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Abstract 18 

The present study implements long-term surface observed radiation data (pyranometer 19 

observed global flux and sky radiometer observed spectral zenith transmittance data) of 20 

multiple SKYNET sites to validate water cloud optical properties (cloud optical depth COD 21 

and effective radius Re) observed from space by MODIS onboard TERRA and AQUA 22 

satellites and AHI onboard Himawari-8 satellite. Despite some degrees of differences in COD 23 

and Re between MODIS and AHI, they both showed common features when validated using 24 

surface based global flux data as well as cloud properties retrieved from sky radiometer 25 

observed zenith transmittance data. In general, CODs from both satellite sensors are found to 26 

overestimated when clouds are optically thin. Among a number of factors (spatial and 27 

temporal variations of cloud, sensor and solar zenith angles), the solar zenith angle (SZA) is 28 

found to have an impact on COD difference between reflectance based satellite sensor and 29 

transmittance based sky radiometer. The Re values from the sky radiometer and satellite 30 

sensor are generally poorly correlated. The difference in Re between the sky radiometer and 31 

satellite sensor is negatively correlated with COD difference between them, which is likely 32 

due to the inherent influence of Re retrieval precision on COD retrieval and vice versa in 33 

transmittance based sky radiometer. 34 
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1. Introduction  35 

   Clouds are important components of the Earth’s atmosphere. They are known to 36 

profoundly affect the atmospheric heat budget, climate changes, and the hydrological cycle 37 

(Rosenfeld et al. 2014). Their accurate representation remains one of the largest uncertainties 38 

in global climate models (Forster et al. 2007). The long-term observation of cloud 39 

microphysical and optical properties over a sufficiently wide area would improve our 40 

understanding of the influence of clouds on climate change and hydrological cycling. 41 

Advances in remote sensing technology, along with sensors installed on several satellites, 42 

have enabled the wide-area monitoring of clouds from space. The algorithms that retrieve the 43 

physical parameters from observations of space-based satellite sensors are based on certain 44 

physical models or assumptions, which may not be fully applicable when the same sensor 45 

monitors the entire globe or a part of the globe for many years. Therefore, the satellite-sensor 46 

products must be validated with reliable surface-observation data. Validation not only 47 

confirms the accuracy and precision of the satellite-sensor products but also provides several 48 

clues for their advancement. Many attempts to validate the cloud properties observed from 49 

space have been published (e.g., Hayasaka et al. 1994; Nakajima and Nakajima 1995; Kuji et 50 

al. 2000; Kawamoto et al. 2001; Dong et al. 2002; Nakajima et al. 2005; Painemal and 51 
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Zuidema 2011; King et al. 2013). Most of these studies validated the water cloud products of 52 

the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard the TERRA 53 

and AQUA satellites, usually over relatively short time periods. We believe that using the 54 

long-term data of multiple locations covered by the same instruments, the validation would 55 

resolve the target problem more precisely, accurately, and confidently in comparison with 56 

previous validations. Only a sophisticated ground-based observation network can provide 57 

such an opportunity. Among these networks is SKYNET (http://atmos2.cr.chiba-u.jp/skynet/), 58 

which has a very good facility for observing aerosols, clouds, and radiation over different 59 

locations by a wide range of instruments.  60 

   The proposed study validates the water cloud products of two satellite sensors, the 61 

Advanced Himawari Imager (AHI) onboard Himawari-8 and the MODIS sensor, with 62 

SKYNET data. We targeted AHI and MODIS cloud products owing to their significant 63 

applications in cloud research activities. AHI is a state-of-the-art optical sensor with high 64 

spatial and temporal resolutions. The spatial resolution is 0.5, 1, and 2 km in the visible, 65 

near-infrared, and infrared bands, respectively. The temporal resolution is approximately 10 66 

minutes for the full disk and 2.5 minutes for sectored regions (Bessho et al., 2016). As the 67 

fundamental cloud products can be operationally retrieved from observational data, validating 68 
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them with reliable surface-observation data is urgently required. Meanwhile, the MODIS 69 

cloud products have been extensively used by research communities worldwide. It is of 70 

interest to validate such standard cloud products using surface observation data of SKYNET 71 

as well as to see how well the cloud products of AHI and MODIS agree. 72 

   The remainder of this study is organized as follows. Section 2 briefly describes the 73 

validation sites, data, and study method. Section 3 compares the cloud properties of AHI and 74 

MODIS, and Sections 4 and 5 provide the SKYNET validation results of the MODIS and 75 

AHI cloud properties, respectively. The main findings are summarized in Section 6. 76 

 77 

2.  Sites, data, and study method 78 

2.1 Sites 79 

   The proposed study uses the data obtained from the following four SKYNET sites: Chiba 80 

(35.625°N, 140.104°E), Hedo-misaki (26.867°N, 128.248°E), Fukue-jima (32.752°N, 81 

128.682°E), and Miyako-jima (24.737°N, 125.327°E) observed from 1 October 2015 to 31 82 

December 2016. All sites are located within Japan, and have different atmospheric 83 

backgrounds. Chiba is an urban site located near Tokyo, and Hedo-misaki, Fukue-jima, and 84 

Miyako-jima are located along the coast of the East China Sea. The air masses at the three 85 
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seaside sites depend on season, and include aerosols transported from the distant desert and 86 

continental regions of East Asia, especially at Fukue-jima site (Khatri et al. 2010; Khatri et al. 87 

2014). Although aerosol transport is outside the scope of this study, these sites were chosen�88 

for validation as they are “super sites”, potentially important sites for studying the 89 

characteristics of East Asian aerosols and their influences on cloud and regional climate, of 90 

SKYNET. Consequently, they are equipped with a wide range of instruments for observing 91 

the aerosols, clouds, and radiation. SKYNET has a good data archive, and all instruments are 92 

regularly inspected/calibrated to maintain the data quality. 93 

 94 

2.2  Data 95 

a. MODIS data 96 

   We used the MODIS Level 2.0 (collection 6) cloud products (Platnick et al. 2015) of both 97 

the TERRA and AQUA satellites. The sun synchronous, near-polar circular orbit of TERRA 98 

(AQUA) is timed to cross the equator from the north (south) to south (north) at approximately 99 

10:30 A.M. (1:30 PM) local time. The spatial resolution of MODIS cloud products is 1 km × 100 

1 km at nadir. The following two MODIS cloud products were selected for this study: the 101 

cloud optical depth (COD) and cloud-particle effective radius (Re). The COD and Re values 102 
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are derived by combining the observed and forward model-generated reflectance data of water 103 

non-absorbing and absorbing wavelengths (Nakajima and King 1990). The water 104 

non-absorbing wavelengths are 0.66, 0.87, and 1.2 µm for the remote sensing of clouds over 105 

land, ocean, and ice surfaces, respectively. The COD and Re are derived at a given 106 

non-absorbing wavelength and the water-absorbing shortwave infrared (SWIR) wavelengths 107 

of 1.63, 2.13, and 3.79 µm. The COD and Re retrievals require various types of ancillary data, 108 

such as pressure and temperature of the cloud top, cloud mask data, land and sea surface 109 

temperatures, atmospheric temperature and moisture profile, and spectral surface albedo. The 110 

necessary atmospheric correction is based on the data computed from the MODTRAN 4 111 

radiative transfer model (Berk et al. 1998). The ancillary data sources and a detailed 112 

theoretical explanation are provided in King et al. (1997). 113 

 114 

b. AHI data 115 

   Unlike TERRA and AQUA, Himawari-8 is a geostationary satellite. At all sites selected in 116 

this study, AHI observation data are collected at an interval of 2.5 minute. The cloud 117 

properties (COD and Re) from the AHI observations are derived by the Comprehensive 118 

Analysis Program for Cloud Optical Measurements (CAPCOM) algorithm, developed by 119 
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Nakajima and Nakajima (1995) and Kawamoto et al. (2001). Similar to the MODIS cloud 120 

retrieval algorithm, CAPCOM employs a look up table (LUT) of water-absorbing and water 121 

non-absorbing wavelengths (Nakajima and King 1990); however, the two algorithms differ in 122 

their wavelengths, ancillary data sets, atmospheric correction method, surface albedo 123 

treatment, and other data processes. The CAPCOM algorithm uses measurements collected in 124 

the visible, SWIR, and infrared (IR) spectra. CAPCOM developed for AHI is descended from 125 

the cloud retrieval algorithm developed for Global Imager (GLI) of the Advanced Earth 126 

Observing Satellite-II (ADEOS-II), which had measurements at 0.65 (band 3), 3.7 (band 7), 127 

and 11 µm (band 14) (Nakajima et al. 2009). Bands 3, 7, and 14 of AHI share similarities with 128 

the corresponding bands of GLI/ADEOS-II. The observation signal at 3.9 µm includes both 129 

the reflected solar component and undesired emitted thermal component. The thermal 130 

component is removed using the cloud-top temperature measured at 11.2 µm. Meanwhile, the 131 

COD and Re are simultaneously obtained using the LUT of the water-non-absorbing and 132 

water-absorbing wavelengths. Besides the satellite-observed reflectance signals, the 133 

calculations need ancillary data, such as the vertical temperature, pressure, water-vapor 134 

profiles, and the ground albedo (Nakajima et al. 2009). The necessary atmospheric correction 135 

is performed by Rstar radiative transfer code (Nakajima and Tanaka 1986, 1988). Like 136 
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MODIS, CAPCOM can retrieve the Re values from data collected at different 137 

water-absorbing SWIR wavelengths; however, in the present study, the Re values are derived 138 

from data at a single SWIR wavelength (3.9 µm). 139 

   The CAPCOM based cloud properties have been used to retrieve global, direct, and 140 

diffuse fluxes at the surface and top of the atmosphere (Takenaka et al. 2011). We further 141 

used such CAPCOM cloud product based surface global-flux data. All AHI-related data 142 

applied in this study are spatially resolved to 1 km × 1 km at nadir. 143 

 144 

c. SKYNET data 145 

   This study employed two types of SKYNET data, i.e., the surface global flux and spectral 146 

zenith transmittance. At each site, the surface global flux covers a spectral range of 0.315 to 147 

2.8 µm at a temporal resolution of 20 seconds. The data were measured by a pyranometer 148 

manufactured by Kipp and Zonen (Holland). The spectral zenith transmittances at each site 149 

were measured by a sky radiometer (Model: POM-02) manufactured by PREDE Co. Ltd. 150 

(Japan). The COD and Re values were retrieved from zenith transmittances at wavelengths of 151 

0.87, 1.02, and 1.627 µm using a new method developed by Khatri et al. (2017). The previous 152 

method proposed by Kikuchi et al. (2006) retrieves the COD and Re from a LUT of 1.02 µm 153 
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(non-absorbing) and 1.627 µm (absorbing) zenith transmittances; however, the LUT approach 154 

has several drawbacks. For example, one set of observation data can result more than one set 155 

of COD and Re due to overlapping lines in LUT, and the choice of the most plausible result is 156 

technically difficult. These drawbacks have been overcome by a new algorithm that uses the 157 

transmittances at three wavelengths. This algorithm is based on the maximum a posteriori 158 

method in Bayesian theory, as outlined by Rodgers (2000). We further developed an on-site 159 

calibration technique (Khatri et al. 2017) for the 1.627 µm wavelength channel, which allows 160 

temporally variant calibration constants in long-term observation analysis. This study 161 

analyzes the sky-radiometer data of only three sites (Chiba, Hedo-misaki, and Fukue-jima) 162 

The temporal resolution of the sky-radiometer data is 10 minutes. 163 

 164 

2.3 Study method  165 

 Spatial and temporal mismatch cause uncertainties when comparing different cloud 166 

products. If the satellite sensor’s viewing angle from nadir is large, parallax is present 167 

between cloud and underlying surface levels; longitude and latitude at the cloud level should 168 

be shifted from those at the surface. The parallax has been corrected for data of both MODIS 169 

and AHI sensors by using information of cloud top height, sensor’s zenith and azimuth angles, 170 
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and latitude and longitude of target location (validation site). After that, we compared MODIS 171 

cloud product with the mean value of AHI cloud product by selecting data in such a way that 172 

the pixel center difference and the observation time difference between AHI and MODIS 173 

should be less that 1 km and 5 minutes, respectively, and there should be at least one 174 

observation from each of them with time difference less than 1 minute. For comparing 175 

satellite sensor products with surface observation data, the distance between the pixel center 176 

and site location should be less than 1 km, and the maximum time difference between the 177 

surface and satellite observations should be less than 1.25 minute, which is half of AHI 178 

temporal resolution over Japan.  179 

 180 

3. 3. Comparison between MODIS and AHI cloud properties    181 

3.1 COD 182 

   The left panel of Fig. 1 compares the COD data of MODIS and AHI at the Chiba, 183 

Hedo-misaki, Fukue-jima, and Miyako-jima sites. Among three types of MODIS COD 184 

products, this study uses the data obtained from the pair of specific water non-absorbing 185 

wavelength, which depend on the underlying surface type and water-absorbing wavelength of 186 

2.13 µm, which corresponds to the standard MODIS Re product. Note that the retrieved COD 187 
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is much less sensitive to the absorbing wavelength. The right panel of Fig. 1 shows the 188 

normalized frequency distributions of the COD values from AHI and MODIS at each site. 189 

The normalized frequency distribution is the frequency count normalized by the maximum 190 

count in each COD interval, and includes the independent AHI and MODIS observations over 191 

the entire observation period. The color bar for each site (left panel of Fig. 1) denotes the 192 

standard deviations calculated from the AHI COD values observed within ±5 minutes of the 193 

centering MODIS observation time. In the left panel of Fig. 1, most of the samples are 194 

distributed around the 1:1 line with no obvious bias, indicating a reasonable agreement of the 195 

CODs observed by MODIS and AHI. A similar agreement is suggested by Table 1, which 196 

summarizes the statistical analysis results of this comparison. The mean values of the two 197 

datasets appear to differ by ~1–3, and the percentage count for which COD(AHI) > 198 

COD(MODIS) is within 40–60%, indicating that the data samples are nearly equally 199 

distributed above and below the 1:1 line. The slope value determined by forcing the offset to 200 

be 0 is greater than 0.7 at each site. The root mean square differences (RMSDs) range from 11 201 

to 16. Despite these good statistics, a detailed look at the left panel of Fig. 1 reveals some 202 

large deviations from the 1:1 line. The factors responsible for these differences are discussed 203 

in the following paragraph. The COD from AHI seems to be correlated poorly with its 204 
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standard deviation. The peak COD values remarkably differ between the AHI and MODIS 205 

data, being ~2 in AHI and ranging from ~1 to ~4 (depending on site) in MODIS (Fig. 1, right 206 

panel). The right panel of Fig. 1 also reveals the common occurrence of optically thin clouds 207 

(COD < 5) at these sites in Japan. 208 

   The COD differences between MODIS and AHI can originate from algorithm-related 209 

factors, observation-related factors, or both. From the algorithm side, the COD is primarily 210 

determined by the reflectance signal of the water-non-absorbing wavelength. In the retrieval 211 

process, the cloud-reflected signal of the non-absorbing wavelength needs to be decoupled 212 

from the undesirable radiance signal generated by solar radiation reflected from the ground 213 

surface. The surface albedo can largely contribute to the satellite signals of non-absorbing 214 

visible wavelengths (Nakajima and Nakajima 1995), especially when the cloud is optically 215 

thin. The sources of the ancillary data, including the surface albedo and atmospheric 216 

correction model, differ in the MODIS and AHI cloud retrieval algorithms, as detailed in King 217 

et al. (1997) and Nakajima et al. (2009). For example, the CAPCOM algorithm assumes the 218 

Lambertian surface reflectance (Nakajima et al. 2009; Takenaka et al. 2011), whereas the 219 

MODIS collection 6 cloud products use the bidirectional reflectance distribution function, 220 

which is characterized by combining the TERRA and AQUA data (Collection 5) (Platnick et 221 
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al. 2015). The ancillary data, such as the vertical profiles of temperature, pressure, and 222 

relative humidity, are sourced from the Japan Meteorological Agency re-analysis (Nakajima et 223 

al., 2009) in the CAPCOM algorithm, and from the outputs of the Global Data Assimilation 224 

System run by the National Centers for Environmental Prediction (Platnick et al. 2015) in 225 

MODIS algorithm. From the observation side, the viewing angle and field of view differ 226 

between the two satellite sensors. The signals received by satellite sensors with different 227 

viewing geometries are affected by cloud inhomogeneity, which in turn affects the retrieved 228 

products, including the COD (Iwabuchi and Hayasaka 2002).  229 

 230 

3.2 Re             231 

    Figures 2, 3, and 4 show comparisons between MODIS and AHI Re values. In Figs. 2, 3, 232 

and 4, MODIS Re corresponds to 2.13 µm, 3.79 µm and 1.63 µm, respectively. Similar to 233 

Table 1, Table 2 shows the statistical analysis results of the Re comparisons. The color bars in 234 

the figures indicate the standard deviations of the AHI Re values observed within ±5 minutes 235 

of the centering MODIS observation time. Since the vertical penetration of photons through 236 

cloud depends on the absorbing wavelength, the retrieved Re values depend on the absorbing 237 

wavelengths (Platnick 2000). Among three MODIS absorbing wavelengths, 3.79 µm captures 238 
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the cloud properties near the cloud top, whereas 2.13 µm and 1.63 µm can contain more 239 

contribution from lower cloud layers. Though AHI Re from 3.9 µm and MODIS Re values 240 

from 2.13 µm and 1.63 µm originate from different cloud depths, AHI Re values from 3.9 µm 241 

are still compared with MODIS Re values from those wavelengths for the following reasons: 242 

First, the comparison results provide a reference for quantifying the agreement between the 243 

Re values of AHI and MODIS at consistent wavelengths. Second, as 2.13 µm is the standard 244 

wavelength for Re retrieval by MODIS, it is of interest to see how well AHI Re values from 245 

3.9 µm agree with MODIS Re values corresponding to the standard wavelength and the next 246 

absorbing wavelength nearest to it, i.e., 1.63 µm. As shown in Figs. 2–4, the data sampled for 247 

the comparison study differ for each MODIS wavelength. These differences are attributed to 248 

the cloud retrievals in MODIS, whose failure patterns are highly sensitive to the selected 249 

wavelength pair in the LUT (Platnick et al. 2015). For example, if any non-absorbing 250 

wavelength is paired with an absorbing wavelength of 1.63 µm, the observed reflectances can 251 

lie outside the COD–Re solution space of the LUT, i.e., the retrieval fails. However, if the 252 

same non-absorbing wavelength is paired with an absorbing wavelength of 2.13 or 3.79 µm, 253 

the retrieval succeeds. Similarly to the present study, Platnick et al. (2015) showed that an 254 

absorbing wavelength of 1.63 µm yields fewer successful retrievals than the next two 255 
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absorbing wavelengths. 256 

 For typical stratocumulus clouds, characterized by adiabatically distributed liquid water and 257 

a positive relation between Re and cloud height, the retrieved Re should be larger at 3.79 µm 258 

than at 2.13 and 1.63 µm. However, the Re retrieved by MODIS is smaller at 3.79 µm than at 259 

the two shorter wavelengths (see Table 2). This discrepancy likely results from drizzle, which 260 

can modify the vertical structure of cloud and/or the cloud-top mixing, thereby reducing the 261 

Re near the cloud top (Nakajima et al. 2010). As seen in Figs. 2–4 and Table 2, the AHI Re 262 

values are closer to the MODIS Re values obtained at 3.79 µm than to the MODIS Re values 263 

obtained at 2.13 µm and 1.63 µm. The AHI Re acquired at 3.9 µm and MODIS Re acquired at 264 

3.79 µm are statistically consistent, i.e., their means and RMSDs differ by no more than 1 µm 265 

and 5 µm, respectively, at all sites (Table 2). In contrast, the Re means and RMSDs 266 

significantly differ between the AHI data at 3.9 µm and the MODIS data at 2.13 and 1.63 µm. 267 

Moreover, at a MODIS wavelength of 3.79 µm, the slope of the AHI versus MODIS plot is 268 

closer to 1, and the percentage counts indicate that data are more homogenously distributed 269 

about the 1:1 line than at the shorter MODIS wavelengths. Comparing Fig. 3 (MODIS 270 

wavelength: 3.79 µm), Fig. 2 (MODIS wavelength: 2.13 µm), and Fig. 4 (MODIS 271 

wavelength: 1.63 µm), we find that the AHI versus MODIS plots deviate more from the 1:1 272 
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line at higher Re than at lower Re. To discuss this behavior quantitatively, we merged the data 273 

for all sites and calculated the slopes (AHI/ MODIS values) for low, medium, and high classes 274 

of MODIS Re. The merging is justified because the results at the different sites are 275 

qualitatively identical. For Re < 10 µm, 10 µm ≤ Re < 20 µm and Re ≥ 20 µm, the slopes 276 

were 1.09, 0.91, and 0.77 respectively at 3.79 µm, 1.07, 0.75, and 0.52 respectively at 1.6 µm, 277 

and 1.0, 0.77, and 0.66 respectively at 2.1 µm, where the wavelengths are the MODIS 278 

observation wavelengths. These data suggest that at common absorption wavelengths, the Re 279 

values of MODIS and AHI are reasonably consistent. Under this assumption, we can attribute 280 

the abovementioned increasing deviation from the 1:1 line with increasing Re at distinctly 281 

different absorbing wavelengths to the Re dependence on the absorbing wavelength, which is 282 

more pronounced when the cloud droplets are large. Therefore, the appropriateness of the 283 

selected absorbing wavelength in cloud remote sensing might critically depend on the 284 

cloud-droplet size. To the best of our knowledge, the previous literature has discussed only the 285 

importance of photon-penetration depth on the absorbing wavelength. However, the chosen 286 

absorbing wavelength can largely influence the quantitative estimates of pristine clouds, 287 

which generally contain large droplets. Such wavelength effects can then affect the aerosol 288 

indirect effect evaluation as well. Thus, the absorbing wavelength is critical not only for 289 
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capturing clouds at different levels but also for adequately capturing cloud droplets of 290 

different sizes. According to the frequency distributions in the right panels of Figs. 2–4, the 291 

MODIS Re values are bounded within 4–30 µm, whereas the AHI Re values extend beyond 292 

these boundaries. The Re data of AHI follow a log-normal distribution with a mean of ~8 µm. 293 

The MODIS Re data also follow a log-normal distribution with a peak of 8–10 µm, but are 294 

more irregularly distributed than the AHI data.  295 

   The Re difference between AHI and MODIS can arise from both algorithm- and 296 

observation-related factors, as described in subsection 3.1. The Re retrieval can be further 297 

affected by the technique of removing the thermal emission contribution from the ground and 298 

cloud layers at ~3.7 µm, and by the assumed size distribution of the cloud droplets. 299 

 300 

4. Validation of MODIS cloud properties using surface-observation data 301 

4.1 Using global-flux data 302 

   The global flux observed at the surface is strongly modulated by clouds (Khatri and 303 

Takamura 2009). Therefore, comparison of global flux calculated using satellite sensor based 304 

cloud properties with surface observation data can allow one to evaluate the satellite sensor 305 

based cloud properties qualitatively. A quantitative evaluation is difficult because the global 306 
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flux measuring pyranometer covers a wide field of view, which may include the scattering 307 

effect of cloud edges. The observed global flux can also be contributed by aerosols, water 308 

vapor, and atmospheric gases; moreover, it prohibits the separate evaluation of COD and Re. 309 

It is worth mentioning that the downwelling surface global flux is significantly more 310 

contributed by the COD than the Re (Fig. 5). Figure 5 shows the calculated downwelling 311 

surface global fluxes at the solar zenith and azimuth angles of 30° and 0°, respectively for 312 

different values of COD and Re and assumed precipitable water content (PWC) of 1.0 cm, 313 

Lambertian surface albedo of 0.1, and mid-latitude summer atmospheric model. The 314 

calculation adopted the SBDART radiative transfer model (Ricchiazzi et al. 1998). As the 315 

COD dominated the Re (Fig. 5), we used the global-flux data to qualitatively evaluate the 316 

satellite-sensor based CODs and to cross check the sky radiometer results.   317 

   To calculate the downwelling global surface fluxes in the 0.315–2.8 µm spectral range, we 318 

combined the standard MODIS cloud products at each site with the radiosonde-observed 319 

PWC at the nearest location (http://weather.uwyo.edu/upperair/sounding.html) and the 320 

MODIS spectral surface reflectances (product name: MCD43A4). In this calculation, we 321 

assumed an aerosol-free atmosphere and applied the atmospheric model of mid-latitude 322 

summer or mid-latitude winter, depending on the observation day. For comparison with the 323 
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calculated values, we averaged the surface-observation data of the ±1.25 minute window 324 

centered on the MODIS observation time. To avoid the scattering effect of discrete cloud 325 

edges as far as possible, the results were compared only for observed global fluxes with 326 

standard deviations below 20 Wm−2. The modeled and observed global fluxes at the four sites 327 

are compared in Fig. 6. The model tended to overestimate (underestimate) global fluxes above 328 

(lower) ~700 Wm−2. As the comparison results are qualitatively equal at the different sites, the 329 

data of all sites were merged for a quantitative analysis. The merged data were divided into 330 

different classes of observed surface flux (F): F < 200 Wm−2, 200 Wm−2 ≤ F < 400 Wm−2, 400 331 

Wm−2 ≤ F < 600 Wm−2, 600 Wm−2 ≤ F < 800 Wm−2, and F > 800 Wm−2. The means and 332 

standard deviations (in Wm−2) of the MODIS (surface) fluxes in these five classes were 333 

161.54 ± 95.43 (115.70 ± 51.39), 344.79 ± 114.27 (277.21 ± 49.48), 478.82 ± 117.41 (474.08 334 

± 43.33), 358.72 ± 160.34 (660.81 ± 50.64), and 737.88 ± 81.56 (962.23 ± 76.45), 335 

respectively, with slopes (MODIS/Surface) of 1.34, 1.24, 1.00, 0.54, and 0.76, respectively. 336 

The high (low) global fluxes correspond to optically thin (thick) clouds, indicating the 337 

MODIS overestimates (underestimates) the CODs when the clouds are optically thin (thick). 338 

Owing to the strong dependence of global flux on solar zenith angle and on other atmospheric 339 

and surface parameters, the boundary COD that discriminates thin and thick clouds is difficult 340 
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to determine. A direct comparison of the CODs obtained by MODIS and an independent 341 

instrument such as a sky radiometer would more accurately validate the MODIS CODs. 342 

 343 

4.2 Using the sky-radiometer data 344 

a. COD 345 

      The left panel of Fig. 7 compares the CODs obtained by MODIS and the sky 346 

radiometer at three sites: Chiba (upper), Hedo-misaki (middle), and Fukue-jima (lower). The 347 

statistical analysis results of these comparisons are summarized in Table 3. As shown in the 348 

left panel of Fig. 7, the MODIS CODs are overestimated when the clouds are optically thin. In 349 

particular, the MODIS CODs are sharp and high when the sky-radiometer CODs are below ~5. 350 

Even at radiometer CODs below 10, a considerable number of the MODIS CODs were 351 

overestimated. The statistical comparison between the MODIS and sky-radiometer CODs 352 

yielded mixed results (Table 3). For example, the means and percentage counts indicate 353 

higher CODs from MODIS than from the radiometer, but the slopes indicate the reverse. 354 

These ambiguous results are due to the non-systematic differences between the MODIS and 355 

sky radiometer CODs, possibly due to the MODIS and sky radiometer perform spatial and 356 

point observations, respectively. To ascertain the quality of the comparison results over 357 
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different COD ranges, the data for quantitative estimates were grouped into the following five 358 

categories of sky radiometer CODs: COD < 10, 10 ≤ COD < 20, 20 ≤ COD < 30, 30 ≤ COD < 359 

40, and COD > 40. As the comparison results at different sites are qualitatively equal (Fig. 7, 360 

left panel), the data of all sites were merged in the quantitative estimates. The mean and 361 

standard deviations of the MODIS (sky radiometer) CODs in the abovementioned ranges 362 

were 13.04 ± 10.18 (2.98 ± 2.09), 15.81 ± 8.89 (15.00 ± 2.87), 26.48 ± 19.27 (24.65 ± 3.65), 363 

23.89 ± 9.77 (35.22 ± 3.24), and 38.37 ± 16.17 (47.44 ± 5.22), respectively, with slopes 364 

(MODIS/Skyrad) of 2.64, 1.05, 1.09, 0.67, and 0.81, respectively. These data imply that the 365 

MODIS CODs are higher (lower) than the sky radiometer values when the cloud is optically 366 

thin (thick). The boundary COD that discriminates thin and thick cloud lies between 5 and 10. 367 

Painemal and Zuidema (2011) and King et al. (2013) validated the MODIS CODs using the 368 

aircraft-observed size distribution of cloud droplets. They reported that almost all of the 369 

MODIS CODs were overestimated, with a very small minority of underestimated values. 370 

However, previous validation studies were generally performed on small-sample datasets with 371 

CODs not exceeding ~30. As indicated in the above quantitative estimates, the CODs from 372 

MODIS and sky radiometer are not significantly different in the 10–30 range, but for CODs 373 

below 10, the overestimated CODs from MODIS are consistent with those of past studies. 374 
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 375 

b. Re 376 

   The right panel of Fig. 7 compares the Re values obtained by MODIS and sky radiometer. 377 

These results are less correlated than the corresponding COD results. According to the 378 

literature, Re values estimated from ground and aircraft observations are generally smaller 379 

than those estimated from satellite observation (e.g., Takamura et al. 2009; Painemal and 380 

Zuidema 2011; Chiu et al. 2012; King et al. 2013). The Re values of MODIS are retrieved 381 

from reflected signals, which are mainly sourced from the upper portions of clouds, whereas 382 

the sky radiometer receives transmitted signals from the whole cloud. This detection 383 

difference most plausibly explains the inconsistent Re values between the space and surface 384 

observations. The Re comparison results are site dependent (see right panel of Fig. 7 and 385 

Table 3). Chiba is an urban site and Hedo-misaki can be considered as a maritime site. The 386 

Fukue-jima site, although located in a remote area, is frequently visited by heavy air 387 

pollutants from the continental regions of East Asia (Khatri et al. 2010; 2014). Hedo-misaki is 388 

a relatively pristine site at which almost all of the MODIS values are overestimated. This 389 

result accords with the commonly accepted hypothesis that Re values are larger in satellite 390 

observations than in surface observations. The relatively few data samples at the Chiba site 391 
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almost preclude a concrete conclusion, but the sky radiometer overestimated a significant 392 

number of values at the Fukue-jima site, hinting that the Re values retrieved by the sky 393 

radiometer are affected by aerosols. Unlike the satellite sensor, the sky radiometer retrieves 394 

the Re by combining relatively short wavelengths in the visible and near-infrared spectra with 395 

relatively long wavelength of near-infrared spectra, so can easily receive the influence of 396 

aerosols. Moreover, as aerosols generally concentrate near the surface below the cloud, they 397 

affect the transmittance more than the reflectance. The presence of absorbing aerosols, which 398 

are ubiquitously present in the air masses from the continental regions, can reduce the 399 

transmittance by absorption. As the present sky-radiometer algorithm does not account for 400 

light-absorbing aerosols, the Re values retrieved by the sky radiometer will likely be 401 

overestimated in aerosol-loaded atmospheres. To match the observation data, this algorithm 402 

may reduce the transmittance of the water-absorbing wavelength (1.627 µm) by increasing the 403 

cloud-droplet size. The aerosol effect on ground-based remote sensing should be clarified in 404 

future comparison studies.             405 

 406 

4.3 Factors responsible for inconsistent cloud properties between MODIS and the sky 407 

radiometer 408 
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   This section attempts to understand the factors affecting the comparison results between 409 

the MODIS and sky radiometer shown in Fig. 7. Noting that the sky radiometer and MODIS 410 

make point and space observations, respectively, we first consider the effect of cloud 411 

heterogeneity by computing the coefficient of variation (COV), defined as the ratio of the 412 

standard deviation to the mean value. The COV is calculated from 9 MODIS pixels centered 413 

at the observation site (the target pixel of the sky radiometer). Panels a1 and b1 of Fig. 8 show 414 

the relation between the COV values and differences between the sky radiometer and MODIS 415 

results shown in the left and right panels of Fig. 7, respectively. The COV increases with 416 

increasing cloud heterogeneity. If the inconsistent values in Fig. 7 are caused by cloud 417 

heterogeneity, large differences should correlate with high COVs and vice versa. As such 418 

trends are absent in a1 and a2 of Fig. 8, this possibility is ruled out. We next investigate the 419 

effect of cloud temporal variation. For this purpose, we used the AHI cloud data because 420 

temporally variant cloud data of very fine resolution at a fixed location are difficult to extract 421 

from MODIS. The COVs of the COD and Re values were calculated from an AHI cloud data 422 

of ± 5 minutes centered on the MODIS observation time. The results were then correlated 423 

with the sky radiometer and MODIS differences, (Fig. 8a2 and b2). Like cloud heterogeneity, 424 

temporal variation is unlikely to explain the inconsistent COD and Re results shown in Fig. 7. 425 
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Third, we investigated the role of the sensor zenith angle (SNZA) by plotting the differences 426 

between the sky radiometer and MODIS results against SNZA. The results of the COD and 427 

Re differences are plotted in panels c1 and c2 of Fig. 8, respectively. The data are quite 428 

scattered with no specific relation, indicating that the SNZA hardly explains the inconsistent 429 

sky-radiometer and MODIS results of Fig. 7. Although Liang and Girolamo (2013) reported 430 

that SNZA can affect COD retrieval, but this effect is very complicated and depends on 431 

multiple other factors. The SNZA bias in the COD values becomes noticeable only at angles 432 

larger than 70.5° (Liang and Girolamo 2013). Finally, panels d1 and d2 of Fig. 8 plot the COD 433 

and Re differences between MODIS and sky radiometer, respectively, against the SZA. The 434 

correlation coefficient of both plots is relatively strong. This result may be plausibly explained 435 

by the retrieval system; cloud retrievals using reflected signals and assuming plane-parallel 436 

cloud layers yield artificially large CODs at high SZAs (Loeb and Davies 1997; Loeb and 437 

Coakley 1998; Seethala and Horvath 2010; Grosvenor and Wood 2014). On the other hand, 438 

our numerical test revealed no SZA effect on the CODs obtained from zenith transmittance 439 

data.  440 

   Figure 9 plots the COD differences between the sky radiometer and MODIS versus those 441 

of Re. The differences are negatively related with r = −0.52, possibly reflecting the aerosol 442 
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effect on the cloud properties retrieved from the sky radiometer. Note that increasing the 443 

cloud-droplet size will increase and decrease the transmittances of the water non-absorbing 444 

wavelengths (0.87 and 1.02 µm) and the water-absorbing wavelength (1.627 µm), 445 

respectively (Chiu et al. 2012). As light-absorbing aerosols decrease the zenith transmittance 446 

at the surface, the cloud retrieval algorithm of the sky radiometer might misinterpret the 447 

transmittance of the water-absorbing wavelength lowered by light-absorbing aerosols as the 448 

effect of large-sized cloud droplets. Consequently, the algorithm tends to inflate the Re. 449 

Meanwhile, a high Re is associated with increased transmittances of the non-absorbing 450 

wavelengths, with consequent reduction of the COD. When finding the optimum solution 451 

among the observed signals by accounting for the measurement errors and surface and 452 

atmospheric parameters, an overestimated Re can underestimate the COD and vice versa. 453 

Thus the retrieval accuracy and precision of one parameter can be interlinked with the next 454 

parameter in transmittance-based remote sensing. This phenomenon could be elucidated by 455 

further comparisons in future work.          456 

 457 

5. Validation of AHI cloud properties using surface-observation data 458 

5.1  Using global-flux data 459 
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   Similar to Fig. 6, Fig. 10 compares the calculated global fluxes derived from the AHI 460 

cloud products (Takenaka et al. 2011) with the surface-observed values. The comparison 461 

results in Fig. 10 are qualitatively equal at all sites, so the data were merged and classified 462 

into five categories of surface-observed flux (F): F < 200 Wm−2, 200 Wm−2 ≤ F < 400 Wm−2, 463 

400 Wm−2 ≤ F < 600 Wm−2, 600 Wm−2 ≤ F < 800 Wm−2, and F > 800 Wm−2. The means and 464 

standard deviations (in Wm−2) of the AHIs (surface observations) in the abovementioned 465 

classes are 128.37 ± 98.89 (88.36 ± 53.93), 315.48 ± 161.87 (278.75 ± 55.45), 445.59 ± 466 

182.49 (475.57 ± 56.32), 495.55 ± 197.52 (694.18 ± 57.32), and 628.26 ± 192.11 (934.75 ± 467 

91.07), respectively. The corresponding slopes of the comparison plots (AHI/Surface) are 1.29, 468 

1.12, 0.93, 0.71, and 0.67, respectively. These statistical estimates indicate the similar features 469 

of Figs. 6 and 10, including the underestimation of the calculated global flux at relatively 470 

large flux values. The global flux can be raised in optically thin clouds, suggesting that the 471 

CODs determined from AHI data are overestimated when the clouds are optically thin. Recall 472 

that MODIS also overestimates the CODs in optically thin clouds, as discussed in subsections 473 

4.1 and 4.2. This behavior typifies the CODs calculated from satellite sensors using reflected 474 

signals. 475 

 476 
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5.2 Using sky-radiometer data 477 

a. COD 478 

   Similar to the left panels of Fig. 7, the left panels of Fig. 11 compare the CODs between 479 

the AHI and sky-radiometer data at the Chiba (upper), Hedo-misaki (middle), and Fukue-jima 480 

(lower) sites. As sufficiently many data samples are available for comparison, the frequency 481 

distributions are also shown. Table 4 summarizes the statistical analysis results of the COD 482 

comparisons. The mean COD values determined from the AHI data are smaller than the sky 483 

radiometer values (RMSD ~12). However, examining the left panel of Fig. 11 in detail, one 484 

finds both underestimated and overestimated AHI CODs. Similarly to Fig. 6, the AHI CODs 485 

are overestimated (underestimated) when the clouds are optically thin (thick). At all sites, sky 486 

-radiometer CODs below ~5 correspond to sharp, high COD values from AHI. Even when the 487 

sky-radiometer CODs are below 10, a considerable number of the AHI data samples exceed 488 

their corresponding sky-radiometer values. To clarify the quality of the comparison results in 489 

different ranges of COD values, the data for quantitative estimates was grouped into five 490 

categories of sky-radiometer CODs: COD < 10, 10 ≤ COD < 20, 20 ≤ COD < 30, 30 ≤ COD 491 

< 40, and COD > 40. As the comparison results in the left panel of Fig. 11 are 492 

site-independent, the data of all sites were merged for the quantitative estimates. The means 493 
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and standard deviations of the AHI (sky radiometer) CODs in the five categories are 8.97 ± 494 

7.34 (3.47 ± 1.93), 11.62 ± 8.20 (15.22 ± 2.86), 16.44 ± 11.19 (24.34 ± 2.82), 19.66 ± 11.61 495 

(34.55 ± 2.90), and 23.28 ± 14.19 (47.58 ± 5.30), respectively, with corresponding slopes 496 

(AHI/Skyrad) of 1.95, 0.75, 0.67, 0.57, and 0.49, respectively. Those quantitative estimates 497 

suggest that the CODs estimated by AHI can be higher (lower) than the sky radiometer values 498 

when the clouds are optically thin (thick). Such overestimated AHI CODs can explain the 499 

underestimated calculations of the relatively high global fluxes in Fig. 10. The left panels of 500 

Fig. 11 strengthen our findings in subsections 4.1 and 4.2, namely, that the satellite 501 

sensor-based CODs retrieved from reflected signals are overestimated for optically thin 502 

clouds. 503 

 504 

b. Re 505 

   We now compare the Re values estimated by the sky radiometer and AHI. The results are 506 

plotted in the right panels of Fig. 11. Qualitatively, the comparison results of the AHI and sky 507 

radiometer are consistent with those of the MODIS sensor and sky radiometer shown in the 508 

right panels of Fig. 6. The statistical analysis results of the AHI–radiometer comparison are 509 

summarized in Table 4. The RMSDs are ~9 µm at each site, slightly larger than in the Re 510 
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comparisons between the sky radiometer and MODIS data (Table 3). On the other hand, the 511 

average Re values obtained by the AHI and sky radiometer are nearly equal, and the slopes 512 

(AHI/skyrad) are below 1 (Table 4). The AHI and sky radiometer differ not only by their 513 

wavelengths but also by their fields of view and viewing geometries. Consequently, the 514 

comparisons in the right panel of Fig. 11 are poorly correlated. Importantly, 3.9-µm photons 515 

have a lower vertical penetration depth than 2.1-µm photons. This phenomenon explains why 516 

the Re values from the sky radiometer and AHI data differ more widely than the Re values 517 

from the sky radiometer and MODIS data. Moreover, the right panels of Fig. 11 reveal a 518 

considerable number of high Re values from the sky radiometer, especially at the Fuke-jima 519 

and Chiba sites. We speculate that the Re values estimated from the radiometer data were 520 

influenced by the aerosol effect, as discussed in subsections 4.2 and 4.3. 521 

5.3 Factors responsible for inconsistent cloud properties between AHI and the sky radiometer 522 

  The inconsistent cloud properties derived from the AHI and sky radiometer data can be 523 

explained by the phenomena described in subsection 4.3. We can elaborate the earlier 524 

discussion by exploiting the large data volume of AHI. In subsection 4.3, we mentioned that 525 

the SZA can feasibly explain the different cloud properties obtained by the sky radiometer and 526 

the satellite. To consolidate this inference, we plot the SZA dependence of the COD difference 527 



 31 

between the sky radiometer and AHI in Fig. 12. The results are presented for each site. The 528 

mean and standard deviations in each 10° intervals of SZA are also presented. As observed for 529 

the MODIS comparison, the COD difference between the AHI and sky radiometer depends on 530 

the SZA. At each site, the differences and SZAs are negatively correlated. A clear negative 531 

correlation also exists for the mean values. Although the COD difference between the sky 532 

radiometer and AHI gradually decreases with increasing SZA, this trend is reversed at high 533 

SZA. The next important result in subsection 4.3 was the negative relation between the COD 534 

and Re differences. Similar to Fig. 9, Fig. 13 plots the Re difference between the sky 535 

radiometer and AHI against the COD difference between these two instruments. The means 536 

and standard deviations at 10-COD intervals are also plotted. Again, the COD and Re 537 

differences are negatively related to both their means and instantaneous values. The possible 538 

reasons for these trends were discussed in subsection 4.3.          539 

 540 

6. Conclusions 541 

   The major findings of this study are summarized below: 542 
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1. The CODs determined from MODIS (TERRA and AQUA) and AHI (Himawari 8) 543 

observations were reasonably consistent. Both the AHI and MODIS results implied the 544 

frequent presence of optically thin clouds (COD < 5) over Japan. 545 

2. The MODIS effective radius (Re) products were obtained at three absorbing wavelengths, 546 

1.63, 2.13, and 3.79 µm. Among these products, the 3.79 µm MODIS product best matched 547 

the Re product of AHI at 3.9 µm. The remaining two MODIS Re products were larger than 548 

the AHI Re product, and especially deviated at large Re (> 20 µm). According to statistical 549 

analyses of the Re values from MODIS and AHI, the typical Re over Japan is approximately 8 550 

µm. 551 

3. The shortwave infrared (SWIR) absorbing wavelength must be properly chosen in cloud 552 

remote sensing, as it is important not only from the viewpoint of photon penetration cloud 553 

depth but also from the viewpoint of cloud-droplet size. For instance, the quantitative estimate 554 

of Re is more sensitive to large droplets, which generally reside in pristine clouds, than small 555 

droplets, which typify polluted clouds, for certain choices of the absorbing wavelength. 556 

4. In comparisons with the surface-observed global fluxes and cloud properties retrieved from 557 

the zenith transmittances measured by the sky radiometer, both MODIS and AHI 558 

overestimated the CODs of optically thin clouds. 559 
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5. The COD differences between the sky radiometer, which uses transmitted signals, and the 560 

MODIS and AHI satellite sensors, which use reflected signals, clearly depend on the SZA. 561 

6. The Re differences between the sky radiometer and satellite sensors are negatively 562 

correlated with the COD differences between the two types of instruments. We surmised that 563 

the accuracy/precision of the Re retrieval inherently influences the accuracy/precision of the 564 

COD retrieval (and vice versa) in transmittance-based sky radiometer results. 565 
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Table 1. Statistical analysis results of the COD comparison between AHI (Himawari-8) and MODIS shown in Fig. 1. 713 

Site name AHI 

(Ave.± Std.dev) 

MODIS 

(Ave.± Std.dev) 

Slope 

(AHI/MODIS) 
RMSD %count 

(AHI>MODIS) 

Chiba 17.7±15.7 18.02±17.4 0.80 13.5 47 

Hedo-misaki 22.4±16.2 20.4±17.4 0.86 15.8 59 

Fukue-jima 19.0±15.7 21.9±19.0 0.73 15.0 44 

Miyako-jima 19.1±15.9 17.7±15.1 0.95 11.5 59 

 714 

 715 

 716 

 717 

 718 

 719 

 720 
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Table 2. Statistical analysis results of the Re comparison between AHI (Himawari 8) and MODIS shown in Figs. 2–4. 721 

 

Site name 

MODIS 
wavelength 

(µm) 

AHI 

(Ave.± Std.dev) 
(µm) 

MODIS 

(Ave.± Std.dev) 
(µm) 

Slope 
(Offset=0) 

(AHI/MODIS) 

RMSD 

(µm)  

%count 
(AHI>MODIS

) 

 

Chiba 

2.13  

3.79  

1.63  

10.7±4.5 

10.6±4.2 

10.8±4.7 

13.5±5.8 

11.5±4.8 

14.6±6.2 

0.71 

0.84 

0.65 

6.5 

4.7 

7.8 

23 

38 

26 

 

Hedo-misaki 
2.13 

3.79 

1.63 

11.6±7.1 

12.1±5.6 

11.0±4.4 

14.2±5.6 

12.4±4.9 

15.4±6.2 

0.78 

0.94 

0.66 

5.3 

4.8 

7.2 

17 

36 

15 

 

Fukue-jima 

2.13 

3.79 

1.63 

10.4±5.8 

10.4±4.9 

9.7±5.2 

12.8±5.8 

11.2±4.3 

13.5±6.4 

0.77 

0.89 

0.62 

5.5 

4.7 

7.4 

22 

37 

22 

 

Miyako-jima 

2.13 

3.79 

1.63 

10.8±3.9 

11.5±5.3 

10.3±3.6 

13.9±5.1 

11.6±4.2 

14.8±6.0 

0.74 

0.98 

0.64 

4.9 

3.6 

6.8 

16 

40 

11 

 722 

 723 
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Table 3. Statistical analysis results of the COD and Re comparison between the sky radiometer and MODIS shown in Fig. 7. The unit of Re is µm. 724 

Site name Parameter Sky radiometer MODIS Slope (Offset=0) 
(MODIS/Skyrad.) 

RMSD 

 

%count 
(MODIS>Skyrad.) 

Chiba COD 18.7±15.1 18.7±12.6 0.84 10.8 59 

Re  9.9±6.1 11.7±5.1 0.83 8.5 55 

Hedo-misaki COD 14.8±15.7 18.2±15.4 0.89 14.4 70 

Re 9.8±6.3 14.0±5.6 1.04 9.0 80 

Fukue-jima COD 17.8±16.1 20.3±14.2 0.83 15.4 56 

Re 12.2±6.5 11.2±4.8 0.74 7.7 50 

 725 

 726 

 727 

 728 

 729 

 730 
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Table 4. Statistical analysis results of the COD and Re comparison between the sky radiometer and AHI (Himawari 8) shown in Fig. 11. The unit 731 

of Re is µm. 732 

Site name Parameter Sky 

radiometer 

AHI Slope 

(Offset=0)  
(AHI/Skyrad.) 

RMSD 

 

%count 

(AHI>Skyrad.) 

Chiba COD 13.5±12.5 13.2±10.3 0.70 12.2 52 

Re 12.1±7.8 12.9±6.0 0.78 9.3 54 

Hedo-misaki COD 14.5±13.8 12.5±10.2 0.61 13.2 48 

Re 10.6±7.0 12.5±5.4 0.82 9.1 64 

Fukue-jima COD 17.7±13.3 12.2±9.7 0.56 13.6 33 

Re 13.1±7.8 12.9±6.1 0.74 9.5 51 

 733 

 734 

 735 
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List of Figures 736 

Fig. 1. Correlative comparisons of COD (left panels) and normalized frequency distributions 737 

of COD (right panels). The COD results of AHI (Himawari-8) were correlated with those of 738 

MODIS (TERRA + AQUA) at the Chiba, Hedo-misaki, Fukue-jima, and Miyako-jima sites of 739 

SKYNET. The AHI CODs of ±5 minutes centered at the MODIS observation time were 740 

averaged for the comparison. Color bars indicate the standard deviations in the AHI COD 741 

results. The symbols “N” and “r” denote the data number and correlation coefficient, 742 

respectively. 743 

Fig. 2. Correlative comparisons of Re (left panels) and normalized frequency distributions of 744 

Re (right panels). The Re results of AHI (Himawari-8) were correlated with those of MODIS 745 

(TERRA + AQUA) at the Chiba, Hedo-misaki, Fukue-jima, and Miyako-jima sites of 746 

SKYNET. The AHI Re values of ±5 minutes centered at the MODIS observation time were 747 

averaged for the comparison. Color bars indicate the standard deviations in the AHI Re results. 748 

The MODIS Re results were determined at 2.13 µm. The symbols “N” and “r” denote the data 749 

number and correlation coefficient, respectively. 750 

Fig. 3. Same as Fig. 2, but for MODIS Re values determined at 3.79 µm. 751 

Fig. 4. Same as Fig. 2, but for MODIS Re values determined at 1.63 µm. 752 
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Fig. 5. Modeled downwelling shortwave fluxes as functions of COD and Re values at solar 753 

zenith and azimuth angles of 30° and 0°. The PWC was 1 cm and the Lambertian surface 754 

albedo was 0.1. Simulations were performed by a mid-latitude summer atmospheric model. 755 

Fig. 6. Correlative comparisons of shortwave global fluxes calculated from MODIS cloud 756 

properties and surface observation values at the (a) Chiba, (b) Hedo-misaki, (c) Fukue-jima, 757 

and (d) Miyako-jima sites. For details, see text. 758 

Fig. 7. Correlative comparisons of COD (left panel) and Re (µm; right panel) between MODIS 759 

(TERRA+AQUA) and the sky radiometer at the Chiba (upper), Hedo-misaki (middle) and 760 

Fukue-jima (lower) sites of SKYNET. For details, see text. 761 

Fig. 8. COD (left) and Re (right) differences between the sky radiometer and MODIS results. 762 

(a1) COD and (a2) Re versus COV of spatial variations; (b1) COD and (b2) Re versus COV 763 

of temporal variations; (c1) COD and (c2) Re versus sensor zenith angle; (d1) COD and (d2) 764 

Re versus solar zenith angle (SZA). 765 

Fig. 9. Re difference between the sky radiometer and MODIS versus COD difference between the 766 

two instruments. 767 

Fig. 10. Comparisons of shortwave global fluxes calculated from the AHI cloud properties 768 

and surface-observation data at the (a) Chiba, (b) Hedo-misaki, (c) Fukue-jima, and (d) 769 
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Miyako-jima sites. For details, see text. 770 

Fig. 11. Correlative comparisons of COD (left panels) and Re (right panels) between the AHI 771 

(Himawari-8) and sky radiometer at the Chiba (upper), Hedo-misaki (middle), and 772 

Fukue-jima (lower) sites. For details, see text. 773 

Fig. 12. COD difference between the sky radiometer and AHI (Himawari-8) versus SZA at 774 

the (a) Chiba, (b) Hedo-misaki, and (c) Fukue-jima sites. The means and standard deviations 775 

were determined by binning the data into 10° intervals of SZA. 776 

Fig. 13. Re difference between the sky radiometer and AHI (Himawari) versus COD difference between 777 

the two instruments at the (a) Chiba, (b) Hedo-misaki, and (c) Fukue-jima sites. The means and standard 778 

deviations were determined by binning the data into intervals of 10 COD differences. 779 
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 780 

Fig. 1. Correlative comparisons of COD (left panels) and normalized frequency distributions 781 

of COD (right panels). The COD results of AHI (Himawari-8) were correlated with those of 782 

MODIS (TERRA + AQUA) at the Chiba, Hedo-misaki, Fukue-jima, and Miyako-jima sites of 783 

SKYNET. The AHI CODs of ±5 minutes centered at the MODIS observation time were 784 

averaged for the comparison. Color bars indicate the standard deviations in the AHI COD 785 

results. The symbols “N” and “r” denote the data number and correlation coefficient, 786 

respectively. 787 
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 788 

Fig. 2. Correlative comparisons of Re (left panels) and normalized frequency distributions of 789 

Re (right panels). The Re results of AHI (Himawari-8) were correlated with those of MODIS 790 

(TERRA + AQUA) at the Chiba, Hedo-misaki, Fukue-jima, and Miyako-jima sites of 791 

SKYNET. The AHI Re values of ±5 minutes centered at the MODIS observation time were 792 

averaged for the comparison. Color bars indicate the standard deviations in the AHI Re results. 793 

The MODIS Re results were determined at 2.13 µm. The symbols “N” and “r” denote the data 794 

number and correlation coefficient, respectively. 795 
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 796 

Fig. 3. Same as Fig. 2, but for MODIS Re values determined at 3.79 µm. 797 
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 798 

Fig. 4. Same as Fig. 2, but for MODIS Re values determined at 1.63 µm. 799 
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 800 

Fig. 5. Modeled downwelling shortwave fluxes as functions of COD and Re values at solar 801 

zenith and azimuth angles of 30° and 0°. The PWC was 1 cm and the Lambertian surface 802 

albedo was 0.1. Simulations were performed by a mid-latitude summer atmospheric model. 803 
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 805 

Fig. 6. Correlative comparisons of shortwave global fluxes calculated from MODIS cloud 806 

properties and surface observation values at the (a) Chiba, (b) Hedo-misaki, (c) Fukue-jima, 807 

and (d) Miyako-jima sites. For details, see text. 808 
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 812 

Fig. 7. Correlative comparisons of COD (left panel) and Re (µm; right panel) between MODIS 813 

(TERRA+AQUA) and the sky radiometer at the Chiba (upper), Hedo-misaki (middle) and 814 

Fukue-jima (lower) sites of SKYNET. For details, see text. 815 
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 816 

Fig. 8. COD (left) and Re (right) differences between the sky radiometer and MODIS results. 817 

(a1) COD and (a2) Re versus COV of spatial variations; (b1) COD and (b2) Re versus COV 818 

of temporal variations; (c1) COD and (c2) Re versus sensor zenith angle; (d1) COD and (d2) 819 

Re versus solar zenith angle (SZA). 820 
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 821 

Fig. 9. Re difference between the sky radiometer and MODIS versus COD difference between the 822 

two instruments. 823 
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 831 

Fig. 10. Comparisons of shortwave global fluxes calculated from the AHI cloud properties 832 

and surface-observation data at the (a) Chiba, (b) Hedo-misaki, (c) Fukue-jima, and (d) 833 

Miyako-jima sites. For details, see text. 834 
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 839 

Fig. 11. Correlative comparisons of COD (left panels) and Re (right panels) between the AHI 840 

(Himawari-8) and sky radiometer at the Chiba (upper), Hedo-misaki (middle), and 841 

Fukue-jima (lower) sites. For details, see text. 842 
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 844 

 845 

Fig. 12. COD difference between the sky radiometer and AHI (Himawari-8) versus SZA at 846 

the (a) Chiba, (b) Hedo-misaki, and (c) Fukue-jima sites. The means and standard deviations 847 

were determined by binning the data into 10° intervals of SZA. 848 

 849 

(a)

(b)

(c)

r=-0.3

r=-0.15

r=-0.17



 63 

 850 

 851 

Fig. 13. Re difference between the sky radiometer and AHI (Himawari) versus COD difference between 852 

the two instruments at the (a) Chiba, (b) Hedo-misaki, and (c) Fukue-jima sites. The means and standard 853 

deviations were determined by binning the data into intervals of 10 COD differences. 854 
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