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= 505+ 507 — 208 cos 8 — 2L — g 0L

MA EA ND MD ED

* NCT-coupled diabatic heating
(ND) discharges EPV, which
yields westward acceleration.
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— - 'S -0u .
J=pQv+ pQ'v' —200cosV —0——0'

ou
0z 0z
MA EA ND MD ED

* R (residual) Is large.
(a) 330 K Isentrope (CFSR Monthly) o 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.
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0|[&: Hayashi and Itoh (2012)

Contours: U wind w/o NCTs

Shadings: U Wlntdgwg IEI\CTSImln.us w/o NCTs . 1§) - ,%?'K:E'fbﬁ/\] Eﬁ@—%%iﬁt&ﬂ%
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Prelim. B: Ong and Roundy (2019)

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

Shadings: U wind w/o NCTs minus w/ NCTs (m s1) %ﬁ_'f_l%% ? K‘-IE'HSE/] gﬁ %%%Q
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max. westerly wind

0.120 + 0.007, given
 ITCZ width: 1000 km
* ITCZ location: 600 km
* (mimicking ITCZ in May)
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B4 (e.g., Vallis, 2017)

EHEI=hiE

vertical acceleration

°
NE]|

reduced gravity
DZ
~ Tz ~0.0001

» D, characteristic depth
L, characteristic width
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(Ong & Roundy, 2019)

« IKEENEH1E
nontraditional Coriolis

traditional Coriolis

=30, ab 0.1
YL

~ IRE(C P JE R =

* a, planet radius
» Y, distance from equator
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Hydrostatic Quasi-hydrostatic| Fully nonhydrostatic
Shallow water Matsuno (1966)

Boussinesq Fruman (2009) Roundy & Janiga (2012)
Anelastic Holton & Hakim (2012) The present study
Ezgussinesq’fﬁfﬁ 0 I — AR E IR R B ANCTS
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B4 betad &
(Verhoeven & Stellmach, 2014)

Contours: mass streamfunction
Shadings: meridional planetary vorticity / density
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Frequency (CPD)
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- HRIEm KWk EL 22 DI VG A E KSR
- 2 ESTHEEHDIES

« TA [ 5 2 FUnified Model ~ HZANICAM
¢ J___{‘_téxft

=57 22 FICON (Borchert et al., 2018, in review)
« =F;/EENEPTUNE (P. Alex Reinecke, personal communication)

« GFDL FV3 (Hann-Ming Juang, personal communication)
* NCAR MPAS

» SO/ ESERBEE : MITgem
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Momentum equations

Du u : 1 ap
— — | Inv — | =F
Dt (ZQ | acosﬁ) (US v WCOSI?) | pacosy oA A
Dv = wv u : 1 dp
— + — 2() 1 ) inJ 4 = F
Dt+ T +( " @cos 9 usinv A paod v
Dw  u?+v? 10
20ucosd +--2 = —g+E.

Dt T
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Momentum equations

Du u : 1 ap
— — {20 4 ) in | = F
Dt ( " acos 9 (US v ) | pacos 9 oA A
Dv u : 1 dp
— A ) ind - = F
Dt +( " acos 9 usinv A paod v
Dw 10
==L = —g+F,

Dt poZzZ
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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
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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
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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

. T
. T

0
. T

6/20/2019

ne length of grid cell edges for horizontal flux operations

ne distance between grid cell centers for horizontal gradient
perations

ne area of the grid cell for vertical flux operations
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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)
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. Pseudo Acceleration (m s month™)
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(a) Eddy Advective
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EPV Charging
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Precipitation (mm day™)
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Z (km)

¥ (interval: 2 x 10'% kg s™) and A¥ (units: 10" kg s™)
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v (interval: 0.3 m s™') and w (units: 10° m s™)
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Aw (interval: 5 x 10 m s™') and A¢" (units: K)

24 1 1 1 1 i [l 1 1 0.18

0.09

-0.09

-3200 -2400 -1600 -800 0 800 1600 2400 3200



(a)

Pressure (hPa)

200

B
o
L]

600

800

1000

G. J. Zhang and Song (2010)

CTL (b) RZM (c) ERA40/ODAS/GODAS
'u;u’i nd vectlur(u;-om;aga} M:Iind vactlnr(u;-nmlaga} Wind vactlnr(u;-nn}aga} : mfs;ﬂlﬁ.Smb!da?r
.-.-.-;;;}i;;ff,!;ff; ...... — ..r,..-:':; .................. e T R E L R R R 9{} = 30
L P —= o EREREE it T N
}fffffffo}ffx.—* i e i .ﬂf,ﬂ'l,r‘__.-‘j'_f..-u e S B ALAANS S aa " CARRRRRN MR R R NN 20
HHT”””””}'HH*”—ﬂx\x\..\.\\\h\*— 111 I R R R N ] 10
N s

160E 180 160W 140W 120W 100W160E 180 160W 140W 120W 100W 160E 180 160W 140W 120W 100W



Yano and Bonazzola (2009)
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Forced-dissipative model

, dé 0 . 02y
— W = — 2 2
alf’ + de cpTQ (C( + 4.() +N2)6_yz
au — fyv + 20w =0 0%y
_ + 2(20py)
av+,8yu+i(cp917’) =0 0yoz
(P +Ha? + f7y%) 2x
aw —20u +—(c,011') —26" = 0 022
5 ) 07 Z (2.(2,83/) oW
Py (pv) + o (pw) =0 H ) dy

. H
Qy,2z) = | pg 9Q
, ~-w° L ( Tz vz =
Qmax€ 20% sin (16 km) e2H — R(z) cpT 0y
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Compressional Rossby waves

a_b_|_aN2 —0 pu=0¥/0z & pw = — 0¥ /dx

a—u—ﬁyv+2ﬂw+ =0

9 9%y  0°Y  19¥ 20 0¥
| pu+22 = o 5657t o tiar) " ox =0
dy
ea—W—Z.Qu+ —bh=0 L
ot = Wexp(—z/2H) expli(kx + mz — wt)]
—+ +————0
ox 0z H
—1
2()
2= (ek2+m +—)
kK  H
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Complete set of equatorial waves

{u,v,w,b, @} = {a(), D), W(y), B(S), @(y)} exp(z/2H) exp[i(kx + mz — wt + ¢)]

Nw
7 aNZ +_—€Cl)2 lBkyZ . —ZQIBm yz
— Hi exp |i| kx — wt + mz + + ¢
2H aN?2 +40? —ew? w 2 aN? + 402 — ew? 2

20w

1,2 2 _ .2\ _ | 2w y) R
k“(aN* — ew*?) kH+a) (m +4H2)—0

P = PoeXp

v = voH,, (%) exp (%—%) exp ’i (kx —wt +mZ+FTyZ+ ¢)]

aN2+40?%—ew?

L? =
ﬂ\/(aNZ—ea)Z)(m2+ﬁ)+z—z
—-20m
 AN2+402—ew? ; ; 5
- k2+§ aN2+Q—w—ea)2 + w? [ m? + L Ok —(2n+1)aN Ta0" —ew
W Hk 4H? Ho| L2
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