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the Asian summer monsoon and its projection for recent five years, which can be summarized in the following three
aspects:

1) A significant interdecadal weakening of the Asian summer monsoon was identified on the basis of our analysis of a
123-year precipitation dataset in China and studies made by Indian investigators. This variability has caused significant
changes in summer precipitation patterns in both East and South Asia. In East Asia, the main monsoon precipitation belt
has continuously retreated southward, leading to a precipitation pattern of droughts in North China and floods in South
China. The interdecadal change in the preceding winter and spring over the Tibetan Plateau and the sea surface
temperature anomaly (SSTA) of the tropical central and eastern Pacific, in addition to the resulting land—sea thermal
contrast, are the main drivers for the weakening of the Asian summer monsoon. In the future, the responses of the South
and East Asian summer monsoons to a warmer climate will differ, with a continuous weakening in the former and
enhanced circulation and precipitation fields in the latter.

2) The interannual variability is mainly characterized by biennial and four—seven-year oscillations. The present paper
focuses on formative processes, mechanisms and influences of tropospheric biennial oscillation (TBO) on precipitation in
East Asia. The formation and cycle processes of two particular TBO modes, the Yangtze River Valley (YRV) and the
Huaihe River Valley (HRV) modes, have been examined.

3) On the basis of previous studies of teleconnection modes in the Asian monsoon region, we suggest the occurrence
of low-level teleconnection types propagating along a strong monsoonal airflow belt from South Asia or the western North
Pacific to East Asia. Such teleconnection types can exert an important effect on the Meiyu/Baiu season and summer
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precipitation in North China and Northeast Asia.

Finally, it is indicated that global warming will have a more significant effect on the Asian summer monsoon in this

century. Therefore, both anthropogenic and natural forcing are important factors in the long-term variation of the Asian

summer monsoon.
Keywords

Teleconnection, Monsoon projection
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Fig. 1 Patterns of rainfall departure for summer (JJA) (mm) averaged for
1951-1978 (a), for 1979-1992 (b), and for 1993-2004 (c). Departures are
relative to the climatological mean of 1971-2000 based on 740 surface
stations in China. Sold lines (dashed lines) denote positive (negative)
departures. Shaded areas denote positive departures. The Yellow River (in
North China) and the Yangtze River (in Central China) are depicted with
bold black lines. (From Ding et al., 2008)
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Fig. 2 (a) Latitude—time cross-sections of the anomalous precipitation in summer of 1951-2004 for East China (107.5°E-130°E). The 25-year running
average is applied. Shaded areas denote positive departures. Horizontal bars A and B represent the demarcation lines between South China and the Yangtze
River basin, and between the Yangtze River basin and North China, respectively. Unit: mm. (b) Same as (a), but for 9-year running mean meridional wind
component (v, unit: m s ') at 850 hPa. Solid (dashed) lines denote positive (negative) departures, representing anomalous southerly (northerly) wind. Shaded

areas denote positive departures (anomalous southerlies). (From Ding et al., 2008)
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(a) Summer monsoon index (DHI = Ugso— Uy s0) estimated by using NCEP reanalysis dataset. Bold straight lines denote the linear regression trend. The

non-smoothed curves are obtained with the 6-order polynomial fitting. Unit: m/s. (b) 150-100 hPa layer mean U-component averaged for 10°N-20°N in

summer (June—August). Unit: m s~'. Data source: NCEP reanalysis datasets. Anomalous westerly wind is represented by solid lines and shading. (From Ding et

al., 2008)
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Fig. 4 Time series of snow depth (SDI) over the Tibetan Plateau averaged for 50 surface stations (see the inserted small diagram in left upper corner) for
winter (December, January and February) (a), for spring (March, April) (b), and the first EOF mode time coefficient series for spring (c). Horizontal bars
represent averages for different periods, and dashed lines 9-year running average. Unit: cm. (From Ding et al., 2009). (d) Time series of winter snow depth
(cm d™") over the Tibetan Plateau averaged for the 72 stations for 1979—2011. Horizontal solid lines indicate averaged values for the two decadal periods of

1979-1999 and 2000-2011. (From Si and Ding., 2012)
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Fig. 5 Time series of the anomalous vertically integrated (from surface to 100 hPa) apparent heat source (Q;) averaged for the entire Tibetan Plateau

(27.5°N—42.5°N, 75°E—105°E) (a) for summer and (b) for spring. Solid lines denote 9-year running mean curves. Unit: W m 2. (From Ding et al., 2009)

(IR HIAR A, (4) 4~T SEREIIIRD -

o (D A (4D BEZSIYT5 22 by RG]y
IR TT 22 57.2% (RIZEZEFTT —IC, 2012). X+
RIHLX, BRT (20 LAk, HAh 3 FreEpraRqbm)
B3 B 2

HE 2 4% T RESE WM — KPR 2 R G
— PR AR, BT TR R BN B P o (U
2 ARG IA T SO — R 28 KUK KRR AR A
TBO $ffiE. X AHIX ) TBO Sl L1
SAHBEAERIRS A VIK AR (Lietal., 20060, TBO
SERR FE AE B JRUBE b s B T 0 90 B 2 RS2 By
NG Bt S BN R A (L S ERTIE Y Nl O R AT

2k

K13 (ISR RED gl TI— K
= MAL T TBO IERLAH I AR KL
AR A TLUC R 7R R 8] e A T I —
R BT AR EAE G R

FE N — ARV B 7 AR B DA 57 A 5 14 T
J91, NEI R DY IAE 7 28 Hh AR ST X I UL 2 B
“ =47 FRER, IMESEK. AR
ARSI . FERTRURRIE, BN RIX 25
IS G DY, ] I I RE B2 i s 1T 2R
7 DR AT L DX A S T R B A
WO BEBIKIER A, 30°N~50°N b5 i



2 TIEAR s MUY R AR B AR AR AR A A FLR R T
No.2  DING Yihui et al. Interdecadal and Interannual Variabilities of the Asian Summer Monsoon and Its Projection of ... 261

40 —

&
g al
% 40°E  60°E  80°E 100°E 120°E 140°E
i
LS} 0 —
Q
_20 -

I T I T [ !
1960 1980 2000
Year

B6  WZ D R A AR R Dt (547 ML, WA EA/NE R ETESTIXD) SR (668 Mg i) (20°8~45°N, 30°E~140°E) ))& FIR4
(QLS) B [EF41, SEEN 9 FH 8 F#. (5] Ding etal., 2009)

Fig. 6 Time series of the land—sea thermal index LS, Q; difference between land areas (547 grid points) and oceanic areas (668 grid points) in the Asian

monsoon and neighbouring oceanic regions (20°S—45°N, 30°E—140°E). The inserted diagram shows the domain of land and oceanic areas for estimating QLS.

The solid line is the 9-year running average. Unit: Wm 2. (From Ding et al., 2009)
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Fig. 7 Longitude-time cross-sections of (a) SSTA decadal component (unit:°C) and (b) 850-hPa zonal wind (unit: m s, averaged for 10°S—10°N. Linear

trend and interannual variability is removed. Positive SST and westerly wind anomalies are shaded. (From Ding et al., 2009)

SRR R R, RYERGE m R R AL, o KVEREUX, PIITAR T BRI R . AR —
[ SR W e o | B P S A SRS | o S | A N e o B S 2 S B e | S 1 P NG B2
X T SRRV R A X, I KRR 5 SO AR 23 A

DX, AR S 2 KU o AE B0 P S ER ) R 7 9 A i 3 08 v TR B2 2 KR 2 R RS
ST/5 B2 St N SR S 5 5 B Sl el ol 4 A+ 1 5 #5200 (Meehl and Arblaster, 2002;



PN S

262 Chinese Journal of Atmospheric Sciences

374
Vol. 37

@

Thickness gradient (102 gpm km™")

I I I
1950 1960 1970 1980 1990 2000 2010
Year

1 ®

Thickness gradient (102 gpm km™")

1950 19|60 19|70 19|80 19|90 20|oo 20|10
Year
K8 (a) MIEEZFRIX (0°~20°N, 40°E~105°E) 500~100 hPa L T-BIG I EEREEE OAH /oy A4k, i T RIE ) JEEREERE. (b) KRIE
ZMIX (5 30°N, 110°E~140°E) P32 b BRI, o 574 2 i JZ BEBRIY —0AH /oy 18R Hfir: 107 gpmkm ™. (3] Ding et al., 2009)

Fig. 8 Time series of the mean meridional temperature gradient in high troposphere (500-100 hPa) represented, approximately, by an anomalous thickness

gradient (a) for the mean meridional temperature OAH /Jy in the South Asian summer monsoon region (0°-20°N, 40°E-105°E), and (b) for the mean zonal
temperature gradient —~OAH /dy in the East Asian summer monsoon region (along 30°N, 110°E-140°E). AH is anomalous thickness between 100 and 500 hPa.
The gradient of mean temperature between 500 and 100 hPa was computed in three steps: (1) obtaining 54-year time series of anomalous AH for each grid; (2)
computing the meridional and zonal gradients of anomalous AH, respectively, for each grid; and (3) computing the 54-year time series of area-averaged
meridional AH gradient for the South Asian summer monsoon region (0°-20°N, 40°E-105°E) and area-averaged zonal AH gradient for the East Asian summer

monsoon region (along 30°N, 110°E-140°E). Unit: 10~ gm km™". (From Ding et al., 2009)

HEOEHESE 2006; Siand Ding, 2011). A 1953~ Hﬂﬂ%ﬁﬁ%ﬁ?m?ﬁ’w}xﬁé IR 1R R R ¥ <A
2006 FHE 160 G UK %R S-EOF (season- £, WAKH T IEIL AT (WNP) —ZR V[ FRAK 26

dependent EOF) 43#T, Si and Ding (2012) %§ TBO
o) ] 2R 2 KX K s AT T ESE, K
L TBO 77l iy 1 B2 K P21, Fir > EOF A%
A YR KA 2 X 43 A AT L s A I k. X
Ui VEVEHL DX B HERY X & TBO 5 E =28 KK
AT (B 14). A48 H, ZRIEH TBO 1E

FEATAERERE. RAWHIX TBO KIFEAT L1
JERFETR, EAUEMAA TBO fEH—NH
oy, WRALHIFGTHIX TBO fF5H—FME
BURYR . WNP—Z: W7 X [R5 [ B AH ¢ Rossby
FIWEAN—FifEi%y, ARG TBO 15 54k £
IR X, FFAE A4 K R BE S BB 7K



2 1t TIEE . W E TR KA BR AT AR AR B AR SR Tt
No.?2  DING Yihui et al. Interdecadal and Interannual Variabilities of the Asian Summer Monsoon and Its Projection of ... 263

Summer monsoon

Indian Ocean

(b)

Indian Ocean

Summer monsoon

Pacific Ocean

Rain belt

Rain belt

Pacific Ocean

K9 WHHE TR RIS v e R R e . S, S9METERAARE (a). (b) WKEh. B AZ T, m SSTA. K UMMM Z . MEHE

ZFRAJ. (5] Ding et al., 2009)

Fig. 9 Schematic diagram of possible cause of weakening of the Asian summer monsoon. The anomalously strong and weak Asian summer monsoon

condition is illustrated by (a) and (b), respectively. Shaded areas indicate much snow, high SSTA, intense atmospheric heating, and much precipitation. Bold

arrows represent the summer monsoon airflow. (From Ding et al., 2009)
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10 (a) 1979~2011 {EFGJE X (30°N~43°N, 70°E~100°E) HELEHAY (MFE 250 hPa) USFH O MIAFS] CGEfr: Wm™), 9:8:h 9
FEWHTHE; (b) [ (), HNET; (o) FFEMEMKX (AL Fal h AZCFE (10°S~10°N, 180°~120°W) TEEAS AU (01, HAL:
Wm™) EMNTEFES: (D F (o), HAEZE, dh 9 FEREFH. (511 Siand Ding., 2012)

Fig. 10 (a) Time series of the anomalous vertically integrated (from surface to 250 hPa) apparent heat source (Q), unit: W m?) averaged over the Tibetan Plateau
(30°N—43°N, 70°E-100°E) for the spring; (b) same as .Fig. 10 (a), but for the summer; (c) time series of the difference between the normalized vertically
integrated (from surface to 250 hPa) apparent heat source O, averaged over the Tibetan Plateau and the tropical central and eastern Pacific (10°S—10°N,

180°-120°W) for the spring; (d) same as Fig.10 (c), but for the summer. Solid lines denote 9-year running mean curves. (From Si and Ding., 2012)
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Fig. 11  Temporal evolution of the observed Meiyu precipitation (unit: mm d ') averaged over 110°E~120°E from 1979 to 2007. (From Si et al., 2010)
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Fig. 12 (a) The 9-year running mean pattern of SVD mode 2 of summer precipitation in China (right field) and winter (December—February) snow depth (left field) over
the Tibetan Plateau for 1960-2004 (from Ding et al. 2009). (b) Correlation between the winter snow depth over the Tibetan Plateau averaged for the 72 stations and the
observed summer precipitation over East China for 2000-2011. The shaded areas are statistically significant at the 95% confidence level. (From Si and Ding, 2012)
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Table 1 Teleconnection types over the Asian monsoon region
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Fig. 14 (a, c) The first two leading modes of the observed TBO bandpass-filtered summer rainfall over China and (b, d) their time series: (a, b) EOF1; (c, d)

EOF2. (From Si and Ding, 2012)
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Fig. 15 Schematic diagram of the proposed mechanism for the TBO in the East Asia monsoon region for YRV mode. Dark (light) shaded ellipses denote

warm (cold) SST, rectangular squares denote large-scale Walker circulation, solid (dashed) curves with an arrow indicate the cross-equatorial flows (direction

of the teleconnection Rossby wave train), characters A (C) denote low-level anticyclone (cyclone) and solid (dashed) ellipses denote positive (negative)

500-hPa height anomalies. (From Si and Ding, 2012)
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Fig. 16 (a) Correlation coefficients between the precipitation in the key area of WNSPM from Jun to Sep and CMAP summer precipitation in the EASM

area. Correlation with significance level at «=0.05 is displayed by shading. Box in the western Pacific is base point for estimate of correlation coefficients. (b)

Schematic diagram of the teleconnection mode distribution. The solid lines are the “north” and the “south” teleconnection modes, and the dashed line is from

the CGT teleconnection pattern of Ding and Wang (2005)
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Fig. 18 (a) Correlation distribution between the all Indian summer (JJAS) rainfall and the CMAP rainfall in the same period in East Asia (The black thick
dashed denotes the path of teleconnection. Correlations significant at @=0.05 confidence level are shaded). (b) Normalized anomaly series of the averaged

precipitation over June to September in India and North China. (From Liu and Ding, 2008b)
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Fig. 20 Future (2010-2099) percentage changes (%) in summer precipitation for (a) East China, (b) South China, (c) Yangtze River Valley (YRV), and (d)

North China, relative to climatological mean of 1980-1999. Projections are based on 19 IPCC AR4 climate models. (e) Future change of the East Asian

summer monsoon index for next 100 years based on the definition of monsoon index by Lu and Chan (1999), with estimate of the v-component of wind. (From

Sun and Ding, 2009)
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Fig. 21  The first three components of EOF analysis based on percentage change of JJA precipitation in eastern China for 2010-2099: (a) The first component
(EOF1, 33.6% of total variance); (b) time coefficient of EOF1; (c) the second component (EOF2, 11.9% of total variance); (d) time coefficient of EOF2, (e)
the third component (EOF3, 9.1% of total variance); (f) time coefficient of EOF3. (From Sun and Ding, 2009)
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Fig. 22 IPCC 9-model mean (a) JJA changes (relative to 1980-1999 average) in SAMI (m/s, black line), TCypper (gpm, red line) and TCioyer (K, blue line) for
2000-2099 in South Asia. (b) Same as in (a), but for EAMI (m/s, black line), TCypper and TCower in East Asia. (c) JJA changes in EAMI (m/s, black line),

Usso-EA (m/s, blue line) and DSLP (Pa, red line). (From Sun and Ding, 2011)
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Fig. 23 (a) IPCC 9-model mean latitude—height cross-section of JJA temperature changes (K, relative to 1980-1999 average) along the longitude belt (i.e.
60°E—100°E average) over the TP and TIO for 2080-2099. (b) IPCC 9-model mean longitude-height cross-section of changes (K, relative to 1980-1999
average) in meridional thermal contrasts between the latitude belts over the TP and over the TIO for 2080-2099, i.e., the change in difference of the 20°N—40°N

average minus that for the 10°S—10°N average
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2 (500~150 hPa).
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Fig. 13 Schematic diagram of ocean—atmosphere interaction in the positive TBO period of the Asian—Pacific summer monsoon. The green shaded areas

denote the positive value of the atmospheric heat source; the black arrows denote the 850-hPa atmospheric circulation anomaly; the gray areas denote

anomalous water vapor convergence; the red/blue curves denote positive/negative SST anomaly (SSTA). (From Liu and Ding, 2012)
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Fig. 19 Latitude—time cross-section of East Asian summer precipitation for 2010-2099. (From Sun and Ding, 2009)
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