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Abstract Normalized water-leaving radiance spectra nL,(/) at the near-infrared (NIR) from five years of
observations (2012-2016) with the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi
National Polar-orbiting Partnership (SNPP) are used to derive the particle backscattering coefficients by,(4)
for global highly turbid coastal and inland waters. Based on the fact that the absorption coefficient of sea
water a,(4) is generally much larger than those of the other constituents a;,,(4) at the NIR wavelengths in
coastal and inland waters, an NIR-based b,,(4) algorithm for turbid coastal and inland waters has been
developed and used in this study. This algorithm can be safely used for highly turbid waters with nL,,(745)
and nL,,(862) < ~6 and ~4 mW cm 2 um~ ' sr™, respectively. Seasonal and interannual variations of bpp(4)
in China’s east coastal region, the Amazon River Estuary, the La Plata River Estuary, the Meghna River Estu-
ary, the Atchafalaya River Estuary, and Lake Taihu are characterized and quantified. The coefficient by,(4)
can reach over ~3-4 m~ ' in the Amazon River Estuary and China’s east coastal region. The Amazon River
Estuary is identified as the most turbid region in the global ocean in terms of by,(4) magnitude. by,(4)
spectra in these five highly turbid regions are also seasonal-dependent and regional-dependent. In the
highly turbid waters of China’s east coastal region and the Amazon River Estuary, b,,(4) generally increases
in wavelength from 410 to 862 nm, while it decreases in the La Plata River Estuary and Atchafalaya River
Estuary. This is attributed to the different particle size distributions in these waters. The geophysical
implication of the b,,(4) spectral curvatures for different waters is discussed. To improve global b,(4) for
both open oceans and coastal turbid waters, a new combined NIR-based and Quasi-Analytical Algorithm
(QAA)-based by,,(4) algorithm is proposed and demonstrated.

1. Introduction

Normalized water-leaving radiance spectra nL,() derived from satellite observations such as the Moderate
Resolution Imaging Spectroradiometer (MODIS) (Esaias et al., 1998) and the Visible Infrared Imaging Radi-
ometer Suite (VIIRS) on the Suomi National Polar-orbiting Partnership (SNPP) (Goldberg et al., 2013) are
intrinsically related to the inherent optical properties (IOPs) of the constituents of the sea water (Garver &
Siegel, 1997; Gordon et al., 1988; Lee et al., 2002; Werdell et al., 2013). As one of the most important IOPs,
the particle backscattering coefficient (by,(4)) is determined by the optical features of the particles such as
the refractive index of the particles, particle backscattering ratio, and particle size distribution in the sea
water (Babin et al., 2003; Kostadinov et al., 2009; Stramski et al., 2007; Ulloa et al, 1994). In the coastal
region, the backscattering of suspended phytoplankton particles and mineral particles is generally one of
the most important determinants of the normalized water-leaving radiance spectra as observed from satel-
lite ocean color measurements.

Since the launch of the Coast Zone Color Scanner (CZCS) in 1978 (Gordon et al., 1980; Hovis et al., 1980), sat-
ellite ocean color remote sensing has been primarily focusing on visible wavelengths (ocean color). High-
quality ocean color products with uncertainties for nL,(1) at the blue within ~5% and chlorophyll-a (Chl-a)
within ~35% have been produced in global open oceans (McClain, 2009; McClain et al., 2004). These satel-
lite ocean color products derived from visible wavelengths have been helping us to study and understand
the global and regional ocean optical, biological, and ecological processes and phenomena, as well as help
to monitor for natural hazards. However, in coastal regions, especially in highly turbid coastal regions such
as river estuaries and inland waters, there are still some challenges in deriving accurate nL,(4) spectra in
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wavelengths between blue and near-infrared (NIR), and ocean biological and biogeochemical products
such Chl-a concentration (O'Reilly et al.,, 1998), the water diffuse attenuation coefficient at the wavelength
of 490 nm K,(490) (Wang et al,, 2009a), and the ocean’s inherent optical properties (IOPs) (Lee et al., 2002;
Werdell et al., 2013). These challenges largely root from two causes in producing satellite ocean color prod-
ucts in the coastal turbid waters, i.e., errors in atmospheric correction and unsuitable algorithms for ocean
biological and biogeochemical product retrievals.

The ocean is generally black at the NIR (certainly at the shortwave infrared (SWIR)) wavelengths for the
open ocean. Thus, ocean color products from satellite sensors such as MODIS on the Aqua satellite have
been routinely derived using the two MODIS NIR bands (748 and 869 nm) (Gordon & Wang, 1994) with the
assumption of a black ocean in the NIR for the open ocean. For turbid coastal and inland waters, however,
the NIR black ocean assumption is often invalid (Lavender et al,, 2005; Ruddick et al., 2000; Siegel et al.,
2000; Wang & Shi, 2005). Even though some modifications were implemented to account for the NIR ocean
contributions for productive (but not very turbid) near-shore or coastal waters (Bailey et al., 2010; Jiang &
Wang, 2014; Ruddick et al., 2000; Siegel et al., 2000; Wang et al., 2012), satellite-derived nL,(4) spectra in
highly turbid waters can still be in error (Jiang & Wang, 2014; Shi & Wang, 2014). Wang et al. (2012) show
that satellite-derived nL,(2) spectra using the NIR atmospheric correction can be significantly biased low,
and can even become negative in the blue bands in the highly turbid Yellow Sea region. On the other
hand, the majority of the algorithms such as Chl-a (O'Reilly et al.,, 1998) and IOP algorithms (Garver & Siegel,
1997; Lee et al., 2002; Werdell et al.,, 2013) are derived and optimized for global open oceans and not for tur-
bid coastal and inland waters. The different water properties and highly dynamic features of the complex
coastal waters (especially highly turbid waters) can lead to poor accuracy of the ocean color products in
coastal turbid regions.

It was demonstrated that the ocean black pixel assumption of the SWIR bands for MODIS is generally valid
for the world’s most turbid waters (Shi & Wang, 2009b; Wang & Shi, 2005). Thus, satellite measurements at
two MODIS or VIIRS SWIR bands can be used to derive nL, () spectra from visible to the NIR and SWIR
1,240 nm band (Wang, 2007). In fact, MODIS-Aqua measurements at the SWIR bands were used to carry out
atmospheric correction in order to study the physical, optical, biological, and biogeochemical processes in
the Bohai Sea (BS), Yellow Sea (YS), and East China Sea (ECS) (Shi et al,, 2011; Shi & Wang, 2012a, 2012b,
2012¢), as well as in the inland Lake Taihu (Wang et al., 2011, 2013a).

Unlike the open ocean waters, the nL,/(2) spectral feature in the coastal turbid region is significantly
enhanced in the spectral range of red and NIR bands (Shi & Wang, 2014). Thus, accurate retrievals of the
nL,(2) spectra in red and NIR bands from the SWIR atmospheric correction algorithm provide further optical
information about the ocean (water) beyond traditional blue and green wavelengths to address the com-
plexity of coastal and inland turbid waters. Indeed, satellite and in situ nL,() data in red and NIR wave-
lengths have been used to characterize and quantify water properties in coastal and inland waters such as
Chl-a concentration (Gitelson et al., 2007), floating green algae blooms (Hu et al., 2010; Shi & Wang, 2009¢),
river plumes (Nezlin et al., 2008; Shi & Wang, 2009a), total suspended matter (TSM) (Miller & McKee, 2004;
Shen et al,, 2010a; Son & Wang, 2012; Zhang et al.,, 2010b), the light diffuse attenuation coefficient at
490 nm (Wang et al,, 2009a; Zhang et al., 2012), and ocean optical and biological property variations in the
Korean dump site in the Yellow Sea (Son et al.,, 2011).

Using the diffuse attenuation coefficient at the wavelength of 490 nm, K,(490), which was derived from
measurements of MODIS-Aqua, Shi and Wang (2010b) characterized global ocean turbidity. Turbid waters
with K,(490) over ~0.3 m™~" are all located in coastal regions, river estuaries, and inland lakes with an aver-
age global coverage of ~0.74%, accounting for ~8-12% of the total global continental shelf area. The Ama-
zon River Estuary ranks as the world’s most turbid region with the mean K4(490) value of over ~5 m™".
Major highly turbid waters also include China’s east coastal region, La Plata River Estuary in the Southern
Hemisphere, and Meghna River in the Bay of Bengal. Coastal regions along the US East Coast and the Gulf
of Mexico coast such as the Chesapeake Bay and Mississippi River Estuary are also highly turbid with

K,(490) generally over ~1m™".

The IOPs are the absorption and scattering of the constituents in the water column, i.e., pure water, phyto-
plankton, color dissolved organic matter (CDOM), and minerals. The spectrum and radiance distribution of
the light emerging from the ocean and derived from satellite ocean color observations are determined by
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the IOP properties. Numerous studies were conducted to retrieve these IOP parameters from satellite ocean
color observations (Garver & Siegel, 1997; Hoge & Lyon, 1996; Lee et al.,, 2002; Werdell et al., 2013). However,
most of these studies are focused on open ocean and less turbid waters. In fact, only nL,,(1) spectra in the
visible are used in these IOP retrieval algorithms. Improvements were also made to tune these algorithms
with the in situ nL,,(A) spectra in the NIR wavelengths in some regional studies (Huang et al., 2014; Le et al,,
2009; Qing et al., 2011).

In this study, we use nL,(A) at the VIIRS NIR bands of 745 and 862 nm derived from the SWIR atmospheric
correction algorithm with VIIRS-SNPP observations between 2012 and 2016 to compute the by,(4) in the
VIIRS visible and NIR bands for the major highly turbid regions of the global ocean. Spatial and temporal
variations of the by,(4) are characterized and quantified in these regions. The advantages of this NIR-based
byp(4) algorithm for the turbid waters and implications of by,(4) spectra are discussed. The by,(4) data from
the NIR-based by,(4) retrieval algorithm are also compared with those from the Quasi-Analytical Algorithm
(QAA) (Lee et al., 2002) over the highly turbid regions. A scheme is proposed to combine these two b,(4)
algorithms when producing global b,(/) products from VIIRS-SNPP observations for both clear open ocean
and turbid coastal/inland waters.

2. Methods and Data

2.1. VIIRS-SNPP Data and the SWIR Ocean Color Data Processing

VIIRS is one of the key instruments onboard the SNPP satellite launched on 28 October 2011. VIIRS has 22
spectral bands covering a spectral range of 0.410-12.013 pum, which includes 14 reflective solar bands
(RSBs), 7 thermal emissive bands (TEBs), and a panchromatic day/night band (DNB). VIIRS has similar spec-
tral bands to MODIS, providing observations of Earth’s atmosphere, land, and ocean properties (Goldberg
et al,, 2013). One of the primary goals of the VIIRS mission is to provide data continuity from MODIS for the
science and user communities with the Environmental Data Records (EDR) (or Level-2 data) over global oce-
anic waters to enable assessment of climatic and environmental variability (McClain, 2009). Additionally,
ocean color EDR is a key product suite derived from VIIRS (Wang et al.,, 2013b, 2016a).

Specifically, VIIRS-SNPP has five visible bands (M1-M5) with nominal central wavelengths of 410, 443, 486,
551, and 671 nm, two NIR bands (M6 and M7) at wavelengths of 745 and 862 nm, and three SWIR bands (M8,
M10, and M11) at wavelengths of 1,238, 1,601, and 2,257 nm for satellite ocean color data processing. These
spectral bands are at a moderate spatial resolution of 750 m. On-orbit vicarious calibrations for VIIRS-SNPP
were carefully carried out using the in situ nL, (1) spectra from the Marine Optical Buoy (MOBY) (Clark et al,,
1997) in the waters off Hawaii and over the South Pacific Gyre (SPG) (Wang et al,, 2016b). Similar to the stan-
dard NIR atmospheric correction algorithm (Gordon & Wang, 1994; IOCCG, 2010) with the two NIR bands (745
and 862 nm for VIIRS), the SWIR-based atmospheric correction algorithm (Wang, 2007) with VIIRS SWIR bands
at 1,238 and 1,601 nm has been used (Wang et al.,, 2013b) in deriving nL,(1) spectra in this study.

The Multi-Sensor Level-1 to Level-2 (MSL12), which is the official NOAA VIIRS ocean color data processing sys-
tem, has been used for processing satellite ocean color data from Sensor Data Records (SDR) (or Level-1B
data) to ocean color EDR (or Level-2 data) products for VIIRS-SNPP (Wang et al., 2013b, 2016a). MSL12 was
developed for the purpose of using a consistent and common data processing system to produce ocean color
data from multiple satellite ocean color sensors (Wang, 1999; Wang et al., 2002; Wang & Franz, 2000). In recent
years, MSL12 has made several important improvements and enhancements. In particular, these improve-
ments and updates include the SWIR-based and NIR-SWIR combined atmospheric correction algorithms for
improved ocean color data products in coastal and inland waters (Wang, 2007; Wang et al., 2009b; Wang &
Shi, 2007). In this study, VIIRS-SNPP observations over the highly turbid regions in China’s east coast, the Ama-
zon River Estuary, the La Plata River Estuary between Uruguay and Argentina, the Meghna River Estuary in the
Bay of Bengal, the Atchafalaya River Estuary in distributaries of the Mississippi River, and the inland fresh water
Lake Taihu between 2012 and 2016 were processed using the MSL12 ocean color data processing system
(SWIR-based) to produce nL,(/) at visible and NIR bands in order to derive by,(4) in these regions.

2.2, The NIR-Based by,,(/) Algorithm for VIIRS-SNPP Observations
Satellite-measured nL,(/) data are intrinsically related to the water constituents such as CDOM, phytoplank-
ton particles, inorganic sediments, etc. (Gordon et al, 1988). The specific spectral features of each
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constituent such as absorption coefficient a(4) and particle backscattering coefficient by,(4) determine the
spectral variability of nL,,(4) spectra or remote sensing reflectance just beneath the surface r,(4), i.e.,

Ris(4)

J)=—m
()= 55241 7R ()

Mm

where R,(4) is the remote sensing reflectance above the surface, which can be directly computed from
nL,(A), i.e., R,s(A) = nL,(A)/Fo(A) with Fo(2) the extraterrestrial solar irradiance.

Gordon et al. (1988) developed a quadratic model between r,(4) and ocean’s IOPs, i.e.,

bo(2) bo(2) 1\’
s(A)=g1 | ———— |+ | —— ] , 2
ris(4)=g1 (a(;,)+bb(,h) 92\ a2 +6507) @)
where g; and g, are the constant values of 0.0949 and 0.0794 as derived in Gordon et al. (1994). Coefficients
a(Z) and b, (/) are total absorption and backscattering coefficients, respectively, which can be expressed as

a(4) =aw(2) +apn(2) +ag(2) +aq(4), (3)

bb()) :bbw(/l) +bbp(;»)7 (4)

where a,,(4), apn(4), ag(4), and a4(/) are the absorption coefficients for pure seawater, phytoplankton, dis-
solved matter, and nonalgal particles, respectively, and by,,(/) and by,(4) are the backscattering coefficients
for pure seawater and particulate matters, respectively. In a recent study, Shi and Wang (2014) demon-
strated an NIR-based IOP algorithm to retrieve the by,(4) in the coastal turbid waters based on the spectral
features of the absorptions of pure seawater a,,(4), phytoplankton a,,(4), dissolved matters ay(4), and nonal-
gal particles absorption a,4(4) at the NIR wavelengths. Briefly, pure seawater absorption coefficients a, (1) at
the NIR bands are typically significantly higher than those from other constituents, i.e., a,(2) > apn(4), aq(4),
and a4(/). For example, a,,(869) is ~5 m~ ' as compared to apn(4), ag(7), and a,4(/) at 869 nm that are nor-
mally negligible in comparison with a,,(869). Therefore, with the spectral features of a,,(A), apn(4), a4(4), and
a4(2) at the VIIRS 745 and 862 nm bands, b,(4)/(a(4)+b,(4)) can be approximated as

)Y .

(a(xt)ﬁ(gzu)) ~ <aw<z>+bb(z)

It is noted that b,(4)/(a(2)+by(4)) is approximated to be ~1.0 in the extremely turbid waters when b,(1) >
au(4), and consequently nL,,(745) and nL,(862) become less sensitive to the change of by,(/) (or TSM con-
centration). This indicates that any small error of satellite-derived nL,,(745) and nL,,(862) can lead to signifi-
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Figure 1. Comparison of by(1)/(a()+by(4)) (u(4), dash line) and by(1)/
(an(A)+bp(2) (simplified-u(4), solid line) for a typical coastal turbid water. TSM
is assumed to be 50 mg/L, Chl-a concentration is set to be constant at 20 mg/
m>, the CDOM absorption at 440 nm ay(440)is 1.0 m~.

cant bias in the VIIRS-derived by,(4). In situ measurements (Knaeps
et al,, 2015; Shen et al,, 2010a, 2010b) indeed show that nL,,(1) at the
NIR wavelengths become saturated when TSM concentrations are
over ~1000 mg/L. Shi and Wang (2009b) also show that MODIS-
derived nL,(748) and nL,(859) can become less sensitive to the
nL,(1,240) at the SWIR wavelength which is a surrogate for TSM con-
centrations in extremely turbid waters when nL,(748) and nL,(859)
are over ~6 and ~4 mW cm 2 um ™" sr’, respectively. These results
are consistent with in situ observations (Knaeps et al., 2015; Shen
etal., 2010a, 2010b).

For VIIRS observations, equation (5) can be safely used to derive by,(4)
when VIIRS nL,(745) and nL,,(862) are <~6 and ~4 mW cm ™2 ym™'
s, respectively. For extremely turbid waters with nL,(745) and
nlL,(862) >~6 and ~4 mW cm 2 um ' sr ', however, cautions
should be given and biased by,(/) retrievals may be possible when

applying this approach to derive by, (4).

Figure 1 is an example to show the comparison of b,(1)/(a(4)+by(4))
(represented as u(4)) and by(4)/(a,,(4)+by(4)) (represented as simpli-
fied-u(2)) in the wavelengths between 400 and 1,000 nm. The IOP
data for this example is selected from the Hydrolight 5.3 software

SHI AND WANG

BACKSCATTERING OF HIGHLY TURBID WATERS

9258



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013191

package (Mobley et al., 1993) for typical coastal turbid Case-2 water. The Chl-a concentration is set as a con-
stant at 20 mg/m3, CDOM absorption at 440 nm a,(440) is 1.0 m~ ', and the mineral concentration is 50 mg/
L with the specific absorption and scattering set as the average of calcareous sand, red clay, yellow clay,
and brown earth, which are typical sediment mineral types in the coastal regions.

In Figure 1, u(/) and simplified-u(4) are significantly different in visible wavelengths between 400 and
700 nm. Specifically, u(/) and simplified-u(4) are 0.155 and 0.994 at the wavelength of 400 nm, respectively.
However, b,,,(400) is about over two orders higher than a,,(400). This leads simplified-u(400) to be close to
1.0. On the other hand, a(400) is also significantly higher than a,(400), and in the same order as the
byp(400), thus u(400) is lower than simplified-u(400). However, u(4) and simplified-u(4) become very close at
the NIR bands due to a significant increase of a,,(/) as shown in Figure 1. At the two NIR bands of 745 and
862 nm, u(745) and u(862) are 0.1974 and 0.0956, respectively, while simplified-u(745) and simplified-u(862)
are 0.1984 and 0.0957, respectively. The difference between simplified-u(/) and u(4) is <0.005%. This shows
that u(/) can be replaced by simplified-u(/) with high accuracy in the two NIR bands in order to compute
byp(4) in these two NIR bands using equations (2)-(5).

In equation (4), by,(4) is spectrally correlated, and generally can be modeled as a function of b,,(4) at a ref-
erence wavelength (Gordon & Morel, 1983; I0OCCG, 2006), i.e., by,(4o), with a power law slope, . The function
can be expressed as

)"
bip (1) =bpp(0) (70) . 6)

In this study, b,,(745) and b,,(862) are derived from VIIRS-measured nL,(745) and nL,(862) using the
MSL12 with the SWIR atmospheric correction in turbid waters. The power law slope, 7, can then be conse-
quently computed from equation (6) with known b,,(745) and b,,(862). With the derived power law slope,
1, bep(2) in the VIIRS visible bands, e.g., by,(443), b,(551), can be computed with the reference by,(745) and
the derived power law slope 7. Furthermore, the NIR-based by,(4) scheme is applied to the VIIRS-derived
nL,(745) and nL,(862), which are generated using the MSL12 SWIR ocean color data processing over the
most turbid regions of the global ocean. The spectral features, spatial and temporal variability of b,,(/) for
different turbid regions are studied and evaluated.

3. Results

3.1. VIIRS-Derived nL,(745) and nL,,(862) in Highly Turbid Waters

In highly turbid waters, ocean optical properties are featured with enhanced nL,,(/) in the red and NIR wave-
lengths (Doron et al., 2011; Doxaran et al., 2002; Shi & Wang, 2014). The turbidity of ocean water is driven
by light attenuation in the water column due to the scattering and absorption of the particles and mole-
cules. Thus, the diffuse attenuation coefficient at the wavelength of 490 nm, K4(490), can be used as a mea-
sure of water turbidity to characterize the global ocean turbidity, and to identify the highly turbid regions in
the global ocean. Using K,(490), Shi and Wang (2010b) identified the world’s highly turbid regions with
MODIS-Aqua observations. Five regions are selected for the highly turbid regions to conduct this study.
These regions include (1) China’s east coastal region, (2) Amazon River Estuary, (3) La Plata River Estuary, (4)
Meghna River Estuary in the Bay of Bengal, and (5) Atchafalaya River Estuary in the distributaries of the Mis-
sissippi River.

Figure 2 shows the climatology of VIIRS-derived nL,(745) (Figures 2a-2e) and nL,(862) (Figures 2f-2j)
between 2012 and 2016 in these five regions. Indeed, these regions feature significantly enhanced nL,,(745)
and nL,(862). Specifically, nL,(745) and nL,/(862) can reach over ~4-5 and ~2-3 mW cm™ 2 yum™' sr ',
respectively, in some areas of China’s east coast region (Figures 2a and 2f) and the Amazon River Estuary
(Figures 2b and 2g). Actually, nL,,(745) and nL,,(862) in China's east coastal region show high seasonal vari-
ability (Shi & Wang, 2014). In fact, in China’s east coastal region nL,(745) and nL,(862) during the boreal

winter can be above about 5 and 3 mW cm ™2 um ™' st (not shown here), respectively.

The La Plata River Estuary (Figures 2c and 2h) and the Meghna River Estuary (Figures 2d and 2i) are less tur-
bid than the Amazon River Estuary in terms of nL,,(745) and nL,(862) magnitudes. In the La Plata River Estu-
ary (Figures 2c and 2h) and the Meghna River Estuary (Figures 2d and 2i), nL,(745) and nL,,(862) range from
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China
East Coast

Amazon River La Plata River Meghna River Atchafalaya River
Estuary Estuary Estuary Estuary

nL,(745) & nLy(862) (MW cm2pum™ sr'')
[ - .

0.0 1.0 2.0 3.0 4.0

Figure 2. nL,(745) and nL,(862) climatology in the regions of (a, f) China’s east coastal region between 28.5°N-41.0°N and 115.0°E-127.5°, (b, g) Amazon River
Estuary between 1.0°5-3.0°N and 52.0°W-48.0°W, (c, h) La Plata River Estuary between 37.0°S-33.0°S and 59.0°W-55.0°W, (d, i) Meghna River Estuary between
20.5°N-23.5°N and 87.5°E-92.5°E, and (e, j) Atchafalaya River Estuary between 28.0°N-31.0°N and 93.0°W-88.0°W. Station 1 (33.74°N, 121.26°E), Station 2 (30.36°N,
121.84°E), and Station 3 (31.21°N, 120.14°E) are located in the Subei Shoal, Hangzhou Bay, and Lake Taihu, respectively. Station 4 (0.66°N, 49.11°W) and Station 5
(1.00°N, 49.66°W) are located in the Amazon River Estuary. Station 6 (34.73°S, 57.41°W), Station 7 (22.21°N, 91.40°E), and Station 8 (29.41°N, 91.51°W) are located in
the La Plata River Estuary, Meghna River Estuary, and Atchafalaya River Estuary, respectively. These stations are chosen to quantify and evaluate the b,,(4) and their
temporal variability in these highly turbid regions. The locations of the Subei Shoal, Hangzhou Bay, and Lake Taihu are also marked in Figure 2a.

~2-4t0 ~1-2mW cm ™2 um ™' st ', respectively. Even though the Atchafalaya River Estuary in distributar-

ies of the Mississippi River is the least turbid water in these five regions, nL,(745) still ranges from ~1 to 2
mW cm ™2 um™ " sr™ " and nL,,(862) is <~1.0 mW cm ™2 um ™" sr=". This is similar to many other coastal and
inland turbid regions such as the northern Caspian Sea, the North Sea, and the Chesapeake Bay (Shi &
Wang, 2010b).

Overall, the climatology of VIIRS nL,(745) and nL,(862) shows that there are significant differences in
nL,/(745) and nL,(862) between highly turbid coastal and inland waters. nL,,(745) can range from ~1 to ~4
mW cm™2 um ™" sr™", and nL,(862) can range from ~0.5 to ~2.5 mW cm ™2 um™~ ' sr~'. The magnitudes of
nL,(745) and nL,(862) in these highly turbid regions further show that the NIR-based b;,(4) algorithm as
proposed in this study can be used to characterize and quantify the particle backscattering of global highly
turbid waters from VIIRS ocean color observations.

3.2. Climatology and Seasonal Variability of VIIRS-Derived b,(/) in the Highly Turbid Waters

3.2.1. China’s East Coastal Region

Figure 3 shows the climatology by,(4) (Figures 3a-3e), by,(/) in boreal spring (March-May) (Figures 3f-3j),
summer (June-August) (Figures 3k-30), autumn (September-November) (Figures 3p-3t), and winter
(December-February) (Figure 3u-3y) derived from VIIRS observations between 2012 and 2016 in the VIIRS
bands of 443, 551, 671, 745, and 862 nm. The spatial distributions of b,,(1) are consistent with the spatial
patterns of nL,(745) and nL,(862). Specifically, enhanced b,,(4) is located in the Subei Shoal, Yangtze River
Estuary, and Hangzhou Bay with climatology b,,(745) and b,,,(862) over ~2 m~ . In this region, the inland
waters such as Lake Taihu also show the enhanced by,(/) with climatology b,(/) ~1 m~ .

In addition to the spatial variability of b,,(/) in China’s east coastal region, the seasonal variability of the
byp(4) is also significant. Winter season is the most turbid season with enhanced b,,(1) and enlarged

SHI AND WANG

BACKSCATTERING OF HIGHLY TURBID WATERS 9260



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013191

Sep.—Nov. Jun.-Aug.

Dec.-Feb.

0.0 1.0 2.0 3.0

Figure 3. VIIRS-derived images of b,,(443), byp(551), bp,y(671), byp(745), and by,,(862) in China’s east coastal region for
(a—e) climatology from 2012 to 2016, (f-j) March-May (spring), (k-0) June-August (summer), (p-t) September-November
(fall), and (u-y) December—February (winter).

coverage of high by,(4) in China’s east coastal region (Figures 3u-3y). In the Subei Shoal and Hangzhou Bay,
byp(745) and by,(862) can reach above ~3 m~". In contrast, the lowest byp(4) occurs in the summer season
(Figures 3k-30). In most of the coastal turbid regions by,(4) drops to <~1 m~ . In the spring (Figures 3f-3))
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and autumn (Figures 3p-3t), by,(4) are similar to each other in terms of magnitude values and spatial
distributions.

Figure 3 also shows that b,,(4) spectral changes are regional-dependent and seasonal-dependent. It is
noted that by,,(4) in the visible is not derived from R,(J) directly, instead it is analytically estimated based on
byp(4) in the NIR bands and the power law slope, 1, using equation (6). In Lake Taihu, by,(/) is more or less
flat for all the seasons from by,(443) to b,,(862). However, b,,(4) increases with the wavelength for highly
turbid waters such as in the Subei Shoal and Hangzhou Bay. Indeed, by,(4) increases from ~2 m™' at
443 nm to over ~3 m~ ' in the Subei Shoal during the winter season (Figures 3u-3y). On the other hand,
byp(4) decreases from 443 to 862 nm in some parts of China’s east coastal region. As an example, by,(4)
drops from ~1.5 m~ "' at 443 nm to <1.0 m™~ ' at 745 nm in the far offshore outskirts of the Subei Shoal
plume during the spring season (Figures 3f-3j).

3.2.2. Amazon River Estuary

As the most turbid waters in the global ocean, the Amazon River Estuary is featured with enhanced by, (/)
for all four seasons. Figure 4 shows the climatology b,,(/) (Figures 4a—4e), b,,(/) in the season from months

3

L
X

Climatology

Sep.—Nov. Jun.-Aug. Mar.—-May

Dec.-Feb.

bep(A) (m-1)

L - .
0.0 1.0 2.0 3.0

Figure 4. VIIRS-derived images of by,(443), byp(551), bpy(671), byp(745), and by,,(862) in the Amazon River Estuary for (a—e)
climatology from 2012 to 2016, (f-j) March-May, (k-0) June-August, (p-t) September-November, and (u-y) December—
February.
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of March-May (Figures 4f-4j), June-August (Figures 4k-40), September-November (Figures 4p-4t), and
December-February (Figures 4u-4y). b,,(862) is over ~3-4 m~ " in the large portion of the Amazon River
Estuary. Different from China’s east coastal region, there is no significant seasonal variation of by,(4) in this
region. Conversely, the by,(/) spectral shape changes with regions depending on the magnitude of by,(4).
This is similar to China’s east coastal region. In the highly turbid part of the Amazon River Estuary, such as
the central Amazon River Estuary, by,(/) increases with the wavelength between 443 and 862 nm. However,
in the less turbid waters such as the regions in the south and north branches of the Amazon River, by,(4)
decreases or stays flat with the wavelength between 443 and 862 nm.

3.2.3. La Plata River Estuary

Figure 5 shows another highly turbid region of the La Plata River Estuary. The climatology b,,(443) shows
that its value is ~1.5-2.0 m~' for the most part of the La Plata River Estuary (Figure 5a). byp(4) decreases
from by,,(443) to by,(862) with climatology b,(862) ~0.5-1.0 m~" (Figure 5e). Unlike the Amazon River Estu-
ary, seasonal variability of the by,(4) can be found in the La Plata River Estuary. The highest b,,(4) occurs in
the months of March-May (Figures 5f-5j), i.e., the Australia fall season. by,(443) is ~3 m™' for most parts of
the La Plata River Estuary, while the climatology b,,(443) is generally <~2 m~". For the other seasons

Climatology

Mar.—May

Jun.-Aug.

Sep.—Nov.

Dec.-Feb.

bp(A) (m-7)

| B
0.0 1.0 2.0 3.0

Figure 5. VIIRS-derived images of by,(443), byp(551), bpy(671), byp(745), and b,,,(862) in the La Plata River Estuary for (a—e)
climatology from 2012 to 2016, (f-j) March-May, (k-0) June-August, (p-t) September-November, and (u-y) December—
February.
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(Australian spring, summer, and winter), b,,(4) in the La Plata River Estuary is moderately high with a typical
byp(4) in these seasons only half of by,(4) values in the Australian fall. The seasonal variation in by,(4) for the
Australian spring, summer, and winter is also generally less significant.

In China'’s east coastal region and the Amazon River Estuary, the b,,(1) spectral shape generally depends on
the values of by,(2). by,(4) increases with the wavelength for high by,(4) values (e.g., byy(862) ~ 2-3 m™")
and decreases or becomes flat in the regions with moderately high b,,(/) (e.g., byp(4) ~ 1.0 m~"). However,
in the La Plata River Estuary, b,,(/) decreases with the wavelength for all types of waters. In the Australian
fall season, the by,(/) decreases from ~3 m™" in by,(443) (Figure 5f) to ~2 m™" in by,(862) (Figure 5j) for
most parts of the La Plata River Estuary. This optical property difference of by,(4) in the region suggests that
the physical and biogeochemical properties of minerals in the water column of the La Plata River Estuary
are different from those of the other two regions.

3.2.4. Meghna River Estuary

Climatology of by,(4) (Figures 6a—6e) and seasonal by,(/) are shown in Figure 6. In this region, the seasonal
variation of by,(2) is significant with peak by,(4) occurring in the boreal summer and autumn seasons. This
might be attributed to the seasonal monsoon and high rainfall and river flow in these two seasons. At the
mouth the Meghna River, b,,(862) can reach ~3 m~ " in the autumn. In the Meghna River Estuary, byp(7)
increases with the wavelength for regions with b,,,(862) over ~2 m~ " in the summer and autumn seasons.
However, by,(4) also increases with the wavelength for regions with b,,(862) < ~2 m~ " in the other sea-
sons. The same by,,(/) spectral variations for both highly turbid waters (b,,(862) ~ 2-3 m~") and moderately
turbid waters (b,,(862) <~2 m™") in this region are different from the by,(4) spectral variation in China’s
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Figure 6. VIIRS-derived images of by,(443), byp(551), bpy(671), byp(745), and by,,(862) in the Meghna River Estuary for (a-e)
climatology from 2012 to 2016, (f-j) March-May, (k-0) June-August, (p-t) September-November, and (u-y) December—
February.
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Figure 7. VIIRS-derived images of b,,(443), byp(551), bp,(671), byp(745), and by,,(862) in the Mississippi River Estuary and
Atchafalaya River Estuary for (a—e) climatology from 2012 to 2016, (f-j) March-May, (k-0) June-August, (p-t) September—
November, and (u-y) December-February.

east coastal region (Figure 3) and the Amazon River Estuary (Figure 4) where by,(/4) spectral variations
depend on the values of by,(A).

3.2.5. Atchafalaya River Estuary and Mississippi River Estuary

In comparison with the highly turbid regions shown previously, the Atchafalaya River Estuary is a moder-
ately turbid region in terms of by,(/) values. This region is chosen for analysis because it is a typical turbid
region similar to the other turbid regions such as the Chesapeake Bay, the North Sea, and the Northern Cas-
pian Sea (Shi & Wang, 2010b), and the ecosystem of this region is complex and dynamic.

Figure 7 shows the climatology of by,,(4) (Figures 7a-7e) and seasonal b,,(/) in the Atchafalaya River Estuary
and Mississippi River Estuary. Seasonal variation in by,(4) is also significant with high b,,(4) in the boreal
spring (Figures 7f-7j) and winter (Figures 7u-7y). Low by,(4) can be found in summer (Figures 7k-70) and
autumn (Figures 7p-7t). In the boreal winter, b,,(443) can reach ~1.5-2 m~ ' in the Atchafalaya River Estu-
ary (Figure 7u). b,,(862) in the winter is ~1.0-1.5 m~" (Figure 7y). In the summer season, however, bpp(2)
drops to about half of the by,(4) in the winter season.

3.2.6. Spectral Variation of b,,(/) in the Highly Turbid Regions

Figures 3-7 show different b,,(4) spectral features in these five turbid regions. Figure 8 further characterizes
and quantifies the b,,(4) variations with the wavelength at the different stations marked in Figure 2. Sta-
tions 1-3 in the Subei Shoal, Hangzhou Bay, and Lake Taihu are located in China’s east coastal region. Sta-
tions 4 and 5 are located in the Amazon River Estuary. Stations 6-8 are located in the La Plata River Estuary,

Meghna River Estuary, and Atchafalaya River Estuary, respectively.

In general, all of the b,,(4) at these eight stations for different seasons are highly dynamic. by,(/) can range

from <~0.5 m™' to over ~2-3 m~ . The byp(4) spectra can increase or decrease with the wavelength

depending on the regions and the seasons. At Station 1 in the Subei Shoal, by,(/) is only ~0.2-0.3 m~'in
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Figure 8. The b,,(/) spectral variations in different seasons at (a) Station 1 in the Subei Shoal, (b) Station 2 in the Hangzhou Bay, (c) Station 3 in the Lake Taihu, (d)
Station 4 in the Amazon River Estuary, (e) Station 5 in the Amazon River Estuary, (f) Station 6 in the La Plata River Estuary, (g) Station 7 in the Meghna River Estuary,
and (h) Station 8 in the Atchafalaya River Estuary.
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the boreal summer, while b,(2) reaches ~2-3 m™' in the boreal winter (Figure 8a). At Station 2 in the

Hangzhou Bay, b,,,(4) variations are similar to the b,,(4) at Station 1. In Lake Taihu, b,,(4) is less than those
at both Stations 1 and 2. In fact, by,(/) spectra are generally flat for all four seasons (Figure 8c).

Figure 8d shows less seasonality of b,,(4) in the highly turbid region of the Amazon River Estuary. For all
four seasons, by,(4) increases with increase of the wavelength for b,,(862) above ~2 m~ " for all four sea-
sons at Station 4. In contrast, b,,(4) spectra are generally flat in all four seasons at Station 5 (Figure 8e). In
the La Plata River Estuary (Figure 8f), by,(4) spectra decrease with increase of the wavelength even though
byp(4) values are similar to those in the highly turbid waters of China’s east coastal region and the Amazon
River Estuary. In the Meghna River Estuary (Figure 89), b,,(4) spectra are similar to those at Station 4 during
the boreal summer and autumn, and b,,(/) spectra slightly increase with increase of the wavelength in the
boreal winter and spring.

In summary, by,(4) can be over ~2 m~ " for most of the highly turbid waters shown in this study. The bpp(2)
trends high with the increase of the wavelength at Stations 1, 2, 4, 6, and 7. On the other hand, b,,(4) is gen-
erally flat in the visible and NIR bands at Station 3 in Lake Taihu, and at Station 5 in moderately turbid
waters in the Amazon River Estuary. At Station 6 in the La Plata River Estuary and Station 8 in the Atchafa-
laya River Estuary, b,,(4) decreases with increase of the wavelength for all four seasons.

3.3. Interannual Variability of VIIRS-Derived b,(/) in Highly Turbid Waters

The time series of b,,(4) at these eight stations are shown in Figure 9. Remarkable seasonal cycles of by,(4)
can be found in the Subei Shoal (Station 1), Hangzhou Bay (Station 2), and Lake Taihu (Station 3). At Station
1, byp(4) ranges from ~0.2-0.3 m~ " in the boreal summer to ~3-4 m~" in the boreal winter. This represents
a seasonal expansion and reduction of the sediment plumes in the Subei Shoal (Shi & Wang, 2012a). In the
Hangzhou Bay, b,,(/) experiences more interannual variability than those in the Subei Shoal. Indeed, in the
2013-2014 winter (December-February), by,(862) reached over ~4 m™!

Figures 9d and 9e show that no significant seasonal by,(4) variation for both moderately and highly turbid
waters. Peak b,,(4) generally occurs in the months of December-February. The enhanced b,,(2) can be
attributed to the downpour rainfall and flooding rivers in this rainy season (Zeng, 1999). In the La Plata River
Estuary (Figure 9f), the interannual variation of by,(/) is also significant in addition to the seasonal change.
In the Australian fall (March-May) of 2012, b,,,(4) reached over ~4 m~ ", while bpp(4) was ~1-2 m~ ' for the
other years. At Station 7 in the Meghna River Estuary, a seasonal change of by,(/) can also be found with
peak values in the boreal summer and autumn seasons. However, interannual changes of by, (4) are still sig-
nificant (Figure 9g). In the Atchafalaya River Estuary (Figure 9h), the b,,(/) ranges between ~0.3-0.5 m~"in
the boreal summer and ~1.0-1.5 m~ ' in the boreal winter. byp(4) in this region is similar to that in Lake
Taihu (Figure 9h).

3.4. Combination of the NIR-Based and QAA-Based b,,,(/) Algorithm

In this study, the NIR-based by,(4) algorithm can be applied to seasonal and climatology VIIRS nL,(745) and
nlL,(862) for retrieving by,(4) in the entire visible and NIR spectrum for coastal and inland waters. However,
in open oceans and less turbid waters, water is generally black at the NIR wavelengths. Thus, nL,,(745) and
nL,(862) are close to 0. Equations (1)-(6) for the NIR-based by,(/) algorithm show that the algorithm is sensi-
tive to the ratio of by,(745)/b,,,(862), which is proportional to the ratio of nL,(745)/nL,(862). This suggests
that a small error in satellite-derived nL,,(745) and nL,,(862) can result in a significant error in by,(4) over the
clear open ocean waters. Conversely, in turbid waters, by,(4) is much less sensitive to small errors in
satellite-derived nL,,(745) and nL,(862) due to enhanced signals of nL,(745) and nL,(862).

In this study, VIIRS nL,(745) and nL,(862) are derived from the SWIR-based atmospheric correction using
VIIRS SWIR bands M8 and M10 (1,238 and 1,601 nm). The low signal-to-noise-ratio (SNR) for these two SWIR
bands determines that nL,(745) and nL,(862) retrievals in the open ocean can be noisy and less accurate
(Wang & Shi, 2012), even though indeed the VIIRS nL,(A) products from the SWIR atmospheric correction
are generally consistent with those from the NIR-based atmospheric correction algorithm (Wang et al.,
2016a, 2016b).

Figures 10a-10e show the climatology NIR-based b,,(4) in China’s east coastal region. To enhance the
byp(4) for a better evaluation in the open ocean, a log scale is used in Figure 10. Indeed, using the NIR-
based approach by,(4) images in the open oceans shows high noise levels especially for b,,(443) (Figure
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Figure 9. Interannual variations of VIIRS-derived b;,,(443), by,(551), byp(671), and by,,(862) at (a) Station 1 in the Subei Shoal, (b) Station 2 in the Hangzhou Bay, (c)
Station 3 in the Lake Taihu, (d) Station 4 in the Amazon River Estuary, (e) Station 5 in the Amazon River Estuary, (f) Station 6 in the La Plata River Estuary, (g) Station
7 in the Meghna River Estuary, and (h) Station 8 in the Atchafalaya River Estuary.
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Figure 10. VIIRS climatology by,(4) derived from the approaches of (a-e) the NIR-based by,(4) algorithm, (f-h) the QAA-
based by,(4) algorithm, and (i-m) the NIR-QAA combined by,,(/) algorithm.

10a). As described in equations (1)-(6), b,,(443) (Figure 10a), by,(551) (Figure 10b), and by,,(671) (Figure 10c¢)
are all derived from b,,(745) (Figure 10d) and b,,(862) (Figure 10e) with the NIR-based algorithm. Figures
10f-10h show the climatology QAA (Version 5) by,(4) at 443, 551, and 671 nm along China’s east coastal
region for comparison. In general, QAA-derived by,(4) products are smooth and less noisy for the entire
region. Note that there are no b,,(745) and b,,(862) products from the QAA-based algorithm. In the open
ocean, QAA-derived by,(4) products are not only smooth, but also smaller in comparison with those from
the NIR-based by,(4) algorithm. This further shows that the NIR-based by,(4) in the open ocean can be noisy
and even might be invalid due to the low SNR at the SWIR bands and the less accurate nL,(745) and
nL,(862) retrievals (almost no signals).

It is also noted that QAA-based by,(4) in highly turbid waters (Figures 10f-10h) in the visible bands is ~4-5
times less than those from the corresponding NIR-based by,,(4) algorithm (Figures 10a-10c). The QAA IOP
algorithm is more or less developed for open oceans and less turbid waters. Specifically, power law slope, 7,
is estimated from nL,(443) and nL,,(551) empirically. Multiple studies (Shi & Wang, 2009b, 2014) have shown
that nL,(4) can be saturated in the visible bands in highly turbid coastal and inland waters. This implies that
the QAA algorithm underestimates the b,,(/1) and even loses its sensitivity to the b,,(4) change in the mod-
erately to highly turbid waters. In contrast, the NIR-based algorithm can perform well in the moderately to
highly turbid waters where the NIR nL,,(7) have significant contributions. This is because the NIR nL,,(4) can
be highly correlated to the by,(4) and the errors in nL,,(A) derived from the SWIR-based atmospheric correc-
tion are insignificant in comparison with the enhanced NIR nL,(4).

The advantages and disadvantages of the QAA-based and NIR-based b,(4) algorithms suggest that these
two algorithms complement each other. Thus, a combined b,,(4) is preferable in order to derive accurate
byp(4) products for both the open ocean and turbid coastal/inland waters. Similar to the approach to the
NIR-SWIR atmospheric correction algorithm, which combines the NIR-based and SWIR-based atmospheric
correction algorithms for the open ocean and turbid coastal/inland waters (Wang & Shi, 2007), we propose
a scheme for this combined by,(4) algorithm after extensive tests and evaluations. Since turbid waters are
always featured with an enhanced nL,(745) value, and nL,(745) is a direct optical retrieval product in the
satellite ocean color data processing, nL,(745) is used to determine which b,,(4) algorithm is used in
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producing VIIRS by,(/) data. A combined scheme has been developed and can be easily implemented into
the MSL12 ocean color data processing. This scheme is outlined as follows:

1. for nL,,(745) <0.1 mWcm 2 um ™ 'sr', bbp(i)=bégAA) (2)

2. for 0.1 < nL,(745) <02 mW cm 2 um ™" sr™!

bp (1) =i (1) + (10 1L, (745) ~ 1) X (b (1)~ b2 (4)

3. for nL,(745)>02mW cm 2 um™ " sr ', bbp(A”)=ng’R)(),),

where b, %?(2) and b,,"?(}) are from the QAA-based and NIR-based by,,(2) algorithm. However, it is obvi-
ous that, for by,(/) data at the NIR bands, they can only be produced using the NIR-based b,,(1) method.
Figures 10i-10k show results of the combined VIIRS climatology b,,(4) data for the b,,(443) (Figure 10i),
byp(551) (Figure 10j), and b,,(671) (Figure 10k), respectively. Since there are no QAA by,,(745) and b;,,(862)
data, combined by,(745) (Figure 10I) and b,(862) (Figure 10m) only show the areas with nL,,(745) > 0.2 mW
cm? ym’1 st " In comparison with the NIR-based climatology by,,(4), the combined by,(4) products show
significant improvements in the open ocean. In coastal and inland water regions, values of combined by,,(4)
become much higher than those from the QAA approach. Furthermore, no discontinuity can be found in
the transition zones from the QAA b,,(4) in the open ocean to the NIR-based by,(/) in the turbid coastal
waters. This demonstrates that this scheme can provide the best quality of b,,(4) products for both the
open ocean and turbid coastal/inland waters.

4. Discussion

Satellite-derived nL,(1) spectra are determined by the water IOP properties of the four components in
the water column, i.e., pure water, phytoplankton, CDOM, and minerals. In the open ocean, pure water,
Chl-a, and CDOM are the dominant components (Garver & Siegel, 1997; Hoge & Lyon, 1996; Lee et al.,
2002; Werdell et al.,, 2013). Thus, water IOP properties can be derived with good accuracy from nL,(4) in
the visible wavelength. However, in complex turbid coastal and inland waters, minerals can play a signifi-
cant role in determining the nL,(4) spectra (Gordon & Morel, 1983). The dynamic optical and biogeo-
chemical features of minerals make it very challenging to retrieve accurate IOPs in turbid coastal and
inland waters.

In this study, we have demonstrated that the by,(2) algorithm can generally be significantly simplified at
the NIR wavelengths in the turbid coastal and inland waters. Thus, b,,,(4) at the two NIR bands can be com-
puted directly, and furthermore, b,,(4) in the visible can be computed analytically. This approach shows
advantages over the other b,,(4) algorithms such as QAA (Lee et al,, 2002), GSM (Garver & Siegel, 1997), and
GIOP (Werdell et al., 2013) for turbid coastal and inland waters since no empirical formula is used in this
algorithm and it can also avoid a possible nL,,(4) saturation issue in the visible over highly turbid waters (Shi
& Wang, 2014).

Indeed, the NIR-based by,(4) algorithm is able to derive reasonably accurate by,(/) data in turbid coastal
and inland waters. The comparison between the b,,(4) derived using the NIR-based algorithm and the
IOCCG synthesized data set for IOP algorithm developments (IOCCG, 2006) shows that error in by,(/) retriev-
als at the 440, 550, 670, and 800 nm is <~2% in waters with K,(490) > 1.0 m~". In China’s east coastal
region, VIIRS-derived b,,(4) images (Figure 3) in the spring are qualitatively consistent with the in situ by,(4)
measurements (Zhang et al,, 2010a). In turbid waters such as the Subei Shoal region, VIIRS by,(4) is ~1-
2m™', consistent with the in situ b,,(1) observations. In contrast, QAA-derived by,(/) data (not shown here)
are significantly lower than those from in situ observations in the turbid China’s east coastal region. In Lake
Taihu, VIIRS-derived by, (4) is ~1.0 m~ " during the autumn season, and the byp(4) spectrum is relatively flat.
This also qualitatively agrees with in situ measurements (Ma et al., 2009).

On the other hand, field experiments in the Elbe and Gironde River Estuaries in Europe show the scattering
coefficient b,(/) closely matches the power law relationship with the wavelength /1 in the NIR wavelengths
and the power law slope 7 is generally consistent with the b,(1) power law slope in the visible. Stramski
et al. (2007) also show that b,(/) spectra are also wavelength dependent and follow the power law of the
wavelength (~27"). This suggests that by,(4) (by(1) X backscattering ratio) in the entire spectra can be
derived with known b,,(4) at the two NIR bands.
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Figure 11. Scatter plot of the Hydrolight b,,(4) input and NIR-based by,(4) for
VIIRS spectral bands at 410, 443, 486, 551, 671, 745, and 862 nm.

Due to the unavailability of the in situ by,(1) data in the turbid
waters, and also the high uncertainty in the in situ by,(4) measure-
ments, Hydrolight simulations were used to characterize, quantify,
and evaluate the NIR-based b,,(4) algorithm in coastal turbid waters.
Figure 11 shows the scatter plot of Hydrolight input b,,(4) and the
NIR-based by,(4) retrievals derived using nL,,(4) spectra from Hydro-
light outputs. Average mineral type is used in the simulations with
Chl-a to be 20 mg/m?, a,(440) to be 1.0 m~', TSM ranging from 10
to 200 mg/L and by,(4) ratio from 0.015 to 0.025, which are typical
for coastal turbid waters (Zhang et al., 2010a, 2010b).

Table 1 provides the statistics from the comparison of the Hydro-
light by,(4) and the NIR-based b,,(4). In general, the NIR-based
byp(4) matches well with the Hydrolight input by,(4). The correla-
tion coefficients for by,(4) in the VIIRS bands are over 0.99. The
mean and standard deviation (STD) of by,(4) ratio
(bé’:’ﬁ’)(A”)/bfj'g"""> (2)) for all byy(2) are 1.00748 and 0.0675. The mean
ratio in by,(4) ranges from 1.04704 for by,(/) at 410 nm to 0.960866
at 862 nm. On the other hand, the STD value monotonously

increases from 0.027403 at 862 nm to 0.095955 at 410 nm. This is

mainly attributed to the extrapolation error that mathematically extrapolates by,(4) from the NIR 862 to

410 nm.

The assumption a,(4) > a4(4) in the NIR wavelengths is generally valid for turbid waters, thus equation (5)
can be used in the NIR-based IOP computation. For extremely turbid waters, the approximation in equation
(5) can still hold due to the fact that b,,(4) at the NIR wavelengths is one to two orders higher than a4(/)
even though it is possible that a4(/) is not negligible in comparison to a,(4) in extremely turbid waters.
Thus, the NIR-based b,,(4) algorithm can be applied to highly turbid waters to derive reasonably accurate

byp(4) in the NIR and visible bands.

To examine the robustness of the NIR-based by,(4) algorithm, we further extend the TSM to 300-500 mg/L
for very extremely turbid waters. Even though these extremely turbid waters are not observed in the satel-
lite climatology in terms of nL,/(4) and by,(4) values, they can indeed occur in nature under some ocean and
atmosphere events such as a strong tropical storm, an abnormal tidal current, etc. In these simulations,
bep(2) in the NIR wavelength can reach over 15-20 m™' (results not shown). Table 2 shows comparison
results between the Hydrolight by,,(4) input and NIR-based b,,(4) retrievals. Overall, the mean ratio is 0.9851
with the STD of 0.0394. The correlation between the input b,,(4) and the NIR-based by,(4) is 0.9925. These
statistics for the extremely turbid waters are similar to those for the regular turbid waters with TSM ranging
between 10 and 200 mg/L. It provides further evidence that this NIR-based by,(4) algorithm can be safely
used to derive VIIRS by,(4) products for global highly turbid waters.

One key procedure to retrieve by,(4) from satellite observations is the determination of the power law slope
n. In the GSM IOP algorithm, 7 is set to be a generally fixed value, while 7 is empirically derived in the QAA
and GIOP using nL,(4) in the visible bands. Highly dynamic features of # (Loisel et al., 2006; Stramski et al.,

Table 1

Statistics for Particle Backscattering Ratio for Turbid Waters With TSM of 10-200 mg/L

Ratio of byp(4) between the NIR-derived and Hydrolight input values

Statistics

parameters by,p(410) by,p(443) by,,(486) b,p(551) b,p(671) by,,(745) by,(862) All
Mean 1.0470 1.0378 1.0260 1.0134 0.9932 0.9740 0.9609 1.0075
Median 1.0581 1.0512 1.0339 1.0138 0.9868 0.9684 0.9587 0.9893
STD 0.0960 0.0839 0.0696 0.0535 0.0276 0.0235 0.0274 0.0675
Correlation 0.9912 0.9929 0.9949 0.9968 0.9989 0.9994 0.9997 0.9946

coefficient
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Table 2
Statistics for Particle Backscattering Ratio for Turbid Waters With TSM of 300-500 mg/L

Ratio of by,p(4) between the NIR-derived and Hydrolight input values

Statistics

parameters by,,(410) by,,(443) by,,(486) by,p(551) b,p(671) by,,(745) by,p(862) All

Mean 0.9660 0.9680 0.9737 0.9845 0.9948 0.9993 1.0096 0.9851

Median 0.9559 0.9605 0.9697 0.9848 1.0012 0.9962 1.0086 0.9908

STD 0.0524 0.0477 0.0418 0.0350 0.0258 0.0231 0.0236 0.0394

Correlation 0.9882 0.9895 0.9912 0.9931 0.9955 0.9964 0.9969 0.9925
coefficient

2007) and the saturation of nL,(/) in the turbid coastal and inland waters determine that these b,,,(4) algo-
rithms perform poorly in the turbid coastal waters especially highly turbid waters.

Power slope 7 is related to the particle size distributions (PSDs), i.e., { = # — 3 (Babin et al., 2003; Kostadinov
et al., 2009; Morel, 1973), where { is the power law slope of the Junge-type (Junge, 1963) size distributions
(Balder, 1970; Sheldon et al., 1972; Twardowski et al., 2001). In fact, particle backscattering properties are
determined by particle size distribution, particle shapes, and composition. However, particle size distribu-
tion is the dominant factor in determining the particle scattering features such as the backscattering power
law slope and the backscattering ratio (Kostadinov et al., 2009; Ulloa et al., 1994). For most of the satellite-
derived global by,(4) and the available in situ observations, particle backscattering power law slope # is typi-
cally positive or close to 0 (Loisel et al., 2006; Reynolds et al., 2016; Stramski et al., 2007; Wozniak & Stramski,
2004). This shows that b,,(4) decreases with the wavelength for VIIRS-derived b;,(410) to b,,(862). However,
1 may also be negative for large size particles (Kostadinov et al., 2009). Correspondingly, by,(4) in the NIR
wavelengths thus are larger than those in the visible bands. In China’s east coastal region, in situ b,,(/4) can
indeed increase with the wavelength at some highly turbid locations (Zhang et al., 2010a).

In this study, VIIRS-derived by,(/) images in the five turbid regions (Figures 3-7) and b,,(/) at the eight sta-
tions (Figure 8) show that the particle size distribution in the water column is highly dynamic depending on
the regions and the seasons. At Stations 1 and 2 in China's east coastal region, b,,(2) increases with the
increase of the wavelength during the winter season, while by,(4) decreases with the wavelength during
the summer season. This shows that the 7 is negative in the winter and positive in the summer, and might
further suggest that the particle size is bigger in the winter ({ < —3) than that in the summer ({ > —3). The
seasonal variation of particle size distribution in the water column may be attributed to the seasonal vari-
ability of the turbulence and water mixing process driven by the seasonal monsoon in China’s east coastal
region (Shi & Wang, 2010a, 2012a).

At Station 4 in the Amazon River Estuary (Figure 8d) and Station 7 in the Meghna River Estuary (Figure 8g),
byp(4) increases with increase of the wavelength for all seasons, while by,(/) decreases with the increase of
the wavelength for all seasons at Station 6 in the La Plata River Estuary (Figure 8f) and Station 8 in Atchafa-
laya River Estuary (Figure 8h). This further suggests that the particle sizes at Stations 4 and 7 are generally
larger than those at Stations 6 and 8. At Station 3 in Lake Taihu (Figure 8c) and Station 5 in the Amazon Riv-
er's north branch (Figure 8e), by,(4) is generally flat for all seasons, implying that particle size in the water
column is more or less the same even though by,(/4) can vary seasonally at these two stations. It is also
noted that by,(4) power law slope is still positive even though nL,(2) at the NIR bands in the La Plata River
Estuary is similar to that in China’s east coastal region (Figure 2). This indicates that b,,(4) power law slope
is not only seasonal-dependent, but also regional-dependent. If nL,(2) at the NIR bands is approximated as
the surrogate of the TSM concentration, the particle size in the La Plata River Estuary is smaller than that in
China’s east coastal region even though the TSM concentration at these two regions is similar.

This study also has significant implications for retrieving other IOPs such as phytoplankton absorption spec-
tra dpp(4). With known by,(7) in the visible over turbid coastal and inland waters, similar procedures in the
other IOP modeling approaches such as QAA and GSM can be implemented to produce a,,(4) and dqg(4)
for global turbid coastal and inland waters. Alternatively, the NIR-based by,(4) can also provide the potential
to further tune the regional algorithms in order to accurately derive optical and biogeochemical products
such as by,(4), apn(4), Chl-a, and TSM.
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5. Conclusion

In this study, we developed an NIR-based b,(4) algorithm for turbid coastal and inland waters. This algo-
rithm is based on the fact that the water absorption coefficients, a,(/), at the NIR wavelengths are much
larger than other components like a;o,(4). The NIR-based by,(2) algorithm is assessed and compared with
other by,(4) algorithms such as QAA, showing that the NIR-based algorithm produces significantly larger
byp(4) data over highly turbid coastal and inland waters.

The advantages and disadvantages of these b,,(4) algorithms are also addressed, and a combination of the
NIR-based and QAA-based algorithms has been proposed and demonstrated. The combined b,(/) algo-
rithm in China’s east coastal region shows that high quality b,,(4) can be retrieved for both the open ocean
and turbid coastal and inland waters. The implications of the NIR-based b,,(4) algorithm for deriving other
ocean color products such as apn(4), Chl-a, TSM, etc. in the turbid coastal and inland waters are also
discussed.

Using the NIR-based by,(/) algorithm, we have characterized and quantified by,(/) in the major turbid
waters of the global ocean with VIIRS-SNPP observations between 2012 and 2016. Seasonal and interannual

variations of by,(4) in China’s east coastal region, the Amazon River Estuary, the La Plata River Estuary, the

Meghna River Estuary, and the Atchafalaya River Estuary are analyzed. by,(/) can reach over ~3-4 m~"in

some highly turbid regions. In China’s east coastal region, b,(4) data show significant seasonal variations in
the Subei Shoal, Hangzhou Bay, and inland Lake Taihu. In particular, VIIRS-derived b,,(/) data in the winter
season is remarkably higher than those in the summer season. The Amazon River Estuary is identified as the
most turbid region in the global ocean in terms of the b,,(4) magnitude. No significant seasonal variations
of byp(4) in the Amazon River Estuary are found.

We also found that by,(4) spectra in these five highly turbid regions are seasonal-dependent and regional-
dependent. In highly turbid waters of China’s east coastal region, b,,(4) power law slope, 7, is negative in
the winter season with increasing by,(4) from wavelength of 410 to 862 nm, and slightly negative or flat in
the other seasons. In the Amazon River Estuary, power law slope, 1, of by,(4) is mostly negative for all sea-
sons. Flat b,,(4) spectra are found in Lake Taihu. In the La Plata River Estuary and the Atchafalaya River Estu-
ary, power law slopes, 1, of by,(4) is positive for all seasons with decreasing by,(4) from the wavelength of
410 to 862 nm. The intrinsic relationship between by,(4) power law slopes and the particle size distributions
in the water column implies that the particle sizes in the water column of the Amazon River Estuary and Chi-
na’s east coastal region are generally larger than those in the La Plata River Estuary and the Atchafalaya
River Estuary.
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