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Optical Depth (OD) = nCO2 [cm-3] x ! [cm2] x dz [cm] 

MFLL CO2 Measurement is two-way integration of OD from platform to surface. 
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Ground and Flight Test Results 
 

Accurate understanding of carbon balance in the environment is critical to projections of the future 
evolution of the Earth’s climate. Uncertainties in the modeling of carbon sources and sinks remain 
large due to the limited set of observations from the current network of in-situ and surface 
measurements. Global, spaceborne measurements of atmospheric CO2 can reduce these uncertainties. 
As a result, the NRC Decadal Survey (DS) of Earth Science and Applications from Space identified 
Active Sensing of CO2 Emissions over Nights, Days, and Seasons (ASCENDS) as an important mid-
term (Tier II) mission. The active space remote measurement of the column CO2 mixing ratio (XCO2) 
that is called for by the NRC in the ASCENDS mission requires the simultaneous measurement of the 
CO2 number density column and the O2 number density column to derive the average XCO2 column. 
The NRC recommendation calls for XCO2 to be measured to a precision of less than 2 ppm and must 
be made without bias from aerosols, dust, or clouds. 
 
This paper discusses the latest flight test results from the Multi-Functional Fiber Laser Lidar (MFLL), a 
laser absorption spectrometer (LAS) system under development for the ASCENDS mission.  The MFLL 
is multi-frequency intensity-modulated continuous-wave (IM-CW) LAS operating near 1.57 um to obtain 
remote CO2 column measurements. During these tests, encoded modulation techniques for minimizing 
the impact of thin clouds on CO2 measurements were demonstrated and the MFLL remote CO2 column 
measurements were evaluated against airborne in situ CO2 profile measurements under a wide variety 
of surface and atmospheric conditions. This paper describes the modulation techniques employed and 
presents algorithms for minimizing bias from thin clouds on CO2 retrievals. Details are presented of 
MFLL and in situ CO2 comparisons and MFLL observations of CO2 column enhancements in the Four 
Corner's power plant plumes and CO2 uptake over the cornfields in Nebraska and Iowa are discussed. 

MFLL Architecture 

Telescope
1571

Optical
BPF

CO2
DRS

Science
Detector

CO2
Science
Pre Amp.

BPF ADC

CO2
InGaAs

Reference
Detector

CO2
Reference
Pre Amp.

BPF ADC

Coupling
Optics

Digital 
Processing

SOA Modulator f1

SOA Modulator f2Colim.

LN2 Dewar

Return & Reference
Signals for On, Off,

& Ratios

Seeder DFB λ1

Seeder DFB λ2

Wavelength LockingGas Cell

Spec AnalyzerDetector

Ni  Lock-In 

SOA Modulator f3 Seeder DFB λ3

1571
DFB

Wavelength
Control

Wave RefReference DFB

Alt. PMT

Colim.

CO2 EDFA

PC Housekeeping 

Mod DFB
1596 Seed

1596
Optical

BPF

Alt. EDFA PN Code

Multi-Channel 
Analyzer

Altimeter

Tap

Temperature 
Tlmy

Plane
Window

O2
InGaAs
Science
Detector

O2
Science
Pre Amp.

BPF

Colim. B

Colim. A
Tap

50W Pump
Laser

O2
Raman

Amplifier

O2
InGaAs

Reference
Detector

O2
Reference
Pre Amp.

BPF ADC

ADC

SOA Modulator f1

SOA Modulator f2

Seeder DFB λ1

Seeder DFB λ2

1262
DFB

Wavelength
Control

1262 

Wavemeter
Burleigh

Wavemeter
Bristol

Digital 
Processing

Return & Reference
Signals for On, Off,

& Ratios

Elec.Wire
Optical Fiber

Fiber Coupler/Splitter
1571/1596 Dichroic

• Synchronous, Lock-in Detection is 
a very sensitive, yet simple and 
robust measurement technique. 

• Simultaneous transmission of all 
wavelengths eliminates significant 
sources of error from fast changes 
in surface reflectivity; reduces 
pointing requirement; & converts 
most noise to common mode. 

• The space-borne implementation 
uses one receiver chain for both 
CO2 and O2 and modulation to 
separate on/off wavelengths 
eliminating bias and drift which 
would arise if separate optical 
paths, detectors, and electronics 
were used. 

•  The large-area HgCdTe APD 
provides a gain of 1000, with 
Excess Noise Factor of 1. 

• Non-diffraction limited, incoherent 
receiver enables multiple low-cost 
collectors, which can provide 
several square meters of area at 
low cost. 

• Multiple low-power fiber amplifiers 
with optically independent, but co-
aligned output. 

• Nominal data rate is 50 Hz which 
corresponds to ~1 mrad FOV from 
space. 

2011 Flight Instrument Parameters 
•  Laser type:       DFB diode laser, EOM, Fiber amplifier  
•  Laser power:       5 Watts (Total for three CO2 wavelengths)  
•  CO2 line:        1571 nm 
•  O2 line:        1262 nm 
•  Altimetry line:       1559 nm 
•  Laser Amplifiers:       IPG EDFA for CO2 and altimeter 

        Raman Fiber amplifier for O2  
•  Modulation Type:      Intensity Modulated, Continuous Wave (IMCW)  
•  Number of wavelengths:     6 (3 for CO2; 2 for O2; 1 for altimeter) 
•  Bandpass filter width:     0.5 nm 
•  Telescope (shared with O2):    8 in. diam. fiber coupled  
•  Detector:       HgCdTe APD 
•  Sample Rate:        2,000,000 samples per second 
•  Encoding Scheme:      Swept-frequency; 500 KHz ± 300 KHz (CO2)  

 Rolling tones; 50 KHz ± 3 KHz (O2) 
 Pseudo-Noise (PN) (Altimeter) 

•  Maximum Unambiguous Range:   15-km (200 samples) 
•  Laser divergence angle:     190 urad (half angle) 
•  Receiver FOV:       480 urad (half angle) 
•  Receiver recording duty cycle:   100%  
•  Reporting interval:      100 msec (10 Hz) 

Configured as space lidar simulator - low laser power (5 W for CO2)  

 

•  Determined relative surface reflectances of wide range of surface types from off-line laser signals. 
•  CO2 Remote and In Situ Measurements Results 

•  Agreed to within 1.7 ppmv (1s) with average agreement to <0.7 ppmv 
•  Precision over land of <1.0 ppmv (1-s) and <0.3 ppmv (10-s) and over water <1.0 ppmv (10-s).  

•  Swept Frequency IM-CW Results 
•  Ranging to  ~2-m accuracy. 
•  Cloud and surface discrimination for CO2/O2 column measurements. 

•  O2 Measurements 
•  Initial flight results show good correlation (<0.5% avg) between remote and in situ 

measurements.  
 

•  Each wavelength encoded with a unique range-encoded modulation signal. 
•  Stepped Frequency, Swept Sine, and Pseudo-Noise encoded modulations were 

investigated and flight demonstrated in 2011. 
•  For the 2011 DC-8 flight campaign, Swept Sine modulation was used. 
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•  Lock-­‐in	
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   reveals	
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   returns	
  at	
  ~11500	
  meters	
  and	
   two	
  op:cally	
   thick	
   clouds	
  ~4500	
  meters	
  
below	
  the	
  DC-­‐8.	
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Signal Demodulation 
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GSFC lidars  LaRC/ITT lidar  

JPL/LMCT Lidar 

•  CO2 and O2 Multi. Fiber Laser Lidar (MFLL) 
•  AVOCET in-situ sensor 
•  Ed Browell/LaRC, Team Leader 

7 science flights over different regions, topography + degrees of cloudiness 
Altitudes: 3-13 km (in ~3 km steps) + spirals to near surface 

•  CO2 laser absorption spectrometer 
(CO2 LAS) 

•  Gary Spiers/JPL, Team Leader 

•  CO2 Sounder lidar with O2 channel  
•  Picarro in-situ sensor 
•  Jim Abshire/GSFC, Team Leader 

•  Broadband CO2 lidar 
•  Bill Heaps/GSFC, Team Leader 
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SNR Comparisons 
Flight #

Start 
Hour End Hour

Delta 
Time, sec

Nadir 
Range, m

Optical 
Depth

 CO2, 
ppmv 1-s SNR

1-s !, 
ppmv 10-s SNR

10-s !, 
ppmv

1 20.07 20.08 198.0 6406 0.708 389.7 433 0.90 1264 0.31
3 20.03 20.06 211.0 6593 0.755 394.5 517 0.76 1510 0.26
4 15.63 15.70 396.0 6360 0.704 387.1 460 0.84 1325 0.29
5 20.00 20.02 180.0 8063 0.924 391.8 418 0.94 1274 0.31
7 17.21 17.23 79.2 5805 0.632 379.2 396 0.96 1237 0.31

Avg: 6645 0.745 388.5 445 0.88 1322 0.29

Observations of Enhanced CO2 Plumes over 
Four Corners 
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•  CO2 uptake observed 
over corn fields in 
Iowa. 

•  Higher CO2 observed 
over Colorado & 
Nebraska. 

•  Enhanced CO2 found 
in vicinity of Omaha. 

Omaha 

10-s CO2 Mea. 
from 4600 m 

A B 

Flt# Range !CO2

0 3147 0.6
6363 0.3
9583 2.0
12738 -1.9

1 4801 -3.4
4889 -2.0
6408 -2.7
8012 2.6
9605 1.6
11196 0.6
12806 1.7
4825 -1.6

3 3329 -2.3
4918 -2.6
4982 0.2
6593 2.9
8179 1.2
9354 -3.0
11362 -0.3

5 3116 -0.5
3107 -1.2
4826 0.2
8056 -2.3
11214 -1.0

6 2891 -3.0
4478 -0.6
6053 -0.6
7649 0.2
9209 -1.9
10747 -1.4
12326 -0.2
4499 0.6

7 4222 -1.8
5806 -2.0
7367 1.1
8930 1.3
10465 -2.7
11829 -2.4
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All CO2 Comparisons  

Average CO2 Difference:  -0.65 ppmv 
Standard Deviation: 1.7 ppmv 

38 Comparisons 
Over 6 Flights 

A  sample sweep 
of O2 doublet 
from 6 km on 7 
August 2011 (Flt 
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Comparison of Measured & Modeled OD’s 

Avg Diff = -0.406%  
(-4.06 hPa) 
 
Std Dev = 1.26% 
(12.6 hPa) 

MFLL O2 Flight Test Results  

AVOCET Data  
(Y. Choi & S. Vay) 

In Situ CO2 Spiral Profiles 

Comparison of Remote MFLL & 
In Situ CO2 Measurements 

MFLL CO2 Optical Depths Comparisons and SNR 

Observations of CO2 Uptake Over Midwest Corn Fields 2011 DC-8 Flight Tests 

2011 MFLL Airborne Instrument 

•  Lock-in performed for expected frequencies at time delay corresponding to surface range, R 
= S. 

•  A series of lock-in operations are performed in each reporting interval (100 msec; 200,000 
samples). 

•  Within a reporting interval and for each sample within the maximum unambiguous range (15 
km, 200 samples), a lock-in is performed on the science signal using time-delayed copies of 
the modulation signal. 

•  Lock-in output amplitude is used to calculate DIAL ratios and the time delay to each 
reflecting surface yields pathlength (range from the instrument). 

•  Fitting the lock-in output to the instrument response function provides improved estimates 
of signal amplitudes and range. 

Modulation Signal                                      Scattering Profile A(R)                            Lock-in Output       

•  Within	
  each	
   repor:ng	
   interval,	
   clouds	
  and/or	
   the	
  surface	
   returns	
  appear	
  as	
  peaks	
   in	
   the	
  
lock-­‐in	
  output	
  and	
  are	
  the	
  superposi:on	
  of	
  returns	
  from	
  all	
  reflec:ng	
  surfaces.	
  

•  Op:cally	
   thick	
   clouds	
   block	
   returns	
   from	
   the	
   surface,	
   but	
   the	
   surface	
   returns	
   can	
   be	
  
determined	
  in	
  the	
  presence	
  of	
  op:cally	
  thin	
  clouds.	
  

•  By	
  fiang	
   the	
  expected	
   instrument	
   response	
   to	
   the	
   lock-­‐in	
  output,	
   the	
  contribu:on	
   from	
  
each	
  reflec:ng	
  layer	
  can	
  be	
  determined.	
  

	
  

Cloud Effects 

Range Determination 
•  By “fitting” the instrument response (approximated here by a modified 

normalized sinc function) to the science lock-in output, the pathlength (range) 
to the surface is obtained from the parameterization of the delay between 
reference and science signals. Range resolution is enhanced over the 75 meter 
implicit resolution dictated by the sample rate. 

•  The current airborne instrument includes a pseudo-noise encoded altimeter for 
determining the path length to the surface.  In the figure below, the range 
measurements obtained from the PN altimeter are compared to the estimates 
obtained by tracking the CO2 off-line return. 

•  Objective: Measure CO2 columns over a variety of topographic targets & 
under varying atmospheric conditions with developmental lidar candidates 
for the ASCENDS mission. 

•  Seven science flights conducted over different regions, topography, and 
degrees of cloudiness at altitudes ranging from 3-13 km (in ~ 3-km steps) + 
spirals to near surface. 

•  Sci 1 - Jul 28 - Central Valley of California (including smoke layer near Sierra 
mountains)  

•  Sci 2 - Aug 2 - Pacific Ocean Stratus Clouds off Calif. Coast (broken clouds, 
cloud deck)  

•  Sci 3 - Aug 3 - Railroad Valley Nevada (plus scattered clouds and snow 
patches)  

•  Sci 4 - Aug 7 - Snow & ice on mountains in Pacific Northwest  
•  Sci 5 - Aug 9 - Four Corners NM area;  
•  Sci 6 - Aug 10 - Eastern Iowa (large CO2 drawdown from agriculture) and CO2 

tower  
•  Sci 7 - Aug 11 - Forested Area near the WLEF tall CO2 tower in Park Falls, WI. 
•  Data was obtained under a very wide variety of conditions:  

Surface:   mountains, snow, trees, cloud tops, water  
 Atmosphere:  smoke, broken clouds, cloud tops, cirrus  

!


