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ABSTRACT 

The performance of the Lidar Atmospheric Profile Sensor (LAPS) instrument for temperature mea

surements in the lower troposphere has been investigated. LAPS is an automated lidar system that 

measures temperature from the rotational Raman return of atmospheric nitrogen and oxygen. We 

present the measurement technique, the data analysis and the performance of the LAPS instrument. 

Comparisons to radiosonde profiles are discussed. 

Keywords: Automated operational lidar, rotational Raman scatter, temperature measurements, 

troposphere 

1 INTRODUCTION 

Using Lidar Atmospheric Measurment Program (LAMP) lidar instrument, our laboratory has 

previously investigated the possibility of using the vibrational N2 Raman profile for temperature 

measurements in the regions contaminated by particle and aerosol scattering. 1 The investigation 

of Rau has shown that the N2 Raman profile can be used for temperature determinations in some 

cases 2 However, in the presence of layers of particles and aerosols in troposphere, its use is very 

limited. The necessary corrections for the extinction can only be applied when no significant cloud 

scattering layers are present and when simplifying assumptions about the particle scattering can be 

made. An elegant way to avoid these problems is to measure the ratio of two parts of the rotational 

Raman spectrum from :'\)2 and °2 , The LAMP lidar has been used during the past several years to 

investigate the rotational Raman temperature measurement. The rotational Raman technique for 

temperature measurements was first reported by Cooney in 1972.3 A double grating monochrometer 

was used by Arshinov, et a\.4 to measure the rotational Raman spectrum in 1983. Hauchecorne, et 

a1. 5 and Nedeljkovic, et a\.6 demonstrated the capability to measure the temperature using narrow

band filter technology in the upper troposphere and lower stratosphere. 
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2 INSTRUMENT 


The Lidar Atmospheric Profile Sensor (LAPS) was designed as an automated system to measure 

water vapor and temperature in the lower croposphere in order to determine refractivity profiles.! 

The water vapor measurement is based on vibrational Raman scatter, the temperature measurement 

is based on rotational Raman scatter. LAPS consists of a console and a deck unit which are connected 

over a 23 m fiber optic cable. The laser beam diameter is expanded by a factor of five and sent 

into the sky coaxial to the receiving telescope. The prime focus parabolic receiving telescope has 

a 61 cm diameter. The back scattered return is focused on a 1 mm fiber optic cable and guided 

to the detector box on the back of the control uni t. We measure the return of the atmospheric 

rotational Raman scatter at 530 nm and 528 nm and the vibrational Raman scatter from \vater 

vapor at 660 nm and 295 nm respectively, from nitrogen at 607 nm and 284 nm respectively and 

from oxygen at 277 nm. All seven wavelengths are detected by photo multiplier tubes (PMT) and 

sampled with a 100 MHZ counting device which integrates a profile each minute. The data are 

collected with 75 m height resolution from the surface up to 12 km. An X-band radar with a 6° 

cone angle provides an automatic shutdown to prevent a possible illumination of an air plane with 

the beam. 

3 PURE ROTATIONAL RAMAN TEMPERATURE 

MEASUREMENTS 

The pure rotational Raman temperature measurement technique makes use of the temperature 

dependence of the rotational Raman spectrum of 1\2 and 02· In Figure 1 we show the pure ro
7tational Raman spectrum of 1\J2 and 02 scattered from the second harmonic of a Nd:YAG laser.

At atmospheric temperatures , the rotational energy states of the molecules are populated to a high 

degree and the distribution of the spect rum in anti-Stoke 's and Stoke's wings represent the thermal 

equilibrium distribution of the states. In the anti-Stoke's region the scattered photons have a higher 

energy than the incident photons. We use the anti-Stokes spectral region in order to avoid possible 

contamination from fluorescence.6 We measure the return around 530 nm and 528 nm with two 

narrow band filters in order to determine the temperature. The lidar rat io R of these returns can 

be expressed as a function of the temperature T as , 

LLNs x As (J,T) x fsJo ,s(J) 

R(T) s J (1) 
LLNs x As(J,T) x f528 ,s(J) 
s J 

where S is the summation over the molecular species , e.g. N2 and ° 2 , and J is the summation over 

the quantum numbers of the rotational states. Ns is the fraction of the species in the atmosphere, 

As (J , T ) is the thermal population distribution of the rotational states and f530 . (J), f ,s (J) are thes 528

filter transmission functions of the two channels at the corresponding wavelengths. The ratio is only 

dependent on the molecular density ratio , which is constant for N2 and 02 ' and the temperature . 

With increasing temperature higher rotational states are populated. As a result the spectrum 

• 
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Figure 1: Calculated quantum rotational line intensities for nitrogen and oxygen at a temperature 

of 310 K, along with the elastic backscatter cross section of air. The rotational intensities include 

the species' fraction of air. The calculations are made for the second harmonic of the Nd:YAG laser 

at 532.1 nm. 

becomes broader, intensities of the lines further away from the 532.1 nm line increase and the line 

intensities closer to 532.1 nm decrease. Consequently the count rates in the 528 nm channel increase 

with temperature while the count rates of the 530 nm channel decrease at a given range bin. The 

question of weather the rotational Raman return of H20 has an impact on the measured ratio 

has been investigated 7 This systematic error was estimated to be smaller than 0.2 K. The integral 

intensity of the rotational Raman bands is about two orders of magnitude smaller than the molecular 

scatter at the fundamental wavelength. The bands are spectrally very close together so that the 

measured ratio is hardly affected by differential extinction. This technique, is thus particularly well 

suited to measure temperature in the troposphere. 

4 DATA ANALYSIS 

The lidar equation describes the different factors that have an influence on the intensity of the 
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return of a laser beam as a function of range and wavelength 8 It is evident that taking the ratio 

of two wavelengths eliminates all range dependent factors. Wavelength dependent factors, such 

as detector sensitivity, can be expressed as a calibration factor, however, wavelength and range 

dependent factors, such as transmission must be corrected. However, in case of the rotational 

Raman temperature technique the two observed spectral intervals are very close together, so that 

essentially no correction is needed. 

First, the count rates of the differen t wavelengths are calculated by subtracting the measured 

background of each channel from the signal. Then the count rates are corrected for saturation of the 

PMT's due to single overlap of consecutive pulses 9 Although the relation between the temperature 

and the measured ratio is given from first principles in Equation 1, it would not be efficient to solve 

this equation and to determine the necessary instrumental parameters in order to determine the 

temperature. We calibrate our lidar by comparing the lidar ratio with a simultaneous temperature 

profile taken by balloon. In Figure 2 we present such a comparison for three launches of Vaisala 

RS 80-L) sondes. The lidar data is integrated for 30 minutes starting at the time of the balloon 
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Figure 2: Calibration data for the rotational Raman temperature technique. The plot shows the 

comparison between balloon temperature profiles and LAPS Edar ratio profiles for the evenings of 

the 30 May, 6 June and 10 June 1996 measured in State College, PA. Each lidar ratio value is plotted 

against the corresponding balloon temperature. The bars indicate the 1u error of the measuremen t. 
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launch. At each 75 m lidar range bin the lidar ratio, with its liT error bar, is plotted against the 

mean balloon temperature and its variation in the same bin. The lidar data has been filtered in 

order to distinguish the three data sets. The filtering process has only a minor influence on t.he 

further analysis. For the calibration, we expand Equation 1 in a second order Taylor series, 

T(R) = axR2 +bxR+c. (2) 

This equation is fitted, with a least square method, to the data shown in Figure 2 taking both 

statistical error of the lidar ratio and temperature variat.ion over a range bin into account. To 

calculate the calibration constants we take data from several nights. This provides a statistical 

averaging of the atmospheric variability since at higher altitudes, the balloon measures at a different 

place, where t.he temperature might differ from the verticallidar profile (see sect.ion ;)). 

A calculat.ion of measurement error is obtained by treating the integrated counts as Gaussian 

distributed variables, although they are given as a difference of two Poisson distribut.ed variables. 

By only considering points with an error ofthe lidar ratio smaller than 10 to 20 %, this simplification 

leads to valid estimates of the measurement. error. 
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Figure 3: For data already shown in Figure 2, the absolute difference between the sonde temperature 

and t.he lidar temperature is given as a function of altitude. The lidar temperature is calculated 

,vith the coefficients indicat.ed in Figure 2. The point.s show the difference for each of the days with 

t.he stat.istical variation over 1 km, the line is the average of all the three days. 
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5 MEASUREMENTS 


Figure 3 shows the absolute difference between the radiosonde temperature and the Iidar temper

ature as a function of altitude. \Ve calculated the Iidar temperature with the calibration coefficient 

curve (circle points , which correspond to the given equation) shown in Figure 2. The points indi

cate the difference for each of the runs (mean value and standard deviation over 1 km) , the solid 

line shows the average for the three days. The difference between the two techniques is smaller 

than one degree Kelvin below 3 km altitude. Up to7 km the difference is well below 2 K. Above 

3 km there is also a big variation from day to day as well at different altitudes. This indicates 

that at higher altitudes not only the lower signal to noise of the lidar causes the larger difference 

between the two methods, but also at higher altitude the balloon sonde makes its measurement at 

a different place than the Iidar. We have observed horizontal displacements of more than 15 km at 

5 km altitude. It is possible to observe differences of temperature in the order of one to two degrees 

8~---.----,----.----,---,----,~---,-----.-----.-----.-----, 

Date: 05/30/96 
7 Balloon Release: 21 :34 

LAPS Data: 21 :34 - 22:04 

6 

5 

3 

2 

Balloon Release: 23:27 
LAPS Data: 23:27 - 23:5 

Date: 07/20/96 

+ + 

O~--~--~----~--~----~--~----~----L---~----~-----

250 260 270 280 290 260 270 280 290 
Temperature [K] Temperature [K] 

Figure 4: Two comparisons of radiosonde temperature profiles (solid line) with lidar profiles. The 

horizontal bar indicates the llT error bar of the lidar measurement . The lidar data is filtered with a 

Hanning filter. Both examples were measured at State College, PA. The integration for 30 minutes 

of the lidar profile starts at the balloon launch. 
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Figure 5: Comparison of a radiosonde temperature profile (solid line) with a lidar profile measured 

in State College, PA on 22 July 1996. The horizontal bar indicate the 10" error bar of the lidar 

measurement. The lidar data is filtered with a Hanning filter . Above 5.3 km the two profiles show 

a different shape. 

Kelvin over this horizontal distance. As mentioned earlier the numbers above are calculated with 

the average calibration constants for the three days. If we calcu late the constants for every night and 

determine the difference between balloon and lidar, the values become about 15 % smaller. This in

dicates that we are maintaining stable operating condi tions for the lid ar over a longer period of time. 

In Figures 4 and 5 three comparisons between radiosonde and lidar temperature profiles are 

presented. All the measurements were taken in State College, PA, and the lidar data have been 

smoothed with a Hanning filter . In Figure 4 both techniques produce similar profiles Above 4 km 

the lidar temperature profile shows a little more wave structure than the radiosonde . The statistical 

error for a 30 minute profile is on the order or smaller than 1 K up to a range of 5 km . In Figure 5, 

the two temperature profiles agrees within their error bars up to 5.3 km. Above 5.3 km , the lidar 

shows a strong departure in the temperature profile compared to the radiosonde. T he analysis of the 

water vapor channels showed that during the same time interval (~22:45 - 23: 15) an increase of the 

water vapo r mixing ratio occured between 5.5 and 6.5 km. The difference is due to the advection of 

SPIE Vol. 2832/59 



the atmosphere past the lacation. The air mass which is carring the balloon is significantly different 

from that present directly above the lidar site. 

6 SUMMARY 

We have demonstrated the capability of LAPS to measure temperature in the lower half of the 

troposphere. \Vith the rotational Raman technique we obtain profiles with errors on t.he order or 

smaller than 1 K up to 5 km altitude with 30 minutes lidar signal integration. Comparisons with 

radiosonde temperature profiles show a good agreement in most the cases. The permanent sampling 

volume of the lidar is an advantage for the recording and the understanding of certain meteorological 

conditions. 
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