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<~ Unified Model
<~ Unifl ode

Met Office Brown et al. (2013)
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The conseguence of unification
MetOffice 300 km

A factor of 1000
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Forecast chart (T+84)
‘alid 1200 UTC Thu 23 OCT 2014

Total sig. wave height (m)

10-Sep-2012 21:30 (T+00.5) (valid: 10-Sep-2012 21z)
SIS PSS S S
e g N I
«/J-/V/Ja/«/-fj >

50.6°N |w” o o "~
N N arTe? 27 o o o w o ~
N J/JJJJ«J«J««««V#?
A A S RIS & o a  n le

so.s50 |V & W A AN S
WA A A A A oS S
ISP VS A S S S A S S S S o
VoA SIS S S GASSS SAS S oS S S S S
o | o AL RS S P e S A
A A A A A S S S S N

VA A A A A NSNS e N i N N
WA A A A S S S S S .
...the same scheme has | = o00ocrcrros oo isrorsislss
L] . ~ o - ~t v'
to continue to work e ]
2.5°W 2.4°W 2.3°W 2.2°W 2.1°W

_ | -
L

0.0 0.5 1.0 1.5 2.0 2.5 3.0

© Crown copyright Met Office



CBS ranking relative to Met Office, 00Z-12Z7
Combined Areas

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

Date © Crown Copyright 2014. Source: Met Office
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Notation and nhomenclature



Notation

Met Office

Let p, denote the density, concentration, or
mass per unit volume of species X

Let py denote the density of dry air

Then my = p,/p4 IS the mixing ratio of species X

By definition my =1
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Conservative form

Met Office
Densities/concentrations transported according to:

op Eulerian flux
—+V(Ur) =0 form
ot
D [ ) Lagrangian form

—| | p,dV | =0 g
- u J (V=air parcel)
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Advective form

Met Office

Mixing ratios/parcel labels (e.g. age of air, mass of
air parcel) are transported according to:

om .
~+U -Vm, =0 Eulerian form
ot
D .
Mx _ 0 Lagrangian form

Dt
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The semi-Lagrangian scheme



From nature to a computer

Met Office
= DF/Dt=0 a natural form

* |[ntegrate along the path a fluid parcel follows

dx

= F(x+dx,t+dt) = F(x,t) where dx/dt=U
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Lagrangian & semi-Lagrangian
Met Office
= Lagrangian model simply tracks air parcels

» This is the basis of the NAME model for plumes
etc

» But, generally end up with very inhomogeneous
distribution, requires interpolation/aggregation to
where need answer

= Semi-Lagrangian schemes try to maintain the
benefits of Lagrangian approach but on Eulerian
grid
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Semi-Lagrangian

Met Office

\°($

X

= Arrival point, X, , always a grid point
= Departure point, Xp, in general anywhere

= Two steps:

»Evaluate trajectory, i.e. where X Is relative to X,

»Evaluate transported field at X,
Staniforth and Coté (1991)
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Benefits

Met Office
» Excellent dispersion

» Captures well the speed of propagation of waves

»Key for good weather prediction

= Appropriate level of scale selective damping

= Excellent stability

»Depends on physical time scale dU/dX, not numerical
time scale UdX

»Particularly beneficial in large scale flows (cf. jets)

»And in polar regions (operationally, polar dX=35 m,
dt = 7.5 mins, and CFL =1 for U=8 cm/s!)
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An example

Met Office

CFLX CFLY

Kohel Aranami (MetO/JMA)
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Slotted cylinder test case

Met Office

Initial Conditions
SL—-QMSL PLF : Fields at t=001/241

o )
0.2 03 0.4 0.5 j 0.7 0.8 § 1

Kohel Aranami (MetO/JMA)
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Disbenefits

Met Office

» Lack of locality due to large time step, means
departure point can be long way from arrival

= Conservation - consider cubic interpolation:

n n n
m—3 m—2 m—l

X X XX
¥~
X X X,
A

X

n

m,

X
T~

o
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Conservation

Met Office

= Even in case of interpolating mass (so don't
have to worry about density variations and non-
uniform grid spacing), require:

Z m; = Z m" =3 (ajmr;(i)—2 +bmi,  +emi,+d jmnj(i)+1)

» For this to hold independent of mass distribution

n n
(ai+2+ bi+1+Ci+di—1)mi = m,

which is only true if wind is uniform

" [Cf. a,+b,+c, +d =1 ]
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Transport in New Dynamics |

Met Office

= Semi-Lagrangian scheme applied to:
»All moisture variables and all tracers
»Wind components (special handling of vector aspects)
»Horizontal aspects of potential temperature advection

»Nearest grid point in vertical for potential temperature

* Eulerian flux scheme used for dry density

* And Eulerian advection scheme for residual
vertical advection of potential temperature

Davies et al (2005)
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Transport in New Dynamics ||

Met Office
» Lagrangian interpolation:

»Bi-(quasi-)cubic in horizontal and quintic in vertical for
moisture variables and all tracers

» Tri-(quasi-)cubic for wind components

»Bi-(quasi-)cubic for horizontal aspects of potential
temperature advection

= Conservation:

»Priestley algorithm (optionally) applied to moisture and
tracer variables

= Monotonicity:

»Bermejo and Staniforth (optionally) applied to moisture
and tracer variables
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Priestley algorithm

Met Office

= Notes that loss of conservation arises from
Interpolation

= Compares low-order (specifically linear)
Interpolation with a high-order scheme (e.qg.
Cubic or quintic)

» Argues that where these are different is where
conservation will be lost

» Therefore adjusts high-order interpolated field
proportionately to that difference

» Formally non-local but attempts to localize

Priestley (1993)
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Monotonicity algorithm

Met Office

» Higher-order interpolation scheme more
accurate on smooth data

»Cubic Lagrange is 3" order accurate in space

But applied to unsmooth data it will create
overshoots and undershoots

When this occurs high-order interpolation is not
appropriate or sensible

Could reduce the order progressively

Pragmatic: limit the interpolated value to be
bounded by the 8 values surrounding departure
point

Bermejo and Staniforth (1992)
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ENDGame:
Even Newer Dynamics for General
atmospheric modelling of the environment



ENDGame

Wood et al (2014)

Met Office L . :
= Motivation: New Dynamics numerically unstable

»Mixed semi-Lagrangian/Eulerian approach unstable
»Eulerian approach probably root cause of polar noise

»More diffusion needed to control instabilities — impact
on accuracy and scalability

»Extrapolated winds used in departure point evaluation
— unstable

»“Non-interpolating in vertical” for potential temperature
— cause of valley cooling

= ENDGame

»Adopts iterated approach akin to Canadian GEM model

»Model significantly more: stable, scalable and accurate
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Transport iIn ENDGame |

Met Office

= Semi-Lagrangian scheme applied to:

All variables!
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Transport in ENDGame ||

Met Office

= Lagrangian interpolation:
» Horizontal
 Bi-cubic for all variables
» Vertical
« Cubic for wind components

* Cubic-Hermite for potential temperature and
moisture variables

* Quintic for all other tracers

= Conservation:

» Priestley algorithm (optionally) applied to moisture and
tracer variables and potential temperature

= Monotonicity:

» Bermejo and Staniforth (optionally) applied to moisture
and tracer variables and potential temperature

© Crown copyright Met Office



Dry mass conservation

Met Office
= Without mass fixer relative change in total mass
per time step is O(10)
= = apply multiplicative fixer every time step
* |Important that it preserves potential energy

= Achieved by:
o't = (A+ Bz)p*
= A and B chosen such that

anJrldV :andv

> p"tgzdV = > o gzdV
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Does it matter what we do?



~~ Temperature bias in 20 year
Metormce AMIP run

a) Zonal mean Temperature for djf b) Zonal mean Temperature for djf
ANHAH: GA5.0#95.11.2 ANHAH: GA5.0#95.11.2 minus AMCHE: GA4.0

10

Gl )
ENDGame | g EG-ND
zonal mean |} £ 100
& &
temperature |¢ £
1000
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Area—weighted rms diff = 0.89
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¢) Zonal mean Temperature for djf dg Zonal mean Temperature for dlif
AMCHE: GA4.0 minus ERA-Interim (1989-2008) ANHAH: GA5.04#95.11.2 minus ERA-Interim (1989-2008

ND - ERA EG - ERA

Pressure (hPa)
Pressure (hPa)

80N BON 30N 0 308 B80S 808 90N BON 30N 0 308 60S 908
Area—weighted rms diff = 1.33 Area—weighted rms diff = 1.73

0137

© Crown copyright Metoffice  (ND=New Dynamics; EG=ENDGame; ERA=ERA-Interim)



Why?

Met Office
00 00
— X — U
ot 0z

4/ w>0
w<() / ¢
w<0

Z

T cubic Lagrange cubic Hermite
0

Chris Smith (Met Office)
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~~ Impact of cubic Hermite + Priestley

Met Office Second-order centred

» cubic Lagrange

¢) Zonal mean Temperature for djf dg Zonal mean Temperature for d
AMCHE: GA4.0 minus ERA—Interim (1989-2008) ANHAH: GA5.0#95.11.2 minus ERA-Interim (
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d) Zonal mean Temperature for %if .
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ANHPQ: GA5.0#95.12 minus ERA-Interim (1989-2008)

Pressure (hPa)

Pressure (hPa)
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Area—weighted rms diff = 1.58

3 [
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SLICE:

Semi-Lagrangian Inherently Conservative and Efficient

Recovering conservation...



Conservative semi-Lagrangian

Met Office

* [nherent conservation = must use density or
concentration, py

= But instead of usual Eulerian flux form
0p,
ot

= Use Lagrangian form:

D [ )
—\jpde =0
Dt )

Zerroukat, Wood & Staniforth (2002)

+V-(Up,)=0
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Conservative semi-Lagrangian

Met Office
* |ntegrate along trajectory:

p;HdV = J'p;dV

Vg T’

Va

\E1

» Rearrange as:

n+1

1 [ )
SRS

D
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SLICE

Met Office

1. Cascade 3D reconstruction Otz

®; —

iInto 3 x 1D reconstructions: 1z

2. Perform 1D reconstructions ;_._!F"T:f:.—-—-. k

Avai I ab I e o Eulerian grid point

— — = Eulerian CV boundaries
aS b ran C h ] Departure point
Lagrangian CV boundaries
xd Departure of x

1n+]
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SLICE In a 20 year AMIP

Cloud li Uld Water
Met Office q rer tor e
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SLICE

Similar level of
agreement also
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= SLICE in a 20 year AMIP

SLICE log(q) SLICE - SL
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g g
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Conservation in Limited Area Models...



LAM Conservation (budget)

Met Office

SL alone good

Monotonicity

messes thisup =

Eﬁ]
Conservation E
recovers T
accuracy ¥
And gives

exact budget
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Qtidy — an alternative

Met Office
* Noting that monotonicity has greatest impact:

1. Switch off monotonicity

2. Use quintic Lagrange interpolation in all
directions

3. Tidy any negative condensed moisture
variables by absorbing negative values
directly into local vapour field

4. Adjust potential temperature for phase
change

= Could be used together with LAM conservation
Paul Field (Met Office)
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GungHo into the future!



Scalability

Met Office (17km) N768 - New Dynamics vs ENDGame

Scaling
5 I | T |

[4—+] ENDGame
(3= New Dynamics

A

Perfect scaling\

&
- _
1 | | | | |
0 50 100 150 200
T Power 7 Nodes
24 nodes (1 node=32 processors)

Andy Malcolm (Met Office)
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The finger of blame...
Met Office

= At 25km
resolution,
grid spacing
near poles =
/5m

= At 17km
resolution,
grid spacing
near poles =
35m

= At 10km
reduces to
12m!

© Crown copyright Met Office




GungHo

Met Office

Globally

Uniform

Next
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i SCIENCE OF THE
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Where are we?

Met Office
» Cubed-sphere is principal contender

= But grid non-orthogonal

= To maintain same accuracy using mixed finite-
element spatial discretization...

= ...coupled with an Eulerian flux form transport
scheme (either finite element or finite volume)

» Redesigning Unified Model
»F2003

» Separation of concerns - PSyKAl

» Targeting early 2020’s

© Crown copyright Met Office
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Thank you! -‘

Questions? Bibliography How

to select options in UM
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10.
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Tracer transport options in UMUI and Rose
with thanks to Chris Smith
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Interpolation options in UMUI:
Met Office Vn < 86

Section 12 : Primary Field Advection : Job ditm.k: "N48 baro wave: LOCH" - 0 X

 Primary Field advection not included

w <2A> Semi-Lagrangian advection and |n the Vertlcal
+ chboame dynamealeorecode 1 = cubic Lagrange

7 = quintic Lagrange
8 = Hermite

Choose version

Which dynamical core would like to run?

" New dynamics

ping |0.5000
0

Eta value above which to apply verical
Instability Diagnostics level of output

Semi-Lagrangian Advection Seitings
Choose 1 or 2 for Monotone scheme, or O for no scheme Field Monotone Scheme |High Order Scheme
Choose 1 to 7 for High Order scheme he i -
Choose 0 for linear interpolation - no high order scheme r\1||| o ; : —
See help for a description of each scheme E:n“.n, 0 1
Inert Edit Edit
Moisture conservation = None ¢ Standard © More accurate (Expensive, do not use for forecast runs)
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Monotonicity options in UMUI:
Met Office Vn < 86

A Section 12 : Primary Field Adyection : Job ditm.k: "N48 baro wave: LOCH" - 0O X

;  Primary Field advection not included
Choose version
w <2A= Semi-Lagrangian advection

» ENDGame dynamical core code

Which dynamical core would you like to run?
 New dynamics

Eta value above which to apply vertical damping |0.5000

Instability Diagnostics level of output 0

SGrrI-LQFnyan Advection Settings
Choose 1 or 2 for Monotone scheme, or 0 for no scheme Field ﬂ“ one Scheme  High Order Scheme
Choose 1 to 7 for High Order scheme heis . -
Choose 0 for linear interpolation - no high order scheme e ; :
See help for a description of each scheme I:‘c-- : 0 1
Inert Edit Edit
Moisture conservation # MNone  Standard  More accurate (Expensive, do not use for forecast runs)

© Crown copyright Met Office



Conservation options In
meronce MU vn < 8.6

[ada] Section 12 : Primary Field Advection : Job dlitm.k: "N48 baro wave: LOCH" -

,  Primary Field advection not included
Choose version

v <2A> Semi-Lagrangian advection
 ENDGame dynamical core code

Which dynamical core would you like to run?
" New dynamics

Eta value above which to apply vertical damping |0.5000

Instability Diagnostics level of output 0

Semi-Lagrangian Advection Seitings

Choose 1 or 2 for Monotone scheme, or 0 for no scheme Field Monotone Scheme |High Order Scheme
Choose 1 to 7 for High Order scheme et L s
Moisture/tracers 1 T
Choose 0 for linear interpolation - no high order scheme o o 0 )
See help for a description of each scheme Densit 0 1
Inert Edit Edit
Moisture conservation # None  Standard” © More accurate (Expensive, do not use for forecast runs)

© Crown copyright Met Office



Tracer conservation in UMUI:
Metofice VN < 8.0

¥ Section 11 : Atmospheric Tracer Advection : Job ditm.k: "N48 baro wave: _— 0O X

, i~ Atmospheric tracer advection not included
Choose version
# «2A= Atmospheric tracer advection included|

v Apply a correction after advection to conserve tracer mass (not to be used in standard LAMs)

Help Abandon changes ‘ Close

Window Mame : atmos_Science_Section_Atradv. Job ditm.k.
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Interpolation options In
metofice Rose: vn 2 10.1

| U Advection 3£ |

{0f monotone_scheme [1 "1 "D ”D "1 l
monotone scheme for (theta, moisture, winds,
density and tracers)

{5t high_order_scheme [8 H? ”1 Hl ”? l

high order schemes for (theta, moisture, wind,
density and tracers)
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Interpolation options in Rose:
Met Office Vn 10 1

[ 1

| Uk Advection ¥ |

- monotone_scheme 1 |1 o jlo |1

meneotene scheme for (theta el Help for namelist:run_sl=high_order scheme
density and tracers)

{0 high_order_scheme C 7 High order schemes:
high order schemes for (thet ; O-Linear interpolation - no high order scheme
density and tracers) 1-Cubic Lagrange interpolation
2-Quintic Lagrange interpolation
3-ECMWTF quasi-cubic interpolation (New dynamics only)

4-ECMWF monotone quasi-cubic interpolation  (New dynamics only)
5-Bi-cubic Lagrange interpolation in the horizontal,

linear interpolation in the vertical

6-ECMWF quasi-cubic interpolation in the horizontal,

quintic in the vertical (New dynamics only)

7-cubic Lagrange interpolation in the horizontal,

guintic in the vertical

8-LOCH: bi-cubic Lagrange in the horizontal; C1-Hermite cubic with quadratic

derivative estimates in the vertical (ENDGame only)
9-HOCH: bi-cubic Lagrange in the horizontal; C1-Hermite cubic with quartic
derivative estimates in the vertical (ENDGame only)

© Crown copyright Met Office



Conservation options in Rose:
metotice VN = 10.1

i U advection 3 |

i |_conserve_tracers | true|
Advect tracers using a consernvative scheme? '

{0r | _priestley correct tracers " true
Apply Priestley conservation scheme to tracers?

i0F |_tr_src_in_conserve | | fa|53|

Use sources when applying Priestley conservation ¢
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