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ABSTRACT 11 

A technique and implementation for deriving ocean color product using the imaging band 12 

(I-band) measurements from the Visible Infrared Imaging Radiometer Suite (VIIRS) on the 13 

Suomi National Polar-orbiting Partnership (SNPP) have been developed. The three VIIRS-SNPP 14 

image bands (638, 862, and 1600 nm) with spatial resolution of 375 m are much better than the 15 

VIIRS moderate (M) resolution bands of 750 m, which have been used for routinely producing 16 

VIIRS global ocean color products. In particular, the high spatial resolution of VIIRS-derived 17 

normalized water-leaving radiance at the wavelength of 638 nm (I1 band) nLw(638) can provide 18 

useful information about water optical, biological, and biogeochemical properties over turbid 19 

coastal and inland waters. In addition, VIIRS-derived nLw(638) data provide an important 20 

spectral point and coverage along with nLw(λ) from the seven VIIRS M-bands at wavelengths of 21 

410, 443, 486, 551, 671, 745, and 862 nm, particularly over turbid coastal and inland waters. In 22 

this paper, we describe our effort to develop a technique for deriving VIIRS nLw(λ) spectra for 23 

both M-bands and I-bands using the Multi-Sensor Level-1 to Level-2 (MSL12) ocean color data 24 

processing system. Some examples of VIIRS-derived nLw(638) are provided and discussed, 25 

showing the usefulness of this added capability for providing water properties over global turbid 26 
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coastal and inland waters. Therefore, MSL12 is now capable of routinely and efficiently 27 

producing VIIRS nLw(638) for both spatial resolutions of 375 and 750 m, along with nLw(λ) 28 

spectra at VIIRS M1–M7 with the spatial resolution of 750 m. 29 

Keywords: Ocean color remote sensing, atmospheric correction, data processing, and VIIRS. 30 

1. Introduction 31 

The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-32 

orbiting Partnership (SNPP) satellite was successfully launched on October 28, 2011. VIIRS has 33 

22 spectral bands ranging from the short blue (410 nm) to the infrared band (12.013 µm) that 34 

combine spectral characteristics of various precedent Earth observing satellite sensors (Goldberg 35 

et al., 2013), including NASA’s Sea-viewing Wide Field-of-view Sensor (SeaWiFS) (McClain et 36 

al., 2004) and the Moderate Resolution Imaging Spectroradiometer (MODIS) (Esaias et al., 37 

1998; Salomonson et al., 1989) on Terra and Aqua, the NOAA Advanced Very High Resolution 38 

Radiometer (AVHRR), and the Defense Meteorological Satellite Program (DMSP) Operational 39 

Linescan System (OLS). There will be several follow-on VIIRS after the VIIRS-SNPP, including 40 

VIIRS on the first Joint Polar Satellite System (JPSS-1), which was recently launched on 41 

November 18, 2017 (now named NOAA-20). Since its launch, VIIRS-SNPP has been providing 42 

the science and user communities with Environmental Data Records (EDR or Level-2 data) for 43 

global land, atmosphere, and ocean. In particular, VIIRS global ocean color EDR data are one of 44 

the key product suites derived from VIIRS missions (Wang et al., 2016a; Wang et al., 2013b). It 45 

is noted that in addition to NOAA, VIIRS ocean color data are also produced by other 46 

organizations or groups, e.g., by NASA. 47 

 VIIRS ocean color EDR data are derived using the Multi-Sensor Level-1 to Level-2 48 

(MSL12) ocean color data processing system with the VIIRS moderate (M) resolution bands 49 

(spatial resolution of 750 m) (Wang, et al., 2013b), including ocean color products of normalized 50 

water-leaving radiance (nLw(λ)) (Gordon and Wang, 1994; IOCCG, 2010; Wang, 2007) at VIIRS 51 

M1–M5 bands (at wavelengths of 410, 443, 486, 551, and 671 nm), chlorophyll-a (Chl-a) 52 
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concentration (Hu et al., 2012; O'Reilly et al., 1998; Wang and Son, 2016), the diffuse 53 

attenuation coefficient at the wavelength of 490 nm Kd(490) (Wang et al., 2009a), and at the 54 

domain of photosynthetically available radiation (PAR) Kd(PAR) (Son and Wang, 2015), as well 55 

as other experimental products such as inherent optical properties (IOPs) (Lee et al., 2002). It 56 

should be noted that all ocean biological and biogeochemical products, as well as optical 57 

properties, e.g., Chl-a, Kd(490), Kd(PAR), IOPs, etc., are derived from satellite-measured nLw(λ) 58 

spectra (i.e., satellite can only directly measure radiances). It is noted that nLw(λ) spectra can be 59 

easily converted to remote sensing reflectance Rrs(λ) spectra, i.e., Rrs(λ) = nLw(λ)/F0(λ) with F0(λ) 60 

the extraterrestrial solar irradiance (Thuillier et al., 2003).  61 

In addition, VIIRS-SNPP also has three imaging (I) bands at the wavelengths of 638, 862, 62 

and 1600 nm, with a spatial resolution of 375 m. These I-bands were originally designed mainly 63 

for land applications, e.g., normalized difference vegetation index (NDVI) (Rouse Jr. et al., 64 

1973) over global land using the VIIRS red (I1) and near-infrared (NIR) (I2) bands. However, 65 

VIIRS I-bands are also useful for characterizing ocean and inland water properties, in particular, 66 

VIIRS-derived nLw(λ) at the high spatial resolution I1 band (638 nm), nLw(638), can provide 67 

additional information about water optical, biological, and biogeochemical properties over turbid 68 

coastal and inland waters where there are more dynamics to consider with various ocean/water 69 

features in finer spatial scales. Furthermore, the VIIRS I1 band nLw(638) can provide an 70 

important additional nLw(λ) spectral point at 638 nm covering more complete nLw(λ) spectral 71 

features in the red wavelength region, which is particularly useful for turbid coastal and inland 72 

waters. Thus, it is useful to also derive VIIRS nLw(638) along with nLw(λ) spectra from five M-73 

bands. However, the implementation of including VIIRS I-band nLw(λ) data in MSL12 is not 74 

straight-forward because of the mixing of pixel spatial resolutions in both 375 and 750 m. This 75 

leads to an issue of inconsistent pixel numbers in the VIIRS ocean color data processing (inputs 76 

and outputs), and it possibly has a significantly impact on the efficiency of the routine global 77 

ocean color data processing. 78 
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In this paper, we describe our effort in developing a technique for efficiently deriving VIIRS 79 

nLw(λ) spectra for both M-bands and I-bands using the MSL12 ocean color data processing 80 

system. Specifically, a technique is developed and implemented into MSL12 that can produce 81 

VIIRS nLw(638) data either in the high spatial resolution of 375 m or the moderate spatial 82 

resolution of 750 m (or both), along with nLw(λ) spectra from VIIRS M-bands at the wavelengths 83 

of 410, 443, 486, 551, 671, 745, and 862 nm. With the new capability in MSL12 for producing 84 

high spatial resolution nLw(638) data, VIIRS-derived nLw(638) over the global ocean can be 85 

produced routinely and efficiently, in particular, over global turbid coastal and inland waters. 86 

Some examples of VIIRS-derived nLw(638) over various turbid coastal and inland water regions 87 

are provided, showing several useful applications using VIIRS high spatial resolution nLw(638) 88 

data. 89 

2. Deriving nLw(λ) using VIIRS imagery bands 90 

2.1. MSL12—Ocean color data processing system  91 

The MSL12 ocean color data processing system has been used for processing VIIRS data 92 

from the Sensor Data Records (SDR or Level-1B data) to ocean color EDR or (Level-2 data) 93 

(Wang, et al., 2016a; Wang, et al., 2013b). MSL12 was originally developed for the purpose of 94 

using a consistent and common ocean color data processing system to process global ocean color 95 

data from multiple satellite ocean color sensors (Wang, 1999; Wang and Franz, 2000; Wang et 96 

al., 2002). Specifically, MSL12 is based on the SeaWiFS Data Analysis System (SeaDAS) 97 

version 4.6 with some significant improvements, including the shortwave infrared (SWIR)-based 98 

and NIR-SWIR-based atmospheric correction algorithms for improved satellite ocean color data 99 

over coastal and inland waters (Wang, 2007; Wang and Shi, 2005; 2007; Wang et al., 2009b). 100 

There are also many studies and applications using the SWIR-based ocean color data processing 101 

over extremely turbid coastal and inland waters (Shi and Wang, 2009; 2010b; 2012; Son and 102 

Wang, 2012; Wang et al., 2012; Wang et al., 2011). In fact, since July 2012, MSL12 has been 103 

used for routinely producing NOAA operational ocean color products from MODIS-Aqua over 104 
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12 NOAA CoastWatch regions (i.e., in various U.S. open oceans, coastal, and inland waters) 105 

(Wang and Liu, 2012) (www.ospo.noaa.gov/Product/ocean/). Furthermore, MSL12 has been 106 

used to process ocean color products from the Korean Geostationary Ocean Color Imager 107 

(GOCI) (Wang et al., 2013a). Certainly, MSL12 will be used for producing ocean color products 108 

from all future VIIRS sensors onboard the NOAA JPSS series, e.g., JPSS-1, JPSS-2, etc. 109 

In this study, the NIR-SWIR-based atmospheric correction algorithm (Wang and Shi, 2007) 110 

in MSL12 has been used for processing VIIRS ocean color data because our study is focused on 111 

coastal and inland waters using VIIRS-measured high spatial resolution I-band data. Essentially, 112 

for open ocean with low Chl-a, the NIR atmospheric correction algorithm (Gordon and Wang, 113 

1994) is used, but for the turbid coastal/inland waters, the SWIR atmospheric correction 114 

algorithm (Wang, 2007) is applied to derive nLw(λ) spectra. There is a merging range between 115 

clear and turbid waters to produce consistent and smooth nLw(λ) spectra (Wang and Shi, 2007). 116 

In fact, it has been shown that the NIR-SWIR-based atmospheric correction algorithm can 117 

produce the best satellite ocean color products (Wang, et al., 2009b). Thus, for turbid coastal and 118 

inland waters, VIIRS can produce nLw(λ) spectra at M1–M5 bands, as well as nLw(λ) data at the 119 

two NIR bands of 745 and 862 nm using the NIR-SWIR ocean color data processing in MSL12. 120 

It is noted that an effective destriping algorithm has been used in MSL12 to produce improved 121 

VIIRS ocean color product data and images (Mikelsons et al., 2014). 122 

2.2. Technique for the ocean color data processing with mixed spatial resolution SDR data  123 

The major challenge in the implementation of VIIRS I-band ocean color data processing in 124 

MSL12 is the difference in its input SDR spatial resolution. The VIIRS M-bands have spatial 125 

resolution at 750 m, while the I-band data are at 375 m. MSL12 performs atmospheric correction 126 

and product derivation in a pixel-by-pixel-based approach, meaning it reads in all band SDR data 127 

for a single pixel at once, processes it, and moves to the next pixel. To enable I-band data 128 

processing in MSL12, the traditional approaches involve either aggregating I-band data into M-129 

band spatial resolution to make MSL12 process in M-band spatial resolution, or interpolating M-130 

band data into I-band spatial resolution to make MSL12 process in I-band resolution. Either way, 131 
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it processes data in the same spatial resolution. The traditional approaches in processing ocean 132 

color data do not require code changes, but changes of input SDR data are necessary. 133 

The aggregation approach has been widely used. For example, MODIS has three types of 134 

spatial resolution: 250, 500, and 1000 m. The ocean color bands are at 1 km spatial resolution, 135 

while atmosphere and land application bands are at 250 or 500 m spatial resolutions. In fact, the 136 

1 km spatial resolution of MODIS Level-1B data include all 1 km ocean color bands as well as 137 

all atmosphere and land bands aggregated into 1 km spatial resolution from the spatial resolution 138 

of 250 or 500 m. However, since the higher spatial resolution bands have already been 139 

aggregated in MODIS Level-1B data, MSL12 does not need to do any extra work to pre-process 140 

data from these bands. For VIIRS SDR (or Level-1B) data, individual spectral band data are 141 

stored in separate SDR files, and no aggregation has been done for any VIIRS spectral bands. 142 

Thus, MSL12 needs to incorporate the aggregation procedure in order to process I-band data in 143 

M-band spatial resolution, i.e., pre-process I-band data to aggregate to a coarse M-band spatial 144 

resolution (from 375 to 750 m). The advantage of this approach is a marginal increase in 145 

computation time and an improved spectral resolution in VIIRS-derived nLw(λ) spectra due to 146 

inclusion of the I-band information, in particular, the red I1 band centered at 638 nm. On the 147 

other hand, when using this approach we essentially lose the benefit of the higher spatial 148 

resolution in the I-band due to the data aggregation.  149 

The interpolation approach has been used as well, especially for true color image generation. 150 

For example, to generate MODIS true color image in 250 m resolution, the blue and green bands 151 

need to be interpolated into 250 m from 500 m or 1 km spatial resolutions, because MODIS has 152 

only two 250 m bands, in the red and NIR, respectively. For our purpose, however, this approach 153 

is undesirable because it increases the computation time fourfold due to the doubled spatial 154 

resolution from 750 m to 375 m with a benefit of merely one I-band at the red and one at the NIR 155 

band. The only benefit in the interpolation approach is its capability to produce nLw(638) at 375 156 

m spatial resolution, and possibly enhance other derived ocean color products that use the red-157 

band information, such as the water diffuse attenuation coefficient at 490 nm, Kd(490) (Wang, et 158 
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al., 2009a), or the total suspended matter (TSM) in turbid coastal and inland waters (Miller and 159 

McKee, 2004). However, there is no benefit added for nLw(λ) spectra at VIIRS M-band 160 

wavelengths and other derived products such as Chl-a concentration (Hu, et al., 2012; O'Reilly, 161 

et al., 1998; Wang and Son, 2016). 162 

Here we develop a new approach to perform ocean color data processing with mixed spatial 163 

resolution SDR data, e.g., from VIIRS M-band and I-band data. In order to be computationally 164 

efficient, the data processing needs to be done in the M-band spatial resolution of 750 m. 165 

However, instead of aggregating the VIIRS I-band data into the M-band spatial resolution, we 166 

redefine every I-band corresponding to four pseudo M-bands by assigning I-band pixels into four 167 

groups (P1–P4), each corresponding to one pseudo M-band pixel as shown in Fig. 1. In Fig. 1, 168 

the red-grid lines indicate boundaries of the M-band pixel size (spatial coverage), and black-grid 169 

lines indicate boundaries of the I-band pixel size. Each M-band pixel contains 2×2 I-band pixels 170 

labeled as P1–P4 in Fig. 1. In the across-track direction, P1 and P2 are two pixels in the same 171 

scan, while P3 and P4 are two pixels in the next scan. For example, each I1 band pixel is divided 172 

into four pseudo M-band pixels named I1-1, I1-2, I1-3, and I1-4. This means the four I1 band 173 

pixels are treated as if they are from four spectral bands (with the same wavelength). I1-1 is 174 

comprised of P1 pixels only, and has same number of pixels across-track and along-track with 175 

other M-bands data. The same arrangement is also done for I1-2, I1-3, I1-4 and other pseudo M-176 

bands data formed from other VIIRS I-bands data. Thus, with this arrangement we now have all 177 

the same pixel number (spatial resolution) for both I-bands and M-bands data. It is noted that the 178 

VIIRS four I-band pixels always match well with the collocated M-band pixel. It should also be 179 

noted that since the processing is done in 750 m spatial resolution, all of the atmospheric 180 

components such as Rayleigh scattering and aerosol radiances are all in 750 m spatial resolution. 181 

Still, this is acceptable because the spatial scale of the atmospheric variability is usually much 182 

larger than that of oceanic variability, particularly over coastal and inland water regions. 183 

Taking the VIIRS-SNPP as an example, before adding I-bands data to the MSL12 ocean 184 

color data processing system, the 10 M-band data arrangement in spectral sequence is: (M1, M2, 185 
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M3, M4, M5, M6, M7, M8, M10, M11), and these VIIRS M-bands data are used in MSL12 for 186 

routinely deriving global ocean color products (Wang, et al., 2016a; Wang, et al., 2013b). After 187 

adding the three I-bands data (I1–I3), the new 22-band (M- and I-band) spectral sequence 188 

becomes: (M1, M2, M3, M4, I1-1, I1-2, I1-3, I1-4, M5, M6, M7, I2-1, I2-2, I2-3, I2-4, M8, I3-1, 189 

I3-2, I3-3, I3-4, M10, M11). Thus, the additional high spatial resolution I-band data (e.g., I1-2, 190 

I1-3, and I1-4) are effectively treated as additional spectral band data. Except for the additional 191 

12-pseudo bands arrangement for the three VIIRS I-bands, the MSL12 ocean color data 192 

processing system does not require any change as MSL12 can handle a different number of 193 

spectral bands. As discussed before, MSL12 is designed for ocean color data processing for 194 

multiple satellite sensors, and different satellite sensors usually have different spectral bands 195 

(Wang, 1999; Wang and Franz, 2000; Wang, et al., 2002). Thus, the only major change is the 196 

input/output (I/O) stage. Each time MSL12 reads one scan from each of the M-band data files, it 197 

needs to read two scans from the I-band data files (note that each scan from an I-band data file 198 

has twice the pixel number of the scan from an M-band data file), and to assign the data into four 199 

corresponding pseudo M-bands data. After the data processing is completed, each time when the 200 

MSL12 writes one scan to a moderate spatial resolution product, it also needs to write out two 201 

scans to a high spatial resolution product such as nLw
HI( )

I1( ) (or nLw
HI( )

638( )), which can be 202 

considered as the mosaic of nLw(I1-1), nLw(I1-2), nLw(I1-3), and nLw(I1-4), respectively, 203 

according to the splitting scheme shown in Fig. 1. Additionally, an aggregated product can be 204 

derived, such as nLw
AG( )

I1( ), which is calculated from the mean of nLw(I1-1), nLw(I1-2), nLw(I1-205 

3), and nLw(I1-4) when the values are valid (not missing or masked). Therefore, MSL12 is now 206 

capable of producing nLw(638) data in both high (375 m) and moderate (750 m) spatial 207 

resolutions, i.e., nLw
HI( )

638( ) and nLw
AG( )

638( ). It is emphasized again that using the new data 208 

processing technique only requires processing data once to output ocean color products with 209 

mixed spatial resolutions. 210 

It should be noted that some lookup tables (LUTs) and coefficients updates in MSL12 for 211 

including VIIRS I-bands are necessary. This mainly includes the LUTs and coefficients for 212 
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computing the TOA Rayleigh scattering radiance (Gordon et al., 1988; Wang, 2002; 2005; 213 

2016), aerosol radiance (Wang, 2007), ozone absorption (Wang, 1999), NO2 absorption (Ahmad 214 

et al., 2007), and some other values related to the MSL12 ocean color data processing system 215 

such as solar irradiance (Thuillier, et al., 2003). 216 

 217 

Figure 1. Grouping and arrangement of VIIRS I-band pixels for the MSL12 ocean 218 
color data processing system.  219 

2.3. Calibrations for the ocean color data processing 220 

The new ocean color SDR (OC-SDR) generated using both the on-orbit solar and lunar 221 

calibrations (Sun and Wang, 2015a; b; 2016) are used to routinely produce VIIRS Level-2 and 222 

Level-3 ocean color products for the global ocean (Wang, et al., 2016a). In this study, the OC-223 

SDR data that include I-bands are also used. It is noted that the VIIRS OC-SDR data are 224 

different (and significantly improved) from those of VIIRS operational SDR data which only use 225 

the solar calibration approach (Cao et al., 2013). In addition, vicarious calibration using the in 226 

situ nLw(λ) spectra data from the Marine Optical Buoy (MOBY) in waters off Hawaii (Clark et 227 

al., 1997) for the MSL12 ocean color data processing for VIIRS has been carried out (Wang et 228 
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al., 2016b). This is specifically for deriving vicarious gain for the VIIRS I1 band (the gain 229 

coefficient for I1 band is 1.00932), along with previously derived vicarious gains for VIIRS M-230 

bands (Wang, et al., 2016b) in order to produce accurate VIIRS nLw(λ) spectra data. 231 

3. Example results of VIIRS-derived nLw(638) imagers 232 

Using the MSL12 with implemented VIIRS I-band data processing capability, both high 233 

(375 m) and moderate (750 m) spatial resolutions nLw(638) data can be derived. In this section, 234 

we show several examples demonstrating the usefulness of the VIIRS new ocean color data 235 

product. It should be noted again that all results in this study are processed using MSL12 with 236 

the NIR-SWIR atmospheric correction algorithm (Wang and Shi, 2007). 237 

3.1. Examples of high spatial resolution nLw(638) product 238 

The VIIRS-derived high spatial resolution nLw(638) imagery (375 m) is expected to reveal 239 

more detailed features than that of the moderate spatial resolution (750 m) due to the double 240 

spatial resolution of the former in both along-track and across-track directions. On the other 241 

hand, the difference in nLw(638) imageries for different spatial resolution (i.e., 375 versus 750 m) 242 

is not large enough to prevail in moderate to large scale ocean features. It is understandable that 243 

only small-scale features that vary on scales of ~500 m or less can show the difference between 244 

the nLw(638) images of two spatial resolutions. One case that meets this condition is the algal 245 

bloom that frequently occurs during summer in the Baltic Sea. Fig. 2 shows one of such cases 246 

captured by VIIRS-SNPP on August 14, 2015. The upper and lower panels show nLw(638) 247 

images in spatial resolutions of 750 m ( nLw
AG( )

638( )) (Fig. 2a) and 375 m ( nLw
HI( )

638( )) (Fig. 2b), 248 

respectively. The algal bloom has quite high reflectance in the red band and therefore is ideal for 249 

our purpose. The bloom area has nLw(638) values of ~1–3 mW cm−2 µm−1 sr−1 and the 250 

background ocean water has nLw(638) of < ~0.3 mW cm−2 µm−1 sr−1. The upper panel image 251 

(Fig. 2a) appears to be a little blurred compared with the lower panel image (Fig. 2b), but does 252 

not seem to miss any major ocean features at a glance.  253 
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 254 

Figure 2. VIIRS-derived nLw(638) images over the Baltic Sea at 10:52 UTC on August 255 
14, 2015 for the case of spatial resolution of (a) 750 m and (b) 375 m. There are 256 
specific sites A and B, as well as line L marked in Fig. 2a for quantitative analyses. 257 
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 258 

Figure 3. Comparisons of the VIIRS-derived nLw(638) along the transect line L noted 259 
in Fig. 2a between nLw(638) derived in spatial resolution of 750 m (Fig. 2a) and 375 m 260 
(Fig. 2b). 261 

To show the difference quantitatively in VIIRS-derived nLw(638) between high (375 m) and 262 

moderate (750 m) spatial resolutions, the values of both aggregated and high spatial resolution 263 

nLw(638) data along the line “L” noted in Fig. 2a are plotted as a function of latitude in Fig. 3, in 264 

which nLw(638) data are from ~0.2–3 mW cm−2 µm−1 sr−1. Indeed, overall the variation in 265 

nLw(638) for both curves in Fig. 3 agrees quite well, but the red curve (375 m spatial resolution 266 

data) reveals more detailed spatial variations than the blue curve (750 m spatial resolution data), 267 

as indicated by the green arrows in the bottom of Fig. 3. In fact, nLw
AG( )

638( ) data (blue curve) 268 

behave like a smoothed version of nLw
HI( )

638( ) (Fig. 3). From results in Fig. 3, it is obvious that 269 

the high spatial resolution product contains more detailed and small-scale features (as expected).  270 

We also calculated the statistics for the difference between the two: the bias is 0.004 mW 271 

cm−2 µm−1 sr−1, or ~0.60% of the mean value of nLw
AG( )

638( ) (which is 0.666 mW cm−2 µm−1 272 

sr−1), while the standard deviation (STD) between the two is 0.115 mW cm−2 µm−1 sr−1, or 273 

~26.36% of the STD of nLw
AG( )

638( ) (which is 0.436 mW cm−2 µm−1 sr−1). This indicates that 274 
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there is no bias between nLw
AG( )

638( ) and nLw
HI( )

638( ), but the small-scale fluctuations in the 275 

higher resolution product are quite significant. 276 

Aside from the example of algal bloom, another common condition to take advantage of the 277 

high spatial resolution nLw
HI( )

638( ) data is the monitoring of coastal plumes, especially in turbid 278 

water regions where the plume contains a large amount of suspended sediments or colored 279 

dissolved organic matter (CDOM), which has a reflectance spectral peak in the red band. Fig. 4 280 

shows VIIRS-derived high spatial resolution nLw
HI( )

638( ) images depicting two estuarine plumes 281 

in the Gulf of Khambhat and the Gulf of Kutch, respectively. The value of nLw
HI( )

638( ) in these 282 

two locations can be as high as ~5 mW cm−2 µm−1 sr−1 due to the high concentration of 283 

suspended sediments. Many detailed plume structures in Fig. 4 can be distinguished near the 284 

mouths of both estuaries thanks to the high spatial resolution nLw
HI( )

638( ) data. 285 

In addition to improving the spatial resolution, the inclusion of the VIIRS I1 band in the 286 

satellite-derived nLw(λ) spectra also improves the spectral resolution (and coverage) with 287 

additional spectral information in nLw(λ) at 638 nm. To showcase this improvement, we selected 288 

a total of six locations for each scene discussed previously, which are labeled “A” and “B” in 289 

Fig. 2a, “C” and “D” in Fig. 4a, and “E” and “F” in Fig. 4b, and their corresponding eight-band 290 

spectra (at wavelengths of 410, 443, 486, 551, 638, 671, 745, and 862 nm) are displayed in Fig. 291 

5. It is noted that, in most nLw(λ) spectra in Fig. 5, nLw(638) is not on the straight line connecting 292 

the values of nLw(551) and nLw(671), and some nLw(λ) spectra even peaked at the band 638 nm, 293 

indicating that additional nLw(λ) information at 638 nm cannot be derived from mere 294 

interpolation, in particular, over turbid coastal and inland waters. 295 

The nLw(λ) spectra at the sites A (58.95°N, 20.78°E) and B (59.10°N, 20.99°E) in the Baltic 296 

Sea (noted in Fig. 2a) are in the algal bloom areas and both are peaked at the green band (551 297 

nm) with values of 2.5 and 0.8 mW cm−2 µm−1 sr−1, respectively. This is understandable since the 298 

algae in the summer Baltic Sea is often dominated by cyanobacteria (i.e., blue-green algae) (Stal 299 

et al., 2003). The nLw(λ) spectra in sites C (21.80°N, 72.39°E) and D (20.74°N, 72.39°E) (noted 300 

in Fig. 4a) in the Gulf of Khambhat peaked at the red (638 nm) and green band (551 nm), 301 
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respectively. In fact, site C in Fig. 4a is located in the extremely turbid and shallow water region 302 

with a high suspended sediment concentration as nLw(638) reaches as high as ~4 mW cm−2 µm−1 303 

sr−1. Site D is located near the sand ridges, and the red band nLw(638) is significantly lowered 304 

than that in site C. The nLw(λ) spectra at sites E (22.86°N, 70.27°E) and F (22.56°N, 69.62°E) 305 

(noted in Fig. 4b) in the Gulf of Kutch peaked at the red band (638 nm) and between the blue-306 

green bands (486 nm), respectively. In fact, the nLw(λ) spectral shape in site E is similar to that 307 

of site C, but with overall significantly increased nLw(λ) magnitude. Indeed, in site E, nLw(638) 308 

reaches to ~6 mW cm−2 µm−1 sr−1, which is a very large value corresponding to extremely turbid 309 

waters (Shi and Wang, 2014). Site F in Fig. 4b is located over a less turbid and deeper water 310 

location, away from the direct impact of the sediment plume. The nLw(λ) spectrum is peaked at 311 

the blue-green bands and the data point of nLw(638) again provides useful information for the 312 

radiance spectral distribution. 313 

In summary, nLw(λ) spectra results in Fig. 5 clearly show that an additional nLw(638) value 314 

adds a useful information for water optical property, and provides more complete nLw(λ) spectral 315 

distribution to be related to water biological and biogeochemical properties, particularly for 316 

global turbid coastal and inland waters.  317 

3.2. Validation results using the in situ data 318 

For the validation purpose, VIIRS-derived nLw(638) data are compared with the in situ data 319 

collected over the U.S. east coast and the Gulf of Mexico regions. Fig. 6 provides some examples 320 

of VIIRS-derived nLw(λ) spectra compared with those from the in situ measurements, showing 321 

excellent spectral matchup results from VIIRS-derived nLw(λ) spectra (particularly noted for 322 

nLw(638) data). Specifically, Figs. 6a and 6b compare results obtained on October 17, 2016 over 323 

the U.S. east coastal region at locations of (32.633°N, 79.080°E) and (32.795°N, 79.272°E), 324 

respectively, while Figs. 6c and 6d are matchup results acquired over the Gulf of Mexico on May 325 

12, 2016 at the location (28.492°N, 87.988°E) and June 14, 2016 at the location (29.591°N, 326 

83.516°E), respectively. It is noted that, except for the case in Fig. 6c, the other three cases are in 327 

turbid coastal regions. Results in Fig. 6 show good matchup comparisons for VIIRS-derived 328 



  15

nLw(λ) spectra versus in situ measurements, in particular, nLw(638) data are quite reasonable. 329 

Certainly, some differences are also observed, e.g., slightly higher values in both nLw(638) and 330 

nLw(671) compared to the in situ data in Fig. 6d. Some quantitative evaluations have also been 331 

carried out using much more in situ data obtained over the U.S. east coast and the Gulf of 332 

Mexico regions. Table 1 shows VIIRS-derived nLw(λ) at 443, 551, 638, and 671 nm compared 333 

with those from in situ data. Both the ratio (VIIRS/In Situ) and the difference (VIIRS−In Situ) 334 

values with statistics of mean, median, and STD are provided in Table 1. Results in Table 1 show 335 

that VIIRS-derived nLw(638) data are reasonably accurate (see median ratio and difference 336 

values), and comparable to those from other VIIRS spectral bands (particularly comparing 337 

results from M-band 671 nm). However, Table 1 also shows that there are obvious larger noise 338 

errors in nLw(638) data, i.e., larger STD values, due to the VIIRS sensor performance issue in I-339 

bands for ocean color applications (will be discussed more later). 340 

3.3. Seasonal variation in nLw(638) over turbid coastal regions 341 

After evaluating the nLw(638) product with both spatial patterns and spectral shapes in 342 

several case studies, as well as validation results compared to the in situ data, we believe VIIRS-343 

derived nLw(638) is of similar data quality to nLw(λ) at other M-bands. In fact, the MSL12 ocean 344 

color data processing system processes satellite data consistently, i.e., using the Gordon and 345 

Wang (1994) or the Wang (2007) atmospheric correction algorithm, the errors (or accuracy) in 346 

the satellite-derived nLw(λ) are spectrally coherent (IOCCG, 2010). Therefore, the new nLw(638) 347 

product has been included in our VIIRS routine daily global ocean color data processing using 348 

the NIR-SWIR atmospheric correction (Wang and Shi, 2007).  349 
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 350 

Figure 4. VIIRS-derived nLw(638) image with spatial resolution of 375 m showing 351 
some estuarine plume features over region of (a) the Gulf of Khambhat at 08:30 UTC 352 
on March 24, 2017 and (b) the Gulf of Kutch at 08:36 UTC on March 29, 2017. There 353 
are specific sites C and D marked in Fig. 4a, and E and F marked in Fig. 4b for 354 
quantitative analyses. 355 

The routine VIIRS Level-2 data files include nLw(638) in both spatial resolutions of 375 m 356 

(imagery resolution) and 750 m (aggregated moderate resolution) forms. From global Level-2 357 

data, global Level-3 daily products are then generated in both 2 km and 9 km resolution bins, and 358 

all Level-3 products are generated by binning moderate resolution Level-2 ocean color products. 359 

Furthermore, the global 8-day and monthly Level-3 data are generated from the global Level-3 360 

daily data. In this section, the seasonal climatology nLw(638) images are obtained from monthly 361 

Level-3 nLw(638) data with 2 km resolution bins from February 2012 to May 2017. Data from 362 

January 2012 are excluded because the SWIR bands data are only available after January 18, 363 

2012 and both the NIR and SWIR data are required for the NIR-SWIR atmospheric correction in 364 

MSL12. In addition, the season for the Northern and Southern Hemisphere is different. In this 365 
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study, the boreal seasons are defined as follows: spring—March to May, summer—June to 366 

August, fall—September to November, and winter—December to February, respectively. On the 367 

other hand, the austral seasons correspond to the following definition: spring—September to 368 

November, summer—December to February, fall—March to May, and winter—June to August, 369 

respectively. It is also noted that the VIIRS Level-3 data processing algorithm is essentially the 370 

same as the one used for producing SeaWiFS and MODIS global Level-3 ocean color products 371 

(Campbell et al., 1995).  372 

 373 

Figure 5. VIIRS-derived nLw(λ) spectra at VIIRS spectral bands of 410, 443, 486, 551, 374 
638, 671, 745, and 862 nm at locations of A–F indicated in Figs. 2 and 4. 375 
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 376 

Figure 6. VIIRS-derived nLw(λ) spectra compared to the in situ data measured over the 377 
U.S. east coast and the Gulf of Mexico regions for in situ data acquired on (a) October 378 
17, 2016 at the location (32.633°N, 79.080°E), (b) October 17, 2016 at the location 379 
(32.795°N, 79.272°E), (c) May 12, 2016 at the location (28.492°N, 87.988°E), and (d) 380 
June 14, 2016 at the location (29.591°N, 83.516°E). 381 

Fig. 7 shows the nLw(638) seasonal climatology images in the U.S. east coastal region from 382 

New Jersey to North Carolina. This part of the coast region includes a large area of estuarine 383 

waters, including two bays and two sounds from north to south, i.e., the Delaware Bay, 384 

Chesapeake Bay, Albemarle Sound, and Pamlico Sound. Results in Fig. 7 show that nLw(638) 385 

data are usually below ~0.1 mW cm−2 µm−1 sr−1 in the open ocean (far offshore regions), and 386 

above ~1 mW cm−2 µm−1 sr−1 in the majority of turbid coastal estuarine waters. The seasonal 387 

variability of nLw(638) is apparent in this region, with summer having the lowest nLw(638) 388 

values, winter having the highest values, and spring and fall nLw(638) having values lying in the 389 

middle. There is also spatial variability of seasonal trend. For example, the central Delaware Bay 390 

has larger nLw(638) values in fall than in spring, whereas the Albemarle Sound has larger 391 

nLw(638) in spring than in fall. For most of this area, the largest nLw(638) values happen in 392 
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winter and can reach as high as ~3 mW cm−2 µm−1 sr−1 due to strong wind forcing, resulting in 393 

water column mixing and sediment re-suspension (Liu and Wang, 2014; Shi and Wang, 2010a; 394 

Son and Wang, 2012).  395 

 396 

Figure 7. VIIRS-derived seasonal nLw(638) images in the U.S. east coast region for the 397 
boreal season of (a) spring (March–May), (b) summer (June–August), (c) fall 398 
(September–November), and (d) winter (December–February). Three red boxes in Fig. 399 
7a indicate areas of the Upper, Middle, and Lower Chesapeake Bay. 400 

To quantitatively evaluate VIIRS-derived nLw(638) data, the Chesapeake Bay is divided into 401 

three regions, i.e., Upper Bay, Middle Bay, and Lower Bay following Son and Wang (2012), 402 

which is represented by the three boxes shown in Fig. 7a. The mean value of each region is 403 

extracted as the representative value of that area, and the corresponding monthly time series of 404 

nLw(638) is plotted in Fig. 8. The monthly nLw(638) values of the three Chesapeake Bay areas 405 

have some common characteristics, e.g., peak values (or highs) in winter (usually in January and 406 

February) and troughs (or lows) in summer (from June to September). The nLw(638) values of 407 

the middle and lower bays fluctuate between ~0.6–1.2 mW cm−2 µm−1 sr−1, while those of the 408 

upper bay where the water is more turbid vary between ~0.6–1.8 mW cm−2 µm−1 sr−1. In fact, the 409 

nLw(638) value ranges and time series patterns are quite consistent with those of MODIS-Aqua-410 

measured nLw(645) in these three regions (Son and Wang, 2012).  411 
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 412 
Figure 8. VIIRS-derived monthly nLw(638) time series (2012–2017) averaged over the 413 
areas of the upper, middle, and lower Chesapeake Bay (as indicated in Fig. 7a). 414 

Fig. 9 shows the nLw(638) seasonal climatology off the China east coast region including the 415 

Bohai Sea, Yellow Sea, and East China Sea. Note that the scale in Fig. 9 is different from Fig. 7. 416 

This area is one of the most turbid coastal regions in the world where nLw(638) reaches as high 417 

as ~10 mW cm−2 µm−1 sr−1 at some locations. The seasonal variation in nLw(638) is similar to that 418 

in the U.S. east coastal region (Fig. 7), albeit much more pronounced, with winter being the 419 

season with the highest nLw(638) values and summer with the lowest. Spatially, the region 420 

surrounding the coast within 50 m isobaths (bathymetry map not shown) and the southwest 421 

corner of the Bohai Bay has the highest nLw(638) values. It is also noted that the sediment 422 

signature in the center of the figures extended much farther offshore in winter than in other 423 

seasons (Fig. 9). These suspended sediments are in fact not transported offshore by advection, 424 

but are generated by re-suspension from the shallow bottom, because the contour of the sediment 425 

plume coincides with the 50 m isobaths (Shi and Wang, 2010b). Since the wind in winter season 426 

is the strongest, it produces the strongest mixing, the most pronounced turbidity, and the highest 427 

nLw(638) values as shown in Fig. 9. These results are consistent with several previous studies 428 

(Shi and Wang, 2010a; b; 2012; 2014). 429 
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 430 
 431 

Figure 9. VIIRS-derived seasonal nLw(638) images in the China east coastal region for 432 
the boreal season of (a) spring (March–May), (b) summer (June–August), (c) fall 433 
(September–November), and (d) winter (December–February). The three regions 434 
indicated in Fig. 9a for further quantitative analyses are the old Yellow River Estuary, 435 
the Hangzhou Bay mouth, and Lake Taihu.  436 

Again, to make quantitative analysis, three regions of extremely turbid waters are marked in 437 

Fig. 9a. They are the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake 438 

Taihu. Central Lake Taihu is less turbid than the other two locations, and is included here to 439 

compare with results from Wang et al. (2011). The monthly nLw(638) in central Lake Taihu 440 

varies between ~2–6 mW cm−2 µm−1 sr−1, and includes peaks in winter and troughs in summer. 441 

The nLw(638) value range and its seasonal/interannual patterns in central Lake Taihu agree quite 442 

well with those of nLw(645) from MODIS-Aqua measurements as shown in earlier studies 443 

(Wang, et al., 2011; Wang et al., 2013c). nLw(638) values at the other two locations share similar 444 

seasonal patterns with those at central Lake Taihu but with higher peak values. Particularly, 445 

nLw(638) values at the old Yellow River Estuary can reach as high as ~8 mW cm−2 µm−1 sr−1 in 446 

winter. Obviously, nLw(638) values at these three regions are considerably larger than those from 447 

the Chesapeake Bay and the U.S. east coastal regions. These are typical of extremely turbid 448 

waters over global coastal and inland waters. The addition of nLw(λ) at spectral point 638 nm is 449 
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particularly useful for highly turbid waters as VIIRS-measured nLw(λ) spectra usually peak at I1 450 

band at 638 nm (Fig. 5). 451 

 452 

 453 

Figure 10. VIIRS-derived monthly nLw(638) time series (2012–2017) averaged over 454 
the areas of the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake 455 
Taihu as indicated in Fig. 9a. 456 

Figure 11 shows another study area along the Argentina east coast region involving one 457 

major estuary named La Plata River, which is the river and estuary formed by the confluence of 458 

the Uruguay and the Paraná rivers. The seasons in the region follow the Southern Hemisphere 459 

pattern. From results in Fig. 11, the most distinguished nLw(638) features of this region are the 460 

extremely high values in the inner estuary and less seasonal variation. The highest nLw(638) 461 

reaches ~10 mW cm−2 µm−1 sr−1 in the inner estuary in fall season only, and the rest of the 462 

seasons looks quite similar (i.e., less seasonal variation). The reason is due to a submerged shoal 463 

called “Barra del Indio,” the longest shoal in the world with a length of 220 km, which divides 464 

the La Plata River into an inner freshwater riverine and an outer brackish estuarine area. The 465 

sediments from upstream are prevented from entering the estuarine area, and can only stay north 466 

of the shoal. Since the shoal blocks the flow, not much seasonality of turbidity distribution or 467 
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nLw(638) variation can be observed. The reason behind the extremely high values in the fall 468 

season is due to the peak runoff of the Bermejo River in February and March from upstream, 469 

which takes approximately one month to reach La Plata River. Indeed, it was found that the 470 

variability of water turbidity in the upper and middle La Plata River is highly correlated to the 471 

Bermejo River runoff, which carries enormous amounts of red-colored sediments (Dogliotti et 472 

al., 2016). 473 

 474 

Figure 11. VIIRS-derived seasonal nLw(638) images in the La Plata River estuary for 475 
the Australia season of (a) fall (March–May), (b) winter (June–August), (c) spring 476 
(September–November), and (d) summer (December–February). 477 

The last example in the seasonal climatology study is the coastal areas and inland waters of 478 

Florida (Fig. 12). Compared to the previous three cases, nLw(638) values in this region are much 479 

smaller, and thus a linear scale of 0.0–1.5 mW cm−2 µm−1 sr−1 is used in Fig. 12. Seasonality of 480 

nLw(638) is unpronounced in this region, but winter is still the season with the highest nLw(638) 481 

values and summer with the lowest. This is true whether along the west, south, and east 482 

coastlines of Florida or in Lake Okeechobee.  483 
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 484 

Figure 12. VIIRS-derived seasonal nLw(638) images in the Florida coast region for the 485 
boreal season of (a) spring (March–May), (b) summer (June–August), (c) fall 486 
(September–November), and (d) winter (December–February). The three regions 487 
indicated in Fig. 12a for further quantitative analyses are the Caloosahatchee Estuary, 488 
St. Lucie Estuary, and Lake Okeechobee.  489 

Three locations are selected to perform a quantitative analysis: the Caloosahatchee Estuary 490 

on the west coast, the St. Lucie Estuary on the east coast and the inland Lake Okeechobee as 491 

marked in Fig. 12a. Monthly mean nLw(λ) values at 443, 551, 638, and 671 nm for time series 492 

from 2012–2017 are shown in Figs. 13a–13d, respectively. The two estuaries on the different 493 
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sides of Florida exhibit somewhat different seasonal patterns in VIIRS-derived nLw(638), with 494 

slightly delayed nLw(638) peak time for the St. Lucie Estuary. This feature is also present in the 495 

other three bands, being the most pronounced in nLw(443). nLw(638) values are also lower in the 496 

St. Lucie Estuary, ranging from ~0.1–1.0 mW cm−2 µm−1 sr−1, while the Caloosahatchee Estuary 497 

has nLw(638) values from ~0.3–1.5 mW cm−2 µm−1 sr−1. nLw(λ) values of other two bands at 551 498 

and 671 nm also have lower values in the St. Lucie Estuary, but nLw(443) values are similar 499 

between the two estuaries. The patterns and ranges of nLw(638) values at these two estuaries are 500 

very consistent with the MODIS-Aqua nLw(645) values reported by Wang et al. (2012). On the 501 

other hand, nLw(λ) at these four bands (443, 551, 638, and 671 nm) show much less seasonality 502 

in Lake Okeechobee, compared with the other two estuaries (Fig. 13). Both nLw(443) and 503 

nLw(551) values in Lake Okeechobee are constantly near or below the trough of those in the two 504 

estuaries, while nLw(638) and nLw(671) values are near the middle and peak, respectively. 505 

3.4. VIIRS global climatology nLw(638) image 506 

The global climatology image of nLw(638) shown in Fig. 14 was generated from monthly 507 

Level-3 nLw(638) with 9 km resolution bins from February 2012 to May 2017. The majority of 508 

the open ocean has nLw(638) values in the order of ~0.1 mW cm−2 µm−1 sr−1 with lower and 509 

upper bound of ~0.03 and ~0.3 mW cm−2 µm−1 sr−1, respectively. The central region of the basin 510 

circulations usually has the lowest values of nLw(638) in the order of ~0.03 mW cm−2 µm−1 sr−1. 511 

Specifically, these subtropical oligotrophic gyres include the East Pacific gyre, West Pacific 512 

gyre, South Pacific gyre, North Atlantic gyre, South Atlantic gyre, and Indian Ocean gyre. The 513 

rest of the open ocean generally has nLw(638) values of ~0.1–0.3 mW cm−2 µm−1 sr−1. On the 514 

other hand, in coastal and inland water regions, nLw(638) values usually are ~0.3 mW cm−2 µm−1 515 

sr−1 and above. Areas with values of nLw(638) > ~1.0 mW cm−2 µm−1 sr−1 can be considered 516 

highly turbid waters, and include the China east coast, U.S. east coast estuaries, the Amazon 517 

River Estuary, the La Plata River Estuary, and other estuaries near major world cities. From Fig. 518 

14, it is also interesting to note that the global ocean spatial distribution in nLw(638) has some 519 

similarity features to those from chlorophyll-a and Kd(490) products. 520 
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 521 

Figure 13. VIIRS-derived time series (2012–2017) of monthly nLw(λ) at wavelengths 522 
of (a) 443 nm, (b) 551 nm, (c) 638 nm, and (d) 671 nm averaged over Caloosahatchee 523 
Estuary, St. Lucie Estuary, and Lake Okeechobee as indicated in Fig. 12a. 524 
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 525 

Figure 14. VIIRS-derived global climatology nLw(638) image with measurements from 526 
February 2012 to May 2016. 527 

4. Discussions and Summary 528 

In order to process VIIRS ocean color product for the mixed spatial resolution data from M-529 

bands and I-bands, a new technique has been developed, i.e., simply treating the extra high 530 

spatial resolution data (compared to the normal spatial resolution data) as if it were from 531 

additional spectral band data. The idea is simple, yet quite effective and efficient in satellite data 532 

processing. Therefore, the MSL12 ocean color data processing system can process the mixed 533 

spatial resolution data seamlessly and efficiently. In particular, the new data processing approach 534 

can be applied to any mixed spatial resolution data, not just two different spatial resolution data 535 

as demonstrated in VIIRS case. Thus, the new data processing method can be directly applied to 536 

MODIS (three different spatial resolutions at 250, 500, and 1000 m) and VIIRS (two different 537 

spatial resolutions at 375 and 750 m), as well as for several high spatial resolution satellite 538 

sensors that are designed for remote sensing of land properties, e.g., the Sentinel-2 Multispectral 539 

Instrument (MSI) that acquires data at three different spatial resolutions of 10, 20, and 60 m 540 
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(sentinel.esa.int/web/sentinel). It is noted that the MSI has spectral bands capable of ocean color 541 

remote sensing and is particularly useful for many remote-sensing applications over global 542 

coastal and inland waters. 543 

It should be noted that as VIIRS I-bands are designed mainly for land and atmosphere 544 

applications (same as for MODIS), the sensor signal-to-noise ratio (SNR) performance is not 545 

optimal for ocean color applications, particularly for the open ocean or relatively less turbid 546 

waters. In fact, the design specification for VIIRS I1 band is about the same to MODIS land 547 

bands with SNR value of 119 for a high typical TOA radiance of 2.2 mW cm−2 µm−1 sr−1 (Cao, et 548 

al., 2013). The VIIRS on-orbit SNR evaluation for I1 638 nm band is significantly better, i.e., 549 

about 214 (Cao, et al., 2013). The I1 SNR values from the specification and on-orbit estimation 550 

can be compared with VIIRS M5 (671 nm) of 242 and 336 with a typical TOA radiance of 1.0 551 

mW cm−2 µm−1 sr−1 (Cao, et al., 2013). Therefore, for actual ocean color applications 552 

(particularly for open oceans), the SNR value for VIIRS I1 band is significantly reduced because 553 

of low typical TOA radiance values. On the other hand, the SNR value with the aggregated I1 554 

band data can be increased by about a factor of 2. For turbid coastal and inland waters, however, 555 

VIIRS I1 SNR performance should be reasonably good as the TOA radiance is significantly 556 

increased. Thus, the relative noise error for VIIRS-derived nLw(638) is considerably reduced. For 557 

example, in the extremely turbid water in China’s east coastal region, nLw(638) alone can reach 558 

to ~6.0 mW cm−2 µm−1 sr−1 as shown in Fig. 5, compared with a typical TOA radiance value of 559 

~1.9 mW cm−2 µm−1 sr−1. Some quantitative evaluations have also been carried out over the clear 560 

MOBY site using the MOBY in situ optics data (Clark, et al., 1997). Table 2 shows VIIRS-561 

derived nLw(λ) at 443, 551, 638, and 671 nm compared with those from MOBY in situ data. 562 

Both the ratio (VIIRS/MOBY) and the difference (VIIRS−MOBY) values with statistics of 563 

mean, median, and STD are provided in Table 2. The noise error can be indicated through STD 564 

values, providing some quantitative sensor performance evaluations. Results in Table 2 show 565 

that VIIRS-derived nLw(638) is slightly worse than those of nLw(671), i.e., STD values of 0.545 566 

versus 0.498 in the ratio and 0.0155 versus 0.0099 mW cm−2 µm−1 sr−1 in the difference. Table 2 567 
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also shows that, although there seem to be some biases in ratio values for nLw(638) and nLw(671) 568 

due to low nLw(λ) for clear water, their difference values are actually the smallest. Therefore, for 569 

open oceans (or relatively less turbid regions), VIIRS I1 band may have some performance issue, 570 

i.e., low SNR value leading to data noise (i.e., large STD values). However, for turbid coastal 571 

and inland waters, VIIRS I1 band should perform reasonably well in providing accurate ocean 572 

color products. It should be further noted that for Level-3 9-km averaged nLw(638) data there is 573 

no noise issue.  574 

Using the new technique in processing VIIRS ocean color data, nLw(λ) at the VIIRS 575 

imaging I1 band at 638 nm can be derived for both spatial resolutions of 375 and 750 m, along 576 

with nLw(λ) at VIIRS M-bands, i.e., M1–M5 for the open ocean and M1–M7 for turbid coastal 577 

and inland waters. As shown in several examples presented in this study, VIIRS high spatial 578 

resolution nLw(638) data can provide more detailed information about water optical, biological, 579 

and biogeochemical properties, e.g., features of spatial distribution and optical characteristics 580 

about algal blooms at small scale, as well as additional nLw(λ) spectral information at the 581 

wavelength of 638 nm. It is particularly noted that the additional nLw(λ) data at the spectral band 582 

of 638 nm, nLw(638), are quite important and useful for turbid coastal and inland waters as 583 

shown in the results of Fig. 5, e.g., nLw(λ) spectra are generally peaked at the wavelength 638 nm 584 

for highly turbid waters. Otherwise, this information is missed in nLw(λ) spectra with only VIIRS 585 

M-bands. In other words, VIIRS-derived nLw(638) is quite unique and somewhat critical for 586 

highly turbid coastal and inland waters. Other ocean color products, such as IOPs (Lee, et al., 587 

2002) at VIIRS I1 band 638 nm can also be derived using nLw(638) data. Particularly, the 588 

particle backscattering coefficient data at the wavelength of 638 nm are useful for global turbid 589 

coastal and inland waters. It is also noted that the additional VIIRS-measured nLw(638) data may 590 

be useful for detecting and monitoring of the algae blooms over global coastal and inland lakes, 591 

e.g., cyanobacteria blooms (Hu et al., 2010). Furthermore, results from VIIRS-derived seasonal 592 

nLw(638) distributions over turbid coastal regions of the U.S. east coast, the China east coast, and 593 

the Argentina east coast (including highly turbid La Plata River Estuary) show that nLw(638) data 594 
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are indeed useful and informative to characterize the variation of turbid coastal and inland 595 

waters. Finally, it is interesting to note that the global ocean spatial distribution of the VIIRS-596 

measured climatology nLw(638) has some similar features to those from Chl-a and Kd(490) 597 

products. 598 

The new data processing technique for the mixed spatial resolution SDR (or Level-1B data) 599 

has been implemented in MSL12 for routine production of VIIRS global nLw(λ) spectra, 600 

including at the I1 band nLw(638) data. VIIRS global ocean color products and some extensive 601 

calibration and validation results can be found at: www.star.nesdis.noaa.gov/sod/mecb/color/.   602 
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Table 1. VIIRS-derived nLw(λ) compared with in situ measurements from the U.S. east coast and the Gulf 612 
of Mexico regions for VIIRS M2, M4, M5, and I1 bands. Results show ratio of VIIRS versus in situ data 613 
and differences of VIIRS versus in situ data for number of data, mean, median, and STD values. 614 

VIIRS 

nLw(λ) 
Data # 

Ratio  
(VIIRS/In Situ) 

Difference  

(VIIRS−In Situ) 

Mean Median STD Mean† Median† STD† 

nLw(443) 103 1.0301 0.9763 0.506 −0.0116 −0.0096 0.3502 

nLw(551) 103 1.0587 1.0337 0.330 −0.1179 0.0104 0.7299 

nLw(638) 103 1.5554 1.0486 2.598 −0.0989 0.0060 0.4681 

nLw(671) 102 1.5022 1.0753 1.792 −0.0571 0.0094 0.3187 

 †Unit of mW cm−2 μm−1 sr−1 615 

 616 

Table 2. VIIRS-derived nLw(λ) compared with those from MOBY in situ measurements for 617 
VIIRS M2, M4, M5, and I1 bands. Results show ratio of VIIRS versus MOBY data and 618 
differences of VIIRS versus MOBY data for number of data, mean, median, and STD values. 619 

VIIRS 

nLw(λ) 
Data # 

Ratio  
(VIIRS/MOBY) 

Difference  

(VIIRS−MOBY) 

Mean Median STD Mean† Median† STD† 

nLw(443) 557 1.0159 1.0119 0.092 0.0196 0.0181 0.1499 

nLw(551) 557 1.0276 1.0098 0.135 0.0062 0.0029 0.0374 

nLw(638) 555 1.0656 0.9366 0.545 0.0010 −0.0018 0.0155 

nLw(671) 527 1.1219 1.0045 0.498 0.0021 0.0001 0.0099 

 †Unit of mW cm−2 μm−1 sr−1 620 

 621 

622 
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Figure Captions 770 

Figure 1. Grouping and arrangement of VIIRS I-band pixels for the MSL12 ocean color data 771 

processing system.   772 

Figure 2. VIIRS-derived nLw(638) images over the Baltic Sea at 10:52 UTC on August 14, 2015 773 

for the case of spatial resolution of (a) 750 m and (b) 375 m. There are specific sites A and B, as 774 

well as line L marked in Fig. 2a for quantitative analyses. 775 

Figure 3. Comparisons of the VIIRS-derived nLw(638) along the transect line L noted in Fig. 2a 776 

between nLw(638) derived in spatial resolution of 750 m (Fig. 2a) and 375 m (Fig. 2b). 777 

Figure 4. VIIRS-derived nLw(638) image with spatial resolution of 375 m showing some 778 

estuarine plume features over region of (a) the Gulf of Khambhat at 08:30 UTC on March 24, 779 

2017 and (b) the Gulf of Kutch at 08:36 UTC on March 29, 2017. There are specific sites C and 780 

D marked in Fig. 4a, and E and F marked in Fig. 4b for quantitative analyses.  781 

Figure 5. VIIRS-derived nLw(λ) spectra at VIIRS spectral bands of 410, 443, 486, 551, 638, 671, 782 

745, and 862 nm at locations of A–F indicated in Figs. 2 and 4.    783 

Figure 6. VIIRS-derived nLw(λ) spectra compared to the in situ data measured over the U.S. east 784 

coast and the Gulf of Mexico regions for in situ data acquired on (a) October 17, 2016 at the 785 

location (32.633°N, 79.080°E), (b) October 17, 2016 at the location (32.795°N, 79.272°E), (c) 786 

May 12, 2016 at the location (28.492°N, 87.988°E), and (d) June 14, 2016 at the location 787 

(29.591°N, 83.516°E).  788 

Figure 7. VIIRS-derived seasonal nLw(638) images in the U.S. east coast region for the boreal 789 

season of (a) spring (March–May), (b) summer (June–August), (c) fall (September–November), 790 

and (d) winter (December–February). Three red boxes in Fig. 7a indicate areas of the Upper, 791 

Middle, and Lower Chesapeake Bay.  792 

Figure 8. VIIRS-derived monthly nLw(638) time series (2012–2017) averaged over the areas of 793 

the upper, middle, and lower Chesapeake Bay (as indicated in Fig. 7a).  794 

Figure 9. VIIRS-derived seasonal nLw(638) images in the China east coastal region for the 795 

boreal season of (a) spring (March–May), (b) summer (June–August), (c) fall (September–796 

November), and (d) winter (December–February). The three regions indicated in Fig. 9a for 797 
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further quantitative analyses are the old Yellow River Estuary, the Hangzhou Bay mouth, and 798 

Lake Taihu.  799 

Figure 10. VIIRS-derived monthly nLw(638) time series (2012–2017) averaged over the areas of 800 

the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake Taihu as indicated in 801 

Fig. 9a.  802 

Figure 11. VIIRS-derived seasonal nLw(638) images in the La Plata River estuary for the 803 

Australia season of (a) fall (March–May), (b) winter (June–August), (c) spring (September–804 

November), and (d) summer (December–February).  805 

Figure 12. VIIRS-derived seasonal nLw(638) images in the Florida coast region for the boreal 806 

season of (a) spring (March–May), (b) summer (June–August), (c) fall (September–November), 807 

and (d) winter (December–February). The three regions indicated in Fig. 12a for further 808 

quantitative analyses are the Caloosahatchee Estuary, St. Lucie Estuary, and Lake Okeechobee.  809 

Figure 13. VIIRS-derived time series (2012–2017) of monthly nLw() at wavelengths of (a) 443 810 

nm, (b) 551 nm, (c) 638 nm, and (d) 671 nm averaged over Caloosahatchee Estuary, St. Lucie 811 

Estuary, and Lake Okeechobee as indicated in Fig. 12a.  812 

Figure 14. VIIRS-derived global climatology nLw(638) image with measurements from February 813 

2012 to May 2016. 814 




