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Abstract

The sky-radiometer-based observation network called SKYNET is briefly intro-
duced. Two dedicated on-site calibration methods, the improved Langley (IL) and
solar disk scan (SDS) methods, enable long-term continuous well-calibrated
observation of the optical properties of atmospheric aerosols. The uncertainty in
the calibration constant derived using the IL method was estimated to be better
than 2.4%. The uncertainty in the solid view angle estimated using the SDS
method was improved and found from simulation to be lower than 0.5% under
low aerosol conditions. To confirm these estimates, aerosol optical depth
(or aerosol optical thickness) comparisons with other independent data generally
showed a root-mean-square difference smaller than ~0.02 at a wavelength (λ)
�500 nm and ~0.03 at shorter wavelengths. The accuracy of the single scattering
albedo retrieval was found to be better than ~0.02 for λ �500 nm and tended to
take a larger value of ~0.05 at 870 nm. Recent progress supporting the ability of
SKYNET to enable precise quantitative analysis of light-absorbing aerosols is
also presented. Efforts to improve the retrieval methods for aerosols and other
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components, such as clouds, water vapor, and ozone, are ongoing together with
growth of the international SKYNET community.
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1 Introduction

SKYNET is a research group of sky radiometer users who formed in the early 2000s,
when there was high demand for validation measurements from the Earth’s surface
for the Advanced Earth Observing Satellite-II (ADEOS-II) Global Imager project. It
became recognized internationally during the East Asian Regional Experiment 2005
[1] conducted as part of the UNEPAtmospheric Brown Cloud project [2]. During the
campaign, sky radiometers were deployed at several sites over East Asia as a
ground-based aerosol observation network. Since then, users of sky radiometers
and the SKYNET observation sites have continued to increase worldwide. Many
observational studies of aerosols have been conducted to improve knowledge of the
aerosol optical properties and to evaluate aerosol climate effects accurately. In
particular, there is demand for sophisticated retrieval methods for the aerosol optical
depth (AOD) (or aerosol optical thickness (AOT)) and single scattering albedo
(SSA) as a unique function of ground-based aerosol observation networks. Contin-
ued effort toward improving and validating these retrieved optical properties of
aerosols from ground-based networks is critical to improve the satellite remote
sensing ability, the accuracy of modeling aerosol climate effects, and others. No
single platform is currently capable of aerosol measurements with sufficiently low
uncertainties in AOD (~0.02) and SSA (~0.02) that are needed to constrain the direct
radiative effect to within ~1 Wm�2 [3]. Partly due to this issue, the estimates of
radiative forcing still show large uncertainty.

2 International Collaboration Within SKYNET

Figure 1 shows the SKYNET observation sites recognized by the International
SKYNET Committee (ISC) [4]. Users have established regional subnetwork groups
in China, Europe, India, Japan, South Korea, Mongolia, and Southeast Asia for data
analysis and formed the ISC to discuss matters regarding international collaboration.
Historically, two major groups have played significant roles in regional data collec-
tion and data processing: the Centre for Environmental Remote Sensing (CEReS),
Chiba University [5–8], and the European Skynet Radiometers network (ESR)
[9–11]. These subnetworks developed data collection and retrieval systems in
parallel and are consequently not well unified. SKYNET was admitted as a contrib-
uting network to the World Meteorological Organization (WMO) Global
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Atmospheric Watch (GAW) in 2017 [4]. In this growth phase, the ISC decided to
establish the International SKYNET Data Centre (ISDC) at the National Institutes
for Environmental Studies in Japan, to start a shared data collection and retrieval
system based on the memorandum of understanding between users and the ISDC.
The ISDC provides standard products from the SKYNET network, whereas the
regional subnetworks are supposed to develop improved products and new research
products. Aerosol optical properties retrieved from SKYNET have been used to
investigate regional and seasonal characteristics of aerosols for climate and environ-
mental studies [8] and to validate satellite remote sensing results [12–18]. To attain
these objectives, SKYNET makes observations with sky radiometers and retrieves
the optical properties of aerosols, with close collaboration between national agen-
cies, institutes, and universities.

3 Principles, Uncertainty, Calibration, and Selected Scientific
Findings

All SKYNET sites are equipped with one or more sky radiometers manufactured by
PREDE Co., Ltd (Fig. 2) as the main instrument. A sky radiometer is a scanning
sun–sky photometer that measures direct and diffuse solar irradiance. Several ver-
sions of the sky radiometer have been developed at user requests. POM-01 is the
standard version, with seven channels at 315, 400, 500, 675, 870, 940, and 1020 nm.
POM-02 is an extended version equipped with additional UV channels at 340 and
380 nm and shortwave infrared wavelengths at 1600 and 2200 nm. Channels at
315 and 940 nm have been installed for atmospheric ozone and water vapor column
retrieval, respectively. Full widths at half maximum of band-pass filters are 3 nm or
less for channels shorter than 380 nm, 10 nm for those between 400 and 940 nm, and

Fig. 1 A map of the SKYNET sky radiometer sites. (From Ref. [4])
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20 nm for longer wavelengths. Ship-borne observations [19] and lunar photometry
[20] are possible with other versions of POM-02.

SKYNET has two dedicated on-site calibration methods for calibrating the sky
radiometer without sending it to a calibration center. One is the improved Langley
(IL) method for determining the calibration constant F0 [21], which is the equivalent
to the extra-terrestrial solar irradiance at a Sun–Earth distance of 1 A.U. The other is
the solar disk scan (SDS) method, which determines the solid view angle (SVA) [22],
which is the area on the unit sphere in the field of view of a sky radiometer.

According to Lambert-Beer’s law, the direct solar radiance measured by a sky
radiometer (F) is related to the radiance at the top of the atmosphere (FTOA), air mass
(m), and total optical depth (τ) as:

lnF ¼ lnFTOA � mτ ð1Þ
This equation can be rewritten as follows:

lnF ¼ ln
F0

r2
� mτ ð2Þ

lnFr2 ¼ lnF0 � m τnon�aerosol þ τaerosolð Þ ð3Þ

lnFr2 ¼ lnF0 � mτnon�aerosol � mτaerosol ð4Þ

lnFr2 ¼ lnF0 � mτnon�aerosol � m
τs
ω

ð5Þ

lnFr2 þ mτnon�aerosol ¼ lnF0 � 1

ω
mτs, ð6Þ

where r is the Sun–Earth distance, τnon-aerosol is the optical depth from non-aerosol
components (i.e., mainly from Rayleigh scattering and ozone), and τaerosol is the sum
of the light-scattering (τs) and light-absorbing aerosol optical depths (τa).

Fig. 2 Schematic of the
typical observation
geometries of a sky
radiometer
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For each measurement, aerosol parameters, including τaerosol, are first retrieved by
inverting the data of the normalized radiance R, the ratio between the measured
direct irradiance F and the measured diffuse irradiance E(Θ) within the forward-
scattering range 3� � Θ � 30�, with preassigned values of the refractive index and
surface albedo. This inversion uses the following equation for the radiance L(Θ):

L Θð Þ ¼ E Θð Þ
ΔΩ ¼ ωmτaerosolP Θð ÞFþ O multiple scatteringð Þ, ð7Þ

where ΔΩ is the SVA, ω is the SSA, and P(Θ) is the normalized scattering phase
function. Then, a single scattering approximation is made using the forward scatter-
ing data for a small scattering range (3� � Θ � 30�), where the multiple-scattering
term O can be neglected. To retrieve τaerosol, the inversion is performed using the
ratio of the measured quantities F and E(Θ). This means that absolute values of F or
E(Θ) are not needed. Therefore, information on F0 is not needed. Note that, in this
step, the retrieved τaerosol for aerosol components is not always accurate, while the
optical thickness for light-scattering (τs) is determined more precisely. Then, plotting
the left-hand side of Eq. 6 versus mτs (called the improved Langley plot) yields an
intercept as lnF0, which determines F0 (Fig. 3). The accuracy of F0 derived using the
IL method in this way has been estimated to be better than about 2.4% [4]. Effort is
ongoing to make the IL method function under high aerosol conditions. For this, a
new cross IL (XIL) method, which exchanges the roles of x and y in the regression
analysis, was proposed [4].

Several methods have been proposed for the on-site estimation of the SVA of sky
radiometers. These include the solar disk scan (SDS) method, point-source or lamp

Fig. 3 Example of the
improved Langley plot for
observations at Yonsei
University, Seoul, Korea
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scan method [8, 23], and diffuse plate method [21, 24, 25]. Of these, the SDS method
is routinely used in SKYNET measurements of the SVA of the sky radiometer by
scanning a circumsolar domain of �1� � �1� around the Sun at 0.1� intervals.
Recently, the following three issues were identified [22] with SVA analysis using
SKYRAD.pack, which was widely used in the SKYNET community. First, the data
processing did not consider changes in the air mass with the solar zenith angle during
the SDS measurement. In practice, however, if SDS is performed when the air mass
variation is small, then the resulting error is not expected to be significant. Second, a
routine correction method of subtracting the minimum value of the measured data at
the widest angle from the measured data greatly affects the measurements of the
scattering angle between 1� and 1.4�. This correction method will always underes-
timates SVA, but the solution to this problem is not straightforward. Third, the values
between 1.4� and 2.5� were not extrapolated properly. Frequently, the extrapolated
value does not decrease monotonically with the scattering angle. In some cases, this
phenomenon partially cancels out the underestimation of the angular integral. Then
using a simulation, the uncertainty in SVA was estimated to be lower than 0.5%
when an AOD at 500 nm was smaller than 0.5 (with no large particles) [22]. In
reality, additional uncertainty can arise due to the pointing uncertainty (particularly
under strong wind conditions) during the SDS and temporal degradation in the filter
conditions that could alter the focal length. Indeed, SVA derived from SDS mea-
surements indicated that the uncertainty in SVAwas less than�0.01 msr or�4% [8].
This result is based on SVA measurements made at night using the so-called point-
light-source method, by setting an Xe-lamp at a distance [23]. For more precise
estimates, more experiments are needed.

Nakajima et al. [4] summarized the results of AOD comparisons with other
independent data, including those from the AERONET and PFR (precision-filter
radiometers) networks. The root-mean square difference (RMSD) was found to be
less than ~0.02 for λ �500 nm and takes a larger value at ~0.03 for shorter
wavelengths in city areas, whereas mountain comparisons showed a smaller
RMSD. The SKYNET SSA data were evaluated at extended UV–NIR wavelengths
[26] using comparisons with those derived from a combination of the AERONET
[27], MFRSR [28, 29], and Pandora [30] inversions at Yonsei University, Seoul,
South Korea, during and after the Korea-United States Air Quality Study (KORUS-
AQ) international field campaign in 2016 [31]. Their study provides the first
comparisons of the SKYNET and MFRSR SSA retrievals at UV wavelengths.
They found SSA differences of around 0.02 for λ �500 nm and a larger value of
0.05 at 870 nm, similar to earlier studies [7, 32]. These demonstrated performances
facilitated comparisons of independent satellite SSA retrievals in the UV from
satellite observations by Ozone Monitoring Instrument (OMI) [33]. In addition,
the influence of biomass burning on the SKYNET Phimai site in Thailand during
the dry period in January–April 2016 was studied [8]. For this, the absorption aerosol
optical depth (AAOD) and absorption Angström exponent (AAE) were estimated
from SKYNET AOD and SSA data with the following equations:
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AAOD λð Þ ¼ AOD λð Þ∙ 1� SSA λð Þ½ � ð8Þ
ln AAOD λð Þð � ¼ a� AAE∙ ln λð Þ,½ ð9Þ

where a is the intercept.
Figure 4 shows time series of the aerosol optical properties (AOD, SSA, AAOD,

and AAE) retrieved from sky radiometer observations. Reasonable correlations was
found with independent collocated multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) observations of the concentrations of trace gases originat-
ing from biomass burning (formaldehyde and glyoxal) [8]. For the period from
January to April 2016, the mean estimated AAE was 1.57� 0.28 for all wavelengths
from 340 to 870 nm (Fig. 5). For shorter wavelengths from 340 to 500 nm, the
estimated mean AAE was 1.93 � 0.59 (Fig. 5). These values were consistent with
reports on biomass burning plumes. Further precise quantitative analysis of light-
absorbing aerosols, particularly in biomass burning plumes, and other application
research (about clouds, water vapor, and ozone) is expected to be realized in ongoing
efforts to improve retrieval methods [34–36] together with a growing international
SKYNET community.

4 Public Data Availability

SKYNET standard data are available publicly at the ISDC website (http://www.
skynet-isdc.org). ISDC has two data analysis flows (SR-CEReS and ESR-MRI). For
SR-CEReS, the near-real time data are publicly available as L2. For ESR-MRI, the
following levels of data are available:

Fig. 4 Time series of the
aerosol optical properties
(AOD, SSA, AAOD, and
AAE) retrieved from sky
radiometer observations at
Phimai, Thailand, for the
intense biomass burning
period from January to April
2016. Daily means are shown.
Their 1σ standard deviations
are shown as error bars. The
AOD, SSA, and AAOD
values for different
wavelengths are shown in
different colors

SKYNET 7

http://www.skynet-isdc.org
http://www.skynet-isdc.org


L2A: obtained using the calibration constants for the previous month. They are
released at the beginning of the following day.

L2: data products obtained by reprocessing L1 data with the updated calibration
constants. They are released at the end of each month, together with the calibra-
tion constant values.

5 Conclusions

The SKYNET network is briefly introduced with its dedicated on-site calibration
methods, that enable long-term continuous well-calibrated observation of the optical
properties of atmospheric aerosols. The uncertainties in the calibration constant
derived using the IL method and the solid view angle estimated using the SDS
method were small enough as demonstrated by AOD and SSA comparisons with
other independent data. Further efforts to improve the retrieval methods for aerosols
and other components, such as clouds, water vapor, and ozone, are ongoing together
with growth of the international SKYNET community.
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