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Abstract

Passive high spatial resolution hyperspectral and multispectral imaging systems in the solar
spectral region from aircraft and satellite platforms are being increasingly used for remote
sensing of coastal waters and inland lakes. However, the remotely sensed data are often
contaminated by the specular reflection of solar radiation at the air/water interface. Thus, the
effects of sunglint need to be corrected. The purpose of sunglint correction is to remove the
undesired specular reflected portion of radiance that does not carry any information about
the water body and its bottom surface properties and to obtain the water-leaving radiance
from the measured total radiance. In general, adequate treatment of the spectral variation of
the sunglint effect with due consideration of the physics and the spectroscopy principles has
not been done in previously reported hyperspectral sunglint removing techniques. In this
study, a practical sunglint removing technique using either a shortwave infrared (SWIR) band
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or a near-infrared (NIR) band has been developed, where the liquid water absorption is
sufficiently large, and the water-leaving radiance (in units of reflectance) is negligible. In the
proposed method, proper consideration has been taken for the spectral Fresnel reflection in
the wavelength range of 0.35-2.5 um. Four cases of sunglint removal from hyperspectral
imaging data acquired from two airborne imaging spectrometers have been presented.
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1. Introduction

Passive high spatial resolution hyperspectral and multispectral imaging systems in the solar
spectral region from aircraft and satellite platforms are being increasingly used for remote sensing
of coastal waters and inland lakes [1]. In order to use the remotely sensed data to infer about the
water bodies and their bottom surface properties, the sunglint effects need to be properly modeled
or removed from the remotely sensed data. Figure 1(A) shows an example of a true-color image
acquired by the airborne visible infrared imaging spectrometer (AVIRIS) [2] over the land/water
boundary area at the Honolulu Airport on April 12, 2000, from an ER-2 aircraft at an altitude of 20
km. Because this dataset was acquired around the local noontime, the surface wave patterns and
sunglint effects are present in the image. These effects hinder the capturing of information of the
shallow waters and their bottom surface properties. In general, when the downward solar radiance
from the sun reaches the waving water surfaces, part of the radiance is secularly reflected at the
air/water interface. This reflected portion of radiance is known as the sunglint radiance and does
not carry any information about the waters and the underlying surfaces. The other part of the
radiance is transmitted into the water, where it is further absorbed and scattered by the
constituents within the water body as well as the shallow bottom surface. A minor fraction of the
radiance eventually emerges from the water/air interface into the air. The emerging radiance is
known as the water-leaving radiance, which carries information about the water body constituents
and possibly the bottom surfaces. The sunglint radiance and the water-leaving radiance are then
transmitted upwards and reach an aircraft or a satellite sensor.
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~No Glint Removal
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Figure 1 (A) A true-color RGB band image (R: 0.64 um; G: 0.55 um; B: 0.46 um) acquired
by AVIRIS over the land/water boundary area at Honolulu Airport on April 12, 2000, from
an ER-2 aircraft at an altitude of 20 km, (B) A surface reflectance spectrum of a shallow
water pixel after an atmospheric correction (upper curve) and with additional sunglint
correction (lower curve), (C) The 1.64 um band image, and (D) the true color RGB band
image after atmospheric and sunglint correction. The listed wavelengths are the center
positions of the red, green, and blue bands.

There is a long history of developing algorithms for removing the sunglint effect from
hyperspectral and multispectral imaging data. As early as 2000, Heege and Fischer [3] described a
technique for sun glitter correction in remote sensing imaging spectrometry data. In this technique,
the sun glitter correction depends on the information from a band in the shortwave infrared (SWIR)
region centered at 1.6 um, where no light from the water body itself reaches the sensor because of
the strong liquid water absorption at this wavelength. Hochberg et al. [4] described a sunglint
correction technique using the correlations between near-infrared (NIR) band images and visible
band images. Hedley et al. [5] improved the Hochberg technique and developed a more robust
sunglint correction algorithm. Kay et al. [6] presented a thorough review of various sunglint removal
algorithms for high as well as low spatial resolution imagery. From the fall of 2009 to the spring of
2010, E. Hochberg led the NASA hyperspectral infrared imager (HysplRI) sunglint subgroup with the
objectives of (1) quantitatively characterizing the sunglint problem, (2) determining the impact of
the glint on the aquatic science objectives of the HyspIRI mission, and (3) providing advice for further
developments for addressing the glint issue. In 2011, Hochberg et al. produced a comprehensive
HysplRI sunglint subgroup report, which is publicly available online [7]. In this report, we contributed
one mitigating method for reducing the effect of sunglint in the visible band images. The method
consists of making a nominal hyperspectral atmospheric correction [8, 9], computing the glint
reflectance value in the NIR band where the water-leaving reflectance is negligible, and subtracting
that value in the visible band images. Subsequently, this method was implemented into a version of
an atmospheric correction algorithm for retrieving the water-leaving reflectance from the
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hyperspectral imaging data collected using the portable remote imaging spectrometer (PRISM) [10]
during several airborne campaigns. Since 2011, many new developments on sunglint corrections
have been reported [11-15]. For example, Zorrilla et al. [11] described an automated SWIR-based
empirical sunglint correction method for processing the Landsat 8 operational land imager (OLI) [16]
data acquired over turbid coastal waters. Hamel et al. [13] presented a sunglint correction technique
for the Sentinel-2 multispectral instrument (MSI) [17] imagery over inland and sea waters using
SWIR bands. It should be pointed out that images of different OLI [16] and MSI [17] bands are not
acquired simultaneously since water surfaces are nonstationary targets and the wave slope
distributions for different bands in a given OLI or an MSI water pixel are not the same. Both Zorrilla
et al. [11] and Hamel et al. [13] did not address the issue of wave slope differences explicitly, and
thus differences in the sunglint effect in the different OLI and MSI band images were observed. It
should be pointed out that the terms NIR and SWIR are frequently used in the ocean color research
community, but their wavelength ranges have not been uniquely defined. In this study, NIR light is
within the wavelength range of 0.75-1.1 um, whereas SWIR light is within the wavelength range of
1.1-3.0 um.

In all the glint removal studies cited above, the real part of the refractive index of liquid water in
the solar spectral region between approximately 0.35 and 2.5 um is assumed to be spectrally flat,
i.e., it does not vary with wavelength. Although this is a good first-order assumption, the refractive
index of water does decrease slightly with an increasing wavelength of light from the ultraviolet (UV)
to the visible region and again in the SWIR region. The assumption of a spectrally flat refractive index
of water can result in over- or under-correction to the sunglint effects [7].

In this study, a practical sunglint removal technique using an SWIR band or an NIR band has been
developed, where the liquid water absorption is sufficiently strong, and the water-leaving radiance
(in units of reflectance) is negligible. Full consideration has been taken for the spectral Fresnel
reflection in the wavelength range of 0.35 — 2.5 um. The developed technique was applied for
sunglint removal from hyperspectral imaging data acquired from two airborne imaging
spectrometers.

The remainder of this paper has been organized as follows: the sunglint correction method is
described in Section 2. The sample results obtained by applying the proposed method to several
hyperspectral imaging datasets have been presented in Section 3. A brief discussion on the results
has been given in Section 4. Finally, a summary of the work is given in Section 5.

2. Materials and Methods
2.1 Absorption and Reflection Properties of Pure Waters

In order to understand the dependence of the spectral reflectance of sunglint on the wavelength,
an understanding of the basic absorption and reflection properties of pure water is necessary. Figure
2(A) shows the real part of the refractive index of water [18, 19] as a function of the light wavelength.
From 0.35 to 0.65 um, the refractive index changes from approximately 1.36 to 1.33. From 0.65 to
2.0 um, the refractive index decreases slowly from approximately 1.33 to 1.297. In the wavelength
range of 2.0-2.5 um, the refractive index decreases rapidly with increasing wavelength (from 1.297
to 1.253). Figure 2(B) shows the inverse of the liquid water absorption coefficient, also known as
the “e-folding distance”, as a function of wavelength. The “e-folding distance” (in units of a meter)
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is defined as the path length of light of a given wavelength in liquid water over which the light
intensity decreases to e of the original light intensity. From the curve in Figure 2(B), it can be seen
that the e-folding distance is about 1 m for the light of wavelength 0.7 um, 0.1 m at 0.9 pm, and
0.01 m at 1.2 um. This indicates that light of wavelength longer than approximately 0.9 um would
most likely be absorbed completely by liquid water in the ocean after the light entered waters from
the air/water interface. The water-leaving radiance/reflectance above 0.9 um should be practically
zero, except for the situations where the very top thin layers of ocean waters are quite turbid, or
the water surfaces are covered by algae or other floating materials [20].
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Figure 2 (A) Refractive index of water as a function of wavelength, and (B) the e-folding
distance, or the inverse of liquid water absorption coefficient, as a function of
wavelength.

2.2 Fresnel Reflection at the Air/Water Interface

The waves and sunglint patterns over water surfaces near the Honolulu Airport, as seen in Figure
1(A), mainly resulted from the Fresnel reflection of solar radiation at the air/water interface. The
well-known Fresnel reflection equation for a horizontally flat air/water interface is

sin*(0-6)  tan?(0 — )
_|sin?(6 + 6’) " tan?(6 + O')
B 2

(1)

p(6)

and sin(®%’) = sin($)/n, where n is the real part of the refractive index of water relative to air, 9 is the
solar zenith angle for the incoming ray in air, ¢’ is the zenith angle for the refracted ray in water,
and p(8) is the Fresnel reflectance for unpolarized incoming light. Because of the high spatial
resolution of the AVIRIS data with a pixel size of approximately 17 m at the surface and due to the
presence of wave patterns, it is not practically possible to obtain the solar zenith angle relative to
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the local vertical direction of a wave on a pixel-by-pixel basis from the AVIRIS data. Therefore, it is
not possible to calculate the Fresnel reflection for each water pixel in the AVIRIS data based on the
local solar zenith angle and the real part of the refractive index of water using Eq. (1). In view of this
situation, we studied the Fresnel reflection properties for horizontally flat water surfaces but with
different incoming solar zenith angles.

Figure 3(A) shows the curves of the Fresnel reflection (from bottom to top) as a function of the
light wavelength for solar zenith angles of 0°, 15°, 30°, 45°, and 60°, respectively. The two curves
corresponding to the solar zenith angles of 0° and 15° almost coincide with each other. Overall,
these curves are relatively flat in the 0.7-2.0 um spectral range. Below 0.7 um and above 2 um, the
reflection values decrease rapidly with increasing wavelength. The shapes of these curves are
consistent with the shape of the curve for the real part of the refractive index of water in Figure
2(A).
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Figure 3 (A) Fresnel reflectance as a function of wavelength (from bottom to top) for the
solar zenith angles of 0°, 15°, 30°, 45°, and 60° respectively, and (B) ratio of the
reflectance curves (from bottom to top) as a function of wavelength for solar zenith
angles of 15°, 30°, 45°, and 60° to the reflectance curve for the solar zenith angle of 0°.

Figure 3(B) shows the ratio of the reflectance curves (from bottom to top) as a function of
wavelength for the solar zenith angles of 15°, 30°, 45°, and 60° to the reflectance curve for the solar
zenith angle of 0°. These ratio curves are spectrally flat in the entire wavelength range of 0.35-2.5
pm, except for the ratio curve corresponding to the ratio of the reflectance curve for 60° solar zenith
angle to that for 0° solar zenith angle. The last curve is not worthwhile for further consideration
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because the reflected solar ray at the large solar zenith angle of 60° is unlikely to reach an aircraft
or a satellite instrument typically with a narrow field of view, and most sunglint effects occur at
small solar and view zenith angles. For example, in the case of images acquired by the moderate
resolution imaging spectroradiometer (MODIS) [21], the sunglint patterns appear in images with
view zenith angles smaller than 40°.

To summarize, the two main points observed from Figures 2(B) and 3(B) are as follows: It can be
inferred from Figure 2(B) that, under typical water turbidity conditions, the water-leaving
reflectance for bands above 0.9 um is practically zero. From our previous experience of analysis of
the AVIRIS data, we have found that the reflectance values for water pixels after removal of the
atmospheric and aerosol effects from the hyperspectral imaging data mainly result from sunglint
[7]. Let us further assume that the sunglint reflectance value for a given pixel and a given reference
band (above 0.9 um), o8 ref, is known, e.g., a band at 1.05 um or a band at 1.64 um atmospheric
window. We can calculate the ratio, RTOs gef, Of the sunglint reflectance value for this band over the
theoretically simulated glint reflectance value for the same brand, but for the zero solar zenith angle
condition. Since the bottom three simulated sunglint ratio curves in Figure 3(B) are flat, the shapes
of the sunglint reflectance curves in Figure 2(B) are the same as those for solar zenith angles less
than approximately 45°. It is only the magnitude of the glint reflectance that depends on the solar
zenith angle. At this stage, if we scale all the data points in the theoretically simulated glint
reflectance curve for the zero solar zenith condition by the same factor, RTOg ref, We can derive the
spectral glint reflectance curve for a given pixel. The subsequent subtraction of the glint reflectance
curve from the atmosphere-corrected reflectance curve would result in the water-leaving
reflectance curve for the pixel. These points are further illustrated below.

2.3 An lllustration of Spectral Sunglint Removal

The top curve in Figure 1(B) is a surface reflectance spectral curve obtained after atmospheric
correction, performed using a hyperspectral atmospheric correction algorithm [8], of a shallow
water pixel having significant sunglint effects, as observed in the image shown in Figure 1(A). The
spectral reflectance values in the spectral range of 0.75-2 um are fairly constant because the
refractive index of water (real part) decreases very slowly with increasing wavelength in this spectral
range (see Figure 2(A)). These reflectances are mainly the results of sunglint. Above 2 um, the
reflectance values decrease with increasing wavelength due to the rapid decrease in the refractive
index of water (also see Figure 2(A)) with increasing wavelength in this spectral interval. Thus, a
reference band centered near 1.64 um was selected, and a sunglint reflectance value, pg _ref, of 0.104
was obtained from this spectrum. The simulated Fresnel reflection value, pg_simu, for this reference
band and the zero solar zenith angle condition is 0.0179. The ratio, RTOg gef, Of p8_gef/08_simu fOr the
1.64 um reference band was calculated and multiplied to all the data points in the simulated glint
spectrum corresponding to the zero solar zenith angle condition. Subsequently, a complete sunglint
spectrum for this particular water pixel was derived. Finally, the glint spectrum was subtracted from
the atmosphere-corrected spectrum and the sunglint removed water-leaving reflectance spectrum
was obtained, which is shown by the blue-colored line in Figure 1(B). The water-leaving reflectance
spectrum is fairly flat in the spectral range of 0.75-2.5 um. The small variations in this wavelength
range are due to our inability to model all the fine atmospheric gas absorption features when
performing atmospheric corrections and due to the limited signal-to-noise ratio of the AVIRIS data.
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A fairly large reflectance bump is observed in the derived water-leaving reflectance spectrum in the
visible region with a peak reflectance value of approximately 0.1. Below ~0.4 um, the water-leaving
reflectance values become negative. This is related to the radiometric calibration errors (of the
order of 20%) of the AVIRIS data in the UV and blue spectral regions. Figure 4 shows a flowchart
illustrating the procedure for removing spectral sunglint effects from a water pixel.

REFLECTANCE SPECTRUM FOR A
WATER PIXEL

hJ

SELECT A SWIR OR A NIR REFERENCE BAND,
AND GET THE REFLECTANCE VALUE pg gef

GET THE SIMULATED FRESNEL REFLECTANCE VALUE,
P8 simu FOR SOLAR ZENITH ANGLE = 0°

l

CALCULATE THE RATIO, RTOg rer= 8 Rei/ OB Simu

h 4

MULTIPLY RTOg ges TO ALL BANDS IN THE SIMULATED
FRESNEL REFLECTANCE SPECTRUM FOR SOLAR
ZENITH ANGLE = 0° TO GET THE SUNGLINT SPECTRUM
FOR THE WATER PIXEL

SUBTRACT OUT THE SUNGLINT SPECTRUM FROM
THE WATER PIXEL REFLECTANCE SPECTRUM

Y

SUNGLINT-REMOVED REFLECTANCE
SPECTRUM FOR THE WATER PIXEL

Figure 4 Flowchart illustrating the steps for removing the spectral sunglint effects for a
water pixel.

3. Results
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We selected four cases to demonstrate our technique for removing the sunglint effect from
images. Out of the four, three cases were selected from the large volume of the AVIRIS dataset
collected in the spring of 2000 during a NASA-sponsored airborne campaign conducted over the
Hawaii water bodies. At the time, no special planning for the high-altitude ER-2 flight time and flight
directions was made to minimize the sunglint in order to survey as large an area as possible. As a
result, many images captured by AVIRIS were affected by sunglint. The last case was a PRISM dataset
collected in 2016 over a coral reef site near Lizard Island in the Pacific Ocean during the NASA
sponsored coral reef airborne laboratory (CORAL) [22] field campaign led by E. Hochberg of the
Bermuda Institute of Ocean Sciences.

3.1 Image from AVIRIS of the Honolulu Airport Area, April 12, 2000

The first selected case is an image acquired by AVIRIS over the land/water boundary area at the
Honolulu Airport on April 12, 2000, from an ER-2 aircraft at an altitude of 20 km. As described in the
previous section, the RGB band image (Red: 0.64 um, Green: 0.55 um, Blue: 0.46 um) is shown in
Figure 1(A). An example of the retrieved surface reflectance spectrum and the subsequent sunglint
removal is illustrated in Figure 1(B), whereas Figure 1(C) shows the 1.64 um band image. In order to
reveal the features of the water body and its possible underneath surface, the image in Figure 1(C)
was stretched to saturate the land pixels. Even in such a highly stretched image, no water and
bottom surface features are observed in it, thus indicating that there is almost no water-leaving
reflectance over the water pixels in this image. Only the waves and glint patterns are observed.
Figure 1(D) shows the RGB band image after atmospheric and sunglint corrections. From a
comparison of this image with that shown in Figure 1(A), it can be seen that the surface wave
patterns are successfully removed, and the spatially contiguous water body and bottom surface
features are revealed quite well. In order to avoid making sunglint corrections for the land pixels in
the image shown in Figure 1(D), a simple land/water mask was used. This mask is largely based on
the normalized difference between one band at 0.86 pum and another band at 0.65 um, [p(0.86 um)
—p(0.65 um)]/[p(0.86 um) + p(0.65 um)], in the spectrum corrected of the atmospheric effects (e.g.,
the upper curve in Figure 1(B)). In general, the normalized difference is negative for a water pixel
and positive for a land pixel, and the exceptions are rare.

3.2 Image from AVIRIS Over the French Frigate Shoals, April 18, 2000

The second selected case is an image acquired by AVIRIS over the French Frigate Shoals area,
23.62° N and 166.1° W in the Pacific Ocean, on April 18, 2000. Figure 5(A) shows the RGB band
image in which the waves and sunglint features can be observed in the right portion of the scene.
Figure 5(B) shows the 1.64 um band image, where the waves and sunglint patterns are seen.
However, the underwater atoll features in the lower left portion of Figure 5(A) are completely
absent in the image shown in Figure 5(B). This demonstrates that the water-leaving reflectance is
close to zero in the 1.64 um band image. Figure 5(C) shows the RBG image after atmospheric and
sunglint corrections. By comparing Figure 5(C) with 5(A), it can be seen that the wave and glint
patterns are properly removed, and the underwater atoll features are properly recovered in the
image shown in Figure 5(C).
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(A)

Figure 5. (A) A true-color RGB band image (R: 0.64 um, G: 0.55 um, B: 0.46 um) acquired
by AVIRIS over the French Frigate Shoals area in the Pacific Ocean on April 18, 2000,
from an ER-2 aircraft at an altitude of 20 km, (B) shows the 1.64 um band image of the
same scene, and (C) shows the true-color RGB band image after atmospheric and
sunglint corrections.

3.3 Image from AVIRIS of Kaneohe Bay, April 12, 2000

The third case presented here is an image acquired by AVIRIS on April 12, 2000, of the Kaneohe
Bay, centered near 21.46° N and 157.81° W. It is located in the northeast coastal area of O’ahu
Island in Hawaii. The bay contains the largest sheltered body of water among all the Hawaiian Islands.
Figure 6(A) shows the RGB band image of Kaneohe Bay in which the wave patterns and specular
reflection effects are present over the water body. Figure 6(B) shows the corresponding RGB band
image after atmospheric and sunglint corrections. The underwater corals and bright sandy bars in
the bay can be clearly seen after the corrections. Figure 6(C) shows an example of the surface
reflectance spectrum for a water pixel after atmospheric correction (the upper black curve) and
after sunglint correction (the lower blue curve), which accounts for the effect of the spectral
variation of the refractive index of water with wavelength.
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Figure 6 (A) A true-color RGB band image (R: 0.64 um, G: 0.55 um, B: 0.46 um) acquired
by AVIRIS over Kaneohe Bay located in the northeastern coastal area of O’aho Island in
Hawaii, (B) shows the corresponding RGB band image after atmospheric and sunglint
corrections, and (C) shows the surface reflectance spectrum of a water pixel after
atmospheric correction (upper black curve), after sunglint correction done by taking the
spectral variation of the real part of the refractive index of water into consideration
(lower blue curve), and after sunglint correction done using the simple NIR subtraction
method [7] (lower green curve).

For comparison, sunglint corrections have also been made using the simple NIR reflectance
subtraction technique [7] and using the technique reported by Goodman et al. [23]. Both techniques
have been previously used by the ocean color research community. In our implementation of the
NIR subtraction technique, the NIR band centered at 0.865 um was selected as the reference band.
The reflectance value for this band after atmospheric correction (see the top black curve in Figure
6(C) was subtracted from all the data points in the black curve. The resulting sunglint-corrected
water-leaving reflectance spectrum is shown as the green-colored curve in Figure 6(C). The green
curve exhibits a downward trend in the spectral range of 1.5-2.5 um, whereas the blue curve is
fairly flat and clustered around a horizontal line with a zero reflectance value. Therefore, the
spectral variation of the refractive index of water as a function of wavelength needs to be taken into
account while performing the sunglint correction in order to properly recover the water-leaving
reflectance in the SWIR region. The simple NIR subtraction method obviously over-corrects the
sunglint effect above 2 um. In particular, in the 2.25 um narrow ‘atmospheric window’ region, the
over-correction is 0.023 in units of reflectance. The difference between the green and blue curves
at 0.55 um is relatively smaller (0.012 in units of reflectance). For making further comparisons, the
sunglint corrections were also made using the method developed by Goodman et al. [23]. There are
two reference bands involved with this method, one located at 0.64 um and the other at 0.75 um.
The resulting sunglint-corrected spectrum (not shown in Figure 6(C)) is almost identical to the green-
colored spectrum obtained using the simple NIR reflectance subtraction method. In order to access
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the effects of the different sunglint removal algorithms on the geophysical parameter retrievals,
chlorophyll concentrations were derived from our sunglint-corrected spectra and spectra obtained
using the NIR subtraction method. Noticeable differences in the sunglint-corrected spectra in the
spectral range of 0.45-0.7 um could be seen, as shown by the blue and green curves in Figure 6(C).
A band ratio version of the NOAA algorithm (0.491 um /0.554 um) was used for chlorophyll
retrievals. The mean difference in the chlorophyll concentrations derived from the two sunglint-
corrected datasets was observed to be relatively small (~¥11%). This is because the chlorophyll
algorithm depends on the ratio of the two bands and the absolute reflectance values of the two
bands are less important after the ratio calculation.

3.4 Image from PRISM Obtained Near the Lizard Island in the Pacific Ocean, October 14, 2016

The fourth case is an image acquired by PRISM very close to the Lizard Island in the Pacific Ocean
on October 14, 2016, during the NASA sponsored CORAL field campaign. The image coordinates are
centered near 13.90° S and 146.63° W. The Lizard Island itself is an island on the Great Barrier Reef
in Queensland, Australia. Compared to AVIRIS, PRISM provides an improved signal-to-noise ratio,
finer spectral sampling interval, and higher spectral resolution [2, 10]. However, PRISM covers a
smaller wavelength range between 0.35-1.05 um.

Figure 7(A) shows the RGB band image, which was acquired exclusively over a water body that
does not have any solid land coverages. The right portion of the image was affected by sunglint.
Because the scene had no land coverage, no land/water mask was required when performing the
glint correction. Figure 7(B) shows the RGB band image after atmospheric and sunglint corrections.
The upper curve in Figure 7(C) corresponds to a surface reflectance spectrum obtained after
atmospheric corrections for a shallow water pixel having a reflection from the bottom surface. The
spectral glint reflectance in the 0.75-1.05 um range is fairly flat. During the sunglint correction
process, an NIR band centered at 0.86 um was selected as the reference band for computing the
sunglint reflectance value, pg gret. The lower curve (light blue colored curve) in Figure 7(C) is the
water-leaving reflectance spectrum obtained after sunglint correction.

(*) ®) ©
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Figure 7. (A) A true-color RGB band image (R: 0.64 um, G: 0.55 um, B: 0.46 um) acquired
using PRISM near the Lizard Island in the Pacific Ocean, (B) shows the corresponding
RGB band image obtained after atmospheric and sunglint corrections, and (C) shows the
surface reflectance spectrum of a water pixel obtained after atmospheric correction
(upper curve) and sunglint correction (lower curve).
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It should be pointed out that the surface reflectance spectrum without glint correction, such as
the upper curve in Figure 7(C), cannot be directly used for deriving the properties of the water body
and its bottom surface using the underwater radiative transfer models and retrieving algorithms [24,
25]. This is because the algorithms would be unable to simulate the large reflectance values above
approximately 0.75 um. On the other hand, the glint-corrected water-leaving reflectance spectrum,
such as the lower curve in Figure 7(C), is suited for retrieving the water body and its bottom surface
properties using the underwater radiative transfer models and retrieving algorithms [26].

4, Discussion

In this study, four cases were discussed in which sunglint removal was performed using our
developed method. For the first three cases, images from the AVIRIS dataset covering the solar
spectral range of 0.4-2.5 um were used. A SWIR band centered near 1.64 um was selected as the
reference band for performing the sunglint correction. In principle, a SWIR band centered near 2.2
pm can also be selected as the reference band. However, the band near 2.2 um in the AVIRIS dataset
is much noisier than the 1.64 um band. In order to avoid the possible noise propagation to the
sunglint-removed bands in the visible region, instead of the 2.20 um SWIR band, the 1.64 um SWIR
band was selected as the reference band. For the fourth case, an image from the PRISM dataset was
selected. Because the PRISM instrument does not cover the 1.05-2.5 um SWIR spectral range, a
PRISM NIR band centered at 0.86 um was selected as the reference band. Overall, in our sunglint
removing method, only one reference band, either a SWIR band or an NIR band, was required. After
considering the spectral coverage and the instrument noise characteristics, a reference band at the
longer wavelength end was chosen because of the smaller water-leaving reflectance for the band.

The refractive index of water reported by Segelstein [18] was used in this study. The same set of
refractive index values has been used extensively in the atmospheric sciences community for
remote sensing of water clouds [21]. The refractive index of water is, in practice, a function of the
temperature and salinity of water [19, 27, 28]. As the temperature and salinity change, the water
density changes slightly, and therefore the real part of the refractive index of water also changes
slightly. On the other hand, the trend of the real part of the refractive index of water as a function
of wavelength remains the same. In our formulation of the sunglint removing algorithm, as
described in Section 2, only the shapes of the curves of the simulated Fresnel reflection as a function
of wavelength were used; their absolute reflectance values were not used. As a result, if a different
real part of the refractive index table of water was used in our simulation, the newly obtained
spectral sunglint reflectance curve for a given pixel would, in principle, remain approximately the
same.

In the late 1980s, a hyperspectral imager was required to have the ability to measure all bands
within a given pixel simultaneously [29]. Our technique described in this article is applicable for
removing sunglint effects from this type of hyperspectral dataset, because the movement of the
wave facets between the data acquisition for different bands is not an issue. However, there are
different types of hyperspectral imagers that are used for acquiring three-dimensional data cubes
(two dimensions in the spatial domain and one dimension in the spectral domain). For example, a
hyperspectral imager based on the wedge filter technology [30] does not capture different bands in
a spectrum over a given pixel simultaneously. The movement of the wave facets between data
acquisitions for different bands can result in changes in the magnitudes of Fresnel reflection. The
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multichannel Landsat8 OLI instrument [16] and the Sentinel2 MSI instrument [17] also do not
acquire images of different bands simultaneously and have the same wave facet movement issue
among different band images.

5. Conclusions

We have described a practical sunglint removing method using a SWIR band or an NIR band,
where the liquid water absorption coefficient is sufficiently large, and the water-leaving radiance
(in the units of reflectance) is negligible. Careful consideration was taken of the shapes of the
spectral Fresnel reflection as a function of the wavelength of light in the range of 0.35-2.5 um. The
technique developed in this study for sunglint removals was applied to the hyperspectral imaging
data acquired from two airborne imaging spectrometers. Our method is most applicable to
hyperspectral imaging data acquired over water surfaces in which all the bands within a pixel are
acquired simultaneously. We do not recommend the use of this method or the concept presented
in this article for sunglint removal from hyperspectral imaging data or multispectral imaging
datasets, where the data for different bands in a given pixel are not acquired simultaneously. This
is because the movement of the wave facets between data acquisitions for different bands can
result in changes in the magnitude of Fresnel reflection for the bands.
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