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ABSTRACT   

Continuous monitoring of aerosol profiles using lidar is helpful for a quasi-real-time indication of aerosol concentration. 
For instance, volcanic ash concentration and its height distribution are essential information for plane flights. 
Depolarization ratio and multi-wavelength measurements are useful for characterizing aerosol types such as volcanic 
ash, smoke, dust, sea-salt, and air pollution aerosols. High spectral resolution lidar (HSRL) and Raman scattering lidar 
can contribute to such aerosol characterization significantly since extinction coefficients can be measured independently 
from backscattering coefficients. In particular, HSRL can measure aerosol extinction during daytime and nighttime with 
a high sensitivity. We developed an HSRL with the iodine filter method for continuous observation of aerosols at 532nm 
in the northern region of Argentina in the framework of the South American Environmental Atmospheric Risk 
Management Network (SAVER.Net)/SATREPS project. The laser wavelength of the HSRL was controlled by a 
feedback system to tune the laser wavelength to the center of an iodine absorption line. The stability of the laser 
wavelength with the system satisfied the requirement showing very small systematic errors in the retrieval of extinction 
and backscatter. 
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1. INTRODUCTION  
South America is a source of various aerosol types: biomass burning aerosols in the Amazon region [1], flying ashes 
from volcanic eruptions from the Andean Volcanic Belt [2], mineral dust from the Patagonian desert [3], and air pollution 
aerosols from urban areas [4,5]. Most of these aerosol species are detected in Argentina. Amazonian smoke is transported 
to the south eastern direction reaching Argentina from the northern frontier [6,7]. Volcanic ash from the June 2011 
Puyehue-Cordón Caulle volcanic eruption was observed at Buenos Aires, Argentina [8,9] and caused severe air traffic 
disruptions in Argentina [10]. Continuous observation of temporal and spatial distribution of aerosols is very important 
to clarify effect of aerosols on the earth’s climate and to provide hazard information for public health. Long-term 
observation of aerosol optical properties using sun photometers at the AErosol RObotic NETwork (AERONET) sites in 
Argentina has been performed [11], but the sun photometers cannot measure the aerosol vertical distribution that is 
needed for predicting the transport route of aerosols. Also, continuous observation with the sun photometers during 
nighttime is impossible. 

In the past few years, an Argentinean Raman lidar network was constructed to continuously monitor the vertical 
distribution of volcanic ash and Patagonian dust [12,13]. From lidar data, extinction for aerosol components can be 
retrieved with various channels. Measuring depolarization ratios, non-spherical aerosols can be discriminated from 
spherical aerosols [14,15]. Using multi-wavelength information, fine and course particles can be discriminated [16]. 
Furthermore, high-spectral-resolution lidar (HSRL) and Raman lidar can measure extinction independently from  
backscatter, and the extinction-to-backscatter ratio (lidar ratio) is useful to determine absorbing aerosols [17]. Retrieval 
of extinction coefficients of black carbon with HSRL was demonstrated in [18]. 

HSRL measures spectrally-broadened Rayleigh scattering separately from spectrally narrower Mie scattering. Using 
Rayleigh and total (Mie + Rayleigh) scattering signals, aerosol extinction and backscattering can be retrieved without the 
assumption of the lidar ratio. Rayleigh scattering signals are sensitive enough to be measured during daytime and hence 
continuous observation of aerosols with HSRL is feasible. Recently, we developed an HSRL at the Lidar Division at the 
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Centro de Investigaciones en Láseres y Aplicaciones (CEILAP), in Buenos Aires, Argentina for long-term continuous 
observation of aerosol vertical distribution after being transported to the northern Argentinan region in the framework of 
South American Environmental Atmospheric Risk Management Network (SAVER.Net)/SATREPS Project [19]. This 
paper describes the HSRL system at the National Institute for Environmental Studies (NIES) in Japan as the basis of the 
measurement method, the development status of the HSRL at CEILAP, and the error analysis for retrieving aerosol 
extinction and backscatter. 

 

2. HIGH SPECTRAL RESOLUTION AND RAMAN LIDAR SYSTEM IN NIES 
Continuous observation of aerosols with a three-wavelength (1064 nm, 532 nm, and 355 nm) polarization-sensitive (532 
nm and 355 nm) lidar is being performed at NIES, Tsukuba, Japan. The lidar has a high-spectral-resolution (HSR) 
optical element with an iodine absorption filter blocking the aerosol backscatter at 532 nm and a nitrogen Raman channel 
at 387 nm. The block diagram of the HSR and Raman lidar is shown in Figure 1. 

 

 
Figure 1. Block diagram of the three-wavelength Mie, high spectral resolution, and Raman lidar instruments in NIES [20].  

 

A part of emission laser is sent into two acousto optic modulators (AOMs) to make both positive and negative 
Doppler-shifted diffracted beams. The two beams are measured with photo detectors after passing through a short iodine 
cell. Iodine absorption spectrum is obtained by scanning the laser wavelength, and then the laser wavelength is tuned to 
the center of the absorption line. The development of HSRL with iodine filters in NIES is described in [21] and the laser 
wavelength tuning system is briefly described in [22]. Figure 2 shows time-height intensity of range corrected signals for 
1-month observation period. Stabilizing the laser wavelength, continuous observation with HSRL is achieved. Raman 
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signals are too noisy to retrieve extinction coefficient during daytime, but HSRL Rayleigh signals are available at 
daytime and nighttime.  

 
Figure 2. Observed data obtained from the NIES HSR and Raman lidar between 05 February 2015 and 04 March 2015 [20].  

 

3. DEVELOPMENT OF HIGH SPECTRAL RESOLUTION LIDAR IN CEILAP 
The new HSRL in Argentina was designed based on the multi-wavelength Raman lidar system of the Argentinian lidar 
network The laser wavelength locking system developed at NIES was attached to the emitter part. The HSRL design and 
test measurement results are reported by [23]. Here we describe the emitter system, the HSR receiver properties, and the 
laser wavelength stabilization with the laser wavelength feedback control system. 

In the emitter part, the HSRL employs an injection-seeded single-mode Nd:YAG laser, Surelite II (Continuum, 
United States). The pulse repetition rate of the laser is 10Hz. The seed laser is a single-mode cw fiber laser consisted of a 
cavity with two fiber bragg gratings (FBG) in a Yb doped fiber. The output coupler FBG has narrow band reflectivity 
that allows single longitudinal mode oscillation. The laser wavelength is calibrated at the factory and can be tuned within 
a 20-30GHz range by changing the FBG heater temperature. To match a longitudinal mode of the host laser to the seeder 
laser wavelength, the cavity length of the host laser is determined to have the shortest build up time by controlling the 
piezo element mounted on the rear mirror of the host laser. The spectral width of output single longitudinal mode laser is 
0.005cm-1.  
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In the receiver part, an iodine absorption filter is used as a HSR optical element to reject the Mie scattering and to 
penetrate part of Rayleigh scattering at the second harmonic wavelength (532 nm). The 1111 iodine absorption band in 
vacuum (18788.4510cm-1 [24]) is selected because of its strong absorption property. A pyrex glass cell (40 cm long, 5 cm 
inner diameter) enclosing iodine at low vacuum is set. The cell is wrapped in aluminum foil and a heating wire is further 
coiled to stabilize the temperature inside the cell. The cell temperature is monitored by a sensor and is set to be 50 ºC by 
a heat controller to achieve the strong absorption property of the Mie scattering. We measured the transmittance 
spectrum of the absorption line using the transmitter laser light. The minimum transmittance was 0.07 % and the full 
width at half maximum (FWHM) was 2.3 pm (Figure 3). The minimum transmittance is enough to block the Mie 
scattering light from aerosols and clouds and the FWHM can penetrate part of the Rayleigh scattering light. Calculated 
transmittance for Rayleigh scattering using the spectral shape is 28% at ground level. 

 

 
Figure 3. Transmittance spectrum of the iodine absorption filter (40 cm cell) used for the receiver part of the CEILAP HSRL. 
 
To reject Mie scattering with the iodine filter, the laser wavelength must match the center of the 1111 iodine 

absorption line. In May 2015, a feedback control system was installed for stabilizing the laser wavelength for a long 
period of time since the laser wavelength may gradually change with time. A shorter iodine cell (20cm long) was set in 
the transmitter part and a beam partially reflected from the laser source is measured after passing through the cell for 
controlling the laser wavelength. The laser beam is reflected by an uncoated glass (15mm thickness) and is split into two 
beams. The two beams are then sent to the AOMs to make Doppler-shifted beams. The frequency shift is 0.25 pm (260 
MHz) and the angle of the diffracted beam against the incident light is 33 mrad. Setting two AOMs in opposite direction, 
Stokes and Anti-Stokes light beams are generated. The two beams (positive and negative shifts) in addition to the 
unshifted beams are measured using photo detectors after passing through the 20 cm iodine cell and an interference filter. 

Iodine absorption spectrum is obtained by scanning the laser wavelength and we can find the center of the iodine 
absorption line from the photodiode signals of the unshifted beam. The laser wavelength is then tuned to the center of the 
absorption line by using the signals of the Doppler-shifted beams. The laser wavelength is optimized by the gradient 
method: taking the ratio of the positively shifted signal (P+) to the negatively shifted signal (P-), the spectrum shape of 
the ratio (Prt = P+/P-) in logarithmic scale is similar to the first-order differentiation of the absorption spectrum (Figure 
4(a)). Prt value at the center of the absorption line is used as the reference value, and thresholds from the reference value 
are set to stabilize the laser wavelength within 0.1 pm. If a certain Prt exceeds (falls below) the upper (lower) threshold, 
the heater temperature of the seed laser is turned down (up) by 0.035 pm to adjust the laser wavelength to the center of 
the absorption line. Standard deviation of the laser fluctuation resulted in 0.05 pm (54 MHz) (Figure 4(b)). The stability 
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of the laser wavelength is sufficient for retrieving aerosol extinction and backscatter with small systematic errors as 
discussed later. 

 

 
Figure 4. (a) Measured signal ratio P+/P- sweeping between ±1 pm wavelength shift from the center of the iodine absorption 
line. The vertical broken lines indicate the positions at ±0.1 pm wavelength shifts, the slanted broken line is the fitted line near 
the center, and the horizontal lines are the thresholds at ±0.1 pm wavelength shifts. The laser wavelength is tuned on the 
direction of the arrows if the measured P+/P- exceeds the thresholds. (b) Continuous monitoring of the laser wavelength 
fluctuation for the verification of the feedback control system. 

 

4. ERROR ANALYSIS 
In this section, we describe errors for the retrieval of extinction and backscatter from HSRL and Raman lidar data for the 
NIES and CEILAP lidars that have an HSR channel at 532 nm and a Raman channel at 387 nm. Ansmann et al., [25] 
discussed errors in detail for Raman lidar data analysis. The error sources of the Raman lidar analysis are the 
uncertainties of the wavelength dependence parameter and the temperature profile. Since the Raman wavelength is 
different from the laser wavelength, the wavelength dependence of the extinction has to be considered for the Raman 
lidar analysis. The wavelength dependence varies among aerosol types and it is an unknown parameter, but the errors in 
extinction are less than few percent. Uncertainty of temperature profiles causes errors in the calculation of molecular 
extinction and backscatter both for the HSRL and Raman lidar if the standard atmosphere is used. The errors are usually 
negligibly small and appear only in the case of strong inversion layers. 

To calculate the aerosol backscatter by taking the signal ratio of elastic to Raman scattering channels, the attenuation 
term including the integral of the difference of elastic and Raman extinction coefficient from the lidar to the height of 
interest should be corrected. The extinction coefficients are unknown at lower heights where the geometric factor is less 
than 1, but the errors by the attenuation term correction are small. If the extinction coefficient is 0.1 /km (vertically 
constant) and the wavelength dependence is 1.0 (usually used for aerosols), the relative errors of backscatter at 1 km is –
0.8 % for the uncorrected backscatter at 355 nm. 

Systematic errors in HSRL arise from the uncertainty of transmittance of the iodine filter for Mie and Rayleigh 
scatterings. Uncertainty of transmittance for Mie (TMie) and Rayleigh (TRay) scatterings results from the deviation of the 
laser wavelength from the center of absorption line of iodine filter. The standard deviation of the laser wavelength 
fluctuation shown in Figure 4(b) leads to 3 % error in ΔTMie/TMie and 0.2 % error in ΔTRay/TRay. TRay is much less 
sensitive to the laser wavelength deviation than TMie. The relative errors in backscatter by the uncertainty of 
transmittance are expressed as: 
 

                                          δβ1(r)
β1(r)

= − R(r)
β1(r)

β1(r)ΔTMie + β2(r)ΔTRay (r)
TRay (r)−TMie

,                                                        (1) 
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where β denotes the backscatter, R denotes the total-to-molecular backscattering ratio, and subscripts 1 and 2 are the Mie 
and Rayleigh scatterings, respectively. The relative errors in extinction by the uncertainty of the transmittance are 
expressed as: 
 

                                  δα1(r)
α1(r)

= 1
2α1(r)Δr

δX Ray (r −Δr / 2)
X Ray (r −Δr / 2)

−
δX Ray (r +Δr / 2)
X Ray (r +Δr / 2)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
,                                             (2) 

 
where 
 

                                                        
δX Ray (r)
X Ray (r)

=
β1(r)ΔTMie + β2(r)ΔTRay (r)

β2(r)(TRay (r)−TMie )
,                                                               (3) 

 
where Δr denotes the range interval for calculating the extinction. Estimated errors in extinction due to the uncertainty of 
transmittance are extremely small to be ignored. The relative errors in backscatter by ΔTMie are approximated by –
7.5×10-5R for the CEILAP HSRL and therefore they are negligible for aerosols. The relative errors in backscatter by 
ΔTRay decreases as R increases and are less than 1 % if R is greater than 1.3 for the CEILAP HSRL. 

To reduce the retrieval errors in extinction, lidar signals should be averaged and smoothed to obtain better signal-to-
noise ratio. If α1 is 0.1 /km and Δr is 300 m, the required signal-to-noise ratio is 167 to have less than 10 % error in the 
extinction. We can get the signal-to-noise ratio from HSRL signals if the lidar signals are averaged over 5 ~ 15 minutes 
below 6 km. Compared to HSRL, Raman lidar has worse signal-to-noise ratio, and therefore we have to integrate the 
signals over 30 minutes to ~ 2 hours to achieve less than 10 % of the retrieval errors. As pointed out in Ansmann et al., 
[25], averaging over a long period of time can cause large errors up to several tens of percent for non-uniform layers. 

Random errors in the backscatter retrieval are determined by the total-to-molecular backscattering ratio (R) and the 
signal-to-noise ratios. If R is 2, the required signal-to-noise ratio is 20 for a 10 % error in the backscatter, and hence the 
random errors in the backscatter are much less than those in the extinction for a certain signal-to-noise ratio. In the 
backscatter retrieval, the signal ratio between the total (elastic) and the Rayleigh (Raman) channels should be calibrated 
at the height where aerosols and clouds are free. Due to the low signal-to-noise ratio at the reference height, the 
calibration coefficient suffers from random errors that would be dominant in the retrieval error of backscatter. Rather 
than calculating signal ratios at the reference height for every averaged profile, the calibration coefficient should be 
beforehand calculated by averaging the signals over a long time, enough to neglect random errors in clear sky condition 
days. The calibration coefficient may contain systematic errors for Raman lidar due to the wavelength dependence of the 
extinction coefficient, but the errors are negligible for clear days.  

 

5. CONCLUSION 
We developed an HSRL using the iodine absorption filter method at CEILAP, Argentina. The HSRL was built based 

on the multi-wavelength Raman lidar of the Argentinean lidar network and the HSRL system developed at NIES, Japan. 
For long-term aerosol observation with the HSRL, a feedback control system was installed for automatically tuning the 
laser wavelength to the center of the iodine absorption line. The standard deviation of the laser wavelength fluctuation 
with the system was ±0.05 pm from the center of the absorption line. With the stability, the system can retrieve 
extinction and backscatter with small systematic errors. We conducted a test measurement with the HSRL and confirmed 
favorable results as reported by [23]. We plan to deploy the developed HSRL to the northern region of Argentina in the 
near future. Continuous monitoring of black carbon from the Amazonian region and other aerosols with the HSRL is 
expected. 
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