Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
Pros and Cons : Current vs AB2

Forward-Backward

Adams-Bashforth 2

(Current) (Plan)

Order 2 2

More stable scheme Compute S. 1~S. 3 once
Pros (broader stability region than AB2 method) (approximately halved runtime compared to

Use less memory the current method)
No initial value problem
Repeat S. 1~S. 3 twice Less stable scheme

Cons (computationally inefficient) Use more memory

Initial value problem due to f (u,_1)




Change of the baroclinic time stepping method

Current: The forward-backward scheme (two-stage method)

Achieve the second-order accuracy by repeating Stagel~3 twice

Step: n

1st Stage 1
Baroclinic velocity (3D)

Step:n + 1/2

2nd Stage 1
Baroclinic velocity (3D)

1st Stage 2
Barotropic velocity (2D)

2nd Stage 2
Barotropic velocity (2D)

1st Stage 3
Update thickness, tracers,
density and pressure

2nd Stage 3
Update thickness, tracers,
density and pressure

Step:n+ 1




Change of the baroclinic time stepping method

Current: The forward-backward scheme (two-stage method)
» Achieve the second-order accuracy by repeating Stagel~3 twice

Example for baroclinic velocity in stage 1

1t Stage 1 2nd Stage 1
Step n Averaging for stepn + 1/2
Uy, Un+1/2 = 0.5(Un+1 + un)

Compute tendency atn + 1/2
f(un+1/2)

Compute tendency atn

f(un)

Time advancing
Upyr = Up + AL f(uy)

Time advancing
Upyr = Uy T AL f(un+1/2)




Change of the baroclinic time stepping method

Plan: Second-order Adams-Bashforth method (two-step method)
* Computes Stagel~3 once to achieve the second-order accuracy

Example for baroclinic velocity in stage 1

Step n
uTL

Compute tendency at n

f(un)

Time advancing

3 1
Uptp = Up T EAt f(un) — EAt f(un-1)




Change of the baroclinic time stepping method

Plan: Second-order Adams-Bashforth method (two-step method)
* Computes Stagel~3 once to achieve the second-order accuracy

Step: n

Stage 1
Baroclinic velocity (3D)

Stage 2
Barotropic velocity (2D)

Stage 3
Update thickness, tracers,
density and pressure

Step:n+ 1



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
* Computes Stagel~3 once to achieve the second-order accuracy

Upp = Uy + ;At f(uy) — %At fun_q)

Compute at step n Stored in a previous step (n — 1)




Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
e AB2 for the baroclinic momentum equation

3 1 =
W 1 = U + o AtF(ug,) — 5 AtF(ug,-1) — G =
kn+1 kn T o ( k’n) 2 ( fen 1) — ¥ —— G includes all remaining terms in

barotropic equations, so this term is

, not included in F (u
T(“k,n) = _fukJ,_n + Tu(uk,n: Wk n» pk,n) + gV, (W)
du 1
T (ug, wi, pr) = —§V|uk|2 — (k- Vxu)uy — Wka_; - p_VPk + vV
0

/

A viscosity term does not need to be
inside F (u). But for coding

convenience, the terms is currently
included.



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
e AB2 for the baroclinic momentum equation

3 1 _
Wy = U, + EAtT(uk,n) — EAtT(uk,n_l) -G

This term raises an initial value problem at n = 0.

* Cold start:
e 1Iststep : the current scheme (forward-backward)
- The term F (uk,o) is stored during the 15t step.

« 2ndgtep ~: AB2 method

* Restart:
e 1ststep: AB2 method by using tendencies at previous
time step (saved in restart files)



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
e (Coriolis term linear iteration with AB2 a Up = fug

!

3 1
W, = Uy + Atz [T(up) + fuz- + gVi,] — AtE[T(un—ﬂ + fugsq + gVin_1]

}

Iter = 1 el

_ 1
Gpi1 = mkzk: Ln,kui
=ks

}

Unsos = 3 (up + us — AtGpyq)

}

!/ 11l
Uy — fun+0.5

3 ! , 1
Upy1 = Uy + Ati [T (uy) + 9] + fusios — AtE[T(un—ﬂ + gV3-1]
k=ke

_ 1
Gpi1 = mkzk Ln,kun+1
=ks

!

! 1 ! !
K Untos = E(un + Upyq — AtGryq)

hYd

Iter=2




Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
* Computes Stagel~3 once to achieve the second-order accuracy

- AB?2 for the baroclinic momentum equation

3 1 _
Wy = U, + EAt}"(uk,n) — EAt}"(uk,n_l) -G

- AB?2 for the thickness equation

3 1
hk,n+1 = hk,n + EAt?(hk,n) - EAtT(hk,n—l)

* a % k
T(hk,n) — (‘V ' (hkedge“itcr) 3z (thk)>

10



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
« After tons of tests, however, it is found that the AB2 method for the thickness equation is too sensitive to time step size.

3 1
hen+r = Agn + EAt?(hk,n) - EAtT(hk,n—l)

* a % k
T(hk,n) — (—V ' (hkedge“ltcr) 3z (thk)>

* So, use the forward-backward scheme for the thickness equation only.
- AB2 for momentum, PC for thickness (kind of... a mixed scheme?)

ﬁk,n+1 = hk,n + AtT(hk,n)
e
hy = 5 (hk,n+1 + hk,n)

L’ hk,n+1 — hk,n + AtT(h;kc)

11



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
» Use forward-backward scheme only for thickness equation

ﬁk,n+1 = hk,n + At?(hk,n)
e
hy = > (hk,n+1 + hk,n)

\_' hk,n+1 = hk,n + AtT(hZ)

T l

' J .,
F(hy) = (—V- (R 9wt — — (h;

- 0z

top _ *top *x__x tr
—_— Wk+1 - V * (AZkuk

*tr __ 33 /

,n+0.5 u

T

nedge

corr _ | xedge , —

bolus
Uy o5 T Up” ™)

/

AB2 advanced velocity

corr + ubolus

nedge

xedge
k=1
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Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
* For now, different time stepping schemes are applied to each different equations:
- Momentum equation: Adams-Bashforth 2" order
- Layer thickness equation: Forward-backward
- Tracers: Forward Euler

*  With 75% of the default del2 & del4 diffusion coefficient, current implementation is stable for a variety of simulations
without the super cycle.

13



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
* Computes Stagel~3 once to achieve the second-order accuracy

Example for velocity in stage 1

Stage 1

Step n
un

Compute tendency at n

f(uy)

Time advancing

3 1
Uyt = Uy + EAt f(uy,) _EAt fu,_q) <«

f (un—l)
is stored at the previous step.
S0, use more memory.
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Change of the baroclinic time stepping method

Plan: Adams-Bashforth method
Code example (a baroclinic velocity update part)

2t f(uy)

do iEdge = 1, nEdgesOwned
celll = cellsOnEdge(1,iEdge)
cell2 = cellsOnEdge(2,iEdge)
uTemp(:,iEdge) = 0.0_RKIND
sshGrad = splitFact *x gravity * &
(sshNew(cell2) - sshNew(celll)) &
/dcEdge(iEdge)
do k = minLevelEdgeBot(iEdge), maxLevelEdgeTop(iEdge)
uTemp(k, iEdge) = normalBaroclinicVelocityCur(k,iEdge) &
+ 1.50_RKIND *x dt * (normalVelocityTend(k,iEdge) &
+ sshGrad) &
- 0.5_RKIND * dt * normalVelocityTendOld(k,iEdge) &
+ dt * normalVelocityNew(k, iEdge)
enddo ! vertical
enddo ! iEdge

3 At f (1)

Stored
at the previous step



Change of the baroclinic time stepping method

Performance check
* Test cases
1) Surface gravity wave (1D)
2) Internal tide test case (2D, x-z slice)

3) Seamount test case (3D, 1dealized)
4) High-resolution global ocean test case on RRS18to6 mesh (3D, Real world)



Change of the baroclinic time stepping method

Surface gravity wave test (1D)
 Initial SSH travels opposite direction.
e Tested on my Mac using 1 core
« At =300s

| Method ___|_Runtime (main loop)

Forward-backward 3.23260 s
Adams-Bashforth 1.78725 s

1.81x speedup

Sea Surface Height (m)

0.7

0.6

0.51

0.4/

0.3;

0.2

0.1

0.0

-0.1

Sea surface height at 7200 s

—— Runge-Kutta (Reference)
—— Predictor-corrector

---- Adams-Bashforth

--=-- Modified Adams-Bashforth

250

500 750 1000 1250 1500 1750 2000
X (km)
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Change of the baroclinic time stepping method

Surface gravity wave test (1D)
 Initial SSH travels opposite direction.

* Tested on my Mac using 1 core Sea surface height at 7200 s
. — 0.7
At =300s —— Runge-Kutta (Reference)
—— Predictor-corrector
0.61 ---- Adams-Bashforth
---- Modified Adams-Bashforth
0.5 —— Adams-Bashforth 0.5dt
ﬂ ﬂ
: : 2 0.4
| Method | Runtime (main loop) [
Forward-backward 3.23260 s E 0.3]
Adams-Bashforth 1.78725 s ‘§
n 0.2
Adams-Bashforth (0.5dt) 2.57797 s © /\ /)
n -
0.1
0.0
-0.1

0 250 500 750 1000 1250 1500 1750 2000
X (km)



Change of the baroclinic time stepping method

Internal tide test case (2D, x-z slice)

* Nonlinear internal tide generation by small but sharp bathymetry

» Comparison of total barotropic mechanical energy
e Tested on my Mac using 8 cores

« At=600s
1.0 -
0.8
. . - 0.6
| Method | Runtime (main loop) S
Forward-backward 398.91979 s §
Adams-Bashforth 205.64063 s 0.4
1.94x speedup
0.2
0.0

Time evolution of Total barotropic M.E.

- Predictor-corrector
- = Adams-Bashforth
- = Modified Adams-Bashforth

Time (day)

12
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Change of the baroclinic time stepping method

Seamount test case (3D, idealized)

A Gaussian bell-shape bathymetry located at the center of domain
The ocean is initially at rest

Designed to evaluate pressure gradient error arising from numerical discretization in terrain-following coordinates

Non-zero values for the velocity can be interpreted as numerical errors.

A
i
i

i
g
AN

FIG. 2. Perspective view of the seamount geometry. The stretching of the grid that leads to
higher horizontal resolution in the center (across the ssamount) can be seen best at the boundaries.

Figure 2 of
Beckmann and Haidvogel (1993)
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Change of the baroclinic time stepping method

Seamount test case (3D, idealized)
* Tested on my MacBook using 8 cores
* Non-zero values for the velocity can be interpreted as numerical errors.
e Smaller error in AB2 and M-AB2 methods

- Smaller error in M-AB2, since numerical modes are Time evolution of Max. normal velocity

dominant in this test case. 0.14
w 0.12
£
. - > 0.10
L 0.08-
Forward-backward 362.45233 s <
Adams-Bashforth 197.34885 s TEU 0.06 -
1.83x speedup 20 o4ﬂ
(EU 0.02 - Predictor-corrector
— Adams-Bashforth
0.00 - —— Modified Adams-Bashforth
0 2 4 6 8 10

Time (day)



Change of the baroclinic time stepping method

High-resolution global ocean test case on RRS18t06 mesh
e Tested on NERSC-Cori KNL using 8160 cores
* Time integrated for 30 model days with At = 300 s

Forward-backward (Current) Adams-Bashforth (Plan)
Runtime
(Main 7354.18854 s 4023.81048 s
loop)
90N 90N
60N 60N
30N 30N
Surface . 5
Kinetic
ener
8Y  ls0s 308
field
at day 30 — -
NS T 1 71 T 1] I I LB B By 10 iy e s s B s LB B I T LA B B B
180 150W 120W 90W 60W 30W O  30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W 0 30E  60E 90E 120E 150E 180
[  —-—- [ 0 —-—--
0.00 0.05 0.10 0.15 020 0.25 0.30 035 0.40 0.44 0.49 0.00 0.05 0.10 0.15 020 025 0.30 0.35 0.40 044 0.49

ND
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Change of the baroclinic time stepping method

High-resolution global ocean test case on RRS18t06 mesh
e Tested on NERSC-Cori KNL using 8160 cores
* Time integrated for 30 model days with At = 300 s

Forward-backward (Current)

Adams-Bashforth (Plan)

15°N
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120°W 90°W 60°W 30°W

i -~ ——
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.44 0.49

00
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Change of the baroclinic time stepping method

Time step size sensitivity

» After some modifications, the AB2 method with less hyperviscosity (~25%) can use the same time step size with the PC
method.

- Time step size test using the 18 km to 6 km resolution mesh

Timestepsize | PC___ | AB2

180 s 0] 0]
300s 0] O
360 s 0] 0]
480 s 0] O

600 s X X



Change of the baroclinic time stepping method

Computational performance
* A whole model runtime comparison
- one day integration on 18to6km mesh (real-world configuration)
o Tested on HPC11 (miller), which is the AF machine at OLCF (identical architecture to Perlmutter)
- ~1.6x speedup for AB2

Surface Cells per Processor

3000 2000 1000 500
‘ ' R S— 2.0
700 —&— Speedup
500 1
1.8
N
300 - 2
—_ D
2 1.6 5
o 200 - Jo
£ 8
JE ~—
32 1.4 §
100 1 v
Q
n
1.2
—e— AB2
50 4 —®— Default
————— Linear scaling
1.0

1280 2560 5120 10240
Number of Cores

25



Change of the baroclinic time stepping method

WCYCL simulation : A fully-coupled simulation using E3SM

Surface Eddy Kinetic Energy
(years 051-100)

Default (PC) AB2

EKE (ANN, years 0051-0100) EKE (ANN, years 0051-0100)
v2.LR.piControl_ori v2.LR.piControl_ab2
piContral 0 Min  0.5499 picentrol Ab Min  0.5978
80°N Mean 85.05 80°N : e LI - i Mean 85.83
: Max 4252 : \%\J/Qi Wéﬁw; Max 4597
60°N f--= 60°N [ SR BN e e
= 1000 = o g% %F‘mﬁr e iﬁ 1000
40°N 40°N 2L S RCT R E, )
800 : e EEE e 800
20°N | 20°N o N e :
600 & o My 600 7,
0° NE 0 e, R 5 el E
400 © . , )y Ay RO 400 ©
20°S fre 20°S N 1 . * e
. v}
200 J \_/ E/U 200
40°S - 40°S i ; 9 4}7)7
0 - R, : o 0
60°S 60°S o : : :
=
80°S ! g \.—f
180°W 120°W 60°W 0° 60°E 120°E 180°E 180°W 60°W 0P 60°E 120°E 180°E

AB2 uses 25% less diffusion from default setup
(Laplacian, hyper-LapIacian%6



Change of the baroclinic time stepping method

WCYCL simulation : A fully-coupled simulation using E3SM

Surface Eddy Kinetic Energy

Default (PC)

80°N |-

60N [ g

40°N LS, Caoglis

20°N
00
20°S &

40°S |

Model - Observations

60°S ’

80°S

180°W

(years 051-100)

Min -3919
Mean -113.3
Max 2450

300
200
100
0

cm?/s?

—100
—200
-300

RMSE 233.2
Corr 0.5218

60°W 0° 60°E 120°E 180°E

80°N

AB2

Model - Observations

Min -3918

Mean -112.5

3 & Max 2796
B60°N | Syt
: 300
B0°N Lt K S B il
| 200
v
0° 5
0 e
(&)
20°S —-100
40°s |. ~280
- —300
BO°S [rnssusssereeer o O ot e NI o TS0 e e T O Sty v ST e O
é RMSE 233
80°S < Corr 0.5227
180°W 120°W 60°W 0° 60°E 120°E 180°E

AB2 uses 25% less diffusion from default setup

(Laplacian, hyper-LapIacian%7



Change of the baroclinic time stepping method

WCYCL simulation : A fully-coupled simulation using E3SM
» AB2 30% faster, but OCEAN Waiting time increased a lot = Need to optimize PE layout

Performance on HPC11 machine (Air Force machine in OLCF)

Default (PC)
14000

AB2

12000

10000

8000

6000

Simulation Time (s)

)
)
S
(-
c
o
2
o
>
E
n

4000

2000

0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000
Processor # Processor #

5000

6000
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Change of the baroclinic time stepping method

Stability region of time-stepping methods
* A model problem with an analytical solution

dy(t)

——==2y®), y0)=y,=1 y@)=eM

dt

« Amplification factors for each time-stepping method

Time-stepping method

Amplification factor (S)

Forward-Euler

z—1

Heun’s method (i.e., forward-backward)

-1+2(z-1)+1

Standard (€45 = 0) or Modified (45 = 0.1)
Second-order Adams-Bashforth
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Change of the baroclinic time stepping method

Stability region of time-stepping methods
* Area of stability region: Heun > FWD > AB2 > M-AB2

3
FWD
Heun
21 AB2
M-AB2
1-
N
£ 0
_]_-
_2-
-3 ; ;
-3 -2 -1 2
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Change of the baroclinic time stepping method

Oscillatory and damping feature of time-stepping methods

A simple oscillation equation (without forcing and damping)

—+ifu=0
Pl fu
- Analytical solution: u(t) = uge?, u, =1
° ° P = iAtf
Time-stepping method Time-discretized equation
Forward-Euler utl = (1 - P)u™
"t =" + aPu”
Heun’s method n+il n ~
. u™ =y + At(BPU™TY + (1 — B)Pu™)
(i.e., forward-backward) a=1[8=1/2

Standard (45 = 0) or Modified (45 > 0)
Second-order Adams-Bashforth

3
u™tl = (1 — (E-I_ €45

)e)u+ 3

S tE€
5 T €4B

) pun-1
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Change of the baroclinic time stepping method

Oscillatory and damping feature of time-stepping methods

* A simple oscillation equation (without forcing and damping) o ANL
- Time evolution of solutions —  FWD
o All solutions grow with time for At = 0.4 except for the M-AB2 method. —— Heun
— AB2
— M-AB2

Re(u)

Cten ' ' ' ' e t2m



Change of the baroclinic time stepping method

Oscillatory and damping feature of time-stepping methods
* A simple oscillation equation (without forcing and damping)
- Accuracy

o Heun’s (2n) > AB2 (2nd) > M-AB2 (quasi 2M) > FWD (1%

—

o

-

]

-

| -

o

c

N

= FWD
—e— Heun

103
‘ —e— AB2

0.016 0.032 0.064  0.128
At



Change of the baroclinic time stepping method

Second-order Adams-Bashforth method in MPAS-O
* Computes Stagel~3 once to achieve the second-order accuracy

Step: n

Stage 1
Baroclinic velocity (3D)

Stage 2
Barotropic velocity (2D)

Stage 3
Update thickness, tracers,
density and pressure

Step:n+ 1
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