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Abstract.
The Prede sky-radiometer, whose aerosol channels are calibrated by on-site measurements (the
20 Improved Langley method), has been used for continuous long-term observation of aerosol properties.
However, continuous long-term observation of precipitable water vapor (PWV) by sky-radiometer
remain challenge, because the water vapor channel is generally calibrated by the standard Langley
method at limited observation sites (e.g., the Mauna Loa Observatory). In this study, we developed
SKYMAP, a new onsite self-calibration method for the water vapor channel of the Prede sky-
25 radiometer using diffuse radiances normalized by direct solar irradiance. The SKYMAP algorithm
consists of three steps. First, aerosol optical and microphysical properties are retrieved using direct solar
irradiances and the normalized diffuse radiances at aerosol channels. The aerosol optical properties at
the water vapor channel are interpolated from those at aerosol channels. Second, the transmittance of
PWV is retrieved using the diffuse radiance normalized to the direct solar irradiance at the water vapor
30 channel, which does not need the calibration constant. Third, the calibration constant at the water vapor
channel is estimated from the transmittance of PWV and aerosol optical properties. Intensive sensitivity
tests of SKYMAP using simulated data of the sky-radiometer showed that the calibration constant is
retrieved reasonably well for PWV < 2 cm, indicating that SKYMAP can calibrate the water vapor
channel on-site in dry conditions. Then SKYMAP was applied to actual measurements in the dry season
35 at two sites (Tsukuba and Chiba, Japan). Because the SKYMAP algorithm is useful for clear-sky and
low PWV (< 2 cm) conditions, the water vapor channel was calibrated for the dry season. After
determining the calibration constant, PWV is able to be retrieved using direct solar irradiances for the
whole year. The retrieved PWV values correspond well to those derived from a Global Navigation
Satellite System (GNSS)/Global Positioning System (GPS) receiver, a microwave radiometer, and a
40 AERONET sun-sky radiometer at both sites (correlation coefficient y > 0.96), indicating that the Prede

sky-radiometer provides both aerosol and PWV data based on its unique on-site calibration methods.
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1 Introduction

The highly variable spatiotemporal distributions of aerosols, clouds, and gases (e.g., water vapor and
ozone) still include large uncertainties for the quantitative understanding of the Earth’s radiation budget
at various spatial and temporal scales. Water vapor is specified as an essential climate variable (ECV)
by the World Meteorological Organization (WMO), a critical key parameter that contributes to
characterizing Earth’s climate and changes in atmospheric temperature (Schmidt et al., 2010). Water
vapor absorbs visible radiation and absorbs and emits infrared radiation to heat and cool the Earth and
its atmosphere. Atmospheric heating drives the evaporation of sea water, causing an increase in
temperature as positive feedback (IPCC, 2013). In addition, the distribution of water vapor controls
precipitation amounts and aerosol-cloud interactions (Twomey, 1990). To understand these effects
quantitatively, many previous studies have measured columns of water vapor content by using a
radiosonde, Global Navigation Satellite System (GNSS)/Global Positioning System (GPS) receiver
(Bevis et al., 1992), or spectroradiometer (e.g., Fowle, 1912, 1915).

Precipitable water vapor (PWV), which is the total atmospheric water vapor contained in a
vertical column, has been estimated from the measurement of direct solar irradiance at the water vapor
channel at around 940 nm by sun photometer (Fowle, 1912, 1915; Bruegge et al., 1992; Schmid et al.,
1996, 2001; Halthore et al., 1997), SKYNET sky-radiometer (Campanelli et al., 2014, 2018; Uchiyama
et al., 2014, 2018a), and AERONET sun-sky photometer (Holben et al., 1998). These previous studies

derived PWV from the observed transmittance of water vapor (Tyzo), assuming Tyao = e-atmw)?
(Bruegge et al., 1992), where a and b are adjusting parameters, m is the optical air mass, and w is PWV.
However, there is a known noticeable uncertainty in the estimate of PWV because the adjustment
parameters depend on radiometric calibration as well as the vertical profiles of water vapor and
temperature. Therefore, Campanelli et al. (2014, 2018) developed a practical method for determining
the adjusting parameters based on PWV retrieved by a GNSS/GPS receiver or by surface humidity
observations.

To estimate PWV using a spectroradiometer, it is necessary to calibrate the water vapor channel.
The calibration constant at the water vapor channel can be determined by the Langley method. For
example, Uchiyama et al. (2014) calibrated the water vapor channel of a sky-radiometer with high
accuracy using observations from the Mauna Loa Observatory (3400 m a.s.l.). In the AERONET led by
NASA, the AERONET sun-sky radiometer is calibrated every year by lamp calibration and side-by-side
comparison with a reference spectroradiometer (Holben et al., 1998). Dedicated effort and cost are
required for maintaining accurate long-term calibrations using these methods.

Sky-radiometer POM-02 (Prede, Tokyo, Japan), which is deployed in the international radiation
observation network SKYNET, measures solar direct irradiances and angular distributions of diffuse

radiances at 11 wavelengths including aerosol, cloud, water vapor, and ozone channels (Takamura and
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Nakajima, 2004; Nakajima et al., 2007). The SKYNET system is capable of long-term and automatic
aerosol observation through an on-site self-calibration method, called the Improved Langley (IL)
method, which works in turbid atmospheric conditions (Tanaka et al., 1986; Nakajima et al., 1996;
Campanelli et al., 2004, 2007). However, no improved calibration method has replaced the standard or
modified Langley methods for the water vapor channel. In this study, we devised a new method of
retrieving PWV using the PWV dependency of the normalized radiance, defined as the ratio of diffuse
radiance to direct solar irradiance at the water vapor channel. This method enables us to estimate PWV
without the calibration constant, and to perform on-site self-calibration of the water vapor channel. We
developed two algorithms, SKYMAP and DSRAD. The SKYMAP algorithm is a new on-site method
for self-calibrating the water vapor channel. It retrieves PWV (PWVskymar) from the angular
distribution of the normalized radiance at 940 nm and calibrates the water vapor channel. The DSRAD
algorithm estimates the PWV (PWVbsrap) from the calibrated direct solar irradiance at 940 nm. This
method does not require adjustment parameters and explicitly uses the filter response function and the
vertical profiles of water vapor, temperature and pressure. The SKYMAP and DSRAD algorithms are
described in Section 2. We discuss the results of sensitivity tests of the two algorithms using simulation
data in Section 3 and apply the algorithms to observational data at two SKYNET sites in Section 4.

2 Methods

In this study, PWV is retrieved using angular distributions of the normalized radiance, which does not
require the calibration constant of the sky-radiometer. Section 2.1 shows the normalized radiances and
dependencies of the normalized radiance on PWV. Next, we describe two algorithms, the flow and
relationships of which are shown in Fig. 1. The SKYMAP algorithm retrieves aerosol optical and
microphysical properties and calibrates the water vapor channel by retrieving PWV from the angular
distribution of the normalized radiance (Section 2.2). The DSRAD algorithm retrieves PWV from the

transmittance derived from the direct solar irradiance at the water vapor channel (Section 2.3).

2.1 Sky-radiometer measurements and relation between normalized radiances and the PWV

We explain normalized radiance in Section 2.1.1 and the theoretical relationship between normalized
radiances and PWV in Section 2.1.2.

2.1.1 Sky-radiometer measurements

The direct solar irradiance (F) and angular distribution of diffuse radiance (L) are measured at 11
wavelengths, including aerosol (1 = 340, 380, 400, 500, 675, 870, and 1020 nm), cloud (1627 and 2200
nm), water vapor (940 nm), and ozone (315 nm) channels. L is measured in the almucantar and

principal planes (Fig. 2). The angular distribution of L is measured at scattering angles ® = 2°, 3°, 4°, 5°,
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7°, 10°, 15°, 20°, 25°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, and 160° in
the almucantar and principal planes, every 10 min. Aerosol channels are calibrated with the IL method
using the normalized radiance at ® < 30°. F and L(®=4°) at aerosol and water vapor channels are used
in this study.

The direct solar irradiance at the bottom of the atmosphere (BOA) at the solar zenith angle

(SZA) 6o and the solar azimuth angle ¢, is derived from
F(A) = Sexp(—mor(D) (1),

where Fo is the calibration constant, which is the sensor output current of the direct solar irradiance at
the top of the atmosphere (TOA) when the distance between Earth and the sun is 1 AU; d is the distance
between Earth and the sun (AU); A is the wavelength; 7 is the total optical thickness; and mo is optical
air mass, represented as mo = 1/cosép in the plane-parallel nonrefractive atmosphere. In clear-sky
conditions, the total optical thickness consists of aerosol scattering/absorption, Rayleigh scattering, gas
absorption and integrated from BOA to TOA. Assuming a narrow spectral band filter response function,
the normalized radiance (R) which is the ratio of L to F at the zenith angle (6) and the azimuth angle (¢)

is obtained from the radiative transfer equation:

L(O,A @) ’ 1 1 ’ "N p’ r /
ot = [[Pexp|@- 1) (£ -1)] 0 AP @OATIET+QEON (),

R(O,1) =
where P'(0,2,7") and w’(4,7") are, the total phase function and the total single scattering albedo,
respectively, at the altitude T = ', AQ is the solid view angle (or field of view); Q is the multiple

scattering contribution; and

cos O = cos 0 cos By + sin 8 sin B, cos(p — @)  (3),

u=-cosf;u,=cosb,

Noted that Fo is cancelled by the normalization. In the second term of Eq. (2), the solid view angle of
each wavelength can be retrieved from the angular distribution around the solar disk (Nakajima et al.,
1996; Boi et al., 1999; Uchiyama et al., 2018b). Eq. (2) can be simplified in the almucantar plane due to
6 = 0o:

R(®,1) = [(¥

0 o' (4L THP'(0,\,t)dt + Q(0,1) = wM)T)P(O,A) + Q(6,1) (4),
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where P(0,2) and w are the total phase function and the total single scattering albedo, respectively. In
contrast, normalized radiances in the principal plane can be described simply, similar to Eq. (4), if we

assume that the atmosphere is a single layer:

R(O,1) = %w(k)P(@, M[1-exp(R -] 400, 6.

0~ Ho u

Noted that real atmosphere is not a single layer (Torres et al., 2014).
2.1.2 The relationship between normalized radiances at the water vapor channel and PWV

We examined the sensitivity of R in the two observation planes to PWV, aerosol optical properties, and
aerosol vertical profiles by simulating R. Figure 3 shows the dependencies of R on PWV for continental
average aerosol (Table 1) with aerosol optical thicknesses of 0.02 and 0.20 at an SZA of 70° in the
almucantar plane. R decreases with increasing PWV, and the aerosol optical thickness does not affect
this relationship. This suggests that PWV can be estimated from the normalized angular distribution,
which is the angular distribution of R, without the calibration constant. The dependencies of R on PWV
cannot be observed in the radiative transfer using single scattering approximation in the almucantar
plane. The first term of Eq. (4) is the normalized single scattering contribution and includes only the
influences of aerosol and Rayleigh scattering. Noted that this is true only for R, and not for L, because
total optical thickness contributes to single scattering approximation of L. However, the second term for
the multiple scattering includes the influence of water vapor absorption and creates the dependencies of
R on PWV. Figure 3 shows that the dependency of R on PWV at the forward scattering angles is not
strong, but R at the backward scattering angles between 90° and 120° changes drastically with PWV.
The range of the scattering angle for R is an important factor.

Figure 4 illustrates the dependency of R on PWV for different observation planes. The
simulation was conducted for transported dust aerosol (Table 1) with an aerosol optical thickness of
0.06 at an SZA of 70° in the almucantar and principal planes. The dependency of R on PWV was found
in both observation planes. Although the dependency of R on PWYV in the almucantar plane is strong at
the backward scattering angles, that in the principal plane is strong at scattering angles between 60° and
90°. R in the principal plane is more sensitive to PWV than R in the almucantar plane because the
normalized single scattering contribution in Eq. (5) includes not only Rayleigh and aerosol scattering
but also gas absorption.

In theory, the maximum scattering angle of the principal plane is 6o + 90° and that of the
almucantar plane is 26o. When the SZA is small, the principal plane has a broader scattering angle range
than the almucantar plane. Therefore, the principal plane is more advantageous for PWV retrieval.

Figure 5 is the same as Fig. 4 but for an SZA of 30°. Because the maximum scattering angle of the



https://doi.org/10.5194/amt-2019-426 Atmospheric
Preprint. Discussion started: 11 December 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions
By

principal plane is obviously larger than that of the almucantar plane, PWYV retrieval using the principal
plane is more effective compared to that using the almucantar plane.

180 R in the principal plane is affected by the aerosol vertical profile, but this influence can be
ignored for R in the almucantar plane (Torres et al., 2014). Figure 6 shows the normalized angular
distribution in the two observation planes for the different heights of the transported dust layer. It is
obvious that the normalized angular distribution in the principal plane is sensitive to the aerosol vertical
profile. Consequently, the principal plane is useful for retrieving PWV when the aerosol vertical profile

185 is known, but the almucantar plane is better when the aerosol vertical profile is not known. In this study,
we used the normalized angular distribution in the almucantar plane because the aerosol vertical profile

was not known. The influence of SZA on the retrieval of PWV is examined in Section 3.

2.2 SKYMAP algorithm

The SKYMAP algorithm consists of three steps (Fig. 7). First, aerosol optical and microphysical
190 properties are retrieved from F and normalized angular distributions at aerosol channels. Second,
aerosol optical properties at the water vapor channel are interpolated from those at aerosol channels.
PWYV is retrieved from the normalized angular distribution at the water vapor channel. Third, the
calibration constant at the water vapor channel is estimated from PWV and the aerosol optical

properties.
195 2.2.1 Step 1: Retrieval of aerosol optical and microphysical properties

Aerosol optical and microphysical properties are estimated from sky-radiometer measurements at

aerosol channels using normalized angular distributions and transmittance of the total extinction T =
I;J with an optimal estimation method similar to the AERONET and SKYNET retrievals (Dubovik and
0

King, 2000; Dubovik et al., 2006; Kobayashi et al., 2006; Hashimoto et al., 2012; Kudo et al., 2016).

200 Estimated optical and microphysical properties are the real and imaginary parts of the refractive index at

aerosol channels (340, 380, 400, 500, 675, 870, 1020 nm), the volume size distribution, and the volume

ratio of non-spherical particles to total particles in coarse mode. Hereafter, these are referred to as
aerosol parameters.

In step 1, we construct the forward model to calculate the sky-radiometer measurements from

205 the aerosol parameters. We assume that the aerosol volume size distribution in the radius range from

0.02 to 20.0 um consists of 20-modal lognormal volume size spectra as illustrated in Fig. 8:

dav(r) _ o20 1 (Inr-Inr; 2
o = Zi=1 Ciexp [_E(T) ] (6),

dinr

210 In7r; = In(0.02um) + %ln Ar ),

7
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_ InAr
~ 165

®),
InAr = % (In(20pum) — In(0.02um)) = :—Oln 10 (9),

where C;, ri, and s are the volume, radius, and width of each lognormal function, respectively. We can
separate the size distribution into fine and coarse modes by giving the boundary radius r, which is

obtained as the local minimum. Furthermore, we separate coarse mode into spherical and non-spherical

particles:
dav(r) de(r) ooy dVe(m) dve(r)
dinr dinr +( 6) dinr +9 dinr (10)’

Where |s fine mode, dve() in
dinr

coarse mode (Flg. 8). The aerosol optical properties are calculated from the size distribution and

refractive index, similar to methods of Kudo et al. (2016) and Dubovik et al. (2006), as follows:

A% dvVe
Text/sca(l) = Z f(rk) xt/sca(l nk, rk) + Zk(l ]/) T ext/sca(ﬁ' nk, rk) +

dinr 2l
ave( )
Zi¥ dlnr: oxt/sca(A 1 K, 1) (11)
av o,
Tsca(DP(0,4) = X — = f(Tk) KH(G) An k) +X(1—7) dl;r:) KS(0,4,m, k1) +
ave
3% ﬁ Kii®(0,2,n, k1) (12)

where 7.4 /sca(4) denotes the optical thickness of extinction and scattering, and 7., (1) P;;(©, A)denotes

the directional scattering corresponding to the scattering matrix elements P,;(0,1). K> and KNS are the
kernels of extinction and scattering properties for spherical and non-spherical particles, respectively. n
and k are the real and imaginary parts of the refractive index, respectively. We use randomly oriented
spheroids as non-spherical particles and use the kernels developed by Dubovik et al. (2006).

We compute normalized angular distributions and transmittances of the extinction, using the
radiative transfer model RSTAR (Nakajima and Tanaka, 1986, 1988). The model atmosphere is divided
by 18 boundary layersat 0, 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 70, and 120 km. Atmospheric
vertical profiles of temperature and pressure are obtained from NCEP/NCAR Reanalysis 1 data. The
absorption coefficients of H.O, CO», O3, N2O, CO, CH4, and O are calculated by the correlated k-
distribution method from the data table of Sekiguchi and Nakajima (2008).

8
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The aerosol parameters for the best fit to all measurements (normalized angular distributions and
245 transmittances at aerosol channels) and a priori information are obtained by minimizing the following

cost function,

f) =3y - y(0) W (Y™ = y(0)) + 3 (7a(0) W2 (ye(x) (13),

250 where vector y™® describes the measurements (normalized radiances R™2 and transmittances of total
extinction T™ at aerosol channels), vector x describes the aforementioned aerosol parameters —n(2),
k(»), Ci, and §— to be estimated, vector y(x) comprises the values corresponding to y™ calculated
from x by the forward model (R™ and T™"), and matrix W? is the covariance matrix of y and is assumed
to be diagonal. The diagonal elements of W are the standard errors in the measurements. We set their
255 values at 0.02 for T™%, and 10% for R™*,

To reduce the effects of observational error on retrieval and to conduct stable analyses, Dubovik
and King (2000) considered restricting the spectral variability of the refractive index by limiting the
length of the derivatives of the refractive index with respect to the wavelength and the volume size
distribution. They considered this a priori smoothness constraint as being of the same nature as a

260 measurement and incorporated the smoothness constraint into their retrieval scheme. We also consider
the smoothness constraints in this study. The second term of Eq. (13) consists of a priori information on
the wavelength dependencies of the refractive index, aerosol optical thickness, and smoothness of the

volume spectrum, which is described as

T
265 Ya(x) = (yRe, yim, y5ca, yAbs, yyol ) (14),

where vectors yRe, yIm ySca yA

bs and yY¥°! are a priori information on the wavelength dependencies
of the refractive index (real and imaginary parts), aerosol optical thickness (scattering and absorption
parts), and smoothness of the volume spectrum, respectively. The matrix Wa? in Eq. (13) is the

270 covariance matrix for determining the strengths of the constrains.
We adapt the smoothness constraint of the second derivatives for the real and imaginary parts of

the refractive index. The second derivatives are defined as

ygea)(x) — (lnn(/li)—lnn(lm) _ lnn(lm)—lnn(lm)) (15),

ln/li—ln/liﬂ l]’lli+1—lnli+2

275

y;'m(i)(x) _ (lnk(ﬂi)—lnk(liu) _ lnk(liﬂ)—lnk(li_,,z)) (16),

In Ai—ln Ai+1 In Ai“—ln ﬂ'i+2

(l = 1;‘“! NW - 2)!
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where yR°® and y™® are the i-th elements of the vectors yRe and y™, respectively. N is the number

of wavelengths. The values entered into the weight matrix Wa, are 0.2 for the real part and 1.25 for the
imaginary part. These values are adopted from Dubovik and King (2000). Furthermore, we introduce
the smoothness constraints to the spectral distributions of the scattering and absorption parts of the

aerosol optical thickness by

i InTscq(A)=InTg5cq(4; InTscq(Aig1)—InTscq(4;
ysca(l)(x) — ( scal 1)-_ s.ca( i+1) _ scal H-—l)_ s-ca( 1+2)) (17),
In2;—InAj4q Indi41-In2iy,

Abs(i) (.X') — (ln Taps(A)=InTaps(Aizq1) _ In74ps(Ai+1)-In Tabs(/-{i+z)) (18)
ya lnli—ln li+1 In 1i+1_lnli+2 !

(i=1-Ny,—2),

where y5® and yAP5® are the i-th elements of the vectors ¥3¢a and yAbs, respectively. The value

entered in the weight matrix Wa is 2.5 for both the scattering and absorption parts of the aerosol optical
thickness. To stabilize the estimation of the volume size distribution, we introduce the smoothness

constraint for the adjacent volume size spectrum C;, as:

Ya " @) = (InCiy —InC) = (InC; = InCiyy)  (29),
(i=1,-,20),
Co = 0.01 X min{C;|i = 1,-+,20}, C;; = 0.01 X min{C;|r; > 13,,i = 1,---,20}.

where y;"’l(i) is the i-th element of the vector y¥°!. The small values of C, and C,; at ro and ra1 are
given to prevent both ends of the size distribution (C; and C,,) from being abnormal values because the
solar direct irradiances and diffuse radiances do not have sufficient information to estimate the size
distribution of both small (r < 0.1 um) and large particles (r > 7 um; Dubovik et al., 2000). Note that ro
and r1 satisfy Eq. (7). The value entered in the weight matrix Wa is 1.6 for the smoothness constraint of
the size distribution.

We minimize f(x) of Eq. (13) using the algorithm developed in Kudo et al. (2016), which is

based on the Gauss-Newton method and the logarithmic transformations of x and y. Finally, the aerosol

optical properties from aerosol channels are obtained from x using Egs. (11) and (12).

10
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2.2.2 Step 2: Retrieval of PWV

We estimate PWV by the following procedure. The aerosol volume size distribution is obtained from
step 1, and the refractive index at 940 nm is calculated from those at 870 and 1020 nm by linear
interpolation in the log-log plane. Using the size distribution and the interpolated refractive index, we
can compute the aerosol optical properties and the normalized angular distribution at the water vapor
channel using the forward model described in Section 2.2.1. We retrieve PWV by minimizing the

following cost function:

f) =2y — y(x) W) (y™e — y(x)) (20),

where the component of vector x is PWV, vectors y™ and y(x) are the normalized angular distribution
in the range of 4° to 160°, matrix W? is assumed to be diagonal, and the values of the diagonal matrix W
are assumed to be 10%. The cost function is minimized by the Gauss-Newton method. Note that this
process does not require calibration constants of the sky-radiometer, because we use the normalized
angular distribution (Eq. [4]) to obtain PWV instead of using the direct solar irradiance (Eq. [1]).

2.2.3 Step 3: Retrieval of the calibration constant of the water vapor channel

F, at the water vapor channel can be obtained from the observed F and the band average transmittance

Tu20 converted from PWYV in step 2 as follows:

Fdze™ (tr*7a)

FO - (21)1

7_‘HZO

where 7z and 7, are Rayleigh scattering and aerosol optical thicknesses, respectively. The band average

transmittance can be written as
= 1 1 z
Thz0 = 5 Jar @D Thzo(A)dA = ﬂfm ®(2) exp(—mys20(6) Jo oH20(gw (2), K (2), Ndz)da  (22),

w= [lgu(2dz  (23),

where ®(A) is the filter response function, 44 is the bandwidth of the filter response function, Th2o is
the transmittance of water vapor at wavelength A, my,o (@) is the optical air mass, gw is the mass
mixing ratio, K is temperature, on20 is the absorption coefficient at altitude z, and w is PWV. Eq. (22) is

discretized by

11
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Tizo = 35 20" i [y, €xP(=Mur20(0) [ 20 (gu (2), K (2), Ddz) dA  (24)

where @; is the stepwise filter response function, 44i is the sub-bandwidth of the filter response function,
and N, is the number of sub-bands. We calculate the absorption coefficients at each wavelength by the
correlated k-distribution (Sekiguchi and Nakajima, 2008) using the vertical profiles of temperature,
pressure, and specific humidity in the NCEP/NCAR Reanalysis 1 data.

We can calculate a value for Fo from a data set of the normalized angular distribution. Therefore,
for example, the time series of Fo in a day is obtained from the daily measurements of the sky-
radiometer. The mean value of the calibration constant at the water vapor channel is determined by the
robust statistical method with Huber’s M-estimation:

InFy =Y wy-InFy (25),

1 (InF, — InFy| < 0.03)

Wy = 0.03 =
T FocnFal (IInFy —In Fy| > 0.03)

(26),

where F, is the mean calibration constant, F, is the calibration constant at a specific time, and wy is

Huber’s weight function.
2.2.4 Cloud screening using the smoothness criteria of the angular distributions (SCAD method)

The SKYMAP algorithm can only be applied to measurements under clear-sky conditions. We
estimated clear-sky conditions from two indexes calculated from sky-radiometer measurements. Index 1
is a value for diffuse radiances near the sun. If clouds pass over the sun, index 1 has large temporal
variation. Index 2 is a value for the normalized angular distribution. If clouds are detected on the
scanning plane of the sky-radiometer, the normalized angular distribution has large variation. Index 1 is

defined as follows. First, the mean normalized radiance near the sun is calculated by
1
Rpear(t) = N ?1:1 R(0;t), 6 < 10°(27),

where N is the number of measurements, and R is the normalized radiance at time t, scattering angle ©,
and wavelength 500 nm. Next, the running mean of the time series of R,.,-(t) with a window of three
consecutive data points is calculated as Ryearmean(t). Index 1 is defined as the deviation of Ryea(t)

from Rnear,mean(t):

12
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Rnear,dev(t) = |Rnear(t) - Rnear,mean(t)|/Rnear,mean(t) (28)-

Index 2 is the deviation of normalized angular distributions far from the sun and is defined as

Riardev(t) = 0 (W) @ > 10 degree (29),
’ Rfar,mean(ert)

Where Ry mean (0, t) is the running mean of R(0;, t) with a window of three consecutive data points,
and o(X) is the standard deviation of data set X. We judged clear-sky conditions, when two indexes 1
and 2 were both below two thresholds (0.1 and 0.2, respectively). We determined the thresholds by
comparing the images of the whole-sky camera and the time series of the surface solar radiation
observed by the pyranometer. Figure 9 is an example of the results for observations on January 6, 2014
in Tsukuba. Clear-sky conditions continued until 12:30, and then clouds passed over the sky until 15:00.
Subsequently, there were clouds near the horizon, but the sky was almost clear. Our algorithm worked
well, and cloudy scenes were eliminated. However, the cloudy conditions from 14:00 to 15:00 were
misjudged, because the sky-radiometer observes only a part of the whole sky. The decline in the surface
solar radiation around 9:00 was due to wiping of the glass dome of the pyranometer to keep the dome
clean.

The method was applied to measurements from 2013 to 2014 at the Meteorological Research
Institute, Japan Meteorological Agency (MRI, JMA), in Tsukuba. The results were validated using
visual observation of the amount of clouds in the Aerological Observatory of the JMA. Table 2 shows
the validation results of this method. We defined “clear sky” as cloud cover < 1 and “cloud affected” as
cloud cover > 2. In less than 17% of cases a cloudy sky was misjudged as a clear sky. The sky-

radiometer observes only a part of the whole sky, but our algorithm showed good results.
2.3 Estimation of PWV from direct solar irradiance (DSRAD algorithm)

The sky-radiometer observes the angular distribution of L every 10 min but observes the direct solar
irradiance every 1 min. Once the calibration constant is determined by the SKYMAP algorithm, we can
estimate PWV from the direct solar irradiance. The DSRAD algorithm computes the aerosol optical
thickness, and PWV from the direct solar irradiances at the aerosol and water vapor channels. Table 3
shows the references of the DSRAD algorithm. This algorithm consists of two steps. First, aerosol
optical thicknesses at aerosol channels are calculated using direct solar irradiances. The aerosol optical
thickness at the water vapor channel is interpolated from the aerosol optical thicknesses at 870 and 1020
nm by line regression. Second, the band mean transmittance of the water vapor, Tjjxe®, is calculated

from the calibrated direct solar irradiance. PWYV is retrieved using the formula,
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Ti50° — ﬁZ?}S D; fMi exp(—my20(6) foz 120(9w (2), K (2), ))dz) dA = 0 (30)

where my,o is the optical air mass calculated by Gueymard (2001). Eq. (30) is solved using the
Newton—-Raphson method.

To ensure the quality of the data and avoid cloud contamination, we adopt the method of
Smirnov et al. (2000) with two main differences, similar to Estellés et al. (2012). First, an aerosol
optical thickness at 500 nm > 2 is considered cloud-affected data. Second, the triplet of the aerosol

optical thickness in Smirnov et al. (2000) is built from 1 min instead of 30 s.

3 Sensitivity tests using simulated data

We conducted sensitivity tests using simulated data to evaluate SKYMAP algorithm steps 1 and 2 (Figs.
7a and 7b). The simulation was conducted using two aerosol types based on those used by Kudo et al.
(2016): the continental average, and the continental average + transported dust in the upper atmosphere
(Table 1). The continental average consisted of water-soluble particles, soot particles, and insoluble
particles (Hess et al., 1999). Transported dust was defined as the mineral-transported component from
Hess et al. (1999). The sensitivity test was conducted with sky radiances in the almucantar plane for
aerosol optical thicknesses of 0.02, 0.06, and 0.20 at 940 nm; PWV of 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, and 5.0 cm; SZA = 30°, 50°, and 70°.

Figure 10 illustrates the retrieval results from the simulated data for the continental average
aerosol with aerosol optical thicknesses of 0.02, 0.06, and 0.20 at 940 nm. The retrievals of the size
distribution, aerosol optical thickness, and PWV corresponded with their input values when the input of
PWV was <2 cm. This was seen regardless of the magnitude of the aerosol optical thickness. When the
input of PWV was >2 cm, the size distribution, scattering and absorption optical thickness were
retrieved well, but PWV was underestimated. When PWV was >2 cm, the normalized angular
distribution was insensitive to PWV (Fig. 3). Figure 11 illustrates the retrieval results from the
simulated data for the transported dust aerosol with aerosol optical thicknesses of 0.02, 0.06 and 0.20 at
940 nm. The scattering and absorption optical thickness were retrieved well. The size distribution of
fine mode was slightly overestimated. Retrieval errors increased with increasing aerosol optical
thickness because the near-infrared wavelength was strongly affected by the retrieval of coarse mode
particles.

When the input of PWV is <2 cm, the SKYMAP retrieved PWV very well within an error of 0.5
cm, regardless of the aerosol optical thickness or the aerosol type. The scattering and absorption parts of

aerosol optical thickness were also estimated very well within + 0.01 in all conditions. Present
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sensitivity tests suggest the design of a sky-radiometer calibration program as follows: to determine the
calibration constant of the water vapor channel in dry days/seasons with PWV <2 c¢m, and to obtain

PWV from solar irradiance data throughout the year, as illustrated in Fig. 1.

4 Application to observational data

We applied our methods to SKYNET sky-radiometer data in Tsukuba and Chiba. The results were
compared to PWV observed by instruments other than the sky-radiometer. Aerosol channels of the sky-
radiometer were calibrated by the IL method with SKYRAD.pack version 4.2 (Nakajima et al., 1996;
Campanelli et al., 2004, 2007), and the solid view angles of all channels were calibrated by on-site
methods (Nakajima et al., 1996; Boi et al., 1999; Uchiyama et al., 2018Db).

4.1 Observation at Tsukuba

In Tsukuba, the sky-radiometer (S/N PS1202091) is installed at the MRI (36.05°N, 140.12°E). We used
data from 2013 and 2014. The water vapor channel of PS1202091 was calibrated each winter by side-
by-side comparison with the reference sky-radiometer, which was calibrated by the Langley method at
the NOAA Mauna Loa Observatory (Uchiyama et al., 2014). PWV was also observed using a
GNSS/GPS receiver (Shoji, 2013) at Ami station (No. 0584; 36.03°N, 140.20°E), approximately 7.5 km
east-southeast of the MRI.

The calibration constant of the water vapor channel was determined for each month (Figs. 12a
and 13a). To obtain the correct value, we used retrieval results with PWVskymar < 2 cm and sufficiently
small cost functions (Egs. [13) and [20]). The annual mean values for 2013 and 2014 were 1.886 x 10
A and 2.212 x 10 A, respectively. Because the lens at the visible and near-infrared wavelengths was
replaced in December 2013, the calibration constants at these wavelengths changed drastically (annual
mean value: + 17.2 % from 2013 to 2014). These results in 2013 and 2014 were less, —10.1% and —
3.2 %, respectively, than those determined by the side-by-side comparison with the reference sky-
radiometer.

Although the monthly mean calibration constant of the water vapor channel was underestimated
every year in the wet season (May to October), it was a good estimate in the dry season (November to
April). The number of retrieved results was small in summer because of cloudiness. In summer in Japan,
clouds develop every day because it is warm with high relative humidity. Thus, because of higher
aerosol optical thickness and as a result of the cloud-affected data, PWYV in summer also contained large
bias. We rejected the monthly calibration constant, which was calculated from fewer 50 data sets.
Figures 12b and 13b show the DSRAD-retrieved PWV, which is denoted by PWVpsrap+skymap, Using
the monthly calibration constant. PWVpsrap+skymap Of the sky-radiometer agreed well with that of the
GNSS/GPS receiver.
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Although monthly mean values are best, in theory, they could not be obtained during the wet
season or during periods of high aerosol optical thickness in transported dust. Thus we calculated the
annual mean value from all data in a year. Figures 12c and 13c describe PWV using the annual mean
value for the year. The retrieved PWV agreed well with PWV from the GNSS/GPS receiver (correlation
coefficient y = 0.987 and 0.987, and slope = 0.919 and 0.934 for 2013 and 2014, respectively). We
estimated PWV, which is denoted by PWVpsrap+Lm, from the DSRAD algorithm using the calibration
constant obtained by the side-by-side comparison with the reference sky-radiometer. The comparison of
PWVpsrap+Lm and the GNSS/GPS-derived PWV in Figs. 12d and 13d shows the good agreement, and
the results are similar to those in Figs. 12c and 13c. Then we compared PWVpsrap+Lm and
PWVpsrap+skymar in Figs. 12e and 13e. The difference between PWVpsrap+im and PWV psrap+skymap
was small: 17% in 2013, and 8% in 2014. Our self-calibration method showed comparable results to
those based on the Langley method.

4.2 Observation at Chiba

We used 2017 data from the sky-radiometer (S/N PS2501417) at Chiba University (35.63°N, 140.10°E).
The PWV was also obtained by a Radiometrix MP-1500 microwave radiometer (MWR) and
AERONET sun-sky radiometer (Cimel, France) at the same location. The MWR measured in the 22-30
GHz region at 1-min temporal resolution and retrieved PWVmwr using default software. PWVcimer of
the AERONET sun-sky radiometer was retrieved by direct solar irradiance at 940 nm with adjustment
parameters (direct sun algorithm version 3; Holben et al., 1998; Giles et al., 2018) and adopted the
cloud screening method (AERONET Level 2.0). The AERONET product comprises three types of data:
Level 1.0 data are not screened for cloud-affected or low quality-data, Level 1.5 data are screened but
not completely calibrated, and Level 2.0 data are finalized data that have been calibrated and screened.
We used PWYV for the Level 2.0 data.

Figure 14 shows comparisons of PWVpsrap+skymap using the monthly and annual means of the
calibration constant, PWVmwr, and PWVcimel. PWVpsrab+skymap Using monthly means agreed well
(correlation coefficient y = 0.961 and slope = 0.964) with those of the MWR (Fig. 14b).
PWVpsrap+skymap Using the annual mean calibration constant agreed with PWVmwr within £0.05 cm
for low PWV (<3 cm), but was smaller than PWVmwr for high PWV (Fig. 14c). Figure 14d also shows
that PWVbsrap+skymap Using the annual mean calibration constant was smaller than PWVcimer When
PWV was >3 cm. PWVmwr Was larger than PWVcimel (Fig. 14e). PWVpsrap+skymap using the annual
mean calibration constant was smaller than PWVmwr and PWVcimel, but the difference was 10 %
compared to the MWR and 16% compared to the AERONET sun-sky radiometer.
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5 Summary

We developed a new on-site self-calibration method, SKYMAP, to retrieve PWV from sky-radiometer
data at the water vapor channel. This method first retrieves PWV from the angular distribution of the
normalized radiance without the calibration constant. Then the calibration constant is retrieved from the
obtained PWV. Once the calibration constant is determined, PWV can be estimated from the direct solar
irradiance. Our DSRAD algorithm retrieves PWV from the direct solar irradiance. This method does not
require any of the adjustment parameters used in previous studies (e.g., Holben et al., 1998; Uchiyama
et al., 2014). Instead, the filter response function and the vertical profiles of water vapor, temperature,
and pressure are required as input parameters.

Sensitivity tests using simulated data from sky-radiometer measurements showed that SKYMAP
retrieved PWV within an error of 0.5 cm for cases when PWV was <2 cm. Much more retrieval error
occurred, when PWV was >2 ¢cm, because PWV became less sensitive to the angular distribution of the
normalized radiance.

We applied SKYMAP and DSRAD algorithms to sky-radiometer measurements at two
SKYNET sites (Tsukuba and Chiba, Japan). At Tsukuba, the calibration constant estimated by
SKYMAP was compared to that obtained by side-by-side comparison with a sky-radiometer calibrated
by the Langley method. Their differences were-10.1% in 2013 and —3.2% in 2014. Our retrieved PWV
data were compared to those obtained by a GNSS/GPS receiver, a microwave radiometer, and an
AERONET sun-sky radiometer. The correlation coefficients and slopes were as good as >0.96 and 1.00

+ 0.12, respectively. These results show that our new on-site self-calibration method is practical.

6 Data availability

The SKYMAP and DSRAD algorithms are available on request from the first author. The sky-
radiometer data are available from the SKYNET website (http://www.skynet-isdc.org/), but the sky-
radiometer data in Tsukuba, Japan, are available on request from the first author. The MWR data at
Chiba University are available from CEReS, Chiba University (http://atmos3.cr.chiba-u.jp/skynet/). The
AERONET sun-sky radiometer data are available from the AERONET website

(https://aeronet.gsfc.nasa.gov/).
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Figure 1: Diagram of the on-site self-calibration method (SKYMAP) and retrieval of PWV from
675 direct solar irradiances (DSRAD).
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Figure 2: Observation planes (almucantar and principal planes) of the sky-radiometer.
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Figure 3: Normalized angular distributions simulated for continental average aerosol (Table 1) at
aerosol optical thicknesses of 0.02 and 0.20 at 940 nm. The simulations were conducted for SZA =
70° and PWV (w) =0, 1, 2, 3, 4, and 5 cm. The top line is the normalized radiance R(w, ®), and
685 the bottom line is the ratio of R(w, ®) to R(0, ®).
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Figure 4: Normalized angular distributions simulated for transported dust aerosol (Table 1) in

690 the almucantar and principal planes at an aerosol optical thickness of 0.06 at 940 nm. The
simulations were conducted for SZA = 70° and PWV (w) =0, 1, 2, 3, 4, and 5 cm. The top line is
the normalized radiance R(w, ®), and the bottom line is the ratio of R(w, ®) to R(0, ©).
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Figure 5: Similar to Fig. 4 but for SZA = 30°.
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Figure 6: Normalized angular distributions simulated for transported dust aerosol (Table 1) in
the almucantar and principal planes at an aerosol optical thickness of 0.06 at 940 nm. The
simulations were conducted for SZA = 70° and PWV = 2 cm. The height of the dust layer (zc) is
changed to 0.5, 1.5, 2.5, and 3.5 km. The top line is the normalized radiance R(z., ®), and the
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bottom line is the ratio of R(z., ®) to R(3.5 km, 0).
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Figure 7: Schematic diagrams of SKYMAP procedures. (a) Step 1. (b) Step 2. (c) Step 3.
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Figure 8: Assuming volume size distributions in the SKYMAP algorithm. Fine and coarse mode

710 particles are separated at radius ro. Spheroid particles are assumed only in coarse mode. The
black line is the volume size distribution, which is computed by the integration of 20-modal
lognormal functions (red, blue, and green lines).
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Figure 9: An example result of the SCAD method on January 6, 2014, in Tsukuba. (a) Surface

solar radiation observed by the pyranometer. (b) Index 1. (c) Index 2. The closed circles indicate

clear-sky conditions and the open circles indicate cloudy conditions in (b) and (c). The lines at 0.1
720 in (b) and 0.2 in (c) are thresholds for indexes 1 and 2, respectively.
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Figure 10: Retrieval results from simulated data for continental average aerosol. The top line is
725 the volume size distribution, the middle line is the scattering and absorption parts of aerosol
optical thickness, and the bottom line is a comparison of the “true” and retrieval values of PWV.
Blue, red, and green lines are the retrieval results at SZA = 30°, 50°, and 70°, respectively. The

black line is the “true” value.
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Figure 11: Similar to Fig. 10 but for transported dust aerosol.

29



https://doi.org/10.5194/amt-2019-426 Atmospheric
Preprint. Discussion started: 11 December 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions
By

(a) Seasonal variation

3 30— 400 §
9_ hel
= . ks
52.0—9 *,;1;§ rd g%E-ZOOE
s, 0Ll o, &
2 qot il L [l ol 10 0o 2
= 010203 04 0506 07 08 09 10 11 12
2013 (PS1202091)
(b) GPS vs monthly mean F, (c) GPS vs annual mean F,
8 8
—_— Slope: 0.956 —_ Slope: 0.919
E 7 Intercept: 0.079 E 7 Intercept: 0.173
= 6 y=0938 T 6 y=0987 &
£5 £5 55
4 ¢4
23 £3
1723 [}
=2 =2
=1 =1
o - o o
0123456738 012345678
GNSS/GPS receiver (0584) [cm] GNSS/GPS receiver (0584) [cm]
(d) GPS vs reference F (e) Reference vs annual mean F,
8 _8
—_7 Slope: 0.939 c 7 Slope:  0.971
£ Intercept: 0.313 L©, Intercept: —0.121
L6 v =0.981 $6 y = 09984
= 4 , s
is5 i £5
24 oy 24
[} . <
23 g 3
E 2 > 2
1 g1
0 0
01234586738 01234586738
GNSS/GPS receiver (0584) [em] PWVpsrapsm [cm]

735

Figure 12: Application of our methods to observational data from Tsukuba in 2013. (a) Seasonal
variation in the calibration constant of the water vapor channel (red circles and error bars are
monthly means and standard deviations, respectively; green solid and dotted lines are annual
means and standard deviations, respectively; the blue line is the value obtained by a side-by-side

740 comparison with the reference sky-radiometer; boxes indicate the number of data points). (b-d)
Comparisons of PWV between the GNSS/GPS receiver and the sky-radiometer with (b) the
monthly mean Fo, (c) the annual mean Fo, and (d) the reference Fo. (€) Comparison of PWV from
the sky-radiometer with the reference and annual mean Fo.
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Figure 13: Similar to Fig. 12 but in 2014.
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Figure 14: Application of our methods to observational data from Chiba in 2017. (a) Seasonal
variation in the calibration constant of the water vapor channel (red circles and error bars are
monthly means and standard deviations, respectively; green solid and dotted lines are annual
means and standard deviations, respectively; boxes indicate the number of data points). (b-c)
Comparison of PWV between the MWR and the sky-radiometer with (b) the monthly mean Fo,
(c) the annual mean Fo. (d) Comparison of PWYV between the Cimel level 2.0 data and the sky-
radiometer with annual mean Fo. (¢) Comparison of PWV between the Cimel level 2.0 data and
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Table 1: Microphysical
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and optical properties and vertical profiles of aerosol used in sensitivity

tests.
Aerosol Components Particle  Size distribution | Refractive index at 940 nm  Relative weight ~ Vertical profile
shape in total optical
thickness at
500 nm
Mode  Mode | Real Imaginary
radius  width
(pm)
Continental Water-soluble  Sphere 0.18 0.81 1.43 0.0074 0.90 exp(—z/H),
average H=8km
Soot Sphere 0.05 0.69 1.75 0.44 0.07 exp(—z/H),
H=4km
Insoluble Spheroid  5.98 0.92 1.52 0.008 0.03 exp(—z/H),
H=2km
Transported Dust Spheroid  3.23 0.79 1.53 0.004 0.25 1 exp (_ (z=2c)
dust V2no 202
z.=3.5km
o=0.4 km
Water-soluble  Sphere  0.18 0.81 1.43 0.0074 0.67 exp(—z/H),
H=8km
Soot Sphere 0.05 0.69 1.75 0.44 0.05 exp(—z/H),
H=4km
Insoluble Spheroid 5.98 0.92 1.52 0.008 0.03 exp(—z/H),
H=2km

Table 2: Validation of the SCAD method by visual observation from 2013 to 2014 in Tsukuba.

Visual observation Sky-radiometer measuring plane
Cloud cover Clear sky Cloud affected
Clear, less than 1 463 (83.4%)* 68 (9.3%)
Cloud affected, more than 2 92 (16.6%)" 663(90.7%)*

*QObviously correct determination.

fObviously incorrect determination.

Table 3: References and methodologies of the DSRAD algorithm.

DSRAD

Solar coordinates
Refraction correction
Sun-Earth distance
Optical mass

Rayleigh scattering
Ozone absorption
Water vapor absorption
Filter response function
Retrieved the PWV

Nagasawa (1999)

Nagasawa (1999)

Nagasawa (1999)

Gueymard (2001)

Frohlich and Shaw (1980); Young(1981)
Correlated k-distribution

Correlated k-distribution

Stepwise function

Newton-Raphson method
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