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Abstract

  The  effect  of the Quasi-Biennial Oscillation (QBO) and  the El Nifio Southern Oscillation (ENSO) on
the 11-year solar  cycle  modulation  of  the winter-mean  Nor'th Atlantic Oscillation (NAO) is examined
through analysis  of  observational  data from 1958 te 2000. It is found that the solar  cycle  modulatien  of

the NAO  is more  strongly  enhanced  in the westerly  phase  ofthe  50-hPa QBO  wind  and  the cold  phase  of

ENSO,  although  separation  of these effects  is statistically  diMcult. On  these  phases, the signal  of  the

winter-mean NAO  extends  more  to the upper  stratosphere  and  summer-AO  reappears  more  strongly  in
high solar  years, whereas  the signal  is weaker  throughout  in low solar  years.

1. introduction

  The  effect of  sun  on  climate  has  been  debated

for a  long time. With  the accumulation  of  ob-

servational  data including satellite  data and

improved qualities of  the general circulation

model,  however, Tecent  study  of  solar  cycle  ef

fects on  climate  becomes one  of  the most  im-

portant key problems  to understand  climate

system.  Estimation of  such  natural  effects  on

climate  is especially  important to evaluate

human  impact on  present climate  and  future

prediction.
  Satellite observation  shows  that the total
energy  flux from sun  varies  only  about  O.1%,
but it reaches  several  tenths of  percent in short
ultra-violet range,  with  the 11-year solar  eycle

(Rottman 1988; Lean et al. 1997). Such large
variation  in the ultra-violet  region  should  have
a  large impact on  the temperature  (Hood et  al.
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1993; McCoumack  and  Hood  1996) and  ozone

(e,g., Soukharev and  Hood  2006) in the strato-
sphere.  A  large effect  on  the stratosphere  wi11
also have an  important impact  on  the tropo-
sphere  through stratosphere-troposphere  cou-

pling. In fact, Kodera  (2002, 2003) and  Ogi
et  al. (2003) found that the winter-mean North
Atlantic Oscillation (NAO), which  is known  to

have a large connection  with  the stratospheric
variability  (Ambaum  and  Hoskins 2002), is
largely modified  according  to the phase of  the

solar cycle. They  fbund that the winter-mean
NAO  signal  extends  to the upper  stratosphere

and  reappears  in summer  in high solar  (HS)
years, whereas  it is a  local pattern and  dis-
appears  very  quickly in low solar  (LS) years.
  For  the studies  of  solar  cycle  modulation  of

the NAO  in Kodera  (2002, 2003) and  Ogi et  al,

(2003), other  external  forcings in climate,  such

as  the QBO, ENSO  and  volcanic  eruption,  were

not  censidered.  However, previous studies  indi-
cate  that the solar influence on  climate  is much

affected  by these phenomena  (e.g., Labitzke
and  van  Loon  1999). So it wi11 be interesting

to examine  whether'the  other  external  effects
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such  as  the QBO and  ENSO  affect  the solar

cycle  modulation  of  the NAO.  The purpose of

the present study  is to examine  the role  of  the

QBO and  ENSO  on  the solar  cycle  modulation

of  the winter-mean  NAO.

2. Dataandanalysismethod

  The  meteorological  data we  used  in this
study  is from the 40-year reanalysis  data ofthe
European Centre of  Medium-range  Weather
Forecasts (ERA40) (Uppala et  al. 2005), We
used  43 years of  data from 1958 to 2000, In al1
analyses  monthly-mean  data have been used.
  The  NAO  index used  in the present study  is
the same  as  that used  in Kodera (2002, 2003)
and  Ogi et  al. (2003). It is the difference in the
normalized  monthly  mean  sea  level pressuTe
(SLP) between Lisbon and  Stykhisholmur as

calculated  in Hurrell (1996). In this study,  we

used  a  winter-mean NAO  index as  the average
firom December  to February (DJF). Solar cycle
is classified  by the December  to March  (DJFM)
mean  10,7 cm  solar  radio  flux. If DJFM-mean
solar radio  flux of  a year  is stronger  (weaker)
than  the average,  the year  is categorized  as  a

HS  (LS) year. Similarly, phase of  QBO is classi-

fied according  to DJFM-mean  zonal  wind  at

50hPa  level on  the equator,  If DJFM-mean

wind  is westerly  (easterly), the year  is catego-
rized  as  a  QBO-west (east) year. Phase of

ENSO  is classified  according  to anomalous  sea

surface  temperature  (SST) of  Nino 3 area  in a
similar  manner.  Here  SST  is adopted  from  Ha-

dlSST  (Rayner et  al. 2003) and  SST  anomaly  is
defined from a  departure from the 

"present

 cli-

mate"  as  an  average  from 1961 to 1990, These

years for the present climate  are  used  fo11owing
to the convention  of  wr([O. IfDJFM-mean  Nino
3 SST  is warmer  (colder) than  normal,  the year
is categorized  as  a  warm  (cold) year.
  These indices are  shown  in Fig. 1. Here the
solid  circle  in the figure indicates years of  posi-
tive index, whereas  the  open  circle indicates

negative  index years. Here  years correspond  to
the months  of  January. Numbers of  years as

well  as  the years used  in the calculations  are

summarized  in Table 1.

  Although ERA40  data is available  from the
suiface  to 1 hPa, we  have restricted  our  anal-

ysis to the more  reliable  region  from the surface
to 10-hPa,

  Most  of  the figures in this paper  present cor-
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   Fig, 1, Time  coeficients  of  winter-mean
     NAO  index (ISt row),  standardized

     FIO.7 index (2"d row),  QBO wind  at 50-
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     surface  temperature  anomaly  (4th row)
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relation  with  the DJF  mean  NAO  index, This

means  that the figures are  relative  to a  
`posi-

tive change'  in the DJF  mean  NAO  index.

3. Results

  Figure 2 indicates the correlation  ofthe  DJF-

mean  zonal-mean  zonal  wind  and  SLP  associ-

ated  with  the DJF-mean  NAO  index, calculated

separately  with  various  phases  of  the solar

cycle,  QBO, and  ENSO,  Except for the panel
with  all winters shown  in the leftmost panel,
the number  of  data used  in the calculation  is
approximately  about  half of  the original  one.

As the 98%  (93%) level of  statistical  signifi-

cance  corresponds  to a  correlation  of  O.5 (O.4)
for 21 data, we  have shaded  the area  greater
than  O.4 and  contoured  greater than  O.5 with a
step  of  O,1.

  It can  be seen  that the winter-rnean  NAO  sig-

nal  is largely modified  according  to the  solar

cyele;  it extends  to the upper  stratosphere  and

the surface  signal  becomes more  hemispheric
in HS  years, whereas  it is a tropospherie local

pattern  in LS  years, as  is shown  by Kodera

(2002, 2003). In the case  of  modulation  with
the QBO-wind, it can  be seen  that the NAO  sig-

nal  becomes more  hemispheric and  extends  to
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Table 1, Number  of  years  used  for the calculation  in this study.  Numbers  in the bracket in

  years used  for the calculation,  Years correspond  to the months  of  January,
dicate

HS  19
 West  11
 East 8
 Warm  10
 Cold 9

(59,60,67,68,69,70,71,79,80,81,82,83,89,90,91,92,93,99,OO)
(60,67,68,70,79,81,83,89,91,93,OO)
(59,69,71,80,82,90,92,99)
(59,69,70,79,80,82,83,91,92,93)
(60,67,68,71,81,89,90,99,OO)

LS  23
 West 13
 East 10
 Warm  9
 Cold 14

(61,62,63,64,65,66,72,73,74,75,76,77,78,84,85,86,87,88,94,95,96,97,98)
(62,64,65,72,74,76,84,86,87,88,94,96,98)
(61,63,66,73,75,77,78,85,95,97)
(64,66,73,77,78,87,88,95,98)
(61,62,63,65,72,74,75,76,84,85,86,94,96,97)

West 24 (60,62,64,65,67,68,70,72,74,76,79,81,83,84,86,87,88,89,91,93,94,96,98,OO)

East 18 (59,61,63,66,69,71,73,75,77,78,80,82,85,90,92,95,97,99)

Warm  19 (59,64,66,69,70,73,77,78,79,80,82,83,87,88,91,92,93,95,98)

Cold 23 (60,61,62,63,65,67,68,71,72,74,75,76,81,84,85,86,89,90,94,96,97,99,OO)
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Fig, 2, Correlation coeMcients  between December-February  mean  NAO  index and  the December-

  February mean  zonal-mean  zonal  wind  (upper panels) and  sea  level pressure  (lower pane]s) at

  each  grid point fbr the period of  1958-2000.  Each  panel shows,  from left to right,  the correlation

  calculated  from all data, high solar, low solar,  QBO  west,  QBO east,  ENSO  warm,  and  ENSO  cold

  years, respectively.  The contour  interval is O.1, and  contours  are  drawn  for absolute  values  greater

  than or  equal  to O,5 and  for zero.  Shading is applied  to regions  where  the absolute  value  of  the cor-

  relation  is g]reater than O,4, Dashed  lines indicate negative  values,

upper  altitude  in the east  years, but it is a  tro-

pospheric local one  in the west  years, In the
case  of  modulation  with  the ENSO  cycle,  the
NAO  signal  extends  more  to upper  altitude in
the warm  phase, but extension  is small  in the
cold  phase  as  is shown  by Kodera (2004). In
the case  of the warm  phase, meridional  tripole
structure  in the zonal  wind is also  prominent.
It should  be noted  that the Pacific side  has the
same  polarity as  the Atlantic one  in the cold

phase, but it is opposite  in the warm  phase  in

the SLP  signal  (Quadrelli and  Wallace 2002),
It is interesting to note  that in al1 cases  the

polar center  of  the SLP  signal  extends  to a

much  wider  region  in correspondence  with  the
vertically  higher extension  of  the zonal  wind

signal.

  For  the influence of  the solar  cycle,  Ogi et  al.

(2003) found that the temporal  signal  is also

largely modified  according  to the solar  cycle.

Figure 3 compared  the correlation  of  two-
month  mean  zonal  wind  from December-
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Fig, 3, Same  as  Fig, 2, except  showing  two-month mean  zonal  wind  from December-Janauary  to

  August-September, Each  panel shows  the correlation calculated  from high solar years  (upper
  panels) and  low solar  years (lower panels), respectively,

January (DJ) to August-September  (AS) with
the DJF-mean  NAO  for the HS  and  LS  years.
It can  be seen  that the AO-like signal  reap-

pears in summer  only  in HS  years, except  for a
large vertical  extension  in winter.

  It is interesting to examine  the NAO  modula-

tion according  solely  to the QBO and  ENSO
cycle  for the first step  to examine  compound  ef

fects of  the QBO  (or the ENSO)  and  the solar

cycle. Figure  4 shows  temporal variation  of  cor-

relation  of  the zonal  wind  with the winter-

mean  NAO  index according  to the QBO  and

ENSO  cycle. In the case  of  the modulation  by
the QBO  (upper panels), it can  be seen  that
the signal  is almost  absent  in the case  of  the
west  phase, except  for winter. In the case  of

east  phase, however, poleward propagation of
meridional  dipole signal  from DJ  to AM  is

prominent  in the troposphere, Slow downward
sigrial in the tropical stratosphere  is also  pres-
ent.  In the case  of  the modulation  by the
ENSO  (lower panels), the NAO  signal  is very
weak  and  the signal  is present  almost  only  in
winter  in the cold  phase. In contrast,  the signal

is rather  strong  in the case  of  the warm  phase.
Poleward propagation  of  the meridional  dipole
signal  is prominent in the troposphere  with
Iarger vertical  extension  toward  the strato-

sphere.  The  signal  becomes especially  very

strong  and  extends  to the upper  stratosphere

in August (not shown).  The  feature is very  sim-

ilar to the typical summer  Arctic Oscillation
(S-AO) (Ogi et  al, 2004),

  To examine  the efflect ofthe  QBO  on  the solar

cycle modulation  of  the winter-mean NAO, we

further separated  each  solar  cycle  year  into

QBO-west or  east  years. By  this operation,  the

sample  size  of  each  group  becomes about  10
(Table 1). With  this size  it is still possible to

perform  statistical discussion, although  it wi11
be not  enough.  Figure 5 shows  the comparison
of  the solar  cycle  modulation  of  the NAO  on

the condition  of  QBO  west  (upper panels) and
east  phases  (lower panels). As the 93%  (85%)
level of  statistical significance  corresponds  to a
correlation  of  O,6 (O,5) for 10 data, we  have
shaded  the area  greater than O.5 and  contoured

greater than O,6 with  a step  of O,1,

  In the case  of  the west  phase  of  the QBO,
solar  cycle  modulation  of  the NAO  is very

similar  to that observed  without QBO separa-

tion (Ogi et  al. 2003) but  it is more  prominent.
In fact, the zonal  wind  signal  extends  more

strongly  to the upper  stratosphere  in winter

and  a strong  AO-like signal  reappears  in sum-

mer  (JJ to AS) in HSIwest years, whereas  the
signal  is very  weak  throughout, even  in winter,

in LS!west years. A  signal  with  slow  downward
and  poleward propagation also  exists  in the

subtropical  upper  stratosphere  in HSIwest

years, which  should  be closely  related  to the

QBO signal.

  In the case  of  east  phase  of  the QBO, winter-
mean  NAO  signal  extends  more  in HSIeast
than  LSfeast years in winter, but the difference
is not  so  large eornpared  with  that in the west

NII-Electronic  
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Fig, 4, Same  as  Fig, 3, except

  (2"d row),  ENSO  warm  (3'd row),  ENSO  cold  phases (4th row),  respectively.

QBOeast

phase. The signal  shows  poleward propagation
in the troposphere from winter  to early  sum-

mer,  but the stratosphere-troposphere  signal  is

prominent  in summer  in HSIeast years, Com-

pared with  HSIeast  years, propagation of  the'

singal  in the troposphere is rather  fast, but per-
sistence  of  the signal  is short  in LSfeast years.
Downward  propagation of  the QBO  signal  in

the tropical stratosphere  is also  prominent in
LSIeast years.
  Figure 6 shows  the  solar  cycle modulation  of

the NAO  with the effect  of  the ENSO  cycle.  In
the case  of  the warm  phase of  the ENSO  cycle

(upper panels), extension  of  the winter  NAO
signal  is again  much  larger in winter  in HS!
warm  than LSfwarm  years. The  overall  feature
of  the time  evolution  of  the signal  is very  sim-

ilar to the warm  phase (Fig. 4) in HS  years, It
is interesting to note  that the signal  in HS/
warm  years is relatively  weaker  from spring  to
early  summer,  but a  relatively  stronger  signal

reappears  in summer.  In fact, meridional  tri-

pole structure  in the troposphere  in JJ and

stratospheric  signal  in AS  is apparent,  Compar-
ing with the HSfWarm  years, the signal  is
stronger  from spring  to early  summer  in the

troposphere in LSfwarm  years, although  a

small  stratospheric  signal  still exist  in summer,

  In the case  of  the cold  phase of  the ENSO

cycle (lower panels  of  Fig. 6), more  vertical  ex-

tension in winter is apparent  in HSIcold  years
compared  with  LSIcold yeaTs. However, the
core  of  the signal  shifts  more  equatorward  com-

pared with  the warm  phase. It should  be noted

that the overall  feature of the signal  is very
similar  te the HS  years (Ogi et  al, 2003), and

especially  summer  signal  is very  strong  and

shows  strong  AO-like signal  from surface  to
upper  stratosphere.  In contrast,  the signal  in
LSfcold years is a  local tropospheric pattern in
winter and  the signal  disappears very  quickly,
similar  to the LS  years.
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Fig. 5, Same  as  Fig. 3, except  showing  co=relation  in HS  or  LS years under  each  phase  of  the QBO.
  Each  panels  shows,  the correlation  calculated  from HS  and  QBO west  (1St row),  LS  and  QBO west

  (2"d row),  HS  and  QBO east  (3rd row),  LS  and  QBO east  phases (4th row),  respectively,  The contour

  interval is O.1 and  contours  are  drawn  fbr absolute  values  greater than  or  equal  to O.6 and  for zero.

  Shading is applied  to regions  where  the abselute  value  of  the correlation  is greater  than O,5.

  Dashed lines indicate negative  values.

4. Discussionandremarks

  Present analysis  shows  that the solar  cycle

modulation  of  the winter-mean NAO  is largely
modified  by other  external  factors of the QBO
and  ENSO  cycle,  Solar cycle  modulation  of  the
NAO  in winter  is more  enhanced  in the west

phase  of  the QBO  than the east  phase. In this
case,  reappearance  of  the AO-like structure  in
summer  is also  more  prominent  in the west

phase, In contrast,  the signal  is very  sup-

pressed in LS  years in the westerly  phase.
This means  that in the west  phase  of  the QBO,
ellbct  of  solar  signal  is much  more  amplified.

Similar amplification  of  the solar  signal  is also
fbund in the cold  phase  of  ENSO  cycle,

  In the present analysis,  we  divided all the
data into two  subgroups  according  to three dif
ferent external  fbrcings ofthe  solar  cycle, QBO,
and  ENSO,  This means  that any  sub-data  from
one  forcing will contain  about  half common
members  from the other  subdata.  So it should
be noted  that any  two  sub-data,  such  as  HS  and

QBO-west, cannot  be statistically  independent,
and  about  halfdata will  be common,  in general.
In the present analysis,  data for QBO-west and
ENSO-cold  has relatively  higher common  mem-

bers (tv64%). Similarly, data for LS  and  ENSO-
cold  has higher common  members  (rv61%), For
the compound  analysis,  it should  be noted  that

HSIcold and  HS!west has 6 eommon  years, This
is only  55%  for HStwest years but it is 67%  for
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Fig, 6, Same  as  Fig, 4, except  showing  correlation  in HS  or  LS  years  under  each  phase of  the ENSO

  cycle,  Each  panels shows  the correlation  calculated  from HS  and  ENSO  warm  (ISt row),  LS  and

  ENSO  warm  (2"d row),  HS  and  ENSO  cold  C3'd row),  LS and  ENSO  eold  (4th row),  respectively,

HSfoold years due to relatively  small  samples.

So it is statistically  diMcult  to separate  the ef

fect of  HSfcold from that from HSfwest in the

present analysis.

  Strength  of  zonal  wind is largely modified  ae-

cording  to the phase  of  the QBO. In fact, Holton
and  Tan  (1980) found  that in the east  phase
upward  propagation of  planetary waves  take

place in a  more  poleward region  because zero

zonal-wind  line (called the critical latitude) is
shifted  poleward  due to the existence  of  the
easterly  wind  at  the equator,  and  planetary
wave  can  propagate  only  in the westerly  wind

area.  As  a  result,  zonal  wind  at  the polar tropo-
sphere  to the stratosphere  becomes stronger

(weaker) in the west  (east) phase  due to the
activity  of  waves,  Such  a  situation  will  appear

on  the QBO modulation  of  the NAO,  It should

be noted  that the correlation  analysis  simply

shows  variation  with  the NAO  indices and  total

patterns of  each  phase  are  not  highlighted. To
show  variations  in more  detail, difflerent types

of analysis,  such  as  composite  analysis,  will be
needed.

  Because  the winter  NAO  signal  extends  to

higher altitude  in the easterly  phase  of  the

QBO  and  warm  phase of  the  ENSO  cycle  than

the other  phases  (Fig. 1), vertical  extension  in
HS  phase  is expected  to be enhanced  in QBO-
east  and  ENSO-warm  phases. However, this
was  not  seen.  This means  that the compound

efft}ct is due to some  nonlinear  interaction be-
tween  respective  factors.
  To  see  the source  of  solar  cycle  modulation

due to QBO, we  perfbrmed analysis  of  EP  flux,
meridional  circulation,  temperature, and  ozone
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Fig, 7, Same as  Fig. 4, except  showing  correlation  ofthe  EP  flux (arrow) and  the EP  fiux diivergenee

  (contoured or  shaded)  (ISt row),  the temperature  (contoured or  shaded)  and  the  residual  velocity

  (arrow) (2"d row),  and  ozone  volume  density (contourecl or  shaded)  and  the residual  velocity  (ar-
  row)  (3Td row)  in the QBO weBt  and  HS  years. Only arrows  whose  absolute  value  ef  correlations  is

  greater than O.6 are  plotted.

as  we  did in the analysis  of  Kuroda  et  al.

(2007). The  assimilated  ozone  data we  used

here is the same  as  in Sekiyama  et  al. (2006).
It is found that the overall  features, including
wave  propagation, variability  of  the meridional

circulation,  and  formation ofozone  and  temper-
ature  anomalies  from spring  to summer  in HSI
west  years are  very  similar  to that those ob-

served  in HS  years, although their variability
is stronger  (Fig, 7). In fact, in DJ  wave  propa-
gation to the stratosphere  becomes weaker  and

it produces anomalous  positive EP  flux diver-

gence  in the stratosphere,  whieh  then  produces
weaker  Brewer-Dobson circulation  and  nega-

tive ozone  anomaly,  Such  ozone  anomaly  is

persistent until  the next  summer  and  creates

anomalous  negative  temperature in the lower
stratosphere,  which  in turn creates  anomalous

positive temperature by a  downward  flow to
the troposphere mainly  in JJ (Fig. 7). On  the
other  hand, in the case  of  LS!west years, corre-
lation of  wave  and  ozone  variability  associated

with the NAO  is found to be very  small  (not
shown).  This analysis  supports  the hypothesis
that activities  of  these quantities are  linked to-

gether to create  solar  cycle  modulation  as  is
shown  in Kuroda et  al. (2007). Similar results
are  obtained  for the solar cycle modulation

under  ENSO-cold phase. However, as  these

years are  largely overlapped  with QBO-west
years, we  do not  show  the result  here.
  In Fig, 7, we  considered  ozone  as  a  memory  of

the winter-NAO  to the fo11owing summer  fo1-
lowing the analysis  of  Kuroda  et  al, (2007). In
contrast,  Ogi et al. (2003) considered  surface

condition  such  as  SST  as  a  memory.  To  investi-

gate the role  of  ozone  and  surface  condition  on

the memory  of  the winter-NAO, controlled  nu-

merical  experiment  is needed  in a  future study.

  As the ENSO-cold years coincide  largely with
the QBO-west year, most  of  the solar  cycle

modulation  under  ENSO-cold condition  will  be
explained  if that from QBO  is explained.  So we
will  consider  only  the possible mechanism  of

NII-Electronic  
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the solar  cycle  modulation  by QBO  effect here,
although  independent effect  from ENSO  may

exist  elsewhere.

  Solar heating at  the upper  stratosphere  cre-

ates  anomalous  zonal  wind  in the winter  hemi-
sphere  through thermal-wind relationship.  So
zonal  wind  at  the upper  stratosphere  becomes
a  strong  westerly  that extends  to the polar tro-

posphere  through  wave-mean  fiow interaetion
in early  winter  ofHS  yeas  (Kuroda and  Kodera
2002; Kedera and  Kuroda  2002). On  the other
hand, QBO controls  the equatorial  wind  and

critical latitude for the upward  and  equator-

waTd  propagation  of  the planetary wave,  In the
westerly  phase of the QBO, critical latitude is

absent  and  planetary waves  can  propagate up-
ward  in lower latitude and  the zonal  wind  at

high latitude becomes stronger  (Holton and

Tan  1980). So in HSIwest years, basic wind

should  be a  stronger  westerly  that extends

from the polar troposphere  to the upper  strato-

sphere  in early  winter,  If the NAO  act  as  one

more  wave  source,  associate  planetary waves
will  effbctively  propagate  the area  of  stronger

westerly  wind  that extends  to the upper  strato-

spheTe.  As a  result,  variability  associated  with

the NAO  will  extend  from surface  to upper

stratosphere.  In the easterly  phase of  the

QBO, on  the other  hand, basic zonal  wind in
the pelar troposphere will  be weakeT.  Though
solar  activity  should  also  control  the zonal

wind  in the stratosphere,  formation of  the

waveguide  to the upper  stratosphere  will  be in-
sulllcient  to ereate  larger variability  associated

with  the NAO, even  in HS  years. More  study

will  be needed  to confirm  the mechanism.

  We  used  data separation  of  solar  cycle  and

other  factors based on  average  value.  Though

this is a  simplest  method  for the separation,

we  should  examine  whether  the result  is very
sensitive  for the selection  of each  group to
know  the stability  ofthe  result.  So we  also  tried
to narrow  each  group by setting  some  threshold
value.  Calculation shows  that the result  is not
very  sensitive  to small  change  of  the threshold

value.  This indicates that the results  obtained

here have statistical  validities.

  Though  we  used  observed  43-year  data, this
span  of  data is not  long enough  to examine  the
statistical  argument  for the compound  effect  on

the solar  cycle  modulation  of  the NAO.  Also, we
could  not  deal with  the solar-cycle,  QBO, and

ENSO  independently by the observational  data,
To overcome  these diMculties, a  control  experi-

ment  using  a  chemistry  climate  model  (CCM)
wi11 be a  most  promising  method.  Touizpali
et  al. (2005) examined  the solar  cycle  modula-

tion of  the AO  by their CCM.  Experiment using
our  CCM  will  be a  future study.

  In this study,  we  had examined  solar  cycie  ef

fect on  the winter-NAO, However, for the mod-

ulation  of  the NAO, there may  be other  factors,
including compound  effect of the QBO  and

ENSO  or  volcanic  effbct  and  so  on.  For the vol-

canic  elfect on  solar  cycle modulation  of  the
NAO,  we  examined  the eflbct by removing  the

years with  volcanic  eruption.  The result  shows

that the effect is small,  The other  compound  ef

fect should  also  be examined  in a  future study,
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