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(% 7]( E ACSUSHE SHIITIZIL *++ +#+# +# ###+##en s e em e e eae e e et et et e et et et et et et et e e it et et et et et e e et e e e e s e e et e enesens 3

st
Technical Review
MR [A5UL] IZHITBFELKERD T F—EH

Observing moisture in the marine atmosphere using lidars on board the research vessel Mirai: A review

Hf#fﬁ'% lgl E, /{ZIQ 1 :'T'%:%, E(%%? HH Masaki Katsumata, Kyoko Taniguchi, and Tomoaki Nishizawa -=«« -+ 13

Technical Review

BREBI7Z7OVIESA Z—EH

Stratospheric aerosols and lidar observations

%EH IZ% TAKASHT SHIDALA -+ -+ +v+e+e s e e ememtmen s eeae ettt e et et et ettt et e et et et ettt e e 27

Technical Review

TEEL—YZRWEF M) VLS Z—IC KB PRIEFREOEE - AREHA

Mesopause temperature and wind observations by a narrowband Na lidar

NSRS, BPeEtial, ZvkaioN, dtHemE, Nmdd, MEgz

Takuya D. Kawahara, Satonori Nozawa, Norihito Saito, Takuo T. Tsuda, Tetsuya Kawabata, and Satoshi Wada -----* 36



Technical Review

FAEEICH T HREHE Z 1 ¥ —Z2AVchEE - TERZABRER

Observations of Antarctic mesosphere and lower-thermosphere with resonance scattering lidars

%I)j:{, ,”é‘ VLS K B v vvveeeees s 46

(DA T3S iP

AR ST ] B D B
ERSaNDEPZ i E S0

SR B

Rt USSR

*4&

yuu

NS
=
PNy
=
I
=

41 «E& dfll

\I[l

ﬁ%%ﬁge ............................................................................................................................. 65



S = =
?/‘ L& Laser Radar Society of Japan L=y vses
S

—~—————

L=t vy v rEast 3% 15 (2022)

i

REVE—bEDTEL—YEDDT
VNI

TRERFERY E— My v v 7%t v & — (T263-8522 TR MRREXHAEN 1-33)
Environmental remote sensing and laser sensing

Hiroaki Kuze

Center for Environmental Remote Sensing, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522
(Received J anuary 13, 2022)

Global distributions of various environmental parameters are acquired in environmental remote sensing,
mainly from the image analyses of both visible-infrared and microwave satellite images. Many of the
studied variables are closely related to the issue of climate change, including the atmospheric concentra-
tions of greenhouse gases, radiative properties of aerosols and clouds, water vapor and precipitation,
changes in land surface coverage, sea surface temperature, and so on. By virtue of their superb character-
istics of narrow bandwidth, good directivity, coherence, and high peak power, lasers can produce valu-
able data when applied to environmental measurements. In this special issue, we present five review arti-
cles that describe the topics of water vapor measurement in the oceanic troposphere, network observation
of tropospheric aerosol, aerosol observation in the stratosphere, temperature and wind speed measure-
ments in the Arctic mesosphere, and temperature and air density variations observed in the mesosphere
over Antarctica, embodying the general versatility of lidar methodologies.

Fo—U—F:1UE-bEITYT, BIERHN, L-HRV VT, S48 —

Key Words: Remote sensing, Environmental measurement, Laser sensing, Lidar

972 4EDO L —H - L—=FHIREDFEE1SH & ) EPMRHREGE L7z 2022 4, L—Wt P v rEas
— AL HE ML T BNk 572, HERO AR DO FAL - wfbasEdeh, RO E 2 (2 L THET o
W RMERE - BESELDIERELRENEZET LN, HAOKEGD 2R EHMO—® A -t v
YR RAHEAL LTHICEET 2 L), AFomEolike L bichialzwv. K, (94
F—@B 1) LETLEST, ToT—<InE - BEE - PRBEO I 4 ¥ —BlllTh L. ZOBET
T, FEEPTERFIIBOWTREEDS TEABEYE-— My IV 7E, L= —I2XsREL Y
TDORNNITONTEZ TR,

EHAT 2030 4F F TIEKE BIE T [Febt e HIE] (SDGs) ICBIF A 17THHDH H, w{D2HhD
TV ELTHREINTWD X HIC, MERREMEOEZN: - BatkdR AR fic e &% 6 FH &R
HEND LR TETVD., BRFMZIILDE LT, [EEH~OMKEE BISIE, A - BFC
DREGWELZRITLOOHD. BV E— by Y V7w ZMS T IIRE % R THMIE R X
NTWVBIRTIEL WA, FHWITHIZEE SN TV EE L O T — LI MERBIE & 0w, 2ok
WL o TVWADPHET —Z LB TH 5. BIROHKOZEAL, 7~V ¥ BGHKIC BT B RIROEE
M, RIS EORIRICBIT A MERBEORK LR LICBWT, W - RANEESR~ A 7 Tk & o TH
BEINBRET—1E, WET—F 00 L LTHRESE V. FHEFC, METo3F ST LoBllly—24
L DI RIE % U C—EDOMEDS AL S iuE, B0 ERN T — 2 70— 1NVETFT VO AT)
F=F L LTORE LS TVD, HRETF—FIHHTELBEICh»DbL T —<E, ERZ70VLVOK
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KBRS, WAL, RN A~ A% SRR ORI, HoK - HEE - Kl SO SCERE, Bl bR
FAL R EHRBHBELLOE=5) v 7l ZICbloTwh.

HREBM OB, AL EHEIZ, BEMSMEDOT -2 2 ST 52 L THAS. LA L, Landsat
7 SHIRBINA R 0% < ATWIE R E 700~800 km FEEDRHLEHE THE I &h 6, 1I0mI*—F—L o
CRRRETOT — F WAHZHICEENICR SN 5. KEOHE Aqua & Terra IZHH S 1172 MODIS (Moder-
ate Resolution Imaging Spectroradiometer) -+ > ¥ 72 &, 1 2000 km 12 b K SIEIRO WS % 1 HIZ 1,2 MIESET
ELE Y OYEIIE, SHONY FTOT— I BHUSFTE 52—, MESHEREIE 1-2 km FEEE BREMNT
H 5. B 17236000 km 55 DEFEBNAIT) O FEbY 8§54 LiLHERE T, 1008121 ¥—>
Eo 22 EBEBEB ST RE T, Y 2 I A 1T 2 X E OB AL IERITETH L. TRTH, 5
N B MESHREIERIT) MODIS HETH 5. LD @A HREISRO SN A FEFHIZBWTIL, AHFETIELD
R K, EAAFEL THWEGHIUS AR ) = ey Y v Z7OFERE LT RE— 2% G
ENDLEIWCHhoTE, Fu—vBBONATEFHTLILICLY, BIEMORYGHALTOAF RO
Wi GO A~ — MRE, NBOERBIC X 2 KERE ORI, KEIA RO G 2 # FIRM oI
B, BRELEENES Y7 TOHER R E, ZICh28HPERNZ LV TIFbIE L)) DD
Hb. WHET—FOYA, HAD Tellus X Google Earth Engine 72 &', ANFHOILlH i & L CTOFHAMEAD
DObhbH. REOPTREIIBIT S LM THHGEN % SNn/z25, HBERMEIZK S GIS 77— 7 D4l - 285
EhbnEoT, 4k WERFE—YOF—¥DHEMEL2 G0 < OISR LA HH 208 S T
WS ZEEMREL 2.

CHLEBBEYE— Y Y U FOESTIIBWT, L—Y—%E2FH Lty s, Bk b T —
SRS THEZRALES. &I, EBANIC2KRICTHLEGET— 5 LT 5L, MERLELED Y —
oy P ETOHBERZEL I EPHANEZEDTWSD. Kt Y75 v 7 I IED W TR Wl ER
BHN—T LB LT B L, L—HF—RiIE VAR MR E SO, RS, Euigmt, &
T —L YR, FSVARFM LR e Vo BN DY, NI TA Y-k BT
BB TS EFSHIHHENTETW S, HEABKRT A ¥ — IOV TIRIARZELRFEDE 1 5 2 5 IIFEIM
Fh, MAEBNS A ¥—, BAXRY MVHREETA ¥ —I1CX 5 - 27a Yy VBlllI vy ay, Fy7o—
S A F =2 X BAERABIN, AEOWINT 4 7 —I12 X 5 70—V KFELRBIZ: EOREIZOVTRHL L A
ENTWAE. 29 LEKHOEET A4 ¥ —PEERL NV TORET— % #4201 LT, #i ExED
TAT—=no/ONLT— 1%, MOWED S OHUFAH L V3T X — 5 ORZEMEBORT 2 H 52T
B, AR, EXIEHZED TV L —F =IO K JRET — 2 OFER & ZDIGH T, HROHMER
EHRA RS, ABEEREE R SN0 HPERLShooH L. T2, Fu—VET Ty b T x—
LELEEZNLDT A4 5 =D 2RICHESEATYS. FLORHERBERZIEH L2050k
HEOMRIZOWTIE, F2% 1 5OFHEFEIRICE2EBHEEZ2ZHIN V. AROL =YLy 7o
I2=7 41, N—FOREDS BRN LB NT A — 5 O - T E T, TRIEWAIICbZz5>Twa.
BEP—DODOWE LT, T4 ¥ —Hile T4 ¥ =1l o THESNARETF—7OHETS I 74— 24
ORMEDHEETIUE, FTHO—IEOSE L FRICHHHRIEIKIC O %055 Z LR s 5.

ReDFLFITBVTE, [AERXURICKE % 5 2 5 Lo RE R OKZEROBIM, HAZ &G
TYTHRTEMT 29545 =4y bT =212k b7 0 )V EZOREN, KIWEKEEOEEL &L
7 v VB, REBEA B OB LR T W B 2 KRABIH R L, ZoRKNR T4
R, ZIO/HRONLRENMA, BESTFAOWBIRIFHL RSN TWE, 25 Offil Lo -
PODITA T =BT =51, WIS T O —NVRBRNRT A= EOLPNEFLTEY, 945 —%
5TIEOBE S HERREOR ZNIFICET 20 EZONL. RIFENPLHAOYZEII =T 4D
WHO—Ii % A - CTHE, SBEEOSHOL —F X v Y v FEEOEH~O TR L ZIIRICO %0
NITEWTH 5.
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Continuous monitoring of tropospheric aerosols
in east Asian region using Mie-scattering lidar network

Atsushi Shimizu

National Institute for Environmental Studies,
16-2 Onogawa, Tsukuba 305-8506

(Received December 10, 2021; revised January 26, 2022; accepted January 31, 2022)

The Asian Dust and Aerosol Lidar Observation Network (AD-Net) is a lidar network for continuous
observation of vertical distributions of the Asian dust and other aerosols in East Asia. AD-Net is a con-
tributing network to the Global Atmosphere Watch (GAW) of the World Meteorological Organization,
and it forms an East Asian component of the GAW Aerosol Lidar Observation Network (GALION).
The semirealtime analysis routine of AD-Net is optimized for identifying aerosol layers in the tropo-
sphere and for distinguishing the Asian dust and anthropogenic particles. The dust extinction coefficient,
which is derived using aerosol extinction coefficient and particulate depolarization ratio, is a unique
product in AD-Net to express the density of the Asian dust (nonspherical) particles in the atmosphere.
The utilizations of dust extinction coefficient are discussed, including epidemiology, chemical transport
model validation and climatological change in the Asian dust over Japan.

FoU—F:I-WEHIAF—, TV VT, Ay T—F, 7OV, Hip
Key Words: Mie-scattering lidar, Monitoring, Network, Aerosol, Asian dust

1. ELBIC

KREZEENBMINRARE (UF, b 7oyne D) &, ANEORBEICE > THEERE
FTHHY., HATIZEM A7 (1972) £ SPM (GRER T RWE, SERHEDS 5 10um L TFO b ODY
BIREE) ORW - EHESERESN, DREHBIKICE 2Ty ) v AT SR TE 22, S 510
R X B AEHEANDFSEAR A S 2009 4E121E PMy s OBRBEILHE D S E S N727%, PMys &) SEHLK
AL < RRAI S N7z D1 2013 4F 1 FICAE RO KR EIRMEAE I BT 900 pg/m® & v 9 B EEAYBLI &
N7z Ltk s, Zhro R 10ELK 20D, HAEOPHHHBIEEILIC X 2 hEENB LR T 27
BMOKRGEBELHIIE LY. 5%, BURFLOMERITHEVCILA RO RTS8 3 1L, BRSO A%
RBFELT7O S VIIHEISED T EDRRAATNE. O TRABEIIIHE > Tk M T H KB L
KREDPFIEL 20, 2021 EHRITIFHAICHIFITI0ERY &) KRB ABRBARE L2 L, HKRBE
@17u/wﬁ%’%ﬁﬁﬁﬁ%né DX BRNERZ L TFEO—2L LT, I— (Glh) §ELSA

—ZXA TV VEMRAR Y bT—2 AD-Net (Asian dust and aerosol lidar observation network) 237 V7

©2022 Laser Radar Society of Japan 3



AR+ #e LRSJ daimmy

p. | 5_5" Laser Radar Society of Japan L —H 223 v otee
o

—~—————

L=y v v ragk 83841 5 (2022)

WTHEHEN TS (Fig. 1). COHRTHE L TV LBIHIEEL LT T4 ¥ =R Fikil o TERE
A5 % Shimizu et Al THFH L L BRENTVEDT, T TRENLDOERICHHE 2 J7%° AD-Net 5
BONTAEROMOMWERIZ L HAER L ORI, EERICBIT AL E, SN RO W TG
5.

L L L L L . L L L L L
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Fig. 1 Distribution of lidar observatories in GALION. Each color represents independent network,
and red corresponds to AD-Net. Site information was derived from GALION implementa-
tion plan (2007).

2. AD-Net RRICES RN

ENLERBEMFZEITIC BT 5 54 ¥ —BHICIZ 40 DL ED R WEEAH ), Tk - Bl S b SRR
. TZTIE 2000 EELIEOH ES 4 F—BA Y b T — 27 DI D L FEE GO TCHRS. 2L
BUIDI—MET A ¥y —oMGEN U8k - KEZBDTITI o) AMKIE 1996 E0 b h?, Kk
5 Nd:YAG L —%—% 10 Hz T 5 78S L 532 nm B EEVREE IO W T E DY & itsk, 0% 105
WiLE W) A4 7 ViFHERE N TV S, e @iBlill Thwold, KEOMMZAMEZIRS Led2ss 7
Ty vaT Yy TOFRMEEITEV)HNIH), Bl —7y b THEHIT OV IVOREHREBIIEIN
THER DN TH LD 5 0 HMOBERL 10 7B OF v v TRHFRETE L LW FRITHEDL. DL IEToO—4]
Th DA, 55 M 10 5 HEET 30 B OB % 1T - 7256 O Z R (BHERE/ ) 37V Vg
TIZ0RHETHLDICH L TEELLAPITOEHORXM TIZ 03-1.0HIHETH D, 55 FHEIPEDON
WEBZWZ D ICEIATHZ20RT 70 VOB L > TRIER W L2905 (Fig. 2). BIZHKEOE
Gy NI—=2BRBEIT7 F U R AL VT, YTV AL AT —=FUEEIT) 720100 F— BRI
HIRAH 5722 L bHENTH D, TO%, WEFEHEORLEDITHLNS % ED X TOHGEBIM O IR IE
S&, 2001 fEFRD ACE-Asia ¥ ¥ ¥ X — SRS L CILE O H i F B R4 £ v & — & BRI Ak
DIAT—HHREESN, ZIFZR—HEOFTA V=125 55y VT — 7 BN E ko7 T ORHIZIZHRE
PEA RS (4R, FILRY, HEBRFEREMU L — ¥ —BHHTH I —MEL 74 ¥ — Ik 2 EHATH
N, HE A XV b OB R LS #i2 E 7V CFORS 'Y oMl LA ThNT w5,

Z O, UNEP/ABC ([E#BHEEHH KA BME)VORT ¥ 7HF v ¥ ~— ¥ EAREX2005'2 %1158
BRI A E ST [T V7B 270V VORGEREA v o8y bYW - BHEm g (R 7
PTEBIHITOVNORY - NFZANDA 287 b WEI S L 72 = BRERHFZeT & LB Zer
Yo T4 F—FHEIZEIN L7z, FAREERFRICHBZ Y —7y FELTERNSHMETI A ¥—niE
A&ATo 72, WTFNOHRIZE W T EKBEREROMIINTERL OGO T — VR - A V7 F A0
IS BBRFZENC & o THib A, JBFTRE T 1 B FEICHE— 912 AD-Net K — A _— I 995 R S Tw
B, — A3 B T[RRI HoR — A —— U 19T 4 #y L AHE O # N SR E TR (%
) L CIREL T tadrd 5. o802 SUBBERRGRENRE T LU EIZESNTOBND £
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Fig.2 (Left) Time-height distribution of backscatter intensity at 532 nm obtained during 09:45
and 09:50 UTC on 17 January 2022 at Tsukuba. (Right) Vertical profiles of averaged
backscatter intensity (black, bottom axis) and coefficient of variation (red, top axis).

THY, WETIIYER (KyungHee) K%, 1212V 7 IVEI KRS (Seoul National Universty; SNU) & D
HEETIA T =2y PT =7 OWFTEITo72. ) H IEPHEL TH S HINE D Gosan BLHIFTIZ R
UNEP/ABC DA —/8—H% A s THhH 5. DI A4 ¥ — 3 Z 0B ER =R KA P72 JAP/CAS)
KCBVWTHEHINZL00, PETOERIEICE Y SA F¥—F—5D) 7V 4 2L/ FRzfTbz <
ol BEIERO—DTHDLEYTINVTIICADHIOT, EHYT 5 v /8— MLk TERHERN 2 b
WP E= 7 =R R MR LS4 F—h%iE S, HEDENDIHVTWS. 7B AD-Net TREibIT
Wb T4 Y=L IZIZRB O S OIEE R EERE JAMSTEC) OHEMIRIIZEM (A 5] #5140
SriSamrong (212 Phimai ([C#Hx), NI A THOMPAEINTELBINSHITTIREBIZY -7y b TE RV
72, FEARMITIE ADNet & [XBI$ 5 2 &A%\, 72 AD-Net l& WMO/GAW (T FL & S 4% BE 4 Bk K &
#) 1239 % contributing network & L CHED T SMTH Y, KiM EARLINET % NASA |2 £ 5 MPLNET 7
L LT %A GALION (GAW Aerosol Lidar Observbation Network) W7 V7 & HN—F 5%y FJ—7 &
LCHDIHE L CTW5. Fig 1IIRT £ 912, AD-Net (RN KEREE R B OME R A v b7 =27 2B L
TEY, FICHDOMEL— N2 ZE L2 uEEE 2> T0 IS 5. D LICiRR72 AD-Net
B DI DOV TIZBIEMAIC X 5 HARRFAMAE ZEL a7 ThMhohTn s,

3. T—RWIEBHEH DR

AD-Net I2B1F % 7— LB OGN % Fig. 3127”7 . ADNet 74 ¥ —DUHTIX, H—TB T 74 VDA
"o T4 —HBRAEBNTIT BV IVHBRREZES L9 2EET 2 fTo T, b & EHERmIEy
I7UVIVOFRNZEN (E=5Y v 7)) ZHNE LTHBBHZ1T> TWwb 729, AD-Net Tld&K
B - FRERIC S BIIT — 2 SR ENT WS, [ 23—V g Vilhlzo TIHMICE -l vwoloz 7oy
WUMNDOBEAEDP S DEFRIFETHLENDH Y, ZOBETHHTE 5/35 X — ¥ 35T ELRE & A8
WHFHEED AR TH L. 74 ¥ —OEEEHDH L, L —F—RmEL L ORZERTOHE (B4
WBREHN T AWICBT BHENTEDORE) (2O TIERREARSE 2 SN b 720, MERTIEURRIZZ®
B TR TE %\, AD-Net TlE, TOZEEEHIET— 7 HOMIZIZ—EMPETL2ZER L AW EIEL,
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rawdata, 3ch / (1 ) (2 D
(1532p, 15325, | v ﬁ‘ﬁ ol
11064) / Y
/ Y __—Cloud base?~-___ N
¢ <=2~ From vertical gradient of > Update C532 by
T—___ABC1064 comparison of 1532
oy i Calc PDR532,
Remove background R 7\\\ Cale dust mixing ratio, and BSC .
light using tail of rawdata, > ¥ ’F/ taln¥ABC5§2 Calc EXTd and EXTs (molecular + particle)
range correction Fl 2> <From ratio of 2> near the surface,
= ) o ABC1084 SloABC1084 . s taton
S Yo /[ o ~-N
Cd from ref Empirically | v (3\, v 3)}——o v
observation with | determined \ A
a sheelt polarizer, | ~— | Set inversion boundary Set inversion boundary Update ABC532 and
Co32 o atograii) just below cloud base at 9 km height ABC1064
8z e g&usazsj‘ Overlap correction with new C532
|
ofi , [Decrease Bourdary | o
near cloud base \ if SNR is too low. Visualization and
~ text output to files B
Calculate molecular backscatter
using CIRA86,
Set initial extinction at the boundary
Calculate to O (zero) for 9 km or f(ABC532) ‘
ACB532 = C532 x (1532p + Cd x 1532s), >
ABC1064 = C1064 x 11064,
VDR532 = Cd x 15325 / 1532p Riversinusingy Increase
for 532 nm extinction
Fixed S1 = 5081 i e boundan)
J '::’/E;;‘/ilylmlitotn;;g\\’:\—‘ Time height \ e —
( ) e N e | monthly netCDF files
£ ;v (See Fig 2)6' / including ABC, EXT etc.
@ /
p

Fig. 3 Data processing sequence of AD-Net (reproduced from Figs. 4-6 of Shimizu et al.). 1, ABC, EXT and C
(followed by wavelength) stand for backscatter intensity, attenuated backscatter coefficient, extinction coef-
ficient and system constants, respectively. Subscripts (p, s) designate parallel and perpendicular compo-
nents of polarization. VDR and PDR denote depolarization ratio and particle depolarization ratio, respec-
tively.

A OB T — 5 2 oREEHEWET L7 70 —F 2o Twah, BRI, T3 FHE (b
2B <) 1281 % 532 nm %7 HCELIREE O I BUEE 734 2 X, 2O Y — 7 OfLE D S ] H O w2
EREHEL. CNRET7 YV THTOBATEIZ 7 0 VI X B BELS I EHB L v (L4 ) — Bl
V) DK R OB LW RERICIED A, FREDT— I BHK L Vo 7o X9 R IINIIEEMES 2
VIR BESLETH D, EFE L TA b - FEICB 2 H B O %R 5L E O M BUSE 75316 %
Fig. 4 \Z/RY. OB E D HEAN D 532 nm REH ) EELR B OHMREZ FH U<, Wik T
BT LEESEZIET S, E5ICFOEEGEEICBIT 5 BRI R EDT W 2 & 208
LT, 1064nm & 532nm & OZEEEO L% HEE L 1064 nm WFEH T LR Z 55, D EORTLE %
1572 1T, ST 1064 nm BER S HERBOSMEARL L REEO L DD — 7 lh St iiE el TE
A JOE, FERTBEURE (B 5\ VI3 EOWRARANE) O O (SR —kMER M BT

10— .

Lo
T T T T

Tokyo Dec 2019
Hedo Aug 2019
Seoul Aug 2019
Zamynuud Mar 2019

—
o
S

Frequency

—_
o
w

ol

T T

102

Atten.BSC at 532nm

Fig. 4 Frequency distributions of attenuated backscatter coefficient at 532 nm
between 1200 m and 6000 m in independent months.
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DAWMBRIRFES) ORK (H/F) RHELE VoI T O VRN I W 2 55523 5. BRI,
HESR R EORIZEND DAL, BIERTH 5 WIEHR G EELRE D SN s — @ ETHh 5 LIREE
(K 9km) 25 FHZ12532mm I22WTC S1=50 st DRED b & Fernald E¥NZ L 54 v N—P 3 v %47
).

Fig. 5122021 4£ 3 H O KBRIC BT 2 BB 2R, 22 T3 AKROEMIFICHERE (T28) oFxR
FEHPEAIKL o TWH DX, TREOBWEDEIZ X BRI L2 TO SN TFLTW5S
SEEHIEL TS, FEM ERASEERE E TRV EA D Fernald O LREEICB T 70
VHBREROMIEIZ T T o L LCRMEZ2TY, TRUTOEE TRONIRESBHANE L Tcofli%
BINSEHFEEIT)IE VWIS I L= a &2 ffoTwh,

9 LB ORERAT & M7= TH FAREUT AR F RGN 2 2 FV CIRERIE HIR GREPIEBURED & 301
sk ERERFIEEARED) SI208ES B DS, IS DMOFHEIC O W TR TR TS, 7— 7 L
OB, WEPSH TV E LWEREIIBWTA v =Y g U CELN-NEIRE (7 oy vofl, 51
DER) LB 2 BRI IR L TR 2 T O H 0@ g e e, U X Do TRER S
BERE AR D L TRENZ7a sy 2 e LTwh, Tin, HOBRFTEBED X V57 F ¥ A0 Tb R
B EBDEALT A5, FNCHYST2HIEM2 /M0 52 5. S ofll, RLHHEEOKIER
TROA —N—F v FTHIESIZOWTIE, Shimizu et al.¥ 2B SNz, £727— ¥ ORBICH 725 T,
W R S E T T I OIS B 01 7 A F =R TR T — 7 2R — 2 R=Y LB L T2 b oo, 2012 4
VI H ORI TH 5 netCDF TOFEHE D 17> T b, BIE GALION 7 — 7 & ¥ ¥ — D% 258 fi S
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Fig. 5 Time-height sections of (from top) 532 nm attenuated backscatter coefficient, 532 nm
volume depolarization ratio, 1064 nm attenuated backscatter coefficient, 532 nm dust
extinction coefficient, and 532 nm spherical particle extinction coefficient measured at
Osaka, Japan on March 2021. Panels of extinction coefficients include the information
about cloud layers (black) and non-observable region (gray).
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TWAHEREE L IR IMEONEMTH S, T 7OV VOREVELZRT L IH72o T, FEEICHER
A B LB S B EREANOMB I O N WHETH 5. ZOEHALRE (Mass-Extinction
Conversion Factor; MECF) (33329 2 f T DR R - IWESEOET, SRRSO W Tk
TIBWTRBEOEELZT LR EEHPREVI ENEZONSL. —THEMR T, Hca—-5v7
WEBD & P % S T HAREMNIZENES 2 EIZOWTIEIEEZ ZET 2 LETIT R L, S 51Tk
BOLWRAm FEEZE— 27 LT 5 ENRAMLN TV S0, MECF 2HET % 2 LR A SN T & 72
5 2.1 Shimizu et a2 TlZ, FEHNOEEREBA XY T4 VT —H > 7Y ¥ 7125 DB SN T
F & (Total suspended particules =TSP, 24 Wpfi“T¥y) & HMMEHARE L L, 4 1.0/km=1.0 mg/m’
L) inftiz. ZoFRICHEDE, FiR ORI WA IER HP T b M HPREIIERIRAE S 2B
TERLTWVS., Tl OMHEHARIIBIT2EBICHEL THER LD OT, FIZITHEBRFARMETIZED
KK T AR T %728 MECF & LTI UHBUR B CHEEREIRELC LMY 7 I T4 LEZ LN
5. EBIZEYINOY—1 X —% ZFIH L7 MECF OHEEAVNE 512X - TiFbh T a2,

7, M BB E AD-Net 74 ¥ —I2 & 2 BB AR (2o fl) & O i Shimizu et al.? % JE 4
5N L - THITbMTVE. HHETIRLAHEBDEN (HH) & EEIRRORIEZ AL, H
XD MHMA L S T & %R L7248, Optical Particle Counter (OPC) 12 X 2R T-$ L 2 5 O HARE L OxF
JEZDWTH Rz, —FHBRETIE, WHCBWTRINICEI PRI N7 4 vy —H T (24 KT
L) oSN EIBITHRIRED HAD) & EHBURE L SIS, Fe X Al D & BERTHBIRE L 12
BOWHBD S 5 2 EAVR S N7z SR BURE O R 8 B0 A0 2 BB ) > TERB 2 82X Y, —o
DB A XY MCOWTRT I THICBIT 5 REMEH 22 720 % Fig. 6 \RT. Hridg o5 2=
R, 2 A A D A AR RS - R Th o h sl Ay MU= 2Bl 5 TR DS
WREE 2o TV 5.
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Fig. 6 Time-height sections of dust extinction coefficient at (from top) Seoul, Jeju, Fukue,
Matsue and Niigata during 28 and 31 March 2022. Black and gray areas correspond to
cloud layers and non-observable region, respectively.

MDFF Rz L ORILE LTEANA T IVF A= F L2 HFMEE (AOD) &4 F—I L b4
T HFEAR O S ER S % K L 72 & ©° % Multi-Axis Differential Optical Absoption Spectroscopy (MAX-
DOAS) 12 X 2IRZEDMBARK & W L 72 b 02 72 EHMEAET 5 4%, AD-Net Tl i B ARI2 )5 27 1
VVEIINGAT 2 7 WO TESAE AOD & ORIRIZIZRAD H 2 Z LIZHEREPLETH 5.
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5. BETOFNAEBBEETIVIRIE - B, bl N

KL OBR T DB EIZOVTIE, T35 Z D SPM R PM,s D ERBEIEAE FADS NKICHEE RIEFT L
NV DOBEPELRVIZODOHRZE LTERESNLDTH S, FEHEERRDN E L 22BE Tk - o1k
Bt B L OFILS & W7z Positive Matrix Factorization (PMF) f#HTE 12360 { HEE BRI O W
TMAZAT) HHANEY 7 P LTBY, BEATHFEREMRICHIT S SPM/PM, s #ll 7 OB IZ 85 H Bl
EMmENEKEA L TENS OEBEIEZED T WD, ADNet DA, 7V VOS5 E LTHERES
DR (LR T) OATIED S5, PMys BEEICEHN S5 DLl & bR 2 et L T &
7228 b H D EROEAIEICIEL S fibNTE 72 BIZIEED A XY b EREEREO R & ¥Ek
R E OB 7LV E— L QR Wi OB R R & o B S0 s T
Wb, EFMRIIBNTIA =T =8 2 fHT 25 G ICHEEILELOE, LDy — A THHEMOEA
RKOLNBLEN) HTHLH., L, BEEHFRICBVTE L ORFBEICHED LT — 5 (ABRBERRHEDIE
RERIELAE) PHEMTHEITINTWE20T, FIZITEDOREZRTIHEL LCBNT—% %
24 WM T 2L LTHMEERSMIFE TR SAEIDLVONE VS HLEE LR TR SR\,
%72 AD-Net O A2, WO ) ELW 2 EOWEIZ—EDEETIT>TnE DD, TR
LZRTHRLBFIZ T T B VHBREAND I Y ¥ I 2 =2 a VOB TEFICRKREWENGENATLEIC L
BHbH 1HGTOT 7 ANDODHRHD—DZFNEI Vo2V IF—2a vy Tho THZEDOHEITKE
<, FHHTIEEOREZIRRE R . Bl 2 X H PSR E RO B 3R (12 77 7
AN) TEFTATFATVERD, 1HEDODATF A T VIZOWTAHNT = BOEAHTEHZWEL R ED
TREIT->TWD (F=FIISREH B ELD ). HDHVIE, HPHEIFET 57201 E TR
ORI &AL OFIE SR SPM L ORI E W2 &, Lo &2 L2fb 55", #ibH/k
WY H O 2 HARD SN GG I EBHEBUREICHEMZ R E L 2 Tld% 63, ThHRBNICHROS L
v (728 213007/km). WTFRIZLTLIA4 ¥ —F =7 FHBEMO=—X L, BINMORR (ZFH
EDOART G RELRE) LEMBELTRAMNOFT =1y b2ERT 5D D AD-Net D&M FLELR{EETH
5.

B2, ALFIBE T VORI S 74 ¥ — BRI ENTH S, HikD Shimizu et al.” TiE 2001 4 5 H
RICHER L 2B OHARZHICBIT S T4 7 —FRERE L 7V (CFORS) RIS S % I v FE Wi If 1] &
LCTHEELZD, TOBREICTA YV —T— 7Ol FLEE L THEBIRED T — % [FALICB ¥ % @3
AU E TV S0 F—yEbIE, BIEETFTVICBWTFH SN2 T Lo 85— i % W22 [
ISR CEAET A EIEZ A L 2255 B1E LT X Rl el (RNHil) 2k 2 P& Thh, K
GFMIBNTIEBRN A EFHEIH 2. 270V VD LD eWER%EERICL0E, KSR
TS DIIBELEREEEA A —Y v Lo THl SNz 7 a0V tsE S (AOD) = FIH L 7-[A4t
Thb., THIHLTIA ¥ —BIRIZNE A OER 2D, KM GorMIcERE L7275 —%
ZERONDLEDEAE L, HHOF—FEMLICBVWTREFVHATELNEY VY RS HICBIT5—
EDV A X)) HBOEREENSHELNDLHBUREBICH LT, 94 5 —Blll 555N HBUREICL - T
FEMLZ4TS. A RTCEPERT Vv TUHINI Y T AN Lo 2Tk ), EBEO#EDO 3 RICH
TN ED S H D Z E R E N, 77— 7 ML TRIBER T HERED L 9 RETVNER TR
NI A= HBMNEE T2 B CHHATLZLEAMNETHS. L LERICADNet D L9 %T 4 5 —THl
W XN 2 IR EE B EEUR B BT REIRNS E 0 4504613, MU ORI T oYL (HBRES AT 7Y
WE) ICDRAET 5720, ZNOOHMEBEEIC D HESHESNLWEENEAH S, CALIOP @ X 9 7 N T
BHERT A ¥ —CThHNIER Ao Fail (122) CEDEIAONLGr—AbdH ), 20 X9 RiGHEsk
BL7u Vo2 TICEBO T — LS E 225502005, MERSDT A 57—
BTl LR X 9 IS BRI A P T 2 5 (BT VT ) X8 &2 ZIFANLRY) AR 5.

2 BERBK TR IC O W T O EF LV EORKIZITONTE DY, WREFVATOLT OV IVEE
SAOBGEEICHH SN TWE, =70V & RS 2 mE)ROM S 3 EEHICZLL TWwb 720,
FAEFMNLO LT OV EDRBEICHE L TV 2 2RI ZEOZREM KM E 2 F Tk Sh
ENICEboTVS, THVo2BENSd, 45 =%y V=212 Xk 57 0V VERE S A B E T
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VORBGEER W BICEN T — 7 ThHhHI EDMRS.

o, EMBNTHAEZEE2ENP LT TRy VOTEBKZ ML Y K2 ADNet 25T 52 L3
WM BRI TS0 DWMH IOV TITbRT WS, T2 v 7R TH LU L, ERELOKRN &
BATHL Y FIRIBEEERZEHCTH Y, SHRITEICIO L) RIEHIIENS S L F L.

6. SEORE

AD-Net I2B1F 5 ¥ ¥ 77 I —Hal GEMERGEL) 5 4 77— O IR ICHPIFZE I B WV CIRL < B &
NT&72. — I TANBHERA GRIERF) 120V TIZZE DAL IE I - BB E R K Tl
PO 5 TV B D, AD-Net DFEHEFENT TIIALFAEIC OV TomRIEHE o v, 2t L CHE
BB OWEE - MOICE 2L WET T UHELT A ¥ —RHARY MVGRET A4 5 — I 3ERIR T 0L
ORI D IER DTS Z LK, EBICHERICBIT 2 94 7 —#BlliEE2 B Lo HEIlEsIc X
% Bl T L Pl L 72 A% Hara et al ) TRENT WA, 2D XD REkET 4 ¥ — 134 5N 2 15H
BAL W, BATO AD-Net @ X 9 Ze#ife H BV 2 17 9 (I W ERES . 20720, IFRIICIZEN
2y b7 =27 ECHFICEERNAZFE L CRMERARIA F—ICBEEMZ T S EPE TN, ZOHIED
BEICBOWTEHBROT— Y FLIZG- 254 237 V2 BBT LI EN—DORIRTH L. /2, TNHHE
i 4 ¥ — Tl T ADNet 7 4 ¥ —TlIH/N— L E N LB TS T47% SN LSRR S 5 72
O, TR - T 7V AEPSWEENTL B Z MR E R E LRSI mAZTIET 52 L
PHIFES NG, —7, 72 2 ITEWED L) ICEREO LT OV VAT 232 IT R & & 2 TE
LXRBWHIETIE, #ONLERID LR THMRERAIES LY —uX - OFHbEZEZbNE. Ih
FTRDLERRFDO IV =Ty —0 X —# 12X BHBEHITREL T TEL2OM, kTR
MREEASETE LY — 0 A=y bR INL L EY, 4 F—ITEVERDEONL LIk 5TV,
F R IIEESELFTAHWTY —a XA — SN TVnE 720, ZRONSIT OV VAT
T AEHREONMNEEGFED T A F—4 v DT — 27 OZERH 5 /38— RO S HRIFI 3 S N5 ] fgPE)s
H5H. EHIMANCKETEREIMEBLARED Y — O X —F F—FIZT7 7L ATE L WMITEDR VA
bETELPWHEL KR EZRONZZ LRy, b LEBRENNOEBEREY — O XA -5 DF =517 7 &
ZAHHKL LI, BT Y THBTOI 7 TV 3 RIGHEED S SIZFEL LIS N A MDD
D, A=TrF—=FH A T AOHFMEICHEHTH0DE %5, TR X 2Btz R oI
WICRE L, 2R —a X — & 95 KINKOBREE S A STER R I ER T Y Y oDy A —TV DR,
b 0 AR TN, ML T 2K ORE L R/NRICZ 5 2 Esliffsh s,

COEHE, WRBEZ 7O VOMBENLERE T4 ¥ =TI L) BHEWIKED D3 ZawE LTHllE
Pl (B XU — N =R oERIEY ARy b =2 0@, BRI ED L) -
F—IZEI Vo 2BDTF— 7 ZRME L T REZDOPIZOVTELEALL TV BEDRH L. T2FDJH
PEZBETT 2 1CH72o TR, THRP—BIEETO=Z—X D L MEVHFIF 1 I2BIF5EY) i
AATHZELERETHS LWV DOH ADNet DI, FFIZT— - ICHEL > TEH L LTOR
wTh 5.

B
AD-Net I33RBEE TRtH DB L BB AR O BREIF e A2 5-2001 (JPMEERF20205001) @
TREEZTEALTVWEY. £5 45—l TR T Lo T A ERRICZoY 2 B0 L CHfLE L E
FET

5| Ak

1) TIARGC, Air Pollution and Cancer, World Health Organization (2013).

2) B, C RAGEWEILIBER Y AT 45 (£5FHA) ", https://soramame.env.go.jp/, (Accessed 2021.12.10).
3) 1. Uno, Z. Wang, S. Itahashi, K. Yumimoto, Y. Yamamura, A. Yoshino, A. Takami, M. Hayasaki, B.-G. Kim, “Paradigm shift

in aerosol chemical composition over regions downwind of China”, Scientific Reports, 10, 1, 6450 (2020).
4) IR, S HO0TH ) WE—20214£3 H ", KK, 68, 5, p.252 (2021).

10



AR LK s LRSJ 4@

Pl p§' Laser Radar Society of Japan ~ L-—
o

L=t vy v rEast 3% 15 (2022)

5) A, “Z7aVVEHIEIA =Y AT AT, L—Fb I U rEait 1, 1, 14-28 (2020).

6) A. Shimizu, T. Nishizawa, Y. Jin, S.-W. Kim, Z. Wang, D. Batdorj, N. Sugimoto, “Evolution of a lidar network for tropo-
spheric aerosol detection in East Asia”, Opt. Eng., 56, 3, 03129 (2016).

7) BH—HE, BARME, B I—HELT A S —ICL A E - Ty e Y VOB, K18 EL -y sy
YRY A, 171-172 (1997).

8) J. H. Seinfeld, G. R. Carmichael, R. Arimoto, W. C. Conant, F. J. Brechtel, T. S. Bates, T. A. Cahill, A. D. Clarke, S. J.
Doherty, P. J. Flatau, B. J. Huebert, J. Kim, K. M. Markowicz, P. K. Quinn, L. M. Russell, P. B. Russell, A. Shimizu, Y.
Shinozuka, C. H. Song, Y. Tang, I. Uno, A. M. Vogelmann, R. J. Weber, J.-H. Woo, X. Y. Zhang, “ACE ASIA: Regional cli-
matic and atmospheric chemical effects of Asian dust and pollution”, Bull. Am. Meteorol. Soc., 85, 3, 367-380 (2004).

9) A. Shimizu, N. Sugimoto, I. Matsui, K. Arao, I. Uno, T. Murayama, N. Kagawa, K. Aoki, A. Uchiyama, A. Yamazaki, “Con-

tinuous observations of Asian dust and other aerosols by polarization lidars in China and Japan during ACE-Asia”, J. Geo-

phys. Res., 109, D19S17 (2004).

I. Uno, G. R. Carmichael, D. G. Streets, Y. Tang, J. J. Yienger, S. Satake, Z. Wang, J.-H. Woo, S. Guttikunda, M. Uematsu, K.

Matsumoto, H. Tanimoto, K. Yoshioka, T. Iida, “Regional chemical weather forecasting system CFORS: Model descriptions

10

=

and analysis of surface observations at Japanese island stations during the ACE-Asia experiment”, J. Geophys. Res., 108,
8668 (2003).

11) V. Ramanathan, C. Chung, D. Kim, T. Bettge, L. Buja, J. T. Kiehl, W. M. Washington, Q. Fu, D. R. Sikka, M. Wild, “Atmo-
spheric brown clouds: Impacts on south asian climate and hydrological cycle”, Proceedings of the National Academy of Sci-
ences, 102, 15, 5326-5333 (2005).

12) T. Nakajima, S.-C. Yoon, V. Ramanathan, G.-Y. Shi, T. Takemura, A. Higurashi, T. Takamura, K. Aoki, B.-J. Sohn, S.-W. Kim,
H. Tsuruta, N. Sugimoto, A. Shimizu, H. Tanimoto, Y. Sawa, N.-H. Lin, C.-T. Lee, D. Goto, N. Schutgens, “Overview of the
Atmospheric Brown Cloud East Asian Regional Experiment 2005 and a study of the aerosol direct radiative forcing in east
Asia”, I. Geophys. Res., 112, D24S91 (2007).

13) SHEAIE - TP % (), T7 0V VORKREESEE, s IS (2007).

14) BILWER, “H_7 V70 ok SN 7B VoMY - ABBRANOA V87 MEWHEHIELT?, =70V
e, 26, 2, 103-107 (2011).

15) [E7BREEWFZET, “Ad-net, the asian dust and aerosol lidar observation network”, https://www-lidar.nies.go.jp/ AD-Net/,

(Accessed 2021.12.10).

16) BBid, “ WEPRRIEHL ", hitp://www2.env.go.jp/dss/kosa/, (Accessed 2021.12.10).

17) BARME, “F4F5—ICX BT V7 KAEEEL L ORENEOHME—017 EERNE ZHR&MH—, K
65, 5, 311-320 (2018).

18) F. G. Fernald, “Analysis of atmospheric lidar observations: Some comments”, Appl. Opt., 23, 5, 652-653 (1984).

19) BR¥Eda,  wib I RE MR IR AR5 7 (2009).

20) A. Shimizu, N. Sugimoto, I. Matsui, I. Mori, M. Nishikawa, M. Kido, “Relationship between lidar-derived dust extinction
coefficients and mass concentrations in Japan”, Sci. Online Lett. Atmos., 7A, 1-4 (2011).

21) /NE—F, 4 HESR, BB ¥, E. Davaanyam, Ji #ifE, W& B, WEEEHEK, “—wnXA—¥5—L ¥ 2 MEEA
HROFRBIN 2 S8 5N/ TERBEICB 5 ¥ A N OSFHENA M & MECF ORI ", 22 MKA T 4 & —Wf
7843, 3-4 (2018).

22) A. Shimizu, N. Sugimoto, 1. Matsui, T. Nishizawa, “Direct comparison of extinction coefficients derived from Mie-scattering

o

lidar and number concentrations of particles, subjective weather report in Japan”, J. Quant. Spectrosc. Radiat. Transf., 153,
77-87 (2015).

23) HeAREM, BAME, EHR E DARE—- WA, 745 —BllIck 25 R o EEic ka7
O YVOVEEREED L ", KRBT REE, 47, 6, 285-291 (2012).

24) H. Irie, Y. Kanaya, H. Akimoto, H. Iwabuchi, A. Shimizu, K. Aoki, “First retrieval of tropospheric aerosol profiles using
MAX-DOAS and comparison with lidar and sky radiometer measurements”, Atmos. Chem. Phys., 8, 2, 341-350 (2008).

25) K. Ueda, A. Shimizu, H. Nitta, K. Inoue, “Long-range transported Asian Dust and emergency ambulance dispatches”, Inhal.
Toxicol., 24, 12, 858-867 (2012).

26) K. T. Kanatani, K. Hamazaki, H. Inadera, N. Sugimoto, A. Shimizu, H. Noma, K. Onishi, Y. Takahashi, T. Itazawa, M.
Egawa, K. Sato, T. Go, L. Ito, Y. Kurozawa, I. Konishi, Y. Adachi, T. Nakayama, “Effect of desert dust exposure on allergic
symptoms; A natural experiment in Japan”, Ann. Allergy Asthma Immunol., 116, 5, 425-430.e7 (2016).

27) T. Nakamura, M. Hashizume, K. Ueda, A. Shimizu, A. Takeuchi, T. Kubo, K. Hashimoto, H. Moriuchi, H. Odajima, T.
Kitajima, K. Tashiro, K. Tomimasu, Y. Nishiwaki, “Asian dust and pediatric emergency department visits due to bronchial
asthma and respiratory diseases in Nagasaki, Japan”, Journal of Epidemiology, 26, 11, 593-601 (2016).

28) T. Nakamura, Y. Nishiwaki, K. Hashimoto, A. Takeuchi, T. Kitajima, K. Ko mori, K. Tashiro, H. Hasunuma, K. Ueda, A.
Shimizu, H. Odajima, H. Moriuchi, M. Hashizume, “Association between Asian dust exposure and respiratory function in

11



AR LK s LRSJ 4@

e ez
&\ . » |aserRadarSuciety of Japan L—
i

L=ty vy rail 0 3N 15 (2022)

children with bronchial asthma in Nagasaki Prefecture, Japan”, Environmental Health and Preventive Medicine, 25, 1, 8
(2020).

29) T. Michikawa, S. Yamazaki, A. Shimizu, H. Nitta, K. Kato, Y. Nishiwaki, S. Morokuma, “Exposure to Asian dust within a
few days of delivery is associated with placental abruption in Japan: a case-crossover study”, BIOG: An International Journal
of Obstetrics & Gynaecology, 127, 3, 335-342 (2020).

30) K. Yumimoto, I. Uno, N. Sugimoto, A. Shimizu, S. Satake, “Adjoint inverse modeling of dust emission and transport over
East Asia”, Geophys. Res. Lett., 34, L08806 (2007).

31) K. Yumimoto, I. Uno, N. Sugimoto, A. Shimizu, Z. Liu, D. M. Winker, “Adjoint inversion modeling of Asian dust emission
using lidar observations”, Atmos. Chem. Phys., 8, 11, 2869-2884 (2008).

32) B K, AR Gi), ARFCBT 27— Mk, [/ — 217, HAXKG 5% (2008).

33) Y. Hara, . Uno, A. Shimizu, N. Sugimoto, I. Matsui, K. Yumimoto, J. Kurokawa, T. Ohara, Z. Liu, “Seasonal characteristics
of spherical aerosol distribution in eastern Asia: Integrated analysis using ground/space-based lidars and a chemical transport
model”, Sci. Online Lett. Atmos., 7, 121-124 (2011).

34) A. Shimizu, N. Sugimoto, T. Nishizawa, Y. Jin, D. Batdorj, “Variations of dust extinction coefficient estimated by lidar obser-
vations over Japan, 2007-2016", Sci. Online Lett. Atmos., 13, 205-208 (2017).

35) FHAERE, BErghasE, K E, BARME, BRI, KEFIE, Z. Wang, S. Yoon, “HT Y TIIBIFH AL
RIFET7 0 VIS & 2 FMESOWED L v RO ", K&, 59, 8, 702-707 (2012).

36) fiK EH, A4 =X DRINE N AR EZICBT ST 7 0 Y VERES A O RIINZER ", =7 v Vil
78, 33, 2, 84-88 (2018).

37) Y. Hara, T. Nishizawa, N. Sugimoto, K. Osada, K. Yumimoto, I. Uno, R. Kudo, H. Ishimoto, “Retrieval of aerosol compo-
nents using multi-wavelength Mie-Raman lidar and comparison with ground aerosol sampling”, Remote Sensing, 10, 6
(2018).

38) N. Sugimoto, Y. Jin, A. Shimizu, T. Nishizawa, K. Yumimoto, “Transport of mineral dust from Africa and middle east to east
Asia observed with the lidar network (AD-Net) ”, SOLA, 15, 257-261 (2019).

39) K. Kawai, K. Kai, Y. Jin, N. Sugimoto, D. Batdorj, “Dust Event in the Gobi Desert on 22-23 May 2015: Transport of Dust
from the Atmospheric Boundary Layer to the Free Troposphere by a Cold Front”, SOLA, 11, 156-159 (2015).

40) K. Kawai, Y. Nishio, K. Kai, J. Noda, E. Munkhjargal, M. Shinoda, N. Sugimoto, A. Shimizu, E. Davaanyam, “Ceilometer
observation of a dust event in the Gobi Desert on 29-30 April 2015: arrival of a developed dust storm and trapping of dust
within an inversion layer”, SOLA, 15, 52-56 (2019).

41) T A% T, “Clel 74 ¥ —3—1 X —% " https://www.vaisala.com/ja/products/weather-environmental-sensors/
ceilometer-CL61, (Accessed 2021.12.10).

Bk OB

1999 4E 3 A, HHRARFRFEBIRANIZERNC Tt (B2 BUS. [4E 12 B, (4K BRETEAY
BRETFIEIT K R B BRESRIZE . W B0 - MUERER I LT 4 S —BcEb Y, 4R
WESAF =%y NT—27 TITF—FiEEd» S HEFN/ 7— 5 K %E1T) Y AT L 0MEZH
M3 5. PR, BRI SR IS BRI A SIS R R B BREEAK - KAUBREE R D I E M
HRZR, BPREEEAESSG (TEMM) SRR —F 2 77V —7 1 ZHITI .
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Observing moisture in the marine atmosphere
using lidars on board the research vessel Mirai: A review

Masaki Katsumata * !, Kyoko Taniguchil, and Tomoaki Nishizawa?

! Japan Agency for Marine-Earth Science and Technology (JAMSTEC),
Natsushima-cho 2-15, Yokosuka 237-0061 Japan
National Institute for Environmental Studies (NIES),
Onogawa 16-2, Tsukuba 305-8506 Japan

(Received December 9, 2021; revised February 8, 2022; accepted February 9, 2022)

The moisture in the marine lower troposphere is closely related to the weather and climate system. To
measure it to resolve the meso-scale variation, we tried to utilize the lidar systems on board the research
vessel Mirai. The first observation was made during the CINDY2011 field campaign in the Indian Ocean
by adding the capability of retrieving Raman scattering at 660 nm onto a high-spectral resolution lidar.
The obtained data successfully revealed the vertical transport of the moisture by cumulus quantitatively.
The success was followed by the Raman lidar system based on the Mie-scattering onboard lidar. With the
help of the dense radiosonde launches, the lidar (especially signals from 355-nm laser) successfully
retrieved the moisture in the marine atmospheric boundary layer (MABL) with error comparable to the
natural spatiotemporal variation. The case study demonstrated the capability to capture the meso-scale
patches of moist / dry MABL. Possible future improvements are also discussed.

- F KRR, WEER ISR A 5 —

Key Words: moisture, marine, shipboard lidar

1. FC®IC

REHDKERNL, € ORZEMET WA - FAHNOMEALZ @ UCIEBR L OKTEBR), F 725 - -
EHFOLANF—EERZ LD, WK AT AICBWTRERD/NRT XA =5 Thb. MK TRROKE
SRR RTICH 505, Z ORI ERWIREL TV, —HTRAhOKELEHET 5
EFRMBARDF L CREL TV 2 A THAY 27 20205 ERPEAE, BABANDKELDK
PRWR, MIEIC X 2REROMERSE L E2 ML, FERNIOKELRGMAERECELEES. Zol
FEOIMIZIE, RSP QKT EDORZER DA ORI ETH 5.

FEERG RS IR 76, X ) REORERZGTOIHRE TR TH S, I KRMHEIC,
POKEA— PUVEEDHE S 2SO [ ERKIRARE (Marine Atmospheric Boundary Layer; MABL) | &, %

©2022 Laser Radar Society of Japan 13
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DL [HHKRA] L2006 Ns. 209 BEICHRE TE O HHAROKERREE, KAehko
M EARGE (TRARE) OZILORBT 2 LR LTWEY. 72, ARIAKTEOKELREDSE
D, ML L72E - BKY AT AD%E - BERHICEELEHShTWAY, —J MABL I3, #EHRICE
WL, WEP B RERBE 20D, — T THHRKRNDOKELRMAGIRE 7> T D, ED S DK
SURET b W75 v 27 Z2] 13, MABLIHOKZELAEZDLDIZHEET Y. 72, MABL &
ZOWE EOHBKRE ORFELRISD FRCTHEOKEGLRICOEET L EE2 5N TWET. W7
T ADEHIBVTIIEY AT LMD ERMEBSEEHRSTB YY), 1 BRI OM AV ER
SIREED T — 7 HRD LN T WD, FAKEFMIIBWTIZ, MABL N TOKBZNKFERET BRI L 72
BEARFENDKERMIEIE 2o T D (Bl ZIE, 1TCZY, MERIRTH - RURFEARSEY, REARY, &
B, mE). oFD, TALSMEBETREICE T 2 KERRLHZILRET L L1E, EEOBAKY AT LD
PR PHNCATT R TH 5.

SO ) WCEELRKELRESAIED, W L TOBINCEE K o> & T L 9. AL HI3KAE
KREOHM DA EHL T ENTE LD, Wil FEoKEREHRE M 121 FEEATOREMNTIR)
KHLER Y S OBMALETH Y, KD AT b OREIEZ ST & %R LUT O Re R 4 ag o Bl i
WTHDH, FMESAM, FFICMABL NORREZEREELZ L LY. Zo0, il TEoKES
B OSNEI & 150 70 WE R R RE T1% 2 25 1 I ER BT A 5 OB AN L 70 5. Lo LISBUIAFTE AR
S, POMEOREDLDHL-OIBNEE LTATHTHY, BN N Z FTKIGERTER T T v b
TA—2Ah, THOLBRIARL TA R EDPSOFHNAEE L.

W2 S ORELA BTN 2 BEH - TE 72013, GRSV —2WOFITFTLEREE®S [TV VY
F| Thr ZoRb7IYy 7 EBMTERE, Y —o#icky, BIEICESL T TORD BELE
MWFEBEELTEHIATVWEY, LALI VAV Y FBIMNCENA V=Y - v — - HR (KFE -~
L55) FOWKES, TV T - G - BEGIEORM, €L T (L 0nRE) ATFrLETHY, Bl
BRI TD (BAREORIWY R REHZLZ RETE ) BIREHPRATH 5. £ 2 THREE %
XM EBTRELMRSETERE LT, BMEREIR)E— s Y Y Z7ORBPED SN TVS. FlZIE%
gL L, M RERER A 7 o Er, WM Es R (GpS & DRI L T GNSS &3 5) BEDIE
AT 2 O RCRAA O N TE . L LZEMY) E— b v ¥ v 7 TORES MBI TFEDZ <
BRZEFEELETHD. ZD720, HEETRERREONE S % 50 R B0 HeE T 5121, FEES o
SATFHASTTRE R BB ) E— b v YV V TRRBRSERTH S,

FROL) RN EHEAD L, FEERA, HIOTRETE TOKREREOBMOEIZ, @Y% 7T v b
TA—nk, FIHERTLIE VI —ZRHALIENLELEZONDL. ZOEHIIHL, Frld, MmEHF
ZEBH TSRS (LN JAMSTEC) OHFZEM [ADHW] L Ww)TF v b7 xr—2ak, [F4F—] L)ty
P—%BIRL, TOMAEDRICLZAKELABNEZED TE . AT, TOMEORIEICOVWTL
Ea—75.

2. HIERPE : [H50)] TOKEREAEI—HE ST 48R

WEEHERTEZEMT [A S ] (Fig. 1) 13 1998 SEO LA HBAE (2021 4F) F T, WF7EME LTI RE o
R BMfimaE ) ORET 1.5 » AEEE) 200 LB 2, 20ih S 3 2 15 WilER CHE 6 L
T&7:. KEOMEIIMAEBIEL /NS, B OB EN LIC&ET 5. F72, RO EREAR—2
3Z% 0 B OFIFER - EH L 55, BMFEHO—2L LT, #LKAPOKRER=EOBND
L Ol CEBINTE . BT, B2 SHAEICEL T, TVF Y V7% Hw7288E 5 A B
THb. EHBETIE3HFNEE 1~2 r AT 2 5BBEBN b ERS N TE 72 BllFT—7» 51, #
WO MY 72 KA LS ATV R, BRI TOMAK Y A F AP COKEREH D EpE S Tn
%. 2006 4EE D 51, GNSS OIRIFIEE Z FIH L 2z Sk S m (OTHKE) B2 LT g
o0 HIZ, <A 7 DRHEEETOBI L RASHT . LaLuedhoslilly, KEROSES%,
1 BRI LU T OB MR RE T, REMICHUET 5 2 L I3 L Tw i,

—HTI—WEITA =1L, WRIFAERKTELL BRI 7OV TIEH E25, [A 5] FHLS )5
LERE A Z 1 BER L T OGRAECEBIN L C& 7. T4 ¥ — N E N BREMIEFT (LU NIES) % k&
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Fig. 1 Photo of the research vessel (R/V) “Mirai". The blue and red broken circles indicate the locations where lidar systems
were (are) installed: Blue is for special container including HSRL (see section 3), while red is for “Mirai lidar” in the
radiosonde container (see section 4) .

L7270V —TFI2 &k 5T 1999 E b 5N, ZO%ICHE L % < O CHEBBIMAEL S Wz UK
B4y —FHary7+z [Abw] B (Fig. 1 ) WKELZAZANVTHY), HLaryFFNIZE
L— & — 3% L FEREN S Th Y 2003 EES ST 87 MELZZY AT AZHC [AHW]
FIXVTRERT Y7 (Fig 1) WICHESEL, EMROFEMEZLTLOLEE LaWEBIIEHAL
BITL7:. IS oI RIEER» DR E LT — 7 ORI L, 2L OREZ b 72607 6
213, TRTERICBT 227 0V VLS OGO BMMIRY, WIRTREZ Z2VWEZEDRH
W2V, SR 0C B EOLLICIEBINIC BN 2 BOREY, 087505, Th b ORERE & W% 0%
A, BO ALV ETDOIT 4 ¥ —REGBHNOBA L 5.

3. TIIUTAE—ICKBKETEAI : CINDY 7OV b

[A B 12011 4, B4 ~ FETOREBRRAMEEBIN 70y = 7 M THS [CINDY2011] I2&InL
72832 Z@BEo [H 5] CINDY i, NIES 13H 7212/ A2 b V4T 4 5 — (high-spectral reso-
lution lidar; HSRL) %2 A L7-.

CINDY2011 ®FEHWX, ~v 757>« Y2 7 YIEE) (Madden-Julian Oscillation; MJO) & X % #LKRAL
L7-EZBOAL Y FETOREBBOMIITH - 7. KEAOEMOEEYE 2 155 U 72 F081 O #5522 H
5, KERKIEREEBNELO—D2>TH 7. —J, HSRL O48 0 EBHIALI1E MIO 1) =701
REDHAITH o7z, L L, MEBOEMERICBWTEE (B - i) 1&, HSRL IKEL T~ ¥ il
DOFHIF ¥ ¥ ANV R L, KERREOSE G & B R R TR 2 74 74 712l ) Fwiz, B
FOFEE, HSRL IZ 660 nm DZEF v ¥ AV EMM L THB X5 LITEI LY. 0RO HSRL ©
Y% Fig. 2 2R

Bellenger et al. (2015)271%, Z® 660 nm F ¥ ¥ A VD ZEETHE L KBRS TRICEHRL, 994V ¥
FRI D 515 5 NP R ERBE L OE L DI LT, KEETHRITHVONS [KERKES
W] QB L7, 94 5 —TRONKBERREGIE VT VY FTH LN KEKR AL & O RS R
Fig. 3 TH 5. M7T— 5 OFBEHBOLBHHMIIR —HLTBY (Fig. 3(a), ZOWHEDOHBERED &1
1~4km CTO07 U LETHo7 (Fig. 3(b)). FEE 3.5km L F TR FRAENS% DL FICHIZ 6wz
(Fig. 3(c)). TNOLOEREISIX, MHETE, I 5 —DF—N—5 v TEEURETH 5 HHKKAD
HAICBWT, 94 5 —OKRERBEIIZS V4V v FRIMEICINHS 2 0% BEOTF—5 Tho72Z &
MBhhb. W% T~ Y HELE T Z BT 2R DKM ORTH - 72205, T 0 X9 7SR E e o a5
Bl 7T —% (159 - 90 m ) %ifF L TR ONDIZIRENTH - 72.

B2 Bellenger ef al. (2015)27Tld, D74 ¥ —@BlllF— % ORI TH 5 BRI HIEZE» L, T4
¥ — BRI AL ORERZLZ, [A5W] HEOERLRKD B & B#EA T TRIT 2 1T7% > 7. Fig. 4
(@) FERVHEE (BEHL -5 -0l —THEER 4km L) 25 L2288 5014 1 K22 (G2
KR 2B 5, T4 7 —BUIKESRRGLOZILZ R LTS, ED EZRIHFIELZHEZICIB VT, K
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Fig.2 Photo of high-spectral resolution lidar (HSRL) on
board R/V Mirai during MR11-07 (CINDY2011
cruise), for outlook (upper) and inside (lower) of
the system container.

AEIRA I MABL #5805 % 1 km O K5 FETHA, SE 1km~4km O HHRKTHEMLTW5
MEOWFETIX, MIO % EORBL L2 ZE 2oV TIE, J84 - EORNISHRE T E OBk b,
FRHBERCEELZ S TVD, EOMEIREINTVES D) Z I km D22 % P35 L 72211
Thotz. ZOWITIE, FHHREIEIVZ, | DOREICH) KELFBMASERMIIRENTBY, »oE
mHFERFIIREINTWS (Fig. 4(b). ITNOHOFHERPS, FERMEICEBIT2HE km A7 — IV OKERE
bDZ L DEEGHEEEDSHS TV B I EPERMITIR SN, L1 OBEFLEOREOREILE D725
T ONE B D EIICHR LIZEE, SRR - SiESHED 7 4 ¥ —KERT - 2 HwZo
WA REITH - 7=
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HSRL removed data Relative difference

- N -1
Waker Vapar Miiog Bavia. (ke ) HSRL-Sonde correlation  HSRL-Sonde (%)

(a) Distributions of the water vapor mixing ratios (in g kg ~!) from HSRL (colors) and from radiosonde (black dots).
(b) Proportions of HSRL data that are removed for being outside the range of values observed by the radiosonde (black)
and the correlation between the remaining (quality-controlled) HSRL data and collocating radiosonde-derived data
(red). (c) Mean relative difference between the HSRL-derived and radiosonde-derived data (solid) and the correspond-
ing standard deviation (dashed). The relative difference is defined as (q (HSRL) —q(radiosonde))/ [(q (HSRL) +q
(radiosonde) ) /2], where g (x) is the water vapor mixing ratio derived by the method x. Quoted from Bellenger ef al.
(2015) (© American Meteorological Society) .

Local moisture variations

Moisture anomaly(g kg_1) Normalized distribution of

04 -0z 0.0 0.2 0.4 cloud base and echo-top heights
T e ] il
1 - 1 ! 1
. b 4
®) ! —— 99/0tgi0uq
5 Yo emen Cloud bases
L '\‘ --+- Echo-tops
4 -
=
=) y
T
2-
4 . 14 o
S .-';. 3 5 T
avg. convective cloud E §g -
0+ ———F O i L
T T T 0 T T T T
-1.0 -0.5 0.0 0.5 1.0 -10 0 10 20 30
Lag (hour) Moisture tendency (g kg’1 day71)

Fig. 4 (a) Time-height composites of HSRL-derived mean moisture anomalies (colors; in g kg~ day ~!) around shallow convec-

tive cloud cooccurrences of at least 2 min (260 cases). The small (large) dots show where the anomalies are different
from zero at the 95% (99%) level. The black curve (above the abscissa) is the mean convective cloud cover (proportion
of clouds with cloud-base height lower than 1.2 km using the ceilometer). (b) Mean instantaneous moisture tendency pro-
file (8q/ Oteioud; solid thick line) associated with shallow convective cloud occurrence. This tendency is computed from
(a) on a 25-min interval centered on lag O [time interval highlighted in (a) by vertical lines] and vertically averaged every
500 m. The error bars are the standard deviation of the moisture tendencies within each 500-m bin. Also superimposed is
the normalized distribution of the ceilometer-derived cloud-base heights lower than 1.2 km (dotted) and radar-derived con-
vective echo tops (dashed with plus signs). Quoted from Bellenger et al. (2015) (© American Meteorological Society) .
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4. FRVTAE—ICKBKATRER L | ERRYARM EBRAICETT

B ORI Tl _72 HSRL @ [& 5\ | #ikiE CINDY fi#iER 0 TH ), A<, &t i
AT Ro CELNIES ICL B I —#ELT A ¥ —8lllD, 20134EEZD>T—HRTT LI LEL . 2D
%%%%H,mmﬁ@#%u,MMMHﬂnmmk@%ﬁﬁ%kw%%t&%@ﬁ=—ﬁﬂa{y—ﬁw
FETHI L E o7 B ﬁﬁi@@i —WETA Y — (Vo FarFFRERN) Ok e R,
P7ARE L= HTHLA L, 2229~ VBELEHl ;5m%ﬁ%M%b%HM?5_kk&o
t.ywﬁt&f&%wj74&—"i,mmﬁﬁ#%ﬁﬂ@m%%%b,&E%%LOO%E(%&
) FTEMEZHRELTWVS, KETIEIO [R5V T4 77— X 5 KEBIFEHEO3IZonTRA
T 5.

[HBHW] T4 F—D 2021 SEREETO Y AT MK % Fig. 512, FE%ALAE% Table 1 IZRT. L—%—D
PEASP1X 1064 nm, 532 nm, 355 nm D 3 P ET, hﬁ%5m®nwx%ﬁhLLﬂ&ﬁunuff@ﬁﬁ
WCHTHT 5. KETTHELENETIX, 20em BEOE@EL @728, ¥4 27092 3I5—I125-5T7
BRI ON, BHEEOZHIMAELNSL. N2 T, LHEEEHNHAD 5cmf %ﬁfﬂ%ﬁl/’( 532 nm
DEFEZRELTWA.) 2055, 408nm (355 nm FHHBICH T2 KERK T ~ Y HEDEOBMA) o)t
X 2017 FFIEBME N2 DO TH Y, THUFHIKER T~ VLI 660 nm DA THEM S LTz —
F, 607nm 38T mm IZBWTER T~ VHERETOWET ¥ Y AV EETF2. Zhick ) (CINDY #
WMRE Y > THM > SE L TWie) IRRROBE LB, 28, R, KER IV EresE
FIXVREHEDHEMSLZLICLY, FroWMEFoORBLENT LI L2 HimAZ.

ZREFTHOARBRIRELZEHLHI121E, ROLZKELFREILE, BHSNLHESTHRELOMIZIX, DT
DR EAE L 7=

Oy (1) Soy (1) Ty(r)
Ona () Sn2(r) Taa(r)

q(r) = K() (1)

APORFTEUTE2ET q() BV Y VA 2B 2554 ¥ —HERERREL, 0,() 3 HELA x
(x IARZER wv] F723%8E (N2]) T8 —AEL )0 M2 RTEE S, ) IEHEUEx 120+ 55
< BRI HELRE, T,()IEEELER x ST 5, HEAR2 S 20 E ToORAOERE, LT, K0,

A
/ | Roof-window \Mirror \Beam splitter ' Lens [] Bandpath filter

H064nm 355nm line 1064nm line
532nm

DPulse

detector 532nm line Raman line

532/1064 BE

conditioner

Telescope2
Telescopel

PC
PMT

Shutter

Polarizer

AD AD AD
converter converter Converter

(355, 2ch) | | (532, 2¢h) | |(2064,532n)
TR

i i i
(387,408,

607,660) Amplifier Amplifier
(355/532, 4ch) || (1064/532n, 2¢h)

PMT

PMT PMT

Fig.5 Schematic diagram of the Mirai Raman-Mie lidar observation system. Quoted from the supplement for Katsumata et al.
(2020) (licensed under CC BY 4.0).
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Table 1 ~System specification of the Mirai Raman-Mie lidar observation system.
Quoted from the supplement for Katsumata er al. (2020) (licensed

under CC BY 4.0).
Transmitter
Laser Nd:YAG Quantel BrilliantEazy
Wavelength 1064 nm, 532 nm, 355 nm
Repetition rate 10 Hz
Pulse duration 5ns
Power (Nominal) Illg?) mJ (1064 nm), 100 mJ (532 nm), 50 mJ (355
Beam expander DWBX-10.0-5x-1064/532, BXUV-10.0-5x-355
Photodiode Hamamatsu
Receiver
Telescopes 20 cm diameter telescope, Celestron C8
5 cm diameter telescope,
Detectors
1064 nm Licel APD-1.0 (MR15-04), APD-3.0 (MR17-08)
532 nm Hamamatsu H10721-20
355 nm Hamamatsu H10721-210
660 nm PMT, Licel R9880U-20
607 nm PMT, Licel R9880U-110
408 nm PMT, Licel R9880U-113
387 nm PMT, Licel R9880U-110
Recorders
A/D converter Turtle TUSB-0261 ADMH
Transient recorder Licel TR40-80-12bit

Oy () Sy (1) T (1)
Onz (1) Sn2(r) Tya(r)
Ratio (SR(r)) &#i9 %) # KESKRALIHAT L2008, TH5.

SRR HHRICBOTIE, TF [ALW] 545 —DRELRBIICNTENR7+ =<V AZRT &
ZHME LT, BMZYHBREEKL, T4V U FEINKERE 54 7 —BIIMEZ 0 EhbeRrt2
LT q RO, ZONIIUTO3IERICHTONS - (1) BonBlEETE vz SR OREH-1
VWS ORL, (2) IYVF VY FTHIM S NAKESRREI (¢ &, HREHO SR £ DT % v
7z, Ly VHiEEEO K()OFM, FLT 3) BN K@)EHWETO SR1ELD q OFEH, TH5.

WE (1) 1I2BWT, XHFD S, (NI, FEF X P RVONEFHT > MWz, BROMEOBIZT< Y K

I—HEOWM G OEFEHVDL2O, &ETOF X Y FNVDF—% %L IHEBHINC30mBEOT— %12
B L7, $TEIPO TR RETREDT—5E LT, UTO200RkMERTLOEMHHRE L
2o 1R TEF 10U ETH AL, 91201 (SYVETRAELZRKEEZENICHER )
BEISkm UDEO T 2 W RETLAML, ThIVBVWESTHE L, THD. TRETIIEH
HEEZEICE L, S 4 280 T 2 HERe SR 0B A2 EE L2 IS, 1064nm F v ¥ A IVD I —
HELE S CTERWMAFAET L L eI N/ L v VHBDED 7 — 7 2 WER S A L. (01, 2
KEADZMHBERED HEM L7z, KAOHERS, B#EAKT — 7 X—Z CIRAS6P 2B L, [A5
W] OWE - BN ERRELTRD 2. FHEEOMEMALDOZ, Tn() DFHE TR 7T O VK ERADBEILE
LA Lz ox(id, KREREEBRZTHULMETHLZE, Thbb, 0,0/ 000 =1ZKELL. =
NEOHMALIC X ) M S N BEROREL, FEHICER SIS KW)ICEHRBICE TN, L HE L.

wE (2) ToOKP)OFEMIIE, EHOF—-5 2Lz, A5 —F—%1%, SR(» %, KERJFIIIC 10
S, LY VBRI 20m OBEITEE L), A4 AR EE. ¢(DIZOWTH, A5 —DL
VYWEE R FEAROBEIEEUE L L. 0 q(n) & () OMAEDERS K()ZHIB LA K(r)
3T VF VY FOBRBSEAET S0, KLy VMBI K() ORI Z RS, ENERRNR K

B SNTKBER I Br BRI~ Erolt (GlokEiks LLUF Signal
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(r)& L7

WP (3) TIE, B (2) TEHLAZKE)ZEHWT, SR Z ¢;(n)ICEH L7z SR()IE, EEREJFIANC 1
S, Ly VHEES AN 30 m OFEPHOFIHMETH ), EIRED gl(r) b H CREER S HETH L. D gl
(r) %, 1/8 BHICHBIM N TV S HARER 2 B LS EANOZIREZ AT, R ICRZZH T o FEt (R
B IANC 10 400, SEEHINC 120 m OFPH) %477 o 72, LR, SR EH#EHo 7 — 7509 5
2/3DHN % qi(r) DFE DR, FLEDO 7Y v FICEMT— % 25272,

PLEoWLE % 2015 4£00 MR15-04 fitifF, O, 2017 4E D MR17-08 it i O B 57— & 126F LT L 72.
EH S 0HiHED, AREBIHIRILAE (Years of the Maritime Continent; YMC) ¥ OBl & LT, 1 ¥ F3
7 - AR DI EBOWRMETE_BS N, TOM, [AdWV] F4 57—, KO3 MREDT %
VY FEIN AR & a3,

g DEBIHEH LB — % oI, Bk &% Table 2 12RT. ¢ l22WT, ARTIZLAE, 532nm 3%
BWITH T2 660nm KER T~ ) RUT60Tnm (BFEI~ V) OZRETEHVKERKRGLEY
qis32. 355 nm EEWITH T 5 408 nm KAEKR T~ ) KRU387Tnm (BHEI~ V) OZEETE KA
RBBIE quss, EFNENIERT 5. MRIT-08 flilETlX, 42D I VY EFZEF ¥ Y ANV ERE S &
TBY, qisn LW gpss DWTZ2HB L7z, —77 MR15-04 Tl 408 nm F ¥ ¥ R )V S RIEN 72 5 72720,
s DHREFHH L. 72, 74 ¥ —BINOSE S HRED AT - F v Y AVBICR RS, —F, FEHEL
THWE IV 7h, WHECHEH LR R > TwE, 20254705 %Y v FHOME
FEDEIXH 2% TH Y, AHMED 1% RBhb. ISR EA KON, HiEe WkEEICT
Zolz. K(r) OHEBIIE, HERBHICBGE SNV F VY FF— 7 28 THM L, BEORKILZ K-S 7.

Table 2 Summary of data used to estimate K () and to compare ¢; and ¢,5. Quoted from Katsumata et al. (2020)
(licensed under CC BY 4.0).

Name of Cruise MR15-04 MR17-08
Period for the analyses in the present study g(;V(ij;s) Dec. 17, 2015 Ezvéj}?s) 1Dec. 13, 2017
Lidar data Available ¢; products qis32 qi532, 41355
Number of profiles when | 92 56
qi is available
Radiosonde data Type of sensor RS92-SGP, Vaisala RS41, Vaisala
Nominal accuracy of | 5% 4%
relative humidity 2

Data after December 13, 2017 are omitted from the analyses in the present study due to insufficient quality of raw
data from Mirai lidar.

2 According to the manufacturer, as in Kawai ez al. (2017).

T4 ¥ —HHOKELTREILE, IV TFBANOZNERK TS, FTET— 7 2HAKTHRKRL7:
DM Fig. 6 THAH. MRIT-08 IZDWVTIE, qisin quzss DM, HIBREIZHR 09, ZFFIH# (RMSD)
39 0.5 g/kg (kD) 3%) T o72. T RMSD iE MABL N KERDZ2RIZET3 L MEETH
D, SVFI U TFEITA =L DKM BETREORBSIVHHTELEEZS5ND. —F MRI5-04 D
qis2 13, M BIAR B4 0.67 12, RMSD 13 1.2 g/kg (#fixf & D # 7%) Tdh o 7. T O fiL il g 0 7413,
MR17-08 fiLifE D )5 2347 — & DSRERREI M <, 1 HD ¢ ZHNT L0 flibh AT — 5 O¥r%
W O(HAEER T2 SEEREEZONL. —), EROBESMERLIZONFg T TH 5.
MR17-08 {22 WTIE, 355 1 EFE 0.85km FEEFE T, ¢usp IEE 045 km BE T THONTWD. HLiEI
HFONFH 7% MABL OJE E130.6km BREF TTH o 72, FOEEHIHNTIE, lgi—q.l 1307 g/kg LT
(s m D 5% LLF) I 5N TWwbD. —J MRI5-04 D g53 ® RMSD 12 1.0 g/kg FEFEDL F & 2 5 T
7. HL, WFho ¢ IZBWTh, B2, TAREZTALN D)o 7.

BT =5 L EHGLOMRE AL 720, F—ARAY 74 2174 -7z (Fig. 8). HBITRLAZEH I
qnss (Fig. 8(b)) D F DS g5, (Fig. 8(a)) XV IRREEFT TTF—IHBHON TS, —J, WlhTHilic
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Fig. 6 Scatter plots comparing lidar-derived water vapor mixing ratio ¢; (in ordinate) and radiosonde-observed one ¢, (in
abscissa). (a) g;53> for MR15-04, (b) g;s3, for MR17-08, and (c) g;3s55 for MR17-08, respectively. “points”, “RMSD”
and “cor” stand for number of data points, root mean square difference, and correlation coefficient, respectively. Quoted
from Katsumata et al. (2021) (licensed under CC BY 4.0).

12-14 UTC 3L &, 20-22 UTC LIS, ¢ DSBS RZ SN TWD
T3 14 UTCHHETIE, MABLINT® ¢, KREL %D, 20 ¢ OEWEDIEL > Twh. 14UTC DA
ETFT— I RUWATEE TV L, M ENEFTTIENEZBRAL TV, CAEBRECELEZNEI &
E-BARCELEREEZZONS. ZORMBTOBIER (1030 UTC H~1400 UTC H), SimOMKT (Fig. 8

(c)), W - K#ELAEDO LA (Fig. 8(d) »#dH Y, FOZALORNE - HTEZNIZEAZEL L Tz (Fig.
8(e)). INHLNH, ¢ TR LN 14UTC HIEDEALIX, AV AT — VTR AERE, Thbba—

VR T =)V OuOME#EIZfE) LEZ HNB.

—Ji 20 UTC i 8 ClE, ¢ 28— HRIHL 721, 1R EICH25 T g »MET L MABL 25EKLTWw5
(Fig. 8(a)). ZIBMIMIZ, VI —HELY 7V (Fig. 8(f) & LTRSS ZIED, B 0.7 km LD
DIRAICESICHET 25 4 IV 7Y L, 72, BHOWltROY 7PV E LTHRAISNIEND RO
(B3 LRI CO RS hTwa (Fig. 8(d))). M EEIITIE, [EOKT (Fig. 8(c)), KELRA
WoMT (Fig. 8(d), ZLTRHEO LA (Fig. 8(e)) PMASNTWVD. &l & KEXARA LTI EOHE, ¢
DMAE L MABL ODSFHURED BN X H127% 5 2130 UTC B E I TWw - D ERELE. Zog D
W, Tasw] BROBERE L — 7 —Wifgcid, JLl-sEahmcfo s iR Bk o L2emne, 2ok
(PR 1R 5 EIRMER KA R SN2, ZHhSBIHT— %55, 1900 UTC B~2130 UTC B D ¢,
DT, AV AT — VKT AT A2 X 2 KADSER G- THEA I F CFRE L7 Loz #h2e
B RWEIEFEZOND.
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Fig. 7 Comparison of the vertical profiles of water vapor mixing ratio. Panels in the left column ((a), (d) and (g)) are for the
averaged profile of g; (red) and g, at corresponding time (black). Panels in the middle column are for the g; — g,s, as in
the average (thick black), average + standard deviation (gray), median (thick red), and 1st and 3rd quartiles (thin red),
respectively. Panels in the right column are number of available pairs of ¢; and ¢,,. Top panels are for g;s3, in MR15-04,
middle panels are for g;s3, in MR17-08, and bottom panels are for ¢;355 in MR17-08. Quoted from Katsumata et al.
(2021) (licensed under CC BY 4.0).
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Fig. 8 Observed time series on Dec. 12, 2017 (in UTC). (a-b) Time-height cross section of lidar-derived water vapor mixing
ratio, for (a) 41532 and (b) q1355- White color indicates the location where data is unavailable. (c-e) Surface meteorologi-
cal parameters obtained by instruments onboard R/V Mirai, for (c) pressure (blue) and temperature (red), (d) rainrate
(red), relative humidity (blue) and water vapor mixing ratio (green), and (e) wind speed (black), zonal wind speed
(red), meridional wind speed (blue) and wind vector at every hour. (f) time-height cross section of the normalized
backscatter signal received at 1064 nm. Quoted from Katsumata er al. (2021) (licensed under CC BY 4.0).
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Stratospheric aerosols and lidar observations

Takashi Shibata

(Received November 22, 2021; revised February 9, 2022; accepted February 14, 2022)

In this technical review, stratospheric aerosols are briefly described in terms of background condition
and disturbed conditions due to volcanic eruptions and low temperature from polar vortex, focusing
mainly on their components and lidar observations. The purpose of this review is to provide a quick
overview of stratospheric aerosols for readers who are familiar with the term “stratospheric aerosols” but
don’t know more.

F—U—FEBEI TV, 45—, KINE, #BEEEE
Key Words: Stratospheric aerosols, Lidar, Volcanic clouds, PSC
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LoEE) ov4 ) —HEAFHLTESEZRKRIE (V=394 X)) $5YV2 0505, wikEo
HOBMTIIKIED 72012 RE LR EZET 5.

= WHET T OV ORSIIZERRSINC X o T, SR (F A L), R, ABEEWE, R
DLW, bLRINSOREW LY, SFSTLWEIAIET L. —F, REETIX, Nvyrr
I v FIRE, BIXOKINEXKWE CEALZZTIREOWThoLED, RS IIHBKERTH
5. TOZLIEREET A 5 —BlT— 5 OMPICEETH 5.

HETHDH iV, EBEOLIAS, HHTAEEOZRIRCIT /NS, BEEM &k TR U 2E
PHBIZHH SN TS,

RIFHTIE, T4 F—=DRBES N UL )BT ONL T REEZ 7 oV VIS LT, T 3EHER
OREENy 775y F7avl, fHwCRIUEKGERO =7 1)L, B X OEFHIE O MR IN O &R
ISR THBT 2 MR EREZICO VT, BIESICHEH La oMM 2 303 5. RS0, HFses s

©2022 Laser Radar Society of Japan 27



AR+ #e LRSJ daimmy

A p§' Laser Radar Society of Japan L —H 223 v otee
S

—~—————

L=t vy v rEast 3% 15 (2022)

MBEZY, [REEZ7T YV L) SEEIHVZIERHEBZRUERILAS R, Enw)kHk
MBEENRICEZTBY, REBEZ 7O YAREALDLON, ROEAREIAHATIA T =GR L2Hh
Z, KA ONL I LN TELL)NEEK S THITS. &b, LVFEMEER~NDOT 7 L ANES LR
559, BUHCERICIZ doi 2 & @D URL A4 L, 7288055 L2984 % k%2 L& 5 1-29
39,45, 72 IZHIHL T3,

2. BRBOREBNY/IZ7 I 7OV

TRz XIS, REEZ7 oV IV TOERSIHBABE TS Y, TEREE (&S TH
20-35km, FSKEEETHI 10-30 km D EFE) 12 Junge L IFEN 2270V VoY 2K L T2, KEkE
L7V VOERSTH LML, WERANMES 2 &2 55843 2L VE= v (COS)¥ s, i
NTIEA R ERE SN FICTERBREICIZ SN, KEEO XYmootk P OS TRILE A Z LIk - T
AR R 103637 RN L kB ICEIRDS ER LT, MBI THFEMICED TRETH
%, 3HED S BEEANOWE ORI, KIEERO XD KB R 25 —VoEE® IS %L, e
RELE D X 5 VR ICHE D /N 22 2 7 — v 05EB) 2L D % 0 O ORBEARIE X hTw
5. BBIFHMZASIEIMEC, MoMERSICHRTEEOKGTFPEIEL, KEREO T EHKEE T,
TREARBE IR D EEREREL b, ZODAERINHMERE, FTEHRBETIIKST & & D ICHmiBEKE
W7 ay VT (B EA T2 LdH D) 2T 5.

BEE T 7 1OV T, TRERKIESTR T OWICHREE 7 B = A% EORBKE G e, v ) KEE
TOWEEY 7)) Y 7 BREEDH Y, Thzd EICMBAKERT T 2V VR TIEI 0 L) RFEHR 7%
BACLTHEERLZE VI D A7, Lal, HEBEICBFAZTa Y VoYY 7)) v 7Tkl sh
W, B ESEICHE LR RO IREOZLRRE L 2RO R OMEY B X O
W7 O VKT ARG S EH AR T 2 TRIEZRIRT 5 X9 &R0, BEERSOH
ERPR T OERBRIZOWTIRBETHRET OV TR, L2 LRSS, MEHREDOREZ i/ NRIZH
A5 EIEERELATONIY 7)) v TREBH T RROD S hd o722 £, T4 & — Bl
F2E, BBELT OV LORREENEFITNI NI E P 0, FRNICEEELT T O VLR
IFIEEARRGEZEE RV E ) RAKBRE LTS 2 &%\,

IT7aYIVBOERIZOWTIE, EEE & ISR LA 35 EEREE (R 35-50km) T, &
FE (R & EDICHBOBMARIED LA L, WEBKBHE L THFETERL o T 7B Y VK T
%35, CHARBEI7TOV VO ERERDTWVS1030 —FFMIZonTid, MiBETREOERS
FEKIZE - T, =27V FIIEBENICH R THCRERTHKT 20T, =72V VEO FiidlIidn
WREREE =T 5. Z0/zd, BB 7 O VIV oE A B R E o mEEIC - 2B HEL%
RTIENRTAF—I2L o THRZ BT B03L45),

3. KBEXLI7ZOVIL

KINOKEKDPFEEST B L, RO AL F—IZE ) KADONEER & IZEERIFR I K E O WKW 25 E e
BHUCIEA SRS, WEEZ T O )V ICEE2 5 2 5 L2 KWE I, SwEwE (KK & R bhit
(S0,) TH 5. KIWKIZENEFHEEIKE L, WARERy A TREED S iEICKRE S h 404, —
71 S0, 1%, WEETEARL, KGOS FOR TR A CHRBRICERIL S, RERKERO =7 a v IVRF28
EREND. foT, BFIZRZLD, Ny 2759y FRFKINIEKOEEZZF72REE LI, =70
VIVELT DB R KR L 72 5.

KINFEKIZ & > CTREE =7 0 VA EOFERIINT 2 203K OBBIC L > TRE SRS, FIT— R
JE D BAPE CHEK S 2 WA/ N O UK TLlE, BB 7 g/ VidnNy 7 75 v FIZHART, KILEKO
WEPRDRECEET, BE»S 10 BBREOREICHMNT 5. 19824, 2F> 3, A% VI EEOTV
FFa VKR 1914, 74 VY, VY YBOYFYREKD X B EIC—EREOBEE TR ET
% 9 KWK OBA1E 100 R L E ORI 5571626272992 I RIEKIC X 5 g Rl 7 1 v B
DT O—FlE LT, Fig. 1 ICTVFF a3 YBKEROBMIZBITLEEEZ7 V07457 —Blloks
P10 %R, (Fig. 1 12K ST % Backscattering ratio (F: /7 #(ELEE, Fig. 1 OBl T3 scattering ratio & W
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ENTWwA) #REBLE, RIBIT7TUVIVEAIIZIZERASTS. RALEEOMT, R1IEFEEDOL
ORI 3 FICHBITS.) KUK TR L 7227 0 VI | EREOREECREIISRAT 2%, g
PEL K LB K 2 00 5 B 4 A R R R AL D RENIE 7 4 & — BN X > THO TH O E o7z, ¥ F VKA
LAEBIALEE, A ICHRERET O P RIESMET L2 EAHE ST 2 gk ciin L 72k
JEET7 O s, HEREIICE ST TH o 2Rt AV F— 2 FEHEMICHGEL L, HMERIE =RV
F—ZRMLI-ZEIZLS.
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Fig. 1 Fig. 1 (a) of the reference 10. The backscattering ratio profiles at 1064 nm
from 15 April to 14 June 1982 at Fukuoka, Japan. The profile on 15 April
shows the typical vertical profile of the background stratospheric aerosols
without disturbance of volcanic clouds. The increase in scattering ratio
caused by the eruption of El Chichon was clear at altitudes higher than 15
km in the following days. (Please note that the scale of the abscissa is log-
arithmic.)

4. 1ERREEE

BB LT O VKT E Ny 7 75 v FIRREES L OVKIIWKIC & 238, BlME I TlRRT
X719 IR TH L. L L, BEEOKRABIIALTT 5 & 2RI TIE, REETICHES 5
WARBHT7 O VT & RAFOMERS OKRMEE) OB oW 5 EICHE - T, @ Ok
TRRONZWVE )RR EEIREDLEL, ZOREE L TRTHERBRRIEHIEEO LR 5 h
%.

AZOMMIKERETIE, BEAREZE) BEO, HEOKRI VR (i) 25EL, BN OwE R
DEWHEHINTE A LI BB, ZHICETRE OB HDID - T, dmBIEA O ZIE 180 K 15 F T
T A, WlEBEBIZIEFICHE L T T, RIS 2 fafIZE&E DY 100% & 7% 5 &imidH 188 K (—85C)
FELIRTH 5. KOZE, HKAHMESRIED 100% & 72 5 REX BE T 5728 25T, KERKTO
FICERT 5V DT, BHEOTEHEOREETENRET LI Eid k. Larl, ZoRBEIZE TS
KEDOFEREE % AT B 2 BN T, LIEUIDKEOFEDTHEE SN L.

PR Z 8 P O Mk 7 IR B O A U B K 1950 4EA0A S GV A5 B A5, 1 HE 434 <0 W B 1 7 28
fEIZ 1983 4EICT A4 ¥ — 1 L o THOTBI S 72535 AFOMIICHN 2 ZIZBKEEZ (Polar Strato-
spheric Clouds, PSC) & #fH1F 57255, F 4 &% — B O F1E 1985 FEIFE SN2V, [ W4EF Y ¥k —
VRIS 2 W50 A5 F SNz 2 0#% PSC R T ORMALISA T V' ¥ w— V2K T 5 4+ > il
PR L BREE R LTI LBl L 2o T, BICBITS T4 ¥ —BillZz Lok L%
DOBMAGERE SN, PSC DEBA &5 & 75 72172528,

—75, OB EETIZIKEI AR T A REE TRRMET T2 23 ENTH S, BiLekiddbkekicit
RCHFEOHERDE <, S OICHBABIZECHM IR TWS, S L, JbEEkiaRBED S » 2 EG0K

29



BN s LRSJ q@Ems

P 5 Laser Radar Society of Japan L —Ht >3 %8s
e ————

L=t vy v rEast 3% 15 (2022)

Enow, IFEREOBERFOKRENTL VR FEL, TOMBEL L THBEOKR X WBEAFE LIZL
V. ZO7DRKE D S OBEREA L DA T, e BRI R IR S IRISE LIS v, 2o
WIZAE SN D PSCOFAICKRELENE S 7206F. BT, MR CTIOKENREET S 180K FEET
ABAMET$ 2D L, ETIE, 1E2EALDBE 190K % 8% Tl 5 REORETIZE & 5000,
o T, ALHEEETRDOENAETLZEIZEINTH .

LLADS, KA 195K T EFTERT T 2 & BEAOMEE - =K% (Nitric Acid Trihydrate, NAT)
KT, F 7249 190 K DLF Gl OB/ MR /7K (2 X 5 =804 M R T 25 B 5 10 2 20 & 7 ) 6768
ZNZNORG OIS T 5 3 )T BERBR mOGEEoRINE LT, =7V V02 s7 4
F—TEHl STV TITBB062) =)k 3 AR TlEVHT B PSC EIFIEN TV 2. L 79 B o Jbik
W, == NVAyTLRLEIA F—Blll SNz, EER O LT % BRI~ M4 v Fidk
OBl % Fig. 2 127" T, & B, PSCHR T-FRIIIBIT 54V VY HEEOERIBIERYAL O PSC K55 T b HEAT S
5. o T, BOWROPFTHF VY 25WATE (A U R—Vh5AET L), LirL, wioBEAVN
Wi, EOF Y YR —IVIERBIC AR THEBAVNS {, F Y VBHEORIEL A E WS,

[
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Fig.2 Fig. 1 of the reference 22. A typical sandwich structure frequently
observed over Ny—Alesund, Svalbard (79°N, 12°E) on (a) January 10,
1995, (b) January 6, 1996, and (c) February 20, 1997. The backscattering
ratio R at 532 nm, particle depolarization ratio ¢ at 532 nm, and Angstrom
exponent « from 532 and 1064 nm are shown as the labeled bold line, bold
faint line, and thin line, respectively.

5. $bVIC

AR, REBT7OVLORy b7 — 2 BAEES DT, fREHRT 4 ¥ — CALIOP A5 &
Nzh &, FEPEEBET T TV VOMELZIEO - U ICHRTEEOSWEBRE 7O VOE= 5 —)
YR TH L. DX HEIIEICE 5T, BEO/NSWKINBKIZOWTY, 2RI ZRIES) O
FOPICHRZ OND LTk oTEZY . WIS, INE CHRBRENDFEENSHS 2 TRA o kK
KOMMDELIZ SN TWBEY (Fig. 3). ThoDI4 ¥ —@Eillzd L2, REEI 7Y VICET 5
% OF 72 ARBERSINODOH 5.

BRI, SRS A S 728D S, ABERBELOMRE L LT, % & &bk 2 e B U Clig
I7 NV EMEE, EOHHMEICL > TATHICHEREELZ TIF5 (WHhIEA T2 KKK LT
THYN) &) FEDR, MOV ODOMRELREE & DTSN TE Y, 514 (geo-engineering)
LBBENTWE™S, 50t zs, ATHARBELZT? OV VEINAEBCRASNL I LIZASZED
THAHD, H—EHINYE, FAV—R3IEELRE= ) VI REERLTHA).
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Fig.3 Fig. 3 of the reference 72. The profiles of backscattering ratio R (solid)
and volume depolarization ratio VD (broken) at 532 nm from August to
December 2017 at Ny—Alesund, Svalbard. The profiles of VD are plotted
for heights where VD is larger than 0.005. The profiles from August show
background stratospheric aerosols. The profiles from September to

December show increases in R and VD. These increases were caused by
smoke from Canadian forest fires.

5| Xk

1) O. Uchino, M. Maeda, J. Khono, T. Shibata, C. Nagasawa, and M. Hirono: Observation of stratospheric ozone layer by a
XeCl laser radar, Applied Physics Letters, 33, 807-809, 1978. https://doi.org/10.1063/1.90535
2) 0. Uchino, M. Maeda, T. Shibata, M. Hirono, and M. Fujiwara: Measurement of stratospheric vertical ozone distribution
with a Xe-Cl lidar; estimated influence of aerosols, Applied Optics, 19, 4175-4179, 1980. https://doi.org/10.1364/
AO.19.004175
3) T. Shibata, M. Kobuchi, and M. Maeda: Measurements of density and temperature profiles in the middle atmosphere with a
XeF lidar, Applied Optics, 25, 685-688, 1986. https://doi.org/10.1364/A0.25.000685
4) T. Shibata, T. Fukuda, and M. Maeda: Density fluctuations in the middle atmosphere over Fukuoka observed by an XeF
Rayleigh lidar, Geophysical Research letters, 13, 1121-1124, 1986. https://doi.org/10.1029/GL013i011p01121
5) M. Hirono, M. Fujiwara, and T. Shibata: Lidar observation of sudden increases of aerosols in the stratosphere caused by vol-
canic injections. I. Soufriere 1979 event, Journal of Atmospheric and Terrestrial Physics, 43, 1127-1131, 1981. https://doi.
org/10.1016/0021-9169 (81) 90028-3
6) M. Hirono, M. Fujiwara, T. Shibata, and N. Kugumiya: Lidar observation of volcanic Cloud in the stratosphere over
Fukuoka, caused by Eruption of Mt. St. Helens in May 1980, Geophysical Research Letters, 8, 1019-1022, 1981. https://
doi.org/10.1029/GL008i009p01019
7) M. Fujiwara, T. Shibata, and M. Hirono: Lidar observation of sudden increase of aerosols in the stratosphere caused by vol-
canic injections. II. Sierra Negra event, Journal of Atmospheric and Terrestrial Physics, 44, 811-818, 1982. https://doi.
org/10.1016/0021-9169 (82) 90010-1
8) M. Hirono and T. Shibata: Enormous increase of stratospheric aerosols over Fukuoka due to volcanic eruption of El Chichon
in 1982, Geophysical Research letters, 10, 152-154, 1983. https://doi.org/10.1029/GL010i002p00152
9) M. Hirono, T. Shibata, M. Fujiwara, and N. Fujiwara: Enormous increase of volcanic clouds in the stratosphere over Fukuoka
after April 1982, Geopysica International, 23, 259-276, 1984. https://doi.org/10.22201/igeof.00167169p.1984.23.2.841
10) T. Shibata, M. Fujiwara, and M. Hirono: The El Chichon volcanic cloud in the stratosphere: lidar observation at Fukuoka and
numerical simulation, Journal of Atmospheric and Terrestrial Physics, 46, 1121-1146, 1984. https://doi.org/10.1016/0021-
9169 (84)90104-1
11) M. Hirono, M. Fujiwara, T. Shibata, and N. Kugumiya: Lidar observations of atmospheric aerosols following the 1980 erup-

tion of Mt. St. Helens Part I., Journal of Atmospheric and Terrestrial Physics, 46, 1147-1157, 1984. https://doi.
org/10.1016/0021-9169 (84) 90105-3

31



AR LK s LRSJ 4@

P F;' Laser Radar Society of Japan L —
g

L=t vy v rEast 3% 15 (2022)

12) O. Uchino, T. N agai, T. Fujimoto, M. Fujiwara, H. Akiyoshi, S. Yasumatsu, S. Hayashida, Y. Sasano, H. Nakane, Y. Iwasaka,
M. Nagatani, T. Shibata, T. Itabe, K. Asai, A. Nomura, Y. Saito, T. Kano, Y. Sai, K. Tamaki, R. Nomura, T. Sunagawa, C.
Nagasawa, M. Abo, Y. Idesako, and K. Kai: Observation of the Pinatubo volcanic cloud by lidar network in Japan, Journal of
the Meteorological Society of Japan, 71, 285-295, 1993. https://doi.org/10.2151/jmsj1965.71.2_285

13) T. Shibata, T. Itabe, K. Mizutani, and K. Asai: Pinatubo volcanic aerosols observed by lidar at Wakkanai, Japan, Geophysical
Research letters, 21, 197-200, 1994. https://doi.org/10.1029/93GL03288

14) Y. Twasaka, M. Hayashi, T. Shibata, K. Matsunaga, M. Nagatani, H. Nakada, I. Mori, T. Ojio, M. Fujiwara, E. Akiyoshi, K.
Yamazaki, K. Kondoh, and H. Nakane: Transport of Pinatubo aerosols to the Arctic region: lidar measurements in Alaska,
winter 1991/1992, Proceedings of the NIPR symposium on polar meteorology and Glaciology, 8, 27-33, 1994. https://nipr.
repo.nii.ac.jp

15) Y. Iwasaka, T. Shibata, M. Hayashi, M. Nagatani, T. Ojio, H. Adachi, K. Matsunaga, K. Osada, I. Mori, M. Fujiwara, E.
Akiyoshi, K. Shiraishi, K. Yamazaki, K. Kondoh, and H. Nakane: Lidar measurements at Alaska, 1991-1994 -Pinatsubo vol-
canic effect on stratospheric aerosol layer, L —4 %% , 23, 166-170, 1995. https://doi.org/10.2184/1sj.23.166

16) M. Yasui, M. Fujiwara, T. Shibata, H. Akiyoshi, S. Ikawa, K. Shiraishi, and H. Nonaka: Variations of volcanic aerosols
observed in Fukuoka -a comparison of Mt. Elchicnon and Mt. Pintubo events-, Journal of Geomagnetism and Geoelectricity,
48, 403-413, 1996. https://doi.org/10.5636/jgg.48.403

17) T. Shibata, Y. Iwasaka, M. Fujiwara, M. Hayashi, K. Shiraishi, H. Adachi, T. Sakai, K. Susumu, Y. Nakura, and M. Watanabe:
Lidar observed polar stratospheric clouds over Svalbard in mid-December 1994, Memoirs of National Institute of Polar
Research, Special Issue, 51, 217-223, 1996. https://nipr.repo.nii.ac.jp

18) T. Shibata, Y. Iwasaka, M. Fujiwara, M. Hayashi, M. Nagatani, K. Shiraishi, H. Adachi, T. Sakai, K. Susumu, and Y. Nakura:
Polar stratospheric clouds observed by lidar over Spitsbergen in the winter of 1994/1995: Liquid particles and vertical “sand-
wich” structure, Journal of Geophysical Research, 102, 10829-10840, 1997. https://doi.org/10.1029/97JD00418

19) K. Shiraishi, M. Fujiwara, Y. Iwasaka, T. Shibata, M. Nagatani, H. Adachi, T. Sakai, and K. Fujino: Lidar observations above
Ny-alesund, Svalbard, Norway during winter 1995/96, Proceedings of the NIPR symposium on polar meteorology and Gla-
ciology, 11, 117-126, 1997. https://nipr.repo.nii.ac.jp

20) T.N agai, O. Uchino, T. Itabe, T. Shibata, K. Mizutani, and T. Fujimoto: Polar stratospheric clouds observed at Eureka (80°N,
86°W) in the Canadian Arctic during the 1994/1995 winter, Geophysical Research letters, 24, 2243-2246, 1997. https://doi.
org/10.1029/97GL02094

21) D. P. Donovan, A. I. Carswell, T. Shibata, J. C. Bird, T. J. Duck, T. Itabe, T. Nagai, S. R. Pal, O. Uchino, and J. A. Whiteway:
Multiwavelength lidar aerosol measurements made at Eureka (80N, 86W) during early 1995, Geophysical Research Letters,
25, 3139-3142, 1998. https://doi.org/10.1029/98GL52328

22) T. Shibata, K. Shiraishi, H. Adachi, Y. Iwasaka, and M. Fujiwara: On the lidar observed sandwich structure of polar strato-
spheric clouds, I, implications for the mixing state of the PSC particles, Journal of Geophysical Research, 104, 21603-21611,
1999. https://doi.org/10.1029/1999JD900333

23) T. Shibata: On the lidar observed sandwich structure of polar stratospheric clouds, II, numerical simulations of externally
mixed PSC particles, Journal of Geophysical Research, 104, 21613-21619, 1999. https://doi.org/10.1029/1999JD90033 1

24) T. Shibata, K. Sato, H. Kobayashi, M. Yabuki, and M. Shiobara: The Antarctic polar stratospheric clouds under the tempera-
ture perturbation by non-orographic inertia gravity waves observed by micro pulse lidar at Syowa Station, J. Geophys. Res.,
108 (D3), 4105, 2003. https://doi.org/10.1029/2002JD002713

25) K. Shiraishi, M. Fujiwara, T. Shibata, and Y. Iwasaka: Lidar Observations of Polar Stratospheric Clouds over Ny-Aalesund in
the Winters of 1994/95-1996/97: Impact of the temperature and the temperature history on the PSC structure, Journal of the
Meteorological Society of Japan, 81 (6), 1457-1470, 2003. https://doi.org/10.2151/jmsj.81.1457

26) A. Kamei, N. Sugimoto, I. Matsui, A. Shimizu, and T. Shibata: Volcanic aerosol layer observed by shipboard lidar over the
tropical western Pacific, SOLA, 2, 1-4, 2006. https://doi.org/10.2151/s0la.2006-001

27) O. Uchino, T. Sakai, T. Nagai, T. Sakashita, K. Suzuki, T. Shibata, I. Morino, and T. Yokota: Lidar observation of strato-
spheric aerosols increased from the 2009 mount Sarychev volcanic eruption, Journal of the Remote Sensing Society of Japan,
30, 149-156, 2010. https://doi.org/10.11440/1ssj.30.149

28) K. Shiraishi, M. Hayashi, M. Fujiwara, T. Shibata, M. Watanabe, Y. Iwasaka, R. Neuber, and T. Yamanouchi: Comparative
analysis of measurements of stratospheric aerosol by lidar and aerosol sonde above Ny-Alesund in the winter of 1995 [Com-
parative analysis of lidar and OPC observations], Polar Science, 5, 399-410, 2011. https://doi.org/10.1016/j.
polar.2011.08.003

29) T. Shibata, and T. Kinoshita: Volcanic aerosol layer formed in the tropical upper troposphere by the eruption of Mt. Merapi,
Java, in November 2010 observed by the spaceborne lidar CALIOP, Atmospheric Research, 168, 49-56, 2016. https://doi.
org/10.1016/j.atmosres.2015.09.002

30) T. Sakai, O. Uchino, T. Nagai, B. Liley, I. Morino, and T. Fujimoto: Long-term variation of stratospheric aerosols observed

32



AR LK s LRSJ 4@

P F;' Laser Radar Society of Japan L —
g

L=t vy v rEast 3% 15 (2022)

with lidars over Tsukuba, Japan, from 1982 and Lauder, New Zealand, from 1992 to 2015, J. Geophys. Res., 121, 10283—
10293, 2016. https://doi.org/10.1002/2016JD025132

31) S. M. Khaykin, S. Godin-Beekmann, P. Keckhut, A. Hauchecorne, J. Jumelet, J.-P. Vernier, A. Bourassa, D. A. Degenstein, L.
A. Rieger, C. Bingen, F. Vanhellemont, C. Robert, M. DeLand, and P. K. Bhartia: Variability and evolution of the midlatitude
stratospheric aerosol budget from 22 years of ground-based lidar and satellite observations, Atmos. Chem. Phys., 17, 1829~
1845, 2017. https://doi.org/10.5194/acp-17-1829-2017

32) V. V. Zuev, V. D. Burlakov, A. V. Nevzorov, V. L. Pravdinl, E. S. Savelieval, and V. V. Gerasimov: 30-year lidar observations
of the stratospheric aerosol layer state over Tomsk (Western Siberia, Russia), Atmos. Chem. Phys., 17, 3067-3081, 2017.
https://doi.org/10.5194/acp-17-3067-2017

33) J. P. Vernier, J. P. Pommereau, A. Garnier, J. Pelon, N. Larsen, J. Nielsen, T. Christensen, F. Cairo, L. W. Thomason, T.
Leblanc, and I. S. McDermid: Tropical stratospheric aerosol layer from CALIPSO lidar observations, J. Geophys. Res., 114,
DOOH10, 2009. https://doi.org/10.1029/2009JD011946

34) C. E. Junge, C. W. Chagnon, and J. E. Manson: Stratospheric aerosols, J. Meteorol., 18, 81-108, 1961. https://doi.
org/10.1175/1520-0469 (1961) 018<0081:SA>2.0.CO;2

35) S. Hattori, K. Kamezaki, and N. Yoshida: Constraining the atmospheric OCS budget from sulfur isotopes, PNAS, 117 (34),
20447-20452, 2020. https://doi.org/10.1073/pnas.2007260117

36) P. Hamill and O. B. Toon: Microphysical processes affecting stratospheric aerosol particles, J. Atmos. Science, 34, 1104-
1119, 1977. https://doi.org/10.1175/1520-0469 (1977) 034<1104:MPASAP>2.0.CO;2

37) R. P. Turco, R. C. Vhitten, and O. B. Toon: Stratospheric aerosols’ observation and theory, Rev. Geophys. Space Phys., 20
(2),233-279, 1982. https://doi.org/10.1029/RG020i002p00233

38) H. Hatsushika, and K. Yamazaki: Stratospheric drain over Indonesia and dehydration within the tropical tropopause layer
diagnosed by air parcel trajectories, J. Geophys. Res., 108 (D19), 4610, 2003. https://doi.org/10.1029/2002JD002986

39) S. Iwasaki, T. Shibata, J. Nakamoto, H. Okamoto, H. Ishimoto, and H. Kubota: Characteristics of deep convection measured
by using the A-Train constellation, J. Geophys. Res., 115, D06207, 2010. https://doi.org/10.1029/2009JD013000

40) AR KUK & &k, KA, 60 (10), 803-809,2013. https://www.metsoc.jp/tenki/pdf/2013/2013_10_0023.
pdf

41) J. M. Rosen, and D. J. Hofmann: Balloonborne measurements of condensation nuclei, J. Appl. Met., 16 (1), 56-62, 1977.
https://doi.org/10.1175/1520-0450 (1977) 016<0056:BMOCN>2.0.CO;2

42) A.D. Clarke, and V. N. Kapustin: A pacific aerosol survey. part I: a decade of data on particle production, transport, evolu-
tion, and mixing in the troposphere, J. Atmos. Sci., 59 (3), 363-382, 2002. https://doi.org/10.1175/1520-0469 (2002)
059<0363:APASPI>2.0.CO;2

43) P. Campbell, M. Mills, and T. Deshler: The global extent of the mid stratospheric CN layer: A three-dimensional modeling
study, J. Geophys. Res., 119 (2), 1015-1030, 2014. https://doi.org/10.1002/2013JD020503

44) D. Hayes, K. Snetsinger, G. Ferry, V. Oberbeck, and N. Farlow: Reactivity of stratospheric aerosols to small amounts of
ammonia in the laboratory environment, Geophysical Research Letters, 7 (11), 974-976, 1980. https://doi.org/10.1029/
GL007i011p00974

45) T. Nagai, B. Liley, T. Sakai, T. Shibata, and O. Uchino: Post-Pinatubo evolution and subsequent trend of the stratospheric
aerosol layer observed by mid-latitude lidars in both hemispheres, SOLA, 6, 69-72, 2010. https://doi.org/10.2151/
s0la.2010-018

46) S. Hayashida, A. Kobayashi, and Y. Iwasaka: Lidar measurements of stratospheric aerosol content and depolarization ratio

after the eruption of volcano E1 Chichon: Measurements at Nagoya, Japan, Geopysica International, 23, 277-288, 1984.

https://doi.org/10.22201/igeof.00167169p.1984.23.2.842

G. Stenchikov, Ukhov, A., Osipov, S., Ahmadov, R., Grell, G., Cady-Pereira, K., E. Mlawer, and M. Iacono: How does a

Pinatubo-size volcanic cloud reach the middle stratosphere?, Journal of Geophysical Research: Atmospheres, 126,

€2020JD033829, 2021. https://doi.org/10.1029/2020JD033829

48) M. P. McCormick, T. J. Swissler, W. P. Chu, and W. H. Fuller Jr. : Post-volcanic stratospheric aerosol decay as measured by
lidar, J. Atmos. Sci., 35 (7), 1296-1303, 1978. https://doi.org/10.1175/1520-0469 (1978) 035<1296:PVSADA>2.0.CO;2

49) R. W. Reynolds: Impact of Mount Pinatubo Aerosols on Satellite-derived Sea Surface Temperatures, J. Climate, 6 (4), 768-
774, 1993. https://doi.org/10.1175/1520-0442 (1993) 006<0768:10MPAO>2.0.CO;2

50) V. Aquila, C. Baldwin, N. Mukherjee, E. Hackert, F. Li, J. Marshak, A. Molod, and S. Pawson: Impacts of the eruption of
Mount Pinatubo on surface temperatures and precipitation forecasts with the NASA GEOS subseasonal-to-seasonal system,
126 (16), €2021JD034830, 2021. https://doi.org/10.1029/2021JD034830

51) T. Koop, B. Luo, A. Tsias, and T. Peter: Water activity as the determinant for homogeneous ice nucleation in aqueous solu-
tions, Natue, 406, 611-614, 2000. https://doi.org/10.1038/35020537

52) J. L. Stanford: On the nature of persistent stratospheric clouds in the Antarctic, Tellus, 29 (6), 530-534, 1977. https://doi.

~

47

33



AR LK s LRSJ 4@

P F;' Laser Radar Society of Japan L —
g

L=t vy v rEast 3% 15 (2022)

org/10.3402/tellusa.v29i6.11387

53) Y. Iwasaka: Lidar Measurement of the Stratospheric Aerosol Layer at Syowa Station (69.00°S, 39.35°E), Antarctica), J. Met.
S. Jpn, 63 (2), 283-287, 1985. https://doi.org/10.2151/jmsj1965.63.2_283

54) Y. Iwasaka, T. Hirasawa, and H. Fukunishi: Lidar measurement of the Antarctic stratospheric aerosol layer I, Winter enhance-
ment, J. Geomag. Geoelectr., 37 (12), 99-109, 1986. https://doi.org/10.5636/jgg.37.1087

55) M. P. McCormick, Patrick Hamill, and U. O. Farrukh: Characteristics of polar stratospheric clouds as observed by SAM II,
SAGE, and lidar, J. Met. S. Jpn, 63 (2), 267-272, 1985. https://doi.org/10.2151/jmsj1965.63.2_267

56) J. D. Farman, B. G. Gardiner, and J. D. Shanklin: Large losses of total ozone in Antarctica: reveal seasonal CLOx/NOx inter-
action, Nature, 315, 207-210, 1985. https://doi.org/10.1038/315207a0

57) S. Solomon, R. R. Garciat, F. S. Rowland, and D. J. Wuebbles: On the depletion of Antarctic ozone, Nature, 321, 755-758,
1986. https://doi.org/10.1038/321755a0

58) S. Solomon: Stratospheric ozone depletion: a review of concepts and history, Rev. Geophys., 37 (3), 275-316, 1999.
https://doi.org/10.1029/1999RG900008

59) J. R. Holton: Stratosphere-troposphere exchange, Rev. Geophys., 33 (4), 403-439, 1995. https://doi.org/10.1029/95RG02097

60) FIATi— : Au e P Z oW bk & BRE5ZEH), Earozoru Kenkyu, 25 (3), 219-225, 2010. https://doi.org/10.11203/
jar.25.219

61) M. Maturilli, R. Neuber, P. Massoli, F. Cairo, A. Adriani, M. L. Moriconi, and G. Di Donfrancesco: Differences in Arctic and
Antarctic PSC occurrence as observed by lidar in Ny—Alesund (79°N, 12°E) and McMurdo (78°S, 167°E), Atmos. Chem.
Phys., 5, 2081-2090, 2005. https://doi.org/10.5194/acp-5-2081-2005

62) E. V. Browell, C. F. Butler, S. Ismail, P. A. Robinette, A. F. Carter, N. S. Higdon, O. B. Toon, M. R. Schoeberl, and A. F.
Tuck: Airborne lidar observations in the wintertime Arctic stratosphere: Polar stratospheric clouds, Geophys. Res. Lett., 17
(4), 385-388, 1990. https://doi.org/10.1029/GL017i004p00385

63) A. Tabazadeh, O. B. Toon, and P. Hamill: Freezing behavior of stratospheric sulfate aerosols inferred from trajectory studies,
Geophys. Res. Lett., 22, 1725-1728, 1995. https://doi.org/10.1029/95GL01335

64) A. Tabazadeh, R. P. Turco, K. Drdla, M. Z. Jacobson, and O. B. Toon: A study of type I polar stratospheric cloud formation,
Geophys. Res. Lett., 21, 1619-1622, 1994. https://doi.org/10.1029/94GL01368

65) J. E. Dye, D. Baumgardner, B. W. Gandrud, S. R. Kawa, K. K. Kelly, M. Loewenstein, G. V. Ferry, K. R. Chan, and B. L.
Gray: Particle size distributions in Arctic polar stratospheric clouds, growth and freezing of sulfuric acid droplets and impli-
cations for cloud formation, J. Geophys. Res., 97, 8015-8034, 1992. https://doi.org/10.1029/91JD02740

66) K. Drdla, A. Tabazadeh, R. P. Turco, M. Z. Jacobsen, J. E. Dye, C. Twohy, and D. Baumgardner: Analysis of the physical
state of one Arctic polar stratospheric cloud based on observations, Geophys. Res. Lett., 21, 2475-2478, 1994. https://doi.
org/10.1029/94GL02405

67) K. S. Carslaw, B. P. Luo, S. L. Clegg, T. Peter, P. Brimblecombe, and P. J. Crutzen: Stratospheric aerosol growth and HNOj3
gas phase depletion from coupled HNO3 and water uptake by liquid particles, Geophys. Res. Lett., 21, 2479-2482, 1994.
https://doi.org/10.1029/94GL02799

68) K. S. Carslaw, B. Luo, and T. Peter: An analytic expression for the composition of aqueous HNO3-H,SO, stratospheric aero-
sols including gas phase removal of HNO3, Geophys. Res. Lett., 22, 1877-1880, 1995. https://doi.org/10.1029/95GL01668

69) M. D. Fromm, and R. Servranckx: Transport of forest fire smoke above the tropopause by supercell convection, Geophys.
Res. Lett., 30 (10), 1542, 2003. https://doi.org/10.1029/2002GL016820

70) H. Baars, A. Ansmann, K. Ohneiser, M. Haarig, R. Engelmann, D. Althausen, I. Hanssen, M. Gausa, A. Pietruczuk, A.
Szkop, I. S. Stachlewska, D. Wang, J. Reichardt, A. Skupin, I. Mattis, T. Trickl, H. Vogelmann, F. Navas-Guzman, A. Haefele,
K. Acheson, A. A. Ruth, B. Tatarov, D. Miiller, Q. Hu, T. Podvin, P. Goloub, 1. Veselovskii, C. Pietras, M. Haeffelin, P.
Fréville, M. Sicard, A. Comerén, A. J. F. Garcia, F. M. Menéndez, C. Cérdoba-Jabonero, J. L. Guerrero-Rascado, L.
Alados-Arboledas, D. Bortoli, M. J. Costa, D. Dionisi, G. L. Liberti, X. Wang, A. Sannino, N. Papagiannopoulos, A. Boselli,
L. Mona, G. D'Amico, S. Romano, M. R. Perrone, L. Belegante, D. Nicolae, 1. Grigorov, A. Gialitaki, V. Amiridis, O. Soupi-
ona, A. Papayannis, R.-E. Mamouri, A. Nisantzi, B. Heese, J. Hofer, Y. Y. Schechner, U. Wandinger, and G. Pappalardo: The
unprecedented 2017-2018 stratospheric smoke event: Decay phase and aerosol properties observed with the EARLINET,
Atmos. Chem. Phys., 19, 15183-15198, 2019. https://doi.org/10.5194/acp-19-15183-2019

71) S. M. Khaykin, S. Godin-Beekmann, A. Hauchecorne, J. Pelon, F. Ravetta, and P. Keckhut: Stratospheric smoke with unprec-
edentedly high backscatter observed by lidars above southern France, Geophys. Res. Lett., 45, 1639-1646, 2018. https://doi.
org/10.1002/2017GL076763

72) K. Shiraishi and T. Shibata: Seasonal variation in high arctic stratospheric aerosols observed by lidar at Ny Alesund, Svalbard
between March 2014 and February 2018, SOLA, 17, 30-34, 2021. https://doi.org/10.2151/s0la.2021-005

73) A. Ansmann, K. Ohneiser R.-E. Mamouri, D. A. Knopf, I. Veselovskii, H. Baars, R. Engelmann, A. Foth, C. Jimenez, P.
Seifert, and B. Barja: Tropospheric and stratospheric wildfire smoke profiling with lidar: mass, surface area, CCN, and INP

34



-—
o L R
M ‘_'f \/2:_'.__ sl ,S_iJ ‘_
?ﬁq ,-:‘Sl Laser Radar Society of Japan ~ L-—

L=ty vy rail 0 3N 15 (2022)

retrieval, Atmos. Chem. Phys., 21, 9779-9807, 2021. https://doi.org/10.5194/acp-21-9779-2021

74) P. J. Crutzen: Albedo enhancement by stratospheric sulfur injections: A contribution to resolve a policy dilemma?, Clim.
Change, 77, 211-219, 2006. https://doi.org/10.1007/s10584-006-9101-y

75) T. M. Lenton, and N. E. Vaughan: The radiative forcing potential of different climate geoengineering options, Atmos. Chem.
Phys., 9, 5539-5561, 2009. https://doi.org/10.5194/acp-9-5539-2009

76) The Royal Society: Geoengineering the climate: science, governance and uncertainty, London, ISBN 978-0-85403-773-5,
RS1636, 2009. https://royalsociety.org/topics-policy/publications/2009/ geoengineering-climate,/

77) R. Muthyala, G. Bala, and A. Nalam: Regional scale analysis of climate extremes in an SRM geoengineering simulation, Part
2: temperature extremes, Current Science, 114 (5), 1036-1045, 2018. https://doi.org/10.18520/cs/v114/i05/1036-1045

78) A. Lockley: Distributed governance of Solar Radiation Management geoengineering: A possible solution to SRM's “free-
driver” problem?, Front. Eng. Manag., 6 (4) : 551-556, 2019. https://doi.org/10.1007/542524-019-0055-y

79) 1. L. Reynolds: Solar geoengineering to reduce climate change: a review of governance proposals, Proc. R. Soc. A 475:
20190255., 2019. http://doi.org/10.1098/rspa.2019.0255

80) MINE L, PR H, BEIER: [ETY (O ry=79 ), KA, 58 577-598, 2011. https://www.
metsoc.jp/tenki/pdf/2011/2011_07_0003.pdf

81) E. Kintisch: Hack the planet: science’s best hope - or worst nightmare - for Averting Climate Catastrophe. Wiley, 2010, ISBN-
13:978-0470524268.

Sl BB

JUNRAICT, KBEZ 7 0 vV oNECH s, T0/RIFII—L—HFDI7L4 ¥ -~k 205 #E
BEMZEANCT, Q=LY MRy 75— F =L 2% AHERFICT, KRR T7O VLV EELR L%
WFge L dEB k. 2l B R¥ A 287

35



S = :
?/‘ L& Laser Radar Society of Japan L=y vses
S

—~—————

L=t vy v rEast 3% 15 (2022)
HE SAX—8H |

L —YZRWEF NIV LSAX—ICKD
FEEFREmORE - EETH

NE B ™1 Bp (5482 Al NS
GEE ORLEEY, JIm AR, R RS
VEMREE (T380-8553 REFIL R #H 4-17-1)

2R K (T464-8601 AN 4 i 1 T-HE X ASEMT)
SHALSERFZERT (T351-0198 1 FIRAEHT AN 2-1)

PRGBS RS (T 182-8585 HULUARHA thidiAi + It 1-5-1)

Mesopause temperature and wind observations by a narrowband Na lidar
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Metallic atoms, such as Na, K, Li, Ca, Fe, etc., originating from meteors are concentrated and forms
metal layers in the mesopause region (80-115km) in the Earth’s upper atmosphere. This paper details
Na lidar observation techniques to measure temperature and line-of-sight wind velocity in the Na layer.
The technique needs a narrowband 589 nm laser and a measurement of a fine structure Doppler-free
spectrum of the NaD; lines. Based on the robust and reliable measurement techniques established by a
Colorado State University group, an Nd:YAG-based Na lidar was deployed at EISCAT (European Inco-
herent Scatter) radar site (69.6°N, 19.2°E) in Norway in 2010. Utilizing the advantages of the high
power (4 W) laser output, five-direction observations are performed to measure spatial distribution of
temperature and wind velocity.

F—TJ—F AL =Y, F MUY AT AL Y —, Nd:YAG, I PE A

Key Words: narrowband laser, sodium lidar, Nd: YAG, mesopause

1. FC®IC

IR T b TEEAMR NI T d 2 WP B A (B9 EE 80-115 km f38) 121d, WA D Na, K, Li, Ca,
Fe 2 EO&ERBETRMELET Y. Na 74 ¥ —13, TORBICHITTHhRIEWRETH S NaD, # (589 nm) @
PNNVAL—HaRGML, LBEHEDGRE ORSRFIFHA 5 Na B (BETIZESIRE, B % SN,
R ESREECTERNT AN TH B, 1960 SEICHD TV E — L —FDORRDHFER S, 1969 £ 1213 H <
bNaFA¥—I2k2 NaWEENOMENSNLY, 2200 LMo 728IED Na T4 ¥ — 2T OEEE
PO EE BN E LTHENTONTWAIHEE, 4 5 —BllTEOREICL Y, KAWHEOER
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(CEE A EHREE L B OFHIATT R & 2o 725 TH 2Y, ZHUTIZEA & AL LFET 5 L — FHdh
BARECHBLTVS., KL TIE, Na 74 ¥ —OEBINFEOREZ S, BHOEHEE > 27 408
FIZOWTHR%. F 72, Norway, Tromsg (69.6°N, 19.2°E) @ EISCAT (European Incoherent Scatter) L —
F— BT L 72 NdYAG L —HFR=ZD Na 54 F—IZ20WTHRMAL, SHOFBEEMEICOVTHER
5.

2. NaDz AN MILOFEZFTAICE S LD Na T4 X —EURIDHEL

2.1 Na ZEEHA

HRTHD THE SN EE T 4 ¥ — 1 Na BT, 1969 4£TdH 5. Na FF I3k : o ¥ —
MPEELIZ6 AR BAR+3AK) OEFOERN (NaD, #) AETEL, 589.1583 nm DG AN F— DRI E
R 24T GEEELEL . T OWIGRIZE I TH 255, BUEH% L T2 Na {152 H -2 & Blgt
$ % &, Doppler broadening 12 & ) WRIUiAS 2 DI DHEA XY ML &4 B (Fig. 1). I T, NaD, A7
MVIZEO R E Y OBET, 2077 7IXEBEIC 10=589.1583 nm D JHIEEL vy % 0 & 5 2 MR 5
TERINDLDOT, KWL TLZOELLET L. FBEBIEE ERIEOBE L ZOHEIIWHEE 589 nm IZHB W T
1 GHz~1pm TH 5.

0.7 T T T T T
‘ | | | ~T=150K

Normalized Fluorescence

0
Frequency (GHz)

Fig. 1 Differential backscattering cross sections of NaD, transition at 150 K
(red), 200 K (blue) and 250 K (green).

Na 74 % —7Ti& FHHL—FDOWHEEL NaD, BUCHFT S5 2 & T, Na LB HEDCOEEBN 2179 .
WMPDONa 74 ¥ —TRECEEL—F2HCLNY, NaD, L D BIEVAXY FVIEDO L —FTh o727z
OIS SN Na BIEOFHIICR S h 228, HRARFETEM S T2 ARG, KR
A5—=DT7 7T 4T 413EL, 193 FIEHARLARET, (9457 (L—HF— - L—¥F—) L4l
W EVIFESPHENRTVSY. HADNa T4 & —EllTIE, 1984 484 o i 1 IE 15 Hb < o 8]
W) R E A E T CRRCEEB B SN AK T T4 v 2 Na OBEIY, U4 A7 B2 A 5%
BHFTIZ 313 % MU (Middle and Upper atmosphere) L — % — & Na 7 4 ¥ — O[5 22 TR R % &
FTE 7

2.2 RE#H

TR R I O KR AU 25+ 28 % LCwW A 0T (22835 10° [Hl/s), Na lZiFmAkkis
TETPHEHIELTHREY, 20720, BEh5 Na% bL—H—& LTHEROKRGMNE % 3T 2 AT
bRTE2Y. F4 ¥ =125 2% NaBIREOHEINE 1980 AT STV 72251 BUE O & [ /- ik
BT L7201, 305 FHYKEEL Y 2 A RFOGFZV—TT, 1990 HEEHTH LY. 2o
FEE 2 BWBEE L MFIEN, NaDy ARZ FIVINO 2 R L —FREMERZ &b, 2 B0
GLEHRED S Na i EZ B $5. 22T, 4 ¥ —DOZERMEIR FHL—FlRE KRAOERER
NaD, B RELWHRE 22 E D% ICIC T 4 =R W) HGHREHOCEETE S, 94 5 —ifl%z
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BFIERT
2 2 A
0@ =noTa (2 Tra 2) -{NNa(z>-Az-a(T,v)}-(Z—z)-nw

77zl

n(z) ¢ B 2[m] 5 O R H

ot FZRICEHEE B 3%IE L —FORTE

Ty(z) @ # B2 5@ z[m] £ TORKADZE M

Thna(z) - M EDSEE z[m] £ TO, NaHTOIBFHELC X 5 EEEK
Nno(z) = BB z[m]I2B 1) 5 Na OB [m 3]

Az S EEST IR RE [m]

o (T, v) * Na JEF OB HELWIARE (m?]. TIZRSREE (K], v 1B [HZ].
A ¢ EEEEOZ I [m?]

7 EERI DR, LY AOERE, & EORFAE

ny L WEEONTH

EZATRDANEHELE BEbLND DL, NELUIESITE L ZITRE ST 21T OZENRE n(z)
OB T, ZREHRER, DTIORTHNAEEZ RO L I ENTEL0%, Thb. 2 FHEKEOHH
X, RO THbH. T—FHMTIEET, KBIERRICBIT2ZELT - 20BR6EREL, "
30km DRKZAD LA Y —HEGEDCHEEZ T L —90EE GHL 7+ b)) oz 1ro. kL7
BO2ABEBEINENOZENEREL n,(2) & n(2) £ T 5. ZEROLERNFELBIIEO KEE T ILFE
BIIZME DS EED 2 VIIAWTH 575, BN VS 2 FEEIIMD TEHELTWwb7290 (EEEGE R
1 GHz~ W EZ - 1pm), FENFTRI RFAEBFLFLWEBITA. 22T, =EMELa/, %L 5
EENSOARHBGMENRTRTH vy VSR, 2 R TOMSHEEBTIROL o/0, ICFELL RS, o
(T, ve) £ 0o (T, v,) DIEIZ Na iE T OADEBTH 57280, &z T LD n/n, OMEIE 1 xF 1 T Na iR

COBITRS BRI, FHN L — R E EE LTI Z TV, 2 O8I MBI IS W TR &
TH92LTHA. MixtHEHErE=ry—L, THICESEIHIL —VFREERZEEL, ZORERTHT%Z
19, ThadEHT 57201230 T M RETIE, EBREIZBIT 5 Na V% H 72 Doppler-free fiafll 53

Na D, Doppler-free spectrum
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Fig.2 Example of measured sodium Doppler-free absorption spectrum with a spectrum resolution of ~1 MHz
in shown in GHz in the frequency scale relative to the 32P3/27 >325, /> transition at 16973.36 cm !
(589.158 nm): large dips at the Na Do, (va= —0.6514 GHz) and enhancements at the crossover (v, =
0.0188 GHz) are clearly seen. The down- and up-shifted frequencies are respectively at — 1.2814 GHz
and —0.0214 GHz. The probing laser power used for this spectrum is 0.3 mW, resulting in Doppler-free
features relatively free from power broadening. The feature around the D,, peak is expanded as an
insert in the upper right corner, and the laser is locked at the deepest dip at —0.651 GHz?.
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FHENC & B EIRRIE DR B A X7 PVEHIT3: S RS L 7222, Fig. 213, ZOARY MVER
. L—=¥hE ATy L, BHAOLFIRE Z VT Na L h 5 O3B EGELE 2 5Hll 5 2 72785, 6
Z1¥ NaDy, peak I SN B A X2 v (ROA LK) 251 MHz (8 0.001 pm) LLTF OFET
PRl RECTH B, Thaed LIV —FFEEKZ NaD,, peak (20 v 7§ 4. BT, BRELWT IRk A3
FEAAUICHE TN AT DT v, (Do, peak) & ve (crossover) THEIHAPEHBEDIL% & % (Fig. 1 ). A
N7 MPVEROAF ¥ YBIIITIE % <, 2 BB 2% o TR HEH2STTRETH 5. Z BT
IV, NagA4 7= EBEATREOBEISEOEELME T & o7

2.3 EEEH

Na 5 F%2 &AL ZBEMPBIT L E, W EPSIEARY PUVBRER 72T THBEHS 7 F L2 Na X
X7 bV &% (Doppler shift). Na T4 ¥ —TIXZOFEHKY 7 v ammii L, #HEZRHNT 5. FRER
HTIRAKPEASEBR L TEY, ARPEEEOFHUIZIE L — G 7R 2 8l A 5 — M, S mo
Doppler shift 7% 5 #EE K 55 % 51l 9™ 5. Doppler shift 12 & 5 227 VO FHiE 1 MHz A% 0.6 m/s (Zx}
B9 5720, HEEOFHINILE 2 L —FREEOT v F 2 7HEED 1 MHz (89 0.001 pm) 23K 5,
ZTNEFEIL T 5.

a0 T FIMVRFDO 7V — T3 1994 4F1, Tk, JAE, Na BEEASFERICEH R Z 3 Rk 2 i L
7282 JEARJEBLZ 2 R & W U T, M E IR THED B NaDy A7 MVNO 3 MBS L — B
¥Bxuay s L, ZENGEEZEOLZFELIE OIS X &, e, JELRDZ. av 7350 —HFEk
i, v,=—-0.6514GHz & v, #2630 MHz ¥ 7 F €72, v, =-0.0214GHz, v- = —1.2814 GHz, ®
3B AE M VS (Fig.2). a0 5 FMIZKRFEDO TV — TR WL —HFiE, Fws) v 7aFElL —W
(589 nm) & ZFN %OV AHEET 5 PDA (Pulse Dye Amplifier) THiE XN 5. 22T, L—VOFEHEZ S
HMCIEMICW DB A2 FEE LT, HELEERTEM VAWMLY 7 % — (Acousto-Optic Frequency Shifter)
EHOWTWS, Yy ZL—FORBICEBE L 2HBD AOHEEY 75 —12&0, ay 7§ 58 HER
(va) BZENZEN+630MHz & —630 MHz DJHWEE > 7 M 2179, Thzflil— L L, PDA & w3
VAR L TWb ., KRFED BMAIEE % & O Doppler-free AX27 MVEHIZ TV, ZNIZHEDL V=9
WA DS IHE % 5.
COREFTEICLY, Na T4 5 —IIBIF2RE, A#E, NaBEOBMTFLIHELLZE V5.

3. Na BE/BETA 4 —OIEHERNDISH

FMKETIE, NEYAG B L —42 % v CTRBBIIE O Na iR 5 4 & — 2K L, 2000-2002 412
WRIFEH (69°S, 39°E) T 2475725 BIRICBWT 1 & CEAT 2 74 & — Bk o w i,
L= HBERI Y X7 2 0% EMICRE RGET 5. BARKB TGS L —F a2 A TR, &K
ORIRBIN T 4 7 —DVEY ARDBHO T E % 572, FFEZIIIFEERE, 207 FHIERFEA) )L K%
DOWFERE LT, MBT— e 74 ¥ —BIICHEDL D, S HIHMEE RO 7. KED S )5 EL 2004 4F
I121%, Norway @ Tromsg (69.6°N, 19.2°E) @ EISCAT (European Incoherent Scatter) L — & — BT IZi%iE 9
%728, RS/ P IFEAT & 3EIF C Na i/ BGE T 4 ¥ — OB 2 BE L 722, BINKY1E Na 7
47 —BNTFEOBH, RSP IR L — 7B, BYLEIET RT3 LEsio L —F
4 FZ2%—MH Na L—H8IEY, oFRzb0. BIEEME, KEREZTCORETH > 72, Tromss O
FAF =1, ERL — BT/ BGEEHI 0 72 0 OREE 2 FR KR 2 EI L, Sl EEE It TANA
& KIS L, 2010 4F2 & JL sk Cks ] o MBI & J23 L T & 723939,

CZT, AL —FZ2HW/ZNaIA ¥ =Y AT LIZOWTihRE, LIEHE T4 55— L —YFEEEZ
MRRT- OIS BEE R TH 2 720", —BIC, FIREERO AHER 2 VERL —F TR 2 2 &
BESTIE R, LAL Na T4 5 —I3BARICH, NdYAG #5dh D & & v T 1064 nm & 1319 nm D
FEARP L —FHIFESHER TE, FIERMILFAH 2 A TREEROM D 589 nm ok —L ¥ M ERT 5
ZEDRTED™ (vigga+visio=vsw). NAYAG L —HIEZRETHMAYEDD ), FIWHED L 0o B
RLBEHTELL—HFD—D2T, TOL—FE2R=ZAZLTNa T4 ¥ —2MHTES A1) v MIEFY Hih
2\, F 72, injection seeding H R (i) O Nd:YAG L —% 7% 5, FL —H (seeder) % H\THATIH D
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589 nm HEHOLE ALK T B 2 EWHET, WE/JRHEETHI Na 74 ¥ — L & A UFRETL —FRERO KR
E=y— LHIEDTRETH 5. 3‘&#9’6 Na 74 % —I2BWTId, 589 nm GIRICEAL —F2H W SR
727213 T3 7% £, Doppler-free S5k % H W 7245 e = 7 — LB M EFEE o0t £
WHTELZLI2h5.

Tromsg DT 1 ¥ —1%, HER, ZER, GHRITHAEA» SR L3 BOHHIT ¥ T FNICENZRIL
OB, EISCAT L — ¥ —#lHlFr OB IRE SN T4, L —HId injection seeding /73D Nd:YAG L —
THIR SN T3, Nd:YAG Ol 2% 5 808 nm D L —H# % {4 + — F& w72 end pump /3 (Nd:YAG
R I 20 HOCEEE 2479 30 T, IR L 72 1064/1319 nm 79V A L — ¥ % JERIE G450 § LiB;0Os THI
JAW D 589 nm S EFEEEE L. L—HF I 4 mI/pulse THERD Na 74 ¥ — L D DD, SHHEIERK
1000 Hz &R ) R LY EBTE L7208, NaFd A F—L LCERERNIO4W 2EIHLTnD. A5 4

=%, B THBEZ L EENL, SHET ML ORI 5 77 Mo R BH i/ JEE o 22 [ 5545 O

(c) 5-beam observation

Fig. 3 Pictures of (a) 589 nm coherent light generated from Nd:YAG pulse lasers at 1064
and 1319 nm. (b) Telescopes directed to 5 directions to measure spatial dependence
of mesopause temperature and wind velocities. (c) Five laser beam observation.
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Fig.4 Observational results of the sodium lidar on December 18, 2018. The altitude and time resolution are 1 km
and 6 minutes, respectively. (a) temperature, (b) sodium density, (c) northward wind, (d) eastward wind.
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FHillZ B2 %> Tw b (Fig. 3). Injection seeding /3N & 13, 1064/1319 nm ¥ )V A L —HFIRIFICENZ N
FRATIN CHL— IR O 1064/1319 nm O BRI L — 3 (seeder) AL, 7SVAL—F A7 MLODH—
WEAL &AL L W BRI 2479 T TH B, Seeder T 1064/1319 nm DFAVE W % & 0, A L7z 589
nm JGC Doppler-free AX7 MV EEFHII L T4, Seeder THD 2 JHWEEAED F F 79V XD 589 nm JEIZ K
W2 1% DAS, injection seeding DIFELTH 5. 3 JHWE DY) D B 2 1%, 1064 nm seeder JEEEHIZEXE L 72 AO
AW 77 —THr). ZRV—FEERBTERIWIRTONa TA F—BMARE L2 A S A
T, WOBIRITHELZ LG22 L —FRIEEERE 01T TH#ET 22 LT, WL EEREZE(LsET
Wh, ZOFRKL =T X7 ALY, HERED Na T4 ¥ —CTRFRZ T2V —F DR V75 v ARBH
DOANEBEBKRIFICEIR SN, B HELESNEZLI2%D, T4 5 — OIS FKIG KFERETH 5
TND R L BPERTEL L) ko7, AFEMONMIBL TEREEL — 5 L OO EE LR 7— 5
HBER, s Tws (Fig 4).

4. REHA - BRSANOHFE

WAE, fEREZ SN Tz Na g (FRE80-110km) £V HEEE, WA 120km 7225 200 km F TO FHB
BB IR Na TS A LTWB 2 e T4 F—BIllc X VRS h727Y (o4& BE I L
Tk, Fe¥, KO LIloWnTHRERINTWS.) O &id, Na T4 ¥ — BN 5 80 km 70 5
200 km F CTHLIR S &, hPERE/ RO FEES A% P RE2 S THABERE T CEHNTE L2 L2 EKT
5% 727201, BB O Na%EIE NaJg ¥ — 27 90 km SEOFEED 1/1000 F2 (Kfil/cm?®) T, 2hET
B CHEE 2SR ARE, HWHEAY) T TIPERLE /A XERD), By HEEE 25,
W ORI IO T#H7 4 vy CREE~1nm) OWETHTH 525, MISERHE D121
AR BINC IR 7 4 L BREE 2 5%, 207 4V FH, T30 FHLKFEE BB W
WS IESA T 4 Vv # O Faraday filter (CPEIE~0.01 nm) T 5.

Faraday filter (&, fRJGT % BAHCE L72R67 ) X 5 OMIRBS =M 2D, 2 212N Na £ %2 i
BIL7405THLY. EVEBBTLHOI L, ¥ vRRE T 7 75— HEORIIGFI R F
JHL NaD, #R O A% EIWICEB S & 5. REREEIL, ZBRESHEFERECHREICRTE L L, Zhds
PAHIE~0.01 nm OBIRIFH TH S 2 &, FEMHE (>90%) THHILThb. EB#MEIYIal—Tary
DFER%E Fig. 5 ITRT

Faraday filter (&, MZIC X D VN THEK T 2 E5IRED Na L FEEVZLT 5 L, ZOEBRFFEIK
ELEDL L) DH S, Tz, EMIFEBEEIREEZ o720, RBIHAONY FAXT7 105k
R, 3 RN TR R E O R BMAFEAS T L E ) (Fig. 5 OfER). S0k, BELR 74
WV & R & BN O 2R PEASHER LS & 7 B, L LIFERESE T & % Faraday filter Tl, Na

1.0 | (N
L [
L [ .
if ]
08 R el ;22
- L i Cell Temperature: 443.0K |
=) - N
2 0.6 - 1] E
5 . f 13 ]
5 04 it :
= L } E
0.2 1 .
L I
0.0L s Lt
-15 -10 5 0 10 15

- 5
Laser Detuning (GHz)

Fig. 5 Faraday filter transmission calculated at the condition of a cell length =2.5
cm, magnetic field = 1750 Gauss, and cell temperature =273 K (170 C).
Dashed vertical lines indicate the three frequencies used at the lidar obser-
vation.
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VEMEHIRETSH 5 150C L EOEIRT—@ImEICR>TH, Y VMBEON T A & HEili Na i & OfLF K
IO &0 RS 2 H) 2 AL T B L) BN R R ESH B, T8 T RNV KA T Faraday filter D
RREFME DT>, BlHiATE KRR E 2T TEEROBFEEZITo Tz, LaLEbZdh, Tl
DNa VB H T AETHHU L, BEOEIZHNIOLFUNITHET ST, JLmBETo%% e iE
W TH L. 2 THh4 1L, LEMIEN 2 SR Na K123 LT o 2 WSS 7 7 4 7% vkt
B UCHE, TEMITRPHEM ZI0H L7z Na e VBV EomEr, @i Estiie X 2 et omigE &
W) BTN S, Faraday filter BRI O 720 O Na £V OMBEARIE 2 BMG L7z, 2 ORF%EIE 2021 £ S 5 48
W, FHEFEEmh 4 GEE(A) OBk EZITCwD. HehGHary FF 28NS ) 1 RFEL,
Faraday filter % flAAA ZZER CTEIMRBZITH. Na 74 F—#llg, BAETZER BV TERLT
W5,

DilaglosdE, Tromsg D Na T4 5 —D5A5RI2 Faraday filter Z RlAiATe Z & T, KB Z T2k,
PEl I (80-200km) IZFEREES¥ 5. F 72, Tromsg IEEMEEEICAIE T 5720, HAEOHE MBI =Z8l %
Faraday filter D38 A CTHZF - B~RE 2L (ThbHEMBIN) 2L TE& 5. 2023 4E121E, Tromsg
T EISCAT_3D L — % — (MR 3 kocBlll e 2 kAL — 7 — - P58 100 L L) SERRILE @ b
EBBIBIGTETHAH. TDEISCAT_ 3D L — % —IZK i &2 &b Na T4 57— O L\ WBLIIHEA % fESr 9
52 &, WIRHRE - FEEEERO RS - BHEAFAH EAEA ORI SHD REZFEIKL T L.

5. F¥&&

K iE, Na 74 & — OBHEAN O AL 2 RE BT L OB S L7z, Na Bl T b TR
DO, Na 74 F—I13LBHEL T 4 5 —OBUEM 2 FTI L CTELDIZMEN RV, OO 4R 5
FORBHE T 4 ¥ —IC b RBEXE SN, dbBIsC o2 e E I LTI L7 o/ s
7 — % %W, IS (Incoherent Scatter) L — % — & [ FREIHA R EFSILFIFZEIC L 0, 48 b FATH R
ML TWH B, Na 2 GORLAHOKT, 570 T4 7 —BUIOKLRELISHICH L TiE, 20224
25858 & 72 572 She BIFDEEEBE|IZ SN0,

E

FPRMIS, AROEFENLIFFDOH A ITERSEH LMEORELRLIVwEHwET. LT 15—
ORER, Bt - BED S, BUE S b < HERE - EH - BRAIH, Faraday filter S8R OBEICH L TiE, 63
FHO % Ol 2 DFCEMEIIZ, B4 RORENERFLRF—2T— 7 WM LTIRLTEIHATE IR
ATL7. BMNREOBNEZIRHE (L) 121, EFEEMEMKFEMBIED S EAE RS CrEM T A
TR T2 &, SOICHAEEA L 3EMOFEROBEE G2 TWz72& F Lz, sk
O R ERE ERE (4 GRENBHATIZETR) 12, M2 55/ o7z Na 54 5 —% k%0
MERRICRE STV 2E, NaTFA VT —DALRLTEND I A ¥ i 2 KRE SRR S EDHL K% 53
ZLTWAEZEFE LA auF FHNILRY O C-Y. She #d% () & D. A. Krueger #4852 () 121%, #
W SHHT - B MU T Na 74 ¥ — DRV EZ G2 T2 & T Lz METHLARTWAMRE A
BT EA, NELTHMIEEL LTCHHEYDOADRLZREGHAZTIEBELRBERTHLIL2FUFL
7. A AKRFD C. S. Gardner #% (41FF) (ZH BT — ¥ T TREBHEHICRD T L2, AEEZ RN
RS Ly (BiFww) FLEr7—3 3 viE, EEAREILENYTL. ZoOREBHEYILELT,
BRI CIRCBEH Lo e BnE g,

AR THA L7z Na 54— B 2005800813, 0 AREATRE AR 022 8 Bh%k 33 (JP24310010,
JP17H02968, JP21H04516, JP21HO1144), % 7iE KD ISEE ERSILFEMIEDO IR Z 2T TEMML TV 5.
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Metal atom and ion layers, containing such elements as Fe, Mg, Na, K, Ca, Li, originating from meteors
are valuable tracers of the Earth’s upper atmosphere. A resonance scattering lidar is a powerful remote
sensing technique being applied to the upper atmospheric studies, which can measure the vertical distri-
butions of temperature and wind as well as density in the metal layers. Among the observations of the
mesosphere and lower thermosphere region by resonance scattering lidars, this present paper introduces
the evolution and recent trends of the observations, especially those of the atmospheric phenomena pecu-
liar to the polar regions, which have been conducted in the Antarctic region.

F—U—F BRET A & —, B - T IR,

Key Words: Resonance scattering lidar, Mesosphere and lower-thermosphere region, Antarctic

1. ELBIC

HISHET A 7 — 12X 2P A - TEHABEFEIROBN T, RAHROESBRE TR A 4 > ORLIIKEE &)
KRB T AN F— MM YT HWEDONA TR T2 2 & TR 2 IEEEL GRgaEt) 2R L
T, WELWE O - B - MR FHNT A Y. HERIC 1 H 100 b FEERCKT B UEIE, B 80-120 km
TREAE OWZT L) RESMBAAEI L, FrOEEiILHE (Fe, Mg, Na, K, Ca, LiZk¥) ZHRINT 22,
80 km PLETIE, KRABELSH LICHRTIHU RSG5 ICHETH L7020, ThHo&EieHE
WBETR A 4 v ORETHAETE S, SRET ORI LAFEAAINERIEZAR L AL VDS, £E&BET
DRI BB E TN 4 OSBRI T OEEL LR L <, $REMG & LT3
JE9 B BEREE (80-120 km) (2B AAHIE 5-10 km IEDBZ L L TWE I ML TS, &
DHIRO SR T LFN R F @ RN E L, PHRRAE o2 HmRELZHYVEL T 20, LEEE T
47 —EATHEONL ER/ETOMME - HEIXZ OO RKOMEE - Fok & B b, KREEED A%
R - T EREVE SIS B W T, AL O R W IRIRHEL 2 FIH L TRADIRE Z X5 W 2 0w 1T EE 7
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=1-freq. lidar =Doppler -=Boltzman ‘Multi'=Fe, K, Ca*, Black fonts=Night only, White fonts=Day and night

Fig. 1 Historical calendar of resonance scattering lidar observations in Antarctic.

HIRHALT £ 7 — 1k, FHIH N BREABNTETH 2>,

FIF O - TEHABFR T, FHLLOOEIANF =T O AR T2 HIRRAOIE L L
T, =0 ITRESNDFEBHE LSOOG & ) REW = OIS L5 2 5. £72, W E
LEBEOBRTH B HHIBERTIL, HERKKORIRDSHE A B VTR UIRIC AR 2 HEHEHBTH Y, 4
XDEOF IR 5 &) M BT & 3 OFHE 2R, HIKETRORIRICILL EEDN TS
EmorHBEREAETIE DT ET 5 KERPEM L, HMPHEBEZE (Polar Mesospheric Cloud:
PMC) (IFIZNZZENHILE NG, WRHE 7 A 57— OB R & % 2 &8 E T, BIRTIE, PMC O
W, RO — 0 IR T ORAADBEE 2T, PR & 382 5 IR OLB 2R TY.
AT, FICHBIETORBEHE S 1 ¥ —BllliconwT, 2HTINTF TOLEBZHHEISHN LK, 3
i TSI A O KRR[BLZRIC DO W C OB F % i8N d 5.

2. EEBICHITRHBHEL S F—FAOKE

AR O 5B SEH CIT b 72 B ELEL 7 4 & — 8Bl % Fig. 1 & Table 1 12 F & D72, FMI THD TIT
bR EGEL T 4 7 — BN, 1985 FEIZFEHE X L7245 26 Y H AR RIS BRI X 2 BRI (69.0°S,
39.6°E) TOF MU Z A (Na) BEBNTHZ07. BHICHV SN RIBRALT 4 5 —13, 4l EAYDS
B A& 3038 L C 1983 450 S TR 2 £l L T2 7 a5 4 ¥ =312, EMRFENEEE -
L7279y vag ryiBaHEL —F—%2REL - LTUMAELBHELS 4 54— T, 1985444 H
2510 HO 7 2 HENZ D72 - CTREBINATER S, B cH)o THIHE Na & O 2L L O &
FIIHPITT CTOFMHELD R E N2, 1990 FFITIEKREA VU 2 A4 KED, BBl IS L72E/5 1 )V Na
HIEHELT 4 57— DOZERFER YRR T E 72007 4 Vy —L LTy 7V say Y AT A

ZINA TR (South Pole) ZEHiL (90.0°S) IZ#%ME L, Bificwo T, HEE:O T ) HIIR % & HE o
Na %R &2 FEH L7220, B MEREOBIIE RO £ 0 25215, 1999-2001 4F (2 B 5 < Rk

L—HF—THET LIV FIA4 ML —F =24 L7728 (Fe) KLY I 45— 2000-2002 4F |20
MHEHTH U CFERL —HF—THh5 NEYAG L—F—%2 R L72Na Fv 75— 45— %= RE
BN DS ERE S =139 JLBHEL Ny 79— 4 ¥ —BllB L O Fe KLY~ I 4 % — Bl OB

Table 1 Observation list of resonance scattering lidars at Antarctic stations.

Station Location Period Metal Laser Method Night/Day
South Pole  90°S 1990.04-1990.10 Na Dye 1-freq. N/D
1995.01-1997.12 Na Dye 1-freq. N/D
1999.12-2001.10 Fe Alexandrite  Boltzmann N/D
McMurdo 77.8°S, 166.7°E 2018.01-Now Na Dye Doppler N/D
2010.12-Now Fe Alexandrite  Boltzmann N/D
Zhongshan  69.4°S, 76.4°E 2019.02-Now Na Dye Doppler N/D
Syowa 69.0°S, 39.6°E 1985.04-1985.10 Na Dye Doppler
2000.03-2002.10 Na Nd:YAG Doppler
2017.03-2018.10 Fe, K, Ca’  Alexandrite Doppler
Davis 68.6°S, 78.0°E 2011.01-2012.04 Fe Alexandrite  Doppler N/D
Rothera 67.5°S, 68.0°W 2002.12-2005.03 Fe Alexandrite  Boltzmann N/D
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DWTIEE 3Hi (3.2.1, 3.2.2) EERENV, IO Fe KV Y= 54 ¥ —1E, 2002 412 Rothera
HeHh (67.6°S, 78.1°W) T E N, 2005 SFEF THIM AT - 721%, REINTOY AT AEH 2T, 2011 4F
|2 McMurdo EH (77.8 s, 166.7°E) 2Bk sh, 205 FR¥OFETHH T T Z#EEL TW5. 2011
4E1213 Davis i (68.6°S, 78.0°E) 12, KAV @ Leibniz-Institute of Atmospheric Physics (IAP) (2L > T7T
LEH Y FIA FL—HF— 2R EL—HF—L LTHWVIZFe Fv7I—F4 F—9p%E S, 201244 ]
F T Fe BIE L JMOBIIAITHNI2. Na & Fe UMD SR ICHEONE L LT, E 7 HHAF7EH 38 CTH%
ENPRELEIHELS 4 57— (Fig. 2) 12X % K & Ca®” OBIlAT 2017 4£5 5 2018 £ F THrbh 7z, =
OWRJERLBHEAIA ¥ — T LFF Y FI54 ML —F—ORFREEEHEBIILNZ E2FH LT,
Seeder EZY V2 2 2 & THR[WEZESE, HEOERITLE (Fe, K, Ca™) OWERTHEICL
Ky 79—54%—T, HAENTORBRBINZFETS, 2017 4 1 H 24 58 W H AT M s 81 Bk 1
Lo THRANZEMIZREE S 2018 4F 10 H £ THBIMl 217> 72. McMurdo 251 (77.8°S, 166.7°E) 12i&, 2018 4F
LHIZNa Ky 79 —F 4 F—HBMEESH, Fe LY r 45— LoRBBNZBEBLTHSY,
2019 4121 Zhongshan 2 (69.4°S, 76.4°E) (2D BIN W REZ Na K v 79— F 4 ¥ —» ki S iz,
KIAE KIEM 30° OB ETED 3 FIANZI L —HF— SV 2 2% E L TKRERINEEZFT) ¥ AF AT, ZELF2R
WCEFEER IR T 5272007 4 Wy =L LTRG99 77— 74 vy —2A L, BE, iR JA#H
MAEBNZ BB LT 51,

Fig. 2 The frequency-tunable resonance scattering lidar operated at Syowa Station
in 2017-2018.

3. BEREICHE T HHBHEA T 4 —8HA

3.1 EREREFHEEHRA

JLIBHGEL 7 4 7 —#B T, S RWE D S OGS 5 OWEE D O N EWE O BEEME /5%, #ik)
AL D 72D 1K EE (FIBE 30-40 km f3lD) DORGEHEZ BT TV (M 12 551 T TOREKAOB
W HD  AMIREEERAET V) 52, KAGTF260L A —HELOG ZMETHELT 2. 2o
BARALICE D, Bllldho V—W—%@Hﬂﬁwiﬂaiﬁﬁéﬂ%ﬁ BUSALITAL o 72 e B & SR 51 o [
WKWERIT OV VHPEIET 2 EE I EMOMIES LI 2 5. IS ERRICIE, AW e E =
(Polar Stratospheric Cloud: PSC), E,ﬁﬂ Tﬂﬁqu' 7P (Polar Mesospheric Cloud: PMC) ASHBI§%. PSC D
BHEEILEE 30km LT Th L7280, TOBEZT 5w, —TPMC ZEBRETREOTHICH 5 EEE
80-85 km THIBIHHE D R 729, j‘zﬁﬁ%o) LIBHELE R ISOE VIO R TO T 4 7 — Bl 2 FIREIZ T,
PMC (2 & % I —{lflE 5 2 LBHBEE 52 S B S HIEPLETH 5.

3.1.1 FEBYIOEBEHEL S 4 —8Hl~Na, K, Ca™ZEERIEZBEADFHR~

M T O MR G OIIGEEL T 4 & — BN, 1985 4F12FEHE S 1172 H AR WIS B S & % BRI 3 b
TO Na BEBT, 4 A2 5 10 HO 7 2 A I 48 W3 OBIAFER S 07207, Bl S 7z Na GO %E
TU7 7 ANEFETLE, NaBEOY—27EEIE90.1km, BEIX485km TH Y, il 1990 4FI1CF

48



AR+ #e LRSJ daimmy

A p§' Laser Radar Society of Japan L —H 223 v otee
S

—~—————

L=t vy v rEast 3% 15 (2022)

WA TR SN2 Na g ZIFIER U Th o7z, TS IFALEERTEEE (753 40°N, 7L IR
18°N) DLW O Na g & <5 L 2-3km k<, 500-750 m /& < 1, A st v B B8 G362 3 % o F R
EENCHEIRELAICE 2 0L LT, EUHMICEHLIRENRHTEL L IR —F, B2 E&TERD
TR T 7 AN EEET S L SR PR ORIIIT E AL o T B TIEH T 1995 £ S D T
TNz 3EMO Na BEBIH L, 1999 4F 12 A9 5 2 4EM D Fe %EBIM TR SN2 NaJg & Fe BOE M
LEOEFYEE T T 7 AV ET I TOBMRR LIRS 5 &, ZROPLEEDZEIE Na gh
100m, Fel#A%450m &, MSEBOB LI NICEHCOARLEST2 —F, BUICERST S L, Mk
H 125 Cld NaJ8, Fe JEILICEASIZE A LML 25 I3 L ICHESMIK L T2, 20 IR L PMC
X200 EHEESINTED, hiko PMC BIIOIH (3.3) TUHTRERT 5. AREIFEOSEETO%E
AT DGR T 221 2 S B KGN O ERABREORA D720 D EELEFZTH L7720, EE, &K
KRETIVOHIIHE 4~ O&E T DL % ARR, EEGAZHSPIZT HRADED LTV
52208 Up LA SBIR R ERIICHERT A ICIRRELOBERDH Y, EFVORBRIZIEZENS
COBMT— % HBLFEL XNTW5D, Na & Fe UNDOERITHEICOWTIE, KEWELBHE S 4 51617
12X % K & Ca® OFERIMAT 2017-2018 4EICHFRFIFEH TITbN, SBILEICL > THRL L ERE 1+
LI & BB OFE IO W TN ASHED ST W 5.

3.1.2 BEFEOEBEEZY ~A —OTHNTORRAAIIHT BIEE~

ik Cld, SRETHEEAEHSELERNELT, F—ustzrildkEcImo iy —HT (F—n
SHT) OFELEZON5L. WAL E — 0 5 ORAEHEN B IR TH 54— 0 I B
LTBY, 1985 4EUMA 5 A4 — 1 FRFRFEARIIH T 5 Na G OIREDTHR SN, PREZEOHARAE S -
72B2C Na BB EORBEIBD L2 B MESNTWEOTY WG 202 7 = AL IEAP L S5,
WAEILIR TIT b N7z, /v z— - POAVICHESNIZNa Ky 7 I =545 =& RRIMNIET HELEL
(EISCAT) L —# —IZ X ZKBIIT, +— 80 I8 ARG L % 2 B HEOW KR & Na BEEEA I
Wi 22 — 3 — )P IS AR S N2 &P 8, BINCESWTRED bRt —a TR T ORAR L 5 KA
BEECHARL2A 4> (NOT, 0,7) DAL BN S N7z Na BEERDEEDN BB X2~ L 722 £
M, NaJfTH A4 4+ v EBMALH LT Na" DB EN L 2 &5, F—1 F5ERO Na BERDOEE L
BRI o TWeZ kAR aEh/z, 72, BHIZEH T 2000-2002 412/ 7bN 7z Na T4 ¥ —I12 & % Na B
B E )+ A — 712 X A STHES TEPIRIL (Cosmic Noise Absopution: CNA) il 3 4E 43 @ [al KLl 7 —
7 ORI CTIE, =0 TR T OBARIIE) CNAZB) & Na BWEZEBICH S 22 KBRS h,
=0 FRFDOREAKRIZ L) HWERRAATEM L CRFEEIIEZ 5 L, NaBEIWDT 52 LTI
MR SN2, Na DA OEREE T O — 0 TR FRAA I T 2 I5ZIE R M S Tuv .

3.2 FE - BEBATRESH

HEHEL T 4 ¥ —CHHBEREZNET 2 FiEE LT, EBE OB A T MVIBIRORERA
(Fy 79 —IEMD) #2FHTHIEBHEEL Yy 75 —5 4 F—&, Fe KT O 2 DOILEH (372 nm, 374 nm)
OEECOREE L ARIEKAET 22 L 2FHT L Fe RV Y=V I54 ¥ —D 2 00 FERHV STV S Y,

321 HBHEKNY T4 X—8A~FBE - BECRRICARSRE R RER A~

SREFIC X AILBHEAFH L2V y 79 =94 ¥ =BTk, SRETFOIBHARY bV (P4
WG : % GHz) % 5l 3 JAddk VR EIRG © %% 100 MHz) OFHMIE L — 9 — (CEE4IE @ <100 MHz) T4
HEHAIS 2 2 L TARY MVOTRIRE WIS 7 Mg, TabbEREFOEIIZL S Ny 7I7— L2050
(EE) LPMAMOBIICEZ Fy 7537 b Q) & —BICRET S 2 LK™, REL—
P—ORWEEE Y B2 12iE, L —H% — (Seeder) DRWE % FEOLFFE T (acoustoptic frequency shifter:
AOFS) ORWHE T 7 h R KRT® PID (Proportional-Integral-Differential Controller) il ] 0 £z % Fiki2s
HoubhTBY, 1500 —F—CRERLHIICO ) B2 2036 HIBHMART PV EEFHIIT 5. —#&iC
HETRE - T EREPE IR OSBRI ES VO T, SRR 2 Y a EE LT 2 T AN Y PVEIRE Ui
L, BENEZT) 2 BB H 5%, BRTIE [HEEEELXT] ORENRDY L2 wEard
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L1OTENLETHDL. BIZIE, TIAH - K—H—7F v b (65.1°N, 1474°W) Tid, THEE (~
100-140 km) 2B B HERKLADOFN (K& 27 7 70 Xu—FHa el L, KROBEIZL - T
HUBFEEDO Ny 75— 7 bREZMET 5 2 & T2 42829 bR, +—1 J5ERICIERIC
BRVERER, (>40m/s) BB SN TW 2. ZORERER ZRITSHBICOVTIRRZBIH Sh Tk
WS, USSR OB EPES IR A M LR E R R T 2 LT, 4%, KBHELT A ¥ —Tb Ol
B X B RN D B

3.2.2 FeRIWYT> T4 H—EA~BHEEE (PMC) FE T COHRERED IR E0H ~

Fe KNV =>4 5 —1F, HBEIEN T2 42323 Rothera 23T 3 4E 339 2010 4 12 A2 513
McMurdo FEH T 11 4E DL F S felF T 570 BlUR TR D DD 2IRIET 4 ¥ —Th 57, Fe
FT-0 2 o0EH (372nm, 374nm) TIA ¥ —BlllZ 3572012, ENENHOL —F—THIEI T
BEL, NOZENFERTZETAYATABRASA TS, 2070, BEBRNZIT) 201225
OILBHFEL T A F—2FHFICEH L2 TELR S n eI L EXRH L. 2EDL —F— V2% R L
W CRAZ LA, 374nm 12 X 2 HIGHELE 5 372 nm ISR IHFIE &M S Wiz, HERE X
374 nm OZEF/E LV ARVICHIRENS., —FHT, GBELZERTH D 2070 Fe I T2 KEITRE {RR
5200\ ETHMZITH 2 L1, Fe JHT AL PMC 2B L728A123h, PMCIZ X 5 I —EELES
ZOrEE - BRAELIE L Fe BEEZMET S MR L7720, FRITBIEENHHBEOBIIICIZAERNE T X
%36).

3.2.3 ARKBRPEIZEIITHRIFGHE - BEEATBELEOEFH A

HEHEL T 4 7 —BllE, =70V OEEFERTE L EE 30kn L EOKBEICBI 5 K5 T5
LOLAY) —HEETEZAMT S 2 L TRAIME (Ki) OWEIWETHL. 2F ), HLBHELT A 57—
BNV A ) =4 =Bl EMAEDELZ LT, EEKEE - R - TIARICb LM - BEkE
KEADIE S Z 7N —F 25N E DR DI Th b, Wi EIEHTD 1999 4 12 AH 5 2 £
Fe RV Y= v 4 ¥ —@BRY L, FEEICIHMEL TN Na Fy 79— 54 ¥ —BlYIg, s
DEEE 30-110 km DR AT DOFHLALZ WSS L7z, FHIcLoh@ e Ok - hEE) i2ow
TlE, MR E2IIRRE TNV (MSIS-00, TIME-GCM) 2 & % F#lEIZE_T 20-30 K b KT, W
M 2213 AL O FFEE COBMME X D 20 KR TH 5 2 &AvRsh, HHREO - FHifERIC BT
B RKEEN P OB I TFHEL Y EFOMEEESEH I T 5.

3.3 #EFEEZEDE A~ ¥R TDREDRE Z fFEA ~

HER b T b AR 7 2RO E o PR R AHE T, b0 T SRR L, MR
(Polar Mesospheric Cloud: PMC) & WFIEN 2 EDFEET L. BREXRALZREN 1 2 H O, wEfsR S,
Rothera 2, McMurdo 253 T 13 5 B 80-85 km (2 LIE LIZ PMC 2Bl ST W B337 . Fe KMy <5
4 =12 X% Fe B, AU, PMC OFBFENNZ, PMC 5858 B TR D Fe BED D TR 2o T
VB2 EZWER LY, WKER T Tk PMC R AR S, PMC %4 L 72 R — S & 4 TALF SOS
I2X 5 Fe BT OBREMMEE S NS & LABERIFZES 2 BN E 5 2 72, £72, deHis® <o PMC B
W& L, PMC AR r i i 2 T 85 <, [AEEE T IR RIS O 75 A3 AbIg & 0 #9 1 km =
TERRLEMS . 2o PMC SRR ORI, BMEIROE o H R EREALE X ) S d
HIERRLTVS., PHERMORERCHEZ RO ENE L TRAENRZ S RAETOMEL E 2
LNDH, KAMEENEEEEIZFIC L 22BN KRE VDI LT, PMC OFE3AEEBEIIBIIEIC L 5 5%
WCEBIRO TSN T LA D, HIERAHRHLE O BE LSRR L 72 BN 20 2 Kt o ek (e
FERE Y HEERO T AS ) BT RFE & RS,

3.4 AE—ItEEOXTABRZEREHNT S [ATKE] OFRER

WERR SR LIRO RGBT S 2 h M O FHRGERORBH E SN TV B RAE WL, FISTRETHRE
L, mEREAT 2 L ¢ EIsEE 2% T 2. Biid, Z3hHEFFHERORBRICZ D, L3
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K58 TH L. Tz, FHIRREEEIZHARTRAMYHEOIRIEAV/N S <, KT WO FHF G-I IR
ELBBHBTODY, FA 5= TR I VTV TFRRALV—F—, REA A=V x i &k 2l
T & BRAE L 72 KA E Ik O B e A TH 5. JLIGHEL T 4 & — TR S 12 4@ 5155 B 0 & BE A
WBERRETWEIC L > TOEET 5720, TOEBESZ ML TARY MUVENTT 22 LT, KREIHED
SRIIXT A — ¥ B ONGBEZ RS S EAHH %102 7272 SR FHEIZA — 1 TR T ORAA
WAk S AT A SIS 2 Ml D KSR K 55 & DAL SO & » TIREW R A + V128 b3 % & LB EEL 5 1
F—TRBINSN 2L 2570, SRIETHELZHFH L CRRED BN 2179 Ba i b2 2 e x %
JEL7RAT &, RN EICR D, —F, R[OEES A & F OREZEE) 2 & KRAE K5 % i
LTS 2354, FEEE D S FEEE £ ToRCE R (EEER 30-110 km) O &IRME ASE VI
] 555 B 43 B CTRE 20 LI GEL 7 4 4 — BUINIEH ICAHRITH 20 Hlz1E, 2011 4E 1 55 2012 4F 4
HIZ Davis ZE# TITh N7z Fe Fv 77— 74 ¥ —HBHITIE, KIROEEGH5 5 WD 5N b KAET %
DRT VX VI ANVF—RERKIGE L h B TENENED L) LFEHEALZRTLlFAES N, TE
THRAE L KRKENED, AL HITEE % @il L ChfEE CEld 201 LT, FeFFRmIc X
BT 4N Y TREHBEE TR M A, PHEE CERT A KRAENWEINRAD T B LR E N,
COXHICHBHELS 4 57— X BIEVEEFRHPH TOSREIE, KAEDEZ A LKA E TG ZE
WA LTIHEFIHHTH S, RiLlE, BHEILLZKEFHEN T — 5 R KAETVIZL ST, KERE T
B OKRAEITHEOWIROE N, TR T TOWRE L ZHUTE) ZR¥E - ZWEOAER R E, X0 Bk
ZETHABEAREINTEBYYY, CALEHET L0100 L) ENH, ZHATOBNIEKD S
nNTwns,

3.5 BBEEERFEHA~ATETUSEHLSERROSTA [REESR ] NOPkE~

McMurdo 258 T Fe RNV Y= v 54 =DM T > 2@ D% (201145 H 28 H) (2, O Fe Jil
FIEE D BIE DI CBEEE (RS 155km) 2SR E & B ICTFRT 5 Fe TSRS,
D% Z VT THIEN SNZZBAERTONa Fy 75 =54 F—8BllT3 2000 4 9 H 23 HIZEEE 140 km
2395 NaJEFRE (Fig. 3 2) 2Bl XN CTw/2 2 AR SAY. FIC X 2050 (<120 km)
LD HBOEEICERE AT 57201013, BENTERFE T2 EHICH%EINLE)NH D, Fe i
T A OO R IR EY; & B L7z [ BB EREE Fe/Fe ™ (TIFe) £E7 V] I2XAY Ialb—var
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Fig.3 Temporal variation of Na number density profile observed at Syowa Sta-
tion from 18:00 UT on 23 September to 02:00 UT on 24 September
200047, A thermospheric metal layer reached at 140 km altitude is clearly
recognized.
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