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Impacts of Sun Glint Off Ice Clouds on DSCOVR
EPIC Cloud Products
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Abstract— The Earth Polychromatic Camera (EPIC) onboard
the Deep Space Climate Observatory (DSCOVR) spacecraft
observes the sunlit face of the Earth from a distance of about
one-and-a-half million kilometers. Several studies demonstrated
that EPIC images often feature sun glint from water surfaces and
from horizontally oriented ice crystals occurring inside clouds.
This study presents a statistical analysis of a yearlong EPIC
dataset to gain insights into sun glints and their impacts on
satellite measurements of cloudiness and cloud properties. The
first results discussed demonstrate that over land, the observed
glints, indeed, come mainly from ice clouds and not from small
water bodies. Subsequent results reveal that sun glints affecting
EPIC observations (especially at 388 nm) greatly increase the
likelihood and sensitivity of cloud detection, particularly of the
elusive thin and small ice clouds. Finally, the results indicate that
sun glints often cause spurious increases in the cloud optical
thickness (COT) and altitude values in the operational EPIC
cloud product. Insights into the frequency, magnitude, and causes
of glint effects and suggestions for future work are also provided.

Index Terms— Atmosphere, clouds, ice, remote sensing.

I. INTRODUCTION

THE Earth Polychromatic Camera (EPIC) onboard the
Deep Space Climate Observatory (DSCOVR) spacecraft

observes the Earth from a distance of about one-and-a-half
million kilometers—that is, from a location about four times
farther than the Moon [1]. EPIC always observes the sunlit
face of our planet because DSCOVR orbits the Sun at the L1
Lagrangian point, which is near the straight line connecting the
Sun and Earth. Typically, EPIC takes 22 images a day from
late April to early September, and 13 images a day during
the rest of the year [when DSCOVR can transmit less data as
the ground communication station located at NASA’s Wallops
Flight Facility (Virginia), USA is visible from DSCOVR for
shorter times during the shorter days]. EPIC uses a filter wheel
to take images at ten wavelengths ranging from 317 to 780 nm.
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The spatial resolution is around 8 km at the image center and
decreases toward the edge of the Earth disk.

The EPIC team provides a wide range of operational data
products that are publicly available through the Atmospheric
Science Data Center (ASDC) of the NASA Langley Research
Center (https://search.earthdata.nasa.gov/). These products
include calibrated and geolocated reflectances, as well as
geophysical products ranging from land and ocean surface
characteristics to the properties of atmospheric gases, aerosols,
and clouds [1]. Recently, the suite of products was expanded
by the release of the EPIC sun glint product [2].

A key part of this new product is the glint mask, which
identifies EPIC pixels affected by sun glint—the specular
reflection of sunlight—off smooth water surfaces and hori-
zontally oriented ice crystals occurring in clouds. (The current
glint product does not seek to identify glints off rough water
surfaces.) The glint detection algorithm identifies such glints
in the vicinity of the specular spot, which is the single location
in each image where the EPIC view direction exactly matches
the direction of specular reflection from a horizontal surface.
While the EPIC view direction is constant all around this spot,
the direction of specular reflection from horizontal surfaces
changes with location due to the sphericity of Earth. The
analysis of EPIC images found that glint effects from ice
clouds and smooth water surfaces are significant as long as the
glint angle—the angle between the EPIC view direction and
the direction of specular reflection from a horizontal surface—
remains below about 1.5◦ [3]. In practice, this means that glints
are significant up to about ten pixels away from the specular
spot [4].

Over the years, several studies analyzed such glints, exam-
ining characteristics, such as prevalence, size, and brightness,
as well as spectral, geographical, and seasonal variations
(see [5], [6], [7]). These studies followed in the footsteps of
earlier studies that analyzed glint observations made by other
satellite instruments such as the Polarization and Directionality
of the Earth’s Reflectance (POLDER) radiometer (see [8], [9],
[10]) or the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) lidar (see [11], [12]). Several studies explored using
glint off water surfaces to estimate the absorption properties
of atmospheric aerosols (see [13], [14], [15]). Most studies,
however, were motivated by gaining information about ice
crystals that, instead of tumbling randomly through the air,
maintain a stable horizontal orientation due to a balance of
aerodynamic forces (see [8], [16]). The studies found that
although horizontally oriented crystals represent a minority
of all cloud particles, these crystals are often present in high
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Fig. 1. Glints off ice clouds affect observed reflectances and apparent cloud heights retrieved from the reflectances. (Left) RGB image of a glint off ice
clouds over Bolivia and (right) image of effective cloud height are approximately 200 × 200 pixels in size and show a scene observed by EPIC at around
16:30 UTC on February 13, 2017. The glint appears colorful in the RGB image because EPIC uses a filter wheel to take images at different wavelengths
(https://epic.gsfc.nasa.gov/about/epic), which means that the image of each wavelength is taken at a slightly different time—and during the few minutes
separating the images of various colors, the rotation of the Earth makes the glint appear at slightly different locations in the red, green, and blue images (there
is a 4-min difference between blue (443 nm) and red (680 nm) images). The RGB image is from the EPIC website at epic.gsfc.nasa.gov; the effective cloud
height (based on oxygen B-band data) is from the EPIC operational cloud product. A spurious increase in cloud height is observed over the glint region.

enough numbers for the direct reflection of sunlight from their
horizontal top surfaces (which act like tiny mirrors) to create
an observable glint—a phenomenon that is also called subsun
in atmospheric optics (see [17], [18], [19]).

Understanding horizontally oriented particles (HOPs) is
important because theoretical simulations show that HOPs and
randomly oriented particles can result in very different cloud
albedos and surface irradiances [20]; recently, this difference
was shown to be quite significant in a long-term ground-
based observational dataset [21]. HOPs also greatly influence
polarization in instruments such as the global precipitation
measurement (GPM) microwave imager (GMI) and can cause
significant errors in microwave retrievals of cloud ice water
path [22]. In addition, observing HOPs can provide informa-
tion on ice cloud conditions such as particle shape, the level of
turbulence, the likely presence of upward air motion, and even
on the significance of radiative cooling in crystal growth [23].
Furthermore, horizontal orientation has a strong influence on
the fall speed of ice crystals and hence on the lifetime of ice
clouds (see [23], [24], [25]).

To help better understand HOPs, recent theoretical calcu-
lations provided detailed information on the radiative (single
scattering) properties of HOPs (see [26], [27]), which can be
of great help in interpreting sun glint observations or even
lidar measurements [28], [29], [30], [31].

While glint observations offer excellent opportunities to
gain new information, glints can also pose challenges in satel-
lite retrievals of atmospheric and surface properties (see [32]).
For example, to avoid errors caused by glints off water
surfaces, the dark target aerosol product of the Moderate
Resolution Imaging Spectroradiometer (MODIS) does not
report aerosol properties over the ocean, whenever the glint
angle is less than 40◦ (see [33], [34]). This is because even
relatively faint, diffuse glint from rough water surfaces could
bias the aerosol retrievals, which cannot accurately account

for the glint due to its variations with wind and ocean current
conditions.

Recently, the EPIC cloud team developed a technique to
mitigate the impact of glints off ocean surfaces in retrievals
of cloud properties [35]. Even more recently, new techniques
were developed to improve the cloud detection and cloud
property retrievals of the Himawari-8 satellite in regions,
where sun glint can potentially affect the observations [36],
[37]. Again, while the large area of surface glint (from glint
center to 30◦–40◦ glint angle) due to rough ocean is considered
in these studies, the specular glints from ice crystals have not
been considered. However, visual inspection of a few EPIC
images suggested that glints off ice crystals impact retrieved
cloud properties (Fig. 1). This article explores this impact
by statistically analyzing a yearlong dataset, with the goal
of better understanding the effect of glints off horizontally
oriented ice crystals on EPIC operational cloud products.

The outline of this article is as follows. Section II describes
the dataset and then Section III examines statistical behaviors
indicating whether the observed glints come from ice clouds or
from the underlying water surface. Next, Section IV explores
the impact of glints on the EPIC operational cloud products:
cloud mask, cloud optical thickness (COT), and cloud altitude.
Finally, Section V provides a brief summary and a few
concluding remarks.

II. DATASETS

This article presents a statistical analysis that considers
all 5377 EPIC images taken during 2017. This dataset size
was chosen so the analysis can consider an entire annual
cycle for cloud and glint observation conditions. Because our
interest lies in glints off ice clouds, we minimize the impact
of glints off water surfaces by limiting the study to roughly
30% of images, in which the specular spot is over land. (The
presence of land at the specular spot plus the availability
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of Level 2 EPIC cloud and sun glint product files were the
only data selection criteria; we used all 1656 images that
satisfied them. We note that each image contained more than
a dozen pixels in each category used in our statistical analy-
sis.) We determine the surface cover type using the MODIS
Land Cover Climate Modeling Grid (MCD12C1) product
provided for the year 2017 [38]. First, we check whether
a pixel is over water or land according to the parameter
“Majority_Land_Cover_Type_1.” For pixels over land, we also
consider the parameter “Land_Cover_Type_1_Percent,” which
tells what fraction of the surface is covered by water. Unless
noted otherwise, we only use data from pixels where the water
cover is less than 1%. We note that the MCD12C1 product has
a 0.05◦ latitude–longitude resolution which—in the tropical
regions where EPIC can observe sun glint—corresponds to
a roughly 5-km resolution. Therefore, we average the water
coverage values over 5 × 5 grid cell arrays to cover the
roughly (16 km)2 fields-of-view of EPIC pixels. (While the
sampling resolution near the center of EPIC images is about
8 km, the amount of data that needs to be transmitted to Earth
from afar is reduced by a 2 × 2 averaging of all but the blue
band (443 nm) images on the spacecraft. The images are then
resampled to the original resolution on Earth.)

We examine the impact of cloud glints on EPIC reflectances
and on the: 1) cloud mask; 2) COT; and 3) cloud height data
provided in the EPIC cloud product [39], [40]. Because some
glints are bright enough to cause detector saturation, we also
use the pixelType flag included in the EPIC Level 1 data files.
This flag identifies (via values >149) the pixels affected by
saturation effects. We note that the reflectances reported for
saturation-affected pixels are not always high: The spillage
of signal along detector rows can create a series of low but
identical reflectance values, as illustrated by the straight blue
line in [4, Fig. 2(e)].

In addition, we also examine cloud height values provided
in the EPIC composite cloud product [41]. This product
is available for the 2015–2017 period and provides cloud
properties based on geostationary and polar orbiting satellite
data collocated with EPIC images. From the contents of
this product, our analysis uses cloud height values that were
calculated by a common algorithm applied to observations of
the GOES-13 and -15, Meteosat-7 and -10, MTSAT-2, and
Himawari-8 satellites. We use these values only if the time
difference between EPIC and geostationary satellite observa-
tions is less than 15 min.

Finally, we note that we analyze our dataset using two
statistical methods [the calculation of mean values and prob-
ability distribution functions (pdfs)] that provided valuable
insights in countless studies of satellite datasets, including
our earlier studies on clouds and sun glint (see [2], [3],
[4], [5], [6], [7]). These techniques (used here to determine
glint effects by comparing glint-prone and nearby glint-
free regions) are now rather ubiquitous in science and in
other spheres of life, even though the proposition of char-
acterizing a dataset through the single number of its mean
value (and ignoring all other information) initially met great
resistance [42].

III. GLINT EFFECTS IN THE PRESENCE OF HIGH CLOUDS
AND WATER SURFACES

We begin by examining whether glint-caused reflectance
increases are more intense when geostationary satellites report
the presence of high clouds (likely to contain ice crystals).
We use geostationary satellite data because they observe the
regions of EPIC glints from a different, glint-less view direc-
tion, and hence can provide cloud information not affected by
glint. As mentioned earlier, we rely on geostationary satellite
data included in the EPIC composite cloud product.

To that end, Fig. 2 shows that glint-caused reflectance
increases are larger for approximately 42% of EPIC observa-
tions where geostationary satellites indicate the presence of
clouds above 3 km. The increases plotted in Fig. 2(a) are
calculated as the difference between the mean reflectance of
pixels with δ < 0.3◦ (pixels most affected by glints) and
pixels with 1.5◦ < δ < 2◦ (pixels outside most glints; see
[2, Fig. 4]) where the glint angle δ is the angle between the
EPIC view direction and the direction of specular reflection
from a horizontal surface. Note also that the observation of
stronger glints in the presence of high clouds is consistent
with the results in [7], where oxygen absorption band data
indicated that much of the signal of glint-affected pixels came
from high altitudes.

The figure also shows that the reflectance increases vary
considerably with wavelength regardless of whether high
clouds are detected. As discussed in [7], these variations are
due to two main factors: 1) Rayleigh scattering by the clear
air above ice clouds weakens the glints at shorter wavelengths
and 2) Gaseous absorption by ozone or oxygen weakens the
glints at 317-, 325-, 688-, and 764-nm wavelengths.

Fig. 2 also shows that even though glint-induced reflectance
increases are weaker when no high clouds are detected, they
are still significant. Undoubtedly, some of these enhancements
come from ice clouds that are so thin or small that either
they cannot be detected, or their altitude cannot be accurately
determined based on the radiances provided by geostationary
satellites. Thus, glint observations can likely help with the
sensitivity of ice cloud detection. At the same time, it is also
possible that specular reflection from small water surfaces (that
cover less than 1% of an EPIC pixel’s area) also contribute
to the glint-induced reflectance increases of Fig. 2. Therefore,
we next explore the role of small water bodies.

Fig. 3 shows the way reflectance increases change as water
covers an increasing fraction of EPIC pixels. Most importantly,
the figure shows that the presence of small water bodies
increases the glint signal substantially. At first, the effect grows
quickly with increasing water coverage but then decreases.
We note that, as shown in [7], the enhancements are only
about 1/3 as strong for water pixels (with water cover >60%)
than for land pixels. Our hypothesis is that glint effects
decrease for larger water bodies because their surfaces tend
to be wavier due to two reasons: 1) near-surface winds are
stronger in the absence of nearby rough land surfaces that
would slow the air movement (waves growing larger far from
shore is often called fetching) and 2) large water bodies can
feature waves that traveled from far-away, windier regions.
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Fig. 2. Glint-induced reflectance increase is substantially stronger when geostationary satellites can confirm the presence of high clouds. (a) Glint impact is
quantified via Rnear − Rfar, with Rnear and Rfar being the annual mean reflectance of pixels with glint angles δ in the 0◦–0.3◦ and 1.5◦–2◦ ranges, respectively.
This difference quantifies the impact of glints off ice clouds on reflectance because these glints tend to affect only the areas near the specular spot, where
the glint angle is less than 1.5◦. Results are plotted separately for pixels where geostationary satellites did or did not detect clouds above 3 km. (b) Mean
reflectance of pixels that are not affected by cloud glints as they are too far from the specular spot (and have 1.5◦–2◦ glint angles). A comparison of the two
plots reveals that, on average, glints increase reflectances by up to 33%. Both plots are based on land pixels in which water covers less than 1% of the EPIC
field of view.

Roughness matters because the specular reflection from the
variously tilted surfaces of waves will be spread over a wider
range of directions. This spreading reduces reflectances for
very small glint angles (e.g., δ < 0.3◦) while it increases
reflectances in other directions, including those with 1.5◦–2◦

glint angles (see [3])—thereby reducing the glint effects for
pixels with extended bodies of water. We note, however, that
the glint effects are always positive and substantial throughout
Fig. 3.

Last, but not least, Fig. 3 shows that while for the driest
land pixels, the enhancements are stronger when high clouds
are detected, for land pixels with significant water cover the
opposite is true (the enhancements are weaker when high
clouds are detected). The reversal occurs when a large portion
of the glint enhancements comes from the water surface.
Although high clouds add their own glint enhancement signal,
their main impact is to block some of the glint off the
underlying water surface [35]. (In essence, clouds reduce the
transmission of direct sunlight down to the surface and then
back up to space.) This reversal is important because glint
effects being stronger with high clouds than without them in
the driest group of land pixels shows that the main source of
glint from these pixels is indeed clouds: Had glints off water
dominated, the glint signal would be weaker in the presence
than in the absence of high clouds. Because Fig. 3 also shows
that almost 94% of land pixels are in the driest category (with
less than 1% water cover) and that almost 90% of the overall
glint enhancements come from pixels in this category, we can
conclude that this finding holds overall as well, which means
that the main source of glints over land is ice clouds and not
the surface.

IV. GLINT IMPACTS ON THE EPIC CLOUD PRODUCT

A. Cloud Mask

This section explores how glints off ice clouds affect the
cloud mask provided in the EPIC cloud product. The current
EPIC operational cloud detection algorithm [39] uses a single
test (388-nm reflectance) for cloud detection over land. First,
the contribution from Rayleigh scattering is removed from the
observed reflectance, and then a pixel is deemed cloudy if
the Rayleigh-removed 388-nm reflectance exceeds a certain
threshold. A 388 nm is used because land surface reflectance
is very low at this wavelength, and so large deviations from
the reflectance expected for pure Rayleigh scattering can be
confidently attributed to the presence of clouds.

The actual cloud detection uses multiple thresholds in order
to classify each scene with an appropriate confidence level.
The cloud mask classifies each pixel as either: 1) clear with
high confidence; 2) clear with low confidence; 3) cloudy with
low confidence; and 4) cloudy with high confidence. Just
outside the areas where EPIC has a chance to observe glints
off clouds (i.e., for 1.5◦ < δ < 2◦), a 58% of land pixels are
classified “cloudy with high confidence” and 4% are classified
“cloudy with low confidence.” Fig. 4 shows that glints can
affect mean cloud fraction (CF), and that the impact depends
on which EPIC band is affected by the glint.

The fairly large values of the solid black curve show that
glints make the designation “cloudy with high confidence”
significantly more frequent. This means that glints can help
increase the sensitivity of cloud detection by enabling the
detection of some thin or small ice clouds that we could not
detect otherwise.
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Fig. 3. Small water bodies (e.g., lakes) and high clouds strongly affect glints observations by EPIC. The glint impact (y-axis) is calculated as Rnear − Rfar,
with Rnear and Rfar being the annual mean reflectance of pixels near and far from the specular spot (and having glint angles in the 0◦–0.3◦ and 1.5◦–2◦

ranges, respectively). Results are plotted separately for pixels where geostationary satellites did or did not detect clouds above 3 km, and for various degrees
of water coverage. (Pixels with more than 60% water cover are not considered land pixels in the MODIS land cover map and hence are not the focus of
our analysis.) To reduce random sampling noise, the reflectance enhancements are averaged for the 443, 551, 680, and 780 nm bands (that is, the four bands
where Rayleigh scattering and gaseous absorption are least strong). The schematic graphs below illustrate glints in the presence (middle row) and absence
(bottom row) of high cloud detection, for (left) dry land, (middle) small lakes, and (right). large wavy lakes.

It is worth noting that the solid curve peaks near the specular
spot of the 388-nm band (S388). This is because glint-induced
CF increases peak right where glints have strong impact on
388-nm reflectances and increase them enough to surpass the
cloud detection thresholds.

We also note that the solid curve drops as we move farther
away from S388. For example, the 388-nm reflectance test is
expected to yield higher CF near S780 than near S764. Since the
time difference is smaller between 388- and 780-nm images
than between the 388- and 764-nm images (Fig. 4), S388
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Fig. 4. Glints improve EPIC cloud detection by rendering it more sensitive to thin high clouds. The EPIC CF estimates are impacted mainly by glint-induced
increases in the frequency of pixels deemed “cloudy with high confidence.” This is quantified via CFnear − CFfar, with the subscripts “near” and “far”
indicating pixels near and far from the specular spot (with 0◦–0.3◦ and 1.5◦–2◦ glint angles), respectively. As EPIC uses a filter wheel and takes images at
each wavelength at slightly different times, Earth rotation causes different glint angles at each image. The labels next to the two line symbols identify the
EPIC band whose specular spot and glint angles are used to calculate CFnear − CFfar. The time delay (and the corresponding shift in the specular spot’s
location, shown at the top) is chosen for the horizontal axis because images with similar time delays have similar glint geometries. For example, the 780- and
388-nm images being close in time implies that if a glint impacts the specular spot of the 780-nm image, it is likely that the 388-nm reflectance measured
at the same location 25 s later is also affected by glint. In contrast, the same location has a very different geometry at the moment when the 443-nm image
is taken 4 min earlier and is unlikely to have any glint effects in the 443-nm image. (The time gap is largest after the 443-nm image, which has a higher
resolution and thus needs more time for data transmission to Earth.)

is closer to S780 than to S764. Considering that a smaller
distance from a specular spot implies a smaller glint angle,
the glint angle in the 388-nm image is smaller and the 388-nm
reflectance is larger (and is more likely to exceed the cloud
detection threshold) at S780 than at S764 (thus leading to a
higher CF near S780 than near S764).

Finally, we note that the small values for the dashed orange
line in Fig. 4 show that glints do not significantly affect the
frequency of low-confidence cloud detections. This is because
while glints shift some pixels from “clear” to “cloudy with
low confidence,” they also shift pixels from “cloudy with low
confidence” to “cloudy with high confidence” or, in some
cases, to “clear.”

B. Cloud Optical Thickness
Over land, the EPIC operational data processing algorithm

retrieves COT based on the 680-nm reflectance [39], [40].
Therefore, the effects of cloud glints on retrieved COT values
can be evaluated by contrasting COTs for pixels near and
far from the specular spot of the 680-nm image (again, glint

angles are in the 0◦–0.3◦ and 1.5–2 ranges in the near and
far categories, respectively). Not surprisingly, glints enhancing
680-nm reflectances make the retrievals yield higher COT
values. While the mean optical thickness is 13 far from the
specular spot, it is 55 near the specular spot. To seek insights
into this more than fourfold jump from 13 to 55, Fig. 5
examines the difference between the mean COT of the two
glint angle ranges in individual EPIC images.

The pdf in Fig. 5 shows that in most images, the mean COT
is similar near the specular spot and a bit farther away from
it: While there is some natural variability due to the random
arrangements of thinner and thicker clouds, the histogram
has a strong peak around 0. At the same time, the pdf also
features a long tail on the right side, which shows that in
numerous scenes, the mean retrieved COT is much larger
near the specular spot. Because no similar tail occurs on the
left side, the right-side tail cannot be attributed to random
variability but can be attributed to glints. This tail reveals
that cloud glints can drastically increase retrieved COT values,
sometimes by more than 100.
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Fig. 5. Glints often cause large apparent jumps in cloud optical depths
retrieved by EPIC. This figure shows the pdf of the difference between the
mean COT values retrieved within each scene at areas near and far from the
specular spot—that is, at areas where the sun-view geometry does or does not
favor the observation of glints off ice crystals (due to glint angles being in the
0◦–0.3◦ and 1.5◦–2◦ range), respectively. The pdf is based on the 507 EPIC
images that contain at least ten nonzero COT values in both the near and far
categories.

Finally, we note that in some cases cloud glints are so bright
that they cause detector saturation which, of course, makes
COT retrievals unreliable. However, even if we only consider
EPIC images that contain no detector saturation identified by
the pixelType flag in the EPIC reflectance data files [43], the
mean COT increases threefold from 13 to 39 as we approach
the specular spot.

C. Cloud Height
The EPIC operational cloud product includes two separate

cloud height values that are derived independently of one
another: the effective cloud heights based on oxygen A-band
or B-band data [39]. These height values can be expected to
be somewhat different for two reasons: 1) oxygen absorption
is weaker at the B-band than at the A-band, which means that
the signal used for B-band height retrievals comes from lower
altitudes deeper inside clouds and 2) variations in surface
spectral properties and other conditions can have different
impacts on A-band and B-band retrievals.

Despite these differences, the mean retrieved A-band and
B-band cloud heights are very similar outside the potential
cloud glint regions (for 1.5◦ < δ < 2◦): 3213 and 3188 m
for the A- and B-bands, respectively. Glints, however, have a
drastically different impact on these heights. Near the specular
spots (for δ < 0.3◦), the mean heights are 3392 and 4650 m
for the A- and B-band, respectively. We note that the retrieved
cloud heights are closely linked to some other parameters
also reported in the EPIC cloud product, and so as retrieved
cloud heights increase in glint areas, the retrieved values of
cloud pressure and temperature decrease, and the estimated
likelihood of ice cloud phase increases.

One reason why glints yield spuriously higher cloud alti-
tudes is the saturation of 680- or 780-nm reflectances in
bright glints. (Saturation is much less common for the
688- and 764-nm images that are also used in cloud height
retrievals.) For example, the saturation of 680-nm reflectances
can increase retrieved heights because it leads to a relatively
smaller (detected) reflectance increase at 680 nm than at
688 nm, and so the B-band ratio R688 nm/R680 nm (which is
the primary parameter of the height retrievals) will increase.
An example of saturation causing unexpectedly high retrieved
cloud height values can be seen from Fig. 1.

The impact of saturation is further illustrated in Fig. 6. This
figure is similar to Fig. 5, but it shows the histogram of the
difference between the mean cloud heights (and not the mean
COTs) of pixels near and far from the specular spot of the
A-band or B-band images. Similar to Fig. 5, the lines in Fig. 6
also display a tail toward high values. This tail indicates that
in some cases, glints greatly increase retrieved cloud height
values, especially for the B-band retrievals. However, the tail
gets substantially reduced if we consider only the images in
which the pixelType flag does not indicate saturation. The
reduction in the tail transfers to the retrieved mean heights: For
example, while for B-band retrievals the mean height increases
from 3188 to 4650 m near the specular spot if we consider all
images, it increases from 3186 m to only 3821 m if we only
consider unsaturated images. This reveals that more than half
of the glint effects on the B-band retrievals can be attributed to
detector saturation and perhaps other effects that are especially
strong in glints that are bright enough to cause saturation.

One such effect is that the observed glints come from single
scattering that occurs in the upper parts of clouds (glints
caused by ice crystals located deeper in clouds are washed
out by multiple scattering in the higher parts of clouds),
whereas much of the non-glint reflection comes from multiple
scattering at lower altitudes inside clouds (see [44]). Thus,
the shorter path length for glint photons (than for photons of
non-glint cloud reflection) will make glints increase the overall
oxygen A- or B-band ratios and the altitude values retrieved
from these ratios. Because the nonglint reflection comes from
lower altitudes at the less absorbing B-band than at the more
absorbing A-band, glints from the cloud top increase retrieved
altitudes more for the B-band than for the A-band.

Another effect contributing to the right-side tail being
stronger in Fig. 6(b) than in Fig. 6(a) is that the reflectivity
of vegetated surfaces is higher around the A-band than the
B-band. This matters because glints increase cloud contribu-
tion to reflectance without changing the surface contribution;
hence the stronger surface contribution in the A-band implies
that the relative change in the overall average photon path
length (and retrieved altitude) is smaller in the A-band than
in the B-band.

Yet another effect is that the absorbing and non-absorbing
images are taken roughly 25 s apart and the Earth’s rotation
slightly changes the glint geometry during this time. As a
result, glints can increase reflectances slightly more in one or
the other channel and this can change the retrieved altitude val-
ues. For example, in areas where the difference in observation
time leads to a smaller glint angle (and hence a stronger glint)
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Fig. 6. Glints often cause large spurious jumps in retrieved cloud heights, with many coming from glint-induced detector saturation. pdfs of the difference
in EPIC-retrieved cloud heights between near and far pixels (potentially affected and unaffected by glint, with glint angles in the 0◦–0.3◦ and 1.5◦–2◦ ranges,
respectively). (a) Cloud heights retrieved using oxygen A-band data. (b) Cloud heights retrieved using oxygen B-band data. (Left and right) Calculated using
glint angles for the oxygen A- and B-bands (764 and 688 nm), respectively. The PDFs are based on over 360 EPIC images that contain at least ten nonzero
cloud height values in both the near and far categories.

for the 780-nm image than for the 764-nm image, this can
reduce the A-band ratio and contribute to the negative height
differences in Fig. 6(a). However, because of the nonlinearity
of the link between oxygen absorption and altitude (see [39,
Fig. 3(a)]), the differences between the glint enhancements at
absorbing and nonabsorbing wavelengths change the retrieved
altitude values more when the change is toward higher (and not
lower) altitudes—which contributes to the skewed behaviors
in Fig. 6.

Finally, we point out that while in Fig. 5, the curve is fairly
symmetric around 0 (except for the long tail to the right), the
peaks in Fig. 6(a) display a slight but clear leftward shift. This
is likely caused by the signal from the (low altitude) ground,
which is especially strong around the A-band due to the high
near-infrared reflectivity of vegetated surfaces. This ground
signal may reach EPIC through thin clouds or through gaps
between clouds and is not accounted for in the height retrieval
algorithm when bright glints are present. This is because bright
glints make the algorithm think that the area is fully covered by
(opaque) clouds and so the entire signal comes from the clouds
that block any signal from the surface. This becomes a concern
in partly cloudy pixels (that appear overcast to the algorithm
only because of the bright glint), where a significant portion
of the observed reflectances come from the ground. As the
photons coming from the ground travel a long pathlength
through the atmosphere, oxygen absorption along the way
reduces the pixel’s observed A-band and B-band ratios. Since
the algorithm does not expect this, the reduction leads to an
underestimation of cloud altitude.

V. SUMMARY

This article examined sun glints observed by the EPIC
instrument over land areas, with the goal of better understand-
ing both the source of these glints and the glints’ impact on

the operational cloud products provided by EPIC: CF, cloud
optical thickness, and cloud height. With this goal in mind,
the article described a statistical analysis of all 5377 images
EPIC provided during 2017, of which 1656 had landed at the
specular spot ideal for glint observations. Analyzing a yearlong
dataset led to relatively small statistical error margins and
allowed us to clearly identify the key behaviors.

First, the analysis revealed that in the great majority of
land pixels that have minimal (if any) subpixel water cover,
glints are significantly stronger when collocated geostationary
satellites detect high clouds. This trend, however, is reversed
in pixels with significant water cover (around lakes, rivers, and
coastlines), where clouds can block glints from water surfaces.
The combination of these findings suggests that over land,
the main source of glints is indeed specular reflection from
ice clouds. Finally, the significant glint-caused increases of
reflectance for water-free pixels suggest that if satellite data
can identify the altitude of glint signals (for example, through
observations at oxygen absorption bands), glints may help
enhance the sensitivity of cloud detection in cases of thin
ice clouds. Future investigations of the cases where glint is
observed even though geostationary satellites do not indicate
high clouds could provide further insights into these glints and
their possible use in cloud detection.

In examining the impact of glints on operational EPIC cloud
products, the analysis found that retrieved CF increases by
0.09 in water-free land areas where the sun-view geometry
is favorable to observing sun glint. This increase is due to
the specular reflection of glints enhancing 388-nm reflectances
past the cloud detection thresholds.

Glints were also found to drastically and spuriously increase
retrieved cloud optical thicknesses: The mean retrieved COT of
water-free land areas was four times larger (≈55) if sun-view
geometry was favorable to observe glints than in nearby areas
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with glint-avoiding view geometry (≈13). It was also found
that in individual EPIC images, glint-related COT enhance-
ments can exceed 100. Some of the largest enhancements
occurred in very bright glints that caused detector saturation,
but even if images with saturation were excluded, glints
increased mean COT threefold (from 13 to 39) in areas with
glint-favoring observation geometry.

Finally, the analysis showed that glints can greatly increase
or slightly decrease retrieved cloud heights. The large increases
were tentatively attributed to several effects, including glints
coming from higher altitudes than non-glint cloud reflection,
and Earth rotation causing different glint geometry for images
taken at absorbing and nonabsorbing wavelengths. The largest
increases, however, could be linked to glints causing detec-
tor saturation mainly at nonabsorbing wavelengths (680 and
780 nm). This saturation caps, for example, the 680-nm
reflectance values reported, which leads to increases in the
ratio of reflectances at the 688- and 680-nm bands. Height
retrievals using oxygen B-band data then interpret this increase
as a sign of high cloud altitude. On the other hand, some
glints were found to cause moderate underestimations of cloud
altitude, especially in retrievals based on oxygen A-band data.
This underestimation occurs when bright glints off ice crystals
in an area covered by broken or thin ice clouds make retrievals
think that all the signal comes from an overcast thick cloud
layer. The part of the signal that in reality comes from a highly
reflective underlying surface is misinterpreted as a sign of
lower cloud altitude.

The most important limitation of this study is that it provides
information only about tropical regions and only around local
noon, as the EPIC observational geometry does not allow
glint observations at higher latitudes or in early mornings
and late afternoons. In future studies, data from polar orbiting
and geostationary satellites may provide further insights into
glint effects at higher latitudes and at different local times,
respectively. Future glint studies may also take advantage of
additional capabilities of planned satellite missions such as
PACE, which will provide multi-angle polarization observa-
tions [45]. Finally, future analyses may also improve upon
the present study by examining datasets that cover longer
periods than the one year considered here; this will reduce the
margins of errors due to the finite sample size and interannual
variability.

Overall, the results show that glints over land come mainly
from ice clouds and that they greatly affect operational cloud
products. Fortunately, the area covered by glints off ice clouds
is limited to areas where the EPIC glint angle is less than
about 1.5◦, and so the impact of glints on global cloud
statistics is not a major concern. However, it is important to
be aware and consider the possible effects of glints in case
studies or in studies that examine tropical regions around noon
(where EPIC can see glints), for example, in examining cloud
daily cycles or in investigating deep convective clouds (with
whom glints may be confused as both are very bright and
occur at high altitudes). The glint impacts may be especially
significant in considering higher-order moments or histograms
of cloud properties. It is important to note that cloud glint
effects impact not only EPIC but also other satellites that

use similar methodologies for cloud characterization. As a
result, we believe that it is important to be mindful of and
to identify glints off ice clouds (for example, using the EPIC
sun glint product [2]) and to understand their effects. At the
same time, we should also keep in mind that, as mentioned in
the introduction, glint observations provide helpful information
about the presence of horizontally oriented ice crystals and
may help reducing uncertainties in a variety of applications
ranging from radiative calculations and microwave retrievals
of cloud ice water content to calculations of ice crystal fall
speed and cloud lifetime or constraining cloud conditions.
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