Multi-wavelength lidar : Airborne results with high accuracy CO, measurements, CO, gradients & Water Vapor

Anand Ramanathan**, Jianping Mao*, James B. Abshire

NASA Goddard Space Flight Center, Greenbelt, MD - 20771;
* - Earth Systems Science Interdisciplinary Center, University of Maryland, College Park, MD - 20740;

*- anand.ramanathan@nasa.gov CSTO

SPACE FLIGHT CENTER Earth Science Technology Office
Introduction : Wavelength channel selection : :
_ gth ch The CO, Sounder Instrument CO, Sounder Full Retrieval Algorithm Bi trol
for lidar CO, mission | | | | 1aS CONtro
- Prototype of the space-borne concept Simple algorithm, applicable to space instrument too
- How many channels for a satellite instrument? * Mostly commercial off-the shelf . : : : e
components | No a priori CO2 information required or used . 10 . - Veloaity Gorrected|
— Sun + passive sensor: broad spectrum source, any number (OCO-2 & E : , , TIT Bias from uncorrected T 1.3 ppm error if
- Extensive airborne testing of concept. Auxilliary Data S sy uncorrected
GOSAT: >1000 channels), J P e ] Doppler Shift in airborne = | oorrected
— Laser + detector : single wavelength, more wavelengths=more $$ | Dgta.acclllglrstd ' GEOS-5 measurements 5 i
. CO. S g | ¢ locked | : uring flig [GPS data, : (atm. P, T, g st
2 Oun er emp OyS a s ep- Oc e aser Raw “Level 0,, Data I LaSer lear baCkscattel’ pItCh & rO” L HQO ) Aircraftlspacecraft motion -> Doppler Sh|ft Of _10: Std. (Allan) Deviation = 2.530 (0.000) MHz
tEChnO|Ogy: (~10 MB per 1s '\Pulse shape profile ' (200 ~ CO, absorption -> bias if uncorrected P TE T 7 R—
of flight time) : b PpPmM Time (UTC hours)
_ ) " t-1------==-"=-=="="|=-"=-"="="="=-=--- -=-=-= initial CO Aircraft speed = 250 m/s, Shift=5 MHz (0.05 : _08.
One laser -> many Wavelengths, at no additional $$ v % 2} om), potential bias in XCO2= 1.3 ppm Lidar ;nbeoa;grterzgeﬁfs’czkgg_%na?I%::ﬁO8 27
o . Identify surface echo S
— Additional channels reduce biases ogﬁcg?;ﬁh v Satellite speed ~ 7 km, Shift=150 MHz (1.5 pm)
— Also enables CO, vertical gradient, water vapor content . ; Cloud Raw optlcal } Radiative =
Level 17 Product Info. ) | Spectal || range - Transfer Even an uncorrected tilt of s
(~20 kB per 1s) Rac“ance modeling . . é
A 0.1 deg from satellite will <4 ‘
Calculated o _
—— > Callbrate Lineshape cause a 7 MHz Doppler M
- - n = eceiver Radiances . . 0 . ' 3 : .
Principal Component Analysis for CO, Sounder What info. do more wavelengths enable? Wastonath > i shift and 2 ppm bias. S
: : . \_Response ) l
Analysis is based on the Rodgers framework (Rodgers, 2000). Present signal to noise ratio gives Each wavelength is an Present airborne configuration ) - Random noise ) ) )
~2.5 degrees of freedom for CO, profile. Lowest two principal components are column mean and additional degree of freedom Planned space configurations ' ( P?teCt'?r ) Ali)ng track averaging reduction Need to correct for baseline curvature from Optlcal Bandpass Filter
vertical gradient niensity
Wavelength Sarpples ' .5 Vertigal Weigh}ing Fungtior:s Weighting anctions on yvavelengths Wa\:‘le?ér?;ths 1 2 3 4 6 8 10+ 30 F;Ejscr):l?:fa{ion UnCOHStrained e A band-pass filter essential for a direct detection lidar receiver.
T —Ver Gradient Preo 2 1.61% S Parameters Least Squares « However its peak transmission is not flat at 0.1% level (1/10t of a tick mark)
0.9} : 0.8} _— .
ool 0l Reflectivity / / ./ / / / / / Optimization * And the transmission curve shifts with temperature & can age (in vacuum) with time
0.7} 10 L 0.4} Ke _
Avestsec 3 2oz y Cofn ce‘;':m" ) SRV VA VA I I A I A IV 4 Output State Vector Potentially 2 ppm bias if linear baseline
s S 5 0 =7/~ ORISR is uncorrected for
5.l = 2 .02 X not possible [ : “Level 2” Product Wavelength —FC3CTR . . .
oa < o ey X | X |/ |V | /| (~0.1 kB per 15) Col. ave. Surface CO, Water Response T 1572.5 nm bandpase fiter Nonlinear baseline correction is necessary
%380 wavelengths N : ] P . . CO, mixing | |Reflectivity vertical vapor Slope 0.95 for good linefits and data quality
. H 0.6 possible, but Fit Quality " radient content
ol 08F \/ bias prone Doppler shift X X X \/ \/ \/ \/ \/ Score ratio J Doppler : 25 G} | -
[ co, Sounder (2014) L=, rean Shlf’[ i / emﬂﬂ\am) ] Hor
ol— : : - : 0 : t : : . —> g 1o
1572.1 1572V\2Ia\1/gl7e2ri:5t o2 15725 16726 2 T gohﬁng 1 2 1572.25 18723 eng r:?grznss 1572.4 / possible C(g):.avdei;t:t:al X X X X ‘/ \/ ‘/ / R 0.9 | | Emi 4 -
v fl TRy
« Doppler Shift and instrument baseline measured Nonlinear 3 * SR ~ Optical Band Pass | o |
_ . & 0.85 . . . gg Forectn T A sk 01008 0o wer iy D)
+  Two CO, degrees of freedom retrievable with reasonable precision baseline XX | X[ X Xx| /| V|V CO; profile 0 ; \\r/“ | Fliter callbration s g g e e
_ Column mean Water vapor x| x X X X X / / from in situ 7 Baselin \ ~ for CO.2 Sounder - | | | |
. . content measurements os curvature from airborne data o p————
- Vertical Gradient v v v ' |
CO, mid- _ , | ,
tropozsrsll'lere X| X X X X X X v rVaIidation,j rHorizontaD FMUIt"Iayeﬁ ﬁ \\ | .l
7 | [ “Level 3” Products Precision CO, CO, mixing 075 ' \ 7
Flt quallty X X X X / / / / .'//////.'/ and gradlents ratIO from 1572 15721 15722 157|2.3 1:]72.4 1572.5 15726 1572.7 ozl - 1;N - gth(ﬁnz)gas L .
CO, Gradients - Horizontal & Vertical ‘ _acauraey ) | 7™ ] {cloud sicing, vehngh o
, Gradients - fAorizonta ertica
CO, Horizontal Gradients (~12 km ground track avg.) Total column C02 measurements V ] HD ] I'
| Water Vapor measurement using HDO absorption line
. ¥V9 Sge_ ec'j N-WW s SF1(Forests) SF2(EdwardsAFB) SF2(PacificOcean) _ _
rom 3 in ndent fli | - ' ' ' ' ' ' ' '
i SIS EAE: U ML 12 [S— e o - Water vapor for two different flights
* Gradientis ~1 ppm/deg. lat. (R°>0.4) =" ol I HDO :
- Gradient matches that seen in NASA =57 € S —— constitutes 09 —
PCTM < 8 | — ~300 ppm water ] =
A o s vapor (on Earth i —Total Abs|.
ER | ——— P ( . ) gZ; ©0zfine  Fion _ Flight over lowa
. PR = 2 I <~ il _ : H[?O line lies go.s (2014-08-25) : E
AR S o O T ST ol e | | Heeen 1o e go4 Afternoon flight - P
Alt=11.2km (Conc. = 394.3 Io 5 lon -1.5 & lat, Corr=0.847) u ﬂdsérum%%,gmn m ﬂdsérumce%_gmn u Lidsaru,r,n%%g ) 1572.335 Coz line §0.3- , hlgh water vapor —
. e 0 . —Ilear "profile” . . —'Ilear "profile" . s Ilear profile . . < 0ol HDO line o
B [3%5.0 ppm 385 390 395 400 40 390 395 400 385 390 395 400 405 * Adjusting the HDO . 1
395 =540 ppm CO,, Conc. (ppm) CO,, Conc. (ppm) CO, Conc. (ppm) abundance improves . | | ,
Q" [ [+394.7 ppm SF4(CentralValley) SF5(lowa) SF5(Indianapolis) _Coz line fitting and is B P avelength ()
R [ [+395.0 ppm i - - - - - - - - —— incorporated in CO,
ool [ [3953 ppm 2014-08-27 kSR retrievals
+396.0 ppm _10
+397.0 ppm £ 8 Flight over lowa
== +399.0 ppm > . _r (2014}-09-93) ;
o g 6 Sample HDO line fitting Morning flight
35 36 37 38 39 40 41 42 =
Latitude 2 4 - . IOW Water Vapor Pledsant
2 ——in situ profile ——in situ profile ——in situ profile ngh Water Vapor Content LOW Water Vapor Content ‘
: : : : [ a Laarmean ||| 2 Laarmean ||| 2 Ldarmean | F I 1 local ti '
Work in progress : Solving for CO, Vertical ) | = e | [t | [t SF3 over lowa (1800 local time) SFS over lowa (0600 local time)
. . : 385 390 395 400 385 390 395 400 385 390 395 400 405 ' '
Gradients from Principal Component Analysis CO, Conc. (ppm) CO,, Conc. (ppm) CO,, Conc. (ppm) d: f - L/
SF1(Forests) Col. Mean SF1(Forests) Vert. Grad. .
| | T e ~2.5 km ground track (10 s averaging) 08 08| a
o orecia tesertis 1.0 bom. Close to the ohoton shot naise fimi g s onciusions
N. California forests £ s| = E 4 - recision over aesertis 1.U ppm. Liose 10 tnhe pnoton snot noise limi g B g :
(2014-08-20) 26 el | 8 | !  For 7 (out of 9) flight segments of the ASCENDS 2014 campaign for which in 5 g - A multi-wavelength approach has several benefits
. _.3 T ..3 | |: 0.4 LDRRng =7895 m I: 0.4 ILDR Rng =9058 m
No CO, gradient seen < 4| < 4 | j situ data was available, the bias (at altitudes > 7.5 km) was less than 1.2 ppm. Grmd ht = 159 m e Grn ht =227 m 20l = 1205 - Using a step-locked laser and 30 wavelengths, the CO2
' In situ profile ! Pul. Int. = 245 photons 0 adj. =-12.9 % Pul. Int. = 219 photons 0 adj. =12.0 %
2+ = Egsg't:ugz%:?re‘? 1 2+ : . 0.2} — L'? - init. conc. = 400.0 ppmv- 0.2} S inijc. conc. = 400.0 ppmv+ Sou nder instru ment has demonstrated:
CO,, Conc. (ppm) CO,, Gradient (ppm/km) limit precision 1 50722_ di. "1"*5 ;23 rar;95e7,=2313-397ppm1v5725 = ! ':55 ;23 rar;9;7,=23:9-394 Ppm1v5725 a. Low bias (<1.2 ppm) total column
SF5(lowa) Col. Mean _SF5(lowa) Vert. Grad. 2011 Railroad ' Wavelength (nm) ' ' Wavelength (nm) ' b. CC)2 horizontal gradients
12 12 : ' Valley Desert 1.5 ppm 2.7 ppm 04 ppm c. Water vapor measurements via HDO
E——>| »
- 10} 10f T e ! - : -
foue Eonnilos T .l B | 2013 Central Desert/ Best with PMT. Limited by - Multi wavelength approach shows promise for
(2014-09-03) o o B Valle vegetation UL i LD [p1pT U i detector dynamic range : : :
CO, drawdown seen & ¢ K : otac y | ; . L y ; ge- CO, vertical gradient measurements. Higher order terms need
close to around < 4| < 4| | entra ese imited by optical losses, : i g
) ol B n ot boumn)| | Al i - _ Valley vegetation 0.45 ppm 0.9 ppm 0.3 ppm electronic & speckle noise very precise calibrations
= - o Lidar"pmf"enmo L (:) 3 2014 N. Forest 0.5 bpm 13 oom 0.7 oo Limited by optical losses,
CO,, Conc. (ppm) CO,, Gradient (ppm/km) California 9 PP 9 PP PP electronic & speckle noise
Measurement needs to be improved with better calibration of receiver wavelength response




