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This presentation covers the following areas

 Introduction of SMC grid
e Propagation on a SMC grid
« Application in wave models

« Summary and conclusions
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Polar problems in lat-lon grid

Met Office

Transportation equation in
spherical system, 1 of 900:

oy , o(uy) N o(vy cosg)
i ot OX COSpOy

T Severe CFL restriction on
[T ) Eulerian advection time
T step at high latitudes.
THHF au Hence wave models stop at
~ 82° N.

N anEmmEEEs The Pole is a singular point

- Flow has to go around it,
+ not crossing it.

NY= 64 - =
NX= 128 St Z Eciys= 145
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STD Grid 128x64 Projection Pole —60.0°E 45.0°N



Spherical Multiple-Cell grid

Met Office

N4= 1120 gEEELE o Polar= 2
N2= 5120 N32= 20
N1= 38720 N16= 80
NC= 45302 N8= 240

SMC 1° Grid Projection (60.0°W, 45.0°N) Rotation Pole (180.0°E, 0.0°N)
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* Merged cells at high
latitudes to relax CFL limit
on time step.

 Introduce round polar cells
with integral equation to
avoid polar blocking and
singularity.

n+ n At *
Wy = —EZ% v As,

More details please see:
Li, J.G. 2011: Mon. Wea.
Rev., 139, 1536-1555.



-~ Map-east reference direction
—

Met Office
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SMC grid uses merged
cells at high latitudes to
relax CFL limit on time
step.

Introduce a round polar
cell to avoid polar blocking
and singularity.

Define wave spectral
component with fixed
reference direction --- the
map-east, instead of the
rapidly changing local east
at high latitudes.

Keep map-east system in
Arctic part from the local
east in global part.
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Refined 6-12-25 km SMC grid

Met Office

—renreeeerrrrreeere o Refined resolution up to
2z M P BEEEoOoOnHEE 6km near coastlines,
T E T L e e resolving small islands.
b S« Number of cells (520615)
obbEn e still smaller than lat-lon grid
T T (1024x768=786 432) 66%.

I
Io|
T T
|

e Could make regional
models redundant.

e Sub-time-steps to handle
refined cells.
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Creating a multi-resolution SMC grid

Met Office

Y
A

12

j:

Aj=

A1=8

Aj=

Ai=4

=6

Ar=2

Aj=

= ‘~ 1
=8 M=t | T

=12

Cell array = (4, j, M, Aj, h)
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Each cell is assigned a
5-element array, giving
Its SW corner X, y index
l, ], and sizes or number
of increment in unit of
size-1 dx, dy.

X and Y sizes may be
different for different
resolutions or high
latitude merged cells.

For more detalils see:
WAVEWATCH Ill V5.16:
smc_docs/SMC_grid_guide



Surface wave energy balance
weromee  €CUAtION on SMC grid

e Ocean surface wave spectral energy balance
equation in spherical coordinate system:

oy oF,  olF,cosp) alky) aléw)
ot  OX COS @ oy ok 00
F =(u+U )y —D,0w/dx
Fy=(0+V )y —D,dy /oy

Advection and diffusion terms are merged.

Great-circle turning is added to refraction.
Details see: Li, J.G. (2012) J. Comput. Phys., 231, 8286-77.
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Upstream Non-Oscillatory 2" Order
(UNO2) Advection Scheme

Met Office
+ Detall ;
Wi = 7 +(uj—1/2WjN5/2 _uj+1/2l//1|'\ﬁ/2 )At/AXj _ cralls 5EE
Li, J.G. (2008)
itz = v + (e =% )G 156, 47004726
Xyr =X = 0.58igN (U] 1/, )( Axc —|uj,/| At
UNQO?2 e ’ )
You Know Too Ge = S'gn(GDC)mm(‘GDCHGCU ‘)
Ge E(WA_V/B)/(XA_XB)
Upstream, U
Central and _r
Downstream
cells relative U C D
to velocity u. j-1 j j+1
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Unstructured SMC grid flux
weromee 1ACE poINter array

Internal and boundary Internal face
faces are treated
alike in 1-D array.
No boundary for mm!| n [nn
global model.

Single point island is
extended by O-cells,
allowing single-
island blocking.

Left boundary face

O10 | n [nn

Two-D spherical
surface advection is
done by 4 loops: u- Right boundary face
and v-face flux
loops and 2 cell
update loops.

mm|m | O | O

(i, j, A, mm, m, n, nn)
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Multi-Resolution SMC grid

Met Office

« Sub-flux loop for refined faces with sub-timestep.

 Temporary net flux variable to hold flux into each
cell between space and sub-time levels.

o Sub-cell loop to update refined cells and reset net
flux variable.

 Number of refined levels defined by user.

L

L
Halved sub
time step for UAt UAY4
halved faces —  udp |
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Wave spectra (36) transport
Metorice ON 6-25 SMC grld




Wave spectra (36) transport
metoice ON 6-25 SMC grld

UNO2

NTS = 360
T = 30.00 hr
C,.= 1.268E+01
C,..= 0.000E+00
6 0



Wave spectra (36) transport
Metorice ON 6-25 SMC grld

UNOZ2 \

NTS = 600
T = 50.00 hr
Coe= 1.118E+01
Con= 0.000E+00



Wave spectra (36) transport
Met Office on 6'25 SMC gnd

UNOZ2

NTS = 1200
T =100.00 hr
C= 8.890E+00
C..n= 0.000E+0CO




MO operational wave models
Met Office

1. Global wave model SMC36125 grid, replaced
35 km lat-lon grid model in August 2016. The
European regional wave model on rotated lat-
lon 8km grid will retire as the global SMC36125
model has a refined area over European.

2. Climate wave model on SMC50km grid.

3. Ensemble N Atlantic wave model 3-6-12-25 km
SMC grid.

4. UK regional wave model on rotated lat-lon 4km
grid, will be replaced with a SMC1.5-3 km grid.
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Met Office

SMC36125 Grid
NC= 555095
Ni= 6415

NZ= 57511
N4= 85709
N8= 405460

Comparison SMC36125 Arctic

and European SWH with/out Ice

LI, JG 2016: Ocean Dynamics, 66, 899-1004.

Depth (m)

SMC36125 SWH
201209081800
HS o= 9.81 m

Hspyy= 1.305E-21
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SMC36125 SWH
201209081800
HS o= 9.83 m

Hspyp= 1.305E-21




-~~~ Comparison with satellite and buoys
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Along satellite tracks in Atlantic
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SMC25Axp
RAZ Ku

50
Latitude (along Envisat trock centred at 322.92 E, 19.67 N, 2010/09/13 1240 hr)




Along satellite tracks in Pacific
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Comparison with spectral buoys

Met Office

Global 25km orography from Glob25km.pp and selected buoys
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Comparison SMC36125-ST4
veromee VA BUuOy SWH 201209-12

SMC36125 model via A31Bs durlng 201209 12_V418ST4
sprrrr e e e WW3 V4,18

- Total 22980 pts ) + 7
i Correlation 0.946 | . retu n ed ST4
- Y-Xrms 0.224 | t ]
s > 1 source term
o E
£ | sl e ] 32 spectral
X el T E
G of R e : buoys from
= L R ! LR T B t 4
- . S : —;qif;. o ] NDB C .
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2 . E
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Frequency bins and 4-bin SRWH

Met Office
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Model Hs m

Model Hs m

Comparison SMC36125-ST4
werormce  WIth Buoy 4-bin SRWH

16 10 s SMCSB125 via buoy A31 Bs dates 201209 12_V4185T4

T>16s SM036125 via buoy A31 Bs dates 201 209 12_V418ST4

Z Total 22980 pts
[ Correlation 0.857
[ Y-Xms0.143m

Model Hs m

4r
L Tctal 22980 pts

[ Comrelation 0.944

[ Y-Xrms0.184 m

Mean / Stdev ] ey Mean / Stdev ]
Buoy H 0.113/0.209 ] £ N Buoy H 0.518/0.555 ]
Model 0.209/0.273 ] Medel 0.609/0.547 ]
......... | R N P I
2 3 4 1 2 3 4

Buoy Hs m Buoy Hs m

10-5s SM036125 via buoy A31Bs dates 201209 12 V4188T4

T<5 s SM036125 via buoy A31 Bs dates 201209-12_V418ST4

[ Total 22980 pts
[ Correlation 0.930

Y-Xms 0.197 m
. o
5 * \ 4
; i ]
o o E
) T ]
o T i
3 1
P N Mean / Stdev
3t Buoy H 0.896/0.537
: Model 0.882/0.494
e
e A ST [ Ly
2 3 4

Buoy Hs m

Model Hs m

[ Tutal 229&0 pts
[ Correlation 0.896
L Y-Xrms0.116m

Mean / Stdev 1

s Buoy H 0.611/0.239 ]

P Model 0.525/0.258 ]

M B SR | PR | PSR i

1 2 3 4
Buoy Hs m

First two bins for
swell, model is
slightly higher
than buoy;

Last two bins for
windsea, model
s slightly lower;

So retuned ST4
source term is
balanced over
the full spectral
range.



Comparison with other centres - all

SIGNIFICANT WAVE HEIGHT SCATTER INDEX at all common buoys

MEtOffICE =e=ECM =#=MOF =t=FNM nla nfa ==MTF ==DWD :<i-BoM ss¢= SHM
== JMA nla nla nla nla nla nla nla

SMC36125

global model

has brought

visible

improvement |

to the Met 8.8- Old 35km global model

Office wave 0 | ' | |

forecast as 0 1 2 3 4 5

Compared Global only, forecasts from 0 and 12Z for OCT 2016

with other

wave SIGNIFICANT WAVE HEIGHT SCATTER INDEX at all common buoys

forecasting SR e DN Br B el SeO g

centres.

7.4 SMC36125 global model

0 1 1 I 1
0 1 2 3 4 5

© Crown copyright Met Office Global only, forecasts from 0 and 12Z for NOV 2016




Comparison with other centres - Hawalil

SIGNIFICANT WAVE HEIGHT SCATTER INDEX at Hawaii buoys
M'Et Ofﬁce =9=ECM =#=MOF =t=FNM nla nfa ==MTF ===DWD :<::BoM sss= SHM

18 == JMA n/a n/a n/a n/a n/a n/a n/a
SMC36125 -y
refined
coastlines o MO
lead to O ., b
improved
swell 3.6- Old 30km global model
propagation . | . | |
as small 0 1 2 3 4 5
island effect Global only, forecasts from 0 and 12Z for OCT 2016
iS I’ESO|Ved SIGNIFICANT WAVE HEIGHT SCATTER INDEX at H b

at Hawaii buoys

bette_r than ==ECM =8=MOF =t=FNM n/a n/a we o MTF === DWD n/a n/a
Old S|ng|e 20 e JMA nl/a nla nl/a nfa nla nl/a nla _
resolution e

- SMC36125 global model

0 I I I 1
0 1 2 3 4 5
© Crown copyright Met Office Global only, forecasts from 0 and 12Z for NOV 2016
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The 50km SMC grid

Met Office
Total cell 108,067 ~ 58% of the lat-lon grid 512x368

10000 1000 100

Depth (m)

NB= 256
NA= 489
NC= 108067

Spherical Multiple—Cell 50km Grid




<~ SMC36125 Atlantic model

Met Office

Regional grid for the N.
Atlantic Ocean.

Boundary condition is
minimised by extending
to coastlines. Only the
southern boundary (red)
along the Tropic of
Capricorn requires input.

Isolated or weakly linked
waters, like the Hudson
Bay, Baltic and
Mediterranean Sea are Atln36125 Grid
removed to speed up the NC= 110006
ensemble model.
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SWH in SMC36125 Atlantic model

Met Office

North boundary sealed
by Arctic sea-ice;

Southern boundary is
defined by input from our
global SMC36125 wave
model;

Sheltered waters (Gulf of
Mexico, Hudson Bay,
Baltic and Mediterranean
Sea) are negligible to N
Atlantic. Atin36125 SWH m

2014092618
= 9.02 m
H,,= 0.000E+00
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= SMC36125 Atlantic model UK area

2014092618
Hp= 9.02 m
= 0.000E+00

AtIn36125 SWH
H

10
100
1000
10000

(w) yideg
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Rotated RTD + SMC grid

Met Office
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Move the N Pole
to a new location
(Ap, @) SO that an
interested region
falls on the
rotated Equatorial
area for evenly
spaced mesh,
hence, it is also
called the
Equatorial grid.

Any location A on
the sphere will be
linked with
standard (A,)
and rotated (N,o’)



Rotated SMC1.5-3 km UK grid

Multi-resolution
1.5-3 km grid.

Rotated N’ at
177.5°E,37.5°N,
grid for evenly
spaced cells
around UK.

Boundary
conditions
provided by
SMC36125
global model.

Inpputs include
current and tidal
effects.

UK12HSMC Grid
NC= 394316
N1= 84755
N2= 309561
N4= 0




SMC1.5-3 km UK model SWH

=l

UK12H SWH

201407291800
Hs hox= 6.86 M
Hs,,= 6.189E-07

Wind and current
effects included.

Note the high
waves off the
Brittany coast or
around the Isle of
Ushant. Itis
caused by an
unknown inter-
action between
the ocean current
gradient induced
k-shift (part of
wave refraction)
and the non-
linear wave
Interaction term.



~ = SMC6125 km rotated Arctic grid

RtdArc6125 Grid 1
NC= 53011
N1= 12108
N2= 17314
N4= 23589 10

et Office

Rotated pole at
(135°E, 10°N) so
the Arctic region
IS near the
rotated Equator
with an evenly
spaced mesh.

Boundaries are
set across
Atlantic and
Bering Strait.
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SWH in SMC6125 km Arctic model

RtdArc SWH 20

201409081800
HSpax= 5.24 m
Hs. ;= 1.219E-17

Met Office

SWH from
an ice-free
case of the
rotated grid
Arctic model.

Boundary
condition is
provided by
our global
SMC36125
wave model.
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Applications outside Met Office
Met Office

NCEP Great Lakes 0.5 - 1 — 2 km SMC grid.

Environment Canada wave climate model on 12-25
km SMC Arctic grid, nested in global 50-100 km SMC
grid.

3. Australia Hurricane wave research 4-8-16 km Gulf of
Mexico SMC grid.

4. Mediterranean Sea 3-6-12-25 km SMC grid for UPC,
Spain and CNR - ISMAR, ltalia.

5. West Pacific regional wave forecast model for
NMEFC, China

6. West Pacific wave model ensemble system for
Industrial Technology Institute, Hsinchu, Taiwan.
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<~~~ SMCO0512 grid for Great Lakes

l

Depth (m)

Gt Lakes SMCO0512 Grid

NX/NY = 3072 2048
Lon0/Lat0= 267.28000 41.16000
dLon/dLat= 5.600000E-03 4.000000E-03

SMC resolution at
0.5, 1 and 2km.

Total cell number
124,578 is about
32% of 2km grid

(768x512).

NC= 124578
N1= 21732
NZ2= 33854
N4= 68992

Gt Lakes SMC0512 Grid

© Crown copyright Met Office
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SWH of SMC0512 GtLakes model

Met Office

0 1 2 4 8 16 32

SMC0512

0000 hr
:\f’p'_ 2012/09/20
) H. .= 1.7726-13

SWH hardly
grows over 4 m
In the Gt Lakes
due to limited
fetch and wind
during the study
period (08-09
2012).



~~— SMC36125 Mediterranean Model
MEt Offlce

10000 1000 100 10 1

Med36125 Grid

NC= 26205
Hm= 4632

© Crown copyright Met Office



_,s-—
~

Met Office

SWH In Mediterranean model

Med36125 SWH ‘ . L
201701060600 N e
Hs,_ .= 5.82 m '

Hs,,,= 3.401E—06
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<~ SMC12-25 km EC Arctic model

Met Office

ourtesy of

r Merce
asas-Prat

nvironment
anada

om OO O

© Crown copyright Met Office

s

(%S
o
2020
S
e
L
%

o5
s
%5
R

2050

e

S
TS s 5
e S

RRSRA
LRI
IR

R,
SR,
e,

R,
R

e,
e,
S

Sl

SRRSO

S RO

RS I
5 ?o‘g‘é: e,

e
S et
RGO

LRI
L

2;
:5?3':;
oldee 00y
st Ry
o SR et en ooy
P o PR
Rt ol ooy 0 00 03 Al
e ool TR
W 53325535’?."#235'55"5{'2"
s L Iy
 oosa oo o s 8o 0000, Og Co el et 0y e
sl Cas et e ooty
CosRaPoreitorty otosts bo iy ts Bo,0,
oo et ooty
O oy
e o soe eyt Lo et o
O e 0t e e
o en e ts e e e
et e O
o O IS
R A
e SRR
e AR
LB X
S
et
SR
SRR
eyt
Sy
R
SR
§0E
%



<~~~ SMC12-25 km EC Arctic SWH

Met Office

4
»

Courtesy of . A

y T
Dr Merce e R
Casas-Prat i o !
Environment
Canada

SMC12-25 SWH

- 207901011700 %
y Hs .,= 3.52 m

. Hsp,= 2.094E-07
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SMC2-4-8 Gulf of Mexico model

Met Office

Courtesy of Dr haia, ¥ -
Qingxiang Liu . ‘-
Ocean Univ. of
China
Swinburne Univ.
Techno. Australia
> '\. W
‘ \

L‘ \

Max: 14.2 A

Min: 0.0

H ¢ :
Qe
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SMC36125 grid Asia Pacific
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=~ SMC36125 SWH Asia Pacific

0 1 2 5 10 20

SWH (m)

SMC36125 SWH
201409150000
Hs,,,=12.94 m

max

Hs, ;.= 0.000E+00

min




SMC4-8-16 km Pacific model

Met Office

Courtesy of
Dr Hengwen Chang

Industrial Technology
Research Institute,

Hsinchu, Taiwan
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‘ﬁ WRF ensemble 45km
= WRF ensemble 15km
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EREEFR
32 CPU x 20 ensembles
32 CPU x 2 deterministics

HEGR(GIERGERE - RAEFE~BRE):
3 hours



Courtesy of
Dr CAl,

Qionggiong

NMEFC of
China
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SMC50 Global wave model NMEFC

2017071112UTC 24hr forecasting
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Summary and conclusions

Met Office

o SMC grid relaxes CFL limit on time step by merging cells at
high latitudes and reduces curvature error by switching from the
local east to a fixed (map-east) direction system in the Arctic.

« Multi-resolution is achieved for coastal regions with refined cells
and sub-time-steps are used to reduce computation cost. This
makes it possible to merge global and regional wave models
and include the Arctic if necessary.

* Four processes (advection, diffusion, refraction and great-circle
turnln?) related to ocean surface wave propagation are
formulated on the SMC grid and coded into the WW3 model
V4.18 and V5.16.

 There are 4 SMC grid models currentl?/ In use the Met Office,
iIncluding SMC36125 km global wave forecast model and N
Atlantic ensemble model, SMC50km global wave model for
coupled system and rotated SMC grid UK1.5-3 km wave model.

 International collaborations involve 6 SMC grid models so far,
including the 0.5-1-2 km Great Lakes, Mediterranean 3-25 km,
EC12-25 km Arctic, Gulf of Mexico 2-4-8 km, West Pacific
forecast and ensemble models on multi-resolution SMC grids.
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Thank you! Questions?




SMC124UK Grid
NC= 107364
N1= 23046
N2= 9914
N4= 74404

.....

Multi-resolution
1-2-4 km SMC
grid

Rotated N’ at
177.5°E,37.5°N,
grid for evenly
spaced cells
around UK.

Boundary
conditions
provided by
SMC36125
global model.

Will include
current and tidal
effects.



~~—~ SMC1-2-4 km UK model SWH

Multi-resolution
1-2-4 km SMC
grid

Using rotated
grid for evenly
sized cells in
whole domain.

Boundary
conditions
provided by
SMC36125
global model.

Will include
current and tidal
effects.

UK124 SWH

201409261800
HSox= 8.58 m
Hs = 7.571E-05 0




SMC36125 wave model NMEFC

Met Office Courtesy of Dr CAl, Qiongqgiong, NMEFC of China

S36125M

SWH m

\aﬂ i , y 17071212
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=" > Hm= 813 m

Hp= 1.001E-08
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Nested grids could be replaced by a
single SMC grid.

Courtesy of Dr. Tom Durrant
MetOcean Solutions Ltd., Raglan, New Zealand
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SRWH 4-bin output SMC25

Met Office
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