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ABSTRACT

A technique and implementation for deriving ocean color product using the imaging band
(I-band) measurements from the Visible Infrared Imaging Radiometer Suite (VIIRS) on the
Suomi National Polar-orbiting Partnership (SNPP) have been developed. The three VIIRS-SNPP
image bands (638, 862, and 1600 nm) with spatial resolution of 375 m are much better than the
VIIRS moderate (M) resolution bands of 750 m, which have been used for routinely producing
VIIRS global ocean color products. In particular, the high spatial resolution of VIIRS-derived
normalized water-leaving radiance at the wavelength of 638 nm (I1 band) nL,(638) can provide
useful information about water optical, biological, and biogeochemical properties over turbid
coastal and inland waters. In addition, VIIRS-derived nL,(638) data provide an important
spectral point and coverage along with nL,(A) from the seven VIIRS M-bands at wavelengths of
410, 443, 486, 551, 671, 745, and 862 nm, particularly over turbid coastal and inland waters. In
this paper, we describe our effort to develop a technique for deriving VIIRS nL,(A) spectra for
both M-bands and I-bands using the Multi-Sensor Level-1 to Level-2 (MSL12) ocean color data
processing system. Some examples of VIIRS-derived nL,(638) are provided and discussed,

showing the usefulness of this added capability for providing water properties over global turbid
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coastal and inland waters. Therefore, MSL12 is now capable of routinely and efficiently
producing VIIRS nL,(638) for both spatial resolutions of 375 and 750 m, along with nL,(A)
spectra at VIIRS M1-M7 with the spatial resolution of 750 m.

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

1. Introduction

The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-
orbiting Partnership (SNPP) satellite was successfully launched on October 28, 2011. VIIRS has
22 spectral bands ranging from the short blue (410 nm) to the infrared band (12.013 pm) that
combine spectral characteristics of various precedent Earth observing satellite sensors (Goldberg
et al., 2013), including NASA’s Sea-viewing Wide Field-of-view Sensor (SeaWiFS) (McClain et
al., 2004) and the Moderate Resolution Imaging Spectroradiometer (MODIS) (Esaias et al.,
1998; Salomonson et al., 1989) on Terra and Aqua, the NOAA Advanced Very High Resolution
Radiometer (AVHRR), and the Defense Meteorological Satellite Program (DMSP) Operational
Linescan System (OLS). There will be several follow-on VIIRS after the VIIRS-SNPP, including
VIIRS on the first Joint Polar Satellite System (JPSS-1), which was recently launched on
November 18, 2017 (now named NOAA-20). Since its launch, VIIRS-SNPP has been providing
the science and user communities with Environmental Data Records (EDR or Level-2 data) for
global land, atmosphere, and ocean. In particular, VIIRS global ocean color EDR data are one of
the key product suites derived from VIIRS missions (Wang et al., 2016a; Wang et al., 2013b). It
is noted that in addition to NOAA, VIIRS ocean color data are also produced by other
organizations or groups, e.g., by NASA.

VIIRS ocean color EDR data are derived using the Multi-Sensor Level-1 to Level-2
(MSL12) ocean color data processing system with the VIIRS moderate (M) resolution bands
(spatial resolution of 750 m) (Wang, et al., 2013b), including ocean color products of normalized
water-leaving radiance (nL,«(A)) (Gordon and Wang, 1994; IOCCG, 2010; Wang, 2007) at VIIRS
MI-MS5 bands (at wavelengths of 410, 443, 486, 551, and 671 nm), chlorophyll-a (Chl-a)
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concentration (Hu et al., 2012; O'Reilly et al., 1998; Wang and Son, 2016), the diffuse
attenuation coefficient at the wavelength of 490 nm Ku(490) (Wang et al., 2009a), and at the
domain of photosynthetically available radiation (PAR) K«(PAR) (Son and Wang, 2015), as well
as other experimental products such as inherent optical properties (IOPs) (Lee et al., 2002). It
should be noted that all ocean biological and biogeochemical products, as well as optical
properties, e.g., Chl-a, Ks(490), K«(PAR), IOPs, etc., are derived from satellite-measured nL,(A)
spectra (i.e., satellite can only directly measure radiances). It is noted that nL,(A) spectra can be
easily converted to remote sensing reflectance R,(A) spectra, i.e., Ry(4) = nL(A)/Fo(4) with Fo(4)
the extraterrestrial solar irradiance (Thuillier et al., 2003).

In addition, VIIRS-SNPP also has three imaging (I) bands at the wavelengths of 638, 862,
and 1600 nm, with a spatial resolution of 375 m. These I-bands were originally designed mainly
for land applications, e.g., normalized difference vegetation index (NDVI) (Rouse Jr. et al.,
1973) over global land using the VIIRS red (I1) and near-infrared (NIR) (I2) bands. However,
VIIRS I-bands are also useful for characterizing ocean and inland water properties, in particular,
VIIRS-derived nL.(A) at the high spatial resolution I1 band (638 nm), nL,(638), can provide
additional information about water optical, biological, and biogeochemical properties over turbid
coastal and inland waters where there are more dynamics to consider with various ocean/water
features in finer spatial scales. Furthermore, the VIIRS Il band nL.(638) can provide an
important additional nL,(A) spectral point at 638 nm covering more complete nL,(A) spectral
features in the red wavelength region, which is particularly useful for turbid coastal and inland
waters. Thus, it is useful to also derive VIIRS nL,(638) along with nL,(A) spectra from five M-
bands. However, the implementation of including VIIRS I-band nL,(A) data in MSL12 is not
straight-forward because of the mixing of pixel spatial resolutions in both 375 and 750 m. This
leads to an issue of inconsistent pixel numbers in the VIIRS ocean color data processing (inputs
and outputs), and it possibly has a significantly impact on the efficiency of the routine global

ocean color data processing.
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In this paper, we describe our effort in developing a technique for efficiently deriving VIIRS
nL,(A) spectra for both M-bands and I-bands using the MSL12 ocean color data processing
system. Specifically, a technique is developed and implemented into MSL12 that can produce
VIIRS nL,(638) data either in the high spatial resolution of 375 m or the moderate spatial
resolution of 750 m (or both), along with nL,(A) spectra from VIIRS M-bands at the wavelengths
of 410, 443, 486, 551, 671, 745, and 862 nm. With the new capability in MSL12 for producing
high spatial resolution nL,(638) data, VIIRS-derived nL,(638) over the global ocean can be
produced routinely and efficiently, in particular, over global turbid coastal and inland waters.
Some examples of VIIRS-derived nL,(638) over various turbid coastal and inland water regions
are provided, showing several useful applications using VIIRS high spatial resolution nL,(638)

data.

2. Deriving nL,(A) using VIIRS imagery bands
2.1. MSL12—Ocean color data processing system

The MSL12 ocean color data processing system has been used for processing VIIRS data
from the Sensor Data Records (SDR or Level-1B data) to ocean color EDR or (Level-2 data)
(Wang, et al., 2016a; Wang, et al., 2013b). MSL12 was originally developed for the purpose of
using a consistent and common ocean color data processing system to process global ocean color
data from multiple satellite ocean color sensors (Wang, 1999; Wang and Franz, 2000; Wang et
al., 2002). Specifically, MSL12 is based on the SeaWiFS Data Analysis System (SeaDAS)
version 4.6 with some significant improvements, including the shortwave infrared (SWIR)-based
and NIR-SWIR-based atmospheric correction algorithms for improved satellite ocean color data
over coastal and inland waters (Wang, 2007; Wang and Shi, 2005; 2007; Wang et al., 2009b).
There are also many studies and applications using the SWIR-based ocean color data processing
over extremely turbid coastal and inland waters (Shi and Wang, 2009; 2010b; 2012; Son and
Wang, 2012; Wang et al., 2012; Wang et al., 2011). In fact, since July 2012, MSL12 has been

used for routinely producing NOAA operational ocean color products from MODIS-Aqua over
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12 NOAA CoastWatch regions (i.e., in various U.S. open oceans, coastal, and inland waters)
(Wang and Liu, 2012) (www.ospo.noaa.gov/Product/ocean/). Furthermore, MSL12 has been
used to process ocean color products from the Korean Geostationary Ocean Color Imager
(GOCI) (Wang et al., 2013a). Certainly, MSL12 will be used for producing ocean color products
from all future VIIRS sensors onboard the NOAA JPSS series, e.g., JPSS-1, JPSS-2, etc.

In this study, the NIR-SWIR-based atmospheric correction algorithm (Wang and Shi, 2007)
in MSL12 has been used for processing VIIRS ocean color data because our study is focused on
coastal and inland waters using VIIRS-measured high spatial resolution I-band data. Essentially,
for open ocean with low Chl-a, the NIR atmospheric correction algorithm (Gordon and Wang,
1994) is used, but for the turbid coastal/inland waters, the SWIR atmospheric correction
algorithm (Wang, 2007) is applied to derive nL,(A) spectra. There is a merging range between
clear and turbid waters to produce consistent and smooth nL,(A) spectra (Wang and Shi, 2007).
In fact, it has been shown that the NIR-SWIR-based atmospheric correction algorithm can
produce the best satellite ocean color products (Wang, et al., 2009b). Thus, for turbid coastal and
inland waters, VIIRS can produce nL,(A) spectra at M1-M5 bands, as well as nL,(A) data at the
two NIR bands of 745 and 862 nm using the NIR-SWIR ocean color data processing in MSL12.
It is noted that an effective destriping algorithm has been used in MSL12 to produce improved
VIIRS ocean color product data and images (Mikelsons et al., 2014).

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

The major challenge in the implementation of VIIRS I-band ocean color data processing in
MSLI12 is the difference in its input SDR spatial resolution. The VIIRS M-bands have spatial
resolution at 750 m, while the I-band data are at 375 m. MSL12 performs atmospheric correction
and product derivation in a pixel-by-pixel-based approach, meaning it reads in all band SDR data
for a single pixel at once, processes it, and moves to the next pixel. To enable I-band data
processing in MSL12, the traditional approaches involve either aggregating I-band data into M-
band spatial resolution to make MSL12 process in M-band spatial resolution, or interpolating M-

band data into I-band spatial resolution to make MSL12 process in I-band resolution. Either way,
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it processes data in the same spatial resolution. The traditional approaches in processing ocean
color data do not require code changes, but changes of input SDR data are necessary.

The aggregation approach has been widely used. For example, MODIS has three types of
spatial resolution: 250, 500, and 1000 m. The ocean color bands are at 1 km spatial resolution,
while atmosphere and land application bands are at 250 or 500 m spatial resolutions. In fact, the
1 km spatial resolution of MODIS Level-1B data include all 1 km ocean color bands as well as
all atmosphere and land bands aggregated into 1 km spatial resolution from the spatial resolution
of 250 or 500 m. However, since the higher spatial resolution bands have already been
aggregated in MODIS Level-1B data, MSL12 does not need to do any extra work to pre-process
data from these bands. For VIIRS SDR (or Level-1B) data, individual spectral band data are
stored in separate SDR files, and no aggregation has been done for any VIIRS spectral bands.
Thus, MSL12 needs to incorporate the aggregation procedure in order to process I-band data in
M-band spatial resolution, i.e., pre-process I-band data to aggregate to a coarse M-band spatial
resolution (from 375 to 750 m). The advantage of this approach is a marginal increase in
computation time and an improved spectral resolution in VIIRS-derived nL,(A) spectra due to
inclusion of the I-band information, in particular, the red I1 band centered at 638 nm. On the
other hand, when using this approach we essentially lose the benefit of the higher spatial
resolution in the I-band due to the data aggregation.

The interpolation approach has been used as well, especially for true color image generation.
For example, to generate MODIS true color image in 250 m resolution, the blue and green bands
need to be interpolated into 250 m from 500 m or 1 km spatial resolutions, because MODIS has
only two 250 m bands, in the red and NIR, respectively. For our purpose, however, this approach
is undesirable because it increases the computation time fourfold due to the doubled spatial
resolution from 750 m to 375 m with a benefit of merely one I-band at the red and one at the NIR
band. The only benefit in the interpolation approach is its capability to produce nL,(638) at 375
m spatial resolution, and possibly enhance other derived ocean color products that use the red-

band information, such as the water diffuse attenuation coefficient at 490 nm, K4(490) (Wang, et
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al., 2009a), or the total suspended matter (TSM) in turbid coastal and inland waters (Miller and
McKee, 2004). However, there is no benefit added for nL.(A) spectra at VIIRS M-band
wavelengths and other derived products such as Chl-a concentration (Hu, et al., 2012; O'Reilly,
et al., 1998; Wang and Son, 2016).

Here we develop a new approach to perform ocean color data processing with mixed spatial
resolution SDR data, e.g., from VIIRS M-band and I-band data. In order to be computationally
efficient, the data processing needs to be done in the M-band spatial resolution of 750 m.
However, instead of aggregating the VIIRS I-band data into the M-band spatial resolution, we
redefine every I-band corresponding to four pseudo M-bands by assigning I-band pixels into four
groups (P1-P4), each corresponding to one pseudo M-band pixel as shown in Fig. 1. In Fig. 1,
the red-grid lines indicate boundaries of the M-band pixel size (spatial coverage), and black-grid
lines indicate boundaries of the I-band pixel size. Each M-band pixel contains 2x2 I-band pixels
labeled as P1-P4 in Fig. 1. In the across-track direction, P1 and P2 are two pixels in the same
scan, while P3 and P4 are two pixels in the next scan. For example, each I1 band pixel is divided
into four pseudo M-band pixels named I1-1, 11-2, I1-3, and 11-4. This means the four I1 band
pixels are treated as if they are from four spectral bands (with the same wavelength). I1-1 is
comprised of P1 pixels only, and has same number of pixels across-track and along-track with
other M-bands data. The same arrangement is also done for I1-2, 11-3, I1-4 and other pseudo M-
bands data formed from other VIIRS I-bands data. Thus, with this arrangement we now have all
the same pixel number (spatial resolution) for both I-bands and M-bands data. It is noted that the
VIIRS four I-band pixels always match well with the collocated M-band pixel. It should also be
noted that since the processing is done in 750 m spatial resolution, all of the atmospheric
components such as Rayleigh scattering and aerosol radiances are all in 750 m spatial resolution.
Still, this is acceptable because the spatial scale of the atmospheric variability is usually much
larger than that of oceanic variability, particularly over coastal and inland water regions.

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

color data processing system, the 10 M-band data arrangement in spectral sequence is: (M1, M2,
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M3, M4, M5, M6, M7, M8, M10, M11), and these VIIRS M-bands data are used in MSL12 for
routinely deriving global ocean color products (Wang, et al., 2016a; Wang, et al., 2013b). After
adding the three I-bands data (I1-13), the new 22-band (M- and I-band) spectral sequence
becomes: (M1, M2, M3, M4, 11-1, 11-2, 11-3, I1-4, M5, M6, M7, 12-1, 12-2, 12-3, 12-4, M8, 13-1,
13-2, 13-3, 13-4, M10, M11). Thus, the additional high spatial resolution I-band data (e.g., 11-2,
I1-3, and I1-4) are effectively treated as additional spectral band data. Except for the additional
12-pseudo bands arrangement for the three VIIRS I-bands, the MSLI12 ocean color data
processing system does not require any change as MSL12 can handle a different number of
spectral bands. As discussed before, MSL12 is designed for ocean color data processing for
multiple satellite sensors, and different satellite sensors usually have different spectral bands
(Wang, 1999; Wang and Franz, 2000; Wang, et al., 2002). Thus, the only major change is the
input/output (I/O) stage. Each time MSL12 reads one scan from each of the M-band data files, it
needs to read two scans from the I-band data files (note that each scan from an I-band data file
has twice the pixel number of the scan from an M-band data file), and to assign the data into four
corresponding pseudo M-bands data. After the data processing is completed, each time when the
MSL12 writes one scan to a moderate spatial resolution product, it also needs to write out two
scans to a high spatial resolution product such as nL(vi”)(Il) (or nL(‘f” )(638)), which can be
considered as the mosaic of nL,(I1-1), nL.,(I11-2), nL.(I1-3), and nL.(I1-4), respectively,
according to the splitting scheme shown in Fig. 1. Additionally, an aggregated product can be
derived, such as nZ{*)(11), which is calculated from the mean of nLy(I1-1), nLy(11-2), nLy(I1-
3), and nL,(I1-4) when the values are valid (not missing or masked). Therefore, MSL12 is now
capable of producing nL,(638) data in both high (375 m) and moderate (750 m) spatial
resolutions, i.e., nL(‘f” )(638) and nL(VfG)(638). It is emphasized again that using the new data
processing technique only requires processing data once to output ocean color products with
mixed spatial resolutions.

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

including VIIRS I-bands are necessary. This mainly includes the LUTs and coefficients for
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computing the TOA Rayleigh scattering radiance (Gordon et al., 1988; Wang, 2002; 2005;
2016), aerosol radiance (Wang, 2007), ozone absorption (Wang, 1999), NO» absorption (Ahmad
et al., 2007), and some other values related to the MSL12 ocean color data processing system

such as solar irradiance (Thuillier, et al., 2003).
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Figure 1. Grouping and arrangement of VIIRS I-band pixels for the MSL12 ocean
color data processing system.

2.3. Calibrations for the ocean color data processing

The new ocean color SDR (OC-SDR) generated using both the on-orbit solar and lunar
calibrations (Sun and Wang, 2015a; b; 2016) are used to routinely produce VIIRS Level-2 and
Level-3 ocean color products for the global ocean (Wang, et al., 2016a). In this study, the OC-
SDR data that include I-bands are also used. It is noted that the VIIRS OC-SDR data are
different (and significantly improved) from those of VIIRS operational SDR data which only use
the solar calibration approach (Cao et al., 2013). In addition, vicarious calibration using the in
situ nL,(A) spectra data from the Marine Optical Buoy (MOBY) in waters off Hawaii (Clark et

al., 1997) for the MSL12 ocean color data processing for VIIRS has been carried out (Wang et



229
230
231

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

10

al., 2016b). This is specifically for deriving vicarious gain for the VIIRS Il band (the gain
coefficient for I1 band is 1.00932), along with previously derived vicarious gains for VIIRS M-

bands (Wang, et al., 2016b) in order to produce accurate VIIRS nL,(A) spectra data.

3. Example results of VIIRS-derived nL,(638) imagers

Using the MSL12 with implemented VIIRS I-band data processing capability, both high
(375 m) and moderate (750 m) spatial resolutions nL,(638) data can be derived. In this section,
we show several examples demonstrating the usefulness of the VIIRS new ocean color data
product. It should be noted again that all results in this study are processed using MSL12 with
the NIR-SWIR atmospheric correction algorithm (Wang and Shi, 2007).
3.1. Examples of high spatial resolution nL.,(638) product

The VIIRS-derived high spatial resolution nL,(638) imagery (375 m) is expected to reveal
more detailed features than that of the moderate spatial resolution (750 m) due to the double
spatial resolution of the former in both along-track and across-track directions. On the other
hand, the difference in nL,(638) imageries for different spatial resolution (i.e., 375 versus 750 m)
is not large enough to prevail in moderate to large scale ocean features. It is understandable that
only small-scale features that vary on scales of ~500 m or less can show the difference between
the nL,(638) images of two spatial resolutions. One case that meets this condition is the algal
bloom that frequently occurs during summer in the Baltic Sea. Fig. 2 shows one of such cases
captured by VIIRS-SNPP on August 14, 2015. The upper and lower panels show nL,(638)
images in spatial resolutions of 750 m (nL(vfG)(638)) (Fig. 2a) and 375 m (nL(fI )(638)) (Fig. 2b),
respectively. The algal bloom has quite high reflectance in the red band and therefore is ideal for
our purpose. The bloom area has nL.(638) values of ~1-3 mW cm™ ym™' sr™! and the
background ocean water has nL,(638) of < ~0.3 mW c¢cm™ um™! sr™!. The upper panel image
(Fig. 2a) appears to be a little blurred compared with the lower panel image (Fig. 2b), but does

not seem to miss any major ocean features at a glance.
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Figure 2. VIIRS-derived nL,(638) images over the Baltic Sea at 10:52 UTC on August
14, 2015 for the case of spatial resolution of (a) 750 m and (b) 375 m. There are
specific sites A and B, as well as line L marked in Fig. 2a for quantitative analyses.
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Figure 3. Comparisons of the VIIRS-derived nL,(638) along the transect line L noted

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

To show the difference quantitatively in VIIRS-derived nL,(638) between high (375 m) and
moderate (750 m) spatial resolutions, the values of both aggregated and high spatial resolution
nL,(638) data along the line “L” noted in Fig. 2a are plotted as a function of latitude in Fig. 3, in
which nL,(638) data are from ~0.2-3 mW cm™ um™' sr™!. Indeed, overall the variation in
nL,(638) for both curves in Fig. 3 agrees quite well, but the red curve (375 m spatial resolution
data) reveals more detailed spatial variations than the blue curve (750 m spatial resolution data),
as indicated by the green arrows in the bottom of Fig. 3. In fact, nL(vfG)(638) data (blue curve)
behave like a smoothed version of nL(Vf" )(638) (Fig. 3). From results in Fig. 3, it is obvious that
the high spatial resolution product contains more detailed and small-scale features (as expected).

We also calculated the statistics for the difference between the two: the bias is 0.004 mW
cm2 ym~! sr7!, or ~0.60% of the mean value of nL(vfG)(638) (which is 0.666 mW cm=2 ym™!
sr7!), while the standard deviation (STD) between the two is 0.115 mW cm™? ym™' sr™!, or

~26.36% of the STD of nL(vfG)(638) (which is 0.436 mW cm™2 ym~' sr™!). This indicates that
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there is no bias between nLEfG)(638) and nL(f’ )(638), but the small-scale fluctuations in the
higher resolution product are quite significant.

Aside from the example of algal bloom, another common condition to take advantage of the
high spatial resolution nLEfII)(638) data is the monitoring of coastal plumes, especially in turbid
water regions where the plume contains a large amount of suspended sediments or colored
dissolved organic matter (CDOM), which has a reflectance spectral peak in the red band. Fig. 4
shows VIIRS-derived high spatial resolution nL(fI )(63 8) images depicting two estuarine plumes
in the Gulf of Khambhat and the Gulf of Kutch, respectively. The value of nL(‘f” )(638) in these
two locations can be as high as ~3 mW cm™ um™ sr! due to the high concentration of
suspended sediments. Many detailed plume structures in Fig. 4 can be distinguished near the
mouths of both estuaries thanks to the high spatial resolution nL(Vf" )(63 8) data.

In addition to improving the spatial resolution, the inclusion of the VIIRS I1 band in the
satellite-derived nL,(A) spectra also improves the spectral resolution (and coverage) with
additional spectral information in nL,(A) at 638 nm. To showcase this improvement, we selected
a total of six locations for each scene discussed previously, which are labeled “A” and “B” in
Fig. 2a, “C” and “D” in Fig. 4a, and “E” and “F” in Fig. 4b, and their corresponding eight-band
spectra (at wavelengths of 410, 443, 486, 551, 638, 671, 745, and 862 nm) are displayed in Fig.
5. It is noted that, in most nL,(A) spectra in Fig. 5, nL,(638) is not on the straight line connecting
the values of nL,(551) and nL,(671), and some nL,(A) spectra even peaked at the band 638 nm,
indicating that additional nL.(A) information at 638 nm cannot be derived from mere
interpolation, in particular, over turbid coastal and inland waters.

The nL,(A) spectra at the sites A (58.95°N, 20.78°E) and B (59.10°N, 20.99°E) in the Baltic
Sea (noted in Fig. 2a) are in the algal bloom areas and both are peaked at the green band (551
nm) with values of 2.5 and 0.8 mW cm™ ym™! sr™!, respectively. This is understandable since the
algae in the summer Baltic Sea is often dominated by cyanobacteria (i.e., blue-green algae) (Stal
et al., 2003). The nL,(A) spectra in sites C (21.80°N, 72.39°E) and D (20.74°N, 72.39°E) (noted
in Fig. 4a) in the Gulf of Khambhat peaked at the red (638 nm) and green band (551 nm),
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respectively. In fact, site C in Fig. 4a is located in the extremely turbid and shallow water region
with a high suspended sediment concentration as nL,(638) reaches as high as ~4 mW c¢cm=2 ym™!
sr=!. Site D is located near the sand ridges, and the red band nL,(638) is significantly lowered
than that in site C. The nL,(A) spectra at sites E (22.86°N, 70.27°E) and F (22.56°N, 69.62°E)
(noted in Fig. 4b) in the Gulf of Kutch peaked at the red band (638 nm) and between the blue-
green bands (486 nm), respectively. In fact, the nL,(A) spectral shape in site E is similar to that
of site C, but with overall significantly increased nL.(A) magnitude. Indeed, in site E, nL,(638)
reaches to ~6 mW cm~2 um~! sr~!, which is a very large value corresponding to extremely turbid
waters (Shi and Wang, 2014). Site F in Fig. 4b is located over a less turbid and deeper water
location, away from the direct impact of the sediment plume. The nL,(A) spectrum is peaked at
the blue-green bands and the data point of nL,(638) again provides useful information for the
radiance spectral distribution.

In summary, nL,(A) spectra results in Fig. 5 clearly show that an additional nL,(638) value
adds a useful information for water optical property, and provides more complete nL,(A) spectral
distribution to be related to water biological and biogeochemical properties, particularly for
global turbid coastal and inland waters.

3.2. Validation results using the in situ data

For the validation purpose, VIIRS-derived nL,(638) data are compared with the in situ data
collected over the U.S. east coast and the Gulf of Mexico regions. Fig. 6 provides some examples
of VIIRS-derived nL,(A) spectra compared with those from the in situ measurements, showing
excellent spectral matchup results from VIIRS-derived nL.(A) spectra (particularly noted for
nL,(638) data). Specifically, Figs. 6a and 6b compare results obtained on October 17, 2016 over
the U.S. east coastal region at locations of (32.633°N, 79.080°E) and (32.795°N, 79.272°E),
respectively, while Figs. 6¢ and 6d are matchup results acquired over the Gulf of Mexico on May
12, 2016 at the location (28.492°N, 87.988°E) and June 14, 2016 at the location (29.591°N,
83.516°E), respectively. It is noted that, except for the case in Fig. 6¢, the other three cases are in

turbid coastal regions. Results in Fig. 6 show good matchup comparisons for VIIRS-derived
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nL,(A) spectra versus in situ measurements, in particular, nL,(638) data are quite reasonable.
Certainly, some differences are also observed, e.g., slightly higher values in both nL,/(638) and
nL,(671) compared to the in situ data in Fig. 6d. Some quantitative evaluations have also been
carried out using much more in situ data obtained over the U.S. east coast and the Gulf of
Mexico regions. Table 1 shows VIIRS-derived nL,(A) at 443, 551, 638, and 671 nm compared
with those from in situ data. Both the ratio (VIIRS/In Situ) and the difference (VIIRS-In Situ)
values with statistics of mean, median, and STD are provided in Table 1. Results in Table 1 show
that VIIRS-derived nL,(638) data are reasonably accurate (see median ratio and difference
values), and comparable to those from other VIIRS spectral bands (particularly comparing
results from M-band 671 nm). However, Table 1 also shows that there are obvious larger noise
errors in nL,(638) data, i.e., larger STD values, due to the VIIRS sensor performance issue in I-
bands for ocean color applications (will be discussed more later).
3.3. Seasonal variation in nL.(638) over turbid coastal regions

After evaluating the nL,(638) product with both spatial patterns and spectral shapes in
several case studies, as well as validation results compared to the in situ data, we believe VIIRS-
derived nL,(638) is of similar data quality to nL,(A) at other M-bands. In fact, the MSL12 ocean
color data processing system processes satellite data consistently, i.e., using the Gordon and
Wang (1994) or the Wang (2007) atmospheric correction algorithm, the errors (or accuracy) in
the satellite-derived nL,(A) are spectrally coherent (IOCCG, 2010). Therefore, the new nL,(638)
product has been included in our VIIRS routine daily global ocean color data processing using

the NIR-SWIR atmospheric correction (Wang and Shi, 2007).
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March 24, 2017

March 29, 2017

Gulf of Khambhat Gulf of Kutch

nL,(638) (mW cm-2 ym-! sr1)
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Figure 4. VIIRS-derived nL,(638) image with spatial resolution of 375 m showing
some estuarine plume features over region of (a) the Gulf of Khambhat at 08:30 UTC
on March 24, 2017 and (b) the Gulf of Kutch at 08:36 UTC on March 29, 2017. There
are specific sites C and D marked in Fig. 4a, and E and F marked in Fig. 4b for
quantitative analyses.

The routine VIIRS Level-2 data files include nL,(638) in both spatial resolutions of 375 m
(imagery resolution) and 750 m (aggregated moderate resolution) forms. From global Level-2
data, global Level-3 daily products are then generated in both 2 km and 9 km resolution bins, and
all Level-3 products are generated by binning moderate resolution Level-2 ocean color products.
Furthermore, the global 8-day and monthly Level-3 data are generated from the global Level-3
daily data. In this section, the seasonal climatology nL.(638) images are obtained from monthly
Level-3 nL,(638) data with 2 km resolution bins from February 2012 to May 2017. Data from
January 2012 are excluded because the SWIR bands data are only available after January 18,
2012 and both the NIR and SWIR data are required for the NIR-SWIR atmospheric correction in

MSL12. In addition, the season for the Northern and Southern Hemisphere is different. In this
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366  study, the boreal seasons are defined as follows: spring—March to May, summer—June to
367  August, fall—September to November, and winter—December to February, respectively. On the
368  other hand, the austral seasons correspond to the following definition: spring—September to
369 November, summer—December to February, fall—March to May, and winter—June to August,
370  respectively. It is also noted that the VIIRS Level-3 data processing algorithm is essentially the
371  same as the one used for producing SeaWiFS and MODIS global Level-3 ocean color products
372 (Campbell et al., 1995).
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Figure 6. VIIRS-derived nL,(A) spectra compared to the in situ data measured over the
U.S. east coast and the Gulf of Mexico regions for in situ data acquired on (a) October
17, 2016 at the location (32.633°N, 79.080°E), (b) October 17, 2016 at the location
(32.795°N, 79.272°E), (c) May 12, 2016 at the location (28.492°N, 87.988°E), and (d)
June 14, 2016 at the location (29.591°N, 83.516°E).

Fig. 7 shows the nL,(638) seasonal climatology images in the U.S. east coastal region from
New Jersey to North Carolina. This part of the coast region includes a large area of estuarine
waters, including two bays and two sounds from north to south, i.e., the Delaware Bay,
Chesapeake Bay, Albemarle Sound, and Pamlico Sound. Results in Fig. 7 show that nL,/(638)
data are usually below ~0.1 mW cm™ ym~' sr! in the open ocean (far offshore regions), and
above ~1 mW cm™2 ym™' sr™! in the majority of turbid coastal estuarine waters. The seasonal
variability of nL,(638) is apparent in this region, with summer having the lowest nL,(638)
values, winter having the highest values, and spring and fall nL,,(638) having values lying in the
middle. There is also spatial variability of seasonal trend. For example, the central Delaware Bay
has larger nL,(638) values in fall than in spring, whereas the Albemarle Sound has larger

nL,(638) in spring than in fall. For most of this area, the largest nL,(638) values happen in
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winter and can reach as high as ~3 mW cm™? ym~! sr™! due to strong wind forcing, resulting in
water column mixing and sediment re-suspension (Liu and Wang, 2014; Shi and Wang, 2010a;

Son and Wang, 2012).

(a) Upper83y :
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nL(638) (mW cm2 ym-1 sr-1)
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Figure 7. VIIRS-derived seasonal nL,(638) images in the U.S. east coast region for the
boreal season of (a) spring (March-May), (b) summer (June—August), (c) fall
(September—November), and (d) winter (December—February). Three red boxes in Fig.
7a indicate areas of the Upper, Middle, and Lower Chesapeake Bay.

To quantitatively evaluate VIIRS-derived nL,(638) data, the Chesapeake Bay is divided into
three regions, i.e., Upper Bay, Middle Bay, and Lower Bay following Son and Wang (2012),
which is represented by the three boxes shown in Fig. 7a. The mean value of each region is
extracted as the representative value of that area, and the corresponding monthly time series of
nL,(638) is plotted in Fig. 8. The monthly nL,(638) values of the three Chesapeake Bay areas
have some common characteristics, e.g., peak values (or highs) in winter (usually in January and
February) and troughs (or lows) in summer (from June to September). The nL,(638) values of
the middle and lower bays fluctuate between ~0.6-1.2 mW cm™2 um™' sr!, while those of the
upper bay where the water is more turbid vary between ~0.6—-1.8 mW cm=2 um~! sr™!. In fact, the
nL,(638) value ranges and time series patterns are quite consistent with those of MODIS-Aqua-

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

Fig. 9 shows the nL,(638) seasonal climatology off the China east coast region including the
Bohai Sea, Yellow Sea, and East China Sea. Note that the scale in Fig. 9 is different from Fig. 7.
This area is one of the most turbid coastal regions in the world where nL,(638) reaches as high
as ~10 mW cm™? ym~" sr™! at some locations. The seasonal variation in nL,(638) is similar to that
in the U.S. east coastal region (Fig. 7), albeit much more pronounced, with winter being the
season with the highest nL,(638) values and summer with the lowest. Spatially, the region
surrounding the coast within 50 m isobaths (bathymetry map not shown) and the southwest
corner of the Bohai Bay has the highest nL,(638) values. It is also noted that the sediment
signature in the center of the figures extended much farther offshore in winter than in other
seasons (Fig. 9). These suspended sediments are in fact not transported offshore by advection,
but are generated by re-suspension from the shallow bottom, because the contour of the sediment
plume coincides with the 50 m isobaths (Shi and Wang, 2010b). Since the wind in winter season
is the strongest, it produces the strongest mixing, the most pronounced turbidity, and the highest
nL,(638) values as shown in Fig. 9. These results are consistent with several previous studies

(Shi and Wang, 2010a; b; 2012; 2014).
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Figure 9. VIIRS-derived seasonal nL,(638) images in the China east coastal region for
the boreal season of (a) spring (March—-May), (b) summer (June—August), (c) fall
(September—November), and (d) winter (December—February). The three regions
indicated in Fig. 9a for further quantitative analyses are the old Yellow River Estuary,
the Hangzhou Bay mouth, and Lake Taihu.

Again, to make quantitative analysis, three regions of extremely turbid waters are marked in
Fig. 9a. They are the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake
Taihu. Central Lake Taihu is less turbid than the other two locations, and is included here to
compare with results from Wang et al. (2011). The monthly nL,(638) in central Lake Taihu
varies between ~2-6 mW c¢cm™ ym~! sr~!, and includes peaks in winter and troughs in summer.
The nL,(638) value range and its seasonal/interannual patterns in central Lake Taihu agree quite
well with those of nL,(645) from MODIS-Aqua measurements as shown in earlier studies
(Wang, et al., 2011; Wang et al., 2013c). nL,(638) values at the other two locations share similar
seasonal patterns with those at central Lake Taihu but with higher peak values. Particularly,
nL,(638) values at the old Yellow River Estuary can reach as high as ~8 mW ¢m™ ym~' sr™! in
winter. Obviously, nL,(638) values at these three regions are considerably larger than those from
the Chesapeake Bay and the U.S. east coastal regions. These are typical of extremely turbid

waters over global coastal and inland waters. The addition of nL,(A) at spectral point 638 nm is
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450  particularly useful for highly turbid waters as VIIRS-measured nL,(A) spectra usually peak at I1
451  band at 638 nm (Fig. 5).
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453 ae
454 Figure 10. VIIRS-derived monthly nL,(638) time series (2012-2017) averaged over
455 the areas of the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake
456 Taihu as indicated in Fig. 9a.
457 Figure 11 shows another study area along the Argentina east coast region involving one

458  major estuary named La Plata River, which is the river and estuary formed by the confluence of
459  the Uruguay and the Parana rivers. The seasons in the region follow the Southern Hemisphere
460  pattern. From results in Fig. 11, the most distinguished nL,/(638) features of this region are the
461  extremely high values in the inner estuary and less seasonal variation. The highest nL,/(638)
462  reaches ~10 mW cm=2 ym™! sr™! in the inner estuary in fall season only, and the rest of the
463  seasons looks quite similar (i.e., less seasonal variation). The reason is due to a submerged shoal
464  called “Barra del Indio,” the longest shoal in the world with a length of 220 km, which divides
465  the La Plata River into an inner freshwater riverine and an outer brackish estuarine area. The
466  sediments from upstream are prevented from entering the estuarine area, and can only stay north

467  of the shoal. Since the shoal blocks the flow, not much seasonality of turbidity distribution or
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nLy(638) variation can be observed. The reason behind the extremely high values in the fall
season is due to the peak runoff of the Bermejo River in February and March from upstream,
which takes approximately one month to reach La Plata River. Indeed, it was found that the
variability of water turbidity in the upper and middle La Plata River is highly correlated to the
Bermejo River runoff, which carries enormous amounts of red-colored sediments (Dogliotti et

al., 2016).
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Figure 11. VIIRS-derived seasonal nL,(638) images in the La Plata River estuary for
the Australia season of (a) fall (March-May), (b) winter (June—August), (c) spring
(September—November), and (d) summer (December—February).

The last example in the seasonal climatology study is the coastal areas and inland waters of
Florida (Fig. 12). Compared to the previous three cases, nL,(638) values in this region are much
smaller, and thus a linear scale of 0.0-1.5 mW cm™2 ym™! sr™! is used in Fig. 12. Seasonality of
nL,(638) is unpronounced in this region, but winter is still the season with the highest nL,/(638)
values and summer with the lowest. This is true whether along the west, south, and east

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

Three locations are selected to perform a quantitative analysis: the Caloosahatchee Estuary
on the west coast, the St. Lucie Estuary on the east coast and the inland Lake Okeechobee as
marked in Fig. 12a. Monthly mean nL.,(A) values at 443, 551, 638, and 671 nm for time series

from 2012-2017 are shown in Figs. 13a—13d, respectively. The two estuaries on the different
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sides of Florida exhibit somewhat different seasonal patterns in VIIRS-derived nL,(638), with
slightly delayed nL,(638) peak time for the St. Lucie Estuary. This feature is also present in the
other three bands, being the most pronounced in nL,(443). nL,(638) values are also lower in the
St. Lucie Estuary, ranging from ~0.1-1.0 mW c¢m~2 ym~! sr™!, while the Caloosahatchee Estuary
has nL,(638) values from ~0.3—1.5 mW cm™ um~! sr™!. nL,(A) values of other two bands at 551
and 671 nm also have lower values in the St. Lucie Estuary, but nL,(443) values are similar
between the two estuaries. The patterns and ranges of nL,(638) values at these two estuaries are
very consistent with the MODIS-Aqua nL,(645) values reported by Wang et al. (2012). On the
other hand, nL.(A) at these four bands (443, 551, 638, and 671 nm) show much less seasonality
in Lake Okeechobee, compared with the other two estuaries (Fig. 13). Both nL,(443) and
nL,(551) values in Lake Okeechobee are constantly near or below the trough of those in the two
estuaries, while nL,(638) and nL,(671) values are near the middle and peak, respectively.
3.4. VIIRS global climatology nlL.(638) image

The global climatology image of nL,(638) shown in Fig. 14 was generated from monthly
Level-3 nL,(638) with 9 km resolution bins from February 2012 to May 2017. The majority of

the open ocean has nL,(638) values in the order of ~0.1 mW c¢cm™ um™' sr~! with lower and
upper bound of ~0.03 and ~0.3 mW cm~2 um~! sr™!, respectively. The central region of the basin
circulations usually has the lowest values of nL,(638) in the order of ~0.03 mW cm™2 ym™"'sr™!.
Specifically, these subtropical oligotrophic gyres include the East Pacific gyre, West Pacific
gyre, South Pacific gyre, North Atlantic gyre, South Atlantic gyre, and Indian Ocean gyre. The
rest of the open ocean generally has nL,(638) values of ~0.1-0.3 mW cm™2 ym~! sr™!. On the
other hand, in coastal and inland water regions, nL,(638) values usually are ~0.3 mW c¢cm=2 ym™!
sr! and above. Areas with values of nL,(638) > ~1.0 mW cm™ um™! sr™! can be considered
highly turbid waters, and include the China east coast, U.S. east coast estuaries, the Amazon
River Estuary, the La Plata River Estuary, and other estuaries near major world cities. From Fig.

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

similarity features to those from chlorophyll-a and K4(490) products.
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Figure 13. VIIRS-derived time series (2012-2017) of monthly nL,(A) at wavelengths
of (a) 443 nm, (b) 551 nm, (c) 638 nm, and (d) 671 nm averaged over Caloosahatchee
Estuary, St. Lucie Estuary, and Lake Okeechobee as indicated in Fig. 12a.
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Figure 14. VIIRS-derived global climatology nL,(638) image with measurements from
February 2012 to May 2016.

4. Discussions and Summary

In order to process VIIRS ocean color product for the mixed spatial resolution data from M-
bands and I-bands, a new technique has been developed, i.e., simply treating the extra high
spatial resolution data (compared to the normal spatial resolution data) as if it were from
additional spectral band data. The idea is simple, yet quite effective and efficient in satellite data
processing. Therefore, the MSL12 ocean color data processing system can process the mixed
spatial resolution data seamlessly and efficiently. In particular, the new data processing approach
can be applied to any mixed spatial resolution data, not just two different spatial resolution data
as demonstrated in VIIRS case. Thus, the new data processing method can be directly applied to
MODIS (three different spatial resolutions at 250, 500, and 1000 m) and VIIRS (two different
spatial resolutions at 375 and 750 m), as well as for several high spatial resolution satellite
sensors that are designed for remote sensing of land properties, e.g., the Sentinel-2 Multispectral

Instrument (MSI) that acquires data at three different spatial resolutions of 10, 20, and 60 m
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(sentinel.esa.int/web/sentinel). It is noted that the MSI has spectral bands capable of ocean color
remote sensing and is particularly useful for many remote-sensing applications over global
coastal and inland waters.

It should be noted that as VIIRS I-bands are designed mainly for land and atmosphere
applications (same as for MODIS), the sensor signal-to-noise ratio (SNR) performance is not
optimal for ocean color applications, particularly for the open ocean or relatively less turbid
waters. In fact, the design specification for VIIRS I1 band is about the same to MODIS land
bands with SNR value of 119 for a high typical TOA radiance of 2.2 mW c¢cm~2 ym~"sr! (Cao, et
al., 2013). The VIIRS on-orbit SNR evaluation for I1 638 nm band is significantly better, i.e.,
about 214 (Cao, et al., 2013). The I1 SNR values from the specification and on-orbit estimation
can be compared with VIIRS M5 (671 nm) of 242 and 336 with a typical TOA radiance of 1.0
mW cm™? um™ sr™' (Cao, et al., 2013). Therefore, for actual ocean color applications
(particularly for open oceans), the SNR value for VIIRS I1 band is significantly reduced because
of low typical TOA radiance values. On the other hand, the SNR value with the aggregated 11
band data can be increased by about a factor of 2. For turbid coastal and inland waters, however,
VIIRS I1 SNR performance should be reasonably good as the TOA radiance is significantly
increased. Thus, the relative noise error for VIIRS-derived nL,(638) is considerably reduced. For
example, in the extremely turbid water in China’s east coastal region, nL,(638) alone can reach
to ~6.0 mW c¢cm=2 ym~! sr! as shown in Fig. 5, compared with a typical TOA radiance value of
~1.9 mW cm~2 um~! sr~!. Some quantitative evaluations have also been carried out over the clear
MOBY site using the MOBY in situ optics data (Clark, et al., 1997). Table 2 shows VIIRS-
derived nL,(A) at 443, 551, 638, and 671 nm compared with those from MOBY in situ data.
Both the ratio (VIIRS/MOBY) and the difference (VIIRS—-MOBY) values with statistics of
mean, median, and STD are provided in Table 2. The noise error can be indicated through STD
values, providing some quantitative sensor performance evaluations. Results in Table 2 show
that VIIRS-derived nL,(638) is slightly worse than those of nL,(671), i.e., STD values of 0.545

versus 0.498 in the ratio and 0.0155 versus 0.0099 mW c¢cm~2 ym~! sr™!in the difference. Table 2
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also shows that, although there seem to be some biases in ratio values for nL,(638) and nL,(671)
due to low nL,(A) for clear water, their difference values are actually the smallest. Therefore, for
open oceans (or relatively less turbid regions), VIIRS 11 band may have some performance issue,
i.e., low SNR value leading to data noise (i.e., large STD values). However, for turbid coastal
and inland waters, VIIRS I1 band should perform reasonably well in providing accurate ocean
color products. It should be further noted that for Level-3 9-km averaged nL,(638) data there is
no noise issue.

Using the new technique in processing VIIRS ocean color data, nL,(A) at the VIIRS
imaging I1 band at 638 nm can be derived for both spatial resolutions of 375 and 750 m, along
with nL,«(A) at VIIRS M-bands, i.e., M1-M5 for the open ocean and M1-M7 for turbid coastal
and inland waters. As shown in several examples presented in this study, VIIRS high spatial
resolution nL,(638) data can provide more detailed information about water optical, biological,
and biogeochemical properties, e.g., features of spatial distribution and optical characteristics
about algal blooms at small scale, as well as additional nL.(A) spectral information at the
wavelength of 638 nm. It is particularly noted that the additional nL,(A) data at the spectral band
of 638 nm, nL,(638), are quite important and useful for turbid coastal and inland waters as
shown in the results of Fig. 5, e.g., nL,(A) spectra are generally peaked at the wavelength 638 nm
for highly turbid waters. Otherwise, this information is missed in nL,(A) spectra with only VIIRS
M-bands. In other words, VIIRS-derived nL,(638) is quite unique and somewhat critical for
highly turbid coastal and inland waters. Other ocean color products, such as I0OPs (Lee, et al.,
2002) at VIIRS I1 band 638 nm can also be derived using nL,(638) data. Particularly, the
particle backscattering coefficient data at the wavelength of 638 nm are useful for global turbid
coastal and inland waters. It is also noted that the additional VIIRS-measured nL,(638) data may
be useful for detecting and monitoring of the algae blooms over global coastal and inland lakes,
e.g., cyanobacteria blooms (Hu et al., 2010). Furthermore, results from VIIRS-derived seasonal
nL,/(638) distributions over turbid coastal regions of the U.S. east coast, the China east coast, and

the Argentina east coast (including highly turbid La Plata River Estuary) show that nL,(638) data
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are indeed useful and informative to characterize the variation of turbid coastal and inland
waters. Finally, it is interesting to note that the global ocean spatial distribution of the VIIRS-
measured climatology nL.(638) has some similar features to those from Chl-a and K(490)
products.

The new data processing technique for the mixed spatial resolution SDR (or Level-1B data)
has been implemented in MSLI12 for routine production of VIIRS global nL.(A) spectra,
including at the 11 band nL,(638) data. VIIRS global ocean color products and some extensive

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

Ratio Difference
VIRS | s (VIIRS/In Situ) (VIIRS-In Situ)
nLu(h Mean Median STD | Mean’ Mediant STDf
nL.(443) | 103 | 1.0301 09763 0.506 | -0.0116 —-0.0096 0.3502
nLu(551) | 103 | 1.0587 1.0337 0330 | -0.1179 0.0104  0.7299
nL.(638) | 103 | 1.5554 1.0486 2.598 | —0.0989 0.0060  0.4681
nL.(671) | 102 | 15022 1.0753 1792 | 0.0571 0.0094  0.3187

TUnit of mW cm™ zm™ sr™!

Table 2. VIIRS-derived nL.(A) compared with those from MOBY in situ measurements for
VIIRS M2, M4, M5, and Il bands. Results show ratio of VIIRS versus MOBY data and
differences of VIIRS versus MOBY data for number of data, mean, median, and STD values.

Ratio Difference
,‘glgs) Data # (VIIRS/MOBY) (VIIRS-MOBY)

" Mean Median STD | Mean Mediant STDf
nlL,(443) 557 1.0159 1.0119 0.092 | 0.0196 0.0181 0.1499
nL,,(551) 557 1.0276  1.0098  0.135 | 0.0062  0.0029 0.0374
nL,(638) 555 1.0656  0.9366 0.545 | 0.0010 -0.0018 0.0155
nL,,(671) 527 1.1219 1.0045 0.498 | 0.0021 0.0001 0.0099

TUnit of mW cm™ zm™ sr™!
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Figure Captions

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

processing system.

Figure 2. VIIRS-derived nL,(638) images over the Baltic Sea at 10:52 UTC on August 14, 2015
for the case of spatial resolution of (a) 750 m and (b) 375 m. There are specific sites A and B, as

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

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

Figure 4. VIIRS-derived nL.(638) image with spatial resolution of 375 m showing some
estuarine plume features over region of (a) the Gulf of Khambhat at 08:30 UTC on March 24,
2017 and (b) the Gulf of Kutch at 08:36 UTC on March 29, 2017. There are specific sites C and

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

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

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

Figure 7. VIIRS-derived seasonal nL,(638) images in the U.S. east coast region for the boreal
season of (a) spring (March—May), (b) summer (June—August), (c) fall (September—November),
and (d) winter (December—February). Three red boxes in Fig. 7a indicate areas of the Upper,

Middle, and Lower Chesapeake Bay.

Figure 8. VIIRS-derived monthly nL,(638) time series (2012-2017) averaged over the areas of
the upper, middle, and lower Chesapeake Bay (as indicated in Fig. 7a).

Figure 9. VIIRS-derived seasonal nL,(638) images in the China east coastal region for the
boreal season of (a) spring (March—May), (b) summer (June—August), (c) fall (September—

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

Lake Taihu.

Figure 10. VIIRS-derived monthly nL,(638) time series (2012-2017) averaged over the areas of
the old Yellow River Estuary, the Hangzhou Bay mouth, and central Lake Taihu as indicated in

Fig. 9a.

Figure 11. VIIRS-derived seasonal nL,(638) images in the La Plata River estuary for the
Australia season of (a) fall (March-May), (b) winter (June—August), (c) spring (September—

November), and (d) summer (December—February).

Figure 12. VIIRS-derived seasonal nL,(638) images in the Florida coast region for the boreal
season of (a) spring (March—May), (b) summer (June—August), (c) fall (September—November),
and (d) winter (December—February). The three regions indicated in Fig. 12a for further

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

Figure 13. VIIRS-derived time series (2012-2017) of monthly nL,([]) at wavelengths of (a) 443
nm, (b) 551 nm, (¢) 638 nm, and (d) 671 nm averaged over Caloosahatchee Estuary, St. Lucie

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

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





