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Apollo, - Moon
NASA (1971-1972)
Ruby lasers,

5,000 shots

Clementine - Moon
LLNL/NRL (1994)
Nd:YAG laser,
~72,000 shots

SELENE/LALT - Moon
Japan (2007-present)
Nd:YAG laser,

Chang’E - Moon
China (2007-present)
Nd:YAG laser

LRO/LOLA - Moon
NASA GSFC (2008-2010)
Nd:YAG laser,

>1 Billion shots (planned)

4/28/08

An operational Space Lidar History i

(LITE and SLA experiments not shown)

MGS/MOLA - Mars
NASA GSFC (1996 -
2000)

Nd:YAG laser,

670 million shots

NEAR/NLR - Eros
JHU/APL (96-2001)
Nd:YAG laser,

11 million shots

MESSENGER/MLA -
Mercury

NASA GSFC (2004-2012)
Nd:YAG laser,

12M shots (planned)

ICESat/GLAS - Earth
NASA GSFC (2003-present)
Nd:YAG laser

>1.7 billion shots to date
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CALIOP/CALIPSO - Earth
NASA LaRC/ Ball Aerospace
(2006-present)
Nd:YAG laser,

> 1B shots to date

— ¢




Why lasers ?
* Measures at night & all times of day
« Constant nadir/zenith path
* Illumination = observation path

» Continuous "glint" measurements

Laser Sounder for ASCENDS Mission

Active Sensing of CO; Emissions over Nights, Days, and Seasons (ASCENDS)

(ASCENDS)
Launch: 2013-2016

Active Sensing of CO, Emissions over Nights, Days, and Seasons L
Mission Size: Medium

&
¥

CO, measurements:
Day/night, all

seasons, all latitudes

Inventory of global
CO, sources and
sinks

Improved climate
models and
predictions of
atmospheric CO,

Identification of
human-generated
CO, sources and
sinks to enable
effective carbon

. - tradin
over oceans , | :
Connection between Closes the carbon
. . #’ climate and CO, budget for
* Measurements at high latitudes LS exchange improved policy

- Small measurement footprint
* Measure through broken clouds
* Measure to cloud tops

* Very high spectral resolution and

and prediction

Lidar approaches for CO2 column:

Broadband laser - 1570 nm band - A tuned receiver

1 line - 2 um band - pulsed - direct detection

1 line - 2 um band - CW heterodyne detection

accuracy 1 line - 1570 nm band - synchronous direct detection
This talk = | 1line - 1570 nm band - pulsed direct detection
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GODDARD
. . SPACE
@ ASCENDS Mission - Laser Sounder Approach ik
. Measures: _ ? —___~550km attitude
3 simultaneous laser - COZ tropospheric column sun sync orbit
- O2 tropospheric column / i
measurements - Cloud backscattering profile p. 822: ;:=;75§2nm DOAS
- . A=770nm

Woveiengtn
1580 e

Clouds and aerosol: ,=1064nm

D!E'
. . i
1. CO2 lower tropospheric column

One line near 1572 nm dlouds
2. 02 total column |
Measured between 2 lines near
765 nm
3. Altimetry & atmospheric
backscatter profile:
Surface height and atmospheric
scattering profile at ~ 1064 nm

iy

Measurements use: CO2 & O2 column measurements:
* Pulsed EDFA lasers * Pulsed (time gated) signals :
* KHZ pulse rates + Isolates full column signal from surface
* 6 laser wavelengths/ gas line * Reduces noise from detector & solar background

- Time gated Photon counting receiver * Goal: ~ Monthly "grid”, 1 deg spatial resolution, ~1 ppmV

4/28/08 For more information - see Poster by Abshire et al. jba - 4




CO, Band & Line Measurement Approach
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Using laser tuned to sides of Absorption line provides

Column Measurement weighted to lower trop., via CO, Line

" Broadening

1570 nm €O2
Absorption
Band from

Space
(HITRAN)

Extinction of
lines vary with
# of CO2
molecules in
column
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Sequentially step through the A’ s in time

Lasers Provide:
- Narrow measurement line widths (MHz)
* Tunable Stable frequencies (MHZz)

Energy Measurement Resolution:
* Need ~ 1000:1 SNR for online energies (E2, E5)

‘With similar errors for O2 gas measurement,

results in ~ 1 ppm error in CO2 mixing ratio

CO2 & O2 spectroscopy - see Poster by J. Mao, et al
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@ Gas column retrievals from measurements

* o - line cross section

- "z" effective path length

* A - laser wavelengths

* Pref : Transmitted laser power ()
* Tsys: System ftransmission (\)

Accurate estimates of N depend on knowledge of :

- E. (high SNRs)

Some error sources:
0 - temp effects in line cross section
* z - atmospheric scattering, fopo height change
+ System changes; small A-dependences in:
Ers Toysl Mond/ Toys(hogs)
* Noise (signal & background shot noise, detector

+ Maximize received SNR

« Minimize all other error sources

General form of DIAL equation for uniform
horizontal path (Beer-Lambert Law):

Er()\’on) = Etr()"on) tsys()\’on)
Er(}\'oﬂ) Etr()\’oﬁ”) Tsys()\’oﬁ)

exp(-oN 2)

Estimated CO2 number density:
! ln{ Er(}\’oﬁc) Etr()\’on) Tsys()\’on)}
Z

8

02 A-770nm
| Clouds and aerosol: 4~1084nm

o Er(}\'on) Etr()"oﬁ‘) Tsys()\'oﬂ)
SNR "Stability”
Measures: B ____~550km altitude
- CO2 tropospheric column & sun sync orbit
- 02 tropospheric column o
- Cloud backscattering profile & €02:2.-1572nm DOAS

oy

clouds




Atmospheric Scattering & measurement approach

Atmospheric Backscatter:
*Scattering structure is complex & variable
* Most nadir-zenith paths have some scattering above surface
* Many instances of thin cirrus clouds & aerosols
*Thin cirrus clouds can cause errors 8-14 ppm in non-pulsed systems
- Some thick clouds
*"Target Depth” with clouds ~15 km => leave ~133 usec in travel time

[ Atmospheric Profile measured by GLAS/ ICESat (from campaign L2a)

20F =

15F g =

10F ! | =

5 [ ‘.;'fr ’ '1|‘ Il ﬂ =

= | q a

[ - ' 2

Al of 9

J | Y

~86  -57  -22 13 49 84 57 21 =14 -49 -84
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Latitude /Longitude

Calibration Constont: 1.00e+13 Colculated Constont: 6.73e+12
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@ Atmospheric Scattering - Impact on Non-range §'
gated measurements °

p180= 0.04, Sfc albedo= 0.20

.. e — CO, Error (ppmv)
7 B g TR 12 N e
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e biieass) 81 s H =

\/ Cirrus Tl | "ﬁf‘{ = 6
e i W v — <
ke
\ Cirrus clouds: @)

Reflect signal in shorter path to cloud
7~0.15  Attenuate signal from surface

O r AAAAAAAAA | S S S S S S | T S S S S | S S S S S

0.0 0.1 0. 0. 0.4
Cloud Optical Depth

- Cirrus clouds are quite prevalent

* Cloud reflections shorten average optical path -> bias CW (non-gated) column estimates
» Cirrus cloud scattering -> 8-14 ppm errors in non-range gated measurements

* Errors led our team to use a pulsed (& range gated) approach

* Range gating eliminates cloud scattering errors (except for ground fogs)
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Tunable diode seed
lasers

An example of
commercial EDFA

: & . (" Jomwors
e
=5

==

L @ o

Laser transmitters (CO2 and 02):
Diode Seed Lasers -> Fiber Amplifiers

e Fiber laser diagram

The fiber laser has a monolithic

structure.)
—— o
Pamp Combines S
Comlaner Fibet — .
Double (lad Orating Fiber e
Double Clad Yb Fiber —r
o 4
FigtnilFiber oz \

(Cross sections shown for display purposes.

Fiber architecture - permanently aligned

Closed laser cavity - free from contamination
Large investments from industry
Components built to Telcordia standards
Diode pump technology is very reliable
(undersea fiber optic repeaters)

Distributed thermal load

Electrical efficiencies: 8- 15%

Ongoing work for use on satellites

Wide availability of highly engineered parts
Wavelength flexibility

SA Carbon Cycle Workshop jba -9



@ CO2 - Breadboard Instrument (2006)

Test Range
(laser path highlighted) :

Licor tube
location

4/28/08 CO, Laser Sounder Overview - NASA Carbon Cycle Workshop
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GODDAR
CO, measured over 206 & 405 m open paths SPACE.
H ; H H CENTER
Comparison to samples from end point in-situ sensor
550 e S CO:2 Record 7/8 May 2007
| —— Laser Sounder * 208
r ——Li P f————r e fF——— 600
500 | — 1% 2 i ]
- absorption = i
. I change ] R -?;- et T
£ 450 [ = - i
\%‘ i l | 2 *é T 1 g
o [ 40035 X = g
8 400 | ' S Z E SH
s g E v\,,/\f Licor T430 ’g
unrise: ] £ 300.00 1
350 5:45 am o B & g
I Sunset: ] = - ] 1 2.
8:37 pm | - 8 i MGl
I \ S . \ i ; ounder
300 = " - = % | 24 hour history 1
= = S S = =
8 8 S S 8 8 : : ]
s o g 3 =) © In-situ samples: R s aa— o +300
' ‘ Single-point 127:18:00 128:06:00 128:18:00
25 hour history measurements

(Licor) from air
intake on B33
rooftop

- &

Earlier Summer Measurements: 206 m path

(vegetation active)
* Breadboard measurements offset and scaled
* Show diurnal change in Co2 near surface
* Agreement to 1: 500 in absorption over 1st 16 hrs
* Close to performance needed for space mission

* Improvements later improved reproducibility

4/28/08 CO, Laser Sounder Overview - NASA Carbon Cycle W=\ - o7 "o Bas jba - 11




CO2 Absorption Measurements from van
over 2.2 km path near GSFC using PMT detector

20.00

0.00-. o o o o 2 o .
150.000 200.000 250.000 300.000 350.000 400.000 450.000 500.000

CO2 Line scan using PMT receiver

CO2 Absorption History measured with
Co2 Sounder field instrument
over 2.2 km Optical Path at GSFC
MCGSU rements - to side of water tower using PMT detector

11-3-07
day 1o sunset = (100 sec and 1074 line scans/point)
Laser < 0.4W peak '
power S
A ol | (AN I ([N~
Receiver PMT 2 Ll
E
aT.renuaTed é *  %Absorption
. 15
E
S 10
=
o
g .
0 .

16:40  16:50 17:00 17:10 17:20 17:30 17:40 17:50 18:00

Time of Day (hh:mm)

! o S
| o .2
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CO2 Tower - Colorado (Erie):

NOAA BAO Tower

+ CO2 sampled with LICORs at 20, 200 and
300 meters.

18 hour time history
of optical absorption
in path vs CO2
concentration
reading at tower

T

@ CO2 Measurements at NOAA tower, Erie CO

Measured Absorption (%)
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Laser Sounder Measured CO2 Absorption 11-15-07

compared to Weighted CO2 Concentration measured at Erie Tower
Mountain Standard Time (D:H:M)
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. Comparison of measured CO2 line scan with HITRAN
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Oxygen - Open path measurement of absorption SPACE
CE
~ lines near /65 nm (M. Stephen)
B i ‘l‘ H " il Telescope viewing target
| i AR = oy

(1] P S S D S D S SR D & Weather station
75907600 7610 7620 7630 764 0 7650 766 0 7670 mounted on roof
Wavelength (nm) {

Oxygen A band: Calculated Peak optical power ~ 50 mW

atmospheric transmission for Afgf“”‘lm” for round trip was : N N
100 m path at STP can of Lxygen ~-band Louble
TN
S o6 { ﬁ
g _ ' [ Mememen ]
g 04 _ ‘
021 1
s q
[
More information: 0 i
Mark Stephen, et al. R e R e
Poster #1 764.5 764.6 764.7 764.8 764.9
— Wavelength (nm)
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Spectrometer

«—— S-Band Antenna

Telescope

Kinematic
Mounts

Laser Sounder

Thermal
Radiator

Propulsion SA200HP

Tank S/C Bus
Shroud

SA200HP
S/C Bus

Delta 2320-10 M
Shroud

Instrument
configuration from
Recent Study

\

Moving to Space

Laser Sounder
Xmiter

\ /Specfrcmefer'

Thermal

/Rndiafor

Overview of new
instrument study
in Posters

Initial Space Mission Study
showed space mission
concept practical

Carbon Cycle Initiative,
CO2/Lidar

System Overview

David Everett

To be updated in 2008 with
improved estimates for
measurement , orbit, and
components
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Space: SNR & Relative Measurement Errors

(10 seconds observing time, 500 km orbit, 1.5m telescope)

CO2 column measurement

CO2 Sounder Performance Estimate from Space
1572 nm, 1.2 kHz laser pulse rate, 1 usec laser pulse width

10,000

Signal To Noise Ratio

4/28/08

1,000

100

10

10 second averaging time, JWST HgCdTe Detector

10

—~ ; i —-1.000
SNRonline
SNRoffline

- 0.100

RelativeError ~ 0.010

e 1 ppm maasurement requirement |~
: | 0.001
100 1,000 10,000

Laser Peak Power (W)

4 EDFA's, 500W pk power

aJuepuUNQY SES) ul JouT |9y

02 column measurement

Oxygen Measurement Performance from Space

10,000

Signal To Noise Ratio

1,000

100 |-

10

765 nm, 1.2 kHz laser pulse rate, 1 usec pulse width
10 sec averaging time, Si APD SPCM Detector

[ |
SNRonline
SNRoffline
RelativeError
1 ppm measurement requirement
| |
10 100 1,000

Laser Peak Power (W)

-+ 1.000

0.100

0.010

aouepUNQY SBS Ul 10413 JUBIBINSEI |9y

0.001

10,000

8 EDFAs, 500W pk power, 50% doubling

Rel Measurement Errors scale as (laser pulse energy)! *(T) -1/2

CO, Laser Sounder Overview - NASA Carbon Cycle Workshop
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. 7 GODDAR
Next steps: 1. Airborne demo - fall 2008 SPACE
FLIGHT
CENTER
2. ASCENDS Precursor for ESTO IIP - start 10/08
CO: Record 7/8 May 2007
..... R i Bt ST 600
CO; Laser Sounder for ASCENDS Mission — Technology development and airborne 600.00 l
demonstrations b T
James B. Abshire, Haris Riris, Stephen Wofsy*, Graham R. Allan**, Xiaoli Sun, _é T 1 g’
Mark Stephen, S. Randy Kawa, Emily Wilson 'é’ :L
NASA Goddard Space Flight Center (GSFC),Greenbelt MD 20771 I w40 %
*Harvard University, Room 1004, Pierce Hall, 29 Oxford St., Cambridge, MA 02138 5 300007 =]
**Sigma Space Corporation, 4801 Forbes Boulevard, Lanham, Maryland 20706 g + =
[a] )
December 12, 2007 Sounder 1
Submitted in response to NNHO7ZDAOOIN-IIP 0.00 . . , 300
127:18:00 y 128:06:00 ’ 125:18:00

Summary:
We propose to advance measurement technology and reduce the risk and cost for the ute)
ASCENDS missi The from our targeted laser instrument for space will

measure CO; column abundance and fluxes with a spatial resolution of ~100 km, and will meet
or exceed the science needs as summarized in the mission description.

Our pulsed laser approach measures the energies of laser pulses reflected from the Earth’s
surface. Laser transmitters for CO, and O, are rapidly tuned on and off selected atmospheric
CO; and O; absorption lines near 1572 nm and 765 nm. A laser at 1064 nm is used to measure
surface height and aerosol backscatter profile. Time gating is used to isolate the echo pulses
from the surface and to minimize errors from atmospheric scattering and solar background.

Our proposal leverages strong understanding and capabilities developed over the past 7 years
with support from the ESTO ACT and IIP programs. This work addressed many aspects of the
measurement, improved the technique and technologies, and successfully addressed a number of
significant error sources. We have demonstrated both CO; and O, measurements in open path
tests, and made precise measurements of CO, absorptions over many days. Our understanding of
CO:; fluxes is enh d by co-investigators who cond h on atmospheric CO,.

We propose to advance the readiness of the instrument technologies. We will demonstrate
these in an airborne precursor instrument for the ASCENDS mission, to use as a simulator for a
space mission, as a test bed for improving components, and for airborne science campaigns. We
will also optimize the calibration approaches and flux recovery and improve the fidelity of the
space instrument definitions. Our proposed work will advance the technology TRL > 5, to allow
an instrument baseline that can be developed for space mission in a ~3-year period.

Airborne Precursor for ASCENDS Mission:

Calibrated mixing ratio measurements
Why ?

*Simulator for Space

*Test bed for evolving components

*Airborne science campaigns

Laser Pulse

Transmission

f

0.2

CO,; Laser Sounder for ASCENDS Mission ~ T logy devel and airborne d 3 i 0 i} Q

ASCENDS Airborne
Wavelength (o) Precursor Instrument

7645 764.6 764.7 764.8 764.9
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