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f_,<xj>:(0(xj +A,t)_¢(xj,t)+o(A) [(p}(xj): fj’(xj)+8J

J
A
FRIBA SRR~ M, RERKTAN 1 K, FIZAARER, 15
B TS T 2 4, B SRR % R g, (x)) = (X))

fj'(xj): a, f; (xj)+<311fj+1(xj+l)+a2 fHZ(xH)
g
( ) a0¢] ( )+ a1¢1+1( j+l)+ a2§0j+2 (Xj+2)

?%l%%ﬁ U\%ﬂi\‘y\j g:¢; (Xj)_aO(pJ' (XJ)_a1¢j+1(xj+l)_a2¢j+2(Xj+2) ’ ﬁi}ﬁ;ﬁ

P10 @0 BEAT Taylor JEIT

2 3
PIMET

2A 2A
< >¢J (22)
2! 3!

P =@; TAQ; +

/N

Pt

P2 =@ +(28) ) +
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N T T3 R X NI AR AT R B, 0T R A

? 9 @; o

9 0 1 0 0
—8yP; —a, 0 0 0
—Pj —a -a,A _Q%; _%%;
—8,0;,, -a, ~2a,A —2a,A? - % a,A®

£ BRI T, ATRSR] T =Fr S E— 4. sehr b, B/ se 2 mak
A=A RAAEL R E =R R R (B 20— St al Do =I5 fE,
FIBI=Fr RN TR HIRE). AT EHEMERME, URMEREEBFEH
Brevsire s, NAZ SR TN R A Ot R 510D 0, R

3
8 =——~
a,+a,+a,=0 22A
1-aA-2a,A=0= a1=K
2
qéi+2%A2_O __1
2 27 2
= RN S EURIL R RIE N
, 3 2 1 =3f, +4f,, - f,,
fj:aofj+aifj+l+a2fj+2:—ﬂfj+gfj+1—ij+2 2AJ
ERIREN
A3 4A3 I!I AZ H!

S IRIX LA P A R B B 2 B A P
() MEZEDT

) J5 22 0 FR B S 5T 22—, XEAMod 20k, B S
5, Wk
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fj’(xj ) =a,f, (xj )+a_1fj_1(xj_l)+a_2 fi (xj_z)
g
f (%) = a0 () + a0y (%) + 2004 (%122
=0} (%)~ 20; (%) -0 (X1) ~ 2.0, (x;2)

AZ 3
Pia= O m AP O
’ (ZA)Z " (ZA)S "
¢j—2:¢j_(2A)¢’j+ ol Qi — 31 @yt
?; ] @] o’
] 0 1 0 0
—3,0; —a, 0 0 0
A? A®
—a.,0;, —a, a A —a, 7 a, ?
2 4 3
—a,0j, —a, 2a ,A —2a ,A 3 a,A
)
a,+a,+a,=0 2A
l1+a ,A+2a,A=0=><a,= _2
A
A? ) 1
a,—+2a,A"=0 .-
2 )
2A
' 3 2 1 3f. —4f  +f._
fj:aofj+a71fjfl+a72fjizzzfj—Z fj*1+zfj72: ] ZJAl =2

As 4A3 " AZ " 2
8:[3.1?4‘612?]@] +--- =?¢j +eee~ O(A )
7. BEERES# . (CompacT Finite Difference schemes, CTFD)
(1) JAHLZES(Local Difference): 3K 3 mi 72 70, S8 A FL il i s (9 8UE , 4 FWD.
BWD LLK CTD, XANE4ZAERN, HEEInf = Af.
(2) dE/HHLZE 7 (Non-local Difference): K I £ 2 73 I, AAE A Il I AU,
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[E] Hof i ek FH FL o oy fEL (B 2 ROl AOME), AT A 22 90 T o e sy, T2 2%

WBf = Af(A # B). XFHERHLZ 735 'R R A PR Z 45 (CTFD), B3 XK
N Padé 1T fLL.

[ 2] CTFD %4, MEWTHWEL BN, HHEREKEE.

b, f/, +f +bf  +a f +af +af, = ( )

X fie [ AT Taylor BT, &

2

3 4 5
fo=f A el fo A f(“)+A O+
= Y A TER BT 51
f! f’-l- A 3) AS 4) A4 (5) AS (6)
= A+ — P — 9 — P — 7 4.
2! 3! 4! 51
1 Taylor
fJ fj’ fj" fj(3) fj(4) fj(5)
, A® A® A*
b, f/, 0 b, b A b,=— _b_lF o
f 0 1 0 0 0 0
A® A® A*
fl. 0 b A 2 a0 a
BT o ' by 2 by 6 IO124
A? A® A* A®
a,f. a_ —-a_,A a. — —a, — a.— —q.—
t ' ' 1 16 124 1120
a, f; a, 0 0 0 0 0
A® A® A? A®
f . A 2 2 2 il
i % % 4 4% DY %120

SAKRmME, FIHFEWT:
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a,+a,+a =0 a,+a,+a =0 @
b,+1+b-a,A+aA=0 b,+1+b -a ,A+aA=0 @
2 2

-bA+bA+a, A—+a1A—: = —b1+b1+a_l%+a1%:0 ®
2 2 3 3 A A

b71£ blA——a A—+a1A—: b71+b1—a71§+31§=0 @
AP A A A A A

b 2 ip 2 2 492 - -b,+b+a,—+a—=0

Q16+Q +a4m+q24_0 |+ 1Ay ©

¥®-6, #3la,+a=0a=a, @, 460, Ha,=0,.
BORNOHFO®F, #EIbh-b,=0cb=b, @,
¥D., @RNQ., @F, B2 FE4H

2b+2aA=-1 |a=-—>
, 4A
b +SaA=
b1+3a1A 0 bl:_
4
ol A A, =b =t a =08 ——a,——— . EZ%
PRI S Y

AY A A® A® A
=|lbh.—+h — - |+ee==—4...~0 A4
¢ [‘1 24P g ailzoJ 120 (+°)

T = CTFD B R By A RIAX T UG A
3 3

flo+4f+ 1 + Afj_l—ZfH—O(A")
g
fj'1+4fj'+fj’ﬂzg(fﬁl—fjl)+O(A4)

8. A MrENH A HIRZERE —B IEHHZE (Modified Wavenumber)
HRE—MRAE () = e** (R, LN SEN
@ = ike™™ = ike
R FRAT AT MR B A SO Bt B FR KR, BIf =ik’ f. Hok'(=
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m=%t BECLUG AR, M. AR

| —[Re(i)]" +[Im (k)]
K'= A = Im(K')

@, =arctan Re (K

—ikf =iA e f =iA &)

¥ ERER S0 = ikptHLEL ATLURIL, fEEBUL G, FRIEMAAHEA 10
A% (a0~ B FTR) o

15

@(x) = sin(x)  Order of accuracy:

J(x)=0(x))

{f;m (x,) =¢'(x,) + O(A%)
Towp(x,) =¢'(x,)+O(A)

1.0 1

0.5 1

0.0

—-054 — P(x)
— ¢'(x)

m fix)

x  Femlxi)
*  Frwp(x;)

*

-1.04

-15-4 T T T T T T
0 1 2 3 4 5 6
X

(FRIZESER S RSB FEABMRE LA RE)
SR S IE BB D710 B FWD. BWD BA A CTD iR 2215 L Ot T- 5 Fh
NI, WAL = e = e

(1) FWD
f.oo —f _ _ ika _q ika
fjr: j+1 j :l(elkxm—elkxj):e 1e|kxj :e 1 fj
A A A
f’ e'kA ~1 sinkA+i(1-coskA ,
T2k = m = ( ) Y NIESE:
2(1—coskA _

A = ( ) @, = arctan 1 _cos kA _ k_A

A sin kA 2

[E] LR AR ERGEHNESIEET,
e = /NS
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sin26 =2sin @cos @, cos 20 = cos? @ —sin’ @ =2cos’ §—-1=1-2sin’ O

2sin? —

?%arctanm=arctan A 2 A =arctan(tank—Aj:k—A

sinkA 2sin—Ccos— 2 2

2 2
(2) BWD
f —f —ika —ikA
fjr: J l‘lzi( ikx lka)_l € e'kxi :1 e fJ
A A A A

_f 1-e™ sin kA—i(1-coskA)

Trk=—= , M3
RN A A AT 3
2(1—coskA) 1-coskA kA
= @, =—arctan———— = ——
A A A sin kA 2
(3) CTD
fr— fj+l - fjfl _ i(eikxj+1 —eikxjfl ) _ eikA _e*ikA eikxj _ eikA _efikA .
! 2A 2A A A !
fr e* _e ™ 2isinkA sinkA y
TRK =—="— =— = Y NIE= £
if iA iA
A = sin kA’wk’ 0

A

[ 3] %t a7 M4 E 8 CTFD /A R #4715 E W E 4947 -
! ! / 3
fl o+4f/+ fM:K(fH— fiy)
WA =ik, TR fL = fe =ik, =ik e, R KA
il e + 4k, +ik'f, e =%( ek — fe)
3 kg 3 2isinkA 3sinkA

K=="_¢ "¢ _° _
iAe™ +4+e*  jA2coskA+4  A(coskA+2)
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3sinkA
T UAINA =—— 0,.=0.
FRTUREA A(coskA+2) w"

T

J2(1 — coskAq)

[RIZE5 (FWD) i
A 2
HEZ45(BWD) V2(1 — coskd) 3 k;
A
inkA
"PRES(CTD) —~ 0
3sink4
= HCTFD —_— 0
REED( ) A(coskA + 2)
" —— spectral accuracy
— Ac FWD
—— we FWD
— A, CTD
3n/4 { == we CTD
AN
______ nj2 4 P
@] L=
/4 | —“g"——
0 el ;
0 nf4 n/2 3n/4 n
Modified wavenumber analysis on different finite-difference scheme
1.0 1
0.8 1
0.6 1
B
h 0.4 1
027 — ¢
—— FWD/BWD
0.0{— ¢
0 /4 w2 3n/4 T
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LM 2t RBELTHR(HFR)

1. BERHEELHZHEFIIRIRR

LOSX<%
At k3 f (x) = . , HJE =1, ZOA2HEHEEGE N
-1 —<x<1
2
1_
£ 0
_1_
0 1 2 3 4

S AR YR EAT, — AT L 2 A AR =M g n, ek
i f Go) A B 2 Raa 08

”@=_ij

+1ﬂn[2ﬂ(2k+1)x]

T2 B & 1) EFR(H N SRFRIR)N 0, 10,30, 1000, 2 H 1 R A G T
TP 24 N=0 B, SR BTSN = MR, © 5IRATE SO R 50 25
Fhz. 2 N=10, 30 IF, PRI EEG S e UM R B IRE LR, H
FELEREAN A NG R AR POIR R BN A LE o T 24 N BUR KIS (V=1000), R4 5E
2 ANTR] JE I = AR RO AT BN, A5 R 25 Y © R AR 5 T ke 1) ) 4 ek 4 LR
—,
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= [ — k=30
] -

 —— k=1000

fx)
I

Jx)
I

A el e e

0 1 2 3 4 0 1 2 3 4

2. @M ARBHEL B 512HE
BN L RS (), H—BrSEChe (x), HHEMFERIT (e 8:
KR iz A )R

= i é(k)exp(izTﬂkxj

K=

X x AREEAEE], kRSB, ) L R
I¢ eXp(l— jx
WA e —r- 8N
#00= 2 00 13 Joup{ 1 271
LF(x) =¢'(x), WA

§(0)-

g
D
X
©
—_
N—
7\
T
o
-
N
Il
<o
—_
=
—
—_
| N
B
=~
N—
N——

k=—00

AT — A ] B ML & PR F IR AR Rl R, B
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18 s et

HEF — — i—ilzﬁ(k exp[:—kr)
— [ pene| 12k - F(x)=¢'(x)
IR é(x) mij ﬁ(x)
F(x)= (k)i 2"k

AT AN TEA BN R () AT R PR S8 A8 E, Wk
QO MR BT IR, WA SR 920 B 325K 5 A2 B0 Tl J ), (E A S B i
i, A AR ANESEN . BEULEIR R, BEINEEE R B ARE, B
PR AR A AR R

3. ZARBAKIERKE
LRI R A = A R R AR
1,cos wt,sin wt, €os 2¢t,sin 2at, ..., cos Net, sin net, ...(N =0,+1, %2, ...)
BN T = 2, EWEKX O, 7] L
(1) 1 2 HFcos n wt, sinn wtIER
T 1 (7 1 T
fo cos n wtdt = Efo cos(nwt) d(nwt) = Esm(nwmg = 5—sin 2mn =0

T 1 (7 1 T
f sinn wtdt = —f sin(nwt) d(nwt) = ——cos(nwt)|} = ———(cos2mn —1) =0
0 nw J, nw 2nn

(2) cos n wtfsinn wtHEIER
YT = ARBTIR, BATAE A AR

sin(a + ) =sinacos B+cosasin B

sin(a— B)=sinacos f—cosasin B
cos(a + ) =cosacos B—sinasin B
cos(a — fB)=cosacos B+sinasin B

T2 Al AR BB 2 22 50

sinozcos,B:1 sin(a+pg)+sin(a—p ,sin,BCOSOz:l sin(a+ pg)-sin(a—p
~[sin(a+ §)+sin(a - ) ~[sin(a+ ) -sin (@~ )
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TR
T

T 1
J. cosnwt - sinm wtdt = E,f
0

1 T
sin(n + m) wtdt + E,I- sin(n — m) wtdt
0 0

WRIBOWLERTTA, Lk n5 m ZEHTE, RERNRSERHE N0, BIER.
(3) cosnwtRlcos m wtPh Fsinn wtfsinm wtfEn # mHEIER
IR, AR ZE 250

coswcosﬂ:1 cos(a—pB)+cos(a+f ,sinozsin[i’:1 cos(a—p)—cos(a+pf
~[cos(~ ) +cos(a + ) ~[cos( - §)~cos(a + )

FrEA

T

T 1
f cosn wt - cos m wtdt =§f
0

1 T
cos(n —m) wtdt + Ef cos(n + m) wtdt
0 0

T T

1
cos(n —m) wtdt — Ef cos(n +m) wtdt

T 1
f sinnwt-sinmwtdtz—f
0 2 0

0
B, HAn 5 m AMERHE, a0 PRER, LRSI 0.
WA= n=m W}, RPN 08 0, MR ﬁj\ﬁﬁ o

4. SEHUBAEIH R B G ERH
AT — N T e K (e), AL TN

x(t):%+§[an cos(2znfyt)+b, sin(2znft) | @®
Horfify = SFORIERIIE
(1) @Xcos(2rnf,t) 5[0, T LREHR D
J'OT x(t)cos(2znf,t)dt
= 0{ +Z[a cos(2zmfyt)+h, sin(2zmf, t)]}-cos(Zﬂnfot)dt @

B Y p=0K

@A [ X( m‘f°m+§;T%mQﬂ@Q$ > Wi
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2 (T
a, =?IO x(t)dt

B Y nA 0B
@R NH

Ex( )cos(2znf t)d —_\JWJF
i _[OT a,, cos(2zmf t)cos(2znft)dt + if; b, sin stlcos (27znf,t)dt
m=1 m=1

AR = A R H R IEAZ 1, W RO AR AT T AR 38— TOUNI 26 = TR 73 9 0, %158 0
A m=nf, +H
IOT x(t)cos(2znf,t)dt = LJT a, cos(2znf,t)cos(2zznfyt)dt = % a,
MR SRAT Z 4
2 T
a, =?.[O x(t)cos(2znf,t)dt
E LIRS FRAIATE SIS G E U W

:—I )cos(2znfit)dt  (n=0,1,2,3,...)

(2) @ Xsin(2rnfyt)/5HE[0, T| LRk e 4
E x(t)sin(2znf,t)dt

= O{ +Z[a cos(2zmfyt)+h, S|n(27rmft)]}-sin(Zﬁnfot)dt ©

B Ya=0B, ERTERIAESR, ERBHF0, BEBENL.
B Y nA0
GRE N

T : a
_[0 x(t)sin(2znft)dt = ?O , S nf,t)dt +

W+ﬁ jOT b,, sin (2zmf,t)sin (2znf,t)dt
m=1 m=1
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[FIRERT, ARYE = s B IS, TR AT I AR 7308 0, HAN S m=n 55
=IAN 0, FrPA

T : T . T
J'O x(t)sin(2znf,t)dt :IO b, sin(2zznf,t)sin (2znf,t)dt =§b

TR LAY ) R B RIE N

2 (T .
b, :?J‘O x(t)sin(2znft)dt (n=1,2,3,..)

x(t)= %+§[am cos(2znf.t)+b, sin(2znfyt) | (A HIAT)

=—I Jeos(2znfit)dt  (n=0,123,..) {a _a
=—I )sin(2znfit)dt  (n=123,...) b, =-b,
5. BEUS LA e
FIFHBRFLA: e =cos@ +ising, 153
pif 4 oif i _ o=if
cos O = T,sm@ = >
T &
Cos(zﬂ_nf t) — l(ei-Zﬁnfot +e—i~27tnf0t)1
o2
H _ 1 i-2znfy —i-2znfgt | _ i i-27znfy —i-27znfy
5|n(27rnf0t)_§(e ‘—e t)_—E(e g

R EAURNZ o8 K (6) AL EFE R, A
| 27rnfot —| 27enfot Ibn i-27nfot —i-27nfot
(=535 )l o)

+00

=_+ Z[ a, —Ib |2”nf0t] ;Z[(an+ibn)e—i.2nnf0t](*)

n=1

y
|
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& :l(ao _ibo)ei<27r0f0t

2 2
o2t 13 : i-27nft 13 . i-27nf t
—Z[ a, +ib,) 0] ZHZO[(a_"Hb_”)e OJ:EHZ;O[(an—lbn)e °]
Bt Ll (6) PRS2 AR Ay
X() =22 (a, -0, )™ (n=0,L,42,-+)

Ly =220, X, BRI R

a,—ib, 1,7 1T :
X, = 5 _?L x(t)cos.(Z;rnfot)dt—l?J.0 x(t)sin(2znf.t)dt
1

T . . 1 T o
:?L x(t)[cos(Zﬂnfot)—lS|n(27rnf0t)]dt:?I0 X (t)e 2™t

[E4%—T1

ST x(t Z a —ib. '2”“f°‘=§Xne‘2””f°t (n=0,+1,£2,--)

—o0

1_1.”"‘/%;& X :_J‘ —i27rnf0tdt
[£] Eﬁﬁ@é’ﬂ(*)ﬁ#ﬂ, AV =ZTHAT T 84, w7 U E — Tk, B

% =1(a0 + ibo)e—i-ZzzOfot

—Z[ a, —ib,) '2””f°t] > i [(aﬁn —ibﬁn)e"'z’"‘f“‘] =% i [(an +ibn)e"2””f°t]

n=-o0 n=—%

A B R (8 3L M RBORTE LR R BURZ KT

X(t):z%(an +ibn)e—i27mf0t Zixne—ihmfot (n =0,i1,i2,---)

—00

a,+ib, 1,7
X = =?.[ X(

. 2 t)ei2ﬂnf0tdt

6. FHBEAKMEILH AT A KR EAREFL R

1 %
/Q"\Ak = fO :?(%Eﬂjiﬁﬁ)’ kn = nfo ’ EXﬂLﬂ:}%/ﬁ‘Eg@&, ﬁ

[RAGL =jTT//22 f(t)dt
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= AldeZ( j |2ﬁkntdtj |27:k ot ||m zAk (J' |27zkntdt)ei2ﬂknt
T%oc e

T ~*

- lim 4 U 'M“m)mﬂ%”@Tﬁﬂf(f )*”%Qé“%k

Tow ~*

[ TEEEMTES, 5MEk, =nfy? ]

ERBEAWARTY, BEESRARLEEA. AFFHHRETE, &
WWER b 2HER, F LWL F &R %EH: EEEDirichlet) i F &4, #E
E(Neumann)it F 5. BEWF 5. FMUENT R4 FAHAREH. R
HREHEE, X ERT AL R SGRERE, CEBELT MO 5)E
A—M(ER)EAREGLF 54, ANOERAAETEARLES. TR, BREAE
BARBMEBRE bHE—RARSN T(5#H¥ ERENERASBLT—F, ©£
%¢E%%%§#%%ﬁ@,%ﬁ&%ﬁ%ﬁ=;ﬁ%ﬁ4§@i%»%ﬁ$,
HFEEMAE, MECAENENRTURERDEMAXSMEE.

PRI, a1 PR e S 2 i B 3 AR 1 5
1EAR#: R(k)= j:ox(t)e‘iz”k‘dt
et x(t)=[ %(k)e* ™ dk

(1) & s=2xk, N

x(k):j*wx(t)e-istdt,x(t)zzi -

—00 72- —00

(k)e™ds
2) é\SZMk,sz/Zt(:Sr:btkt), il
= [T x(t)e drx(t) == [ R(k)e*ds
27 =
B s, TSNk t, WA

A k):%r:x(t)e““dt,x(t):EJw
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(3) EHUHE E M2 (Discrete Fourier Transform, DFT)

T=MAt
[ l |
L ] ] L o . L
Jj 01 2 MM, M-1 M
| 2 2 J
I
L

b B R BB U RS £ SRS O 0 1) M-, Herp i 3RS A A R 5

Ao IR LGS Al 1 A R PR A PR B, B M RO IR SXGEN T — A
ST, M T XN j=0 TFAGOEFN o LI FR) 8 57 38 4t b5 305 A48 i R R N CRE AR 23
AR R AT

Lﬁ%%%%,E¢®ﬁ%2ﬁ%ﬁﬂ%%ﬁ2%%ﬁ%%ﬁoﬁ%%%%ﬁi
PR e BATFNIE, RN N, BT B R (A B K
ﬁuMﬁﬁuﬂﬁﬁKL%uﬁ?M¢%ﬁ,%%%%%%?ﬁiﬁﬁ#L,

k> YRATLI, (AR L, BRRTEAN, B MIEEN R, W AR
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RE LB 1R R i /DRSS B BURE IR ZGE L T TN,

[ %] 4] E 4% Lagrange — R iGHE B2 an T

D ER) ) eR)e) (%)
== G000 ) T x) () T e ) T

(xDJf(xD)) (lef(xl)) (xz'f(xz))

o< >0 >0
h 2Xh

EAR LR E R T ERBFO)EX=x, FNBREREK, FHEHELEWHRE.
[#)] —REEWLARXEABL = SR SR AME R &, £iR
fxo), flx), fO)RIEEY R B A EE RS, e UBL W T HFARE H:

Xo X1 Xy
1(x) 1 0 0
1,(x) 0 1 0
L(x) 0 0 1

Wit Taylor RFTUSE, ¥ RZMMEEGTHERG2Z, WWERERE
T E L A A I R R B S )

f,(xi): f(X1+h)2_hf (Xl_h)+O(A2)

PEC N ER
[% 00 =h), £ () ].[x0 ()], [% (4 +20), T ()]
Bl AT F Z T Z R EE B BORMSf (g + )R #E, B
F(xoHh) == T (%) + T (0) 45 T (%)
TR
f'(x1)=6—1h[-4f (%) + f(x)+3f (xz)]=6ih[—4f (%, —h)+ f(x)+3f(x+2h)]

HAHFIRZRME A 2T h ok, BI0(h).
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ol BRABREDLARMBMAR

1. R¥E (aliasing)RE SR Z R (Nyquist) R B H#
Nyquist RAEEBR LTS TP — N EAEH, $E 23R E TR
Harry Nyquiste ‘BIRABN: WH MG 5 IS SR N fae A KPR,
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P FoAhEEH #h7E

1. FERSIBEAFTEETSEURI T ERER/DRER . AT 5
WELRE, FEZ:

(1) SFEEXFTESHULR LY ELRE?

(2) A NCAR HJ] WACCM(Whole Atmosphere Community Climate Model)f&3{
A, BETAEMTE B IR RSP T R EREEER RRE? (XiE
B A 2% Plougonven [https://doi.org/10.1002/qj.3732] I SCHER &)

(1) #ATHETHEETUN, TREEZH LEA NI RBWRNRE, HH
7 4 BB (grid size)o /N W46 B2 B T AR AR 4 ok A R 18 72 (subgrid processes),
CMAREHEER T Z AN, BEEEZRARTEEAFEN, MHEZM
L#, CAIEMEX P T REWRESEFZEBAER, SERMER TR
A — FE X — &, T2 EE A 5 # 77 & (parameterization) . Bl i

AYEEREERER), BANEIRHEERESARELRN T WA
AREBREZ ER RS, FESHNWHBRA: ZHWBEIRLE, EHEH
HE, BERLIE, MEEE, HdARE, KAEEIE, HREW

)

Quarterly Journal of the ERMets

Royal Meteorological Society

NOTES AND CORRESPONDENCE

How does knowledge of atmospheric gravity waves guide
their parameterizations?

Riwal Plougonven'® | Alvaro de la Cdmara®® | Albert Hertzog® | Francois Lott*

(D An essential difficulty is that observations cannot measure the forcing but only the
signatures of gravity waves, and observations cannot selectively detect the fraction
of the wave field that will propagate up to the upper stratosphere or to the
mesosphere and produce a forcing there. (W 1~ 86 B M & E 7w, R
A= 2| E ) B ARAE, T E LN AN BE 1k M ORI E A K e B R R
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B FIE B S

A fundamental approximation used in parameterizations is the columnar
approximation. This simplification is highly justified as a first approximation,
especially with early climate models with low horizontal resolution. In fact, gravity
waves propagate obliquely. For example, Yamashita et al. (2013) have suggested,
based on satellite observations of waves in the stratosphere, that the meridional
propagation of waves during sudden warmings could be significant; Satellite
observations and high-resolution modelling were combined by Thurairajah et al.
(2017) to show that gravity waves generated by monsoon convection propagate
laterally and reach the mesosphere at higher latitudes. (& 77 % 5 2 ft. 77 £ # & 4
AWBERAEERAN, BIRFREMEHENEY, EXRLETERNTHE
T, B A T )

Another assumption commonly made in parameterizations is that of instantaneous
propagation. Yet the non-stationarity of the background flow affects the propagation
of gravity waves, as illustrated for example by the simulations of orographic waves
in time-varying flows. (£ 5 # W& 7 — A~ G R B KL “BEEEH”, 4,
T RERWEFREDE T BB, Flaoxd b 25 F 87 Bt
AT X—R)

An important assumption of gravity wave parameterizations is that the sources are
only tropospheric, and there are strong arguments to justify this as a first choice.
Nevertheless, observations of waves with downward propagating energy from the
stratosphere, especially at high latitudes in winter, are known and show that there
are waves emanating from the stratosphere or above. (£ /7 (W — N EE
BREZANAFFERAENRE, EERMNERLA, EHRTUAFREKLE
= AL E R )

One of these sources is secondary generation: waves that are generated as a result
of the breaking or dissipation of a primary gravity wave packet. Secondary gravity
waves are expected to be generated on several scales: on the scale of the primary

wave envelope, as a result of the localized and time-dependent forcing due to the
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dissipation of the primary wave, and on smaller scales due to nonlinear excitation
from the turbulent breaking of the primary wave. (& 77 J% J% 15 B B 2% 3 #£ 807~
ERBEANHR, RERRENRESENTEFRARE )

2. BHSEEAPRIYESHN T RBITEMH A LB SR E?

(1) ZRHFAE I E W ELRE,

(2) £ J# Cloud Super-parameterization (CSP)# A, & i £ A N\ & 4 9% 2 iy
SRR EEFN T E WL,

(3) R E R 41Hy % $ At it #2 (Scale-aware parameterization), B A & {# Jf B 5 %%
W77 B RE A% R S e i By A [B] = [8] A B JB] RO E ey B AR

(4) TR T W4 R 89 % # 4k 3 #2 (Grid-scale independent), 44T 71~ [ 89 4% & 4
WEFEER, MEHENMEEZHMNRPBILRE, Y580 TETRKBTH
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ERERSHMT R

(5) MLB¥ I FEES KM BNER .,

Model physics: The future
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Regional grid and scale-aware physics Machine Learning (ML)
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3. TEMEREFX A — T B TR

(1) Practical predictability;

(2) Intrinsic predictability.

(1) Practical predictability 3552 b o[ TP, 8002 & T L 50 = H & ¢ 347 T
HIEE 7T, T X B TNARE R A A e & oY T o8 e R PR . X0 T R I Y

WM AL MARA, TEZB SN, HEEAL. ZEMTHES

T IR 5

(2) Intrinsic predictability 5 £ = T %", T 238 E T F T E AT F AT
F 72 % o T AR A T #EAT O B BE AT .

Despite recent advances in numerical weather prediction (NWP) models, the predictability of these mesoscale convective events
remains unclear. Broadly speaking, there are two types of predictability issues: practical predictability and intrinsic predictability.
Practical predictability is described as “the ability to predict based on the procedures currently available”, whereas intrinsic

predictability is defined as “the extent to which prediction is possible if an optimum procedure is used” (Lorenz 1969; Zhang et al.

2006, p. 149). The practical predictability can be limited by uncertainties in both the forecast model and initial conditions. At present,

these uncertainties remain sizeable, constrained by the current capability of observations, data assimilation, modeling, and computing.

The intrinsic predictability is the predictability given nearly perfect knowledge of the atmospheric state and a nearly perfect forecast
model (Lorenz 1969). Both practical and intrinsic predictability can be flow dependent (Lorenz 1996; Zhang et al. 2006) with expected
loss of predictability during regime transition (Palmer 1993).

Atmospheric predictability can be categorized into two types (Lorenz, 1996; Melhauser &
Zhang, 2012; Sun & Zhang, 2016; Ying & Zhang, 2017; Zhang et al., 2019): (a) practical
predictability that refers to the ability to predict based on the currently available conditions,
and is limited by uncertainties in the prediction model and initial conditions, and (b) intrinsic
predictability that refers to the ability to predict given a nearly perfect forecast model with
nearly perfect initial conditions. The practical predictability limit can be extended as errors in
the model or the initial conditions decrease, whereas the intrinsic predictability limit will not
change even if the initial errors are further reduced. The uncertainties in terms of practical
predictability remain sizeable and are limited by the current capability of observations,
modeling, and data assimilation. The intrinsic predictably is often examined based on a perfect
model assumption made in conjunction with initial condition uncertainties an order of
magnitude smaller than the current observational analysis in the previous studies (e.g.,

Judt, 2018; Mapes et al., 2008; Melhauser & Zhang, 2012; Tribbia & Baumhefner, 2004; Zhang
et al., 2003, 2007). To the best of our knowledge, the practical and intrinsic predictability of

[1] https://doi.org/10.1175/JAS-D-11-0315.1

[2] https://doi.org/10.1029/2021JD034882
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