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Response to comments of referee 1

Authors would like to express sincere thanks to the referee 1 for valuable comments. We revised a
manuscript carefully based on given comments. The comments of the referee 1 are in blue, our replies
are in black, and changes made in the revised manuscript are in red. The English in this document has
been checked by at least two professional editors, both native speakers of English. Our replies to the

comments are as below.
General comments

The manuscript by Momoi et al. describes a novel method to self-calibrate the POM sun/sky radiometer
for water vapour (WV) retrieval using diffuse sky radiance measurements and to estimate precipitable
WV from direct irradiance at 940 nm (using a more “physical™ approach than a non-linear empirical
parametrisation of the Bouguer-Lambert-Beer law). The method is thoroughly and clearly explained,
and the description is supported by sensitivity tests using radiative transfer models. The manuscript is
skewed in favour of a theoretical/modelling perspective, with only two ending paragraphs focussed on
experimental data, which is however justifiable owing to the main purpose of presenting a new method
rather than studying the retrieved dataset. | recommend the publication of the manuscript after the
authors have addressed some minor remarks, mainly aimed at improving readability by the

unexperienced reader.
Specific comments

1. The new method seems to provide slightly worse results compared to AERONET, although POM and
Cimel instruments are similar. It would be good if the authors could elaborate on this, thus enhancing a
bit the experimental part of the paper. What is the most likely reason for this result? Is it due to the more
physical (less empirical) approach employed in the study, with fewer empirical constraints? Have the
authors explored the sensitivity of the retrievals to the accuracy of the instrumental characterisation (e.g.,
filter response function, field of view, etc.), to the used spectroscopic data (cross sections) or vertical
profiles? If so, they could mention some of their results. More generally, on the basis of what criteria
can the results of the WV retrieval be considered satisfactory? What are the maximum
expected/permissible deviations, using such kind of instrument?

2. At least one plot of the time evolution of the retrieved w should be presented, also in order to

understand when the maximum deviations from reference instruments occur;
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The DSRAD algorithm retrieved the precipitable water vapor by a physical approach although the
previous study of the sky-radiometer used an empirical approach (Uchiyma et al., 2014; Campanelli et
al., 2014, 2018). The AERONET also uses the empirical method (Holben et al., 1998). Our retrieved
value was slightly worse compared with AERONET retrievals and others. The underestimation of
PWVpsrap+skymap Was due to two factors. The first is the retrieval of PWV by the annual mean
calibration constant for the water vapor channel. The calibration constant not only is subject to aging
but also undergoes seasonal variation due to temperature dependency (Uchiyama et al., 2018a). Thus, it
is possible to underestimate the calibration constant in the wet season. Second, uncertainty regarding the
aerosol optical thickness affected PWV retrieval. Figure 18 depicts the differences in PWV and aerosol
optical thicknesses at 675, 870, and 1020 nm between the DSRAD algorithm and the AERONET
retrieval. In the periods from January to May and from October to November, the differences in PWV
and aerosol optical thicknesses were less than 0.1 cm and 0.015, respectively. However, the difference
in PWV was greater than 0.1 cm from July to September. This corresponds to the difference in aerosol
optical thicknesses at 675, 870, and 1020 nm from July to September, which indicates that the
transmittance of water vapor was overestimated by the overestimation of aerosol optical thickness. This
led to the underestimation of PWVpsrap+skymap Using the annual mean calibration constant when PWV
was > 3 cm. The above description is added in the revised manuscript (L612-625) and we also added the

time series of PWV in the revised manuscript (Figure 18).
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Figure 18: The top row shows the time series of PWV in 2017 at Chiba (green and black circles
are PWVpsrab+skymap and PWVcimel, respectively). The middle row is the difference between
PWVbsrab+skymap and PWVcimel. The bottom row is the difference in aerosol optical thicknesses
at 675 nm (red), 870 nm (blue), and 1020 nm (green) between the DSRAD algorithm and the
AERONET retrieval results. Circles and error bars in the middle and bottom rows are means and

standard deviations, respectively.

3. It should be stressed that the sensitivity tests using synthetic data do not include measurement noise.

If the authors also made some tests with noise, it would be interesting to present those results in the

paper;

We conducted the sensitivity tests using the simulated data with the bias errors in the diffuse radiances.
It is added in the revised manuscript (L510-521) as below:

We also conducted sensitivity tests using the simulated data with bias errors to investigate uncertainty in
the SKYMAP-derived PWV. The bias errors were £ 5% and £+ 10% for R. The value of 5% was given
by following reasons. The SVA bias errors of the diffuse radiances for the sky-radiometer observations
were estimated to be less than 5% (Uchiyama et al., 2018b). According to Dubovik et al. (2000), the

uncertainty of the diffuse radiances for the AERONET measurements is + 5%. Figures 13 and 14 show



the results from the simulated data for the continental average and transported dust aerosols with aerosol
75 optical thicknesses of 0.02, 0.06 and 0.20 at 940 nm. PWV was overestimated when — 5% bias was

applied to R. This corresponds to the relationship between R and PWV, where R decreases with

increasing PWV (Section 2.1.2). The bias errors strongly affected the retrieval of PWV at high PWV (>

2 cm), because the sensitivity of high PWV is lower than that of low PWV. The retrieval error of PWV

increased with increasing bias errors. The retrieval error of PWV due to = 5% and £ 10% errors for R
80 was within 10% for PWV < 2 cm and up to 200% for PWV > 2 cm.
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Figure 13: Comparison of the “true” and retrieval values of PWV from simulated data for
continental average aerosol with bias errors. The top, middle, and bottom rows are the retrieval
85 results at SZA = 30°, 50°, and 70°, respectively. Closed circles are the results with no bias errors.

Closed squares and closed triangles are the results with bias errors of plus and minus 5% in R,
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respectively. Open squares and open triangles are the results with bias errors of plus and minus

10% in R, respectively.
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Figure 14: Similar to Fig. 13 but for transported dust aerosol.

We also compared our retrievals with more establish methods, such as GNSS/GPS-derived PWV, and
AERONET-derived PWV as below:

(Section 4.1: L582-587)

Table 5 summarizes the results of comparisons of DSRAD-derived PWV and GNSS/GPS-derived PWV.
The magnitude of the bias error and root mean square error were small, less than 0.11 cm and less than
0.226 cm, during 2013 to 2014. Table 6 shows the errors of the retrieved PWV with the annual mean
calibration constants for the rank of PWV. The bias error was larger for high PWV than it was for low



100 PWV. The magnitude of the bias errors of PWV was less than 0.163 cm for PWV < 3 cm and less than
0.339 cm for PWV > 3 cm.

(Section 4.2: L602-610)

PWVbsrap+skymap Using the annual mean calibration constant agreed with PWVmwr (Fig. 17¢). The
105 error of PWVpsrap+skymap Was — 0.041 < bias < 0.024 cm and RMSE < 0.212 cm for low PWV (<3

cm) and bias < — 0.356 cm and RMSE > 0.465 cm for high PWV (Table 6). Figure 17d shows that

PWVbsrap+skymap Using the annual mean calibration constant also agreed with PWV cimel for low PWV

(< 3 cm) but was smaller than PWVcimel for high PWV (> 3 cm). PWVmwr was larger than PWV cimel

(Fig. 17e). PWVpsrap+skymar using the annual mean calibration constant was 12% and 9.1% smaller
110 than PWVmwr and PWV cimel, respectively (Table 5).

Table 5: Comparison of PWV between DSRAD and other instruments.

Slope  Intercept Y Bias RMSE
G Gylem] [em]  [em]

PS1202091 at Tsukuba, Japan
Monthly mean F, vs GNSS/GPS receiver (2013) | 0.956 0.079 0.938 -0.049 0.138

vs GNSS/GPS receiver (2014) | 0.937 0.161 0.970 -0.110 0.170

Annual mean F;  vs GNSS/GPS receiver (2013) | 0.919 0.173 0.987 -0.061 0.226

vs GNSS/GPS receiver (2014) |  0.934 0.178 0.987 -0.089 0.223

PS2501417 at Chiba, Japan

Monthly mean Fy vs MWR (2017) 0.964 0.053 0.961 -0.027 0.091
vs AERONET (2017) 0.987 0.107 0.976 0.098 0.122
Annual mean Fy  vs MWR (2017) 0.880 0.132 0.985 0.042 0.231
vs AERONET (2017) 0.909 0.184 0.991 0.055 0.186

€1, Co: PWVpspap = €1 X PWVpener + Co
Bias: PWVpspap — PWVorher

115 Table 6: Difference in PWV between DSRAD with the annual mean calibration constants and

other instruments.

PWVOthel
0—1em 1-2em 2-3cem 3—-4cem >4 cm
Bias [cm] Bias [cm] Bias [cm] Bias [cm] Bias [cm]

(RMSE[cm])  (RMSE [em]) (RMSE [em]) (RMSE[cm]) (RMSE [em])

PS1202091 at Tsukuba, Japan

vs GNSS/GPS receiver (2013) 0.083 0.160 0.084 -0.098 -0.339
(0. 124) 0.211) (0.236) (0.326) (0.537)
vs GNSS/GPS receiver (2014) 0.110 0.163 0.107 -0.055 -0.239
(0.142) (0.221) (0.251) (0.353) (0.492)

PS2501417 at Chiba, Japan
vs MWR (2017) 0.017 0.024 -0.041 -0.356 -0.594
(0.066) (0.153) (0.212) (0.465) (0.722)
vs AERONET (2017) 0.088 0.118 0.017 -0.214 -0.264
(0.105) (0.192) (0.223) (0.386) (0.306)

Bias: PWVDSRAD - PWVOther
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4. The present algorithm splits the instrumental characterisation (FO, bandpass, FOV) and the
atmospheric parameters (WV profiles), while previous approaches use mixed empirical coefficients (a
and b) dependent on both the spectral bandpass and the vertical WV profile. If my understanding is
correct, this would permit to use the algorithm in different conditions (place/time) compared to the ones

when the instrument was calibrated. Could this be an advantage to be underlined in the conclusions?

Yes, exactly. We add the sentence in the conclusion (L631-636) as below:

Our DSRAD algorithm retrieves PWV from the direct solar irradiance. This method does not require
adjustment parameters used in the empirical methods of previous studies (e.g., Holben et al., 1998;
Uchiyama et al., 2014; Campanelli et al., 2014, 2018). Instead, the filter response function and the
vertical profiles of water vapor, temperature, and pressure are required as input parameters. Thus, our
physics-based algorithm has the potential to be applied to sky-radiometers all over the world. This is the

greatest advantage of the present study.

Technical corrections

- 1. 19, "whose aerosol channels™: too abrupt beginning, especially for the readers not experienced in
measurements with POM photometers. | would argue that aerosols are seldom the only influencing
factor at a specific wavelength, therefore "aerosol channel™ sounds more like a colloguial shortcut than a
technical term;

- |. 28, "aerosol channels": specify the wavelengths;

We agree with the reviewer. We revised it (L19-26) as below:

The Prede sky-radiometer measures direct solar irradiance and the angular distribution of diffuse
radiances at the ultraviolet, visible, and near-infrared wavelengths. These data are utilized for remote
sensing of aerosols, water vapor, ozone, and clouds, but the calibration constant which is the sensor
output current of the extraterrestrial solar irradiance at the mean distance between the Earth and the sun,
is needed. The aerosol channels, which are the weak gas absorption wavelengths of 340, 380, 400, 500,
675, 870, and 1020 nm, can be calibrated by an on-site self-calibration method, the Improved Langley

method.

- 1. 21-22, "by sky-radiometer remain challenge™: some articles (a/the) missing;

We agree with the reviewer. We revised it (L28) as below:

by the sky-radiometer remains challenging
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- |. 22-23, "generally calibrated by the standard Langley method": only for reference instruments, then
calibration is transferred to network instruments (as explained later in the text);
- |. 24, "water vapor channel": please mention the channel wavelength here;

We agree with the reviewer. We revised it (L27-31) as below:

However, the continuous long-term observation of precipitable water vapor (PWV) by the sky-
radiometer remains challenging, because calibrating the water vapor absorption channel of 940 nm
generally relies on the standard Langley method (SL) at limited observation sites (e.g., the Mauna Loa
Observatory) and the transfer of the calibration constant by side-by-side comparison with the reference

sky-radiometer calibrated by the SL method.

- I. 53, "columns of water vapor content”: do you mean column concentrations? Unclear, since

radiosonde also measure vertical profiles;
It means “precipitable water vapor”. We revised it (L76).
- |. 60, "these previous studies™: even the studies by Fowle («1992)?

We intended "these previous studies” points “SKYNET sky-radiometer (Campanelli et al., 2014, 2018;
Uchiyama et al., 2014, 2018a), and AERONET sun-sky photometer (Holben et al., 1998)”. Therefore,
we revised it (L84-87) as below:

Previous studies of SKYNET and AERONET derived PWV from the observed transmittance of water
vapor (Tyzo), assuming Typo = g=a(mw)? (Bruegge et al., 1992), where a and b are adjustment

parameters, m is the optical air mass, and w is PWV.
- |. 64: do you really mean "radiometric calibration” (as in FO) or, e.g., "spectral sensitivity"?

We intend "spectral sensitivity of spectroradiometer". We revised it (L87-89) as below:
However, there is a known noticeable uncertainty in the estimate of PWV because the adjustment
parameters depend on the spectral sensitivity of the spectroradiometer as well as the vertical profiles of

water vapor and temperature.
- |. 75, "Sky-radiometer™: article (the) missing?

We revised it (L102) as below:
The sky-radiometer models POM-01 and POM-02 (Prede, Tokyo, Japan), which are ...

8
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- 1. 77, "11 wavelengths": maybe a table of the channel wavelengths, together with the main extinction
factors, could be useful. See also my first technical comment about the expressions "aerosol channels ...
ozone channels” (e.g., even the "ozone channel™ is affected by aerosol)

- 1. 107-108, "aerosol ... cloud ... water vapor ... ozone channels": cf. previous comments. These

approximate expressions could be used only after a short explanation;

We agree with reviewer. We revised it (L102-109) and added the table of sky-radiometer specifications
as below:

The sky-radiometer models POM-01 and POM-02 (Prede, Tokyo, Japan), which are deployed in the
international radiation observation network SKYNET, measure solar direct irradiances and diffuse
irradiances at the ultraviolet, visible, and near-infrared wavelengths. These measurements are used for
the remote sensing of aerosol, cloud, water vapor, and ozone (Table 1; Takamura and Nakajima, 2004;
Nakajima et al., 2007). Table 1 shows the relationship between the wavelengths and the main target of
the remote sensing. The aerosol channels are 340, 380, 400, 500, 675, 870, and 1020 nm; the water
vapor channel is 940 nm; the ozone channel is 315 nm; and the cloud channels are 1225, 1627, and
2200 nm.

Table 1: Sky-radiometer specifications. Each sky-radiometer is equipped with a filter indicated by
a circle. “Standard” is the standard specification of sky-radiometer models POM-01 and POM-02.

Wavelength Strong gas Main target | POM-01 POM-02 POM-02 POM-02
[nm] absorption substance Standard Standard | PS1202091 PS2501417
315 O, Ozone O @] — O
340 — Aerosol - O O O
380 — Aerosol — O O O
400 — Aerosol O O O O
500 — Aerosol (@] O (@] O
675 — Aerosol @] @] O @]
870 — Aerosol O O O O
940 H,O Water vapor O @] O O
1020 — Aerosol O @] O @]
1225 0,, CO,, H,0 Cloud — — O —
1627 CH,, CO, Cloud — O O O
2200 CH,, H,0 Cloud — @] O O

- 1. 79, "observation ... self-calibration": a bit confusing, please reformulate to avoid mixing of
observation and calibration procedures;
- 1. 80, "works in turbid atmospheric conditions™: "only" in turbid conditions or "also" in turbid

conditions?
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We agree with the reviewer. We revised it (L109-114) as blow:

Through on-site self-calibration of the aerosol channels by the Improved Langley (IL) method (Tanaka
et al., 1986; Nakajima et al., 1996; Campanelli et al., 2004, 2007), the SKYNET system is capable of
long-term and continuous aerosol observation. The IL method works not only in clean atmospheric

conditions, but also in turbid atmospheric conditions.

- 1. 81-82, "standard ... modified": please, define what a "standard” method and a "modified"” one are;

The standard and modified Langley methods are developed by Uchiyama et al., (2014) and Campanelli
et al. (2014), respectively. We revised it (L115-116) as below:
However, no improved calibration method has replaced the standard (Uchiyama et al., 2014) or

modified (Campanelli et al., 2014, 2018) Langley methods for the water vapor channel.

- I. 93, "two SKYNET sites": explain why these two sites were selected. Do they have any particular

characteristics, or was this choice oriented by the co-located instrumentation?

We chose sites which had been installed not only the sky-radiometer, but also AERONET sun-sky
radiometer, GPS/GNSS receiver, and/or MWR. We added the sentence at the end of Section 1 (L129-
130) as below:

At these two sites, PWV is observed by the GNSS/GPS receiver, MWR, or AERONET sun-sky

radiometer other than the sky-radiometer.

- 1. 103, "We explain normalized radiance": article missing?

We agree with the reviewer. We revised it (L142) as below:

We explain the normalized radiance...

- Eq. (1): specify earlier in the text that this holds only for a plane-parallel nonrefractive atmosphere (l.
122, now);

We agree with the reviewer. We revised it (L154-162) as below:

In the plane-parallel non-refractive atmosphere, F at the bottom of the atmosphere (BOA) at the solar

zenith angle (SZA) 6o and the solar azimuth angle ¢, is derived from

10
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F(1) = %exp(—mor(l)), 1)

where Fo is the calibration constant; 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/coséb.

- Eq. (2): if L is defined as sky radiance (l. 106), then it should be already divided by the solid view

angle (omega);
We used the sky irradiance instead of the sky radiance in the revised manuscript.

- |. 150: the sentence is missing its subject. It is also unclear if this limitation (the real atmosphere not

being a single layer) will be addressed in the following text;
We agree with the reviewer. It is deleted and mentioned in Sect. 2.1.2 in the revised manuscript.
- 1. 152, "sensitivity of R": ... at a wavelength of 940 nm;

Yes, it is at a wavelength of 940 nm. We revised it (L193) as below:

We examined the sensitivity of R at 940 nm ...
- |. 154: I guess that these AOD values refer to 940 nm, t00?

Yes exactly. We revised it (L199-201) as below:
Figure 3 shows the dependencies of R in the almucantar plane on PWV for continental average aerosol
with aerosol optical thicknesses of 0.02 and 0.20 at 940 nm.

- 1. 155-156, "the aerosol optical thickness does not affect this relationship™: unclear, since R decreases,
but the values do depend on AOD;

We agree with the reviewer. The relationship that R decreases with an increase of PWV was seen in
both low and high AOT cases. We revised it (L201-203) as below:

R decreases with increasing PWV regardless of the aerosol optical thickness.

- |. 164: 1 would not define such a change as "drastic”. The variation is only visible in the lower
subfigures with a linear y-axis (please, put some letters next to the subplots), and mainly for PWV<=2
cm (as explained later in the text);

11
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It is deleted the word “drastic” in the revised manuscript (L212).

- 1. 188: is "SKYMAP" an acronym?

No, it isn’t.

- 1. 197, "transmittance of the total extinction": isn’t just "trasmittance” enough?
We agree with the reviewer. We revised it (L248).

- Eq. (8): please, explain where the 1.65 factor comes from;

This factor, which is defined as n in the revised manuscript, was determined in consideration of the
smoothness of the VSD. It is written in the Appendix A in the revised manuscript.

Appendix A: Width of the volume size distribution

()

Because is expressed by the superposition of 20-modal lognormal size distributions (Eq. [6]), the

width of— is larger than that of each lognormal size distribution. The width of the lognormal size

distribution should be small to deal with the complicated and step variations in T However, dv(r)

cannot represent a natural curve if # is large and s is small (Fig. Al). Hence, we have to find the

dV( )

maximum value of » for maklng a natural curve. When C; is constant, such value of # minimizes

V(r)

the roughness of and v ( ) approaches to a flat shape. For a simple formulation, we consider the

function A(x) which consists of the multimodal normal distribution function B; with a constant height.

A(x) and B; are expressed as
AG) = B2 B0 = B2, exp |- T (52) ] (A1)
where i€ and % are the mean and standard deviation, respectively. Its differential is written as

w3 () e[S ()] @2

12
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When the shape of A(x) approaches to be flat, the difference between local maximum and minimum

values of A(x) is approximately 0. Because % equals 0 at x = j€ (j € Z), A(x) has the local maximum
and minimum at x = € and (j + %) ginj < % < j + 1. The difference A between the local maximum
and minimum values is obtained as

A(%%)

Figure A2 shows the relation between » and A. The value of A increases drastically at around n = 1.5.
in addition, the shape of Cx—ffr) is unnatural when n = 2.0 (Fig. Al). Therefore, the value of # should be

selected from the values around n = 1.5. In this study, we fixed » at 1.65. This value represents the

dv(r)
dinr

natural curve of and satisfies that the value of A is small enough, A = 3.0 x 1073,

n = 3.00 n = 2.00

0.01 0.1 1 10 0.01 0.1

1 10
Radius [pm] Radius [pm]

n = 1.65 n = 1.00

0.01 0.1 10 0.01 0.1 1 10

1
Radius [pm] Radius [um]

Figure Al: Relationship between the volume size distribution and 5. The black line is the volume
size distribution, which is computed by the integration of 20-modal lognormal distribution

functions (red lines). Blue circles are the peak volume of lognormal size distribution.
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Figure A2: Relationship between the parameter  and the difference A.

- 1. 218, "local minimum™: does this local minimum change at every retrieval, then?

Yes, exactly. The local minimum of the VSD is calculated at every retrieval.

- |. 338: specify that the integral of the filter response function was normalised to 1 (not its maximum);

The response function is not normalized to 1. We revised it (L386) as below:

= I PWDTH20(DdA  [p; P(D) exp(-mu20(6) fozUleo(gw(Z),K(Z)./l)dZ)dl
Thzo = = (22),
Ja @)da Jap @D)dA

- EQ. (25)-(26): it could be useful to use a subscript (j?) for the single FO’s. Also, please use another

letter instead of w (in w_H);

We agree with the reviewer. We changed it (L408-417) as below:
The mean value of the calibration constant at the water vapor channel is determined by the robust

statistical and iterative method with Huber’s M-estimation:

InFy = X Bu(ty) - InFy(t;), (25)

1 (Iln Fy — In Fy(¢;)] < 0.03)
’%“9:-—£EL—-am%—hwuqn>a%y

IIn Fo—In Fo (¢

(26)

where F, is the mean calibration constant and is calculated at each iterative step, F,(t;) is the calibration

constant at a specific time t, and Sy is Huber’s weight function.
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- Eq. (28)-(29): perhaps it would be better to identify the indices with other letters than R (already used
for radiances). Also, it should be mentioned that the range of scattering angles for the calculation of
index 2 changes during the day;

We agree with the reviewer. We revised it (L430-442) as below:
Next, the running mean of the time series of R, (t) With a window of three consecutive data points is

calculated as < R, eq(t) >. Index 1 is defined as the deviation R, ear(t) Of Rpear(t) from < Reqr(t) >,

Ruear(t) = |Rnear()—< Rpear(t) >1/< Rpear(t) >. (28)

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

R(0,t)—<Rgyr(0,t)>
<Rgar(0,6)>

Rear(®) = o ).0>10°  (29)

where < Rg,.(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. Note that the data for calculating Ry, varies depending

on SZA, which limits available scattering angles.

- 1.390, I. 397 and Table 2, "misjudged"/"incorrect”: it is unclear whether the cloud screening criterium
correctly works for the portion of the sky seen by the photometer or not. In the first case, the algorithm
does its job, and I think that "misjudged"/"incorrect” are misleading terms, since the conditions of

whole sky should not be considered as reference;

“misjudged” and "incorrect” were revised. And “clear-sky” and “cloud affected” were changed to “best

condition” and “poor condition” in the revised manuscript (L461-463).
- 1. 396-397: are <1 and >2 oktas?

It means cloud cover the range from 0 (no cloud) to 10 (cloud). We used the percentage of cloud cover

for whole sky instead of previous “cloud cover the range from 0 (no cloud) to 10 (cloud)”. We revised it.
- 1. 407, "line regression": do you mean linear regression using AOD and wavelength (not logs)?

“line regression” means “linear interpolation in the log-log plane”. We revised it (L473).
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- Sect. 3: were only "aerosol channels™ (I. 107) + "water vapor channel™ used in the synthetic retrieval?

Yes, Sect. 3 conducted intensive sensitivity tests using aerosol channels and the water vapor channel.

- |. 464-465: are the -10% and -3% deviations within the expected uncertainty? If not, can you explain

these results? Please, use a proper number of significant digits;

We consider that the difference in the value of the calibration constant between the SKYMAP algorithm
and the side-by-side comparison with the reference sky-radiometer was attributable mainly to the
calibration period. The calibration constant of the sky-radiometer has seasonal variation due to the
temperature dependency of the sensor output (Uchiyama et al., 2018a). Calibration by side-by-side
comparison with the reference sky-radiometer was performed only in the winter. However, the
calibration constant of the SKYMAP algorithm was the annual mean. The above description is added in
the revised manuscript (L551-556).

- |. 472: maybe it would be more scientifically correct to plot these values anyway (with another

colour/marker) even though they will not be considered;

We calculated the monthly mean calibration constant in all of observation periods (Fig. 15a, 16a, 17a).
However, we did not retrieve PWV using the monthly mean calibration constants for June and July
2014 because their values were obviously small, and because little data were successfully retrieved due
to the wet and cloudy conditions in the summer. In addition, it is possible that the measurements were

contaminated by clouds. The above description is added in the revised manuscript (L565-568).

- I. 478: a more natural choice would be to linearly interpolate the monthly calibrations. The authors

certainly have good reasons for considering the annual mean value, can they elaborate on this?

In this study, we used the annual mean calibration constant due to two factors. First, the monthly mean
calibration constants were not significant changed in the dry seasons. Second, the accuracy of the
calibration constant decreases at the transition between the wet season and the dry season because little
data were successfully retrieved due to the wet and cloudy conditions.

- 1. 518, "much more": "larger"?

Yes. We revised it (L639-640) as below:

16



Larger retrieval errors occurred in the cases when PWV was >2 cm because PWV became less sensitive

435 to the normalized angular distribution.

- Figs. 1 and 7: the authors should explain the difference between the straight boxes and the rounded

ones, and why the latter were not used in Fig. 7;

440 We intend square boxes show the operation of the calculation and input/output parameters and rounded

boxes show the operation of the algorithm. We wrote the explanation in the caption of Figures.
- Fig. 2: the label "Principal plane” should be put lower, on the principal place circumference;

445 We agree with the reviewer. We revised it as below:

Direct solar irradiance

Almucantar

Diffuse radiance

Principal plane

=

Figure 2: Observation planes (almucantar and principal planes) of the sky-radiometer.

450 - Fig. 3: mention somewhere that the plots refer to the principal plane;

Figure 3 in the discussion paper show the normalized radiance in the almucantar plane. We revised it.
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Figure 3: Normalized angular distributions simulated for continental average aerosol (Table 2) in
the almucantar plane with aerosol optical thicknesses of 0.02 and 0.20 at 940 nm. Simulations
were conducted for SZA = 70° and PWV (w) =0, 1, 2, 3, 4, and 5 cm. The top row is the
normalized radiance R(w, ®), and the bottom row is the ratio of R(w, ®) to R(0, ®). S-S Approx.

IS single scattering approximation.

- Fig. 10: colours in the second row are hardly distinguishable. Explain that they overlap (in the

caption);

We agree with the reviewer. We added it in the caption of Figs. 11 and 12 in the revised manuscript as

below:

Note that the blue, red, green, and black lines in the middle row overlap.

R(w,8)/R(0,0)

7(940) = 0.20

S-S Approx.
w=0cm
1cm

2cm

3cm

4 cm

S5cm
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180
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- Table 3, "Retrieved the PWV": "PWYV retrieval"?

We agree with the reviewer. We revised it as below:
Table 4: References and methodologies of the DSRAD algorithm.
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DSRAD

Solar coordinates Nagasawa (1999)

Refraction correction Nagasawa (1999)

Sun-Earth distance Nagasawa (1999)

Optical mass Gueymard (2001)

Rayleigh scattering Frohlich and Shaw (1980); Young(1981)
Ozone absorption Sekiguchi and Nakajima (2008)

Water vapor absorption Sekiguchi and Nakajima (2008)

Filter response function Stepwise function

Retrieval of PWV Newton-Raphson method
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Abstract.

The Prede sky-radiometer measures direct solar irradiance and the angular distribution of diffuse

radiances at the ultraviolet, visible, and near-infrared wavelengths. These data are utilized for remote

sensing of aerosols, water vapor, ozone, and clouds, but the calibration constant which is the sensor

output current of the extraterrestrial solar irradiance at the mean distance between the Earth and the sun,

1S needed.
method);has The aerosol channels, which are the weak gas absorption wavelengths of 340, 380, 400,
500, 675, 870, and 1020 nm, can be calibrated by an on-site self-calibration method, the Improved

Langley method. This on-site self-calibration method is usefulbeen—used for the continuous long-term

observation of aerosol properties. However, the continuous long-term observation of precipitable water
vapor (PWV) by the sky-radiometer remains challenginge, because the—calibrating the water vapor
channelabsorption channel of 940 nm is-generally reliesealibrated-by on the standard Langley method

(SL) at limited observation sites (e.g., the Mauna Loa Observatory) and the transfer of the calibration

constant by side-by-side comparison with the reference sky-radiometer calibrated by the SL method. In

this study, we developed the SKYMAP algorithm, a new on-site sel-ealibration-method fer—of self-

calibrating the water vapor channel of the Prede-sky-radiometer using diffuse radiances normalized by

direct solar irradiance (normalized radiances). Because the sky-radiometer measures direct solar

irradiance and diffuse radiance using the same sensor, the normalization cancels the calibration constant

included in the measurements. 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-transmittanee-ofPWYV is retrieved using the-diffuseradianece
nermalized-to-the-direet selar-irradianeethe angular distribution of the normalized radiances at the water
vapor channel;-which-doesnotneed-the-ealibration-econstant. Third, the calibration constant at the water

vapor channel is estimated from the transmittance of PWV and aerosol optical properties. Intensive

sensitivity tests of the SKYMAP algorithm using simulated data of the sky-radiometer showed that the
calibration constant is retrieved reasonably well for PWV < 2 cm, indieating-which indicates that the

SKYMAP algorithm can calibrate the water vapor channel on-site in dry conditions. Fhen-Next, the

SKYMAP algorithm was applied to actual measurements under the clear-sky and low PWV (<2 cm)
conditionsirthe-dry—season at two sites, {Tsukuba and Chiba, Japan, and the annual mean calibration

constants at the two sites were determined.)-

hannel was—ealibratedfo 7season- The

SKYMAP-derived calibration constants were 10.1% and 3.2% lower, respectively, than those

determined by side-by-side comparison with the reference sky-radiometer. After determining the
calibration constant, we obtained PWV is-able-to-beretrievedusing-from the direct solar irradiances for
the-whele—yearin both the dry and wet seasons. The retrieved PWV values corresponded well to those

2
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derived from a Global Navigation Satellite System+GNSS)/Global Positioning System (GPS)receiver,
a microwave radiometer, and an AERONET sun-sky radiometer at both sites. The {correlation

coefficients were greater thany—= 0.96. We calculated the bias errors and the root mean square errors by

comparing PWV between the DSRAD algorithm and other instruments. The magnitude of the bias error

and the root mean square error were < 0.163 cm and < 0.251 cm for PWV < 3 cm, respectively.

However, our method tended to underestimate PWYV in the wet conditions, and the magnitude of the

bias error and the root mean square error became large, < 0.594 cm and < 0.722 cm for PWV > 3 cm,

respectively.); This problem was mainly due to the overestimation of the aerosol optical thickness

before the retrieval of PWV. These results showindieating that the Prede-skyradiometerprovides-both
aerosolandSKYMAP algorithm enables us to observe PWV over the long term.data based on its unique

on-site self-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 precipitable eelumns—of-water vapor-econtent-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-absorption bands. One of the strong water vapor absorption bands isat around 940 nm_and can
be measured 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—pPrevious studies_of
SKYNET and AERONET —derived PWV from the observed transmittance of water vapor (Tiz0),

. = w)b . . .
assuming Typo = e~ *W)” (Bruegge ef al., 1992), where a and b are adjustment adjusting-parameters,
m is the optical air mass, and w is PWV. However, there is a known noticeable uncertainty in the
estimate of PWYV because the adjustment parameters depend on radiemetrie—ealibratienthe spectral

sensitivity of the spectroradiometer as well as the vertical profiles of water vapor and temperature.

Therefore, the adjustment parameters should be determined for each observation site. Therefore;

Campanelli et al. (2014, 2018) developed a practical method for determining the adjustment adjusting
parameters based on PWV retrieved by a GNSS/GPS receiver or by surface humidity observations.
To estimate PWYV using a spectroradiometer, it is necessary to calibrate the water vapor channel.

The calibration constant, which is the sensor output current of the extraterrestrial solar irradiance at the

mean distance between the Earth and the sun, 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 field instrument of the AERONET sun-sky radiometer is calibrated

every year by lamp calibration and side-by-side comparison with a reference spectroradiometer (Holben
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et al., 1998). Dedicated effort and eest-expenses are required for-maintainingto maintain accurate long-
term calibrations using these methods.

The Ssky-radiometer_models POM-01 and POM-02 (Prede, Tokyo, Japan), which is—are

deployed in the international radiation observation network SKYNET, measures solar direct irradiances

and angular—distributions—ef—diffuse irradiances at the ultraviolet, visible, and near-infrared

wavelengths. H-wavelengthsineluding These measurements are used for the remote sensing of aerosol,
cloud, water vapor, and ozone—channels (Table 1; Takamura and Nakajima, 2004; Nakajima et al.,

2007). Table 1 shows the relationship between the wavelengths and the main target of the remote
sensing. The aerosol channels are 340, 380, 400, 500, 675, 870, and 1020 nm; the water vapor channel

1S 940 nm; the ozone channel is 315 nm; and the cloud channels are 1225, 1627, and 2200 nm. Through

on-site self-calibration of the aerosol channels by the Improved Langley (IL) method (Tanaka et al.,
1986: Nakajima et al., 1996; Campanelli et al., 2004, 2007), Fthe SKYNET system is capable of long-
term and astematie-continuous aerosol observation. threugh-an-on-siteself-ealibrationmethod,—<ealled
thetmproved-Langley(The IL) method;—whiek -works_not only in clean atmospheric conditions, but

also in turbid atmospheric conditions

20042007. However, no improved calibration method has replaced the standard (Uchiyama et al.,
2014) or modified (Campanelli et al., 2014, 2018) Langley methods for the water vapor channel. In this

study, we devised—developed 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 946-nmthe

water vapor channel and calibrates the water vapor channel. The DSRAD algorithm estimates the- PWV

(PWVbsrap) from the calibrated direct solar irradiance at 940-nmthe water vapor channel. 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-SKYMAP algorithms using
simulation data in Section 3 and apply the-two algorithms to observational data at two SKYNET sites in

Section 4. At these two sites, PWV is observed by the GNSS/GPS receiver, MWR, or AERONET sun-

sky radiometer other than the sky-radiometer. The retrieval accuracy of our method is evaluated by

comparison to these established methods.
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2 Methods

In this study, PWYV 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 the relationship between normalized radiances and the
PWV

We explain the normalized radiance (Nakajima et al., 1996) in Section 2.1.1 and the theoretical

relationship between the normalized radiances and PWYV in Section 2.1.2.
2.1.1 Sky-radiometer measurements

The direct solar irradiance (F) and angular distribution of the diffuse radianee— irradiance (£)) are
measured at seven wavelengths by the model POM-01 or H-eleven wavelengths by the model POM-02;

vapor(940-am);-and-ezone-(315-nm)-channels (Table 1). £} is measured in the almucantar and principal

planes (Fig. 2). The angular distribution of £) is measured at scattering angles ® = 2°, 3°, 4°, 5°, 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. Aeresel-The aerosol channels are calibrated with the IL
method using the normalized radiance at ® < 30°. F and £}(©®=4°) at the aerosol and water vapor

channels are used in this study.

In the plane-parallel non-refractive atmosphere, F¥he-directsolarirradiance at the bottom of the

atmosphere (BOA) at the solar zenith angle (SZA) 6y and the solar azimuth angle ¢ is derived from

F(/l)— exp( mor(/l))

where Fy is the calibration constant—wh&eh—m—ﬂa%sensemﬁpt%e&&en%eﬁﬂ&%e&eekse%m&dm&%a{

J; d is the distance

between Earth and the sun (AU); 4 is the wavelength; 7 is the total optical thickness; and myo is optical

air mass, represented as mo = 1/cosOo—in—the—plane-parallel nonrefractive—atmeosphere. In clear-sky
conditions, the total optical thickness_is the integrated value of —eensists—ef—aerosol scattering +

fabsorption, Rayleigh scattering, and gas absorption_coefficients-and-integrated fromBOA+te-TOAIn the
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column. Assuming a narrow spectral band filter response function, the normalized radiance (R), which
is the ratio of £} to F at the zenith angle () and the azimuth angle (¢), is obtained from the radiative

transfer equation:

WO fr(x)

R(O,) = o522 = [ exp [(T ) (Mi - i)] W' (A, 7)P'(0,A,T)dT + Q(O,1) . (2);

where P'(0,),7") and w'(4,7") are, the total phase function and the total single scattering albedo,

respectively, at the altitude T = 7', AQ is the solid view angle (or field of view); Q is the multiple

scattering contribution; and

cos ® = cos 6 cos By + sin 0 sin O, cos(¢p — ¢py). (B)

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
0 = Oo:

R(®,1) = [(V

0

w' (AL TYP'(0,\,1)dt + Q(O,1) = wM)T(A)P(O,A) + Q(6,1) . (4);

where P(0,2) and w are the total phase function and the total single scattering albedo, respectively. In
contrast, Rrermalizedradianees in the principal plane can be described simply, similar to Eq. (4), if we

assume that the atmosphere is a single layer:

R(0,1) = %w(A)P(G), M[1-exp(R-D)] 4 g@,0. 6

0o~ Ho u

Noted-tl | | . _ ] ‘
2.1.2 The relationship between normalized radiances at the water vapor channel and PWV

We examined the sensitivity of R at 940 nm in the two observation planes to PWYV, aerosol optical

properties, and aerosol vertical profiles by simulating R_using the radiative transfer model RSTAR

(Nakajima and Tanaka, 1986, 1988). The simulation was conducted with 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 2). The continental average consisted of water-soluble particles,
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soot particles, and insoluble particles (Hess et al., 1999). Transported dust was defined as the mineral-

transported component from Hess et al. (1999). Figure 3 shows the dependencies of R in the almucantar

plane on PWYV for continental average aerosol (Fable—1)-with aerosol optical thicknesses of 0.02 and
0.20_at 940 nm. The simulations were conducted for-at an-the SZA of 70°-in-the-almuecantarplane. R
decreases with increasing PWV _regardless of the aerosol optical thickness;—and-the—aerosol-optical
thickness—does—not—atfeet—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 £J, because total optical thickness contributes to the single scattering
approximation of £J. 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 PWYV at the forward scattering angles is not strong, but R at the backward scattering angles
between 90° and 120° changes—drastieally 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 2+) with an aerosol optical thickness of

0.06_at 940 nm at an SZA of 70° in the almucantar and principal planes. The transported dust aerosol is

composed of coarse particles, which have larger impacts on the angular distribution of R at the near-

infrared wavelength than fine particles. The dependency of R in the almucantar plane on PWYV is the

same as in Fig. 3. The dependency of R on PWV was-is also found in beth-ebservationthe principal

planes._R increases with increasing PWYV at 8 < 6, and decreases with increasing PWV at 8 > 6,.

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 6y + 90° and that of the
almucantar plane is 26p. 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
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.

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

8
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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
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 PWYV is examined in Section 3.

2.2 SKYMAP algorithm

The SKYMAP algorithm consists of three steps (Fig. 7). First, aerosol optical and microphysical
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 PWYV and the aerosol optical

properties.
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-ef-the—total-extinetion T =
LaeFd?

0

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

with an optimal estimation method similar to the AERONET and SKYNET retrievals (Dubovik

2016). 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-nmTable 1), 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
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 velame-size speetra-distributions as illustrated in Fig.
8:

dv(r) _ w20 _1(lnr-1 2
dinr ~ “i=1 Ci exp[ 2( ) ]1 (6);

N

Inr; = In(0.02pm) + %ln Ar, (7

In Ar
16570

S

(8);
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InAr = % (In(20pm) — In(0.02pm)) = :—Oln 10, (9);

where C;, r;, and s are the volume, radius, and width of each lognormal function, respectively. 7 is the

parameter to determine the width and is given by a fixed value (Appendix A). We can separate the size

distribution into fine and coarse modes by giving the boundary radius 75, which is obtained as the local

minimum. Furthermore, we separate coarse mode into spherical and non-spherical particles:

dVC (r) dVC (r)

av(r) _ de(r) (

dinr dinr 5)

+6 (10);

dve(r)

where ——
dinr

dv.(r
is fine mode, IC( )

" is coarse mode, and § is the fraction of the non-spherical particles in

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

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

ave( )
Textysca(d) = T Kep/sca(A 1 K, 1i0) + Tie(1 = 6%)

ave( )
e ¥ K sanom). (1)

ch (Tk)

ext/sca(/1 nk, 7"k) +

d dve
Tsca(/l)Pu(@ A) - Zk Vf(rk) Ku(@ A n, k 7"k) + Zk(l -6 ) 4 (rk)

Li¥6

SL(®1 Al n, kl rk) +

dVC(rk) KNS (G)) /1) n; k} rk)-’- (12)

where Teyi/sca(4) denotes the optical thickness of extinction and scattering, and Tsc, (1) P;; (0, )denotes

the directional scattering corresponding to the scattering matrix elements P;;(0,1). K5 and K™° 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 beundarylayers-altitudes ofat 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 the 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).

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

cost function,

10
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FG) =3 (3 = y(0) W) (Y™ = y(2)) +3 (72 (0) W (ya(6). (13):

where vector y™°* describes the measurements (normalized radiances R™** and transmittances of total

extinction 77**-at-aerosol-channels) at the aerosol channels, vector x describes the aforementioned

aerosol parameters —n(A), k(A), Ci, and 6§ — to be estimated, vector y(x) comprises the values
corresponding to y™°* calculated from x by the forward model (R™ and 7™'), 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 values at 0.02 for 77°*, 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 refraetive—indexvolume size
distribution and -by-limiting the length of the-derivatives-ef-the refractive index_derivative with respect
to the wavelength-and-the-volumesize-distribution. They considered this a priori smoothness constraint

as being of the same nature as a 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

Sca

T
Ya(x) = (yRe, yim, ySea, yabs yvol )" (14)

Sca ,,Abs

where vectors yRe, yIm y5ca 44 wo!

, and y;° 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 W,*> in Eq. (13) is the
covariance matrix for determining the strengths of the constraints.

We adapt the smoothness constraints of the second derivatives for the real and imaginary parts

of the refractive index. The second derivatives are defined as

y;(e(i) (x) = (lnn(/ll-)—ln n(diy1) lnn(li+1)—1nn(li+2))1 (15);

In Al—ln Ai+1 In Ai+1—1n Ai+z

yém(i) (x) = (ln k(A)-Ink(Aiy1) Ink(Aiz1)—In k(/li+2))l (16):

In L—ln Ai+1 In Ai+1—1n Ai+2
(i = 1’...' NW - 2)’

Re(i)

where yX¢@ and y!m®

are the i-th elements of the vectors yRe and y!™, respectively. Ny is the number

of wavelengths. The values entered into the weight matrix W, are 0.2 for the real part and 1.25 for the

11
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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

Sca(i) _ (Inteeq(A)-InT5cq(Ai41)  InTseq(Ai4q1)-In Ai42)
O = (Rt el ation), ()
i i+1 i+1 i+2

Abs(i) (x) = (ln Tabs(A)—InTaps(Aiy1) _ InTaps(diy1)—In Tabs()li+z)) (18),
a InA;—In A;4, InAjy1-InAiys : ’

(l = 1’“"NW - 2)5
where 50 and yAP5® are the i-th elements of the vectors yS¢@ and yAPS, respectively. The value
entered in the weight matrix W, 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 Cj, as:

Y22 () = InCiey —InC) — (I C; — InCiyy). (19)

(i=1,-,20),
Co = 0.01 X min{G;|i = 1,---,20}, C,; = 0.01 X min{C;|r; > 1,i = 1,---,20}.
where y: ol is the i-th element of the vector yYol The small values of Cy and C,q at ro and 721 are

given to prevent both ends of the size distribution (C; and C,,) from being abnormal values because F
the-solar-directirradiances-and Vdiffuseradianeces do not have sufficient information to estimate the size
distribution of both small (» < 0.1 um) and large particles (» > 7 um; Dubovik et al., 2000). Note that ro
and 2 satisfy Eq. (7). The value entered in the weight matrix W, 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).

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

12
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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:

Fx) = 2(y™e — y(x)) WD) (y™* — y(x)). (20);

where the component of vector x is PWV, vectors y™°* and y(x) are the normalized angular distribution
in the range ef-from 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 the 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.

[1D.
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 PWV in step 2 as follows:

2 ,m-(TR+7q)
Fp="2 2% 1)

TH20

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

transmittance can be written as

T @D TH20(DdAE — ~
Tzo = J5 D o dA =

[y ®(D)dAAA
Jpp @A) exp(~mp20(0) [ anzo(gw(2).K(2),)dz)dA 1 [~ E 9 * Gk} Ky AYd } 1
Jap ®(aa A Tak 0 MR
. (22);

w = fOZ gw(2)dz,  (23);

where -® (1) is the filter response function, 4/ is the bandwidth of the filter response function, 720 is
the transmittance of water vapor at wavelength A, my,o(0) is the optical air mass, g, is the mass
mixing ratio, K is temperature, @ w20 is the absorption coefficient at altitude z, and w is PWV. Eq. (22)

is discretized by
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Thz0 =

5 @i [y, exp(=muz0(8) Jy anzo(gw@K@Ddz)dd 4 .
TN @iAN A%E*' *jA%iE*f“E AazotIs o wD ke i

400 N (24)

where @; is the stepwise filter response function, 44; 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,

405 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—a 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 and iterative method with Huber’s M-estimation:

410
InFy = % Bu(ty) - In Fo(t) ZweInky,  (25)
why(t,) = 0.03 = . (26);
t YT (IIn Fy — In Fy (t;)E5] > 0.03)
415

where F, is the mean calibration constant and is calculated at each iterative step, Fy(t;) 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
420 estimated clear-sky conditions from two indexes calculated from sky-radiometer measurements. Index 1

is a value for diffuseradianees-the normalized 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 R, ., is

425 calculated by

= 1
‘ Ruear( = XL, R(0,0),0 <10°,  (27);
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where N is the number of measurements, and R is the normalized radiance at a time ¢, scattering angle ©,
and wavelength 500 nm. Next, the running mean of the time series of R, aResze(t) With a window of

three consecutive data points is calculated as < Rpearmean (£) >. Index 1 is defined as the deviation

Enear(t) Ofﬁnear(t) from_< Enear(t) >42m&}a
Rnearﬂw(t) = |Rnear(t)_< Enear(t) >‘Rm@|/< Enear(t) >‘R'm€{:}; (28)7

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

R(0,t)—<Rfarmean(0,t)>
<Rfarmean(0,t)>

Riaraen(® = o ). 0> 10°degree. (29)

where < Rg,(0,t) > Rezrmeant®-t) is the running mean of R(O;t) with a window of three

consecutive data points, and o(X) is the standard deviation of data set X. Note that the data for

calculating Ry, varies depending on SZA, which limits available scattering angles. We judged clear-sky

conditions; when twe-indexes 1 and 2 were both below their respectivetwe 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. Although the

whole-sky camera detected some clouds from 14:00 to 15:00, our algorithm judged the scenes as

representative of clear-sky conditions. This may be because there were no clouds in the line of sight of

the sky-radiometerHowe dycondition o o doed Ay

2

. . 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. Figure 10a

shows the histograms of index 1 for cases in which the sun was and was not covered by clouds. Index 1

had a low value when there were no clouds shading the sun but had a wide range of values when clouds

were shading the sun. Fig. 10b shows the histograms of index 2 when cloud cover was and was not <

20%. The peak shifted to the right when cloud cover was > 20%,. but the effect was not significant.

Table 32 shows the validation results of this method. We defined “elear—skybest condition” as cloud

cover << 240% and “eleud-affeetedpoor condition” as cloud cover 2> 20%2. In less than 17% of cases a
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“poor condition”elondy—sky was misjudged as a “best condition”’elearsky. The sky-radiometer observes
only a part of the whole sky, but our algorithm showed good results.

465 2.3 Estimation of PWYV from direct solar irradiance (DSRAD algorithm)

‘ The sky-radiometer observes the angular distribution of £} 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 43

470 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 linear interpolation in the log-log plane-by-tineregression. Second, the band mean transmittance

of the water vapor, Tiye", is calculated from the calibrated direct solar irradiance. PWV is retrieved

475 using the formula,

meas __
H20
% @i [y, exp(-muz0(0) Jg anzo(Gw @D K@Ddz)ddx _y . _
LS DiANAL 27 P jA?cr P{—mzot®) 13 Szt K ayAyda)di =
0. (30

480
where my,q 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
485 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 the pre/post 1 min_data 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.
490 7a and 7b). The simulation was conducted using the two aerosol types based-en-theseused-byKudo-et

d
d
d
-
a
d
D
@)
a
a
D
D

insoluble-partieles(Hess—et-at51999).described in Section 2.1.2.
mineral-transported-componentfromHess—et-at(1999). The sensitivity test was conducted with sky

16



495

500

505

510

515

520

525

radiances in the almucantar plane for the wavelengths of 340, 380, 400, 500, 675, 870, 940, and 1020
nm; 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; and SZA of=30°, 50°, and 70°.

Figure 101 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 volume
size distribution, aerosol optical thickness, and PWV corresponded with their input values_ (“true”

values in Fig. 11) 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 volume 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 121 illustrates the
retrieval results from the simulated data for the transported dust aerosol with aerosol optical thicknesses
0f 0.02, 0.06 and 0.20 at 940 nm. The scattering and absorption optical thicknesses were retrieved well.
The volume size distribution of fine mode was slightly overestimated. The rRetrieval errors_of PWV
increased with increasing aerosol optical thickness because the near-infrared wavelength was strongly
affected by the retrieval of coarse mode particles.

We also conducted sensitivity tests using the simulated data with bias errors to investigate

uncertainty in the SKYMAP-derived PWV. The bias errors were + 5% and = 10% for R. The value of

5% was given by following reasons. The SV A bias errors of the diffuse radiances for the sky-radiometer

observations were estimated to be less than 5% (Uchivama et al., 2018b). According to Dubovik et al.

(2000), the uncertainty of the diffuse radiances for the AERONET measurements is + 5%. Figures 13

and 14 show the results from the simulated data for the continental average and transported dust

aerosols with aerosol optical thicknesses of 0.02. 0.06 and 0.20 at 940 nm. PWV was overestimated

when — 5% bias was applied to R. This corresponds to the relationship between R and PWV. where R

decreases with increasing PWV (Section 2.1.2). The bias errors strongly affected the retrieval of PWV
at hich PWV (> 2 cm), because the sensitivity of high PWYV is lower than that of low PWV. The

retrieval error of PWYV increased with increasing bias errors. The retrieval error of PWV due to + 5%

and £+ 10% errors for R was within 10% for PWV <2 c¢m and up to 200% for PWV > 2 cm.

When the input of PWV wais <2 cm, the SKYMAP algorithm retrieved PWV very well, within
an error of 8-5-em10%; regardless of the aerosol optical thickness or the-aerosol type. This was also

observed when the bias errors were added for R. The scattering and absorption parts of the aerosol

optical thickness were also estimated very well within + 0.01 in all conditions. Present 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 cm; and to obtain PWV from

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

17



530

535

540

545

550

555

560

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 well-established instruments_and methods other than the sky-radiometer.

Aerosol—The 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 the on-site methods (Nakajima et al., 1996; Boi et al., 1999;
Uchiyama et al., 2018b).

4.1 Observation at Tsukuba

In Tsukuba, the sky-radiometer model POM-02 (S/N PS1202091) is installed at the MRI (36.05°N,
140.12°E). We used data from 2013 and-to 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
standard 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. 152a

and 163a). To obtain the correct value, we used the retrieval results with PWVskymar < 2 cm and

sufficiently small cost functions (Eqgs. [13]} and [20]). The annual mean salses-calibration constants for
2013 and 2014 were 1.886 x 10* A and 2.212 x 10* A, respectively. The annual mean calibration
constants changed drastically from 2013 to 2014 (+ 17.2%). This is Bbecause the lens at the visible and
near-infrared wavelengths was replaced in December 2013;—the—ealibration—constants—at—these

—.These results in

2013 and 2014 were less;—10.1% and —3.2-% _lower, respectively, than those determined by the side-by-

side comparison with the reference sky-radiometer. The difference in the value of the calibration

constant between the SKYMAP algorithm and the side-by-side comparison with the reference sky-

radiometer was attributable mainly to the calibration period. The calibration constant of the sky-

radiometer has seasonal variation due to the temperature dependency of the sensor output (Uchiyvama etf

al., 2018a). Calibration by side-by-side comparison with the reference sky-radiometer was performed

only in the winter. However, the calibration constant of the SKYMAP algorithm was the annual mean.
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Figures 152b and 163b show the DSRAD-retrieved PWV, which is denoted by PWVpsrap+skymar,
using the monthly calibration constant. PWVpsrap+skymar of the sky-radiometer agreed well with that

of the GNSS/GPS receiver. Note that we did not retrieve PWV using the monthly mean calibration

constants for June and July 2014 because their values were obviously small, and because little data were

successfully retrieved due to the wet and cloudy conditions in the summer. In addition, it is possible that

the measurements were contaminated by clouds.

Although monthly mean calibration constantsvalses are best, in theory, they could not be

obtained during the wet season or during periods of high aerosol optical thickness #—due to the

transported dust. Thus, we ealewlated-used the annual mean calibration constant valse-from all data in a
year_to estimate PWV. Figures 152c and 163c deseribe-illustrate PWV using the annual mean wvalue
calibration constantsfer—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; Table 5). We estimated PWV, which is denoted by PWVpsrap+1m, 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. 152c¢ and 163c. Then we
compared PWVpsrap+im and PWVpsrap+skymap in Figs. 152e and 163e. The difference between
PWVpsrapiim and PWVpsrap+skymap was small: 17% in 2013, and 8% in 2014. Our self-calibration
method showed comparable results to those based on the standard Langley method (Uchiyama et al.,

2014). Table 5 summarizes the results of comparisons of DSRAD-derived PWV and GNSS/GPS-

derived PWV. The magnitude of the bias error and root mean square error were small, less than 0.11 cm

and less than 0.226 cm, during 2013 to 2014. Table 6 shows the errors of the retrieved PWV with the

annual mean calibration constants for the rank of PWV. The bias error was larger for hich PWYV than it
was for low PWV. The magnitude of the bias errors of PWYV was less than 0.163 cm for PWV <3 cm
and less than 0.339 cm for PWV >3 cm.

4.2 Observation at Chiba

We used 2647the data from the sky-radiometer model POM-02 (S/N PS2501417) at Chiba University
(35.63°N, 140.10°E)_in 2017. Fhe-PWYV 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. PWVcimel of the AERONET sun-sky radiometer was retrieved by the direct solar
irradiance at 93646 nm with adjustment parameters (direct sun algorithm version 3; Holben ef 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
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-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 PWV for the Level 2.0 data.

Figure 174 shows comparisons of PWVpsrap+skymapr using the-monthly and annual means of
the-calibration constants, PWVmwr, and PWVcimel. PW Vpsrap+skymap using monthly means calibration
constants agreed well (correlation coefficient y = 0.961 and slope = 0.964) with those of the MWR (Fig.
174b). PWVbsrap+skymap using the annual mean calibration constant agreed with PWVmwr_(Fig. 17¢).
within=0-05-emThe error of PW Vpsrap+skymap was — 0.041 < bias < 0.024 cm and RMSE < 0.212 cm
for low PWV (<3 cm); but-and was-bias <— 0.356 cm and RMSE > 0.465 cmsmalerthan PW-Vywr for
high PWV (Table 6). (Fig—t4e)-Figure 174d-alse shows that PW Vpsrap+skymap using the annual mean

calibration constant also agreed with PWVimel for low PWV (< 3 cm) but was smaller than PWV cimel

when-for high PWV was-(> 3 cm). PWVmwr was larger than PW Vcimel (Fig. 174e). PW Vpsrap+skymap

using the annual mean calibration constant was_12% and 9.1% smaller than PWVmwr and PWVcimels

radiometer, respectively (Table 5). These results suggest an underestimation of PW Vpsrap+skymar, as

the uncertainty of PW Vimel compared to the GNSS/GPS receiver is expected to be less than 10% (Giles

et al., 2018). The underestimation of PWVpsrap+skymap was due to two factors. The first is the retrieval

of PWYV by the annual mean calibration constant for the water vapor channel. The calibration constant

not only is subject to aging but also undergoes seasonal variation due to temperature dependency

(Uchiyama et al., 2018a). Thus, it is possible to underestimate the calibration constant in the wet season.

Second, uncertainty regarding the aerosol optical thickness affected PWYV retrieval. Figure 18 depicts

the differences in PWYV and aerosol optical thicknesses at 675, 870, and 1020 nm between the DSRAD

algorithm and the AERONET retrieval. In the periods from January to Mayv and from October to

November, the differences in PWV and aerosol optical thicknesses were less than 0.1 cm and 0.015,

respectively. However, the difference in PWV was greater than 0.1 cm from July to September. This

corresponds to the difference in aerosol optical thicknesses at 675, 870, and 1020 nm from July to

September, which indicates that the transmittance of water vapor was overestimated by the

overestimation of aerosol optical thickness. This led to the underestimation of PW VDsrRAD+SKYMAP USING

the annual mean calibration constant when PWV was > 3 cm. In our error estimation, the error of + 0.03

for the aerosol optical thickness at 940 nm resulted in the error of — 0.214 cm for PWV (Appendix B).

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 normalized angular
distribution-ef-the-nermalized-radianee without the calibration constant. Then the calibration constant is

retrieved from the obtained PWV. Once the calibration constant is determined, PWV can be estimated

20



635

640

645

650

655

660

from the direct solar irradiance. Our DSRAD algorithm retrieves PWV from the direct solar irradiance.

This method does not require any—ef—+the-adjustment parameters used in the empirical methods of

previous studies (e.g., Holben et al., 1998; Uchiyama et al., 2014; Campanelli et al., 2014, 2018).

Instead, the filter response function and the vertical profiles of water vapor, temperature, and pressure

are required as input parameters._ Thus, our physics-based algorithm has the potential to be applied to

sky-radiometers all over the world. This is the greatest advantage of the present study.

Sensitivity tests using simulated data from sky-radiometer measurements showed that the

SKYMAP algorithm retrieved PWV within an error of 8-5-em10% for cases when PWV was <2 cm.

Mueh-mereLarger retrieval errors occurred; swhen-in the cases when PWV was >2 c¢m; because PWV
became less sensitive to the normalized angular distribution-ef-the-normalizedradianee. Therefore, the

SKYMAP algorithm can be applied only to dry conditions.

We applied SKYMAP and DSRAD algorithms to the sky-radiometer measurements at two
SKYNET sites (Tsukuba and Chiba, Japan). At Tsukuba, the calibration constant estimated by the
SKYMAP algorithm was compared to that obtained by side-by-side comparison with a-the reference
sky-radiometer calibrated by the standard Langley method. Their—differences—wereThe calibration
constant calculated by the SKYMAP algorithm was —10.1%_lower in 2013 and —3.2%_lower in 2014

compared with the calibration constant estimated by side-by-side comparison. Our retrieved PWYV 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

+ (.12, respectively. The magnitude of the bias error and the root mean square error were < 0.163 cm

and < 0.251 cm, respectively, for low PWV (<3 cm). However, our retrieved PWV was underestimated

in the wet conditions, and the magnitude of the bias error and the root mean square error were less than

0.594 cm and less than 0.722 cm for hish PWV. This was due to seasonal variation in the calibration

constant and the overestimation of aerosol optical thickness at 940 nm interpolated from those at 870

and 1020 nm.

These results show that our new on-site self-calibration method is practical. In future work, we

plan to compare our method with others in the SKYNET framework (Uchiyvama et al. 2014; Campanelli

etal.,2014).

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
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AERONET sun-sky radiometer data are available from the AERONET website
(https://aeronet.gsfc.nasa.gov/).
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Appendix A: Width of the volume size distribution

dv(r)
dinr
dv(r)
dinr

Because 1s expressed by the superposition of 20-modal lognormal size distributions (Eq. [6]), the

width of is larger than that of each lognormal size distribution. The width of the lognormal size

) dv(r)
. However, —=
dinr

C ) ) . . d
distribution should be small to deal with the complicated and step variations in dﬁr

cannot represent a natural curve if # is large and s is small (Fig. Al). Hence, we have to find the

dv(r) . ..
T natural curve. When C; is constant, such value of # minimizes

maximum value of # for making
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dav dav
the roughness of (r), and (r)
dinr dinr

approaches to a flat shape. For a simple formulation, we consider the

function A(x) which consists of the multimodal normal distribution function B; with a constant height.

A(x) and B; are expressed as

A =32 0B =55 e |- (55) |

where i€ and TE] are the mean and standard deviation, respectively. Its differential is written as

By =3 () e [T () |2

When the shape of A(x) approaches to be flat, the difference between local maximum and minimum

values of A(x) is approximately 0. Because % equals 0 at x = j&€ (j € Z), A(x) has the local maximum

and minimum at x = j§ and (j + %) ¢inj < 1< j + 1. The difference A between the local maximum

and minimum values is obtained as

P ) VY

Figure A2 shows the relation between 7 and A. The value of A increases drastically at around n = 1.5.

dv(r)
dinr

in addition, the shape of is unnatural when n = 2.0 (Fig. A1). Therefore, the value of # should be

selected from the values around n = 1.5. In this study, we fixed # at 1.65. This value represents the

dv(r)
dinr

natural curve of and satisfies that the value of A is small enough, A = 3.0 x 1073,

Appendix B: Error propagation from aerosol optical thickness to PWV

We evaluated the influence of the uncertainty of aerosol optical thickness on PWYV using the empirical

equation of Bruegge ef al. (1992). PWYV is described using the adjustment parameters as follows

The uncertainty of PWV epyyy_is given from the partial differentiation of Eq. (B1) with respect to

In Tyy,0_as follows
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€ = ————€InT = ——————€InT . B2
PWV 9ln TH20 In TH20 bln TH20 In THZO—(—)

where €, 7,,,.18 the uncertainty of Tyz0. Using Eq. (B1) with the adjusting parameters of the sky-

radiometer, with ¢ = 0.620 and b = 0.625 as the coefficient values for the trapezoidal spectral response

function (Uchiyvama et al., 2018a), we write the uncertainty of PWYV as

—__ v -b,. _ — w -0.625 . _
€pwv = —E(mow) €InThzo = ~ 5388 (mow) €ln "ppo (B3)

If the uncertainty of the calibration constant at the water vapor channel is ignored, the uncertainty of

Ty20.is given from Eq. (21) as follows

€lnTypo = Mo€aoT-_ (B4)

where €507 1s the uncertainty of the aerosol optical thickness at 940 nm. The uncertainty of PWV is

written by Egs. (B3) and (B4) as

1
Epwy = —m(moW)O'WSEAOT = —0.214 [cm]. B35

where my = 3.0,w = 5.0 cm, and epor = 0.03.

References

Bevis, M., S. Businger, T. A. Herring, C. Rocken, R. A. Anthes, and R. H. Ware, 1992: GPS
meteorology: Remote sensing of atmospheric water vapor using the Global Positioning System, J.
Geophys. Res., 97, 15787-15801

Boi, P., G. Tonna, G. Dalu, T. Nakajima, B. Olivieri, A. Pompei, M. Campanelli, and R. Rao, 1999:
Calibration and data elaboration procedure for sky irradiance measurements, Appl. Opt., 38, 6, 896-
907

Bruegge, C. J., J. E. Conel, R. O. Green, J. S. Margolis, R. G. Holm and G. Roon, 1992: Water vapor
column abundance retrievals during FIFE, J. Geophys. Res., 97, 18759-18768

Campanelli, M., T. Nakajima and B. Olivieri, 2004: Determination of the solar calibration constant for a

sun-sky radiometer: proposal of an in-situ procedure, Appl. Opt., 43, 651-659

24



755

760

765

770

775

780

785

Campanelli, M., V. Estellés, C. Tomasi, T. Nakajima, V. Malvestuto and J. A. Martinez-Lozano, 2007:
Application of the SKYRAD Improved Langley plot method for the in situ calibration of CIMEL
Sun-sky photometers, Appl. Opt., 46, 2688-2702

Campanelli, M., T. Nakajima, P. Khatri, T. Takamura, A. Uchiyama, V. Estelles, G. L. Liberti and V.
Malvestuto, 2014: Retrieval of characteristic parameters for water vapour transmittance in the
development of ground-based sun-sky radiometric measurements of columnar water vapour, Atmos.
Meas. Tech.,7, 1075-1087

Campanelli, M., A. Mascitelli, P. Sano, H. Diémoz, V. Estellés, S. Federico, A. M. Iannarelli, F.
Fratarcangeli, A. Mazzoni, E. Realini, M. Crespi, O. Bock, J. A. Martinez-Lozano and S. Dietrich,
2018: Precipitable water vapour content from ESR/SKYNET sun—sky radiometers: validation against
GNSS/GPS and AERONET over three different sites in Europe, Atmos. Meas. Tech., 11, 81-94

Dubovik, O., A. Smirnov, B. N. Holben, M. D. King, Y. J. Kaufman, T. F. Eck, and 1. Slutsker, 2000:
Accuracy assessments of aerosol optical properties retrieved from Aerosol Robotic Network
(AERONET) Sun and sky radiance measurements, J. Geophys. Res., 105, 9791-9806

Dubovik, O. and M. D. King, 2000: A flexible inversion algorithm for retrieval of aerosol optical
properties from sun and sky radiance measurements, J. Geophys. Res., 105, 20673-20696

Dubovik, O., A. Sinyuk, T. Lapyonok, B. N. Holben, M. Mishchenko, P. Yang, T. F. Eck, H. Volte, O.
Mufioz, B. Veihelmann, W. J. van der Zande, J.-F. Leon, M. Sorokin, and I. Slutsker, 2006:
Application of spheroid models to account for aerosol particle nonsphericity in remote sensing of
desert dust, J. Geophys. Res., 111, D11208, doi:10.1029/2005JD006619

Estellés, V., M. Campanelli, M. P. Utrillas, F. Exposito, and J. A. Martinez-Lozano, 2012: Comparison
of AERONET and SKYRADA4.2 inversion products retrieved from a Cimel CE318 sunphotometer,
Atmos. Meas. Tech., 5, 569-579, doi:10.5194/amt-5-569-2012

Fowle, F. E., 1912: The spectroscopic determination of aqueous vapor, Astrophys. J., 35, 149-162

Fowle, F. E., 1915: The transparency of aqueous vapor, Astrophys. J., 42, 394-411

Frohlich, C. and Shaw, G. E., 1980: New determination of Rayleigh scattering in the terrestrial
atmosphere, Appl. Opt., 19, 1.773— 1.775

Giles, D. M., A. Sinyuk, M. G. Sorokin, J. S. Schafer, A. Smirnov, L. Slutsker, T. F. Eck, B. N. Holben,
J. R. Lewis, J. R. Campbell, E. J. Welton, S. V. Korkin, and A. I. Lyapustin, 2019: Advancements in
the Aerosol Robotic Network (AERONET) Version 3 database — automated near-real-time quality
control algorithm with improved cloud screening for Sun photometer aerosol optical depth (AOD)
measurements, Atmos. Meas. Tech., 12, 169-209, https://doi.org/10.5194/amt-12-169-2019

Gueymard, C. A., 2001: Parameterized transmittance model for direct beam and circumsolar spectral
irradiance, Solar Energy, 71, 325-346

Halthore, R. N., T. F. Eck, B. N. Holben and B. L. Markham, 1997: Sun photometric measurements of
atmospheric water vapor column abundance in the 940-nm band, J. Geophys. Res., 102, 4343-4352

25



790

795

800

805

810

815

820

Hashimoto, M., T. Nakajima, O. Dubovik, M. Campanelli, H. Che, P. Khatri, T. Takamura, and G.
Pandithurai, 2012: Development of a new data-processing method for SKYNET sky radiometer
observations, Atmos. Meas. Tech., 5, 2723-2737

Hess, M., P. Koepke, and 1. Schult, 1999: Optical properties of aerosols and clouds: the software
package OPAC, B. Am. Meteorol. Soc., 79, 831-844

Holben, B. N., T. F. Eck, L. Slutsker, D. Tanré, J. P. Buis, A. Setzer, E. Vermote, J. A. Reagan, Y. J.
Kaufman, T. Nakajima, F. Lavenu, I. Jankowiak and A. Smirnov, 1998: AERONET-A federated
instrument network and data archive for aerosol characterization, Remote Sens. Environ., 66, 1-16

IPCC, Summary for Policymakers. In: Climate Change 2013: The Physical Science Basis. 5
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 6 Panel
on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 7 Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)], Cambridge University Press, 8 Cambridge, United
Kingdom and New York, NY, USA., 2013

Kasten, F. and A. T. Young, 1989: Revised optical air mass tables and approximation formula, App!.
Opt., 28, 4735-4738

Kudo, R., T. Nishizawa, and T. Aoyagi, 2016: Vertical profiles of aerosol optical properties and the
solar heating rate estimated by combining sky radiometer and lidar measurements, Atmos. Meas.
Tech., 9, 3223-3243, doi:10.5194/amt-9-3223-2016

Nagasawa, K. 1999: Computations of Sunrise and Sunset, Chijin-Shoin (in Japanese)

Nakajima, T., and M. Tanaka, 1986: Matrix formulations for the transfer of solar radiation in a plane-
parallel scattering atmosphere. J. Quant. Spectrosc. Radiat. Transfer, 35, 13-21

Nakajima, T., and M. Tanaka, 1988: Algorithms for radiative intensity calculations in moderately thick
atmospheres using a truncation approximation. J. Quant. Spectrosc. Radiat. Transfer, 40, 51-69

Nakajima, T., G. Tonna, R. Rao, P. Boi, Y. Kaufman and B. Holben, 1996: Use of Sky brightness
measurements from ground for remote sensing of particulate polydispersions, Appl. Opt., 35, 2672-
2686

Nakajima, T., S. C. Yoon, V. Ramanathan, G. Y. Shi, T. Takemura, A. Higurashi, T. Takamura, K.
Aoki, B. J. Sohn, S. W. Kim, H. Tsuruta, N. Sugimoto, A. Shimizu, H. Tanimoto, Y. Sawa, N. H.
Lin, C. T. Lee, D. Goto, and N. Schutgens, 2007: Overview of the atmospheric brown cloud east
Asia regional experiment 2005 and a study of the aerosol direct radiative forcing in east Asia, J.
Geophys. Res., 112, D24591, doi:10.1029/2007JD009009

Kneizys, F. X., E. P. Shettle, L. W. Abreu, J. H. Chetwynd, G. P. Anderson, W. O. Gallery, J. E. A.
Selby, and S. A. Clough, 1988: Users guide to LOWTRAN-7, AFGL-TR-88-0177, NTIS
ADA206773, Air Force Geophysics Laboratory, Hanscom Air Force Base, MA

26



825

830

835

840

845

850

855

Kobayashi, E., A. Uchiyama, A. Yamazaki, and K. Matsuse, 2006: Application of the Statistical
Optimization Method to the Inversion Algorithm for Analyzing Aerosol Optical Properties from Sun
and Sky Radiance Measurements, J. Meteor. Soc. Japan, 84, 1047-1062

Ota, Y., A. Higurashi, T. Nakajima, and T. Yokota, 2010: Matrix formulations of radiative transfer
including the polarization effect in a coupled atmosphere—ocean system. J. Quant. Spectrosc. Radiat.
Transfer, 111, 878—894

Schmid, B., K. J. Thome, P. Demoulin, R. Peter, C. Matzler and J. Sekler, 1996: Comparison of
modeled and empirical approaches for retrieving columnar water vapor from solar transmittance
measurements in the 0.94-mm region, J. Geophys. Res., 101, 9345-9358

Schmid, B., J. J. Michalsky, D. W. Slater, J. C. Barnard, R. N. Halthore, J. C. Liljegren, B. N. Holben, T.
F. Eck, J. M. Livingston, P. B. Russell, T. Ingold and 1. Slutsker, 2001: Comparison of columnar
water-vapor measurements from solar transmittance methods, Appl. Opt., 40, 1886-1896

Schmidt, G. A., R. A. Ruedy, R. L. Miller, and A. A. Lacis, 2010: Attribution of the present-day total
greenhouse effect, J. Geophys. Res., 115, D20106, https://doi.org/10.1029/2010JD014287

Sekiguchi, M., and T. Nakajima, 2008: A k-distribution- based radiation code and its computational
optimization for an atmospheric general circulation model, J. Quant. Spectrosc. Radiat. Transfer,
109, 2779 -2793

Shoji, Y., 2013: Retrieval of Water Vapor Inhomogeneity Using the Japanese Nationwide GPS Array
and its Potential for Prediction of Convective Precipitation, J. Meteor. Soc. Japan, 91, 43-62

Smirnov, A., B. N. Holben, T. F. Eck, O. Dubovik, and I. Slutsker, 2000: Cloud-Screening and Quality
Control Algorithms for the AERONET Database, Remote Sens. Environ., 73, 337-349

Takamura, T. and T. Nakajima, 2004: Overview of SKYNET and its activities, Proceedings of
AERONET workshop. EL Arenosillo. Opt. Pura y Apl., 37, 3303-3308

Tanaka, M., T. Nakajima, and M. Shiobara, 1986: Calibration of a sunphotometer by simultaneous
measurements of direct-solar and circumsolar radiances, Appl. Opt., 25, 1170-1176

Torres, B., O. Duvobik, C. Toledano, A. Berjon, V. E. Cachorro, T. Lapyonok, P. Litvinov, and P.
Goloub, 2014: Sensitivity of aerosol retrieval to geometrical configuration of ground-based sun/sky
radiometer observation, Atmos. Chem. Phys., 14, 847-875

Twomey, S.A., 1990: Aerosol cloud physics and radiation, in Seventh Conf. on Atm. Rad., AMS, San
Francisco, CA, pp. j25-j28

Uchiyama, A., A. Yamazaki and R. Kudo, 2014: Column Water Vapor Retrievals from Sky Radiometer
(POM-02) 940 nm Data, J. Meteor. Soc. Japan, 92A, 195-203

Uchiyama A., T. Matsunaga, and A. Yamazaki, 2018a: The instrument constant of sky radiometers
(POM-02) — Part 1: Calibration constant, Atmos. Meas. Tech., 11, 5363-5388

Uchiyama A., T. Matsunaga, and A. Yamazaki, 2018b: The instrument constant of sky radiometers

(POM-02) — Part 2: Solid view angle, Atmos. Meas. Tech., 11, 5389-5402

27



860

28



Measurements
R™eas (aerosol & water vapor channels)
F™meas (gerosol channels)

I

[Calibration of Fy by SKYMAP]

I

Calibration constant
F, (water vapor channel)

l

(Retrieval of PWV by DSRAD Output
k PWVDSRAD‘SKYMAP

Measurements
F™e3s (aerosol & water vapor channels)

Instrument parameter
F, (aerosol channels)
AQ (aerosol & water vapor channels)

Figure 1: Diagram of the on-site self-calibration method (SKYMAP) and retrieval of PWYV from
direct solar irradiances (DSRAD). square boxes show the operation of the calculation and
865 input/output parameters and rounded boxes show the operation of the algorithm.
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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 21)
in_the almucantar plane withat aerosol optical thicknesses of 0.02 and 0.20 at 940 nm. The
sSimulations were conducted for SZA = 70° and PWV (w) =0, 1, 2, 3, 4, and 5 cm. The top
rowline is the normalized radiance R(w,©), and the bottom rowline is the ratio of R(w, Q) to

R(0,0). S-S Approx. is single scattering approximation.
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Figure 4: Normalized angular distributions simulated for transported dust aerosol (Table 21) in
the almucantar and principal planes withat an aerosol optical thickness of 0.06 at 940 nm. The
sSimulations were conducted for SZA = 70° and PWV (w) =0, 1, 2, 3, 4, and 5 cm. The top
885 rowline is the normalized radiance R(w,®), and the bottom rowline is the ratio of R(w,0) to

R(0,0).
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Figure 6: Normalized angular distributions simulated for transported dust aerosol (Table 21) in
the almucantar and principal planes withat an aerosol optical thickness of 0.06 at 940 nm. The
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—)l Cost function (f (x)) |<_ Tmeas() Rmeas{e /1)>

Update x
Gauss-Newton method
(Kudo et al., 2016)

Inputs to step 2
n(A),k(A),C;, 8

!

(b) Step 2

(b) Step 2: Retrieval of PWV

Parameters to be optimized

(a) Step 1 results

x (PWV:w) l
Radiative transfer model (y(x)) | !nput Interpolated at 940 nm
R'®(0,940 nm) Step 1 results (C;, 8)
l. Input Measurements (y™meas
Cost function (f(x)) fe—— mess (g o 40<3’m) )

Gauss-Newton method

(Kudo et al., 2016) Yes
Inputs to step 3
w, 7(940 nm)
(c) Step 3
(c) Step 3: Retrieval of the calibration constant of the water vapor channel
(b) Step 2 results
Measurements Convert using Eq. (24) (W = Ty20)
F™Me35(940 nm) Step 2 result (7(940 nm))

| !

Calculation of F, by Eq. (21)
Fy(940 nm)

Robust statistical method
with Huber’s M-estimation (Eq. (25-26))

Final result
Determined F(940 nm) of mean value

900 Figure 7: Schematic diagrams of SKYMAP procedures. (a) Step 1. (b) Step 2. (¢) Step 3. Square
boxes show the calculation and input/output parameters
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Sphere

Iy : local minimum
Sphere + spheroid
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Radius [pm]
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20-modal lognormal size distributions

Figure 8: Assuming volume size distributions in the SKYMAP algorithm. Fine and coarse mode

905 particles are separated at radius r». 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 distribution functions (red, blue, and green lines).
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(a) Surface solar radiation (Wm)
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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
915 in (b) and 0.2 in (c¢) are thresholds for indexes 1 and 2, respectively.
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Figure 10: Histograms of indexes 1 and 2 of sky-radiometer observations at Tsukuba. (a) Index 1
when the sun is covered by clouds (blue boxes) and not covered by clouds (red boxes). (b) Index 2
when cloud cover is less than to 20% (red boxes) and greater than or equal to 20% (blue boxes).
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Figure 1110: Retrieval results from simulated data for continental average aerosol. The top
rowline is the volume size distribution, the middle rowline is the scattering and absorption parts
of aerosol optical thickness, and the bottom rowline is a comparison of the “true” and retrieval

values of PWYV. Blue, red, and green lines are the retrieval results at SZA = 30°, 50°, and 70°,
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respectively. The black line is the “true” value. Note that the blue, red, green, and black lines in

the middle row overlap.
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Figure 1241: Similar to Fig. 110 but for transported dust aerosol. Note that the blue, red, green,
and black lines in the middle row overlap.
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Figure 13: Comparison of the “true” and retrieval values of PWYV from simulated data for

continental average aerosol with bias errors. The top, middle, and bottom rows are the retrieval

results at SZA = 30°, 50°, and 70°, respectively. Closed circles are the results with no bias errors.

Closed squares and closed triangles are the results with bias errors of plus and minus 5% in R,

respectively. Open squares and open triangles are the results with bias errors of plus and minus

10% in R, respectively.
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Figure 14: Similar to Fig. 13 but for transported dust aerosol.
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Figure 1512: 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 comparison with the reference sky-radiometer; boxes indicate the number of data points).
(b-d) Comparisons of PWYV 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 PWYV from
the sky-radiometer with the reference and annual mean Fo.
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Figure 1613: Similar to Fig. 152 but in 2014.
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Figure 17144: 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,-_¢)
Comparison of PWYV between the MWR and the sky-radiometer with (b) the monthly mean Fo,
and (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 PWYV between the Cimel level 2.0 data
and the MWR.
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Figure 18: The top row shows the time series of PWYV in 2017 at Chiba (green and black circles
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990 Table 1: Skv-radiometer specifications. Each skv-radiometer is equipped with a filter indicated by
a circle. “Standard” is the standard specification of sky-radiometer models POM-01 and POM-02.

Wavelength  Strong gas Main target POM-01 POM-02 POM-02 POM-02
[nm] absorption substance Standard Standard PS1202091 PS2501417
315 O3 Ozone @) O — @)

340 — Aerosol — O O O

380 — Aerosol — o o o

400 — Aerosol @) (@) @) O

500 — Acrosol @] (@) @) (@]

675 — Acrosol @] (@) @) (@]

870 — Aerosol @) (@) @) O

940 H>O Water vapor | O O O O

1020 — Acrosol @] (@) @) (@]
1225 02, COz, H,O | Cloud — — O —

1627 CH4, CO, Cloud — O O @]

2200 CHq4, H,O Cloud — @] @] @)
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|995 Table 21: Microphysical 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
(nm)
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 L _ (=20
dust b P Vzne <P ( 202 )’
z,=3.5km
c=0.4km
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
Aerosol Componen Particle Size Refractive Relative  Vertical profile
ts shape distribution index at 940 nm  weight
in_total
optical
thicknes
s at
500 nm
Mod Mod | Rea Imaginar
e e 1 Y
radiu  widt
s h
(um)
Continent =~ Water- Sphere  0.18 0.81 | 1.4 0.0074 0.90 exp(—z/H),
al average  soluble 3 H=8km
Soot Sphere  0.05 0.69 | 1.7 0.44 0.07 exp(—z/H),
5 H=4km
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Insoluble Spheroi  5.98 092 | 1.5 0.008 0.03 exp(—z/H),
d 2 H=2km
Transport  Dust Spheroi  3.23 0.79 | 1.5  0.004 0.25 1 exp (_ (Z—Zc))
270 202
ed d 3
dust zc.=3.5km
oc=0.4 km
Water- Sphere  0.18 0.81 | 1.4  0.0074 0.67 exp(—z/H),
soluble 3 H=8km
Soot Sphere  0.05 0.69 | 1.7 0.44 0.05 exp(—z/H),
5 H=4km
Insoluble Spheroi  5.98 092 | 1.5 0.008 0.03 exp(—z/H),
d 2 H=2km

1000

|

Table 32: 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%)f 663(90.7%)*

Visual observation

Cloud cover

Skv-radiometer measuring plane

Best condition

Poor condition

Clear, less than 20%

463 (83.4%)*

68 (8.7%)

Cloud affected, more than 20%

92 (16.6%)

714(91.3%)*

*Obviously correct determination.

005 FObvieuslhyincorreet-determination:
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Table 43: 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

DSRAD
Solar coordinates | Nagasawa (1999)
Refraction correction Nagasawa (1999)
Sun-Earth distance Nagasawa (1999)
Optical mass Gueymard (2001)

Rayleigh scattering

Ozone absorption

Water vapor absorption

Filter response function

Retrieval of PWV

Frohlich and Shaw (1980): Young(1981)

Sekiguchi and Nakajima (2008)

Sekiguchi and Nakajima (2008)

Stepwise function

Newton-Raphson method
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Table 5: Comparison of PWYV between DSRAD and other instruments.

Slope Intercept vy Bias RMSE
Cy C, [cm [cm] [cm]
PS1202091 at Tsukuba, Japan
Monthly mean vs GNSS/GPS receiver | 0.956 0.079 0.938 -0.049  0.138
F, (2013)
vs  GNSS/GPS receiver | 0.937 0.161 0.970 -0.110  0.170
(2014)
Annual mean vs GNSS/GPS receiver | 0.919 0.173 0.987 -0.061 0.226
F, (2013)
vs  GNSS/GPS receiver | 0.934 0.178 0.987 -0.089  0.223
(2014)
PS2501417 at Chiba, Japan
Monthly mean vs MWR (2017) 0.964 0.053 0.961 -0.027  0.091
Fy
vs AERONET (2017) 0.987 0.107 0.976 0.098 0.122
Annual mean vs MWR (2017) 0.880 0.132 0.985 0.042 0.231
Fy
vs AERONET (2017) 0.909 0.184 0.991 0.055 0.186

C1, C2: PWVpspap = €3 X PWVpiher + G
Bias: PWVDSRAD - PWVOtheI‘
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Table 6: Difference in PWV between DSRAD with the annual mean calibration constants and
other instruments.
PWVOther
0—1cm 1-2cm 2—3cm 3—4cm >4 cm
Bias [cm Bias [cm] Bias [cm] Bias [cm] Bias [cm]
RMSE RMSE RMSE RMSE RMSE
[em]) [em]) [em]) [em]) [em])
PS1202091 at Tsukuba,
Japan
vs  GNSS/GPS receiver | 0.083 0.160 0.084 -0.098 -0.339
(2013) (0. 124) 0.211 0.236 0.326 0.537
vs _ GNSS/GPS  receiver | 0.110 0.163 0.107 -0.055 -0.239
(2014) (0.142) (0.221) 0.251 0.353 0.492
PS2501417 at Chiba, Japan
vs MWR (2017) 0.017 0.024 -0.041 -0.356 -0.594
0.066 0.153 0.212 0.465 0.722
vs AERONET (2017) 0.088 0.118 0.017 -0.214 -0.264
0.105 0.192 0.223 0.386 0.306
1020 Bias: PWVDSRAD - PWVOther
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