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 31 

Abstract 32 

 33 

A rotating shadow-band spectro-radiometer system is a powerful tool for 34 

surveying light in the environment. It can provide the following spectral 35 

components of the solar irradiance without using any traditional solar tracking 36 

tool: direct normal irradiance (spDNI), diffuse horizontal irradiance (spDHI), and 37 

global horizontal irradiance (spGHI). Both irradiances, spDNI and spDHI, are 38 

derived from the combination of spGHI observations at different shadow-band 39 

positions. The shadow-band system induces basic errors caused by the 40 

imperfect corrections of the diffuse irradiance shadowed by band. To restrict the 41 

basic errors to within 2%, the band slant-angle should be within 72 deg for a 42 

usual operating condition of the MS-700 spectro-radiometer manufactured by 43 

EKO Instruments Co., Ltd. with the MB-20 shadow-band system for MS-700. 44 

The errors in the spDNI and spDHI estimation are evaluated quantitatively by 45 

using realistic models that consider instrumental and atmospheric conditions. 46 

Estimates of spDNI can result in optical depth errors. The relative error in this 47 

estimation is described by using a correction coefficient 𝐶"#$  defined by the 48 

ratio of the true diffuse irradiance simulated by the shadowed irradiance to the 49 
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approximate value observed. The value of 𝐶"#$  depends on the magnitude of 50 

the aerosol optical depth as well as the aerosol type. This error analysis should 51 

help to improve the accuracy of this system of measurements.   52 

 53 

Key words   rotating shadow-band radiometer; error estimation of aerosol 54 

optical depth; radiation measurement 55 

  56 
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1. Introduction 57 

Particles suspended in the atmosphere have two major effects on the 58 

modification of the weather and climate through changes in the received solar 59 

radiation and cloud formation, known as direct and indirect effects. In recent 60 

decades, both effects have been investigated, with focus on climate change 61 

issues (e.g., Kim et al. 2005; Nakajima et al. 2007; Bi et al. 2014). The direct 62 

effect of aerosols on the climate is relatively straightforward to assess. It can be 63 

evaluated if the aerosol optical characteristics are known (i.e., aerosol optical 64 

depth (AOD), single scattering albedo (SSA), and asymmetry factor (ASY)). 65 

While the radiative transfer mechanism in the atmosphere on how to use such 66 

information is known, the distribution of the optical characteristics at the global 67 

scale pose a challenge since the aerosols come from different sources and have 68 

different chemical compositions.  69 

As described in the IPCC (2014), the uncertainties of the aerosol effects are 70 

larger than those of the global greenhouse gases. The biggest part in these 71 

uncertainties is due to the lack of knowledge on cloud formation and related 72 

mechanisms. Global information on aerosol properties is another issue because 73 

these properties are fundamental for both effects. Satellite programs are the most 74 
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effective for obtaining large scale information. MODIS (Moderate-Resolution 75 

Imaging Spectroradiometer) sensors onboard Terra and Aqua 76 

(https://terra.nasa.gov/about; https://aqua.nasa.gov; https://modis-77 

images.gsfc.nasa.gov/MOD04_L2/doi.html), developed by NASA (National 78 

Aeronautics and Space Administration) have produced substantial information on 79 

aerosols and clouds. Recently, geostationary satellites such as Himawari-8/9, 80 

launched and operated by JAXA (Japan Aerospace Exploration Agency) and JMA 81 

(Japan Meteorological Agency),  started to produce aerosol and cloud 82 

information using improved  sensors and algorithms. The P-Tree System 83 

operated by JAXA can supply the quasi-real time information of aerosol and cloud 84 

as well as other products, such as short wave radiation, chlorophyll-a and so on   85 

(https://www.eorc.jaxa.jp/ptree). These products cover large geographical 86 

regions with homogeneous quality, and can provide information on diurnal 87 

variability. Such information can extend what is known from missions such as the 88 

A-train configuration (Stephens et al. 2018).   89 

The scientific reliability/accuracy of satellite products needs to be assessed 90 

by evaluation against ground observations. The SKYNET (Sky radiometer 91 

network) network has been established for validating the JAXA GLI (Global 92 
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Imager) products (Takamura et al. 2009), as well as those from the NASA 93 

AERONET (Aerosol Robotic Network) (Holben et al. 1998). The main instrument 94 

of the network for both products is, a radiometer which can measure sky 95 

brightness at several wavelengths relevant for obtaining information on the 96 

radiative characteristics of aerosols. Since directional sky radiances are strongly 97 

dependent on particulate matter suspended in the atmosphere (Nakajima et al. 98 

1983), aerosol parameters have been derived under clear sky conditions and 99 

provided to the community and researchers (http://atmos3.cr.chiba-100 

u.jp/skynet/data.html).  101 

Spectral irradiance is useful for many fields not only of the atmospheric 102 

environment but also engineering targets. A Multi-Filter Rotating Shadow-band 103 

Radiometer (MFRSR) is one of the typical instruments utilized. It is frequently 104 

used to get simultaneous measurements of spectral direct and diffuse radiation 105 

(Harrison et al. 1994) as described in Augustine et al. (2000). Another spectral 106 

radiometer MS-700 with a diffraction grating has been used to estimate aerosol 107 

parameters (Khatri et al. 2012). In all these instruments the shadow-band system 108 

plays a basic role to separate two components of irradiance, direct normal 109 

irradiance and diffuse horizontal irradiance, derived from the global irradiance 110 
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measurements. This separation of observed irradiances can allow to estimate 111 

simultaneously optical characteristics of aerosols and clouds as well as 112 

characteristics of precipitable water (Alexandrov et al. 2009) and/or ozone 113 

amount in the atmosphere.  114 

Observations from radiometers can be affected by errors such as calibration 115 

accuracy, temperature dependence and other sources under various 116 

observational conditions even if there is no human error in operation.   When 117 

using the shadow-band system, another source of error is the analysis procedure. 118 

The issue addressed in this analysis is how to compensate correctly for the 119 

scattered radiation shadowed by a band. The accuracy of the aerosol/cloud 120 

products retrieved from these kinds of instrument data will be sensitive to such 121 

correction schemes. 122 

This paper discusses errors originating from the shadow-band measurement 123 

system when only the nominal geometrical correction method is used. In this 124 

simulation analysis typical aerosol models are used for qualitative and 125 

quantitative estimation of irradiance. The effects of the estimation error of the 126 

optical depth as well as the direct and diffuse solar irradiance are also discussed. 127 

 128 
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2. Instrument and analysis procedure 129 

At several sites of the SKYNET observation network, we have installed 130 

spectral radiometers (MS-700 manufactured by EKO Instruments Co., Ltd.) with 131 

a shadow-band system (MB-22), shown in Fig. 1. MS-700 measures global solar 132 

radiation spectrally using an inline CCD (Charge-Coupled Device) sensor with a 133 

grating connected to a diffuser and a glass fiber tube for the solar input. MB-22 134 

can be used to separate direct normal irradiance (spDNI) from the global 135 

horizontal irradiance (spGHI) and estimate diffuse horizontal irradiance (spDHI). 136 

The rotating axis of the band is set in parallel with the north-south direction. It is 137 

inclined with 15 deg from the horizontal level (diffuser level) to the south side for 138 

northern latitudes to avoid the effect of the radiation reflected from the driving unit 139 

itself. The view angle of the shadow-band from the diffuser is 8.6 deg in width. 140 

The detailed specifications are given in Tables 1a and 1b, respectively. The basic 141 

concept is similar to the MFRSR (Harrison et al. 1994). These are unique and 142 

powerful tools for simultaneous observation of spGHI and spDNI with a single 143 

sensor unit, and are relatively low cost and easy to operate.  144 

However, when estimating the spDNI derived from the observed spGHI, the 145 

biggest issue is the accuracy of the spDNI caused by uncertain estimate of the 146 
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scattered light around the sun of the shadow-region. This depends on the aerosol 147 

size distribution and its optical depth, and consequently it is not easy to 148 

compensate for the effect of collecting more reliable spDNIs. Also, the error of 149 

the estimate of the spDNI is affected by instrumental conditions such as the 150 

rotating system, and the band width. We analyze the errors in the estimation of 151 

irradiances, spDNI and spDHI, due to the aerosol type and density using a MS-152 

700 shadow-band system. 153 

In normal operation, the band can move in four steps for radiation 154 

compensation. First, it stays at a level lower than the horizontal surface of the 155 

diffuser/sensor to get the spGHI (𝐼&'()). Then, it moves to the second position that 156 

is, at 10 deg behind from the center of the sun (𝐼&'(*). After obtaining these data, 157 

it moves again to receive only the diffuse radiation (𝐼&'(+) without the direct solar 158 

radiation. At this moment, the center of the band is partly normal to the solar 159 

direction. Finally, the shadow-band is set at 10 deg ahead of the sun (𝐼&'(,). By 160 

using this sequence, a set of four data can be obtained for one scan. The second 161 

and fourth data are used to partially compensate for the excess diffuse radiation 162 

blocked by the band during the third (direct blocked) measurement. 163 

The observed data, 𝐼&'() 〜 𝐼&'(,, are described as follows, 164 



10 
 

 165 

𝐼&'() = 𝛾)𝐹$01COS(𝜃7) +	𝛾*𝐹$0",    (1) 166 

𝐼&'(* = 𝛾)𝐹$01COS(𝜃7) +	𝛾*(𝐹$0" 	− 	∆𝐹*),   (2) 167 

𝐼&'(+ = 	 𝛾*(𝐹$0" 	− 	∆𝐹+),      (3) 168 

𝐼&'(, = 𝛾)𝐹$01COS(𝜃7) +	𝛾*=𝐹$0" 	− 	∆𝐹,>,   (4) 169 

 170 

where variables and coefficients are defined as: 171 

𝐹$01 : Direct normal irradiance (spDNI), 172 

𝐹$0" : Diffuse horizontal irradiance (spDHI), 173 

∆𝐹0  : Diffuse radiation shadowed by band at the position 𝑖 =2 to 4 174 

corresponding to 𝐼&'(* 〜 𝐼&'(,, 175 

𝜃7 : Solar zenith angle, 176 

𝛾)  : Correction coefficient for spDNI. It is due to the imperfect cosine 177 

response of the detection system, namely the cosine error, which 178 

depends only on the solar incident angle, not on the atmospheric 179 

particulate matters, 180 

𝛾* : Correction coefficient for spDHI. It depends on particulate matters in 181 

the atmosphere and the cosine error. 182 
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 183 

In the above equations, we omit a suffix of wavelength dependency for 184 

simplicity. From these equations, spDNI and spDHI are: 185 

 186 

𝛾)𝐹$01COS(𝜃7) 	= 	 𝐼&'() 	− 	 𝐼&'(+ −	𝛾*∆𝐹+ ,   (5) 187 

𝛾*𝐹$0" 	= 	 𝐼&'(+ +	𝛾*∆𝐹+	.	      (6) 188 

 189 

In order to focus on the band effects, hereafter, correction coefficients, 𝛾) 190 

and 𝛾* are assumed to be 1.0. It should be noted that, practical diffuser/sensors 191 

have imperfect cosine law (𝛾) ≠ 1) even if only a little. When the variable ∆𝐹+ 192 

can be estimated accurately under certain conditions, Eqs. (5) and (6) can 193 

provide correct spDNIs and spDHIs, as well as spGHI. In the usual 194 

measurements, however, this cannot be made clear. So, the unknown variable 195 

∆𝐹+ is approximated by following equations,  196 

 197 

∆𝐹+ ≡ 𝐶"#$ 	
∆DE	F	∆DG

*
,       (7) 198 

where, 199 

∆DE	F	∆DG
*

≅ 𝐼&'() 	−	
IJKLE	F	IJKLG

*
 . 200 
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 201 

The correction coefficient 𝐶"#$  in Eq. (7) is a correction factor due to a 202 

stronger forward scattering ∆𝐹+  than ∆𝐹*  or ∆𝐹, . This depends on the 203 

directional pattern of the diffuse solar radiation. Therefore, the variation of 𝐶"#$ 204 

should be evaluated by changing the size distribution and the optical depth of 205 

aerosols. In practice, there are other reasons: one is, the difference of the solid 206 

view angles for each band position due to the band-driving geometry; the other 207 

is, the difference of the cosine effect. So, each diffuse irradiance, ∆𝐹0  is 208 

inherently different. As expected, these effects increase with the decreasing solar 209 

altitude.  210 

Using Eqs. (5), (6) and (7) we obtain: 211 

𝐹$01COS(𝜃7) 	= 	 (1	 − 	𝐶"#$)𝐼&'()	–	𝐼&'(+ 	+	𝐶"#$ 	N	
IJKLE	F	IJKLG

*
O,  (8) 212 

𝐹$0" 	= 	𝐶"#$𝐼&'() 	+ 	 𝐼&'(+ 	−	𝐶"#$ 	N	
IJKLE	F	IJKLG

*
O .   (9) 213 

 214 

In common data analysis practice, the correction coefficient, 𝐶"#$  is 215 

assumed to be 1 due to the lack of information on the correction. Consequently, 216 

the relative errors in spDNI and spDHI are: 217 

 218 
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𝐸𝑟𝑟(RSTI =
DUVW.XLYZDUVW

DUVW
=

[\	]JKL^_	`	
]JKLE	_	]JKLG

E ab

cde(fg)
Z	DUVW

DUVW
,   (10) 219 

 220 

𝐸𝑟𝑟(RSiI =
DUVj.XLYZDUVj

DUVj
=

	IJKLk	F	IJKL^Z	N	
]JKLE	_	]JKLG

E OZ(DlmKZDUVWnop(qg))

DlmKZDUVWnop(qg)
. (11) 221 

 222 

Based on the above, we estimate the band-shadowing effects and discuss 223 

errors on the spDNI and spDHI through simulation of this shadow-band system, 224 

using well-known aerosol types. At the same time, the error (	∆𝜏	) in the optical 225 

depth can be estimated, as follows: 226 

 227 

∆𝜏 = − )
s
ln NDUVW.XLY

DUVW
O.      (12) 228 

 229 

The simulation is performed only at a wavelength of 500 nm because it is 230 

sufficient for obtaining trends of the estimation error of spDNI and spDHI due to 231 

the shadow-band system. 232 

 233 

3. Simulations 234 

Two step simulations are carried out. In the first step, the performance of the 235 

shadow-band system is examined precisely by using an isotropic sky brightness, 236 
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and the reduction of the diffuse irradiance by band blockage is calculated for each 237 

of the three steps around the sun position. In the second step the total 238 

observation errors are estimated by introducing realistic atmospheric models with 239 

several aerosol types. The key is to obtain the accurate diffuse irradiance 240 

shadowed by each band position. 241 

In order to achieve a realistic performance, instrumental and operative 242 

parameters for the MB-22 are those used in routine operations. In the simulation, 243 

it is assumed that the band movement can be perfectly followed by the accurate 244 

solar position without any mechanical error. The band rotates and stops regularly 245 

following the observation sequence, as described in section 2.  246 

Irradiances incident to the diffuser/sensor are simulated under four aerosol 247 

conditions in the atmosphere as the most sensitive parameters. The basic 248 

atmospheric model selected is “Mid Latitude Summer” developed by McClatchey 249 

et al. (1972) with a surface pressure of 1013.25 hPa. Precipitable water content 250 

and ozone amount are somewhat different from the original ones, but these have 251 

no effect in this simulations and ozone has a weak absorption. Other minor gases 252 

are default in the atmospheric model. Four typical aerosol models are adopted. 253 

These are described in Shettle and Fenn(1979). These aerosol models have a 254 
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function of modification of the size distribution by hygroscopic growth of aerosol 255 

particles (Hanel 1976). This function affects the Angstrom Exponent through 256 

changes of the aerosol size distribution, as well as the simulated irradiances. In 257 

order to estimate quantitatively the effects of the analysis method for the shadow-258 

band technique, the aerosol optical depth (AOD) ranges from 0.001 to 2.0 at 500 259 

nm (Table 2). Radiative transfer calculations are performed by the SBDART 260 

model, which is based on a scheme of a discrete ordinate method (Ricchiazzi et 261 

al. 1998). Radiance output of scattered solar radiation is for 1 deg resolution at 262 

zenith and azimuth direction for the sky dome. The integration over the region 263 

shadowed by each band is performed for every 0.1 deg step, by using the 264 

quadratic interpolation of the original 1-deg data base.  265 

A band slant angle is defined by an angle formed by two planes, the band 266 

plane and the vertical plane including the north-south direction. It is a unique 267 

instrumental parameter, compared with the solar zenith and azimuth angle. The 268 

location and the date for the calculation are given in Table 2. These are not 269 

essential for the results. Sky patterns of brightness are calculated for every 15-270 

minute step from 5:00 to 19:00. 271 

 272 
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4. Simulation results and discussion 273 

4.1 Effects of shadow-band 274 

First, we simulate accurately the movement of the shadow-band. Figure 2 275 

shows examples for two times, 05:00 (Left) and 12:00 (Right) on Jun 22, 2016. 276 

These examples in the polar coordinate show that the azimuthal angle is 277 

measured clockwise, that is the north at the top, and 90 deg at the east, and the 278 

zenith angle is in the radial direction. Outer black circles in both panels mean the 279 

horizon with a zenith angle of 90 deg. Three closed lines colored blue, black and 280 

red, show band edges corresponding to band positions, 2, 3 and 4, respectively. 281 

Small red dots in the band position 3 demonstrate the solar position at respective 282 

times. Parts of each band are located below the horizon of the diffuser/sensor. 283 

Consequently, the effective field-of-view angles (FOV) for each band position are 284 

quite different when the sun is close to the horizon. From these figures, it is clear 285 

that the difference between ∆𝐹* and ∆𝐹, is geometrically increasing with the 286 

lower band/solar position. Figure 3a indicates the time series of the FOV of the 287 

sensor towards each band and their false irradiances corresponding to each band 288 

movement. In the figure, the input radiance is assumed to be isotropic. Therefore, 289 

geometrical errors can be estimated quantitatively for the system. The upper 290 



17 
 

three curves (Right scale) show trends of each FOV for each band movement, 291 

and the lower ones (Left scale) are false irradiances in arbitrary unit. The patterns 292 

of FOV variation are relatively flat about the local noon as expected, and the 293 

irradiance patterns are changing with time, because the cosine effect to the 294 

received irradiance is clearly reflected.  In both cases these patterns are 295 

symmetric about the local noon.  296 

The correction error for the shadow region of the band position 3 is dependent 297 

on the value of 𝐶"#$ in Eq.7. Before estimating the impacts by using realistic 298 

aerosol types, Figure 3b shows the diurnal variation of ∆𝐹+ and ∆𝐹svwx (equal 299 

to ∆DE	F	∆DG
*

 ) for isotropic inputs. In the figure, the relative error (RE) between them, 300 

∆DyXz{	Z∆D̂
∆D̂

, is also plotted with time. Less than 2 % RE is shown around the 301 

relatively stable period with time, and then in the outer region it rapidly increases. 302 

Figure 3c plots show the variation of RE as functions of the solar zenith and band-303 

slant angle. This fundamental error due to the cosine and geometric pattern (FOV 304 

difference) of each band position should be considered when processing 305 

observations. From the simulation with isotropic radiation input, a valid restriction 306 

condition in data analysis should be assumed to obtain reliable spDNI and spDHI. 307 

Accordingly we adopt the slant angle of the band (“Band slant angle” in Fig. 3c) 308 
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as a common index for a valid evaluation. 309 

The restriction for the fundamental error in the simulation is set to be 2 %. It 310 

means that the value of 𝐶"#$ corresponds to 1.02. Based on Figure 3c, it would 311 

translate to about 72 deg in band slant angle. The solar zenith angle is about 69 312 

deg in this case and the corresponding relative airmass is about 2.8 as a limiting 313 

edge, as shown in Fig. 3c. We discuss, within these criteria, the error estimation, 314 

that ranges from 6:15 to 17:00 for the day (June 22).   315 

When using this rotating shadow-band system, such fundamental errors are 316 

certain to happen. In addition, errors caused by actual observations and their 317 

analysis must be considered as well as the insufficient correction of forward 318 

scattering.  319 

 320 

4.2 Simulation using typical aerosol types 321 

In our simulations four typical aerosol types are introduced, as shown in Table 322 

2. These have been modeled by Shettle and Fenn(1979), and already built in the 323 

SBDART code. These types do not necessarily cover all types of various aerosols 324 

in the real atmosphere, e.g., desert aerosol (Wandinger et al. 2016). However, 325 

they are sufficient for illustrating typical effects of different aerosols. Table 3 326 



19 
 

tabulates aerosol parameters such as single scattering albedo (SSA), asymmetry 327 

factor (ASY) at 500 nm and Angstrom Exponent (AE) as used in the simulation. 328 

Two examples for different times, 08:00 and 11:45 are shown as sky 329 

brightness patterns in Figs.4a and 4b, respectively. These are shown only for the 330 

Oceanic aerosol type, for simplicity. The upper panels, (i) to (iv) in both figures 331 

indicate radiance patterns (W/m2/sr/um) with different AODs, 0 (Rayleigh), 0.01, 332 

0.1, and 1.0, and the lower ones, (v) to (viii) are for irradiance patterns (W/m2/um) 333 

for unit solid angle. Solar positions are expressed as a small red dot in each panel. 334 

As a reference, band positions at the time are also displayed. It should be noted 335 

that the color code is different between the upper and lower panels. 336 

It is clear that, the Rayleigh atmosphere has no strong forward scattering as 337 

expected, and it increases rapidly around the sun with increasing AOD. These 338 

patterns are different for different aerosol types not shown here, but basic trends 339 

are similar to each other. Irradiance patterns of the lower panels are more 340 

concentric compared with radiance patterns, because of the cosine effect. Such 341 

a concentric pattern is gradually distinctive with increasing solar altitude, as 342 

shown in Fig.4b. It is easily understandable that the difference in each shadow 343 

region must be dependent on the band slant angle and AOD.  344 
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Diffuse irradiances shadowed by each band are calculated as ∆𝐹* to ∆𝐹,. 345 

An example is shown in Fig. 5a. It has Oceanic aerosol type with AOD of 0.2.  346 

The lower light blue line in Fig. 5a indicates the relative difference (right scale) in 347 

the correction method. This curve is stable for smaller zenith angles and rapidly 348 

changing with time near the sunrise and sunset. Figure 5b shows the change of 349 

𝐶"#$ as functions of band slant angle and solar zenith angle for a period of the 350 

limited fundamental error of less than 2%. The maximum value of 𝐶"#$ reaches 351 

about 1.36 for AOD of 0.2. The three-dimensional pattern of the 𝐶"#$ variation 352 

is shown as a function of AOD and time for the Oceanic aerosol type in Fig. 6a. 353 

The diurnal variation is not the same for different AODs. The most remarkable 354 

feature in the pattern is the peak values for usual AOD ranges. It is due to the 355 

related variation between incident direct and diffuse solar radiation with AOD 356 

changes. When the AOD gradually increases, the diffuse radiation also increases 357 

till about 1 and then over this point it decreases because of the rapid decrease of 358 

the direct solar radiation. Figure 6b shows examples of this variation of shadowed 359 

irradiances as a function of AOD x SSA x Airmass. The correction coefficients 360 

𝐶"#$ are also plotted by dash-dotted lines in the figure to understand the relation 361 

between them.  The peak positions of 𝐶"#$ are shifted from the irradiance ones. 362 
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The saddle pattern in Fig.6a is almost the same as the other three types except 363 

for their magnitudes. Figure 6c depicts the variation of 𝐶"#$ for different aerosol 364 

types with a variation of AOD x SSA, where these patterns are almost same 365 

including each peak point except for the magnitude. These are the daily mean 366 

values with the standard deviation for the limited time domain. Aerosol impacts 367 

are clearly seen in the variation of 𝐶"#$ from these figures. The peak point of 368 

𝐶"#$ for AOD (or AOD x SSA) is not the same as that for the diffuse radiation, 369 

but the trend is similar as the pattern of the shadowed diffuse radiation. As 370 

expected, the Oceanic type shows the largest value of 𝐶"#$  among the four 371 

aerosol types, because of its larger particles. Based on this, Figure 6d plots 372 

shows the relation between Angstrom Exponent (AE) and 𝐶"#$ , with AODs 373 

ranging from 0.01 to 1.0. The smaller AE can give a bigger error in general. But 374 

it should be noted that the maximum value of 𝐶"#$ for each aerosol type is not 375 

the biggest AOD in the figure, because of its AOD dependency as shown in Fig.6c.  376 

Errors in spDNI and optical depth estimation (𝐸𝑟𝑟(RSTI  in Eq. 10 and ∆𝜏 in 377 

Eq. 12) can be derived using the simulated data. Figure 7 is an example of a 378 

diurnal variation for the Oceanic aerosol with AOD of 0.2. Large cat ears can be 379 

seen in the 𝐸𝑟𝑟(RSTI  around the time of sun rise and set due to unbalanced FOV 380 
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of each band. These are rejected automatically when analyzing data, based on 381 

the reasoning described before. Therefore, the 𝐸𝑟𝑟(RSTI  ranges from 1.2 % to 382 

4.1 % within the effective domain of the band slant angle (or time ) in this example. 383 

And the ∆𝜏 induced from the spDNI error is about -0.011 to -0.014 for AOD of 384 

0.2. These errors might not be serious but are not negligible. The relatively small 385 

effects to spDNI and 𝜏 despite the large correction coefficient 𝐶"#$ is because 386 

part of the corrected irradiance in the diffuse radiation is much smaller than the 387 

spDNI value itself.  388 

Figure 8a depicts the same error, 𝐸𝑟𝑟(RSTI  as a function of AOD x SSA for 389 

four aerosol types. The magnitude of 𝐸𝑟𝑟(RSTI  is different for each aerosol type 390 

as expected, even if each aerosol type has the same AOD. It can increase with 391 

AOD increasing. However, this can turn into a decreasing trend depending on the 392 

parameter of AOD x SSA x Airmass. Examples with AOD of 1.0 are shown in 393 

Fig.8b.  It is clear that, the lines of 𝐸𝑟𝑟(RSTI  show peaks dependent on the AOD 394 

x SSA x Airmass.  As a reference, the estimated spDNIs are plotted as well as 395 

the true spDNI, in the figure.  These lines of spDNIs almost overlap because of 396 

their small differences. While the magnitude of spDNI is consistently decreasing 397 

as well as the absolute error of spDNI with the AOD increase, the relative error of 398 
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spDNI 𝐸𝑟𝑟(RSTI  is increasing for small values of AOD x SSA x Airmass and then 399 

decreasing over a certain value depending on AOD. Therefore, the 𝐸𝑟𝑟(RSTI  400 

changes with a similar pattern to 𝐶"#$ in Fig. 6c. A part of such variations is 401 

included in the rightmost points at AOD=1.5 of Fig.8a. Namely, the 𝐸𝑟𝑟(RSTI  402 

varies from about 5% to 11% at AOD=1 of four aerosol types, and from about 2% 403 

to 5% at AOD=0.5. It is also plotted as a function of 𝐶"#$ as shown in Fig.8c. 404 

Seven AODs are used in the figure, the same as for Fig. 8a. The error bars for 405 

each line are also the same as before. The upper ends of each line in Fig.8c show 406 

values for AOD=1.5, and the lower left side is for AOD=0.01.  407 

Based on these features, the estimation error (∆𝜏) in optical depth can be 408 

retrieved simultaneously, as shown in Figs. 9a and 9b. The relative error ∆𝜏/𝜏 is 409 

dependent on the magnitude of AOD as well as the aerosol type. These reflect 410 

the trend of 𝐸𝑟𝑟(RSTI , as expected. As seen in Fig.9a, the relative errors ∆𝜏/𝜏 of 411 

the daily average, range from about 3% to 4% or less for Tropospheric, Rural and 412 

Urban types, and less than 6% for Oceanic type at AOD of 1.0. Right ends of 413 

each line are for AOD of 1.5. Larger airmasses have larger errors than the 414 

averages. Figure 9b shows the relation between ∆𝜏/𝜏 and 𝐶"#$. In the figure, 415 

the lowest (negatively biggest) ends of each line are for AOD=1.5 and the 416 
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uppermost points are for AOD=0.01. This corresponds to Fig. 8c. It is clear that, 417 

depending on their aerosol type, the AOD change strongly affects the estimation 418 

error. This suggests that the ∆𝜏/𝜏 is also dependent on the Angstrom Exponent. 419 

Figure 10 shows their relation. The dependency on AE is plotted with 6 AOD 420 

parameters, 0.01 to 1.0, for each aerosol type. The smaller AE can give a larger 421 

error, as a rough standard. For example, the optical depth estimation under the 422 

rural or urban atmosphere with usual AOD might be expected to show about 3 to 423 

4 % relative error at most. Oceanic aerosol type is a little far from other three 424 

types because of rich coarse mode particles by hygroscopic growth. Based on 425 

this figure, radiation measurements in the atmosphere containing rich particles of 426 

coarse mode like oceanic or desert dust particles, should be carefully analyzed. 427 

The information of AE is a good indicator for the rough error estimation, which 428 

can be deduced by spectral observation.   429 

SSA is one of the most important parameters on the aerosol impact in climate 430 

research. Diffuse radiation measurements can provide the possibility to 431 

determine the SSA (Khatri et al., 2012). Consequently, the spDHI can be 432 

estimated by using Eq. 9. In this case, the relative error 𝐸𝑟𝑟(RSiI  is obtained by 433 

using Eq. 11. Figures 11a and 11b show the 𝐸𝑟𝑟(RSiI  estimate as functions of 434 
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AOD x SSA and 𝐶"#$, respectively. The maximum error points (lowest of each 435 

line in the figure) for each aerosol type are visible. For example, the Oceanic 436 

aerosol type shows a 𝐸𝑟𝑟(RSiI  of about 4 % for the worst case. In general, these 437 

points are mainly dependent on the aerosol size distribution through a correction 438 

coefficient 𝐶"#$. Figure 11b shows the relation between 𝐸𝑟𝑟(RSiI  and 𝐶"#$. It 439 

shows a unique feature, of the linear relation between them. Based on this, a 440 

rough estimate of the relative error could be performed. The 𝐸𝑟𝑟(RSiI  can be 441 

estimated by the AE as shown in Fig. 12, for AOD parameter ranging from 0.01 442 

to 1.0. The error is strongly dependent on AOD as well as on the AE index. While 443 

the smaller AOD can give a smaller relative error in spDHI, the largest error 444 

shows AOD = 0.5 (light blue line in Fig.12), as also seen in Fig. 11a. This is due 445 

to the dependence of the relation between AOD and the corresponding diffuse 446 

radiation. 447 

The errors discussed above are summarized in Table 4 for two typical AODs 448 

of 0.5 and 1.0. Each value in the table is a daily mean with the standard deviation 449 

for the effective time domain. These AODs are considered to be under normal 450 

atmospheric condition. Such errors might occur when using a common correction 451 

technique, 𝐶"#$ = 1. Therefore, if an appropriate value of 𝐶"#$ is introduced in 452 
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the actual analysis, these errors might shrink. These results can help to improve 453 

the analysis method for obtaining more accurate aerosol parameters. 454 

 455 

5. Conclusions 456 

A spectral radiometer with a shadow-band system is a unique and powerful 457 

tool for various fields, such as air quality, atmospheric and biological environment 458 

as well as solar radiation. The objective of a rotating shadow-band is to separate 459 

spectral direct (spDNI) and diffuse (spDHI) irradiances from directly observed 460 

global spectral irradiances (spGHI). When performing the separation, a suitable 461 

correction scheme is required for the diffuse irradiance shadowed by the band. 462 

The accuracy of the estimated irradiances is dependent on this correction 463 

scheme. Based on the most popular correction technique for this system, errors 464 

in spDNI and spDHI estimation are discussed in detail using realistic instrumental 465 

parameters with four typical aerosol types. 466 

The key issue is the accuracy of the correction of diffuse irradiances 467 

shadowed by the band. Even if the instrumental system has no error such as 468 

cosine characteristics of the sensor/diffuser and calibration including observation 469 

errors, the usual correction method can give errors because of the under-estimate 470 
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of the forward scattering and asymmetric positions of the shadow-band for 471 

correction. First, fundamental errors based on the correction method itself are 472 

estimated by using uniform isotropic radiance as input. When the slant angle of 473 

the shadow-band is less than 72 deg with realistic parameters of the system, the 474 

relative error in the diffuse irradiance of shadow-region between the true value 475 

and its approximation is within 2%. This error is inevitable when using this system. 476 

It can be caused by the difference of the shadow-band positions for correction, 477 

which equals the difference of the cosine effect of the diffuser/sensor. Over the 478 

72 deg, the error rapidly increases, so that the estimated spDNI and spDHI might 479 

not be usable. It should be noted that the value of the limited angle of the shadow-480 

band is dependent on the parameters used in the shadow-band system. 481 

The relative errors in the estimated spDNI and spDHI, using realistic 482 

atmospheres with four typical aerosol types, Rural, Urban, Ocean and 483 

Troposphere, as compiled by Shettle and Fenn (1979), and considered within the 484 

basic error of 2 %. The aerosol optical depth (AOD) at 500 nm in the simulation 485 

yields eleven cases from 0.001 to 2.0, which can cover usual atmospheric 486 

conditions. As seen from the simulation, the correction coefficient 𝐶"#$ for the 487 

forward scattering region of the shadow-band is strongly dependent on AOD ( or 488 
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AOD x SSA). It increases and then reaches a peak and after that it decreases 489 

when the AOD (or AOD x SSA) is increasing. These phenomena originate from 490 

the relation between spDNI and spDHI with the AOD change. The coefficient 491 

𝐶"#$ for the Oceanic aerosol type shows larger values than the other aerosol 492 

types because it is enriched with coarse particles. This trend is confirmed by the 493 

correlation with the Angstrom Exponent.   494 

The relative error in the spDNI estimation shows a variation from 2% to 5% at 495 

AOD=0.5 and from 5% to 11% at AOD=1 of the four aerosol types.  Based on 496 

these results, the relative error in the optical depth estimation varies within, 2% 497 

to 5% at AOD=0.5 for four aerosol types, almost the same as the spDNI 498 

estimation. On the other hand, the spDHI estimation has a unique error of about 499 

4 % maximum for the AOD range of 0.1 to 1.0 for the Oceanic aerosol type. The 500 

AOD increase over the range is at the origin of the decrease in the spDHI error, 501 

and the error variation against 𝐶"#$ shows roughly a linear relationship with the 502 

weak aerosol type dependency. 503 

These features can help to improve the accuracy of the spDNI and spDHI 504 

estimation. 505 

 506 
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List of Figures  595 

 596 

Fig. 1 Observation system for spectral irradiance with shadow-band. The detailed 597 

specifications of MS-700 and MB-22 are tabulated in Tables 1a and 1b. The 598 

driving unit is installed with an inclined angle (rotating axis) of 15° to avoid 599 

the effect of light reflected by itself. 600 

 601 

Fig. 2 Examples of shadow-band movement. The bands are projected on the 602 

polar coordinate. Blue, black and red curves show edge patterns of band 603 

positions 2, 3 and 4 respectively and, for different times: 05:00 and 12:00 JST 604 

of June 22, 2016. Small red dots in both circles mean the solar position. The 605 

outer circle shows the horizon (zenith angle is 90 deg.) of the sky. The band 606 

positions outside the circles are below the horizon. 607 

 608 

Fig.3a Time series for each band, of the field-of-view angle (FOV), represented 609 

by the upper three solid curves and, the virtual radiation (DF) incident into a 610 

region shadowed by the band, represented by the lower three curves. The 611 

incident radiation is assumed to be unity, so these curves mean variations 612 



36 
 

combined with the cosine characteristic and field view angle. 613 

 614 

Fig.3b Time series of virtual radiation and the difference between the expected 615 

irradiance 	∆𝐹+  (for isotropic radiation) and the mean irradiance 616 

approximated by both side ones (∆𝐹* and 	∆𝐹, ). 617 

 618 

Fig. 3c Relative difference between the expected irradiance and the mean 619 

irradiance approximated by ∆𝐹*	and ∆𝐹,, as functions of the solar zenith and 620 

band slant angles. For less than 72 deg band slant angle, the fundamental 621 

error due to the cosine characteristic including the band geometry is about 622 

less than 2%.  The relative airmass corresponding to the solar zenith angle 623 

is plotted as a reference. 624 

 625 

Fig. 4a Examples of simulated sky brightness without direct solar radiation.  626 

Each brightness pattern corresponds to different AODs: 0 (Rayleigh 627 

atmosphere), 0.01, 0.1, and 1.0 respectively from left to right in two panels’ 628 

series (upper and lower).  The upper panels’ series show the radiance 629 

pattern (W/m2/sr/um) and the lower panels’ series are the irradiance pattern 630 
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(W/m2/um) for a unit solid angle. The solar position is 𝜃7 = 49.0, ∅7 = 88.5 631 

at 08:00 JST, which is plotted as a small red dot in each panel. It should be 632 

noted that, the color codes of the radiance and irradiance patterns are 633 

different. As a reference, band positions are shown in each pattern. 634 

 635 

Fig. 4b Examples of simulated sky brightness.  Same as Fig. 4a except for the 636 

time of 11:45 (𝜃7 = 12.2, ∅7 = 183.7). 637 

 638 

Fig. 5a Simulated diffuse irradiance shaded by each band position, 2 to 4. The 639 

atmosphere is the oceanic aerosol type with AOD of 0.2. 	∆𝐹+ corresponds 640 

to the position of shading the direct solar radiation. ∆𝐹* and ∆𝐹, show 641 

shaded irradiances for band position 2 (-10 deg) and position 4 ( +10 deg) .  642 

∆𝐹svwx is the arithmetic mean of ∆𝐹* and ∆𝐹,, and The Relative Difference 643 

is defined by (∆𝐹svwx -	∆𝐹+)/	∆𝐹+. 644 

 645 

Fig. 5b Correction coefficient Cfwd defined by 	∆𝐹+/		∆𝐹svwx as a function of the 646 

solar zenith and band slant angles. Curves are plotted with a fundamental 647 

error of less than 2%. 648 

 649 



38 
 

Fig. 6a Variation of the correction coefficient Cfwd as a function of AOD and time.  650 

This 3-D pattern is for the Oceanic aerosol type.  Other types show similar 651 

patterns except for their magnitudes. 652 

 653 

Fig. 6b Examples of diffuse irradiance shadowed by a band and the 654 

corresponding Cfwd, as a function of AOD x SSA x Airmass.  Solid and 655 

broken lines colored in blue (11:45) and orange (6:30) are true and 656 

approximated values, respectively. The ratios, Cfwd on the right scale are 657 

shown by dash-dotted lines. 658 

 659 

Fig. 6c Variation of mean correction coefficient Cfwd as a function of AOD x SSA.  660 

Each value is averaged for the same AOD during a certain period, with a 661 

fundamental error of less than 2%. Each error bar is the standard deviation 662 

of the daily mean. 663 

 664 

Fig. 6d Relation between Cfwd and Angstrom Exponent for four aerosol types. 665 

Error bars in each line are the same as in Fig. 6c. 666 

 667 
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Fig. 7 An example of diurnal variation of relative error (ErrspDNI) in spDNI and 668 

optical depth error (Dt), defined by Eqs. 10 and 12. These are plotted for the 669 

Oceanic aerosol type with AOD of 0.2. 670 

 671 

Fig. 8a Estimation error in spDNI as a function of AOD x SSA for four aerosol 672 

types. Seven AODs are used for each aerosol type, such as 0.01, 0.05, 0.1, 673 

0.2, 0.5, 1.0 and 1.5. The error bars are due to the daily variation for the 674 

effective time domain. 675 

 676 

Fig. 8b Examples of spDNI and ErrspDNI as a function of AOD x SSA x Airmass for 677 

four aerosol types with AOD of 1.0.  The estimated spDNIs (spDNI_est) for 678 

each aerosol type overlap on the same lines due to small differences. The 679 

patterns of ErrspDNI show peaks depending on the aerosol type. 680 

 681 

Fig. 8c Relative error in spDNI as a function of Cfwd. Seven AODs are used as 682 

the same in Fig.8a for each aerosol type. The upper ends of each line are 683 

for AOD=1.5. The error bars are the same as in Fig.8a. 684 

 685 

Fig. 9a Relative error in optical depth as a function of AOD x SSA. The four 686 

lines with error bars indicate different aerosol types for seven AODs, 0.01, 687 
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0.05, 0.1, 0.2, 0.5, 1.0 and 1.5. The rightmost ends of each line are for 688 

AOD=1.5. 689 

 690 

Fig. 9b Estimation error in optical depth as a function of Cfwd. The four lines with 691 

error bars indicate different aerosol types for seven AODs, 0.01, 0.05, 0.1, 692 

0.2, 0.5, 1.0 and 1.5. The lowest ends of each line are for AOD=1.5, and the 693 

smallest (upper) points are for AOD=0.01.   694 

 695 

Fig. 10 Relation between Dt /t and Angstrom Exponent. 696 

 697 

Fig. 11a Relative error in spDHI estimation as a function of AOD x SSA. Each 698 

aerosol type shows the minimum points during a range of 0.1 to 1.0 AOD x 699 

SSA. 700 

 701 

Fig. 11b Same as Fig. 11a except for as a function of Cfwd.  The minimum point 702 

of the error for the Oceanic aerosol type corresponds to the maximum Cfwd. 703 

 704 

Fig. 12 Relative error in spDHI estimation as a function of the Angstrom 705 

Exponent (AE) with different AODs, ranging from 0.01 to 1.0. Four aerosol 706 
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types are shown corresponding to their AEs. 707 

 708 

  709 
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 710 

 711 

Fig. 1 Observation system for spectral irradiance with shadow-band. The detailed 712 

specifications of MS-700 and MB-22 are tabulated in Tables 1a and 1b. The 713 

driving unit is installed with an inclined angle (rotating axis) of 15° to avoid the 714 

effect of light reflected by itself. 715 

  716 
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 717 

 718 

Fig. 2 Examples of shadow-band movement. The bands are projected on the 719 

polar coordinate. Blue, black and red curves show edge patterns of band 720 

positions 2, 3 and 4 respectively and, for different times: 05:00 and 12:00 JST of 721 

June 22, 2016. Small red dots in both circles mean the solar position. The outer 722 

circle shows the horizon (zenith angle is 90 deg.) of the sky. The band positions 723 

outside the circles are below the horizon. 724 

 725 

 726 

 727 
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Fig.3a Time series for each band, of the field-of-view angle (FOV), represented 

by the upper three solid curves and, the virtual radiation (DF) incident into a 

region shadowed by the band, represented by the lower three curves. The 

incident radiation is assumed to be unity, so these curves mean variations 

combined with the cosine characteristic and field view angle. 
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Fig.3b Time series of virtual radiation and the difference between the expected 

irradiance 	∆𝐹+ (for isotropic radiation) and the mean irradiance approximated by 

both side ones (∆𝐹* and 	∆𝐹, ). 
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 733 

  734 

 

 

Fig. 3c Relative difference between the expected irradiance and the mean 

irradiance approximated by ∆𝐹*	and ∆𝐹,, as functions of the solar zenith and 

band slant angles. For less than 72 deg band slant angle, the fundamental error 

due to the cosine characteristic including the band geometry is about less than 

2%.  The relative airmass corresponding to the solar zenith angle is plotted as 

a reference. 

 

(c) 
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 735 
 736 

Fig. 4a Examples of simulated sky brightness without direct solar radiation.  737 

Each brightness pattern corresponds to different AODs: 0 (Rayleigh atmosphere), 738 

0.01, 0.1, and 1.0 respectively from left to right in two panels’ series (upper and 739 

lower).  The upper panels’ series show the radiance pattern (W/m2/sr/um) and 740 

the lower panels’ series are the irradiance pattern (W/m2/um) for a unit solid angle. 741 

The solar position is 𝜃7 = 49.0, ∅7 = 88.5 at 08:00 JST, which is plotted as a 742 

small red dot in each panel. It should be noted that, the color codes of the 743 

radiance and irradiance patterns are different. As a reference, band positions are 744 

shown in each pattern. 745 
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 746 

Fig. 4b Examples of simulated sky brightness.  Same as Fig. 4a except for the 747 

time of 11:45 (𝜃7 = 12.2, ∅7 = 183.7). 748 

  749 



49 
 

 750 

 751 

  752 

 

 

 

Fig. 5a Simulated diffuse irradiance shaded by each band position, 2 to 4. The 

atmosphere is the oceanic aerosol type with AOD of 0.2. 	∆𝐹+ corresponds to 

the position of shading the direct solar radiation. ∆𝐹* and ∆𝐹, show shaded 

irradiances for band position 2 (-10 deg) and position 4 ( +10 deg) .  ∆𝐹svwx 

is the arithmetic mean of ∆𝐹* and ∆𝐹,, and The Relative Difference is defined 

by (∆𝐹svwx -	∆𝐹+)/	∆𝐹+. 
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Fig. 5b Correction coefficient Cfwd defined by 	∆𝐹+/		∆𝐹svwx as a function 

of the solar zenith and band slant angles. Curves are plotted with a 

fundamental error of less than 2%. 
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Fig. 6a Variation of the correction coefficient Cfwd as a function of AOD and time.  

This 3-D pattern is for the Oceanic aerosol type.  Other types show similar 

patterns except for their magnitudes. 
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Fig. 6b  Examples of diffuse irradiance shadowed by a band and the 

corresponding Cfwd, as a function of AOD x SSA x Airmass.  Solid and broken 

lines colored in blue (11:45) and orange (6:30) are true and approximated 

values, respectively. The ratios, Cfwd on the right scale are shown by dash-

dotted lines. 
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Fig. 6c Variation of mean correction coefficient Cfwd as a function of AOD x SSA.  

Each value is averaged for the same AOD during a certain period, with a 

fundamental error of less than 2%. Each error bar is the standard deviation of 

the daily mean. 
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Fig. 6d  Relation between Cfwd and Angstrom Exponent for four aerosol types. 

Error bars in each line are the same as in Fig. 6c. 
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Fig. 7 An example of diurnal variation of relative error (ErrspDNI) in spDNI and 

optical depth error (Dt), defined by Eqs. 10 and 12. These are plotted for the 

Oceanic aerosol type with AOD of 0.2. 
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Fig. 8a Estimation error in spDNI as a function of AOD x SSA for four aerosol 

types. Seven AODs are used for each aerosol type, such as 0.01, 0.05, 0.1, 0.2, 

0.5, 1.0 and 1.5. The error bars are due to the daily variation for the effective 

time domain. 
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Fig. 8b Examples of spDNI and ErrspDNI as a function of AOD x SSA x Airmass 

for four aerosol types with AOD of 1.0.  The estimated spDNIs (spDNI_est) for 

each aerosol type overlap on the same lines due to small differences. The 

patterns of ErrspDNI show peaks depending on the aerosol type. 
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Fig. 8c Relative error in spDNI as a function of Cfwd. Seven AODs are used as 

the same in Fig.8a for each aerosol type. The upper ends of each line are for 

AOD=1.5. The error bars are the same as in Fig.8a. 
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Fig. 9a Relative error in optical depth as a function of AOD x SSA. The four 

lines with error bars indicate different aerosol types for seven AODs, 0.01, 0.05, 

0.1, 0.2, 0.5, 1.0 and 1.5. The rightmost ends of each line are for AOD=1.5. 

 

D
t 

/t 
(a) 



60 
 

 782 
  783 

 
 

Fig. 9b Estimation error in optical depth as a function of Cfwd. The four lines 

with error bars indicate different aerosol types for seven AODs, 0.01, 0.05, 0.1, 

0.2, 0.5, 1.0 and 1.5. The lowest ends of each line are for AOD=1.5, and the 

smallest (upper) points are for AOD=0.01.   
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Fig. 10 Relation between Dt /t and Angstrom Exponent. 
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Fig. 11a Relative error in spDHI estimation as a function of AOD x SSA. Each 

aerosol type shows the minimum points during a range of 0.1 to 1.0 AOD x SSA. 
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Fig. 11b Same as Fig. 11a except for as a function of Cfwd.  The minimum point 

of the error for the Oceanic aerosol type corresponds to the maximum Cfwd. 
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Fig. 12 Relative error in spDHI estimation as a function of the Angstrom 

Exponent (AE) with different AODs, ranging from 0.01 to 1.0. Four aerosol 

types are shown corresponding to their AEs. 
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 814 

Table 1a  MS-700 specifications 815 

 816 

Specification Value unit Remark 

Spectral range 350 - 1050 nm  

Readable interval 3.3 nm  

Resolution 10 nm  

Spectral accuracy Less than 0.3 nm  

Stray light suppression 0.15 %  

Angular dependency of 

diffuser/sensor 
7 % 

Incident angle 

between 0 and 80 deg. 

Temperature dependency ±1.0 % 
Temperature range  

of -20 to 50 deg. 

Temperature control 25 ± 5 deg.  

Operation temperature -10 to +40 deg.  

 817 

  818 
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 819 

Table 1b  MB-22 specifications 820 

 821 

Specification Value unit Remark 

Rotating radius 200 mm Radius of the rotating band 

Band width/Thickness 30/4 mm  

Shadowing angle 8.6 deg  

Overhung angle 35.0 deg Angle from the zenith 

Slant angle of  

rotating axis 
15.0 deg Angle from the horizon 

Initial position of band 150.0 deg Zenith angle 

Angle for irradiance 

compensation 
±10.0 deg 

Deviation angles from the angle at which band 

completely shadows the direct solar irradiance 

 822 

  823 
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 824 

Table 2 Model and parameters for simulation 825 

 826 

Specification Type/Value Remark 

Atmospheric model Mid-Latitude Summer Pressure: 1013.25hPa 

Precipitable water content 30.0 mm  

Ozone amount 300.0 DU  

Surface albedo 0.15 500 nm 

Aerosol 
Rural/Urban 

Ocean/Troposphere 

AOD (500 nm): 0.001, 0.005, 0.01, 0.02, 

0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0 

Solar spectrum MODTRAN_3 Built-in SBDART 

Location Lat.=35.624, Lon.=140.104 SKYNET Chiba Univ. 

Date June 22, 2016 Sun-Earth distance:  1.0 AU fixed 

  827 
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 828 

Table 3 Single scattering albedo and asymmetry factor at 500 nm and Angstrom 829 

exponent used in the simulation. 830 

 831 

  832 
 Troposphere Rural Urban Ocean 

Single Scattering 

Albedo 
0.973 0.959 0.774 0.993 

Asymmetry Factor 0.689 0.700 0.737 0.768 

Angstrom Exponent 1.291 1.126 1.006 0.243 
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 833 

Table 4 Summary of mean correction coefficient and relative error in spDNI, 834 

spDHI and optical depth estimation. Each value is a daily mean with the 835 

standard deviation for two AODs. 836 

 837 

 838 

 839 

 840 

 AOD Troposphere Rural Urban Ocean 

𝐶"#$ 
0.5 1.172 ± 0.013 1.186 ± 0.013 1.253 ± 0.011 1.307 ± 0.008 

1.0 1.144 ± 0.015 1.157 ± 0.015 1.226 ± 0.019 1.260 ± 0.019 

𝐸𝑟𝑟(RSTI 

(%) 

0.5 2.4 ± 1.2 2.6 ± 1.2 2.8 ± 1.2 4.7 ± 2.1 

1.0 5.0 ± 2.0 5.4 ± 2.2 5.8 ± 2.1 10.4 ± 4.5 

𝐸𝑟𝑟(RSiI 

(%) 

0.5 -1.8 ± 0.1 -2.0 ± 0.1 -2.9 ± 0.1 -3.7 ± 0.2 

1.0 -1.4 ± 0.3 -1.6 ± 0.3 -2.6 ± 0.5 -2.9 ± 0.5 

∆𝜏/𝜏 

(%) 

0.5 -2.4 ± 0.2 -2.6 ± 0.2 -2.9 ± 0.2 -4.8 ± 0.3 

1.0 -2.9 ± 0.3 -3.1 ± 0.3 -3.3 ± 0.2 -5.7 ± 0.4 


