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This work presents the implementation of a multi-wavelength Lidar system at
the UPRM (University of Puerto Rico at Mayagulez) located at the western region of the
island of Puerto Rico. The UPRM-Lidar system is situated close to the coastal region where
sea-salt particles and mountains play an important role in cloud formation. Remote
measurements with this system provide vertical and horizontal remote sensing information of
backscatter and extinction coefficient of aerosol, cirrus clouds, upper troposphere, PBL
(Planetary Boundary Layer), and other events such as: Saharan dust, smoke, volcano haze,
etc.

The UPRM-Lidar system is based on the laser transmission wavelengths of 355, 532,
and 1064nm and the detection of elastic backscatter light (same wavelengths). Profiles of
backscatter and extinction coefficients of aerosols and clouds at different heights are obtained
using algorithms developed in this research to determine the aerosols size distributions,

particle matter concentrations, air quality indices, and others.
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Este trabajo tiene como objetivo la implementacion de un sistema de Lidar de
maultiples largos de ondas (UPRM-Lidar) en la UPRM (Universidad de Puerto Rico en
Mayagiiez) localizado en la regién oeste de la isla de PR (Puerto Rico) (18°12’4N,
67°08°24W, y una elevacién de 13m sobre el nivel del mar). El sistema de UPRM-Lidar se
encuentra situado cerca de la region costera, donde las particulas de sal y montafias juegan un
papel importante en la formacion de nubes. Mediciones remotas de este sistema proveen
informacién vertical y horizontal de los coeficientes de extincion y de retrodispersion
(backscatter) de aerosoles, nubes cirrus, parte alta de la tropdsfera, PBL, y otros eventos
como los son: polvo del desierto de Sahara, humo, etc.

El sistema de UPRM-Lidar esta basado en un laser que transmite los largos de onda
de 355, 532 y 1064nm y que detecta la luz elastica reflejada por la atmosfera a los mismos



tres largos de onda transmitidos. Perfiles de los coeficientes de extincion y de
retrodispersion de los aerosoles y nubes en diferentes alturas son obtenidas utilizando
algoritmos desarrollados en esta investigacion para determinar las distribuciones de los
tamafos de los aerosoles, concentraciones de particulas y el indice de la calidad del aire,

entre otros.



Copyright © 2009
By
Javier Méndez Rodriguez



ToGOD...

To my Family...
To Loraine, for her unconditional support...

To everyone who has goals, challenges, and works hard to continue forward in their life...

Vi



Acknowledgements

Special thanks to GOD for giving me the opportunity to complete my master degree,
for giving me the support to enhance my skills and grow up as a professional and human, and
for giving me the opportunity to meet new people during the last two years in UPRM.

I want to start my acknowledgement with my advisor, Dr. Hamed Parsiani, for giving
me the opportunity to work under his supervision, developing a new laboratory for our
institution, and form part of NOAA-CREST (National Oceanic and Atmospheric
Administration - Cooperative Remote Sensing Science and Technology Center). 1 received
education and recommendations from him during the last two years that were helpful to
continue with my graduate studies and grow up professionally and as a person. Thanks to the
members of my committee: Dr. Ramon Vasquez, and Dr. José Rosado, thanks to Dr. Agustin
Rullan to be the representative of graduate studies, thanks to Dr. Domingo Rodriguez, Dr.
Miguel Vélez, Dr. Efrain O’Neil, Dr. Shawn D. Hunt, and Dr. Hamed Parsiani for teaching
me the different courses at graduate level.

Thanks to the CCNY-Lidar staff in special for Daniela Viviana Vladutescu, Dr.
Yonghua Wu, Dr. Benjamin Herman, Dr. Fred Moshary, and Miguel Bustamante for their
support in the algorithm development and to their offer of CCNY Lidar data. Thanks to the
UPRM-lidar staff, Vazjier Rosario, Andrés Bonilla, Emanuel S&nchez, Allen Lizarraga,
Mariano Martes, and Dolly Hernandez for their collaboration with the Lidar assembly, test

and data collection process, patience, support, and their unconditional friendship during the

Vii



past years. Special thanks to Henry Rodriguez and Allen Lizarraga for their collaboration in
the correction of this work.

Thanks to all my class partners in special to Wilma and Sol for their friendship, and
thanks to Sandra Montalvo and Yakaira Pérez for their friendship and patience to help me in
some occasions. Finally, thanks to my father Santiago, my mother Nilda, my brother Gabriel
and my love Loraine for believing in me, and for their unconditional love and support.

This project was supported by NOAA-CREST under the research grant
#NAO60OARR4810162 and the UPRM ECE (Electrical and Computer Engineering)

department.

viii



Table of Contents

QLN = =0 = 0V = N 1 IX
LI = =5 1 S XI
[ 1T = 0 S Xl
N 1270 016 T i 0 1
O = 10 =T =Y IR 7N =Y = N 3
2 @ 1= ] =l Y= A4
1.2.2 AEROSOL CHARACTERIZATION USING LIDAR RAW DATA ... ot e e e e 4
1.2.3 UPRM LIDAR DEVELOPMENT ..t ettt ettt et e eae e eae eae e eaeae e e e e e e e e eae et e e e enaee e aenaneaes 5

O N1 = = 1 0]V 5
=T N =l 0 1 1 1 T N = 5

2 LITERATURE REVIEW ..ttt ittt et et ettt et et et et e e e et e et b eae e et e e es et ee s st e bs s e easiee s e abeaesans 7
A T I 1Y = 3 21 =Y 7
2.2 LIDAR SYSTEM FOR ATMOSPHERIC STUDIES ... 1ttt it ettt ettt ten et tasatesensisiestensteneseasasesenensneenens 8
2 R o [ 0 2P 10

2.3 TROPOSPHERE STRUCTURE AND PROCESS ... it ttt ittt et ittt ittt te e itee et e ettt abe e sneeesenanens 13
72 T00 N = = 14
R T =] T =T 1S = = 15

2.4 TROPOSPHERIC AEROSOLS ... ettt ittt e ettt eae e e e e e e e e e e eae e e e e eae e e a e s eae e nae s e e aaeenenn 16
2.4.1 AEROSOL SIZE DESCRIPTION ...ttt it ittt et sttt et aae e ettt esaae e et e aen st ee s enansessanareeenes 16
2.4.2 AEROSOL INTERACTIONS WITH WEATHER AND CLOUDS. ..t vttt ittt ettt et et ee e vteas e enaee e 20

2.5 WATER VAPOR MIXING RATIO .t ittt it ittt et e e ee e et et e et e et et e e ettt e et et e rbaae e eeans 23
2.5.1 WATER VAPOR IMEASUREMEN TS . 11ttt ettt et ettt itats e st ateten sttt ten ste e et e tenseneeeinaneaans 23

2.6 SCATTERING THEORY 1.ttt ittt et ittt it et ten ee e et et e e s et e be e s s ee e ea eb et te st b iee s en et bee s enabeaenaaes 24
2.6.1 ELASTIC SCATTERING.....coicttiiiiiiiitttiiee s iiitbtie e st estbbte e s s ss it b ae s e s s s b b e e e e s s saabbbesessasbbbaeesesasbbbeesesssabbeesesssbbbaseenan 25
2.6.1.1 RAYLEIGH SCATTERING ...ttt it ittt ittt e ittt ettt et e et ate e it ie e ten e e eateee s et abeaesannanas 26
A A |V T = 107Ny = 2 111 27

2.6.2 INELASTIC SCATTERING. ..ttt et vttt tin ittt et aee sen ittt e tnaae e e it ats s en e et esabe e sasteeenaneneeees 27
2.6.2.1 RAMAN SCATTERING ...ttt ttt ittt ettt tae e et eae e e e e e e e e e e e eae e eae eaeeeaaeeeeeneeenean 27

2.7 USA ATMOSPHERIC STANDARD ASSUMPTIONS 1976 ... oottt i e e et e e e e 28
2.7.1 MOLECULAR EXTINCTION AND BACKSCATTER COEFFICIENTS ettt ittt ettt e ainieeeesneaesannanns 30

2 < T O ][0 I 1< T 31

3 LIDAR TECHNIQUE THEORY ..tittit ittt ittt et et ittt et tte e aas e ae e st i ee e entae e et b aas aen et e e et abeaaneaaeans 32
3.1 LIDAR TECHNIQUE AND ATMOSPHERIC INTERACTION PROCESS. ...ttt ittt e it eieie e eeaiae eeieean 32
3.2 ELASTIC LIDAR TECHNIQUE ...t ittit ittt ettt et ettt et s te e e et e ae e e et e eh eaeee e st ats sen ee e e enane e ebnns 34
3.3 INELASTIC LIDAR TECHNIQUE ...ttt it ittt ettt ettt teeeentae e e et aee aen taeee e et eae e s tteeseneaeee s enareaenns 39
3.4 AEROSOL OP T I AL P TH .ttt ittt ittt ettt ettt e et et e e e e e et eae et e tb e e e e e et enebe e enneaains 43
3.5 ANGSTROM COEFFICIENT AND DEPENDENCY LAW ...ttt it i e et e e e eaes 44
3.6 AEROSOL MICROPHY SICAL PROPERTIES. .. vttt ettt et et ete e e e e ae e ea e e e ea e eeaenaae e tenaaeenenn 45
3.6.1 AEROSOL SIZE DISTRIBUTION ... .ttt it tttten cteeetae eae e ae e ee e tae e ta e eae e eaee eaeenaes e aennans 45

3.6.2  MICROPHY SICAL PROPERTIES. .. ettt ittt et e tee ettt et et e e et e e e e e e e e ee e eae e eaeare e aenns 47

3. 7SINGLE SCATTERING ALBEDO ...ttt ittt et et e ettt ttn et et eateate s es ste e s eaate ettt eentaeneeernaneaans 48
3.8 WATER VAPAOR MIXING RATIO . ittt it ittt e ettt et e et e e e et e et e e et e e et e s e e s anneas 49
3.0 RELATIVE HUMIDITY ¢t ittt ittt e ettt et et et e et e e et e e et e be e et e ae e e st e e s en s be et et aaeeeneeaeaans 51



B 70 0 N o] 1] 0] 52

4 UPRM LIDAR LABORATORY FOR REMOTE SENSING APPLICATIONS. ... eututteeiteeeneeetaeeeeeneeeeenneneneans 53
4.1 UPRM SIGNAL DETECTION CAPABILITY ..t ettt ettt et ettt et e e e et e ae e e e ete e ee e eaeeneeeneens 54
R 70 | o1 £ o] N 61

D DATA PROCESSING AND RESUL TS .t ittt it ittt ettt et e ee e et e et et e ettt e be e et eee e en st e e enaaaeanas 62
5.1 OPTICAL PROPERTIES OF AEROSOLS AND CIRRUS CLOUDS ... ..t ittt it iitieteitite e eieiee e ceeesaaeanss 62
5.2 ALGORITHMS FOR ATMOSPHERIC PARAMETERS DETERMINATION ...\ttt tititetecitiee e ieeeeesaneaans 63
5.2.1 UPRM-LIDAR ALGORITHM RESULTS & DISCUSSION .. ..utueiititttieitiee e i aeriae e eisneanes 66
ST 0 = = 67

5.2.1.2 TROPOSPHERIC AEROSOL ..t ittt ettt ttt tae e e it aae e eaaeeetsaae et atateaeneieeeeensreaesaanaeas 70

5.2.1.3 CIRRUS CLOUD DETECTION . 1.ttt tit ittt ettt tit vttt aasate e en et e ste e easaaeseneisneeeenas 77

5.2.2 CCNY-LIDAR ALGORITHM RESULTS & DISCUSSION ... ..vtin it eitiee et et eeeeeeeeeaeereeeaeeenaeeanen 86
5.2.2.1 CIRRUS CLOUD DETECTION ... ettt it ettt et et e e et e e e e e e e e e e ae e e eeaeeeneaens 86

5.2.2.2 WATER VAPOR MIXING RATION PROFILES AND RESULTS ... vt vttt iieie e i cie e eneans 89

5.2.2.3 RELATIVE HUMIDITY ESTIMATION ...ttt ittt ettt et een et eee et et eeeat e te e et e eensneaieenas 93

5.3 ALGORITHM VALIDATION AND RECOMMENDATIONS. .. ..ttt ettt asate ettt tenste e eanaae e eieneann 96
L @] N T I ] [ ) 99

6 CONCLUSIONS AND FUTURE WORK ... ot ittt tit et ettt et et e e et e s e e e e ae e et e e e e e be e aenaae e anens 101
LS A 0 N Tod I U 1S3 T N 101
5.2 FUTURE W ORK ... 1ttt it ittt it it e ettt ettt e e ettt te et et e e ettt e e et e e e ea et e e ebaae e abeeeeneneaens 103
APPENDIX A AEROSOL BACKSCATTER AND EXTINCTION ...ttt tutttitiitite et ettt tentteeeniiess e saneeneasaneaans 104
APPENDIX B KERNEL FUNCTION FOR MIE EFFICIENCIES AND SPHERICAL PARTICLES.....c.voviviiiiieeiieeee, 109
APPENDIX C B-SPLINE MODELING FOR ASD CALCULATION ... ..ttt ittt et et e e e eaaee e e eae e eeeneaeeens 110
APPENDIX D REGULATION METHOD FOR ASD CALCULATION ...ttt ittt et et eiieeeeeensteeeesbane e eneainens 111
APPENDIX E AEROSOL SIZE DISTRIBUTION (ASD) ALGORITHM ...ttt ttieetineeeeneieree et eeineveneneeeeans 113
AEROSOL F UPRM-LIDAR LABORATORY ...ttt ittt et ettt tte st ate e ettt taeas e e et tee e en et ee s enabeaenannaean 114
[ U o Y I )Y = A 1 =V 115
[ B Y 7N AN @0 T8 1] 1 0] 126
APPENDIX G CITY COLLEGE OF NEW YORK LIDAR SYSTEM ..ttt ittt it ittt iteite e cieiee et eneee e inaanees 130
APPENDIX H AERONET & PORTABLE SUN-PHOTOMETER AS A VALIDATION SENSOR.....iviiiiiiieiiininenns. 132
AEROSOL | CALIPSO SATELLITE AS A VALIDATION SENSOR . ...ttt ittt tisite e ittt ate et ensate e iieneeeann 135
AEROSOLI AR QUALITY 1t ittt vt et et et e et et s et e e e et e ae ee e et e e e r e eas eae te e e et et e a e ne eaeas 137
= =T = 139



Table List

TABLES

TABLE 2-1 PARTICLE TYPES CLASSIFIED ACCORDING TO RADIUS AND FORMATION MECHANISM......cvvvveennnen. 20
TABLE 5-1 PB L OP TICAL PROPERTIES . .. ettt sttt et ten ettt tes eae e s as e ts e en st e tensae e st et e eenenebeeesbnsaenn 68
TABLE 5-2 PBL MICROPHY SICAL PARAMETERS . .1 vt ttuttttttt et ittt et e ten et e et aae e easaeaeneiebeesiraneaenanes 68
TABLE 5-3 STATISTICS OF THE LIDAR EXTINCTION AND BACKSCATTER COEFFICIENTSAND AOD.........cevet.e. 73
TABLE 5-4 L ,cr ESTIMATED VALUES USING THE AOD MATCHING METHOD ... ..ttt iiie ettt e et iee e cieeeennanaas 74
TABLE 5-5 MICROPHYSICAL PARAMETERS OF THE MIDDLE TROPOSPHERIC CIRRUS CLOUD ... iviviiinieeeenenen, 81
TABLE 5-6 MICROPHYSICAL PARAMETERS OF THE TROPOSPHERIC CIRRUS CLOUD ...ttt iviteiitite e cineeennns 81
TABLE 5-7 UPRM AND CCNY RESULTS COMPARISON ...t .u ittt et ittt titantiieenaneaessasatesesensasesensieneeeenns 97
TABLE 5-8 UPRM AND CCNY TOTAL COLUMN AOD COMPARISON .. .uuut vttt tiee it eeeseneenaaeeeenaneeannen 97
TABLE F-1 UPRM-LIDAR TRANSMITTER CHARACTERISTICS ...t sttt it titet et ittt eetaee e eieeeeenaneneeennannes 117
TABLE F-2 UPRM-LIDAR TELESCOPE SPECIFICATIONS. .. 1ttt sttt et e etaes ee e taeeee e eae e etes e eenneeeneens 120
TABLE F-3 UPRM-LIDAR BS SPECIFICATIONS . .. et ttt it ettt e ettt ettt e e et aae e et eeeen e e e rbaaseenraanens 121
TABLE F-4 UPRM-LIDAR INTERFERENCE FILTERS SPECIFICATIONS. ...ttt vttt ittt etiteeenereeeeensnenssennanens 122
TABLE F-5 UPRM-LIDAR PMT DETECTORS SPECIFICATIONS ... .t ttittit it tenenteetentneeseasaee e ennneseennenn 123
TABLE F-6 UPRM-LIDAR APD SPECIFICATIONS ...ttt ittt ettt ettt ete e et e een et s tsaas e eaaaeeisareaeesiaaan 124
TABLE F-7 UPRM-LIDAR RECOMMENDED POWER FOR EACH DETECTOR ... ttttititttet ittt tin ittt einnesenenensn 125
TABLE F-8 UPRM-LIDAR DATA RESOLUTION ... 1ttt it ittt tin vttt et st ten taseetentte e sasaae e eisneeeinarenans 129
TABLE G-1 CCNY -LIDAR LASER SY STEM .t ttutit ittt estetin et tenate st sasase s eisneeersiesteeisaresenensneemn 130
TABLE G-2 CCNY -LIDAR TELESCOPE SYSTEM. .t tutttttttiitettnensee e et et ane e sisnne e ieneesesoreaeesianen 130
TABLE G-3 CONY -LIDAR DETECTORS. .. vttt ettt eattetaee et eaete et e eae et e e e ea e e e e e ae e e eaeeenearees 131

Xi



Figure List

FIGURES

FIGURE 2-1 BASIC LIDAR BLOCK DIAGRAM ...utiiiiiiii ittt ettt e sttt e e s s e s s bb b e e s s e s s s sabb b b s e s e s s s s sabbbasaeaeesssaaens 9
FIGURE 2-2 TYPES OF RECEIVER FOV oottt ettt bttt ettt e e s s b b e e s e s s s e bbb b e a e e e e e e eaas 11
FIGURE 2-3 LIDAR RANGE AND ROUND TRIP TIME RELATIONOSHIP BETWEEN THE OBJECT UNDER STUDY ...... 12
FIGURE 2-4 TROPOSPHERE COMPOSITION ...uuuttiiiieiiiiiiutrieteesssaiisttsseeesessiissssssessessiasssssssssesssasssssssssessssissssesseessnnins 14
FIGURE 2-5 AEROSOL SIZE CLASSIFICATION .uutttiiiieiiiiiittreeteeessaiistrssesesesssitsssssssessiasssssesssesssmiisssssssessssissrssseesssnins 19
FIGURE 2-6 ELASTIC AND INELASTIC SCATTERING USED IN MOST LIDAR TECHNIQUES ....cccovvveeeievieeecveeee v 25
FIGURE 2-7 RAYLEIGH AND MIE SCATTERING CONCEPT ...ciiveiiiiiteieeiitieeeeetteeessreeeesstteesssssesssssbeeesssssesssnssessssnsens 26
FIGURE 2-8 VISIBLE SPECTRUM ......cutiiiiiitieeeieteeesiteeessestessssstessssssesessassesssasssssasssesesssssesssassessssssesesssssesesassessssnsenes 26
FIGURE 2-9 RESULTS OF ASA 76 FOR TEMPERATURE, PRESSURE, AND NUMBER DENSITY .....ccvveeviiieiccireec e, 29
FIGURE 2-10 MOLECULAR EXTINCTION AND BACKSCATTER COEFFICIENT BASED ON ASA 76......ccovvivviiiieeeiinns 31
FIGURE 4-1 UPRM-LIDAR LOGARITHMIC RANGE ADJUSTED POWER IMAGES .......cocvvviiiee ettt 56
FIGURE 4-2 UPRM-LIDAR MIE CHANNEL RECEIVED SIGNAL SCATTER PLOT ...cciiiiiiiiiiiiec ettt 58
FIGURE 4-3 UPRM-LIDAR MIE CHANNEL HISTOGRAM ....uvviiiiiiiiiitiiii ettt ettt a e s e s s saabbaaa e e s s e eas 59
FIGURE 4-4 UPRM-LIDAR MIE CHANNEL CORRELATION ..uiiiiiiiiiititiiieeeesiitbttieesesssebbsseessessssssssbssssesssssssssssssessssns 59
FIGURE 4-5 UPRM-LIDAR SIGNAL FILTERING PROCESSING AND RANGE CORRECTION.........cccivriiieeeiiiiririeeeeeesinns 60
FIGURE 5-1 BLoCK DIAGRAM OF THE COMBINED ELASTIC AND INELASTIC SIGNALS ALGORITHM FOR THE
DETERMINATION OF L s COEFFICIENTS, AND Lack ESTIMATION L.vvviiiiii ittt ettt iabban e 64
FIGURE 5-2 UPRM LOGARITHMIC RANGE CORRECTED POWER IMAGE AT 532NM ....ccvviiiiiiee et 66
FIGURE 5-3 UPRM-LIDAR RAW SIGNALS AT 355, 532, AND 1064NM WAVELENGTHS .....ccvvveeiirrereeeree e ereeeeseveeens 67
FIGURE 5-4 AITKEN (A), ACCUMULATION (B), AND COARSE MODE (C) ASD .....ccesiieiiiierisienienieiesie et 69
FIGURE 5-5 A, (A) AND B, (B) COEFFICIENTS AT THE THREE WAVELENGTHS USING KLETT & FERNALD
=TS [0 N1 [ ] o T 71
FIGURE 5-6 AOD AT THE THREE WAVELENGTHS ...cciiiitttiiiie ettt e e e e s st bbbt e e s e s s sabbbba e s s e s s sabbbbas s s e s s s s ssbbbasasesesesns 12
FIGURE 5-7 A COEFFICIENT BASED ON THE WAVELENGTH COMBINATIONS OF 355/1064NM, 532/1064NM........ 75
FIGURE 5-8 AsD PLOTS FOR NUMBER CONCENTRATION (A), SURFACE-AREA (B), AND VOLUME (C).....ccceevue.e. 76
FIGURE 5-9 UPRM LOGARITHMIC RANGE CORRECTED POWER IMAGE AT 532NM ...uvvviiiiiiiiiiiiiiieec i 78

FIGURE 5-10 A, (A) AND B, (B) COEFFICIENTS AT THE THREE WAVELENGTHS USING KLETT & FERNALD
INVERSION METHOD IN THE UPPER TROPOSPHERE REGION WHERE CIRRUS CLOUDS ARE LOCATED, AND A

(@0 = = Tod | = N (3 PSSP 79
FIGURE 5-11 MIDDLE TROPOSPHERIC CIRRUS CLOUDS ACCUMULATION MODE AsD IN TERMS OF NUMBER
CONCENTRATION (A), SURFACE-AREA (B), AND SURFACE-VOLUME (C)....ccvveieriiriiiiesinsinseeieseeeseesie e sneseesnens 82
FIGURE 5-12 MIDDLE TROPOSPHERIC CIRRUS CLOUDS COARSE MODE AsD IN TERMS OF NUMBER
CONCENTRATION (A), SURFACE-AREA (B), AND SURFACE-VOLUME (C)...cveiiiiiiiiinienieiinie ettt 83
FIGURE 5-13 TROPOPAUSE CIRRUS CLOUDS ACCUMULATION MODE AsD IN TERMS OF NUMBER CONCENTRATION
(A), SURFACE-AREA (B), AND SURFACE-VOLUME (C) ...ecttttiiiitiitinieiiieiee ettt sttt sbe st nn e e 84
FIGURE 5-14 TROPOPAUSE CIRRUS CLOUDS COARSE MODE ASD IN TERMS OF NUMBER CONCENTRATION (A),
SURFACE-AREA (B), AND SURFACE-VOLUME (C) ..iutitiiitiieiie ittt sttt sttt st bbb nnens 85
FIGURE 5-15 LOGARITHMIC RANGE ADJUSTED POWER IMAGE AT 532NM ...oviiiiiiie e eciee e seee e sivee e saene e 87
FIGURE 5-16 A, (A) AND B, (B) COEFFICIENTS AT 355NM USING THE COMBINATION OF 355NM AND 387NM
WAVELENGTHS, AND Lagg (C) COEFFICIENT .uvvieuiiuiestestestesteeseeeestesaestestesseasaeseesseseessessessessessssssesesssessessessessesnsenes 88
FIGURE 5-17 BLOCK DIAGRAM OF THE RAMAN-LIDAR TECHNIQUE FOR THE DETERMINATION OF Q, ;oo AND RH
.............................................................................................................................................................................. 90
FIGURE 5-18 Q,5o PROFILE BASED ON THE RATIO OF THE TWO SIGNALS OF 407NM/387NM ....ccevvviirreirenienene, 91

xii



FIGURE 5-19 Q0 PROFILE BASED ON TECHNIQUE 1 AND TECHNIQUE 2....viiiiiiiiiiesiiiiesireesireesineesinessinee e s ssseesenas 93

FIGURE 5-20 RH PROFILE BASED ON TECHNIQUE 1 AND TECHNIQUE 2.....uvttiiiiiiiiiiiiiriiieie e iiiiiriees e sssinnrensee s 95
FIGURE 5-21 TEMPERATURE PROFILES BASED ON ASA76 AND LOCAL RADOISOUND ........vvveeiitvieeeeree e 95
FIGURE 5-22 A, (A) AND B, (B) COEFFICIENTS, AND AOD (C) AT532NM ..cuveiiiiriieiirsieeeeieseesie e sresre s 96
FIGURE C-1 FIRST ORDER B-=SPLINES RESULTS ....uteieiitiiieiitee e s iereeeeette e s etteesseaveeessstessssnsaesssssessssssensssssessssnnens 110
FIGURE E-1 ASD ALGORITHM BLOCK DIAGRAM.......ciictttiiiee ittt e e e e sttt e e e e s s sttt e e e e s s s sabbbaaeasesssebbbaaeaeesssannes 113
FIGURE F-1 GEOGRAPHICAL LOCATION OF THE UPRM LIDAR LABORATORY ....coocvviiiieeeeiiiieiiee e e siirreeeee e sanns 114
FIGURE F-2 UPRM-LIDAR SYSTEMS, WHERE THE EXPANDER BEAM IS OPTIONAL ...vvviviiiiiiiiiiieee e siiiriiee e 115
FIGURE F-3 UPRM-LIDAR COMPLETE TRANSMITTER SYSTEM ..uuttviiiiiiiiiiiiiiiiie e e s siiittieeesessssbbsisesssssssssssssssessssnnns 116
FIGURE F-4 UPRM-LIDAR LASER UNIT .iiiiiiitiiiiiei ittt e s sttt e e e s s s s sabb b bt e e s s s s saabbbaaeesasssabbbaasesesssanses 118
FIGURE F-5 UPRM-LIDAR COMPLETE RECEIVER SYSTEM ....ciiiiititiiieieiiiiiitiiee s e s ssiibbeie e e s e s sstbbasessssssssbssasesesssnnnns 119
FIGURE F-6 UPRM-LIDAR TELESCOPE DESCRIPTION .. .utttiitiiiiiiiiiriteeeesiiitrsieesssssiisssssesssssssssssssessssssisssssessesssnnnns 120
FIGURE F=7 PMT SENSORS .. uttiiitiiiiiititttiee et iiitbett e e e s st iibbste e e e e st sab b e bt eeeesssaabbbbeeeseessaab b b baeesesssasbbabaeeseessabbbbeneseessaaes 123
FIGURE F=8 APD SENSORS.....ccciitiieiittteeeiitteeeeeteeesssteeessetteeeeastesessabesesabbeseaasaeseesabeeeesbbesesaseeseesareeesssbesesassessesnnes 124
FIGURE F-9 LICEL POWER SUPPLY UNIT ...utiiiiciiiiictiie ettt e e ettt e e s ettt e e s etvee e s ettt e s s eaaeessssbasessnbassessseeesssssessssnsessesnnens 125
FIGURE F-10 LICEL TRANSIENT RECORDERS .......cciittieeiittiieeeiteeeeieseeeesssteeesssessssssasssssssesssssesssssssssssssessssssensesanes 126
FIGURE F-11 UPRM-LIDAR FRONT PANEL VI FOR DATA ACQUISITION ..ccvviiiiieiieeirieesreesneessneesneessneesineensnessens 127
FIGURE F-12 UPRM-LIDAR BACK PANEL VI FOR DATA ACQUISITION ...cciiuviiiieiieeiieesieesveessreesneessneesineesseeesens 127
FIGURE F-13 1200 LASER BEAM SHOTS RAW DATA FILE EXAMPLE ..ottt 129
FIGURE H-1 SCHEMATIC OF CALIPSO SATELLITE INSTRUMENTATION .....utttiiiiieiiiiiiiiieeeessiibrsieesesssisssssssesssssnnns 132
FIGURE H-2 A-TRAIN SATELLITE SYSTEM ...uuttttiiieiiiiiitiiiie e e s s e iitbtis e s s s s s sbbbaassssssssabbbaseasssssabbbsseesessssbbbsasesesssissns 133
Figure H-3 CALIPSO-LIDAR LOGARITHMIC RANGE ADJUSTED INTENSITY IMAGE ......cooiiuiiiiniiiieieniesie e 134
FIGURE I-1 AOD LEVEL 1 DATA REPORTED IN LA PARGERA, PR .uvviiiiiiiiiiitiiec ettt aans 136
FIGURE J-1 AIR QUALITY LEVELS IN RELATION WITH HUMAN HEALTH ....ooiiiiiiie it 137
FIGURE J-2 AIR QUALITY INDEX CALCULATOR ...eittiitttiieesttesieessteessteesssesssseesssesssseesssesssssssssessssessssesssssessnnsnsns 138

Xiii



1 INTRODUCTION

Life consist on a cycle where the natural elements drive, transport, and exchange the
energy and matter defined in time and space that are related with life on Earth. These natural
cycles are affected by the human activities, having a negative impact that affect the human
life itself. These activities are responsible of the Earth perturbation, where the GW (global
warming) is the most popular today.

The global perturbations start with the soil restoration and deforestation, but this
increase in magnitude with the industrial revolution [1]. The environmental natural
substances began to be strongly affected by the exploitation of natural resources. The
creation of new products and their use have the responsibility of the environmental
perturbation, affecting direct or indirect the environment and natural cycles between the air,
waste, and soil systems. “The short term (local area) effects are discovered rapidly by the
human community and fast solutions are applied, but the long term (global area) effects are
more difficult to discover, and the solutions are more difficult to find” [2].

The atmosphere is definitely involved in this environmental problem in all its
processes. The short term concerns the problem of air quality, and the long term concerns
the Earth radiation budget, GW, surface Albedo (cooling), and others. These two issues
(short and long term) cause an important effect in the meteorological process to drive
regional air pollution and subsequently influence the climate change. The regional air

pollution problem is caused by the gases emission, dessert dust, haze, fog and aerosols. The



gasses emissions caused by industries which are responsible of volatile organic carbons
(VOC) and cars which are responsible of NO, [1,2] are affecting the clouds properties which
play an important role in the Earth’s energy balance, where the negative impact is the GW or
the albedo effect. The regional air quality is affected by the air pollution and this problem is
concerning in the first 3km of the atmosphere, strongly influenced by the PBL (planetary
boundary layer). The magnitude of the pollution effects depends on the intensity, type and
distribution of the emissions sources. For example, the air pollution is driven by the regional
dynamics of the PBL, topography, and meteorological conditions [3]. To control the regional
air pollution many countries are created ACTs and protocols to regulate the emissions,
meanwhile other countries are creating government agencies to supervise and regulate
emissions.

This project report presents a state of the art Lidar system as an innovative method for
atmospheric measurements, as a necessary component in a future global Lidar Network to
help understand the effects of the atmospheric compounds in radiative forcing climate. The
implementation of the UPRM Lidar laboratory helps scan the atmosphere in a vertical
column at different altitudes. These new measurements concern the troposphere region (first
10 to 12km of the atmosphere) and are based on a multi-wavelength Lidar system
implemented at the Electrical and Computer Engineering (ECE) Building. Right now, the
Lidar consist in the three basic wavelengths of 355, 532, and 1064nm, which are transmitted
and received (elastic channels). These three channels are used to study the tropospheric
aerosols, but the staff is working on the evaluation to add inelastic (Raman) channels to study

the gu20 (Water vapor mixing ratio) and RH (relative humidity). By analyzing the received
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signal suitable at the mentioned wavelengths, one may retrieve: optical parameters such as a
(extinction) and B (backscatter) coefficient of aerosol and clouds, AOD (aerosol optical
depth), and ASD (aerosol size distributions), and microphysical parameters (effective radius,
total surface area, total volume concentration, etc.), and atmospheric concentrations such as

WV (water vapor) with high space-time resolution.

1.1 Problem Statement

Atmospheric aerosols are important in numerous atmospheric processes. They have
considerable influence in the air quality, Earth’s radiation budget, clouds, and precipitation.
Scattering and absorption of incoming solar and long-wave terrestrial radiation by the
different particles found on Earth cause direct climate forcing, whereas indirect climate
forcing can be attributed to the influence of particles in the size distribution of cloud droplets,
thus change their optical properties. To understand better the importance of atmospheric
particles and aerosols, the investigation of the spatial and temporal variability of their
chemical and physical properties is imperative to describe their mean size, their volume or
mass, surface-area, number concentrations, and their complex refractive index. To gain
information on aerosol-particles parameters, a Lidar system has been used to obtain the
optical information (o and B coefficient) of the atmosphere [4].

The importance of this research is to study the aerosols in the Caribbean region, since
there are different types of aerosols. The objective of this project is observing the aerosol

interaction in the Western part of PR with the implementation of a Lidar System. The Lidar
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scan the atmosphere at different altitudes and give us raw data, which is used to study the
aerosols. The aerosols characterization can improve weather prediction, and do so with a
more exact approach. The aerosol characterization which is the projects topic shows that the
aerosol microphysical plays an important role in atmospheric process and in air quality. The
small aerosol component known as PM s (particle matter with radius, r< 2.5um), and are the
most concern to human health because smaller particles can be easily inhaled into the lungs
[5]. Along with the health issues, the size distribution and re have significant implications

for aesthetics of natural environment and for climatic change [5].

1.2 Objectives

1.2.1 Aerosol Characterization Using Lidar Raw Data

The objective of this research is the algorithm development for determining different
aerosol parameters. The data is obtained from a Lidar system at the three wavelengths of
355, 532, and 1064nm. The data will be obtained from the UPRM-Lidar which is ready to
collect data. However, the developed algorithms could also be verified using any other Lidar
data. The CCNY (City Collage of New York) has made available their Lidar data at the
indicated three wavelengths for this project, and has data of two additional wavelength (387,
& 407nm) known as Raman channels of 355nm used also in this research.

MatLab based algorithms have developed which permit the determination of o and

coefficient, AOD leading to the calculation of ASD and microphysical parameters. The



microphysical parameter corresponds to re, a; (total area), v; (total volume), and n; (total
number of particles per cm ). The calculation of the molecular o and f coefficient are based
on the ASA76 (USA atmospheric standard assumptions 1976) for pressure and temperature.
The results of power profiles, B and a coefficients, AOD, ASD, microphysical parameters,

and logarithmic power intensity images will be presented in this project [6, 7].

1.2.2 UPRM Lidar Development

The UPRM Lidar Laboratory system and the function of each component are
presented in this project (Appendix F). Also, the result of the data collected in Mayagiiez on

March 24™ 2009 is presented and discussed in this work (Chapter 4 & 5).

1.3  Contributions

The important contribution in this work is based on the developing of aerosol
characterization algorithms, and the UPRM-Lidar assemble, test and data collection

processes.

1.4  Project Outline

This project report is organized as follow: Chapter 2 shows the theoretical literature
review, Chapter 3 presents the Lidar technique theory based on mathematical methods,
Chapter 4 shows the Lidar systems as a remote sensing tool, Chapter 5 presents the aerosol
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characterization algorithm results and analysis, and Chapter 6 shows the conclusions and

recommended future work.



2 LITERATURE REVIEW

Remote sensing is defined in this project as the measurement of the object under
study, such as properties suspended on the atmosphere or Earth’s surface using data acquired
from Lidar, satellite, and aircraft. It is an attempt to measure something at a distance, rather
than in situ. The remote sensing techniques are composing of two types, passive and active
systems. Passive remote sensing systems use the sunlight as a light source, and active remote
sensing techniques employ an artificial light source of radiation as a probe.

This Chapter presents the Literature review of the principal topics covered in the
developed research, obtained from other works. The Lidar system is introduced as a remote
sensing tool, and then the atmospheric region under study is presented with a brief
characterization of the object to be studied. Finally, different types of scattering used in
Lidar systems are presented, and is presented the ASA76 which is used to study the natural

molecules suspended in the atmosphere [8].

2.1 Lidar System

Lidar is the acronym for LIght Detection And Ranging, commonly referred as a laser
radar [9]. A Lidar system transmits a light beam at a certain wavelengths that interacts with
the object under study. Some of the emitted light is scattered back toward the Lidar and is

collected by a telescope. Then, the collected light is separated by a detector system into the

7



different wavelengths, generating a signal per wavelength. The measured signals are then
analyzed to obtain measurements of atmospheric constituents and properties.

Lidar operates in the same way as radar, but the difference between Lidar and radar is
the wavelength of radiation used. Radar operates in the radio bands meanwhile Lidar use the
light in form of particles such as photons. The light wavelengths used in Lidar systems
depend on the types of measurements being made. The wavelength varies from the UV (ultra
violet) through the V (visible), and into the NIR (near infrared). The Lidar has many
different applications, but its major use is in remote sensing [9].

Comparing Lidar systems with the common remote sensing system such as radars, the
Lidar system is a better choice to study a specific object because has a greater ability to
reflect images with good spatial and temporal resolutions. Radars data collection systems
involve aiming wavelengths at the target and waiting for a reflection, it is usually possible to
collect information for objects with the same size as the wavelength or different [9]. Lidar
uses waves ten to one hundred thousand times shorter than radar waves, meaning that is able
to collect much data with more characteristic of the object under study. The problem with
the Lidar system is that it could not operate during the rain because the system is very

sensitive in detection and in hardware.

2.2  Lidar System for Atmospheric Studies

The Lidar is a sophisticate system used in this research to take remote measurements

of particles, aerosol, molecules, and clouds suspended in the atmosphere. The atmospheric
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Lidar relies on the interactions, scattering and absorption of light beam with the atmosphere
[10]. The Lidar generate a light pulse direct to the atmosphere, and then collect the
backscatter light to analyze the different properties of the atmosphere that cause the
backscatter. Different atmosphere parameters can be measured, depending of the Lidar
design and location. For this reason the majority of Lidar systems have a receiver with
multiple wavelengths. A specified wavelength helps us to study the different atmospheric
parameters, for example: aerosols and cloud properties, wind velocity, temperature, SSA
(Single Scattering Albedo), and others. A general block diagram of the proposed Lidar

system is shown in Fig. 2-1 [10].
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Figure 2-1 Basics Lidar block diagram.

This system consists of the following parts: Transmitter, Receiver, Detection, and
Data Acquisition and Signal Processing. The transmitter is the part of the Lidar that
generates a light pulse direct to the atmosphere. The receiver system collects and processes

the scattered laser light, and directs it into the photo-detector (sensors). The photo-detector is



a device that converts the light to an electric signal. The detection and data acquisition takes
the light from the receiver and produces a record of the measure intensity as a function of

altitude [10].

2.2.1 History

The Lidar technology starts early on the 19" century when Synge proposed the first
method for determining the atmospheric density profile. The proposed methodology was
based on detecting scattering from a beam of light projected into the atmosphere, using an
anti-aircraft searching light as a beam source and a large telescope as a receiver. “This
methodology is based on the bistatic configuration, where the source of light and the receiver
are several kilometers separated. The receiver field of view (FOV) could be scanned along
the searching beam to obtain a height profile of the scattered light’s intensity from simple
geometric considerations. The lights could be detected using a photoelectric apparatus. To
improve the signal level and thus increase the maximum altitude, Synge also suggested a
large array of several hundred searchlights could be used to illuminate the same region of the
sky” [11].

The first results of the proposed method were reported by Duclaux. He was taking
photography of the backscatter light around a distance of 2.4km from the search light using
/15 lens and exposure of 1.5hours, the light was visible at an altitude of 3.4km. Then, in
1936 Hulbert extended these results taken photography of 28km of altitude and he made

calculations of atmospheric density profiles from his measurements [9].
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The suggested Lidar type is known today as biaxial Lidar. Modern systems use the
monostatic configuration where the transmitter and the receiver are in the same location. Fig.
2-2 shows the Lidar typical configuration where the monostatic systems are sub-divided in
two categories, coaxial and biaxial systems. In the coaxial systems the laser beam is
transmitted coaxially with the receiver’s FOV. While, in the biaxial system the transmitter

and the receiver are located adjacent to each other [9].

TTA

Monostatic Monostatic Riaxial
coaxial hiawial

Figure 2-2 Types of receiver FOV, where green cones represent the laser beam, and the

others are the receiver’s FOV {adapted from:[9]}.

In 1938, the first monostatic system was used by Bureau for determining cloud
heights. Bareau use light pulses as source, thus enabling the range at which the scattering
occurred to be determinate from the round trip time of the scattered light pulses [9]. Fig. 2-3
shows an example of the round trip time and range in the object under study. Egs 2.1 and 2.2
show the relation between the round trip time and range. These equations are used by

Bureau to determine the clouds heights (R).
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Figure 2-3 Lidar range and round trip time relationship between the object under study
{adapted from [9]}.
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Then, density profiles up to 67.7km were calculated by Eltelman using an improved
instrumentation, including electrical recording of backscattered light [9]. He used a bistatic
system where the transmitter and receivers were 20.5km apart. From the measured density
profiles, the temperature profiles were calculated using Rayleigh technique.

In 1956, Friedland reports the first pulsed monostatic system for measuring
atmospheric density. Pulsed monostatic Lidar has the advantage to record a complete
scattering profile, and have a useful signal to noise ratio. The bistatic Lidar only can detect
scattering from small layer in the atmosphere at one time, and the detector must be moved to
many times to obtain altitude profiles. The realignment of the detector can be difficult due to
large separations and the strict alignment requirements of the beam and the FOV of the

system detector. Monostatic Lidar inherently averages the measurements at all altitudes
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across exactly at the same period, whereas a bistatic system takes a snapshot of each layer at
a different time [9].

Lidar systems come to be more popular in 1960 with the invention of the laser, but
the powerful light source of moderns Lidar comes in 1962 with the creation of the giant or Q-
switched lasers. Since the invention of the laser, development of the Lidar has been closely
linked to advances in laser technology. The use of a laser in Lidar systems was reporter in
1962 by Smillins and Fiocco [9], who detected laser light scattered from the lunar surface
using a ruby laser that fired 0.5J pulses at 694nm. In the same year, these two same workers

reported the detection of the atmospheric backscatter using the same laser system [9].

2.3 Troposphere Structure and Process

The lower atmosphere region is known as troposphere and it is divided into two parts,
the PBL and free troposphere. The PBL is directly influenced by the presence of the Earth’s
surface and responds rapidly to forcing such as solar heating, evaporation and transpiration,
frictional drag, and terrain-induced flow modification. This forcing generated turbulence,
keeping this part of the atmosphere well mixed [12]. The top of the PBL is associated with
the lifting condensation level at which moist air becomes sutured and starts to condensate.
This issue creates a region of increasing temperature called capping inversion presented in

Fig. 2-4.
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Figure 2-4 Troposphere composition {source: [12]}.

2.3.1 Planetary Boundary layer (PBL)

The PBL is affected by human activity, play an important role in weather and in
climate because both processes integrate the Earth’s surface such as evaporation and heat
transfer with the rest of the troposphere. This energy transfer between the atmosphere and
the Earth’s surface is essential to describe the dynamical behavior of the atmosphere [12].

The atmosphere heating process comes from the air that absorbs the solar radiation
and from the ground absorption of solar radiation, followed by the convective heat transfer in
the air near the ground. The air near to the ground is started to heat at sunrise, and it
becomes buoyant and rises as thermal bubbles [12]. The combination of the convection
process with wind shear, produces mixing through the troposphere. This strong mixing is
limited to the lowest couple of kilometers because fall rapidly above the surface, creating the
boundary layer or PBL. Later at sunset, the air near the surface is cooled when the heat is
removed decreasing the convective process and wind shear turbulence. After the temperature
of the air near to the ground starts to cool below the temperature of air higher than it, the

nighttime temperature inversion has been established, forming a stable layer between the
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surface and the inversion altitude (Fig. 2-4) [12]. The PBL is in the range of 2-4km of
altitude over continental regions during the day and 200-600m in nighttime.

The processes that take place in this layer are directly influenced by surface processes
in the form of transportation and transformation of pollutants, and the chemical processes
that take place dependent on the geographical location, time, and daily weather conditions
[12]. There are particles in different types and sizes that play an important role in the

regional atmospheric conditions and air quality [13].

2.3.2 Free Troposphere

The troposphere occupies the lowest 10 or 12km of the atmosphere. Due to
the decrease in pressure with altitude, the rising surface warm air expands and cools to lower
temperature. When the rising buoyant air parcel cools to the dew point, the water contained
condenses. The result of this condensation allows the warm air bubbles rise higher due to the
release of the latent heat as condensation. The troposphere, where the buoyant forces
establish the temperature gradient and daytime surface heating, causes strong convection
mixing, which is the lowest thermal layer of the atmosphere. The troposphere extends
upward to the tropopause (boundary region between the troposphere and the stratosphere),
which is an isothermal layer caused by the temperature balance between the solar heating
from the surface and the heating from the ultraviolet absorption by the atmospheric ozone
layer above [13]. The troposphere height is close 10km at mid-latitudes, but decrease less
than 2 km at polar latitudes, and achieves altitudes above 15 km over the equator. One of the

most important effects of the tropopause layer is its action as a barrier, where buoyant forces
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no longer have the effect on the atmosphere mixing. Since temperature gradients determine
the stability of the atmosphere, convection is seldom strong enough to bring air and its

contents through this barrier where the temperature gradient becomes positive [13].

2.4 Tropospheric Aerosols

The aerosol studies have generally been focused on three areas: effects on climate,
effect on human health, and effects on electro-optic systems. Scattering and absorption by
particles, those in aerosols and clouds, together with the contributions from molecular
scattering and absorption by gases, play a major role in determining what fraction of the solar
radiation incident at the top of the atmosphere reaches the Earth’s surface. In certain parts of
the spectrum, the absorption by water vapor, ozone and other molecules play a dominant role
in determining the transmittance. Aerosols are a major factor in determining the Earth’s

climate because has a direct effect on the radiation budget [10].

2.4.1 Aerosol Size Description

Aerosol is the composition of small particle in a gas, may be a solid or liquid state.
The size of the particles range roughly 1nm up to 100um. The aerosol particle lifetime in the
atmosphere can extend up to weeks or in extreme cases a year [14]. Smallest particles lie on
the boundary to molecular clusters have a limited lifetime by the coagulation with other

particles, while for larger particles it is the deposition rate that limits the lifetime.
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The aerosols particle comes from natural and anthropogenic sources. There are
different types of aerosols in the atmosphere, for example: mineral particles, sulfate droplets,
WV, organic compounds, dust, burning biomass and others. Aerosol particles can also arise
in the form of so-called secondary aerosols through gas to particle conversion. Examples of
these particles consist of sulfate formed from sulfur dioxide oxidation in cloud droplets,
particles formed via condensation of hot gases emitted during combustion and particles
generated from oxidation of low vapor pressure organics released from vegetation [14].

The aerosols particle has influence in the Earth’s radiation budget, air quality, clouds,
precipitation, and chemical processes in the atmosphere. These particles called aerosols can
affect the environment and climate in several ways. The depth of aerosols (AOD) in the top
of the atmosphere determines the sunlight radiation in the Earth’s. The Earth’s
contamination helps to increase the aerosol depth (AOD) layer in the atmosphere. This is
one of the principal factors that we can see today in GW effects, because the solar radiation
controls the Earth’s temperature. Also, plants, animals, human, and ecological systems are
affected with this issue.

Aerosols from about 0.01 to 10um in diameter are of greatest interest. Particles in
this size range dominate and have direct interaction with sunlight, and also make up the
majority of the aerosol mass. Small particles than 0.01um play an important role in the
interactions with clouds, and large particles than 10 um can contribute near dust and volcanic
sources which alters the clouds properties. In marine zones, giant salt particles play an

important role in cloud formations [14].
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A good way to represent the smaller particles is the determination of number
concentration and mass of particles. Mass concentration are reported in terms of PM
(particle matter), PM,s and PMyg, which are the particulate mass per air volume of particles
with radius between 0.1-2.5um and 2.5-10 pum, respectively [5]. PM particles are divides
into Fine and Coarse mode, between which the limit has been set from 0.01-2.5um and 2.5-
10 pm, respectively. This is roughly the size below which particles starts to follow the
inhaled air far enough down the respiratory system. Coarse particles on the other hand do
not so easily follow the air flow but are deposited early in the respiratory system and then
removed from the body by mucus [5]. The Fine particles are divided into two modes, Aitken
mode (r < 0.1 pum) and the accumulation mode (0.1<r >2.5 um). Particles in this size mode
are short lived. Fig. 2-5 shows the aerosol spectrum divided into regions based on typical

mass distribution and Table 2-1 shows aerosols classifications based on the mentioned types.
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Figure 2-5 Aerosol size classification {source: [5]}.

Small sizes particles make them very mobile resulting in a rapid coagulation which
together with condensation of low volatility vapor result in the formation of large particles
eventually ending up in the Accumulation or Coarse mode [15]. The particles are too small
to undergo any effective sedimentation and too big for coagulation Aitken mode particles.
The decomposition processes for the Accumulation mode are rainout. Rainout is the most
efficient mode to remove smaller particles which are removed by incorporation into cloud
droplets. The larger particle in the accumulation mode can be tapped by falling rain drops

and removed from the atmosphere in that case called washout.
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Aerosol Classification

Type Class Mode Formation Mechanism Size
I Nucleation Aitken Gas-to-particle conversion 0.001-0.1
pm
I Large Accumulation | Coagulation/Heterogeneous | 0.1-2.5 um
I Giant Coarse Mechanical process > 2.5um

Table 2-1 Particle types classified according to radius and formation mechanism {source:

[14]}.

2.4.2 Aerosols interactions with weather and clouds

An important issue in the Global Weather Change (GWC) is the study of biochemical
cycle of tropospheric aerosol, and the generation of it from the surface, the uplift, and
transportation into different atmospheric layers and the interaction with the Atmosphere [16,
17]. The aerosols cause direct and indirect impact on different climate process. The direct
impact is produced through the diffusion and absorption of solar radiation. This direct
impact has an important consequence on the Earth’s temperature, leading to cooling caused
by sulfuric aerosols or warming caused by carbonaceous aerosols [18]. The indirect impact
has an important role in cloud formation, by forming cloud condensation nuclei (CCN).
Aerosols in the CCN affect the microphysical properties of clouds, and ultimately, clouds
will be affecting the Earth’s radiation budget [16]. The indirect impact of aerosols affects the
different cloud properties, for instance: brighter clouds can reflect more solar radiation. The
precipitation is affected also by increasing the number of droplets in warm clouds [18, 19].

Another important issue to be considered is the semi-indirect effect occasioned by aerosols in
20



their capacity to absorb the solar radiation causing local heating which will evaporate the
surrounding clouds [19].

Aerosols have different physical and optical properties that depend on their
composition and size. Condensation of WV upon aerosols affects the aerosols size, shape,
composition, and modifies their optical properties affecting the direct radiative forcing.
There are different groups of scientific that are opposed in the explication of the aerosol
contribution with the GW issue. One group said: “The ASD is space and time dependent
(with short atmospheric lifetime) and cannot be considered responsible for long-term effects
such as the GW” [16, 17]. The reason is if the aerosols play an important role in the Earth
radiation budget because there are particles that absorb and scatter, affecting this natural
energy balance and having negative impact on climate and in the GW issue.

Cirrus clouds are composed of water or ice particles suspended in the atmosphere.
“These clouds are formed by the air that contains water vapor, which is cooled by cold air
and condenses into droplets on condensation nuclei or ice crystal particles. The air is cooled
by expansion during the upward convection resulting from intense solar heating of the
ground, or by a cold front system near the ground causing a mass of warm air to be forced
aloft. Orographic movements are responsible in the formation of clouds causing air
oscillations as it moves downstream mixing the warmer and cooler air currents, caused by the
mountains” [20].

High clouds are present in altitudes between 6km and 14km, and can be cirrus,
cirrostratus, and cirrocumulus. Intermediate clouds are between 2km-6km, and can be

cumulus, altostratus and altocumulus; and low clouds are in altitudes less than 2km, they can
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be stratus, nimbostratus, and stratocumulus. Finally, clouds with vertical development are in
altitudes between 0.5km and 6km and are called cumulonimbus [21]. Cirrus clouds increase
the Earth’s albedo and at the same time absorb the infrared radiation that is emitted to the
space by the Earth. Warming or cooling effects are both possible and are dependent on cloud
location, composition and structure. Greenhouse gases have a weak effect on low altitude
clouds, so their albedo (index of reflection) effect dominates occasioning a net cooling effect
on the climate [22].

The atmosphere and the Earth’s surface absorb and reflect the solar energy, creating a
heat balance. Clouds have an important role in this energy balance [22]. Clouds reflect the
sunlight backward to the space, reducing the solar energy in the Earth surface (Albedo
effect). Also, the clouds decrease heat radiating to the space as it absorbs solar energy
(greenhouse effect). These two effects depend on the cloud structure, cloud particles, cloud
optical depth, and other cloud properties.

Several publications classify the cloud formations as:

e Low altitude clouds, these types are located in the first 800m above the sea level, are
generally due to air mass intrusions from the PBL in summer or in dry seasons,
orographic air mass movements, flying snow crystals, haze, fog, and etc. [23- 25].

e Middle tropospheric cirrus, this type is located between 4.5 and 9km and are a family
of cirrus having various geometrical depths from thin contrails of 100 to 750m up to
thick cirrus close to 2km which may be caused by the PBL to Free troposphere (>3km)
air mass exchanges, from long range transport, vertical dynamics or aviation traffic

[23- 25].
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e Tropopause cirrus clouds are often observed and easily identified as they have their
top always trapped at the bottom of the tropopause (above 12km). The geometrical
thickness may vary from a thickness 100m to 4km with differing consistencies,

ranging from very dense and compact, to diffuse with large air pockets [23- 25].

2.5 Water Vapor Mixing Ratio (gu20)

Water vapor (WV) is one of the most important greenhouse gases and an agent of the
hydrological cycle which makes it vital for global climate model calculations and weather
predictions [25-29]. The water is the main method of transportation of matter and energy for
particles of different sizes, shapes and types, as well as the universal solvent that can be
mixed easily with other particles to form new types that have a negative impact in the

atmospheric process [26].

2.5.1 Water Vapor (WV) Measurements

Several different methods exist to measure the WV in the troposphere region.
AERONET reports the WV coefficient, but of the whole atmospheric column. GPS systems,
based on the delays occasioned by the atmospheric WV on the paths between the antennas of
the receiver and the satellite of the GPS network, can be used to estimate WV of the total
column [30-33]. Inexpensive in situ sensors provide reasonable WV measurements but not

as a function of height. Microwave instruments are also utilized for the estimation of H,O

23



and humidity, but are only designed for the Stratosphere and Mesosphere [26]. Satellite
sensors are most widely used method which provide excellent global coverage of WV
distributions, but encounter difficulties in the presence of clouds. Radiosonds are effective in
providing WV measurements in terms of height, but are susceptible to wind changes. High
spatial and temporal resolutions of the gu.o profiles are possible with the Raman-Lidar
techniques [27, 28].

The 27 — 37% of the atmospheric radiation absorption is caused by the WV content in
the middle and upper tropospheric region [29-31]. This effect is due to the strong absorption
in the infrared region of the spectral band [32]. The WV measurements are needed to
investigate the tropopause phenomena, vertical troposphere and stratosphere exchanges,
CCN processes, cloud formation, lower stratosphere WV concentrations, and other important
issues. The WV data is necessary for initializing the NWP (Numerical Weather Prediction)

and global climate models [33].

2.6 Scattering Theory

The atmospheric scattering can be obtained by two methods; The Elastic and
Inelastic backscatter (Fig. 2-6). The followings sub-sections show the most important theory

about the different scattering for atmospheric studies based on Lidar systems.
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Lidar Technique Schematic and Physical Description

Rayleich Scattering/ Mie Scatering Elastic Scattering : laser radialion scattered [rom atoms, molecules, or particles

(Particles) with no change of [requency.
""""""""" Vinual State

i

Ground State

[nelastic Scatlering : laser radiation scaliered [rom mulecules with a frequency
Raman Scattering shift characteristic of the molecule.

------------ Yinual Sate

i :
Vibratiopal
Excited Stare

Ground Sale

Figure 2-6 Elastic and Inelastic scattering used in most Lidar technique {source: [15]}.

2.6.1 Elastic Scattering

The Elastic-backscatter detects the total atmospheric backscatter without separation
of particle and molecular contributions to the backscattered signal. There are two types of
Elastic-backscatter that can separate the particles and molecules of the backscatter signal.
The elastic-backscatter is present when the transmitted and the received wavelengths are the
same. Fig. 2-7 shows a summary of this type of scattering, explaining the Rayleigh and Mie

scattering.
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Rayleigh -~
Scattering =

Mie Scattering

From overhead, the Rayleigh
scattering is dominant, the
| Mie scattered intensity being
\ projected forward. Since
\ Rayleigh scattering strongly
favors short wavelengths, we
\\ see a blue sky.

When there is large particulate matter in

the air, the forward lobe of Mie scattering 1 Observer
is dominant. Since it is not very wavelength

dependent, we see a white glare around the sun.

Figure 2-7 Rayleigh and Mie Scattering concept {source: [34]}.

2.6.1.1 Rayleigh scattering (Molecules)

Rayleigh scattering is for clean atmosphere (molecules only, for example ozone and
oxygen) and is the light scattering by particles much smaller than the wavelength of the light.
In some occasions it occurs when the light travels in clear solids and liquids molecules, but is
more common in gasses [15]. Scattering of sunlight in clear atmosphere is the reason of the
blue color in the sky. This color is caused by the scattering of molecules in the atmosphere,

and is more effective at short wavelengths where blue end in the visible spectrum (Fig. 2-8).

Rayleigh scattering gives the
atmosphere its blue color

Percent Scattering of Direct Sunlight

500 550 GO0
Wavelength (nm)

Figure 2-8 Visible Spectrum {adapted from [17]}.
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2.6.1.2 Mie scattering
Mie scattering is referred to spherical particles or aerosols, where the radiation is

reflected in all directions. The particles and aerosol which scatter light in all directions are
from anthropogenic and natural sources. This type of scattering occurs when a light beam is
scattered by particles or aerosols that corresponds at the same frequency of the transmitted
light beam. The difference between this type and Rayleigh is that this type of scattering is
applied for larger matter presented in the atmosphere considered particles or aerosols

meanwhile Rayleigh is considered for molecules.

2.6.2 Inelastic scattering

The Inelastic-backscatter is present when the wavelengths of the transmitted light
beam and the returned light beam are different. Aerosols, particles, and molecules cause a
shift in the wavelength of the radiant energy, very common in molecules.

2.6.2.1 Raman scattering

Raman shift occurs when a beam of light is scattered by molecules at wavelengths
that correspond to energy differences associated with the vibrational and rotational energy
states of molecules [15]. This shift in frequency of the scatters photon is due to the energy
that characteristic of the vibrational and rotational energy states of each molecule. If the
resulting radiation has a longer wavelength, or lower frequency, the molecule has gained
energy, and the red-shifted scattered radiation is referred to as the Strokes components. If the
molecules loses energy, the scattered radiation is blue shifted and is referred to as the anti-

Strokes components [5,15]. In the Strokes case, the energy shift is given by E+AE =hc/A,
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meanwhile in the anti-Strokes case the energy is given by E-AE =hc/A, where E is energy, ¢
is the light velocity, h is Plank’s constant, and A is the wavelength.

The Raman spectrum consists of scattered radiation at wavelengths corresponding to
the energies of molecule’s vibrational stated and rotational states. Typically, Raman Lidar
measurements of an atmospheric species are made as a ratio of signals of specific molecules
to a signal that represents the total density, for example: N, and O,. This ratio provides a
direct a measure of the relative concentration of the species and removes much uncertainty

by canceling the effect of many system parameters [5, 15].

2.7 USA Atmospheric Standard Assumptions 1976 (ASA76)

A hypothetical vertical distribution of atmospheric temperature, pressure, and density
are needed to be representatives of the atmosphere for purposes of ano (molecular extinction)
and Bmor (Molecular backscatter) performance calculations [8]. The ame and Pmo coefficients
depend of the atmospheric parameters of temperature, pressure, and density profiles. The
temperature profile can be determined using a linear equation that depends of range
(altitude). Eq. 2.3 shows the linear equation for temperature simulation.

T(R)=T(0)-6.5xR 2.3
Where, the units of 6.5 are Kelvin/km, T(0) is the surface temperature in Kelvin, and R is

the range in km. The pressure profile is calculated using an exponential equation that

depends of range, and is measured in Pa (Pascals).
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P(R)=P(0)e """ 2.4
Where, r,=7.8km and P(0) is the surface pressure in Pa. The density coefficient is also
known as number density and depends of temperature, pressure, and the Boltzmann’s

constant. Density is measured in g/m? (grams per square meters) or in m™.

N(R)=%(F;)) 2.5

Where, k is the Boltzmann’s constant and is equal to 1.380622 x10 7% N*m/Kelvin. Fig. 2-9

shows the results based the ASA76 for temperature, pressure, and number density.

Pressure Based on ASA Temperature Based on ASA

12

12

10t 10l

range [km]
range [km]

20 30 40 50 60 70 80 90 100 110 l%10 2‘20 2‘30 24‘10 2%0 ZéO 2‘70 25‘30 25‘90 300
pressure [kpa] temperature [K]

Number Density Based on ASA

12

10+

range [km]

L L L
0.5 1 15 2 25

number density [m™3] x10°

Figure 2-9 Results of ASA76 for temperature, pressure, and number density.
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2.7.1 Molecular Extinction (o) and Backscatter (o) Coefficients

amol 1S determinate using the ASA76 for density, and is given by eq. 2.6 where the

units are in m™.
—ORay (/1)'[ N (r)dr
2pa(4,R)=€ 7 26

Where, GRay(}“)is the cross-sectional area and depends of the wavelength. The following

equation represent the cross-sectional area which depend on the following two constants

y =0.0279 gng N, =2.547x10*m™

87°(n(4)? -1) *[6+37J

O-Ray(/l): 3/14N 2 6—7]/

2.7
Bmol Can be obtained using the molecular extinction-to-backscatter ratio or molecular

lidar ratio (Lmo), which is given by egs.2.8 & 2.9.

amol (R) 87[
ol =—— =755
™ (R) 3 2.8
ﬂmol (R): 3'am0|(R) 2.9
8z

Based on ASAT76, amg and PBmo coefficients are calculated (Fig.2-10). This
calculation represents the Rayleigh scattering for natural molecules or clear atmosphere

conditions.
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12 12

10+ 1 101

8l J 8l

6L

range [km]
range [km]

at 1 af

20 B 20

0.88 0.9 0.92 0.94 0.96 0.98 1 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
-1 -1
a-mol [km™] B-mol [srkm™]

Figure 2-10 Molecular extinction and backscatter coefficient based on ASA76.

2.8 Conclusion

Based on the presented literature, Lidar systems have advancement over traditional
radar systems to make remote sensing. Lidar systems have good spatial, temporal and
vertical resolution to study different aerosols or particles properties scanning an atmospheric
region. There are different types of Lidar systems that depend on the different scattering
types (Rayleigh, Mie, and Raman). The number of parameters and particles studied by the
Lidar system also depend of the scattering type. ASAT76 is very important to determine the
Rayleigh scattering, which is fundamental to determine the molecular parameters that are in
nature form in the atmosphere, which are fundamental to continue with the aerosol

characterization.
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3 Lidar Technique Theory

This Chapter present the mathematical concepts needed to proceed with the aerosol
characterization based on Lidar systems. The inversion methods used to determine the
different parameters are presented with details and some enhancements on these are include
in the developed mathematical methodology based in the fundamental equations presented in
previous publications and works. These equations are implemented in algorithms to proceed

with the Lidar signal processing for aerosol characterization.

3.1 Lidar Technique and Atmospheric Interaction Processes

The description of the laser beam interaction with atmospheric constituents
(molecule, particles or aerosols, clouds, etc.) is based on the fundamental theory of
electromagnetic wave propagation. The atmosphere contains a wide range of constituent
extending from atoms and molecules, to aerosols, clouds water droplets, and ice crystals.

Mixtures of these components results in a series of complex atmospheric interaction
that take place with the laser beam. The intensity of the light resulting from these processes
is proportional with the initial intensity lo, the number density of the active diffusers n, and
the differential cross-section o. If the laser beam is directed to the atmosphere, different
processes may take place with different probabilities determined by their correspondent

cross-sections. The interaction may lead to elastic (Rayleigh and Mie) and inelastic (Raman)
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scattering (discussed in section 2.5), absorption, reflection and diffraction. Based on these
processes, various spectroscopic and non-spectroscopic measurements techniques have been
developed for monitoring the atmosphere [36]. The interactions may be non-selective, like
Rayleigh, Mie or Raman scattering, and more or less important depending on the
atmospheric composition. Absorption is a selective process, and depends of the absorption
cross section of the laser wavelength. The resonant processes (Rayleigh or Raman) are also
selective, meaning that the laser wavelength radiation matches with the specific electronic
transitions of molecules.

Two important microscopic scattering properties are the B (aerosol backscatter) and
aqer (@€rosol extinction) coefficients that are used to express atmospheric aerosol interactions,
where the dimensionless size parameter, y, is given by eq. 3.1 and is used in this research to

determine the refractive index, m.

__2mrm

X=— 3.1

Where, r is the radius and is the geometric dimension of the diffuser, m is the refractive index
which is compose of n+i*k, and are wavelength depended. The real and the complex part of
m provide information about non-absorbing and absorbing aerosol capacity. For y<<1,
Rayleigh or molecular scattering prevails, x~1 Mie-aerosol scattering begins to increase in
importance, and for y>>1, scattering is purely geometric reflection by clouds [36].

The molecular and aerosol elastic and inelastic processes involved in the Lidar system
detection are the following [36]: The Lidar constituent detection is the following: For
molecules (N2, O,), the detection for elastic light scattering is for A>>r (A is the transmitter

wavelength, and r is the molecular radius), the aerosol elastic scattering is for A~r (A is the
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transmitter wavelength, and r is the aerosol radius), the inelastic molecular scattering for N,
0O,, and H,0 is for A>>r, and the cloud elastic and inelastic scattering is for A<<r (' r is the
droplet/ice crystal geometrical radius).

The principal parameters determinate by Rayleigh scattering are discussed in section
2.6 which are Bmo and ame coefficients estimated using ASA76. These parameters are
important to simulate the atmosphere only with the presence of molecules, and are used to

simplify the solution of Mie and Raman-parameters such as Baer and o,er coefficients [37].

3.2 Elastic Lidar Technique

The Lidar equation is the fundamental tool to extract the desired information of the
scattered light collected by the telescope. In this equation the received energy is related to
the emitted energy through the properties of scattering volume and the beam path. The Lidar
equation for the elastic return signal due for molecules and particles (aerosols) is given by eq.

3.2 [10].

P(R)= %O(R)ﬂ(R)Exp[— 2[ a(r)dr} 3.2

Where, P(R) is the received power at distance R, R is the altitude of the volume element
where the return signal is scattered, Ey is the transmitted power, o are the efficiencies of the
optical and detection units, O(R) is the overlap between the outgoing laser beam and the
receiver FOV, B(R) is the total backscatter coefficient, and o(R) is the total extinction

coefficient. The term R? is inserted in the denominator in order to correct the decreasing
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scattering cone seen by the telescope as the scattering altitude increases the square of the
altitudes. The exponential decay is called the two-way transmittance, and is expressed in
terms of o coefficient and is integrated twice over the interval from the station altitude to the
scattering altitude. The parameters in the equation containing the information about the
atmosphere are o and B coefficients. The a coefficient described the extent light emitted by
the laser, and the lost on its way up to the scattering object and back down to the telescope.
This loss is due to scattering in other directions than the 180 degrees of backscattering
direction and to any possible absorption. The differential f coefficient gives the relation
between the amount of scattered light in the direction of interest and the incident light. Both,
a and P coefficients can be separated into a molecular (omel and Bmer) and particulate (aerosol)
contribution (ctaer and Paer).

In the experimental received signal there is present a constant, known as background
noise. The sources of background are mainly ambient light, especially during daytime, and
photomultiplier dark current. If the lengths of the measurements are chosen long, so that the
end of it corresponds to altitudes where the laser light has become totally attenuated, any
signal represents the background noise. The background noise, N(R), has been added in eq.

3.3, because it represents the first 1-4 km (typically 3km) of the received power.

p(R):E;ZO (R)ﬂ(R)Exp[_zj:a(r)dr}N(R) i

Taking the average of the receive signal (eq. 3.2) in the first 3km region helps to determinate
the background noise. The background contribution can be conveniently removed or done

subtracting the full power profile signal with the calculated average value. Since the
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background generally fluctuates the removal should be done separately for each profile in a
set of several consecutive collected profiles. An alternative method for background
subtraction is to measure the signal without laser light before and/or after the Lidar
measurements. But, this method is not recommended because the sunlight intensity is time

varying. The background noise is given by:

Ar 34

Where, Aris the Lidar vertical resolution in km, ABr is the signal altitude for calculating the
background noise in km (3km), and R is the range in km.

The most wanted quantities in the Lidar equation (eqg. 3.2) are o and B coefficients.
They can be solved into their molecular and aerosol origin, respectively, and treated as
arising from two different independent scattering contributions, the total B and o coefficients
are given by eq. 3.5 & 3.6 [10]. The molecular terms for both coefficients are calculated

based on ASAT76, presented in section 2.6.

BR)= f(R)+ B (R) 35

a(R)=a,, (R)+a,,(R) 3.6
To retrieve profiles of a and B coefficients probably the most widely used strategy for the
Lidar equation inversion is to define some analytical relationship between o and f. The
Lidar stable solution, when the aerosol scattering contribution dominated, was formulated by

Klett [37]. Later, Fernald reformulated the solution for the two atmospheric components

case and hence the general form which has gained widespread today [38].
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The determination of S, and «,, are more complex, but as discussed above a and

aer r

B can be resolved into a molecular and aerosol component. The theoretical value for
molecular Lidar ratio (Lme=0mo/Pmol) is equal to 8x/3sr in the 180° backscattering direction
calculated from Rayleigh theory, under the condition of zero molecular absorption. The
particulate equivalence is called the aerosol extinction-to-backscatter ratio or aerosol Lidar

ratio, Laer=Claer/Paer. L, 1S assumed constant based on Klett methodology. With this

assumption the extinction and backscatter components can be determined directly from eq.
3.2, but this equation needs to be range adjusted or corrected to normalize the received

signal. Eq. 3.7 show the range adjusted equation, where eq. 3.2 is multiplied by the square

range (R?), and #(R) and «(R)are substituting by eq. 3.5 & 3.6.
S(R) = E0770 [ﬂaer (R) + ﬂmol (R)]EXpli- 2J.OR [aaer (R) + amol (R)]dl’:| 37

To facilitate the determination of g

aer

(R) and «,, (R), is introduced an equation the terms

of Y (R)which is expressed as a function of «,, (R) using the L ratio.

Y(R)=Lar [Ber (R)+ S (R)] 3.8

Then, eq. 3.8 is substituting in the normalized Lidar equation and is given by:
S(R)L,,, Exp[— 2l ~ Lo [ B (R)dr} = E7,Y (R)Exp[— 2 jORY(R)dr} 3.9
Now, proceed to organize eq. 3.9, regrouping the constants L, and L, and substituting

Y(R), obtaining the equation of the following form:
R R
S(R)Laer EXp|:— 2[Laer - I‘mol ].[O ﬂmol (r)dri| = EOUOY (R)Exp[_ 2[Laer ].[O ﬂaer (r)+ mol (r )dri| 3.10
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Then, applying logarithm in both sides of eq. 3.10 and differentiating with respect R, the new

equation is given by:

i i) Ykl SR T YN W 3.11

e (R)+ B (R)]

dR [Beer (R)+ B (R)] dR

Eqg. 3.11 can be solved using the Bernoulli methodology for boundary conditions. The

Bernoulli equation is given by eq. 3.12, where R, is a reference altitude.

Y(Ro): Laer [ﬂaer(Ro)+ﬁmol(Ro )] 3.12

Then, the total B solution is given by eq. 3.13, see Appendix A for more details about this
mathematical concept presented above to obtain this solution:

Lo (R)+ B,y (R) = S(RIEXP| ~ 2L = L ][, o (1) | 3.13

S(R,)
/Baer (RO )+ ﬂmol (RO

j 2L TS(r)Exp[(Lw Ly )fﬂm. (z)dz}dr

Finally, a is determinate using the assumed or estimated L., and is given by eq. 3.14 [11,

12].

aaer(R): I‘aer 'ﬂaer(R) 3.14

In eq. 3.13, the calibration altitude Ry somewhere within the range interval is chosen
at which the B coefficient is known or assumed. The choice of R at the upper end of the
integration interval together with downward integration, responsible for the notation far-end
(boundary point) solution, has shown to give a more stable inversion, at least in turbid
atmospheres [38]. Furthermore, with this strategy of choose R, high enough that aerosols
contribution to the backscatter can be considered small and approximated to zero. In this

case Rp coincides with the upper starting altitude where B is zero in the first step of the
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integration, and left to define before the integration can start at L,er. For aerosols, the relation
between B and a depends on the aerosol microphysics (refractive index, shape, and size
distribution). In real atmospheres, both Baer and o,er May vary over a wide range, while the
Lar varies over a much smaller range, most typically by a factor of 50 to 60 ( clouds
excluded ), and the variations are in addition smooth. The L, constant assumption is a
reasonable good approximation in well mixed region of the atmosphere. The choice of an
appropriate value for L has been widely discussed and depends on the atmospheric nature
question. Actually has been presented values from a wide range of measurements, ranging
from 10 up to almost 80sr [39]. However, the importance of the start value decreases with
increasing aerosol load and on the limit of the single-component case of Klett no aerosol, L
is needed [38]. The Klett algorithm is the best suited in cases of high extinction, such as

dense or clouds, whereas the Fernald algorithm is better suited for thinner clouds [37, 38].

3.3 Inelastic Lidar Technique

The basic theory used to determine aaer and Baer from the elastic backscatter signals is
the Klett inversion method [37]. This procedure, with all its subsequent modifications and
improvements, suffers from the fact that two physical quantities, oaer and Paer coefficients,
must be determinate from one measured Lidar signal. This is not possible without
assumptions about the relation between ager and Paer, and estimate of a boundary or reference

value of the Bar. These data are usually hard to assesses and cause large uncertainties in the
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aqer COefficients that are determinate. The inelastic (Raman) backscatter signal or the Lidar
system is affected by aqer but not by Baer [4]. Therefore, analysis of Raman Lidar technique
applied to Buer, Vvisual range, and optical depth, but until now a general formalism for
determining range-resolved ager coefficients from Raman Lidar signals has not given [40].

Let the Raman Lidar equation given by eq 3.15 [4].

P(R, A, A5 )= EF';’7° O(R)ﬂ(R,io,/lR)Exp[— 2 jOR [a(r, 2,) + a(r,/lR)]dr} 3.15

2

Where, P is the received power from distance R at the Raman wavelength A if the laser
pulse is transmitted atA,, R represents the altitude or range, O(R) is the overlap function

between the laser beam and the telescope FOV, a is the depth-depended total extinction

coefficient at wavelengths 4, and A;, and B contains all dept- independent parameters. The

backscatter coefficients, B, is linked to the differential Raman backscatter cross section

[j—g} of a gas molecule number density (N) by the relation in the following equation:

)da(/io,/lR,ﬂ)
dQ

The profiles of both nitrogen and oxygen can be used since their number densities are well

B(R, 2y, 4, )= N(R 3.16

known. With P(R)=P(R, 4,, 4z) , it follows:

a(4y,R)+a(4g,R) = c;j—R[ln &NS)} 3.17

Where, O(R) is equal to unity if the path of the transmitted laser beam is entirely within the
FOV of the receiver, which is the case above a certain minimum height Ryin. The two o

coefficients may be written as:
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a(ﬂvo,RaR):amm (JO]R,R)+05 (ﬂ’O,R7R) 3.18

aer
Where, amel and oer are the extinction coefficients due to absorption and Rayleigh scattering

by atmospheric gases, and aerosol scattering and absorption, respectively.

aaer (ﬂo' R) + aaer (ﬂ“R ! R) = :_R[In%} _amol (ﬂo' R) + amol (ﬂ’R ! R) 319

Assuming a wavelength dependence of the aerosol extinction such as:

@ er (ﬁ’Ol R) _ ﬁ

= 3.20
aaer (ZR ! R) /10

Combining eg. 3.19 & 3.20, the unknown extinction coefficient profile is given by:

d N(R)

g (1 R) = 321

1+/1—R

0

This result holds for altitudes R>Ry,in for which the Raman Lidar overlap function O(R)=1.
For an estimate of dd—R[In N(R)] and @, (%, R), the air density profile must be

known. Height profiles of the atmospheric density can be assessed by available ASA76 (see
section 2.6) with measured values of the ground temperature and pressure, or they can be
directly measured with radiosound. Light extinction by ozone can also be taken into
account.

The PBaer coefficients, B(R,Ao), now explicitly written as a function of the laser
wavelength Ao, can be determined using the total (molecular + aerosol) and pure Bmo Signals.
Two measured signals pairs P(R, X) and P(R, Ag) at R and R, are needed. From two Lidar

P(R, 2o) and P(Ro, Ao) from total B (eq. 3.5) and two more Lidar signals P(R, Ar) and P(Ry,
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Ar) from B alone, a solution for the B coefficient ( B(R,\o) ) is obtained by forming the

ratio in eq. 3.22 [41].

; 3.22

Then, inserting the perspective Lidar equations for the four signals, and rearranging the

resulting equation, the solution is given by the following equation:

)] (Ro'/%) (R’ O)NR(R)

P(Ry, 4 JP(R, 4 )N& (Ro)

ﬂaer(R’ﬂ'O)_‘_ﬂmol(R’ﬂo): [ﬁaer(RO’ﬂ“ )+leoI(

epo[ 020+ (112 i }

Ro 3.23

X

p{ a1 2ot (1,2 }

Ro
If the two signal channels are properly aligned so that O(R,Ag)= O(R,)\o), then overlap effects
cancel out because the backscatter profile is determined from the signal ratio profile

P(R, 4)
P(R,2,)

As is the Klett procedure, a reference value for aerosol backscattering at Ry must be
estimated. To reduce the effect of the uncertainty in this estimate on the solution, it is
recommended to choose the reference height in the upper troposphere where aerosol
scattering is typically negligible compared to Rayleigh scattering [37]. Then only the air
density, the Bmo, and atmosphere extinction properties must be assumed to solve eq. 3.23.
Again, meteorological profiles or ASA76 data are used to calculate air density and Bmol

terms. The aerosol transmission ratio for the height range between Ry and R is estimated
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from the measured o4 profile with the assumption on the wavelength dependence as used to
determine the L, profile presented by eq. 3.24.

aaer(R’ﬂ“O) 324
R, A

aer ! 0)

L (R)=

3.4 Aerosol Optical Depth (AOD)

The optical depth is a measure of transparency, and is defined as the negative

Logarithmic of the fraction of light that is absorbed on a path [10].

R
AOD= [a,(ridr 325

R

Where a,,(r) is the aerosol extinction coefficient. The AOD is present in the receive power
equation, inside of the exponential part. The AOD can be obtained using a Sun-photometer
and AERONET. If the AOD is obtained from one of the mentioned source, it can be

substitute in eq. 3.2 and obtain the following equation:

R2

P(R)= MO(R)ﬁ(R)EXp{— Z[AOD + Tamol (r)dr}}

3.26

Using the equation above, the B4 can be obtained without problem. Note: the AOD is also

known as Aerosol Optical Thickness (AOT).

43



3.5 Angstrom (A) Coefficient and Dependency Law

A coefficient describes the reliance of aerosol optical depth on wavelength. If the
vertical stratified structures were cloud particles, the A coefficient would be nearly close to
cero and independent of the cloud optical depth since clouds are always made up of large
particles modes. On the other hand, smoke plumes can be made of very small absorbing
particles, which would have a high angstrom coefficient [42, 43].

In[lBael’ﬂ'Z]
angstrom = Nfuah) 3.27
In[ﬂij
2’2

Where, Baer is the aerosol backscatter coefficient at the respective wavelength. The A
coefficient can be determined also using the extinction coefficient at two different
wavelengths.

The A dependency law is a useful tool in the moment to estimate the desired
parameter at other wavelengths. This law is presented in eq. 3.28 and is the same that eq.

3.27. The A dependency law is used to calculate a known parameter at other wavelength.

A
Xparameter ( x4 ) 398

yparameter | yA
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3.6 Aerosol Microphysical Properties

The range of the ASD for atmospheric aerosols varies from 0.05nm to 10um radius.
The aerosols studied in this research has been assumed spherical, this assumption has based

on Mie theory to determine the efficiencies for a and § coefficients.

3.6.1 Aerosol Size Distribution (ASD)

The relation between o, and Paer coefficient with the size distribution of spherical

particles can be obtained by eq. 3.29, known as Fredholm equation [10].

g, = Ikp(r,m)v(r)dr+e‘;Xp 3.29

rmin

Where, g, represent the optical data such as oaer OF Baer, the subscript p being the number of

available optical coefficient at the specific range and wavelength. V(r) represents the volume

size distribution. k  is the volume kernel function for the specific data type and depends on
the Mie-efficiencies for spherical particles, the refractive index m, and the radius r [10] (see
appendix B, eq. B.5). m is the refractive index and is a complex number, where the
imaginary part represents absorption. e is the equivalent experimental error at the specific
optical data.

Volume size distribution v(r) in eq. 3.29 is typically modeled by logarithmic

normal or binomial density function which itself is approximated by a linear combination of

B-spline functions B, (r) of the first type (see Appendix C), Eq. 3.30, where w, [10] are the

math

coefficients, and e™" is the mathematical error due to the approximation
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v(r)=>w;B;(r)+e™"(r) 3.30

By substituting eq. 4.30 into eq. 4.29, swapping the integration and summation eq. 3.31 is

formed as follow:

g, =W, Ikp(r,m)/(r)dr+e;Xp 3.31
i r min

The integral inside of 3.31 represents the weight matrix and is known as Ay;.

Ay(m)= [k, (r,m)B,(r) dr 3.32
Substituting in eq. 3.31 the Ay; integral and changing it into a matrix form will result in the

following equation:

g=Aw+e 3.33
Where g is the optical data, A=[Ay] is a weight matrix, w=[w; ]is the weight vector, and e is
the combined errors (mathematical and experimental). w, can be obtained fromg = Aw+e
by eg. 3.33, which presents the solution for a square matrix A :
w=A"g, 3.34

The Regularization method (see Appendix D) will be used for smoothening of the
errors in the calculations of the coefficients of the B-spline functions. Eqg. 3.35 represents

the weights solution with regularization.
_ T -1 AT
w=(A A+yH) Agp 3.35

Where y denotes the Lagrange multiplier, H is smoothing matrix, g, is the optical data, and A

is the weight matrix.
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To determine the size distribution in terms of surface-area concentration is required to
use the kernel functions in terms of surface area also (see appendix B). That means that the
procedure to calculate it is the same, only is needed to change the respective kernel function
for surface-area concentration, and the term v(r) need to be changed by s(r). A basic

explication of the developed algorithm is explained in Appendix D.

3.6.2 Microphysical Properties

The mean and integral properties of the aerosol ensemble that are calculated from the
inverted ASD are the effects on radius or surface-area weighted mean radius (rer), total
surface-area concentration (a;), the total volume concentration (v;), and the total number
concentration (ny). The effective radius is the mid-size radius in the distribution, usually in

this point is present the maximum concentration [4].

n(r)ridr
Ly _Jnorar 3.36

jn(r)rzdr

a, =4ﬁjn(r)r2dr =_[s(r)dr 3.37
v, =4§In(r)r3dr :Iv(r)jr 3.38

n, = [n(r)dr 3.39
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3.7 Single Scattering Albedo (SSA)

The SSA, w, is defined as the ratio of the scattering coefficient to a coefficient, and
measures the ratio of a by scattering, Qsca, t0 total a during a single interaction of a photon
beam with a particle [42, 43]. SSA represents the fraction of scattered light with the respect
to the total light. The SSA depends of the Mie-efficiencies for spherical shapes. The
efficiencies depend of the refractive index m, the wavelength A, and the particles radii r. «
efficiency is the scattering and absorption efficiencies sum. Eq. 3.40 and 3.41 shows the

scattering and absorption efficiencies [7].

0 1287°r* [m? -1
32 |m?+2

s (m?-1)|. 327%% [m?-1)°
= m 1- Im 3.41
Qus A {mz +2H 2 {m2+2}

The ratio of the scattering coefficient to the sum of the scattering and absorption

3.40

coefficients is then calculated to yield the scattering albedo. The SSA, then, indicates the
percentage of atmospheric a due to scattering and that due to absorption [43]. An important
point to be noted here is that the SSA provides a useful quantity as long as the scattering by
aerosols is not very high. As the particles scattering reaches higher values, multiple
scattering comes into play. Multiple scattering has been found to be small for visible
wavelength Lidar scattering from clean air or haze, but a large component in the presence of

the fog or clouds [42, 43].

W, (/1) — Qsca — Qsca — Usca 3.42
Qsca + Qabs Qext aext
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3.8 Water Vapor Mixing Ratio (qu20)

Atmospheric water vapor (WV) is very important greenhouse gas and is the agent of
the hydrological cycle. Atmospheric WV is highly variable, and its quantification is still
complex and is inducing huge uncertainties into the global climate models calculation and
weather predictions [44]. New measurement techniques are currently being developed with
the goal of reducing the lack of GDMN (Global Distributed Measurement Networks) [44].

This section addresses the implementation of the WV Raman Lidar technique at the
CCNY Lidar laboratory. The WV at 407nm and the Nitrogen at 387nm are inelastic
(Raman) channels of 355nm, radiation emitted by a Nd:YAG laser. The WV Raman Lidar
technique uses the ratio of the rotational-vibrational Raman scattering intensities from WV
and Nitrogen molecules, which are direct measurements of the atmospheric guz. The WV
and Nitrogen Raman signals are given by eq. 3.43 [44].

"do(Ay, A5, R)

K, (4g.R)
2 dQ

P, (R) = e (R) vep| - [[ (@, () +a, (D)r [+ N, (R) 343

Where, P;r is the received Raman Lidar backscatter signal corresponding to nitrogen (Ar=
387nm) or WV (Ar= 407nm), K is function of the system detection, efficiency, overlap

function, and the FOV of the telescope. ng is the number density of Raman active molecule,

"do(4.4:2) s the differential Raman backscatter cross-section, o is the extinction
dQ

coefficient and N is the background (noise) signal.
By taking the ratio of the two signals one can obtain the gu2o profile in eq. 3.44.

Meanwhile, eq. 3.45 presents a simplified solution of the qu20 [44].
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Mnm (R) 00 (A5 Aur , R) * eXp[_ J.Z (g5 (1) + gy (r))dl’} + b,y (R)
Pz (R) _ R dQ 0 3.44
Ps; (R) K (43, R) "do (Agss s Asgr s R .

Nag (R) ) * exp [_ _I: (@55 (1) + Aoy (I’))dl’:| + by (R)

R? dQ

da]

PHZO(R): KHZO (dQ H,0 THZO *q (R) M i 3.45

PNZ(R) KN2 (dij TN2 "0 MHZO
N

Where T is the transmission for the two wavelengths through the atmosphere and M

represents the mass of WV in atmosphere and dry air P, , and P, are the WV and nitrogen

Raman signals, qu2o is the water vapor mixing ratio in [Kg water/Kg dry air] or in [ppmv],

T
and the term = :Zo ~1. Finally, the water vapor profile is given by the following
N,
equation:
&)
K dQ M,,P
qHzO(Z): Ne d N: Had 0 346
KHZO (O-\J M N,O PNZ
dQ ), o

In some publications is presented eq. 3.46 in terms of a calibration constant C. This
constant is use to manipulate the guzo using other instruments such as AERONET column

WV product and radiosound. The calibration constant, C, is equal to:

()
KN2 dQ N, MH20 3.47
KHZO (dgj MNZO

dQ H,0

Calculate the calibration constant from 3.47 is difficult because determined the k constant for

C=

nitrogen and WV is very hard. So, for this reason this constant is estimated using the dry air
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density profiles and external equipment that reports the WV. There have been many
calibration techniques proposed and used a long time [45-40]. Some methods suggest an
approximate external calibration, a one point in situ value, or a calibration based on
horizontal Lidar measurements. Two techniques of calibration are presented in [44] and
were implemented in the developed algorithm presented in Chapter 5 with more details.

Finally, the corrected water vapor mixing ratio is given by:

qHzo(Z):C*T:ZO 3.47

N

3.9 Relative Humidity (RH)

The study of RH is an important parameter to study the interaction of aerosol with the
formation of cloud, and the formation of new aerosols that have negative impact in different
atmospheric processes [44-50]. gu2o is proportional to the water vapor mixing ratio, after the
application of this is given by eq. 3.48, which depends on the Magnus formula. The Magnus
formula is very used in meteorology for temperatures between -50 to 50 °C to determine the

saturation pressure (Psar), €q. 3.49 [49].

x P_.
H = qHZO air 3.48
P, (6.22+0.01xq,,, )

Where, P,y (hPa) is the dry air pressure determinate from ASA76 or a radiosound, gu2o (9

H,0/Kg air dry) is the water vapor mixing ratio, and Pss (hPa) is given by:
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3.49

P, :6.1086xexp{ 17.8507 }

245.52+T

Where, T is the temperature profile in °C.

3.10 Conclusion

The Lidar equations involved in multiple wavelengths Lidar systems are organized in
a user friendly format to simplify the algorithm development. The mathematical methods
have been presented for Rayleigh, Mie (Elastic) and Raman (Inelastic) scattering theories.
The optical characterization of the atmospheric aerosol can be performed just using the
properties of the interaction between the laser beam radiation and the Atmosphere.
Moreover, this chapter also shows that the Lidar technique is a powerful tool to measure and

monitor the atmospheric optical parameters with high spatial and temporal evolution.
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4 UPRM Lidar Laboratory for Remote Sensing

Applications

In the last 2 years the UPRM NOAA-CREST troposphere research group has been
studying the atmosphere using data from CCNY-Lidar while the UPRM-Lidar system was
under assemble. Today, the UPRM-Lidar lab is completed and is an outstanding research
facility capable of monitoring many atmospheric parameters, including: molecules, aerosol,
clouds, and other events caused by the human activity. The measurements of the mentioned
atmospheric parameters are obtained using Lidar systems technique and La Parguera
AERONET station, and will be presented in Chapter 5. Both instruments are in situ and are
very powerful in the determination of aerosol properties.

AERONET is an aerosol network web which reports some aerosols properties using
CIMEL photometer with 7 wavelengths. This is a passive system that uses sunlight to
determine some aerosol properties in the total atmospheric column. The UPRM-Lidar,
CCNY-Lidar and Calipso satellite have Lidar systems, using a Nd:YAG laser to scan
vertically the atmosphere for the study of some atmospheric properties. Lidar systems are
active systems because they use an artificial light source to study the atmosphere.

The atmospheric properties under study depend on the transmitted and received light
wavelength. There are different types of Lidar systems defined based on the transmitted and
received wavelengths. If the received wavelengths are the same as the transmitted it is

known as an Elastic Lidar or Mie-Lidar, and when the wavelengths are different it is called
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Inelastic Lidar or Raman-Lidar. The UPRM Lidar System is an Elastic Lidar because only
reports products for the same transmitted wavelengths, in the same way as Calipso satellite.
Section 2.5 elaborates on the details of Elastic and Inelastic scattering. Appendix F, G, H,
and I, explain the UPRM Lidar specifications, CCNY-Lidar system, Calipso satellite, and
AERONET, respectively.

Lidar has advantages over passive systems because it is sunlight independent. Lidar
system can operate at night but not under rain. This system can be used to obtain some
products used to study the atmosphere, for example images of the PBL, clouds, dust layers,
or aerosol layers. Obtaining images and products as a function of height is one of the major
advantages over the passive remote sensing systems.

In this chapter example of UPRM-Lidar signal detection capability is presented.

4.1 UPRM Signal Detection Capability

The UPRM-Lidar system as described above performs vertical observations acquiring
elastic signals at the three fundamental wavelengths (355, 532, and 1064nm). Since
December 2008, pure signals have been recorded as a result of the vertical scanning of the
atmosphere. Fig. 4-1 shows the logarithmic range corrected (or adjusted) signals images at
the three Mie-channels with a vertical resolution of 7.5m. These images show the PBL,
aerosol layers, and clouds at different altitudes on March 24", 2009. The 355nm channel
detects small particles suspended in the Atmosphere, the 1064nm detects larger particles

meanwhile the 532nm detects a mix of particles of different sizes. Comparing the scenario
54



between the three channels based on the detection of particles, the 355nm shows with more
detail the PBL because there are a high concentration of small particles (molecules) and the
clouds at 9km are detected also, the 532nm channel show the PBL with less intensity but on
the top of it shows an aerosol layer in form of cirrus cloud and in altitudes of 9km and 13km
illustrate the presence of clouds. The 1064nm channel only detects larger particles such as
clouds, dust, smoke and other events. In this case this channel shows the clouds suspended at
the top of the PBL, and at 9km. The clouds at 13km appear blur (the same is true for 355nm)
because the signal was attenuated by the presence of Oxygen and Nitrogen (Rayleigh

scattering), and aerosols at lower altitudes.

Logarithmic range adjusted power at 355 nm

15
Local time (hr)
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Logarithmic range adjusted power at 532 nm

15
Local time (hr)

Logarithmic range adjusted power at 1064 nm

1s
Local time (hr)

Figure 4-1 UPRM-Lidar logarithmic range adjusted power images at 355nm (a), 532nm (b),

and 1064nm (c).

The Lidar data models are analyzed using statistics. The statistics of remote sensing
data are influenced by the atmospheric and weather conditions in the scanned region. The
atmospheric effect tends to correlate the data between the different wavelengths of the
Electromagnetic Spectrum along a straight line through the origin of the reflectance
scattergram.  Also, the collected data is influenced by the sensor’s spectral passband
locations and widths, and noise characteristics. Random, spatially uncorrelated sensor noise
increase within class variance of all atmospheric particles and aerosols suspended equally.
Spatial and spectral statistics of the data are influenced by the sensor’s spectral response
function, which increase the spectral correlation length, reduces within class variance, and

creates mixed spectral vectors [45].
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An example of the scatterplot for the three Mie-channels images is obtained for the
data exposed in Fig. 4-1 and is presented in Fig. 4-2. Each mark represents one or more
pixels. Based on this figure, the 532nm channel detects more scattered beams than the other
two channels, which indicates that 532nm is reflected from more particles than the other two
channels. The detection depends on the laser transmitted power and the attenuation caused
by Rayleigh scattering. The 355nm channel is more sensitive to be attenuate by the Rayleigh
scattering occasioned by oxygen, ozone, and other natural molecules.

The image histogram describes the statistical distribution in terms of intensity in each
received laser beam count. The histogram is a useful tool for contrast- enhancement. Fig. 4-
3 shows the histogram of the three Mie-channels where the 532nm has more contrast because
the intensity is more distributed as the other two channels, and is useful to determine the
correlation between each channel. The correlation is very important to study the detection
between each sensor. The correlation between each dual combination of 355 and 532nm,
532 and 1064nm, and 355 and 1064nm is presented in Fig. 4-4, where the correlation matrix

of each channel combination is given by:

1 0.6330 1 0.8938 1 0.4868
F3s5/530 = 0.6330 1 Fs32/1060 = 0.8938 1 F3s5/1064 = 0.4868 1

The 355 and 532nm channel correlation is 0.6330, confirming the presence of small particles
such are aerosols present in the PBL and the free-Troposphere region. The correlation of the

532 and 1064nm channels is 0.8938 which represents a high correlation with the visible and
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near infrared particles. This correlation is causing by particles scattering presented in clouds
that were detected by both channels. The correlation between 355 and 1064nm channels is
0.4868. This correlation value confirms that the detection of both channels is different
because the 355nm detects small particles meanwhile the 1064nm detects larger particle such
as sea-salt particles, dust, smoke, etc., suspended in the PBL and clouds. In general, the
correlation between the three channels are moderate because are more than 0.48. Also, these
correlation values show that the sensor’s alignment is very important to make good

atmospheric retrievals and obtain high quality images.

UPRM-Mie-Lidar channel returns
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Figure 4-2 UPRM-Lidar Mie channel received signals scatterplot.
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Frequency Distribution of 355 nm Mie-Channel
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Figure 4-3 UPRM-Lidar Mie channel histogram.

Correlation between 355nm and 532nm

532nm
Correlation between 532nm and 1064nm
£
............................................................................................. B
% e **i ®
1&0 250 250
1064nm

Correlation between 355nm and 1064nm

1064nm

Figure 4-4 UPRM-Lidar Mie channel correlation.
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The acquisition 1200 shots per file with 7.5m of vertical resolution permit the
atmospheric analysis per minute of the collected data up to the Stratosphere. Fig. 4-5 shows
the backscatter returns signals of one single file at March 24™, 2009 at 2:41Pm, where the
images in the order from top to bottom represent the received signal, background filtered
signal, and range adjusted signal, respectively. The range background and range adjusted
signals show a cloud at 9km and thin cloud at 13km. The intensities of the backscatter
signals are different in the upper troposphere (below the clouds) due to the laser attenuation
caused via molecules and particles scattering in different wavelengths. In lower altitudes the
received intensity is different for each channel because the molecules presence cause the
attenuation occasioned by Rayleigh scattering. The study of aerosols and clouds will be

discussed with more details in Chapter 5.

Lidar Raw signal of the multiwavelength Mie lidar installed at UPRM
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Figure 4-5 UPRM-Lidar signal filtering processing and range correction at 2:41Pm.
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4.2 Conclusion

The remote sensing tools presented in this chapter are usefully for atmospheric
studies. The combination of these systems is used to determine different optical parameters
that are fundamental to continue with the aerosol characterization and clouds studies. The
UPRM-Lidar was presented as the main system presenting high spectral, spatial and temporal
resolution that permits the detection of different particles that can be visible only in different

region of the electromagnetic spectrum that cannot be seen in the visible region or vice versa.
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5 DATA PROCESSING AND RESULTS

Real data collected using the UPRM-Lidar and CCNY-Lidar systems are used to run
the developed algorithms. High spatial and temporal resolution data at 355, 387, 407, 532,
and 1064nm are processed to make studies about different aerosol parameters that ultimately

play an important role on climate change.

5.1 Optical properties of aerosols and cirrus clouds

The study of aerosols and cirrus clouds is very complex, because their distribution
over time and space is extremely variable by nature of physical and chemical properties.
There are laboratories that measure their chemical and physical properties, for example: the
Colorado State University has a laboratory of this type on Fort Collins that studies the
properties of different aerosols suspended in the Atmosphere. Climate models require
measurements of ASD and optical properties (extinction and backscatter coefficients) for
their radiative budget calculations [22]. The aerosols interaction with light can be quantified
by a set of measured or estimated parameters: oaer , Paers Laer, AOD, ASD, SSA, 0aps, Oscat,
WYV, RH, and the complex refractive index (m) (Chapter Il presented more details and
definitions of the mentioned parameters). The cloud’s albedo depends on their AOD, the

droplet effective radius (resr) and the geometrical thickness [18]. The wavelength dependence
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of these parameters is critical, and generally known as Angstrom (A) coefficient, described in
Chapter 3.

The above mentioned parameters are measured and estimated via the incorporation of
two in-situ ground systems such as Lidar and AERONET systems. Also, the Lidar satellite
CALIPSO can provide ogaer, Paern, and AOD products. The calculations and models
simulations of these parameters are based on measured optical properties. The ASD and
number distribution based on Mie theory using regularization inversion method was obtained

as can be seen in reference [10].

5.2 Algorithms for Atmospheric Parameters Determination

The UPRM-Lidar system measurements obtained for the elastic channels of 355, 532,
and 1064nm, and the CCNY-Lidar system measurements obtained for the same elastic
channels and two additional Raman channels of 387nm and 407nm were considered for this
project. The Lidar signal processing algorithm used in the determination of the Baer and olaer

coefficients, and L is shown in Fig. 5-1.
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Figure 5-1 Block diagram of the combined Elastic and Inelastic signals algorithm for the

determination of L, coefficients, and L. estimation.

The algorithm above takes into account both elastic (Mie) and inelastic (Raman)
received signals and is complementary with the ASA76. The ASAT76 can be substituted by
the local meteorological and regional radio-sounding data. The Mie or elastic scattering

technique allows the molecular extinction (amo) and backscatter (Bmo) results to be
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introduced to the a priori L, in the Klett & Fernald inversion method, in order to obtain a
high resolution e coefficient. Using the relation between the Laer, Paer and oier COefficients,
the ager coefficient can be estimated. With the estimated o, coefficient the AOD can be
calculated and compared with the AOD given by AERONET or a portable sun-photometer
[51]. For the elastic data, the a priori L, needs to be changed until the AOD values are
close between the two systems, resulting in the estimated L.

Another important issue here is the determination of the a priori B at the reference
altitude Ry (Baer(Ro)). In this algorithm the reference altitude, Ry is considered at higher
altitudes where the aerosol concentrations are negligible and the molecules concentrations

are considered. The Bqaer(Ro) is determined using the color ratio function, which is given by:

_Bua(R), Ban(R) 1, Been(R)
R R R R

Assuming the condition of CR(R) < 1.1 and the reference altitude Ry, the Baer(Ro) value can
be estimated because the Bmoi(Ro) is estimated from the ASA76 or a radiosound. These
assumptions are based on Klett and Fernald methodology.

The Raman or inelastic scattering technique permits a preliminary estimation of oer
coefficient. The Bgr is then calculated separately. This result is a more precise determination
of Lae, Which can then be used as more realistic approximation of the atmospheric

conditions.
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5.2.1 UPRM-Lidar Algorithm Results & Discussion

Regular observations taken since December 2008 were used to determine the B, and o
coefficients based on the elastic signals of the UPRM-Lidar system. The principal limitation
of this system and the developed algorithm is the use of a priori L, values, but these can be
estimated using an external equipment that reports the AOD such as AERONET station in La
Parguera and a portable sun-photometer. An example of logarithmic range adjusted power
intensity image at the 532nm elastic channel on March 24", 2009 is illustrated in Fig. 5-2 for
an upper troposphere loaded with aerosol layers and cirrus clouds. The same methodology

was implemented for 355 and 1064nm.

Logarithmic range adjusted power at 532 hm
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Figure 5-2 UPRM logarithmic range corrected power image at 532nm on March 24", 2009

in the time interval of 1:30PM to 4:30PM.
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5.21.1PBL

The PBL can be observed to have an extension up to 1.5km as shown in Fig. 5-2,
where the vertical distribution and time evolution of the regional atmospheric space scenario
is presented. The 1200 shot file collected at 2:41Pm is used to study the PBL region. The
PBL altitude can be estimated using the relations between the Lidar ranges corrected signals,
presented in Fig. 5-3. The PBL altitude is the point where the signal attenuation has nearly
ended. This attenuation is caused by Rayleigh scattering caused by the presence of nitrogen
and oxygen molecules. In Fig. 5-3 the PBL altitude is about 1.5km because at this altitude
the signal has reached its limit in attenuation. Up to 1.3km, the attenuation is caused by high

backscattering of light due to a high particle concentration, see Fig. 5-2.

Lidar vertical profiles of the multiwavelength Mie lidar installed at UPRM
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Figure 5-3 UPRM-Lidar raw signals at 355, 532, and 1064nm wavelengths on 24 of March
2009 at 2:41 PM.
Table 5-1 shows the PBL optical properties calculated and estimated at the three

operational wavelengths. The AOD and Extinction values can be seen to decrease as the
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wavelengths increase, a theoretically proven pattern. Usually the number of small particles

in the PBL is higher than the number of larger particles, except for specific circumstances

such as the presence of desert dust, smoke, etc.

PBL optical properties
Wavelength (nm) 355 532 1064
AOD 0.045 0.021 0.006
Oaer 0.21 0.19 0.1
Bacr 0.008 0.0065 0.02

Table 5-1 PBL optical properties.

Using these results the aerosol microphysical properties (Table 5-2) were determined for

each particle type: Aitken nuclei mode (<<0.1um), Accumulation mode (0.1-2.5um), and

Coarse mode (2.5-10um). The preliminary calculations of the PBL microphysical properties

were done based on the regularization method used in previous calculations, published in

[10]. The results presented in Fig. 5-4 show the ASD in terms of surface-area for the three

aerosol classes.

PBL
ne (cm™) Feft (UM) a; (um“/cm®) Vi (ULm°/em®)
Aitken nuclei 23 0.06 27.9 53.7
Accumulation 17 1.25 37.2 15.6
Mode
Coarse Mode 6 5.8 0.23 0.45

Table 5-2 PBL Microphysical parameters.
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Figure 5-4 Aitken (a), Accumulation (b), and Coarse (c) mode ASD in terms of surface-area

distributions on the PBL region. Aitken (a) particles in the PBL region are not in spherical

shape because this type of particles come from combustion process typically and are mixed

with other particles, forming ne particles usually have larger sizes.

The results for the day (March 24, 2009) clearly show that small particles dominate
the PBL region. These particles play an important role in the formation of clouds, through
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interaction with other particles in the PBL, changing their composition and shape to form
larger particles which in turn lead to cloud formation.

Another important parameter to study in the PBL region is the particle matter
(PM2.5). These particles, in increased concentrations in the PBL, have negative
consequences on human health due to easy inhalation. This parameter is estimated using the
AOD product calculated using the o coefficient [52]. The PM2.5 is estimated using the
Infusing Satellite Data into Environmental Applications (IDEA) product for the north-east
part of America, where it is assumed that 1AOD is approximated to 60pg/m*® of PM2.5.
Most publications compare the estimated PM2.5 obtained using the AOD values obtained by
Lidar systems with the results obtained by TOEM, equipment that measures the PM2.5 and is
generally used to measure air quality [52]. Based on this assumption, the estimated PM2.5
concentration at 2:41PM on the region of UPRM is approximately 1.26pg/m? indicating good
air quality with an index of 4, which is calculated using EPA’s calculator presented in [53].
The air quality standard index varies depending upon the country of interest. In USA the air
quality is classified as follow: 0-50 good, 51 to 100 moderate, and larger than 101 are
considered unhealthy [54], see Appendix J for more details. The air quality index value
depends on the traffic flux, the emission emitted by industries, sea-salt, etc.
5.2.1.2 Tropospheric aerosols

Fig. 5-5 a & b shows the aaer and Baer coefficient at 2:41 PM of the same mentioned
date. These coefficients are fundamental to proceed with the aerosol characterization. Both
coefficients present at altitudes less than 1.5km the respectively values for the PBL region,
from 1.5km to 8.2km shows oscillations which represents aerosols that can be sea-salt
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particleds (marine aerosols) based on the estimated L values. From altitudes larger are
present clouds, these clouds are presents at 9km and 13km, the oscillations between
clouds are the presence of aerosols or particles which play an important role in cloud

formation.
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Figure 5-5 aqer (2) and Paer (b) coefficients at the three wavelengths (Blue-355nm, Green-
532nm, and Red-1064nm) using the Klett & Fernald inversion method with an estimate

Laer=27sr for 355 and 532nm, and Lae=10sr for 1064nm at the column of up to 15km.

The AOD plots calculated from the o, coefficient profile at 355, 532, and 1064 nm
are presented in Fig. 5-6. The valid altitude for the UPRM-Lidar station measurement is in
the range from 200m to 15 Km. In order to avoid cloud interference at 9km, the simulation is

run from 200m to 8.2km (Fig. 5-6 a &b). In Fig. 5-6 a) the AOD plots changes drastically at
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9km and 10km by the presence of clouds. For this reason in Fig. 5-6 b) shows the AOD plots
up to 8.2km with the purpose to avoid the clouds and proceed with the aerosol

characterization.
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Figure 5-6 AOD at the three wavelengths (355(blue), 532(green), and 1064(red)), taken

March 24™ 2009, AOD values up to 15km column (a) and up to 8.2km column to avoid the

clouds present at 9km (b).

The resulting statistics obtained from the Mayagiiez Lidar optical parameters are
given in Table 5-3. These statistics are determined using the 8.2km column to avoid the
presence of clouds at an altitude of 9km. The total column and averaged AOD decrease with

the wavelength. AERONET reports the AOD corresponding to the total Atmospheric
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column at 340, 380, 440, 500, 675, 870, and 1020nm. The AOD data measured by
AERONET was recalculated at the UPRM-Lidar wavelengths of 355, 532, and 1064nm
using a wavelength dependency law (A exponent), determined from AERONET data taken at
the same time as the UPRM-Lidar measurements. The AOD median of the complete Lidar
column at 4:00 PM where the Troposphere was clear has been used to estimate L, using the
AERONET AOD values. Table 5-4 shows the used AOD values from AERONET and the
AOD values obtained by the UPRM-Lidar to estimate the L values at the three operational
wavelengths using the AOD matching method. The minimum errors obtained via the AOD

matching method are close to 4.5% for 355nm, 0.38% at 532nm, and 5.0% at 1064nm.

Optical properties statistic

a 355 | @532 | 01064 | P 355 p532 | p1064 | AOD | AOD | AOD

355 532 1064

Max. 0.75 0.27 1.1 0.025 | 0.0060 | 0.079 | 0.088 | 0.080 | 0.070

Min. | 0.0040 | 0.0040 | 0.0010 | 1.2e-4 | 8.1e-5 | 8.0e-5 0 0 0

Mean | 0.12 | 0.094 | 0.080 | 0.0035 | 0.0021 | 0.0060 | 0.060 | 0.045 | 0.034

StDev | 0.11 | 0.052 | 0.12 | 0.0040 | 0.0012 | 0.0080 | 0.020 | 0.020 | 0.010

Table 5-3 Statistics of the Lidar extinction and backscatter coefficients, and AOD from

March 24" 2009 at 2:41 PM.

AOD matching method results for aerosol lidar ratio estimation
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Wavelength 355nm 532nm 1064nm
AODAERONET 0.129 0.103 0.080
AOD\ idar 0.1178 0.1038 0.0885
Laer estimated 30 45 14

Table 5-4 L, estimated values using the AOD matching method. Based on the estimated

Ler values, the 355 and 532nm channels detects marine aerosols presented, meanwhile the

1064nm channels only detect clouds.

In theory, the A exponent of 1 to 4 indicates that a fraction of aerosols are made of
small size particles. The A exponent values observed in the 8.2km column are in average
between 2 and 4, indicating small sized particles. (see Fig. 5-7). The A coefficient is a

measure of distinction between small and large particles. Small values refer to large particles

which are for instance cloud constituents, and large A coefficient represents aerosols.
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Figure 5-7 A Coefficient based on the wavelength combinations of 355/1064nm (green), and

532/1064nm (red).

Based on the Baer and oger CoOefficient average values at 355, 532, and 1064nm, the
microphysics correspondent to the 8.2km column were preliminary calculated using the
regularization method described in Chapter 4 and in [10]. The results of the simulations are
illustrated by Fig. 5-8 for a maximum radius set at 2.5um. The estimated re =1.25um, the
total number density (n,) is close to 9 particles per cm™, the total surface-area concentration
a=4.12pm?/cm™, and the total volume concentration vi=1.72um*cm. The average complex
refractive index m=1.55+0.005i indicates an intermediate absorption of the aerosol present in
the column of 8.2km (free-troposphere). The SSA measures the light absorption from 0 to 1,
where 1 represents 100% of the light is absorbed. In the column under study, the SSA is
close to 0.6, which confirms the mid-term light absorption by the column representative

aerosols.
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The ASD distribution in Fig. 5-8 shows a maximum in number density observed is

In terms of surface-area

between 1.2 and 1.6um, which indicates accumulation mode.

concentration, the maximum is located between 1 and 1.3um, also signifies accumulation

mode. Finally the volume concentration also confirms the presence of accumulation mode

particles suspended in the column of 8.2km. For the above results, the average values could

be considered statistically representative for the UPRM-Lidar system and La Parguera

but the results depend on the use of a priori P in a region of free-

AERONET station

aerosols, Laer and a reference altitude (Ro), and the estimated L. values using the AOD

matching method (Lidar AOD and AERONET AQD).

Number COncentration

]

LI _T_I

radius (pr m)

radius (M)

radius (it M)

Figure 5-8 ASD plots for number concentration (a), surface-area (b), and volume (c).
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The Lidar system detects aerosols with high sensitivity in the atmospheric column
obtaining a realistic comparison between Lidar and AERONET. The Lidar inversion
solution depends on the reference altitude (Ro), initial Laer, and Paer, chosen as reference for
the estimation of the presented aerosol properties [10, 38]. The user needs to adjust the
reference values in such a way that acceptable plots of Bar and o,er COefficients are obtained
which are parameters in the calculation of ASDs. The Lidar is stable and as such has real
potential for long-term monitoring of varied tropospheric properties.
5.2.1.3 Cirrus clouds detection

The Lidar methodology presented in this section will be based on Mie approach for
determining the three parameters of Baer and o,er cOefficients, and ASD for cirrus clouds. The
regularization method was used along with these parameters for the estimation of ASD [55,
56]. The cirrus cloud study shown here was based on the UPRM-Lidar data to demonstrate
the determination of the optical parameters.

Using the same observation over the region of Mayagiiez on the same day as was
presented in section 5.2.1, the presence of clouds can be observed at different altitudes from
the data taken over a period of 3 hours (see Fig. 5-9). In Fig. 5-9 the PBL region is around
1.5km and is represented by a horizontal black line. On the top of the PBL there are clouds
at different time intervals, marked by three circles. The other two larger circles are used to

show the cirrus clouds at 9km and 13km of altitudes.
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Figure 5-9 UPRM logarithmic range corrected power image at 532nm on 24 of March 2009

in the time interval of 1:30PM to 4:30PM, where the clouds are localized using circle marks.

Cirrus clouds in the upper Troposphere and in the Tropopause region will be studied
in this section using the 1200 shot file collected at 2:41PM. Fig. 5-10 shows the optical
properties (a and B) of the clouds in the upper tropospheric region. Lidar ratio, Laer Values of
10, 15, and 30 sr were used experimentally, however, the best value for all three was selected
to be 18 sr, which is in the recommended range of 10 to 20 sr for clouds in general [25]. The
A exponent in the cloud region is less than zero, as shown in Fig. 5-10 ¢. This corresponds to
particles in the region immigrating from Fine mode (Aitken and Accumulation mode) to
Coarse mode. Between the two clouds the A is close to 3, indicating the presence of small

particles.
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Figure 5-10 aqer () and Baer (b) coefficients at the three wavelengths (Blue-355nm, Green-
532, and Red-1064nm) using the Klett & Fernald inversion method in the upper troposphere
region where cirrus clouds are located, and A coefficient (c) using the wavelength

combination of 355/1064 (green), and 532/1064 (red).

The contrail geometrical depth is estimated around 1.4 km for the cirrus cloud present

at 9 km. For the cirrus cloud at 13 km, the contrail depth is close to 1 km. These geometric
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depths are in accordance with the cloud formation classification presented in section 2.4: the
cirrus clouds close to 9km are classified as Middle Tropospheric, and the cirrus clouds close
to 13km are under the Tropopause group.

The microphysical parameter properties based on the regulation inversion methods
(see Chapter 3) for spherical particles are determined for the Middle Tropospheric and
Tropopause cirrus clouds. In these simulations the particle sizes are defined by accumulation
mode and coarse modes. The microphysical parameters for the Middle Tropospheric cirrus
cloud is presented in Table 5-5 and the ASD distributions for the same are shown in Fig. 5-11
& 5-12. In Fig. 5-11, the maximum number of concentration is for aerosols between 1.4 &
1.8um (Figure 5-11 a), the maximum surface-area is for aerosols in the range of 0.9-1.6 pm
(Figure 5-11 b), and the maximum volume is for aerosols from 0.6 up to 0.9 um (Figure 5-11
c). InFig. 5-12, the maximum concentration is for aerosols with radius of 9um (Figure 5-12
a), the maximum area is for aerosols with a radius of 5.5um (Figure 5-12 b), and the
maximum volume is for aerosol with a radius of 2um (Figure 5-12 c). In the case of
Tropopause cirrus cloud, the microphysical parameters are in the Table 5-6, and the ASDs
are shown in Fig. 5-13 & 5-14. Fig. 5-13 a) illustrate aerosol with a radius of 1.55um with
maximum concentration, b) present aerosols in the radius interval of 1.4 to 1.7um with
maximum surface-area, and ¢) shows aerosols with a radius of 2um with maximum volume.
Finally, Fig. 5-14 a) the maximum concentration is for aerosols with a radius between 1.7
and 1.8um, b) aerosols between 1.5 and 1.6um have maximum surface-area, and c) aerosols

of 2um have the maximum volume.
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Middle Tropospheric cirrus cloud at 9km

n; (cm-°) Feft (UM) a; (um*/cm®) v (um*/cm?)
Accumulation 40 1.3 12.3 51
Mode
Coarse Mode 410 5.9 375 7.4

Table 5-5 Microphysical parameters of the Middle Tropospheric cirrus cloud.

Tropopause cirrus cloud at 13km

ne (cm-°) Fett (UM) a; (um?/cm®) Vi (ULm’/emd)
Accumulation 51 1.3 15.7 6.6
Mode
Coarse Mode 530 59 46.9 9.3

Table 5-6 Microphysical parameters of the Tropopause cirrus cloud.

Comparing the results obtained in both clouds in terms of microphysics it is
demonstrated that the particle size tends to increase in clouds. The A coefficient plot helps
us obtain an idea about the sizes of particles present in the Troposphere. Though there are
particles of different sizes present in clouds formed by aerosols that immigrate from smaller
to larger sizes, the microphysics parameters demonstrate that larger particles dominate in

terms of number of particles in clouds.
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Figure 5-11 Middle Tropospheric cirrus Accumulation mode ASD in terms of number

concentration (a), surface-area (b), and surface-volume (c).
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Figure 5-12 Middle Tropospheric cirrus Coarse mode ASD in terms of number
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and surface-volume.

surface-area

In summary, the previous analysis affirms that the analyzed cirrus clouds contain a

high amount of relatively bigger particles that can be a combination of water and ice

It is important to consider that the values obtained are based on Mie theory for

particles.

It is known that particles of different sizes are present in the clouds and

spherical particles.

suspended in the atmosphere, but the shape determination is possible only using

depolarization channels. The effect of multiple scattering within the cloud is not considered

it is negligible for the FOV of UPRM and CCNY Lidar telescope. The multiple
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scattering is not considered in this research, and this issue not affects our results because our

detections units only detect the polarization of 180°.

5.2.2 CCNY-Lidar Algorithm Results & Discussion

The Lidar methodology presented in this section will be based on Raman approach
for determining the parameters of Baer and a,er COefficients, L, for cirrus clouds, Qo (Water
vapor missing ratio), and RH (relative humidity).
5.2.2.1 Cirrus clouds detection

The cirrus cloud study shown here was based on the CCNY-Lidar data to demonstrate
the determination of the optical properties using the combination of 355nm as the
fundamental wavelength and 387nm as the Raman wavelength. The 387nm signal is used
since it can detect the cirrus clouds while the 407nm was attenuated at lower altitudes in the
CCNY Lidar data.

Fig. 5-15 shows the logarithmic range corrected power image at 532nm for 8 hours of
data collection in NYC on May 23" 2007. A cirrus cloud typology may be defined based on
the simple analysis of range corrected Lidar signals, which provides information about
optical depth, clouds height, and temporal change. The type of clouds can also be classified

by observing the range corrected power images.
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Figure 5-15 Logarithmic range adjusted power image at 532nm. In this image the clouds,

aerosol layers, and NYC PBL can be appreciated in the first 3km.

The main advantage of the Raman-Mie combination techniques for cirrus cloud
studies is to solve the limitation of the elastic-Lidar inversion technique arising from having
to use the a priori value of L. Instead, the Raman signal is used to estimate o, coefficient.
The ager coefficient values can be determined using the CCNY-Lidar data at the 387 nm. The
mathematic methodology used in this section is discussed in Chapter 3. Only the optical
properties at 355nm can be calculated using this methodology, because the two Raman
channels installed at CCNY-Lidar are inelastic channels of 355nm. In the case of cirrus
clouds, it is assumed that B, coefficient is wavelength dependent. Thus the B, may be
retrieved without using the L, assumption. At the same time, this procedure allows the

direct determination of the L. The Lg values can be used when the Raman signal is not
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available for similar cloud or aerosol layers. In Fig. 5-16, an example of the application of

the aforementioned methodology at 355nm is presented. In addition, the optical properties

(Baer and aer coefficients) and the L, coefficient is obtained.

The L, ranges from 25sr to 20sr in the free cloud region, and from 10 to 20sr in the

region occupied by cirrus clouds.
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Figure 5-16 aqer (a) and Paer (b) coefficient at 355nm using the combination of 355nm and

387nm wavelengths, and L (C) coefficient at 355nm.

The calculation of o4 utilizing the Raman signal involves many sources of error:
statistical errors occasioned by signal detection, systematic errors due to the estimation of the
temperature and pressure profiles based on ASA76 to determine the PBmoi and omol
coefficients, multiple-scattering effects, and high smoothing of the Raman raw signals. From
the error analysis presented in [57], it can be concluded that the Raman errors are very
complex and have significant values. Since [57] the errors occasioned by detection can reach
up to 10% at the top of the Troposphere or in the Tropopause altitudes (close to 15km). The
advantage of using Raman signals is that the L profile can be calculated, while using Mie
signals the L is a constant which is estimated using the Lidar and AERONET, or a portable
sun-photometer, using AOD matching concept.
5.2.2.2 Water vapor mixing ratio (qu20) profile and Results

The implemented algorithm takes the ratio of the two Raman (387 and 407nm)
signals to determine the gu20. First, the background noise is eliminated and the signals are
range corrected. Then the result is filtered to eliminate the noise occasioned by the detection
process and the sensor sensitivity. Finally, the ratio of the gu20 is obtained using the ratio of
the two signals (Pag7nm/Psszmm). WV is calculated by Quoo =C * (Pao7nm/P3s7nm), Where C is
the calibration constant, see section 3.8. To estimate the calibration constant dry air density
parameter, pga, IS Nneeded which can be determined using ASA76, or the value retrieved from

radiosound. The result is integrated over the column and then compared with the column
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WYV product reported by AERONET to calculate the calibration constant. The block diagram

of the implemented algorithm is presented in Fig. 5-17.

LIDAR Raw data AERONETDATA

Column
water vapor
(Wv)

Qh20 =

P407/P387

Calibration, | WV to
C | density

Y120
Corrected

Relative
humidity

Figure 5-17 Block diagram of the Raman-Lidar technique for the determination of gn20 and

RH.

The data from CCNY Raman-Lidar acquired on May 23", 2007 are used to obtain
gu20 results using the algorithm developed in MatLab. The results obtained directly from the
ratio of the two corrected and filtered signals are presented in Fig. 5-18. This WV

measurement is obtained using the 9:41PM power profiles with the vertical resolution of
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3.75m. The aforementioned calibration constant is calculated using two different methods
[44], using, 1) in situ column water vapor constant obtained from AERONET and a reference
altitude, and 2) a reference altitude interval. The calibration constant depends on the dry air
density (pga) profile which can be estimated using either the ASA profiles of temperature and
pressure or a radiosond results. The results obtained from the two mentioned methods are
presented in this work to demonstrate the effectiveness of each one.

Water Vapor Mixing Ratio

s T T T T T

Lidar retrieved mixing ratio
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2.5 —

1.5 —

05 I I I | I I I
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water vapor mix-ratio [kg/kg] x 107

Figure 5-18 qu20 profile based on the ratio of the two signals of 407nm/387nm.

The mathematical concepts of the two methods used to calculate the calibration
constants were shown in Chapter 3, where the determinations of few parameters are very
complex to calculate. The column WV value taken from AERONET is equal to 2.59cm, this
value is converted to water density (kg/m?) using the conversion factor of lcm =
9.9226kg/m®.  The qguzo presented in Fig. 5-18 is multiplied by the pg, calculated using
ASA76 or a radiosound and then is integrated within the assumed reference altitude
obtaining a reference WV (WV et) and the complete column for WV (W,). Taking the ratio
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of Wiesi/ Wior eStimates the fraction of water presented in the column. Then, the calibration
constant is obtained by the ratio of the AERONET column water density over the estimated
column water fraction. Finally, the Quzo (corrected gu20) is given by the multiplication of
the calibration constant (C) and the gu20 (not corrected). The mentioned methodology to
determine the calibration constant is known as Technique 1 [44].

A second method is used to compute the calibration constant by taking an altitude
interval as a reference and computes the average of gu2o. The altitude interval is chosen at
lower altitudes where the WV and nitrogen signals have excellent power intensity. Finally,
the Qu20 (corrected gu20) IS given by the multiplication of the calibration constant and the
gu2o (not corrected). The mentioned methodology to determine the calibration constant is
known as Technique 2 [44].

Fig. 5-19 shows the results obtained using Technique 1 &2 (blue and green plots) and
are compared with the results reported by a radiosound launched at 8:00Pm. The Fig 5-19
(@) illustrate water vapor ratio results when the ASA76 profiles of temperature and pressure
were used to estimate the profile of pg, meanwhile Fig 5-19 (b) calculates the Quzo profile

using the radiosound profiles of temperature and pressure to determine the pga.
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Figure 5-19 Q2o profile based on Technique 1 (blue) and Technique 2 (green). The red plot

is the water vapor mixing ratio given by a radiosound.

5.2.2.3 Relative Humidity (RH) estimation

To estimate the RH using the Raman-Lidar signals is needed the Qu20, the saturation
vapor pressure (Psy) in hPa, and vapor partial pressure (Pyp). The calculation of the P, was
bases on Magnus formula [58] which is very common used in meteorology. The temperature
and pressure profiles can be used from ASA76 or radiosound to determine the estimation of
the Py and Py,. The mathematical concepts of RH calculation are presented in Chapter 3.

Fig 5-20 shows the results obtained using the Qu2o presented in Fig. 5-19 to estimate

the RH. Based on the obtained results, the estimation of pressure and temperature profile
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using ASAT76 (Fig. 5-20 a) generates error in the estimation of RH in comparison with the
results obtained using the radiosound temperature and pressure profiles (Fig. 5-20 b). The
results in Fig. 5-20 b) are very close to the RH reported by the radiosound. Determine the
correct result here is very difficult because the radiosounds have problem in the data
collection caused by the wind direction. In the other hand, the ASA76 also generates errors
because the cold/warm air currents are not considered. Also, the Lidar system and the local
radiosound are few km apart. Fig. 5-21 shows the difference in temperature profiles obtained
by ASA76 and a radiosund. To determine the correct result here is recommended determine
the temperature profiles using the Lidar itself. The problem is that the required filter to
measure temperature in Lidar systems is very expensive.

The results obtained using the Technique 2 to compute the calibration constant (C) is

more approximate to the results obtained by Technique 1.
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Figure 5-20 RH profile based on Technique 1 (blue) and Technique 2 (green). The red plot

is the RH profile given from a local radiosound.
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Figure 5-21Temperature profiles based on ASA76 (blue) and Radiosound (green).
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5.3 Algorithm Validation and Recommendations

This section present the o.er and Paer coefficients and AOD solutions based on the Elastic
channel of 532nm. The Lidar data used in this validation is from CCNY-Lidar system
collected on Sept. 6, 2007. This data was processed by Yonghua Wu from CCNY-Lidar staff
and their result has given in numerical form. The same data was processed using the

developed algorithm in this research and has been compared with Wu’s results, Fig. 5-22

shows the results obtained at UPRM (blue plots) and CCNY (green plots).
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The results presented in previous Fig. are calculated using Laer = 50sr, where the presence of
aerosol is considered. The maximum percentages of error obtained in this comparison are
given in Table 5-7, where the maximum error is 5% in the o, calculation. Table 5-8 shows

the total column AOD values comparison, where the percent of error is very acceptable.

Errors at 532nm with L, =50sr

da 5.0
Ba 4.33
AOD 0.503

Table 5-7 UPRM and CCNY results comparison for a,er and Baer coefficient, and AOD plots.

Total column AOD at 532nm

UPRM CCNY Error

0.1057 0.1060 0.3

Table 5-8 UPRM and CCNY total column AOD comparison.

In this research is assumed that the CCNY results are correct based on their Lidar
experience and their algorithm has been validate with Hampton University algorithms.

The developed algorithms in this research were based on Klett and Fernald
assumptions for elastic and inelastic lidar signals. Two different algorithms have been
created for Elastic and Inelastic signals. The UPRM-Lidar system only operates for elastics
signals, where the received wavelengths are the same as the transmitted wavelengths (355,
532, and 1064nm). The elastic Lidar equation inversion solution depends of a priori values,
for example, Laer and a reference altitude (Ro). The problem with the used a priori values is

in the Laer, Which is assumed constant. In a real atmosphere, this value depends on the
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atmospheric conditions and the presented events (Saharan dust, volcano ash, etc.). With this
assumption, the Elastic-Lidar inversion algorithm generates errors in the ag coefficient
calculation. These errors are considered theoretically less than 15%, because in some
occasions L, varies between one numbers during clear days. High percent of errors are in
high turbid atmospheres where are: different aerosol, smoke, dust, ash, and etc, layers which
are not considered and L IS used as a priori values. The determination of Bar has percent
of error less than 5%, because this parameter only depends on Ro. In the Elastic inversion
algorithm, Ry is choosing at high altitudes where aerosols are not considered and molecules
are considered.

The Inelastic inversion method depends on the transmitted and received signals
wavelengths. This methodology is based on the rotational-vibrational wavelength shift. In
common Lidar systems are used the Raman channels of nitrogen and WV to determine the
guzo and aerosol optical parameters (oaer and Paer cOefficients). To determine the aerosol
optical data at the same wavelengths (nitrogen and WV) as the UPRM-Lidar systems is
needed the implementation of Raman channels at 355 and 532nm. The most Raman
channels used for 355nm are the 387 (nitrogen) and 407nm (WV), and the most used for
532nm is the 407 (nitrogen). The solutions for the aerosol optical parameters depend on the
received intensity at the Raman channels.  This inversion method has problem with the
estimation of P coefficient, because it depends of few assumptions needed to obtain the
solution of it. Eq. 3.23 shows the inversion solution of Baer, where the number density (N) is
very complex to estimate for WV or nitrogen. The N estimation in this solution can generate

errors larger than 20% (theoretically).
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The calculation of ager using the inelastic methodology generates errors considered
theoretically less than 5%. For this reason is recommended the combination of Elastic-
Inelastic signals to proceed with the aerosol characterization process. Decrease the percent
of error in the Lidar inversion solutions is very important to obtain the most wanted results
about the aerosol and other atmospheric constituents. Other works use the combination of
Baer at the three fundamental wavelengths (Elastic signals) and ager at the two operational
wavelengths that has Raman channel (typically 355 and 532nm) to determine the ASD
parameter. This combination generated errors less that 5% in the calculation of ASD and

aerosol microphysical parameters.

5.4 Conclusion

Two state of the art Lidar systems are installed in UPRM and in CCNY with the
capacity to determine atmospheric optical properties. A statistical analysis of the
measurements of one day in UPRM- Lidar was presented in this work, also the comparisons
of AOD values between UPRM-Lidar and AERONET in La Parguera show a good and
realistic agreement in both systems that permit us study the particles suspended in the
atmosphere. The aerosol and cloud microphysics parameters were calculated based on the a,
and B, coefficient over the 1200shot file per minute to reveals the sizes distributions in terms
of number concentration, surface-area, and volume as well the SSA coefficient of the aerosol

present in the troposphere.
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A Lidar characterization of cirrus clouds was presented with examples of application
of Mie-Raman combined techniques and Mie technique for the determination of cirrus
optical properties. The effort to monitoring clouds, aerosols, smoke, dust, etc at the UPRM-
Lidar laboratory may be continued in the future obtaining more conclusions and predictions
based on different measurement made during years.

In this project the ratio of the Raman wavelength at 407nm for WV and 387nm for
nitrogen, are used to derive the troposphere Qw0 as a direct measurements. The
implementation of the WV retrieval procedure presented in [47] using the CCNY-Lidar
system, AERONET station, and NYC local radiosound were fundamental issues to obtain the
presented results of the developed algorithm. The Raman-Lidar is the only equipment that is
able to give a high resolution water vapor during the night. The temperature and pressure
profiles are very important and necessary in the calculation of calibration constant and RH.
Also, the results obtained by a Lidar system can be compare with the radiosound because
this system give the profiles of temperature, pressure, number density, gu20, and RH.

The presented results demonstrate that the Lidar is capable and viable to make
statistical analysis of different parameters that may be valuable for global models and

atmospheric studies in many places.
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6 Conclusions and Future Work

This chapter presents the conclusions obtained from the UPRM-Lidar system to make
remote sensing and from the developed algorithms based on the experimental results, and

presents future work recommendations.

6.1 Conclusions

The main purpose of the presented work is the implementation of an operational
multi-wavelength Lidar system at the UPRM and the analysis of the Troposphere Lidar-
based measurements. These high spatial and temporal resolution measurements concern
aerosol optical properties.

The UPRM-Lidar system was designated based on CCNY-Lidar system. The
transmitter of the UPRM-Lidar is based on a Nd:YAG laser emitting at 355, 532, and
1064nm and operating repetition rate of 20Hz and energies up to 700mJ at 1064nm. The
UPRM-Lidar receiver is based on a Cassegrain 20” diameter telescope. The receiver was
designated to detect the backscatter light emitted by the laser at the same emitted
wavelengths. The corresponding Lidar signals are stored both in analog and photon-counting
models via transient recorders within typically 1200 shots and 20MHz corresponding to 7.5m
of vertical resolution acquisition sampling rate.

The main achieved performances of the UPRM-Lidar configuration are: good
stability in operation, acceptable SNR up to the lower Stratosphere in clear days with a single

acquisition file of 1200 shots, 20Hz and 700mJ at 1064nm for the elastic backscatters signals
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using the 20” Cassegrain telescope, and demonstration of long-term operation capacity with
some measurements since December 2008.

Based on the inversion of the Lidar elastic signals, the tropospheric aerosol
backscatter and extinction coefficients were regularly determinate. A statistical and analysis
of data taken in March 24™, 2009 shows good and realistic agreement, in terms of aerosol
optical depth (AOD) when the aerosol lidar ratio was estimated using the AERONET station
in La Parguera. A combined method based on elastic-inelastic signal is proposed, which
allows the determination of the real aerosol lidar ratio without any assumption. The retrieval
of contrails optical properties and preliminary calculations of its microphysics based on Mie-
theory in the approximation of spherical particles is considered in this research. Typical
profiles of tropospheric aerosol and cirrus clouds optical properties were obtained for one
minute integration time, and 7.5m vertical resolution was also operational and it was proven
its worth in distinguishing between different clouds types and aerosols layers.

The night-time water vapor mixing ratio profiles were derived using the ratio of the
Lidar signals corresponding to Raman rotational-vibrational backscatter at 407nm from WV
and at 387nm for Nitrogen molecules using the CCNY-Lidar data. A complete procedure
including corrections and a method for calibration is implemented.  The integrated profiles
are in good agreement with in situ measurements obtained from AERONET instrument. The
typical vertical profiling of the tropospheric night-time gu20 ration is obtained within one
minute integrated time and 200m up to 5km. The use of simultaneous temperature and
pressure profiles from models and measurements makes it possible to estimate the relative
humidity and in particular to identify the tropospheric super statured regions [45].
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6.2 Future Work

As a future work is recommended:

e Implement a vertical radar system for airplanes and helicopters detection.

e Add three additional rotational-vibrational Raman Channels of 407nm (water vapor)
and 387nm (nitrogen) for the transmitted signal of 355nm, and other Raman Channel
of 607nm (nitrogen) for the transmitter signal of 532nm.

e Measure temperature profiles using the Lidar.

e Add depolarization channels almost for 532nm.

e Implemented the algorithms in GUI form.

e Apply image processing in the logarithmic range adjusted image for particle
classification purposes.

e Continue with algorithm development to calculate other parameters that are very
important to study the aerosols and their positive and negative impact with the
different atmospheric processes.

e Continue with the Calipso satellite validation.
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APPENDIX A Aerosol Backscatter and Extinction

This Appendix shows the B and a coefficient solution, starting from the Elastic Lidar

equation presented in Chapter 3, eq. 3.2. To simplify the determination of g, (R) and

a,, (R), we will assume L, as a constant [37]. Now, we can write the lidar equation in
terms of the range adjusted power signal (S(R)= R?P(R) ). The complete range adjusted or

range corrected is given by eq. A.1.

S(R)= Bt (R) ¢ s (RI0| ~2[ [t (R) s R |

Where, o and p are composed of molecules and aerosols, eq. A.2 & A.3.
BR)= S (R)+ Bra(R) A2
OZ(R)_ a (R)+amol(R) A3

- Yaer

Now, let introduce the L,equation given by eq. A.4.

Laer = e (R)
aer (R) A4l

Using this relation between o and B presented in the previous equation, eq. A.1 can be
rewrite in terms of B. But, first we need to work in the expression inside of the integral part.
Eqg. A.5 shows a coefficient in terms of . This combination helps us to obtain one equation
and one unknown variable, because originally the equation depends of two unknown
variables.

104



A ger (R)+amol (R): Laerﬂaer (R)+ Lm0|ﬁm°' (R) A5

Then, eq. A.5 can be substituted into eq. A.1, obtaining the following (eq. A.6).

S(R)= Eool s (R)+ s (RIE0] 2] [ B (R)+ Lo (R

Adding the term L, 3, (R)- L. B, (R)inside of the integral in the exponential function
of eq. A.6 is obtained the following equation, which is used to simplify the Elastic Lidar
inversion solution presented with Klett.

S(R)= Exl e (R)+ o (R0~ 2[ [ (R)+ Lo (R)+ L B (R)+ Lo (R |

A7
Then, the factorization of the terms inside of the exponential function is manipulate to obtain
the function Y(R) given by eq. A.8, and the terms that do not form part of Y(R) can be

passed to the left side of the equation A.7, see eq. A.9.

Y (R) = I-aer [ﬂaer (R)+ /Bmol (R)]
A8

S(REXD] ~2[; Ay (R)[Lae ~ Lyt ] | = Eto[Br (R)+ B (RIEXP| ~ 2] Lo [ (R)+ By (R |

A9

Substituting Y (r) and multiplying in both sides by Lq in eq. A.9, A.10 is obtained.

S(R)L o EXP| - 2], o (R)Lus ~ Loy I | = EgY (R)EP| 2 Y (1| i

Since, L, and L, are constants, eq. A.10 can be expressed by the following equation

where the mentioned terms can be rewrite outside of the integral.
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S(R)L e EXP| ~ 2L — Ly ][} A (RYC | = EyieY (R)ExP| 2 Y (R |

Then, is applied the natural logarithm in both sides of eq. A.11, and leads to egs. A.15 &

A.16:
In {s (R) LaerExp[—Z[Laer L ][ (r)dr}} —In {EO%Y (R) Exp[—ZJ.ORY(r)er} A.15

IN{S(R)}+In{L e}~ 2[L ey = Lyt ||} B (RYIF = IN{E, }+Infiz, }+ IngY (R)}-2[ Y (Rydr ALs

Then, the derivative of eq. A.16 with respect to Range (R) is shown in eq. A.17, and a
simplified version is given by eq. A.18 where the constant derivative are equal to zero. The

purpose of this is to convert this equation into a differential equation.

d d d d d (r
aln{S(R)}—i_aln{Laer} 2[ aer mol] J‘ﬂmol(R)dr_iln{ }+a|n{7]o}+aln{Y(R)}—2§J‘oY(R)dr

A.16

1 d 1
ﬁES(R) 2[ aer_ mol moI(R)_ﬁ?Y(R) ZY(R) 17

Substituting, Y(R) by its respective terms in the eq. A.17, producing eg. A.18.

1d
S(R) dr

S0~ AL~ (R = e R R -2 [ ROl

Eqg. A.18 is known as Bernoulli differential equation. This equation can be solved using the

Bernoulli equation for boundary conditions, which is Y (Ro) [37,38].
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Y(Ry) = Loy [Boer (Ro)+ B (Ro )] A19

Therefore, the solution of the eq. A.18 for total backscatter is given by:

ﬂaer(R) + ﬁmol (R) = S(R)EXp[_ 2[Laer - Lmol ]I:D ﬂmol (I’)dl’:| AZO

S(R,) : r
PRGN RN S(“EXF{(LW )] o (z)dz}dr

Consequently, the aerosol extinction coefficient can be obtained from the aerosol lidar ratio.

L, = %R p g

aer ﬂaer ( R)

The aerosol lidar ratio in this work is assumed constant and its value depends on the aerosol
type. Its value can be determinate from reference [4], or estimated from AERONET, or Sun-
photometer.

“The total backscattering cross section at range R can be expressed as a function of the
scattering properties at the calibration range and those of the intervening atmosphere between
the ranges Rp and R” [37,38].

The following equation is used to replace the part in the exponential.
A(I | +l)= [Laer - I‘mol ][ﬂmol(l )+ mol(I +1)] A.22

Now, the total backscatter cross section at range R(I +1) is:

B (1 +1)+ ., (1 +1)= S(1 +1)Exp[- A(l, 1 +1)] A 23
s(1) — L {S(1)+S(1 +1)Exp[- A(I, 1 +1)]}AR

B 1)+ Bra (1)

Now, the total backscattering cross section at R(I —1) is:

B (1 =1+ 8.,(1-1)= s(1 —1)Exp[A(1 —1,1)] A24
s(1) + Lo {S(1)+ S(1 ~1)Exp[A(I -1, 1)]}AR

Bur 1)+ Bra (1)
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Finally, applying the Klett’s conclusions for highly turbid atmosphere, we have [37, 38]:

B (1 -1)= s()
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APPENDIX B Kernel function for Mie Efficiencies

and Spherical Particles

The Kernel function depends on the Mie efficiencies for spherical shapes. The
efficiencies depend on the refractive index m, the wavelength A, and the particles radii r.
The refractive index is a complex number where the imaginary part means absorption. The
Extinction efficiency is the sum of scattering and absorption efficiencies. Eg. B.1 and B.2
show the scattering and absorption efficiencies [10].

0 _1287[4r“|m2—1|2
23 |m?+2| B.1

s [(mP-1). 327 [m?-1)"
= Im 1- Im B.2
Quss A {mz +2}[ ps {mz +2}

The backscatter efficiency is given by eg. B.3.

64z r* |m2—1|2 B

A m? 42| .

Qback =

Finally, the kernel function can be calculated in terms of surface area (eq. B.4) or volume
concentration (eq. B.5 [10], where the subscript i represents either of the two data types

(extinction or backscatter) at the specific wavelength.

Kg = 2r?Q; B.4
30.

K, :& B.5
ar
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APPENDIX C B-Spline Modeling for ASD Calculation

In this research, base functions are used to stabilize the inversion process. The B-splines functions
used are of first degree equidistant triangles. This function permits easy reconstruction of the
volume size distribution for monomial and binomial distributions [10, 40]. In this case each B-spline

(triangle) has 113 data points. The six B-splines presented in Fig. 13 are fixes in a 6x113 array.
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Figure C-1 First order B-splines results.
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APPENDIX D Regularization Method for ASD

Calculation

The simplest solution of w presented in eq. 3.34 does not provide restorable results,
because it is highly oscillatory. The oscillation provides errors in the solution of the
microphysical properties even though the optical data can be reproduced with high
accuracies. The regularization method suppresses the oscillations by applying certain
mathematical and physical constraints [10, 38, 43].

The error e introduced in g = Aw+ e is needed to determine the microphysical
properties. This is because it is not possible to reproduce the exact optical data [10, 38]. The
method of maximum distance defined by Euclidian norm has been applied to the error which

is presented by eq. D.1.
e? > |Aw—g| + 1 (v) D.1
The constraint of smoothness is included in the nonnegative scalarI’(v), and it can be
written as [10, 43]:
(v)=w"Hw D.2
This measures the deviation of the inverted particle size distribution v(r) from the requested
smoothness [10, 43]. The smoothness is the second derivative of the reconstructed particle

size distribution. The mathematical formulation of the smoothing matrix H is obtained in eq.

D.3 [10, 43].
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The solution of the minimization concept is obtained through substituting eq. D.3 in
eq. D.2. The solution of the weights factors is given by eq. 3.35. The scalar vy is the Lagrange
multiplier. It varies from a low value to a high value. With y=0, no smoothing can take place,
and the solution of w is given by eq. 3.34. For high values of vy, the solution is over
smoothed, and the derivatives solutions cannot reproduce the input data. That means the

input data can be negligible. y must be chosen such that the complete penalty eq. 3.35

becomes a minimum [38].
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APPENDIX E Aerosol size distribution algorithm

(ASD)

The algorithm developed in this research for the calculation of ASD uses a flow chart
as depicted in Fig. E.1. In this algorithm, the B-spline function matrix is of size 6x113,
Kernel matrix k = 6x113, where there are 33+3a optical data, and a radius vector of 113
different sizes. Matrix A which is determined by eq. 3.32, and W determined by eq. 3.32 are
of sizes 6x6 and 1x6, respectively. And the final result, volume size distribution of eq. 3.30,

is of size 1x113.

Size Distribution Algorithm
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Input
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Figure E-1 ASD algorithm block diagram.
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APPENDIX F UPRM-Lidar Laboratory

In December 2008, a new laboratory was developed at the UPRM for atmospheric
researches. A multi-wavelength Lidar system was installed at the UPRM ECE department.
This lab was designated for atmospheric remote sensing studies where the user can be
involved with the data acquisition process and data processing available in four workstations.
It was installed at the first floor of Stephanie building in Room F-105-FI. The UPRM-Lidar
laboratory (18°12°4N, 67°08’24W, and elevation of 13m above the sea level) is located in the
Western part of PR (Puerto Rico), see Fig. F-1. The lab consist in an advanced atmospheric
research systems in a 16” x 16’ room with an opening chimney that pass over the second
floor until permit the sky access with a 20 inch optical telescope. The goal to develop this
laboratory is to provide atmospheric profiles of aerosol-cirrus-dust optical properties with
high temporal and spatial resolution scanning the sky over the UPRM campus, and join to the

global Lidar network in the future.

Figure F-1Geographical location of the UPRM Lidar laboratory.

114



F.1 UPRM-Lidar System

The UPRM-Lidar is a stationary system where the laser beam is transmitted into the
atmosphere coaxially with the telescope, eliminating the overlap problem between the
reflected spot and the telescope FOV (field of view). There are three guide mirrors installed
at 45 degrees on the exterior part of the telescope which guide the laser beam up to the
atmosphere and coaxial to the center of the telescope.

A very weak light beam is received by the telescope and is focused on a focal point
of a lens (f=30mm) which transmits a parallel beam of 8mm diameter. The beam is split
twice by two bi-directional selectors positioned at 45 degrees to the incident beam (See Fig.
F-2). The results are three 8mm beams of wavelengths approximately to: A1<400nm,
400nm<A2<900nm, and 900nm<A3. These beams after passing through attenuators are
submitted to three interference filters which allow only the pass of 355, 532, and 1064nm
wavelengths. Three extremely sensitive sensors have been acquired to collect the signal at

the three mentioned wavelength.

Sple (BT hplmec (55

Figure F-2 UPRM Lidar Systems, where the beam expander is optional.
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The transmitter system is composed of the laser unit, the guide mirrors and the beam
expander (optional). Fig. F-3 shows the transmitter system installed in the UPRM-Lidar lab,
the laser transmits the light beam and then it is guided to the atmosphere by the three guide
mirrors. The laser transmits a light beam at the three wavelengths of 355, 532, and 1064nm,
which are represented by 3w, 2w, and 1w. The guide mirrors (dichroic mirrors) are special

mirrors that support the laser power for each generated wavelength.

Mirror 3

Laser Cooling System

Figure F-3 UPRM-Lidar complete transmitter system.

The laser system is a Nd:YAG type which is a coherent collimated monochromatic
light source. An excited medium may be brought back to its fundamental state by emitting
photons in a spontaneous and non coherent manner as in natural light sources. The laser
transmits the 2™ and 3™ harmonics of a 1064nm Nd:YAG laser, 532nm and 355nm

respectively, see Table F-1 for laser specifications.
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UPRM-Laser specifications

Laser Brilliant B Nd:YAG

Pulse frequency 20Hz

Pulse duration 4.8ns
Fundamental power at 1064nm 700mJ
Power output at 532nm 300mJ
Power output at 355nm 120mJ

Beam diameter 8mm
Divergence angle 0.7mrad

Table F-1 UPRM-Lidar transmitter characteristics.

The output energy of the laser is not eye-safe and several safety precautions are taken
during operation. The users need to have special goggles, and a PVC tube is used to cover
the laser light beam. Radar with a vertical cone around the laser beam is needed to be
installed to detect aircraft and send a signal to shut off or block the laser beam if detection
oceurs.

The laser consists of two major subassemblies: the optical head, and the power supply
and cooling system (Fig. F-4). They are connected together by cables and hoses, running
through an umbilical. The optical head contains all the necessary components for generating
the infrared laser beam, and the optional 2™ (20) and 3™ (3w) harmonics, including a
wavelength separation package. The power supply in addition to energizing the optical head
provides all logical functions necessary to operate the laser and the cooling capability to

dissipate the heat generated in the optical head by the operation of the flash lamps [33].
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Additional safety and flexibility in operating the laser is provided by a remote control box

and a RS232 computer interface.

Figure F-4 UPRM Lidar laser unit (laser unit-left and power supply and cooling unit-right).

The power supply unit consists of four subassemblies packaged in the electronics
cabinet (Power supply and Cooling Cabinet - PCC) shown in Fig. F-4 for Brilliant B, are
packaged in a 19" rack (MPS). Inside of this cabinet are the following [59]:

e Power board: to charge the capacitor bank storing energy for the flash lamps
discharge.

e Simmer board: to maintain a low "simmer" current between the pulses in
order to decrease the E.M.I. noise and improve the lifetime of the lamps.

e Harmonic generators power supply: to perform crystal cells temperature
regulation. This option comes with the 2o module.

e Control board: to control the timing of charge and fire orders, to operate the
laser in Manual, Automatic or External mode, to monitor security interlocks

(switch the laser off when a malfunction is detected).
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The dichroric mirrors used to guide the laser beam into the atmosphere are of one
inch diameter, and the coating wavelengths are at 355, 532, and 1064nm with an angle of 45
degrees. The receiver system collects the return signal at the three transmitted wavelengths
measured after spectral separation and isolation using high sensitive sensors. Fig. F-5,
presents the complete UPRM-Lidar receiver system in which the scattered light is collected
by the telescope and then is separated at the respective wavelengths in which are connected
the respective sensors. The sensors are connected to the power supply and to the transient
recorder, where the transient recorder convert the analog signal to digital, and then each

signal is processed and collected by the computer.

Fi

Attenuator Bidirectional  Bidirectional 1064nm T =),
Splitters (BS)  Splitters (BS) . )

Telescope 1 Computer

Figure F-5 UPRM Lidar completes receiver system.

A Dall-Kirkam Cassegrain telescope is used for the backscatter light collection. This
telescope has a clear aperture of 19.5”, 8” of back focus, and an amplification of 2.67X, see
Table F-2 for the telescope specifications. Fig. F-6: a) shows one side of the telescope, b)

shows a top view, and ¢) shows the light collection description.
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UPRM-Telescope specifications

Optical Ssystem Dall-Kirkam Cassegrain
Clear aperture 19.5” with F/4 (80” focal length)
Primary mirror Radius of 59” concave ellipsoidal with F/1.5
Secondary mirror Radius of 32.3” convex spherical
Mirror separation 18.9”
Amplification 2.67X
Output beam diameter 8mm

Table F-2 UPRM-Lidar telescope specifications.
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Figure F-6 UPRM Lidar Telescope descriptions.
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Basically, this telescope collects the backscattered light from the atmosphere (yellow
lines in Fig. F-6 ¢). This light is reflected from the primary to the secondary mirror (red cone
in Fig. F-6 c), then the light scattered from the secondary mirror (green cone) is guide to the
outside of the telescope by a third mirror (blue cone). These mirrors are adjusted to obtain a

specific focal point at a distance of 5.5” from the outside of the telescope at 11.75” of height.

120




Outside of the telescope, at the focal point, is present an attenuator (see Fig. F-4).
The attenuator is used to attenuate the light intensity with the purpose to protect the sensors
and reduce the background noise occasioned by external source of light such as the Sun,
Moon, etc... The backscattered light collected by the telescope have different wavelength,
for this reason the BS (Bidirectional Splitters) mirrors are used to separate the light at the
desired wavelengths intervals, Table F-3 shows the BS specifications. Based on the
manufacturer test, the BS generates the following experimental wavelengths intervals:
11<400 (blue), 400<A2<900 (green) and 900<\A3 (red) located in the front part of the sensors

presented in Fig. F-5.

UPRM-Beam Splitter specifications
BS (Beam Splitter) Dichroric BS from CVI
Diameter & width 2” & 0.25”
BS1 355R/488T
Polarization transmission Unpolarized average transmission >85%
at A>488nm
Polarization reflectance Unpolarized average reflectance
>99.5% at 355nm
BS 2 532R/830T
Polarization transmission Unpolarized average transmission >85%
at A>830nm
Polarization reflectance Unpolarized average reflectance
>99.5% at 532nm

Table F-3 UPRM-Lidar BS specifications.

In the A1 range is desired to collect the 355nm signal, in A2 range 532nm, and in A3

range 1064nm. To make safe the pass only of the desired wavelength, an interference filter is
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used. The filter specifications are presented in Table F-4. With the interference filters, the
experimental wavelength intervals are closest to the desired wavelength. Now, 354.7nm<
A1<355.3nm, 531.7nm< A2<532.3nm, and 1061nm< A3<1067nm are the new intervals where
A1=355nm, A2 =532nm, and A3 =1064nm. To collect the 355 and 532nm signal PMTs
(Photo Multiplier Tube) sensors are used, while for 1064nm signal an APD (Avalanche

Photo Diode) is used.

UPRM-Interference filter specifications
Filter types Narrowband interference filter
Diameter & width 27 & 0.25”
Filter 1(355nm) 3 Angstrom (£0.3nm)
Filter 2 (532nm) 3 Angstrom (£0.3nm)
Filter 3 (1064nm) +3nm

Table F-4 UPRM-Lidar interference filters specifications.

The PMTs (Fig. F-7) are used to obtain high dynamic range detection for analog and
photon counting signals. This sensor combines a stabilized diode chain for strong light
pulses with fast rise times and narrow pulse widths for high single photon count rates. This
combination allows high dynamic range measurements by using both analog and photon
counting measurements together, thus extending the linear dynamic range to 5 orders of
magnitude. Additional advantages are reduced space charge effects and higher light levels
that can be measured without suffering from nonlinearities. Table F-5 shows the PMTs

manufacturer specifications.
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Figure F-7 PMT sensors.

UPRM-PMT specifications
Detectors Hamamatsu
PMT: 355nm HA9626
Wavelength range & peak 185-650nm & 420nm (UV to Visible)
PMT: 532nm L.00280
Wavelength range & peak 300-900nm & 630nm (UV to Near IR)

Table F-5 UPRM-Lidar PMT detectors specifications

The APD sensor consists of low noise-high speed detection for a wavelength interval
of 400-1100nm. It also has a TE-cooled detector, a high-speed low-noise preamplifier and a
HV supply. Signals can be acquired using analog detection as well as single photon counting
mode. Integrate focusing optics and alignment mechanics allow easy integration into the
optical setup (Fig. F-8). The increased sensitivity in the near infrared is a major advantage

compared to PMTs. Table 4-6 presents the APD manufacturer specifications.
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Figure F-8 APD sensors.
UPRM-APD specifications
Detector Perkin & Elmer
APD: 1064nm C30955E-TC
Wavelength range 400 to 1100nm
Efficiency at 1064nm 38%

Table F-6 UPRM-Lidar APD specifications.

The power supply rack is used to excite the sensors (PMT’s and APD). Also, the
power supply rack has a triggering source which simulates the laser light reflection for pulse
synchronization. Fig. F-9 displays the power supply rack, the power supply card in the left is
the APD voltage source, and the other two are for 532 and 355nm. The rack has four extra
spaces in spare for future sensors, and the card in the right side is the triggering generator.
The trigger is fundamental in the data acquisition because it is used to collect the received
signal of each light pulses transmitted by the laser. The recommended voltage for each

sensor is presented in Table F-7.
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Figure F-9 Licel power supply unit.

UPRM-Detectors power

PMT: 355nm 750-850V
PMT: 532nm 750-850V
APD: 1064nm 261-311V

Table F-7 UPRM-Lidar recommended power for each detector.

The transient recorder is from Licel Company of Germany (Fig. F-10).
transient recorder is a data acquisition system used for fast repetitive photomultiplier signals
in the voltage range 0 to 500mV. The signal is recorded simultaneously by a 12Bit, 20MHz
analog to digital converter and a discriminator which detects voltage pulses above selected
threshold in range of 0 to 100mV. This combination of analog and photon counting detection
is specially suited to record high dynamic range signals in Lidar applications.

The model used in the UPRM Lidar laboratory is TR 20-160 with three separate
channels, each channel contains 2 preamplifiers optimized for high linearity for analog

detection and maximum speed and gain for photon counting, a 12 Bit A/D converter with fast
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memory for 16k of single shot data, a discriminator with variable threshold, counter and
multichannel scale as well as a hardware adder to perform summation up to 4094 shots on
board. Data transfer and selection of input ranges and discriminator threshold is realized by a
parallel data bus, connected to an Ethernet controller. The transient recorder is controlled by
LabView application software. This program converts the electric signal to a text file in

which the data is ready to process in Matlab or other programming language.

Figure F-10 Licel transient recorders.

F.2 Data Acquisition

The data acquisition process is making with LabVIEW, which is a National
Instrument product. This product is a graphical programming that combines a programming
language with a graphical development. It offers an intuitive environment, tightly integrated
with measurement hardware, to produce solutions for data acquisition analysis and
representation.  All LabVIEW applications execute at compiled speed for optimal
performance.

This program is due to the fact that all software development on the transient recorder

control, made by Licel, and was made under LabVIEW configuration. It is nowadays, the
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best solution in this field of instrument control. Apart the libraries furnished by Licel to
drive the transient recorder, specific ones have been made to permit the data acquisition and

treatment.

Here after will be shown and discussed only the main part of the UPRM Lidar data

acquisition software.
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Figure F-12 UPRM Lidar back panel VI for data acquisition.

The last two figures show the data acquisition front and back panel program used to
acquire the Lidar signals. The main characteristics of the Lidar signals can be visualized,
such as the raw signal, range corrected signal, and the logarithmic range corrected signals at
the three fundamental wavelengths (355, 532, and 1064nm). This program enables to treat a
variety of files, like a single 1200 laser beam shots per file and save one file of this each
minute. A series of dialog boxes permit to set parameters such as the binning, the minimum
and maximum altitudes, the atmospheric conditions, the desired analyzed channels in photon
counting or analog, Lidar localization (Latitude, Longitude, and altitude), and others.

The visualization of the received data of the three channels in raw and range corrected
forms are available to give the first look to permit to see where is the total overlap height, the
PBL, clouds, aerosol layer, and other particles suspended in the atmosphere.

The data treatment procedure is the following: The first step is made with a careful
analysis of the 1200 laser beam shots single files with the data treatment programming
loading the desired file in Matlab. Each 1200 laser beam shot files are composed of four text
columns which are in the order of range, 355, 532, and 1064nm received power profiles.
Also, all this files are saved in an averaged time of one minute in an archive with the correct
date. Fig. F-13 shows an example of a single 1200 laser beam text file saved on the day of
March 17, 2009, meanwhile table 4-8 shows the raw data resolution. During this day the
UPRM-Lidar system was collected data around 3hrs, saving a total of 180 text files of 1200

laser beam.
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B UPRM_Tue_Mar17_2009_302PM_1200shots_016 - No

File Edit Format View Help

~1.000000 21. 000000 3.000000 ~1.000000
~1.000000 1.000000 2008. 000000 ~1. 000000
-1. 000000 2.000000 12.000000 -1. 000000
-1.000000 6. 000000 4. 000000 -1. 000000
-1.000000 2009. 000000 ~67.150000 -1.000000
-1. 000000 3. 000000 18. 270000 -1. 000000
-1.000000 17. 000000 0. 013000 -1. 000000
-1. 000000 19. 000000 19. 000000 -1. 000000
-1.000000 18. 000000 19. 000000 -1. 000000
~1.000000 1.000000 1. 000000 ~1. 000000
-1. 000000 ~1.000000 ~1.000000 -1. 000000
-1.000000 1.000000 2. 000000 3. 000000

000000 0.000000 1. 000000 2.000000
000000 355. 000000 532. 000000 1064 000000

-1. 000000 -1. 000000 ~1.000000 ~1. 000000
-1. 000000 -1. 000000 -1.000000 -1. 000000
-1. 000000 0.000000 0. 000000 0.000000
~1.000000 0. 000000 0. 000000 0. 000000
-1. 000000 10. 000000 10. 000000 10. 000000
-1.000000 500. 000000 500. 000000 500. 000000
-1.000000 ~1200.000000  -1200.000000  -1200.000000
-0. 015000 2.571937 2.933455 1.064713
-0. 007500 2.580891 2.920385 1.071837
0. 000000 2.585470 2.93477 1.072955
0. 007500 2.573667 2.935694 1.089540
0. 015000 2.533781 2.815832 0.960012
0.022500 3.116402 3.048637 1.091575
0. 030000 105.952584 10.699735 0.594831
0.037500 158.80077 6.00527 0.736569
0. 045000 2.022080 2. 850020 7.323260
0. 052500 31.472120 1.419210 0.016077
0. 060000 25.120269 5.019943 0.014143
0. 067500 82.975376 14.102564 13.556573
0. 075000 184.8567013 10. 632580 9.096357
0. 082500 291.007733 73. 588624 0.000000
0. 090000 381.160765 90. 332011 0.085368
0. 097500 191, 680403 95, 401811 10.735246
0.105000 500. 000000 91.177147 3.795482
0.112500 500. 000000 7.300163 0.000916

031709 0.120000 500. 000000 82.675824 2.331604
0.127500 500. 000000 75.913207 2.966524
0.135000 500. 000000 69.249288 0.026353
0. 142500 800 000000 fa3. 0R3AN31 .M aRAN

Figure F-13 1200 laser beam shots raw data file example.

UPRM-Lidar resolution

Vertical 7.5m

Horizontal 1min

Table F-8 UPMR-Lidar data resolution.
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APPENDIX G City College of New York (CCNY) Lidar

System

The UPRM-Lidar system is based on the same format as the CCNY-Lidar system.

The differences between these two systems are in the instrumentation system where the

CCNY have two extra receivers for Raman Scattering. This system is considered as Mie-

Raman Lidar system. The transmitter is a Nd:YAG laser and the generated beam is on axis

to the telescope (same as UPRM), directed by three dichroric mirrors. The following tables

present the laser, telescope and detector systems.

CCNY-Laser
Laser Quanta-Ray Pro Series Pulsed Nd:YAG
Pulse frequency 30Hz
Pulse duration 6ns
Fundamental power at 1064nm 950Mj
Power output at 532nm 475mJ
Power output at 355nm 300mJ
Beam diameter 8mm
Divergence angle 0.5mrad
Table G-1 CCNY-Lidar laser systems {source: [60]}.
CCNY-Telescope
Optical Ssystem Newtonian
Clear aperture 20” with F/3.5
Focal length 70”

Table G-2 CCNY-Lidar telescope systems {source: [60]}.
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CCNY-Detectors

Detectors Hamamatsu
PMTs 355(UV), 387 (raman), 407(raman), and
532nm (Visible)
APD 1064nm (Near IR)

Table G-3 CCNY-Lidar detectors {source: [60]}.

The digitalizing system is a Lidar Transient Recorder TR 40-160 with 12 bit, 40MHz
A/D converter for signals between 10MHz and 200MHz, and 64 level fast discriminator for
signals in the high frequency domain above 200MHz. The range resolution is around 500m
to 15km [60]. The data acquisition system is configured by the TR 40-160 Transient
Recorder modules for all channels in a five channel rack comprising power supplies and
interface ports to a PC computer equipped with a National Instrument digital 1/O card, DIO-
32F [60]. Each channel can be configured and controlled separately by a computer.

A radar interface in a vertical radar emitter and antenna continually search for the
presence of aircraft a failsafe interlock for the beam while the laser is in operation [60]. On

detection of aircraft, the laser beam is automatically disabled a lidar data acquisition halted.
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APPENDIX H Calipso Satellite as a Validation Sensor

Calipso (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) is joint
NASA76-CNES satellite mission designed to provided measurements aimed at improving
our understanding of the rile of aerosol and clouds in the climate system [61]. The Cloud-
Aerosol Lldar with Orthogonal Polarization (CALIOP) is the primary instrument inside of
this satellite system [61]. Calipso is designed to acquire vertical profiles of elastic
backscatter at two wavelengths of 1064 and 532nm form a near nadir-viewing geometry
during both day and night phases of the orbit. In addition to the total backscatter at the two
wavelengths, Calipso provides profiles of linear depolarization at 532nm. Accurate aerosol
and cloud heights and the retrieval of extinction coefficient profiles are being derived from
the total backscatter measurements.  The depolarization measurements enable the
discrimination between ice clouds and water clouds and the identification of non-spherical
aerosol particles [61]. Additional information, such as estimates of aerosol particles size are

obtained from the ratios of the signals obtained at the two wavelengths.

Laser Lidar
T ransmitter Telescope
Subsystem - I
A

Imaging Infrared / Wide-Field
Radwometer Camera

Figure H-1 Schematic of Calipso satellite instrumentation {source: [61]}.
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In addition, this satellite has an Imaging Infrared Radiometer (IIR), provided by
CNES, with three channels in the infrared region optimized for retrievals of cirrus particle
size, and a single channel Wide Field Camera (WFC) [62]. The WFC is a moderate spatial
resolution camera operating in the visible regime to provide meteorological context for
Calipso and IIR measurements, and as a means of accurately co-registering CALIPSO
observations of those form other instruments in the A-Train such as MODIS [61]. WFC data
is also combined with data form 1IR and Calipso to retrieve cloud properties. The A-Train
(Fig. H-2) is a constellation of USA and international Earth science satellites fly together
with EOS Aqua to enable coordinated science observations. These satellites have an
afternoon crossing time close to the mean local time of the ‘lead’ satellite, Aqua (1:30Pm);
thus, the name , *A (short for afternoon) Train’. One April 28, 2006, the Calipso satellite was
launched to a low earth sun-synchronous at a 705 km altitude, and an inclination of 98.2
degrees [62]. Calipso reports the following products of interest at 532 and 1064nm: AQD,
ag, and Ba. Fig. H-3 shows an example of the received data of Calipso-Lidar in June 2006,

where are presented clouds, and aerosol layers.

Figure H-2 A-Train satellite systems{source: [61]}..
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Figure H-3 Calipso-Lidar logarithmic range adjusted intensity image from sea level up to

30km in June 2006{source: [62]}.
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APPENDIX | AERONET & Portable Sun-Photometer

(SP) as a Validation and Calibration Sensor

AERONET (AERosol Robotic NETwork) is based on Cimel sunphotometer
instrument which is a multi-channel automatic Sun and Sky scanning radiometer that
measures the direct solar irradiance and sky radiance at the Earth’s surface [63].
Measurements are taken at the visible and near-Infra-Red wavelengths to determine the
atmospheric transmission and scattering properties. It only takes measurements during
daylight.

The concept of sunphotometer is to measure the direct sun light and calculates the
attenuation [64]. Applying the Beer-Lambert-Bouguer’s (BLB) law, this relates the intensity
of the light at the top of the atmosphere. The Langley plot is constructed based on the BLB
law, in which the measured intensity is plotted as a function of solar zenith angle. By
extrapolating the curve to zero atmospheric thickness the top of atmosphere intensity is
retrieved and can be used to calculate the optical depth or optical thickness of the atmosphere
[63, 64]. The sun light attenuation can be divided into the molecular, aerosol, and ozone
scattering and absorption. The molecular scattering and ozone scattering are derived from
ASA76. The aerosol contribution is expressed as the AOD, which is dependent on the

wavelength, and was established by Angstrom [42, 43]. If the AOD is measured at two
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different wavelengths the spectral dependence is approximated as a power law relationship

between the corresponding ratios of AOD and wavelengths (see chapter 4).

AERONET report their products at three different levels that depends on the

methodology used to obtain it. The level 1, 1.5, and 2 reports the following parameters:

AOD, WV (water vapor) in cm, A exponent, AOD Fine/Coarse, and ASD depending on the

station. Fig. I-1 show AOD examples reported at La Parguera AERONET station based on

level 1 data.

Level 1.8 AOT; Data from HAR 2889

0T_1628 : <6,189>
0T_878 : <0,113>
—¥—A0T_675 : <8.127>

La_Parguera , N 17°58711", H 67°82742", Alt 12 n,
PI : Brent__Holben, Brent,N.HolbenBnasa.gov

0T_508 : <0,154>
4 0T_448 : <8,162>
0T_3808 : <0.184>

0T_348  : <0,195>

Aerosol Optical Thickness

PR

AERONET Project, NASA GSFC

Version 2 DS

Aerosol Optical Thickness

La_Parguera , N 17°58711", H 67°82742", Alt 12 n,
FI : Brent__Holben, Brent.N.HolbenBnasa.gov

Level 1.8 AOT: Data from 24 HAR 2089

AERONET Project, NASA GSFC

0T_1826 : <B.182>
0T_878 : <8,182>
—¥—A0T_675 : <@.115>
0T_508 : <8,139>
6.4 0T_448 : <8,146>
. 0T_388 : <@,171>
A—AOT. 1 <8,186>
8.3 -
8,2 -
8.1 -
9.8 HaHiho hsh4isle i7 ieio bebl b2 P3lB8 <~ Hour in GHT
b5  <- Day in GHT
HAR
20089 VYersion 2 DS

Figure I-1 AOD Level 1 data from March 2009

Parguera, PR {source: [65]}.
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APPENDIXJ Air Quality

The air quality is calculated by AQI (air quality index) an index for reporting daily air
quality. It reports how clean is the air, and if you health is in risk. The health effects are
associated with the inhalation of polluted air by few hours or days. EPA calculated the AQI
for the following air pollutants: ground-level ozone, particle pollution or particle matter
(PM2.5), carbon monoxide, sulfur dioxide, and nitrogen dioxide [54]. For each of these
pollutants, EPA has established national air quality standards to protect public health. Ozone
and airborne particles in the PBL are the two principal pollutants that cause greatest threat to

the human health in USA [54].

Air Quality Index Numerical
Levels of Health Concern Value
0-50 Air quality is considered satisfactory, and air pollution poses
little or no risk.

Air quality is acceptable; however, for some pollutants there
Moderate 51-100 may be a moderate health concern for a very small number
of people who are unusually sensitive to air pollution.

101-150 Members of sensitive groups may experience health effects.
The general public is not likely to be affected.

Everyone may begin to experience health effects; members
Unhealthy 151-200 of sensitive groups may experience more serious health
effects.

Very Unhealthy 201-300 :;iig alert: everyone may experience more serious health

T - 300 > amings inditions. The entire
s - population is more likely to be affected.

Figure J-1 Air Quality levels in relation with human health {source: [54]}.
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AQI Calculator: Concentration to AQl

Select a criteria pollutant and enter the pollutant
concentration in the specified units above the Air
Quality Index and associated information are

AlR GLI ALITY INDEX Gafcufaa‘ed below.

Select a Pollutant
| PM2.5 - Particulate <25 microns (24hr avg) (v |

Units Required:

Enter the Cuncentratiun:l 1.26 [ Calculate H Reset ]
Adl AQI Category
. Good
Sensitive Groups Health Effects Statements Cautionary Statements
People with Hone HNone

reapiratory or heart
dizeaze, the elderly
and children are the
groups most at ris=sk.

Figure J-2 Air Quality Index calculator {source: [53]}. This calculator is available in [53].
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