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Noise Fluctuation in Lidar Signals
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ABSTRACT: We studied in this paper, the non-lidar data that can be used when the lidas has good response. It is a fact
that the noise fluctuations happen due to the noise fluctuations of the normal range lidar signal leads to relative errors.
This issue has been addressed in this work.
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1. Introduction

There are various methods for remote sensing of the Earth’s surface and its atmosphere. An important place among them
occupy laser locational methods [1]. Light detection and ranging (lidar) systems are being successfully applied for the
analysis of parameters of the atmosphere. Often lidar is used in combination with other methods to investigate atmospheric
aerosol properties [2, 3]. This is because atmospheric aerosol seriously affects Earth’s climate. The basis of the use of lidar
is the processing of lidar data. Improving old methods for processing lidar data and development of new methods is an
ongoing process.

In [4] the main methods for solving single-scattering elastic lidar equation are presented. Algorithms for retrieving atmo-
spheric parameters and constituents from elastic lidar signals are shown in [5, 6]. They allow direct retrieval of the extinc-
tion coefficient profile from the lidar signals. In [7] Kovalev presents algorithms for extraction of the extinctioncoefficient
profile from the elastic-lidar signal. The author discusses specific scenarios for profiling vertical aerosol loading.

Algorithms for retrieving atmospheric parameters and constituents from elastic lidar signals are shown in [5, 6]. They allow
direct retrieval of the extinction coefficient profile from the lidar signals. In [7] Kovalev presents algorithms for extraction
of the extinction-coefficient profile from the elastic-lidar signal. The author discusses specific scenarios for profiling
vertical aerosol loading.

This work is a continuation of our work [8]. We propose a new approach to determining α(zm) (the point at which we preknown
the extinction coefficient value and from which we start solving the lidar equation) with the aid of lidar data. The basic idea
consists in using the entire convex portion of the S-function around one of its maximum (or, alternatively, its concave
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portion around a minimum). This ensures a sufficient stability of the solution for α(zm) with respect to ΔS(zi), i.e. the S-
function of raw lidar data. Once α(zm) is found, we employ the Klett’s algorithm to recover the entire α(zi) profile without
imposing any constraints on its shape.

2. Mathematical Modeling and Solution of the Problem

The study of the atmosphere by lidar sounding requires knowledge of the physics of the interaction of the optical radiation
with the material content of the atmosphere. Depending on the size of the particles basically two types of scattering are
defined. Both of them are known as elastic interaction of light with scattering particles. When the particles are very small
compared to the wavelength of the light we have Rayleigh scattering. To describe interaction of light with particles whose
sizes are similar to or larger than the wavelength of the light Mie scattering is used.

Elastic scattering is the most common interaction used in lidar systems. For most wavelengths of the laser radiation used in
lidars, molecular scattering is negligible in comparison to the aerosol. In these cases, the range-dependent backscatter and
extinction coefficients can be considered as functions only of the aerosols. In this case, in the absence of multiple scattering
and monochromatic (laser) radiation, output single scattering elastic lidar equation is brought out. It plays a major role in the
study of atmospheric aerosol content (natural and industrial).

A number of methods for the inversion of single scattering elastic lidar equation have been developed and improved. Each
one of these approaches require the use of prior information or adoption of physically justified assumptions. Thus reaching
the lidar inversion.

One of the first proposed methods for solving lidar equation, used today, is slope method. For its use it is assumed homoge-
neous atmosphere, i.e. volume extinction and backscatter coefficients are accepted constant along the entire sounding path.
This method is very convenient to calculate the average value of the extinction coefficient.

In relatively clean atmosphere can be applied close boundary solution. This method works in the forward direction, suggest-
ing independent measurement or prior knowledge of the extinction coefficient at the start of the measurement range.

Another approach to inversion is the optical depth solution. In this method, it is necessary independent non-lidar measure-
ment of total optical depth of lidar measurement range. By determination of the transmission term in the lidar equation it is
possible calibration of the lidar system.

The most widely used method for inverting elastic lidar returns today is the backward inversion method. In this method the
extinction coefficient at the far boundary is assumed to be known. The signal is inverted backward, toward the instrument.
This method is part of our overall recovery algorithm of the extinction coefficient profile. Below will present its improve-
ment.

The basic form of the single scattering elastic lidar equation, describing a monostatic monochromatic lidar is [4], [9]:

(1)

where S(z) is the range-normalized signal, A is the instrumentation constant, α and β are the volume extinction and backscat-
ter coefficients.

Finding the solution of the lidar inverse problem is an inherently incorrect problem in the sense that the solution is not
unique and is unstable. It is a common practice to assume a power law relationship between β and α(β = Cα    ) . Then the solution
of (1) with respect to α (K = 1) can be written in the form [8, 9]:

Where zm is a specific distance at the far end of the sounding trace and δz is the data sampling interval. The lidar inversion
solution is stabilized if one chooses the backward procedure of Klett [9, 10]. This requires the determination of the boundary

K
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(2)

value of α(zm) which cannot be obtained directly from the experimental data. Knowing the correct α(zm) is important since
in practice it is the most significant source of errors. Ferguson, further, employed an iteration scheme to determine α(zm)
whose initial value is chosen from visibility data and Mulders showed a procedure requiring much less computing time.
Evans utilized an appropriate calibration of the lidar system in conjunction with a simple modification of Klett’s method. Yee
developed a technique for inversion of the lidar equation that permits objective incorporation of prior information (made
available by an alternative means) for the extinction function and of additional information encoded in the lidar data.

We will now derive the formulas for the point zm where the S-function has a minimum (Figure 1a).

First, we approximate α(z) (Figure 1b) in the vicinity of point zm by a second order polynomial:

(3)

For the coefficients a0 and a1 we can write

(4)

Figure 1. General view of the portion of the S-function used (a) and the corresponding α(z) portion (b)

Using the above assumptions and substitutions, we can reduce (1) to:

Differentiating the below expression, and taking into account that S′(0) = S′(zm) = 0 and α′(0) = 2a2 (0) we arrive at:

We then substitute (3) in (5) and make use of (4) and (6) to obtain an analytical approximation of the S-function in the
interval ξ ∈ [−Δz1, Δz2] (Δz1 = zm− z1 and Δz2 = z2− zm):

(a) (b)
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(5)

(6)

(7)

In order to determine α(zm) based on lidar data for S(z), we substitute ξ in (7) by 0, – Δz1 and Δz2, successively, and form the
ratios:

(8)

(9)

where k = Δz2/Δz1, x = α(zm)Δz1, y = a2Δz1
3.

Since zm, z1, z2, S(z1), S(z2) and therefore, σ1 and σ2, can be determined using the lidar data S(zi) (after an appropriate smooth-
ing of the latter), the set of equations (8) and (9) gives us the possibility to calculate α(zm) and a2. The way of defining σ1 and
σ2, makes it obvious that is only sufficient to have the values of the S-function in relative units, and that the value of A0
(respectively C) is of no significance.

The choice Δz1 = Δz2 = Δz allows us to reduce set (8), (9) to a single transcendental equation. Based on the lidar-registered
S-function, it is also possible to determine α(zm) by choosing the points z1 and z2 (Figure 1) unilaterally with respect to zm.
A further possibility is to assume σ1 = σ2 = σ, calculate k = Δz2 / Δz1, and then use (8) and (9) to find x, respectively α(zm).

3. Numerical Experiment and Results

We will now apply the technique developed to recover the profile α(z) in the case of a multilayer distribution of the atmo-
spheric aerosol. We will use a model profile with optical thickness τ = 0,909 and define the values of the profile αmod(z) at
51 points zi (i = 0, 1, … , 50) with δz = 0,01 km. We then calculate the respective S-function in relative units:
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(10)

Figure 2. Comparison between the inversion profile α(z) and the model profile αmod(z)

We then proceed to find zm, respectively S(zm), using the abscissa values of the S(zi) minimum. If zm/δz is not an integer, we
discretize the S-function again, but keep the δz value such that zm coincides with the abscissa of one of the S(z) samples.
Further, we determine the respective pairs S(zm ± q.δz), q = 3, 4, 5,... Having calculated σ1,q, σ2,q, we determine xq and,
respectively, αq(zm) = xq / q.δz). The next step is to find the averaged with respect to q value of α(zm). The latter is then
substituted in algorithm (2). Finally, using the entire arrays of “lidar-registered”data S(zi), we recover the profile α(zi) within
the ranges [z0, zn].

Figure 2 presents a comparison of the recovered profile α(zi) with the model profile αmod(zi). The curves illustrate the
satisfactory accuracy and stability of the overall recovery of the α(zi) profile.

Figure 3. Sensitivity of α(zm) to noise fluctuations in S(zm)
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We carried out a numerical experiment. It demonstrated that the method proposed does not amplify the noise variations εS =
ΔS(zm) / S(zm) of the input data, i.e, εα = Δα(zm) / α(zm) ≈ εS a (Figure 3).

4. Conclusion

We describe a procedure for approximate solution of the lidar equation. It is based on using lidar data to determine the
extinction coefficient at a point where the S-function has a minimum. The solution is not constrained by the type of aerosol
stratification investigated. The technique is tested by means of a numerical experiment on model profiles αmod(z). The
solutions thus obtained satisfy the requirements of atmospheric remote sensing investigations.

References

[1] Weitkamp, Claus. (2005). Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere, Springer Series in Optical
Sciences, Springer Verlag, New York.

[2] Tsamalis, C., Chedin, A., Pelon, J., Capelle, V. (2013). The Seasonal Vertical Distribution of the Saharan Air Layer and Its
Modulation by the Wind, Atms. Chem. Phys., vol. 13, p. 11235-11257.

[3] Chauvigne, A., Sellegri, K., Hervo, M., Montoux, N., Freville, P., Goloub, P. (2016). Comparison of the Aerosol Optical
Properties and Size Distribution Retrieved by Sun Photometer with in Situ Measurements at Midlatitude, Atmos. Meas.
Tech., vol. 9, p. 4569-4585.

[4] Hey, V., Joshua, D. (2015). A Novel Lidar Ceilometer, Design, Implementation and Characterisation (Theory of Lidar),
Springer, p. 23-41.

[5] Masci, F. (1999). Algorithms for the Inversion of Lidar Signals: Rayleigh-Mie Measurements in the Stratosphere, Annali
di Geofisika, 42 (1) 71-83, (February).

[6] Stachlewska, I. S., Ritter, C. (2010). On Retrieval of Lidar Extinction Profiles Using Two-Stream and Raman Techniques,
Atmos. Chem. Phys., 10 (6) 2813–2824.

[7] Kovalev, V. A. (2015). Solutions in LIDAR Profiling of the Atmosphere, John Wiley & Sons, p. 1-77.

[8] Mitsev, Ts. (2017). Lidar Inversion in the Case of Multilayer Aerosol Distribution, COMITE 2017, Burno, Czesh Repub-
lic, April 19- 21.

[9] Klett, D. (1981). Stable Analytical Inversion Solution for Processing Lidar Returns, Appl. Opt., vol. 20, p. 211-220.

[10] Klett, D. (1985). Lidar Inversion with Variable Backscatter/Extinction Ratios, Appl. Opt., vol. 24, p. 1638-1643.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


