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ABSTRACT 

Raman lidar provides vertica l profiles or most of the key parameters needed to an~I Y7.e and forecast the meteorological 
condi ti ons, an d to invest igate processes controll ing air quali ty in the lower atm os phere. T he time sequence of atm ospheric 
pro files is most valuable in understanding the meteorolog ica l processe s contro lling theevolution of a ir poll ution evcnts. The 
vibrational and rotational Raman hcbrsign al s prov ide sim ultaneous profilesofl11etcorological parameters o ft c mpernrure and 
water vapor, as well as the air quality paramete rs of ozone and airborne particul ate matter. The LAPS (Lidar Atmospheric 
Profil e Sensor) de\'e loped in 1995 was the firs t operational p rototype R~man lidar insmnnent. It makes use of 2nd and 4th 
harmonic gener~ted la ser beams ofa Nd:Y.t\G la se r to provide both da)1ime and nighttime meas urements of atmospheric 
pro perties. The Raman scatter signal s from vibrationa l states of w ater \"apor and nitrogen pro vide robust profiles of the 
speci fi c humidity in the lower atmosphere. The tempera m re p rofiles are measured using the r3tio ofrorational Raman Signals 
at 5.10 and 528 nm, and the temperature pro fil e is combi ned with the specific humidity me.1surements to calculate profiles 
of re l3tive humidity and RF refrncti \ 'ity. In addition, pro f! Ies of opti cal ex tinction arc detemlined from the g radi ents in the 
measured profiles of each of several molecular profiles . Wavelengths at 284 nm, 530 nm and 607 nm ate used ro utinely to 
detenninc profiles of optical ext inction, The ozone profil e s in th e lower troposphere are measured using a D IAL anal ysis of 
the ratio o rtlle \'ibrational Raman signals from nitrogen (2 84 nm) :U1d oxygen (278 nm), whi ch are on the steep s ide of the 
Hart ley band of ozone. Examples from seve ral data sets are provided to demo nstrate the utili ty of Raman lidar as a too l to 
prov ide the data needed by the meteoro logy and air quality co mmu n it ies. and to show the improved leve l of understandin g 
of atmospheri c processes that is g~ined from appl ications of li (br techn iques, 

I. INTRODUCTION 

Measurements of the meteorologi cal properties serve a \ ' ital role in modeling and forecasting weather conditions tha t 
impact man y aspects of our daily lives. The meteorologica l cond itions control the de\'elopment and dissipation of ai r 
pollution episodes , Air po llution has been demo nstrated to a ffec t hea lth, influence ollr activ ities due to changes in visibility, 
and is a focus of our conce l11s forthe g lobal em'ironment. 1\ better u n ~ersl1nding of the \' ari~tion s in 'greenho use gases ' and 
particle concentrat ions that influence the Eat111's radi :ltion balance in needed, The two principal components of the 
atmosphere that ha ve been >ingled out as major ai r poll u tio n conc erns are ozo ne :lnd ai rbo rne particulate matter (PM ); 
Airborne pal1i cu late matt er has been shown to be associated w ith incr eased hospital admiss ions for cardio vascul ar di sease. i .
Ozone is a known tox ic species that causes deleterious resp iratory effects. particularly causing bli sters in the respiratory tract, 

nageing of tissue and comp lications for older individuals, a nd those with asthma and other resp iratory prob lel1l s. The 
increase in a irbol11c part iculate matter has changed the optical prope n ics of the atmosphere by decreas ing v isibility which 
directl y affects air traffi c patterns and landin g frequency of commer cial airc. ra ft, and by red ucin g the acs theti c appreciation 
of our national parks S The increase of emiss ions inlo the a tmosphere result s in competing non-linear response mechanisms 
which affect the energy balance that contro ls our g loba l c limate: I) increased emiss ion of chemical species that absorb 
infrared radi ation eanlead to warming from the 'greenho use' effect. 2) increased airborne particulate m attcr reduces direct 
and indirect flu x of solar radiation leading to coo li ng from changes in the p lanet"'Y albedo. The increase in airborne 
pan icubte matter is princi pa lly due to com bustion products from tr.msportation :lI1d power gencra tion.4 Improved 
meteorological meas urements with better temporal and spatial resolution are needed to model the complex atmospheric 
system wir h a coupled phys ics based 1l10del and real time data products . Ramanlidar is proposed as the primary data source 
for futu re meteoro log ica l and a ir quality data. 
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B EXCi lcd Electronic States 
The Raman li dar tech niques out lined here are expec ted to pro\' ide an important too l to gain the unde rstanding requi red 

to improve weather fo recas ts, and to predict andior mitigate future a ir po llution episodes. Raman lidar is a robust too l that 
can be em ployed to measure a wide range of mcteoro logica l a nd e nv ironmenta l properties." The most impo rtant parameters 
for testing model calculati ons are the measured vertica l pro fil es of w3ter vapor. temperaUire. ozone and particu late matter. 
T he genera l approach used in developing the data base fo r analys is and predic ti on has been based upon networks o f gro und 
sites that ma ke local insi Til mcasurements. Prior ana lys is has suffered from th e fact th at liu le in formation was obtained on 
thc vert ical stntc ture because of the expense of usi ng ba lloon and a irc raft plarforms to obtain measurements aloft. Raman 
lidar can pro\'ide continuous time sequences of the ,·crt ical p rotilcs of the key parame ter> in the lower atmosphere. The 
examples of profiles shown here demons trate the present capabi Iity for measuring the needed prope rt ies. T he mos t important 
meteorological parameters a re tempe rature and water vapor. Tempe raBlre is measured fro m the ratio o f p rofil es of the 
rotational Raman s ignal intens ity. The water vapor is dete nnined from the specific hunlldity meas \lIed by the rati o of the 
vibrational Raman radiat ion scattered by water vapo r and molecular nit rogen. T he temperatme and specific hum idi ty pro ti ies 
are combined [0 directly calculate two other useful para meters, the RF refrac tivity and the relative humid ity . T he ozone 
profiles in the lower atmosphere arc mcasured directly from the absorption o f the Rama n scatter from nitroge n ;md oxygen 
at wave lengths in rhe Hartley ba nd. The particu late mater is determ ined fro m the measure me nts of optica l extinctio n and 
backscatter at visible and ult raviolet wave lengths. T he ",,'ater vapor is a part icularly importan t tmce r o f the troposp heri c 
dynamics and provides a marker o f the thi ckness of the planetmy bo undary layer, the reby describ ing the dil ution volumc for 
the chemica l species emitted into the atnlosp here. The Raman lidar techniques used to im·cs tigate atmospheric processes arc 
desc ri bed in the follo wi ng section. 

2. RAMAN L1DAR i\IEASURI!:MENT TECHN IQUES 

Raman scattering is one of the processes that occurs when optical radiation is scattcred from fhe molewles of th e 
atmosphere. It is very use ful because the v ibrational Raman scalte ring provides distinct wavele ngth shift s fo r spec ies specific 
vibratio nal energy states of the molecules, additiona lly rotational Raman scattering prov ides signals with a wave length 
dependence directl y related to fhe atmospheric temperat Llfe . 6 Fig ure I (a) shows a diagram of the v ibrational a nd rotational 
ene rgy levels that are associated with Raman scatter. When a photon scatters from a molecule, the di sttibutio n of e ne rgy in 
the charge cloud results in a virtua l energy state. Most of the atmosphe ric molecules rcs ide in the g round vi bra tiona l level 
because the vibrational state excitation corresponds to rel at ively large energy trans itions (tenths of eV for simple molec ules 
like nitrogen and oxygen) compared to the thennal energy ava ilable . After scattering occurs. most of the eve nts result in the 
reUirn of the molecul e to the gro und state, and the emitted photon has the energy of the initia l photon. plus /minus the random 
thennal velocity of the molec ul e, that is the Doppler broadening. A small fraction of the transi tions (orde r of O. 1%) res tllt 
in giving part of the p hoton energy to the mo lecule, and ending in the fi rs t vibrationallc" cl (a Stokes trans ition). The emitted 
photon energy is dec reased by exactl y the e ne rgy of the vib rational state quanta for that molecule. For the small frac tion of 
molecules existing in the vibrational excited level, the unlike ly anti-Stokes transition is poss ibl e . T he re lat ive intensities of 
the scattering signal s are indicated by the scattering cross-sec tion values at 532 nm in Figure I (b) . The wavelengths of 
vibrat ional Raman back scatter signals from the molec ul es of the water vapo r and molecu lar ni trogen are w idely separated 
from the eXCit ing laser radiation and can be easily iso lated fo r measurement us ing modern fi lter tec hnology a nd sens iti ve 
photon cOLlming detectors. 

7 
The ra tio of rotational Raman signals at 528 nm a nd 530 nm provides a measurement of 

8atmospheric tcmpcraUlre .9 All of the molecules orthe lower atmosphere are distribu ted in the rota ti onal Slates acco rding 
the local temperature. By measuring fhe ra tio of scattered s igna ls at tw o wavele ngths, the te mperature can be directly 
meas ured. [n order to push the lidar measurement capabil iry into th e daylight condi tions, we use the "solar blind" region of 
the spectrum between 260 and 300 nm. The " solar blind" region is darkened by th e stratospheric ozone absorption o f 
ul traviolet radiatio n. N igh t Mille measurements are made L1sing the 660nm '607nm ( H,OiN, ) s ignal ratio fro m the doub led 
Nd:Y AG laser radiation at 531 nm. Day light meas urements are obtained using the 295nm1284nm (I1 ,OiN, ) ra tio from the 
quadrup le Nd:YAG lase r radiation at 266 nm. A sma ll correction fo r thc tropospheric ozo ne must be app lied. That cOtTcct ion 
can be obtained fro m measuring the rat io of the O,IN, signa ls, 278nml184nm. From this analysis, the ozone profile s in the 
lower troposphere are also obtained. to The Raman tec hn iques, which use rat ios of the signa ls for measuremen t o f wate r vapor 
and tempemture , have th e major advantage in removing essentially all ofuncertaint ies. such as any require me nt for knowledge

l t of the absolute senSitivity and non-li near factors. T he measurement parameters can be uniq uely dett! l1ni ned from know ledge 
of the laboratory Raman cross-sections. Optica l ex tinction is measured using the ~radient of the measured mo lecular profile 
compared with that expected for the density gradient of the lower atmosphere . 12· b 
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Figure I. (a) The energy ciiagram ofa molecu le illus trates th at the scattering ofa photon raises the molecul 
whIch nomlally decays to ground (V=O) emitting a photo n of the same energy as the incident energy, 0 

them,al Doppler velocity. In a smal l fraction of cases, the scattered photon is Raman shifted to the first 
(\1; 1). " Stokes shift. The relativc ly large vibrational energy (0 E) compared with thermal energy make 
vibr.ltional transition unlike ly. The rotati ona l states (I-levels) are populated by therma l excit at ion in botl· 
Stokes branches. (b) The relati ve intens ifies of the Stokes vib rational Raman shifts ofoxygen, nitrogen an 
indic,ted for scatterin g from atmospheric molecules with the doub le Nd:YAG laser at532 nm. The distrib 
rotational states arc indicated by envelopes of the individua llines. 6. 

2.1. II alcr Vapor Me:lsuremenls 

The specific humidi ty. or water vapor mixing ratios. are detennined by taking the ratio of the s ignal s fr 
,·ibmlional Raman shifts for water vapor and nitrogen. The measurements are made with lase r lines at visi 
ultraviolet (266 nm) wave lengths. The visible measurements (6601607) are available at night ani 
measurements (2941284 ) are ava ilabl e day and night. The ultraviol et profiles are limited to the first 3 km I 
attenuation due to the large scatterin g cross-secti on. The u ltraviolet water vapor instrument calibration va 
rela ti\·ely constant for the LAPS instm l11ell t during the past six years, however the visible sens itivity has s 
changes, possibly due to sometime overloads the photomult iplier tube during dayli ght. In vesti gation oflli 
instrument has shown that the differences between the water vapor me,1surements USing the me teoro logica l b 
the lidar are about ±4%., and this is approxima tely the ,·alue of variations expected due to the atmosph eric spa 
differences. 10 

2.2. 07on~ I\kasuremeflfs 

The Raman vibra tiona l I " Stokes shi ft s from molecular nitro gen and oxygen are used as the sources f( 
Since the ratio of these two prinCipal molec ular constituents is constant to within 10 ppm in rhe lower all 
variation in the vertical profile of a constant ratio can be associated with the in tegra ted absorption due to ' 

537 



B Excitcd Electronic States 

tlrb'~ ,~..r~ L ovel, 

~ -;. 
1f 
~ 

~ 
+ 

~ 
~ 

~ ... 

.: 
Q 

£-
'" "" 

Raytelgll Scattpr 
5~211m 2ndH Nd:YAG 

Nltl'01:eIl 

607nln 

EJ 

~ fil U 
'-F*' I , 

Wat a- Vap or 
6(l1 nro 

500 550 600 650 

Rotationall,eveis 
J Wavelength (run) 

V=2 

y '" V =l ~ II ~ Vibration Energy Levels 

~I Y "" V=o 

Fi gu re I , (a) The energy d iagram of a molec ul e illustrates th at the scatte ring ofa photon raises the molecule to a virtual level 
whi ch no nn a ll y decays to ground (V=O) em itt ing a photon of the same ene rgy as the inc ident energy, onl y broadened by 
th emla l Doprle r velocity, In a smal l fr:l cti on o f cases, the scattered photon is Raman shifted to the fi rst v ibrationa l leve l 
( V~ I), a Stokes shift, The rel:ltive ly large vibrati onal energy ( .I E) compared with themlal energy m:lkes the anti-Stokes 
vib rational transition unlikely , The rotationa l states (J-Ievels ) are populated by thenn ~lI excitati on in both Stokes and anti
Stokes branches, (b) The relative intensiti es of the Stokes vibrational Raman shifts of ox ygen, nitrogen and water v:lpor are 
indicated for scattering from atmospheric mol ecul es with the doubl e Nd: YAG laser at 532 run , The di stributions of rel ati ve 
rotational states are indicated hy en velopcs of the individuallines,(,' 9 

2_1. Waler \ apor Measu rements 
The speci fi c humidity, or water vapo r mi xing ratios, a rc determined by taking the ratio of the signal s from the I" Stokes 

vibrati ona l Raman shills for water vapor and ni trogen. The measurements are made w ith b se r lines at vis ible (532 nm) and 
ultraviolet (266 run) wave lengths, The vis ibl e measurements (660/607) are avail abLe a t ni ght and the ultraviolet 
measurements (29-'1f284) are 3,'a ilable day and nig ht. The 1I Itl~I ,'iolet profiles are limited to the first 3 kill because of s ig.nal 
attenuation duc to the large scattering cross-section, The ultrav iolet water "apor instl1Jment calib ration ya lue has remai ned 
relati vely co nsta nt for the LAPS instmment during the pas t six years, however the vis ib le sensiti vity has shown s ignificant 
changcs, poss ibly due to sometime ove rl oads the photomultiplier tube durin g daylight. Invest igation of the stability of the 
instnllncnt has shown that the di fferences between the water vapor measurements us ing the meteo rologica l ba 1I 00n sonde and 
the lidar are about ±4%, and thi s is approximately the va lue o f variations expected due to the atmospheric spatial and temporal 
differences , l(, 

2.2 . Omnf I\ Jeasuremcnts 
The Raman vibrational I" Stokes shi fts from molecul ar nitrogen and oxygen are used as the sources for ozone pro fil es, 

Since the rati o of these two principal molecu lar constituents is constant to within 10 ppm in the lower atmosphere " . any 
yariation in the yc rti cal profile of a constant rat io can be associated with the integrated abso rption due to ozone , The onl y 
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- -- - - - -other spec ies that has been found to be o f concern at these wavelengths is SO,. (lnd that we have ob,ervcd in diesel exhaust 
p lumes.16 Figure 2 shows the location o f the Raman shifted \Va\ e le ngths on the s loped side of the Hart ley Band. Using the 
laboratory measured cross-sectio ns in a DIAL lidar inversion analys is. the concentrarions o f ozone can becalculatcd.(,·ll This 

technique eliminates the task of tlUling and stabil izing the frequency and knowledge of the re lati ve power of transmi llcd 
wave lengths as required for typica l DIAL measurements. T he fact that the ni trogen and oxygen molecules scatter a known 
fraction of the two Raman wave lengths in each volume e lement makes the technique a very robust measurement. 

2.3. OptiC"' Extinction Measurements 
Tne ex tinction coefficient is made up ofcomponents due to absorption by chemical species and particles, and scancri ng 

by molecules and partides. ls The Raman scatter signal s from the major mo lecular species provide direct measurements of 
the optical exti nction. The direct backscatte r signal at the transmitted wavelength ex hibits a profile that combines the e ffects 
ofmolecular and panicle scattering, and it is difficult to analyze and un ique ly interpret for significant properties, except cloud 
he ight. However, analysis ofthe Raman profiles from molecul ar scatteri ng signals provid<:s unique vertica l profiles o f optical 
extinction. The LA PS instnlment measures the optical extll1ction profi les ITOm the gradients in each of the measured 
molecular profiles , at 607,530 and 284 nll1 . The wavelength dependent optical extinction can be used to describe changes 
in the particle s ize distribution as a function of altitude for the important small particle s izes. These measurements can the n 
be inte rpreted to dctcmline the air mass pa rameter and atmospheric optical den sity . Meas urements of opt ical extinction are 
based upon gradients in the mo lecular profiles, using the N~ vib rational Ra man scatteri ng or a band of the rotational Raman 
lines. The calculation is easil y applied to the rotati ona l Raman signal at 530 nm because it is so close to the 532 nm 
transmined wavelength that no wave length dependence ex ists. By first calculating the ex tinction :1l532 nm from the 530 nm 
path , it is poss ible to calculate the optical extinction at 607 nm without assuming a wavelength dependance for aeroso l 

scane ring. 
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Figure 2. The abso rption cross-section of the Hanley band of ozone is 

shown with the incident and scattered wawlengths indicated. I 


3. LAPS INSTRUi\lE:'IIT 

The LAPS lidar instrument has been deve loped from lessons lea rned duri ng the devel opment and use oftive ~rior lidar t6 
instruments. The instrument was demonstrated as a first operational prototype Iidar fo r the US Navy in 1996. . _0. 22 T he 
long te rm goal is to replace most of the current balloon sonde profiling and provide continuous rout ine measurements fo r 
future meteoro logical data. The shipboard tes ti ng of the 1,idar t,t mospheric ~rofil e ~ensor (LAPS) instmm ent demonstrated 
its ability to measure the principal atmospheric properties and capabi li ty fo r automated operatio n under a w ide range of 
meteo rological conditions. Rama n I idar profi les are currently obta ined at each minute, with a vertical resolution of7 5 meters 
from the surface to 7 km. The LAPS instrument includes seve ral sub-systems to automate the operation and provide the real
time results. Also, the instrument includes an X-band radar which detects a ircraft as they approach the beam and 
automat ically protects a 6 degree cone angle around the beam . Table 2 lists the primary characteristics of the LAPS lida! 
and Table 3 lists the measuremellts obta ined and the typ ica l alt itude range and resolution of the data products expected. 
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-- - - ....Table 2. LAPS Lidar characteri st"._
~--

Sub-S)'~tem Hanhure Properties 

Tn:lO~miUtr Conti nuum 9030 - 30 Hz 
5X Beam Expander 

600 mj (iJi 532 11m 
130 mj 0) 266 nm 

Re4.: ~her 61 cm Diamete r rclrscope Fiber optic tmnsfer 

Detector Se\en P/llT channels 
Photon COUll ling 

523 and 530 nm -- Temperoture 
660 and 607 nm - Water Yapor 
294 and 285 nm -- Daytime Water Vapor 
276 and 285 JI m -- Rama lVD IAL Ozone 

Dora Sl stem DSP 100 MHZ 75 meter range bins 

Sa fet y Radar Ma rine R-70 X-Ba nd prOtects 6'" cone angle around beam 

. __ . . ... .. __ _ . .. . _ _ . . _ _ _. _ • _ ••._ ~ ·.~~. _ ··.~···_· ··V # ___ •• • ••• • _ • 

Properf) "'h>asl1 re me"f Altitude Time Resolution 

W>lf er ,'''por 660/607 Rama n Su rface to 5 k.m Night - I min . 
294!285 Rama n Surface to 3 km Da y & Night - I min 

Temperl.ll ure 528 /53 0 Rot . R<lmnn Surface to 5 k.m Night (30 min .) 

Olone 276:285 RamanlD IAL Surface to 2 - 3 km Day and Night (30 IT 

Optical E\l inction at 530 ntll 530 11111 Rol. Raman Surface to 5 k.m Night ( 10 to 30 min. 

Opt ica l Ex tinc tion a t 607 nm 607 N, - I" Stokes Surface to 5 km Night (IOta 30 min . 

Optical Extinction at 285 nm 285 N, - I" Stokes Surface to 3 km Day and Night (30 IT 

4. EXAMPLES OF RAMAl\' LIDA R RES ULTS 

The LAPS insrrument uses Raman lidar techniques to simulk1neously provide the profiles of water vapor, 
ozone and optical extinction. This paper introduces the measurements using examples from the recent applic 
Raman techniqu~s for investi gati ons of meteorologi cal eve nt s and air qual ity episodes. The measurement cam 
have been carried out to develop the present Raman lidar capabi li ty arc listed in Tab le 4 . The results present 
obtained during the shipboard testing in 1996 on the USNS Sumner, during the Southern California Ozone Sit 
and during a research program referred to as the North American Researc h Strategy for Tropospheric Ozone 
Oxidant and Particle Study (NA RSTO-N E-OPS). :t fhe later program has been conducted by a consortium of 
and govenunent labora torie s and is focused on the air quality in the northeast urban corr idor. 

Table 4. Rrtman Lidar Measurement Campaigns 
LA DIMAS - RV Polaf1;tem - Trolllso, Norway to Antarct ica Oct 90-Jan 91 
VOC.AR - Pt Mllgu C A - 1993 , 1994 
('ASE - Wallops Island VA Sept 1995 
NA RSTO-Northeast - Gettysburg PA - July 1996 
USNS SunUler - Gulf of Mexico and Atlant ic - Aug-Oct 1996 
SCOS97 Hesperia CA - Aug-Sept 1997 
ARM and FIRE - Poi nt 8arrol\' AK - Feb-May 1998 
NARSTO-NE-OPS - Philadelphia PA - August 1998 
NARTSO-NE-OPS Ph iladelphia I'A - Jun-Aug 1999 
NA RSTO-NE-OPS- Philade lph ia PA Jun-Jul ~OOI 
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Sub-System lIardware Pro perties 

Transmitter- C'ominlilim 9030 - 30 Hz 
5X Beam Expander 

600 mi r!!; 532 nlll 

130 mj (g. 266 11 m 

R~c('her 6 1 em Dia meter Telescope FIber optic trJ l1sfer 

Deled"r Seven PMT channels 
Photon Coull ting 

528 :lnd 530 nlll ~ T emp(" ralure 

660 and 607 nm - Waler Vapor 
294 al1d 285 nm - Daylime Waler Va por 
276 al1d 285 nm -- Rano aTl DIAL Ozone 

DOl a S)~Ie lll DSP 100 IVIl IZ 75 meter range bins 

Sn fN) R. dor Marine R- 70 X-Band protecis 6v cone angle around beam 

Tab le 2. LAPS Lidar characteri>ti cs 

Table 3. Measurement, made bv the LAPS lidar instrument 

Proprrt~ Measurement "I lil ude Ti me I{.solutlut! 

\\ .1Ier Vapor 66() '607 Ram,n 
2941285 Raman 

Surface to S km 
S",fa ce 10 3 k.J'1 

Night - 1 min. 
Day & Night - I mi n. 

Temperalure 528 '53 0 Rot. Rama n Su r6ce to 5 kill N,ght (30 min.) 

Ozone 276285 R.lman DIAL Surface to 2 - 3 km Day and NIg ht (30 min .) 

0 pl ical E\ li nction al 530 nm 530 11m Rot. Raman Surface to 5 km Night (10 to 30 min .) 

Optical E"i nctio n al 607 nm 607 N, - I" Stok<.'s Surface to 5 km Night I 10 to 30 mill .) 

Optical [llinc tion "t 2 8~ "m 285 Nl  I" Slokes Su rface to 3 km Day nnd Night (30 min) 

4. EXAMPLES OF RAMAi\' LlDAR RESULTS 

The LAPS instrument use·s Raman lidar techniques to sim ultaneously prov ide the profile s ofwatennpor. tempera ture, 
ozone an d op tical extinction. T his pape r introduces the measurements us ing exampl es from the recent app lica ti ons of the 
Raman techn iques for investigations o f meteoro logical events and air quali ty ep isodes . T he measurement campaigns which 
have been carried out to deve lop the prese 'lt Raman li dar capab ili ty are li sted in Tab le 4. The res ults prese nted here were 
obtained duri ng the shi pboard testi ng in 1996 on the USNS SUlnner. during the SOll thel11 Ca lifOl11 ia Ozone Study SCOS97 

and duri ng a research program re felTed to as the North A metican Research Strategy for Tropospheric Ozo ne · Northeast· 
Oxidant and Particle Stu dy (NARSTO.NE.OPS) . ~I The late r program has been conducted by a consortium of universiti es 

and govelT1ment laboratories and is focused on the air qual ity in the 'lo rtheast urban corridor. 

Table 4. Ranlan Lidar Measurement Campaigns 
LADIMAS - RV Pol""tem - Tro11150. Norway to AIIIMctica - Oct 90-Ja n 91 
VOCAR - Pt MuguCA- 1993. 1994 
CASE - Wallops Islnnd V A - Sept 1995 
NA RSTO·Nonheost Gettysburg PA July 1996 
USNS Sumner Gulf of J\le , ico and Allanlic - Aug-Oct 1996 
SCOS97 - Hesperia CA - Aug- S~pt 1997 
ARM ane PIRE - Point Ba rrow AK - Feb·May 1998 
NARSTO-NE-OPS - Philadelp hi" PA - August 1998 
NA RTSO- NE-OPS - Philadelph ia PA - Jun-Aug 1999 
NARSTO-NE-OPS Ph iladelphia PA · Jun· )uI200 1 
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The pri ma!)' measurement si te fo r NE-OPS is located in Ph iladelphia, Pa and Figure 3 shows examples o f profil es of 
water vapor and ozone. The water vapor profi les obtained wit h the LA PS instmment arc shown together wi th measurements 
from a tcthersondc of Mi llersv ille Univers ity (Ri chard Clark) and aircmfl meas urements from the Uni ve rsi ty of Mary land 
(B OIce Doddridge). These daytime water \'apor measurements exhibit the variations typical ofan active daytime convective 
boundary layer. The ozonc pro fi les of the LAPS instrument and the Universi ty of Maryland aircmft are compared at night 
when the ozonc profile is almost constant in the region of the rcs idual bounda!)' layer between 200 and 1700 mete rs. In the 
free troposphere, ozone patch"" can ex ist fo r re latively long periods of time and are frequently observed to drift in the 
background wind, and then be mixed down by convection to contribute to the next day surface layer concentratio ns. Within 
the thin noctumal boundary layer, below 200-300 meters, the Ozone is lost due to deposition and oxidation at the su rface, 
together with some losses in surface layer chemical processes. 

Figure 4 shows an example of the measurements obtained during the shipboard testing of the Raman lidaL Out over the 
Atlantic, the ozone was observed above the height of the marine boundary layer and was probably transported from 
production sources over the continent. The UV extinction is much larger than the visible component, as expected due to the 
larger cross-section for scattering from small particles. The optical extinction profiles arc measured at both visible and 
ultraviolet wavekngths. It is interesting to note that the visible wavelength extinction exhibits a stronger corre lation with 
watcr vapor content of the atmosphere, as would be expected for the hygroscopic su!tilte and nitrate aerosols that are the 
domi nate aeroso l types in the eastem states. In Figure 4, the enhanced level ofwater vapo r between I and 2.5 km correlates 
with a sub-visual cloud th3 t was observed in both the visi ble and ultraviolet extinction profiles. Profi les prcsented as time 
sequences of the properties are much more useful for understanding the physical and chemical processes. 

Several examples of lidar results have been selected from the Southern California Ozone Studies (SCOS97) which 
provide a range of interesti ng fea tures . One feature observed severa l times was a plume of polluted air ejected from the Los 
Angeles basin, see Figures 5 an d 6. The measuring site was locatcd at Hesperia CA (at 1166 m elevation) in the high plateau 
at the east end of the Los Angeles basin. The resu lts in Fig1JTes 5 and 6 show exa mples ofa plumeofpolluted air being lolled 
up over our observation site. The plumes shown here. and in each of several other cases observed, demonstrate that high 
values ofozone, particulate matter and water vapor are strongly coupled. When a sea breeze, or a front, pushes the air at the 
coastal end of the basin , then polluted air that has accumulated at eastern end of th e vall ey pushes up the mountain passes 
and spil ls out into the high plateau. Figure 6 shows a night and early morning period during re lativ'ely stable conditions .. 
Under these stable conditions the ozone and ware·r vapor concentrations are usually anti-correlated. However, the ejected 
plumes from the Los Angeles basin exhibit correlated increases in wate r vapo r, ozone and optical extincti on (ie. particulate 
matter), as would be expec ted for the stagnant polluted air mass in the Los Ange les area. The dynami ca l action that results 
in launching the plumes observed in these data sets appears to be effecti ve in transporting the primary pollutant materials into 
the region. One po int worth noting is that the ozone concentrations aloft and those at the surface are rarel y di rectly coupled, 
and therefore usc of su rface measurements, the constructed models of air quality variations may not be tOO realistic. The 
nigh ttime res idual layer is observed 10 frequently contains significant quantities of ozone, at altitudes above the noctumal 
boundary layer. and this region can act as a storage reservoir fo r transport of additional ozone to the surface on the next day . 

Figure 7 shows an interesting time sequence of the spec ific humidity profiles on 18 September 199 7 when aircraft and 
radiosonde profil es are avai lable for comparisons with the Raman lidarprofiles. The aircraft data wereobtaincd by Prof. John 
Carro ll of the University of California at Davis as he made a spiral arollnd the vertica lly pointed lidar beam. The aircraft 
measurements were taken as the plane climbed or descended on the legs of a 2 km square box that was centered on the 
vertically pointed Iid¥ beam. The severnl comparisons between the aircraft and lidar data showed good agreement. This 
figure shows two of the time periods when di rect comparison between the lidar and ai rcmft was made. The last panel on the 
right-hand side of Figure 7 shows how the profiles measured by a radiosonde ba lloon can be misleading. The balloon fli ght 
is represented by a line on the graph that shows the approximate altitude versus ti me profil e. A rather stri king feature is 
observed at 1.5 km where the fli ght of the balloon takes it through a nalTOw region which was depleted in water vapor. The 
time rcsoked lidar profi les provide a very clear reason forthe profile feature , and demonstrates the importance ofcontinuous 
profiles. Also, the grad ient of the water vapor in the 2. 5 to 3 km range agrees well with the water vapo r measured by the lidar 
at the time when the balloon passed through that region. These results graphically demonstrates that a single balloon profile 
can mislead the observer conceming the actual conditions present in the atmosphcre. 
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Figure 3. Examp les of three sets of profiles measured by the LA PS Iidar as pan of the NA RSTO-NE-OPS program 
Philadelphia during August 1998. (a) The Wa ter vapor measurements from LAPS lidar. the Millersville Uni ve rsity 
sonde (R. Clark). and Un, ve rslty of Mary land ai rcraft (B. Doddridge) are compared. (b) An ozone profile of the L. 
lidar is compared with the University of Mary land aircraft. 
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5. CO'CLUS IOI'iS 

Raman lidar measurements provide the key result s for understanding the physical chemica l processes assoc ia t~d \\'llh 
meleorologica l processes and air po llution episodes. The primal)' goa ls of the research und<)rta kcn in the enviro nmental 
programs are to investig(llc. understand and model the physica l and chemical proce,s",s important in c\'oluti on of air 
po llution events. By measuring the details of the spec ies concentrations and the meteorologica l factors controlli ng 
transport, it is possib le to identify the local and di stant sources that contribute to increased concen trations of ozone and 
PM~ .5. Addit ional hea lt h physics stud ies anempt to connect the sources of ai r pol lution wi th populat ion exposure and 
health effects. Finally. these results are used to test and deve lop models which will be used in the futme for 
meteorological and air quali ty forecasting. The goal of the air quality community is to fully predict the dislribution of 
atr po llutant, pro\'ide a cap ibili ty to test regulatol) mensures. These measurement programs also provide an opportunity 
to illlpro\ e nnd validate new measuring teciUlique, needed fo r process monitorin g. 

:-'1easurements of the variations in the profil es ofoptica l exti ncti on. water vapor. and ozone prO\'ide \'aluabk insight 
into the evolution of pollut ion ewnl$. Raman lidar measurements show the efl"cl$ of dynamical processes OCC UlTing 
in th" lower aUllosphere and demonstrate the importance of using higher reso lulion measuremcnts to exam ine \'cI1ical 
mi xing. horizontal transpon. and di stribution of wuter vapor, chem ical species and pal1ic ulate ma teri a ls in nn e le\ated 
layer. The detail s revealed in the timc sequences of the lidar data add a new dimension to unde rstand ing meteoro logica l 
processes and the c\'olution of air pollution episodes. The verllcal profile infon1Hltion and tempora l \'anallons are 
expected to provide the critical te,ts for the models under development. The continuous ven ical pro tiles that can be 
obtained using li cbr provide an imp0l1ant di mension for investigating the phys ical and chemi cal process of the 
atmosphe re. Combining the Raman lidar \\ ith other measurements. such as Doppler radar. iJrov ldes the comp lete sd of 
parameters needed fo rtesting model predict ions. evaluat ing dynam ica l processes ( n~rtical and horizon tal), in vesti ga ting 
turbidity, obtaini ng optical ex tincti on profiles. Raman lidar appears to pro\' ide the best so lution for upgrading the 
capabili ty of the primary data to de;cribe the meteorol og) of the lower atmosphere with improved temrora l and spati al 
reso lution. The measurement capabilities ha ve been demonstrated and the Raman lidar aiJproach has been found to be 
attracti ve both technicall y and economically. 
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