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1. Preparation (1 week)

1. Quasi-geostrophic motion

2. Basic statistical analysis (EOF etc)
2. Storm track dynamics (3-4 weeks)

3. Atmospheric low-frequency variability (4 weeks)
1. Basic
2. Exercise using a barotropic model
3. Application

4. ENSO teleconnection (1 week)

5. Extratropical air-sea interaction (1 week)

6. Decadal climate variability (1 week)
1. PDO
2. AMO and others
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A Interdecadal
. El Nino variability
Intraseasonal Monsoon
1oyh Oscillations (eg MJO) variability
Atmospheric LFV
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https://earth.nullschool.net/jp/#current/wind/isobaric/250hPa/orthographic=-199.06,69.99,361

Z at 300 hPa day 01 hour 00Z




Z500 variance maps
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Well-known teleconnection patterns (northern winter)

North Atlantic Oscillation (NAO) Pacific/North American Pattern (PNA)  Tropical/Northern Hemisphere Pattern (TNH)




What's the heck is ENSO?

T JL=——=3(El Nifio)/m A #& & (Southern Oscillation) = ENSO

(d) El Nifio

Relationships: December-February
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“The Atmospheric Bridge”
KR DI

Atmosphere

Sed-Air "
Feedback Winds, temperature,

moisture, clouds

Qi Wes Ve ENSO
45° N a— essssssmms  Equator
SST Pacific Ocean

SSS
MLD Alexander et al. (2002, JC)

™

F1G. 1. Schematic of the “atmospheric bridge™ between the tropical and North Pacific Oceans. The bridge concept
also applies to the Atlantic, Indian, and South Pacific Oceans. The bridge occurs through changes in the Hadley and
Walker cells, Rossby waves, and interactions between the quasi-stationary flow and storm tracks (see Trenberth et
al. 1998). The Q.. is the net surface heat flux; w, the entrainment rate into the mixed layer from below. which is
primarily driven by surface fluxes; 35T the sea surface temperature; 555 the sea surface salinity; and MLD the mixed
layer depth.

Nino Index (NDJ) — Obs SST (FMA) Correlotlon 1950——1999 Ensemble mean of NDJ ENSO w/ FMA SST correlation (16 MLM runs)

I I I I I [ T [ I | [ I [ | o
7 i o =% i o o - —0.6 —0.5 0.4 —0.3 02 0.1 0 0.1 02 03 04 05 06 07
5 b Lt . .
Fi1G. 2. Correlation between SST anomalies in the ENSO region (indicated by the box in the equatorial Pacific) in NDJ with global SST fof:l?e 3£: dmlg;%_ggb ‘[‘;]f:;l:lhe (comom) 1::::5: 1; 0.1 (0. ’)]m’r;herl‘\;ﬂ;fl\/li b‘:::e;ﬂ th&: el ]::?JSO mile i a::]:‘leFM.;A g!obal SS:I' gnom;l;:
anomalies in the subsequeat FMA for the period 1950~99 [shading (contour) interval is 0.1 (0.2)]. The gridded SST fields were constructed - "o P~ %) 07 =00 FRaciee e D i i S e DAt o oA o waines

from EOFs (Smith et al. 1996) prior to 1982 and optimum interpolation of surface and satellite data (Reynolds and Smith 1994) for 1982-99.

Cor(NDJ Nino, FMA SST) Obs. AGCM+ML



ENSO, teleconnection, and Rossby waves

Mechanisms by which climate variability such as ENSO generates
teleconnection patterns can be explained using a conventional
linear Rossby wave theory

Linear Z,,, response to equatorial heating

. - . 2 M ' d Ay N 4 . 214%.
Z response at 300 nhPa doy O hour 007

T o | s . 1 L 1>
—20-15-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
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Decadal variability

Pacific domain Atlantic domain
PDO, IPO, decadal ENSO, NPGO, ... AMO, AMV, NA tripole, TADV, ...
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£FEQ HEALMER

E1TH T ILE (effective sample size)
T, In sea level pressure

FrZltEt+tTT —ZICERELH D
LS BHEREREOY T ILEHKIY
B/

N :E, T, : characteristic time (>1)
T,

e
0

T =1+ 2&(1—%)/)(7)

po(7) . autocorrelation with lag

Madden (1976, Mon Wea Rev)



EHEEIQ EOFfEM
FEER B E 32 B 2 (Empirical Orthogonal Function)£Z4fT :

HRETFTITE <O B E /S 73 FT(principal component analysis) &
FEENTUODHEDIZEFLLY
REDTFICHEHLERAARIID X IEKutzbach (1967 J Appl Met)

Bt ZERIXIZIRFT DX TR LT UL TDREDETILEEZ D,
X(x,t) =e(x)f" (1) (1)
&(X) [Xi(<=N)BHOEEDZER DM, () XZOBHHEEILEZRIERIIT,

(el)=ai . (1.0)=15 @

X(xt) DERETH X =(ef") =fe' FQ)IH T, QOEIMEERANDE,
£ABTIA LT D&SLEHBERETHOHIND

C=XX" =eA%’ , A=diag(i,4,,... ) (3)
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B)EY. T—% X(xt) DHEFEITIHHL XKD DHBEEFHRZEL2ELLERRATD
ERBES LV EDER[ELD e.ff ELTRFY, UTIERERT HEL5GNE—F]
AiFonsd

NRTEAIBZRIIC B B R OB DTN T
FEOIT6ND ! T
e, o
e, D g
50.6
EOA'
%_0.2“

EOF1IX. £ DH oL (EHIC) MU -8R & 0 5 - . A
L—CJE:]:Ré*L%) Number of EOFs
Bretherton et al. (2002)
* SJUREBHTICH 1T HXIEZLDEEMEBHEN>1000)THHH ., £4I10-
20 2FEEDEOFTENFIDINNLL LZFERBATESACENTEH D (HERL TLVD)



EOF: Lorenz system(1)

dix=—0x+0Yy

30

EOF2M#A(33%)
diz=xy—bz

20

10

= 1

—-20
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- EOF: Lorenz system(2)

o,
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|

—OX+0Yy
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EOF1(62%)
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#£(HEENQ EOFHEMT

EOFMD {HfEf=5

v’ Extended EOF
v'Bi-variate EOF ,
v'Rotated EOF (Richman 1986, J Climatol)
v Complex EOF (Barnett 1983, Mon Wea Rev)
v"Nonlinear EOF (Monahan 2000, J Clim)
v'SVD (Bretherton et al. 1992, J Clim)
e =eTH, T'T=TT' =1
Varimax Criterion:

Maximize (by iteration) to obtain e

v, :[Ni(ejk)t@e‘?ﬂ/l\lz

J: mode, k: grid



i — ESETFILIZEITS
E(HEENQ EOFfEHT 5 2 2 (0-300m) [
X9 HCEOF1

Complex EOF (CEOF) D5l

90E '1120
©=0°
t=0years 90E '1?01 :
0 =135°

t=7.5years

90E 120

A SRR Yl W
© =45°
t=2.5years

©=180°

4\\\\\ s
Q \\\\\:‘\\\ 4053
O \\\\\W\:ﬁw\\“"“"‘
> 40

Léhgitude (de‘grees)
E E Fig. 2. Reconstruction of anomalous heat content

C EO F 0) *l] )T RS k 5 (degrees Celsius - meters) from the leading CEOF
mode. The individual panels show the heat content

v *}E E)] L 't L \ é r :E — I:J & Hy [,) II:I:II -u— é anomalies at different stages of the decadal cycle,

approximately 2.5 years apart. The phase angle ®

\/ :!- '\IEE "b L ) 11-7_ *E 0) _a.:: *LT: 173,_ % 1’E é * measures the phase of cycle (full cycle = 360°).

(Latif and Barnett 1984, Science)




Singular Value Deoomposition (SVD) and EOF analyses

1st field
Y N XL time levels(row): i=1,...,N
space coordinates(column); j=1,...,L
2nd field
Z NXxXM time levels(row): i=1,...,N
space coordinates(column); j=1,...,M
Covariance Matrix SIED g A s

C=Y'Z (T transpose)
Singular Value Decomppostion (SVD)
C=UAV' U=(u, u,, ..., Uninewn)s V=(V1s Voreos Viginam)s
o, 0 - 0
0 o, O 0

0 o+ o Opnuwy ) UY'USV'VEI(.U'CV=A)
Temporal coefficients (Principal Components (PCs) in EOF analysis)
A=YU=(a,, a,, ..

: FiG, 6. Helerogeneous comvelation pattern ot the first mode in the

a direct SYD expansion. The lemporal .corml b

i the di i 2t r |

o ( )) decimal, is printed on the lefl, and SCF. o as a percent, is
min L, M printed on the riml.Tinpcm.w;uunh:

ficlds explained by the time series of the cxpansion ¢0¢ h

ather field is printed on the upper right-hand coriice of each map, in

BEZV:(bl, b2, ey bmin(L,M)) mneroe \Ngllace et al. (1992; JC)

A'B=(YU)'zZv=U"Y'ZV=U'CV=A= Mode 1 gives max. covariance between Y & Z

Empirical Orthogonal Function (EOF) analysis
Y=Z in the above. (V(=U): EOF; B(=A) principal component (PC))
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1. EEEALDELERE ~ \K A% (North et al.1982, MWR)

Eigenvalue spectrum, CGCM OHC 90y Pacific
50 IIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII |
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= 4 L et
> T L -
a ] =
e i )
2 ] [ s-.
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2N 2,2, < _[zj(x)zj.(x)dS ETBHICIEL,

z=12%xJcosp (z*IXoriginal data, o IXHZE)
EF AL,



EHEEIQ EOFRETICHITAEITE A

3. EOF(E =& A #EHRIIC

2 CH. YEN (HZER)
ERDHATE—FIEIE
R 570N

Dommenget and Latif (2002)

MODE—1 (43.6%) MODE—-2 (35.3%) MODE-3 (20.9%)

0 0 0 0 2 2 2

EOF— 1 (56.4%) EOF—2 (38.5%) EOF—3 (4.95%)
1.08 | 2.89 ' 0.32 G 0.21 |=#6 | 0.26
VARIMAX— 1 (51.4%) VARIMAX=2 (43.1%) VARIMAX—3 (5.39%)

| 0.66 0.41 0.35 0.70 -0.1 =157 -0.1

REGRESSION with BOX REGRESSION with BOX REGRESSION with BOX

0.74 0.74 0.81 0.81 2 |Z| 2

L1 [ [ | el
-5-45-4-35-3-25-2-15-1-0505 1 15 2 25 3 35 4 45 5

FIG. 4. The physical modes (first panel from top), EOF (second panel from top), VARIMATX (third panel from top)
pattern, and the regressions patterns of each coordinate with all coordinates (bottom panel) of the simple low-dimensional
example are shown. The values plotted on top of the patterns represent the associated vectors and are identical to the
amplitudes of the patterns in the respective region. The amplitudes are in arbitrary units.
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3. EOF(X =&z 5tz =H(B mjtﬁ,issﬂﬁ%l X9 HEOF)

EOF—1 (25 25 %) EOF—2 (15.84 %)

ETH. YMERM(NZFER) -
CEROHHE— |~Jtl;t
fRi57E0y
R DXTR
v'Tropical Atlantic Dipole =
v'Indian Ocean Dipole
v'Arctic Oscillation
v El Nifio Modoki
ES5xtsd Zm ? o e 08, VAR itk st o it iy 51 bk A O

Dommenget and Latif (2002)
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