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Motivation for this work

 |FS semi-Lagrangian advection: trace backwards parcel trajectories from grid-points
to find their departure points (DP) and interpolate advected fields to these DPs

— Accurate with long time-steps -> Efficient

— Multi-tracer efficient (but non conserving)

« SETTLS (Hortal, 2001 QJRMS) is an iterative method to find DPs:

1. Current implementation in spherical coordinates is complicated!
. Usual near pole curvature issues, rotate wind vectors to account for curvature
. Solve in addition 3 nonlinear equations/grid point to find lat-lon of the DP
. Some approximations needed to avoid division by O

. Not “friendly” for single-precision: keep the inversion procedure in double precision

2. IFS long time-steps -> iterative method SETTLS converges slowly

« New SETTLS for CY48R1 implemented fully on geocentric Cartesian system:
— simplifies code greatly, better suited for single-precision, avoids pole problems

— Faster convergence (~ 40%) of DP calculation

o)
L\ & 4 ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 2



Computing the departure points in IFS: SETTLS

SETTLS (Hortal, QIRMS 2002): 2nd order Taylor expansion of an arrival Stable Extrapolation Two
(grid) point position vector function at its departure point (DP) Time Level Scheme

Dr) At? (D% .
r.(t+At)=r,(t)+At (—) U > AV: average value along SL trajectory
Dt), 2 (Dt?),

t « Convergence of iterative scheme
Dr D°r DV V, (t) -V, (t—At) must satisfy Lipschitz condition
o) =Valt), =\ 5] * Atlov 1r] <1
Dt /, AV Dt J,,

Dt’ At
Implementation on the sphere

results in a more complex
algorithm

Hence,
r,(t+At)~r, (t)+%-(va O +{2V({Ht) -V (t-AD)},)

Therefore DP can be computed by iterative sequence:
i =r, —AtV (r,,t)

(O = —%-(va () + {2V (®) -V (t— At))

r<k—1>) k=12,..K

Interpolate at rd(k‘l) In the TIFS: K=5



On the sphere: compute DP lat/lon [from Temperton et al, QJRMS 2001]

We use the fact that ¢ is small to approximate sin¢ and cos ¢, thereby avoiding a
potential division by zero:

i ~ ¢ (1 1 ) vy 2 (] _1 ) ’ . Estimqte a_ngle cp_b_etween DP
6 a 6 and gridpoint position vector
cos g~ | — é—qbz. « Approximate sing, cosg

=

Thus the iterative scheme becomes:
v’ =rall — $(6")%) - RODIAHL — 3607,

Defining (u’, v))7 = %(Vg)) and resolving in Cartesian (x, y, z) coordinates, we ob- p——— o |terate nonlinear products
tain: . .
at - At each iteration applv
k1) _ Lopwnz] _ 21 L otoy2 : : k
sinfy TV =sin6a {1 - (™) — cosba 11— =6, rotation matrix %(v?)
2 PE— M
(1) k1) _ @) PN (iterative equations copied from the Temperton
COS Gy * 7 COS(Ay T " —AA) = COS U { _(¢ } + 2= sin 6 ll (@) } et al paper and refer to old mid-point iterative
scheme but very similar for SETTLYS)
cos 9(k+1) sm()Lg{[H) — Ap) = { ¢(k))2}
sm9D_sm6Acosz¢——2cos¢ CcoS B (1———¢), _ _ _
6 After iterations invert at each
, ) . )
v At 1 gridpoint a system of 3 nonlinear
COS Hp COS(Ap — Aa) =COS By cOs 2 2 cos sinfa [ 1 — —¢? : .
Op cos(Ap — Aa) A ¢+ ¢ A ( ¢ equations to obtain the lat/lon of the

A 1 DP 0y, A
cos Op sin(Ap — Ap) = —2cos qbua d (1 — gr;bz) , ol



SETTLS iterations on the sphere using a geocentric Cartesian system

- Introduce Cartesian geocentric coordinates XYZ as in Ritchie MWR87 and project (u,v) - (U,V,W)

Xj =acosfjcosAj, Uj = —ujsin Aj —vjsinfj cos A;

Y; =acosf;sin);, => Vj=ujcos\j—vjsin;sing;

- SETTLS on sphere iterations for DP d using XYZn coords:
(=12,..

At
X =x, -

X0 —x. — At
U5+ (2U* = U2 )] ; ’ g

. N Y, =Y, — AtV
(£ Fe 11/ 7 rt—A I
)Y =S Vi @ v ] Wit oy e
At o . S 0 :
- At . , oA Start iterations with
"'ﬂ(i} i T [”; + (20" = t)dﬂf—lﬂ] 1s* order scheme

A = ATAN2(Y | x ()
z\
2 2 2
\/ X7y 4 70
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¢ .
Hé_ ) — arcsin

; N: pressure based terrain
Zj =asinf;, W; =wvjcosb) following vertical coord

Updating A, 0, greatly simplified
No approximations

No rotation matrix

All calculations in single precision
Avoids pole issues

Very compact code

Extra linear interpolation for W but
interpolation weight available (fast)
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More compact code: fewer subroutines + fewer lines of code

LAPINEA
LAPINEA
Iterates to compute
vertical DP and trig v v
products depending on LARMES LARCINA This is the final ’ -
iav/lon of the BP call after DP LARMES_XYZ LARCINA
! calculation is —
Interface sub to compute LARCl NA el JEE .
interpolation weights and L ARC| NA
finalise lat/lon of the DP.
Furthermore, when called
by LARMES, interpolates il | ‘ !
wind components at the DP
(needed by iterative LARCH E LASCAW l
scheme) (double prec) Lasca clo v
Lasca_cla
* Computes DP Lasca_vintw Lf\SCA;W
lat/lon from system - il asca_cio
of nonlinear trig Computes trilinear, tricubic, Lasca_cla
equations bicubic-quintic weights Lasca_vintw
- Computes “rotation needed to interpolate GFL,
t weights for all advected : .
L"O?rf]“p%r;]grf: vare: effcent Cartesian SETTLS scheme:
T compact readable code + faster
DP convergence
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Converging the DP iterations is important for forecast accuracy

- DP iterations converge slowly in IFS:

rate depends on the deformational Evolution of timestep/grid spacing in IFS history ...
(Lipschitz) Courant number
* Lack of sufficient convergence: skill Horizontal Res  Vertical levs tstep (s) At/Ax
degradation and TC performance TL399 (50km) 91 1200 0.0?
degr'ada‘rion (see Diamantakis & TL511 (4[]"(”]] a1 000 0.0?
E Magnusson MWR 2016) '
§ + From CY41R2: 5 iterations are used TL1279 (16km) 91 600 0.04
:  compared with 3 in previous cycles Tcol279 (9km) 137 450 0.05
B
00 8 T+48 T+72
;: 1 ; T T 'y T T 1 i T 'y T
= 400 £ 100 ! geopo’rgn‘na! ACC
= [ + ¢ | reductionwith 3 versus
g 0 N | 3 00 1 5 iterations
oA 700 & 700
1000 . . 1000
30 60 90

-90 -60 -30 O —90 -60 -30 O 30 60 90
Latitude Latitude

BLUE worse
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New SETTLS algorithm with faster convergence (saves 2 iterations/step)

— Pre-compute X;.Yj. Z; at each grid-point j

ra

— At each time-step, obtain U;, V;, W; from u;, v;
if (step count > 0) then

Initialize the horizontal components of the DP from the previous time-step:

(0) _ (K) (0) _ y(K)
Ai’ = Ag ‘t—f’—“' Oa" =bq |t-n New starting values procedure:

» Use previous timestep DP to start iterations

. _ft . !t—&t . . o . .
if (75 -7; — = 0) then - BUT: when vertical wind direction changes in two

'?LED} = ?I(EEK)‘ t—At consecutive steps then don't trust the old value to
else start iterations, better switch to 15t order Euler
-;--;ffn} =1, — Afr}j predictor
end if
else
compute starting values for the DP iterations using (13)-(16)
end if

for f =1.....K do
— Interpolate U, V., W, 17 to available estimate for the DP d
— Compute X4, Yy, Zg4, nqa DP :
— Compute corresponding Ag. 0,

end for

(£-1)

Save DP JdK) = (A gy . B0, 1405 ) to be used as a predictor at next time step DP iterations
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Pressure, hPa

Pressure, hPa

Pressure, hPa

(c) New Cartesian SETTLS with 3 iterations and predictor for the departure points

Validation of new faster SETTLS against oper forecast at 9km
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0.02f
E I omf
3 i o0.00f
2 ERRL:
e T 002
0 1 2 3 4 5 6 7 8 9 10 0 1 2
Forecast day

3 4 5 6 7 8 9 10

Forecast day

(b) Geopotential 500 hPa RMSE scaled difference (negative better)

4 months in total 2+2 winter/summer:
same accuracy with operational scheme

Cartesian SETTLS with new starting values equally accurate
with operational scheme. Blue is worse (reduction of ACC)
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Convergence diagnostics from typhoon Neoguri case

201407051424 s
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Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC

Diff. in Fisher-Z-AC

Combined winter/summer Tcol1279 scores for Z, VW, T (4 months)

1-Jul-2019 to 29-Feb-2020 from 101 to 121 samples. Verified against MO001MO0Q01.
Confidence range 95% with AR(1) inflation and Sidak correction for 4 independent tests.
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1-Jul-2019 to 29-Feb-2020 from 101 to 121 samples. Verified against MO0O0O1MOO001.
Confidence range 95% with AR(1) inflation and Sidak correction for 4 independent tests.
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Normalised difference Normalised difference Normalised difference Normalised difference

Normalised difference

1-Jul-2019 to 29-Feb-2020 from 101 to 121 samples. Verified against MO001M0001.
Confidence range 95% with AR(1) inflation and Sidak correction for 4 independent tests.
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Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC Diff. in Fisher-Z-AC

Diff. in Fisher-Z-AC

Combined winter/summer Tco399 4DVAR forecast scores (8 months)

16-Jun-2019 to 31-Mar-2020 from 418 to 456 samples. Verified against own-analysis.
Confidence range 95% with AR(2) inflation and Sidak correction for 4 independent tests.
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16-Jun-2019 to 31-Mar-2020 from 418 to 456 samples. Verified against own—analysis.
Confidence range 95% with AR(2) inflation and Sidak correction for 4 independent tests.
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Normalised difference Normalised difference Normalised difference Normalised difference

Normalised difference

16-Jun-2019 to 31-Mar-2020 from 418 to 456 samples. Verified against own-analysis.
Confidence range 95% with AR(2) inflation and Sidak correction for 4 independent tests.
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Tropical cyclones and computational performance in single precision (SP)

Position error abs Central Pressure error abs

—— Oper SETTLS (hjel) 14 { —— Oper SETTLS (hjel)

« Since May 2021 IFS runs forecasts in SP 0] T e seTs (e ||= Rewserna i
* Model is faster but forecast equally
accurate £

Cost for computing DP (9km forecast)

Current operational 220 ms/step 6.9% of total
scheme in SP time-step cost .
i | | I H\

New scheme in SP 135 ms/step 4.1% of total | .
— \'\\/‘——’\‘ | |

time-step cost - T
0.255 24:17848:134 72:100 96.72 120:50 14427 16819 192:13 0:255 24:178 48:134 72100 96.72 120-50 14427 168:19 192-13

Step:sample Step:sample

Thanks to Linus Magnusson

Difference km
(=]
Difference hPa

North Hemisphere tropical cyclone 2020 season (9km resolution verification against Best Track obs)
New scheme in SP versus operational in double-precision: 2 x fast model but same accuracy! ©
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Global non-hydrostatic testing at 2.5km resolution
 IFS has non-hydrostatic version (member states a key contributor)
* Global IFS NH dynamics are more than 2 x expensive:

*  More equations and variables and spectral transforms (very expensive at high resolution)
 ICI (predictor-corrector) scheme for stability: call dynamics twice / step

* The new SETTLS has been tested successfully in the NH with ICT scheme: the
predictor-corrector approach is exploited to converge it fast

IS[;:ectrum at p:EIEI'O and step:rlal

2.8

§ a4 - 3 500 hPa KE spectra from 3 NH versions at
T, 3 2.5km res with 137 lev, 120s timestep:
o o ] - RED vertical finite difference discretization
S | oNHaddt20doxvzita oper version of SETTLS
E 124 2 « BLUE new vertical finite element (Vivoda,
< 087 - Smolikova, Simarro MWR 2018)
5, 04 - - « BLACK=BLUE + new SETTLS
= 0.0 : o ' ! [ ' T ! :

0.0 1.0 2.0 3.0 4.0

log10(wavenumber)
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Summary

* A Cartesian implementation of SETTLS is proposed for 48rl for its
eflflc;e?.cy, compactness, advantages for single precision and near pole
calculations

* It includes a new starting procedure for the departure point
iterative scheme with fasfer convergence

* Faster cleaner code with same accuracy

Future work:

I hope that this work may stimulate future efforts to improve SL parallel
corownDunil::)a’rion and development of STOCHDP (stochastic advection scheme led by
S-J Loc

Work currently under review in QIRMS: "A fast converging and concise algorithm
fordccl)mputing the departure points in semi-Lagrangian weather and climate
models"

Thank you for your attention!

o)
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