CURE APS HU SUMMER PROGRAM 2013

Using Lidar to Examine Extinction Coefficients and Raman
Scattering
S. N. Buckner1
Abstract.

The problem of producing extinction profiles for specific atmospheric compounds using Raman scattering is examined. This was done using the Klett stable analytical inversion solution for processing lidar returns and Raman scattering, while using data received from Hampton University’s lidar. Klett extinction profiles are examined from July
20, 2011 and Raman extinction profiles for Nitrogen are compared to Klett method profiles from March 7, 2012. It was found that extinction profiles can be made from Raman scattering data, but the data used was not strong enough to produce a clean result, even with a significant amount of averaging. This was caused by many factors, including having a weak signal, assuming a constant lidar ratio, and light pollution.
the lidar equation and, through inversion, solves for the
backscattering and attenuation coefficients [Klett, 1981]. A
differential form of the lidar equation can be solved to obtain a formula for the coefficients. However, in order to
perform this inversion, an assumption must be made about
the relationship between the backscatter and extinction coefficients. This is due to one equation being used to solve
for two different variables. The assumed relationship is a
power relationship,

1. Introduction
Lidar is a remote sensing technique that uses a laser to
actively probe of the atmosphere. Much like radar, lidar systems emit a short pulse of light that propagates to a target.
Once the pulse reaches the target, the scattered photons are
measured to determine scattering characteristics of the target. Unlike radar systems which accomplish this using radio
waves, lidar systems utilize infrared, visible, and ultraviolet
light.
The lidar system at Hampton University emits three distinct wavelenghts; 1064nm (infrared), 532nm (visible), and
355nm (near ultraviolet). Each of these wavelengths is used
to measure different properties of the atmosphere. For instance, the 355nm channel is used for Raman Scattering
measurements. Each of these wavelenghts, however, is used
to generate vertical profiles of atmospheric extinction and
backscattering with respect to cloud and aerosol layers.
These vertical profiles are integral advantages of the lidar
technique for examining the atmosphere.
Lidar observations are governed by the lidar equation:
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where k is a constant. Once this assumption is made, the
equation for backscattering and attenuation can be found.
This equation is defined as
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where P(R) is the received power, P0 is the transmitted
power, τ is the pulse duration, c is the speed of light, A
is the effective system receiver area, R is the range, β is
the volume backscatter coefficients, and σ is the attenuation (extinction) coefficients. This equation can be used to
determine the extinction and backscatter coefficients.
This technique is applied to data at Hampton University
by examining lidar profiles for several days. These are then
used to produce extinction profiles for both aerosols and
molecules, using two different approaches.

and where β1 is the backscattering due to aerosols; β2 is
the backscattering due to molecules; S1 is the aerosol lidar
ratio; S2 is the molecular lidar ratio; R is the range of the
signal; R0 is the reference range; and X is the range corrected power, which is defined as:
X(R) =

P (R)
.
R2

2.2. Determining Constants

2. The Klett Method

In order to obtain the backscattering coefficients from
Equation 3, several assumptions must first be made. The
first of these assumptions is that both of the lidar ratios
remain constant throughout the entire atmosphere. This,
generally, is untrue, which is noted by Sasano et al. [1985].
The lidar ratios will be very different if the beam is in a
cloud as opposed to clean, or relatively clean, air. However,
the assumption will be made that they remain constant as
if the beam was always in clean air. Though the ratios are
assumed to stay constant with height, there is a difference
in the aerosol lidar ratio for each wavelength. The 1064nm
wave is assumed to have a lidar ratio of 50, while the 532nm

2.1. Theory
One method used to analyze the lidar data was the Klett
Method, developed by J. D. Klett. The Klett Method takes
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has a ratio of 40, and the 355nm has a ratio of 35. The second assumption is that there is no dispersion as the beam
propagates through the atmosphere. This means that the
index of refraction for the air remains constant as altitude
increases. Dispersion has an effect on the molecular lidar
ratio, but is usually considered to be negligible in the short
amount of time it takes a photon to traverse the atmosphere
[Hostetler et al., 2006]. The last assumption is the power
relationship between the backscattering and extinction coefficients denoted earlier.
The next step to determining the coefficients is calculating a profile of molecular backscatter coefficients. These
must be known in order to calculate Equation 3. The molecular backscatter ratio is calculated by using explicitly measured quantities for pressure and temperature, such as balloonsondes or using models. In order to calculate the ratio,
the molecular extinction must first be determined. This is
done using the number density of the atmosphere and the
molecular cross sectional area due to Rayleigh scattering in
the following relationship:
σm (R, λ) = N (R)Qs (λ) =

NA P (R)
RA T (R)

noise in the signal. Typical altitude resolutions are 7.5 meters or 15 meters, which corresponds to an average over 3 to
6 altitude bins.
2.4. Profiles
2.4.1. Individual Profiles
Given any specific day, wavelength, range, and reference
range, a profile of extinction coefficients can now be produced. At first, the coefficients for only one profile for one
specific day were produced, to check the accuracy of the output. An extinction profile from July 20, 2011 can be seen in
Figure 1. This profile was created using the 1064nm channel, which tends to exhibit the best signal to noise ratio. It
is interesting to compare this plot to that of the raw 1064nm
data itself, which can be seen in Figure 2.

(4)

where N(R) is the number density of the atmosphere, Qs
is the total Rayleigh scattering cross section per molecule,
NA is Avagadro’s Number, RA is the gas constant, P is the
pressure, and T is the temperature [Hostetler et al., 2006].
Qs is proportional to Rayleigh scattering, and is defined as:
Qs (λ) = 4.5102 ∗ 10
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Equation 4 is determined using data from radiosondes
launched at Wallops Flight Facility in Wallops Island,
Virginia for observations using Hampton University data.
These radiosondes provide data for pressure, temperature,
humidity, and dewpoint temperature, all with respect to altitude. The pressures and temperatures from this data can
be used to calculate the number density for the atmosphere.
Once the number density is calculated, it can be combined
with the cross section, calculated using Equation 5. This
combination leads to the molecular attenuation ratio, which
can then be used to determine the molecular backscatter
ratio. This is done using the following relationship:
βm (R, λ) =

σm (R, λ)
Sm (λ)

Figure 1. 1064nm extinction coefficients for one profile
on July 20, 2011

(6)

The molecular lidar ratio, Sm , is known to be 8π/3. This
value can vary with dispersion, but will otherwise remain
constant when dispersion is neglected [Hostetler et al., 2006].
2.3. Calculation
Integration is performed from a reference region in which
the aerosol scattering component of extinction is known or
assumed. Forward and backward step-wise integration allows for integration to be possible and also reduces error
[Fernald , 1984]. In order to be calculated, a reference point
in the atmosphere must first be chosen. This reference point
is generally a point where the atmosphere is known, or at
least assumed, to be relatively clean. From this point, the
extinction coefficients are calculated through an iterative
process, going step-by-step up in the atmosphere, and then
step-by-step down in the atmosphere.
In order to obtain the range corrected power, the power
return at each individual altitude measurement is multiplied
by the square of its altitude. A 50 meter average was taken
before performing this calculation to reduce the amount of

Figure 2. Raw 1064nm Lidar Data from July 20, 2011
One of the main differences in these two figures is the use
of the range corrected power. As it can easily be seen in Figure 2, other than the residual boundary layer, which occurs
below 5 kilometers, it is difficult to make out any detail at
all in the profile. However, when the extinction is plotted,
with the range corrected power taken into account, much
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more detail can be seen at higher altitudes. The residual
boundary layer is still prominent in the first 5 kilometers,
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and time to produce a vertical profile for the atmosphere for
the given day, which can be seen in Figure 4.

but various aerosol layers can still be seen further up. One
of these layers in particular, which can be seen around 18
kilometers, is a stratospheric aerosol layer, which originated
from a volcanic eruption in Africa about a month before
these measurements were taken.
The extinction profile for the 355nm channel for July 20,
2011 can be seen in Figure 3.

It is interesting to com-

pare this to the other two plots in terms of the amount of
noise present. The 355nm channel is much weaker than the
1064nm channel, which makes for a worse signal to noise ratio. The plot is limited to 20 kilometers altitude due to noise.
It is difficult to make out the stratospheric aerosol layer due
to the level of noise below 20 kilometers. This level of noise
dwarfs the extinction coefficients of the residual boundary
layer, illustrating the much lower signal to noise ratio at this
wavelength and the challenges of producing extinction and
backscatter coefficients.

Figure 3. 355nm extinction coefficients for one profile
on July 20, 2011
2.4.2. Daily Profiles
After viewing the individual profiles, the program used
for carrying out these calculations was changed slightly to
produce daily extinction coefficients. Mathematically, all of
the calculations remained the same throughout this change.
The only major difference is that the calculations were performed on full days instead of single profiles. After the coefficients were obtained, they could be plotted against altitude

Figure 4. Daily 1064nm profile for July 20, 2011
Figure 4 shows a plot of all of the profiles from the July
20, 2011 1064nm channel. It should first be noted that the
color scale on this figure, and all following figures, are done
on a logarithmic scale. This creates an effect that, for the
most part, makes clean air dark blue, and highly attenuated areas brighter colors. One major exception to the color
scheme is the dark blue area that is present at very low altitudes. This is the overlap region, which is caused by the
laser pulse not being entirely within the field of view of the
receiver. No viable information can be obtained below this
region. However, as the altitude increases, detail becomes
more evident. The area of reds, oranges, and yellows that
exists below 5 kilometers is mostly the residual boundary
layer. The area of light blue between 5 and 10 kilometers
is a layer of aerosols. A small cloud layer is also visible at
13 kilometers beginning in the mid afternoon. Above this,
at around 18 kilometers, the volcanic ash layer can be seen.
Between 20 and 35 kilometers, there are no other layers; instead, the signal becomes progressively noisier, which results
in the speckled pattern in this region.
Figure 4 can be compared to Figure 5, which is a daily
profile for the 355nm channel from the same day. A significantly higher level of noise is visible in the 355nm plot.
Other than the residual boundary layer, not much more information can be obtained. Even the cloud layer and stratospheric aerosol layer become lost in the high level of noise.
The overlap region is also larger and more defined in this
plot, also attributed to the weaker signal. This plot follows
closely from Figure 3, much as Figure 4 did from Figure 1.
If one profile is incredibly noisy, the others can be assumed
to have as much, or at least nearly, as much interference.
This explains why the 1064nm plot is fairly stable, while
the 355nm noise level causes significantly larger fluctuations
between profiles.
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3.2. Differences from the Klett Method
The Raman Method differs significantly from the Klett
Method. The first major difference is that Raman scattering utilizes a derivative, as opposed to the various integrals
required by the Klett Method. This leads to the second
major difference, and that is the fact that the Raman scattering equation solves for attenuation explicitly. In the Klett
Method, the assumption had to be made that the backscatter coefficients and the extinction coefficients had a power
relationship. Taking the derivative in the Raman scattering equation eliminates the need for this assumption, thus
giving an explicit solution. The third major difference is
the lack of need for a reference region or reference range.
In the Klett method, a clean area of atmosphere must be
chosen in order to carry out the calculation. This serves
as a boundary condition, considering the Klett Method is a
form of a differential solution to Equation 1. The resulting
extinction coefficients are greatly affected by the choice of
region, as it is used explicitly in the integrations. This means
that changing the reference region by even a small amount
causes the resulting extinction coefficients to change drastically. Eliminating this in the Raman scattering equation removes discrepancies from the calculation. It also eliminates
assumptions, in favor of using more empirical information
derived from the lidar observations.

Figure 5. Daily 355nm profile for July 20, 2011

3. Raman Scattering
3.1. Theory
With the extinction coefficients determined and plotted,
Raman scattering can now be examined. Raman scattering
differs from Rayleigh scattering greatly. In Rayleigh scattering, the incoming beam is scattered back in an entirely
elastic collision. This occurs in a regime where the wavelength of light is much greater than the radius of the particle. Radar functions on this principle as well, and looks for
large water droplets, like what would be found in clouds and
precipitation. Mie scattering is a subset of this where the
wavelength of light is roughly the same size as the particle
radius. Raman scattering, however, utilizes inelastic scattering. For scattering to be elastic, a photon must interact
with either a molecule or aerosol in the atmosphere. From
here, that molecule will be sent into a higher, or more excited, rotational quantum state. When the particle comes
down from that excited state, it returns to the exact same
state it was in previously. In Raman scattering, when the
particle leaves the excited state, instead of returning to the
level it had been at originally, it returns to a different level.
This could result in either a higher or lower quantum state
than it was initially. This transition produces a wavelength
of light that is different than the one that excited it. This
wavelength shift is constant in wavenumber domain. Raman
scattering occurs at about a 1:10 million ratio to Rayleigh
scattering. This means that for every 10 million Rayleigh
scattering events, only one Raman scattering event will occur.
The wavelength of light emitted from the particle in Raman scattering is directly related to the composition of the
particle. This implies that when Raman scattering occurs,
the measured wavelength can be chosen such that particular atmospheric constituents are measured. This can be
used to then measure number densities, mixing ratios, and
associated optical properties, like temperature profiles.
Extinction can be calculated from the Raman scattering
equation,
σaer =

N (R)
d
[ln( X(R)
)]
dR

− σmol (λL , R) − σmol (λR , R)
1+

λL
λR

,

(7)

where, σaer is the aerosol attenuation, N(R) is the number density, X(R) is the range corrected power, λR and
λL are the Raman wavelength and Lidar wavelength, respectively, and σmol is the molecular attenuation [Ansmann
et al., 1990].

3.3. Calculation
Even though the Klett Method and the Raman scattering equation have many differences, there is one concept
that remains the same throughout the calculations – numerical calculus. As stated earlier, in order to calculate the
integrals in the Klett Method, an iterative sum had to be
performed. This was to prevent the need for interpolation,
as the data is not a continuous function. A similar approach
had to be taken to compute the derivatives for Raman scattering. Here, as opposed to doing a cumulative sum, a series
of differences were taken, where the first element of the data
was subtracted from the second element of the data, which
would give the first element of a difference vector. This was
carried out for the entire length of the data. The resultant
vector would then be an approximate derivation of the data.
The molecular attenuation was calculated just as it was
for the Klett Method, by combining number density and
total cross sectional area due to Rayleigh scattering. The
range corrected power was also calculated in the same manner as what was applied in the Klett Method.

4. Results
4.1. Klett Extinction Profiles
Given a specific day and Raman wavelength, the attenuation due to Raman scattering can now be calculated. One of
the more important aspects for calculating Raman scattering extinction profiles is to find days that the 355nm Klett
extinction plots are relatively clean. This is because Raman
scattering is based off of the 355nm wavelength. A noisy
355nm profile will most likely lead to a noisier Raman profile.
Many daily profiles were examined, but a notable entry
was March 7, 2012. There are many interesting things about
this day. For one, lidar measurements were taken from midnight until midnight, in almost continuous fashion. This led
to almost 900 individual lidar profiles for that day. This also
means that many of the measurements occurred without solar background. This is important when using the 355nm
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wavelength and Raman scattering, as the 355nm wavelength
is sensitive to noise from the sun. This generally makes
daytime measurements significantly more challenging, and
much noisier, due to the excessive amount of photons being emitted by the sun. Another notable aspect about this
day was how relatively clean the 355nm wavelength Klett
extinction profile was. In general, 355nm profiles are very
noisy, as could be seen in Figure 5, though this is not always
the case.
A profile of the 1064nm Klett extinction coefficients can
be seen in Figure 6. The plot has been limited to the first
15 kilometers to better show the details of the aerosols and

Figure 6. Daily 1064nm profile for March 7, 2012

clouds in the lower atmosphere. This particular image is
even more clear than the 1064nm profile from July 20, 2011
shown in Figure 4. This could be due to the fact that much
of the measurement came from night hours, or scaling. It
truly becomes interesting, however, when the 355nm plot is
viewed in comparison to this, which can be seen in Figure 7.
It is very easy to see the plot in Figure 7 is much more clear
than what was produced off of the 355nm channel for July
20, 2011 in Figure 5. Once again, as in Figure 6, the plot
in Figure 7 is shown only to 15 kilometers to emphasize the
detail of the lower atmosphere. It should also be noted that
the color scale on Figure 7 is slightly different than that of
the previous figures. This is still on a logarithmic scale, but

Figure 7. Daily 355nm profile for March 7, 2012: 15km
Reference

was changed slightly to better show the detail of the varFigure 7 is produced using a reference altitude of 15 kiloious aerosol layers. Compared to the plot of the 1064nm

meters. To emphasize the impact that reference regions have

wavelength in Figure 6, the 355nm wavelength plot shows

on extinction profiles, Figure 8 shows the profiles from the

a similar amount of detail and composition. There is some

same day, March 7, 2012, with a reference altitude of 7 kilo-

discrepancy beneath the cloud layer, as the 355nm channel

meters. Figure 8 is able to show more detail in the lower

could not resolve that area. Also, there is some difference
in the very low altitudes, near the overlap, which is also

altitudes, especially in the area immediately under clouds.
However, there is very little detail above 7 kilometers, and
what was made up for in the area under the clouds is lost in

expected due to the 355nm channel being a weaker signal.

the area immediately above the clouds. On the other hand,

The noise that becomes present between roughly 7:00 and

the 15 kilometer reference may not be able to resolve the

18:00 in the 355nm profile is due to the sun. As soon as sun-

area under the clouds in the lower atmosphere, but it gives
detail in the higher altitudes, where the 7 kilometer refer-

rise occurred, the level of noise increased, then diminished

ence begins to break down. This shows why it is valuable to

at sunset. This clearly shows how much of an impact solar

eliminate the need for a reference region in the calculation

background noise has on the 355nm channel.

of extinction coefficients.
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plot can be compared to another type of retrieval process
available, photon counting, which can be seen in Figure 10.

Figure 8. Daily 355nm profile for March 7, 2012: 7km
Reference

4.2. Raman Extinction Profiles
Now that a relatively clean day had been chosen, the
extinction coefficients due to Raman scattering could now
be calculated. The Raman wavelength to be examined was
the 386nm channel. This channel a the characteristic wavelength for Nitrogen vibrational Raman scattering. This
channel also played a large part in determining what day
the profiles should be taken on – days with larger amounts
of 386nm profiles were considered before those with smaller
amounts of those. In order to obtain a plot of the Raman
data, the complex data were ignored. The complex data
arose from the natural logarithm of the derivative. Once
this was taken into account, the attenuation was plotted
with respect to altitude and time, much like the other attenuation plots.
Initial plots were very noisy and pixelated. To account
for this, averages were taken over a 15 minute time interval,
as well as a 4 vertical bin interval, which, in this case, corresponded to roughly 30 meters vertically in the atmosphere.
This is an average over about 8,000 pieces of data. Several variations of time and altitude intervals were examined,
but 15 minutes and 30 meters seemed to produce the most
consistent results.
Figure 9 shows the Raman extinction profile for the analog signal of the 386nm channel. Only the first 10 kilometers
of the atmosphere are shown in the figure, due to an excessive amount of noise higher in the atmosphere. Some detail
can be made out from about 1 kilometer upward in the night
time measurements. During the day, almost no information
could be obtained, except for a small amount of detail between 1 and 2 kilometers, but even this does not correlate
with the rest of the plot. The values at similar altitudes
leading up to the daylight hours are roughly -7. Once the
sun rises, the values jump to around -4. This discrepancy
does not seem to make sense, as there is no reason that the
extinction of nitrogen should change drastically between day
and night. The level of noise in the plot is also incredible,
even during the night time hours. With the upper limit set
at 10 kilometers, there is still a significant increase in the
amount of noise from where the data starts to its stopping
point. This can be seen in the speckled nature of the plot.
With less noise, the transitions between the colors would be
much smoother. The averaging helps this to some extent
in the lower altitudes, but the higher altitudes are still very
unstable. By 10 kilometers, the night time measurements
are almost as noisy as the daytime measurements are. This

Figure 9. Daily analog 386nm profile for March 7, 2012

Figure 10. Daily photon counting 386nm profile for
March 7, 2012
Figure 10 shows the Raman extinction profile for the photon counting signal of the 386nm channel. This differs from
the analog channel in that it counts each individual photon
as it returns. This method, however, breaks down during the
daylight hours, as the amount of photons from the sun easily
dwarfs the signal. In Figure 10, it can clearly be seen that
the small amount of detail that was present during the day in
Figure 8 has been completely lost in the noise from the sun.
The noise from the sun is even strong enough that it bleeds
over into the area that Figure 9 had little to no information
for. This lack of information in Figure 9 is still evident in
Figure 10 during the night. The amount of detail in the
night time stays about the same between the two figures.
There is slightly more noise in Figure 10 during these times
as compared to Figure 9, but this is not surprising, considering how sensitive the method is. Once again, like Figure 9,
the night time measurements at 10 kilometers have become
almost nearly as noisy as the daylight measurements. The
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daylight measurements in Figure 10 are also more unstable
than that in Figure 9. If examined closely, it can be seen
that the values will jump from one end of the color scale
to the other, without any real reason to. Figure 9 has this
feature as well, but it seems to be slightly more prominent
in Figure 10. This also occurs at night in both figures, but
to a far lesser extent.
4.3. Error Analysis
There are a few issues with the Raman scattering extinction profiles. Most of these issues arise from, or are
related to, the weak signal. This weakness arises from the
1/λ4 relationship of Rayleigh scattering. This causes signal
strength differences around one order of magnitude between
the 1064nm channel and the 532nm channel, and another order of magnitude between the 532nm channel and the 355nm
channel. This, obviously, means that the 355nm channel is
roughly two orders of magnitude weaker than the 1064 channel. This, put together with the fact that Raman scattering
only occurs once for every 10 million Rayleigh scattering
event, can cause the Raman wavelength signals to be incredibly weak. These strength differences can then lead to
several other issues, one of which being the signal to noise ratio. With a weaker signal, noise is not only more prominent,
but it is also strong compared to the signal. This makes getting clean signals difficult, which has a major impact on the
Raman extinction profiles.
There is also the well noted issue of light pollution from
the sun. This makes both Klett extinction profiles and Raman scattering extinction profiles difficult to obtain, due
to the 355nm wavelength’s sensitivity to the sun, and the
weaker nature of the signal itself. It was seen that the
amount of noise from the sun is able to drown out most,
if not all, information from extinction plots, and has a notable impact on the plots in most cases. These issues could
possibly be lessened by taking more measurements exclusively at night and by using the photon counting method
more frequently.
Another issue arises from the assumption of a constant
lidar ratio. Sasano et al. [1985] explains the error that can
arise from assuming a constant lidar ratio with altitude. Not
only does the lidar ratio change with altitude, but it will
also change inside of clouds. By accounting for clouds and
altitude, a better result could possibly be obtained, though
Sasano et al. [1985] also notes that in general, lidar ratios
with respect to altitude are not known.

5. Conclusions
Raman extinction profiles were able to be obtained
through the use of the Klett Method and Raman scattering.
These profiles were very noisy, and not much information
could be observed from them.
In order to obtain cleaner Raman extinction plots, better data is needed. This may be able to be accomplished by
taking more measurements during night hours with the photon counting channel, using noise reduction strategies, or a
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smoothing method, however, the data may just be a product
of the weak 355nm and Raman signal, or other issues arising
from the approximation of the derivative. It is also possible
to take into account changes in the lidar ratios. By taking
into account altitude and dispersion effects into the lidar ratio, a more accurate answer could be obtained. Though, the
issue here arises in knowing the lidar ratio with respect to
altitude, which is not generally a known parameter.
As far as the elastic extinction profiles produced by the
Klett method are concerned, some changes could possibly
be made to the method to receive slightly better graphs.
Instead of taking one reference range, it may be possible to
use two, or possibly more, reference ranges. For instance, if
Figure 6 and Figure 7 are considered, a very complete and
coherent plot could be created by taking the 7 kilometer
and lower section from Figure 7 and combining it with the
upper section of Figure 6, theoretically. This, however, goes
against the meaning of a boundary condition, which is why
the method would need to be reworked. Taking into account
variations in the lidar ratio would also help to make these
plots more accurate, and could possibly aid in making the
355nm plots more stable.
By applying these changes, better Raman extinction and
elastic extinction profiles may be able to be produced. It
would also be possible to apply these concepts to other Raman wavelengths to observe other atmospheric compounds,
or to examine atmospheric transmission. These changes
would be the most logical step for continuing research in
this area.
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