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Extratropical low-frequency atmospheric dynamics
and predictability associated with extreme
weather/climate events
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SUMMARY

1. Title
Extratropical low—frequency atmospheric dynamics and predictability associated with

extreme weather/climate events

IO. Purpose and Necessity

Recently, extreme climate events frequents observed over the globe. The extreme clim
ate events are closely related to low—frequency atmospheric variability, so it is quite 1
mportant to investigate dynamics on low-frequency atmospheric variability in order to
understand the extrem climate events. Therefore, in this study, we examine dynamics
of extratropical low-frequency atmospheric dynamics and study on their predictability.

Finally, we study on dynamics on extreme climate events and its predictability.

M. Contents and Scopes

- Study on interaction between synoptic eddies and low-frequency atmospheric variab
ility, in order to understand the persistency of extratropical low—frequency atmosph
eric variability

- Study on internal dynamics of dominant low-frequency atmospheric modes and
their sustaining dynamics.

- Study on low-frequency precipitation variability associated with synoptic eddies.

- Study on dynamics of extreme climate events such as drought, flood, cold and hot
surges.

- Assess a model fidelity and predictability for low-frequency atmospheric variability

with a multi—-model ensemble.

IV. Results and Conclusion

In this study, internal dynamics related to extra—tropcial low—frequency dynamics are
investigated. In particular, interaction between synoptic eddies and low-frequency
atmospheric variability is closely examined. It is known that synoptic eddy feedback
has a critical role in development and maintenance of low-frequency atmospheric

modes. We demonstrate here that the synoptic eddy feedback can be explained by
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simple rule, name as Left-hand rule. That is, eddy-vorticity flux by synoptic eddies
tend to be directed to the left-hand side of the low—frequency wind. The
convergence/divergence of eddy-vorticity fluxes, governed by left-hand rule, play a
role in enhancing cyclonic/anticyclonic flow, indicating positive feedback.

In addition to the vorticity flux, eddy-temperature and -moisture fluxes can be also
explained by the left-hand rule. The temperature flux is explained by the left-hand
rule, and its maximum located in the middle troposphere so that it plays a strong
positive feedback in lower troposphere. Therefore, it play a role in having barotropic
structure. Also, we found that the convergence/divergence of eddy-moisture play a
significant role in extra—tropical precipitation variability.

These synoptic eddy feedbacks paly a crucial role in the maintaining low-frequency
atmospheric modes such as NAO, PNA, and AO. From the 3-dimensional eddy
feedback analysis, the interaction between synoptic eddies and extra—tropical
low—frequency variability i1s examined in depth. This eddy feedback is also important
for the climate responses to anthropogenic forcing.

In order to examine dynamics on extreme climate events, the relation between AO
and extra-tropical extreme climate events i1s investigated. We found that AO has a
close relationship with climate variation in mid-latitudes, and there is strong
nonlinearity of the relationship. In addition, Arctic warming/cooling influence on
extra—tropical temperature variation, which leads to extreme climate events.

Using CMIP3 model archives, it is examined how well the current model simulate the
synoptic eddy feedback. It is found that most model simulate the synoptic eddy
feedback reasonably in spite of some systematic bias. Also, the model performance in

simulating dominant low—frequency climate modes is assessed in this study.

V. Application Plans
- Providing basic information on the construction of global ocean/climate monitoring system.
- Applying to improvement of detection and prediction of future climate change over East
Asia
- Applying to detection and mitigation on climate changes via assessment of
extreme climate variability over Korean Peninsula.

- Applying to KMA seasonal forecast



- Applying to construction of climate prediction system tagarged for East Asia

including Korean peninsula.
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List of Figures

1-1. [Left Panel] Correlation between seasonal mean zonal wind and meridional
vorticity flux, [Right Panel] Correlation between seasonal mean meridional wind
and zonal vorticity flux at a) 300 hPa, b) 500 hPa, and c¢) 850 hPa for all
seasons.

1-2. The same as Fig. 1-1 except for a) MAM, b) JJA, ¢) SON, and d) DJF
season.

1-3. The same as Fig. 1-1 except for a) 300hPa, b) 500hPa, and ¢) 850hPa.

1-4. Probability distribution of the angles between anomalous monthly-mean
eddy vorticity fluxes and anomalous monthly-mean flows for a) MAM, b) JJA,
c¢) SON, and d) DJF seasons. The distance from the origin indicates probability
for each angle. The angles are divided into 36 groups with 10-degree intervals.
Thick and thin circles indicate one-thirtieth probability, respectively.

1-5. The same as Fig. 1-4 except for each month for the period of 1981-2007.
1-6. The same as Fig. 1-1 except for (a and b) eddy-temperature flux and (c
and d) eddy-moisture flux at (a and c¢) 300hPa and (b and d) 700hPa during
DJF season.

1-7. The same as Fig. 1-6 except for JJA season.

1-8. Correlations between anomalous monthly-mean zonal wind and meridional
TEPV fluxes [Left Panell, and correlations between anomalous monthly-mean
meridional wind and zonal TEPV fluxes [Right Panel] at (a) 300hPa, (b) 500hPa,
and (c) 850hPa levels for all months. U and V indicate wind components in
zonal and meridional directions, respectively, and Fx and Fy indicate zonal and
meridional eddy-flux components, respectively.

1-9. Correlation between (a and c¢) monthly mean zonal wind and
vertically-averaged meridional eddy moisture flux, (b and d) monthly mean
meridional wind and zonal eddy moisture flux during DJF [Upper Panel] and
JJA [Lower panell.

1-10. Standard deviation of monthly mean precipitation for (a) DJF and (b)

JJA.
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1-11. The ratio of standard deviation between the monthly mean eddy-induced
moisture convergence and monthly mean precipitation for (a) DJF and (b) JJA.
1-12. Correlation between the monthly mean eddy-induced moisture convergence
and monthly mean precipitation for (a) DJF and (b) JJA. Contour interval is 0.2.
Shaded indicates statistically significant at 95% confidence level.

1-13 The same as Fig. 1-12 except for moisture convergence by low-frequency
flow.

1-14. Scatter diagram for correlation between precipitation and low-frequency
moisture convergence (y-axis) and correlation between precipitation and
eddy-moisture convergence (x-axis) over Pacific (120E-120W, 30-60N, upper
panel) and Atlantic (60W-0, 30-60N, lower panel) domains (a, ¢) DJF and (b,
d) JJA.

1-15. Linear regression of monthly mean precipitation (contour), (a)
low-frequency moisture convergence (shaded), and (b) eddy-moisture
convergence (shaded) with respect to PNA index. Unit is mmdayfl.

1-16. Pattern Correlation between monthly mean precipitation and low-frequency
moisture convergence (yellow bar), eddy-moisture convergence (red dot) and
sum of two moisture convergences (blue square)

2-1. Patterns for monthly-mean stream function (shading) and associated a)
eddy vorticity fluxes (1x10°ms~2), b) eddy temperature fluxes(&ms ') and c)
moisture fluxes (1x10 *ms~!) at 300hPa [upper panels] and 700hPa [lower panell.
Each obtained by regressing these fields with respect to NAO index during
boreal winter (D]JF).

2-2. The same as Fig. 2-1 except for PNA index.

2-3. The same as Fig. 2-1 except for AO index

2-4. Vertical cross section of the monthly-mean streamfunction (contour) and
eddy-temperature flux (Shading) by regressing with respect to a) NAO index

(at 30W) and b) PNA index (at 150W) during boreal winter time. The interval
of shading is 0.5Kms .

2-5. (a) Storm track activity calculated by standard deviation of high-frequency

(period with 2-8day) geopotential height at 500hPa and (b) Jet stream at 300
hPa in the Northern Hemisphere (DJF). The contour indicates simulated the
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present climate (1971-2000). The shading indicates changes in the future climate
(2071-2100) with respect to the present climate. The units for storm track
activity are gpm.

2-6. (a) The first leading mode of MSLP and the regression patterns of (b)
geopotential height at 300 hPa and (c¢) zonal mean vertical structure for zonal
wind on the AO index in the present and future climate. The contour indicates
the present climate and the shading indicates the future climate.

2-7. The regression patterns of eddy forcing, i.e., eddy-induced geopotential
height tendency, at 300 hPa on the AO index (a) in the present climate (20C)
and (b) in the future climate (A1B). The units are 10 °ms .

2-8. The differences in regression patterns of (a) geopotential height and (b)
eddy forcing at 300 hPa on the AO index between the present and future
climate simulations. The units for eddy forcing are 10°ms " The shading areas
indicate that the differences are significant at 90% confidence level using the
boot strap method.

2-9. Eddy-feedback strength (EFS) calculated from Eqg. (2) in (a) the present
climate (20C) and (b) the future climate (A1B). The units are 10 %™

2-10. Zonally-averaged eddy-feedback strength over (a) global (0-360E), (b) the
Pacific basin (150E-270E), and the Atlantic basin (90W-30E), calculated from
Eqg. (2) in the present climate (20C, gray line) and the future climate (AlB, red
line). The units are 10°s ™.

2-11. The regression patterns of surface air temperature (shading) and winds at
850 hPa (vector) on the AO index for (a) the present climate, (b) the future
climate and (c) difference between the future climate and the present climate.
3-1. First EOF modes of (a) observed and (b) simulated sea level pressure
(SLP) fields for the AO phase during boreal winter (DJF) in the Northern
Hemisphere. Also given are the regressed 500-hPa geopotential height anomaly
field for the AO phase of (c) observed and (d) simulated field during DJF.

3-2. Composite map of (a)-(c) observed and (d)-(f) simulated surface air
temperature (SAT) for moderate AO phase. (c) and (f) are the sum of observed
(a+b) and simulated (d+e) SAT composite, respectively.

3-3. Composite map of (a)-(c) observed and (d)-(f) simulated surface air
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temperature (SAT) for relatively strong AO phase. (c) and (f) are the sum of
observed (at+b) and simulated (d+e) SAT composite, respectively.

3-4. Composite map of simulated SAT during DJF for (left) negative and
(middle) positive AO phases over the North America. The right panel is the
sum of the left and center panels.

3-5. Scatter plots of (left) observed and (right) simulated area-averaged SAT
anomalies depending on AO phase. (a) and (b) are the results of EC (Eastern
Canada: 50-70°N, 270-300°E). (¢) and (d) show the results of NA (Northwestern
America: 45-60°N, 240-260°E). The x-axis is AO phase, and the y-axis is SAT

anomaly. The red line is a linear regression.

. . . 01T 0T
3-6. Composite maps of nonlinear advection term (—u o Y o

) for
relatively strong AO phase over the North America. (a)-(c) are from the
observations and (d)-(f) are simulated output (K/s). (c¢) and (f) are the sums of

nonlinear advection terms for negative and positive AO phases, respectively.

3-7. Scatter plot of nonlinear zonal advection (—u’%) and total nonlinear

o7 ,0T

advection(—u’g—v a—y) for the AO phase in (a) eastern Canada and (b)

northwestern America (K/s). The closed circle is the zonal nonlinear advection,
and the open circle is the total nonlinear advection.

3-8. Composite map of wind anomaly at 850 hPa for (a) strongly negative and
(b) strongly positive AO phases.

3-9. The same as Fig. 3-3, except over the Eurasian continent.

3-10. Composite maps of simulated nonlinear advection term (—u’%—v’%

)
for relatively strong AO phase over the Eurasian continent. (c) is the sum of
nonlinear advection terms for negative and positive AO phases.

3-11. Spatial distribution of SAT bias of the model simulation for
December-January-Febuary (DJF).
3-12. Correlation coefficients between the (a) Arctic Oscillatioon index (AOI) and
(b) Polar temperature index (PTI) with surface temperature during DJF in the

northern hemisphere. The contour interval i1s 0.1 and shading denotes a

statistical confidence at 90% confidence level based on a Student’s t-test.
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3-13. Monthly-mean anomalies of (a,b) surface temperature and (c,d) sea level
pressure regressed on the (a,c) AO index and (b,d) PT index time series during
DJF for the period of 1979-2010. Shading denotes a statistical confidence at 90%
confidence level based on a Student’s t-test.

3-14. Same as Fig. 3-13 except for the period of 1979-1988.

3-15. Same as Fig. 3-13 except for the period of 1989-2010.

3-16. Monthly-mean anomalies of surface temperature regressed on the (a,c,e)
AO index and (b,d,f) PT index time series during December. Using data for the
period of (a,b) 1979-2010, (c,d) 1979-1988, and (e,f) 1989-2010. Shading denotes
a statistical confidence at 90% confidence level based on a Student’s t-test.

3-17. Same as Fig. 3-16 except for January.

2l 3-18. Same as Fig. 3-16 except for February.

3-19. Monthly-mean anomalous (a,b,c) surface temperature and (d,ef) sea level
pressure partial composite of the (a,d) negative AO index and PT index, (b,e)
negative AO index, and (e,f) PTI during DJF.

3-20. Same as Fig. 3-19 except for the AO index and negative PT index.

3-21. Lead-lag correlation coefficients between the AO index with surface
temperature during DJF in the northern hemisphere. The contour interval is 0.1
and shading denotes a statistical confidence at 909 confidence level based on a
Student’s t-test.

3-22. Same as Fig. 3-21 except for the PT index.

¥ 3-23. Correlation coefficients between the (a) AO index and (b) PT index with

surface temperature during DJF in the east Asia. The contour interval is 0.1
and shading denotes a statistical confidence at 909 confidence level based on a
Student’s t-test.

3-24. (a) Correlation coefficients between the PT index with surface temperature
during DJF. The red line square denotes the area for the east Asia temperature
(EAT) index. (b) Correlation coefficients between the EAT index with surface
temperature during DJF. The contour interval is 0.1 and shading denotes a
statistical confidence at 90% confidence level based on a Student’s t-test.

3-25. Lead-lag correlation coefficients between the EAT index with surface
temperature during DJF in the northern hemisphere. The contour interval is 0.1
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and shading denotes a statistical confidence at 90% confidence level based on a
Student’s t-test.

3-26. Lead-lag correlation coefficients between the EAT index with AO index
(blue line), PT index (red line), and PT (barents sea) index (orange line).

4-1. [upper panel] Correlation between monthly mean zonal wind and meridional
eddy-vorticity flux in (a) MME, (b) observation. [lower panel]l Correlation
between monthly mean meridional wind and zonal eddy-vorticity flux in (a)
MME, (b) observation.

4-2. The same as Fig. 4-1 except for each model.

4-3. Regression patterns of geopotential height at 300 hPa in (left) present
climate simulations, (center) future climate simulations, and (right) its

differences for each model.
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List of Table

Table 3-1. Correlation coefficients between the AO index and PT index.

Table 4-1. Model descriptions used in this study.

Table 4-2. Latitudinal location of the nodal point (i.e. latitude of zero contour) in the
AQO pattern, and its difference between the 20C (1951~1999) and AlB (2051~

2099) simulations from the IPCC AR4 participating models.
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S5tk o] A== REOF W4l S F3] 73l AHAelth (Barnston and Livezey 1987).

—0R-07-068 —04-03-07 07 03 04 08 0.7 0OA

19 1-1. [Left Panel] Correlation between seasonal mean zonal wind and meridional
vorticity flux, [Right Panel]l Correlation between seasonal mean meridional wind and
zonal vorticity flux at a) 300 hPa, b) 500 hPa, and c¢) 850 hPa for all seasons.
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19 1-2. The same as Fig. 1-1 except for a) MAM, b)
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COR(V,Fx)
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29 1-3. The same as Fig. 1-1 except for a) 300hPa, b) 500hPa, and c¢) 850hPa.
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a3 1-4. Probability distribution of the angles between
anomalous monthly-mean eddy vorticity fluxes and
anomalous monthly-mean flows for a) MAM, b) JJA, c¢)
SON, and d) DJF seasons. The distance from the origin
indicates probability for each angle. The angles are divided
into 36 groups with 10-degree intervals. Thick and thin

circles indicate one-thirtieth probability, respectively.
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9 1-5. The same as Fig. 1-4 except for each month for the period of

1981-2007.
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0.8
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.4

a29H 1-6. The same as Fig. 1-1 except for (a and b)
eddy-temperature flux and (¢ and d) eddy-moisture flux at (a and
¢) 300hPa and (b and d) 700hPa during DJF season.
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a) 300hPa COR(U,Fy) COR{V.Fx)

-0.8=0,7-0,6=0%=04=-03-0,2 0.2 0.3 0.4 0.% 0.6 0.7 O.A

a9 1-8. Correlations between anomalous monthly-mean
zonal wind and meridional TEPV fluxes [Left Panell, and
correlations between anomalous monthly-mean meridional
wind and zonal TEPV fluxes [Right Panell at (a) 300hPa, (b)
500hPa, and (c) 850hPa levels for all months. U and V
indicate wind components in zonal and meridional directions,
respectively, and Fx and Fy indicate zonal and meridional

eddy-flux components, respectively.
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(a and c¢) monthly mean zonal wind and

1-9. Correlation between

a9

eddy moisture flux, (b and d) monthly mean

vertically—averaged meridional

meridional wind and zonal eddy moisture flux during DJF [Upper Panel]l and JJA

[Lower panell.
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0.3 0.4 0.5 0.6 0.7 0.8

19 1-10. Standard deviation of monthly mean precipitation for (a) DJF and (b) JJA.

-0 -05 -04 -03 =02 -01 a1 0.z 0.3 04 05 06

229 1-11. The ratio of standard deviation between the monthly mean eddy-induced

moisture convergence and monthly mean precipitation for (a) DJF and (b) JJA.
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b) JJA

a) DJF

eddy-induced moisture

monthly mean

the
convergence and monthly mean precipitation for (a) DJF and (b) JJA. Contour

between

Correlation

interval is 0.2. Shaded indicates statistically significant at 95% confidence level.
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b) JJA

19 1-13 The same as Fig. 1-12 except for moisture convergence by low-frequency flow.

el

] & ol A

Ry 9 =2A yebd

&

A 2oz ot 9

A

ol

GABATE e

~
o

o

Az
W)

o

el

oy

He M2 g2 yephdh

o

A

129} 1-139] %

MEAE, 2" 1-

>
o

)

Ey_]__

3} A

Aol

A 7}

s

s

A

-
s

i, 19 1-14

H7] $13

]

S

5}

=

Mm

!

Tp

o= g

Al dhER e

3|

9
1:‘1_]__

o)
T

ol A

faass

olyet, ool of &

HH
R

el
on
oR

™

_39_



a) Pacific /DJF{Cor=—0.37) b) Pacific/JJA{Cor=—0.39)
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c) Atlantic /DJF(Cor=—0.69) d) Atlantic /JJA{Cor=—0.56)
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19 1-14. Scatter diagram for correlation between precipitation and low—frequency
moisture convergence (y—-axis) and correlation between precipitation and eddy-moisture
convergence (x—-axis) over Pacific (120E-120W, 30-60N, upper panel) and Atlantic
(60W-0, 30-60N, lower panel) domains (a, ¢) DJF and (b, d) JJA
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a) LF Moisture Convergence

-12 1 08 -06-04-02% 02 04 026 08 1 1.2

b)Y Syneptic Eddy Moisture Convergence

.. 5_\:- - ,
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- -
-\..\__ ..1;__ g

0.6 05 -04-03-02-01 01 a2 0.3 04 05 08
a3 1-15. Linear regression of monthly mean precipitation (contour), (a) low-frequency

moisture convergence (shaded), and (b) eddy-moisture convergence (shaded) with respect to
PNA index. Unit is mmday '
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Pattern Correlation

B8 ______ L ______ ______ ______ ______ ______
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23 1-16. Pattern Correlation between monthly mean precipitation and
low-frequency  moisture convergence (yellow  bar), eddy-moisture

convergence (red dot) and sum of two moisture convergences (blue square).
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HEAQ dlojt). olgg F8 FF7] REs2 7] WF o] 7dste slow gy
At (Lau 1988; Cai and Mak 1990; Lau and Nath 1991; Cai and van den Dool
1991; Qin and Robinson 1992; Whitaker and Barcilon 1992a, 1992b, 1995, Limpasuvan
and Hartmann 1999, 2000). Skell A3k viel o] W AFEo] olydt 7% Res
I T Y] Aol A My Tads Huskddtt (Cai and Mak 1990;
Robinson 1991b; Lau and Nath 1991; Branstator 1995; Lorenz and Hartmann 2000,
2003; Jin et al. 2006b; Pan et al. 2006). ¥ olt]e] ko] yj=wle FF7] Res
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n

c) Moisture Flux 300hPa

a9 2-1. Patterns for monthly-mean stream function (shading) and associated a) eddy
vorticity fluxes (1x10 *ms '), b) eddy temperature fluxes(Kms ') and c¢) moisture fluxes

(110 3ms~ ') at 300hPa [upper panels] and 700hPa [lower panell. Each obtained by
regressing these fields with respect to NAO index during boreal winter (DJF).
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719 2-3. The same as Fig. 2
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2. 3% 2= UF 9% 2 71F WHE gk

5= Z&(Arctic Oscillation, AO) Hwk oA Yl 7] 7] Wee izl
T8 EE F stuolrt 33k S dRkA o R 4w 79k (MSLP)S] A3 A A 3
4 (EOF)9] A WA RE== YEPdtHThompson and Wallace, 1998). AO®] ¥ &2 -2}
Alo} A3} Eolwg]l 7} Aol A X% (Thompson and Wallace, 1998; Gillett et al.,
2000; Wu et al., 2006) ¥ FolAlo}#< (Gong et al, 2001; Gong and Ho, 2003, 2004;

1

Wu and Wang, 2002; Jhun and Lee, 2004), © Yo}7} €dlFd (Thompson and
Lorenz, 2004) 7kA1 x|l A A vepbtr] wfito] AOHE S #FA g3 o]sfatar A
Zdste] mE WstE dWs] He o] Hdasith

B A8 AFEdA FF7] Bl FdarRE otete] #ude] i EAeAt
(Robinson, 1991; Feldstein and Lee, 1996, Hartmann and Lo, 1998, Lorenz and
Hartman, 2001, 2003). ©] G504l Fdely =wlo] A0S} 22 FF7] 259 A4
I FAe Fag dEE ghal deS wRY 2Y AT EdAs A BdE o] &st
Tt =l o3 AO IHo|l Fd=E 4 S Xt (Tanaka, 2003; Vallis et
al., 2004; Jin et al.,2006b).

A5 5 WA W] ofs TR AdUE WIAT|IH FHFE =S

o #HLE Kug and Jin (2009)2] “Left-hand rule” &% o]al& < 2t} "Left-hand
rule’> FF7] 559 90% AF WEFgFo R dryetirdo]l PAHHIL oFS thA] FF7
5o AAHew A8 2
widAdE #5 AR5E ol&ste] FF7] T ovoege] AR S Ay vf glo
W O Yol AF7IEEH dudE, dusEsae 43ads SHsdtt (Kug et
al,, 2010a). &3+ “Left-hand rule”- interannual time scale®]A] ¥qto] o}ug} 7] 3}
oF 2 FAF7] rRoME F AEH IS AT F Ao ol J5HH w A
Use sl 5499 sk (2dst 3 F&3H 719E 5 dSS B (Kug et
al., 2010b).

Pinto et al. (2007) =4A7F=7F 57kl whet o 7] 9

Yol SR ou&Ee] WstE 7h2va st Far=e] g3ty x5 2A
3 oleldk Wl e Fo V¥ REES g w2
(200002 #ZdHolHE ol&stel AOZF AA ZAstHE i dvkar &3Ath Gillett et al
(2005)> multimodel ¥7dES AFE3le] 1955 ol Al 20050 &<t &R+ A2 MSLP7F
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FFAFl A Akl subtropics A9l S7HEleS Btk EE, B2 Rdy A
oA At Alyg]ed waw A0S XT3 FFv] WE EEvh Zskd Ao
StA T (Fyfe et al.,1999; Gillett et al.,, 2002; Rind et al., 2005, Miller et al., 2006).

Aw7kA g2 A= A0 A7 AOAI T FA4 ®istel] #AS 7AW wH AO
e ZA ] Wte] gk A= o] FolA A Gskth wekA, E AFellAE A0 ¥
ge] Wsle] 2HE Wi o] AFdsle w2 A0 WIE AHH A sgom AT
Zybstol] mE FtE ot o] ®shyE R A Fo A vERE diEAl VFR

l‘i
i

[
o

7b Ag R Ry

MPIo| A 7l ECHAMA RS o] &3 T106(1.125°x1.125°)¢] sid =g 2=
= Time-slice 28 dA 715, vgf 7] 5ol cisi 2tz 304 Fyskdet. 7
CGCM<?l ECHO-G R&& o]8ste] dA7]5(20C3M) ek vl el 7] -(AIB)l ol = 5]
o] AFEl T42¢] SST, SIC7F AR&H Atk ECHO-GE ECHAMA(T30)¢] tf7] =3
HOPE-G(T42)¢] #l< =¥o] Age #F 2otk Time-slice 2golA dA71F 2
A& 197178 20009 704 9] IPCC 20C3M Alvhe] .9 CO2 s =7t ol7km m e 7]+
2 IPCC AIB Alvhel oo ma CO2 F=7k AHgso] Av] 2071-2100d 744 2 & 5]
ATk A4S S8 A 715-(1971-2000)<F 7 71 $(2071-2100) ZH2F 30:dzEe] ara) e

time-slice 28 ZA3E o] &35t

{0

1

A

-

BN
oz

rlo

>

K

FF) 880 QoA FHolr] v AEs 24a7] da duRALE e 2
2 A2 ol g3l Faksith o WWE Sheng et al (1999)9] o3 == e
f

F=-Lv2werye)
g

(1)
AN, VI (o FRFES v dEg Uudd A =% gy, g F
g7k wolth Fi oyl 2aiM of7le A%l tendencyE 2wl gt} F3FE
ARFE 2-8Y band-pass filterdte] 3 2™ overbars A& A& HF3HS ekl
tho o] A A= AL S o] BA AT
ek FHdogewe] Frg APFstaty] A& 24 AAA A eddy-feedback strength
(EFS)2 AAtalgith. EFSE theat e 2oz Aolstalt),
[8,0e,3.0)- F(x, p,0)dt

I¢a (x, y,1)dt )

714, ti AT x9 v 7 AAAE S YEhith o= AdRFE AR5 ol
- 48 —

r1r

[e5

EFS(x,y)=




o
1=}
AC)
2
L
A
rlr

Al oA Tzl el tie] osfiA]l ekl elt] ZAHo|th EFSE
A nzge] Wals otjo] s okrlE A= tendencyE W FH} o] o
ol oA oF7ld AF7|HMEA ] growth rateZA4 o]l & 4= vk EFS7} (5o,
TR ove ot eE&(adydAE)d o FF7] 555 AsHFshHAII= 9T
i & 7hE Rtk mEkA, EFS #ol 5% @t syl ¥ Fe-S ongt

U, THAFE Ay} AES W3]
A3t w2 AOL WstE #4357 Ao wA7|EFolgta & ¢ A= AEVF
o} Zo v 85w (synoptic-eddy  activity)®] W3EE Ay Egt HRESS 7]

<
5
o wa AH¥ Azl tehta gt B4 Fol shirh AlEe] FgelEelr 4

Al

Tdste] oa) AEVE o' olFaA HW FHLAME AES A, LA

AES] F7h7F B gt oy 542 & ATolA AHE¥E time-slice AF A AE
FUA YEha JTH(IH 2-5h)AES] A4S AFEH &% = (Storm track activity)

a3t A3E A} H(Ulbrich and Christoph, 1999; Yin, 2005; Bengtsson et
al,, 2006). &3t Ulbrich et al. (2008)°14 = ~FEZH 9 ®Wslrt X922 2o]E HIT}
AT A SA = SFol st A=rF A A= WSty yEte vhke
g FA ol Ao FFo)Ee el B yelya gtk ol# s XHH Aol
ATl AR Rl R Yettar vt B ol 2FEH ] S3Fo]F ol
O FEgA A vEbda vk kA, A0S WEE Hed oM E BE Sy dM G
TiEste] AuE dart e Aotk A0S Z2 HAF7] WMEAdS AES TR
Heb g s 7] wiged AEY AFEHS] Wil e A wiE g
Mshs 57 el vEtE 7S Aol
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(a) Storm Track Activity

a3 2-5. (a) Storm track activity calculated by standard deviation of
high-frequency (period with 2-8day) geopotential height at 500hPa and (b)
Jet stream at 300 hPa in the Northern Hemisphere (DJF). The contour
indicates simulated the present climate (1971-2000). The shading indicates
changes in the future climate (2071-2100) with respect to the present

climate. The units for storm track activity are gpm.
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(a) EOF1/MSLP

¥ 2-6. (a) The first leading mode of MSLP
and the regression patterns of (b) geopotential
height at 300 hPa and (c) zonal mean vertical
structure for zonal wind on the AO index in the
present and future climate. The contour indicates
the present climate and the shading indicates the

future climate. 5 -



o A0 =9 e ¥3to] SlojA dyg=Eme o3

79 2-6% MSLP9 EOF A ®¥A R=el AORE=9 ey 3 ¥A REo] AAES
Aarstel A0 Agrel IAEAE 73003 sAubEEe] Ax Zxolth dAAV|F=
contour® "] 7] ¥ = shadingo. 2 #AFA T B2 A A0S dipole ¥l # R ols)
i Jom mEgr|geA FY AstEe AS B 5 Jdvk(® 2-6b). o]Hg AO FEW

slo] Oist AFE g2 APATEAAE ojn Bo] A on gxst= Aart el

v ok AR B Ao 2He A0S HE WErF obd w'W 2 Ao W

& ARz g AO9 dipole |E o] SFow olFde S AT £ o =

8 HElE G AelA o FslekA vetdar dvh AOsiH o] Wstel A oo} e
]

Avgel % 4% @de] Ut Jrhad 2-60). ol ¥
24

CT T 1 I
-18 -15 -12 -8 -6 -3 0 3 6 8 12 15 18

9 2-7. The regression patterns of eddy forcing, i.e., eddy-induced geopotential height
tendency, at 300 hPa on the AO index (a) in the present climate (20C) and (b) in the

future climate (AIB). The units are 10 ’ms .

TR ot g=uo] AOS Z& HF7] MEAd T4
TZA3(Pan and Jin, 2005; Jin et al., 2006a, 2006b; Luo et al., 2007)& ®l&o 2 AO 3
Ho] S3gFolFo] ory=uly ojudt #HEHES 7HAAL A ARz sl oY
v=wle]l Wsts FAetr] Sl A(1)e ol&ste] duAdAHS AitsAth AA 72k
7)ol ZhzE A0 - E duiAlg s ' 2-7 o YeEtd A A9 a9
Lol oo o8] oF7]% & cyclonic forcing®] Aom T EoA = ot <&

50

ot
18
l

ol

P gtk A

fass
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(a) 2300 (b) Eddy_Forcing

BT T 1 1 [ T T T  — —
60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 -2 -0 -8 -6 -4 -z 0 2 4 6 8 10 12

19 2-8. The differences in regression patterns of (a) geopotential height and (b) eddy A
forcing at 300 hPa on the AO index between the present and future climate simulations.
The units for eddy forcing are 10-bms-1.The shading areas indicate that the differences

are significant at 90% confidence level using the boot strap method.

(a) 20C (b) A1B

a9 2-9. Eddy-feedback strength (EFS) calculated from Eq. (2) in (a) the present
climate (20C) and (b) the future climate (A1B). The units are 10 %s™.

anticyclonic forcing®] WEHT ot ZAl#H-2> AO €3 fAFsHAl eI 1o AO
s A3t 7l WEgFor o d=u RS oA Ao A7 5ok v ]Sl sle
A FEldk xolE Ay Eubd, F9 %9 anticyclonic forcinge] =Z 07 o]FdriiE H
3} F R 9o A cyclonic forcinge] ©W Z3tEtiE Holt)

BEE 2polE HI|fE] A0S ¥ A=t ouiAH el WstE 2 Hlas|r
SKTH L™ 2-8). o] F W3k A As7E 0532 FAREE 'S Hola gvh 59,
gt MrH, A Gl A0 Wate} ot AdAlg e Wyl & dA il . o]
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(a) Globa
3 ‘ ‘

2.51

_0.5 l | T T T T
20N 30N 40N 50N 60N 70N 80N 90N

(b) Pacific (150E—270E)
3 - - - ‘ ‘

25{

-0.5 ; ; ; ; ; ;
20N 30N 40N 50N 60N 70N 80N  9ON

(c) Atlantic (90W—30E)
3 ‘ ‘ ‘ ‘ ‘

090N 30N 40N 50N 60N 70N BON 90N
9% 2-10. Zonally-averaged eddy-feedback strength over (a)
global (0-360E), (b) the Pacific basin (150E-270E), and the
Atlantic basin (90W-30E), calculated from Eq. (2) in the present
climate (20C, gray line) and the future climate (A1B, red line).
The units are 10 %"
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2 FAGel N @AV FRk vd7)FoA AskA deda ek 2 BE g o)
Mepel A ThE wial Ge molm Utk EEAA oA EFSe HujEAe AL B
o SEtE SAS dehdth ol: Ml Fo ngmelA oty =] &

Ag ouideh wHe QAGAGANE FAo] BEoE oFai

A3gS FA Arh(Kug et al, 2010a). dtjg=mo] 19 Eo|r] Zadd wel A0S 2

el Wz Amugieh B A EFSe] gt @A TN %9l 504 2
o7b bbb meel i 2e) 60l A Hizh vhebd
|l Wt 99X dAstn ek wEe] WA AL B9 6% LA At
dede TR AuiiAe] 2 owsiglel uAEAN FET A 54
walth ol A0S ES] FFolBo] BBFA AN FelshA Hehbe Astst AXD

. %, oty =uo] AO MEe] FaolEd Fad AL 1 AL & + ATk

k. AO ¥t JF

AO® Wigh= Hukt &) 29k 7[FA 2gle] s Frf ojw] & &l upel o
AO=  FERrloler Holuglzl A 9ol ALH %9 FIFES FH(Thompson and
Wallace, 1998; Wu et al.,, 2006). w2kx, AO € o] WHsleld o]9} Feld =2 W3l
= 7hA A 2 Aot 19 2-112 A0 Aol 3748 A% 7123 850hPa BF#Hd
S YERd Aotk A7 A S B o] AOYW A9 Fi kAol
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3 WMRERE el BEHAE AL 2 YrhEch ok A0S BEE +#%ol
warm advection} cold advection® ¥WE57] wEolth, et} AOS] welo] wWaste] w
g o dgw thEs debl gk meels kel A0 ekl e $E2e u
mal A RopWEsh Ae Lxb e AoR Uehdth A0 HE FZoz o
S3ko] e 2agEolsl WawAWA nYE WA Belust Ador B §9
S wA ko] AOY W malelE AAuct o FA Ak 2-11c).

o 2ok R AE
W OERE olT YEWe A0S 2o AT mE §A3 f16] gloiA

3
&S skar vk A g2dste] e JFo R ouiAlge] waEEuA 2 A5

=Rt
o] mstol] QlojM e FEs] Fad 4Te dtal ggol & ATE T gl 24
T} wTb Z7hste] wel ~2BEHI HEVL BERog o|Estgon oleld wjA o]
sk A0S ®stE oplgth M7l el A A0 diH E3 Sow olFstE Zlo] uE

{0

9w
o
a
J|m
ol
=

gl s ol Walrt FlshAl et A0 sjd o] Wal= Fakely

v=wo] Wkl M AHs Holu Utk IPCC AR4 E¥ ol E o]&3to] AO
nro] Fggoly HAEE FofsE Ay B AFeo md Ayl FAIL AES AdS F
AATH

Gt e AES 2FEHO FgolFo] YEltal th(Lorenz and DeWeaver,

2007). 28ju 2 Fkgte]l tj7] F QX =91 Antarctic Oscillation(AAQ)2] ®3}te]l glo] A
oty =o] ojugt 9IS stal QA AFETGH 2 AT AnE fAwnHINE &

o1 Aolgt AmHT. FF oled AFEo] F7hE o] FojHop B Ao|th
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19 2-11. The regression patterns of surface air
temperature (shading) and winds at 850 hPa (vector)
on the AO index for (a) the present climate, (b) the
future climate and (c) difference between the future

climate and the present climate.
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A 3" ol 71F dde H¥H ol

oft

(Arctic Oscillation; AQ)& F& AL7|7H5<

)

1 7] Y (sea-level pressure)?]
o d& F e "7 WE
Aol Q3% =24 (Thompson and Wallace, 1998; Wallace, 2000), =#A 93} T %=
A1) (oF 45°N)ell Z+zh whef o] o & 7hxl s v|ske]l FAlo] flA|star lom, sA%
o w2 7 A o] yeye 234 S-S 7HIH (Deser, 2000). 3 of 2] <
£ F3lo AO7F HwhA] ol 3ty frozen precipitation, 73t vl 2 AlZbsk &
A Wxo JEgdS Fual HuEHAY (Thompson and Wallace, 2000; Higgins et al.,
ettstein and Mearns, 2002; Jeong and Ho, 2005). AO7} 29 $94< 714 o,
= A7IA ot=EErE, Hte] F9E Ades AVIYAE otw=EYE A
™, ¥l AZY W= ol wriE yehdth (Gillett et al, 2002). =3 AOZF &9 9%
o u], o}=(sub—polar)#
A3t 9= Aol A Hes o AAT, R AOZE ol Y W, AET R
7V A ZE717F ofsA g o ® WH A ke Aol dojdtt (Jeong and Ho,
2005). 53], Lol &bt Asdo] Az 75 ddso] dojwed, ol A3 =
o] §14e M= =X ol HIHE dojdk Ay #Eo] = SR HAXY (Wang
and Chen, 2010).
og] 75 Tl A0 T -uf=e X} FAMTEH FFT7HA ol2s VF RE
A Bdo] rkar AAE QA oS £9], Thompson and Wallace (1998)3} Wang and
Ikeda (2000) AO7F A 92 frehalof 9 *3EWH &% (surface air temperature;
SAT)S ®&d¥a dds Aol AsS AAsEA 21, Rigor et al. (20000 A0S

J

_I>~
ol
20

oli-g] 25 E EOF(Empirical Orthogonal Function)

[\
o
()
0
2 =

& 2Pt Fo| AT FAAN T B FA} obF

= A 20dEQt L ATt sESE, bAoA g A xw 2] FAe ub oS A
B F A AASATE 3 Jeong and Ho (2005)9F Park et al. (2010)2 5o}A] o}
Aol grupddol AOSH #HE s AT aHER Hikgte] vy V$E 4=
k=t Slo] AOSH 7| FHEA el BAE olsfst= A2 T s

FEol Aol )] 7% ofxdE]lE A0 4 59 9ol wEkA F3hA dd

32 77 v Gehge, =8 olwwrele] Zv)E AOH Welddn AA e
gou] olggd AL AOE 7% WMaSe AdHor AFH JFL Frhs AL
Wty et AR ATSd o8 Bukr ALE A0 JFo] wAFA 54 s}
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Ath= Aol AAE I At Higgins et al. (2002)= wl=o| A &9 AOQ9 93 7]29]
composite oFx=ZE] o] ko] AQo] 93 = Aoy or gds trEA YEy:
55 AAEFA . Shabbar and Bonsal (2004)& %42l AO7F YElU= ASH F7 vt
cold spelle] ®1HsHA Yty vt thx Aol = warm spell®] ®W1%=7} F7h8b=
Aol dojuypAwt 3 32 AO9 W3k warm spell®] WX W3}= cold spelle] Hl=
Wstel vluste] AP Ao R YEpUA FeS AT B3 Wu et al. (2006)2 AO
of w& 500hPa A LA 1o} AW 2% ol 7} Fopu g7l x| G| Al HjH g

R

A1 #AE 7H S HERSIH
ol#g A= AOS MAFH FFoll wHalM AAsEAARE, G or Fe V|
7hzl #EdolH = oy ddS dWat=d o] dAZE dth 2R E E ATl =

multi-millennial 7]% 22 35 F3}o] AQo thsh v|AEA EA thaf A5t o
o olE = HolHKEY FHI WS AMHE B S 7] utol ofF gAstA e
AO°] nlMdyg A kol digt 95t Ao tis] zAMsHA AT F ok agEE 2

Aol A0S Aol olg WARA Tz Wl ANE TR FAL DS 2

off

r
[
¥
18
%
Ry
i)
o
O
é
_‘_,
2
o
N
oN
o
=
>
rlr
fo
—lrr‘
A
iy,
rfl
o
2
>
off
o
38
i)

7b, s 2 2443

NCEP/NCAR A4 #Am + ¢ o 80hPa vhEd2 7|¢), siw7ish, Axd 7]
AEE AMEE e, 1948-2010 A= 7F o] &E AN, AF Y FHIAYEE 25%25%]
t} (Kalnay et al, 1996). ¥ Ag-olA ®iz sk AL7]7H12€-tha3 2¢€)2 1948/49
YR 2009/1087bA4] & 62H o= B 7|gbe] dia) A et 7SS W ofdy
tolBl & AR&3E3At

AO9 nAgA EAS BAsl7] 98] multi-millennial long climate simulation?] Kiel
Climate Model (KCM)& Ab&3atglom, o] RuE tfr]-sj&F-sfo] ¥ Hogd =Y
ojt}, KCMEH & 54t ECHAM(ECHAMS; Roeckner %, 2003) 7] R<(AGCM)}
| FEd NEMO(Nucleus for European Modelling of the Ocean; Madec, 2008),

ol

ot

o

OASIS3(Ocean Atmosphere Sea Ice Soil version3; valcke, 2006)2 7 g3l & 9F-3+
3t mdlg A gt ti7] REL 19/ FFRFOoR o|Fojxgon FHHAEE

rr
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T31(eF 3.75°x375%) oItk H7k s Fmde sfdi= f=mol weh Hat 1.3%0]9 A=A
2 0.5t} (Park et al, 2009). 222 F 50000dS A&Estgon, 2 AFoxe= =AY
Btelo 2 A5 800W= Aeg 42000l thafA EAskSlth. Semenov et al. (2008)2
E - %% (North Atlantic Oscillation; NAO)9] < Ag¢S ¥ ndy 3= 2855
AbE3Fe] Hlal BAEF91al, Park and Latif (2008)2 Atlantic meridional overturning
circulation (AMOC)2] W% " & A (internal variability)oll ™is] 3t t}h. &3 Park
and Latif (2010)2 ¥ AF¢ e 8-S AL83519] Pacific Decadal Variability (PDV)
9} Atlantic Multidecadal Variabilitye] <&l thsto] #Alst o, Edo] st Ak
JH o} UL Park et al. (2008)oll A1 g 4= 9t}

(a) EOF(Obs) {(b) EOF{Model)

19 3-1. First EOF modes of (a) observed and (b) simulated sea level pressure
(SLP) fields for the AQO phase during boreal winter (DJF) in the Northern
Hemisphere. Also given are the regressed 500-hPa geopotential height anomaly field
for the AO phase of (c) observed and (d) simulated field during DJF.
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U, 43

AOYE #FAE(NCEP/NCAR AAxt=)er mdo]l 89 200049 ALHDJF) Hit
34 H7IH(SLP)e] EOF A4S E3le] 48 4 vk 71¥ 12 boreal winter”?] 32| 3
™ 7]te]l EOF#H€el3} AO indexol W& 500hPa #| e Held wol 3]s veld
Zolth, #E(19 3-la)d RE(2d 3-1b) AFolA A0S AP A< seesaw FEHQI &
Aeke]l Ay A A=A do] SA9Y F LA YEYa JdSS B F Ut 1Y

22 @59 A0S HlusEoks W Edo] sjddy Ar]E F RAMSHAL = Alw B

27 o ZaiA YEpde], ofNel diFew o Sl it Ao mof muo] Axw

b) 0.50<AQ index<1.Go
o P o ok, S

¥ 3-2. Composite map of (a)-(c) observed and (d)-(f) simulated surface air
temperature (SAT) for moderate AO phase. (c) and (f) are the sum of observed (a+b)

and simulated (d+e) SAT composite, respectively.
AO Ao gk 500hPa A LH &l ko] d3]AFS Fa vetd 7)o +=3 sid
2 = Jui(ag 3-1c 9 1d). S5
F ol=ze] sjH ¥} o], Fo AoHUAM nk ofx=dyr} FX99 FAld $1X 38
Aom, Fol ol rt Fo kel X5t vk AWrAow mdle] AQ9 #HE 7]
w2 ddo] & mANE I UEFS & 5 vk AO
8l AOA Tl tigk A2 7]=>(SAT)9] composite =45 sttt (¥ 3-2). ¥4 AO<]
050¢ 15058 7IEo® AOS ZEE AUAA R 7 g = vro] A48}
Atk HEY 9 AO(-150<A0<-050)d w, #3(19 3-2a)7 EE (19 3-2b)9
SAT composite HA &JAJote} Folu|g] 7 A oA Fo ol & Holn &HF o
Alope}t E-sIlutel Al Baffin Bay7HA & 9] olwea]lE Helth BEF e 9] A00.50
<AO<150) ¢ 4|, Baffin Bayel &< SAT o7} $x3ta dow, ol st}
Al gAlol A Ao oFe] SAT o]z Helth (17 3-2b%} 2e). ANbH oz md o]
SAT composite®] 3¢ A7) #FoNA & A3} vl Al YRR, o] A

e pEa wadA wsd AGH AHe A

N
o
o,
o

N
N
He
[-*E
-
)
ol
S
=)
rlr
o
oft
o
f
N
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2"l X ol At (systematic bias)Z Q13Fo] ko] F71HA <l Kol o]zl Bl 13 =
2 9 2414 A0 A7I7F BEY W, AO7F SATO F& 4&F2 Aoz Yehs
H, dl& 5o 7% 3-2c9 3-2f= 7} ubtfe] A0Sl e @53 mHlle] SATe] &
S yebd 29olth SAT composite ob=22 9] 3to] Qo] 717he -9, SAT ©
7F AOA el whel AP Ao w wkgets S yEdith SAT ¥WEel <
A0l A7t Fdeldaes Addez yeidu spARE A3 AO(AOI>150)<
composite SAT olx=de]= HlAdgH oz Yepdrt (29 3-3). AAH o2 SAT ofxd
go] FEe A0S A&7t BEd w(d 3-2)9F vasjA HopHe7te}t frepA ot &
ANA o ZAstA dEbdTh o] F A9 #SHolHAA A0 59 f14Y W SAT=
g A detd (L 3-3a), 4o AOY W SATE ¢ wsiebA detwei (1" 3-3b).
1% 3-3a%t 3-3bE Hlu S w, SATS &1t A& H=stA Ho|A|RE SATO %=
© 29 AOY wW o =LA dehdd ol g HAE A2 A0S dH =9 AFd
composites 3t A3}E HH v A3 yelued, ol ¥ 3-3codl YERATL
SATOl F&FS F&= A0 rAFAL Hopuleztelq 52 = vehds, A07}
Gl (1% 3-2¢) F /B9 composite®] ol &HEk 53] Hopug]gtel
gprjottf Fol A F8lgk AolE KA

2

o gk
a. =

_‘d
i)

=1

O

{b) a0 lndex}l S

4 -36 -3 -25 -2 i 0.5 05 1 i85 2 25 3 25 4

a3 3-3. Composite map of (a)-(c) observed and (d)-(f) simulated surface air
temperature (SAT) for relatively strong AO phase. (¢) and (f) are the sum of observed

(ath) and simulated (d+e) SAT composite, respectively.

Jel 4= Asts ¥l X Ao wAARE EAGAL, o A0S vHY
ol ARe TS AUz ds) Agsa. Tohlest AN FE 29 A0
(718 3308 7H4 W SAT ohwwele] ZE: 2% %o AOCLY 3-30) wel A3
uoh o FsA dehgon, Badst f5delg e Astsh Mad HHe el

(¥ 3-3a2} 3b). F composite?] &S 73 &9 AOY wo] Axpel AL wL=EA Y
Elytom o] Ax} ol o] § composite©] #Z3} w9 FAES BArh v AF
of thal Holwerte] A5 #F Hdol A ufg- FAFSHA ERSEAIRE fEkA o S
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A= frabdol =T ofebAl Utk ol9h £ At nigem w5 mdleA w4l
Fgol e vehd Hoplelsh Ade] 2H& sta wAEAt E=E old HAdIA
At HoprlE gt A1 Agel A0S ##ste] SATSF 75009 v|AEA #A) sl
A3 Wu et al. (2006)2] Z3tof AR 2 3fo|t,

(b} 0. SU‘CAO index<le

[a) —la<AD index:—ﬂ.aa
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[d) —1. E!O'{AG index<—1¢
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219 3-4. Composite map of simulated SAT during DJF for (left) negative and (middle)
positive AO phases over the North America. The right panel is the sum of the left and

center panels.
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of 7]zke] i A AR A7) o
case) &3 £AS sprldl= AV e

i
=513 AMEE AT £ dE 7135 2F Y long-term simulationE A&

AO G W& HAEAS 4387 A8l A0 ol weh 1078e] =1
oA cases AAsAT. 19 3-4= A0 7t 571 caseol W& Hol
w2 7}A 9 2] SAT ofx=%g] composites YEFH 28olth 59 AOY w &9 SAT o}
=t Hopm bAoA ASHA UEbUH, Syt A kel SAT of=e]vt
WERstth ol gk SRl 19 29k 3ol yEhd W5 Aol fFARsHA dErsk e, AO
Ag7b 25 SAT ofx=ele] A77F FalAl= As & 5 U (2™ 3-4). =3 AO
Aee) A7 AdTE SR 59 SAT ofx=dg 7t AO7F ok A9 vaugls W A

zow #3uE AL &+ Utk

AO 917 H37F Wd uf, SATY 3taidloly A v s2sbA, H3= §h Wet
= A& = 7 v 28y AOAS7E 2 d, SAT o= AOAF7F M= o

b 2
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walolth. A0S Awst AA4E, F £ SATY ol A0/ ok As) W
NP W MFo R HgEt Fee] ey, odl 5L B AE HEEA ey

Tz AE diglY A4S 7Fd A0l tid SAT compositeZ &= AP Aoz
B AAY Holu, A0 A9 A=rF AdFF nddEA o] HEsiA deds A
B vk olggk Adte= AO Wi o] 914l W& SAT composited] 2 ®W

T e, A09 Awrt AdFF Hoplgrket AU Aol A Zhzh e
SAT, &9 SAT7} vbetve AS & 5 At (21 3-4, 4], 4o). ol&s vy d e
59 SAT composite ¥} H|S=8}A YESES oJAL AO7F &9 4Y o
SATel o B 4 Fo
composite Z2¥HT} ] AZFo 2 o]
a9 358 #5Y BdoA A0 At SATE FIHE e ofmdaete] #AE K
T adolth B Aol s 29 304 nAdFEAd el A dEide T AY S, S
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(a) Ob=s(Eastern Canada) {b) Model(Eastern Canada)

4 T 4
3 34
21 29
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14 -1+
_E = _E n
/7] _ | —
E 3 3
'_'lﬁ - T T T + T T T -4 T T T T T
E —4 -3 -2 -1 0 1 2 3 4 —4 =3 —& I ] 1 2 3 4
g {c) Obs{Northwestern America) {d) Model{Northwestern America)
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= 3 3
8]
2 2
17 11
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% =2 22 Sl @ & B 2 AN ST w31 2 3 a
AQ Index

a3 3-5. Scatter plots of (eft) observed and (right) simulated area-averaged SAT

anomalies depending on AQO phase. (a) and (b) are the results of EC (Eastern Canada:

50-70°N, 270-300°E). (c) and (d) show the results of NA (Northwestern America:

45-60°N, 240-260°E). The x-axis is AO phase, and the y-axis is SAT anomaly. The

red line is a linear regression.

AS debd ZAojuh wbd oMo o] WA defel fAstH, A0l gk SAT

o st Fu AFAH o whgdthie sE Wik
AA A5 BEC(1™ 3-5a)9F NA(H 3-5¢) A9 ¥tk o] A0 9142 7Hd
SATe] #AZE efstAl vebsdth. 53], AOC 27k 2009w, = AOY we] SAT

ol =)= NA A Go| A9 % AO| W& SAT (28 3-5He)Eth F vf ol =A
Ebgth =3 AOX 47 4 o, A¥3s| A HAVF o FEHAA UEse 3
Ak ¢ Qe AFEZE AFel®E EFsta, o] A3k AOd digk SATY] vAdZAdE
ZH el oh @ Ao = v]S5=8k v EAe] dEo] YEyY, #ESHTE Aol

b g7] Wi o SH% JRE 9% & Utk ECS NAXS ®F AOZH ¥ 9%

B\
jih)
i)

e
Al
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9 W e BEATHIY 3509 vhAZAR SATS BAZ} okabAl vhebdeh (19
W BEE SAT ofewell el AOY Wumrk 20 o4l Aoz

ekt

Bollel7h Ao M /15 mdo] BEolA tehd MAFHL & WASE Ao wo|

B2, w9 A5k ol @ MARA WA tehte 999 ArkeE AFE 5 U2 2

o gastarh ol @ AP A Aol B+ At ot FHe oy A

U], B Al AT oe] dol FolA HAHBA o]Fel AL wiel BAstgr) 7

AO Aolzsol WA Lol WA wi-w o2 T)e Aol A0z
w2} composite dhe] 43515 T}
(a) AD index<-—1.5¢ B) AD Index>=1.5g e) a+b

BON 4

BON 4

40N 1

N

(d) A0 index<-15¢

BON

GON

40N

208 204

150w 120w 0w 80w 150w 120W
—id 13 —ii —% -7 -8 :e —.: : ; ; !I'
o , . . 0T, aT
13 3-6. Composite maps of nonlinear advection term (—u v B—y) for relatively

strong AO phase over the North America. (a)-(c) are from the observations and (d)-(f)
are simulated output (K/s). (c) and (f) are the sums of nonlinear advection terms for

negative and positive AO phases, respectively.
O 362 #FH RAEFE A A A0 mE SATS H[AdE ol {3
compositest A5 HEbA Foltk. #Zol Ao HHAYPA o] 79 tripolar ¥ 73
o] AOY W) & yEhu=dl, 53] HAMotuE7tet Baffin Bayol M= &9l °l&F, S7iu
ot XA A= e o] {F7F YEMYT (19 3-6a). 714 FESFE e H(F)e o
F7F i SAT ofweg 7t A7k (m5edh) A g A&l yelv= 3ol (19 3-3
Fx). 4o A0 94 W (¥ 3-6b), HIHAEA olFe 59 AOY W] Ao HugE
ol iAo ghe] Avle AAN A st = el H= S B 4 Utk 2R

o tripolar ¥l o] TA] YEFLA

ot
ftlo

o

i
o
%,

o

H S Holx= F 79  composite 23
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Ao (2% 3-60).
Blo| A= (17 3-6d,6f) @53} vlags wf HAYe] o] sHow o7 Ag-A =
4ol WepA,  tripolar M E L FARSHA UrEbdT EE RS WA Y o) {id@e A
A ow Ffrelst= FaFo] vebubAIRE 28 3-33) 3-49]

g o] AAARD 2 WAl yEbd ) o] d A= nlAdg
of mAggel Ao Fod 24 F veE A on
H A8 ol Fale 94 oE2AS By|YE], 18 3-3col A A A

roi'
=y
)
2
o
o
-9,
Hu

[o

gho]l FkE S ALstg o, A0 gk v E sA ol {FI(—uw'——) F v FolF
ol

@(—u——u—u wate gt 29 7o) odaw uad 54 o R &
2% ofael el Aolrt Ao AL B & e, ok WAY FA olFgel E

Q; il

@ o] F A HE FRY fASHA &= As vy aHEe E Aol =

o
At Ao vAy T4 25 ol FES A0 9ol ddglel A 4o Fe uE
Wk =3 HAE o] /7@2 A0S AV AZFE 9 AAlAs AS B o s, o
= AO7F A=, SATE nld g ol Zaix= At dAeh= dafolvh. L
27 A Gl M= HAdd ol F&el &4 = #olw, AOZF e dss nAdde e

AW A o7& 53] AT Fe] AOY W AstAl wrEbu=dHl, 28 3-5del A

Fol A0Sl U@ A Ho]l AdHEH Fod arw AEITE AL AFT & At
Atoltt,
e F AN oAl MAP o] Fe] AAHE AUAN? B oprelAt Ao A B

AME o= 7 ()Y A0Y W Agk M F(EE)e] vERdTE (19 3-8). sA1F] o
¢l ¥ 3} (symmetric variation)®t ¥ glS W, AOCl wE SAT o= F4| -3
7ve] zpolo] o&] A7l AA zbolo] oF| Ao wm vl A A 0w e A ¥

ot
a2

oF

—_

(Thompson and Wallace, 1998), SAT o}:x=2&] 2] & x}9] (%) T3 FAWEo 2 b

Aoz YdepA "ok AdHoz o AOY W TFS sAYTHHF W gh A
Aol A o] HHdE H7|(F7]) olFE AL &2 Baffin Bay 9%
A (Fo g7t AAel EAsE F(H)e &= ofxmEle] %Ko x|t gl o
et AR, g o|Fde tripolar WEe]l YEUA "Lk (¥ 3-6d). Wz A
2, %9 A0 4 W MFo] EAst=d, ol FAUTHEolM I A waAdE o
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% 3-7. Scatter plot of nonlinear zonal advection
, 0T . . .
(—u 887) and total nonlinear advection for the AO phase in

(a) eastern Canada and (b) northwestern America (K/s).
The closed circle is the zonal nonlinear advection, and the

open circle is the total nonlinear advection.
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. febaol UE

#2504 SAT ohwmele] MABAE febalol BFE Vet (17 3-3). Bop
o}A e SAT ofw@eli= Holulgsl A3 wRAZMAR A0 B85S WAl

Fst7 vEbd T (2" 3-2c0k 3e). 2 frEpAlol Sl = A0l ek REle] mjAd
2

otk

d Bo7F A"l A (systematic bias)e 7FX

AR, AP A Aol BEd WYL W FHABOR A Jor, ok 1
@ 1bolA e B9 e] e SLPSE 4% <8 e Bl Qi e wel
EE, BEAAE FF 29 SAT ohwmelsl FFobAlctol A FolAolnA #3(

) :L
&
I
9
3o
rr

e}

, BAo A= Fdofrotol A oz A yEY, FolAlo}
A Ao = Fo ofw=dE] 7t YERETH110°-130°E).

(b) AO index>1.5¢
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a3 3-8. Composite map of wind anomaly at 80 hPa for (a) strongly
negative and (b) strongly positive AO phases.
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AAE AS & 5 A (249 3-9i, 91, o).

() ~1o<AD index<-0.5a I:b} 0.Ba<AD indox-c:lu (c) m+b

G0E ©OE 120E 150E 160 150 2 G0E ©OE 120E 150E 160 I50W 2 GOE OOE IZ0E 150E 180  150W
(d} —1.5c<A0 index<—1o (e) lo<AQ index<1.5c

z Tn'E.... _"-'
SOE SOE 120 150E 180 150W  &0E NI 1208
) ~2o-<AQ0 index<-1.8a

[h) 1554:&0 indax-.

90E  00E 1Z0E 150E 160 150W  BOE  OOE IEDE 150E 180 IS0  GOE OO 1B0E 150E 160  150W
() —2.50=A0 index<_2o

(k} 2e<A0 index<?2 5c

BUE OB IZ0E IG0E 180 160W £ WE I120E 100E
(m) =3g<Al Index<-2.8 Ln} 2. ﬁa'-\:AD jndex-r:ﬂa
- T 1

Ilm
T L i i
—I..-l -:I -M M ] [ N 3 +

T3 kAol diFelA AO7F SAT9] vl Ao F& €S Bzt A0 digh nj4g
25 o]FE AT (1™ 3-10). WA A0 wial] vdE o] {Frb AshA vERUE
T A FAE AAEAT F9 olFUt dEve A9 TG okAlel ¥ o7t
UEE A9 FelAlol Adoltt e 5o AOY w HME o] Fo] & sHe &
o] AOY wWe] Aot M= A dErETh A RAEAS dER= T 19
composite®] ¥ 7} composite®] T} H=F AIE BT A HHY o]

HE2 19 3-99] A0 #H SAT ofx=Zele] uXdygy ez v FAlSHA

e ol Aats BAY T4 ol 2 Tobrol Ao SAT RIS F=

u, goF 9 AE
2 AFd A= A0S SAT ofx=dele HlAE #AA diste] 439 composite -
A& F3sto] SAT ofx=el= AO7F stAY HEd we AP0 AAE YeE AT
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{a) AD Iindex<—1.Bo (b)Y AD index>1.8a () A+

BOH == BB BON
ﬂr"”&' T oy "‘“"“—"L~—~—.-s ] q-"'ﬂ"-‘-'-'u-!--,..._-
A0H { g,; 80N A eon ’i:

s f? T f#-.{j aonfy? T ‘ﬂfﬁ_d & I

L-1=1 4 GOE 120 150K L] 180w BOE SoE 1Z0E  150E ik 150W S0E 0K I20E  150E 180 150W

—T —1 1 | Se— — T 1 T T
=18 =@ =ii =8 =F =& =3 =1 1 @ o - - [ m o oan

0T , 0T
23 3-10. Composite maps of simulated nonlinear advection term (—wu s 8_y) for

relatively strong AO phase over the Eurasian continent. (c) is the sum of nonlinear

advection terms for negative and positive AO phases.
AO® A&7t 71255 Hotwlg]gh A 93} Fepalol tiFel SAT ofx=e]e] HAdgEAd
ol Uetwth. #= dHolH e A% &4 7I3to]l &) witel A0l Wid HAHFE S EA4st
71l FAZE o], & ATolM s A0 taE Axe g B2 AtdHE B F de
F71 715 Edo Abgsto] EA St Bd Ao BlAdE g He vy 2%
olF9 HHEel UXetr, vy olF+ A0S A=Vt EF5F AAA= Ad7E vt
olglgt A¥= HdE ol F{F7F A0 o gk SAT ofwdele] v dEgAE AAdsted F8
ISRuleS
Lotul 2] 7 Aol A A0S FaFa} HlAdF o] el & wejs= vk fefkalo
oA e HAdE
I} #= F Y composited A SATE] o] 7} Ald|glo} A Foj A RB5F YERLb= Ao
thool2{ gk SATS Ztol= AO7F ¢ #14<= 7HE wf o &AsHA vetvh=d], #5elA
=2 SAT ofx=el= Aol Aol Yeum F&opalop A q7tx] s = whd,
R FRofAlo} A HA & SAT ofxdE7t 493 ZolE5i 4 SAT of
=yt 1Askar vk o Adeke v R, A0V ¥ f1E 7HE ol S A= A
Hlgjo} #of ¢Fo] SAT of=e]7} FstA yetdth vbdo] Rdor = ko] SAT of
TE= 59 AOL W] SAT of:=delel 719 HzahAl YeEptARE, v o] Fol ¢
| SAT obi=Zele] sl SHow X244 Uyt
AO¢t w&sto] Allelol A el Aol o]t Afol= Alwlglo} a7]¢te] ®stel ol
A= g Adrk =l AOY i, Aol Aol A= AEH Wzto] dojufal, oA A
W gol 17|¢S FIA T olE A F3tE AlH|g ol 1719S snow-albedo feedback®}
radiative cooling®] Z3tE Fa AxW Y4E O ASA7I= G yrxdlo] 2831
gt R AstE awrib2 Aol arte] F&el anomalous HES ko] 7
& ar, Al

}_—_)L‘
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a9 3-11. Spatial distribution of SAT bias of the model simulation for

December-January-Febuary (DJF).
et Al "k (Sung &, 2011). 18y 4ol AOY W= olefdt o] F=wo] & ol
Al Fskar, Alelglol a7)gke] sFom A Xer R, SAT ofx=wg = ¢ AOY
Aol vugS v oz ofstA veldn ez Aol X o] HZlA
AL Alvlg ol aivIgte] MR Avte] o I=wldh yEo] )
gy Rdo = AEW Wz BrE o] Aol aiv]gfe] sFow st A2
BolAwk &ol AOY we] Aot wjaste] ofstA uvEebdnh ¥ 3-1delA ()9l
AO4Y 4, extratropical Pacific X192l A 7]H(17]h) o] #= vugls u A&og @
o] =0l yehdtt o] d A7t biast AlHlglol a7|gte] FHOoE FHEHE= A
of WalE & F Jow, olzle] EF wdo] HIHAPAY biasE do7= ¥dol H F A
ok Aoz 2" 3-119A4 FrEkaol diFelAe] A xd %9 warm bias7} @3] A
A detds As & F ¢ o]#13t Rde] warm biast snow-albedo feedback} 7+
< =94 AA-e adH o Adey, Alulgol argte] A dFS = 5 vk
FrebAlol &g woE Holu g gt Koo A0 w3 dHe] 9 biaste A U
Buith =3 t5Ad gy dEE vAPEAEe dd R g5 Av7F #ternw of
sHAl YER7] wiitel] A 29 warm biast® A9 YERUA et ayEE wjAd
@ ol = Hotulgt AgelM HAdEAE S et sted 83 84aRA B R
e Aoz yebd.
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N

ZFIE olF N1F9 u9E 71F WE

Shub= AEHE Fobrlotedl AR A, FAHom v I
U vt AES SEll Fobrlol Aw Ew] At Ay St JFES w A=
thefst 9 AES oldlstr] fst =¥ Eo] A&EHe] ¢kt (Zhang et al, 1997, Chen et
al, 2004; Jeong et al, 2005). Zhang 5 (1997)& AlWlglo} m7|ge] WMEo] o3 Jas
A AI8F 21, Chen 5(2004)2 El Nino/Southern Oscillation (ENSO)oll ¢t §3& +
3t AL, Jeong 5 (2005)8 Madden-Julian Oscillation (MJO)2] A& et Wi o3 o
= AAIRE ¥ ATk

53], 2009-10d Aol - A3 sarp o AL HAow, 4H ] Agk gy 7|k
P 7SR HE wol WEth oled Aol Wis] Artic Oscillation (AO) #<+¢}
MJOS] el AE uk Atk (Park et al, 2010). 59 AO A= A Fobrlop A9
| A dar, Bl dFdsde] S4lol A= o A=
MJO®9] $17el 2-3%0 A% Fauve AL A7t F7kete Aol &elA A= (Jeong
et al, 2008), o]#g F 7Fx Z7°] 2009-10d AL 37} et Al7]o FEistA G
Bttt (Park et al, 2010).
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(a) with AOI (b) with PTI

a9 3-12. Correlation coefficients between the (a) Arctic Oscillatioon index (AOI) and (b)
Polar temperature index (PTI) with surface temperature during DJF in the northern
hemisphere. The contour interval is 0.1 and shading denotes a statistical confidence at 90%
confidence level based on a Student’s t-test.
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(a) with AOI

| | | E
—-500 —-400 -300 200 —100 100 200 300 400 200

19 3-13. Monthly-mean anomalies of (a,b) surface temperature and (c,d) sea level pressure
regressed on the (a,c) AO index and (b,d) PT index time series during DJF for the period of
1979-2010. Shading denotes a statistical confidence at 90% confidence level based on a
Student’s t-test.
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(a) with AO[ (b) with PTI
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9 3-14. Same as Fig. 3-13 except for the period of 1979-1988.
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B A Fel A o) ofwmke] gho]l 7 AstAl yEhdH, Feprob thEelM Sof of
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o] o] obw®e]7l Barents Sl E TR S A Qe A vEtUH, S9f ofxmel )
LB Aol 1989 ol el wls| Foprlol How AAHA egs HoErh Ed
7S Fo] o]l YE= A o] sHow o YA EEsta e & ¢ U
o (2" 3-15d). ol A vl H = A He] 7 WETF Folrol Aqe] ¥ F

g3 ddFe AL e etk

(b) with PTI
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1% 3-15. Same as Fig. 3-13 except for the period of 1989-2010.
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DEC (1979-2010)
a) with AOI b) with PTI

DEC(1979-1988) DEC (1989-2010)
c) with AQ e) withAOI f) with PTI

19 3-16 Monthly-mean anomalies of surface temperature regressed on the (a.c,e) AO
index and (b,d,f) PT index time series during December. Using data for the period of
(a,b) 1979-2010, (c,d) 1979-1988, and (e,f) 1989-2010. Shading denotes a statistical

confidence at 90% confidence level based on a Student’s t-test.
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1% 3-17. Same as Fig. 3-16 except for January.
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corr. -AOI & PTI 1979-2010 1979-1988 1989-2010
DJF 0.17 0.14 0.21
DEC 0.28 0.33 0.26
JAN 0.17 0.48 0.06
FEB 0.08 -0.38 0.28

Table 3-1. Correlation coefficients between the AO index and PT index.

FEB(1979-2010)
a) with AOI b) with PTI

FEB (1979-1988) FEB (1989-2010)
C)withAO\ )WIthAOI f) with PTI
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13 3-18. Same as Fig. 3-16 except for February.
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(a) - AOI & PTI (b) = AQI only (c) PTI only
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29 3-19. Monthly-mean anomalous (ab,c) surface temperature and (d,ef) sea level
pressure partial composite of the (a,d) negative AO index and PT index, (b,e) negative
AO index, and (e,f) PTI during DJF.
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(a) AOI & - PTI (b) AQI only (c) - PTI only
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a9 3-20. Same as Fig. 3-19 except for the AO index and negative PT index.
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19 3-22. Same as Fig. 3-21 except for the PT index.
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a) with AQI
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19 3-23. Correlation coefficients between the (a) AO index and (b) PT
index with surface temperature during DJF in the east Asia. The contour
interval is 0.1 and shading denotes a statistical confidence at 90%

confidence level based on a Student’s t-test.
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% 3-24. (a) Correlation coefficients between the PT index with surface
temperature during DJF. The red line square denotes the area for the east Asia
temperature (EAT) index. (b) Correlation coefficients between the EAT index
with surface temperature during DJF. The contour interval is 0.1 and shading
denotes a statistical confidence at 90% confidence level based on a Student’s

t-test.
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a3 3-25. Lead-lag correlation coefficients between the EAT index with surface

temperature during DJF in the northern hemisphere. The contour interval is 0.1 and

shading denotes a statistical confidence at 90% confidence level based on a Student’'s

t-test.
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Number Model Horizontal resolution
1 CCCMA_CGCM3.1(T63) 144x73
2 CNEM_CM3 128x64
3 CSIRO_MEK3.0 192x96
4 GFDL_CM20 144x90
5 GFDL_CM2.1 144x90
6 MIROC3.2(T106) 320x160
7 MIROC3.2(T42) 128x64
8 MRI_CGCM2.3 128x64

Table 4-1 Model descriptions used in this study.
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29 4-1 [upper panell Correlation between monthly mean zonal wind and

meridional eddy-vorticity flux in (a) MME,

[lower panel]

(b) observation.

Correlation between monthly mean meridional wind and zonal eddy-vorticity

flux in (a) MME,

(b) observation.
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Nodal Nodal
Horizontal . . Difference
Model . point point
resolution (alb-20¢)
(20¢) (alb)

BCCR_BCM2.0 128x64 52.00 53.40 1.40

CCCMA_CGCM3.1
96x48 51.60 51.25 -0.35

(T47)
CCCMA_CGEM3.1 144x73 51.75 52.70 0.95
(T63)

CNRM_CM3 128x64 53.85 54.95 1.10
GFDL_CM2.0 144x90 51.75 52.35 0.60
GFDL_CM2.1 144x90 54.00 55.80 1.80
GISS_AOM 90x60 52.70 53.10 0.40
GISS_EH 72x45 47.90 52.20 4.30
IAP_FGOALS1.0 128x60 53.85 52.30 -1.55
INGV_ECHAM4 320x160 54.70 57.20 2.50
INM_CM3.0 72x45 52.70 51.95 -0.75
MIROC3.2(T42) 128x64 51.40 55.00 3.60
MPI_ECHAMb5 192x96 53.20 53.35 0.15
MRI_CGCM2.3 128x64 51.70 54.55 2.85
NCAR_PCM1 128x64 55.80 56.30 0.50
UKMO_HadCM3 96x73 51.80 54.30 2.50
UKMO_HadGEM1 192x144 51.25 53.00 1.75
Mean 52.47 53.75 1.28

Table 4-2 Latitudial location of the nodal point (i.e. latitude of zero contour) in the AO
pattern, and its difference between the 20C (195171999) and A1B (205172099) simulations
from the IPCC AR4 participating models.
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(a) 20C

(c) A1B—20C
becer_bem2.0

I3 4-3. Regression patterns of geopotential height at 300 hPa in (left) present climate

simulations, (center) future climate simulations, and (right) its differences for each model.
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