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正回饋
(G. J. Zhang and Song, 2010)
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不足以反映現實的對流參數化

冷平流減弱

潛熱通量增強
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好消息與壞消息

•好消息: 在特定的GCM中，修正對流參數化的閉合假設
能改善雙重ITCZ偏差 (G. J. Zhang and Song 2010)

•壞消息: 對流參數化的作法太多樣，使特定的修正方法難
以一體適用

•更糟的消息: 異常ITCZ中的西風偏差持續發生在兩個世代
的GCM中 (X. Zhang et al., 2015)
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新假說
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位渦充放理論

𝜕𝜌𝑄

𝜕𝑡
= −𝛁 ∙ 𝐉

𝐉 = 𝜌𝐯𝑄 − ሶ𝜃𝛚𝐚 − 𝐅 × 𝛁𝜃

• 𝑄 ≡
𝛚𝐚∙𝛁𝜃

𝜌

• ሶ𝜃, 加熱

•𝛚𝐚, 絕對渦度

Prelim A 136/20/2019



𝜕𝑢p

𝜕𝑡
=

ҧ𝐽

𝛁𝜃

• NCT-coupled diabatic heating
(ND) discharges EPV, which 
yields westward acceleration.

14

ҧ𝐽 ≅ 𝜌𝑄 ҧ𝑣 + 𝜌𝑄′𝑣′ − 2𝛺 ҧሶ𝜃 cos 𝜗 − ҧሶ𝜃
𝜕𝑢

𝜕𝑧
− ሶ𝜃′

𝜕𝑢

𝜕𝑧

′

MA      EA           ND          MD       ED
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位渦收支

• R (residual) is large.
• Nonlinear terms (EA, MD, 

and ED) are uncertain.

• ND flux would be as 
shown if the diabatic 
forcing was accurate.

• ND flux is considerable 
using MA flux as a 
reference.

15

ҧ𝐽 ≅ 𝜌𝑄 ҧ𝑣 + 𝜌𝑄′𝑣′ − 2𝛺 ҧሶ𝜃 cos 𝜗 − ҧሶ𝜃
𝜕𝑢

𝜕𝑧
− ሶ𝜃′

𝜕𝑢

𝜕𝑧

′

MA      EA           ND          MD       ED
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回顧: Hayashi and Itoh (2012)

•使用線性化的強迫─耗散模
式

•以季內震盪之向東移動之
熱源來做為強迫

•在加熱區中發現西風偏差
(w/o NCTs minus w/ NCTs)

17

Contours: U wind w/o NCTs

Shadings: U wind w/ NCTs minus w/o NCTs
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Prelim. B: Ong and Roundy (2019)

•簡化該線性化的強迫─耗散
模式

•以穩定之緯向對稱之ITCZ
狀熱源來做為強迫

•在加熱區中發現西風偏差
(w/o NCTs minus w/ NCTs)

18Prelim B

Contours: U wind w/ NCTs (5 m s-1)

Shadings: U wind w/o NCTs minus w/ NCTs (m s-1)
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標準化西風偏差

𝑚𝑎𝑥. 𝑤𝑒𝑠𝑡𝑒𝑟𝑙𝑦 𝑏𝑖𝑎𝑠

𝑚𝑎𝑥. 𝑤𝑒𝑠𝑡𝑒𝑟𝑙𝑦 𝑤𝑖𝑛𝑑

• 0.120 ± 0.007, given
• ITCZ width: 1000 km

• ITCZ location: 600 km

• (mimicking ITCZ in May)

• ITCZ越窄或越接近赤道，
標準化西風偏差越大

19Prelim B

0

0.3

0.15
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評估靜力平衡近似之有效性

傳統 (e.g., Vallis, 2017)

• 垂直動量方程
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑔𝑟𝑎𝑣𝑖𝑡𝑦

~
𝐷2

𝐿2
~0.0001

• 𝐷, characteristic depth

• 𝐿, characteristic width

熱帶大尺度替代方案

(Ong & Roundy, 2019)

• 水平動量方程
𝑛𝑜𝑛𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠

𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠

≡ 𝑂~
𝑎𝐷

𝑌𝐿
~0.1

~ 標準化西風偏差
• 𝑎, planet radius

• 𝑌, distance from equator

20Prelim B6/20/2019
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回顧: 赤道波動

•在Boussinesq模式中，任一組波動頻散關係皆不受NCTs
影響

•在anelastic模式中，NCTs可能影響波動頻散關係。這是
由於壓縮性beta效應

22Prelim C

Hydrostatic Quasi-hydrostatic Fully nonhydrostatic

Shallow water Matsuno (1966)

Boussinesq Fruman (2009) Roundy & Janiga (2012)

Anelastic Holton & Hakim (2012) The present study
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壓縮性beta效應
(Verhoeven & Stellmach, 2014)

•南北向渦度方程
• 線性化

• 無南北風

• 無浮力
𝜕

𝜕𝑡

𝜕𝑢

𝜕𝑧
−
𝜕𝑤

𝜕𝑥
+ 𝜌𝑤

d

d𝑧

2𝛺

𝜌
= 0

• 平流運算子𝑤
d

d𝑧
乘以密度

• 被平流的物理量: 
2𝛺

𝜌

23Prelim C

Contours: mass streamfunction

Shadings: meridional planetary vorticity / density
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整組的赤道波動解

24Prelim C

𝑂~1𝑂~0.03
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中性大氣的赤道波動

•能用來做深層大氣模式的評斷基準

•在恆星或巨型氣體行星的內部動力中可能很重要
• 前人認為壓縮性beta效應在這些天體的內部動力中很重要

(e.g., Gilman & Glatzmaier, 1981; Verhoeven & Stellmach, 
2014).

•有限的證據無法排除其在地球上的大尺度 (> 1000 km) 
長時間 (> 70 days) 的變化

• Yano and Bonazzola (2009) 為實質中性的大氣條件提供了有
限的證據

25Prelim C6/20/2019
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總結

•雖然非傳統科氏項 (NCTs) 被模式忽略，但三項初步研究
顯示NCTs的重要性至少有以下三個方面

• NCTs配上加熱能沿著等熵面傳遞位渦

• 就大尺度環流對ITCZ狀加熱的反應而言，忽略NCTs造成西風
偏差

• 在密度向上減少的條件下，NCTs能夠將南北向渦度擾動向東
傳遞

276/20/2019



初步支持新假說

286/20/2019

西風偏差

暖海溫偏差

異常南太平洋ITCZ

冷平流減弱

潛熱通量增強

忽略非傳統科氏項確實能在加
熱區產生西風偏差

邊界層效應可能將此西風偏差
向下傳遞



挑戰

•目前最大的挑戰是難以取得深層大氣模式

•已發展完備但難以取得：
• 英國氣象局Unified Model、日本NICAM

•正在發展：
• 德國氣象局ICON (Borchert et al., 2018, in review)

• 美國海軍NEPTUNE (P. Alex Reinecke, personal communication)

• GFDL FV3 (Hann-Ming Juang, personal communication)

• NCAR MPAS

•已可取得但較為簡化：MITgcm

5/28/2019 29
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Model requirements

• Testing the hypothesis requires a model that
• Couples atmosphere and ocean to simulate the wind-SST-

precipitation positive feedback

• Can switch between deep (w/ NCTs) and shallow (w/o NCTs) 
atmospheric dynamical cores

• So that the contrasts between the results can be attributed to NCTs

346/20/2019 近程計畫



Why MPAS?

• Many deep (w/ NCTs) atmospheric dynamical cores are 
under development, including GFDL’s FV3, U.S. Navy’s 
NEPTUNE, and DWD’s ICON.

• Developing a deep core for MPAS can provide
• A freely available deep core to the public

• More diversity to a future deep core ensemble

356/20/2019 近程計畫



How to adapt MPAS?

• Restore the complete Coriolis and metric terms to the 
momentum equations.

• Use the vertically varying distance from planet center 
(deep) instead of the constant planet radius (shallow) in

• The length of grid cell edges for horizontal flux operations

• The distance between grid cell centers for horizontal gradient 
operations

• The area of the grid cell for vertical flux operations

366/20/2019 近程計畫



Benchmarks for deep cores

• Numerical benchmarks
• Non-deep-core-targeting

• General circulation test (Held and Suarez, 1994)

• Deep-core-targeting
• Baroclinic wave test (Ullrich et al., 2014)

• Analytical benchmarks
• Non-deep-core-targeting

• Sound wave test (Borchert et al., 2018, in review)

• Deep-core-targeting
• Compression Rossby wave test (Prelim. C)

376/20/2019 近程計畫
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Yano and Bonazzola (2009)



Forced-dissipative model

𝛼𝜃′ +
d෩𝜃

d𝑧
𝑤 =

෩𝜃

𝑐𝑝 ෨𝑇
ሶ𝑄

𝛼𝑢 − 𝛽𝑦𝑣 + 2𝛺𝑤 = 0

𝛼𝑣 + 𝛽𝑦𝑢 +
𝜕

𝜕𝑦
𝑐𝑝 ෨𝜃𝛱

′ = 0

𝛼𝑤 −2𝛺𝑢 +
𝜕

𝜕𝑧
𝑐𝑝 ෨𝜃𝛱

′ −
𝑔

෩𝜃
𝜃′ = 0

𝜕

𝜕𝑦
𝜌𝑣 +

𝜕

𝜕𝑧
𝜌𝑤 = 0

ሶ𝑄 𝑦, 𝑧 =

ሶ𝑄maxe
− 𝑦−𝜇 2

2𝜎2 sin2
𝜋𝑧

16 km
e
𝛾𝑧

2𝐻 − 𝑅 𝑧

(𝛼2 + 4𝛺2 +𝑁2)
𝜕2𝛹

𝜕𝑦2

+ 2 2𝛺𝛽𝑦
𝜕2𝛹

𝜕𝑦𝜕𝑧

+ 𝛼2 + 𝛽2𝑦2
𝜕2𝛹

𝜕𝑧2

+
2𝛺𝛽𝑦

𝐻

𝜕𝛹

𝜕𝑦

+(
𝛼2

𝐻
+

𝛽2𝑦2

𝐻
+ 2𝛺𝛽 )

𝜕𝛹

𝜕𝑧

=
𝜌𝑔

𝑐𝑝 ෨𝑇

𝜕 ሶ𝑄

𝜕𝑦
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Compressional Rossby waves

𝜕𝑏

𝜕𝑡
+ 𝛼𝑁2𝑤 = 0

𝜕𝑢

𝜕𝑡
− 𝛽𝑦𝑣 + 2𝛺𝑤 +

𝜕𝜑

𝜕𝑥
= 0

𝜕𝑣

𝜕𝑡
+ 𝛽𝑦𝑢 +

𝜕𝜑

𝜕𝑦
= 0

𝜖
𝜕𝑤

𝜕𝑡
− 2𝛺𝑢 +

𝜕𝜑

𝜕𝑧
− 𝑏 = 0

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
−

𝑤

𝐻
= 0

𝜌𝑢 ≡ Τ𝜕𝛹 𝜕𝑧 & 𝜌𝑤 ≡ − Τ𝜕𝛹 𝜕𝑥

𝜕

𝜕𝑡
𝜖
𝜕2𝛹

𝜕𝑥2
+

𝜕2𝛹

𝜕𝑧2
+

1

𝐻

𝜕𝛹

𝜕𝑧
−

2𝛺

𝐻

𝜕𝛹

𝜕𝑥
= 0

𝛹
= 𝛹 exp − Τ𝑧 2𝐻 exp 𝑖 𝑘𝑥 + 𝑚𝑧 − 𝜔𝑡

𝜔

𝑘
=

2𝛺

𝐻
𝜖𝑘2 +𝑚2 +

1

4𝐻2

−1
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Complete set of equatorial waves

𝑢, 𝑣, 𝑤, 𝑏, 𝜑 = ො𝑢 𝑦 , ො𝑣 𝑦 , ෝ𝑤 𝑦 , 𝑏 𝑦 , ො𝜑 𝑦 exp Τ𝑧 2𝐻 exp 𝑖 𝑘𝑥 + 𝑚𝑧 − 𝜔𝑡 + 𝜙

𝜑 = 𝜑0exp
𝑧

2𝐻
−
𝛼𝑁2 +

𝛺𝜔
𝐻𝑘

− 𝜖𝜔2

𝛼𝑁2 + 4𝛺2 − 𝜖𝜔2

𝛽𝑘

𝜔

𝑦2

2
exp 𝑖 𝑘𝑥 − 𝜔𝑡 + 𝑚𝑧 +

−2𝛺𝛽𝑚

𝛼𝑁2 + 4𝛺2 − 𝜖𝜔2

𝑦2

2
+ 𝜙

−𝑘2 𝛼𝑁2 − 𝜖𝜔2 − 𝑘
2𝛺𝜔

𝐻
+ 𝜔2 𝑚2 +

1

4𝐻2 = 0

𝑣 = 𝑣0H𝑛
𝑦

𝐿
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𝑧

2𝐻
−

𝑦2

2𝐿2
exp 𝑖 𝑘𝑥 − 𝜔𝑡 + 𝑚𝑧 +

𝛤𝑦2

2
+ 𝜙

𝐿2 =
𝛼𝑁2+4𝛺2−𝜖𝜔2

𝛽 𝛼𝑁2−𝜖𝜔2 𝑚2+
1

4𝐻2
+
𝛺2

𝐻2

𝛤 =
−2𝛺𝛽𝑚

𝛼𝑁2+4𝛺2−𝜖𝜔2

− 𝑘2 +
𝑘𝛽

𝜔
𝛼𝑁2 +

𝛺𝜔

𝐻𝑘
− 𝜖𝜔2 + 𝜔2 𝑚2 +

1

4𝐻2
−
𝛺𝑘

𝐻𝜔
= 2𝑛 + 1

𝛼𝑁2 + 4𝛺2 − 𝜖𝜔2

𝐿2
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