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ABSTRACT

We analyze the sensor out-of-band (OOB) effects for satellite ocean color sensors of the
Sea-viewing Wild Field-of-view Sensor (SeaWiFS), the Moderate Resolution Imaging
Spectroradiometer (MODIS), and the Visible Infrared Imaging Radiometer Suite (VIIRS) for
phytoplankton-dominated open oceans and turbid coastal and inland waters, following the
approach of Wang et al. (2001) [Appl. Opt. 40, 342-348 (2001)]. The applicability of the open
ocean water reflectance model of the Morel and Maritorena (2001) (MMO1) [J. Geophys. Res.
106, 7163-7180 (2001)] for the sensor OOB effects is analyzed for oligotrophic waters in
Hawaii. The MMO1 model predicted OOB contributions for oligotrophic waters are consistent
with the result from in situ measurements. The OOB effects cause an apparent shift in sensor
band center wavelengths in radiometric response, which depends on both the sensor spectral
response function and the target radiance being measured. Effective band center wavelength is
introduced and calculated for three satellite sensors and for various water types. Using the
effective band center wavelengths, satellite and in situ measured water optical property data can
be compared more meaningfully and accurately. It is found that for oligotrophic waters the OOB

effect is significant for SeaWiFS 555 nm band (and somewhat 510 nm band), MODIS 412 nm
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band, and VIIRS 551 nm band. VIIRS and SeaWiFS have similar sensor OOB performance. For
coastal and inland waters, however, the OOB effect is generally not significant for the all three
sensors, even though some small OOB effects do exist. This study highlights the importance of
understanding the sensor OOB effect and the necessity of a complete prelaunch sensor
characterization on the quality of ocean color products. Furthermore, it shows that hyperspectral
in situ optics measurements are preferred for the purpose of accurately validating satellite-

measured normalized water-leaving radiance spectra data.

OCIS codes: (010.0010) Atmospheric and oceanic optics; (010.1285) Atmospheric correction;
(010.0280) Remote sensing and sensors; (010.4450) Oceanic optics.

1. INTRODUCTION

Since the success of the Coastal Zone Color Scanner (CZCS) mission [1, 2], several ocean
color satellite sensors capable of routine global coverage have been launched, e.g., the Sea-
viewing Wild Field-of-view Sensor (SeaWiFS) [3], the Moderate Resolution Imaging
Spectroradiometer (MODIS) on the Terra and Aqua satellites [4], the Medium-Resolution
Imaging Spectrometer (MERIS) on the Envisat [5], and the Visible Infrared Imaging Radiometer
Suite (VIIRS) on the Suomi National Polar-orbiting Partnership (SNPP) [6, 7]. Table 1 provides
the specifications of ocean color spectral bands for SeaWiFS, MODIS, and VIIRS, which may be
different from the actual nominal center wavelengths. The nominal center wavelength is defined
as the center wavelength measured from the band full-width at half-maximum (FWHM) of the
sensor spectral response function (SRF). Satellite ocean color data products such as chlorophyll-
a (Chl-a) concentration [8] and water diffuse attenuation coefficient at the wavelength of 490 nm
K4(490) [9-11] have been extensively used to study global and regional oceanic phenomena [12-
17]. For satellite ocean color remote sensing, a complete pre-launch characterization of sensor
performance is essential in order to obtain accurate sensor-measured top-of-atmosphere (TOA)

radiances that are then used to produce high quality ocean color products [18, 19]. Most satellite
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ocean color sensors have broad spectral bands; hence they not only have an in-band response, but
also an out-of-band (OOB) response [20, 21]. The in-band response can be referred to integrated
response within 1% relative to the peak response of the sensor spectral band, while the total-band
response is the integrated response over the entire response of the sensor spectral band.
Alternatively, following Wang et al. (2001) [21], for ocean color remote sensing we can
approximate the in-band response as the sensor response at the band nominal center wavelengths.
The OOB contribution can be defined as radiance difference in spectral response between the
total-band and that of in-band (or relative difference between the two). In effect, the OOB
contribution introduces a radiometric bias (relative to the sensor nominal center wavelength)
with a magnitude in the range of about several percent and may have an adverse effect on the
quality of ocean color products [21]. It should be noted that in the satellite ocean color data
processing (particularly atmospheric correction) [18, 22, 23], all radiance components (e.g.,
atmospheric contributions) in the ocean-atmosphere system are computed (or approximated)
using sensor SRF weighted calculations [20, 21]. Gordon (1995) [20] and Wang et al. (2001)
[21] provided detailed descriptions and discussions about this process. Thus, the sensor SRF
weighted normalized water-leaving radiance spectra nlL,(4) are derived from atmospheric
correction [21]. Our discussion in this study focuses on the OOB effect on the satellite-derived
nL,(A) spectra, which are the key data for deriving all ocean biological and biogeochemical
products, e.g., Chl-a concentration, ocean inherent optical properties (IOPs), water diffuse
attenuation coefficients K;(490), etc. [8, 10, 11, 24-26].

A significant sensor OOB response can cause an increase or decrease in the observed
radiance above the measurement at the nominal center wavelength [21, 27]. It is particularly
noted that the OOB contribution for ocean color remote sensing is determined not only by the
sensor OOB response, but also importantly by the target radiance that is measured [21]. Hence,
different water types exhibit various degrees of the OOB contributions [21]. In addition, a

significant sensor OOB response effectively causes a spectral shift in the band center wavelength
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from the nominal center wavelength, i.e., the spectral/optical effective band center wavelength is
different from the nominal center wavelength. Although a correction (or conversion) for the
OOB effect can be applied to the satellite ocean color data processing [21] based on the open
ocean reflectance models [28, 29], relatively less is known about the satellite sensor OOB effect
for the in situ measured radiances from both oligotrophic waters and particularly turbid
coastal/inland waters. In addition, VIIRS OOB effects in ocean color remote sensing have not
been investigated. It is noted that for the NASA satellite ocean color data processing the OOB
correction based on the Wang et al. (2001) algorithm [21] with the Morel and Maritorena (2001)
(MMO1) [29] reflectance model has been used [30]. Furthermore, the NASA OOB correction has
used the bandwidth of 10 nm for sensor spectral bands instead of the nominal center wavelength.
In this study, we analyze the sensor OOB effect and determine the spectral effective band center
wavelengths for the three satellite ocean color sensors (particularly focusing on VIIRS) with
three cases: (1) modeled normalized water-leaving reflectance spectra using the Morel and
Maritorena (2001) model [29] (MMO1) for Chl-a concentrations ranging from 0.01 to 10.0 mg
m >, (2) oligotrophic oceanic waters—in situ data from Marine Optical Buoy (MOBY) in Hawaii
[31], and (3) productive and turbid waters—examples of the in situ data from the Chesapeake

Bay (CB), East China Sea (ECS), and inland Lake Taihu [17, 32-34].

2. DATA AND METHODS

The in situ water optics data used in this study were obtained from various resources. In situ
hyperspectral normalized water-leaving radiance (nL,(4)) (the definition of nL,(1) refers to
references [18, 35-37]) data from MOBY in the waters off Hawaii [31] were obtained from the

NOAA CoastWatch website (http://coastwatch.noaa.gov/moby/). The Chesapeake Bay in situ

optics data were obtained from the NASA SeaWiFS Bio-optical Archive and Storage System

(SeaBASS) (http://seabass.gsfc.nasa.gov/) [32], representative of productive but moderately

turbid waters [16, 38]. The East China Sea and inland Lake Taihu in situ nL,(A) spectra were

from previous studies [17, 33, 34], which provide data typical of highly turbid coastal and inland
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waters. In addition, the open ocean Case-1 water reflectance model MMO1 [29] was used to
simulate hyperspectral nL,(1) data for various Chl-a concentrations from 0.01 to 10.0 mg m .
Figure 1 shows examples of the in situ normalized water-leaving reflectance p,,(4) as a function
of the wavelength for waters over Hawaii MOBY site, the Chesapeake Bay, East China Sea, and
China’s inland Lake Taihu. Note that p ,(4) = & nL(A)/Fo(4) [18, 22], where Fy(/) is the
extraterrestrial solar irradiance [39]. It is quite obvious from results in Fig. 1 that p ,(4) spectra
are significantly different from these four regions, in particular, Case-1 waters in Hawaii MOBY
site have a significant different spectral distribution in p,,(4) compared with those from coastal
and inland waters.

For ocean color remote sensing, satellite-measured total-band and in-band normalized

water-leaving radiances nL,(4) can be calculated using the following formulae [21]:

[ Ly, () S;(A) dA

(Total) —
L) = S

w

(1)

and
Jsi(/l(i) ):1% nL,,(1)S;(1) dA

(In-Band) —
an (A't) _[Si(l(i))zl% Sl(l) d)y ’ (2)

where Si(4) is the corresponding sensor SRF for band i. It is noted that the in-band integration in
Eq. (2) is from A7 corresponding to S{A™) = 1% to A" corresponding to S(A™) = 1%, relative
to the Si(4) peak value. The S;(1) for SeaWiFS, MODIS, and VIIRS wavebands are provided in
Fig. 2, showing sensor in-band and out-of-band responses. Note that these S;(4) data are pre-
launch sensor SRF measurements.

Satellite sensor-measured total-band and in-band signals can also be defined in the
reflectance unit. With the definition of the sensor-measured normalized water-leaving reflectance
P4 [18, 22], Egs. (1) and (2) become:

(Toml)()b ) _ .[Allpr (A)Fy(A)S,(A) dA
m v JAu F()(//L)S(l) d)L

1
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and
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It is particularly noted that sensor-measured normalized water-leaving reflectance p, ,(4) spectra
(or similarly remote sensing reflectance, defined as R (1) = p, (A)/7) are weighted by F(1)Si(4)
in the integration as shown in Egs. (3) and (4). In this study, the spectral resolution of the in situ
data is generally ~1 nm, and all data (p, (1), F(4), and Si(4)) were interpolated to the same 0.1
nm for carrying out the integrations in Eqgs. (1)—(4). The numerical integrations are quite
accurate, much more accurate than those from in situ measurements, the model p, (A1) data, or
solar irradiance Fy(4) data. Thus, uncertainties in the calculations (integrations) are mostly from
the integrand data, and not from the numerical integrations.

The sensor OOB contribution in p,,(4) (or nL,(A)) can then be calculated and quantified as
the difference (A) and relative difference (%) between total-band and in-band reflectance
contributions. Because p,,(4) spectra are generally a smooth function of the wavelength
compared to those of nL,(4), we use p, \(4) spectra for computing sensor OOB effects. Thus, we

can define the OOB (A) (difference) and OOB (%) (relative difference) in p, ,(4) as following:

OO0B(2,)(A) = pl"e)(3,) - plln-bend) () (5)
and
00B(2,)(A)
OOB(A %) = ——>-2%100
(A)(%) plin-and)(3y = ©

Alternatively, we can approximate the sensor OOB effects by relating the total-band p, ,(4) (Eq.

(3)) to its value at the sensor nominal center wavelength ﬂ,(iN), Pun (l(iN)) , 1.e.,

00B™(2:)(8) = Pl (A:) = pun (A )

and
00B™ (1,)(A)

00BN (1.)(%) = ol

x 100 (8)
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Furthermore, following Wang et al. (2001) [21], we can define a correction/conversion factor
Corr(4;) that converts the total-band normalized water-leaving reflectance pEVT,\,ml)(li) in Eq. (3)

to its value at the sensor nominal center wavelength A-N ) PwN(/At('N) ) ie.,

Corr(A;) =y (AY) /P (4, ©)
with Corr(4;) = 1 as no OOB effect. In fact, the value of pr( AN) )(I/Corr(i,) — 1) is the same as
00B™(,)(A) in Eq. (7), and (1/Corr(Z;) — 1)x100 is the same as OOB™(4;)(%) in Eq. (8). In
practice, this conversion is quite useful as p,,(A) at a specific wavelength can be derived and
compared to the in situ data at the same wavelength (or to understand their differences). In
addition, using this approach, satellite-measured p, ,(4) spectra can be converted to the same
wavelength as from in situ measurements. It is noted that the multi-spectral in situ optics
instrument also has SRFs. In this study, we calculate values of OOB(4;)(A), OOB(1,)(%),
00B™(,)(A), OOB™(1)(%), and Corr(4;) for SeaWiFS, MODIS, and VIIRS.

It is noted that for multiple p, ,(4) spectra data from in situ measurements (i.e., MOBY and
various coastal and inland waters), averages of <OOB(4,)(A)> (or <00B™(1)(A)>),
<OOB(:)(%)> (or <OOB™(1)(%)>), and <Corr(2;)> are computed for the three satellite sensors

based on the following equations:
(00B(2,)(8)) = (P (%) - P ""(1,)). (10)

(00B(2,)(A))
. XlOO’ (11)
<PEVINB d)<)“i)>

<C0rr(ﬂ,l-)> <pr(lN )/pToml )> (12)

In particular, for computing <OOB(4;)(%)> in Eq. (11), mean values of OOB(4,)(A) and

(00B(1)(%)) =

and

pSVIX,'Ba"d)(li) are first calculated separately. The ratio of the two is then computed for the mean

<OO0B(4;)(%)> to avoid the over-estimation of the impact with extremely low reflectance value
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on the mean difference (%) values. The same Eq. (10) and Eq. (11) (replacing pEj]”V'B“”d)(A,.) with
pr(;t(iN ) )) are used for <OOB™(4;)(A)> and <OOB™(1)(%)> computations, respectively.

We restrict our analysis of the OOB effects to the visible spectrum region for open oceans,
as most in situ radiance measurements do not extend beyond this region, i.e., p,,(4) spectra
beyond the visible. This assumes that p, ,(4) spectra in the near-infrared (NIR) and shortwave
infrared (SWIR) wavelengths are negligible. On the other hand, for turbid coastal and inland
waters, p, \(4) (or nL,(A)) contributions at the NIR and even SWIR wavelengths are important
[17, 33, 34, 40, 41]. However, because the sensor SRF data (Fig. 2) do not cover the SWIR
bands (or their S;(1) contributions at the SWIR are negligible), the SWIR p, \(4) contributions are
effectively not included in this study. Although we have analyzed the spectral bandpass effects in
p,MA) for most ocean color satellite sensors, we focus on SeaWiFS, MODIS, and VIIRS
(particularly VIIRS and its OOB performance compared with others) for the sake of brevity and

also as these sensors represent the most widely used satellite ocean color sensors for routine

global ocean color data production.

3. SENSOR OOB EFFECT
A. The OOB Effect for the Three Study Cases

Results of the OOB contributions for the three satellite ocean color sensors are shown in
Tables 2—4. Tables 2(a), 2(b), and 2(c) are OOB results from the MMO1 model with various Chl-
a data for SeaWiFS, MODIS, and VIIRS, respectively. The columns 1 to 9 in Table 2 correspond
to Chl-a value, nominal center wavelength /”LE-N ), effective band center wavelength /l(iE ),
wavelength difference A4, OOB(4)(A), OOB(.) (%), OOB™(1,)(A), OOB™ (1) (%), and Corr(2;),
respectively. The effective band center wavelength l(,-E ) will be introduced and discussed in the
next section. The OOB contribution can be positive or negative depending on whether the
spectral reflectance (or radiance) in the entire spectral region is larger or smaller than that from
the in-band spectral reflectance (Egs. (5) and (6)). However, it is noted that adding extra powers

(photons) in Eq. (3) does not necessarily lead to a positive OOB effect in Eq. (5). This is like
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computing a weighted mean value. Adding a larger than the “mean” value increases the new
“mean” value, while including a smaller than the “mean” value decreases the new mean.

The OOB contributions for each of the sensor spectral bands for a variety of water types
(ranging from oligotrophic to eutrophic waters) can be determined using p, (/) values derived
from the MMO1 model [29] with Chl-a as the input. Results in Table 2 show that for Case-1
waters important OOB effects (from OOB (A) and OOB (%)) are for the SeaWiFS 555 and 670
nm bands, MODIS 412 nm band, and VIIRS 551 and 671 nm bands. It is noted that wavelengths
from the sensor band specifications (Table 1) are usually different from the actual nominal center
wavelengths (Table 2). The notable OOB contribution at the MODIS 412 nm band is due to the
relatively large sensor response Si(4) contribution from the wavelength ranging of ~450-570 nm
to this band (Fig. 2(a)) (leading to negative bias OOB difference). Significant OOB contributions
at both SeaWiFS and VIIRS green bands are due to Si(4) contributions at the wavelengths of
~375 to ~525 nm (blue leakage) (Fig. 2(d)), leading to biased high (positive) reflectance values.
Although the largest OOB (%) bias values were observed at the SeaWiFS 670 nm and VIIRS 671
nm bands for extremely clear waters (e.g., ~30—40% at Chl-a of 0.03 mg m), their absolute
values in OOB (A) are quite small (Tables 2(a) and 2(c)). The large OOB (%) contributions are
due to some leakage of blue light at SeaWiFS and VIIRS red bands (Fig. 2(e)), but mainly
because of small red p,,(4) values for open oceans (so percent change is high). It should be
particularly noted that the important OOB contributions in the green bands (555 nm for SeaWiFS
and 551 nm for VIIRS) have a significant effect on the satellite-derived Chl-a for clear (low Chl-
a) oceanic waters [21], as p, ,(4) (or nL,(4)) in the green band is critical for deriving Chl-a data
[8, 24]. Based on results from the MMO1 model, VIIRS and SeaWiFS have a significant OOB
contribution at the green band for low Chl-a values (~2—10%). In fact, it can be shown that [42],
for the Chl-a algorithm based on blue/green reflectance ratio [8], error in Chl-a (AChl-a) is

proportional to the error difference between p, ,(4) at green band and blue band, i.e.,

AChl-a = Ap,  (Green) — Ap,  (Blue), (13)
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where Ap, \(Green) and Ap, ,(Blue) are reflectance errors (or differences) at the green and blue
band, respectively. Thus, it has been shown that, with SeaWiFS OOB green/blue reflectance
difference in Eq. (13) about 3% for open oceans (Chl-a of 0.1 mg m ), it leads to biased high
SeaWiFS Chl-a values for open oceans if uncorrected [21]. VIIRS has similar results as those
from SeaWiFS, while MODIS has negligible OOB effect on the derived Chl-a data.

Table 3 shows results of the OOB effect for SeaWiFS, MODIS, and VIIRS derived from the
in situ MOBY hyperspectral reflectance measurements. In situ MOBY p, (1) data (~4000
spectra data) are used for the OOB effect analysis (mean OOB values derived using Egs. (10)—
(12)) (Table 3). For the MOBY Hawaii site (oligotrophic waters), the OOB contribution is small
for most wavebands except for 555 and 670 nm for SeaWiFS, 412 nm for MODIS, and 551 and
671 nm for VIIRS (Table 3). These results are generally comparable to results derived using the
MMO1 model for Chl-a of ~0.03—-0.1 mg m > (Tables 2 and 3), showing that the MMO1 model
can be used to well predict and calculate the OOB contributions of various sensor wavebands in
oligotrophic waters. Again, SeaWiFS and VIIRS have similar OOB performance from the
MOBY in situ data.

Tables 4(a), 4(b), and 4(c) provide results for the OOB effect for SeaWiFS, MODIS, and
VIIRS derived from in situ p, ,(A) measurements for three coastal and inland waters, i.e., the
Chesapeake Bay (CB) [32], East China Sea (ECS) [33], and inland Lake Taihu [17, 34]. Results
in Table 4(a) show that SeaWiFS has generally negligible OOB effects for the three coastal and
inland water cases. In fact, the OOB effect (OOB (%)) for all SeaWiFS bands is less than 1%
(the maximum is —0.99% for 555 nm band with the CB case). The OOB (A) values for SeaWiFS
in the three Case-2 waters are also mostly negligible in the order of ~10~°. For MODIS, the OOB
(%) values for the three Case-2 waters are also quite small except for the 412 nm band ranging
from 1.5 to ~3% (Table 4(b)). The OOB (A) values for MODIS are also quite small except for
the 412 nm band with the maximum OOB (A) of ~10 for the case of Lake Taihu. The VIIRS

10
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OOB performance for the three coastal and inland waters is similar to SeaWiFS (as for Case-1
waters in Tables 2 and 3), with its OOB effect within ~1% (Table 4(c)).

In summary, results in Tables 2—4 show that for Case-1 waters (from both the model MMO1
and MOBY in situ data), the OOB effect is important for SeaWiFS 555 nm band, MODIS 412
nm band, and VIIRS 551 bands. SeaWiFS and VIIRS red bands have some notable OOB effects,
but these differences are not important for oligotrophic waters (as reflectance values are very
small). VIIRS has similar sensor OOB performance as SeaWiFS. On the other hand, for Case-2
waters with in situ p (A1) data from the CB, ECS, and Lake Taihu, the OOB effect is generally
not that important for all three satellite sensors. There are some slight OOB effects for MODIS
412 nm band (~2-3%), SeaWiFS 555 nm band (within ~ —1%), and VIIRS 551 nm band (~
—1%).

B. The MMO01 Model for the OOB Effect Correction

The OOB effect on the p, \(4) (or nL,(4)) at nominal center wavelengths can be analyzed by
computing OOB™(1,)(A) (Eq. (7)) and OOB™(1)(%) (Eq. (8)), and by taking a ratio of the
reflectance at nominal center wavelength to the total-band averaged reflectances, i.e., the OOB
correction factor for ocean color data processing [21], which is indicated as “Corr” (Eq. (9)) in
Tables 2—4. The correction factors of less than 1 indicate an overestimation in p,,(4) at the
nominal center wavelength compared to the corresponding total-band reflectance (i.e., values of
OOB(N)(A) and OOB(N)(%) > 0), while correction factor values greater than 1 indicate an
underestimation (i.e., values of OOB™(A) and OOB™ (%) < 0). Consistent with results in OOB
(A) and OOB (%), Tables 2-3 show that for Case-1 waters most important correction factors are
for the SeaWiFS 555 nm band, MODIS 412 nm band, and VIIRS 551 nm band. Using the
nominal center wavelength as a reference, the SeaWiFS 510 nm band also has significant OOB
effect for highly clear ocean waters, showing large values in OOB™(A) and OOB™(%), as well
as large correction Corr values (deviation from 1) (Tables 2(a) and 3). As expected, OOB™(A)

and OOB™ (%) values are generally larger than OOB(A) and OOB(%) due to sensor in-band SRF

11
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contributions, e.g., SeaWiFS 510 nm band also has significant in-band spectral variation. For
coastal and inland waters, correction factors are all close to 1 with mostly negligible OOB™(A)
values for the three sensors (Table 4), although MODIS 412 nm band shows some slight effect,
i.e., Corr values ~0.95-0.98 and OOB™(A) values up to ~10~ (Table 4(b)).

For satellite ocean color data processing, the OOB effects on p, (1) (or nL,(A)) can be
corrected/converted to p, ,(4) at the sensor nominal center wavelengths using the MMO1 model
for the open ocean region [20, 21] with the correction factor described in Eq. (9) and results
presented in the column “Corr” in Tables 2 and 3. It should be noted that the correction applied
can be based on the MMO1 model and hence assumes a Case-1 p,,(4) spectral dependency.
Obviously, the correction factor depends on the phytoplankton pigment concentration (Chl-a).
Particularly for SeaWiFS 555 nm band and VIIRS 551 nm band, large correction factors are
shown for cases with very clear ocean waters [21], i.e., lower Chl-a values with high blue to
green reflectance ratio (Tables 2(a), 2(b), and 3). Since the Wang et al. (2001) [21] OOB
correction methodology developed for SeaWiFS can be applied to other satellite ocean color
sensors, the correction algorithm can be also used for VIIRS, particularly SeaWiFS and VIIRS
have similar sensor OOB performance.

Indeed, following the Wang et al. (2001) [21] approach, Fig. 3 shows results of the OOB
correction factor as a function of VIIRS-measured blue-green nL,(1) (total band) ratio (i.e.,
L1 (443) /n7"(551)) for VIIRS spectral bands of 410, 443, 486, and 551 nm using the
MMO1 model (Case-1 waters). It is noted that different from the Wang et al. (2001) approach
[21], the correction factor is now fitted with x-axis in the log-scale instead of linear scale. Much
better fitting results are achieved with expanded coverage in nL(vfmz)(443)/ nL(Vfoml)(SSI) ratio
values, compared with those from Wang et al. (2001) [21]. Specifically, as shown in Fig. 3, we

can derive best fittings with

Y =a, +a,log(X) + az[log(X)]z, (14)

12
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where Y is the OOB correction factor and X is the blue-green normalized water-leaving radiance
ratio nL(vfmal)(443) / nL(vZo’”l)(SSl), with ap, a;, and a, the best fitting coefficients. The
corresponding Chl-a values for the fittings in Fig. 3 are 0.01, 0.03, 0.1, 0.5, 1.0, 3.0, and 10.0 mg
m> using the MMO1 model [29]. The fitting coefficients ay, a;, and a, for VIIRS bands at 410,
443, 486, and 551 nm are also shown in Fig. 3. Specifically, the best fitting coefficients (ay, a;,
a,) for VIIRS spectral bands at 410, 443, 486, and 551 nm are (0.9975, 0.0104, 0.0275), (0.9975,
0.0211, 0.0012), (1.0061, 0.0231, —0.0142), and (0.9945, —0.0731, —0.0403), respectively.
Furthermore, it is useful to test these OOB corrections (e.g., Eq. (14) and Fig. 3), which are
derived from Case-1 waters, for the applications over turbid coastal and inland waters. In
particular, we need to understand if such OOB corrections lead to biased errors over turbid
coastal and inland waters in satellite ocean color data processing. Figure 4 provides VIIRS
results of the OOB correction factors derived from the correction formula Eq. (14) (Fig. 3) in
comparison with those of true values from three turbid coastal and inland waters. The modeled
correction factor values (y-axis) in Fig. 4 are derived from the fitting formula Eq. (14), while the
measured correction factor values (x-axis) are computed from in situ data using Eq. (9) (as true
values). Figures 4(a), 4(c), and 4(e) are results for VIIRS 443 nm band, while Figs. 4(b), 4(d),
and 4(f) are comparison results for VIIRS 551 nm band. They are for cases over the Chesapeake
Bay (Figs. 4(a) and 4(b)), East China Sea (Figs. 4(c) and 4(d)), and inland Lake Taihu (Figs. 4(e)
and 4(f)). As discussed previously, for Case-1 waters VIIRS has negligible OOB effect for 443
nm, but with significant OOB contributions for the green band 551 nm. Results in Fig. 4 show
that the OOB correction factor values are different from different coastal/inland waters (as
expected) due to different p ,(A) (or nL,(4)) spectral distributions (Fig. 1). Although there are
some outliers for the correction factor in Fig. 4, overall the VIIRS OOB correction using Eq. (14)
derived from Case-1 waters has not introduced noticeable errors in nL,,(4) for coastal and inland

waters, i.e., errors in the OOB correction factor are generally negligible for the three examples of

13



325
326

327
328
329
330
331
332
333
334
335
336

337
338
339
340
341
342
343

344

345
346
347
348
349
350

Case-2 waters. In fact, the mean ratio values (indicated in Fig. 4) between the modeled and

measured correction factors are all within 1%.

4. EFFECTIVE BAND CENTER WAVELENGTHS
It has been shown that significant OOB contribution often results in an increase or decrease
in observed p,,\(4) above the measurement at the nominal center wavelength (Tables 2—4).
Effectively, the OOB effect in p,,(4) can be considered as the band center wavelength shifted in
p,MA) from the nominal center wavelength (in optics/radiometric responses) without applying
corrections for the OOB effect. For a given water property, the shift in the band center
wavelengths due to the spectral band pass effects (i.e., the effective band center wavelengths)
can be determined by comparing the total-band averaged p%ml)(%) (Eq. (3)) to p,4A)
measured at an individual wavelength from hyperspectral p, (1) data, i.e.,
pun( A7) = PV (2,), (15)
where Z(I»E) is the effective band center wavelength for spectral band 4;. Obviously, the effective
band center wavelengths not only depend on the sensor SRF, but also on the measured water
p,MA) spectra (target optics) (through Egs. (1) and (3)). Theoretically, one can find /I(Z-E) that
satisfies Eq. (15) exactly. In practice, however, for a given water type with hyperspectral p, ,(4)
spectra data, we compute the corresponding /I(Z-E) using the following method: the /I(Z-E) should
correspond to the smallest wavelength shift from the nominal center wavelength with the small

enough absolute reflectance difference between the two side of Eq. (15), i.e.,

P (1) - poy (29) < 5 %107, (16)
The reflectance difference 5x107° is about two-order smaller than the required atmospheric
correction accuracy at visible bands for clear open oceans [18, 22, 23]. It is noted that with
increase of the wavelength shift AA from the nominal center wavelength /l(iN), one may find
smaller reflectance difference. However, this is not necessary due to other much large

uncertainties from ocean color data processing (e.g., calibration, atmospheric correction, etc.).

The effective band center wavelengths for SeaWiFS, MODIS, and VIIRS for various water cases
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are provided in Tables 2—4 (in the column /l(iE )). The /l(iE ) values are calculated corresponding to
the various Case-1 and Case-2 waters using Eq. (16).

Results show that, for clear and turbid waters, the effective band center wavelengths are all
within £7 nm of the nominal center wavelengths except for SeaWiFS and VIIRS red bands.
Consistent with results from previous analyses, large band shift AA values are for SeaWiFS and
VIIRS green bands and MODIS short blue band, and for extremely low Chl-a waters (Tables 2
and 3). For the satellite ocean color product validation purpose, one would prefer to have the
same (or close) effective band center wavelength for both satellite sensor and in situ instrument
for a specific water, to avoid measurement differences caused by different instrument
characteristics (i.e., spectral band pass effects).

Therefore, for SeaWiFS 555 nm band, the OOB effect causes its effective band center
wavelength /l(iE) changing to (from nominal center wavelength of 555 nm) 548.4, 550.1, 552.1,
554.5, and 552.1 nm, corresponding to waters with Chl-a values of 0.01, 0.03, 0.1, 1.0, and 10.0
mg m>, respectively. In fact, Chl-a values can be replaced with blue/green reflectance ratio, as
shown in the work by Wang et al. (2001) [21]. For MODIS 412 nm band, the corresponding
effective band center wavelengths /1(iE ) are 417.7,417.1, 415.6, 412.5, and 409.1 nm for Case-1
waters with Chl-a values of 0.01, 0.03, 0.1, 1.0, and 10.0 mg m> , respectively. VIIRS has a
similar OOB performance as SeaWiFS, and its green band (551 nm) effective band center
wavelengths are 546.1, 547.1, 547.6, 549.3, and 548.1 nm, respectively, for Case-1 waters with
Chl-a values of 0.01, 0.03, 0.1, 1.0, and 10.0 mg m_3, respectively.

It should be noted that, with hyperspectral in situ reflectance measurements, the sensor OOB
effects can be accurately accounted for using Eq. (1) (or Eq. (3)) with nL,(4) (or p, ,(4)) from in
situ hyperspectral data. Sensor SRF weighted in situ data (Eq. (1) or (3)) can then be compared
with those from satellite measurements directly (for all different satellite sensors), i.e., no OOB
correction is required. In this sense, hyperspectral in situ measurements are preferred for the

purpose of accurately validating satellite-measured nL,,(4) spectra data.
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5. CONCLUSION

In this paper, we analyzed in detail the spectral response function (bandpass) effects of
ocean color satellite sensors SeaWiFS, MODIS, and VIIRS on the derived p, (4) (or nL,(4)) for
open oceans and coastal/inland waters using the MMO1 model and in situ data. For SeaWiFS and
VIIRS, we found that for oligotrophic waters the OOB contribution is low for blue bands,
whereas it is important for the green bands. The MODIS OOB effect is quite low except for the
short blue band at 412 nm. The open ocean reflectance MMO1 model provides reasonable
estimations for the OOB contribution and correction factors for the in situ cases studied, showing
consistent results with MOBY in situ data. Furthermore, results from this study show that the
sensor OOB performance of VIIRS is similar to SeaWiFS. Hence, the same correction
procedures developed for SeaWiFS can be implemented effectively for VIIRS. In fact, the
formula for the VIIRS OOB correction factor has been derived and can be easily implemented.
Results from this study also show that the sensor OOB effect for coastal and inland waters is
generally negligible (from the three cases studied). Furthermore, using the VIIRS OOB
correction formula, which is derived from Case-1 waters, does not lead to noticeable biased
errors for the application in coastal and inland waters. Therefore, the Wang et al. (2001) sensor
OOB correction approach, as well as the specific scheme developed in this study, can generally
be used for global ocean color data processing. It should be noted that for the NASA satellite
ocean color data processing the OOB correction has been applied.

Results from this study highlight the importance of the sensor spectral OOB response,
especially in comparisons of ocean color data from different satellite sensors even though their
nominal center wavelengths are identical. In addition, in order to accurately account for the
satellite sensor OOB effects, hyperspectral in situ optics measurements are preferred for the
satellite ocean color validation purpose. This study reiterates the importance of complete
prelaunch sensor calibration and characterization, as well as such data available to the science

community, on the quality of ocean color data product [19].
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Figure Captions
Figure 1. Examples of in situ normalized water-leaving reflectance p,,(A) spectra as a function
of the wavelength for waters over Hawaii MOBY site, the Chesapeake Bay, East China Sea, and

inland Lake Taihu.

Figure 2. Spectral response functions as a function of wavelength for SeaWiFS, MODIS, and

VIIRS for visible region bands.

Figure 3. Results of the OOB correction factor as a function of VIIRS-measured blue-green
nL,(2) (total band) ratio (nL(vf('m”(443) / nL(vZO’”l)(SSl)) for VIIRS spectral bands of 410, 443, 486,

and 551 nm using the MMO1 model.

Figure 4. VIIRS results of the OOB correction factors derived from the correction formula Eq.
(14) in comparison with those of true values for VIIRS bands of 443 and 551 nm with the water

region of (a) and (b) Chesapeake Bay, (c) and (d) East China Sea, and (e) and (f) Lake Taihu.

Table Captions

Table 1. Specifications of ocean color spectral bands for SeaWiFS, MODIS, and VIIRS.

Table 2. The nominal center wavelength (l(iN )), effective band center wavelengths (l(l.E )),
difference between the nominal center wavelength and effective band center wavelength AA,
OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
OOB contribution in reference to the nominal center wavelength 00B™(A) (Eq. (7)) and the
corresponding relative OOB contribution 00B™ (%) (Eq. (8)), and the OOB correction factor
Corr (Eq. (9)) for Chl-a values of 0.03, 0.01, 0.1, 1.0, and 10 mg m” using the MMO1 model for
(a) SeaWiFS, (b) MODIS, and (c) VIIRS using the MMO1 model.

Table 3. The nominal center wavelength (l(iN )), effective band center wavelengths (l(l.E )),
difference between the nominal center wavelength and effective band center wavelength AA,

OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
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OOB contribution in reference to the nominal center wavelength 00B™(A) (Eq. (7)) and the
corresponding relative OOB contribution OOB™ (%) (Eq. (8)), and the OOB correction factor
Corr (Eq. (9)) using MOBY in situ data for SeaWiFS, MODIS, and VIIRS.

Table 4. The nominal center wavelength (l(iN)), effective band center wavelengths (),(l-E)),
difference between the nominal center wavelength and effective band center wavelength AA,
OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
OOB contribution in reference to the nominal center wavelength 00B™(A) (Eq. (7)) and the
corresponding relative OOB contribution OOB™ (%) (Eq. (8)), and the OOB correction factor
Corr (Eq. (9)) from in situ coastal and inland waters in the CB, ECS, and Lake Taihu for (a)
SeaWiFS, (b) MODIS, and (c) VIIRS.
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568 Tables

569  Table 1. Specifications of ocean color spectral bands for SeaWiFS, MODIS, and VIIRS.

SeaWiFS MODIS VIIRS

(nm) (nm) (nm)
412 412 412 (M1)
443 443 445 (M2)
490 488 488 (M3)
510 531 —
555 551 555 (M4)
670 667 672 (M5)
— 678 —
765 748 746 (MO6)
865 869 865 (M7)

570

571
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571  Table 2(a): The nominal center wavelength (/'L(,-N )), effective band center wavelengths (/l(iE )),
572  difference between the nominal center wavelength and effective band center wavelength AA,
573 OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
574  OOB contribution in reference to the nominal center wavelength OOB™(A) (Eq. (7)) and the
575  corresponding relative OOB contribution OOB™ (%) (Eq. (8)), and the OOB correction factor
576  Corr (Eq. (9)) for Chl-a values of 0.03, 0.01, 0.1, 1.0, and 10 mg m” using the MMO1 model for
577  (a) SeaWiFS, (b) MODIS, and (c) VIIRS using the MMO1 model.

SeaWiFS
(rg;/lr_;) (';:) (fn: )) (nArfl) 00B(A) O0OB (%) | 00B™@A) 00B™ (%)  Corr
413 4171 -41 -2.39E-04  -0309 | -2.85E-03 3562 1.037
444 4439 0.1  1.40E-05 0.030 | 1.61E-04 0346  0.997
oo | 491 4915 05 -S40E-05 0268 | -2.73E-04 1340 1.014
510 5078 22 8.90E-05 0.876 | 1.21E-03 13.406  0.882
555 5484 66  3.90E-04 9.941 | 4.89E-04 12788 0.887
668 655.1 129 123E-04 48425 | 121E-04 47266 0.679
413 4158 28 -1.16E-04  -0248 | -8.73E-04 1835 1.019
444 4442 02 2.00E-06 0.006 | -1.37E-04 0406 1.004
o3 | 491 4918 08 620E-05 0332 | -3.54E-04 1867 1.019
510 508.1 19  5.60E-05 0.542 | 1.02E-03 10.874  0.902
555 5501 49  2.41E-04 5.525 | 3.44E-04 8077 0925
668 657.1 109 9.70E-05  29.938 | 9.60E-05 29538 0772
413 4139  -09 -560E-05  -0.195 | -2.45E-04 0847 1.009
444 4445  -0.5  0.00E+00 0.000 | -9.00E-05 20395 1.004
i | 491 4923 .13 5S0B05 0346 | -3.42E-04 2112 1.022
510 5083 1.7 3.00E-05 0.300 | 7.25E-04 7779 0.928
555 5521 29  1.29E-04 2652 | 2.29E-04 4806  0.954
668 6611 69 7.30E-05 16859 | 7.30E-05 16859  0.856
413 4126 04 -400E-06  -0.037 | 3.50E-05 0329  0.997
444 4449  -09  2.00E-06 0.020 | 3.40E-05 0346  0.997
Lo | 491 4969 59 250E-05 0232 | -158E-04 1449 1.015
510 509.1 09 -1.00E-06  -0.010 | 1.73E-04 1836 0.982
555 5545 05 -3.50E-05  -0.460 | 2.30E-05 0305  0.997
668 667.1 0.9  4.10E-05 3.846 | 4.80E-05 4533 0957
413 4121 09  7.00E-06 0.139 | 4.20E-05 0.841 0992
444 4449 09  4.00E-06 0.079 | 4.50E-05 0900  0.991
0o | 491 4914 04 150E-05 0214 | 2.60E-05 0372 0.99
510 5109 -09 -6.00E-06  -0.074 | 5.50E-05 0.685  0.993
555 5521 2.9 -137E-04  -1.170 | -2.51E-04 2122 1022
668 667.1 09  2.50E-05 0.964 | 5.80E-05 2265 0978
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578

579  Table 2(b): Same as Table 2(a), but for MODIS.

MODIS
(rgg/lr'n%) é::) (ﬁz )) ( nArﬁ) 00B(A) O00B (%) | 00BM(A) 00B™%) Corr
412 4177 57 -1.94E-03 2476 | -3.84E-03 4782 1.050
442 4423 03 -133E-04 0272 | -343E-04 0698  1.007
001 438 4874 06  7.60E-05 0342 | 3.30B-04 1502 0985
530 5296 04  8.00E-06 0133 |  3.70E-05 0617  0.994
547 5468 02 2.10E-05 0468 |  2.00E-05 0445  0.996
666 6652 0.8  2.00E-06 0.769 | 4.00E-06 1550 0985
412 4171  -51  -1.03E-03 2196 | -1.74E-03 3635 1.038
442 4424 04  -9.40E-05 0271 | -2.34E-04 0672 1.007
0.03 488 4875 05 1.60E-05 0.079 | 1.73E-04 0.859  0.991
530 5297 03 6.00E-06 0.092 |  3.10E-05 0480  0.995
547 5469 0.1 1.60E-05 0323 | 1.40E-05 0283 0.997
666 6652 0.8  3.00E-06 0912 | 4.00E-06 1220 0.988
412 4156 3.6 -532E-04  -1.843 | -8.07E-04 2770 1.028
442 4426 06 -5.50E-05 0238 | -1.10E-04 0474 1.005
ol 488 4877 03  -120E-05 0071 | 5.40E-05 0320 0997
530 5298 02 2.00E-06 0029 |  1.80E-05 0261  0.997
547 5470 00  1.10E-05 0202 |  6.00E-06 0110  0.999
666 6651 09  2.00E-06 0456 |  4.00E-06 0915  0.991
412 4125 05 -4.00E-05 0373 | -4.10E-05 0382 1.004
442 4429 09 -400E-06  -0.041| 8.00E-06 0082 0.999
o 438 4871 09  -1.80E-05 0166 | -5.10E-05 0468 1.005
530 5304  -04 -400E-06  -0.045 | -5.00E-06 0057 1.001
547 5472 -02  0.00E+00 0.000 | -1.60E-05 0198 1.002
666 6651 09  2.00E-06 0.186 | 8.00E-06 0747 0.993
412 4091 29  1.01E-04 1.995 | 1.37E-04 2725 0973
442 4429 09  1.80E-05 0362 |  3.20E-05 0.646  0.994
oo | 488 4875 05 3.008-06 0.044 | -3.00E-05 L0440 1.004
530 5302 -02  0.00E+00 0.000 |  2.10E-05 0213 0.998
547 5469 0.1 -9.00E-06  -0.079 | -7.00E-06 0062 1.001
666 6654 0.6 4.00E-06 0.153 | 1.20E-05 0461 0.995
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580  Table 2(c): Same as Table 2(a), but for VIIRS.

581
VIIRS
(nclg/'l;fg) él::) (ﬁ; )) ( nArﬁ) 00B(A) 00B (%) | 00B¥(A) 00B™ %) Corr
410 4164 -6.4 -4.43E-04 -0.566 | -3.13E-03 -3.868  1.040
443 4437  -0.7 -1.39E-04 -0.295 | -9.17E-04 -1.916  1.020
0.01 486 486.6  -0.6 -7.40E-05 -0.325 | -3.21E-04 -1.396  1.014
551 546.1 49  3.86E-04 9.095 5.72E-04 14.096  0.876
671 6541 169  1.44E-04 58.776 1.39E-04 55.600  0.643
410 4139 -39 -2.58E-04 -0.543 | -1.07E-03 2212 1.023
443 4440 -1.0 -1.01E-04 -0.299 | -5.81E-04 -1.695  1.017
0.03 486 4869 -0.9 -7.00E-05 -0.340 | -3.31E-04 -1.586  1.016
551 547.1 3.9  2.82E-04 6.008 4.72E-04 10.480  0.905
671 656.1 149  1.22E-04 38.978 1.18E-04 37.224  0.729
410 411.7  -1.7 -1.54E-04 -0.525 | -3.68E-04 -1.244  1.013
443 4443  -13  -6.60E-05 -0.289 | -2.66E-04 -1.156  1.012
0.1 486 4873  -1.3  -5.80E-05 -0.340 | -2.66E-04 -1.540  1.016
551 547.6 3.4  1.80E-04 3.466 3.60E-04 7.180  0.933
671 659.1 11.9  1.00E-04 23.753 9.70E-05 22877  0.814
410 410.1 -0.1 -4.80E-05 -0.439 | -1.20E-05 -0.110  1.001
443 4435 -05 -1.70E-05 -0.173 4.00E-06 0.041  1.000
1.0 486 484.1 1.9 -2.80E-05 -0.259 | -8.50E-05 -0.783  1.008
551 5493 1.7 9.99E-07 0.013 1.20E-04 1.550  0.985
671 665.1 59  8.00E-05 7.678 8.00E-05 7.678  0.929
410 4095 0.5 -7.00E-06 -0.137 2.50E-05 0.491  0.995
443 4439  -09  9.00E-06 0.179 4.70E-05 0.944  0.991
10.0 486 486.4  -0.4  0.00E+00 0.000 2.00E-05 0.299  0.997
551  548.1 29 -1.30E-04 -1.130 | -1.76E-04 -1.524  1.015
671  667.1 3.9  7.90E-05 3.105 1.16E-04 4.627  0.956
582
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582  Table 3: The nominal center wavelength (/I(l.N )), effective band center wavelengths (l(iE )),

583  difference between the nominal center wavelength and effective band center wavelength AA,
584  OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
585  OOB contribution in reference to the nominal center wavelength OOB™(A) (Eq. (7)) and the
586  corresponding relative OOB contribution OOB™ (%) (Eq. (8)), and the OOB correction factor

587  Corr (Eq. (9)) using MOBY in situ data for SeaWiFS, MODIS, and VIIRS.
588

MOBY In Situ Data

pra 2P AL - ™
(nm) (nm) (nm) OOB (A) OOB (%) | OOB"”(A) OOB""(%) Corr
SeaWiFS
413 414.4 -1.4 -8.14E-05 -0.221 | -3.29E-04 -0.887 1.009
444 444 4 -0.4 2.87E-06 0.010 | -1.32E-04 -0.475 1.005
491 492.3 -1.3 -6.36E-05 -0.359 | -4.63E-04 -2.555 1.026
510 508.5 1.5 4.24E-05 0.410 8.16E-04 8.527 0.921
555 551.3 3.8 1.81E-04 4.253 2.88E-04 6.947 0.935
668 657.2 10.8 8.52E-05 31.957 8.84E-05 33.526 0.746
MODIS
412 416.8 -4.8 -7.49E-04 -2.029 | -9.88E-04 -2.659 1.027
442 442.3 -0.3 -7.33E-05 -0.259 | -1.09E-04 -0.384 1.004
488 487.7 0.3 -7.66E-06 -0.040 1.04E-04 0.547 0.995
530 530.0 0.0 3.28E-06 0.049 | -7.80E-07 -0.012 1.000
547 547.1 -0.1 1.44E-05 0.293 | -5.98E-06 -0.122 1.001
666 665.9 0.1 1.86E-06 0.697 4.41E-06 1.670 0.983
VIIRS
410 4113  -13  -2.37E-04 -0.631 | -6.88E-04 -1.815  1.018
443 4443  -13  -9.52E-05 -0.344 | -4.69E-04 -1.671  1.017
486 4876  -1.6  -8.55E-05 -0.442 | -8.69E-04 4322 1.045
551 547.8 33 2.25E-04 4868 | 3.91E-04 8.797  0.919
671 656.5 145  1.09E-04 41.698 | 1.08E-04 41385  0.704
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589  Table 4(a): The nominal center wavelength (/'L(,-N )), effective band center wavelengths (/l(iE )),
590 difference between the nominal center wavelength and effective band center wavelength AA,
591  OOB contribution (OOB (A)) (Eq. (5)) and its relative OOB contribution (OOB (%)) (Eq. (6)),
592 OOB contribution in reference to the nominal center wavelength OOB™(A) (Eq. (7)) and the
593  corresponding relative OOB contribution OOB™ (%) (Eq. (8)), and the OOB correction factor
594  Corr (Eq. (9)) from in situ coastal and inland waters in the CB, ECS, and Lake Taihu for (a)
595  SeaWiFS, (b) MODIS, and (c) VIIRS.

596
SeaWiFS
: N) (E)
TR‘;;’;g ('i;'m) (ﬁm ) nAH'i) OO0B (A) O0OB (%) | 00B™(A) 00B™(%) Corr
413 4140 -1.0 1.76E-05 0.146 | 6.82E-05 0.568  0.993
444 4449 09 2.56E-06 0.019 | 9.17E-05 0.683  0.992
CB 491 4907 03 -2.10E-06 -0.012 | -3.40E-05 -0.196  1.002
510 5100 0.0 -1.46E-05 -0.079 | -3.56E-05 -0.193  1.002
555 555.5 -0.5 -2.04E-04 -0.990 | -1.88E-04 -0.910  1.008
668 667.0 1.0 4.06E-05 0.557 | 1.48E-04 2.060  0.971
413 4138  -0.8  5.94E-05 0.248 | 6.33E-04 2708 0.967
444 4444 04  1.94E-06 0.006 | 3.21E-05 0.106  1.000
ECS 491 4902 0.8 2.19E-05 0.054 | -2.15E-04 -0.525  1.008
510 5102 -02 -3.42E-05 -0.079 | 1.69E-05 0.039  0.999
555 5550 0.0 -4.20E-04 -0.830 | -3.22E-04 -0.637  1.007
668 667.1 0.9 3.64E-05 0.128 | 2.14E-04 0.758  0.967
413 4142 -12  1.08E-04 0.271 | 4.00E-04 1.015  0.990
444 4448  -0.8  1.05E-05 0.021 | 3.03E-04 0.608  0.991
Lake 491 492.1 -1.1  1.36E-04 0.205 | 3.14E-04 0.476  0.995
Taihu 510 510.0 0.0 -4.58E-05 -0.061 | 7.82E-05 0.104  0.998
555 5525 2.5 -6.73E-04 -0.663 | -1.21E-03 -1.182  1.012
668 667.0 1.0 -1.52E-05 -0.019 | 8.03E-04 1.036  0.987
597
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597  Table 4(b): Same as Table 4(a), but for MODIS.

598
MODIS
: N) (E)
TR‘;;’JI‘: (’k’m) (ﬁm - Iﬁi) 00B (A) 0O0B (%) | 00B™(A) 00B™(%) Corr
412 4170 -50  1.81E-04 1.504 |  2.56E-04 2.135 0975
442 4427 0.7 2.13E-05 0.160 | 6.49E-05 0.489 0.994
CB 488 487.1 0.9 -1.48E-05 -0.087 | -9.08E-05 0.529 1.006
530 5297 03  -5.42E-06 0.027 | -2.70E-05 0.136 1.001
547 5472 02 -9.21E-06 -0.045 | -3.17E-05 20.154 1.002
666 6657 0.3 -1.28E-05 0.176 | 3.30E-05 0457 1.027
412 4141 2.1  5.76E-04 2411 | 1.01E-03 4306 0.959
442 4422 02  5.68E-05 0.191 | 2.29E-05 0.077 1.002
ECS 488 4872 0.8  -2.55E-05 20.064 | -3.17E-04 20786 1.008
530 5304 -04  8.47E-07 0.002 | 8.36E-05 0.180 0.999
547 547.1  -0.1 -1.33E-05 20.027 | -4.53E-06 0.009 1.001
666 6662 02  -6.63E-05 10233 | 6.92E-05 0244 0.988
412 4170 -50  1.13E-03 2.858 | 1.57E-03 4005  0.96
442 4428 0.8  1.41E-04 0.286 | 3.04E-04 0.619 0.993
Lake 488 4876 04  3.14E-05 0.048 | -1.56E-04 10.240  1.002
Taihu | 530 5301 -0.1 4.72E-06 0.005 | 7.49E-05 0.085 0.999
547 5469 0. -5.91E-05 0.060 | -9.66E-05 -0.098 1.001
666 6664 -04 -1.25E-04 -0.158 | 1.18E-04 0.150 0.998
599
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599  Table 4(c): Same as Table 4(a), but for VIIRS.
VIIRS
: (N) (E)

TR‘;;’O‘g (';"m) (ﬁm D nAn'i) 00B(A) 0O0B (%) | 00BM(A) 00B™(%) Corr

410 4100 0.0  -1.10E-04 -0.921 | -9.18E-05 -0.770  1.008

443 4439 09  -1.95E-05 -0.145 | 8.27E-05 0.620  0.993

CB 486 4847 13 -7.44E-05 -0.439 | -1.11E-04 0.651  1.007

551 5484 2.6  -2.40E-04 -1.166 | -1.93E-04 -0.938  1.009

671  667.6 34  9.44E-05 1.300 | 1.56E-04 2.159  0.970

410 4099 0.1  -1.06B-04 -0.452 | -1.14B-04 0484 1013

443 4433 03  -9.25B-06 -0.031 | 2.22E-04 0.743  0.994

ECS 486 4846 14  -132B-04 -0.332 | -1.20E-04 -0.303  1.006

551 5490 2.0  -5.10E-04 -1.023 | -3.82E-04 -0.768  1.005

671  670.6 04  7.91E-05 0.279 | 1.66E-04 0.588  0.964

410 4113 -13  2.81BE-04 0.719 | 5.54E-04 1426 0.986

Lake 443 4444 14  1.33B-04 0.267 | 5.90E-04 1.193  0.986

Taihu 486 4866  -0.6  2.87E-05 0.044 | 1.60E-04 0.248  0.997

551 5475 35  -9.65E-04 -0.965 | -1.57E-03 -1.560 1016

671 669.3 1.7 2.26E-05 0.029 | 1.07E-03 1.400  0.981
600
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604  Figure 1. Examples of in situ normalized water-leaving reflectance p, ,(4) spectra as a function
605  of the wavelength for waters over Hawaii MOBY site, the Chesapeake Bay, East China Sea, and

606 inland Lake Taihu.
607

33



607

608

609

610
611

612

Speciral Response Function Spediral Response Fundtion

Spectral Response Function

100'|<\:'|'|'|'|'|'|'|'|'|'|'1'|'|' 10° AL N I B R B L B L B B
——SeaWiFsS (412 nm) ——SeaWiFS (443 nm)
......... MODIS (412 nm) ~--MODIS (443 nm)
10t L --==VIIRS (410 nm) 107 L --==VIIRS (443 nm)
102 | ) 1 102 L
i
;
i .
"»frlt. } ' I
10° L I 3 10° ¢ oy j
A ¥ i P
it g I I
1l | L@ g L @
10 o 10+ PETRANT IR N R TR NI A
350 450 550 650 750 850 950 1050 350 650 750 850 950 1050
100'I'l"'I‘I'I'I'I'I'I'I'I'I'I' 10° LN IR B B R B L EL B B B
" T T T T T T T T T T T
—— SeaWiFS (490 nm) ——SeaWiFS (555 nm)
-----=-MODIS (488 nm) ------MODIS (551 nm)
--==VIIRS (486 nm) 100 L --==VIIRS (551 nm)
4 102 L
fﬂ
X
: !i}:ﬁ P 4 10° L 5
AR T Y DR
,If'f,];'g) il AL
5 .’]f[ i \J.ij.'! \ L
i SR S N (9 N S )
| T I |nﬂ\‘nﬂ| P " 104 | I | .l.nll!ul. L
750 850 950 1050 350 750 850 950 1050

10° |

——SeaWiFS (670 nm)
---=---MODIS (667 nm)
--==VIIRS (671 nm)

10
350

550 650 750 850 950
Wavelength (nm)

1050

34

Wavelength (nm)

Figure 2. Spectral response functions as a function of wavelength for SeaWiFS, MODIS, and
VIIRS for visible region bands.
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614  Figure 3. Results of the OOB correction factor as a function of VIIRS-measured blue-green
615  nL,(2) (total band) ratio ( n7"(443)/nL\7“)(551)) for VIIRS spectral bands of 410, 443, 486,

616  and 551 nm using the MMO1 model.
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Figure 4. VIIRS results of the OOB correction factors derived from the correction formula Eq.
(14) in comparison with those of true values for VIIRS bands of 443 and 551 nm with the water
region of (a) and (b) Chesapeake Bay, (c¢) and (d) East China Sea, and (¢) and (f) Lake Taihu.
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