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Abstract: A lidar for measuring fluorescence from atmospheric aerosols 
was constructed with a third harmonic Nd:YAG laser, a 1-m diameter 
telescope, and a 32-channel time-resolved photon-counting spectrometer 
system. Fluorescence spectrum and vertical distribution of fluorescent 
aerosols in the lower atmosphere were observed during the nighttime with 
excitation at 355 nm. Relatively strong broad fluorescence was observed 
from Asian dust and air-pollution aerosols transported from urban and 
industrial areas. Rough estimates of the fluorescence efficiency were given 
for these aerosols. The intensity of the total fluorescence over the spectral 
range from 420 to 510 nm was comparable to that of nitrogen vibrational 
Raman scattering. That indicates the possibility of making a compact 
Raman-Mie-fluorescence lidar for aerosol monitoring. 
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1. Introduction 

A large fraction of atmospheric aerosols is of biological origin. This includes pollen, spore, 
bacilli, viruses, and biogenic organic materials. A recent study indicated that bacilli are often 
found on transported Asian dust particles [1, 2]. One of our original motivations of the 
present study was to detect bacilli on Asian dust particles using fluorescence. Detection of 
bioaerosols using fluorescence has been studied by a number of researchers [3–7]. Recently, 
Pöhlker et al. published a comprehensive study of the excitation-emission matrices of 
atmospheric bioaerosols and interfering materials [8]. The results suggested the possibility of 
categorizing bio-materials using two excitation wavelengths. 

Lidars for measuring fluorescence from aerosols have also been studied by several 
researchers. Some of them are used for detecting biological weapons [9]. As for atmospheric 
aerosols, Immler et al. reported a strong signal in the water-vapor Raman channel, and they 
attributed the signal to fluorescence from forest-fire smoke [10]. 

We have constructed a lidar spectrometer using a Nd:YAG laser, a 1-m diameter 
telescope, and a spectrograph with a 32-channel multi-anode photomultiplier tube. The 32-
channel multi-spectral lidar detector was originally introduced into our high-spectral-
resolution lidar system for studying Raman scattering of SiO2 in Asian dust [11, 12]. In this 
paper, we present the results of our initial experiments on the measurement of fluorescence 
from atmospheric aerosols using the lidar spectrometer. We used a single excitation 
wavelength of 355 nm and recorded fluorescence spectra in the spectral range from 420 to 
510 nm. The present study aims at determining the climatology of fluorescent aerosols in the 
lower atmosphere. 

2. Experiments 

Figure 1 presents the configuration of the lidar spectrometer. It employs a third-harmonic 
Nd:YAG laser, a 1-m diameter telescope, and a 32-channel multi-spectral lidar detector 
(Licel). The lidar also detects the Mie-scattering signal and the depolarization ratio. The 
typical output of the laser was 100 mJ at 355 nm, and the laser repetition rate was 30 Hz. The 
telescope is Newtonian with a focal length of 4048 mm. The field of view of the receiving 
system was 0.25 mrad. The 32-channel multi-spectral lidar detector consists of a F/3.7 
crossed Czerny-Turner spectrograph with 125-mm focal length (Oriel MS125-77400) and a 
32-channel photon-counting system using a multi-anode photomultiplier (Hamamatsu H7260-
20). A grating with 1200 lines/mm was used, and the spectrum of the backscattered light was 
recorded in the spectral range from 345 nm to 525 nm with a 5.8-nm resolution over a height 
range up to 15,000 m with a 15-m height resolution. The slit width at the entrance of the 
spectrograph was 0.8 mm. A long-pass filter with a cutoff wavelength of 360 nm was used 
before the spectrograph. The transmission at the laser wavelength was less than 10−6 with the 
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filter and the dichroic mirror in front. The measurement was limited to the nighttime because 
of the solar background radiation. 

 

Fig. 1. Configuration of the lidar spectrometer system. 

The experiments were performed at the National Institute for Environmental Studies in 
Tsukuba, Japan (140.12E, 36.05N). To date, nineteen cases including three Asian dust events 
were observed. We report results of typical cases in this paper. In the data analysis, we also 
used data from the compact lidar operated continuously at NIES in the Asian Dust lidar 
network (AD-Net). The lidar is a dual-wavelength lidar (532 nm, 1064 nm) with a 
polarization receiver (532 nm) and a nitrogen Raman detector (608 nm) [13, 14]. 

The lidar spectrometer signals were accumulated for 10 minutes and recorded. First, the 
sensitivity of the multi-channel detector was calibrated. The background signal in each 
detection channel was estimated from the averaged signal from 6,000 to 15,000 m where the 
intensity of the lidar return was sufficiently low, and the background was subtracted from the 
signal. The signal intensity of the spectral channel at each height was normalized by the 
intensity of the nitrogen Raman scattering channel. This procedure approximately canceled 
the effect of the geometrical form factor. The effect of attenuation of the transmitted laser was 
also canceled. The difference in attenuation in the return path due to the difference in 
wavelength remains but can be neglected in the lower heights where the attenuation itself is 
small. The fluorescence intensity profiles were further corrected by the molecular density 
profile so that the intensity at each height was relative to nitrogen Raman scattering at 
standard ambient temperature and pressure. 

We studied the distribution of fluorescent aerosols using the time-height indications of the 
total fluorescence integrated from 420 to 510 nm. We compared the distribution of 
fluorescent aerosols with that of non-spherical (dust) and spherical (air pollution) aerosols 
derived with the AD-Net lidar and identified the aerosol types. We then studied the difference 
in the fluorescence spectra for dust and air-pollution aerosols. Also, we studied the 
fluorescence efficiency of these aerosols for several cases. In the analysis of the AD-Net lidar, 
we first applied the Fernald’s method with a constant lidar ratio (S1 = 50 sr) to derive the 
extinction coefficient, and then we estimated the mixing ratio of non-spherical and spherical 
aerosols using the particle depolarization ratio, based on an assumption of external mixing of 
the two types of aerosols having different particle depolarization ratio. The details of the 
method are described in references [13, 15]. A similar analysis is possible with the 355-nm 
data of the lidar spectrometer. However, we used the data of the AD-Net lidar in this paper 
because the particle depolarization ratio of Asian dust at 355 nm is not well characterized at 
present. 
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3. Results and discussion 

Figure 2 plots examples of fluorescence spectra for different aerosol and cloud cases. The 
spectra are normalized by the intensity of nitrogen Raman scattering. The spectra were broad, 
and no significant structures were observed. However, the shape of the spectrum differed 
slightly for Asian dust and air-pollution aerosols. The intensity at long wavelengths was 
higher in the Asian dust than in the air-pollution aerosols. Some of the clouds (but not all) 
exhibited strong fluorescence. The spectra from the clouds differed from those from the 
aerosols. 

 

Fig. 2. Examples of the measured fluorescence spectra for aerosol and clouds. The detector 
sensitivity was corrected. The rectangular area defines the broadband fluorescence used in the 
fluorescent aerosol profile analysis. (The grating angle setting was different for May 16-17, 
2012, and the channel number is shifted.) 

We define the intensity (photon number) of the broad fluorescence by integrating the 
spectra from 420 nm to 510 nm. Figure 3 presents profiles of the fluorescence of the aerosols 
and cloud. Figure 3 presents the fluorescence intensity relative to nitrogen Raman scattering 
at standard ambient temperature and pressure. The error bars represent the standard 
deviations. The error due to background radiation was high even in the nighttime because of 
the wide spectral bandwidth in the fluorescence measurement. It can be seen in Fig. 3 that 
Asian dust exhibited strong fluorescence. The fluorescence intensity should depend on the 
aerosol density and the fluorescence efficiency. We present rough estimates of the 
fluorescence efficiency in the following. 

Figures 4 to 6 present time-height indications of the broad fluorescence in the 420 to 510 
nm range for the three cases. The center and right panels in the figures indicate the dust (non-
spherical) extinction coefficient and the spherical (mostly air pollution) aerosol extinction 
coefficients at 532 nm derived from the AD-Net lidar operated at NIES. 

In Fig. 4(b), Asian dust was observed at heights above 750 m. The distribution pattern of 
the fluorescence is similar to that of Asian dust, and the intensity is high. A similar structure 
is also seen in spherical aerosol above 750 m, indicating a mixing state of dust and air-
pollution aerosols. However, the distribution pattern seen in air-pollution aerosol below 750 
m is not seen in the fluorescence intensity distribution except for the portion indicated by 
circle B. This indicates that most of the fluorescence was emitted from Asian-dust particles. 
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Fig. 3. Profiles of normalized total fluorescence (420 to 510 nm) for Asian dust, air-pollution 
aerosol, non-fluorescent aerosol, and low clouds. 

 

Fig. 4. Time-height indications of (a) broad fluorescence, (b) the non-spherical aerosol 
extinction coefficient at 532 nm, and (c) the spherical aerosol extinction coefficient at 532 nm 
for Asian dust case on May 16-17, 2012. Clouds are indicated in magenta, and the areas where 
no data are available (e.g. above clouds) are indicated in white. 

Figure 5 depicts the air-pollution aerosol case. The dust extinction coefficient was low, 
and no Asian-dust transport was reported. The distribution pattern of the fluorescence is 
similar to the spherical aerosol extinction coefficient in this case. 

 

Fig. 5. The same as Fig. 4, but for air-pollution aerosol on September 7, 2011. 
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Figure 6 also presents an air-pollution aerosol case, but the fluorescence exhibits an 
interesting structure in the lower heights, where there are low-fluorescence-intensity areas. 
The distribution pattern of spherical aerosol in the right panel is complicated and no simple 
correlation is seen. 

 

Fig. 6. The same as Fig. 4, but for air-pollution aerosol on September 29-30, 2011. 

We performed a trajectory analysis using the NOAA Hybrid Single Particle Lagrangian 
Integrated Trajectory Model (HYSPLIT) to understand the difference between fluorescent 
and non-fluorescent aerosols. (http://ready.arl.noaa.gov/HYSPLIT.php) Fig. 7 presents the 
results for the cases in Figs. 5 and 6. Tsukuba is located about 50 km northeast of Tokyo. The 
result of the back trajectory analysis indicated that air masses transported over urban and 
industrial areas in Tokyo, Yokohama, and Chiba often exhibited fluorescence. In the 
September 7 case, the trajectories ending at a, b, and c are all from the industrial area. In the 
September 29 case, the trajectories ending at g and h pass over Tokyo, but d, e, and f pass 
over the north of Tokyo. The fluorescence intensity at f was low in Fig. 6. The fluorescence 
intensities at d and e were not low, but this was probably due to the clouds seen in Fig. 6. The 
trajectories ending at a 1000-m height in Fig. 6 all pass over industrial areas (not shown). 

 

Fig. 7. Back trajectories for (a) September 7, 2011, and (b) September 29, 2011. 
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The fluorescence intensity depends on the aerosol concentration and the fluorescence 
efficiency. We may write the relationship between the backward fluorescence coefficient and 
the aerosol backscattering coefficient as follows. 

 
(1- )

· · · · · .fl fl Mle fl Mle

SSA
f C

SSA
β η β β= =  (1) 

Here, βfl is the backward fluorescence coefficient (m−1sr−1), βMie is the backscattering 
coefficient (m−1sr−1), SSA is the aerosol single-scattering albedo, and ηfl is the fluorescence 
efficiency. The factor f represents the difference between the Mie scattering phase function 
and that for fluorescence. We may call the coefficient Cfl the “lidar fluorescence ratio,” 
though it depends on the spectral bandwidth of the fluorescence measurement. βfl can be 
estimated from the measurements because the fluorescence intensity is scaled with nitrogen 
Raman scattering. The total vibrational Raman scattering coefficient of nitrogen at standard 
ambient temperature and pressure (25deg C, 1 bar) is 6.80･ 10−9 m−1sr−1 at 355 nm [16]. 

The backward fluorescence coefficient βfl for the total fluorescence in the 90-nm 
bandwidth is 1.5･ 10−8 m−1sr−1 for the Asian-dust case in Fig. 4, marked with “A.” The dust 
backscatter coefficient at 355 nm is 1.0･ 10−6 m−1sr−1. The coefficient Cfl in Eq. (1) is 
1.5･ 10−2. SSA for Asian dust at 355 nm is about 0.9 [17], if we suppose f~1, ηfl is estimated 
to be 0.15. If we do the same thing for the spherical aerosol in Fig. 5, marked “C,” βfl 
~2.1･ 10−9 m−1sr−1, βMie,355 ~3･ 10−6 m−1sr−1, and Cfl ~7･ 10−4. SSA for air-pollution aerosols 
varies depending on the aerosol type. If we suppose SSA to range from 0.9 to 0.99 and f ~1, 
we obtain ηfl ~0.007-0.07. In the same way, we estimated Cfl ~1.1･ 10−3 for the non-dust 
aerosol in Fig. 4, marked with “B,” Cfl ~7･ 10−5 for the non-fluorescent aerosol in Fig. 3, and 
Cfl ~2.4･ 10−4 for the fluorescent cloud in Fig. 3. Table 1 summarizes the estimated Cfl and ηfl. 
Please note that these are very rough estimates for very limited cases. The SSA values are not 
derived but are just assumed. Also factor f in Eq. (1) was assumed to be 1. 

Table 1. Rough estimate of the lidar fluorescence ratio Cfl and the fluorescence efficiency 
ηfl for the aerosol and cloud cases observed in this study 

Target βfl(m
−1sr−1) βMie(m

−1sr−1) Cfl SSA (assumption) ηfl 

Asian dust 
(Fig. 4 “A”) 

1.5 10−8 1.0 10−6 1.5 10−2 0.9 0.15 

Non-dust aerosol 
(Fig. 4 “B”) 

5 10−9 4.5 10−6 1.1 10−3 0.9-0.99 0.01-0.1 

Air-pollution aerosol 
(Fig. 5 “C”) 

2.1 10−9 3 10−6 7 10−4 0.9-0.99 0.007-0.07 

Non-fluorescent 
aerosol (Fig. 3) 

5 10−10 7.5 10−6 7 10−5 0.9-0.99 0.0007-0.007 

Fluorescent cloud 
(Fig. 3) 

1.2 10−8 5 10−5 2.4 10−4 0.99 0.024 

The result indicates that Asian dust is highly fluorescent. We suppose that the 
fluorescence of Asian dust is mostly from the mineral material itself, though there may be 
other materials attached to the dust surface. We are planning a laboratory experiment using 
Asian-dust samples. The fluorescence efficiency of spherical aerosols is highly variable. The 
fluorescence intensity of clouds was high in Fig. 3, but the fluorescence efficiency was not 
very high. The number of the cases we have observed (currently 19) is still not sufficient. We 
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have not observed, for example, biomass-burning smoke, which is expected to be highly 
fluorescent. Also, we have not observed pure dust cases. In this paper, we have presented 
only a rough estimate of the fluorescence efficiency, based on assumptions about SSA and the 
scattering-phase function factor. The fluorescence efficiency should be analyzed based on 
aerosol microphysical properties obtained from multi-wavelength Raman or high-spectral 
resolution lidars [18]. The fluorescence efficiency would provide additional information for 
characterizing aerosols. 

The intensity of the broad fluorescence of fluorescent aerosols was comparable to the 
nitrogen vibrational Raman scattering intensity as can be seen in Fig. 2 and Fig. 3. This 
suggests the possibility of creating a compact fluorescence lidar with two or three broadband 
detection channels. Some categorization of aerosols would be possible using the difference in 
the spectral shape of the fluorescence between mineral dust and air-pollution aerosols. To 
obtain fundamental data for such applications, we plan to extend the spectral range of the 
lidar spectrometer to longer wavelengths. 

4. Conclusion 

We constructed a multi-channel lidar spectrometer and studied fluorescence of atmospheric 
aerosols with excitation at 355 nm. We studied distribution of fluorescent aerosols, 
fluorescence spectrum, and the fluorescence efficiency. The results showed that Asian dust 
and some of air-pollution aerosols transported from the urban and industrial areas are 
fluorescent. The results suggest the fluorescence measurement provides useful information 
for aerosol characterization when it is performed simultaneously with the measurement of 
microphysical parameters of aerosols by a multi-wavelength Raman lidar or high-spectral-
resolution lidar. We plan to continue the observation with the lidar spectrometer to study 
characteristics of fluorescent aerosols, and we also plan to refine the analysis method using 
the Raman scattering data from the lidar spectrometer and the AD-Net lidar for estimating the 
fluorescence efficiency more quantitatively. 
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