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Optica1　Properties　of　Free　Tropospheric　Aerosol　Particles

　　Related　to　the　Relative　Humidity　as　Derived　from

　Raman　Lidar　Observations　at　Nagoya:　Contributions　of

Aerosols　from　the　Asian　Continent　and　the　Pacific　Ocean

　　(ラマンライダーによって観測された名古屋上空

　自由対流圈エアロゾルの光学的性状とその湿度特性:

アジア大陸と太平洋上から輸送されるエアロゾルの寄与)
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　　　　　　　　　　　　　　　　要旨

　太平洋に近接するアジア地域における自由対流圈エアロゾルの光学的性状と

その湿度特性を明らかにするために､ラマン散乱を利用したレーザレーダによ

るエアロゾル後方散乱･消散係数､偏光解消度(非球形性の指標)と湿度の鉛

直分布を同時測定するデータ解析方法を開発し､1994年-1997年の期

間､名古屋(3　5.1･N,1　3　7.0°E)において観測を行った｡観測されたエア

ロゾルの光学的特性と相対湿度､またエアロゾル発生源地域からの輸送経路と

の対応について解析を行った結果､以下に示すエアロゾル光学的性状の湿度特

性と輪送経路との対応が明らかになった｡

　1994年4月17日における30分間の逓続観測において､高度1.0-2.

2kmの領域のエアロゾル光学パラメータに顕著な時間変化が観測された｡この

領域では湿度の増加とともにエアロゾル散乱比が増加･偏光解消度が滅少して

おり､高湿度大気中でエアロゾルの後方散乱断面積がより大きくかつ球形性が

高いことを示した｡またこの領域における相対湿度の変化範囲(13%-3

8%)が対流圈の代表的な潮解性エアロゾルの相変化点(固体一液体)に近い

ことから､観測された時間変化がエアロゾルの吸湿性を反映したものであると

推測された｡一方高度2.2-3.5kmの領域では､相対湿度が高度1.0-2.2

kmの領域の最高値と同程度(~35%)で高偏光解消度を示した｡このことは､

2つの高度領域に異なる組成(吸湿性)あるいは湿度履歴をもったエアロゾル

が分布していたことを示唆する｡

　1994年3月から1997年2月の観測において､高度2-8kmの領域で

のエアロゾル光学的特性に以下の季節変動が観測された｡エアロゾル後方散乱

係数の高度積分値は､2-4kmと4-8kmの両高度領域で春期(3-5月)に

鋭いピークとともに年間の最大値が観測された｡春期の3ケ月平均値は､高度

2-4kmで年平均値の1.6-2.2倍､高度4　-　8kmで1.6-1.8倍であった｡

また高度2-4kmでは夏期中後半(7-8月)に第2極大が観測された｡

　エアロゾル偏光解消度は､春期の高度2-8kmで頻繁に､また秋期(9-1



1月)と冬期(12-2月)の高度4-8kmでしばしば25%程度の高い値が

観測された｡またこれらの季節の高度4　-　8kmでは相対湿度約80%の高湿度

で高偏光解消度が観測されたことから､鉱物などの非水溶性の非球形粒子の存

在が示唆された｡これらの領域の空気塊の多くは､偏西風によってアジア大陸

上を通過して来ており､アジア大陸ソースの影響を強く受けていたと考えられ

る｡夏期(6-8月)の高度2　-　8kmと秋期の高度2-4kmでは､5%以下の

偏光解消度が広い相対湿度範囲で観測され､また10%以上の偏光解消度が相

対湿度50%以下の領域でのみ観測された｡このことから水溶性粒子(硫酸液

滴など)や潮解性粒子(硫酸塩､海塩など)の卓越が示唆された｡これらの領

域の空気塊の多くは､太平洋高気圧の循環に伴い太平洋上を通過して来ていた

ことから､太平洋ソースの影響を主に受けていた考えられる｡冬期の高度2-

8kmでは､5%以下の偏光解消度が相対湿度20%以下で頻繁に観測されたこ

とから､水溶性粒子の卓越が示唆された｡この領域の空気塊は主にアジア大陸

上を通過して来ていた｡これらの結果は､エアロゾル発生源地域であるアジア

大陸･太平洋からの空気塊の輸送経路とその場の相対湿度が､名古屋上空自由

対流圈のエアロゾル偏光解消度を主に規定していることを示している｡

　以上の結果から､名古屋上空における自由対流圈エアロゾルの光学的性状が､

エアロゾル発生源地域(アジア大陸･太平洋)からの空気塊の輪送経路とその

場の相対湿度によって強く規定されていることが明らかになった｡



　　　　　　　　　　　　　　　　　　Abstract

　　　We　have　developed　the　Raman　lidar　system　and　the　data　analyzing　procedure　that

simultaneously　measure　the　vertical　distributions　of　humidity,　aerosol　backscattering,

extinction,and　depolarization　ratio　(particle　nonsphericity)in　the　troposphere.　The

measurements　were　carried　out　at　Nagoya　(35.　1　°N,　1　37.0°)from　1994　to　1997　to　study

the　aerosol　optical　properties　in　the　free　troposphere　over　the　Asian　Pacific　Rim　region.

The　relation　of　the　observed　aerosol　properties　to　ambient　relative　humidity　(RH)and

transport　pathways　of　the　a1r　parcels　from　the　source　areas　svas　studied　in　order　to

investigate　the　aerosol　hygroscopicity　and　the　innuence　of　aerosol　sources　through

tansportation.　The　results　revealed　the　following　aerosol　optical　characteristics　related

to　the　relative　humidity　and　the　transport　pathways　from　the　source　areas.

　　　'lbmporal　variationsof　both　the　humidity　and　the　aerosol　optical　properties　were
　　　　　　　　　　　　　　　　　　　　　r

observed　at　the　altitude　range　of　l.0　to　2.2　km　during　the　thirty　minutes　on　Aprn　17,

1994.　The　relationship　between　the　aerosol　parameters　and　the　relative　humidity

indicated　that　the　total　volume　backscattering　cross　section　and　the　sphericity　of　the

aerosol　particles　were　larger　in　moist　air　than　in　dry　that　in　this　altitude　region.　The

values　of　relative　humidity　in　this　region(13-38%RH)were　near　the　phase

transSrmation(crystallization　or　deliquescence)humidity　of　major　tropospheric

hygroscopic　particles.　At　the　altitude　range　of　2.2　to　3.5　km,　high　depolarization　ratios

with　the　RH　values　of　~35%that　were　as　high　as　the　maximum　at　1.0-2.2　km　were

observed,　suggesting　that　the　two　altitude　regions　had　different　aerosol　constituent

(hygroscopicity)or　RH　history･

　　　Seasonal　variations　of　the　aerosol　propertiesM/erefound　at　the　altitude　range　of　2-

8　km　for　the　period　March　1994　to　February　1997.　The　vertically　integrated　aeroso1

backscattering　coemcient　(IBC)showed　an　annual　maximum　with　sharp　rises　in　the

spring(March-May)in　the　altitude　range　of　2-4　km　and　4-8　km　and　the　second

maximum　in　the　mid-late　summer　(July-August)in　2-4　km.　The　three　months　mean

IBCs　in　the　springxvereas　large　as　the　annual　mean　by　1.6-2.2　times　for　2-4　km　and



1.6-1.8　times　for　4-8　km.

　　　Aerosol　depolarization　ratios　as　high　as　25%wereobserved　frequently　in　the　2-

8　km　region　in　the　spring　and　occasionally　in　the　4'8　km　regions　in　the　autumn

(September-November)and　winter　(December-February).ln　the　4-8　km　regions　these

high　values　were　found　with　RH　values　up　to　80%,suggesting　the　presence　of　water-

insoluble　nonspherica1　Particles　(e･g･,mineral　dusts)in　the　regions.The　air　parcels　in

these　regions　had　mostly　carried　over　the　Asian　continent　due　to　a　westerly　now,

suggesting　that　they　were　largely　affected　by　the　Asian　continental　source.　Aerosol

depolarization　ratios　less　than　5%were　predominant　in　the　2'8　km　region　in　the　summer

(June-August)and　in　the　2-4　km　region　in　the　autumn　over　a　wide　range　of　RH　values.

ln　these　regions　high　depolarization　ratios　(>10%)were　observed　only　with　relatively

low　RH　values　(<50%RH).These　suggest　the　Predominance　of　water-soluble　particles

(e･g･,　sulfuric　acid　solution　droplets)and　water'soluble　deliquescent　particles　(e･g･,

sulfates　and　sea-salts)in　these　regions.　The　air　parcels　in　these　regions　had　been　carried

over　the　Pacific　Ocean,　suggesting　that　they　were　mainly　affected　by　the　maritime

source.　Depolarization　ratios　less　than　5%with　RH　values　less　than　20%were

predominantly　observed　in　the　2-8　km　region　in　the　winter,suggesting　the

predominance　of　water-soluble　particles　in　this　region;　the　air　parcels　had　mainly　passed

over　the　Asian　Continent.　These　results　suggest　that　transport　Pathways　of　the　air

parcels　fromsource　areas(the　Asian　continent　and　the　Pacific　Ocean)and　the　relative

humidity　significantly　controlled　the　aerosol　depolarization　ratios.

　　　0ur　results　suggest　that　the　transportation　pathways　of　the　air　parcels　from　the

source　areas　(the　Asian　continent　and　the　Pacific　Ocean)and　the　ambient　relative

humidity　critically　control　the　aerosol　optical　properties　in　the　free　troposphere　over

Nagoya.
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I　lntroduction

l.I　Free　tropospheric　aerosol　in　the　Asian　Pacinc　Rim　Region　and　its

roles

　　　Aerosol　particles　in　the　free　troposphere,　which　lies　between　about　2　and　10-16

km　altitudes　in　nlidlatitudes,　are　frequently　transported　for　more　than　thousands　of

kilometers　and　can　affect　remote　areas.　They　may　affect　Earth's　radiation　balance

directly　by　scattering　and　absorbing　solar　and　terrestria1　radiation　(e･g./loon　and

Pollack,1976;　Coakley　et　al･,　1983)and　indirectly　by　modifying　the　cloud　properties

thorough　microphysical　processes　by　acting　as　cloud　condensation　nuclei　(Twomey,

1　977a;　Albrecht,　1989;　Charlson　et　a1･,　1992)and　by　changing　the　concentrations　of

radiatively　imPortant　gases　such　as　water　vapor　(Twomey,　1991).They　also　play

important　roles　in　biogeochemical　cycle　of　the　Earth's　material　by　providing　media　for

various　heterogeneous　and　multiphase　reactions　(Ravishanjkara,　1　997)and　by　serving

carriers　for　the　chemical　species　(Prosperoet　al･,　1983).

　　　The　long-range　transport　of　mineral　dust　particles　called　Kosa　(yellow　sand)in

Japanese,　which　originate　from　the　arid　and　semi‘arid　land　of　the　Asian　Continent,　to

the　North　Pacinc　Ocean　has　been　studied　for　over　twenty　years　(Duce　et　a1･,　1980;

Tsunogai　and　Kond0,　1982;　Merrill　et　al･,　1989).Duce(1991)estimated　the　mean

atmospheric　mass　nux　of　mineral　dust　to　the　North　Pacific　Ocean　to　be　5.3　g　m'2　yr`l　and

the　total　deposition　to　be　480　Tg　yr'1　,　which　is　about　a　half　of　the　total　deposition　of　dust

matter　to　the　world's　ocean.　The　mineral　dust　particles　contain　some　fraction　of　iron

that　is　available　for　use　by　phytoplanjkton　in　surface　water　of　the　open　ocean,　which

affects　the　sulfur　cycle　in　both　the　ocean　and　the　atmosphere　through　production　of

dimethyl　sulfide　(Zhuang　et　al･,　1992).The　particles　finally　deposit　in　the　marine

sediments　that　have　been　used　for　the　study　of　paleoclimate　(Rea,1994).

　　　The　radiative　effects　of　mineral　aerosols　remain　highly　uncertain　because　of　the

lack　of　detailed　data　for　the　optica1　Properties　as　well　as　the　scarcity　of　information

about　the　vertical　distribution　and　the　spatial　homogeneity　of　the　aerosol　layer　(Parungo

　　　　　　　　　　　　　　　　　　　　　l



et　al･,　1995).Nakajima　et　al.　(1989)estimated　the　solar　radiative　heating　of　clear-sky

atmosphere　during　theAsian　dust　storm　event　tobefTom　O.08　to　O.4　K　day‾l　assuming

that　the　aerosol　single　scattering　albedo　ranges　from　O.85　to　O.97　with　the　optical

thickness　of　about　O.2　and　the　scale　height　of　the　aerosol　layer　is　3　km.

　　　ln　addition　to　these　natural　mineral　aerosols,　there　is　concem　over　the　influences

of　anthropogenic　emissions　from　Asian　industrial　regiononthe　tropospheric　chemistry

in　the　Pacific　region　(Prospero　and　Savoie,　1989;　Hoell　et　al･,　1　997;　Hatakeyama　et　al･　,

1997).lalbot　et　al.　(1997)measured　the　concentrations　of　aerosol　particulate　matter,

industrial　solvent　vapors　(C2C14,　CH3CC13,　and　C6H6)and　combustion-derived　species

(C2H2,C2H6,C0,and　NO)over　the　westem　Pacmc　Ocean　and　found　that　the　mixing

ratios　of　all　the　species　varied　by　a　factor　of　ten　depending　on　the　transport　pathways　of

the　a1r　parcels　from　the　source　regionsof　the　Asian　Continent.　However,　most　of　these

studies　about　the　innuencesof　particles'　sources　in　Asia　on　the　remote　free　troposphere

have　been　confined　to　the　case　studies　and　there　are　few　statistical　assessments　of　the

source　contributions　on　it.

　　　The　importance　of　chemica1　reactionsof　anthropogenic　emissions　with　minera1

aerosols　in　biogeochemical　cycles　has　recently　been　evaluated　by　using　a　three-

dimensional　chemica1/transport　model　(Zhang　et　al･,　1　994;　Dentener　et　al.　,1996;　xiao

et　a1･,　1997;　Zhang　and　Carmichael,　1999).For　instance,　Zhang　and　Carinichae1　(1999)

have　shown　that　the　presence　of　mineral　dust　could　results　in　decrease　in　the

concentrations　of　S02･　NOI)y(N03+N205+HN03)･H,,0y(OH+H02+H202)･and　03

throughout　heterogeneous　surface　reactions　by　1　0%‘53%,16%-100%,11%-59%,and

11%-40%,respectively,　under　typical　dust　storm　conditions　in　East　Asia.　Although

these　model　studies　have　revealed　the　potential　roles　of　heterogeneous　reactions　on

mineral　aerosols,　the　results　remain　highly　uncertain　because　few　comparisons　with　the

limited　observational　data　have　validated　them.　Since　the　chemical　reactions　on　mineral

aerosols　can　take　place　during　the　long-range　transPortation　that　mainly　occurs　in　the

free　troposphere,　it　is　necessary　to　measure　the　aerosol　properties　in　the　remote　free

troposphere　to　study　the　chemical　effects　of　mineral　aerosols.

　　　　　　　　　　　　　　　　　　　　　2



　　　Several　aircraft　observations　have　provided　the　information　on　the　physical　and

chemical　properties　of　the　free　tropospheric　aerosol　particles　in　the　North　Pacific　region

(lwasaka　et　al･,　1988;　Yamato　and　Ono,　1989;　lkegami　et　al･,　1993;　Pueschel　et　al･,

1994).The　aerosol　particles　collected　by　the　researchers　were　mineral　dusts,　sea　salts,

ammonium　sulfates,　sulfuric　acid　droplets,　and　their　intemal　mixture,　and　the

constituents　varied　depending　on　the　season　and　height.

　　　Relatively　little　information　is　available　on　the　vertical　distributions　and　the

seasonal　variations　of　the　aerosol　properties　in　the　free　troposphere　over　the　North

Pacinc　Rim　region.　Sasano　(1996)measured　the　vertical　profiles　of　aerosol　extinction

coefficient　over　?sukuba　in　Japan　in　1990-1993　using　the　Mie　scattering　lidar　and　found

that　the　aerosol　optical　thickness　in　the　troposphere　indicated　the　maximum　in　the

spring-summer　period.　Hayasaka　et　al.　(1998)have　shown　that　an　accumulation　particle

mode　around　0.1-0.2μm　in　radius　for　volUme　size　distribution　was　dominant　in　the

summer,　corresponding　to　heavily　loaded　in　the　planetary　boundary　layer,　while　large

particle　mode　around　several　micrometers　were　abundant　in　the　spring　with　high

turbidity　in　the　middle　troposphere,　on　the　basis　of　simultaneous　measurements　with

lidar,　a　sunphotometer,　and　an　aureolemeter　in　lsukuba　from　1991　to　1992.

1.2　Raman　lidar　measurement:　necessity　for　measuring　aerosol

properties　with　humidity　in　their　natural　state

　　Raman　lidar　has　been　developed　to　remotely　measure　the　vertical　profiles　of

humidity　and　aerosol　optical　properties　simultaneously　(Mem,1972;　Whiteman　et　al.

1992;　Ansmann　et　al･,　1992a,b;　Shibata　et　a1･,　1996a,b).Application　of　this　lidar

technique　to　the　atmospheric　studies　has　been　accumulating　in　recent　years.　The　vertica1

structures　of　fronts　(Mem　et　al･,　1989),gravity　currents　(Koch　et　al.,1991),and　marine

boundary　layer　(Cooper　et　a1･,　1995)have　been　revealed　by　measuring　the　vertical　and

temporal　distributionsof　the　water　vapor　mixing　ratio　and　the　aerosol　backscattering･

Shibata　et　a1.　(1996a)and　Reichardt　et　al.　(1996)demonstrated　the　device's　applicability
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for　the　detection　of　ice　clouds　by　simultaneously　measuring　the　humidity　and　aeroso1

vertical　profiles.　Ferrare　et　al.　(1998)derived　the　aerosol　hygroscopic　factor,　real

refractive　index,　and　single　scattering　albedo　from　the　aerosol　backscattering　and

extinction　coefficients　measured　with　the　ground-based　Raman　lidar　in　conjunction　with

the　aerosol　size　distribution　measured　with　the　optical　particle　counter　on　board　an

aircraft.

　　　Since　the　aerosol　properties　such　as　size,　shaPe,　phase,　and　chemical　composition

�tically　depend　on　the　ambient　relative　humidity　(Orr　et　al･,　1958;　Hbel,　1976;　nng,

1996),it　is　important　to　measureaerosol　properties　with　the　relative　humidity　in　their

natural　state.　Although　this　importance　has　been　we11　recognized,　few　observational

data　is　available　for　the　shape　and　phase　of　the　aerosols　in　their　natural　state　in　the　free

troposphere　because　of　the　technical　dimculties　and　analytic　limitations.　ln　situ

measurement　techniques　on　board　an　aircraft　or　a　balloon　can　provide　detailed

information　of　the　aerosol　properties,　i.e･,　aerosol　size　distribution,　morphology,　and

chemical　composition,　but　they　often　subject　the　aerosols　to　change　in　relative　humidity

during　the　sampling　process　(Porter　et　al･,　1992;　Baumgardner　and　Huebert,　1993).0ne

of　the　advantage　of　the　Raman　lidar　technique　is　that　it　can　measure　the　aerosol

properties　with　the　humidity　without　changing　the　humidity　and　without　disturbing　the

particles　by　collection　during　which　possible　changes　such　as　evaporation　of　volatile

components,　agglomeration,　and　selective　losses　are　expected.

　　　ln　addition　to　the　aerosol　backscattering　and　extinction　coefficients　obtainable

with　the　lidar,　depolarization　ratio　is　a　useful　parameter　to　study　aerosol　microphysics

because　deviations　from　zero　can　indicate　particle　nonsphericity　(e･g･,Bohren　and

Huffman,　1983).The　particle　shape　critically　controls　the　particle's　optical　property

(e･g･,　Koepke　and　Hess,　1988)and　hence　affects　the　Earth's　radiative　process　(Lacis　and

Mischenk0,1995;　Pilinis　and　L1,　1998)as　well　as　the　vertical　distribution　of　the

particles(Liao　and　Seinfeld,　1998).For　example,　Pilinis　and　L1　(1998)reported　that

direct　aerosol　forcing　may　be　underestimated　by　a　factor　of　3　if　particle　nonsphericity　is

neglected　when　the　solar　zenith　angle　is　close　to　zero,　based　on　the　field　measurement
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and　the　model　calculation　assuming　that　the　particles　are　mass'equivalent　prolate

spheroids.　Also,　properly　accounting　for　the　particle　nonsphericity　is　necessary　for

retrievals　of　satellite　renectance　and　Mie　backscattering　lidar　signals　(Mischenko　et　al.,

1995;　1997).

　　　Since　the　depolarization　ratio　is　a　measure　of　particles'　nonsphericity,　it　can　also

be　considered　as　an　indication　of　the　particle　phase;　1iquid　droplet　particles　are　mostly

sphericj　and　indicate　near-zero　or　low　depolarization　values,　whereas　solid　crystals　are

generally　nonspherical　and　indicate　values　substantially　larger　than　zero.　The　particle

phase　is　the　key　variable　that　determines　the　rates　of　chemical　reaction　with　gaseous

species(Ravishankara,　1997);reaction　on　solid　are　almost　confined　to　the　surface　so

that　the　rates　are　surface　area　limited　(heterogeneous　reactions),whereas　those　in　liquid

droplets　take　place　after　the　molecules　has　been　incorporated　into　the　bulk　of　liquid　so

that　the　rates　are　both　volume　and　surface　area　limited　(multiphase　reactions).For

examPle,Msibi　et　al.　(1994)has　shown　that　the　reaction　probability　for　liquid　NaCI

particle　with　gaseous　N205　is　about　1　5　times　higher　than　that　for　solid　based　on　the

laboratory　experiment.

　　　The　hygroscopicity　of　aerosol　particles　can　be　estimated　from　the　relationship

between　the　aerosol　depolarization　ratio　and　the　relative　humidity　that　are

simultaneously　obtainable　with　the　Raman　lidar,　since　hygroscopic　particles　(contain

water-soluble　compound)can　change　shape　(phase)and　the　depolarization　ratio

depending　on　the　relative　humidity,　whereas　nonhygroscopic　particles　(consist　of　water-

insoluble　compound)are　not　likely　to　change　them　according　to　the　humidity.　The

particle　hygroscopicity　significantly　affects　the　magnitude　of　the　direct　radiative　forcing

effect(Boucher　and　Anderson,　1995).Also,it　determines　whether　the　particle　can

effectively　serve　as　a　cloud　condensation　nuclei　(Twomey,　1977b).However,　there　are

few　observational　data　on　the　hygroscopic　characteristics　of　the　aerosol　particles　in　the

free　troposphere.

　　　Besides　theuseof　the　depolarization　and　the　relative　humidity　for　the　estimate　of

particle　hygroscopicity,　it　may　be　important　to　measure　the　aerosol　properties　with　the
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relative　humidity　since　the　chemical　reaction　rates　of　gas　with　aerosol　particles　depend

on　the　relative　humidity　as　well　as　the　particle　phaseas　lnentioned　above.A　laboratory
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

experiment　has　shown　that　reaction　probability　of　gaseous　N205　with　NH4HS04　particle

increases　with　increasing　relative　humidity　even　below　the　deliquescence　point

(Mozurkewich　and　Calvert,　1988).Haury　et　a1.　(1978)and　Dlugi　et　al.　(1981)reported

that　the　rate　of　S02　oxidation　increaseswith　increasing　relative　humidity　on　ny　ash

which　consist　mainly　of　the　oxides　of　silicon,　aluminum,　iron,　and　calcium　and　may

serve　as　a　surrogate　for　mineral　dust.　From　these　facts,　it　is　important　to　measure　the

aerosol　properties　with　the　relative　humidity　in　their　natural　state　to　study　the　effects　of

the　atmospheric　aerosols　on　the　Earth's　atmospheric　system.

1.3　0bjectives

　　　The　purpose　of　this　study　is　to　investigate　the　seasonal　and　altitude　characteristics

of　the　aerosol　optical　properties　including　the　backscattering,extinction,and

depolarization　ratio　in　the　free　troposphere　over　Nagoya　(35.1°N,137.0°E)in　Japan

located　in　the　Asian　Pacific　Rim　region　by　using　the　Raman　lidar.　M/e　analyzed　the

relation　of　these　aerosol　properties　to　the　relative　humidity　that　was　simultaneously

obtained　with　the　Raman　lidar　and　the　transport　pathways　from　the　source　areas.　This

paper　contains　five　sections.　The　introduction　is　followed　by　a　description　of　the　Raman

lidar　system　used　in　this　study　(Section　2).Section　3　describes　the　data　analyzing

procedure　to　derive　the　humidity　and　aerosol　optical　properties　from　the　lidar　signals.

The　validity　of　the　derived　data　is　discussed　by　comparing　the　humidity　with　the

radiosonde　soundings　and　by　comparing　the　aerosol　ext1】lction'to‘backscatter　ratio　with

the　other　theoretical　and　observationa1　results.　Section　4　presents　the　results　of　the

observations　carried　out　for　the　period　March　1994　to　Febmary　1997.　1Ve　focus　on　the

observed　aerosol　optical　properties　in　relation　to　the　relative　humidity　and　transport

pathways　of　the　air　parcels　from　the　source　areas.　A　summary　of　this　study　is　given　in

Section　5.
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2　System　description　of　the　Raman　lidar

2.1　Location

　　　The　Raman　lidar　is　installed　at　the　Higashiyama　campus　of　Nagoya　university

(35.1°N,137.0°E,75　m　above　sea　leve1).The　measurement　site　is　located　in　the　urban

area　located　20　km　inland　from　the　lse　Bay　and　70　km　from　the　Pacific　Ocean

(Fig.　2.1).

2.2　1nstrumentation

　　　The　Raman　lidar　is　designed　to　simultaneously　measure　the　vertical　profiles　of

Raman　scattering　by　oxygen,　nitrogen,　and　water　vapor,　as　well　as　Rayleigh　and　Mie

scattering　in　the　atmosphere.Rgure　2.2　shows　the　photograph　of　the　lidar　system.　A
　　　　　　　　　　　　　　　　　　　　　〃

schematic　diagram　and　the　specification　of　the　system　are　shown　in　Fig.　2.3　and

Table　2.1,　respectively･

　　　The　transmitter　consists　of　Nd:YAG　laser　that　simultaneously　emits　laser　pulses　in

three　wavelengths　(354.7,532　and　1064　nm)that　are　linearly　polarized.　The　repetition

rate　of　the　laser　pulses　is　10　Hz　and　each　pulse　lasted　5-8　ns.　The　average　energies　of

the　pulses　are　200,　50,　and　430　mJ　for　354.7,　532,　and　1064　nm,　respectively.　The　laser

beams　are　vertically　tansmitted　into　the　atmosphere　by　renecting　with　mirrors　after

expanding　its　diameter　to　36　mm　and　collimating　the　divergence　to　O.2　mrad　using

commators.　The　light　backscattered　from　the　atmospheric　gases　and　aerosol　particles　is

collected　with　Cassegrain　telescope　with　1　-m　diameter.　The　output　of　the　telescope　is

fed　through　a　field-limiting　stop　(the　aperture　isnonnally　adjusted　to　l.5　mrad)and　then

divided　into　five　detector　channels　by　several　beam　splitters.　The　five　detector　channels

detect　the　Raman　scattering　and　Mie/Rayleigh　scattering　using　interference　nlters,

dichroic　mirrors,　and　Polarizers　(nble　2.2).The　detection　species　and　the　wavelengths

for　the　normal　tropospheric　measurements　are　as　follows:
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Ch1:　Raman　water　vapor　scattering　(407.5　nm)excited　by　354.7nm

Ch2:　Raman　oxygen　(or　nitrogen)scattering(375.4　nm　(or　386.7nm))excited　by

　　　　354.7nm

Ch3:　Parallel　component　of　Mie/Rayleigh　scattering　at　532　nm　with　respect　to　the

　　　　polarization　plane　of　the　emitted　laser

Ch4:　Perpendicular　component　of　Mie/Rayleigh　scattering　at　532　nm　with　respect

　　　　to　the　polarization　plane　of　the　emitted　laser

Ch5:　　Mie/Rayleigh　scattering　at　1064　nm

For　the　Raman　channels　(Chl　and　Ch2),high　rejection　of　the　Mie/Rayleigh　scattering

component　isnecessary　since　the　Raman　backscatteringcrosssection　is　smaller　than

that　of　Rayleigh　and　Miescattering　by　about　three　order　of　magnitude.　17b　reject　the

Mie/Rayleigh　component　for　the　Raman　channels,　we　used　the　dichroic　mhTor　and　the

interferencefilter　whose　total　transmission　of　the　Mie/Rayleigh　component　is　<10'9.

　　　The　detectors　used　in　this　study　are　Hamamatsu　R33　1　photomultiplier　tubes

(PMTs)for　the　Chs　1-4　and　R1767　(or　R3236)for　the　Ch5.　The　PM71`i　are　cooled　to

about　-30°C　and　operated　in　the　photon　counting　mode.　The　output　pulses　of　the　PMTs

are　filtered　by　the　discriminators　and　then　registered　with　the　photon　counter.　The

photon　counter　begins　to　take　data　when　the　laser　f1res　by　monitoring　with　a　photodiode.

The　data　are　recorded　with　a　time-bin　width　of　2/3　μs(O.2μs　after　Apri1　1996)and　total

1024(4096　after　Apri1　1　996)bins　are　acquired　for　a　pronle.　The　data　are　nnally　stored

on　a　hard　disk　of　a　personal　computer.　The　data　are　normally　accumulated　forevery　five

minutes　in　the　troPospheric　measurements.　Thus　we　obtain　the　profiles　at　five　spectral

channelsasafunction　of　height　with　vertical　resolution　of　50　m　(30　m　after　April　1996)

every　five　minutes.

　　　Before　the　calculation　of　the　physical　parameters　from　the　raw　data,　the

background　noiseNvas　subtracted　from　the　data.　The　background　noise　was　obtained　by
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taking　average　of　the　signals　from　the　altitude　above　100　km,　from　which　the

backscattered　radiation　by　scattering　materials　is　negligible.　Measurement　uncertainty

was　estimated　from　1(y　confidence　of　the　photon　counts　assuming　the　Poisson　statistics.

2.3　0bservation　period

　　　The　observations　have　been　conducted　on　a　regular　basis　since　1994.　The

operations　svere　nonnally　carried　out　in　the　nighttime　under　almost　visible-cloud　free

conditions.The　data　were　usually　taken　for　30'60　minutes　for　the　tropospheric　range

(O.5-15　km)and　for　60-　1　20　minutes　for　the　stratospheric　range　(10-35　km).lota1　332

promessvereobtained　during　the　period　March　1994　to　February　1997.
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Rg.　2.1　Location　of　the　measurement　site.
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Rgure　2.2　Photograph　of　the　Raman　lidar　at　STEL　of　Nagoya　university.
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Rg.　2.3　Schematic　diagram　of　the　Raman　lidar　(BE:　Beam　expander,　PD:　Photodiode,

FS:　Field　stop,　CL:　Collimating　lens,　D】VI:　Dichroic　mirror,　PL:　Polarizer,　IF:

lnterference　filter,ND:　Neutral-density　nlter,P】Vrn　Photomultiplier　tube,D:

Discriminator,and　PC:　Photon　counter).
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Table　2.1　Specifications　of　the　Raman　lidar　at　Nagoya　university

Transmitter:

　　Laser　type　　　　　Nd:YAG

　　Wavelength(nm)　　354.7　532　1064

　　Energy/pulse(mJ)　　　200　　　50　　430

　　Repetition　rate　(Hz)　　10

　　Beam　divergence　(mrad)O.2(after　collimator)

Receiver:

　　Telescope　type　　　　Cassegrain

　　Diameter(m)　　　　　1.0,μ4
　　Reld　of　view　(mrad)　O.2-5.0

　　Detector　　　　　　　　　PMT

　　Signal　detection　　　Photon　counting

　　Range　resolution　(m)　50(30　after　Apri1　1996)

　　Channel　number　　　　5

nble　2.2　Characteristics　of　the　detector　channels

Wmber

Detectk)n　species

�mdter　Cenhavd4㈱

　　　　　m(nm)

　　　　　lransmission　outside

　　　　　pass　band

Mie/Rayleigh

Cutmter

Polarizer

PMT

Tmnsmission　at　355　nm

(HAMAMArSU)

　　　1

　Raman

walervapor

　407.5

0.78

10'5

<104

R331

　　2

Raman

oxygen*

　375.4

　1.00

　10-5

　<104

R331

　　3

　Mie/

Rayleigh

　532

　1.17

　10°5

　//

R331

　　4

　Mie/

Rayleigh

　532

　1.17

　10'5

　1

R331

　　5

　Mie/

Rayleigh

　1064

　1.10

　10'5

R1767

*Raman　nitrogen　scattering　(386.7　nm)is　detected　for　the　stratospheric　measurements
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3　Data　analyzing　procedure　for　the　Raman　lidar　signals

　　The　single-backscatter　signals　measured　with　the　Raman　lidar　can　be　expressed　as

/)jzj=
Z
yβjonQ,zxQ,zj, (3-1)

where£μDs　the　backscatter　signal　at　the　wavelength　λΓetumed　from　the　altitude

z(=7,where　cis　the　speed　of　light　and　z　is　the　elapsed　time　after　laser　emission),
£is　a　constant　that　accounts　for　the　detection　efficiency　of　the　channel,　θΓO　is　the

beam　overlap　factor,　βj　J　is　the　volume　backscattering　coefficient　of　thescattering

material　at　λ,7iμo,z　j　is　the　atmospheric　transmission　at　λbetween　the　lidar　at

altitude　zo　and　z　that　is　given　by　7j　4　,　zj=ε
£b■,1,λo'j+(7a,λo'jk'

where(y,,λμj　and

(7i　j　z　j　are　the　volume　extinction　coemcients　of　air　molecules　and　aerosol　particles･

respectively,　and　λf　is　the　laser　wavelength.

　　　The　following　subsection　describes　the　data　analyzing　procedure　to　calculate　the

humidity,　aerosol　extinction　and　backscattering　coefficients,　and　the　depolarization　ratio

from　the　Raman　lidar　signals.　Section　3.1　describes　the　methods　for　calculating　the

water　vapor　mixing　ratio　and　the　relative　humidity.　The　results　of　the　comparisons　with

the　coincident　radiosonde　measurements　are　also　presented.　Section　3.2　describes　the

methods　for　calculating　the　aerosol　extinction　coefficient,backscattering　ratio,

backscattering　coefficient,　and　the　depolarization　ratio.　The　potential　for　discriminating

the　mineral　dust　particles　from　the　ice　crystals　by　the　extinction-to-backscatter　ratio　is

also　discussed　by　comparing　the　observed　data　with　the　reported　results.
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3.1　VVater　vapor　mixing　ratio　and　relative　humidity

3.1.1　VVater　vapor　mixing　ratio

　　　Water　vapor　measurements　through　the　Raman　scattering　technique　commenced

in　the　late　1960s　(Melfi,1969;　Cooney,　1970)and　have　been　improved　by　taking

averages　of　technical　advantages,　particularly　those　in　the　laser　system　over　the　past　ten

years(Melfi　and　Whiteman,　1985;　Vaughan　et　al･,　1988;　Whiteman　et　al･,　1992;　Shibata

et　al･,　1996).The　Raman　backscatter　signals　for　water　vapor　and　oxygen　molecule　are

respectively　expressed　as

&2μzjJG72∂

&,μJ=£｡,
θθ2
-

Qμzμ(yμn
Z2

μμ゜'ajn
2

　　　　　　　　　f&

,μ2　　θ2

j£2　　“z72θμμ

E μ7゛'λμz9+(7“'λμz'μ&'‾Jof(7゛'λ″Q'j+(7°'λ″QW&'
　　　　　　　　　　ε　　　　　　　　　　　　　　　,

(3-2)

　　　　　‾Eμ7･,λμz9+(7α,λjzw&'‾Jsμ4･,λμz9+(7α,λjz'μ&″
μμzo　　　　　　　　　　　　　　E　z0　　　　　　　　　　　　　　,(3-3)

where&μμs　the　Raman　backscatter　signal　of　x　molecules　retumed　from　the

altitude　z　,　£x　isa　coefficient　that　accounts　for　the　detection　efficiency　of　the　channel,

θj　J　is　a　beam　overlap　factor･
j(yjn

j£2
is　the　differential　Raman　backscattering

cross　section　of　x　molecules　[m2sr1],zzμzμs　the　number　density　of　x　molecules

[m'3],λ1(=354.7　nm)is　the　laser　wavelength,　λ｡(=375.4　nm)andλg(=407.5nm)

are　the　detection　wavelengths　of　the　Raman　backscattering　of　oxygen　and　water　vapor,

respectively･

　　　Since　oxygen　isa　constant　fraction　of　dry　air　(21%by　volume)at　the　heights　over

which　the　measurements　are　made,　the　Raman　oxygen　signal　can　be　considered　as　a

measure　of　the　number　density　of　dry　a1r.　Thus　by　taking　the　ratio　of　the　two　signals,　the

water　vapor　mass　mixing　ratio　(w)is　given　by
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where

Qμj=

¥zj≡
Mv

Mj

zz/72θΓzj

SμJ
゜£･4μj,

fy22j‾Ξ?EJoμ7`λ″o,F(‰'λμzw&EJj(7“'λ″o,F(7“'λμz″μ&,　　(3'4)
&jzj

where　Mj=18.0153)and　Mj(=28.9645)are　the　molecular　weight　of　water　vapor　and

dry　air･　respectively･　‰μz　j　and　ηj　O　are　the　number　density　of　water　vapor　and

dry　a1r　at　z　,　and£is　the　system　calibration　coemcient.　lt　should　be　noted　㎞Eq.(3-

4)we　assumed　the　ratio　of　the　backscattering　cross　sections

(j°j,μπJ/j£!μ‘7μ70/j£2)゜dthat　of　the　beam　overlap　factors(θzz2θ/θQ2)
　　　　　　　　　　　　　　　　　　　　　=

between　the　two　channelsivere　constant　independently　of　height.　These　assunlPtions　are

further　discussed　in　later　(Section　3.1.4).

　　　ln　the　previous　studies　of　humidity　measurements　using　Raman　lidar　technique

(e･g･,Vaughan　et　al･,　1988;　Whiteman　et　al･,　1992),Raman　nitrogen　scattering　was

generally　used　to　measure　the　relative　atmospheric　density.　The　reason　for　this　was

nitrogen　is　the　largest　constituent　of　air　so　that　strong　Raman　backscatter　signal　can　be

obtained.Hoivever,　we　used　the　Raman　oxygen　scattering　in　place　of　the　Raman

nitrogen　scattering　for　the　tropospheric　measurements　because　signal　saturation　problem

could　arise　for　our　system　in　detecting　the　Raman　nitrogen　signals　retumed　from　the

lower　troposphere.

　　　　　o　　　　　er°c　　　mi　io

　　　Correction　must　be　applied　to　account　for　the　differential　atmospheric

transmission　between　the　two　Raman　wavelengths　(exponential　terms　in　Eq.　(3-4)).The

atmospheric　transmission　is　separately　calculated　for　air　molecules　and　aerosol　particles

by　vertically　integrating　the　extinction　coefficients.
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　　The　volume　extinction　coemcient　for　air　molecule　(y｡at　the　wavelength　λis

given　by　(Bucholtz,1995)

(7･m,λμj
-

-

24π々(-U‰μzj

λ47v/Oz/+2J2
(3-5)

whereλis　the　wavelength　[m],4　is　the　refractive　index　of　standard　air　at　λ,Mis

the　molecular　number　density　for　standard　air　(=2.54743×1025　m°3),Qμj　is　the

number　density　of　the　air　[m'3]at　z　,　and　p)s　the　depolarization　factor　of　the　a1r　at

λ.The　values　of　zz｡　andp;are　obtained　from　the　tables　of　Bucholtz　(1995).We

calculated　the　extinction　coemcient　for　air　molecule　((y｡,λμ))using　the　atmospheric

density　data　obtained　with　the　coincident　radiosonde　taken　onthe　same　night　of　the

measurements.　lf　the　radiosonde　data　were　not　available,　we　used　the　global　objective

analysis　data　supplied　with　the　Japan　Meteorological　Agency　(GANAL(or　GAPLX

after　March　1996)).

　　　The　volume　extinction　coefficients　for　aerosol　particles　((ya,λΓzj)can　be

calculated　from　the　Raman　oxygen　signals　or　Niie/Rayleigh　signals　that　is　described　in

Section　3　.2.　By　using　the　relation　Q　j　z　J　°c　λ‾゛m　wecalculated　the　differential

aerosol　transmission　between　the　Raman　wavelengths　of　water　vapor　λg　and　oxygen

λo･

　　　For　example,　the　alnount　of　the　total　differential　atmospheric　transmissions

between　altitudes　of　O　and　5　km　are　about　O.94,　0.92,　and　O.88　for　the　aerosol　optical

thickness　of　O　(no　aerosols),0.3(normal),1.0(quite　hazy),respectively　at

λ=354.7　nm.
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　　　ln　Eq.　(3-4),we　assumed　that　the　ratio　of　the　Raman　backscattering　cross　sections

are　constant.　However,　the　effective　Raman　backscattering　cross　sections　can　vary　with

temperature　depending　on　the　bandwidth　of　the　interferencefilter.Thus　we　assessed　the

temperature　variation　of　the　effective　Raman　backscattering　cross　sections　of　oxygen

and　water　vapor　for　our　system.

(Raman　oxygen　channe1)

　　　The　Raman　oxygen　channel　detects　the　l　-st　Stokes　component　of　the　vibrational-

rotational　transitions　of　Raman　oxygen　scattering　excited　by　the　radiation　at　354.7　nm.

The　Raman　oxygen　linesconsist　of　a　strong　Q-branch　(∠1v°+1,∠1j=O)centered　at

approximately　375.4　nm　and　O-　and　S-branches(jy=+1,J=-2　and

∠1y°+1,∠1,/　゜+2　,　respectively)that　distribute　both　shorter　and　longer　wavelengths　of

the　Q-branch.　The　total　differential　backscattering　cross　section　of　the　Q-branch　is

independent　of　temperature　for　our　interest.　However,　the　individual　differential

backscattering　cross　sections　of　the　O‘　and　S-branches　varies　with　temperature.　Since

the　interference　filter　for　the　Raman　oxygen　channel　used　in　this　study　(FWHM=1.00

nm　centered　at　375.4　nm)passes　the　fu11　Q-branch　and　small　fraction　of　O-　and　S-

branches,　the　effective　Raman　backscattering　cross　section　of　oxygen　for　our　system

slightly　varies　with　temperature.

　　　The　differential　Raman　backscattering　cross　sections　can　be　calculated　using

Placzek　polarizability　theory　(Kobayashi　and　lnaba,　1972)that　is　described　in　Appendix

A.　The　calculated　Raman　spectrum　of　oxygen　excited　by　354.7　nm　radiation　at　200　K

and　300　K　is　shown　in　Fig.3.1.　The　absolute　values　of　the　differential　backscattering

cross　sections　are　calculated　from　the　data　listed　in　lnaba　(1976)assuming

j(y/jΩocλ‾4　.　1t　is　found　the　pass-band　of　the　interferencefilter　used　in　this　study

covers　the　whole　Q-branches　and　several　lines　of　S-　and　O-branches.　The　intensity

distributionsof　the　S'　and　O'branches　vary　depending　on　the　temperature　according　to

the　Boltzmann　distribution.

18



　　　Rgure　3.2　shows　the　temperature　variation　of　the　effective　differential

backscattering　cross　section　for　the　Raman　oxygen　channel　used　in　this　study.　The

effective　cross　section　decreases　with　increasing　temperature　due　to　decreasing　the

intensities　of　O-　and　S-branches　inside　the　pass-band　(Fig.　3.1).The　relative　difference

of　the　effective　backscattering　cross　section　is　less　than　3%between　230　K　and　300　K

range　of　our　interest　(z≦10km).

(Raman　water　vapor　channe1)

　　　The　Raman　spectrum　of　water　vapor　is　rather　complicated　because　its　molecular

structure　is　asymmetric　top.　The　spectrum　of　the　y　°　O　→y　°　1　vibrational　transitions

excited　by　354.7　nm　radiation　consists　of　strong　Q-branch　centered　at　407.5　nm　which

spans　approximately　O.3　nm　(Bribes　et　al･,　1976).The　total　intensity　of　the　Q-branch　is

independent　of　temperature　for　our　interest.　M/e　used　the　interference　fnter　whose

bandwidth　was　O.78　nm　(FWHM)centered　at　407.5　nm　so　that　the　contribution　of　the

temperature　dependent　rotational　lines　to　the　effective　backscattering　cross　section　is

estimated　to　be　less　than　1%(Vaughan　et　al･,　1988).

　　　Accordingly,　the　temperature　variation　of　the　ratio　of　the　effective　Raman

backscattering　cross　section　between　the　Raman　water　vapor　and　oxygen　channels　for

our　system　is　estimated　to　be　less　than　2%.Therefore,　we　did　not　take　account　of　this

temperature　dependence　of　the　ratio　in　this　study･

19



(a)

D
S
』
①
}
S
Q
'
w
¥
)
!
{
‘
i
}
c
Φ
｣
Φ
←
t
(
｣

(b)

0
'
t
』
①
`
}
9
)
j
Q
{
&
i
}
c
Φ
』
~
t
(
]

(
'
'
｣
♂
E
S
b
'
×
)

5.0

4.0

3.0

　
　
　
0
　
　
　
　
　
0

　
　
　
2
　
　
　
1

c
〇
i
Φ
{
{
w
S
O
｣
○

0.0

5.0

4.0

3.0

(
'
'
｣
♂
E
S
b
'
×
)

　
　
　
　
0

　
　
　
　
2

c
o
R
)
Φ
ω

　
　
　
j

　
　
　
l

S
O
｣
○

0.0

vibrational-rotational　Raman　Spectrum　of　O2　(Av=+1,△j=0,±2)

373　　　　374　　　　375　　　　376　　　　377

　　　　　　　　　　　　　Wavelen9th(nm)

　vibrational-rotational　Raman　Spectrum　of　O2　(Av=+1,M=0,±2)

373 374 375 376 377

378

378

　　　　　　　　　　　　　　　　　　　Wavelength(nm)

Fig.　3.　1　Calculated　1　-st　Stokes　vibrational‘rotational　Raman　spectrum　of　oxygen

molecule　excited　by　354.7　nm　radiation　(solid　lines)at(a)200　K　and　(b)300　K.　The

dotted　line　shows　the　transmissioncurveof　the　interferencefilter　used　in　this　study

(arbitrary　unit)and　the　horizontal　bar　shows　the　full　width　at　half　maximum

(FWHM=1.00　nm).
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　　　The　measurement　uncertainty　in　the　water　vapor　mixing　ratio　is　estimated　by　1(7･

confidence　of　the　photon　count　assuming　the　Poisson's　statistics:

&¥O

where

and

=¥z
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TE
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E〔
&‰μO

&μzJ

7
{
?
‘｡
J
　
.

　
Q

　
R

　
J

　
y

　
r

　
R

j
y
o

4
4CE

£,4a/μj+2μ,dg･

δΓjr　zo　jz　J　°

δ7i2rzo,o=&2XJ{〔
4
WE ny{〔‰〕2

y4
WCJ4
WCy4
WC』↓↑1y

仝
4Cy4
W
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Here･&,4u/　and　&,-々are　the　signal　and　the　background　noise　of　the　photon　count･

respectively,　and　£is　the　wavelength　exponent　of　the　aerosol　extinction　coefficient.

The　uncertainties　&andδ(y･,4　are　givenand　discussed　in　Section3.2.5.We　assumed

the　relative　uncertainty　in　the　atmospheric　density　was　l%when　the　GANAL　(or

GAPLX)data　was　used.

3.1.2　Relative　humidity

Relative　humidity　with　respect　to　water　or　ice　(RH､)is　calculated　from　the　water

vapor　mixing　ratio　w　and　the　atmospheric　pressure　?　and　temperature　r　by

RHjzj=
Es,x

40
-

'rr,/)j
×7θθ=

　　w㈹μJ

μ£/Mj+wμ≒,,
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where　Q,j　is　the　equilibrium　water　vapor　pressure　of　moist　air.　The　value　of　Q,j　is

calculated　by　(Buck,1981)

ε5,jμ',j)j=Gj7jμ7',j)j, (3-8)

where　G,x　is　the　equilibrium　vapor　pressure　of　pure　water　vapor　and　y　is　the

enhanced　factor　for　moist　air　that　accounts　for　dissolution　of　dry　air　into　water,

interaction　between　dry　air　and　water　vapor　molecules,　and　the　compressibility.　The

value　of　4,,is　given　by

GjD=αq{○‾ryyE{y7‾7J],

and　the　enhanced　factor　y　is　given　by

μΓ,j)j=1+A+7)[Z?+CCr-7;)j],

(3-9)

(3-10)

where　?　is　the　atmospheric　pressure　[hPa],r　is　the　atmospheric　temperature　[K],

7;)゜273.15　K　and　the　coemcients　α-c　and　A-C　are　given　as　follows:　α゜6.1121,

&=18.729,c=257.87j=227.3,A=7.2×10‾4,β=3.20×104　and　C　=5.9×10‾10

for　water　and　α=6.1115,&=23.036,c=279.82,j=333.7,A=2.2×10‾4,

β=3.83×10‾6,and　C=6.4×10‾lo　for　ice.

　　　We　calculated　the　RH　from　the　w　measured　with　the　lidar　by　combining　with　the

/)and　r　measured　with　a　coincident　radiosonde　or　GANAL　(orGAPLX).

●　　　●　　　　　　　　　●　　　　　　　●　●
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Thenleasurenlent　uncertainty　in　RH　is　calculated　using　the　Clapeyron-Clausius

equation　and　is　given　by

δΓgEz　J　=

2
　
+
j¥
wC

.
y
　
.

　
g

　
9
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E&7i) μ

-
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T

(3-11)

1

where£｡isthe　latent　heat　of　appropriate　phase　(=2.501×106　J　kg'l　for　water　and

'2.838×106　J　kg`l　for　ice),£゜R/M､,is　the　gas　constant　for　water　vapor.　We

assumed&)/P=0.01　and　δΓ=1K　when　we　used　GANAL　(orGAPLX)data.

3.1.3　Determination　of　the　calibration　coefncient

　　The　calibration　coemcient　£in　Eq.　(3-4)can　be　obtained　by　fitting　the　lidar　data

to　the　humidity　data　measured　with　the　coincident　radiosonde.　We　had　carried　out　nine

coincident　measurements　during　the　period　May　1994　to　May　1998.　The　radiosonde

was　vaisala　RS80-15,　which　equips　humidity　sensor　of　thin-film　capacitive　element

(HUMICAP).Theaccuracy　of　this　sensor　is　reported　to　be　2%RH　at　O　-　100%RH　range

(Larsen　et　al･,　1993)

　　The　calibration　coemcient　was　calculated　by　taking　the　weighted　mean　of　the

ratio　of　the　water　vapor　mixing　ratio　obtained　with　the　radiosonde　wμO　to　the　value

of　the　signa1　ratio　of　the　Raman　water　vapor　to　oxygen　backscatter　Qμj　in　Eq.　(3-4)

obtained　with　the　lidar　that　is　given　by

£
-

-

々
{

wJJQμj

Q
∇
{

r/j　02
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Before　the　calculation　of　the　coefficient,　the　vertical　resolutions　of　the　two　data　were

adjusted　to　350　m　(330　m　after　Apri1　1996)by　taking　running　mean.　We　calculated　the

value　of　£by　using　the　data　between　l　and　8　km　because　the　uncertainties　in　the　lidar

data　generally　exceeded　20%above　this　altitude　range.　The　number　of　the　data　between

l　and　8　km　was　141　(234　after　Apri1　1996).

3.1.4　Comparisons　of　the　humidity　promes　between　Raman　lidar　and　Radiosonde

　　　Coincidentmeasurements　were　made　on　the　nights　of　May　20,　September　10-11,

November　28　and　30　in　1994,　June　5,　and　September　14　in　1996,　September　27　in　1997,

and　February　13　and　May　19　in　1998.　The　radiosondes　were　launched　about　30　m　(from

May　20　to　November　30,　1994)or　200　m　(from　June　5,　1996　to　May　19,　1998)away

from　the　lidar.　The　radiosondenonnally　ascended　at　about　5.5　m　s‘1　and　reached　the

height　of　10　km　about　30　minutes　after　the　launch.　The　Raman　lidar　were　continuously

operated　before　and　after　the　launch.

　　　Figures　3.3-3.5　show　the　vertical　profiles　of　the　water　vapor　mixing　ratio　and　the

relative　humidity　obtained　with　the　Raman　lidar　and　radiosonde　on　May　20,　1994,

September　10-1　1　,　1994,　and　June　5,　1996,　respectively.　The　vertical　resolutions　were

350　m　in　Figs.　3.3　and　3.4,　and　330　m　in　Fig.　3.5.　The　humidity　profiles　measured　with

the　lidar　and　radiosonde　showed　agreement　in　the　troposphere　as　low　as　O.5　km.　This

suggests　the　beam　overlap　factors　of　the　water　vapor　and　Raman　oxygen　channels　were

almost　the　same　and　canceled　by　taking　the　ratio　of　the　two　signals　(Eq.　3-4).The

relative　uncertainty　in　the　water　vapor　mixing　ratio　measured　with　the　lidar　was　about

5%at　2　km　and　increased　with　height　to　20%at　8　km.

　　　The　profiles　obtained　with　the　two　instruments　on　September　10-　1　1　(Rg.3.4)

showed　slight　discrepancies　in　their　vertical　distributions:　the　heights　where　steep

vertical　gradient　of　the　humidity　were　found　in　the　lidar　profile　(3.6,8.0　and　10　km)

were　slightly　shifted　from　those　found　in　the　radiosonde　profile.　0ne　possible　reason　for

　　　　　　　　　　　　　　　　　　　25



this　was　that　the　two　instruments　did　not　observe　the　same　air　parcels　because　the

measurement　period　of　the　two　instruments　differed　by　about　2　hours.　Moreover,　the

lidar　data　indicated　the　mean　valuesof　the　air　that　passedoverthe　lidar　site　for　thirty

minutes,　whereas　the　radiosonde　measured　the　spontaneous　humidity　of　the　surrounding

air　while　ascending　and　drifting　horizontally　with　the　wind.　Thus,　discrepancies

between　the　two　data　could　arise　due　to　horizontal　inhomogeneity　of　the　humidity

distribution　and　horizontal　displacement　of　the　radiosonde　during　the　ascent.
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Figure　3.3　Comparison　between　Raman　lidar　(solid)and　Vaisala　radiosonde　(dotted)

water　vapor　mixing　ratio　(a)and　relative　humidity　(b)profiles　on　May　20,　1994　at

Nagoya.　The　lidar　data　were　integrated　from　21:36　to　22:40　JST.　The　radiosonde　was

launched　at　22:16　JST　and　reached　12　km　at　22:51　JST.　The　vertical　resolution　was

350　m.
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Rgure　3.4　Same　as　Fig.　3.3　but　for　the　promes　on　September　10-1　1　,　1994.　The　lidar

data　were　integrated　from　01:09　to　01:39　JST.　The　radiosonde　was　launched　at　22:3　1

JST　and　reached　12　km　at　23:　1　1　JST.　The　vertical　resolution　was　350　m.
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Rgure　3.5　Same　as　Fig.　3.3　but　for　the　profiles　on　June　5,　1996.　The　lidar　data　were

integrated　from　22:18　to　00:34　JST.　The　radiosonde　was　launched　at　23:58　JST　and

reached　1　2　km　at　00:　35　JST.　The　vertical　resolution　was　330　m.
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　　　Considerable　discrepancies　were　found　between　the　humidities　obtained　with　the

two　instruments　at　dry　regions:　above　6　km　on　May　20,　1994　(Rg.　3.3)and　between　4

and　8　km　on　June　5,　1996(Rg.　3.5).Figure　3.6　shows　the　scatter　diagram　of　the　water

vapor　mixing　ratio　between　l　and　8　km　derived　from　the　coincident　radiosonde　and

lidar　measurements　made　in　1994-1998　(We　excluded　the　data　on　February　1　3,　1998

because　of　the　low　quality　of　the　lidar　data　due　to　presence　of　cloud).The　discrepancies

are　evident　below　the　value　of　approximately　O.2　g　kg'1　,　where　the　lidar　data　indicated

larger　values　than　the　radiosonde　data.　Because　the　calibration　coemcient　£was

calculated　by　taking　weighted　average　(Eq.　3-12),the　lidar　data　were　fitted　more　closely

to　larger　values　of　the　radiosonde　-　water　vapor　mixing　ratio.

　　　Ferrare　et　al.　(1995)and　Soden　et　al.　(1994)have　reported　a　systematic

discrepancy　in　the　relative　humidity　between　the　Raman　lidar　and　vaisala　radiosonde

measurements.　Ferrare　et　al.　(1995)have　shown　that　the　lidar　data　indicated　higher

value　of　RH　than　the　vaisala　radiosonde　data　above　the　height　of　about　7.5　km,　ln

which　the　difference　of　RH　between　them　increases　from　5%at　7km　to　20%at　9.5　km.

5Ve　made　a　comparison　for　our　RH　measurement　data　as　the　same　manner　of　Ferrares'　,

as　shown　in　Fig.　3.7.　The　lidar　data　above　8　km　indicated　slight　larger　value　than　the

radiosonde　data.　The　difference　was　about　10%at　9　km.　This　tendency　was　consistent

with　Ferrares'　results.　However,　this　discrepancy　might　be　essentially　the　same　as　that

found　in　the　dry　region　(w≦O.2　g　kg‘　1　in　Fig.　3　.6)mentioned　above　because　the　value

of　w　generally　decreases　with　height.　Ferrare　et　al.　(1995)mentioned　that　the　signal-

induced　noise　(SIN)in　the　photomutiplier　tube　(PMT)might　cause　this　discrepancy　at

high　altitudes　where　the　retum　signals　are　sma11.　However,　this　is　uncertain　because　it　is

dimcult　to　evaluate　the　effect　of　SIN.　The　discrepancy　cannot　be　explained　only　by　the

temperature　variation　of　the　effective　Raman　backscattering　cross　sections　(e･g･,

Rg.　3.2)with　height.　The　reason　for　these　discrepancies　remains　to　be　solved.　lt　may　be

due　to　the　difference　of　the　detector's　sensitivity　at　low　water　vapor　concentration

and/or　low　temperature.
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　　　nble　3.1　shows　the　summary　of　the　comparisons.　The　root　mean　square　(RMS)

difference　between　the　lidar-　and　radiosonde-relative　humidity　between　l　and　8　km　was

8%for　average　and　varied　2~23%depending　on　the　meteorological　conditions　such　like

cloudiness,　wind　speed,　and　horizontal　inhomogeneity　of　the　humidity.　The　calibration

coemcients£　changed　when　the　voltages　of　the　PMR　changed　(July　18　and

December　29,　1996)or　the　threshold　levels　of　the　discriminators　changed　(December　27,

1995).The　temporal　variation　in　the　value　of　£was　6%during　the　period　when　the

PNrns　voltages　and　the　discrimination　levels　were　carefully　adjusted　to　fixed　values

(from　September　29,　1997　to　May　19,　1998).ln　this　study　we　calculated　the　humidity

promes　for　the　data　taken　on　the　other　days　of　the　coincident　radiosonde　measurements

by　using　the　calibration　coefficient　obtained　at　the　nearest　coincident　measurements.
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Figure　3.6　Scatter　diagram　of　the　water　vapor　mixing　ratio　between　l　and　8　km　derived

from　the　coincident　radiosonde　and　lidar　measurements　in　1994-1998.　The　horizontal

axis　shows　the　Raman　lidar　value　(wlidar)and　the　vertical　axis　shows　the　vaisala

radiosonde　value　(wsonde).
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Figure　3.7　Lidar-radiosonde　relative　humidity　difference　as　a　function　of　altitude.　Solid

line　represents　the　average　for　May　20,　September　10'11,　November　28　and　30,　1994

and　dotted　line　for　July　5,　1996,　September　29,　1997,　a,nd　May　19,　1998.　The　data　were

averaged　over　one　kilometer　bins.　Horizontal　bars　represent　the　standard　deviations.
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lable　3.1　Summary　of　the　comparisons　between　the　Raman　lidar　and　the　vaisala

radiosonde　humiditylneasurelnents　made　in　May　1994-May　1998

1997/09/29

1998/02/13

1998/05/19

Date　　　　　　Time(JST)　　　　　　Calibration　　　Coemcient　of　RMS　Difference

　　　　　Radiosonde　　　　LidarCoemcient£(×10'2)Determination　r2　　of　RH　(%)

　　　　　Launch-10　km　Start　-　End　　　　　　　　　　　　　　　　　　　　　　　between　l　and　8　km

1994/05/20　　22:16-22:45　　　21:36-22:40

1994/09/1　1　22:31-23:06　　01:09-01:39

1994/1　1/28　21:58-22:30　　20:16-21:42

1994/1　1/30　22:15-22:46　　21:26-23:00

1.40:t0.04

1.65±0.05

2.20:t0.05

1.69:t0.06

(1995/12/27　Dis�mination　levels　changed)

1996/06/05　23:58-00:29　22:18-00:34　　3.39±0.11

　　　　　　　　　　(1996/7/18　PMTs　voltages　changed)

1996/09/14　　21:40-22:12　　　21:22-22:26 3.47±0.14

(1996/12/29　PMTs　voltages　changed)

21:35-22:01　　21:33-22:45

22:53-23:20　　　22:33-23:33

21:42-22:13　　21:17-22:17
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2.83±0.46

3.07±1.38

2.93±0.07

0.996

0.956

0.952

0.987

0.995

0.984
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0.730

0.996
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3.2　Aerosol　extinction　coemcient,backscattering　ratio,aerosol

backscattering　coemcient,　and　depolarization　ratio

　　　Vertical　profiles　of　aerosol　extinction　coemcient,backscattering　ratio,

backscattering　coefficient,and　depolarization　ratio　are　calculated　from　the

Mie/Rayleigh　and　Raman　oxygen　(nitrogen)backscatter　signals.　This　section　describes

the　procedure　to　calculate　these　aerosol　parameters　and　shows　some　results　of　the

calculations　from　the　measured　signals.

3.2.1　Beam　overlap　factor

　　Rrstly,the　beam　overlap　factor　θμj　in　Eq.　(3-1)must　be　evaluated　in　order　to

calculate　the　aerosol　quantitative　pEameters　in　the　lower　altitude　where　the　ov�ap

factor　becomes　less　than　unity.　We　derived　the　overlap　factor　by　two　methods　in　this

study;　one　is　(a)to　calculate　the　factor　from　the　geometrical　parameters　of　the　lidar,　and

the　other　is　(b)to　calculate　the　factor　from　the　backscatter　signals　measured　with　the

lidal.　The　results　of　the　calculations　of　the　overlap　factors　by　the　two　methods　are

presented　and　discussed　below.

　　　The　beam　overlap　factor　is　a　function　of　four　geometrical　parameters　of　the　lidar:

(1)the　area　of　telescope　field　of　view　ov�apped　with　laser　beam,　(2)the　distribution　of

the　laser　power　on　the　target　plane,　(3)the　area　of　detector's　surface　overlapped　with　the

retumed　radiation,　and(4)the　distribution　of　detection　emciency　of　the　detector's

surface.　ln　order　to　calculate　the　overlap　factor,　we　need　all　of　these　parameters　but　the

parameters(2),(3),and(4)are　dimcult　to　measure　directory.　Since　the　variation　of

these　parameters　(2)-(4)at　the　altitude　range　of　our　interest　(z≧1km)are　expected　to

be　sma11,　we　calculated　simple　area　overlap　factors　by　taking　account　of　only　the

parameter　of　(1),i.e･　,　the　overlap　factor　was　a　function　of　the　overlapped　area　of
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telescope　field　of　view　with　the　laser　beam　that　varied　with　height.　ln　this　manner,　we

assumed　that　the　laser　power　distribution　was　uniform　inside　the　beam　and　that　the

detector　completely　detected　the　backscattered　radiation　that　came　into　the　telescope.

The　former　assumption　might　result　in　a　steep　change　of　the　overlap　factor　with　height

because　the　laser　power　distribution　is　not　exactly　nat　(the　power　decreases　at　the　edge

ofthe　beam).The　latter　assumption　might　be　incorrect　below　the　height　about　l　km　for

our　system.

　　　Figure　3.8　shows　the　geometry　of　the　telescope's　field　of　view　and　the　laser　beam

of　the　lidar.　There　are　three　possible　situations　for　the　beam　overlap　(right-hand　side　of

Rg.3.8).The　overlap　factors　for　the　three　situations　are　respectively　expressed　as

(a):θμj

(b):θμJ=

=1if　j〈r-w(z>

r29r+w291

πW

(c):　θμj=Oif　j≧r+w(z≦

j
-

- jo+z　azlθ,｢

jo　―　ro　+wo

-a?zφΓ　-　azzφ1　-　azzθ

-�･izz9r

2

),

if　r-w≦j<r+w,

　　jo　-　zi)―wo

azzφ7+azzφ1-zαzzθ

゜5+z　azzφΓ,　wΞ

),

(3-13)

(3-14)

(3-15)

where

wo+z　azzφ19

9r°cθ5‾I〔r2+£□w2〕,and　9)1°cθfl〔w2{jlL‾r2j

Here,　z　is　the　range　between　the　telescope　and　the　target,　jo　is　the　distance　between

the　telescope　and　laser　axes,　5　is　the　telescope　radius･　wo　is　the　laser　output　aperture

radius,φΓ　is　the　telescope　half　opening　angle,　φ1　is　the　laser　half　divergence　angle･

andθis　the　inclination　angle　between　the　telescope　and　laser　axes.　These　parameters
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are　shown　in　Figs.　3.8　4nd　3.9.　1t　should　be　noted　that　we　consider　the　case　for　θ≧O.

The　shadowing　effect　of　the　central　obstruction　of　the　telescope　(secondary　mirror)was

neglected　because　this　effect　arises　below　the　altitude　about　O.2　km　for　our　system.

　　　71ylible　3.2　shows　the　geometrical　scale　and　angular　parameters　of　the　Raman　lidar

system.　The　system　emits　the　laser　beams　into　the　atmosphere　by　using　two　renecting

mirrors(Rg.　2.3);one　renects　the　beam　at　the　wavelength　of　354.7　nm　and　the　other

renects　those　at　532　and　1064　nm.　Thus　we　calculated　the　overlap　factors　for　each

wavelength.　The　unknown　parameter　to　calculate　the　overlap　factor　is　the　inclination

angleθbetween　the　telescope　and　laser　axes.　Figure　3.　1　0　shows　the　beam　overlap

factor　at　altitudes　of　1,　2,　and　5　km　as　a　function　of　θcalculated　for　the　parameters

listed　in　'nible　3.2.　1t　is　found　the　overlap　factor　significantly　varies　with　θ.As　shown

in　the　latter　subsection,　we　determined　the　values　of　θby　fitting　the　calculated　overlap

factor　to　the　measured　factor　to　minimize　the　difference　between　them.
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Rg.　3.8　Geometry　of　the　telescope's　field　of　view　and　the　laser　beam　of　the　Raman　lidar.

The　shaded　area　shows　the　beam　overlap　region.　Three　overlap　situations　(a)-(c)are

shown　in　the　right-hand　side.

Rg.　3.9　Geometry　of　the　target　plane　at　height　z　for　the　situation　(b)in　Fig.　3.8
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nble　3.2　Geometrical　scale　and　angular　parameters　of　the　Raman　lidar

Laser　　　　　　　　　　　　　　　　　　　　　　　lelescope

λ[nm]　　wo[m]φ1[mrad]　jo[m]　　4)[m]

354.7　　　　　　　　　　0.018　　　　　　　　0.1　　　　　　　　　　0.752

532&1064　　　0.018　　　　　0.1　　　　　　0.791　　　　　0.502
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Rg.　3.10　Beam　overlap　factor　as　a　function　of　inclination　angle　between　the　axes　of

laser　and　telescope　at　the　altitudes　of　1,　2,　and　5　km　calculated　from　the　geometrica1

parameters.
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　　　The　beam　overlap　factor　can　be　calculated　from　the　backscatter　signal　by

combining　with　the　atmospheric　density　data.　lf　we　assume　that　the　laser　beam

completely　overlaps　with　the　telescope'sfield　of　view　at　an　altitude　z*and　all　of　the

backscattered　radiation　from　this　altitude　is　detected,　θμ*J=1,we　obtain　the　constant

£1n　Eq.　(3-1)as

X'
-

-

　　　£μ*μ*2

βμ*jRμo･z*j7iμo･z*j
(3-16)

Then　the　beam　over≒)factorθ0μs　calculated　by　substituting　Eq.　(3-16)into　Eq.　(3-

1)and　is　expressed　as

θΓ0=
yJz2βjz)

/)jz*μ*2βjo
Rμ･z*j7iμ･z) (3-17)

　　For　the　Raman　oxygen　(nitrogen)signals,the　volume　backscattering　coemcients

βμO　are　proportional　to　the　number　density　of　oxygen　(nitrogen)and　also　to　that　of

dry　air(zzj　O).Then,Eq.(3-17)becomes

θθ2μJ
-

-

/)μzμ2

42rz*μ*2

zzj　r　z*J
-

Sμj
ε

ln　the　calculation　of　the　ov�ap　factor　by　Eq.　(3-18),we　obtained　the　atmospheric

density　Sμj　and　the　molecular　extinction　coemcients(yj　O　from　the　radiosonde

or　GANAL　(or　GAPLX)data.　lt　should　be　noted　that　we　neglected　the　aerosol

extinction　coemcient,　i.e･,　(yjO=O　throughout　the　height　㎞Eq.(3-18)1n　the
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calculation　because　it　was　not　avanable　at　the　region　where　the　beam　overlap　was

incomplete.

　　　For　the　Mie/Rayleigh　signals,　the　volume　backscattering　coemcients　βjzj　in

Eq.(3-17)are　the　sum　of　the　aerosols　and　air　molecules　(=βjO+βjzj).Then　the

equation　becomes

θs μj
-

- /)゛μμ2.βy"{)+?″1'4y*?ε‾2Jλ4Jo゛“"o'j]&″.　(3-19)
j‰0*μ *2　βα,λsrzJ+βz77,λj､grzJ

The　molecular　backscattering　coemcients　βj　O　and　extinction　coemcients　(yjo

were　obtained　from　the　radiosonde　or　GANAL　(orGAPLX)data.　Again　we　must　notice

that　we　neglected　the　coemcients　of　aerQsol　backscattering　βj　O　and　extinction
　　　　　　　　　　　　　　●

Qμμo　calculate　the　overlap　factor　by　Eq.　(3-19)because　we　have　no　data　for　them　in

the　incomplete　beam　overlap　region.　Accordingly,　the　derived　overlap　factor　becomes

incorrect　as　the　amount　of　aerosol　particles　increases.　Thus　we　had　to　calculate　the

overlap　factor　from　the　data　taken　under　the　atmospheric　condition　of　small　aerosol

loading　as　possible.

Results

　　　Rgure　3.11　shows　the　beam　overlap　factor　derived　from　the　Raman　oxygen　signa1

and　that　calculated　from　the　geometrical　parameters　on　November　30,　1994.　The

measurement　was　carried　out　under　fairly　clear　condition.　Mye　used　the　atmospheric

density　data　obtained　with　the　coincident　radiosonde　launched　approximately　30　m

away　from　the　lidar　to　calculate　the　factor　by　Eq.　(3-18).We　set　the　normalization

height　z*at　5.0km.The　measuredoverlap　factor　was　O.72　at　2.0　km　and　reached　unity

at　3.6　km.　The　inclination　angle　θbetween　the　laser　and　telescope　axes　was　calculated

to　be　O.580　mrad　by　fitting　the　calculated　values　to　the　measured　values　between　2.0
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and　5.0　km.　The　mean　relative　difference　between　them　was　4%at　the　altitude　range　of

1.0　to　5.0　km.　Below　approximately　2　km　the　measured　and　calculated　overlap　factors

showed　some　discrepancy;　the　measured　overlap　factor　was　smaller　than　the　calculated

factor　at　1.2-2.0　km　and　larger　below　1.2　km.　This　discrepancy　was　probably　due　to　the

assumptions　we　madeyR)investigate　the　reason　for　this　discrepancy,　we　calculated　the

overlap　factor　for　the　Gaussian　laser　beam　distribution　(not　shown).However,　the

goodnessof　fitting　between　the　calculated　value　and　the　measured　one　was　worse　than

that　of　the　nat　laser　distribution.　Mye　believe　that　the　most　probable　reason　for　this

discrepancy　is　the　backscattered　radiation　from　the　altitude　below　2　km　was

incompletely　focused　onto　the　focal　plane　of　the　receiver's　optics.

　　　Figure　3.12　shows　the　beam　overlap　factors　obtained　on　the　days　of　the　coincident

radiosonde　measurements.　The　overlap　factor　obtained　on　November　28　agreed　we11

with　that　on　November　30;　the　mean　difference　between　them　was　3%at　the　altitude

range　of　1.0-5.0　km.　0n　the　other　hand,　the　overlap　factor　on　May　20　showed

unrealistic　values　(θμμ1)at　2.5-6.0　km　due　to　the　aerosol　extinction　we　neglected;

this　was　confirmed　by　the　fact　that　the　simultaneous　Mie/Rayleigh　measurements　at　532

nm　indicated　significant　amounts　of　aerosol　backscattering　in　this　region　(not　shown).

The　overlap　factor　on　September　l　l　was　considerably　smaller　than　those　on　the　other

days.　The　reasons　for　this　difference　is　not　well　understood.　0ne　possible　reason　is　that

we　carried　out　the　measurements　on　September　ll　with　a　focal　length　and/or　aperture

setting　that　was　different　from　the　measurements　on　the　other　days.　Another　possibility

is　that　the　inclination　angle　between　the　telescope　and　laser　axes　had　changed　by　some

unexpected　reasons.
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Rg.　3.　1　1　Beam　overlap　factor　for　the　354.7/Raman　channels　obtained　on　November　30,

1994.　The　solid　line　shows　the　factor　derived　from　the　Raman　oxygen　measurement　and

the　dashed　nne　shows　the　factor　calculated　from　the　geometrical　parameters　with

O=0.580　mrad.
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Fig.　3.12　Beam　overlap　factors　for　the　354.7/Raman　channels　derived　from　the　Raman

oxygen　measurements　on　May　20,　September　11,　November　28,　and　November　30,

1994.
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　　　The　determination　of　the　beam　overlap　factor　from　the　】Vlie/Rayleigh　signal　by

Eq.(3-19)is　a　hard　task　because　we　have　no　information　about　the　aerosol

backscattering　and　extinction　coefficients　in　the　incomplete　overlap　region　as　mentioned

previously.　M/e　calculated　the　beam　overlap　factor　from　the　Niie/Rayleigh　signal　at　532

nm　without　taking　account　of　the　aerosol　backscattering　and　extinction　on　November　30,

1994,when　the　measurement　was　carried　out　under　the　clearest　condition　in　all　the

coincident　radiosonde　measurements.Rgure　3.13　shows　the　results　of　the

measurements　on　November　30.　NVe　set　the　normalization　height　z*at　3.9　km.　The

inclination　angle　θwas　calculated　to　be　O.562　mrad　by　ntting　the　calculated　values　to

the　measured　ones　between　3.0　and　4.0　km.　The　measured　and　the　calculated　overlap

factors　substantially　deviated　below　3.0　km　due　to　the　aerosol　backscattering　that　we

neglected.

　　　Rgure　3.　1　4　shows　the　vertical　profiles　of　the　backscattering　ratio　at　532　nm　on

November　30　calculated　by　using　the　overlap　factor　obtained　from　the　calculation　with

θ゜O.562　mrad　(corrected)and　that　calculated　with　constant　overlap　factor　over　the

range(θΓ0=1,uncorrected).The　corrected　values　of　the　backscattering　ratio　below　3

km　were　reasonable　in　the　sense　that　they　were　larger　than　unity,　while　the　uncorrected

values　were　less　than　unity　between　1.8　and　3　km.　Although　the　precision　of　the

calculated　overlap　factor　for　the　Mie/Rayleigh　channel　is　uncertain,　we　believe　that　the

factor　is　reliable　above　2　km　because　the　overlap　factor　calculated　from　the　geometrical

parameters　on　November　30　agreed　well　with　that　derived　from　the　Raman　oxygen

measurement　above　2　km　(Rg.　3.11).

　　　XVe　calculated　the　beam　overlap　factors　for　each　wavelength　as　a　function　of　θ

for　all　the　data　taken　under　the　clear　conditions　in　1994-1997.　The　values　of　θvaried

between　about　O.55　and　O.60　mrad.　This　variation　corresponds　to　the　variation　of　the

overlap　factors　between　O.87　and　O.61　for　354.7　nm　and　between　O.77　and　O.49　for　532

and　1　064　nm　at　2　km.　M/e　used　the　calculated　overlap　factors　as　a　function　of　θin　the
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calculation　of　the　aerosol　backscattering　and　extinction　coemcient　profiles.　For　the　data

taken　under　fa�y　turbid　conditions　for　which　calculation　of　θby　fitting　the　calculated

factor　to　the　measured　one　were　dimcult,　we　used　the　values　obtained　by　interpolating

those　obtained　under　clear　conditions　on　the　nearest　days.
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Fig.　3.13　Beam　overlap　factor　for　the　532　nm　channels　obtained　on　November　30,　1994.

The　solid　line　shows　the　factor　derived　from　the　Mie/Rayleigh　measurement　at　532　nm

and　the　dashed　line　shows　the　calculated　factor　with　θ=0.562　mrad.
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Rg.　3.14　Vertical　profiles　of　the　backscattering　ratio　at　532　nm　on　November　30,　1994.

The　solid　line　shows　the　profile　calculated　by　using　the　overlap　factor　calculated　with

θ'O.562　mrad.　The　dotted　line　shows　the　profiles　calculated　with　constant　overlap

factor　of　unity　(θμj=1).
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3.2.2　Aerosol　extinction　coefndent

　　　Aerosol　extinction　coemcient　((■)is　calculated　from　the　Raman　oxygen　(o｢

nitrogen)signal(e･g･,Ansmann　et　al･,　1990).The　lidar　signal　of　the　Raman　oxygen

backscattering　is　expressed　by

&jz{£Q yjRay!E‾≒zθ2μμ{o[Qy゛'EQ'yfμw≒Q'μ'Q'゛2Q'　Jw　･(3'20)

whereλl　and　λQ　are　the　wavelengths　of　the　laser　(354.7　nm)and　the　Raman　oxygen

scattering(375.4nm),respectively.　By　differentiating　the　logarithm　of　Eq.　(3-20)with

respect　to　z　,　we　obtain

CE
£
&

　/)μzμ2

θjJ″μzj｡
1

゜‾[(yGjzj+(yuj　z　j　+(7'G.jzj+Q≒μj].　(3-21)

Here　we　assume　that　the　number　fraction　of　oxygen　molecule　in　air　is　constant

(nθ2　°c　nj)at　the　heights　over　which　the　measurements　are　made.　The　extinction

coemcients　at　the　two　wavelengths　have　relations　that　are　expressed　by

for　air　molecules,　and

(y″7･λa2rzj
-

(7gλzjzj

(yα,λa2rzJ
-

(yα,λfrzj

C
　
　
　
=

=〔

〕‾4 (3-22)

(3-23)

λQ
―

λ1

λa2
-

λ1

for　aerosol　particles.　The　exponent　£㎞Eq.(3-23)is　called　Angstr6m　exponent

(Angstr6m,1964)which　depends　on　the　size,　shape,ant　the　refractive　index　of　the

Particles　and　must　be　given　explicitly　(the　method　for　estimating　the　value　of　£is
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described　in　Section　3.2.5).By　substitution　of　Eqs.　(3-22)and(3-23)into　Eq.　(3-21),we

obtain　the　aerosol　extinction　coemcient　at　λ1･

(yα,λ1μj=
7

7+(λa2　/λ

£
&↓

dJ″jo

40μ2 E≒
UCTI

　
　
f
y

l m,λ£

､
ー
ー
･
y
l
l
l
'

　
　
　
j

[�1].

(3-24)

jo&

y

ln　order　to　compute　the　extinction　profile　from　the　actual　lidar　data,　we　used　the　finite

differentia1　Srm　of　Eq.　(3-24)that　is　expressed　by

Q,4μμ
　　　　1

1+(λQ2/λt)4m

　
1
Ξ1 』

　
　
　
　
　
&

&2(z-l)(z-7)2R2(yTF)Q(yjF)

&2(z+々)(z+々)2Q2(z-々)Q(z-t)『
1
‥
｡

h
λt

　
　
σ

1↓

The　measurement　uncertainty　in　the　aerosol　extinction　coemcient　is　calculated　by

&y

　　　　　　1　　　　&≒(nA)

“4(z　j41+(λQ/λL)‾゛(゛)]{y{⊆TT{Ty
　(λ｡2/λ)゛JI/zl(λ｡2/λ1)|
+　　1+(λ｡2/4)‾゛(゛)

1↑

‘7.4(z)&(z).
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%(z-々)
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3.2.3　Backscattering　ratio　and　aerosol　backscattering　coefndent

　　　　The　signal　of　Mie/Rayleigh　backscattering　is　expressed　by

4μjj= £s
θs｢
-

　?

zj
[β･,4μj+β･,4μj]ε‾2Jo[Q'4QyQ'1゛Q'　J]&'･(3'27)

whereβ,,λ｡andβ･,w　are　thevolume　backscattering　coemcients　of　air　molecules

and　aerosol　particles　at　the　wavelength　λs(=λ1=532　or　1064　nm　in　this　study),

respectively･

The　backscattering　ratio　(R)is　calculated　by　employing　the　normalization　procedure

(e.g･,Russell　et　al･,　1979)that　is　expressed　as

R,‰ μj
_βz71λgjzj+βα,λsrzj
-

βm,λsrzj

゜Rλμ*jθ4μ*j4"μμ2Sμ*≒‾2J*[(7゛J゛'μ(7“~o'j]&'
　　1　　θλsμJz‰jz*μ*2Qμj

　　　　　　　　　　　　　　　　　　　　　　　　,(3-28)

where　z*is　thenonnalization　height　for　the　backscattering　ratio.　Thenonnalization

was　ca�ed　out　for　R=l　at　an　altitude　between　about　28　and　30　km　where

backscattering　by　particles　is　considered　to　be　negligible.　The　volume　backscattering

coemcient　of　aerosol　particles　(β｡)is　obtained　from　Eq.　(3-28)as

β4.μ{βGJzj[R4μF1][�1srl]

The　volume　backscattering　coemcient　of　air　molecules　(β｡)is　calculated　by

βGμj=
27π20j　-1j‰jzj

　λ4y2oj+2j2
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where　zz,　and　y　are　the　same　as　Eq.　(3-5),pj　is　the　depolarization　factor　that

depends　on　the　wavelengt　and　the　bandwidth　of　the　measurement.　The　vales　are

calculated　to　be　py=4.9×10'3　at　532　nm　(FWHM=1.17　nm)andpj=3.4×10'3　at

1064　nm　(FWHM=1.10　nm)for　our　system　at　the　tropospheric　temperature　range

(Adachi,private　conlmunication).

　　　ln　order　to　calculate　the　value　of　R4　by　Eq.　(3'28)･the　゛｢osol　elt㎞ctioll

coemcient(yα,λwμj　is　needed.　This　parameter　iscrucial　for　the　calculation　of　R　in

the　turbid　atmosphere.　The　value　of　(ya,λ｡can　be　calculated　by　two　methods　from　our

observational　data.　0ne　is　to　calculate(y･,λ｡from　the　Raman　oxygen　signal　by　Eq.　(3-

25)and　assuming　the　same　relation　as　Eq.　(3-23):

(ya,λs μj C
　
　
　
=

〕‾oU･,Jzj･
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(3-31)

(3-32)

λs

λ1

whereλz)s354.7　nm　in　this　study.　The　other　is　to　calculate　(yα,4　from　the　aeroso1

backscattering　coefncient　βaλs　by　assuming　theconventional　relation(e･g･,　Femald,

1984;　Klett,　1981)

(7･,λ｡μj°£,λsμjβα,λsμj･

where　5'･λw　isthe　extinction-to-backscatter　ratioof　aerosol　particles　which　depend　on

the　size,　shape　and　the　refractive　index　of　the　particles　(discussed　in　the　following

section).The　data　analyzing　procedure　used　in　this　study　to　calculate　R　,　βa　,　and　(7･α

simultaneously　by　combining　the　Raman　oxygen　and　Mie/Rayleigh　signals　is　described

in　Section　3.2.5.



coemcient

　　The　measurement　uncertainty　in　the　backscattering　ratio　is　given　by

aiwμ≒&sμ

where

and

Cj--
､

&QwμD2　&1wμ*j2　&)･sμj

7⊇T〕{RyTy〔7⊇F

[δ17,,4jz･z*j]2°

[&･,4μ･z)]2°

&2

j
?
-
J

&μzD
-

QμD j
?
I
J

&μJ
-

Qμj

Σ[δ(y,,4μ912
Z'゜Z

　　　Z

&2Σ[δ(7･,4μ912
　　Z'=Z*

〕2+45T,,4j　aD2+4&･,4jz･zD2F
(3-33)

(3-34)

(3-35)

lt　should　be　noted　we　omitted　the　covariance　term　for　the　molecular　backscattering　in

Eq.(3-33)so　that　the　calculated　uncertainty　in　R　might　be　overestimated　at　the　altitude

region　lz　-　z*|≦&j　where　∠kisthe　resolution　of　the　atmospheric　density　data

(Russell　et　al･　,　1979).

　　The　measurement　uncertainty　in　the　aerosol　extinction　coemcient　at　the

Mie/Rlyleigh`“゛elellgth(δ゜u｡)i11　Eq.　(3-35)is　c31cll13ted　by　follo゛illg　lll°11elr:　lf

the　aerosol　extinction　coemcients　are　derived　from　the　Raman　oxygen　backscatter

signal　by　Eqs.　(3-25)and(3-31),the　uncertainty　is　given　by

[δ(7･,4μj]2 =(yα ,4rJ2[{
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whereλ1　is　the　wavelength　of　the　aerosol　extinction　measurement　('354.7　nm　in　this

study).lf　the　aerosol　extinction　coefficients　are　derived　from　the　backscattering

coemcients　by　Eq.　(3-32),the　uncertainty　is　given　by

[&7aλ｡μJ]2°[s｡,4ojβ｡,4μj]|〔lyj{{〈‰?y +〔aijzJ　4jJ-1 〕2｣.(3-37)
The　measurement　uncertainty　in　the　aerosol　backscattering　coefficient　is　given　by

δβα,λgjzJ°βa,λA,jz　
C

↓
L

&jzj
-

zzj　o C
　
　
　
+y

a4μj

Rλs (J-1

l
y
-
-
-
‐
‘

　
T
-
ー
j

(3-38)

The　calculations　of　δβ｡and　a　are　made　by　an　iterative　manner　if　we　use　Eq.　(3-37)

(Russell　et　al･,　1979).
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3.2.4　Results　of　aerosol　extinction　and　backscattering　measurements

　　　Rgure　3.15　shows　the　vertical　profiles　of　the　aerosol　extinction　coemcient　at

354.7　nm　((y｡,355)and　the　backscattering　coemcient　at　532　nm　(β｡,532)observed　on

Aprn　21　and　November　30,　1994.　The　dataivere　acculnulated　for　30　minutes　on　Apri1

21　and　for　90　minutes　on　November　30.　The　vertical　resolution　was　reduced　to　750　m

by　taking　running　mean.　The　valuesof(yα,355　and　βα,5321verecalculated　by　Eq.　(3-25)

and　Eqs.　(3-29)-(3-31),respectively.　We　calculated　two　profiles　for　each　aeroso1

parameters　assuming　the　wavelength　exponent　of　the　aerosol　extinction　coemcient　as

£=O　and　£=1.5because　the　values　of　£for　tropospheric　aerosols　generally　take

between　thesevalues(lanaka　et　al･,　1989);thus　the　appropriate　values　of　(y｡,355　and

β｡,5321vereexpected　to　be　between　the　valuescalculated　with　the　two　£values.

　　　The　profiles　on　April　2　1　(Fig.　3.15a)'were　taken　under　rather　turbid　condition.

Largealnount　of　nonspherical　particles　that　had　been　transported　from　over　the　Asian

Continent(described　in　Section　4.2)were　present　in　the　free　troposphere.　The　peak

value　of　(7a,355　at　5　km　was　6.5×10'5　m'1　for　£゜O　and　6.8×10'5　m`1　for　£゜1.5.　The

values　of　(y｡,355　calculated　for　the　two　£values　differ　by　4%independent　of　the　height.

Thelneasurelnent　uncertainty　in　(y｡,355　was　about　15%at　5　km　and　increased　with

height　and　exceeded　100%above　8　km.　The　aerosol　optical　thickness　between　3　and　8

km　was　0.18　for　£=O　and　0.19　for　£=1.5.

　　　The　aerosol　backscattering　coemcient　β｡,532　on　APri1　21　showed　a　peak　at　4.6　km

whose　value　was　1.3×10'6m‾lsr'1(£=O)and　1.5×10`6　m'1sr'I　(£=1.5).The　values　of　the

βα,532　calculated　for　the　two　£values　deviated　as　the　height　decreases;　the　differences

of　the　valuesofβα,532　for　the　two　£values　were　1　3%at　5　km　and　27%at　3　km.　This

is　because　the　difference　in　the　calculated　aerosol　optical　thickness　between　the

normalization　height　(z*=9.3　km)and　the　target　height　for　the　two　£values　becomes
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large　as　the　height　decreases.　Themeasurement　uncertainties　in　βα,532　wereabout　9%

at　5　km　and　34%at　8　km　for　the　both　profiles　calculated　with　the　two　£values.

　　　The　profiles　on　November　30　(Fig.　3.15b)were　taken　under　fairly　clear　condition.

The　values　of　β｡,532　indicated　faMy　low　values　(≦1.3×10'7)which　were　less　than10`1

of　thoseobserved　on　Apri1　21.　The　data　of　(yα,355　werealmost　out　of　the　detection　limit

(measurement　uncertainty　exceeded　100%)over　a　height　range　of　the　measurement.

　　　For　the　data　taken　during　the　period　1994　to　1997,　the　minimum　detection　leve1

(relative　uncertainty　<100%)of　the　(7'J55　was　about　l.2×10'5　m'1　withtime　resolutions

of　30-90　minutes　and　the　vertical　resolution　of　750　m.　Accurate　aerosol　extinction　data

(iellti゛e　ullcertaillty(30%)h3ve　been　obt゛1illed　ullderfilfly　tul`bid　conditions　((7.,355≧

4×10‘5　m'I)SUCh　like　SUbStantial　amOunt　Of　dUSt　partiCleS　Or　thin　CimlS　C10UdSWere

present.
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Rgure　3.15　Vertical　profiles　of　aerosol　extinction　cod`icient　at　354.7　nm　(solid　lines)

and　backscattering　coemcient　at　532　nm　(dashed　lines)observed　on　(a)Apri1　21　and　(b)

November　30,　1994.　The　thick　nnes　show　the　data　calculated　with　the　wavelength

exponent　of　aerosol　extinction　coefficient£=O　and　the　thin　lines　show　the　data

calculated　with　£=1.5.
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　　　The　aerosol　extinction-to-backscatter　ratio　depends　of　the　size,　shape　and　the

refractive　index　of　the　particles　and　is　an　important　input　parameter　to　deduce　the

aerosol　extinction　and/or　backscattering　coefficient　fTom　the　Mie/Rayleigh　lidar　signal

alone(e･g･,Klett,1981;　Femald,　1984;　Sasano　et　al･,　1985).The　aerosol　extinction-to-

backscatter　ratio　can　be　obtained　by　taking　the　ratio　of　the　extinction　coefficient　and　the

backscattering　coefficient　that　are　both　available　from　the　Raman　lidar　signals.　Rgure

3.16　shows　the　vertical　profiles　of　backscattering　ratio　at　532　nm,　relative　humidity,

aerosol　extinction'to'backscatter　ratio　at　532　nm　(Sα,532)･aerosol　depolarization　ratio　at

532　nm,　wavelength　exponent　of　the　aerosol　backscattering　coefficient　(α)observed　on

Aprn　21,　1994.We　calculatedthe　Sa　,532　from　the　values　of　(ya,Jjj　and　βμj2　shown　in

Fig.　3.　1　5　assuming　£=O　and　£゜1.5.　At　the　altitude　range　of　3　to　6　km,　where

relatively　large　backscattering　ratios　(β≧1.5)i¥ereobserved･　the　values　of　So32　1vere

between　13　and　37　sr　for　£=1.5　and　between　28　and　89　sr　for　£=0.

　　　Figure　3.17　shows　the　profiles　observed　on　January　10,　1997.　A　sharp　peak　of　the

backscattering　ratio　were　observed　at　around　6.8　km　with　a　height　thickness　about　l　km,

in　which　the　Sα,532　indicated　small　valuesabout　6　sr　(£=1.5)and　12　sr(£=O).lt

should　be　noted　that　the　relative　humidities　in　this　region　were　near　saturated　with

respect　to　ice.

　　　lakamura　et　al.　(1994)measured　the　&,532　values　of　the　tropospheric　aerosols　by

using　the　Mie/Rayleigh　lidar　and　sun　photometer　at　Tsukuba.　They　reported　the　values

of&,532　rangedbetween　20　and　70.　This　range　of　the　values　svas　close　to　those

observed　at　3-6　km　on　Apri1　21　but　significantly　larger　than　those　at　around　6.8　km　on

January　10.

　　　The　values　of　Sα,532　for　the　two　£valuesobtained　from　our　data　differs　by　about

a　factor　of　two　becauseof　relatively　large　differencein　the　measurement　wavelengths　of

the　extinction　(354.7　nm)and　backscattering　(532　nm).More　accurate　value　of　Sα,532
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could　be　obtained　if　we　measured　the　extinction　at　532　nm　by　detecting　the　Raman

o`ygell　sc3tteilg　elcited　by　532　°l　(λQ　°　580.2　°1).
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Figure　3.16　Vertical　profiles　observed　with　the　Raman　lidar　on　Apri1　21,　1994.　Left

panel　shows　the　backscattering　ratio　at　532　nm　(solid　lines)and　relative　humidityover

ice(dashed　line).Middle　panel　shows　the　aerosol　extinction-to-backscatter　ratio　at　532

nm.　Right　panel　shows　the　wavelength　exponents　of　the　backscattering　coefficients

between　532　and　1064　nm　(solid　lines)and　the　aerosol　depolarization　ratio　(dashed

lines).Thick　lines　correspond　to　the　profiles　calculated　with　£=O　and　thin　lines

correspond　to　the　profiles　calculated　with　£゜1.5.
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Rgure　3.17　Same　as　Fig.　3.16　but　for　the　profiles　observed　on　January　10,　1997.
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　　　Although　the　uncertainty　in　Sα,532(゜(7･αj32/β,J,532)derived　from　our　measured

signals　is　relatively　large　because　of　the　difference　in　the　measurement　wavelengths　of

the　aerosol　extinction　(354.7　nm)and　backscattering　(532　nm),the　value　(y｡,355/β｡,532

could　be　used　to　study　the　aerosol　microphysical　properties　since　it　also　depends　on　the

size･　shape　and　the　refractive　index　of　the　particles.　The　uncertainty　in　(y｡,355/βα,532

derived　from　our　measured　signals　is　smaller　than　that　in　Sa,532　because　we　essentially

measured(y α,jjj　andβμJ2　.　The　valuesof(y,7,355　/βα,532　at　the　altitude　range　of　4'6　km

on　Apri1　21　(Fig.　3.16)were　between　28　and　64,　whereas　those　at　around　6.8　km　on

January　10　wereabout　12　sr　(Rg.　3.17).lt　should　be　noted　the　value　of　(y｡,355　/β,,,532　for

£゜O　is　equal　to　Sα,532　for　£゜O.

　　　ln　both　the　altitude　regions　(4-6　km　on　Apri1　21　and　around　6.8　km　on　January　10),

high　depolarization　ratios　(δ｡>20%)and　low　wavelength　exponent　values　of　the

aerosol　backscattering　coemcients　(α<O)were　observed,　suggesting　that　large-

nonspherical　particles　were　present　in　both　the　regions.　0ne　difference　between　the　two

regions　was　that　the　relative　humidities　at　around　6.8　km　on　January　10　were　near

saturated　with　respect　to　ice,　whereasthose　at　4-6　km　on　Apri1　21　were　very　low　about

5%.These　results　suggested　that　ice　crystals　were　present　at　around　6.8　km　on　January

10　and　they　were　unlikely　to　be　present　at　4-6　km　on　Aprn　21.

　　　1able　3.3　shows　the　main　physicochemical　and　optical　characteristics　of　mineral

dust(Kosa)particles　and　ice　crystals　(cirrus　clouds).Both　particles　are　generally

nonspherical　and　larger　than　the　laser　wavelength　so　that　high　δ｡and　sma11　αvalues

are　to　be　expected.　Nakajima　et　al.　(1989)measured　the　optical　properties　of　the　yellow

sand(Kosa)particles　at　Nagasaki　(33°N,130°E)with　a　polar　nephelometer　and

calculated　the　scattering　phase　function　of　the　particles　by　using　the　semi-empirical

theory　of　Pollack　and　Cuzzi　(1980).From　their　results　shown　in　the　figures　and　tables,

the　values　of　(yα,355　/β,7,532　for　the　Kosa　particlesiverecalculated　to　be　51-102.　Takano

and　Liou　(1989)calculated　the　scattering　matrices　of　randomly　oriented　hexagonal　ice
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crystals　by　using　a　ray'tracing　technique　and　indicated　(ya,355　/βa,532　″　1　1　sr　for　the　cimls

clouds　having　a　size　distribution　of　cirrostratus　model.

　　　0ur　observed　values　at　around　6.8　km　on　January　10,　where　the　air　was　near

saturated　with　respect　to　ice,　wereclose　to　that　of　cirrus　clouds　calculated　by　lakano

and　Liou　(1989).Ansman　et　al.　(1992b)measured　the　extinction-to-backscatter　ratios

of　cirrus　clouds　with　the　Raman　lidar　and　obtained　the　values　between　5　and　15　sr　at　the

wavelength　of　308　nm.　Although　our　measured　wavelength　was　different　from　them,　the

data　at　6.8　km　on　January　1　0　were　close　to　their　results.

　　　The　values　obtained　at　46　km　on　Apri1　21　were　larger　than　that　of　the　cirrus

clouds　and　partly　overlapped　with　those　of　the　Kosa　particles.　Therefore,　certain　kinds

of　mineral　dust　particles　that　have　larger　(y｡,355　/βa,532　values　than　that　of　the　c1rrus

clouds　could　be　discriminated　by　the　value　of　(ya,355　/βα,532evenif　both　of　them　would
　　　　　　　　　　　　　　　　　　　　　　　f

indicate　high　δa　and　low　αvalues.　lb　validate　this　results　more　precisely,　it　might　be

necessary　to　take　account　the　effects　of　multiple　scattering　(e･g･,Wandinger,1998).

　　　Fig.　3.　1　8　shows　the　valuesof(7a,355　/βa,532　as　a　function　of　the　relative　humidity

with　respect　to　ice　(RHi｡｡)at　the　altitude　range　of　3　to　10　km　observed　for　the　period

1994　to　1997　(tota1　1　4　profiles).We　excluded　the　data　whose　measurement　uncertainty

exceeded　50%in　RHice　or　20%in(y｡,355　/β｡j32　.　1t　is　found　most　data　near　ice　saturation

point(>90%RHi｡｡)indicated　sma11　(y｡,355　/β｡,532　values　between　3　and　17　sr.　This

feature　is　roughly　consistent　with　the　values　of　the　ice　cirrus　clouds　in　'nible　3.3

assuming　that　ice　crystals　were　predominant　in　the　a1r　of　near　ice　saturation　point.　0n

the　other　hands,　the　data　in　unsaturated　air　(≦90%RHice)had　a　wide　range　of　values

between　3　and　9　1　sr.　The　fact　that　smal1　(y｡,355/β,,,532　values　that　were　comparable　to

that　of　the　cirrus　cloudssvereobserved　inunsaturated　air　suggests　that　it　is　impossible　to

discriminate　the　cirrus　clouds　and　the　other　aerosol　particles　based　on　the　(y｡,355　/£,532

value　alone.　More　detailed　analysis　is　necessary　to　asses　the　capability　of　the

discrimination　of　clouds　and　the　other　aerosols　based　on　the　Raman　lidar　data;　one
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candidate　for　this　study　is　the　discriminant　analysis　of　the　aerosol　optical　parameters　(R,

δa･α･and(71,355　/βa,532)and　the　relative　humidity　(e･g･･　Kwon　et　al･,　1997).
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Table　3.3　Physical　and　chemical　characteristics　and　the　optical　properties　of　the　dust　particles　and

4(%) α(7;j､355/yj,､532　Ref.Species　Main

　　　　　Substance

　Dust　Mineral

(Kosa)

Cirrus　lce

(Cs)

Size　　　　　Shape

(μm)

O.1~10　Nonspherical

　　　　　　(aspect　ratio~0.6)

>10 Nonspherical

Wd=)

Refractive

index(532　nm)

　1.55

　+O~0.01i

1.31

+1×10'9ic

~24*　　-0.6~　51~102

　　　　　　-0.1

~33** ~11

INakajima　et　al.　(1989)t)7lakano　and　Liou　(1989)cWarren(1984)

*Scattering　angle　at　170°　atλ=632.8　nm

**For　particle　Ly2a=32μm/80μm　with　scattering　angle　of　1　80°　at　λ=550　nm
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Rgure　3.18　Scatter　diagram　of　relative　humidity　with　respect　to　ice　(RHice)versus　extinction-to-

backscatter　ratio　((7.,355　/β｡,532)between　altitudes　of　3　and　10　km　observed　for　the　period　March
1994　to　February　1997　(tota1　1　4　profiles).0pen　squares　indicate　the　values　calculated　with　&O　and
triangles　indicate　the　values　calculated　with　£=1.5.
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3.2.5　Combined　analyzing　procedure　for　the　Raman　and　lSiie/Rayleigh　signals

　　　Data　analyzing　procedure　for　the　Raman　and　Mie/Rayleigh　backscatter　signals　to

calculate　aerosol　extinction　and　backscattering　coefficients　has　been　developed　by

several　authors　(Ansmann　et　al･　,　1992a,b;　Whiteman　et　al･　,　1992).0ne　problem　in　their

calculations　was　that　the　wavelength　exponent　of　aerosol　extinction　coefficient　(£)was

assumed　to　remian　constant　(e･g･,£'1)over　a　height　range　of　the　measurement.　This

assumption　sometimes　makes　erroneous　results　because　the　value　£varies　depending

on　the　aerosol　properties　such　as　shape,　refractive　index,　and　size　distribution　(e･g･,

Angstr6m,1964;　lanaka　et　al･,　1989).This　assumption　is　particularly　serious　for　our

lidar　data　because　of　the　relatively　large　difference　in　the　measurement　wavelength　of

Raman　oxygen　and　Mie/Rayleigh　signals.　Thus　we　have　developed　the　analyzing

procedure　for　the　lidar　signals　in　which　the　values　of　£are　altitude-dependent;　the

values　are　determined　from　the　wavelength　dependence　of　the　aerosol　backscattering

coemcient(α)that　is　given　by

αμj= C
　
　
&

　
　
　
{

β｡,1o64μj

β｡,532μj CE

1064
-

532 〕 (3-39)

This　parameter　is　simultaneously　obtained　from　our　lidar　data.　The　value　of　αalso

depends　on　the　shape,　refractive　index,　and　size　distribution　of　the　aerosol　particles.　We

calculated　the　relationship　between　αand£for　the　tropospheric　aerosol　models

assuming　the　aerosol　properties　as　follows:

　(1)Spherical　particles　that　have　unimodal　lognormal　size　distributions.　The

　　　geoleU゛ic　llle°　゜dills　(Q)｢゜ges　frolllO.05　to　5　μIll　°d　the　geollletiic

　　　st311d゛d　de゛i3tio11　((7g)゜lges　fl`oll1　1　.5　to　2.5　･

　(2)Prolate　and　oblate　spheroids　(aspect　ratio　1.7)particles　that　have　the　modified

　　　power　law　distribution.　The　effective　radius　(Q)is　1.163μm　and　the　effective
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　　　゛�゜ce(々)is　O.168　foreq゛1`s6ce'゛e3　sphelre･　゛hich　゛e　typic゛1　゛゛hles

　　　for　the　accumulation　mode　of　dustlike　aerosols　(Mischenko　et　a1･　,　1997).

7rhe　refractive　index　of　the　particles　was　assumed　to　be　1.53+o.008i　and　l.53+Oi　that　are

considered　to　be　typical　values　for　the　troPospheric　aerosol　Particles　(Kent　et　al･,　1983).

We　calculated　the　values　of　a　and　£by　using　the　Mie　theory　(Bohren　and　Huffman,

1983)for　the　model　(1)and　by　using　the　T-matrix　method　(Mischenko　et　al･　,　1996)for

the　mode1　(2).The　results　of　the　calculations　are　shown　in　Fig　3.19.　h　is　found　that　the

values　of　£for　the　model　(1)apProachzero　as　Qincreasesand　a　becomes　less　than

unity　for　each　three　wavelengths　(375.4,532,and　1064　nm).The　condition　of　a≦1

corresponds　to　the　si2e　distributions　of　Q　≧0.3μm　at　o'71.8　for　the　refractive　index

n'1.53+O.008i.　The　feature　£~O　for　the　large　Particle　size　distributions　is　due　to　the

fact　that　the　extindon　efficiency　approaches　the　limiting　value　(~2　for　the　weak-　or

non-absorbing　particles)as　the　particle　size　becomes　larger　than　the　incident

wavclength　and　consequently　the　extinction　coefficient　beco17nes　independent　of　the

wavelength.　This　feature　of　the　relation　between　αand£is　also　satisfied&)r　the

prolate　and　oblate　particles　as　shown　in　Fig.　3　.　1　9.　1Vhen　the　value　of　αis　greater　than

unity,　the　values　of　£vary　between　the　range　of　'o.3-2.4,`O.∠μ2.8,　and　-O.27-3.2　for

the　wavelengths　of　375･4,　532　and　1064　nm,　respectively･

　　　Based　on　these　calculations　for　the　tropospheric　aerosol　models,　we　assumed　the

value　of　μO　as　a　function　of　aμj　as　follows,

MO=

r
ー
4
ー
ー
､

0　1faμμ1

1　ifαμj>1
(3-40)

The　random　uncertainty　in　£(O　was　assumed　to　be　±o.5　for　&(0　-O　and　±1　for

μ0=1.　By　using　the　values　μO　obtained　from　Eq.　(3-40),we　calculated　the　aeroso1

extinction　coemcient　by　Eq.　(3-25)and　the　backscattering　ratio　by　Eqs.　(3-28)and(3-
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31).lt　should　be　noted　these　two　parameters　(αand£)must　be　calculated　by　an

iterative　manner　as　described　below.

68



㈲　3

《
Z
　
　
　
　
　
　
1
　
　
　
　
　
　
0

　
(
々
.
r
`
i
‘
{
)
μ
.
々
g
£
'
`
)
)
4

-1

　-2

(b)3

q2

`
d
b
4
,
々
p
d
b
)

4

1

0

-1

0 -1.0

-2.0　-1.0

　O｡0　　1.0

α(βa,532,βa,1064)

(5=1.5

　0.0　　1.0　　2.0　　3.0

α(βa.5329βa｡1064)

rg'O.05μm

(79°1.5

2.0

(c)3

1

{
i
K
)
'
`
.
t
g
i
b
)

4

2

1

0

1

-2

゛sphere8

oprolateb}n°1.53゛oi□oblateb

-sphere8

●prolateb}n°1.53゛O.008i･　oblateb

8Unimodal　lognormal　distribution

　(%=O.05-5.0μm,9=1.5-2.5)

bModified　power‘law　distribution

　(reff=1.163μm,1/g=O.168)

3.0

1.0　0.0　　1.0　　2.0　　3.0

　　　α(βa｡532,βa､1064)

0

Figure　3.　1　9　Relationship　between　the　wavelength　exponent　of　aerosol　backscattering

coemcient(α)between　532　and　1064　nm　and　the　wavelength　exponent　of　the　extinction

coemcient(£)between　354.7　nm　and　(a)375.4　nm,　(b)532　nm,　and(c)1064　nm　for　the
aerosol　models.　Solid　and　thin　lines　with　squares　show　the　values　for　the　spherical　particles

with　unimodal　lognormal　size　distributions.　Large　circles　and　squares　show　the　values　for　the

prolate　and　oblate　(aspect　ratio　is　l.7)particles　with　modified　power-1aw　distribution,

respectively.　The　refractive　index　is　1.53+Oi　for　the　open　symbols　and　1.53+O.008i　for　the

f111ed　symbols.　Details　are　described　in　the　text.
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　　　The　procedure　for　calculating　the　backscattering　ratio,　aerosol　backscattering

coemcient,　and　the　aerosol　extinction　coefficient　used　in　this　study　is　shown

schematically　in　Fig.　3.20.　M/e　calculated　these　parameters　by　following　manner.

(1)At　flirst,　the　backscattering　ratios　4　z　j　and　the　aerosol　backscattering　coefficients
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Fig.　3.20　Data　analyzing　procedure　for　calculating　the　backscattering　ratios　(R),aeroso1

backscattering　coefficients　(βj,　and　the　aerosol　extinction　coemcients((y｡)from　the

Raman　lidar　signals　used　in　this　study･



　　　There　is　three　different　points　in　this　analyzing　procedure　from　those　of　Ansmann

et　a1.　(1992a,b)and　Whiteman　et　al.　(1992):(a)we　used　the　altitude　dependent　value　of

μz　j　as　a　function　of　αμj(Eq.　3-40)while　they　used　a　fixed　value　(e.9.,£=1),(b)

we　employed　two　methods　(Eqs.　3-3　1　or　3-32)to　estimate　the　aerosol　extinction　at　the

Mie/Rayleigh　wavelengths　depending　on　　the　measurement　uncertainties　in

(y｡,355μj　while　they　used　Eq.　3-3　1　,　and　(c)we　used　the　atmospheric　density　data

obtained　with　the　radiosonde　or　GANAL　(or　GAPLX)to　account　for　the　molecular

backscattering　in　the　calculation　of　4　J　(Eq.　3-28)while　they　used　Raman　nitrogen

signal　to　account　for　it.　A11　of　these　refinements　were　made　to　improve　the　accuracy　of

the　analyzed　data.

　　　711)check　the　validity　of　this　analyzing　procedure,　Fig.　3.2　1　shows　the　vertical

prome　of　the　backscattering　ratio　at　532　nm　on　November　28,　1994　calculated　by

employing　this　procedure.Also　shown　is　the　profile　calculated　from　the　Mie/Rayleigh

signal　at　532　nm　alone　using　a　constant　Sα,532　value　of　50.　The　backscattering　ratios　for

both　the　profiles　were　normalized　at　9.9　km　by　fitting　to　the　stratospheric　profiles

observed　3　hours　later.　Large　backscattering　ratios　(″10)were　observed　at　6.5-8.0　km,

where　cirrus　clouds　were　Probably　present　si】lce　6a″20%and　RH　was　near　saturated

with　respect　to　ice　in　the　region　(notshown).The　backscattering　ratios　calculated　by　the

procedure　described　above　showed　realistic　values　(R>1)below　the　clouds　at　6.5-8.0

km,whereas　those　calculated　by　assuming　constant　Sα,532　value　showed　unrealistic

values(R<1)below　6.5　km.　This　is　due　to　the　fact　that　the　cirrus　clouds　at　6.5-8.0　km

had　smaller　S｡,532　values　than　50.　This　result　is　consistent　with　the　model　calculations

for　the　cimls　clouds　(nble　3.3)and　the　observations　(e･g･,Rg.　3.18).
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Figure　3.21　Vertical　profiles　of　backscattering　ratio　at　532　nm　observed　on　November

28,　1994.　The　solid　line　shows　the　profile　calculated　by　combining　the　Raman　oxygen

and　Mie/Rayleigh　signals　and　the　dashed　line　shows　the　profile　calculated　assuming

constant　extinction'to'backscatter　ratio　Sa　,532　of　50.　The　data　analyzing　procedure　is

described　in　the　text.
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3.2.6　Depolarization　ratio

　　　The　total　(aerosol+molecule)depolarization　ratio　(δ)is　obtained　from　the　linear

polarization　components　of　the　backscatter　signals　with　respect　to　the　polarization　plane

of　the　emitted　laser,　which　is　defined　as

δμj≡ 100°jl/rlWOZ10o[%](3'41)

[%], (3-42)

　　　　βuμj+βGμj

β･,//μj+β,,//rO+β､Jjzj+β｡jo

where　the　subscripts　//　and　1refer　to　the　parallel　and　perpendicular　components　with

respect　to　the　polarization　plane　of　the　emitted　laser,　g　is　the　signal　gain　ratio　between

the　two　polarization　channels　('£///£1),and　the　subscripts　αand　z?z　refer　to　the

components　of　aerosol　particles　and　air　molecules,　respectively.　The　measurement

wavelength　was　532　nm　in　this　study･

　　　The　aerosol　depolarization　ratio　(δ｡)is　calculated　from　the　total　depolarization

ratioδand　the　backscattering　ratio　R　,　which　is　expressed　by

δjzj≡
　　βJJ　　　δ0μzj-δ｡
　　　　　　　　-

　　　　　　　　-

β｡,//rzj+β｡j0　　4J-1

whereδ,｡is　the　depolarization　ratio　of　air　molecules　at　the　wavelength　and　bandwidth

of　thelneasurenlent.　The　value　of　δ｡is　calculated　to　be　O.49%(private　communication,

Adachi)for　the　interference　filter　utilized　in　this　study　(center　wavelength=532　nm　with

FWHM=1.17　nm)for　the　tropospheric　temperature　and　pressure　ranges.　Additionally,

we　employed　the　correction　procedure　developed　by　Adachi　et　al.　(1998)to　subtract　the

depolarization　components　produced　by　the　system　(δμμδ6-jO‾δ9,).The

depolarization　component　produced　by　the　system　δm,　can　be　obtained　from　the

observed　data　at　an　altitude　where　4　z　j　=l　or　where　δjzj=O　by
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δ｡m,゜δ4.,jO-δ｡/4zj.　The　former　condition　can　be　satisfied　at　the　height

above　the　stratospheric　aerosol　layer　(z≧28　km)or　at　around　the　tropopause　(10-15

km).The　latter　condition　can　be　satisfied　in　the　height　region　of　the　stratospheric

aerosol　layer　(approximately　15-28　km)where　the　aerosol　particles　are　considered　to

primarily　consist　of　spherical　particles　(sulfuric　acid　solution　droplets)in　the

midlatitude　region.

　　The　value　of　δ｡can　be　considered　an　indicator　of　the　particle　nonsphericity　(e･g･,

Bohren　and　Huffman,　1983):for　homogeneous　spherical　particles　δ)s　zero　according

to　the　Mie　theory;　for　nonspherical　particles　δ｡substantially　deviates　fromzero.

The　measurement　uncertainty　in　δcan　be　calculated　by

δ∂0)=
1

7jO+g£μjj
μoμMzjμfj　Oj2　+OfjOμ{Oy+μ)μzμ)jOμ4/02P,

　　　　　　　　　　　　　　　　　　　　　　　(3-43)

and　theuncertainty　in　δ)s　given　by

゛J≠‰%42990
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4　Results　and　Discussions

　　　This　section　presents　the　results　of　the　observations　carried　out　for　the　period

March　1994　to　February　1997.　We　show　the　temporal　and　vertical　variations　of　the

aerosol　optical　properties　in　the　free　troposphere　between　the　altitude　range　of　1　-8　km.

We　analyzed　the　relation　of　these　aerosol　properties　to　the　ambient　relative　humidity

and　the　transport　pathways　of　the　air　parcels　from　the　source　areas　in　order　to　estimate

the　aerosol　constituents　observed　with　the　lidar.　The　f1rst　subsection　(Section　4.1)

presents　a　typical　case　of　the　observation　on　April　17,　1994,　in　which　significant

temporal　variations　of　the　aerosol　parameters　(the　backscattering　ratio　and　the

depolarization　ratio)and　the　humidity　were　found　during　30　minutes.　The　following

subsection(Section　4.2)presents　the　seasonal　characteristics　of　the　aerosol　properties,

i.e･,　vertical　distributions　of　the　backscattering　ratio　and　the　depolarization　ratio,

vertically　integrated　aerosol　backscattering　coefficient,　and　the　depolarization　ratio　as　a

function　of　the　relative　humidity.　The　contribution　of　the　aerosol　sources　(the　Asian

Continent　and　the　Pacific　Ocean)on　the　lidar　data　was　evaluated　on　the　basis　of　a

simple　transport　model　by　using　a　global　meteorological　analysis　data.

4.1　1emporal　and　vertical　variation　in　backscattering　ratio,

depolarization　ratio,　and　humidity　during　30　minutes

4.1.1　Results　on　April　17,　1994

　　　Figure　4.1　shows　the　vertical　profiles　of　water　vapor　mixing　ratio(w),

backscattering　ratio　at　532　nm　(R),total　depolarization　ratio　at　532　nm　(δ),and

relative　humidity　over　water　(RH)observed　on　Apri1　17,　1　994.　Six　successive　profiles

were　obtained　by　accumulating　the　data　for　every　5　minutes　during　the　30　minutes　of

the　observation　(19:18-19:48　JST).The　vertical　resolutions　of　w　,　RH,andδwere

150　m　and　that　of　R　was　450　m.　Relative　humidity　was　calculated　by　combining　the

water　vapor　mixing　ratio　obtained　with　the　Raman　lidar　and　atmospheric　temperature
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and　pressure　obtained　with　the　radiosonde　launched　at　Hamamatsu　meteorological

observatory(90　km　southeast　of　lidar　site)at　2　1　:00　JST　on　the　same　night.　The　relative

humidity　measured　with　the　radiosonde　at　Hamamatsu　is　also　shown　in　Fig.　4.1c.　ln　the

calculation　of　the　backscattering　ratio,　data　normalization　was　performed　at　about　1　0

km　in　connection　with　the　stratospheric　profile　observed　about　1　0　minutes　later.　During

the　observation　period,　the　lidar　site　was　under　a　high　pressure　zone　after　a　weak　cold

front　passed　its　north　side.

　　　'lbmporal　changes　of　the　humidity　and　aerosol　parameters　were　observed　at　the

altitude　range　of　1.0-2.2　km　(Region　A　in　Fig.　4.1),where　w(also　RH)and　R　were

increasing　and　δwas　decreasing　for　the　30　min.　The　temporal　relationships　between

RH　and　the　values　of　j?　and　δin　this　region　are　shown　in　Figure　4.2.　1t　is　found　that

the　values　of　R　were　positively　correlated　with　RH　(Rg.　4.2a)and　those　of　δwere

negatively　correlated　with　RH　(Fig.4.2b)at　each　altitude　inn　Region　A,　1ndicating　that

the　total　volume　aerosol　backscattering　cross　section　was　larger　and　the　particles　were

more　spherical　in　the　moist　air　than　in　the　dry　air　in　this　region.　The　RH　values　in　this

region　varied　between　13　and　38%.

　　　IVhile　the　aerosol　parameters　and　the　humidity　in　Region　A　showed　significant

temporal　variations,　the　parameters　above　this　region　showed　little　temporal　variations.

At　the　altitude　range　of　2.2-3.5　km　(Region　B　in　Rg.　4.1),the　depolarization　ratios　were

almost　constant　and　indicated　relatively　high　values　about　1　1　%(Rg.　4.1c).The　RH

values　in　this　region　indicated　relatively　high　valuesabout　35%(Fig.　4.1d),which　were

close　to　the　maximum　value　in　Region　A.　The　relation　between　the　depolarization　ratio

and　the　RH　values　in　terms　of　hygroscopic　properties　of　aerosol　particles　is　discussed　in

Section　4.1.2.
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　　　Rgure.4.3　shows　the　vertical　relationship　of　w　and　the　quantities　R　and　δat

the　altitude　range　of　1　-7　km.　The　values　of　R　were　positively　correlated　with　w

vertically　over　the　height　range　(Rg.　4.3a).0n　the　other　hand,　the　values　of　δwere

positively　correlated　with　w　above　2.2　km　and　negatively　correlated　below　this　height

level(Fig.　4.3b).This　height　of　boundary　corresponded　to　the　boundary　of　Regions　A

and　B.　Different　atmospheric　processes　would　be　responsible　for　these　vertical

relationships　between　the　humidity　and　the　aerosol　parameters　observed　by　the　lidar.

　　　lemperature　and　wind　profiles　at　Hamamatsu　are　shown　in　Fig.　4.4.　The　wind

direction　changed　for　about　15　degrees　at　boundary　of　Regions　A　and　B　(2.2　km).The

altitudes　of　the　wind　shears　at　1.0　km　and　5.0　km　and　the　temperature　inversion　at　3.5

km　corresponded　to　the　vertical　discontinuities　of　the　water　vapor　and　aerosol　profiles

found　in　Figs.　4.1.　These　correspondences　suggested　that　the　vertical　distributions　of

both　water　vapor　and　aerosols　would　be　greatly　affected　by　the　horizontal　transport

process　m　thls　case.
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4.1.2　Discussion

　　　Since　the　depolarization　ratio　of　aerosol　particles　can　be　considered　as　a　measure

of　particle　nonsphericity,　the　value　depends　on　the　phase　of　the　particles:　1iquid　particles

are　almost　spherical　by　existing　as　droplets　and　indicate　near-zero　depolarization　ratio,

whereas　solid　particles　are　generally　nonspherical　by　existing　as　crystals　and　indicate

the　ratio　substantially　grater　than　zero.　lf　air　contained　hygroscopic　particles　that　have

properties　of　deliquescenceand/or　emorescence,　the　value　of　δchanges　depending　on

the　ambient　RH　because　the　phase　of　hygroscopic　particles　depends　on　the　RH　as　we11

as　its　history　(Orr　et　al･,　1958;　Hbe1,　1976;　lang,　1996).For　example,　relative

humidities　at　the　phase　transition　points　of　major　hygroscopic　particles　are　as　follows:

75.3%RH　for　deliquescence　(DRH)and　46-48%RH　for　crystallization　(CRH)of　NaC1

particle;　80%and　37-40%for　those　of　(NH4)2S04,and　40%and　22-O.05%for　those　of

NH4HS04　at　298　K　(lang,1996).The　values　of　DRH　and　CRH　for　the　other　chemical

composition　are　shown　in　lTlible　4.1　(The　relation　between　the　aerosol　chemica1

composition　and　the　depolarization　ratio　as　a　function　of　the　RH　is　further　discussed　in

Section　4.2.5).

　　　The　values　of　RH　in　Region　A,　where　the　δwere　negatively　correlated　with　RH,

ranged　between　13　and　38%.These　RH　values　are　close　to　the　crystallization　point　of

NaCl　and　(NH4)2S04,and　both　the　deliquescence　and　crystallization　humidities　of

NH4HS04.　Thus,　the　observed　negative　correlation　between　δand　RH　at　Region　A

might　be　due　to　the　phase　transformation　of　these　hygroscopic　particles.

　　　A　similar　negative　correlation　between　RH　and　δwas　observed　by　Murayama　et

al.(1996)in　the　atmospheric　boundary　layer　in　Tokyo.　They　made　hourly　observations

during　both　day　and　night　in　February　1994,　and　showed　the　value　of　δat　around　the

altitude　of　100　m　was　negatively　correlated　with　the　RH　at　30　m.　The　value　of　δ

changed　between　2%and　7%when　RH　changed　between　65%and　20%during　the1｢

1neasurelnents.　They　reported　this　negative　correlation　was　generally　found　independent

of　season.　0ur　results　in　Region　A　showed　that　the　negative　correlation　between　δand
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RH　extended　vertically　for　about　one　kilometer　in　the　lower　troposphere　(Rg.4.1),and

the　values　of　R　were　also　correlated　with　RH　in　this　region.　A　similar　measurement

location(urban　area　near　the　bay)and　the　aerosol　constituents　in　the　lower　troposphere

might　result　in　a　similar　negative　correlation　between　δand　RH.

　　　The　fact　that　Region　B　indicated　high　δvalues(~11%)where　the　RH　values

were　close　to　the　maximum　value　in　Region　A　(~35%RH)suggested　that　Region　B

contained　the　aerosol　particles　consisting　of　different　chemical　composition　and/o｢

phase　from　Region　A.　As　shown　in　Fig.　4.3,　the　wind　direction　at　Region　B　(3.0　km)

differed　by　about　15　degrees　from　those　at　Region　A　(1.0-2.0　km),suggesting　that　the

two　altitude　regions　had　been　controlled　by　different　transport　regime　from　the　source

areaS.

　　　?)examine　the　transport　pathways　of　the　air　parcels　at　the　two　altitude　regions,

we　calculated　the　5-day　isentropic　backward　trajectories　arrived　over　the　lidar　site　at　the

observation　period　(Rgure　4.4).We　calculated　twenty-five　trajectories　from　the

altitudes　1.5　km　for　Region　A　and　3.0　km　for　Region　B　whose　initial　position　was

located　at　around　the　lidar　site　(35.1°N,137.0°　E)with　horizontaHnterval　of　0.5°　on　the

same　isentropic　surface.　Detail　of　the　calculation　procedure　is　described　in　APpendix　B.

lt　is　found　that　both　the　air　parcels　arrived　at　Regions　A　and　B　were　transported　from

over　the　Asian　Continent　driven　by　westerly　(upper　panel　in　Fig　4.4).They　had　passed

in　the　lower　troposphere　and　most　of　them　had　passed　near　the　boundary　atmosphere　at

around　110°E　before　the　3　days　of　the　measurement　(middle　panel　in　Fig.　4.4).lt　is　also

found　that　the　air　parcels　at　Region　A　had　passed　over　the　ocean　more　frequently　than

those　arrived　at　Region　B,　suggesting　that　the　air　parcels　at　Region　A　had　been　affected

by　the　maritime　source　which　emits　water-soluble　substances　(e･g･,　sea-salt　and　non-sea-

salt　sulfate)and　relatively　large　amount　of　water　vapor.

　　　Based　on　the　trajectories,　two　processes　can　be　proposed　to　account　for　the

observed　difference　in　the　relation　between　the　aerosol　parameters　and　RH　at　Regions　A

and　B.　0ne　process　is　that　the　major　chemical　composition　of　aerosol　particles　was
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different　between　the　two　regions;　the　aerosol　particles　in　Region　A　predominantly

consisted　of　water-soluble　particles　originated　from　the　ocean　whose　deliquescence　(o｢

emorescence)point　was　between　13　and　38%RH,whereas　those　in　Region　B　mainly

consisted　of　water-insoluble　particles　or　water-soluble　Particles　originated　from　the

continent　whose　phase　transformation　point　was　higher　than　35%.The　other　process　is

that　the　RH　history　of　air　parcels　caused　hysteresis　of　the　phase　of　deliquescent　particles

depending　on　the　height　regioneventhough　both　regions　contained　the　same　aeroso1

constituents;　the　air　parcels　arrived　at　Region　A　had　experienced　high　humidity　(>

DRH)over　the　ocean　and　the　particles　in　it　had　deliquesced　into　solution　droplets　and

some　fraction　of　them　crystallized　at　CRH,　whereas　those　at　Region　B　had　once

experienced　low　RH　(<CRH)and　the　particles　had　crystallized,　and　after　then　the　RH

never　exceeded　DRH.　'n)examine　the　latter　process,　we　investigated　the　RH　history　of

the　air　parcels　during　the　transportation　by　using　humidity　data　of　GANAL　(1ower　pane1

in　Fig.　4.4).However,any　significant　relation　between　the　RH　history　and　the　observed

feature　was　found.　This　might　be　due　to　the　coarse　temporal　and　spatial　resolution　of　the

GANAL　data.　For　this　reason,　it　is　difficult　to　distinguish　which　process　is　plausible　to

account　for　the　observed　characteristics　based　on　our　limited　data.　Nioreover,a　loca1

motion　of　air　(e･g･　,　sea　breeze　circulation)whose　temporal　and　spatial　scale　was　smaller

than　the　grid　of　GANAL　data　might　caused　the　temporal　variations　of　the　aerosol

constituents　and　the　humidity　in　Region　A;　dry　air　with　nonspherical　particles　were

partially　mixed　with　moist　air　with　low　depolarizing　particles　in　this　region.

86



　5-day　isentropic　backwardtrajectories
from　35.1oN,　137.0oE,94/04/17　19:33JST
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Fig.　4.4　Horizontal　(upper　pane1)and　vertical　(middle　pane1)cross　sections　of　5-day

isentropic　backward　trajectories　arriving　at　the　altitude　of　1.5　km　(dotted　line　with

circles)and　3.0　km　(solid　line　with　pluses)over　the　lidar　site　on　April　17,　1994.　The

symbols　are　plotted　with　24-hour　interval.　The　lowermost　lines　in　the　vertical　cross

section(middle　panel)show　the　land　elevation.　The　lower　panel　shows　the　relative

humidity　history　of　the　air　parcels　during　the　transportation.
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4.2　Seasonal　variation　in　aerosol　backscattering,　depolarization　ratio,

and　humidity

　　　ln　this　section　we　present　theseasonj　and　altitude　characteristics　of　the　aerosol

optical　properties　between　altitudes　of　2　and　8　km　on　the　basis　of　the　measurements　for

the　period　March　1994　to　February　1997.　For　this　purpose,　we　calculated　the　aerosol

parameters　and　the　humidity　from　the　lidar　signals　accumulated　for　30'60　minutes　in

each　profile　to　improve　the　signa1-to-noise　ratio.　The　signals　were　smoothed　to　a

vertical　resolution　of　350　m　(330　m　after　Apri1　1996)by　taking　running　mean.　Thus,the

derived　parameters　indicate　the　average　for　this　period　and　height　range.　The　influence

of　taking　average　for　time　(30-60　minutes)on　the　derived　parameters　is　expected　to　be

small　because　most　of　the　data　taken　for　this　period　showed　little　temporal　variations;

the　occurrence　of　relatively　large　temporal　variations　of　the　parameter　during　the

observation　as　found　at　1　.0-2.2　km　in　Apri1　1　7,　1　994　(Rg.　4.1)was　less　than　ten　per

year　in　our　observations　except　for　case　of　the　presence　of　clouds　(we　excluded　the　data

of　which　the　relative　humidity　was　saturated　with　respect　to　water　or　ice).We　analyzed

the　relation　of　the　observed　aerosol　properties　to　the　relative　humidity　and　the　transport

pathways　of　the　air　parcels　from　the　source　areas　to　estimate　the　aerosol　constituents.

We　also　attempt　to　estimate　the　contribution　of　aerosol　sources　(the　Asian　Continent　and

the　Pacific　Ocean)on　the　lidar　data　based　on　a　simplified　transport　model.

4.2.1　Vertical　pronles　of　backscattering　ratio,　aerosol　depolarization　ratio,　and

humidity

　　　The　four　vertical　profiles　shown　in　Fig.　4.5　represent　the　seasonal　characteristics

of　the　aerosol　optical　properties　and　the　humidity　measured　with　the　Raman　lidar　on

Aprn　21,　July　23,　September　11,　and　December　23　in　1994.　The　relative　humidity　and

temperature　profiles　obtained　with　the　coincident　radiosonde　(1aunched　30　m　away　from

the　lidar　at　22:　3　1　JST　on　September　10)are　also　shown　in　Fig.　4.5c.　The　5-day

isentropic　backward　trajectories　corresponding　to　these　vertical　Profiles　at　the　altitudes

of　3　and　6　km　are　shown　in　Fig.　4.6.
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　　　Large　aerosol　backscatterhlg　ratios,　μ,were　found　in　the　spring　season　(Rg･

4.5a)with　peaks　at　2.3　km,　where　R　was　5.2,　and　between　4　and　6　km,　where　R　was

about　2.4.　The　aerosol　depolarization　ratios　δ｡between　4　and　8　km　were　high,　about

25%,indicating　a　substantial　alnount　of　nonspherical　particles　in　this　region.　The

presence　of　ice　crystals　was　improbable　since　the　relative　humidities　were　less　than　20%

with　respect　to　ice　in　this　region.　The　backward　trajectories　(Rg.　4.6a)indicated　that　the

air　parcels　had　carried　over　the　Asian　Continent　by　a　westerly　now.　Some　air　parcels

arrived　at　6　km　showed　cyclonic　motion　at　around　45°N,　75°E,　which　is　associated　with

front　activity.　ln　this　area,　from　eight　to　32　occurrences　of　dust　rises　were　reported　in　the

spring　oH　994　(Chun,1996).

　　　Rgure　4.5b　shows　the　profiles　observed　in　the　summer　when　Pacific　high-

pressure　covered　the　northwestem　Pacific　region.　The　values　of　R　were　sma11　(average

was　1　.06)and　nearly　constant　between　2　and　10　km.　The　aerosol　depolarization　ratio

indicated　low　values　about　4%jndicating　the　predominance　of　spherical,　near　spherical,

or　sma11　(r<λ)particles.　A　relatively　large　amount　of　water　vapor　was　observed

between　O.5　and　10　km　and　the　mixing　ratios　approximately　linearly　decreased　with

height　up　to　6.5　km.　The　air　parcels　arrived　at　both　altitudes　(3　and　6　km)had　passed

slowly(about　7　m　s'1)overthe　Pacific　Ocean　(Rg.　4.6b).

　　　The　autumn　profiles　(Rg.　4.5c)showed　steep　vertical　gradients　of　the　humidity

(w　and　RH)and　aerosol　depolarization　ratios　at　4.0　km.　We　measured　valuesofδα

less　than　2%with　high　RH　values　between　70　and　90%below　4.0　km.　The　aerosol

depolarization　ratio　sharply　increased　to　1　7%and　the　RH　decreased　to　as　low　as　2%at

an　altitude　between　3.6　and　4.0　km,　where　the　temperature　inversion　was　present　(right-

hand　side　of　Fig.　4.5c).The　backward　trajectories　for　the　two　altitudes　showed　different

pathways(Rg.　4.6c).The　air　parcels　present　at　3km　had　been　carriedoverthe　Pacific

Ocean　while　those　arrived　at　6　km　had　passed　over　the　Asian　Continent.

　　　This　vertical　structure　(sharp　increase　inδ｡and　decrease　in　w　(RH)with

height)has　been　frequently　observed　between　2　and　4　km　throughout　the　year　except　for
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thesununer.This　structure　can　been　seen　in　Fig.　4.6a　at　around　3.0　km,　where　the　δ｡

sharply　increased　from　5%to　20%and　the　RH　decreased　from　50%to5%with　height

(See　also　Figs.　4.7c　and　4.7d).

　　　Rgure　4.5d　shows　the　profiles　observed　in　the　winter,　when　a　strong　cold　front

had　just　passed　the　lidar　site.　The　average　value　of　R　was　1.1　and　that　of　δ｡was　2%

between　2　and　10　km.　The　relative　humidity　was　low　(<20%RH)above　2　km.　The　air

parcels　at　3　km　had　been　carried　over　the　Asian　Continent　in　the　middle-upper

troposphere　and　diverged　at　around　45°N,　115°E　and　thoseat　6　km　had　moved　over　the

upper　troposPhere　(6-10　km)at　a　mean　speed　of　30　m　s‾I,　driven　by　jet　streams　(Rg･

4.6d).

　　　Rgures　4.7-4.9　show　the　tempora1-verticalcrosssections　of　water　vapor　mixing

ratio,　backscattering　ratio,　aerosol　depolarization　ratio,　and　relative　humidity　over　water

obtained　with　the　Raman　lidar　for　the　period　March　1994　to　February　1997.

　　　The　vertical　distribution　of　water　vapor　mixing　ratio　(Figs.　4.7a,　4.8a,and　4.9a)

showed　strong　seasonal　variation;　the　height　of　lower　atmospheric　regions　containing

relatively　large　amount　of　water　vapor　(≧5　g　kg'1),which　were　present　below　2　km　in

the　sPring,ascended　to　approximately　4　km　in　thesulnlner,　gradually　descended　below

l　km　in　the　autumn,　and　disappeared　in　the　winter.　Corresponding　to　this　variation,　the

RH　values　showed　similar　seasonal　variation　(Figs　4.7d,　4.8d,and　4.9d);A　humid　(RH

≧70%)region　was　usually　present　up　to　height　of　″4　km　in　the　summer　and　autumn.

　　　The　backscattering　ratios　showed　steep　vertical　gradients　at　around　2-4　km

throughout　the　year　(Figs.　4.7b,　4.8b,and　4.9b),where　the　R　values　decreased　from　>2

to　less　than　1.2　with　height.　Above　this　leve1,　the　values　of　R　were　generally　less　than

l.2　up　to　10　km　except　for　the　spring,　when　they　were　mostly　lager　than　1.2.　The

aerosol　depolarization　ratios　in　the　spring　mostly　showed　high　values　(>10%)above

about　2km　(Figs.　4.7c,　4.8c,and　4.9c),indicating　the　predominant　existence　of

nonspherical　particles　in　this　region.　These　high　δ｡values　were　occasionally　found　in

the　autumn　above　4　km　but　the　occurrence　varied　from　year　to　year;　the　occurrence　was

　　　　　　　　　　　　　　　　　　　　90



conunonin　1994　and　1996　and　rare　in　1995.　1n　thesu】7nlnerand　winter　the　δ｡values

were　generally　lcss　than　5%throughout　the　troposphcre,　indicating　the　prcdominance　of

spherical　or　small　particles　in　these　regions.The　valuesofδ｡in　the　moist　regions　in

the　lower　altitudes　(below　2　km)generally　indicated　low　values　throughout　the　year.
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(a)

　5-day　isentropic　backward　trajectories
from　35.1°N,137.0°E,94/04/2120:05JST
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(b)

　5-day　isentropic　backward　trajectories
　from　35.1°N,137.0°E,94/07/23　21:38JST
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Rg.　4.6　Horizontal　and　vertical　cross

sections　　of　isentropic　backward

trajectories　arriving　at　the　lidar　site　on　(a)
Apri121,(b)July　23,　(c)September　11,

and(d)December　23　in　1994.　The　dashed

lines　with　circles　indicate　the　trajectories
arrived　at　3　km　and　solid　lines　with　pluses

indicate　those　arrived　at　6　km.　Symbols

are　plotted　at　24-hour　intervals.　The

lowermost　lines　in　the　vertical　cross

section　show　the　land　elevations.
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(c)

　5-day　isentropic　backward　trajectories
from　35.1°N,137.0°E,94/09/1　1　01　:24JST
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(d)

　5-day　isentropic　backward　trajectories
　from　35.1°N,137.0°E,94/12/23　18:50JST
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(C)

Aerosol　Depolarization　Ratio　at　532　nm
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4.2.2　1emporal　variations　of　verticaUy　integrated　aerosol　backscattering　coefncient

and　water　vapor　in　1994s1997

　　　Figure　4.10　shows　the　temporal　variation　of　the　vertically　integrated　aeroso1

backscattering　coemcient　(IBC)at　532　nm　from　March　1994　to　February　1997.　The

value　of　IBC　was　calculated　separately　for　two　altitude　ranges　(2-4　km　and　4-8　km)

because　the　vertical　profiles　of　δ｡and　w(RH)had　frequently　shown　steep　vertical

gradients　below　about　4　km　as　mentioned　before.　We　excluded　the　data　that

corresponded　to　saturated　condition　(RH≧100%)with　respect　to　water　(in　case　T>

273.15　K)or　ice　(in　case　T≦273.15　K)to　eliminate　the　backscattering　components　of

clouds.　However,　some　components　of　clouds　might　be　included　because　of

uncertainties　in　the　humidity　measurements　and　because　of　the　tempori　and　vertical

resolution　of　the　data.

　　　A　maximum　IBC　was　found　in　the　spring　(March-May)with　sharp　peaks　in　both

altitude　regions.　The　mean　IBCs　for　2-4　km　in　this　season　were　1　.64,　1　.7　1　,　and　2.22×10゛

3　srl　for　1　994,　1　995　and　1　996,　respectively,　whichM/ere　1.6-2.2　times　larger　than　the

annual　mean.　For　4-8　km,　the　IBCs　in　this　season　were　1.43,1.28,and1　.42×10°3　srl　for

the　three　years,　respectively,　which　were　1.6-1.8　times　larger　than　the　annual　mean.　The

peak　values　in　this　season　were　as　large　as　the　annual　mean　by　about　five　times　for　2-4

km　and　by　more　than　three　times　for　4-8　km.

　　　A　second　IBC　maximum　was　found　at　2-4　km　in　July-August　(lower　panel　in

Rg.4.10),in　which　the　mean　IBC　was　O.76-1.64×10`3　sr“1　.　This　second　maximum　was

not　found　at　4-8　km.

　　　Sasano(1996)measured　the　vertical　profiles　of　the　aerosol　extinction　coefficients

by　Mie　scattering　lidar　at　Tsukuba　(320　km　east　of　our　lidar　site)in　1990-1993.　He

found　the　annual　maximum　of　the　aerosol　optical　thickness　in　the　spring-summer

between　O　and　3　km　and　in　the　spring　between　3　and　12　km.　Although　his　optica1

parameter　and　height　ranges　are　slightly　different　from　ours,　the　seasonal　variations　in

the　aerosol　column　amounts　at　the　two　altitude　regions　are　consistent　with　our　results.
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One　difference　in　his　results　compared　to　ours　is　that　the　optical　thickness　between　o

and　3　km　in　the　summer　were　sometimes　higher　value　than　that　in　the　spring　due　to　the

large　contribution　of　aerosol　extinction　below　about　2　km　(Fig.2　in　his　paper).

　　　Figure　4.11　shows　the　vertically　integrated　water　vapor　content　(IWVC)observed

with　the　Raman　lidar　for　the　same　period　as　shown　in　Fig.　4.10.　A　strong　seasonal

variation　of　the　values　by　2　orders　of　magnitude　was　found.　The　maximum　occurred

from　the　end　of　June　to　September　at　both　altitude　regions,　where　the　values　reached

about　15　kg　m'2　at　2-4　km　and　10　kg　m'2　at　4‘8　km.　This　time　of　year　approximately

corresponds　to　the　time　of　year　when　the　second　IBC　maximum　was　found　in　2-4　km.
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4.2.3　Aerosol　depolarization　ratio　as　a　function　of　relative　humidity

　　　Rgures　4.12-14　show　the　scatter　plots　of　the　aerosol　depolarization　ratio　δ｡

versus　the　relative　humidity　RH　with　respect　to　water　observed　with　the　Raman　lidar　for

the　period　March　1　994　to　Febmary　1　997.　The　data　plotted　are　separately　for　the　two

altitude　regions　(2-4　and　4-8　km)in　each　season.　We　excluded　the　data　whose

measurementuncertainties　in　δ｡exceeded　5%or　the　RH　were　saturated　with　ice.

　　　Rgures　4.12-14　shows　the　seasonj　and　altitude　dependencies　of　the　distribution.

ln　the　sprhlg　(Rgs.　4.12a,　4.13a,and　4.　14a),∂｡values　as　high　as　25%were　frequently

observed　at　both　altitude　regions,　indicating　substantial　existence　of　nonspherical

particles.　lt　should　be　noted　that　high　depolarization　ratios　were　found　in　moist　air

region　with　RH　as　high　as　80%in　the　4`8　km　region.

　　　Thesununerdata(Figs.　4.12b,　4.13b,and　4.　14b)generally　showed　low　δ｡values

(<5%)over　a　ivide　range　of　RH　in　both　altitude　regions　and　the　distribution　of　δ｡asa

function　of　RH　indicated　simnar　characteristics;　high　δ｡values(>10%)were　found

only　where　the　RH　was　less　than　about　50%and　the　maximum　value　of　δ｡decreased

wlth　mcreasmg　RH.

　　　The　autumn　data　(Figs.　4.12c,　4.13c,and　4.　14c)showed　different　distributions　in

the　two　altitude　regions.　The　data　in　2-4　km　region　(1ower　panels　of　Figs.　4.12c-14c)

generally　indicated　low　δ｡(<5%)and　the　distribution　ivas　similar　to　that　of　the

summer(Figs.　4.12b-14b).0n　the　other　hand,　the　data　in　4-8　km　region　(upper　panels

of　Rgs.　4.12c-14c)frequently　indicated　high　δ｡(~20%)over　a　wide　range　of　RH　(O-

90%);this　feature　is　similar　to　that　found　in　the　spring　of　4-8　km　(upper　panels　of　Figs.

4.12a-14a).

　　　The　data　in　the　winter　(Rgs.　4.12d,　4.13d,and　4.14d)mostly　indicated　low　δ｡

(<5%)with　low　RH　(<20%)in　both　altitude　regions.　Some　data　indicated　high　δ｡
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about　25%and　the　frequency　of　these　high　δ｡values　Mrashigher　in　the　4-8　km　region

than　in　the　2-4　km　region.
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4.2.4　Discussion

aerosols

　　The　chemical　composition　of　typical　aerosol　particles　can　be　classified　into　three

types　according　to　the　shape　(nonsphericity)and　the　water-solubility　(Fig.　4.15).The

three　types　are　as　follows.　(a)Water-insoluble　particles　(e･g･,mineral　dust):these

particles　are　mostly　nonspherical　and　hence　indicate　high　δ｡values　independent　of　RH.

(b)Water-soluble　particles　(e･g･,H2S04/H20　solution):these　particles　do　not　change

phases　with　changes　in　the　tropospheric　condition　and　always　indicate　near　zero

depolarization　ratios　indePendent　of　RH.　(c)Water-soluble　deliquescent　particles　(e･g･,

NaC1,(NH4)2S04):they　exist　as　solution　droplets　and　indicate　low　δ｡above　the

deliquescence　point　(DRH),whereas　they　exist　as　crystalline　solids　and　indicate　high

δ｡below　the　emorescencepoint(CRH).Between　the　CRH　and　DRH,　the　phase　(also

δ｡)of　them　depends　on　the　RH　history　of　the　particle　(e･g･,lang　and　Munkelwitz,

1994).nble　4.1　shows　the　values　of　DRH　and　CRH　of　typical　water-soluble　aeroso1

particles.　lt　should　be　noted　that　the　DRH　and　CRH　depend　on　temperature　Clang　and

Munkelwitz,1993;　Seinfeld　and　Pandis,　1998;　Onasch　et　al･,　1999),particle　size　(Chen,

1994),and　intemal　mixing　state　(lang　et　al･,　1978;　Cohen　et　al･,　1987;　Han　and　Martin,

1999).
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solids,(b)water-soluble　droplets,　and(c)water-soluble　particles　that　have　properties　of

deliquescence　and　emorescence.

nble　4.1　Deliquescence　(DRH)and　emorescence　(CRH)humidities　of　major
tropospheric　water-soluble　particles　at　298　K

　　Composition　　　　　　　　　DRH(%)　　CRH(%)　　Re£

NaCI

(NH4)2S04

NH14HS04

NH4N03

Na2S04

NaN03

{
j
　
O
　
　
　
　
　
{
‥
/
i
　
　
4
　
　
″
`
J

1
　
8
　
0
　
6
　
8
　
4
‥

NaCI/(NH4)2S04,(mo1.　ratio/　1　.9980)

　48-46

　40-37

20-0.05

　25-32

　59-57

30-0.05

　　　21*

a
　
　
a

a
　
　
a

a
　
　
a

b

゛ITang(1996)t)Cohen　et　a1.　(1987)*at　293K
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　　A　few　researchers　have　measured　the　depolarization　of　the　particles　in　the

laboratory.　The　reported　experimental　data　are　shown　in　liible　4.2.　Cooper　et　al.　(1974)

measured　the　depolarization　ratio　of　salt　particles　generated　in　the　laboratory　using　an

apparatus　similar　to　the　lidar　configuration　(scattering　angle　O　≧177°　at　a　wavelength

λ=632.8　nm).They　reported　NaCl　particles　(number　mean　diameter　was　0.07μm　and

the　geometric　standard　deviation　2.3)withδ｡=5.6-11.1%when　the　ambient　RH　was

77-92%(>DRH)andδ｡-20%when　the　RH　was　12%(<CRH).Sassen　et　al.　(1989)

measured　the　depolarization　ratios　of　sulfuric　acid　droplets　and　crystallized　ammonium

sulfate　in　a　cloud　chamber　(0>178°　atλ=632.8　nm).ln　their　experiments,　the　sulfuric

acid　droplets　gradually　evaporated　and　were　crystallized　by　ammonium　gas　injection,

andδ｡gradually　changed　from　2　to　9-13%.Kuik　et　al.　(1991)measured　thescattering

matrices　of　water　droplets　and　hTegu1�y　shaped　Si02　particles　(0=≧175°　at

λ=632.8　nm).　The　depolarization　ratios　calculated　from　their　results　by

δ｡=rl　-　F22　/　FH　μ2　are　δ｡-5%for　water　droplets　(the　effective　radius　Q　was

0.75μm　andthe　effective　standard　de゛ido11　°j　°　O.45)゜dδ｡゛30%for　Si02

pmicles(Q°15μJI1　°d　(7f　'　O.8).lt　shollldbe　noted　thattheδ｡value　depends

not　only　shape　and　chemical　composition　of　the　particles　but　also　on　the　particles　size

(Asano　and　Sat0,　1980;　Mischenko　and　Sassen,　1998)so　that　the　valuesofδ｡in　nble

4.2　should　be　considered　as　typical　values　for　each　aeroso1.
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nble　4.2　Aerosol　depolarization　ratio　(δ｡)measured　by　the　laboratory　experiments

λ(nm)0(゜) Ref.Composition

NaCI

NaC1

NaC1

(NH4)2S04

Si02

Si02

H20　droplet

H2S04

(NH4)2S04

&(%)
―

―

5.6-11

O
　
o
/
　
{
x
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9-13

RH(%)
-

-

77-92

　12

≒
≒
≒

632.8≧177

632.8≧177

632.8　165

632.8　165

546.0　166

632.8　175

632.8　175

632.8　>178

632.8　>178

particle　size　distribution

rm=O.07μm,(7=2.3

rm=O.07μm,(y=2.3

rm°O.628μm,σ=0.20μm

rm°O.640μmμ==0.21μm

rm=O.15μm,(y=2

reff°15μm,(yeff=O.8

reff°O.75μm,(yeff=O.45

a
　
a

b
　
b

c
　
d

d
　
e

e

3　Cooper　et　al.　(1974)1)Perry　et　al.　(1978)c　Holland　and　Gagne　(1970)

(IKuik　et　a1.　(1991)e　Sassen　et　al.　(1989)
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　　　Theδ｡values　of　25%that　we　observed　in　the　2'8　km　region　in　the　spring　and　4-

8　km　region　in　the　autumn　and　winter　are　close　to　thoseof　NaCl　crystals　and　irregularly

shaped　Si02　particles.

　　　There　are　two　possibilities　to　explain　∂｡values　less　than　5%that　we　dominantly

observed　in　the　2-8　km　region　in　the　summer　and　winter　and　in　the　2-4　km　region　in　the

autumn.0ne　explanation　is　that　spherical　particles　like　droplets　predominantly　exist　in

the　air,　and　the　other　explanation　is　that　small　particles　whose　radii　are　smaller　than　the

laser　wavelength　(O.532μm)predominantly　exist　in　the　a1r.　Mischenko　and　Sassen

(1998)have　theoretically　shown　that　polydisperse　randomly　oriented　nonspherica1

particles(ellipsoid,cylinder,and　Chevyshev　particles　with　refractive　index　of

1.308+1.328×10°6i)can　produce　low　δ｡value　less　than　5%atλ=O.532μmif　the

effective　radius　is　less　than　about　O.4μm　.　ln　most　cases,　these　small　particles

(accumulation　mode)are　generated　by　the　condensation　of　water-soluble　substances

(e･g･,Heitzenberg,1993).Therefore,δ｡values　less　than　5%were　probably　due　to　the

water-soluble　particles.

　　　Severalresearchers　collected　and　analyzed　free　tropospheric　aerosol　particles　in

the　Northwestem　Pacific　region.　0kada　(1983)found　that　96%of　the　particles　with　a

O.1-O.35μm　radius　were　hygroscopic　(contained　water-soluble　substanced)at　an

altitude　of　3.15　km　over　Kii　peninsula　(about　75　km　southwest　of　the　lidar　site).Yamato

and　Ono　(1989)collected　aerosol　particles　between　2　and　7.6　km　over　the　Sea　of　JaPan

in　wintertime　and　found　most　of　the　particles　were　comPosed　of　sulfuric　acid　and　the

fraction　of　ammonium　sulfates　increased　with　decreasing　altitude.　lkegami　et　al.　(1993)

observed　aerosol　particles　at　4.5　km　over　the　northem　Pacific　Ocean　region　(O°N-34°N).

They　intermittently　observed　high　number　concentrations　of　sea　salt　particles　in　the

tropical　areas.　They　also　ubiquitously　found　sulfate-containing　particles　(H2S04　and

(NH4)2S04)throughout　their　observation.　lwasaka　et　a1.　(1988)collected　many

irregu1�y　shaped　particles　in　the　free　troposphere　(4.35　and　2.25　km　altitudes)over
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Wakasa　Bay　(about　130　km　northwest　of　the　lidar　site)in　the　spring　season.　They

concluded　these　particles　M/ere　Kosa(Asian　dust)based　on　transmission　electron

microscope(TEM)images　and　trajectory　analysis.

　　　Based　on　their　results,　the　main　aerosol　constituents　that　control　the　aeroso1

depolarization　ratios　in　the　free　troposphere　over　Nagoya　may　be　as　follows.

(a)Nonspherical　dust　particles　from　the　Asian　Continent　produce　high　δ｡values

(about　25%)over　a　svide　range　of　RH.　(b)Spherical　sulfuric　acid　droplets　produce　low

δ｡values(1ess　than　5%)over　a　ivide　range　of　RH.　(c)Ammonium　sulfate　andsea-salt

particles　produce　low　δαvalues　by　existing　as　droplets　when　the　RH　is　above　the　DRH,

or　above　the　CRH　due　to　hysteresis.　Mqlen　the　RH　is　below　these　phase　transformation

points,　they　exist　as　nonspherical　crystals　and　indicate　high　δ｡values　if　they　are　larger

than　the　laser　wavelength　(r>λ),or　indicate　low　δ｡values　if　they　are　sma11　(r<λ).

　　　M/e　must　note　that　the　value　of　δ｡measured　with　the　lidar　is　averaged　temporally

(~30　minutes)and　vertically　(over　330-350　m)so　that　if　several　kinds　of　particles　with

differentδ｡values　coexist　in　the　air,　the　value　indicates　the　average　weighted　by　the

particle's　backscattering　cross　section.

　　　lt　is　noteworthy　that　lwasaka　et　al.　(1988)and　lkegami　et　al.　(1993)found　that

some　mineral　dust　particles　were　coated　with　sulfuric　acid　solution　in　the　free

troposphere.　These　intemal　mixturesof　such　particles　might　affect　their　δ｡values　and

the　dependence　on　RH.

　　　As　shown　in　Figs.　4.　1　2-　1　4,　the　aerosol　depolarization　ratios　as　a　function　of

relative　humidity　indicated　significant　seasonal　and　altitude　dependencies　over　the　lidar

site.　This　suggests　that　the　major　aerosol　chemical　constituents　varied　with　season　and

altitude.　0ne　important　step　in　determining　the　aerosol　constituents　at　a　location　is
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transport　from　the　sources.　Here,　we　attempt　to　estimate　the　contribution　of　continental

and　maritime　sources　on　the　lidar　data　with　a　simplified　transport　mode1.

　　　The　meteorological　data　used　in　the　computation　of　the　trajectories　were　global

objective　analyses　supplied　by　the　JMA　(GANAL(or　GAPLx　after　March　1996)).The

data　consisted　of　geopotential　height,　horizontal　wind,　temperature　and　humidity　at　16

(18forGAPLX)pressure　levels　from　the　surface　to　1　0　hPa　(humidity　is　available　below

300　hPa)at　12　(6　for　GAPLX)hour　intervals.　The　horizontal　resolution　was　1.875°

(1.25°　for　GAPLX).The　trajectories　were　computed　in　the　following　way　(see

Appendix　B　for　more　detail).Twenty-five　air　parcels　were　initially　located　around　the

lidar　site　(35.1°N,137.0°E)in　steps　of　O.5°　for　latitude　and　longitude　(5×5)at　the　time

and　the　altitude　(potential　temperature)of　the　lidar　data.　The　air　parcels　were　advected

backward　on　the　isentropic　surface　for　five　days　with　a　time　step　of　l　houryn)reduce

the　inaccuracy　produced　by　the　isentropic　assumption,　we　terminated　the　computations

if　the　air　parcel　intersected　with　the　vertically　unstable　layer　or　the　Earth's　surface,　o｢

the　air　became　saturated　with　water　or　ice.

　　　The　air　mass　and　the　aerosol　particles　contained　in　it　can　be　classified　into　two

groups:　continental　and　maritime.　The　continental　air　can　contain　both　water-soluble

and　insoluble　particles　that　originate　from　natural　and　anthropogenic　sources　over　land.

Their　main　constituents　are　sulfate,　nitrate,　ammonium,　carbon,　and　crustal　compounds

(Pandis　et　al･　,　1　995　;　Seinfeld　and　Pandis,　1998).The　maritime　air　mainly　contains

water-soluble　particles　of　an　oceanic　origin　and　their　main　constituents　are　sea-salt　and

non-sea-salt　sulfates.　Some　distinctive　constituents　only　produced　from　the　continental

sources　are　water-insoluble　substances　such　as　mineral　dusts　of　crustal　compounds.

　　　　ln　order　to　evaluate　the　innuence　of　the　continental　and　maritime　air　on　the

lidar　data　during　transportation,　we　introduced　the　following　factor　defined　as

rcθηφ7azl y
∇
々

l
y

　
μ
'

　
U

　
r }'j≒Λ-~･μ'μ'
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where

and

£,cθzlzfzzalrf
　
　
=

4α,i,j｡jzμj°

1ΓθyEr　z/zEcθzzrjzzazo

Orθwr　z/zEθcEαzO　　'

7‾Qn,j,za�rzμj (4-1).

Here,z　and　z　are　the　altitude　and　time　of　the　lidar　data,M=25μs　the　number　of　the

air　parcels　computed　in　the　trajectory,　zz　is　the　air　parcel's　number　located　around　the

observational　site,　andμ≦5　0　is　the　duration　of　the　trajectory.　The　innuence　of

aerosol　particles　produced　before　the　five　days　of　the　measurements　is　expected　to　be

small　because　the　residence　time　of　the　tropospheric　particles　and　the　precipitation　cycle

in　mid-1atitude　regions　are　about　five　days　each　(Wameck,1988).We　must　notice　that

Eq.(4-1)assulnes　a　source　strength　that　is　equal　at　all　points　along　the　trajectories

because　we　have　little　information　on　its　spatial　and　temporal　variations.　For　example,　if

all　of　the　air　parcels　pass　over　the　continent　(ocean)throughout　the　trajectories,

Gd-d｡d,,,o　°　7　･　or　if　all　of　the　air　parcels　passoverthe　continent　during　half　of　the

trajectories,　G･,1.,1,゜4α4zfz?zE°θ.j　.　This　analysis　is　based　on　very　simpleassunlptions

so　that　the　derived　factors　are　considered　as　qualitative　or　at　best,　semi-quantitative

indicators　of　the　contributions　of　the　two　source　areas.

　　　Rgures　4.16-18　show　the　frequency　distributions　of　G｡,,｡,7,for　each　season　and

altitude　region.　lt　is　found　the　distributions　of　G｡｡,in　the　spring　and　winter　at　both

altitude　regions　(2-4　and　4-8　km)and　those　in　the　autumn　in　the　4-8　km　region　indicated

the　maximum　frequency　at　O.7-O.9,　and　more　than　90%of　the　values　were　larger　than

O.5,　suggesting　that　the　continental　air　prevailed　over　the　lidar　site　in　these　regions.　As

can　be　seen　in　the　backward　trajectories　(Rgs.　4.6a,　4.6c(arrived　at　6　km),and　4.6d),

the　air　parcels　in　these　regions　had　passed　over　the　Asian　Continent　due　to　the　westerly

now.　The　distribution　of　G｡｡,in　the　summer　(Rgs.　4.16b,　4.17b,　and　4.18b)mostly
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showed　the　maximum　at　G｡g,z,'O'O.1,　indicating　that　the　maritime　air　prevailed　in　this

season.　The　autumn　data　in　2-4　km　(1ower　panels　in　Figs.　4.16c,　4.17c,and　4.18c)also

showed　substantial　fraction　of　sma11　G｡｡values.　The　air　parcels　in　these　regions　had

mainly　passed　over　the　Pacific　Ocean　associated　with　the　circulation　of　Pacific　high

(Figs.　4.6b　and　4.6c　(arrived　at　3　km)).

　　　The　other　feature　found　in　Figs　4.　1　6-　1　8　is　that　G｡｡,values　in　the　2-4　km　region

(1ower　panels)were　smaller　than　those　in　the　4-8　km　region　(upper　panels)in　each

season.　0ne　reason　for　these　sma11　G6a,　values　in　2'4　km　region　is　that　the　air

parcels　in　the　2-4　km　region　traveled　for　shorter　distances　than　in　the　4-8　km　region

because　of　the　weak　wind　speed　so　that　the　they　are　mainly　affected　by　maritime　source

around　the　lidar　site.　The　other　reason　is　that　many　air　parcels　arrived　at　2-4　km　region

intersected　vertically　unstable　layer　before　reaching　the　continental　areas　from　the　lidar

site.　For　example,　48%of　the　air　parcels　arrived　at　2-4　km　intersected　vertically

unstable　layer　within　five　days　before　the　measurements,　while　25%of　them　at　4-8　km

intersected　the　unstable　layer　in　the　spring　of　1　994.

　　　Rgures　4.　1　9-2　1　show　the　temporal-vertical　cross　section　of　the　valuesof　r･,,zj,,az

for　the　period　March　1994　to　February　1997.　Large　G｡a,values(>O.7)were

generally　found　above　about　4　km　in　the　spring,　autumn,　and　winter,　where≦as　small

values(<O.5)were　found　over　the　troposphere　in　the　summer　and　below　about　4　km　in

the　autumn.　lt　is　to　be　noted　that　theseasonal-vertical　variation　of　G｡,7.was　similar　to

that　of　the　water　vapor　mixing　ratio　(Fig.　4.7a-9a).This　correspondence　(dry　air　had

been　mostly　carried　over　the　continent　whereas　moist　air　had　been　carried　over　the

ocean)suggests　that　the　factors　G｡｡and　4ailjz?zE　successfully　represented　the

characteristics　of　the　two　air　mass　types.

　　　Figures　4.22-4.24　show　the　seasonal　(three　months)mean　geopotential　heights

and　wind　field　vector　at　700　hPa　(approximately　at　3　km　height)and　400hPa

(approximately　at　7　km　height)in　1994-1997.　A　westerly　now　associated　with　mid-
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latitude　jet　streams　predominated　over　the　lidar　site　(Rgs.　4.22a-24a,　4.22d-24d,and

upper　panels　of　Fig.　4.22c-24c)when　large　G｡｡,1,values　were　found.　0n　the　other

hand,thesouthwesterly　now　associated　with　the　circulation　of　Pacific　high

predominated　over　the　lidar　site　(Fig.　4.22b-24b　and　lower　panel　of　Fig.　4.22c-24c)

svhen　slnall　ziヽnzj,lE,zlvalues　were　found.
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Fig.4.20　Same　as　Fig.　4.19　but　for　the　period　March　1995　to　February　1996.
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Fig.　4.24　Same　as　Rg.　4.22　but　for　the　period　March　1996　to　February　1997.
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m｢

　　　Fig.　4.25　shows　the　cumulative　distributions　of　the　aerosol　backscattering

coemcients,βα,multipned　by　the　factor　G6za,(called　the　continental　component)

and　4arflfz?1ε　(the　maritime　component)as　a　function　of　δ｡and　RH.　The　continenta1

components(left　panels　of　Fig.　4.25)contained　large　fraction　of　high　depolarization

values(δ｡>10%)over　awide　range　of　RH.　They　also　contained　substantial　fraction　of

lowδa　values.　These　suggest　that　both　the　water-soluble　and　insoluble　particlesl¥ere

Present　in　thecontinental　aiE　On　the　other　hand,　the　maritime　comPonents　(right　panels

of　Fig.　4.21)mainly　consist　of　low　depolarization　values　(δ｡<5%)over　a　wide　range

of　RH　and　small　fraction　of　high　δ｡values　in　dry　air　(RH<40-60%),suggesting　that

water-soluble　particles　and　water-soluble　deliquescent　particles　were　predominant　in　the

maritime　air.　These　distribution　pattem　for　the　two　components　are　consistent　with

those　expected　for　the　aerosol　chemical　constituent　from　the　sources;　the　data　of　high

δ｡values　with　high　RH　values,　which　can　only　be　produced　by　the　water-insoluble

particles,　are　almost　categorized　into　the　continental　component.　This　result　suggests

that　the　transport　pathways　from　the　source　areas　(the　Asian　Continent　and　the　Pacific

Ocean)and　the　ambient　relative　humidity　significantly　controned　the　aerosol

depolarization　ratio　in　the　free　troposphere　over　Nagoya.

　　　lt　is　interesting　that　high　δ｡values(>10%)were　hardly　found　where　the　RH

above　40%in　the　maritime　component　(right　panels　of　Fig.　4.25).This　might　be　due　to

the　hysteresis　effects　of　NaCl　or　(NH4)2S04　particles;　the　particles　had　denquesced　into

droplets　in　moist　air　(>DRH)and　remained　phase　below　the　DRH　and　above　the　CRH.

Rood　et　a1.　(1989)have　reported　the　ubiquitous　existence　of　metastable　droplets　in　the

surface　rural　atmospheres　at　RH　between　45　and　75%.lo　investigate　the　phase　states　of

aerosol　particles　in　the　free　troposphere　more　precisely,　direct　sampling　and　in-situ

nleasurelnent　are　indispensable.　Also,　more　accurate　and　finer　temporal　and　sPatia1
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resolution　of　meteorological　data　(humidity,　wind,　pressure,　and　temperature)are

required　to　study　the　RH　history　of　the　air　parcels　during　the　transportation.
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Rg.　4.25　Cumulative　distributions　of　aerosol　backscattering　coemcients　(β｡)

multiplied　by　the　factor　G6.(Continenta1;　1efO　and　4αΓilfz?7ε　(Maritime;　right)as　a

function　of　aerosol　depolarization　ratio　(δj　and　relative　humidity　(RH)between
altitudes　of　2　and　8　km　for　the　period　March　1994　to　February　1997.　Note　that　these

factors(G｡a,and　GJh)are　derivedassuming　a　uniformity　of　the　source　strength

along　the　back　trajectories.
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　　　Figure　4.26　shows　the　vertically　integrated　aerosol　backscattering　coemcients

(IBC)between　2　and　8　km　separated　into　two　components　(continental　and　maritime)in

the　same　manner　as　the　data　shown　in　Fig.　4.25.　The　two　components　of　the　IBC　are

calculated　by

gCrCnna�j=

for　the　continental　component　and

gCrMαΓi6zO=

E9　β｣zjG｡｡jzj&

J≒β｣z｣Qs｡jo&

(4-2)

(4-3)

for　the　maritime　component.　M/e　must　emphasize　these　values　are　crude　estimates

because　of　the　underlying　assumption　of　uniformity　of　source　strength　along　the

trajectories.

　　　M/e　found　that　the　spring　maximum　mainly　consists　of　thecontinental　component.

lt　is　conjectured　a　large　amount　of　mineral　dust　particles　that　originated　from　Asian　arid

region　were　transported　in　the　free　troposphere　to　Japan,　since　the　maximum　occurrence

of　dust　storms　in　the　Asian　arid　region　has　been　reported　in　the　spring　(Chun,1996;

Parungo　et　a1･　,　1995)and　westerly　now　prevails　over　the　Asian　Continent　(Rgs　4.22a-

24a).The　other　feature　shown　in　Fig.　4.26　is　that　the　predominance　of　maritime　IBC

over　the　continenta1　IBC　in　the　summer　season.　This　was　caused　by　changes　in

circulation　pattem　of　the　air　mass　over　the　lidar　site　due　to　the　Pacific　high　pressure

(Rgs.　4.22b-24b).Thus,water-soluble　particles　originated　from　the　Pacific　Ocean

probably　predominated　over　the　lidar　site　in　this　season.　The　ratios　of　the　annua1　IBC

for　the　two　components　(continental/maritime)were　2.0,　1.4,　and　1.7　for　each　annua1

period　in　March　1994　to　February　1997.
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　　　A　summary　of　the　observations　is　shown　in　lable　4.3.　The　IBC,　IMrvC,　δa　,　RH,

and　Qn｡｡values　show　almost　the　same　seasonal　and　altitude　characteristics　for　the

3　year.　Howeverjnformationonthe　source　strength　and　that　on　the　vertical　transport

processes(e･g･　,　transport　from　the　planetary　boundary　layer　to　the　free　troposphere)are

necessary　to　characterize　the　aerosol　constituents　and　to　evaluate　thecontributionsof

the　aerosol　sources　on　the　ndar　data　quantitatively･
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nble　4.3　Three　month　mean　of　vertically　integrated　backscattering　coemcients　(IBC),vertically

integrated　water　vapor　content　(IWVC),aerosol　depolarization　ratio　(δj,relative　humidity　(RH)

and　continental　transport　factor　(r　　)at　the　altitude　ranges　of　4-8　km　and　2-4　kmoverNagoya　for
　　　　　　　　　　　　　　　　　　　CθηZjηeηZ

the　period　March　1994　to　February　1997
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5　Conclusions

　　　We　have　developed　the　Raman　lidar　system　and　the　data　analyzing　procedure　that

simultaneously　measure　the　vertical　profiles　of　humidity,aerosol　extinction,

backscattering,　and　depolarization　ratio　in　the　troposphere.　The　Raman　lidar　technique

allows　us　to　study　the　aerosol　optical　properties　and　their　relation　to　the　ambient　relative

humidity　in　their　natural　state　as　wen　as　their　vertical　and　temporal　structure　in　the　free

troposphere.　We　estimated　the　aerosol　hygroscopicity　(water-solubility)f¥om　the

relation　between　the　aerosol　depolarization　ratio　and　the　relative　humidity　based　on　the

humidity　dependence　of　the　particle　shape　(phase).The　Raman　lidar　has　an　advantage

over　conventional　Mie/Rayleigh　ndar　since　it　can　measure　the　aerosol　extinction　and

backscattering　coemcients　independently　as　wen　as　the　humidity,　and　the　resulting

aerosol　extinction-to-backscatter　ratio　can　be　used　to　study　the　aerosol　microphysical

properties.

　　　The　measurements　were　carried　out　at　Nagoya　(35.1゜N,137.0°E)for　the　period

Nlarch　1994　to　February　1997　and　tota1　332　vertical　profiles　were　obtained.　The

observed　results　revealed　the　following　aerosol　optical　characteristics　related　to　the

relative　humidity　and　the　transport　pathways　from　the　source　areas.

　　　The　aerosol　extinction　(355　nm)-to-b4ckscatter(532　nm)ratio　showed　relatively

smaH　values　(3-17　sr)when　the　relative　humidity　was　near　or　above　the　ice　saturation

point(>90%RH　with　respect　to　ice),whereas　they　indicated　a　wide　range　of　values

(3-91　sr)in　unsaturated　air　(≦90%RH　with　respect　to　ice).The　values　obtained　near　or

above　the　ice　saturation　point　were　approximately　consistent　with　that　of　the　previous

model　calculation　of　c1rrus　cloud　particles.　This　suggests　that　the　extinction-to-

backscatter　ratio　can　be　used　for　discrimination　of　the　cirrus　cloud　particles　from　the

other　aerosol　particles　by　combining　with　the　other　aerosol　parameters　measured　with

the　lidar.
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　　　lemporal　variationsof　the　humidity　and　aerosol　parameters　were　observed　at　the

altitude　range　of　1.0-2.2　km　during　30　minutes　on　Apri1　17,　1994,　in　which　the　relation

between　the　aerosol　parameters　and　the　relative　humidity　indicated　that　the　total　volume

backscattering　cross　section　and　the　sphericity　of　the　aerosol　particlessverelarger　in

moist　air　than　in　dry　that.　lt　was　suggested　that　the　observed　relation　was　due　to　the

presence　of　hygroscopic　particles　in　this　region　since　the　relative　humidities　(13-38%)

were　near　the　phase　tansformation　(crystallization　ordeliquescence)humidities　of

major　tropospheric　hygroscopic　particles.　At　the　altitude　range　of　2.2-3.5　km　high

depolarization　ratios　with　the　relative　humidities　of　゛35%that　were　as　high　as　the

maximum　at　1.0-2.2　km　were　observed,　suggesting　that　the　two　altitude　regions　(1.0-2.2

km　and　2.2-3.5　km)had　different　aerosol　constituent　(hygroscopicity)or　the　relative

humidity　history･

　　Seasonal　and　altitude　variationsof　the　aerosol　optical　proPerties　and　the　relation

to　the　relative　humidity　and　the　tansport　pathway　were　found　as　follows:

(1)The　vertical　distributions　of　aerosol　depolarization　ratio　and　humidity　(both　the

　　water　vapor　mixing　ratio　and　the　relative　humidity)frequently　showed　a　steep

　　vertical　gradient　between　altitudes　of　2　and　4　km　throughout　the　year　except　for　the

　　summer,　where　the　depolarization　ratio　sharply　increased　and　the　humidity

　　decreased　with　height　at　almost　the　same　level.

(2)The　vertically　integrated　aerosol　backscattering　coefficients　showed　an　annua1

　　maximum　with　sharp　rises　in　the　spring　(March-May)in　the　2-4　km　and　4-8　km

　　ranges.　The　three　months　mean　in　thisseason　ivaslarger　than　the　annual　mean　by

　　1　.6-2.2　times　in　the　2-4　km　range　and　by　1　.6'　1　.8　times　in　the　4-8　km　range.　The

　　second　maximum　was　found　in　the　mid-late　summer　(July-August)for　2-4　km.

(3)Aerosol　depolarization　ratios　as　high　as　25%wereobserved　frequently　in　the　2-8km

　　region　in　the　spring　(MAM)and　occasionany　in　the　4-8　km　region　in　the　autumn

　　(SON)and　winter　(DJF).ln　the　4-8　km　region　these　high　values　were　observed　with

　　the　relative　humidities　up　to　80%,suggesting　the　presence　of　water-insoluble
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　　particles　such　as　mineral　dusts　in　this　region.　Most　of　the　air　parcels　in　these　regions

　　had　passedoverthe　Asian　Continent　due　to　a　westerly　now.

(4)Depolarization　ratios　less　than　5%were　Predominant　in　the　2-8　km　region　in　the

　　summer(JJA)and　in　the　2-4　km　region　in　the　autumn　over　a　wide　range　of　relative

　　humidities.　ln　these　regions,　high　depolarization　ratios　(δ｡>10%)were　observed

　　only　in　relatively　dry　air　(RH<50%).These　suggest　the　predominance　of　water-

　　soluble　particles　(e･g･,sulfuric　acid　droplets)and　water-soluble　deliquescent

　　particles(e･g･,　sea-salt　or　ammonium　suhte　particles)in　these　regions.　The　air

　　parcels　had　mainly　passedoverthe　Pacific　Ocean　associated　with　the　circulation　of

　　the　Pacific　high.

(5)Low　depolarization　ratios　(δ｡<5%)with　low　relative　humidities　(RH<20%)were

　　predominant　in　the　winter,　suggesting　the　predominance　of　waterssoluble　particles　in

　　this　season.　The　air　parcels　had　passed　over　the　Asian　Continent.

　　　Our　results　suggest　that　the　transportation　pathways　from　the　source　areas　(the

Asian　Continent　and　the　Pacific　Ocean)and　the　ambient　relative　humidity　critically

control　the　aerosol　depolarization　ratio　in　the　free　troposphere　over　Nagoya.　The

observed　results　showed　that　the　aerosol　optical　properties　(the　backscattering　ratio

(coemcient)and　the　depolarization　ratio)were　verticaHy　inhomogeneous　and　highly

variable　according　to　season.　These　data　might　be　valuable　to　assess　the　effects　of　the

free　tropospheric　aerosols　on　the　Earth's　atmospheric　system,　e･g･,　radiative　transfer,

cloud　microphysical　process,　and　global　geochemical　cycle.　The　assessment　of　the

innuence　of　these　aerosol　inhomogeneity　and　variability　on　the　atmospheric　processes　is

a　future　work.　However,　coincident　measurement　and　comparison　of　lidar　and　in　situ

sampling　data　are　indispensable　for　an　interpretation　and　application　of　the　lidar　data

that　clarifies　the　physical　and　chemical　characteristics　of　the　free　tropospheric　aerosols.

Furthermore,information　on　the　aerosol　source　strengths　and　that　on　the　vertica1

transport　processes　are　necessary　to　characterize　the　aerosol　constituents　and　to　evaluate

the　contributions　of　the　aerosol　sources　on　the　lidar　data　quantitatively･
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Appendix　A　Calculation　of　the　Raman　backscattering　cross

section　of　oxygen

　　　The　absolute　wavenumber　of　the　Stokes　Raman　nnes　is　expressed　as

f=£-jf[�11, (A-1)

where£is　the　wavenumber　of　the　incident　radiation　and　∠1f　is　the　wavenumber　shift

of　the　Raman　scattering.　The　wavenumber　shifts　associated　with　the　fundamenta1

vibration　transition　v　°　O　→v°1,∠1j°O,±2　are　expressed　as　follows　(Long,　1977):

For　Q-branches　(∠μ=O)the　wavenumber　shifts　are　given　by

where　j

where　j

j%=∠1G+β1-joμμ+1Hm'11,

=0,1,2,…,and　those　for　the　S-branch　(∠1j=+2)are　given　by

=jG+2jl　-r3jl　+joμ+rj1　-　Z?o　μ2[m'11,

(A-2)

(A-3)

(A-4)

M

゜0,1,2,‥･,andthose　for　the　o-branch　Mj　°　-2j　are　given　by

∠My｡=∠1G+6j1　-r5jl　-βoμ+rjl-joμ2[m'1]

where　j=2,3,･…Here,∠1G=Grlj-GrOj　is　the　difference　of　the　vibration　term

Grvj　between　the　ground　vibrational　level　and　the　first　excited　vibrational　level,　which

equals　to　the　wavenumber　shift　associated　with　the　vibrational　transition　of

y°O→v　°　1　,　and　β)s　given　by　μ゜β｡-αjy+1　/　2　j　where　the　subscript　Erefers

to　the　equilibrium　configuration.　For　oxygen　molecule,∠1G=155638.1[m`11,
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β｡=144.563[m'1],and　a｡=1.59+6.41×10°3(y+1/2)2-2.85×10‾4(v+1/2)3[m`11(Huber　and

Herzberg,1979).

　　　The　differential　backscattering　cross　sections　for　the　Raman　lines　are　calculated

by　Placzek　polarizability　theory　(Kobayashi　and　lnaba,　1972).For　Q-branch　the　cross

sections　are　given　by

〔
j(7Γπj

a2

X
-
-
･
J

j2n4r£-i94(gμ2j+1μ‾F/″
-

1-ε ‾/zcR/£｢

Σgj2j+1jμf/″

and　those　for　S-　and　O-branches　are　given　by

�TC

where

for　S-branch　and

r204rg)-9)4y2xjgμ2j+1μ‾m/″　7
-/7cin　/　£｢

〔α'2+　　　μj+1j　　!?〕　　　　r2j　-1×2j　+3μ5

[m2　sr'11,(A-5)

Ξy'2[m2　sr'11,(A-6)

_3μ+ljμ+2j
--

2r2j+42j+3j

jμ-1j

(A-7)

(A-8)

1-ε

xj

X,=2

2r2j+42j-lj

for　O-branch.　Herey/　isthe　wavenumberassociated　with　thevibrational-rotationa1

transition　that　is　equal　to　jiy,&7(゜[/z/(8π2cR)]1/2)is　the　al゛o-point　vibrationa1

ampntude　of　j　-th　vibrational　mode,　9　7　is　the　nuclear　spin　statistical　weight,　j　is　the

initial　rotationa1-angular-momentum　quantum　number,　/z　is　the　Planck's　constant,　c　is

the　speed　of　light,　£isthe　Boltzmann's　constant,　r　is　the　temperature,　α″2　and　7″2

are　the　isotropic　and　anisotroPic　parts　of　the　derived　polarizability　tensor　associate　with
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the　normal　coordinate,　respectively.　For　oxygen,　g)s　l　for　odd　J　and　O　for　even　j

(e･g･　･　Lollg･　1　977)゜dgμ'4　0.27×10‾247VA　°d　gy2　d.08×10‾37ⅣA[m4kg`1]

(lsb3･　1976)゛hereg)s　the　degelle“cy　of　the　j　-th　vibrational　mode,　andⅣA　is　the

Avogadro's　number.
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Appendix　B　Trajectory　analysis

　　　The　procedure　for　calculating　the　isentropic　trajectory　is　described　l)elow.

Data　set

　　The　meteorological　data　used　in　the　calculation　of　the　trajectory　were　the　globa1

objective　analysis　data(GANAL(or　GAPLx　after　March　1996))supplied　with　the

Japan　Meteorologica1　Agency.　The　data　consist　of　geopotential　height,　horizontal　wind,

temperature　and　humidity　at　16　(1　8　after　March　1996)pressure　levels.　The　pressure

levels　are　Surface,　1000,(925,)850,700,(600,)500,400,300,250,200,150,100,70,

50,　30,　20,　and　10　hPa.　The　humidity　data　is　available　below　300　hPa.　The　time

resolution　is　1　2　h　(6　h　after　March　1996).The　horizontal　resolution　is　1.875°(1.25°

after　March　1996)for　latitude　and　longitude.

　　Surface　elevation　data　(ETOP05)was　supplied　with　NOAA　Nationa1　Geophysica1

Data　Center.　The　original　data　consist　of　land　and　sea　noor　elevations　on　a　5-minute

latitude/1ongitude　grid.　We　used　this　dam　after　degrading　and　adjusting　to　the　resolution

of　GANAL　or　GAPLx　data.

　　　　゜O

　　　The　meteorological　parameter　at　a　point　is　obtained　by　interpolating　the　grid　data.

The　interpolations　are　made　by　log-1inearly　for　vertica1,　bilinearly　for　horizonta1,　and

linearly　for　time.　A　meteorological　parameter　xλφθz　　at　an　arbitrary　point

rλ,φ,θμj,0,whereλis　the　longitude,　φis　the　latitude,　θis　the　potential

temperature,　z　is　the　height,　and　z　is　the　time,　is　calculated　by　following　procedure.

(1)Sixteen　grid　points　rλ,,φ,,θ,,0μ=1,2jsurrounding　the　point　rλ,φ,θ,0　are

　　selected　and　the　parameters　xλ,φβμ,　are　obtained　from　the　grid　data.

(2)Eight　parameters　xλ,φβG　on　the　isentropic　surface　θ　are　calculated　from　the

　　sixteen　parameters　by　log-1inear　interpolation　for　potential　temperature　as
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where

and

Xλ,φβz,
-

-

X
λ,φβ21,/¥θ2/θj+x4φβ1zj¥θ/θ1J

　　　/¥θ2/θlj
(B-1)

(3)Four　parameters　xλ,φβl　atthe　time　r　are　calculated　from　theeight　paranleters　by

　　linear　interpolation　for　time　as

X　　_Xλ,φμ2μ2‾0+Xλ,φμ1μ‾zl　j
λ,φβz‾

Z2‾ZI
(B-2)

(4)Rlljly　the　p゛゜1eterx　4a　,　is　obUlilled　fl`olll　the　fo゛　p゛sletel`s　llsillg　bilille゛

　　interpolation　for　horizontal　space　as

Xλφθz
-

-

xjφ2-φj+x

θ2-θ7

Γλ2-λj+X

Γφ-φj

Γλ-λljX　_‘´`λ1φ1θμ/`2　″`'/l　zxλ2φ1θμ/1･/`'1/

　α‾　　　　　　　　　　λ2-λ1

XI, -

-

Xλ1φ2θzΓλ2-λj+x4,μλ-λlj

λ2-λ1

(B-3)

The　potential　temperature　is　calculated　by　θ=7'μθθθ/j)f/q[K],where　r　is　the

temperature[K],j)is　the　atmospheric　pressure　[hPa],&is　the　gasconstant　for　dry

a゛('287.04　J　kg'1　K'1)･゜d　Cr　is　the　specific　he3t　c3p3city　of　dry　3il'　3t　collst311t

pressure(=1005.7　J　kg'I　K'1).

　　　　　　　　　　　　｢

　　　The　trajectory　of　the　air　parcel　is　calculated　on　the　isentropic　surface　by　using　the

fourth-order　Runge-Kutta　scheme.　The　air　parcel　at　a　position　μzj　is　advected　to　the

next　position　by　using　the　following　equation.
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where

xμ4j° 40+j

y7

y2

y3

and　y4

　
　
+

　
　
ー

7
7
0C

　
　
I

　　7
y+-
　J　6

=y(xμj,(),

=y(xμfJ+yl　jz/2,　z,+∠1z/2),

=y(xμj+y2　jz/2,　4+jz/2),

=y(xμj+y3j　z,　z,+∠1z).

(B-4)

Here,yμ,0　is　the　horizontal　wind　vector　on　the　isentropic　surface　and　∠1　z　is　the　time

step　of　the　calculation.　XVe　used　∠1z　°　-1　h　for　the　calculation　of　the　backward

trajectories.

　　　lsentropic　analysis　assumes　adiabatic　and　inviscid　motion　of　air　parcel.　This

assumption　is　unsuitable　in　saturated　moist　air　or　in　the　planetary　boundary　layer　where

diabatic　processes　or　turbulent　mixing　are　important.　ln　order　to　reduce　the　inaccuracies

of　the　isentropic　analysis,　we　terminated　the　computation　of　the　trajectory　if　the　air

parcel　intersected　the　vertically　unstable　layer　(∂θ/∂z<O)or　Earth's　surface,　or　the　air

was　saturated　with　respect　to　water　or　ice.

　　　Since　the　lidar　observes　the　finite　volume　of　air　that　passes　over　the　lidar　site

during　the　observation　period,　the　air　Parcels　in　the　volume　can　be　transported　from

different　areas　due　to　the　spatial　inhomogeneity　of　the　wind　field.　For　this　reason　and　in

order　to　improve　the　statistical　significance　of　the　results,　we　calculated　twenty'five

trajectories　whose　initial　positions　were　located　at　around　the　lidar　site　(35.1°N,

137.0°E)with　horizontal　interval　of　O.5°　for　longitude-1atitude　(5×5)on　the　same

isentropic　surface.
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