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What is a numerical ocean model?

choices:

* model equations

“forcing” data data for
* model grid (wind, solar rad, etc)
T TR “model evaluation”
AHECR R “‘Boundary Conditions”
* numerical schemes (for regional models)

(n = # of “time steps”)
Time t=t, Time t=t_+nAt

Final
model
output

t=t+At
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Historical perspective and the interest
in ocean modeling
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What is the purpose of ocean modeling?

e process studies (examples: simple, more complex,
realistic)

e environmental monitoring, impact studies(examples: how
would sea-level rise impact coastal flooding?, how would
building a dam impact river plume?, oil spill prediction, etc.)

e forecast systems

+ nowcast/hindcast (study past or present events)
+ real-time short-term ocean forecast (days-weeks)

+ long-term prediction (seasonal to future climate)

e coupling with other models:
+ coupled ocean-atmosphere-land models

+ coupled physical-biological or ecosystem models

+ couple with oil/pollution spill models

13FE3H25HEH—



POM REGISTERED USERS (by Dec 2008)

Why Is this growing
Interest In numerical ocean

modeling and prediction? I

Vo4 1903 TORE TORT 1008 W0 000 00T R 00 2004 2003 2000

e Exponential growth in computers’ speed and
memory (supercomputers& PCs): Moore’s Law:
doubling every 2y

+ Allowing more realistic models with higher resolution

e Advances in satellite observations of the global
ocean

+ Allowing data assimilation, evaluation and prediction
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Ocean v.s. Atmospheric

* Note that advances in ocean prediction systems is
decades behind atmospheric weather forecasting:

+ Numerical weather forecasting started in the 1950s
(Charney, von Neumann and others)

+ Ocean forecasting only in the 1980s-1990s!
e Why?

+ public demand?

+ oceanic scales

+ data availability

+ data assimilation methodologies

+ insufficient computational capabilities
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Kinetic Energy Spectrum for the Atmosphere and the Ocean
(Woods, 1985; Bryan, 1990)

§ [ e e e e g c—— o ——————— v —

+——— Most energy at
2000-4000km
scales

EDDIES

UNRESOLVED

Bhca i small
log E | scale e
1+
Typical climate Most energy at
—
models resolution: 100-200km scales
200-500km
-1
ZevRes® -
..2 - ~ -~ A
il = UNRESOLVED MOTION
I e e
A -3 =2 -1 0 1 2 3

4 -Ioglo(lka'l) Wave Number (cycle/km)

13FE3H25HE Hi—



Class of ocean models(vertical grid)
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SO0 many ocean models

* There are many different ocean models now
freely available:

+ we do not need to write the computer code from
scratch

e Dbut...

+ we need to know the differences between the
models

+ we need to understand how ocean models work

and what type of model may be better for
particular problem
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Some Questions

e \What is the advantages or disadvantages of
each model?

 Are differences in the models make any
difference in the results? (there is only one
“real ocean’...)

e \Vhat model should we choose for our own
application?

+ a single model may not provide all the answers

+ model-data or model-model comparisons are
useful evaluation methods
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Review of Physical Oceanography Properties and Definitions
(with special emphasis on those used in ocean modeling)

e Note that this talk is focused on modeling of the physical properties of
the ocean (other ocean models may also include aspects of biology,
chemistry, ecology, etc.). Therefore, we are mainly interested in

predicting:

Temperature, T (°C, °K=273+°C)
(models often use potential temperature, 0,
instead of in-situ, T)

Salinity, S (%o, ppt, psu)
(total amount of dissolved material in grams
in one kilogram of sea water)

Cartesian coordinates (X, v, z)

Velocity components u, v, w
or V (vector) (m/s)
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Primitive Equations Ocean Models

e \What equations numerical ocean models need to
solve”?

e How do models solve these equations?

e \What assumptions are made in each model and
how they may affect the results?
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Physical Oceanography Equations

e (Conservation of momentum for solving velocity (u,v,w)

+ (based on Newton’s 2" [aw: F=ma)
e (Conservation of heat for solving temperature (T)
e (Conservation of salt for solving salinity (S)

e (Conservation of mass for solving density (p)

Eventually the goal is to find the state of the ocean,

i.e., to solve the 3-dimensional (3D) time-dependent fields:
u(x,y,z,t), v(x,y,z,t), w(x,y,z,t), T(x,y,z,t), S(x,y,z,t), p(x,y,z,t)
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So what are the main forces acting on du _ lZ r
a parcel of water in the ocean? di o "
dv 1
—=—21F,
dt p |°
dw 1
& 2l
Force Important for R ,
 gravity- buoyancy currents, waves, tides ﬂ
g

« pressure gradient- geostrophic currents

* friction- wind-driven currents,
bottom boundary layers

 Coriolis- (rotation) ocean circulation, inertial oscillations f ‘

13FE3H25HEH—



The Equations of Motion
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Conservation of heat and salt;: The
Temperature and Salinity Equations
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Summary of the Equations

e 7 unknowns: func(x,y,z,t)u,v,w, P, p, S, T

* 4 prognostic Equations:

U, Vv, T! S % = forces:; % = forces
dl’ d
— = heat terms, — =sall terms
dt dt
o lagnostic E lons:
3 diagnostic Equations w  (ou ov
W, P, p 2 \ox o

We have 7 equations and 7 unknowns so

we can solve this set of differential
equations. But how?
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Models that solve the complete set of equations are called
Primitive Equations Models

Momentum equations

Hydrostatic equation  Equation of State

—

Heat and salt equations

May also need additional equations for mixing coefficients A,, A, A,, K,, K, K,

* One of the biggest challenges in modeling is how to parameterize or calculate
the turbulent mixing coefficients.
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Finite Difference Schemes,
Numerical Models and Grids

e The basic idea:

+ The real ocean is continuous (from molecular to
global scales)

+ Computers are discrete (and they can not
describe every molecule of the ocean...)

+ Thus we have to convert the equations describing
the physical laws of the ocean into a discrete form
that the computers can understand...
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How do Numerical Models Work?

Choose a numerical grid (i.e., divide the ocean
into "boxes”)

Choose numerical schemes (many choices;
stable and efficient)

Make a computer program (“numerical code”)

Run the model (given data for initialization,
forcing, boundary conditions, etc...)
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Basic Finite Difference Schemes
(other methods: finite element, finite volume, spectral, etc. not
discussed here)

Rectangular even-size grid e

y AX
Total cells: (IM x JM x KM) s Ay
1=1,2,3,...IM, etc.

X=1AX, y=]JAy, z=kAz, t=nAt

Sl J+1
Grid size: AX,Ay,Az

Time step: At 1(X,Y)

* finer grid: more accurate
solution, but requires smaller

time step to solve and more J-1
computations

* remember that the
equations of motion are
solved in every grid cell at » X

every time step

"Note: in non Cartesian grids need to track Lon/Lat of each cell
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Different ways to represent the derivatives

1. Forward, first order accurate

o (x,) _ fx,+A0) - f(x,) L
re— - +O(Axf )

2. Backward, first order accurate | I |
P _ SO0~ =8) o
ox Ax 5

3. (1)+(2) = Forward, second order accurate | |

Px,) _ SO+ M)~ f (5, =B v
Ox 2Ax o

13FE3H25HE Hi—



What do we need from a good numerical
scheme?

e (Convergence: computational error->0 when Ax,At->0

+ meaning: when using finer grid and smaller time step, the
numerical error is getting smaller (i.e., more realistic
simulation)

o Stability: finite solution, C # «© when n->«

+ meaning: when running a model for very long time, the
numerical error does not grow (i.e., model does not “blow up”)

e Schemes can be:
+ unconditionally stable (best, but rare)

+ conditionally stable (for particular choice of parameters)

+ unconditionally unstable (usually a bad choice)
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Example of conditions to make a scheme

The advection equation
in finite difference form:

Can be written as:

The condition needed for
the scheme to be stable:

o<1

Thus, (Ax/At)>u

Smaller grid needs
smaller time step for the
model to be stable...

stable
n+l n-1 n n
Ci _ Ci g uin Ci+l _ Ci—l —0
2At 2Ax
depends on fields in the
field in "past" and "present"”
the "future" -~ & ~
e, At
n+l n-l1 n ' wm wn
('i = Ci —U; _(('m i ('i—l)
Ax
H—/
a
At : " "
o =u— 1s called the "Courant Number
Ax
u
| Y
< s o>1 (unstable)
. AX o o<1 (stable)
" =
=0 t=At
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How does numerical instability look like?

Amplitude grows with time

_8 A A A A A A A A A
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e
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... compared
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~
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'

4 et
N
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Rising fresh finger
o
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Computational Efficiency

e \We usually want a model with as fine resolution as

possible, but the size of the grid is often affected by the
computational resources

e Time step constraints:
CFL (Courant-Friedrichs-Lewy) criteria: At<Ax/C, C=(gH)”
(in 1D) time step function of grid size and water depth (i.e.,
time step < time it takes gravity wave/current to move
between two model grid points)

(1 1)
CFL in 2D: < —+
" Ats Ct(sz Ayz]

where

—_—

C = 2(gH)U2 + Unmax

Doubling resolution in a model =2 2x2=4 times more grid pts
2 times smaller timestep = 8 times more calculations! (at least)
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Some solutions for ocean model

e (ceans are deep, so gravity waves propagate very fast, C=(gH)"” (for
H=5000m, C~200m/s) requiring small time step: computational
difficulties (climate models running for 100s of years will need a time
step of a few minutes...)

+ Rigid Lid approximation:

 Eliminates free-surface waves (i.e., no tides, tsunamis, etc.)
and allows longer time step

+ Time Splitting techniques:

* Separate the fast moving (barotropic, 2D) waves from the
slower (baroclinic, 3D) motions

* Baroclinic (internal waves) C=(g’H)"”z ~1-10m/s g’=g(dp/p)
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Time Splitting: solve 2 sets of equations

Vertically integrated 2D equations 577 i ouD £l ovD =0
(Barotropic/ “External mode”) ot Ox 6y
Solve for surface elevation n(x,y,t) and oub 51 N 577 L
vertically averaged velocity ot == f" +8U_—=r,
u(x,yb), vix,y.t) ovD P
/i
D=H+n is total water depth 7 T ﬁ7 B gD 5 = F v
Ou Lo ow_
3D equations R =
(Baroclinic/ “interrnal mode”™) Ox ay Oz
ou %,
Solve for u(x,y,z,t), v(x,y,z,t), w(x,y,z,t) —+Fu,v)=g =
ol ox
ov %,
i Fuy)=g2"
Note: need to match the two solutions! e ot 8y

There are various ways to couple the two modes
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Time splitting algorithm

e Thermohaline(3600s)

\

Barotropic

(60s)

Baroclinic
—

(720s)
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Summary of scales resolved in different ocean
models and typical mixing used

scales

model type

resolved
(unresolved)

sub-grid mixing

A|lenuauodxs sasealoul }s09 |euoleindwod

<€

Simulation (DNS)

fluid dynamics and
complete turbulence

- 100-1000s km | non-eddy resolving large-scale constant K, K-profile
e e e models circulation (KPP), others
' (example: climate) | (meso-scale eddies
b & smaller)
5-20 km eddy resolving meso-scale eddies | Reynolds-Averaged
models (small eddies and Navier-Stokes
(ex: Gulf Stream) turbulence) (RAN) models:
Mellor-Yamada
(MY), KPP, other
10cm-10m Large Eddy eddies important for Sub-Filter Scale
Simulation (LES) turbulence (SFS) or Sub-Grid
(ex: wave-induced (filter smallest Scale (SGS) models
turbulence) eddies)
Tmm-1m Direct Numerical smallest scales of None
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Great challenges for ocean modeling

e (Challenge 1: Internal Wave Mixing

+ Needs global or basin-scale ocean model (physics
only) of order 1 km resolution, run for periods of order
30-40 years.

e (Challenge 2: Global Carbon Cycle

+ Needs global physics and biology ocean model, at
highest achievable resolution (1/4 or 1/12°) run for
periods of order 1,000 years or more.

e (Challenge 3: Climate Uncertainty

+ Needs coupled climate models at best possible
resolution (e.g. 1 or 0.5°) run for periods of order
100-1000 years, but up to 1,000 times (or more).
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Rank

National Supercomputing Tianhe-1A, NUDT, Intel + NVIDIA GPU

DOE/SC/Oak Ridge Nat Lab
National Supercomputing
Centre in Shenzhen (NSCS)
GSIC Center, Tokyo Institute Tusbame 2.0, HP Intel + Nvidia GPU +

H

O 0O N O O

Site
RIKEN AICS

Center in Tianjin

of Technology

DOE/NNSA/LANL/SNL
NASA/Ames Research

Center/NAS

DOE/SC/LBNL/NERSC
Commissariat a I'Energie

Atomique (CEA)
DOE/NNSA/LANL

Computer
K computer, Fujitsu, SPARC64 VIlIfx +

custom

+ custom

Jaguar, Cray AMD + custom

+ 1B

B

Cielo, Cray AMD + Custom

Plelades, SGI Altix ICE 8200EX/
8400EX + IB

Hopper, Cray AMD + Custom

Tera-10, Bull Intel + IB

B

Country

Japan

USA

&l
g

USA
USA
USA

USA

Total
Cores

705024

186368
224162
120640

73278

142272
111104
153408
138368

122400

Rmax

1051000
0

2566000
1759000
1271000

1192000
1110000
1088000
1054000
1050000

1042000

E (%)
93.17

54.58
75.46
42.59

52.11
81.27
82.72
81.79
83.7

75.74

Power

12659.8
9

4040
6950
2580

1398.61
3980
4102
2910
4590

2345

Mflops/Watt
830.18

635.15
253.09
492.64

8562.27
278.89
265.24
362.2
228.76

444 .35
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20121t 5 = 4 RETTHE Top 1

Rank

©

0

0

B ©

Site

DOE/SC/Oak Ridge
National Laboratory
United States

DOE/NNSA/LLINL
United States

RIKEN Advanced
Institute for
Computational Science

(AICS)
Japan

DOE/SC/Argonne
National Laboratory
United States

Forschungszentrum
Juelich (FZJ)
Germany

Leibniz Rechenzentrum
Germany

Texas Advanced

Computing Center/Univ.

of Texas
United States

National
Supercomputing Center
in Tianjin

China

CINECA

Italy

IBM Development
Engineering
United States

System

Titan - Cray XK7 , Opteron 6274
16C 2.200GHz, Cray Gemini
interconnect, NVIDIA K20x

Cray Inc.

Sequoia - BlueGene/Q, Power
BQC 16C 1.60 GHz, Custom
IBM

K computer, SPARCSE4 Vilifx
2.0GHz, Tofu interconnect
Fujitsu

Mira - BlueGene/Q, Power BQC
16C 1.60GHz, Custom
IBM

JUQUEEN - BlueGene/Q, Power
BQC 16C 1.600GHz, Custom
Interconnect

IBM

SuperMUC - iDataPlex
DX360M4, Xeon ES5-2680 8C
2.70GHz, Infiniband FDR
IBM

Stampede - PowerEdge C8220,
Xeon ES-2680 8C 2. 700G Hz,
Infiniband FDR, Intel Xeon Phi
Dell

Tianhe-1A - NUDT YH MPP,
Xeon X5670 6C 2.93 GHz, NVIDIA
2050

NUDT

Fermi - BlueGene/Q, Power BQC
16C 1. 60GHz, Custom
BM

DARPA Trial Subset - Power
775, POWER7 8C 3.836GH=z,
Custom Interconnect

IBM

Cores

560640

1572864

705024

786432

393216

147456

204900

186368

163840

63360

Rmax

(TFlop/s)

17590.0

16324.8

10510.0

8162.4

4141.2

2897.0

2660.3

2566.0

1725.5

1515.0

Rpeak

(TFlop/s)

27112.5

20132.7

11280.4

10066.3

5033.2

3185.1

3959.0

4701.0

2097.2

1944.4

Power
(kW)

8209

7890

12660

3945

1970

3423

4040

3576
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A Scalable Barotropic Mode Solver for
the Parallel Ocean Program
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Fig. 5. Scalability of PCG and CSI in the 0.1 degree POP
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£ MPMD Debug 2

= cpl 0]
#0 MNPIDI_CH3I_Progress 0
# MPIC Wait O
#2 MPIC_Sendrecv 0

#3 MNPIC_Sendrecv_ft O

#4 MPIR_Allgather_intra O \

#5 MNPIR_Allgather O

#6 MNPIR_Allgather_impl O Step,

#7 PHMPI_Allgather O
#8 pmpi_allgather__ O
#9 cpl_map_mod. F90 CPL_MAP_MOD: :cpl_map_npfixnew3 1625
#10 main. F90 ¢cpl 720

m

next

> continue

> quitdy 4

#11 main O

epll1]
" coll2] S
[F] tStamp_mod.F90 [F] main.FQ0 &3 [F] timeCheck.FO0 = #0 MPIDI_CH3I Progress 0 = (]
713 bunTrList="'Faxc_rain', out n Xc2isbundle) -
714 call cpl_bundle_copy (bun_precip o,bur L='Faxc_snow',&
TS bunTrList="'Faxc_snow', outbun=con_ Xc2i%bur gg = 142
17 call shr timer stop (t05) ; call shr timer start (t0é
» —amer_ e A
719 ——— correct a->0 vector mapping near NP ——-—
P> 720 call cpl map npfix(bun Sa2c a,bun Sa2c o,'Sa u','Sa v')
722 call shr_timer_ stop (t06) ; call shr_ timer_ start(t07)
7 m ,ncpl_a/ncpl_i) == 0 ) then
7 call cpl bundle_gather (con_Xc2itbundle, bun_ Sa2c_o, bun Fa.¢c_o &
7 ——— not allowed now —————————————————————————————— b o &
728 & b cHas . o, &
729 & b.:m Si2c_1i, bA'x Fi2c_i, & -~
>
9 Breakpoints 2 )= MPMD Variables = O |[£& MPMD Debug | %> Debug | 1@ MPMD Threads 3 =
& o W HEg| Y
@ tStamp_mod.F90 [line: 161] = cpl[0]
@ tStamp_mod.F90 [line: 169] 1’?2] MPIDI_CH3I_Progress O
2 E cp
v 1St d.F90 [line: 172
® S ampimod £30/lines1721 #0 MNPIDI_CH3I Progress 0
o trmeCheck.FQO [|:ne: 89] ep1[1]
& timeCheck.F30 [line: 93] \ cpl[3] \
Wr 45 B 2
No details to display for the current selection. & E% S
[F) tStamp_mod.F90 2 [F] main.Fo0 [F] timeCheck.Fo0 = 88z outline | T fat=80E = == m
e VT 3 3 ‘ o ¥ i + 5 attach detach test
15 tic_accum = tic_accum + tic diff ~ = _ =
. HRS [ 18 [E551%  [#5e [
9 !1-—- convert clock tics to secs, as appropriate —- =20 cpl 0-3 g
160 if (tic_ n > 0) then 0 cpl 0 )
dTes dc = tic_diff / float(tic_rate ) 0 cpl ik
. 0 cpl 2
0 cpl 3
1 dice 4-4 =
= B AE R
2 dlnd 5-5
3 docn 6-6 ?ﬂ E
4 datm =i

|

dstr(1:4),dstr(5:6),dstr(7:8), tstr(l:2),tstr (=
& nint(avdt),nint(dt)
@172 call shr_sys flush(6)
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¢y bld i save use vmix kpp, only: add kpp soul ¥ diag_global_preupdate
&y cpl use diagnostics, only: ldiag_cfl @ diag_global_afterupdate B
&y cplé ! !PUBLIC MEMBER FUNCTIONS: DIAG KE ADV 2D, DIAG XE PRES s e
E‘B areafact mod.Fo0 13 11-4- DIAG TRACER HDIFF 2D, DIAG } (5% -
3 i 5 public :: init diagnostics, DIAG TRACER SFC FLX, DIAG TI i
[#} bitCheck_mod.F20 13 11-4 e RSt = iy = @ Al advart X
diag init sums, use state mod, only: state = ——— =
[} data mod.F90 13 11-4-2°F diag:glob;l_preupdate use ice, gnly: liceform, ice fo E}J History 538 =]
[} diag_mod.F90 13 11-4-2F diag_global_afterupda use time management, only: mix /pop in svn //124 205 18.230/jsi -
&y doc diag print, gamma, c2dtt I = =
¢y doc.api i diag_transport, use io_types, only: nml_in, nml_ o & | B |3 47| 2 = I
’ < m ‘ N cfl advect, use tavg, only: define tavg_fiel > >
= — cfl vdiff, use forcing, only: STF, SHF, 1lsr -
8 Remote Systems 3 =8 \ cfl_hdiff, use forcing shf, only: SHT QSW, =T HE8 =1 b= =
& &) 2| B ;,:c < | cfl check, : use forcing cc“p‘_ed,_ only: *63 11-5-12 F4F9... ys New imj
check KE use forcing pt_interior, only: ¢
gk I\ = use forcing_s_interior, only: st
Q\ ! 'PUBLIC DATA MEMBERS: use =xit _mod, only: sighbort, e:
G Local Shells Y Y
4 T3 wangIn@210.31.66.230 | EG ji i e el G : i ) !
4 %%, Sftp Files E Console | |:__ Problems | & Terminals 52 @ SVN E‘Eﬁi Progressl = 0|
“ 3 My Home %8 wangin@21031.66.230
> & bin — || drwx—-———- 5 wangln Model 4096 May 2 06:46 d -
() BNU.ESMp.log ‘E | drwx------ 7 wangln Model 4096 May 2 06:46 3
sy 2 CCSM_BNU S drwx-————- 7 wangln Model 4096 May 2 06:46 2 a_user
> [ CO2C ESM drux———-——— 11 wangln Model 4096 May 2 06:45 mw s
i % | —rW——————— 1 wangln Model 1362 May 2 06:46 README
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[F] dynamicsComp.F90 ® Zz:zr{:n @ compRun
[ GNUmakefile @ compFinal @ compfFinal | @ POPdynamic_...
(= POPphysics_GridComp ‘ ‘
(= POPice_GridComp 1 ! : g @ POPphysics_..
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[F] physicsComp.F90 @ compRund ubroutine
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