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Lidar is an active remote sensing instrument built to measure the level of Co2 

concentrations in the atmosphere. In order to accomplish this, lidar emits a laser pulse 
toward the Co2 molecule. As a result, light particles (photons) scatter and return to a 
telescope aligned with the laser. Based on recorded data from light particles as they 
scatter to and from the affixed telescope, scientists are able to predict and determine 
the location, distribution, and level of Co2 concentration in the atmosphere. However, 
because of stochastic and atmospheric turbulence and background noise in the 
atmosphere, measurement by lidar of the level of Co2 concentration in the atmosphere 
is not ascertainable. In this paper, we introduce both the calibration algorithm and 
Ensemble Detection Analysis (EDA) methods to identify and understand the uncertainty 
measurement of Co2 concentration in the atmosphere by lidar. Also, the behavior of 
non-stationary stochastic noise within the lidar system is analyzed. The EDS technique 
allows for the mixing of calibrated noise signals, and the production of ensemble 
measurements. Review of the collection of ensemble measurements allows us to study 
and analyze non-stationary stochastic noise in the lidar system. 
 



 

 

 
LIDAR is an active remote sensing measurement used extensively to measure small particles in 

the environment - such as oxygen, water vapor, and carbon dioxide. The measurement of these small 
particles allows scientists to better understand molecule concentration, water depth, atmospheric 
pressure, and overall humidity. As Schmid described, using LIDAR has several advantages. Since lidar has 
high accuracy rates, high point density, large coverage areas, and the ability for its users to re-sample 
areas quickly and efficiently, LIDAR creates the ability to map discrete changes at a very high resolution - 
and uniformly cover large areas very accurately, producing rapid results [1].  

Additionally, NASA‘s Goddard atmospheric research branch uses LIDAR instruments to measure 
the Co2 column absorption. Abshire discussed that the LIDAR instruments use two tunable pulsating 
laser transmitters, allowing for simultaneous measurement of absorption from a Co2 absorption line in 
the 1570 nm band, O2 absorption in the oxygen A-band, and surface height and atmospheric backscatter 
in the same path [2].  

On the other hand, because of signal interference and environmental noise in the atmosphere, 
non-stationary stochastic noise develops during the LIDAR measurement of Co2 absorption. Non-
stationary noise is defined as noise with a time variant. As Shelley pointed out, a non-stationary process 
is one in which the joint probability distribution of the process changes when shifted time [3]. Besides, 
some stochastic processes, such as audio signals, financial data, and biomedical signals, are non-
stationary - meaning the variance and mean change over time. For example, speech is a non-stationary 
process generated by a time-varying system. 

Many different approaches are introduced to model a non-stationary process using the time 
varying system. As mentioned earlier, two of these methods are the calibration algorithm and Ensemble 
Detection Analysis. Application of both can improve the modeling and analysis of non-stationary 
processes. As described by Paul, Ensemble detection is a technique used by mixing calibrated noises 
together to produce an ensemble measurement set, yielding much to the study and analysis of the non-
stationary process[4]. 
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The lidar detector output is the input to 
an Ensemble Detector. The output of 
the Ensemble Detector mixes with the 
lidar output with calibrated noise 
reference; as a result, it produces an 
ensemble set of measurements of the 
Lidar output. 



 
 

 
 

1. Modulate the Lidar wavelength over a range 𝜆  𝑡  𝜆  . 
2. Mix Ensemble Detector and the Lidar output with calibrated noises references. 
3. Produce ensemble detector output.  
4. Decimate the detected signal into a time sequence of spectral measurement 
5. Apply Least Mean Square calibration algorithm across the spectrum measurement. 
6. Estimate non-stationary fluctuation signal. 
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The Lidar wave length is modulated over a 

range 𝜆1 𝑡𝑜 𝜆𝑁 covering the spectral 
band of interest. Absorption of the trace 
gas appears in the spectra. 

 

The lidar output with calibrated noise 
references thus producing an 
ensemble set of measurements of the 
lidar output. 
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The detected signal is decimated into a time sequence of spectral 
measurements. At a given wave length non-stationary fluctuations 
appear in the time sequence. These fluctuations corrupt the 
estimation of the strength of absorption line being measured. 

 
 

Adjacent wavelength measurement is used to 
estimate the center wavelength using least mean 
square calibration algorithm. The algorithm is 
commonly used to remove non stationary 
fluctuations in receivers use in microwave 
radiometer. 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: The output of Ensemble Detector mixes with the lidar output with calibrated noise.   
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𝑔   𝑡 =  𝑓  𝑃 , 𝜎 
2   ,  𝑃2, 𝜎2

2   , … ,  𝑃𝐽, 𝜎𝐽
2   ,  

   𝑔   𝑡 →   𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑛𝑜𝑛𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠   
 

𝑃𝑥 =   𝑔 𝑡  ∗  𝑥𝑗
2  𝑡𝑖, 𝜉𝑗  

             
 𝑃𝑥 −  𝑃𝑜𝑤𝑒𝑟 𝐸𝑛𝑠𝑒𝑚𝑏𝑙𝑒 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  
 

𝑥𝑗 𝑡, 𝜉 = 𝑁 0, 𝜎𝑗
2    0 <  𝜉 ≤ 𝐽 , 0 ≤ 𝑡𝑖 ≤ 𝑡𝑛, 𝐽

=  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑠, 𝜉 𝜖 𝜉 ,   𝜉2, …  𝜉𝐽  

 

𝑔 𝑡 =  𝐺𝑜  1 + 𝑔   𝑡              𝑛𝑜𝑛 − 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑙𝑖𝑑𝑎𝑟 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ   



 
 
 

 
Figure 2: Non Stationary instrumental fluctuations contribute to errors in retrieval of trace gas      
concentration 
 
  

 
 
        Figure 3: The output of Ensemble Detector mixes with the different amplitude of lidar output 
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1. At a given wavelength, non-stationary fluctuations appear is detected in the time 
sequence. 

2. The detected non-stationary stochastic noise is filtered 
3. By increasing the number of Ensemble detector, more fluctuation corrupt signal is 

identified 
4. Gain fluctuation appears on each noise reference measurement 
5. Measurement uncertainty is calculated by taking the given lidar non-stationary noise 

fluctuation and the estimate non stationary instrumental noise fluctuation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
[1] Wu, Liu, and Bingyi, Enhancement of lidar backscatters signal-to-noise ratio using empirical mode 
decomposition method, Optics communications 267(2006) 137-144 
 
[2] Abshire, Riris, Allan, Weaver, Mao, Sun, Hasselbrack, Kawa, Biraud, Pulsed airborne lidar 
measurements of atmospheric Co2 column absorption, The International Meteorological Institute In 
Stockhom, 2010 
 
[3] Spevacek, Ashly, Comparison of Calibration Stationary between Radiometers, NASA Goodard Space 
Flight Center, 2010 
 
[4] Racette, Paul, Radiometer design analysis based upon measurement uncertainty, American 
Geophysical union, 2005, 0048-6604 
 
[5] Abshire, Riris, Sun, Krainak, Kawa, Mao, Jian, and Burris, Lidar Approach for measuring the Co2 

concentrations in the Troposphere from Space, (2007) Optical Society of America. 
 
[6] Kavaya, Micheal and Menzies, Robert, Aerosol Backscatter Lidar Calibration and Data Interpretation, 
(1984) NASA, Jet Propulsion Laboratory. 
 
[7] Abdrabbo, N. A. and Priestley, M.  Filtering Non-Stationary Signals, Journal of the Royal statistical 
society, Vol. 31, No. 1 (1969) pp. 150 – 159 
 
[8] Rees, F.L. Spectral releationships for Non-stationary stochastic process, Journal of Sound and 
Vibration(1972) 23(1), 15-39 
 
 

 
 
 
 
I would like to thanks my sponsor NASA Goddard and Inspire project. I would also like to warmly 
acknowledge my mentor, Dr. Paul Racette, for his guidance, encouragement, and support throughout 
the process of this research. Without whom, none of the accomplishment achieved would have been 
possible. I also thank Mr. Martin Perrine, who gave me the opportunity to work at NASA Goddard. 


