2 0.2+

0.1 0.1

Colored bars indicate 24 h Intensity Change Probability

Colored bars indicate 24 h Intensity Change Probability

0 S — 0
P S P P P Pp S AR PP PPN P o> o of ® A R P P P F P P
VWV S VXSS g g VXS S
24 h lead time window 24 h lead time window
A | == 30 kt (Rapid Intensification) Al == 30 kt (Rapid Intensification)
10 kt <= A | < 30 kt (Moderate Intensification) 10 kt <= A | < 30 kt (Moderate Intensification)
=30 kt < Al <= =10 kt (Moderate Weakening) =30 kt < Al <= =10 kt (Moderate Weakening)
Al <= =30 kt (Rapid Weakening) Al <= =30 kt (Rapid Weakening)
TC already dissipated or dissipates during window TC already dissipated or dissipates during window

Example product for 24-h intensity change probability. Conveys the probability of
intensity change as a function of forecast lead time in a compact form.
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COAMPS-TC
Basin Scale COAMPS-TC
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36-h forecast of 10-m winds

Initial time: 2015070600
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15-5km)

entire mesh convective permitting

Capable of predicting genesis of disturbances that do not exist at initial time

Conventional (triple nested) COAMPS-TC application on left (45

resolution grid (right)

5 km basin-scale high-

More expensive (but parallelizes well), step towards hi-res global forecasts

27



‘ U.S.NAVAL \ COAM P S-TC
s Summary and Future Plans
» COAMPS-TC Much Improved for Track & Intensity in 2015/16:

 Improved intensity error (ocean coupling; new vortex initialization; new C, param)

e Improved track errors (new initialization; new physics)

« Multi-model high-res. ensemble (NOAA/Navy) and air-ocean coupling promising

» Challenges: Prediction of rapid intensification; TC physics; inner core data assimilation

» COAMPS-TC 2017:

e Deterministic: 4 km resolution & various upgrades, ~10-20% improved intensity (& RI)
CTCX run worldwide

 Ensemble: 4 km resolution, 11 members, initial & boundary condition perturbations
CTCX run W. Atlantic, E. Pacific, W. Pacific

» COAMPS-TC Priorities:

TC physics: Emphasis on PBL, cloud microphysics
Analysis: 4D-Var (2018), emphasis on satellite DA
Ensemble: 10-20 members; stochastic physics
Coupling: Ocean, waves, coupled DA

Resolution: 4 km (2017), 2 km (2019)

~4 km basin scale (2021+)
Utilize field observations: ONR TCI,NASA HS3, SHOUT
28
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