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Abstract Normalized water‐leaving radiance spectra nLw(λ) at the near‐infrared (NIR) bands from six
years of observations (2012–2017) with the Visible Infrared Imaging Radiometer Suite (VIIRS) on‐board
the Suomi National Polar‐orbiting Partnership are used to derive both the power law slope η of the particle
backscattering coefficient spectra bbp(λ) and the particle size power law slope ξ for turbid coastal and
inland waters. Based on the fact that the absorption coefficient of sea water aw(λ) is generally much larger
than those of the other constituents aiop(λ) at the NIR wavelengths in coastal and inland waters, a NIR‐based
bbp(λ) algorithm for turbid waters has been used to derive the power law slope η. A three‐order
polynomial function between η and ξ in Kostadinov et al. (2009, https://doi.org/10.1029/2009JC005303) is
applied to calculate the particle size slope ξ. Seasonal and interannual variations of η and ξ in China's
east coastal region, the AmazonRiver Estuary, the La Plata River Estuary, theMeghna River Estuary, and the
Atchafalaya River Estuary are characterized and quantified. Except for the Amazon River Estuary, η and ξ
have significant seasonal dependence in these highly turbid regions. Among the global highly turbid
waters, the Meghna River Estuary shows the most significant seasonal variations in η and ξ with the largest
particle size in the surface layer. The peaks of the climatology η and ξ are at ~ −1.2 and 3.2 in the
Meghna River Estuary, respectively. Particle size parameters η and ξ are also shown to be related to the
magnitude of nLw(λ) (or bbp(λ)) at the NIR bands with strong regional dependence. This study demonstrates
that η and ξ increase from the inshore to offshore regions in these highly turbid waters, illustrating the
more large particles in the inshore waters than the offshore ocean regions. In addition, wind and
precipitation data in the Amazon River Estuary and Meghna River Estuary show that wind forcing is the
major driver for the particle size distribution dynamics in these highly turbid water regions.

1. Introduction

Suspended marine particles in the ocean are important constituents in the water column that are related to
many ocean physical, geochemical, and biological processes, such as phytoplankton blooms, flocculation,
aggregation, and sediment resuspension (Dyer et al., 2000; Pannard et al., 2007; Wang et al., 2013).
Particle size in the seawater is critical in characterizing the marine ecosystem, phytoplankton community,
and phytoplankton function type (Falkowski et al., 1998; Hood et al., 2006; Le Quere et al., 2005). The
particle settling velocity is strongly impacted by the particle size (Ahn, 2012; Mccave, 1975). The light
penetration, scattering, and attenuation in seawater are also affected by the particle size (Babin et al.,
2003; Baker & Lavelle, 1984). Thus, particle size distribution (PSD) plays an important role in modeling
biogeochemical processes for the global ocean as well as for assessing the ocean ecosystem dynamics and
the ocean's carbon cycle (Falkowski et al., 1998; Le Quere et al., 2005; Maranon, 2015).

Unlike the open ocean, coastal regions, particularly the highly turbid regions like river estuaries, are
dominated with inorganicmaterials such as clays, silts, and fine sands from the bottom or from the river flows
(Bowers & Binding, 2006). Suspended particles in coastal and estuarine waters are commonly in the form of
the aggregates or flocs (Eisma et al., 1990), and the particulate aggregation can affect the beam attentuation
(Boss et al., 2009). The physical and biogeochemical processes such as seasonal climate changes, wind‐driven
turbulence, tidal current, and waves can change the PSD in coastal and estuarine waters (Ellis et al., 2004;
Renosh et al., 2014; Renosh et al., 2015; Wolanski & Gibbs, 1995). Thus, studying the dynamics, spatial and
temporal variability of PSD, and its roles on the physical and biogeochemical processes in coastal and estuar-
ine waters can provide a better understanding of global and regional marine ecosystems.
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The particle size in the ocean water column can have a wide range from a fewmicrons in radius to over ~100
μm (Bowers et al., 2007; Buonassissi & Dierssen, 2010; Qiu et al., 2016; Xi et al., 2014). Several mathematical
models have been proposed to approximate the PSD shape in the marine environment (Ceronio & Haarhoff,
2005; Jonasz, 1987; Junge, 1963; Kitchen et al., 1975; Boss et al., 2011; Risovic, 1993). Even though particle
size distributions in natural waters are usually much more complex, various studies and in situ investiga-
tions found that the Junge type (or power law) PSD (Junge, 1963) and the power law approximation gener-
ally provide a good fit to the surface ocean particle size distributions with particle size measurements that
span from a few microns to ~100 μm (Buonassissi & Dierssen, 2010; Qiu et al., 2016; Sheldon et al., 1972;
Twardowski et al., 2001).

The PSD in the marine environments is related to the particle backscattering spectra (Boss et al., 2001;
Kostadinov et al., 2009; Loisel et al., 2006; Morel, 1973). Slade and Boss (2015) showed that spectral back-
scattering contains information of the average particle size from the in situ measurements. The power law
slope ξ of the PSD can be derived from the power law slope η of the particle backscattering coefficient
spectra bbp(λ) with the assumptions that the PSD in the marine environment is in the power law distribu-
tion and water absorption at the near‐infrared (NIR) wavelengths is significantly larger than that of other
inherent optical property (IOP) components. Thus, it is natural to characterize and quantify the global
marine PSD with the particle backscattering coefficients bbp(λ) from satellite ocean color remote sensing.
A general decrease of the bbp(λ) spectral slope from the oligotrophic oceans to eutrophic waters is
observed (Loisel et al., 2006). Correspondingly, subtropical oligotrophic gyres are characterized with high
PSD slopes and low particle number concentrations in comparison with coastal eutrophic regions. The
picoplankton‐size particles dominate the oligotrophic waters, while eutrophic waters are generally fea-
tured with high number concentrations of microplankton‐size particles (Kostadinov et al., 2009) as com-
pared to the open ocean. In turbid coastal and estuarine waters, suspended particles are mainly from
suspended sediments, and particle size generally decreases from the inshore to offshore regions (Park
et al., 2001; Xi et al., 2014).

Unlike open ocean waters, the normalized water‐leaving radiance spectra nLw(λ) in the coastal turbid region
are significantly enhanced at the spectral range of the red and NIR bands (Arnone et al., 1998; Knaeps et al.,
2015; Ruddick et al., 2006; Shi &Wang, 2014; Stumpf et al., 2003; Wang et al., 2007; Wang et al., 2011). Thus,
accurate retrievals of nLw(λ) spectra at the red and NIR bands from the shortwave infrared (SWIR)‐based
atmospheric correction algorithms (Wang, 2007; Wang & Shi, 2007) provide further optical information
about the ocean (water) beyond traditional blue and green wavelengths to address the complexity of coastal
and inland turbid waters. Based on the spectral features of the IOP constituents in the ocean, it is demon-
strated that a NIR‐based bbp(λ) algorithm can derive bbp(λ) products in highly turbid coastal and inland
waters with good accuracy (Shi & Wang, 2014, 2017). In fact, bbp(λ) can reach over ~3–4 m−1 in the
Amazon River Estuary and China's east coastal region (Shi & Wang, 2017). In addition, bbp(λ) spectra in dif-
ferent highly turbid regions are also seasonal and regional dependent, attributed to the different particle size
distributions in these waters (Shi & Wang, 2017).

In this study, we use nLw(λ) spectra at the NIR bands of 745 and 862 nm derived from the SWIR‐based atmo-
spheric correction algorithm (Wang, 2007) with observations from the Visible Infrared Imaging Radiometer
Suite (VIIRS) on‐board the Suomi National Polar‐orbiting Partnership (SNPP) between 2012 and 2017 to
compute bbp(λ) in the two NIR bands for major highly turbid waters. Different from the Shi and Wang
(2017) study to characterize the particle backscattering of global highly turbid waters, the power law slope
η of the bbp(λ) spectra is computed from bbp(λ) in the two NIR bands, and the slope ξ of the PSD is further
computed analytically from the parameter η following the formula in Kostadinov et al. (2009). We analyze
the spatial and temporal variations of ξ in these regions. The comparison of the satellite‐derived PSD slope
ξ and results from other studies, including possible uncertainties of the PSD retrievals and the PSD dynamics
in these highly turbid water regions, are also discussed.

2. Methods and Data
2.1. VIIRS‐SNPP Data Over Global Highly Turbid Water Regions

VIIRS is one of the key instruments on board the SNPP satellite, which was launched on 28 October 2011.
VIIRS has similar spectral bands to the Moderate Resolution Imaging Spectroradiometer (MODIS) that
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provides 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 the data continuity from MODIS for the science and user
communities with the Environmental Data Records (EDR or Level‐2 data) over global oceanic waters to
enable assessment of climatic and environmental variability (McClain, 2009). Ocean color EDR is one of
several key product suites derived from VIIRS (Wang, Liu, et al., 2013).

Specifically, VIIRS‐SNPP has moderate spatial resolution (750 m) of five visible bands (M1–M5) with nom-
inal central wavelengths of 410, 443, 486, 551, and 671 nm, two NIR bands (M6 and M7) at the wavelengths
of 745 and 862 nm, and the three SWIR bands (M8, M10, and M11) at the wavelengths of 1,238, 1,601, and
2,257 nm, as well as three imaging bands (I1–I3) with spatial resolution (375 m) at 638, 862, and 1,600 nm,
for satellite ocean color data processing (Wang et al., 2016; Wang & Jiang, 2018; Wang, Liu, et al., 2013). On‐
orbit vicarious calibration for VIIRS‐SNPP was carefully carried out using the in situ nLw(λ) spectra from the
Marine Optical Buoy (Clark et al., 1997) in the waters off Hawaii and over the South Pacific Gyre (Wang
et al., 2016).

2.2. The nLw(λ) Spectra Derived From the SWIR‐Based Ocean Color Data Processing

Satellite measurements at the two MODIS or VIIRS SWIR bands can be used to derive nLw(λ) spectra from
the visible to NIR and SWIR 1,240‐nm band (Shi &Wang, 2009; Wang, 2007; Wang & Shi, 2007). The Multi‐
Sensor Level‐1 to Level‐2 (MSL12) ocean color data processing system (Wang, 1999; Wang & Franz, 2000;
Wang, Liu, et al., 2013), which is the official NOAAVIIRS ocean color data processing system, has been used
for routinely processing satellite ocean color data from the Sensor Data Records (SDR or Level‐1B data) to
ocean color EDR (Level‐2 data) products for VIIRS‐SNPP. There are various atmospheric correction
approaches implemented in MSL12, including the NIR‐SWIR combined atmospheric correction algorithm
(Wang & Shi, 2007; Gordon & Wang, 1994; Wang, 2007; Wang, Son, Shi, 2009). In this study, climatology
and seasonal composites of remapped VIIRS nLw(λ) spectra between 2012 and 2017 derived using the
NIR‐SWIR algorithm (Wang & Shi, 2007; Gordon & Wang, 1994; Wang, 2007; Wang, Son, Shi, 2009) in tur-
bid regions, including China's East Coast, the Amazon River Estuary, the La Plata River Estuary between
Uruguay and Argentina, the Meghna River Estuary in the Bay of Bengal, and the Atchafalaya River
Estuary in distributaries of the Mississippi River, were used to produce bbp(λ), bbp(λ) power law slope η,
and PSD slope ξ. Figure 1 shows global climatology diffuse attenuation coefficient at the wavelength of
490 nm Kd(490) (Wang, Son, Harding, 2009) derived from the VIIRS observations (2012–2018) with the

Figure 1. Global climatology Kd(490) distribution derived from Visible Infrared Imaging Radiometer Suite observations
between 2012 and 2018. The turbid water regions in this study are marked for the China East Coast, Amazon River
Estuary, La Plata River Estuary, Meghna River Estuary, and Atchafalaya River Estuary.
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locations of these turbid regions marked. While Kd(490) is generally less than 0.1 m−1 for the global open
ocean, Kd(490) in these turbid regions are all over 2 m−1.

2.3. The NIR‐Based bbp(λ), η, and ξ Algorithms for VIIRS Ocean Color Observations

Satellite‐measured nLw(λ) data are intrinsically related to the water constituents such as colored dissolved
organic matter, phytoplankton particles, and inorganic sediments (Gordon et al., 1988). Gordon et al.
(1988) developed a quadratic model between the remote sensing reflectance just beneath the ocean surface
rrs(λ) and ocean's IOPs, that is,

rrs λð Þ ¼ g1
bb λð Þ

a λð Þ þ bb λð Þ
� �

þ g2
bb λð Þ

a λð Þ þ bb λð Þ
� �2

; (1)

where g1 and g2 are constant values of 0.0949 and 0.0794 sr−1 as derived in Gordon et al. (1988). It is noted
that rrs(λ) can be directly converted from nLw(λ) (Lee et al., 1999). It should also be noted that equation (1)
works for both the open ocean and coastal turbid waters. Coefficients a(λ) and bb(λ) in equation (1) are total
absorption and backscattering coefficients, respectively, which can be expressed as

a λð Þ ¼ aw λð Þ þ aph λð Þ þ ag λð Þ þ ad λð Þ; (2)

bb λð Þ ¼ bbw λð Þ þ bbp λð Þ; (3)

where aw(λ), aph(λ), ag(λ), and ad(λ) are absorption coefficients for pure seawater, phytoplankton, dissolved
matter, and nonalgal particles, respectively, and bbw(λ) and bbp(λ) are backscattering coefficients for pure
seawater and particulate matters, respectively.

In fact, ad(λ) and bbp(λ) are related to the particle concentration, particle size distribution, particle backscat-
tering ratio, particle refractive index, etc. Furthermore, bbp(λ) is normally proportional to the particle con-
centration to the first order, while particle size and particle backscattering ratio are associated to the
bbp(λ) spectrum. In recent studies, Shi and Wang (2014, 2017) developed a NIR‐based IOP algorithm to
retrieve bbp(λ) in coastal and inland turbid waters based on the spectral features of the absorptions of pure
seawater aw(λ), phytoplankton aph(λ), dissolved matters ag(λ), and nonalgal particles absorption ad(λ) at
the NIR wavelengths. Briefly, pure seawater absorption coefficients aw(λ) at the NIR bands are typically sig-
nificantly higher than those from other constituents, that is, aw(λ) > > aph(λ), ag(λ), and ad(λ). For example,
aw(862) is ~5 m

−1 as compared to aph(λ), ag(λ), and ad(λ) at 862 nm that are normally negligible in compar-
ison with aw(862). Therefore, with the spectral features of aw(λ), aph(λ), ag(λ), and ad(λ) at the VIIRS NIR
745‐ and 862‐nm bands, bb(λ)/(a(λ) + bb(λ)) can be approximated as

bb λð Þ
a λð Þ þ bb λð Þ

� �
≈

bb λð Þ
aw λð Þ þ bb λð Þ

� �
: (4)

In equation (3), bbp(λ) is spectrally correlated, and can be generally modeled as a function of bbp(λ) at a refer-
ence wavelength (Gordon &Morel, 1983; IOCCG, 2006), that is, bbp(λ0), with a power law slope η. The func-
tion can be expressed as

bbp λð Þ ¼ bbp λ0ð Þ λ0
λ

� �η

: (5)

In this study, bbp(745) and bbp(862) are derived from VIIRS‐measured nLw(745) and nLw(862) using MSL12
with the SWIR‐based atmospheric correction in turbid waters. The power law slope η can then be conse-
quently computed from equation (5) with known bbp(745) and bbp(862) as the reference bbp(λ0).

The Junge type (or power law) PSD (Boss et al., 2001; Junge, 1963) in the marine environments can be
expressed in the following equation:

N Dð Þ ¼ N0
D0

D

� �ξ

; (6)

where N0 is the number of particles per volume normalized by the size bin width in units of meter−4 at the
reference particle size D0, and N is the number of particles per volume normalized by the size bin width at a
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certain particle size D, and ξ is the power law slope. In this study, the slope ξ is used to characterize the par-
ticle size distributions in highly turbid waters. Low values of ξ (e.g., ξ = 3.0 and below) represent more large
particles in the PSD spectrum than the high values of ξ (e.g., ξ = 4.0 and above). Power law slope η is related
to the power law slope of PSD, that is, ξ ≈ η+ 3 (Babin et al., 2003; Kostadinov et al., 2009; Morel, 1973) with
the assumption that the particle size follows the power law distribution and the spectrum of bbp(λ) follows a
power law relationship as shown in equation (5). Even though particle backscattering properties are func-
tions of the PSD, particle shapes, and composition, etc., PSD is a major 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). The impact of PSD depends on a couple of the optical properties such as
the index of refraction and PSD slope (Mobley et al., 2002; Twardowski et al., 2001). The relationship
between η and ξ can be mathematically expressed in a three‐degree polynomial fit for wide ranges of η
and ξ with good accuracy over the 490‐, 510‐, and 555‐nm bands (Kostadinov et al., 2009) after extensive
Mie scattering simulations (Mie, 1908), that is,

ξ ¼ −0:00191η3 þ 0:127η2 þ 0:482ηþ 3:52: (7)

Note that equation (7) is a fit to a look‐up‐table, not a physical formula. Using equation (7), the power law
slope η derived from bbp(745) and bbp(862) is converted to the power law slope ξ of the PSD in coastal turbid
waters. Following the procedure as described in equations (1)–(4), bbp(745) and bbp(862) derived from
VIIRS‐SNPP observations were produced to characterize the dynamics of the bbp(λ) power law slope η and
the PSD power law slope ξ in global highly turbid coastal and inland waters.

3. Results
3.1. VIIRS‐Derived nLw(λ) and bbp(λ) at the NIR Bands in Highly Turbid Waters

In highly turbid waters, ocean optical properties are characterized by enhanced nLw(λ) in the red and
NIR wavelengths (Doron et al., 2011; Doxaran et al., 2002; Shi & Wang, 2014). Five moderately to highly
turbid regions (Shi & Wang, 2010) are selected for this study. These five regions shown in Figure 1
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 Mississippi River. Of the five selected regions, Atchafalaya River Estuary is the only moderately
turbid region.

Figure 2 shows the climatology of VIIRS‐derived nLw(745) from the daily VIIRS observations (Figures 2a–2e)
and nLw(862) (Figures 2f–2j) between 2012 and 2017 in these five regions. Indeed, these regions are featured
with significantly enhanced nLw(745) and nLw(862). Specifically, nLw(745) and nLw(862) can reach over ~4–
5 and ~2–3 mW·cm−2·μm−1·sr−1, respectively, in some areas of China's east coastal region (Figures 2a and
2f) and the Amazon River Estuary (Figures 2b and 2g). The La Plata River Estuary (Figures 2c and 2h) and
the Meghna River Estuary (Figures 2d and 2i) are less turbid than the Amazon River Estuary in terms of
nLw(745) and nLw(862) magnitudes. The Atchafalaya River Estuary in distributaries of the Mississippi
River is the least turbid water in these five regions. It 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, 2010).

Overall, the climatology of VIIRS‐derived nLw(745) and nLw(862) show that there are significant differences
in terms of the magnitudes in nLw(745) and nLw(862) in highly turbid coastal and inland waters. VIIRS‐
derived nLw(745) and nLw(862) in these highly turbid water regions can be used to calculate particle back-
scattering bbp(745) and bbp(862) and characterize and quantify the bbp(λ) power law slope η and PSD slope
ξ for global highly turbid waters.

Figure 2 also shows the climatology of bbp(745) (Figures 2k–2o) and bbp(862) (Figures 2p–2t) derived from
VIIRS observations between 2012 and 2017. The spatial distributions of bbp(745) and bbp(862) are consistent
with those of nLw(745) and nLw(862). However, they are not exactly linearly correlated. Seasonal variability
of nLw(λ) and bbp(λ) is also significant in some of these regions (not shown here; Shi & Wang, 2017), such as
China's east coastal region. Winter season is the most turbid season with enhanced bbp(λ) and enlarged cov-
erage of high bbp(λ) in China's east coastal region, while the lowest bbp(λ) occurs in the summer season.
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3.2. Seasonal bbp(λ) Power Law Slope η and PSD Slope ξ
3.2.1. bbp(λ) Power Law Slope η
Figures 3–7 show the climatology of the bbp(λ) power law slope η and the seasonal η derived from VIIRS
observations between 2012 and 2017 in China's east coastal region (Figures 3a–3e), the Amazon River
Estuary (Figures 4a–4e), the La Plata River Estuary (Figures 5a–5e), the Meghna River Estuary
(Figures 6a–6e), and the Atchafalaya River Estuary (Figures 7a–7e). Note that the regions with nLw(745)

Figure 2. Visible Infrared Imaging Radiometer Suite‐derived climatology nLw(745), nLw(862), bbp(745), and bbp(862) in the regions of (a, f, k, p) China's east coastal
region between (29.0–35.0°N) and (119.0–124.0°E), (b, g, l, q) Amazon River Estuary between (1.0°S–3.0°N) and (52.0–48.0°W), (c, h, m, r) La Plata River Estuary
between (37.0–33.0°S) and (59.0–55.0°W), (d, i, n, s) Meghna River Estuary between (21.0–23.0°N) and (90.0–92.0°E), and (e, j, o, t) Atchafalaya River Estuary
between (28.5–30.5°N) and (93.0–90.5°W). The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no retrievals) are marked in black. The latitude and longitude
grids for the regions are marked in (f)–(j). The box areas for each region in (a)–(e) are marked as A–F for further analysis. Star marks in panels (g) and (i) represent
the locations of the wind and rainfall data for further analysis in Figure 13.
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Figure 3. Visible Infrared Imaging Radiometer Suite‐derived images of η and ξ in China's east coastal region for (a, f) climatology from 2012–2017, (b, g)
March–May, (c, h) June–August, (d, i) September–November, and (e, j) December–February. Note η and ξ are in descending order to improve the visualization
of the parameter spatial distribution in Figures 3–7. The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no retrievals) are marked in black.

Figure 4. Visible Infrared Imaging Radiometer Suite‐derived images of η and ξ in the Amazon River Estuary for (a, f) climatology from 2012–2017, (b, g)
March–May, (c, h) June–August, (d, i) September–November, and (e, j) December–February. The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no
retrievals) are marked in black.
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Figure 5. Visible Infrared Imaging Radiometer Suite‐derived images of η and ξ in the La Plata River Estuary for (a, f) climatology from 2012–2017, (b, g)
March–May, (c, h) June–August, (d, i) September–November, and (e, j) December–February. The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no
retrievals) are marked in black.

Figure 6. Visible Infrared Imaging Radiometer Suite‐derived images of η and ξ in the Meghna River Estuary for (a, f) climatology from 2012–2017, (b, g)
March–May, (c, h) June–August, (d, i) September–November, and (e, j) December–February. The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no
retrievals) are marked in black.
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< 0.2 mW·cm−2·μm−1·sr−1 are marked in black in Figures 3–7 due to high noise level in the η retrievals (Shi
& Wang, 2017).

In general, negative η is located in the regions with enhanced bbp(745) and bbp(862) such as in the Subei
Shoal, Yangtze River Estuary, and Hangzhou Bay of China's east coastal region (Figure 3a), while η increases
in offshore regions. The seasonal variability of η is also significant in the China's east coastal region with sig-
nificantly reduced η in the winter (Figure 3e). In the Subei Shoal and Hangzhou Bay, η can drop as low as
below −1.0. In contrast, high η generally occurs in the summer season (Figure 3c).

Furthermore, η is below 0 in a large portion of the Amazon River Estuary (Figure 4a). There are no signifi-
cant seasonal variations of η. Themagnitudes of η are similar to those in China's east coastal region. In the La
Plata River Estuary, the climatology η is mostly ~1.0 (Figure 5a). Unlike the Amazon River Estuary, seasonal
variability of η can be found in the La Plata River Estuary. The lowest η occurs in the months of March–May
(Figures 5b) with η between ~0.5 and 1.0. The highest η can be found in the months of September–November
(Figures 5d) with η between ~1.0 and 1.5.

The Meghna River Estuary is featured with the lowest η at the mouth of the Meghna River, especially in the
period of June–November (Figures 6c and 6d). The region of Atchafalaya River Estuary and Mississippi
River Estuary is a typical turbid region similar to others like the Chesapeake Bay, the North Sea, and the
Northern Caspian Sea. This region is featured with high η of ~0.5–1.0. Low η values can be found in the bor-
eal spring and winter, while high η occurs in the summer (Figure 7c) and autumn (Figure 7d). The statistics
of the η in the marked box of each region is summarized in Table 1.
3.2.2. PSD Slope ξ
The spatial distributions of ξ for PSD are consistent with the spatial patterns of η for both climatology and the
seasonal distributions. Figures 3–7 also show the climatology ξ and the seasonal ξ derived from VIIRS obser-
vations between 2012 and 2017 in China's east coastal region (Figures 3f–3j), the Amazon River Estuary
(Figures 4f–4j), the La Plata River Estuary (Figures 5f–5j), the Meghna River Estuary (Figures 6f–6j), and
the Atchafalaya River Estuary (Figures 7f–7j).

Figure 7. Visible Infrared Imaging Radiometer Suite‐derived images of η and ξ in the Atchafalaya River Estuary for (a, f) climatology from 2012–2017, (b, g)
March–May, (c, h) June–August, (d, i) September–November, and (e, j) December–February. The regions with nLw(745) < 0.2 mW·cm−2·μm−1·sr−1 (or no
retrievals) are marked in black.
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Highly turbid regions in China's East Coast are dominated by the particles with ξ ranging between ~3.0 and
3.5 (Figure 3f). In the farther offshore region, ξ values can go up to ~4.5. This clearly shows that the particle
size decreases from coastal to offshore regions. On the other hand, significant seasonal change in the particle
size can also be observed in this region. In the winter, an enlarged area of ξ between ~3.0 and 3.5 can be
found in the Subei Shoal, Yangtze River Estuary, and Hangzhou Bay regions (Figure 3j). In comparison,
the region covered with the large particle size shrinks significantly in the summer (Figure 3h).

On the other hand, there are no significant seasonal variations of ξ in the Amazon River Estuary. The mag-
nitudes of ξ in the Amazon River Estuary in Figure 4 are similar to those of highly turbid regions in China's

east coastal region as shown in Figure 3f. ξ values for PSD are generally
larger in the La Plata River Estuary (Figure 5f). This shows that the parti-
cle size in the La Plata River Estuary is smaller than those along the
China's east coastal region and in the Amazon River Estuary. ξ variations
show that the particle size in the La Plata River Estuary also changes
seasonally (Figures 5f–5j)

Meghna River Estuary region (Figures 6f–6j) is featured with the lowest ξ
values at the mouth of the Meghna River, especially in the period of June–
November. This represents the larger size particles in the Meghna River
Estuary than the other regions. In this region, seasonal variations of η
and ξ are significant with the lowest ξ occurring in the boreal summer
and autumn season, respectively. This might be attributed to the seasonal
monsoon, heavy rainfall, and high river flow in these two seasons. At the
mouth of theMeghna River, ξ can reach ~3 in the summer and autumn for
most of the region as compared to much higher values in the
other regions.

Figure 7f shows the climatology ξ in the Atchafalaya River Estuary.
Seasonal variations of ξ are also obvious. Low ξ values can be found in
the boreal spring (Figure 7g) and winter (Figure 7j), while high ξ occurs
in the summer (Figure 7h) and autumn (Figure 7i). This shows that this
region features a larger particle size in the spring and winter in the water
column, while the particle size generally is small in the summer and
autumn seasons. The detail of ξ in the marked box of each region is sum-
marized in Table 1.

3.3. Characterization and Quantification of η and ξ in Global
Highly Turbid Waters

Figure 8 shows histogram distributions of the climatology η (Figure 8a)
and ξ (Figure 8b) in the six boxes marked in Figure 2. Figure 8a shows that
the η histograms are widely distributed from < −1.5 to +3 in different
regions. The histogram peaks for η at the Meghna River Estuary and the
Hangzhou Bay are at ~ −1.0. In the Amazon River Estuary, η peaks at
~ −0.5, and ~0 in the Subei Shoal. In the La Plata River Estuary, most of
the η values are located at ~1.0. The largest η can be found in the

Table 1
Statistics of Mean, Median, and Standard Deviation (STD) of η and ξ in the Six Box Regions (A–F) as Marked in Figures 2a–2e

Statistics Subei Shoal (A) Hanghou Bay (B) Amazon River (C) La Plata River (D) Meghna River (E) Atchafalaya River (F)

Mean η −0.131 −0.238 0.264 1.100 −0.733 1.469
Median η −0.004 −0.413 0.078 1.136 −0.800 1.522
STD η 0.617 0.846 1.092 0.604 0.846 0.525
Mean ξ 3.563 3.576 3.726 4.259 3.392 4.433
Median ξ 3.596 3.428 3.587 4.256 3.333 4.471
STD ξ 0.269 0.404 0.462 0.361 0.242 0.324

Figure 8. Histogram results derived from the six turbid regions marked in
Figure 2 for (a) climatology bbp(λ) slope η and (b) climatology particle size
slope ξ. A dotted line at η=−1.5 is also marked in plot (a) to show the results
of the extrapolated PSD slope η < −1.5.
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Atchafalaya River Estuary with the histogram peak at ~1.70. It is also noted that η distribution patterns are
different. In the Amazon River Estuary, η is widely distributed between −2.0 and 3.0, while η at the La Plata
River Estuary is more uniformly distributed in a narrow range. This is consistent with the climatology
images of η.

For histograms of ξ in these six regions, Figure 8b clearly shows that the Meghna River Estuary, Amazon
River Estuary, and Hangzhou Bay are the three regions with the largest particle size. In comparison to the
Meghna River Estuary and Hangzhou Bay, the particle size in the Amazon River Estuary has a wide range
with ξ from ~2.8 to 5. In the Subei Shoal, the ξ histogram peaks at ~3.6. Of the six turbid regions, the La Plata
River Estuary and the Atchafalaya River Estuary are the regions with the dominance of the smallest size par-
ticles in terms of the PSD. ξ peaks at ~4.2 at the La Plata River Estuary, while the maximum ξ histogram dis-
tribution in the Atchafalaya River Estuary is ~4.6.

To further understand the seasonal changes of the PSDs in these six regions, we also computed η and ξ in
each season. Figure 9 shows bbp(λ) power law slopes in (1) the Subei Shoal (Figure 9a), (2) the Hangzhou
Bay (Figure 9b), (3) the Amazon River Estuary (Figure 9c), (4) the La Plata River Estuary (Figure 9d), (5)
theMeghna River Estuary (Figure 9e), and (6) the Atchafalaya River Estuary (Figure 9f). Of these six regions,
five regions show notable seasonal variations of η, except for the Amazon River Estuary. In the Amazon
River Estuary, η distributions are similar for all the four seasons ranging from about −2.0 to 3.0. Along
China's east coastal region, η in the Hangzhou Bay (Figure 9b) shows less seasonal variability than that in
the Subei Shoal (Figure 9a). In both regions, the lowest η occurs in the winter season between December
and February, and the highest η in the summer season between June and August. Specifically, the η peak
value over the Subei Shoal varies from−1.0 in the winter to 1.0 in the summer. This suggests that the particle
size in the Subei Shoal changes significantly from winter to the summer season.

In the La Plata River Estuary, large η can be observed in the period between June andNovember, while small
η occurs in the period between March and May (Figure 9d). In the Meghna River Estuary, η in the period
between June and November shows a contrasting difference in comparison with η in the period between
December and May (Figure 9e). In the period between June and November, η histogram distribution has
troughs at −1.2 to −1.5, while it increases to ~ −0.5 to 0 in the period between December and May. In the
Atchafalaya River Estuary (Figure 9f), η peaks at ~1.5, which is higher than those in the other regions.
Specifically, the histogram of η distribution at the 1.2–1.4 bin accounts for nearly 30% of all the pixels in
the period of September–November, while histograms of η distribution are widely distributed in the other
three seasons.

Figure 10 shows seasonal dynamics of the PSD slope ξ in these six regions. Indeed, seasonal PSD power law
slopes ξ are consistent with the seasonal changes of η in these six regions due to the ξ and η relationship as
formulated in equation (7). Hangzhou Bay (Figure 10b) is featured with uniformly high ξ values in the periods
of December–February (winter), March–May (spring), and September–November (autumn). In the summer
season, the particle size is smaller than that in the other three seasons. In the Subei Shoal (Figure 10a), signif-
icant particle size difference can be found between the winter and summer. In the Amazon River Estuary, a
smaller PSD difference is observed with peak ξ at ~3.2 for all the four seasons (Figure 10c). In the La Plata
River Estuary, the highest ξ at ~4.4 occurs in the period between September–November, while the lowest ξ
occurs in the period between March–May at ~3.8 (Figure 10d). In the Meghna River Estuary, there are two
modes of ξ for the PSD (Figure 10e). In the periods of June–August and September–November, this region
is dominatedwith large particles. ξ for PSD peaks at ~3.0. This can be attributed to the southwesternmonsoon,
which brings strong winds and rainfall to this region that can lead to river flooding and sediment resuspen-
sion. In the dry seasons of December–February and March–May, this region is featured with smaller particles
with peak ξ at ~3.4. Figure 10f shows the seasonal variations of the PSD in the Atchafalaya River region.
Indeed, the particle size generally is smaller for all the four seasons with ξ at ~4.4. In the period of
September–November, particles are more uniformly distributed than those in the other periods.

To understand, characterize, and quantify the regional difference of the η and ξ for different regions, we
further produce the changes of nLw(862), bbp(862), η, and ξ as a function of nLw(745). nLw(745) for all of
the pixels in each region are binned at the ranges of 0–0.4, 0.4–0.8, 0.8–1.2 … mW·cm−2·μm−1·sr−1 with a
bin size of 0.4 mW·cm−2·μm−1·sr−1 in order to better characterize the relationship between nLw(745) and
the other parameters. The other parameters corresponding to each nLw(745) bin in each region are also
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binned. The median values of nLw(745), nLw(862), bbp(862), η, and ξ in each bin are computed as the
representative values for the respective parameters. Note that nLw(745) in the Atchafalaya region can only
reach ~2 mW·cm−2·μm−1·sr−1.

Figure 11a shows that nLw(745) and nLw(862) have more or less similar curvatures. nLw(745) and nLw(862)
from VIIRS‐SNPP observations in this study are similar to nLw(748) and nLw(869) from MODIS‐Aqua
observations in China's east coastal region (Shi & Wang, 2014). It is noted that nLw(745) and nLw(862) are
not linearly related in the entire nLw(745) range, especially for high nLw(745) values. This agrees with the
assessments from several other studies (Doron et al., 2011; Shi & Wang, 2014). It is also noteworthy that
the nLw(745) and nLw(862) relationship in the Meghna River Estuary is slightly off the common nLw(745)

Figure 9. Histogram results of the Visible Infrared Imaging Radiometer Suite‐derived seasonal bbp(λ) slope η for the six regions marked in Figure 2 for (a) Subei
Shoal, (b) Hangzhou Bay, (c) Amazon River Estuary, (d) La Plata River Estuary, (e) Meghna River Estuary, and (f) Atchafalaya River Estuary. A dotted line at
η = −1.5 is also marked in each plot to show the results of the extrapolated PSD slope η < −1.5.
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and nLw(862) curve for the other regions with nLw(745) > 3.0 mW·cm−2·μm−1·sr−1. This suggests that the
features of bbp(λ), η, and ξ in the Meghna River Estuary are different from those in the other regions.

Figure 11b shows variations of bbp(862) with changes of nLw(745) in these six regions. Note that bbp(745) is a
function of nLw(745) as described in equations (1)–(5). Thus, the relationship between bbp(745) and nLw(745)
is the same for all regions. Similar to the nLw(745) and nLw(862) relationship, the relationships between
bbp(862) and nLw(745) are similar except for the one in the Meghna River. As an example, bbp(862) values
are generally ~3.4–3.6 m−1, corresponding to nLw(745) of ~3.8 mW·cm−2·μm−1·sr−1 in the Hangzhou Bay,
Subei Shoal, Amazon River Estuary, and La Plata River Estuary. In comparison, bbp(862) values are
~4.2 m−1, corresponding to nLw(745) of ~3.8 mW·cm−2·μm−1·sr−1 in the Meghna River regions. Thus,
higher bbp(862) can lead to lower η and ξ in this region.

Figure 10. Histogram results of the Visible Infrared Imaging Radiometer Suite‐derived particle size slope ξ for the six regionsmarked in Figure 2 for (a) Subei Shoal,
(b) Hangzhou Bay, (c) Amazon River Estuary, (d) La Plata River Estuary, (e) Meghna River Estuary, and (f) Atchafalaya River Estuary.
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Figure 11c demonstrates the regional difference of bbp(λ) slopes. In comparison to the nLw(862) and bbp(862)
curves (Figures 11a and 11b), notable differences in the η versus nLw(745) relationship can be found in dif-
ferent regions. With the same nLw(745) value, the maximum difference in η for different regions can reach
up to ~1.5. As an example, η is −0.8 in the Meghna River Estuary for nLw(745) of ~2.2 mW·cm−2·μm−1·sr−1.
However, η is 0.7 in the La Plata River Estuary for similar nLw(745) values. In general, values of bbp(λ) slope η
increase in the order of the Meghna River Estuary, Hangzhou Bay, Subei Shoal, Amazon River Estuary
(close to Subei Shoal), and La Plata River Estuary in all these regions except for the Atchafalaya River
Estuary, where nLw(745) can only reach a maximum value of ~1.6 mW·cm−2·μm−1·sr−1 and becomes diffi-
cult to evaluate. Conversely, this implies that for the same nLw(745) value the particle size decreases in the
order of the Meghna River Estuary, Hangzhou Bay, Subei Shoal, Amazon River Estuary (close to Subei
Shoal), and La Plata River Estuary.

In addition to the regional difference of bbp(λ) slopes η for different regions, Figure 11c also shows a mono-
tonous relationship between bbp(λ) slope η and nLw(745). For all the regions, bbp(λ) slope η decreases with
the increase of nLw(745). As an example, η is ~1.7 for nLw(745) of ~0.4 mW·cm−2·μm−1·sr−1 in Hangzhou
Bay. The η becomes ~ −1.5 when nLw(745) is ~4.0 mW·cm−2·μm−1·sr−1. This indicates that the seasonal
changes of nLw(745) and bbp(λ) in these highly turbid regions (Shi & Wang, 2017) also come with the seaso-
nal changes of the bbp(λ) slope η. In the Hangzhou Bay, nLw(745) can reach over ~3–4 mW·cm−2·μm−1·sr−1

in the winter, while it is ~1.0 mW·cm−2·μm−1·sr−1 in the summer. The corresponding bbp(λ) slope η varies
between < ~ −1.0 in the winter and ~1.0 in the summer.

Figure 11d further illustrates the regional dependence of the PSDs for different locations. Indeed, for the sce-
nario with nLw(745) < 3.0 mW·cm−2·μm−1·sr−1, PSD slope ξ generally increases in the sequence as described
in Figure 11c. This shows that the particle size in these regions decreases in the order of the Meghna River
Estuary, Hangzhou Bay, Subei Shoal, Amazon River Estuary, and La Plata River Estuary for the same

Figure 11. Visible Infrared Imaging Radiometer Suite‐derived optical and particle size properties as a function of nLw(745) from the six regions marked in Figure 2
for the parameter of (a) nLw(862), (b) bbp(862), (c) bbp(λ) slope η, and (d) PSD slope ξ. A dotted line at η = −1.5 is also marked in plot (c) to show the results of the
extrapolated PSD slope η < −1.5.
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nLw(745) value. In Figure 11d, the PSD slope ξ becomes less sensitive to the change of the nLw(745) when
nLw(745) > ~3.0 mW·cm−2·μm−1·sr−1. Indeed, at nLw(745) of ~3.0 mW·cm−2·μm−1·sr−1 and above, the par-
ticle size slope ξ is similar for all of the highly turbid regions. In Kostadinov et al. (2009), the uncertainty of
the PSD slope ξ increases from ~0% to 20% with the decrease of η from +1 to −1.5. This suggests that uncer-
tainty of ξ increases with the increase of nLw(745) in Figure 11d. It is also noted that the relationship between
PSD slope ξ and bbp(λ) slope η is statistically fitted in the η range between −1.5 and 3.0. Figure 11c shows η
can reach below −1.5 for some waters with nLw(745) > 3.0 mW·cm−2·μm−1·sr−1 in the Meghna River
Estuary or nLw(745) > 4.0 mW·cm−2·μm−1·sr−1 in the Hangzhou Bay. Thus, caution should be provided
and large errors may be possible for the PSD slope ξ as shown in Figure 11d in these cases.

3.4. Interannual Variability of VIIRS‐Derived η and ξ in Highly Turbid Waters

The time series of η and ξ at these six regions are shown in Figure 12. For all seasons between 2012 and 2017,
corresponding composites of η and ξ are produced at these six regions. The median values of seasonal η and ξ
composites in the respective box as shown in Figure 2 are calculated as the representative η and ξ for that
season. Remarkable seasonal cycles of η and ξ can be found in the Subei Shoal (Figure 12a) and
Hangzhou Bay (Figure 12b). In the Hangzhou Bay, η ranges from ~ −1.5 to −0.8 in the boreal winter to
~0.4–0.8 in the boreal summer. Parameters η and ξ also experienced significant interannual variability.
Indeed, in the summer of 2015–2016 (June–August), η only peaked at −0.2, while it reached over ~0.4 in
the other years. Similar seasonal changes of η and ξ can also be found in the Subei Shoal with η (or ξ) ranging
from ~ −0.8 (or 3.3) in December–February and ~0.6 (or 4.0) in the period of June–August. This represents a
seasonal change of nLw(745) and bbp(λ) due to the expansion and enhancement of the sediment plumes in
the Subei Shoal (Shi & Wang, 2012).

Figure 12c shows that there are no significant seasonal variations in η and ξ for the Amazon River Estuary
even though η and ξ were generally lower in the period of December–February and higher in the period of
June–August. It is also noted that both η and ξ (Figures 8, 9c, and 10c) are distributed in a wide range. Thus,
the η and ξ in the Amazon River Estuary do not have significant peaks and troughs like the Hangzhou Bay
and Subei Shoal regions as shown in Figures 12a and 12b. Figure 12d shows the interannual variations of η
and ξ in the La Plata River Estuary. Indeed, both η and ξ were much higher than those in the Amazon River
Estuary (Figure 12c), Subei Shoal (Figure 12a), and Hangzhou Bay (Figure 12b). The η usually changed
between ~0.5 and 1.5, while ξ usually changed between ~4.0 and 4.5 in this region.

Figure 12e shows the η and ξ variations between 2012 and 2017 in the Meghna River Estuary. The Meghna
River Estuary is the region with the largest particle size in the highly turbid waters of the global ocean.
Specifically, η reached below −1.5 and ξ was ~3.1 in the months of June–August. For most of the time
between 2012 and 2017, η was negative and ξ was below ~3.3. In addition, interannual variations of η and
ξ were also significant in comparison with the other regions. Even though η normally was below ~ −1.8 in
the period of June–August between 2012 and 2017, it was ~ −1.0 in the same period in 2014. In these study
regions, the Atchafalaya River Estuary is featured with the smaller particle sizes. The particle size is similar
to that in the La Plata River Estuary. The η varied from ~1.0 to ~1.7 and ξ ranged from ~4.0 to ~4.7 seasonally
with no significant interannual variability.

4. Discussion
4.1. Driving Forcing for the Dynamics of bbp(λ), η, and ξ

In complex coastal and estuarine waters, the seasonal and interannual variation of bbp(λ) (Shi &Wang, 2017)
and particle size are driven by various forces such as winds, rainfall, and river discharges. In the Amazon
River Estuary, seasonal and interannual dynamics of suspended sediment at the mouth of the Amazon
River is attributed to the continental forcing, that is, the Amazon River discharge and sediment discharge
as well as the ocean forcing, such as winds, waves, and currents (Gensac et al., 2016). In China's east coastal
region, both the in situ measurements and satellite observations show significant seasonal and interannual
optical, biological, and biogeochemical variations (Shi & Wang, 2012). The major mechanisms that define
the spatial patterns and cause significant variability of water properties in the Bohai Sea, Yellow Sea, and
East China Sea regions are the seasonal winds and air‐sea interactions driven by seasonal climate change
(Shi & Wang, 2012). Other factors such as rainfall, river discharge (Shen et al., 2013), and the tides (Liu &
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Wang, 2016; Shi et al., 2011) can also contribute to the variability of the particle size distribution in the
coastal regions.

Using the Amazon River Estuary andMeghna River Estuary as examples, Figure 13 shows themonthly wind
speed and precipitation in these two regions between 2012 and 2017. Due to lack of the river discharge data
and the clear connection between the river discharge and precipitation, monthly rainfall in each region can
be used as a surrogate for the seasonal and interannual dynamics of the river discharge in the region. In the
Amazon River Estuary, seasonal cycles of the wind speed and rainfall are out of phase with each other, that
is, strong wind speed and low precipitation occur in October–November. Results of time series in η and ξ
(Figure 12c) show that the seasonal changes of η and ξ are generally in phase with the seasonal wind cycles,
while peak rainfalls in the March–April season do not lead to low η and ξ that represent large size particle
dominated PSD.

Figure 12. Visible Infrared Imaging Radiometer Suite‐derived time series of η and ξ for the six regions marked in Figure 2 for (a) Subei Shoal, (b) Hangzhou Bay,
(c) Amazon River Estuary, (d) La Plata River Estuary, (e) Meghna River Estuary, and (f) Atchafalaya River Estuary. A dotted line at η = −1.5 is also marked in plot
(e) to show the results of the extrapolated PSD slope η < −1.5.
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In the Meghna River Estuary, seasonal wind speed cycles are both in phase with the seasonal rainfall cycles
(Figures 13c and 13d). This reflects that the strongmonsoon in the northern Indian Ocean brings in both high
winds and strong rainfalls in this region. In the Meghna River Estuary, seasonal η and ξ changes (Figure 12e)
are consistent with the seasonal winds and rainfalls. Specifically, anomalous η and ξ in the summer of 2015
coincided with the excessive winds in the mid‐2015. In addition, enhanced seasonal variability of η and ξ in
the Meghna River Estuary (Figure 12e) was also coinciding with the strong seasonal variability of the winds.
The time series of wind speeds and rainfall in the Amazon River Estuary and the Meghna River Estuary show
that the PSDs in these two regions are driven by the physical forcing such as the wind, rainfall, and river dis-
charges. In fact, wind forcing is the major driver for the dynamics of the PSD in the highly turbid regions.

4.2. Uncertainties of bbp(λ), η, and ξ

Equation (4) is an important approximation that is used to derive the IOPs over highly turbid waters. It is
noted that ad(λ) may be nonnegligible in comparison to aw(λ) at the NIR wavelengths in extremely turbid
waters. This might lead to some uncertainties in deriving bbp(λ) with equation (4). On the other hand,
bb(λ)/[a(λ) + bb(λ)] is approximated to ~1.0 in extremely turbid waters when bb(λ) > > aw(λ), and conse-
quently nLw(745) and nLw(862) become less sensitive to the change of bbp(λ). Shi andWang (2009) also show
that MODIS‐derived nLw(748) and nLw(859) can become less sensitive to the nLw(1240) at the SWIR wave-
length. Indeed, these results are consistent with in situ observations (Knaeps et al., 2015; Lu et al., 2018;
Nechad et al., 2010; Shen et al., 2010; Shen et al., 2010).

For VIIRS observations, equation (4) can be safely used to derive bbp(λ) when VIIRS‐measured nLw(745) and
nLw(862) are less than ~6 and ~4mW·cm−2·μm−1·sr−1 (Shi &Wang, 2017), respectively. Hydrolight (Mobley
et al., 1993) simulations also show that the difference of bb(λ)/[a(λ) + bb(λ)] (represented as u(λ)) and bb(λ)/
[aw(λ) + bb(λ)] (represented as simplified‐u(λ)) is less than 0.005% for typical coastal turbid Case‐2 water at

Figure 13. Time series of the monthly average wind speed and rainfall between 2012 and 2017 for (a) and (b) at the location of [0.16°S, 50.39°W] in the Amazon
River Estuary, and (c) and (d) at the location of [22.28°N, 91.10°E] in the Meghna River Estuary. Seasonal climatology monthly average wind speed and rainfall
are overlaid in each plot in order to compare the seasonal and interannual variability of wind speed and rainfall in each region. The locations for the monthly
average wind speed and rainfall in these two regions are marked in Figures 2g and 2i.
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the NIR wavelengths (Shi & Wang, 2017). In this study, nLw(745) in these turbid waters are less than ~5
mW·cm−2·μm−1·sr−1 (Figure 11). This suggests that the absorption can be largely negligible for the NIR
wavelengths, which are used in equation (4), even though the absorption indeed is not negligible for the visi-
ble bands (especially for the short blue band at 410 nm).

In this study, η as shown in equation (5) is determined from the bbp(λ) at the NIR wavelengths. However, η
values in equation (5) are statistically fit with bbp(λ) at the wavelengths of 490, 510, and 555 nm in
Kostadinov et al. (2009). The physics of the same spectral relationship of bbp(λ) at the NIR wavelengths
and at the visible is based on the same Mie scattering theory for both marine particle and atmospheric aero-
sols. Thus, equation (5) is a reasonably accurate approximation to formulate the spectral dependency of
bbp(λ) (Gordon & Morel, 1983; IOCCG, 2006), and η values for the visible bands and NIR bands are consis-
tent. Field experiments in the Elbe and Gironde River Estuaries in Europe show that the particle backscat-
tering coefficient bbp(λ) closely matches the power law relationship at the NIR wavelengths, and the power
law slope η is generally consistent with the bp(λ) power law slope in the visible (Doxaran et al., 2007).
Stramski et al. (2007) also showed that bp(λ) spectra are wavelength dependent and follow the power law
of the wavelength (~λ‐η).

On the other hand, Kostadinov et al. (2009) show that the power law fit for bbp(λ) is poor in coastal waters
and attribute this to the absorption effect (Loisel et al., 2006). Considering that the particle absorption effects
are only significant at the VIIRS 410‐ and 443‐nm bands, η values derived from the NIR bands are reasonably
accurate for the wavelength range between the green and NIR wavelengths. Thus, the Kostadinov et al.
(2009) formula can be used to compute the particle size slope. Shi and Wang (2014, 2017) showed that
bbp(λ) in the entire spectrum can be derived using the known bbp(λ) at the two NIR bands with good accu-
racy. These evidently show that the power law slope η derived with the input of bbp(λ) at the two NIR bands
can be used to quantify the spectral relationships for bbp(λ) at different VIIRS bands, even though the possi-
ble biases of bbp(λ) might exist for the deep blue and blue bands.

The uncertainty in the PSD slope ξ is higher in these highly turbid regions than that in the open ocean
(Kostadinov et al., 2009). From Kostadinov et al. (2009), the uncertainty of PSD slope ξ from the Mie scat-
tering simulations is ~0.20 for η ~ −1.3 to −1.5 (ξ ~3.0). More uncertainties are expected for the PSD slope ξ
for η < ~ −1.5 since equation (7) is derived for the η range above −1.5. The uncertainty of PSD slope ξ
decreases with increase of η and ξ. It reaches ~0.15 for η ~ 0 (or ξ ~ 3.53). This suggests that uncertainty
of the PDF slope ξ is generally one order of magnitude smaller than the PSD slope ξ and its variability.
The uncertainty for ξ is expected to be ~0.15–0.20 in China's east coastal region and Meghna River
Estuary and even lower ξ uncertainty in the La Plata River Estuary and Atchafalaya River Estuary. Note
that these uncertainties are only the uncertainties from the Kostadinov et al. (2009) formulation. They do
not include the uncertainties of the propagating errors in the power law slope η calculation from the satel-
lite nLw(λ) retrievals.

Even though it is a challenging work to accurately evaluate the propagation of the errors in the satellite
ocean color data processing from the VIIRS SDR data to the bbp(λ) power law slope η and PSD power law
slope ξ, it would be helpful to provide a first‐order estimation of the uncertainties from mathematical equa-
tions in each level of the parameters when computing η and ξ. To estimate the propagation of the error, we
insert the nLw(λ) uncertainties in equation (1) and then compute the errors in each step numerically follow-
ing equations (1)–(7). Assuming the uncertainty for nLw(745) is 5% which is similar to the uncertainties for
the visible bands (McClain, 2009), it can lead to 3% of uncertainty in bbp(745). Uncertainty of 3% in bbp(745)
consequently can cause ~20% of the η uncertainty for water with η = 1.0. This will further lead to ~15% of
uncertainty in PSD slope ξ. Note that these uncertainty propagations are the first‐order estimations from
atmospheric correction to the PSD slope ξ in the VIIRS ocean color data processing. The consequent uncer-
tainty of PSD slope ξ in the data processing is the additional uncertainty over the uncertainty of the PSD
slope ξ algorithm in the VIIRS‐derived PSD slope product.

Kostadinov et al. (2009) have shown that satellite‐based retrievals of PSD slope ξ agree reasonably well with
limited field observations. In this study, VIIRS PSD slope ξ retrievals in the coastal and estuarine waters qua-
litatively agree with the in situ particle size observations (Buonassissi & Dierssen, 2010; Qiu et al., 2016; Xi
et al., 2014). Note that these in situ data were measured with Laser In‐situ Scattering and Transmissometry
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particle analyzer (Sequoia, Inc), which can analyze the particle size for the particle size spectra between 1
and 100 μm instead of the small‐size range of the particle size like the Coulter counter. The particle size slope
ξ trends lower with increasing nLw(λ) in all the highly turbid regions. Using nLw(λ) at the NIR wavelength as
a surrogate for the total suspended matter (TSM) concentration, there is an implication that particle size in
the water column is larger in the high TSM waters, and vice versa, that is, particle size generally decreases
from the inshore to offshore regions. This trend of the particle size as illustrated from this study is supported
by various oceanographic in situ measurements (Kitchen et al., 1982; Park et al., 2001; Xi et al., 2014) and
satellite observations (Kostadinov et al., 2009; Loisel et al., 2006). In all, these qualitative comparisons
between VIIRS retrievals and in situ particle size measurements in coastal turbid waters further suggest that
PSD can be characterized with equation (7) in global highly turbid waters even though various uncertainties
indeed exist.

Equation (7) converts η to ξ and is derived from Mie scattering simulations (Mie, 1908), where the scatters
are assumed to be homogenous spherical particles. However, the spherical particle assumption is generally
not true for particles in ocean or over highly turbid coastal and inland waters (Clavano et al., 2007; Gordon,
2011; Jonasz, 1987b; Quirantes & Bernard, 2004). Thus, there might be some uncertainties and errors with
the satellite‐derived PSD slope ξ using equation (7). In fact, the backscattering of spheroids is likely to be
~10% and even larger than the backscattering of equal‐volume spherical particles, depending on the PSD
slope ξ, particle refractive index, and the particle aspect ratio (Clavano et al., 2007). Large particles are
expected to deviate more from sphericity (Jonasz, 1987a, 1987b); thus, higher uncertainty in the equation
is more likely in the coastal waters since large particles are dominant in coastal and inland waters.

Gordon (2011) also showed that an equal‐volume spherical particle assumption can lead to underestimation
(overestimation) of the backscattering for a special example of the cylinder‐like particle for low (high) refrac-
tive index particles. Thus, this suggests that uncertainty from theMie scattering simulations for nonspherical
particles is also strongly related to the variability of the particle refractive index. On the other hand, bbp(λ)
slope η in equation (6) is computed from equation (5) as proportional to the logarithmic value of bbp(λ)/
bbp(λ0). Correspondingly, the possible biases of η as well as ξ is largely reduced because they cancelled out
each other in the ratio of bbp(λ)/bbp(λ0). In all, equation (7) from the Mie scattering can indeed provide a rea-
sonable first‐order estimation of the PSD slope ξ even with possible uncertainty in equation (7) due to the
effect of the particle nonsphericity on the backscattering simulation using the Mie scattering theory.

4.3. Implications for the IOP Properties

Figure 11 has some important implications about the IOP properties. The monotonous quasi‐linear relation-
ships between nLw(745) and bbp(λ) in Figure 11b show that the particle concentrations exert the first order
control over the bbp(λ) magnitude, while the nonlinearity between nLw(745) and bbp(λ) reflects the second
order controls due to the changes of PSD distributions with the nLw(745) in each same region as shown in
Figure 11d. It is noted that the difference of bbp(λ) for the same nLw(745) in the different regions may also
be due to the different particle compositions and particle shapes in addition to the PSD differences.

The number of the particles per volume of the seawater N(D), that is, particle number density, is determined
by both ξ and the reference number of particlesN0 at the reference diameterD0. The ξ can provide the profile
of the PSDs in the water column. In this study, only the power law slope ξ is produced with the given empiri-
cal relationship between ξ and η in Kostadinov et al. (2009) from Mie simulations. The reference number of
particlesN0 is not generated in this study due to the relatively larger uncertainty of the N0 (Kostadinov et al.,
2009). For bbp(λ) slope η = −1.5, log10(bbp(440)/N0) is −18.899 with the uncertainty of 0.422. This implies
that the upper bound of N0 can be a couple of times higher than the lower bound of N0 in terms of the N0

range due to its uncertainty. In comparison to the uncertainty of log10(bbp(440)/N0), Kostadinov et al.
(2009) show that power law slope ξ has less uncertainty in the range of η < 0. This suggests that the possible
errors for the refraction index in the Mie simulations in Kostadinov et al. (2009) will have bigger effects on
the N0 retrieval than on the PSD slope ξ.

The results from Kostadinov et al. (2009) suggest that reference N0 at 2 μm is a function of both ξ and bbp(λ).
N0 is nonlinearly proportional to the value of bbp(λ), that is, N0 increases correspondingly with the increase
of bbp(λ) when the PSD slope ξ is the same. Thus, this implies that bbp(λ) maps as shown in Figure 2 and Shi
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and Wang (2017) are more or less representative of the abundance of the particles at the reference particle
size D0.

5. Conclusion

In this study, we developed a NIR‐based algorithm for both bbp(λ) power law slope η and particle size slope
ξ for turbid coastal and inland waters. Using the NIR‐based η and ξ algorithms, we have characterized and
quantified η and ξ in the major turbid waters of the global ocean with the VIIRS‐SNPP observations
between 2012 and 2017. Seasonal and interannual variations of η and ξ 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. η can reach below ~ −1.0 and ξ can reach below ~3.5 in some highly turbid
regions. In China's east coastal region, η and ξ data show significant seasonal variations in the Subei
Shoal and Hangzhou Bay. In particular, VIIRS‐derived η and ξ data in the winter season are remarkably
lower than those in the summer season. No significant seasonal variations of η and ξ are found in the
Amazon River Estuary even though it is identified as the most turbid region in the global ocean in terms
of the nLw(λ) and bbp(λ) magnitudes at the NIR wavelengths (Shi & Wang, 2010, 2017). The particle size
spatial distributions, regional variation, and the temporal variability as illustrated in this study help us to
better characterize the dynamics of suspended particles, monitor coastal ecosystem, and understand the
coastal and estuarine physical and biogeochemical dynamics, as well as to further improve coastal and
estuarine models.
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Erratum

Also, update the erratum statement to: The originally published version of this article included several
minor typographical errors that were not corrected during publication. Additionally, the fifth sentence of
section 3.4 incorrectly stated the range of η as ~−1.0 to −1.2, and the reference list entry for Gordon and
Wang (1994) omitted its DOI. These errors have been corrected, and this may be considered the official
version of record.
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