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ABSTRACT 

A new method for independent calibration of 

water vapor Raman lidar by using additional 

measurements of elastic signals at water vapor 

Raman wavelength was introduced. The water 

vapor mixing ratio calibration constant was 

derived from nitrogen mixing ratio calibration 

constant and Rayleigh to water vapor Raman 

backscattering cross section ratio. The nitrogen 

mixing ratio calibration constant with 

uncertainties of 1~2% can be determined from the 

nitrogen mixing ratio measurement in an aerosol-

free zone in the upper troposphere with the 

additional elastic measurement and nitrogen 

Raman measurement, the Rayleigh to water vapor 

Raman backscattering cross section ratio can be 

calculated with uncertainties of about 8%, or can 

be determined experimentally with uncertainties 

of less than 5%. Using the experimental cross 

section ratio, a total uncertainty of the water vapor 

calibration less than 6% is possible to achieve. 

Because this calibration method utilizes actual 

lidar signals in nitrogen and water vapor detection 

channels, the calibration can fully capture lidar 

state changes. 

 

1. INTRODUCTION 

Water vapor mixing ratio (WVMR) calibration is 

an important issue for water vapor Raman lidar 

(WVRL), in particular for climate monitoring 

applications [1]. The calibration usually relies on 

an external, independent measurement of water 

vapor, such as radiosonde or microwave 

radiometer. The calibration accuracy relies on 

accuracies of these independent measurements 

and synchronization of the measurements [2~3]. 

As the changes of the WVRL state, such as 

changes in overall system efficiency and detector 

sensitivity due to ageing, will influence the 

calibration constant, a regular calibration is 

needed for a WVRL [1, 3]. Therefore, it is 

difficult to obtain long-term regularly independent 

water vapor measurements at most of WVRL 

sites.  

In general, WVRL calibrations need to determine 

the difference of system detection efficiencies 

between the nitrogen and water vapor channels 

and nitrogen to water vapor Raman backscattering 

cross section ratio. Using a calibrated tungsten 

lamp, the ratio of lidar channel detection 

efficiencies could be calibrated with errors of 

about 1% [4]. The backscattering cross section 

ratio of nitrogen to water vapor is needed in the 

lamp independent calibration, the cross section 

ratio can be calculated with uncertainties of about 

±10%, or can be determined experimentally with 

an error of less than 5% based on a well-calibrated 

WVRL [4, 5]. But the cross section ratio is system 

dependent due to different filters used. However, 

there are several serious limitations in the lamp 

independent calibration due to not able to fully 

capture lidar state changes [6]. 

In this paper, a new independent calibration 

method for WVRL based on additional elastic 

measurement at water vapor Raman wavelength 

was introduced and discussed. 

2. METHODOLOGY 

The measured Raman signals from nitrogen and 

water vapor molecules can be written as below. �� �, �� = �� � ��� � �� � ��,� �� , ��  � �, � , �� � �, � , ��                      (1) � �, � = �� � �� � � � � ,� �� , �  � �, � , �� � �, � , �                   (2) 

where, z is the altitude of scattering volume; z0 is 

the altitude of lidar; VN(z, λN) and Vwv(z, λwv) are 
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the voltage values of nitrogen and water vapor 

Raman signals without background signals in 

nitrogen and water vapor channels; λL is the laser 

wavelength; λN and λwv are the nitrogen and water 

vapor Raman shifted wavelength; EL is the laser 

pulse energy; c is the light speed; A is the 

effective telescope receiving area; ηN and ηwv are 

the total efficiencies of nitrogen and water vapor 

Raman channels, including optical efficiency, 

quantum efficiency, and electrical efficiency; 

NN(z) and Nwv(z) are the nitrogen and water vapor 

molecular number densities at z; σN,π(λL, λN) and 

σwv,π(λL, λwv) are nitrogen and water vapor Raman 

backscattering cross sections; T(z, z0, λN) and T(z, 

z0, λwv) are the atmospheric transmissions from z0 

to z at the wavelength of λN and λwv. 

Temperature influence on the backscattering cross 

section was not considered in lidar equations in 

this section, it will be discussed in section 3. Lidar 

signals in the range of full overlap were selected 

for calibration to avoid uncertainties caused by the 

overlap function. Therefore, the overlap functions 

were neglected in lidar equations in this paper. 

Water vapor mixing ratio w(z) is derived from the 

ratio of water vapor to nitrogen Raman signals, � � = � � �,��� �,�� � �,�0,��� �,�0,�                         (3) 

where, Cwv is the WVMR calibration constant. � = . ��� ��,� ��,��� ,� ��,�                             (4) 

After WVMR measurement, extra laser pulses at a 

wavelength λC, which is very close to λwv, were 

emitted into the atmosphere. If the difference 

between λC and λwv is less than the half of the 

filter bandwidth in water vapor channel Δλwv, |λC-

λwv|<Δλwv/2, the elastic signal from the 

atmosphere at the wavelength λC can be measured 

by using the water vapor channel. �� �, �� = �� � �� � �� , � �  [�� �, �� + ���� � ��,� �� ] [� �, � , �� ]                                     (5) 

where, VC(z, λC) is the voltage value of elastic 

signal without background signal received by the 

water vapor channel; ε(λC, λwv) is the ratio of total 

efficiency of the water vapor channel at λC to the 

one at λwv, the difference between λC and λwv is so 

little that ε(λC, λwv) is mainly determined by the 

narrow bandwidth filter in the water vapor 

channel; βa(z, λC) is the aerosol backscattering 

coefficient at λC; Nair(z) is the air molecular 

number density; σm,π(λC) is Rayleigh 

backscattering cross section at λC; T(z, z0, λC) is 

the atmospheric transmission from z0 to z at λC, 

T(z, z0, λC) ≈T(z, z0, λwv). 

In the free troposphere, an aerosol-free zone, 

where the contribution of aerosol backscattering 

to the elastic signal could be neglected, can be 

often found.  In the aerosol-free zone, the elastic 

signal measured by using water vapor channel 

could be written as below, 

 

 

(6) 

In the aerosol-free zone, nitrogen mixing ratio 

(NMR), which is a constant in the atmosphere 

below about 100 km, could be derived from the 

ratio of nitrogen Raman signal in Eq. (1) to 

Rayleigh signal in Eq. (6). 

  (7) 

where, CN is the NMR calibration constant. �� = . � �� , � ��� ��,� ����,� ��,��                  (8) 

Using Eq. (7), CN could be determined in the 

aerosol-free zone. Cwv could be derived from the 

determined CN and Rayleigh to water vapor 

backscattering cross section ratio by using Eq. (9) 

shown below. � = . �� � �� , � ��,� ��� ,� ��,�             (9) 

3. DISCUSSIONS 

3.1 Rayleigh Backscattering Signal 

Measuring Rayleigh backscattering signals by 

using the water vapor channel is the key in the 

proposed method. 

Firstly, an extra laser source is needed, and its 

output wavelength should be very close to the 

filter central wavelength (CWL) in the water 

vapor channel. For the most of WVRLs, the filter 

CWL in the water vapor channel is about 407.5 
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nm. OPO based on a type II BBO crystal can 

generate narrow linewidth nanosecond laser pulse 

at the wavelength of 407.5 nm. The nanosecond 

laser pulse at 354.7 nm employed in the most of 

WVRLs, can be used to pump the OPO to get the 

needed wavelength. 

Secondly, an aerosol-free zone should be found. 

When the efficiency of the OPO is 5%, the 

intensity of the Rayleigh signal at the height of 10 

km approximately equals the water vapor Raman 

signal at the height of 1 km with a WVMR of 10 

g/kg under a fair atmosphere condition. Therefore, 

the elastic signal from the upper troposphere with 

the OPO laser could be detected by the water 

vapor channel under the cloud-free atmosphere 

condition. Because a high pulse energy laser and a 

large telescope are employed in ground-based 

WVRLs and temporal averaging is normally used 

in the data processing, the averaged nitrogen 

Raman signal is quite smooth in the upper 

troposphere, even up to the tropopause. In 

summary, an aerosol-free zone could be measured 

by the proposed system in the upper troposphere. 

In the aerosol-free zone, backscattering ratio at 

407.5 nm should be less than 1.01, and the error 

cause by the aerosol-free assumption will be less 

than 1%. To reduce the noise level, the calibration 

would be carried out during nighttime. Due to 

temporal averaging in data processing, the error of 

laser energy correction could be neglected. 

3.2 Backscattering Cross Sections and 

Temperature Dependence 

Nitrogen and water vapor Raman backscattering 

cross sections, as well as Rayleigh backscattering 

cross section, are involved in this method.  

With filter bandwidths of 0.3 nm, calculated 

temperature-dependent effective nitrogen Raman 

backscattering cross section at 386.7 nm and 

Rayleigh backscattering cross section at 407.5 nm, 

as well as the ratio of Rayleigh to nitrogen Raman 

backscattering cross section, were shown in figure 

1. The relative difference between Rayleigh to 

nitrogen Raman effective backscattering cross 

section ratios at 320 K and 200 K is about 0.26%, 

therefore, the temperature influence could be 

neglected in the determination of CN. 

 

Figure 1. Calculations of temperature-dependent 

effective  nitrogen Raman backscattering cross 

section at 386.7 nm (dash), Rayleigh 

backscattering cross section at 407.5 nm (dash 

dot), and the ratio of Rayleigh to nitrogen Raman 

effective backscattering cross section (solid). 

In the determination of Cwv using Eq. (9), 

temperature-dependent Rayleigh to water vapor 

Raman backscattering cross section ratio is 

needed. The error of theoretical calculation of 

Rayleigh scattering cross section is less than 1% 

[7], and the error of calculated water vapor 

absolute Raman differential scattering cross 

section of the Q branch of ν1 is less than 8% [8]. 

However, the cross section ratio could be 

determined experimentally if the lidar could point 

horizontally to provide Cwv by comparing lidar 

measurements with accurate in situ measurements 

on the laser path. Then with Eq. (9), the cross 

section ratio can be determined with accuracy 

better than 5% for future vertical pointing 

measurements. The temperature-dependence of 

the cross section ratio could be calculated with 

uncertainties of about 1% [4]. 

3.3 Atmospheric Transmission Correction 

As shown in Eq. (7), two-way transmission of the 

atmosphere between lidar and the aerosol-free 

zone needs to be corrected in the determination of 

CN. The two-way transmission corrections 

calculated by using different aerosol Angstrom 

exponents k under different aerosol optical depth 

(AOD) conditions were shown in figure 2. From 

figure 2, it can be seen that the error of 

atmospheric transmission correction caused by the 

uncertainty of k increases along with the 

increasing AOD, so the calibration should be 

carried out under low aerosol loading conditions. 

AOD and k can be retrieved from the elastic 

signals at 354.7 nm and 407.5 nm and Raman 

signal at 386.7 nm measured by the lidar during 

the calibration experiment. Even for AOD at 355 
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nm equals 0.2, 20% uncertainty in k yields about 

0.6% uncertainty in transmission correction. 

 

Figure 2. Calculated two-way atmospheric 

transmission corrections in NMR in Eq. (7) as a 

function of AOD by using different Angstrom 

exponent k. 

4. CONCLUSIONS 

In this paper, a new independent calibration 

method for WVRL was proposed based on 

additional elastic measurements at water vapor 

Raman wavelength. The water vapor mixing ratio 

calibration constant was derived from the nitrogen 

mixing ratio calibration constant and Rayleigh to 

water vapor Raman backscattering cross section 

ratio. 

Nitrogen mixing ratio calibration constant 

indicates difference of total efficiencies between 

the nitrogen and water vapor channels. The error 

of the determined nitrogen mixing ratio 

calibration constant is about 1~2%. The Rayleigh 

to water vapor Raman backscattering cross section 

ratio can be calculated with uncertainties of about 

8%. The cross section ratio also can be 

determined experimentally from a well-calibrated 

WVRL with uncertainties of less than 5%. Using 

the experimental cross section ratio, the total error 

of the water vapor calibration will be less than 

6%. 

Compared with the lamp calibration method, this 

new approach can fully capture the changes of 

lidar state. Furthermore, after the initial design 

and integration, the calibration can be done 

routinely and automatically.  
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