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Fig. 7. Time–height indication of (a) extinction coefficient at 355 nm, (b) backscatter coefficient at 355 nm, (c) extinction coefficient at 532
nm, (d) backscatter coefficient at 532 nm, (e) lidar ratio (extinction-to-backscatter ratio) at 355 nm, and (f ) lidar ratio at 532 nm in August 2020 at
Tsukuba, Japan (LT: local time). Cloudy pixels are masked with black points. Extinction coefficients are masked below 350 m in height, and lidar
ratios are also masked when backscatter is smaller than 1.0 Mm�1 sr�1 .

for low-concentration aerosols in the free troposphere are not
displayed because of the large errors in the extinction coefficient.
For instance, the error in the extinction coefficient of an aerosol
layer at a height of 2 km on August 20 was approximately 60%.
The weak aerosols in the free troposphere can be measured with
errors of less than 10% when the time and range resolutions are
decreased by approximately threefold (i.e., 15 min and 90 m for
time and range resolutions, respectively). In Fig. 7, extinction
coefficients are not shown below 350 m in height because the
overlap correction was incomplete, but the backscatter coeffi-
cients could be measured down to the ground level. The system
employed a single detector for each wavelength, and the overlap
function could be canceled out in the backscatter retrieval.

We performed a statistical analysis using the continuous
observation data shown in Fig. 7. The averaged column-
integrated lidar ratios ware 63.6 ± 10.5 and 58.2 ± 13.3 sr at
355 and 532 nm, respectively. The averaged Ångström expo-
nent (355/532) was 1.52 ± 0.65 , indicating that small-sized

aerosols such as sulphate, nitrate, and carbonaceous aerosols
with mode radii of less than 0.2 µm [28] were probably domi-
nant during the observation period. AOTs at 355 and 532 nm
wavelengths were 0.40 ± 0.18 and 0.23 ± 0.12 , respectively,
and were consistent with AOTs observed by the sky radiometer (
0.41 ± 0.19 and 0.23 ± 0.12 at 355 and 532 nm wavelengths,
respectively, which were estimated from AOTs at 340, 380, 500,
and 675 nm wavelengths). We achieved continuous measure-
ments with the DW-HSRL without any wavelength locking
system.

Figure 8 shows an example of aerosol layer observations
with the DW-HSRL. A lofted dust layer with depolarization
ratios of >0.1 at heights of 1.5–5 km was observed during
8–10 June 2020. Depolarization profiles were measured with
polarization-sensitive Mie-scattering lidar of the Asian Dust and
aerosol lidar observation network (AD-Net) [29] at the same
site as the DW-HSRL. Figures 8(b)–8(f ) show averaged vertical
profiles of particle backscatter, extinction, lidar ratio, Ångström
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Ground-based lidar networks are the essential infrastructure for the validation of ATLID aerosol and cloud products. We have deployed the AD-Net lidar network at 20 sites in East Asia to continuously observe vertical 
profiles of clouds and aerosols. In South America, we have developed the SAVER-Net lidar network at 9 sites in the framework of a tri-national (Japan-Argentina-Chile) project. Both AD-Net and SAVER-Net have the 
same configuration as CALIOP, which has two-wavelength (532 and 1064 nm) elastic and one polarization (532 nm) channels. Almost 10 observation sites have a 355 nm lidar as ATLID. For the elastic lidar, extinction 
coefficients can be retrieved during daytime if optical thickness measurement is available from AERONET or SKYNET instrument. All the elastic lidar data can be used to verify the feature mask and atmospheric boundary 
layer height. There are three sites in AD-Net and SAVER-Net that have Raman lidars at ultraviolet wavelengths, respectively. A 355 nm high-spectral-resolution lidar (HSRL) is operational at the Koganei validation 
supersite since 2019. HSRL and Raman lidar can measure particle backscattering and extinction coefficients and particle depolarization ratio, allowing direct comparison to ATLID L2A products. In the presentation, we will 
introduce the lidar networks and show a data set of optical properties of aerosols and clouds measured by the 355 nm HSRL.

1. JAXA ATLID L2a product and validation method

Shipborne lidar observations have been conducted for many 
years by JAMSTEC's research vessel Mirai, which is 
equipped with a Raman scattering lidar. The observation 
schedule after EarthCARE launch has not yet been 
determined. When shipboard observations are conducted, 
the data will be used for validation of the offshore ATLID 
product in collaboration with JAMSTEC. The validation 
method will be the same as that for the ground-based Raman 
scattering lidar

2. Validation facilities

【AD-Net and Asian lidars】
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errors in backscatter are 8.5⇥10�6 and 5.1⇥10�5 /km/sr at 2.5–3.0 km for HSRL and Raman
lidar, respectively, and errors in extinction are 3.3⇥10�2 and 3.5⇥10�1 /km at the same height for
HSRL and Raman lidar, respectively. Therefore, the errors for HSRL are approximately 1 order
of magnitude smaller than those for Raman lidar at this height, and this is because the SNR of
HSRL is approximately 15 times larger than that of Raman lidar. However, at a height range of
0.5–1.0 km, the errors in extinction for HSRL are 1.9⇥10�2 /km, which are half of those for a
Raman lidar. The SNR of HSRL is approximately 5 times larger than that of Raman lidar at this
height because the smaller telescope signals are used below a height of 1.2 km for the extinction
retrieval. Moreover, the backscatter coe�cient in the boundary layer is approximately 5 times
stronger than that above a height of 1 km, and the errors can be a�ected by the stronger backscatter
as expected from Eq. (13). The amplitude of scan data for the reference is approximately 0.35
during the day, which is degraded compared to the value in Fig. 3. However, we continuously
monitor the reference, and the variation of the amplitude normally does not a�ect the retrievals.

Fig. 5. Profiles of (a) aerosol backscatter coe�cient and (b) aerosol extinction coe�cient
measured by HSRL (red solid line) and Raman lidar (dashed line) at 12:00–14:00 UTC
on October 1, 2019, at Koganei, Japan. The error bars indicate the standard deviation of
retrieval errors.

We also compared HSRL results with the Raman lidar in terms of all the nighttime data
and found that the coe�cient of determination is 0.99 (0.71) for backscatter (extinction). The
regression line (Raman lidar versus HSRL) is 1.00x-1.7⇥10�5 (1.05x-2.8⇥10�2) for backscatter
(extinction). Therefore, almost no bias is measured although the extinction result slightly deviates
from the line of y= x. We also calculated the random errors for the HSRL during the daytime
and found that the errors are similar to the values observed during the nighttime. Consequently,
our system can measure extinction during the daytime and nighttime with smaller errors than the
nighttime Raman lidar under the same conditions of laser power and telescope.

6. Conclusions and outlook

We developed a simple HSRL system at 355 nm using a scanning Michelson interferometer. The
important aspects of the lidar system are that 1) the interferometer is periodically scanned for the
range of one fringe, and 2) a part of the transmitted laser is used as the reference light. The scan
data are fitted by a sinusoidal curve, which contains the aerosol backscatter information. Using
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Fig. 8. Case study of mineral dust profiles observed by dual-
wavelength high-spectral-resolution lidar. (a) Time–height indication
of volume depolarization ratio at 532 nm in June 2020 (LT: local time).
(b) Backscatter coefficient profile at 355 (H355) and 532 nm (H532).
(c) Extinction coefficient profile at 355 and 532 nm. Results using
the Fernald method are also shown by the light blue line at 355 nm
(M355) and green line at 532 nm (M532). (d) Lidar ratio (extinction-
to-backscatter ratio) at 355 nm (dark blue) and at 532 nm (dark green).
(e) Backscatter-related Ångström exponent (red) from 355 and 532
nm and extinction-related Ångström exponent (black) from 355 and
532 nm. (f ) Particle depolarization ratio profile. The profiles in (b)–(f )
were extracted from the region inside the red rectangle in (a) on 10 June
2020, averaged for 2 h, and further smoothed vertically with a window
range of 900 m. The error bars indicate the retrieval error (one standard
deviation).

exponent, and particle depolarization ratio for the area in the red
rectangle in Fig. 8(a). Lidar ratios of the dust layer (2.5–3.5 km
in height) were 52.6 ± 1.4 and 39.5 ± 3.3 sr at 355 and 532
nm wavelengths, respectively, and were consistent with previous
studies of Asian dust [30–32], although several studies [33–35]
showed that the lidar ratio at 532 nm is 45–51 sr. Extinction
profiles retrieved by the Fernald method using the measured
lidar ratios are also shown in Fig. 8(c) (M355 and M532). There
was a good agreement between the Fernald method and HSRL,
and therefore, the retrieved lidar ratios seem reasonable.

The backscatter-related Ångström exponent (BAE) and
extinction-related Ångström exponent (EAE) for the dust layer
were 0.27 ± 0.14 and 1.05 ± 0.25 , respectively. Previous
studies have reported smaller EAEs of �0.2 to 0.1 [32,36–38]
for dust events. It indicates that the observed dust layer may
contain fine particles (e.g., air pollution aerosols or smoke)
externally mixing with dust particles or mainly consisting of
fine dust particles. In both cases, the particle depolarization
ratios can be smaller than that of a pure dust case. Sakai et al .

[39] reported that fine and coarse dust particles have depolari-
zation ratios of 0.17 and 0.39, respectively. Sugimoto et al . [40]
showed that particle depolarization ratios can vary from 0 to
0.4 depending on the mixing ratio of dust and air pollution
aerosols. The depolarization ratio for the dust layer (2.5–3.5 km
in height) was 0.23 ± 0.03 . A back trajectory analysis implies
that the observed dust layer was transported from the Gobi
Desert in Mongolia and China. Air pollution aerosols from big
cities may also be transported with dust.

Figure 9 shows scatter plot of lidar ratios, backscatter color
ratio (ratio of backscatter coefficients at 355 and 532 nm),
and depolarization ratio for the dust layer shown in Fig. 8.
Statistical results of the lidar ratio at 355 nm (532 nm), backscat-
ter color ratio, and depolarization ratio at 532 nm in Fig. 9 are
55.6 ± 4.6 sr ( 39.7 ± 5.0 sr ), 1.3 ± 0.12 , and 0.19 ± 0.04
, respectively. Depolarization ratios of the dust layer were small
compared to that of previous studies [32,37,41–43] probably
due to the external mixture of dust and pollution aerosols, but
lidar ratios agreed with pure dust except for the 532 nm lidar
ratio of Saharan dust. Hara et al . [10] reported that the 532 nm
lidar ratio of polluted dust in East Asia was 54.3 ± 9 , which was
higher than this study, but the lidar ratio of polluted dust could
differ depending on the lidar ratios of mixing pollution aerosols.
Regression lines for observation data shown in Fig. 9(a) imply
that lidar ratios at 355 and 532 nm for mixing pollution aerosols
with a depolarization ratio of zero are 60 and 39 sr, respectively.
In Fig. 9(b), there is a clear negative correlation between the

Fig. 9. Scatter plot of (a) lidar ratios at 355 and 532 nm versus
depolarization ratio at 532 nm and (b) backscatter color ratio (ratio
of backscatter coefficients at 355 and 532 nm) versus depolarization
ratio at 532 nm for the dust layer shown in Fig. 8. Reference values of
lidar ratios and backscatter color ratio are also plotted for compari-
son (reference values of backscatter color ratio are converted from
backscatter-related Ångström exponent). Regression lines for observa-
tion data are depicted by broken lines. Color shading indicates relative
population density.
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We have recently developed a simple 355 nm HSRL system
using a scanning interferometer [18]. Scanning the inter-
ferometer periodically over the range of one fringe yields a
range-resolved interference signal. Phase shift due to changes
in the laser wavelength can be corrected every scan by using
reference signals from the transmitted laser. Laser wavelength
locking controls are thus not needed. Required conditions for
the laser are to maintain a single longitudinal mode and that
the change in wavelength is sufficiently slower than the scan
interval. The original idea of one-fringe scanning came from
the development of an HSRL with a multimode laser [19]. We
can use the scanning method to extend the 355 nm system to a
DW system by simply adding a 532 nm detector after passing
the interferometer and measuring the scan data at two wave-
lengths. Tucker et al . [20] also reported a DW-HSRL system
with a quadrature Mach–Zehnder interferometer without
wavelength control systems. The quadrature interferometer
system can measure aerosol profiles every shot because four
different phases of the fringe are simultaneously measured with
no mechanical movement, but the system needs four detectors
per wavelength. Although our method requires scanning, the
optical system is much simpler because only one detector is
needed per wavelength.

The goal of this study is to establish a simple and durable
DW-HSRL system for long-term observations of aerosol opti-
cal characteristics during day and night. The objectives of the
observations include validation of spaceborne lidars. The Earth
Clouds, Aerosol and Radiation Explorer (EarthCARE) satel-
lite [21], which is a joint mission of the Japanese Aerospace
Exploration Agency (JAXA) and the European Space Agency
(ESA) to be launched in 2023, employs a 355 nm polarization-
sensitive HSRL [atmospheric lidar (ATLID)] [22], Doppler 94
GHz cloud profiling radar (CPR), multispectral-imager (MSI),
and broadband radiometer (BBR). The JAXA EarthCARE
standard products from ATLID contain extinction coefficients
for each aerosol component (water-soluble, mineral dust, sea
salt, and black carbon), which are obtained by a retrieval method
developed with ground-based multiwavelength lidars [23]. The
ATLID data are also used for cloud type discrimination based on
a relationship between the extinction-to-backscatter ratio (lidar
ratio) and depolarization ratio [24]. Ground-based DW-HSRL
is an effective tool to validate aerosol and cloud products because
multispectral measurement of particle extinction and backscat-
ter can characterize particle optical properties better than single
wavelength measurement (e.g., the relationship between the
color ratio of the backscatter coefficient and depolarization ratio
is effective in discriminating aerosol types [9] and ice particle
types [25]).

In this study, we carried out continuous measurements with
DW-HSRL using a scanning interferometer to demonstrate
system robustness and multispectral measurement capability.
This paper describes the system configuration (Section 2) and
analysis methods (Section 3). Section 4 presents the results of
one -month continuous measurements of aerosol profiles and a
discussion.

Fig. 1. Block diagram of dual-wavelength high-spectral-resolution
lidar. IS, MF, FC, and NPBS are integrated sphere, multimode fiber,
fiber coupler, and non-polarizing beam splitter, respectively.

Table 1. Specifications for Dual-Wavelength
High-Spectral-Resolution Lidar

Transmitter

Laser Injection seeded, Q -switched
Nd:YAG laser (Continuum SL I-10)

Wavelength 355 and 532 nm
Repetition rate 10 Hz
Energy 100 mJ at 355 and 532 nm
Beam divergence 0.1 mrad (full angle, after a 5⇥ beam

expander)

Receiver (far range)

Telescope Schmidt–Cassegrain type (Celestron
C8)

Diameter 200 mm
Focal length 2000 mm
Field of view 0.36 mrad

Receiver (near range)

Telescope Refractive type
Diameter 50 mm
Focal length 400 mm
Field of view 1.0 mrad

Interferometer and bandpass filter

Interferometer type Field-widened, scanning Michelson
interferometer

Free spectral range 2.4 GHz
Scanning range One fringe at 532 nm (1.5 fringes at

355 nm)
Scanning speed 1 Hz
Bandwidth of bandpass filter 1.0 nm (full width at half maximum)

Detector and signal processing

Detector Photomultiplier tube (Licel
PM-HV-R9880-113)

Data acquisition 16 bit 160 MSPS A/D converter
(AVALDATA ADO-1616-STD)

2. LIDAR SYSTEM

Figure 1 shows a block diagram of the DW-HSRL developed
by our group. Table 1 lists the specifications of the lidar. An

【532-nm HSRL at Fukuoka, Kyushu University】

I2 filter spectrum

Frequency controls

*1) Transition to 355/532 HSRL from 2020. Intermittent measurements are being taken while improvements are being made; 
continuous measurements will be made during the mission after launch. *2) Palau site is scheduled to close in 2024 and is being 
considered for relocation.
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Lidar networks (AD-Net in East Asia and SAVER-Net (South American Environmental Risk Network) in 
South America) are used to validate both release accuracy 9 months after launch and standard/target 
accuracy 3 years after launch. The ground-based lidars employ Mie-scattering lidar, High Spectral 
Resolution Lidar (HSRL), and Raman scattering lidar. Aerosol optical thickness data from SKYNET and 
AERONET are also used to estimate the extinction coefficient from the Mie-scattering lidar with the 
constrained method. Comparison with other satellites (CALIPSO and ADM-Aeolus) will be performed as 
necessary due to the risk of insufficient number of match-up data points. The accuracy will be evaluated by 
conducting statistical analysis of the match-up data between ground and satellite. JAXA ATLID research 
products are also the target of validation.
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Validation method (evaluation period 3~6M)Data for validationParameter

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-Net, SAVER-Net
Feature Mask

Direct and statistical comparison with a match-up datasetCALIPSO, ADM-Aeolus

Direct and statistical comparison with target mask estimated from HSRL and Raman scattering lidarAD-Net
Target Mask

Direct and statistical comparison with match-up datasetCALIPSO, ADM-Aeolus

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-Net

Extinction coefficient Compare with vertically integrated extinction coefficientsSKYNET, AERONET

Direct and statistical comparison with match-up datasetCALIPSO, ADM-Aeolus

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-Net
Backscattering coefficient

Direct and statistical comparison with match-up datasetCALIPSO, ADM-Aeolus

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-Net
Lidar ratio

Compare with lidar ratio estimated from Aeolus’s extinction and backscatterADM-Aeolus

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-Net, SAVER-Net
Depolarization ratio

Direct and statistical comparison with match-up datasetCALIPSO

Direct and statistical comparison with Mie/Raman scattering lidar and HSRLAD-NetPlanetary boundary layer height


