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_breaking and mixing

Troposphere
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a9 1 AFHNA B
245 welFE wA

s % o2 WAst= 7] v (W7 S89, P49,

. http://arise-project.eu/atmospheric-dynamics.php).
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g3 A9 (Hoffman et al.,
AN e e
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150

17 Dec 2015

W 5} 8k}

g= Avkete] AXE gdeto] ot FalA
o Z (Reichert et al.,

2019). 1% 92



2. =

A A JAF Aol 2 Bt AAS 7)1 F HFoe I

7h B B &etol A AAE Ao =t 54 (Cosmic ray) ] F o3 #AA
= 53 7§ SEY= /‘g‘é/\l?l% A& dota FHA ok FESY Wse 71+d
shof " stA B 7] wiel ¢FAN 7|FHsE 9 AR #EAES ZHA #
o} (Carslaw et al., 2002; Pierce, 2017). =3+ 23} $-F4o] A Fo] =&st= &9 W=
Hdgdsd 4 Zka e ALE ° 5 HIEso] g W Ao

1) Galactic cosmic rays (GCRs)
generate positive and negative

ions in the atmosphere. »
2) lons help stabilize small

clusters of vapors (aerosol
nucleation). Thus, more GCRs

® lead to faster nucleation.
b ®

¥
R w

[ ]
®
%
L J “A
a

@ Sulfuric acid vapor
@ Low-volatility organic vapor
Ammonia or amine vapors gs:
v
3b) If the new particles grow
by condensation of vapors,
new CCN will be formed.

New
CCN

3a) If the new particles
coagulate with existing CCN,
no new CCN will be formed.

&

4) Additional CCN may increase
cloud reflectivity and lifetime,
potentially cooling climate.

a9 5. §FAe % TE 49 44T TE YA BF BAR (Pierce, 2017).
Neutron Intensity
1
=
e | -
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(a) Solar wind speed

_ 800 i
2 A |
£ - | -
= r'\ m J‘h f'*“\ [ \!f *’\
o
g 00T \L‘wu\,r \JI u’\‘\f\_I \"h“"\"
W LA :
(b) Medium-to-high energy electron flux
3x10 . 3x10"_ 40000 _
T % 2xi0 f | p2 1“.-, E
é Fi 8 /\.‘,f ) Iﬁlll-'r\'ll I.v'l It\l : Sdiay C = I-::ll'!"lE;
A E 1107 i ||- A .\ ,',»__ Ao j , \ L 1510 o
w = FARRAY RN jo " u !
0 AAVAG: W A\ W/ WP N J:L’\i v 8000
(c) Relativistic electron flux
14000 T
3 _; 12000 A A : Jes
'E_ ;n.? I:'II I\ J III l.l II'. ,"A‘. :
A £ 10000 i\ Fo WA ~
w g [N / lu"\‘ | VL
i T O L L N
{cH Jshndcx
oo 30
o l .;*"’"Jl*“ "
: e e W
o
E 30 I
E L
9 0
B MNov 5 Dec 3 Jan 1 Feb
(2] NO VMR
70§ N
E
= -
o a
3 g
=
6 Nov 5 Dec 3 Jan 1 Fab
Drav
as 8 TR darel AdE aEEgFel oA ofrlH= FA I
o] o] Zzs}te} olo] wE HA sIFES AIFF-1% X (Lee et al., 2018).

e B 719 oA dAbel tigh o] 23} 3 5o et 7] zbol| thsi A thEE
of 7Z1FRdols obd A3 HAo] EFH A Fom, A A ddd F
A ARy 24 sHelA e 3e AR HTo Mok HFET] AR Aem H]dY
3 ol 23E T wEA i g i s Aew FEd Jdste TH% 3
gol g3 A LAE E2gstaL 9lof, of FEel ek JjAe] a3 Ao #
Z AUy AT As B4S TAA B 71 LoldA dAEe] SA AES] Wy
AW FZ AE] WHIE dod F dge & 4R Jou, AdzE d ZFse ofF
53 Aot

_20_



a9 9: MEE9] a¥7F xstd AR+ 7§ 2doA et DIF
(12€-29) (D= JJA (6€-8€) (oFgDell A AW 2m A9 2=
E¥ 9] o] (Arsenovic et al., 2016).
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January SAEBER temperature ruly SABER temperuture
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7% (High Solar,

HS)el Al EjF &5o] kgt (Low Solar, LS) 49 7+ xke] (Lu et al., 2017b). HSelA =
Ao &4 719ke] LS Bk v
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Zo] wres] Wastth ol Wyl FHske] WAA 2o o274 T thrls 3
BAESE Ao FH FGRE ol 58 PO AFEA Aot oY) 29
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8% Z- 23UV LEMY BSE JE A BSoIA ATHA 2YW A 183
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Zonal wind RMR lidar
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a9 21 SNk a9% A Ho Mo HTA-THE A Wk uigh(9D) et A&, (of) =
v da EAMA 25, grolth vbgk 257t HAMA O BlE] w9 %S AE-AIZE SRR vbS
#=3tx 9t} (Rifenacht et al., 2018).

aZth7)e] A4 paAE B AxElogx A DEEPWAVE % thr] €3 @

=& 98 oln] &8st = FY I AlH (German Aerospace Center, DLR)¢]

CORAL (The Compact Rayleight Autmonomous Lidar) Al ~¥l-& Aztal] & 4 th
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The LIDAR Principle
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Received power:

29 23 golthe) Qo] @

- 34

\F{ Pulsed Laser ‘

Detector ‘

2 FHEL o4t Adso] £AHE Wel Ay F719 R ¥

Seattering
at altitude

Laser pulse
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Backscattered pulse
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2 21% (Bernd Kaifler, DLR A&)



AC)

CORAL Alz8le] sj4lne ofeglsh go] ZAl dlo]A b BekRel A M az 7A
90, 532 nm, 125 Wl o] AE 9 nsoith W Fel= A2 AFol WAGT ek
Ql TH e ool o] Y & k.

O #olA Al2=:
- Frequency doubled Nd:YAG laser with 14 W optical power at 532 nm (140 mJ at
100 Hz pulse repetition frequency, 9 ns pulse length)
- 2X beam expander

- Fast tip/tilt piezo mirror for beam scanning

O FgH-
- 24 inch diameter f/2.4 parabolic mirror with a spot size of <100 microns
- The telescope is designed for direct fiber-coupling using 550 micron diameter
optical fiber (NA 0.22) mounted in the focal plane
- In-house design of the mirror cell and fiber support structure
O YA Hhx

- Mechanical chopper running at 300 Hz chopping frequency
- Two elastic channels (10% and 90% signal) , 0.8 nm wide interference filters, APDs
- 608 nm nitrogen vibrational Raman channel, 3 nm wide interference filter, high

sensitivity PMT

The Lidar Instrument

Lpticnl fibsr
Receiver Box
APTY 332 nm
Rear channel
Laser Box
Premy Chopper £ F5%2
Beam expander |
: . ) ' Vg
Power Laser ’ I i . o g o
QIOAY. 1y | BIO - Pl
T —
1064 nm Telescope
12.5W at 532 nm 25" telescope, 12.4 0.8 nm interference filters
100 Hz pulse frequency 550 pm fiber 60% QE APDs, 18 ns deadtime
9 ns pulse length 360 prad FOV

a9 24: o)tk WH F+A o] (Bernd Kaifler, DLR #3)
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Lidar Container

+ 8-foot container, 1500 kg
2 kW power consumption
+  Fully autonomous

CORAL Alzd¥le AA 2= 2kgkd B (photon)e] MFE #Zshed), o JAe 1=
B2 By 2% Z23d9S dojuth o83 25 Z29dS A7) YA o7 A
FEHRAAS 7R sAd B 11x e 25 tigh AA ol Tadtth BT
o] ZAA kS TIMED9Adol #=2# SABER (The Sounding of the Atmosphere using
Broadband Emission Radiometry) #= A5 & &-& 3k}t (Reichert et al., 2019).

Temperature Retrieval

Measurement Data Processing Data Product
Photon counts * Atmosphereisin Temperature profiles
o hydrostatic equilibrium
O[T T ] T T
* ldeal gas law g
o +  Temperature T, at top *an
" £ s
5 of profile is _known K \_\
5 Integration of photon £ P
g ol count profiles from top z, £ ﬁ_‘*
to bottom z: w0 P’
2l £
5(z0) A
T(z)= Tad
VN ) | i R .
W 0 |2*hm1unm l?-:-u:? 108 10 E Z5(=z") (=) dz 150 :6°T.ﬁé,i,,hi§,£.2';u 8
ks ), 5@ 7 ' '

3 26 ot} Ao 2R 255 FAH3E ¥ (Bernd Kaifler, DLR Al¥)
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¥ 2: CORAL A|2~"E o] &3} utgk #=o 3t Bernd Kaiflerste] o7 sk

The lidar method allows wind measurements. Currently there are two stations (ALOMAR in
Norway and Maido on La Reunion) which do wind measurements on a regular basis. Radars
(wind profilers) work only in the troposphere and in the upper mesosphere (meteor radars:
80-100 km). Basically, what you want to do is (to) measure the Doppler shift between the
emitted laser light and the light which is scattered in the atmosphere and collected by the
receiving telescope. The light undergoes a Doppler during the Rayleigh scattering process
twice, first when the incident photon is absorbed, and second when the scattered photon is
emitted. The Doppler shift takes place in the direction of the laser beam i.e. you measure
the component of the wind vector along the laser beam. If you want to measure both
components of the horizontal wind, you need two laser beams, e.g. one pointing north and
one pointing west. Typically the laser beams are pointed 20-40° off zenith. However, because
the vertical component of the wind is typically small and the horizontal wind much lager, the
vertical component can be neglected. Thus, Doppler measurements along the slanted beams
allow you to reconstruct the horizontal wind vector.

The technically challenging part is the required precision. Assuming a zenith angle of 30° , a
horizontal wind of 1 m/s causes a Doppler shift of 1.9 MHz. Thus, you will need to measure
the frequency of the laser light with a precision of roughly 10°-9. This is not an easy task
and requires a very stable laser to begin with, precise knowledge of and control over the
laser frequency, and an edge filter in the receiver. This can be done, of course, but is an
order of magnitude more complicated compared to a temperature only lidar, and thus more
expensive. You should also keep in mind that about 60% of the lidar signal will be needed
for the wind measurements and the altitude range of the temperature measurements will
decrease accordingly (~ 5 km less).

At DLR we have a project to upgrade a CORAL type lidar for wind measurements. Basically,
what we do is tilt the telescope of the existing lidar, add a stable seeder laser to the pulsed
power laser, add a high resolution optical spectrometer and optical reference for precise
frequency measurement of the outgoing laser pulses, and add an iodide cell (edge filter) in
the receiver. All the components of the original temperature lidar are reused. However, this
gives you only one component of the wind vector. If you want to measure both components,
you will have to turn the lidar periodically and measure the wind components subsequently,
or you will need a second lidar (though a single optical spectrometer and reference can
serve both lidars simultaneously).

of oltt #Zmut ofieh 2 Fe Aol solthE Al xHL I
TE 5 BEFHE PUL AT olESL Yok ATANL BET dolnt BEL A
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Solar Energetic Protons
enter the polar cap

— ——

lonization and Dissociation of N, and O, A stable polar
vortex

isolates air.

Short-lived
HO, and NO, 0, destruction

ived
NO, -> NO, o';mge'm
byNO,

NO, diabatically
descends over
winter pole.
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A8E EE&3AY B A AT t7] &8 RS o] &3k o] FoA %\LE}. o= A
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o
=

oF 20-60%7FA 4~EAE 5

[ R=S
AN

Aoz d#HA Ut} (Seppiala et al, 2004; Rohen et

al., 2005; Verronen et al., 2005; Funke et al., 2014; Turunen et al., 2016). o]&]3F 7] 3}

A

Hiles 1% BT
A AR rgA o ® HAEZ AN S ASd &
. Andersson et al. (2014)o] W= ejeF SR ApAoZ FIHHA Hd 90%2] LEFS
1o= Yo
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a9 200 WFORE WEY wluA Aol FA o8 AHE NOxel A7H sk (3)
T 9% 70°-90° Ht, (ofd]) HHbE 9%E 70°-90° Het.  (Funke et al, 2014)
m‘*‘ . | i ) 80
(A) AO; (DJF) (B) AO; (JJA)
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7 ‘ /\ E
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10°° | a8
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ﬁ : e o -"i “6h : ! |
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13 30: 2002-20059 FeF oAl dAk AAe o] ~dEE eFo W3l 2 (Arsenovic et

al., 2016)
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oA Jak JAHoll o tir]e] 38HE Wste tir] 259 viee d%FE € F e
Aoz vre At} (Baumgaertner et al, 2011; Seppala et al., 2013; Arsenovic et al., 2016;
Meraner & Schmidt et al., 2018). Seppild et al. (2013)+= oA |AF A 23 7]
o 2=9 vighe] WIE Hlwdls AFE FdeAT LA JA I o3 SA
dEHolA ~1-6K9 &5 W3tel ~2-9 m/so| uig WIS opr|d & vk Awsta 3l
oh. =3 Seppdld et al. (2009)= tHr] &4 AREst] aeyvAl dak %

5 WstE RAST AT 23 wUA Fel wol Ay AL A% Bl 43
A seo) B0l Qe JIztel Au) 5K FAH FH o5 Aol AT 5 &g A
AsHA T,

2. @A I ML EAH

.

le=]

A= 7] st 2oy thr] w8 2dS o] &3 d57F Zasit. 13y
WEolA TelUA 9 Ao melrk 5 ol olA 2w ATk 5
oA 300 KeV o149 oluAE zte 9L Boe dAZ s IA ot 4

33 tl7] Wste A%E 97 ofele Aol Utk

a O, (%) BT .

Altitude (km)
HN 'SOWOD

o

Altitude (km)
HS 'H3gvs

11 14 17 20 23 2

a9 31, 94 #ASARE AFESY] B A AFA(SPE)o] A
AS u FHE E WSk (9) Eub X oF Wl (o)
ekt Sxe] 9 & W3 (Andersson et al., 2014)
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al, 201953 glov), mdle] AE¥7] AL B Be Aol Wad Ao nelt =
3 1-10MeVel moux AAE] Fdel o% Gl tF ol Bo] o FojA o
SIT). o] AASE BrIztel 70 D 4EAe] AHACE Fe F 5 JonE o
UA A FAel o@ J1% WEA A7l A AN 93] AT wEA SwH

oJof & HoF Wt}

L]

LI O T O O B e B T A L

im Enown in dn

a7 32, aelyA Ak Aol A e o HA9 gkl Wl Ao 5K wAH

@l
= H
FH2x9] Aol Al (Seppild et al., 2009)
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A 3 A g BA H3 A ® )%

35 9

L e 97 &

B BAE 54 2 HAAF 7] i
E] A1ZE 9t} Hines, 1974; Geller et al.,
van Loon, 1988). Hines (1974 ®j<F 53} 7|43te] AA =

P4 AR BEFH 1 F5e
A3 BHie obd dFe AQE 22
Qjav‘,_].xgq] 1—,]]?3} /\]Z]— z]x—lgi = 9

Fa-}

F7] X

rlr
of

HEA A\ A

A G A =7 dF=
1980; Geller, 1988; Labitzke,

& o]

1980 o o] F-
1987; Labitzke &

olE & e "AAZA
a7l e] Zde] IS FEILh o] =EL AT

Aol A v Bl &5 s tir] 5 o5t

)T}, Labizke (1987)3 Labitzke & van Loon (1988)

AAdES HOl AAA HAxo =FoF alFEt) o
RS (Qua81 -Biennial Oscillation, QBO)2] ¢4
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T 1 f | \ o)
o d i J: 3 -
5 ! ! | N 1 Ta00
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a - J‘ i
;;0' f ‘Ir 1]]‘ f J -'f II'IIL I_."' L-ql - 561-62
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LT L/\gfﬁ ~J I,'I t::ﬁ _60-
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1% 35! QBO H“ o, Bkt AL u9we] fFde £x¢ F10.7
HF E829e] A3 BAE RoF+= AAE (Labitzke & van Loon,
1988).
HIHSAHAY 71 A5 EAE dBA77] s s A= 19909 )

WA e g

o

%1k, 2000

Ao =HbEE AZE ZAo= Bt (Haigh 1996, 1999, 2001, 2003). Haigh (2003)-2
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400 Years of Sunspot Observations

Modern i -
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or 47 WE 1 oF 17809 4% wmsty, F47) W B3 A9 §5d S]gdo]
o wgha, olgh Adstel AYOoTRH Hu) thEeI FehAlotEe] Lud /1R o
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EH S&7] 0o1F)-1680 (vt =27]) Atele] afgH 7Igte]l ®Ws} () (Shindell

et al., 2001).
B Msde 9 40 IAA &, YR ofede e s dyy 4 R
gso] dAddE dstd wWAYUFA g AT (Kodera & Kuroda, 2002; Haigh &

o

Blackburn 2006)7} A&=¢th. Kodera & Kuroda (2002)= e &%o] 73& A%
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& AT BES T 195 A5H FIA AT AAEe] okstEa, o]d o
2 duAY A5EY BFEo-F<& <=8 Brewer-Dobson circulation) o] s A <4

WA SR gFdol mEAAT, FA A% AR Astebd & 9o Btk

%Ol dakele, ol x}aL Tﬁu Hﬂzz}% Fz @Al oF B &%
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a9 39 A Ht B4 vbg ) dejobal #F EE 2 (AT HIpE Y s ol
A AgolA I s w Pdut Y2~ (A BEhHe] Wt (Kodera &
Kuroda, 2002).
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goF HE Ao B3 AR A Z (Reanalysis data) Aol w=2d, el e 24 713
of thaiA iR HAIFAAHS 2% zol7t 1-2 KY& BT (Frame & Gray, 2010;
Gray et al, 2010). Frame & Gray (20102 ¥ %7] <X Al¥] (European Centre for
Medium-range Weather Forecast)®] 40 A4 25 (ERA-40)e] B4& &3, 8 &5
o] ZE AZIoNA S AVIE Wl T4 B 25 AR A4S D sk ASHANA

ol e AR Fo #& Hole AL FUdsh

I 400 (@) Aol Al A A 3, (b, o F M e I B e sk 29
= T3PS el +4 4 (Haigh & Blackburn, 2006).
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a9 41 9 7] X2 AlE 40 AEA A5 (ERA-40) A HE S5 =)/
=20 3t B4 Hd 2529 %] (Frame & Gray, 2010).

ole} &2 A= olF, Lu et al, 2017a, D)ollA AHER 71 7] i AlE <IEH A

24 AR ERA-IterimolAE Aol §ASHA Uehd Aoz eldth the Luel AT
7

A= DAY S FAY L5 Aol BAF vt A e 2
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o F7IE Lue dTelAe R AL thelA 2AEH =ALE ZodiA 435
=d, 2ALNE ASHE ofddl € F AEV Aoz T3
oA AL gRlatgon, =ALd= 45d ofdd 2 = AEY
i, A AE5d 2E7F Sf7he vl ol UEhvE A S

WD i AT fe) . g D L . S
. g — I
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3 20 ] | . i .
3 4 I J . El?
5 100 1007 |
i I"' [t I’a
=8 | — . - v 1 i |
Nk : 80 1000 £ 1000 3 KT
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1 AL 0K i 2 L T R T Al ) 12
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£ i - 0 ' 1 4 G
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E i o ] a 0
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1000 — =l Mgy qpog : - : — Mg qompl : e i Rt

EQ 20N 4N 6N EON EQG 20N 40N GOM &N EQ 20N 40N G0N BOM
ltitude latifude Eatibucle

9 42 19799 5E 20149714 ERA-Interim A4 2o A Ewkt (9]) =ALH (ofe))
=AE dEiA Astd BE s Su-54 710l st (9F) 7)1 $8y 2wt vk, (Uhe-
d) 4 Had 2% o], U (LEZE) A4 H vt =o] (Lu et al., 2017a).

SADTFLAN Ao S ATAAE Lus AT =F
SUs S48 TRSAD. Y B TRS AA, B A5 FHFH/FRe
A7) A B AFAA vk o]io] RS 280 B9 B

&tk (NCEL 2018). & Apo]7b ot 7A 2-3 KZHAE Ad &+ d5e &A% v 3
o olgA ERE B A= HY TE2 ofdd = Askth &4 HS (High
solar irradiance)= ElY &% SthE, LS (Low solar irradiance)= BlY &5 S4E, SN
(Solar neutral irradiance)= Bl &% FHS IZEla vpx|Ete g VOLS Mt &0 9
d HEoz Qs EAA AS)F 717+S UERATH Lu et al. (0172)d14 2011-12 AL

& HS® FEF oL}, Lu et al. (017D)oll A= 2012-133F 2013-145 SN2 TH3}7] wEol,
2011-12& HS2 F+= 22 #7154 "disdel SHdMs 247 e Aoz adst
of B dAFoA = 2011-128 SN2 FAoh d¥ra o= HS7F 2000 Z=4E o] d el 355 o]
aL, 2011 o] Fell= HS7F 2 delhdes ZF4S Hola it AA=R HYd &3]
2014-15'd o] 2 ThA] skl Sl 2012LLTE1 20143 9] 713t& HS2 S+ Aol F7]
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o] Z2Ho A= A Ax wELl A4 goF S5 T84 7A@ 038
3 o= HolA SNoz2 FE3HT
Daily solar variability indices (previous 90-day mean)
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% 43: Mg-113 F10.7 192, Mg-1I 929 H (w734 AX)ud 83 4
Av 22 (A fote] A ANES 24 HY €5 Sd 2 542 FIY HE
A g Faa agE g S 50 2 S22 5E9 ALES 474 vEhdt 25
A= Bl g% 9SS yeRdth 19839, 19929, 183 19938 3k Tk
2 Q13 HEo] e wWEA FAA A5kl
E 3 ded HY g5 77
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 | LS | 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
AATFEANA AAFoE EAT AEA A5 &4 AAdAAE 7B
AN A5 FAEAE 255 HY A8 e S ALEHE FAHCE &
A% dajoltt. 11€95E 3€7tAo A A HSe} LSe] Apo|7t A &Aoo = e
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dAY AFE AR NGoz FAHTE o] Ao HS9 LS7He] FMHEF &=
Ao 2-3 K AEQ] Aoz ATk o2k A+ Lu et al (2017a, bellA £4
A%}t frAreht, Lu et al (2017a, b 7Z-¢- HS9F LSTHE] 2% +xto]& 1-2K A%<l
BEA3ka 9tk o713k 1-2K9 £% x}o]= o|u] Gray et al. (2010)¢] ERA-40 )&
(ERA IEIY o]ze] 40 AEA A5)E o] gste] Fahg Hda AFolA o]n

P e

T

Zonal-mean temperature
LS (LNOV) HS - LS (NOV)

Pressure (hPa)

306 0° 30N 60N
HS - LS (DEC)

5 0004 S
90°S  60°S  30°S 30°N  60°N  90°N 60°S  30°S

HS (DEC)

Pressure (hPa)

. r F 100 : : : + 1000+ e
90°S 60°S 30°S 0° 30°N  60°N 90°N 60°S 30°S 0° 30°N  60°N 90°N 90°S 60°S 30°S 0° 30°N  60°N 90°N
HS (JAN) LS (JAN) HS - LS (JAN)

Pressure (hPa)

; = } 100 = 10 | P + +
60°S  30°S  0° 30N 60N 90°N 60°S  30°S  0° 30N 60N 60°S  30°S  0° 30N 60N 90°N
HS (FEB) LS (FEB) HS - LS (FEB)

Pressure (hPa)

100 i e e .
30°N  60°N 90°N 90°S 60°S 30°S 0° 30°N  60°N 90°N
HS (MAR) HS - LS (MAR)

Pressure (hPa)

200-F8 o % i
500 i Q K

T T I 1000+ T S + 10004+—= R T
30°S 0° 30°N  60°N  90°N 90°S  60°S  30°S 0° 30°N  60°N  90°N 90°S  60°S  30°S 0° 30°N  60°N  90°N
Latitude (deg) Latitude (deg) Latitude (deg)

a9 44 RS A EAE JIEE AR ARE o]t HY EFdd wE &
FE SAEE 2% Fog FAY 99L& HSS LS xpol7) 95% A F FEo
feiA TAHeRE Foudh 29s Yebdt A4 3% Boslaugh (2013)9]
WS ARE-SEA T

IPCC 52 BEuAjo] Fogk mdoax] HQl B BA HEAHY a3 AEY A5 4
Az} vl A o] ekt (Mitchell et al., 2015). &3+ Hawkins et al. (2014)2 IPCC 5
2 BaAe Foddk g Ayl tigk B4S FalA BAF AAEH A FA B BA

o] oy ooj2Ee] wkAhel R AdHEFHoR QIF Wyzbo] 1990 o] F Hi A&

_53_



S5 S7H T3t Nl ARR Vloshe AR Fristiitt. Hol= IPCC 63 B
el thHlety] ffste] BY &Fo] MTAE 71 Bl xFANAS mESE o] Al
A=7I= 3HATE (Matthes et al., 2017). ElF WEdo] 715 MEFd TS F+= vAY

Zo &34 WFAYZE (top-down mechanismeo 2 A dg u
(Seppila et al.,, 2014), Tk Zo] AW Hrh HS &5 W FHs)
HAE FZolA ol o3 Ao FEFe] WEyl dojuwA 2= Wyl A7),
oj9} A#Eo HFTA F AES} P o AW A &3] wFo] WA A
e A #3s T A AFEEY VIS SYAY wokd £ A, olfg AW 7]
o W= 55 2Foly &= annular modeot FARRE FElE WERE 4 At} (Ineson et

al.,, 2011; Kidston et al., 2015, Lu et al., 2017a, b).

o

a Manthiy b Seasonal [4 Dacadal d Centennal

I N £~ o D O 5 T [ [
-50 -30 -0 10 30 50 90 50 -1010 50 %0 25 15 05 05 15 25 50 -30 -i5 10 30 S0

SLP anomaty (hPa) Model SLP anomaly {hFa} Muodel SLP differenca ¢hPa) Modal 51P difference (hPa)

a8 45 (@) ASE 29 52, (b) A%, (o) HY HE5A, (d) o)i3tets 7l e &
= 29 i W3le] ¥l (Kidston et al., 2015).

SAQTLAN AAHOE $UF BAY AFNE B WEA B
SAFE A1 HHE T2 AT A 1o PR et e O 5 Ak
=AY vl AHE B HY "8 Aelrt A2 HS5/LS5 (HS: High Solar, LS:

= A
o

Low Solane] Aol F4 4570 AEs HSW eFsiA @A 45A9 3% o™ «
Fol AL, BF AY 5w /o] F/IE BES FAT F Utk BF Fu
FIASAANE JUAOE A5D sG] Rops BEE BAT olE &9 A0UY

ra

2

o g
ﬁi
A
o

- X

T K

z -
o
2Rt
[

i 12
S|V
A_b
.IQ.O“., _[Rr
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& e
U2 0
o o B 9

i o
N
)

e ]
WslE W ol u, HSLS8S] A9, BTiMY A AEst HSW B8]

& gk,
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Sea-level pressure in January (10950 days)
{a) PSL (HS5) {b) PSL (LS5) (c) Diff (HS5-LS5)

Sea-level pressure in January (10950 days)
{a) PSL (HS8) {b) PSL (LS8) {c) Diff (HS8-LS8)

a9 460 (%) HS59F LS5, rglal (o}]) HS8¥ LS8 A &ef that &
W71k 1o Afe]l df 71ske] TAA P4 5 hPaolal zfolel of
< 0.1 hPaolt}. fpojoll A -9 3k =

A BEdon, xfolddA 5
< e

—_L
=
ki3

4z o off
jaio)
=8
o

A
rlo
O
[@a
N
={r
FiN
o
_>‘: N
24
)
i
2
i)
]

),

T BA

B &5 HEAHL 7 A2E gt R HeA (& 33, 43d F2d F
7l 2, 48, S pH F5AES st AR WS Ued e oYe
2dy AFE F EauHEa Jrt (Chiodo et al., 2012, 2014, 2016; Chiodo & Polvani,
2016; Gray et al., 2009; Jin et al., 2019; Lee et al, 2009; Mann et al., 2009; Marsh et
al., 2007; Misios et al.,, 2019). Chiodo & Polvani (2016)o| & ejeF Zso] 733 752
AREAQl A-¢- AP vuwE FaA BE Fol AW 2AH 2= FE Tl A
ZAHE YA £ Hole AL AW IA7F £He] wEaxits Aol thE
N 25 "3 23, gelMs T Hetes =5 A UEhdn o3 WEks rhA
24 7147 AW 2A4 250 Fv FH vlsith

rlo

_
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(Decadal variability) ®]3]

a) SAT response with coupled chemistry (global mean = 0.18 K)

T T T T
oM 0E 60E A0E 120E  1S0E oL TEW 120N 80w BOW 30w =)

T T T T T T T
04 07 % 06 D4 D3 02 LY 0L 01 QF 03 U4 U5 0§ 07
K

b)  SAT response with specified chemistry (global mean = 0.24 K)

a9 47: (a) 3}3F HHo] AdE A5-9 (b) 338t HHgo] AFHXA
22 Aol dig B Eso] Ak Ao Al Ao dig
A% <A %2 #Fo] 4 (Chiodo & Polvani, 2016).

Jin et al. 2019= BlFHEAC] ofrlol AL Ewol 10d oo &F7]

G2 wY AT Fole zAsgor, 119

=3 =24 -1E -1.2 086 L] oe 1.2 1.8

% 48 (9D HF 5 WEAde] Add A7) (AD 1100-1235)% (oFH) i
¢ &% WEdel AW A7) (AD 1400-1535)9] ofrle} A EHukyt A
(December-January- February, DJF)9] X|&H 229 7} FE2< 2719 4

T ]
A4 A o] ¥3F 7% (in et al, 2019).
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Hl2loh7t B E

WMEHo] Ag olAol B YEY RE (MEI B3, e A
go 7 W 25l 2

fu
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olN
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+
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o
filo
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=
S
©
rlr
—
—
rL
N

£ gl B folAe MR F2 top-down HMAUZ he
Aol &, AEAelt FXANMY bl BF JFo| ty] dedt P43 2 o
AEHA 22 WEL 4oy £ 9

it tigk Aol olet= BRI E bottom-up MIAUZEE AAEH] & b7} UTh

Jejyt &7 3] oF2 o] bottom-up Aol e A= WEE d JHH Y o]Eo® MY
HE Zo] old Ao g HWlth (Maycock & Misiois, 2015). ©]¥ bottom-up 37 ol 4] 2]

A Aol s gfolth. 53], siFS thr]ek HlwsiA w9 & #AEES 2k 3, W
sto] Az FE7F w9 A, BHF EF WSyl ofr|E v 2 B HAF T
st v A Z& vjg wHE vEETE BY o AAE, gHd ol 9
g EARe] wisle tialA e 19 52 29 AT A AAS HolHA ®EgSth
= A7 2Idx EATH HY EFo] AW AA AHES =2 HHG AY e &
S5 B4, ddiAY FHHEYG A9 s 2571 oF 1K Bx WA 24

(van Loon et al., 2007). ©o] AE9 2% W3+ H

2 Rl oHE& HAERE 4T3 & AR, HY 5 ®se) dge Wit
g BEALA o] obd, thekgt o 9 49y &

O

N

RUs .

BiOM Extordded Recensbrucled Seu Sufacs Tamseralus

k * @ @&

a9 490 119 F719 HYE &se] S e sfed 2k oyl o] Hykyt AL (DIF)
of g H (van Loon et al., 2007). 9% =g 44 ,

Al AT dlgH 2 dolHE Yehdth FElE ol Hdl 1K 7Y &9 ol vt
LER T
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SHRE S dlrd 250 FAE AHsks sthue] o] &2 Meehl et al. (2008)o4 A=
vl itk Bl S5l 4 u, FEHEFNAM FEol gl NG 2 W m? HAE9 7}
Gol WAF = Utk olAG A4W FA IS FHPYAM FE FY BH2E A
qate] BNE O% Go3 UED, Fadd F1E PAES B4 AuHe F
8 45 AYew AgHEth 1 A% F5E U8 FAA 5w AuEFe B T
¥ 2 g Aol ¥l Ao HAHHUA FEHHG AFolA B R LAy
0% TEol BAH] ofHAAE WEMo] EAT 5 AUk olgF o] Yoy
F959 Asle s Ao AZo = ofFA7|aL, o mE HAdow FHHEY 4
nleke] e slge] ggol Aot FHBFe] AW LEv} wobd 5 gt
" Increased Solar
- {~0.2 Wm Global Average)
Reflectad)
ITCZI'SP L
Procipitation —.  Increased Energy
Maxima . Input at Surface
L( O O { in Cloud Freenmasg
' [~2 Winr? Locally)
SITES S ‘—Tra:le Winds %
r.rStronge'r\-\ -
ITCZISPCZ
(Maore Rain) ;
Trad s Carry O O
Increa istiire to Increased
— Convergence Zmﬁps Latent Heat Flux
L, t ottt
s I---“.."--‘ .----‘
|Tc;g|1=gcz‘\ . Incyeased Subsidgnce
Decgpases CloudsgMore
] 1
e O ,;,
Strong Trades ¢
i 7 I
a7 500 B s Sdi7lel oA BEGelA dojd & A= wiv]-El
O A3 Ao A% (Meehl et al.,, 2009)
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2. @A a7 g A

B MEdol AR 75l F= &l JAA Fad FAFLS vy =23 P43 1t
45 2hg, adar O dAolA Wtk EE Ao A =) Wl AR F -
Sthrlel A g0 Ask B 2AsAY A Bosts = =

7] FEgoltt. tr] FYv= BE A diFel o7 YAt dSd-FHE A
Zeta, SAAAE R 2 Aol o3 FHAr Fd ARA AE FxE B

o} (Richter et al., 2010, Smith, 2012; Song et al., 2007).

a) OROGRAPHIC GW DRAG b) LJO\V’ELTW L:'-“ DRJ"-L:
120 ; - D R 120F :
: ] . : c.,\c
100 - & ] 100 ?}' "E 7
s ) L ERE. - N I E e ]
£ ﬁ:""\-' oo on g5 BOE L
s i) Boosrn, B o E ; .
+ 60 _— I\..-'I . I~ =10 7
o " LT I
£ 40¢ 1 2 aof .
20F 20F .
o 1 L . . 1 0 L L L L .
=80 -60 =30 a 30 60 g0 =00 -60 =30 [} 30 60 210]
Latitude (deg) Latitude {deg)
C} -QQ\TAL GW D-l.#:\ -:jj IO AL G.«v DRAG

. M\ J_:;-:--""-F

Y
J

Height (km

480 —-B0 =30 0 20 60 40 —-80 —-60 =30 0O 30 60 =10]
Latitude (deg) Latitude (deg)
9 (WACCM)oll #&

a% 51 w5 NCAR ASul7] AAT 71¢ zd Al
o g w4 Hdd 7% %k Z

F Fek, dR/, 2 dAA)e FHy 39
(Richeter et al. 2010).

A F4E F AR Oﬂ/ﬂ«l 7] FY9t ZAlgo] 4FdNAY A A9 EH4E A
Hoted F88 AdES T FAld O AYAA dATE Adste 9= & F e
< Z dEA Ao (Sato & Nomoto, 2015). E¥F- A& S X A=A = &
& FS A B e dAde] Wol dojub=dl, o] AHeA FAl B8N A=
&3tA UEbdT Sato & Nomoto (2015)+= o]& gt 4HAAE W7 St o3 ofr|x
v R /Ay Eol JA9E AT + e Ao AWsta k. ol P4
W7} g Bkt ALl g ute] oA = AETE GAMA FAo 5 £HOFE o]
sated, o] W FEAA Y] T3 FEE Fo] AYERE o]Fgth 1o wet F3b
A FAE AN Ze s 7177 A7IHA =T JolAlE AHo] ISt o]
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A oA R ed/Ed B8l A AYol FAHHM, o] AHolM T 3y
Aot wAAE = Joh ol g A2 Holton (1984)9] A7-ollA AFHE thr] S I}ol

RURRZ|
o]
ot Td WA T A A AXE HAt oW WHozE, W] F

ot

duie 7 AAgoR v T2E HA FHANA B4 Avhe] BEe wPE o
< @5 B/, B4NE AQeE AT A Do,

N-Period F- and M-Period

70

Height (km)
3

5pfjStratopause

0 30 60 0 30 60
Latitude (N) Latitude (N)
a9 520 (%) B8 AAA HH i (EF) St el Pk A
s wo F A= Uy 25 B 2 uy] T &Y GWRel fEste o
2 3k (w*) (Sato & Nomoto, 2015). &3 ZA|Ho] A=A AHolA Za)A
WA F0A FR ol Aol Ae) Tx7k BAl wAE L, o] FE5 Al
e Fo= 0%,

A,a
i

1= AYoA Fa3 iy Y & R SH ] AAE A #HF ZAAA Y
e ge s, dolth, golth, 52 fAddolttE Bt A7 ¢kt (Chen et al,
2013; Chen et al., 2016; Kam et al., 2017; Kim et al., 2004; Moffat-Griffin et al., 2011,
2013; Murphy et al.,, 2014; Nicolls et al., 2010; Sato & Yoshiki, 2008; Sibuya et al., 2017;
Song et al., 2017; Yoo et al., 2018; Reichert et al. 2019). ©]&3F #= B2 AujoA
A FHER JA2 A5 5 AEY oA oz Hust= thy] TH9A7 AT
g AR EATTE AH ASE 5 AERY AN 19 tr] 89 v oy
g} A Fute] A FHIAE ¥ol d5dd= ot

rlo
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[)GW zonal wlnd In 15.JANT4

L s
:

[}

-20
(g} GW mendmnal wmd |n 15JAN14

20
E 10
= 0

LRI 0

Tlme {h)

13 53 AlFEHs| A FAdCEHE #=Y AW B2 Ay pAFE 9] 5
vl AR e A7 -31% FE (Song et al., 2017).

st Hutste di7] FEve 5 AEEZRYH AT AY 5 QAT (Plougonven &
Zhang, 2014; Kim et al, 2016), thRFHolA AAHIL F - LFH72 ATt MA=
g A A= 234 FHI S ©ed] A CE WhAEE gEd TheAd R sttt
(Chun & Kim, 2008; Kaifler et al., 2017; Kim & Chun, 2009; Kim et al., 2012; Vadas,
2013; Vadas & Becker, 2018; Vadas et al., 2018). 7] RRA = TH4F T0de =4
22 (o, Ae FAHA, A AW 1527 UF ¥1, 04d F - 88 2%7F Y
- &5 Smith, 20127} &3] EA|st=], oleld Aol R FHu 3y HA o W
Ad EFHAA0] AFs] 7S Ao HAn wmetA, Sk 1
g9 Aol digk Jide]l e, ol HAsiHe SA 4F5H 3

THe| EAC e #52 A77F vtEA sUEREo o & Zlow E?JE]'.

%

N,

2 ' 2
(a_) Tup (bJ Tdnwn
N T T T T N T T T T | T ) T T T S N N T T N T N O T N A |
44 - 44 O
] B ™
Wt B -ij R
36+ EECRIN R W
E S RURRERRY
= 324 L a2 O
N ] r 7 i T Ve
28 / f F - B
21 r L 247 S R
] ' ¢ l r ] ho 5 R o]
20— s 201 —
1200 1600 2000 2400 2800 1200 1800 2000 2400 2800
x [km] x [km]
[} ] 2 3 4 a8 ] &
[10* &

% 54: AFANA Auets TEY 2 AF (a) HF AE
2 (b) 3t AE E7] (Kim et al., 2012).
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T
day in July

-0l K ik
T (o/p)'/, dowaward phase only,166.9F,—77.5N, Max, min=0.354,—0.4

( TR I T (o T T
::I 1‘ o i ' .H ey 1_ ": \

day in July

a9 55 Fe W= A #5HE 23k FEl o] gt X Ro] Ao A
vebd (9) A Aar FEa F (o) ke A3 F8 3 (Vadas & Becker,

2018).
3. o5 et
FAATFLNA G5 A= FF AF7IA FHE = 2 FH B HE f &
3= 2kel =83} (Alexander & Teitelbaum, 2007, 201D Yo 9] AE - Aol 9

3 FEaE Qs 5] FEIe AYI7F A AHeE FH 4 o (Alexander
et al., 2016; Hendricks et al., 2014; Hindely et al., 2015), 1& ©o]/F=Z o] A Y& th7]
Ay} 23 (hotspo) & & =31 Aot (Hoffman et al, 2016). AR} AZF 7] XM=
.]

=
FAdeld 2 HA e B FHE BE] FF FHANAY B, L5
7]

Foh. AR, F2 15 I Uik FE9 a8 w9
rdo] ) Ao MA =2 AT 2.
2 Rdgd Az &8 + e FHIF HHE &

e #53 o] niga 259 dF LT ZEido] #ZHojoF it
(Moffat-Griffin et al., 2011, 2013; Murphy et al., 2014; Yoo et al., 2018). B} & WA 3}
A=l Bop A4 e REdES A mEo dir] F93 AA Y o] dast
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e B, F - FUWE PRES TPHE L% GGo] o 259wl o
]

B Ad nAAE TEid B Wad Ao pHEth dolt L ol o
$ A% TINE LTy BEe HF, QB 5 5 AA o 2FIA Tagoh

1o (¢, Chen et al, 2013, 2016, Kogure et al., 2017; Sibuya et al. 2017), H =
aFe golt, #4 dold, FUH &% Wy¥ (Mesospheric Temperature Mapper,
MIM)T< TA &8st 7] 83 E4S 248 975 FIdsil= it
(Reichert et al., 2019).

il Hin) E{r)

2
ms-?

Reconstructed pericd=0.7h
Reconstructed perad=4.0h e N

i :‘Ff” 771'!“%

U4 Hfﬁﬂw |
e | i s

20 ¥ F
T T W T
farentidif T fiks 5

wolf erimt

=]

]
Temperature parfurbadion / K

Altttude / km
Destance / km

ra

rn
| — i
7 .
Temperature periurbation ( ¥

# Jen 22w oz jos |
16 Dic 2015 [ 17 Doc 2018

14 |18

a9 560 AEdE ot #E5o 2 HEH 7] FHue] 9 AS FEIUE
dag]Ee] i3k A% (Reichert et la., 2019).

FAATAE T ATHNE 28t AATF 71F 22" A o] S Y 2s
FAo] e w95 ztx 9o (Hurwitz et al, 2011, 2013; Molod et al., 2012; Song
& Chun, 2008; Song et al. 2007, 2018), we}A EfYF & W7 71F WHEAZd F+
FEF ATE SslA 712 AAF 2EY FE AAHS MAE F de 9FS
Ao uotdn) stA st #A 9 shAdo]l T FYE dojA LA Ao
=57 e Rdde =S & F Jde AUE @ HRE AFIE BZo] olF

o 9T ol S HF, AR, 59U o] FEHD Ui A4 TAYE ol

(o2
o3

rr

%2

2
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Kaifler et al., 2015; Kaifler et al., 2017; Reichert et al., 2019)¢} 3% FA7A = HF=
Fe =9 o]t} (Fe Boltzman lidar; Chen et al, 2013, 2016)5°] ¢t} #@ldao] gho)
U= B st ASANE /4 deoltrt #5ste S4d AFEE AAT 7 AU W
o, T3l #AE FHFshe & ddeo] golE: #S5S T3 Y3 B3}
ol /A& F=d AoA HAAT Ao= &

e
it
o

FAY v g &5 ol & 7| W3
o] Bt oJH ol AUt Al
A7t BEFAY RS 5 9
HrHES #AY AFeE dnt
AR, FAATRAAE Wb 2
& EAF T 2 2 EH Oigk A Aol ik A5t (Wenzler et al, 2006)7F 21
on, #A 9 my & wdgde HF F 3

(Maycock et al., 2015; Ineson et al., 2015; Otto-Bliesner et al., 2016; Owens et al,
201NEe] lol, HAY vz} /1% mej Ay sbee Jgo wrhHh

(e} OJF AU (ms) 2050-2099 (b DJF AMSLP {hPa) 2050-2099
o) ¢ 1R0E
© Y,
o \
2
& l
|
N -
m:ﬁf}’:c‘nE
2.0
AMSELP [hPa]
a9 57 B S5S AsHA & A9 W dEHE A AF 7k B9 ALH (a) F
AP A vtk xjo] @ (b)) BNl 1Y% &5 719ke] xFo] (Maycock et al., 2015).
gk gEe] e 7137 e AXTF HFe HolwulE X AA (regional)d Al e
= 54| Atk
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A) Voleanic Mass

, ;1|.l|.| ; .Jlmldl. IE
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B) Last Millennium TSI
1361.5
i3
= 13810 =
E £
13805 =
1360, E
1000 1200 1400 1600 1800 2000
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5 ] D) CESM1-CAMS Land Surface Type Evolution Crop e
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h- | E
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E) Clear-Sky TOA Net SW Flux (Ocean; 30N-308)

AT S T S e T e e =-h=ﬂ—d'-d—- =
a6 LT bl Ul 1= {a B " G TS| | L= ahl
w2 All Forcing el R LA i
i3 Control I | i
2 154 | [ -
353 - Solar | 1 k .
A52 u -
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¥ 58: CESM_LME (]2 NCAR CESM ®2#9] Last Millenium Ensemble) 23 o]
AP E Fa AAE [(a) s F9, (b)) HY H5AF £, (o) =271A FAEH, (d)

A FE) W3 2 (e) Wl7] dE BHY A 8219 A7 ¥3) (Otto-Bliesner et
al., 2016).
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A3 F AT AL F B

B &5 HE7E A 715 Az"d mAs §F2 AS trledA as iyl o=+
BT d9olA g E8-33H4 AAS T dojdrh B AGelAE, H2o A+ 4
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