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Oceánská cirkulace buzená slapy — jak šlape DEBOT
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Matematický model

Rovnice kontinuity = rovnice pro elevaci vodńı hladiny

∂ζ

∂t
+

1
a cosφ

(
∂(hu)
∂λ

+
∂(cosφ hv)

∂φ

)
= 0

Pohybová rovnice v zonálńım směru

∂(hu)
∂t

= − gh

a cosφ
∂ζ

∂λ
+ fhv − ku

√
hu2 + v2 + Advλ +AHVisλ + Tλ

Pohybová rovnice v meridionálńım směru
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∂t

= −gh
a

∂ζ

∂φ
− fhu− kv

√
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Technické detaily

Programovaćı jazyk Fortran 90+, paralelizace OpenMP

Batymetrická data: ETOPO1 Global Relief Model, 1′ model od National
Geophysical Data Center NOAA,
http://www.ngdc.noaa.gov/mgg/global/global.html

Slapy: soubor subroutin NOVAS F3.1 od U.S. Naval Observatory, poč́ıtá
efemeridy v každém časovém kroku, http:
//aa.usno.navy.mil/software/novas/novas_f/novasf_intro.php
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Konečné diference: Arakawa C-grid
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Staré časové schéma

Semi-implicitńı formulace

ζn+1 = ζn − ∆t
a cosφj

(
∂Un+1/2
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∂(cosφV n+1/2)

∂φ

)
(1)

(
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)
= F
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)
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)
− gh∆t

a

(
1

cosφ
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(
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Y n

)]
(2)

ζn+1/2 = (ζn+1 + ζn)/2,
Un+1/2 = (Un+1 + Un)/2 (U = hu),
V n+1/2 = (V n+1 + V n)/2 (V = hv)
α = cos(f∆t),
β = sin(f∆t),
f = 2Ω sinφ
Dosazeńım (2) do (1) źıskáme soustavu lineárńıch rovnic pro ζn+1

c1ζ
n+1
i+1,j + c2ζ

n+1
i−1,j + c3ζ

n+1
i,j + c4ζ

n+1
i,j+1 + c5ζ

n+1
i,j−1 = Rni,j .
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Staré časové schéma

Nelineárńı advekčńı členy jsou vyjáďreny explicitně. Aby se zabránilo vzniku
nestability, použije se metoda predictor-corrector:

1 Vypočteme hodnoty na hladině n + 1 obvyklým způsobem.
2 Spoč́ıtáme pr̊uměr všech proměnných z n a n + 1.
3 Stejné jako v kroku 1, ale poč́ıtáme z n + 1/2 s polovičńım časovým krokem.

Zvyšuje výpočetńı čas.

Nefunguje na 100 %.
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Nové časové schéma

Zobecněné forward-backward schéma s kombinaćı Adamsova-Bashforthova kroku
3. řádu a Adamsova-Moultonova kroku 4. řádu (AB3-AM4 FB schéma)

1 AB3-extrapolace elevace a rychlost́ı

(ζ, U, V )n+ 1
2 =

(
3
2

+ δ

)
(ζ, U, V )n−

(
1
2

+ 2δ
)

(ζ, U, V )n−1+δ(ζ, U, V )n−2

2 Spoč́ıtáńı ζn+1 z rovnice kontinuity

ζn+1 = ζn −∆t∇h ·Un+ 1
2

3 Výpočet pomocné ζ pro pohybovou rovnici

ζ ′ =
(

1
2

+ γ + 2ε
)
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(
1
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− 2γ − 3ε

)
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Nové časové schéma

AB3-AM4 FB schéma je druhého řádu p̌resnosti pro libovolné δ, γ, ε.

Třet́ı řád p̌resnosti pro β = 5
12 a teoreticky lze dosáhnout až pátého řádu

p̌resnosti, ale nebude to stabilńı.

Courantova podḿınka stability

√
2gh∆t
∆x

∣∣∣∣
max

≤ ωmax

2

Praktické hledisko: δ = 0.281105 zajǐst’uje nejvěťśı stabilitu pro advekci,
γ = 0.088 a ε = 0.013 zajǐst’uje dostatečně velký rozsah stability pro vlny.
Přesnost druhého řádu, ωmax = 1.7802. Robustńı i pro silně nelineárńı
systém, vhodné pro barotropický model.

Shchepetkin, A. F. & McWilliams, J. C., 2008: Computational kernel
algorithms for fine-scale, multi-process, long-time oceanic simulations. In
Handbook of Numerical Analysis: Computational Methods for the Ocean and
the Atmosphere, Elsevier Science, ISBN: 978-0-444-51893-4.
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Rozd́ıly mezi schématy

Výhody nového AB3-AM4 FB schématu oproti starému semi-implicitńımu:

Přehlednost kódu

Rychlost výpočtu

Věťśı stabilita nelineárńıho advekčńıho členu

Realističtěǰśı výsledky z hlediska zákonů zachováńı
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Časové srovnáńı obou schémat

30-denńı simulace mǒrských slapů, reálná batymetrie, severńı hranice 85◦

Výpočetńı stroje: lojzik a geof90, oba Intel Six-core i7-3930K, 3.2 GHz

Paralelizace: OpenMP, 6 výpočetńıch vláken

Kompilace: Intel Fortran, maximálńı optimalizace

ROZLIŠEŃI NOVÉ SCHÉMA STARÉ SCHÉMA

60′ dtmax=32.999s
dt=32s dt=180s dt=240s dt=300s
3m48s 3m42s 3m39s 3m45s

30′ dtmax=15.693s
dt=15s dt=60s dt=90s dt=120s
37m23s 70m01s 43m42s 84m27s

20′ dtmax=10.233s
dt=10s dt=40s dt=60s dt=90s
2h13m ∼4h02m 3h13m ∼4h52m

15′ dtmax=7.574s
dt=7s dt=30s dt=45s dt=60s
5h18m ∼9h31m ∼9h ∼ 9h40m
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Srovnáńı z hlediska zákonů zachováńı

Zákon zachováńı hmoty

dM
dt

= 0, M =
∫
ζ dS

Zákon zachováńı energie

dE
dt

= F , E =
∫

1
2

(h(u2 + v2) + gζ2) dS
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Srovnáńı z hlediska zákonů zachováńı — experiment s
cunami
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Srovnáńı z hlediska zákonů zachováńı — celková hmota
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Srovnáńı z hlediska zákonů zachováńı — celková energie
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Testováńı — experiment s cunami

Pohybová rovnice

∂(hu)
∂t

= P(ζ) + Cor− ku
√
hu2 + v2 + Adv +AHVis

Nulové ťreńı na dně, k = 0
Testováńı pro r̊uzná AH

dM
dt

= 0, M =
∫
ζ dS

dE
dt

= 0, E =
∫

1
2

(h(u2 + v2) + gζ2) dS

M = −3.88 · 1014 m3 s maximálńı chybou < 2 m3
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Testováńı — experiment s cunami, 30’
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Testováńı — experiment s cunami, 60’
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Testováńı — experiment s cunami, 20’
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Testováńı — experiment s cunami, 15’
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Shrnut́ı experiment̊u

Nové časové schéma AB3-AM4 FB je výrazně rychleǰśı p̌ri vyš̌śım rozlǐseńı —
zabere cca 70 % výpočetńıho času starého semi-implicitńıho schématu u 20′

modelu a cca 60 % u 15′ modelu.

Podstatně lepš́ı (tj. realističtěǰśı) výsledky testováńı zákonů zachováńı.

AB3-AM4 FB schéma způsobuje lehký nár̊ust celkové energie, lze potlačit
(alespoň částečně) zvoleńım vhodné hodnoty AH a zavedeńım ťreńı na dně.
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Co je aktuálńı

Oblast severńıho pólu

Změna rozlǐseńı v zonálńım směru

”
Polárńı čepička“

Zat́ım nefunguje. . .
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Co bude brzo aktuálńı

Srovnáńı s mě̌reńımi elevace mǒrské hladiny, data z University of Hawaii Sea
Level Center, http://uhslc.soest.hawaii.edu/.

Implementace modulu, který bude poč́ıtat sekundárńı magnetické pole.
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Děkuji za pozornost
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