
Co2 Sounder for NASA’s ASCENDS Mission Abshire et al. - 10-30-14 1 

James B. Abshire 

Graham Allan, Anand Ramanathan, Haris Riris, 
Bill Hasselbrack, Jeffrey Chen, Kenji Numata 

NASA - Goddard Space Flight Center 

Greenbelt MD 20771 

 
 Presentation to: 

2014 NASA ESTF Conference 
 

October 30, 2014 
 

*- Support from: 
NASA ESTO IIP-10 & QRS programs 

ASCENDS Pre-formulation Activity, Goddard IRAD program 

James.B.Abshire@nasa.gov 

Progress in developing the CO2 Sounder Lidar  
as a candidate for the ASCENDS Mission 



Co2 Sounder for NASA’s ASCENDS Mission Abshire et al. - 10-30-14 2 

ASCENDS Mission Overview 

Continuous laser measurements: 
Pointed toward or near nadir 

•  CO2 lower tropospheric column 
•  Range to scattering surface at CO2 

wavelength 
•  O2 total column 

•  Range to scattering surface at O2 

wavelength 
with 

•  >50 Hz measurement rates 
•  ~50 m laser footprints 

•  Accommodate rapid changes in scattering 
surface height and in echo signal strengths 

 
  Summary of ASCENDS requirements will presented 

   at 2014 Fall AGU meeting (GHG session, Thursday) 

~400 km polar orbit 
(time of day is TBD) 

 

Requirements for XCO2: 
Random error: ~ 1ppm in ~100 km along track sample 

                 or ~ 0.5 ppm in ~10 sec over deserts 
Bias: < 0.5 ppm 



GSFC CO2 Sounder Lidar 
A pulsed IPDA lidar for CO2 flown on NASA DC-8 

       CO2 Sounder Characteristics: 

Optimized as space instr. Simulator 

CO2:  25 uJ/pulse at 10 KHz (250 mW) 

 30 λ's/line, 300 Hz sweep rate 

           NIR PMT detector (~4% QE) 

O2: ~2 uJ/pulse at 10 KHz (~20 mW) 

           40 λ's line, 250 Hz sweep rate 

 Geiger Si APD detector 

Common 20 cm dia. receiver telescope 

MCS (R-resolved histogram) recorders 

 2011 ASCENDS Flights 
 Objectives: Measure CO2 columns over a variety of topographic targets & under varying  
atmospheric conditions with developmental lidar candidates & in-situ sensors for the 
ASCENDS mission 
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GSFC CO2 Sounder Approach:���
Airborne CO2 Line Sampling & Absorption line analysis	



10-30-14 4 

•  Lidar measures “dots” 
      (wavelength samples) 

•  Post flight: Retrievals (based 
on model atmosphere) 
calculates range, normalized 
line shapes & solves for best 
fit concentration 

Co2 Sounder for NASA's ASCENDS Mission 

Laser: Master Oscillator, Power amplifier(s) (MOPA) 

From Abshire et al., 2013 (slide 24) 



GSFC CO2 Sounder  - detecting boundary layer enhancement 
 2013 Flight over California Central Valley 
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GSFC CO2 Sounder example 
Lidar-based retrievals vs in-situ for 2011 flights 

• Comparison of column average retrievals from 2011  airborne lidar measurements vs altitude 
• Lidar measurement error bars are +/- 1 std dev for a 10 second average 

• - Lidar retrievals 
using model 
atmosphere based on 
DC-8 measurements 
in spiral  
 
• - AVOCET in-situ 
measurements  
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From Abshire et al., 2014 (slide 24) 



GSFC Backscatter Profile History 
(Measured made over Iowa 2011) 

Backscatter profiles reveal 
elevated scattering layers 
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The strongest signature of CO2 fluxes are in the Boundary Layer 
concentrations 



GSFC Resolving two vertical CO2 layers 
via IPDA lidar measurements & “Cloud Slicing” 

Cloud top 
scattering 

Ground Reflection 

Lidar 
Path 2 

Lidar 
Path 1 

Calculated 
Path 
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•  Measure column absorption & range to ground & cloud tops 
•  Difference  measurements to get bottom layer CO2 

Calculated 
difference  

Measured lines  

2011 flight Over Iowa 
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From Ramanathan et al., 2014 (slide 24) 



GSFC 2014 CO2 Sounder Lidar 
(Graham Allan, Anand Ramanthan, Kenji Numata) 
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Improvements demonstrated in 2014: 
1.  Step-locked CO2 seed source 
2.  Wider wavelength sampling across CO2 line 
3.  Optimized wavelength spacing across line 
4.  HgCdTe APD detector in receiver 
5.  Analog digitizer data recording 
6.  10 Hz recording & retrieval resolution 

Co2 Sounder for NASA's ASCENDS Mission 



GSFC 
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Precision Step-Locked CO2 seed laser 
(Jeff Chen and Kenji Numata) 

Features 
•   DS-DBR laser is dynamically offset-locked to master DFB laser using optical phase-locked loop 
•   Frequency-stepped pulse train carved by MZM and subsequently amplified.  
•   Effective optical frequency noise of laser was < 0.2 MHz 
Status 
•  Published design 
•  US patent submitted & pending 
•  Used successfully with 30 λ’s in 
  CO2 Sounder in FY14 airborne  
   campaign. 
 

MZM

ν1~ν8ν0

ν1 ν2 ν3
....

~100µs

ν4

1µs

ν1 ν2
ν3
ν4 ν5

ν6

ν7
ν8

ν0 Optical frequency

Transmittance

Pulse generator

Pulse train

Pulse

PLL
electronics

Detector

Trigger

Phase section
current

Coupler CO2 gas
Amplifier

Surface
(Ground)

Step locked laser in DC-8 rack          CO2 cell for master laser locking 



GSFC  CO2 Line Sampling and fits:  
Flights in ≤ 2013 & 2014 

Conditions: 
• Central Valley CA 
• ~ 10 km  altitude 
• 10 sec ave 
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1. Larger wavelength span 
2. Locked laser wavelengths 

3. Optimized 
line sampling 

2014 
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Co2 Sounder for NASA's ASCENDS Mission 

OCO-2  
Underflight 
8/22/14 

OCO-2  
Underflight  
8/27/14 

SF1: Over  
Forests, 
8/20/14 

Cropland at Dusk, 8/25/14 
Cropland at Dawn, 9/3/14 

Urban Area 
mid-am 9/3/14 

Ocean 
8/22/14 

•  Flights successfully measured column CO2 & range: 
•  Targets: forests in CA, growing agriculture both at dusk and dawn 

over Iowa, and an urban area 
•  lPDA lidar approach allows measurements under these conditions that are 

difficult for passive sensors.  
•  Two flights under flew the OCO-2 satellite. 
•  Instrument Teams:  AVOCET (LaRC), MFFL lidar (LaRC, ITT), CO2 LAS (JPL) 
•  CO2 Sounder team (GSFC) 

2014 ASCENDS Airborne Campaign SF1 (Coastal Redwoods) 

SF1 (Coastal Redwoods) 



GSFC 
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120 sec of data shown. ~1000 raw 0.1 sec measurements 
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10 sec averages 
(nominal for ASCENDS) 

Co2 Sounder for NASA's ASCENDS Mission 



GSFC 2014 SF1:surface reflectivity 
Retrieved CO2 concentrations vs DC-8 altitude 
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Data
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•  Preliminary data - Calibrations currently are 
being refined 

•  Model atmosphere using radiosonde data  
•  No bias correction applied 

Very good agreement ! 

•  Signal energies/pulse follow R-2 
as expected 

•  Surface reflectivity ~ ½ desert, as 
expected 

Co2 Sounder for NASA's ASCENDS Mission 



GSFC 

Scaling CO2 Sounder lidar to Space 

15 10-30-14 Co2 Sounder for NASA's ASCENDS Mission 

Random error over desert surface 
with 10 sec integration time 

20W ave power 



Co2 Sounder for NASA’s ASCENDS Mission Abshire et al. - 

New HgCdTe APD Detector*  
(for 2014 airborne campaign & space) 

16 10-30-14 

• Highly sensitive 4x4 element HgCdTe APD array 
developed by DRS that was delivered in April 2013 
• Operates inside a mini-dewar/crycooler assembly.   
• Pixels are square 80 um on a side 
• Electrical bandwidth is ~ 7 MHz. 

!
•  Results from evaluation of  detector sensitivity  
•  The pixels have QE > 70% 
 • Noise equivalent power is ~0.4 fW/root (HZ).  
•  > 16 times more sensitive than PMT used previously 
 • Analog response,  > 1000:1 linear dynamic range 

* From - Beck et al. 2014 (see slide 24)  



GSFC 
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Space Transmitter: 3 stage MOPA Design 
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 ASE 
Filter 

Launch 
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Pre- 
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CO2 Seed laser 

Demonstrated in airborne campaigns 

For Space Lidar 
      Two approaches: 
• Single PWG  
• Parallel EDFAs 
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RAYTHEON PROPRIETARY 
Year 3 Interim Review - ASCENDS Mission: 

 Acceleration and demonstration of key space lidar technologies 

 
Alexander Betin/Raytheon 

Anthony Yu/554 
 

Seed Laser & 
Preamplifier  

Power Amp Stage 
(Full Power 

Scaling) 
~25 µJ 

2.7 mJ 

ASCENDS breadboard 
Amplifier for Space 

Space Laser Power Amplifier: 
Single Planar Waveguide Approach (Raytheon) 

 
Planar waveguide  

Er:Yb: Phosphate glass 
gain medium  

Seed Laser 

Optical Isolator 

Optical Isolator 

Pump Lasers 

Pump Beam 

PWG amplifier module 

Planar waveguide 

Planar concept 

Design: 
• 4-pass PWG amplifier 
• Optical energy gain ~x100 



GSFC 

RAYTHEON PROPRIETARY 
CO2 Sounder for ASCENDS Mission 

Breadboard Planar Waveguide (PWG) Amplifier 

Copyright © 2012 Raytheon Company. 
All rights reserved. 

• Leveraged earlier Yb:YAG PWG amplifier 
design (ESTO IIP) for 1030 nm laser 

• Laser diode pumped at 974 nm 

• Designed for x100 gain: 1572 and 1529 nm 

•  Breadboard uses COTS optical 
breadboard and components 

•  Size: 24” x 18” x 6.4” 

•  Delivery February 2015 
 



Approach for all-Fiber-Amplifier-based  
Space Laser Transmitter 
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•  A parallel amplifier approach, using Er:Yb LMA fibers: 
•  Several Er:Yb LMA gain fiber types are candidates 
•  Modular, flexible, compact & rugged 

	
  
Seed	
  Laser/	
  
fiber	
  pre-­‐
amp	
  

Beams	
  overlap	
  in	
  far	
  field:	
  
Targets	
  for	
  ASCENDS:	
  

•	
  Total	
  power	
  ~	
  20W	
  
•	
  Total	
  energy	
  ~2.7	
  mJ	
  
•	
  Pulse	
  Energy/	
  Amplifier	
  Stage	
  =	
  ~330	
  uJ	
  

Fiber	
  Amp	
  Stage	
  1	
  

Fiber	
  Amp	
  Stage	
  2	
  

Fiber	
  Amp	
  Stage	
  8	
  

•	
  •	
  
•	
  

Power	
  amplifier	
  stage	
  

•	
  •	
  
•	
  

One	
  amplifier	
  packaging	
  Concept	
  
 

7.5	
  KHz	
  laser	
  Pulse	
  rate 

GSFC 



EDFA Power Scaling for Space for CO2 Sounder 
(IIP-10 funded experiments at 1572 nm) 

Co2 Sounder for NASA's ASCENDS Mission 

•  All-PM, All-fiber MOPA, All Commercial Components 
•  External PM Phase Modulator for line broadening 
•  PM AOM for high extinction ratio pulse carving (~50dB) 
•  4-stage amplification for low noise and high-gain 

–  Commercial PM LMA fiber in last amplifier stage 
–  ~976nm diode CW pumping 

–  Similar to EDFA developed by Fibertek at 1563 nm & reported in SPIE (see slide 26)  

10-30-14 21 



1572.33 nm Pulsed Fiber Amplifier 
Breadboard  Demonstrated Performance 

•  160 µJ transform limited, ~ 
1 MHz 

•  300 µJ @ 50 MHz Linewidth 

•  475 µJ @ 100 MHz 
Linewidth 

•  3% ASE 

•  SBS threshold defined as 
0.01% backward energy. 

•  1.5 µs pulse width, 10 kHz 
rep. rate 

•  16.7%  Opt-Opt efficiency @ 
475 µJ 

•  15 % Opt-Opt transform 
limited 

•  Beam Quality Estimate < 1.2 
using 25 µm core. 

•  PER = 17.3 dB at 375 µJ 
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Summary 

 
Benefits of 1.57 um laser technology: 

  
1. Laser operates at in the fiber-optic telecom band.  
There is a very strong global technology base from 
industrial investments in the global fiber internet.  
 
2. The lasers have 7-10% wall-plug efficiency and 
have extremely long lifetimes. 
 
3. The MOPA laser design is modular & is very 
flexible. 
 
4. Are several approaches for the laser power 
amplifier for space 
 
5. The lasers are fiber coupled without free space 
optics. This makes the laser very rugged.  
 
6. NASA, and DoD have invested in fiber-optic 
based lasers for free space communications. Many 
needed components have already been radiation 
tested and space qualified. 
 
7. Developed a very sensitive HgCdTe APD detector 
and demonstrated it in an airborne campaign. 
 

 
Benefits of this Lidar Approach: 

 
1. Uses mature pulsed lidar approach with direct detection receiver. 
Provides accurate estimates of range to scattering surfaces. Clearly 
separates atmospheric scattering layers.  

2. Are several candidate CO2 lines that are temperature insensitive 
with minimal water vapor interference  

3.  ASCENDS measurements require  very low (~0.1%) bias. This 
approach samples CO2 line shape with 8 or more wavelengths. 
This is a robust approach to solve for (and greatly reduce) biases.  
 
4. Demonstrated measurements of CO2 column concentrations at 
two  vertical layers using  measurements to cloud tops. 
 
5. Measures of the atmospheric backscatter profile, which indicates 
atmospheric boundary height, which aids calculation of CO2 fluxes. 

6. Have demonstrated accurate retrievals of CO2 mixing ratio from 
aircraft 
 
7. The pulsed lidar approach is power efficient. Laser power 
demands for space are < 1/4th  those of modulated CW approaches.  
 
 
 

 
Thank you to the ESTO IIP& QRS programs for the support !  

Have advanced the readiness of the CO2 Sounder for the ASCENDS Mission: 
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Reporting –Papers & Presentations since 2011 
Avail on: http://ssed.gsfc.nasa.gov/co2sounder/ 
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BACKUP 
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Pulsed fiber EDFA: 330 uJ/pulse at 1563 nm, single Frequency  
(Fibertek and Nufern, 2007) 

10-30-14 


