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SUMMARY

I. Title

Impacts of Solar Activity in Northern Polar Climate Variability

II. Purpose and Necessity of the Study

O The climate in Arctic region has been significantly influenced by the increase of
greenhouse gases due to anthropogenic activities and also simultaneously affected by the
natural variabilities such as solar activity

O Increased attention about the effect by natural variability such as solar activity on the
climate change in Arctic region caused by unprecedented solar minimum period during
last solar cycle 24

O Understand the statistical features about the effect of solar variability on the Arctic
climate

III. Contents and Scope of the Study

O Theoretical study of the three dimensional propagating planetary waves including zonal
direction as well as conventional two dimensional propagating theory of planetary waves

O Anslysis of ground or sea level pressure variability in Arctic region by solar activities
using Era-Interim reanalysis data during about 35 years

O Development of idealized whole atmospheric general circulation model for the
investigation of the statistical effect by solar 11-year cycles



IV. Results of the Study

O Statistical Analysis of the effect on the ground or sea level pressure by solar variability

using reanalysis data

- Classification of reanalysis data during about 35 years into high and low solar activity
periods using the Mg-II and F10.7 indices

- Different responses of sea level pressure in Arctic region during early-winter (Nov,
Dec) and late-winter (Jan, Feb) for the high and low solar activities

- In the early-winter during high solar activity, the interaction between planetary wave
and mean flow is reduced due to strong polar vortex in stratosphere and mesosphere,
resulting the relatively low sea level pressure by weakened poleward mass transport in
stratosphere

- On the other hand, during late-winter the enhanced poleward mass transport due to
weakened polar vortex in stratosphere and mesosphere seems to contribute to relatively

increased sea level pressure in Arctic region

O Study using idealized whole atmosphere circulation model

- Development of idealized whole atmosphere circulation model for the statistical study
of long term solar cycle

- Noticeable feature that the effect of solar variability seems to highly related to
quasi-biennial oscillation (QBO) in lower stratosphere of tropical region

- The results of sea level pressure from numerical model experiment show the similar
tendency with those from reanalysis data during the late-winter period, but the response
of the polar vortex in stratosphere and mesosphere regions for QBO phase differs with
previous studies

- This may indicate that the idealized whole atmosphere model used in this study needs
to be improved in terms of the sensitivities of parameters in the model for high and

low solar activities

V. Further Application of the Study

O Comparison study of the results in this study and the response of Antarctic region to
solar variability
O Enhance our understanding on the process of the planetary wave propagation in existing

whole atmospheric circulation models which assume that the planetary waves propagate
only vertical direction.
O Identify the physical processes of polar vortex variation in stratosphere and mesosphere

regions by solar variability
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ol 0.002% W3 A B = 39S HSE 5, 00022 W 2 BTp e A
FAT. 29 4oM D = 9%l 19799 FE 2014d7H4], HS2 F&5 <= &
ALHe = 10/M0]L, LSE FRFE= Buk AL 16719t 2003-20049 A
Lu et al. 2017a,b)ellA= HSZ FEHU=H. & A7 TH4A 492 F
B A A9stAth. Chiodo et al. (2012, 2014)o) wa} 344k Zxdto] YW 7|3t= B
Mol A AlofstRdtt (8 49 Ho= ALz =Hoy).
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34 15¢71A ot}
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O 1070¢] HS<} 1670 <] LSol whgh up

AA AARS Y8l Boslaugh (2013)o14 7<=

Fod

S

t-745 WY (t-test for populations with unequal variances)2 ©]-&

HAl, 2F gollA 319 Al
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Al 3 A o] dstE AU AAT 2d AN

O "HdHsdel T5t7l 2 AW B2 715 REd F= o ik A7l SlojA
gdu Jge Fadol HT FA4H vk (Coddington et al. 2016; Hines 1974
Ineson et al., 2011; Kidston et al., 2015; Kodrea 1995; Kodera and Kuroda 2002; Lu et
al. 2017a,b; Shaw and Perlwitz 2013).

O HY HsAH @ﬂﬂoi A2 S0 HY ALY ¢Fo] Wsta, EUAS AF
A AHe 2& il FE T3 BEAE dul A9 AFA ARY 2%
ot ol wet W3t HH}? ALd G5 UF &% 7]€7]& polar jete)
ZE ¥ a, P9 An AR E JAEE

BTt Aed SAY AW 2A4 9 7IskE WEAA B s g 7

o L
E o1E & Atk ol WAYELS gRF =< Kidston et al. (2015 = A2l =
of e I8 1= Yyekd 5 A
O I9 247} AWste 93 34 53 2ok 45 AET} AslEo] A ZFo] AsiA
A, 9 0] Aew A #3o] Fazth. Zaz I AW e Ay BE
o2 Q3 ALH FAGAA FF TAE, ofdd AYolME AFY F/HE FES
SA S 7] Aol whx UrtHA SAY AW ZA A= A 7|kl dAEH A, v
2 ofdd] A FhHor 7|kl yERdTh o]d wet AW ZA A= tiFd
Zh=

o}

o °

o JGAL AES BEOE o|FA7IA ik ol L& AR Fo] AuAF
B

A

S 29 1A 43A A} SRIA Ases AR AL dE gEe

2 o]Fstal, olFste BEc T4 WHFeR ’%%3] & HE F& zte 497 Bk

a9 2.4 45d AE, 38, 12 AH 7|4A Hsol] gt
BAIE (Kidston et al. 201504 23))
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O "HadHEAo] of7]dle 7ER
(anomaly) 725 EalA wtotd

TE oA Awg npel ol AWH g ofxg

st 4= 9Jt}. Ineson et al. (2011 EjFHFA o] oF7|s}t

E 71EREE gAE A5 B9 & (Stratospheric Sudden Warming, SSW)o]i}, o]

chsterao} e 2AVIA FUF FAAE A AT EC] AR BRoE= A9t ofd
73-9-o] Aol At FARGE AW I sEE BYS Bl vk Aok (2" 2.5).

a Monthly b Seasonal c Decadal d Centennial

-50 -30 -10 10 30 50 =20 50 1010 50 020 -25 -15 05 05 15 25 =50 40 -5 10 30 50
SLP anomaly (hPa) Model 5LP anomaly (hPa) Model SLP difference (hPa) Model 5LP differenca (hPa)

I 2.5 (a) 45H =9 529 WAt 499 5= dieW 7Y ot (b) 45H

= 20| st AUk A7]Y sia® 71 o], (o) Y =7t S4719] i

20 7199 Ato] (Ineson et al. 2011), (d) ol4tet&ta 571 719 AN e si4H
Q& o] (Kidston et al. 20159] Figure 20f|4] &3)).

299e B4 B uEAel BE BuT A BF A9 A4 Yeo
2 Hg g exe) WHE Avns) 9istel, Bl A FAstaT YR
AgE mde G T 34 Bie] 499 A= Tl 54013101 o Fof
A AAY (o, GG AFA 4R LT gAY o Awn

ol
7] ot} 71E AFelA AAE WAUESe] FEHow W4t e 53 78

£
ret
=
olo
rulo
Jol'
_l

O AAF 9 22 v Iy tr]d720dA L AFA 2 2de] tir] 2o
A= e FUA-FH1F A (Semi-implicit and semi-Lagrangian) <3 =
(Williamson and Olson 1994)& &-83te AZsld. B2 F2 o]2xo= 3ty
BEAl By 25 E yAANZozZH FZHETH A8 Fold gk AAF 71&S Collins
et al. 2004 AT = Utk =D ﬁ 4TS °F 140 kmEA @9 RE s}

< A HFA = TdAE A¥S 17
st HEAL FTAAME TUHLE —’F%“S}—t— =3e FHle HIEAE ARgstal 9l

t} (Simmons and Burridge 1981).

l-l:l

O oldste HAAF ndoAx ALEsl= BAF P 2=+ Held and Suarez (199495 ~7]Hko
2 Polvani and Kushner (2002)7} dZ&Z3Ho g2 AAFHTh Gerber and Polvani (2009)+=
o] AL WY &5 E 4heto] e divle] HAESIHA, ERtF ALH &% TEo] ¢
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Ol A9 Sl AS5dANA F29 7] 5 (Quasi-biennial oscillation, QBO)S A A]

Z 2 AT FEHoE FHosta e FAATLE AT

odeling and Assimilation Officie (GMAO)ol| =} & 3ta A4

of 7|3t Aol FHut g w319} Held and Suarez (1994)o4 A|ASE 2F 700
o

Aefsties B2 oud 2 AAE 23FsHA & St

r{o
ofy
r o
=
o
Z.
=
wn
=
Q
o
o
=3
=

T &Y BEasie Akoba niaket FEu maestg A E AT A SHI &
43} McFarlane (1987)2] WotS Abg3bar, WAkl m4=3l= Lindzen (1982)ol 7]4H3h
Garcia and Solomon (1985)¢] 9-wave Hrekoll 7]%3kt}. QBOQ] AA| Al AAS 93514
A S BlAkel Y FEE K9 AV|E A4EE FUHEY o B dAFeAE 7
2 ZEOE o o & 3 AHgSsd e, ole EtAY A3 A4 QBO A
FS & AN 22nl-FEuet 2o di R ANV £ mdoA A gle Ao
7] W&otk HollA F o =YAt, &

2+ QBO AZFe =77 UHF ok &% o A%
At HILe} FH ko] EE &£ A=d =
X+ Molod et al. 2012914 HEZ AAE A ZA = z
AN Zrete] MtHE AT AA A2E Eesis 7|9 Redtede 2y S99 9
4R < (pseudoenergy flux)e] oF7]ste BIZFE A slddo] Zaxo] glom, 7]
2o AYPA F oA W3} (FuA 2 3 FA A Wste] 7t 0
o] HEF njitet T WA 1% (400 hPa) ofefol] HAst= vigEd 25 WHIE
Al Lttt

2

[,Tr
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evQR=5. 4)

A71M dhgol et FA k== offek o] Ao "k

2 2
/:81211+812b+f 002 6¢). ©
ox oy Py 9z \ N° 0z
O 2 Dol pd/IV Q& F3t] A2l 3,
o1 POQZ . Vquz poq's'
|2 tnu'f|=o5=D (6)
ot {2 V.0 Ol v, T v,

S FAF JF activity (ADZ gt} o] A9 AHA|
g2t FAF AdA A= 99 2 JHE AHJH
ol g% HoA FE9 activitys 359 JdUAZS 1HF AEF

3 =52 A9 3} (Bretherton and Garret, 1968). %

A ETR
§ 452 e 98GR R Mu 9. £t g8 o

e=pye/ (10— C), )

S5 oy

rlr

A71M C= 7187 U9 o BdE 95 9 Hxoln
LE2A o5 o] Aojdrt

=5 <5+ (5] ®

O 4 ©2 2wl F WAl & = o sy, gew 2ol AL & AUk

T
o5
00“

2o

— 1
2IVHQU V{*=v - NV+V - (CyA), 9

pn - u'q =V - E, (10
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AZIA A=pq*/ @V ,Q), NV =

SRR
o] 9ol Wk AFIIAA | RFI} w0 S

rr

m
o

Al LA T

U (81// )2 —e}-&— VW/ oy

ox or oy

= V[( i )2 —e}—%— kil
|UI oy oxr oy
L gov o e o

N2 8x 82 8y 0z

O & @l p' /(01— Cp) 5 w3kl Aesha,

o (k‘XV ) VHQ

o —C,
, U Cy 1
PNt \ Tt T cp)+|m G
< 40 o714
s 2/ N? Y
( aw whf d) 828t)
po's’
D= lu-c

O GE U9 B&Fe mekA 79

o 2 23 (13)9] e dFE ta3 Zo] AYg

=(U-CyA, C,=CU/IU, ne
Fo] &9 HEE (-1, 00)/IUZE Eo 24 A0ANA e ZAHER
oA wstsiA Ao 4
Wentzel-Kramers-Brillouin (WKB) £AFE & A< YERAT v1X]

|

1D
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(13)

(14)

(15)

AEE MRS, Vil - Cp=v - ((C))E E F
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Cy V- dCy) Po

IACATE AT e LA AL
(16)
£ 42 F ok ATM G, = UG/, Gy = VG/IUCTR. f19] & 9] B (N2

£ 934 £ o Hestd oo ﬁﬂra 2=

— ol ! iw Cr [U (3}
Wl i = O g [ Y R Y R an
(2) _ o /82¢, o /327// _f_2 ,82’¢,
A —po( ¥ ox? v ozdy’ N2w oxoz |’ (18)
(3) _ 0%y 0 dJ s (U
R _po( 'l/} 3$ay’ w y ’ w 8y82) (19)
O 2 APdA = & &2 9A WKB ZALZ o534 Zo] & F Ut
O I 4 RNy S
'V g i |U11/JV (U)==vV - H, (20)
, 0%y 0%y
At o2 v xdyY
M 0% , 9%
H- o eV— Uy 2wy V”L/Ja—yQ 21D
S 0% 0%
F oy 0xdz 0yoz
Aoz, (194 T WKB 2AE olgalel Qo) 49 wEol Atn s14sa
tew 2o BAE 9 4 Ak
 kxv) - WV g - -(lw’%xv Q) )
o u—-c, ~ u—-c, H™ |79 H

A7IM U-VuQ=0d< ol&std v,Q4 WEFES U WIFH FHZolmz,

VyQ=1IV z@Qn °l Hol, kxV ,Q=IV,QU/IUZ & F & o)Lk

O HFHoz (1392 vt 20| et
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R

6t+v NP4 HEV - (Cle) = e (23)
o 7] Al
5 o V,Q U '
N = e (24
.U C,V
R=—v -RW— |Z1 - R® — TV - R® (25)

O 2 128t @)L HalA trd JEF P4 activity WA S o3 go] A
Ht},

MG W=D -v N

ot 200-¢p)° (20

71X M=(A+e)/2, N=(NY+N?)/2, W= (E+H)/2+ C,M, D' =(D,+D,)/2°]th

O v -N& HnEH &soli, RS A° Funz /4gd Aol oA 0olmz 3

FA 32 BT activity G242

—+V - W=D, @27

o] =},

O 2 @D 78" PR activity A& p¢?/ @AV ,Q)E A=A, Ao v sh=

F e pe/(U—-Cp)7t 5FE ZalFEdl, o] AUAE 1fF 94 SEE Ue &
HAs 7AE w, 3F activity A= 499 95 (pseudo-momentum)el] &l &
sk o] "ok Buhler 2014). 359 AUAE If NETE UHe S YR
activity2 A o3t= A3 22 (Bretherton and Garlett 1968), ©] o] & ZH/MoAE Y&
TEF< activity2 Fost o, g uoA Hesdel A = AEFY Aol B

e e ¢ & o

o

rr

ol

O 79 A ANA @CNe 49 activity BHE BG4 YA 2 w3 wel= W#
cosp (714 ¢= AZ7F FaAA =, Hu HFZA MM M2 AEF =
FA A L] M AA=HA Al gl At
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O 24 @NollA YeElY e HEHo=z YA 339 Eliassen-Palm Z8 271 50 W

of M A T AEANA e go] B}

’2
q e
A+e)cos + CoSo, (28)
St okos= G e g oo
u |foy'\ J'JW v |ow au e axy’
a? coslo ({J/\) 2 A2 a? cosch| dA A " OAdD
W — p cosd U rnb au‘r v axuy' | V| oy " f'r'ﬁ;p" 5
B 2|0 a’ cosg 11/\ riff) " dAdd 2 Htf_)_ v agh? L oEe
fg I’ {-JI_‘EII' 1-“‘]',[' B fr{ljzdj’ a(ll'l)" l.“‘!li' B , (’ili-ll'ltr
N?|a cosh| dA dz v AAdz o alded oz v dehilz (29)
WA 71877 54 BdE A7 222N AYE e ASE A o] AFollA
oE A P49 (0, = 08 dF= 45, 281 H5 A &5 H45 % b+,
2= 9 x9uasz AsstE (299 e
- 0
2 ! !
- P
7 282asing oA ')
W= p,cosp= —uv + ;.i(u'@') (30
0 202asin2¢ O\
202sin, , 1
2l —1 2 ()

S v 2!2as1n2<b oA

o} o] AL 4 Atk 2 (30)& Plumb (19852 (7.3 ¢4A3] w3t} 2] (30)0l A
A= AR, o= 9 N AT AA IDEE, u :—81/1/(acos¢6)\), v =0y /(asg), 18]
1l S:djg/dszZg/Hi/ﬂ HAEE UeE deolt. v #3 ti7] (reference
atmosphere)2] & =2 =Rk Fgolt) 7|BEFV} BA HFFE /MHIEE T
o He 2 152 7 km A=tk k=R/C=EA

%0

I

dRozE Wiy LEE of

ot
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O & dAFdA= 8 F7] dx AlE (European Centre for Medium-range Weather
Forecast, ECMWE)oll A A4k QIEE A& A5 (Dee et al. 20100 o] &3t EfF
HEgdo] ALY Az vUetdes &35 g8t B |sAde] Su/54/54
o] A71E AAsr] fdA B ASlA vtavlE ool WESE 280nm EAR9}
AdH Mg-II ¢ld 2 (Viereck and Puga, 1999)¢} Ejeko g g o
tevtel A#E F10.7 1€~ (Tapping 2013)& o] &34t 2d# S 53 Yeys=
Bf WisAe aie v dolA &l B

o=
e
i
rr
S
ﬂ
)
=]
aC)

O Mg-lI¢} F10.7 9ld 2= m= = 373412 AlE] (National Center for Environmental
Information, NCEIYA #|&3t= A5E &8st (NCEI 2018). 19 3.1 1979d#
B 2014d71A] E¥b A gk Mg-11¢ F10.7 189l2~E yepdt. Mg-lIl= F10.7
I o] FARRE A A S Holes S AU 4 Ut

Daily solar variability indices (previous 90-day mean)
0.175 f——tmimyt : —

250

0.170 4 |
] - 200

X 0.165
E -3
o _ : _-150 =
= o604 7 73
0.1554 100
0-150"':::l""I""l""l""l""l""l
1979 1984 1989 1994 1999 2004 2009 2014
Year
O 3.1 Mg-lIwk F10.7 IE A, Mg-1I I A0l 4 (WA AM)Eoy 5735 2
7t mre <*E A glotele] AA) AHS A7) Bl &5 20) % F42 FoITh Be
A g w2 o B 2 30 R 249 Wb AL 77 Uit 5%
A uitle BjF 25 g Uehdch 19839, 1992, 21 1993 shat =
2 Qg o] 7 mRA 2AdA Aelstact

O I9 3127 79 HY &52 ofge & 31= AstAth % 51014 HS (High
solar irradiance)«= El%Y &5 W&, LS (Low solar irradiance)= ElY &5 F4E,

UeF 2% $Y¢ 183 vhAToR VOLE S BE

rr

SN (Solar neutral irradiance)



o o3 HEsog <l EAHolA AL 7IxkE vEbdAth Lu et al. (2017a)ellA
2011-12 A&<s HSE FEF S, Lu et al. 2017b)ollA = 2012-13% 2013-145 SN=
T2 wWEel, 2011-128 HSZ F& 2 F713A dFRsAH e FHAAs &A
7F e AR dAdste B AFolA= 2011-128 SN2 Fo dwkx o= HS7H
o} a1, 2011 o] FolE= HS7F @ vehdes AFAdS Hol
A Fo] 2014-153 o]3 2 tiA] ZAasta Atk 20129 HE 2014
de] 7ItE HSZE T Zlo] F7149 S A4dd Ax may, 44 B &

TS %A AskA i 2358 oA Ytk FolA SNeE FEsHA

B3 A HY gE 7

s

Me

1979-80 HS 1989-90 HS 1999-00 HS 2009-10 LS

1980-81 HS 1990-91 HS 2000-01 HS 2010-11 LS

1981-82 HS 1991-92 | VOL | 2001-02 HS 2011-12 | SN!

1982-83 | VOL | 1992-93 | VOL | 2002-03 HS 2012-13 SN

1983-84 SN 1993-94 LS 2003-04 HS 2013-14 SN

1984-85 LS 1994-95 LS 2004-05 LS 2014-15

1985-86 LS 1995-96 LS 2005-06 IES 2015-16

1986-87 LS 1996-97 LS 2006-07 LS 2016-17

1987-88 LS 1997-98 LS 2007-08 LS 2017-18

1988-89 HS 1998-99 SN 2008-09 LS 2018-19

HSe} LSe] ztel7} A& o2 Yeus X2 duiAY A4S
of. o] A HoellA HS9t LSHe] A%+ 2 2

ol#%k A= Lu et al. (2017a, b)oll A &3k Aok AU, Lu et al (2017a, b)2
744 HSeF LSTHe] &5 +x}ol& 1-2K A=Ql oz ®A3ta ot o]z 1-2Ko] =
%= #to]= oln] Gray et al. (2010)2] ERA-40 A1 34 A3 (ERA 1B o] de] 40 )
B4 AR)E ol&ste FYPI M AFoA ojn] AFH HF Uk FE HEiA
Gray et al. 2010)ol4 A1 #&d THFg 1DS BuAel 18 330 thA] By
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ols} o] BAE 1-3 Kol At] A9 4FAAW ¥ &
olgatel melo] TFAIL To] BE FF % 3% ]9
2 dgelt,

Zonal-mean temperature
LS (LNOV)

HS (NOV)

= Folt BA BAELS
WSS T oA

Pressure (hPa)

L L)
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Figure 11. Annual averaged estimate of 5., minus S,,;, temperature difference (K) denived from a

multiple regression analysis of the European Centre for Medium Range Weather Forecasts (ECMWF)
Reanalysis (ERA-40) data set {(adapted from Frame and (Gray [2010]). Dark and light shaded areas
denote statistical significance at the 1% and 5% levels, respectively.
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Zonally averaged vertical component of Eliassen-Palm flux
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Zonally averaged meridional component of Eliassen-Palm flux
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Zonally averaged zonal component of Eliassen-Palm flux
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Zonally averaged Eliassen-Palm flux divergence
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Vertical component of Eliassen-Palm flux (10 hPa)
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U7 at 45 hPa between 58 and 5N for SN
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