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71 BUEETFAVOFE (KR, TREOEMES S 2L —va ) (1993) £ D)

[RPZIZBT 2HEE T NVIE, ZOUPOEIZE W TIEFEMERLRTMD Z £ TH o7z, V. Bjerknes 1 1904 4F
BV TRATHEBCA SN T2 T HRADOWIMERE L LTESRX 2 ENTESL L LTWwdy, FEEITHK
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X

AT DIFA ¥V AD Richardson TH %, f%iFs EFMLFEREICK D, KAPFET L 5 EDHEKRTFTI—a Yy
PRI EF > L RKET VOB 2T-o7 (K72, 7.3), & 1 Kb 6 HZEP LTI 2o~
VIERDRIEZA AR GTRE L 7207203, BIMITIRIZ LA EZ LB o bbb 6T ZORRIE 6 RiftJaic
SUEDS 145 hPa 2169 2 L W) BIE7 2 b DR o7, Dk, 5 2 KI5 AS L 15t e 35 £ C
DR 30 FFH, REFRZEMEMICTRL L) L 0IHIEAEEMEZ L ). BETFRITON LIS, 20
Ml EIE A HERN R FEDIH > % (Rossby 12 & % Rossby D%, Charney < Eady 12 & 2 A% 0E ik 7e
&) Richardson DEBDFERIZ W TIZHEIEEBRR 3B,

00
Stratosphere

v 5

P 118

p Copenhagen
ep
®Hamburg

M 4

7.2

oM P M P
sburg  @Munchen | @ Vienna 3
PJ

5000

Pl M
4.2
[ * P «/\
2E JE L8 INITETMLE NTE | 20E | 2

20}
M 7.2 #FREE, PRATEZ, M I3#EE) R
ZERT t8F (BRI TRADRIEE .

(1978) X 1) ISy

7.3 SMEDHE, (R,
PREDKIEER ). (1978) & D))

1

1940 RN, 7 AV A TETEERE ENIAC 228 HE NS &, FHETH % von Neuman 1. FERREIRMK
DHEROBAEREOH & L TEMERLATHEZITI) 2 LI L, ARFHETH 2 Charney ¥ Fjortoft & & H 2%
FEIf B0 2 ROt ERAFR D 24 REI PR 2T o7, b7 AR R DO TIEH -7 L, 24 KD PR
I 24 W D IR DIINELE 5 7o, RABARZEMENICEIRTE 2 2 L 2R L I A b D TH -7 (K 7.4,
75, 7.6), baAIC, TORUIHZEERXOGEEKTH D, BEER S E . ARNE Ry FA—FEo7, 24K
P 10 TRD Sy FH— FEREBAL 7%,

DOk, RRFICIFAVEL—F BRI TIEDTELRVEHD DL A>TV E, AV Ea—F3EREIRE
BRI E > TETWV 2208 (KM 7.7). JRET NS HEALD LEL o 2 Kot 0 & dEH w5 s, 7
Y254 77BN, 513 IEHKE AR (Navier-Stokes TR E 721 Buler X)) ~ &ML L, FHEE
B & Huk e & BBk, &R L X SICHRIE S &3k % 50km T CEI D LRASERLDIZH>TWVWDS, TDd,
BIZEORATFHIZDBEAAD I L KBEEF P2 SHEREICE T 2O E £ T, A% 3, avEa—5%D
OB LIE IO 22D 6T, HICEFTa v E2—FDRRKLI—FD—-ATHHHEIT T2 (K7.8),
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7.4 HABRMOBETEEE ENIAC, GEABE, TREEDLDD Ay E2—F A7 * A ) (2000) £ D)

7.5 Charney & A3 FRH) O Bl T8I 7.6 AR OBEFROME, a) 500hPa
- 72K, (Charney et al., “Numerical inte- B Lo BIIE, b) 24 FEH o BLHE,
gration of the barotropc vorticity equation”, c) WefElfEmrr, d) 24 R P#HAE, (Charney et
(1950) £ b) al., “Numerical integration of the barotropc

vorticity equation”, (1950) & b )
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DWEHEE F TOMFRREOHERKIZ EarthSimulator 72 - 72, Earth Simulator . 2001 £ 4 HIZ5E L 7=
kg, 2 —A—:/t;—&—T%D\MOé®Z—N— VEaL—YEE# Ry b — 7 TROEASIEEEET

Hs (M7.9, 7.10)),

W2l s -
8 Earth Simulsto 2 ~_'"
g 107 ¥ -
E L e
H TibL
T ; < %
x a3
H D Byt BB
Z 1006 337
3 Sl
3 ..
g wa L
= . wa
% .
2 b
4 100M - LT
B >
>
1M
1970 1975 1980 1985 1990 1995 2000 2005

(8 yoar)

X 7.7 EFEHEDEHL
TR B7.8 &BRAGEUEE 7L HERT (GRTE)

A= bV IF—J3AT5UZATL

SRRE The Earth Simulator Center
KX 7.9 Earth Simulator F B (1 5K < 7.10 Earth Simulator il SBEHE  (HuBks
YIial—F kv —F—LsLR=Y Tal—Fery—)
ihttp://www.jamstec.go.jp/es/jp/system/facility.htmly
£0)

72 YEZal—yavoEs

1. BT VORI T 2L —FLEDBDODENS I T—vay (W) TH-T, BT i0d Ltk n)s
BELEU TEARV, 2256, HIZIE TEII S 1o RRURIECHER T & HBE U 7228 5 55 R o 2241
ZRGEEL R UE R 5%, Lo L, BRI ZYThHIUL, FIEBRIIBENRE 2E L Tdns, 4l

ZAE, REHEBROSERE (L cm/sec~10 cm/sec) . BUF-RLEERSIC X 2 JEWIRINEE, YHED 2K
TG+ 3R E

2. AL LTOHAZHFICHEBRITE VA, EFLVORTRAMICEAE2ZZ, WHEREFAL X9
KRR OREREFZ OMWE % W 2 TR 2 2 L TE 2 (BEER EES), CO2 A4V v AR EDK
SR DZEHE , KB E BB OZSHE | MR DL, (LGP OB E R &,

3. FERDKEENHED D SNTETFTNZM ) BE. ZOEFNZMH> THLLBRKOIKER, BHls 257 2074

A > HHlfE,
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7.3 AIEAORERIL

REETNFREEEDIWAES AN 4 o (FEWEY) YHELER 2 A G b 7l JERIE A 2 5
EAVICR AT VRS, &) 2 eItk s, LaLl, Eatfiid Ty 2 ven T, A2z BEIC 3B MEmc b Tz
Co 2ENTE R, 22T, M8 iRz E 7Rt EClk A 2 B 20Tl L CRHR L. ERZ
RKop I EiZksd, ZOHG, EPMITRD &N 55

o —HME 1 ElE R & 2l ifRRIED 2 E

o HEEE

o YR il BiF7c & FICHDMRITED Tk

o ZIEME T WEICHIREZED SND T L

73.1 BEESE

BEOMMEL 27202, ffELE»roE2 %, UTOFEMAREAE2EZL L),
du
= fw) (71)
A (7.1) YRS TS 2 LT 5, Z2D7dIc, EfiRRH T3 %4 CIRMAAAIE At ZEL, LT
LU0 t, =nx At (n=0,1,2,--- , N) BT 2RI u(t,) DELUE o™ 2525, BIDOER

(n+1) _ ,,(n) (n+1) _ ,,(n)
du gy WU g, T e (7.2)
dt tny1—tn tn—i—l —tn At—0 At
ZEWHL,
du  u(tD — ()
x5 A (7.3)

AT B ENTE S, T2E, AAHEDME u™ Do Tw2 E, ZOWEOAN f HEETE, RO
FEﬁ t= tn+1 T@fﬁbi

u ) = ) f ) e At (7.4)
ERZICEHEATE 5, Zhnit A4 7 —ik (BEuler method) ¥ 7z (3HMEAE L, Z Ofth, A2y
umt) = (=D ) e At (7.5)

ZRHWAILELTESL, bBAA, VY - 7 v ik (Runge-Kutta method) Z W THib v, —MRIC, Moy
THRADMEBILICIZ Z D X ) R ARAEOMmIC, AREEE, GREFRE, Galerkin IV Tw 3,

732 REMR  BRESEZHICLT

ARG EOFAEIZ, B Taylor B Z HVTREI NS,
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1 d?u
2 dt?

d
u™ ) = u(t, + At) = u(t,) + &

7 (At)? + - (7.6)

in

tn

DT, FRRDHI AT DRRFEIE

(n+1) _ ,,(n) 1 2 1 2
duv  u u™  du (du duAt+~-~>— duAt—-~- (77)

Res=~—a  ~a \a& 242 e
L7 BERIZI AN At BUEOKE X124 2 (O(AL) L8, 2O~ OENEICHET 2 £% - 711 1R T,
Rz, UTD X)) B ABRA 2o CTPUREZEZ TR X, Znix, WHEE o 258E ¢ TN T % £ &2k

2T DT, B LTINS,

ou ou

c> 0D EZICRRIC O WTHIA 25, IO W T EiEDZ 259 &

u£n+1) . ugn) u(n) _ ugi)l

N ot =0 (7.9)

DF b, BRI 1 0D 270 ERfTIE £ i — 1 DEHREE->TWS, INERRLEZDOHK 7.12
ZDEIICAtZ Az LDHRAEVWTRESLTES LEDMBICPCREL 22\, Z3UE D 2, FEWT 5 (RLEIC
%) FBbHohoTwd, KT 5 %DDEME

< .
CAzfl (7.10)

\& CFL (Courant-Fredrichs-Lewys) Z&ff L WENL S, 2@ CFL §&fE2%m7- Snzwn e, BORIZPCRL 2w
DICEHENAZE E 25 (X 7.13),

Fro, ETAF — LT FEOERBHRE (MAEE) 12 SFRAEPEL 5, ZOBEIZEDOWRLH A 74 0 fiFgE DR
FUTEDS L AD, 202 DR QAW EMTZ 2 L4 0) TRECEIBEL %< 45 (K 7.14), 2D
72, PIZEZ OPROMIEZ ETNVICEA TS L, HIZZDOPROEDMES B ICbHb 6T, WHBE L
BOTOIFLX —EEINTLE, HEL /A XLk 5,

FIAHTE D FE 3% F IR AN 2 RIS X > TGE ) 0T, Guofahiiicay) —Mor#ttEz8AL T
WBHZEILkRDE, 2D, HIZIE, DY DWRDEDERADE TH LI AR ED, ZORDITEIZ K > T
T < (K 7.15, 7.17), ZNLACH, AF - A K> TR WM TIE AR IBBBIRBASTLE) HD
bdH s (X7.16),

7o, MAEOHTENIIIERIE 2 DT, WEBURTBFHEAET S, L L, SHROBIRCRIEEDIEIHTE kv
&. aliasing & MHIN 2 YR 7 Z2ARBBOR oy &GRS 2 L 2 5 (X 7.18),

733 ARI NIVE

RFZE RIS E Y 2% 12 3 L, WHE%Z 2 of% 1 BIcEs® L, Taylor ERZ H WMo % T2 1SaflL
T BRAMEICN L, 2RI L 2 Ba 2w 2 (ER0) BBoME L TR 2 FE8H 5, 20D
FHET B BEBDO R OIS L 72 ),  Navier-Stokes /7225 O i JERIE 5 R 213 % BB D R 5k D s
MWZEICET 2 GEIE) WM AR k%, ZOFEIE Galerkin ik & MIEN, A7 b VERAREELIZ
2O Galerkin EOHIMFZA S, A7 FUVETIHEHBIE L L CEKBE (ZARECCKEGAANBEE R L) 2 H
Vv, HREZETEEZABOFEBANTOARL R TR WX I 2B EAVCTERT 2, BEOSKRAKE T IVIEEK
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Method Order Formula

Forward 1 ¢t = " + hF(¢M)

Backward 1 "t =" + hF (@™

Asselin ) ¢+l =T 4 2hF(@")

Leapfrog P =" +y(@n] — 29" + "t

Leapfrog 2 ¢t = 9"~ 4 2hF (¢™)
Trapezoidal 2 "t =¢" + g [F(¢"+l) + F(¢")]
Runge-Kuta 2 q1 = hF(@"), P =¢" +q

q =hF(g)) —q1, ¢"t =¢1+q2/2

¢" = ¢""2 +2hF (9" )

Magazenkov 2 o] =¢”+g[3F(¢”)—F(¢”"I)]
Leapfrog— 5 ¢ =" ;ll' 2hF (¢")
Trapezoidal "t = " 4 3 [F(¢1)+ F(¢n)]
Adams- n+l _ an h n—1 n—2
Bashforth ! =" + = [23F ") ~ 16F @) + 5F (9" )]
Adams— ntl _an B n+1 n n~1
Moulton gt = ¢"+ = [SF@™) +8F @M - F@" ]
h
ABM Predictor- o1 = 9"+ 3 [3F 0" - Fonh)
h
Corrector ¢n+1 — ¢n + l_i I:SF(¢1) + 8F(¢") _ F(¢n—])]
qy = hF ("), ¢1= ¢" +q/3
Runge-Kutta 3 g2 = hF(¢1) — 591/9, ¢7 = ¢1 + 1592/16
g3 = hF (¢) — 1532/128, ¢"*! = ¢, +843/15
q1 = hF ("), g2 =hF(@" +q1/2)
Runge-Kutta 4 93 = hF(@" +q2/2), qs = hF(¢" +q3)

"t = ¢" + (q) + 297 + 293 + q4)/6

711 WAWARERASELE ZOKE (Durran, “Numerical Methods for Wave Equations in Geo-
physical Fluid Dynamics”, (1999) £ 1)
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712 FEPETERR & 8% (Durran, “Numerical Methods for Wave Equations in Geophysical Fluid

Dynamics”, (1999) £ D)

FIGURE 2.2. The modulus of the amplification factor |A| as a function of temporal res-
olution x At for the true solution and five two-level schemes: exact solution and trape-
zoidal method (ET), forward di ing (F), i ing (B), d-ord:
Runge-Kutta (R), and Matsuno (M).

X 7.13 WL OhDRF —LOIRIFEHIESR (Dur-
ran, “Numerical Methods for Wave Equations
in Geophysical Fluid Dynamics”, (1999) & D)

WAVELENGTH

504 108 oA A 3 2
T T T )
€[ e E -‘
a RN 1
@
o
% ~
- 1
o)
<
Ed
a L |
ok

n L L L
0 A n2A RLZIN A
WAVE NUMBER

X 7.14 PIAHEE O (Durran, “Numerical
Methods for Wave Equations in Geophysical
Fluid Dynamics”, (1999) £ D)

FIHETEHBL AR PVBICE 2 PP TR ELZ>TWS, LL, WilavEa—% L DHENRL Znikd,
WHIFEDOES 2 ARAREILIC X 2T A BB SN LS, Fig, SHBOEMRESKRAR (R €5
VD EFRNERER—FRIE 1 L O H BRAREREIC 2 2 WREIED R & W,

AR PVED THlE LT, FEEREEIC A E I - TR THEBEMEZT>TAL ), XD L) B HEA%

25,
2
dx?
BiR& %
u(0)

= f(z) (7.11)

£ 5 LIRS R T 5 = AR IR A 6, BB L L TIEEBI e i K v

N
u(z) ~ Z u; sin jz
j=1
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Att=0

JAN
il

Avﬂ \
u Att=0.1

Att =105
W%ﬁ 7
Att=1

Fig. 4.14. Linear advection by the leap-frog scheme with

At = Az = 0.02 for (a) a square pulse and (b) Gaussian

initial data.
X 7.15 HMEN B OB (Morton and May-
ers, “Numerical Solution of Partial Differential
Equations”, (1994) £ D)

KRR

&

d
d

2o, beDHEAAL, REREZE» T TR 5 L

™

0 g=1
EZAY, ZABBOWEY S

s ™

1

/sinja:-sinmx der = -
0 0

LD, K, b &R

™

2 N
/d—usinmxdx:— j2u'/
dx? /

B /(cos(j —m)x — cos(j +m)x)dr =

s
2 .
MUy, = r)sinmx dx .Uy = —
2 m /f( ) m 7rm2
0

Az =10.02 Az =001

Att=0

Att=0.1

At t =05

Att=1

Fig. 4.6. Linear advection by the upwind method.

7.16 BAEILE DB (Morton and May-
ers, “Numerical Solution of Partial Differential
Equations”, (1994) X h)

9 N N
il Zuj sin jz = —ijuj sin jz (7.12)
j=1 j=1

™
sin jx - sinmx dx = /f(a:) sinmx dx
0

gajm jym=1,--N  (7.13)

™

2 /f(:c) sinmx dx = _2Fm (7.14)

™m2
0
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E_v—rrTlrrrrlrrrlnnnu|||||||H_
b () 4
_l-lxllxlnlllxl»|||||||Jx||||l|113
-1 I}
i
®)
Frouzs 1. (a) Th di ional (2, 2, 4) ive plot of initial conditions (2.5) with_

7y = —4, r = } on 32x 32 space grid. (b) Top view of cone shown in perspective in (a).
Contours 4 = 0-2, 0-4, 0-8, 08 are plotted.

TN

R

AT

N300
XN [ ARSIy

e T NN NS 52,

’Q‘\\\\\\\:ﬂ’; N
"...:Q’Q‘s‘ 25

N4
O, asve
NP RS
RREGES

Fraure 3{a)-(b). For legend see facing page. . @

Froums 3. Three-di i (@, gy A) i Lot of the i

l{ nvnh-tiyn using {a) second-order Arskawa :chaml;n 3Tx 3; ::J‘:o;‘)gﬂn.:iu‘:‘:‘;;‘:: .Zf::l;

ol:;::p vlaw‘)':‘(b) mun;:oaiet;:nhwn scheme on 32 x 32 spaoe grid (see 2(0)); (o) fourth-
x N . . A

o ”Anlux - Mgﬁd iy space grid (see 2(d)); (d) out-off Fourier-expansion scheme

7T 2 KIEC ORI BB
E% %, BIG, AN TR (7.11) 2R AHE TR HNTE 3,
RIT, WAEOFHR TR TL 2BRAEADE&Z2EZTH LI,
gu , ou _, (7.15)

JAEE SRS AE 2 E 2 % &, ZABRBREIRAM 2L T 2006, HEEREEE L T=AMKZ I ke :

N
u(z) ~ Z upe*®
k=1

LT

N

R RN up
du 90 ike _ N Uk ike 7.16
ot 8t’;uke 251 € (7.16)
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U=1u—
X

(a)

7.18 R DFEA L aliasing (Fornberg, “A Practical Guide to Pseudospectral Methods” (1996) & 1)

N

N
Ju 0 ; ) ;
7%75 ukezkm: § ik ukelkm
Ox  Ox {~

k=1

o, bEOHBRARAL, HERFKEEEZ2 T T 1 AT 5 L

(7.17)

ou . N ou . ) ou . N ) )
Ee*”’” dx = ]; 8—: /e”” ceT M dy = —c/ %e*“m dx = —c;ikuk/em e "M dy

LA, ZABBOIEEDS

/e”” ST gy = /ei(k*m)x dr = 270k,
L, #ikE, b oMy (7.15) 1%

% = —imcu
ot m
5,

AR P ViEEHWS &

(7.18)

(7.19)
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X

| SRDSRHTBIB DB, NAKE 4 2 & RGE RIS IS ¥ 2
- PIAHERAZ R RAE T - SR

2 R DA RS

. FEMEG R fiE & & DFFHEDME

=~ W N

W) MDD 203, ZD—Ti,

L JEFMBR OB L v (WIRENDDH 3)

2. WD X ) ISR E BRZDR OIS 554 (ALK EVWGE) ORBDRL v
3. AR (RAELCESZLE) IS L TOADEN S (EELIEITD)

4. MHAEMRE GEIZE) ORtERESKE

EVIRKELD B,

HEERRBICOWT
JAIRBEREMO T Ich 28R E2E 25 ¢

ou o
ot u@x

JAMSE S St 720 6, BB L L T =AMz #RIT L v

=0

N

N
ut, )~ Y um(B)dm(z) = D ()™
m=—N

m=—N _

FKBIBDOEEILE 22T TR T 5 &, ZARKDELMED, S

/¢m¢2d:v = 276 mik

B

9 f * 0 h * _ 8uk
a /Ckadx ~ a (/ stzumqsmdl’) = 271'@

I, P, #oid

2o

¢m¢n — eimxeinz — ei(ern)ac — ¢m+n

(7.20)
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2fli) &

u% ~ (Z um¢m> (Z inuntbn) = Zinumun¢m¢n = Zinumungsmﬂ

m m,n m,n

E %, Kk, bEofifd

of o fou o] [
a/ﬂﬁkde‘F/(ﬁku%dx% & </¢k;u7n¢mdx> +/¢k;znumun¢7n+ndx

8uk .
:2ﬂﬁ+;l(k*m)umuk—m k:077N

(7.21)

E b, TZOIMIBEHICO»2R8, 2% 0, ZO8EIFi(k—m) ZHAFRARKETES, k=m DL EFZ
DHHAERREIE e &5,

kI, FERPEIEE LICHL, NHOA—F—DfZ25EHLZVLEWITRL, EiZZhd NEDA—
F—b 26, KR N2 A= —OitHE2 T 20813 H 5, 1 XILTTTICRKELGHTH D, Ko, N 2WKE
(% & CORERIZERTH S, ZOWEEZREET 272012 FFT % M2 7 Pseudespectral method (A X7~
R VEE) % 7213 Transform method (Z#3E) %3 1970 FEUHIC (Orszag DEBAAYK) FAFE S e, Zud, FEIE
JHIZYBZERCRIR L 72 D B BRI A L, Z Ofthod I & H I BE e R 3 5.

7.4 SEFADTIR (IPCC E4 RFMHFESELD)

OHbER DY th 5, 20 ALK 0.74 £ 0.18 FEC R L 72, HiRIO#EE 0.6 £0.2 FEC X b FEfEIT R E <,
FHEEDIRIZNE L otz

(a) X 7.19 IZFEHOH ELIR & 10 FFORFPEE 2 L o521 b, itz 95% FEXEZ R T,

(b) ¥ 7.20 (%382 1300 o EXURZ R T, MEDHAZIZKE VD20 HidoX EARKIEZNETE DA
KEWV, 1990 ERLIEIZZ DR THRHCHE» D 5 72,

B ATHE TR SN BIFEEZEOPIIET 5 & (R T7.21 ZH) :

O 3 KW E TIIHEGEDWA WG S Fend, ZDBD T — 5 2o THHT L 72558, 1979~2004 4 £ TOMH
THEZREDZ I v, 2L, RAIEAGER, RSt ic B,

OdEf D V¥ 5 &, K 100 FRIC IO 2 50 EF 2R L 72, dLH O EF MoK R IX 10 4£24 0
2.7+0.6% k5.

OFE D KR D HBISARL IR, 5l BAHC X 2 KK /KRR & B4

ORWIM D7 — 7 WEDMED 7=, GEDBIEIC DO TORBEEOBHIINEETH 2, FEELDIIHE 2 WA
ZERD 5Nz,

OB E 4 EPMBBELBIRIZO VT & 2 DA D %22 £ ) IO THIBTT & 2 R IliE-,

Ol ZE RN RAT 2 DEEN
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#
1
A
<
o
~

SR BEHKURUVIEFHROREDROEL

[ (o) HRTISRE

0.5

1961~1990 F £ DE

(0 dbymESEs

1
2000

1850 1 QIOO
X719 BHIS 7 20 BEOZL, (a) T G, (b) MILEF () LRI () 7— 212 & 2 LR
EIIIALL, (c)3~4 FIC 51T 2 ACEERBEETIRG, 1961~1990 404905 03, M 10 474, AR
BEDIH, (a, b) DIEHIBIIEE S NAEFHEEDOE, () DEBRISRIIN &8 6 Nk FHEEDE, (A%
Fi*. IPCC-AR4 WG #5 B0 v 11 B4 (2007) £ 1)

CDM 7.22 &) ITIREIRA ADM ZHE T Te s, REhD CO2 IRE L A % VRIEIZEE 65 JTERDHEMEZ
ERloTw» 2, ANZEdiio “ R FEBU LA IR O BAE & TR 2 (RO 2 &) Th 2, ARGlLiR
DU R ORI L PE LTINS NG, X8 v —RILERFEEEIH» S PH SN2, MBEHRS A2
TROBIINC X 2 IR BEH I HIINE 1.6 £ 0.8W/m? (58 3 X5 TI3AY 2.4W/m?) L HAEL 5Tw 5,

OAHERE 1

7Y VORROMBIIE SRFE L VEATELDELEA TS, =7 Y VORI, EolREErE
ZTDBKBEZEZTD T ERBEEN TS, EEIR, HERL HICRLREZWHT 2 LHEEIN TS,
PHEETH 5, (X7.24)
20D, DTOXI) BETAVOEDMIZ, ¥ F ) XX FHEDECDH 2, (IX7.25)

VI DBDD, ¥ FIVADEDITL S BWERARY -V B RS, FIZE, EELIEEE L, FoEREZEOR I
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Figure 6.10. Records of NH temperature variation during the last 1.3 kyr. (a) Annual mean instrumental temperature records, identified in Table 6.1. (b) Reconstructions using
multiple climate proxy records, identified in Table 6.1, including three records (JBB.. 1998, MBH..1999 and B0S..2001) shown in the TAR, and the HadCRUT2v instrumental
temperature record in black. (c) Overlap of the published muiti-decadal time scale uncertainfy ranges of all temperature reconstructions identified in Table 6.1 (except for
RMO..2005 and PS2004), with temperatures within +1 standard error (SE) of a reconstruction ‘scoring’ 10%, and regions within the 5 to 95% range ‘scoring’ 5% (the maximum
100% is obtained only for temperatures that fall within =1 SE of all 10 reconstructions). The HadCRUT2v instrumental temperature record is shown in black. All series have been
smoothed with a Gaussian-weighted filter to remove fluctuations on time scales less than 30 years; smoothed values are obtained up to both ends of each record by extending
the records with the mean of the adjacent existing values. All temperatures represent anomalies (°C) from the 1961 to 1990 mean.
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Table SPM.2. Recent trends, assessment of human influence on the trend and projections for extreme weather events for which there
is an observed late-20th century trend. {Tables 3.7, 3.8, 9.4; Sections 3.8, 5.5, 9.7, 11.2-11.9}

Likelihood that trend Likelihood of a Likelihood of future trends
Phenomenon? and occurred in late 20th human contribution based on projections for
direction of trend century (typically to observed trend® 21st century using
post 1960) SRES scenarios
Warmer and fewer cold
days and nights over Very likelye Likelyd Virtually certaind
most land areas
Warmer and more frequent
hot days and nights over Very likely= Likely (nights)d Virtually certaind
most land areas
Warm spells/heat waves.
Frequency increases over Likely More likely than nott Very likely
most land areas
Heavy precipitation events.
Frequency (or proportion of ) . .
total rainfall from heavy falls) Likely More likely than nott Very likely
increases over most areas
Area affected by Likely in many ) .
droughts increases regions since 1970s More likely than not Likely
Intense tropical cyclone Likely in some . . .
activity increases regions since 1970 More likely than not Likely
Increased incidence of
extreme high sea level Likely More likely than notfh Likelyi
(excludes tsunamis)e
Table notes:
a8 See Table 3.7 for further details regarding definitions.
b See Table TS.4, Box TS.5 and Table 9.4.
¢ Decreased frequency of cold days and nights (coldest 10%).
d Warming of the most extreme days and nights each year.
e Increased frequency of hot days and nights (hottest 10%).
T Magnitude of anthropogenic contributions not assessed. Attribution for these phenomena based on expert judgement rather than formal attribution
studies.
8 Extreme high sea level depends on average sea level and on regional weather systems. It is defined here as the highest 1% of hourly values of ob-
served sea level at a station for a given reference period.
h Changes in observed extreme high sea level closely follow the changes in average sea level. {5.5} It is very likely that anthropogenic activity contributed
to arise in average sea level. {9.5}
i In all scenarios, the projected global average sea level at 2100 is higher than in the reference period. {10.6} The effect of changes in regional weather
systems on sea level extremes has not been assessed.
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Figure SPM.1. Atmospheric concentrations of carbon dioxide,
methane and nitrous oxide over the last 10,000 years (large
panels) and since 1750 (inset panels). Measurements are shown
from ice cores (symbols with different colours for different studies)
and atmospheric samples (red lines). The corresponding radiative
forcings are shown on the right hand axes of the large panels.
{Figure 6.4}
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Figure SPM.2. Global average radiative forcing (RF) estimates and ranges in 2005 for anthropogenic carbon dioxide (CO,), methane
(CH,), nitrous oxide (N,O) and other important agents and mechanisms, together with the typical geographical extent (spatial scale) of
the forcing and the assessed level of scientific understanding (LOSU). The net anthropogenic radiative forcing and its range are also
shown. These require summing asymmetric uncertainty estimates from the component terms, and cannot be obtained by simple addlition.
Additional forcing factors not included here are considered to have a very low LOSU. Volcanic aerosols contribute an additional natural
forcing but are not included in this figure due to their episodic nature. The range for linear contrails does not include other possible effects
of aviation on cloudiness. {2.9, Figure 2.20}
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MuLti-MobpEL AvERAGES AND AssesseD RANGES FOR SurRracE WARMING
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Figure SPM.5. Solid lines are multi-model global averages of surface warming (relative to 1980-1999) for the scenarios A2, A1B and B1,
shown as continuations of the 20th century simulations. Shading denotes the +1 standard deviation range of individual model annual
averages. The orange line is for the experiment where concentrations were held constant at year 2000 values. The grey bars at right
indicate the best estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios. The assessment of
the best estimate and likely ranges in the grey bars includes the AOGCMs in the left part of the figure, as well as results from a hierarchy
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of independent models and observational constraints. {Figures 10.4 and 10.29}
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Figure SPM.6. Projected surface temperature changes for the early and late 21st century relative to the period 1980-1999. The central
and right panels show the AOGCM multi-model average projections for the B1 (top), A1B (middle) and A2 (bottom) SRES scenarios
averaged over the decades 2020- 2029 (centre) and 2090-2099 (right). The left panels show corresponding uncertainties as the relative
probabilities of estimated global average warming from several different AOGCM and Earth System Model of Intermediate Complexity
studies for the same periods. Some studies present results only for a subset of the SRES scenarios, or for various model versions.
Therefore the difference in the number of curves shown in the left-hand panels is due only to differences in the availability of results.

{Figures 10.8 and 10.28}
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FAQ 8.1, Figure 1. Global mean
near-surface temperatures over the 20th
century from observations (black) and as
obtained from 58 simulations produced
by 14 different climate models driven by
both natural and human-caused factors
that influence climate (yellow). The
mean of all these runs is also shown
(thick red line). Temperature anomalies
are shown relative to the 1901 to 1950
mean. Vertical grey lines indicate the
timing of major volcanic eruptions.
(Figure adapted from Chapter 9, Figure
9.5. Refer to corresponding caption for
further details.)
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GLoBAL AND CoNTINENTAL TEMPERATURE CHANGE
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Figure SPM.4. Comparison of observed continental- and global-scale changes in surface temperature with results simulated by climate
models using natural and anthropogenic forcings. Decadal averages of observations are shown for the period 1906 to 2005 (black line)
plotted against the centre of the decade and relative to the corresponding average for 1901-1950. Lines are dashed where spatial
coverage is less than 50%. Blue shaded bands show the 5-95% range for 19 simulations from five climate models using only the natural
forcings due to solar activity and volcanoes. Red shaded bands show the 5-95% range for 58 simulations from 14 climate models using
both natural and anthropogenic forcings. {FAQ 9.2, Figure 1}
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Figure 8.4. Root-mean-square (RMS) model error, as a function of latitude, in simulation of (a)
outgoing SW radiation reflected to space and (b) outgoing LW radiation. The RMS error is calculated
over all longitudes and over all 12 months of a climatology formed from several years of data.

The RMS statistic labelled ‘Mean Model’ is computed by first calculating the multi-model monthly
mean fields, and then calculating the RMS error (i.e., it is not the mean of the individual model RMS
errors). The Earth Radiation Budget Experiment (ERBE; Barkstrom et al., 1989) observational esti-
mates used here are for the period 1985 to 1989 from satellite-based radiometers, and the mode/
results are for the same period in the 20th-century simulations in the MMD at PCMDI. See Table 8.1
for model descriptions. Results for individual modefs can be seen in the Supplementary Material,
Figures 58.5 1o S8.8.
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Figure 8.6. Annual mean, zonally averaged oceanic heat transport implied by net heat
flux imbalances at the sea surface, under an assumption of negligible changes in oceanic
heat content. The observationally based estimate, taken from Trenberth and Caron (2001)
for the period February 1985 to April 1989, derives from reanalysis products from the
National Centers for Environmental Prediction (NCEP)/NCAR (Kalnay et al., 1996) and
European Centre for Medium Range Weather Forecasts 40-year reanalysis (ERA40; Uppala
et al., 2005). The model climatologies are derived from the years 1980 to 1999 in the
20th-century simulations in the MMD at PCMDI. The legend identifying individual models
appears in Figure 8.4.
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Figure 8.8. Annual mean, zonally averaged SST error, simulated minus observed
climatology. The Hadley Centre Sea Ice and Sea Surface Temperature (HadISST; Rayner
et al., 2003) observational climatology for 1980 to 1999 is the reference used here, and
the model results are for the same period in the 20th-century simulations in the MMD
at PCMDI. In the presence of sea ice, the SST is assumed o be at the freezing point of
seawater. The legend identifying individual models appears in Figure 8.4.
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