
LIDAR REMOTE SENSING	

 	

PROF. XINZHAO CHU 	

CU-BOULDER, FALL 2012	



Lecture 15. Temperature Lidar (4) 
Boltzmann Technique and 

Rotational Raman Technique 
  Introduction �
  Boltzmann temperature technique�
  Fe Boltzmann temperature lidar�
  N2

+ Boltzmann temperature lidar�
  Rotational Raman lidar�
  Summary�
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Introduction 
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  Resonance fluorescence 
lidar technique can be used 
in MLT region, and also 
extended to thermosphere on 
molecular species, like N2

+ �

  How about lower atmos with 
aerosols? - Raman, HSRL, & DIAL �2 
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Boltzmann Temperature Technique  
  Boltzmann distribution is the law of particle population 
distribution according to energy levels under thermodynamic 
equilibrium (Maxwell-Boltzmann distribution law)�

€ 

T =
ΔE /kB

ln g2
g1
⋅
N1
N2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

N1 and N2 - particle populations on energy levels E1 and E2 �
g1 and g2 - degeneracy for energy levels E1 and E2, ΔE = E2 - E1 �
kB - Boltzmann constant, T - Temperature, N - total population �€ 

Nk

N
=

gk exp(−Ek /kBT)
gi exp(−Ei /kBT)

i
∑

€ 

N2
N1

=
g2
g1
exp − E2 − E1( ) kBT{ }

E1 �

E2 �

N1, g1 �

N2, g2 �

ΔE�

Population Ratio  Temperature	
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(15.1) 

(15.2) 

(15.3) 
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Fe Atomic Energy Levels 

Fluorescence Intensity Ratio  Population Ratio  Temperature�
4 
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Fe Atomic Parameters 

5 
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Fe Boltzmann Lidar Principle 

6 

€ 

NFe(λ,z) =
PL (λ)Δt
hc λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ σeff (λ,T,σL )RBλnFe(z)[ ]Δz A

4πz2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ Ta

2(λ)Tc
2(λ,z)( ) η(λ)G(z)( )€ 

NS (λ,z) =
PL (λ)Δt
hc λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ σeff (λ,z)nc(z)RBλ + 4πσR (π,λ)nR (z)[ ]Δz A

4πz2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

× Ta
2(λ)Tc

2(λ,z)( ) η(λ)G(z)( ) + NB

€ 

NR (λ ,z) =
PL (λ)Δt
hc λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ σR (π ,λ)nR (z)[ ]Δz A

z2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ Ta

2(λ)Tc
2(λ ,z)( ) η(λ)G(z)( )

  Lidar equation for Fe resonance fluorescence in MLT region �

  Pure Fe signal and pure Rayleigh signal in Fe region are�

  So we have�

€ 

NS (λ,z) = NFe(λ,z) + NR (λ,z) + NB

NR(z) are similar for 372 and 374nm channels, but the NFe(z) are very 
different between these two channels due to Boltzmann distribution. �

(15.4) 

(15.5) 

(15.6) 

(15.7) 
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Fe Boltzmann Lidar Principle 
  Lidar equation at pure molecular scattering region (35-60 km) �

€ 

NS (λ ,zR ) =
PL (λ)Δt
hc λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ σR (π ,λ)nR (zR )[ ]Δz A

zR
2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ Ta

2(λ ,zR ) η(λ)G(zR )( )+NB

  Pure Rayleigh signal in molecular scattering region is�

  So we have�

€ 

NS (λ,zR ) = NR (λ,zR ) + NB

€ 

NR (λ,zR ) =
PL (λ)Δt
hc λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ σR (π ,λ)nR (zR )[ ]Δz A

zR
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ Ta

2(λ,zR ) η(λ)G(zR )( )

€ 

NR (λ ,z)
NR (λ ,zR )

=
σR (π ,λ)nR (z)[ ]Ta2(λ ,z)Tc2(λ ,z)G(z)
σR (π ,λ)nR (zR )[ ]Ta2(λ ,zR )G(zR )

zR
2

z2
=
nR (z)
nR (zR )

zR
2

z2
Tc
2(λ ,z)

  The ratio between Rayleigh signals at z and zR is given by �

Where nR is the (total) atmospheric number density, usually obtained from 
atmospheric models like MSIS00.� 7 
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Fe Boltzmann Lidar Principle 
  From above equations, the pure Fe and Rayleigh signals are�

€ 

NFe(λ,z) = NS (λ,z) − NB − NR (λ,z)

€ 

NR (λ,zR ) = NS (λ,zR ) − NB

  Normalized Fe photon count is defined as�

€ 

NNorm (λ,z) =
NFe(λ,z)

NR (λ,zR )Tc
2(λ,z)

z2

zR
2

  From actual photon counts, the normalized Fe count is�

€ 

NNorm (λ,z) =
NFe(λ,z)

NR (λ,zR )Tc
2(λ,z)

z2

zR
2

=
NS (λ,z) − NB − NR (λ,z)

NR (λ,zR )Tc
2(λ,z)

z2

zR
2

=
NS (λ,z) − NB
NS (λ,zR ) − NB

z2

zR
2

1
Tc
2(λ,z)

−
nR (z)
nR (zR )

8 
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Fe Boltzmann Lidar Principle 

9 

  Therefore, temperature can be derived as�

€ 

NNorm (λ,z) =
NFe(λ,z)

NR (λ,zR )Tc
2(λ,z)

=
σeff (λ,T,σL )RBλnFe(λ,z)

σR (λ,)nR (λ,zR )
1
4π

  From physics point of view, the normalized Fe count is�

  Take the Boltzmann temperature ratio as�

€ 

RT (z) =
Nnorm (λ374,z)
Nnorm (λ372,z)

=
g2
g1
RB374
RB372

λ374
λ372

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

4.0117 σeff (λ374,T,σL374 )
σeff (λ372,T,σL372)

exp −ΔE /kBT( )

€ 

T(z) =
ΔE /kB

ln g2
g1
RB374
RB372

λ374
λ372

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

4.0117 Rσ (z,T)
RT (z)

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

=
598.44K

ln 0.7221Rσ (z,T)
RT (z)

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

where�
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Fe Boltzmann Lidar Calibration 
and Sensitivity Analysis 

10 

  Since the effective cross section is 
temperature dependent, it is easy to 
compute RT if T is known. A calibration 
curve is formed and then the 
temperature is inferred from the 
measured RT ratio and the curve.�

  Sensitivity is defined as�
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Fe Boltzmann Lidar Instrumentation 

11 [Chu et al., Applied Optics, 41, 4400-4410, 2002] �
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Fe Boltzmann Lidar Diagram 

12 

Laser Diagnostics –	


Energy/Power Meter,	


Spectral Analyzer, 
Temporal (Fast PD), 
Spatial (CCD Camera)	
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Lidar Receiver for Daytime Obs. 

Frequency�f0 �
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Lidar Receiver Photo 

14 
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Fe Boltzmann Lidar @ South Pole 

15 
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Fe Boltzmann Lidar @ Rothera 
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Fe Boltzmann Lidar @ McMurdo 

17 
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The Ionosphere and Thermosphere 

Courtesy to Richard Collins of UAF � 18 
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The Aurorally-Modified Ionosphere 
Photo courtesy of GI-U

A
F by Jan  Curtis  

The aurora modifies the 
composition of the ionosphere. 

Courtesy to Richard Collins of UAF � 19 
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The Spectroscopy of Molecules vs. Atoms 

Molecular spectroscopy has vibrational and rotational states. 

Courtesy to Richard Collins of UAF � 20 
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N2
+ Boltzmann Temperature Lidar 

A dual laser lidar system employing solid-state lasers could be used to profile 
two rotational states simultaneously and hence study the energy deposition in the 

auroral ionosphere. 

Courtesy to Richard Collins of UAF � 21 
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Raman Scattering of N2 and O2 

  Raman shift amount is independent of incident laser wavelength� 22 
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Raman Scattering 
  Volume backscatter coefficient for single Raman lines�

Which is the product of the transition probability and the population on the 
initial energy state. So the temperature dependence comes from the 
population distribution - Boltzmann distribution law! �

23 

  

€ 

βJ (z) =
dσ
dΩ
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
J

RR,VRR
nJ (z) = k ˜ ν ˜ ν 1  Δ ˜ ν ( )4 gNΦJ

(2I +1)Q
n(z)exp −

Bihc0J(J +1)
kBT

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 
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Rotation Raman Lidar 
  Depending on what the initial energy state is, the line intensity 
can increase or decrease when temperature increases.�
  If the initial energy state is one of the upper levels of the 
ground state, increasing in temperature will increase the population 
on the initial state, so the Raman line intensity will increase.�
  If the initial energy state is the lowest level of the ground state, 
increasing temperature will decrease the population on the initial 
state, so the Raman line intensity will decrease.�
  By measuring the intensity of two Raman lines with opposite 
temperature dependence, the ratio of these two lines is a sensitive 
function of atmospheric temperature.�

24 



LIDAR REMOTE SENSING	

 	

PROF. XINZHAO CHU 	

CU-BOULDER, FALL 2012	



Rotation Raman Lidar 

  Therefore, temperature can be derived from the ratio of 
two pure Rotational Raman line intensity. This is essentially the 
same principle as Boltzmann temperature technique! � 25 
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Combined Rotation Raman and 
Elastic Scattering Lidar 

26 
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Rotation Raman + Elastic Lidar 

Lidar Polychromator�
27 



LIDAR REMOTE SENSING	

 	

PROF. XINZHAO CHU 	

CU-BOULDER, FALL 2012	



Results from Combined RR and 
Elastic Scattering Lidar 

28 
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Results from Combined RR and 
Elastic Scattering Lidar 

29 
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DIAL Temperature Technique 
  Molecular absorption coefficient is temperature dependent: 
both the line strength and the lineshape are function of 
temperature.�
  So by measuring the molecular absorption coefficient, it is 
possible to derive temperature if the molecular number density 
is known. For this purpose, O2 is chosen because of its constant 
mixing ratio up to high altitude and suitable absorption lines.�
  In the choice of suitable absorption line, a trade-off must 
be made between the high temperature sensitivity of the 
absorption cross-section (high for high initial energy state) and 
the suitable magnitude of absorption coefficient.�
  Absorption coefficient is also dependent on pressure, making 
the temperature derivation more difficult.�

30 
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Summary 
  Boltzmann technique utilizes Maxwell-Boltzmann distribution of 
atomic or molecular populations on different energy levels, which is 
directly temperature dependent.�
  The temperature-dependent population ratio is inferred through 
the intensity ratio of two resonance fluorescence lines whose lower 
energy levels are the two energy levels that we concern.�
  The key is to find the right energy level diagrams that are 
suitable to this measurement - energy separation is not too large 
or too small, and wavelengths fall in the laser reachable range.�
  Boltzmann technique can be applied to not only the Fe 
Boltzmann lidar but also potentially to other molecular species like 
N2

+. �
  Boltzmann technique is also used in rotational Raman lidar and 
in airglow temperature mappers, like Bomem.�

31 


