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Abstract
With the ability to observe the entire sunlit side of the Earth, EPIC data have become an important resource for studying cloud daily variability. Inaccurate cloud masking is a great source of uncertainty. One main region that is prone to error in cloud masking is the sunglint area over ocean surfaces. Cloud detection over these regions is challenging for the EPIC instrument because of its limited spectral channels. Clear sky ocean surface reflectance from visible channels over sunglint is much larger than that over the non-glint areas and can exceed reflectance from thin clouds. This paper presents an improved EPIC ocean cloud masking algorithm (Version 3). Over sunglint regions (glint angle ≤ 25°), the algorithm utilizes EPIC’s oxygen (O2) A-band ratio (764nm to 780 nm) in addition to the 780 nm reflectance observations in masking tests. Outside the sunglint regions, a dynamic reflectance threshold for the Rayleigh corrected 780 nm reflectance is applied. The thresholds are derived as a function of glint angle. When compared with co-located data from the geosynchronous Earth orbit (GEO) and the low Earth orbit (LEO) observations, the consistency of the new ocean cloud mask algorithm has increased by 4~10% and 4~6% in the glint center and granule edges respectively. The false positive rate is reduced by 10~17%. Overall global ocean cloud detection consistency increases by 2%. This algorithm, along with other improvements to the EPIC cloud masks, has been implemented in the EPIC cloud products Version 3. This algorithm will improve the cloud daily variability analysis by removing the artificial peak at local noon time in the glint center latitudes and reducing biases in the early morning and late afternoon cloud fraction over ocean surfaces.
 



1 Introduction
When the geometric configuration of sun, surface, and viewing angles form a mirroring path, the specular reflection, or sunglint, creates a bright spot on the remote sensing imagery. Ocean surface reflectance in the visible spectrum over sunglint is much larger than that from other areas. If the ocean surface were perfectly smooth, sunglint would appear in remote sensing images as the mirror image of the Sun, occupying a relatively small portion of the images. In reality, because of the wave and ocean currents, the ocean surface is tilting toward different directions, causing the sunlight to scatter and resulting in a large area of glint zone. The size of the glint zone in the satellite imagery depends on the ocean surface roughness, which in turn can be parameterized in terms of the vector wind field. The classical work by Cox and Munk (1954a, b) use sea surface wind speed and direction 10 meters above the ocean surface to parameterize the distribution probability of the orientation of sea surface facets, which is widely used in radiative transfer models to estimate glint distribution and intensity.   
The large reflectance in the glint region poses significant problems in the remote sensing of some atmospheric and ocean constituents. For example, remote sensing of atmospheric aerosol over ocean relies on separating the total sensor reflectance originated from surface and atmospheric molecular and aerosol backscattering. While surface reflectance over ocean can be estimated with auxiliary wind information, aerosol retrieval is normally avoided near and in the sunglint region (glint angle < 40°) because of the large uncertainties (Levy et al. 2005). Likewise, sunglint is a serious confounding factor for remote sensing of water column properties and benthos as the total signal is dominated by the sunglint which makes the retrieval of water-leaving radiance very difficult (e.g., Harmel and Chami, 2013; Jackson and Alpers, 2010; Kay et al., 2009; Khattak et al., 1991; Ottaviani et al., 2008).
     	Outside the sunglint regions, cloud detection over ocean surfaces is considered relatively easy due to the sharp contrast between bright cloud objects and the generally dark ocean surface in the visible spectral channels. A single reflectance test at 0.86 µm can detect over 95% of daytime clouds over water when compared to the full set of Moderate Resolution Imaging Spectroradiometer (MODIS) cloud mask tests (Zhou et al. 2001).  The MODIS cloud mask algorithm utilizes a varying reflectance threshold for the 0.86 µm channel in sunglint regions, where they are split into three sections according to the sunglint angle Θglint.  For Θglint from 0-10°, the mid-point threshold is constant at .105, for Θglint from 10° to 20° the threshold varies linearly from .105 to .075, and for Θglint from 20° to 36°, it varies linearly from .075 to .055 (Frey et al., 2008; Ackerman et al., 2010). Additional spectral tests in thermal and near infrared channels are useful in delineating between clear sky and some optically thin clouds.  
The Earth Polychromatic Imaging Camera (EPIC) on board the Deep Space Climate Observatory (DSCOVR) launched in 2015 has 10 narrow spectral channels in the ultraviolet (UV) and visible/near-infrared (Vis/NIR) (317–780 nm) spectral regions. The DSCOVR satellite, which is located in the first Lagrangian (L1) point of the Earth–Sun orbit, approximately 1.5 million kilometers away, allows the EPIC instrument to take continuous measurements of the entire sunlit side of the Earth from the nearly backscattering direction (scattering angles between 168.5 and 175.5∘) every 1~2 hours (Marshak et al., 2018; and Yang et al., 2019). The geometry configuration of EPIC leads to a large sunglint zone close to the center of each 2024x2024 CCD pixel granule (e.g., Figure 1a).  
A suit of cloud products, including cloud mask (CM), cloud effective pressure (CEP), cloud effective height (CEH), and cloud optical depth (COD), have been developed with observations from the EPIC’s 10 spectral channels (Yang et al., 2019). EPIC possesses two oxygen (O2) band pairs each with an absorption channel and a non-absorption reference channel. The A-band absorption channel is centered at 764 nm with a full width at half maximum (FWHM) of 1.02 nm, and its reference channel is centered at 780 nm with a FWHM of 1.8 nm. The B-band's absorption channel is centered at 688 nm with a FWHM of 0.84 nm, and its reference channel is centered at 680 nm with a FWHM of 1.6 nm (Marshak et al., 2018). Oxygen absorption has been applied to remote sensing of cloud and aerosol extensively (e.g., Fischer, J. and Grassl, 1991; Stammes et al., 2008; Wang et al., 2008; Ferlay et al., 2010; Ding et al. 2016; Richardson et al, 2020). The EPIC’s two O2 band pairs (R764∕R780 and R688∕R680) are used for the retrieval of CEP (Yang et al. 2013, 2019; Davis et al., 2018; Yin et al., 2020) and for cloud masking over snow and ice (Zhou et al. 2020). The retrieval is based on the principle that the O2 absorption bands are sensitive to the presence of clouds, especially high and thick clouds that reduce the absorbing air mass that light travels through. An increase in the ratio of the bidirectional reflectance functions (BRFs) between the absorbing and reference channel can not only indicate the presence of cloud but also be used to retrieve the effective cloud height (Yang et al., 2013; Yang et al. 2019).  Zhou et al. (2020) further improved the O2 band ratio - based cloud mask algorithm over snow and ice by developing a dynamically varying threshold with surface altitude and Solar/view zenith angles. 
Over ocean, the Version 2 (old) EPIC cloud mask algorithm uses the Rayleigh corrected reflectance of 680 nm and 780 nm channels with fixed thresholds (Yang et al., 2019). The Rayleigh correction partially mitigated the angle effect. EPIC cloudmask algorithm generates 4 levels of clear and cloud confidences similar as official MODIS cloud mask (Table 1). The global mean cloud fraction over ocean derived from EPIC is within 3% of those computed from collocated LEO/GEO composites. The pixel level accuracy of EPIC cloud mask product is about 88% (Yang et al. 2019). Though the performance is reasonable, further inspection reveals that over sunglint regions near the center of the granules, the algorithm nearly always identifies pixels as cloudy regardless of whether or not clouds are present (Figure 1).  This increases the cloud fraction around local noon time over the ocean at latitudes where sunglint occurs. In addition, 
we also noticed that the cloud mask for ocean pixels near the edge of the granules is biased toward cloudy, which is due to enhanced reflectance in the large solar/view zenith angles near the edge. This bias can lead to an overestimation of cloud fraction close to the edge of the images, including high-latitude regions. It is worth noting that the biases in the cloud mask affect the EPIC downstream products as well. For example, the EPIC COD retrieval procedure (Meyer et al., 2016), which adopts a single channel retrieval approach similar to what Yang et al. (2008) describes, uses cloud mask as part of the input.  

This study aims to improve the EPIC cloud mask over the sunglint region and granule edges over ocean based on the radiative transfer simulations and collocated observations from GEO/LEO platforms. A new application of the A-band ratio in the glint region will be investigated. The remainder of the paper is organized as follows: Section 2 introduces the data and radiative transfer model (RTM) used and the sensitivity studies conducted. Section 3 describes EPIC’s sunglint distribution and impact. Section 4 describes the new ocean cloud mask algorithm including the threshold derivation and algorithm evaluation. Section 5 focuses on the impact of the new algorithm on cloud diurnal cycle and zonal mean oceanic cloud fraction. Section 6 provides a summary and discussion.
2    Data and RTM simulations
2.1 Data
The primary data used in the study are the EPIC level 1B calibrated reflectance and the EPIC level 2 standard cloud products (Yang et al. 2019). In addition, the study uses the composite cloud product developed by the Clouds and the Earth's Radiant Energy System (CERES) team at the NASA Langley Research Center as reference for comparison with the EPIC cloud detection results. The composite is created by projecting the geosynchronous Earth orbit (GEO) and low Earth orbit (LEO) satellite retrievals to the EPIC grid at each EPIC observing time (Khlopenkov et al., 2017; Su et al., 2018). The procedure ensures that every EPIC image/pixel has a corresponding GEO/LEO composite image/pixel with approximately the same size and observation time. The LEO satellites include NASA Terra and Aqua MODIS and NOAA AVHRR, while geosynchronous satellite imagers include the Geostationary Operational Environmental Satellites (GOES) operated by NOAA, Meteosat satellites by EUMETSAT, and Multifunctional Transport Satellites (MTSAT) and Himawari-8 satellites operated by the Japan Meteorological Agency (JMA). The time differences between the GEO/LEO and the EPIC observations are included in the product files. To limit uncertainties, we only use pixels where the GEO/LEO and EPIC observations are within 5 min of each other. Compared to EPIC, the GEO/LEO sensors are usually better equipped for cloud detection because more spectral channels are available in these instruments. The cloud retrievals in the composite data follow Minnis et al. (2011). Because of EPIC's large pixel size, one EPIC pixel corresponds to many GEO/LEO pixels each with its own cloud mask and optical properties retrievals; hence a composite pixel reports a cloud fraction based on cloud masks of the GEO/LEO pixels within it. 
2.2 Radiative Transfer Model simulations
An EPIC simulator (Gao et al. 2019) has been developed based upon an RTM (Zhai et al., 2009, 2010) that solves multiple scattering of monochromatic light in the atmosphere and surface systems. The model setup is described in Gao et al. (2019) and Zhou et al. (2020). The EPIC simulator is used to generate the oxygen A-band and B-band reflectance over ocean surface. Gas absorptions due to ozone, oxygen, water vapor, nitrogen dioxide, methane, and carbon dioxide are incorporated in all EPIC bands. The gas absorption cross sections are computed from the HITRAN line database (Rothman et al., 2013) using the Atmospheric Radiative Transfer Simulator (ARTS) (Buehler et al., 2011). Line broadening caused by pressure and the temperature dependencies of line absorption parameters are considered. In the O2 A- and B-bands, radiances from line-by-line radiative transfer simulations are conducted and then convolved with the EPIC instrument response functions. The model atmosphere uses Standard US atmosphere profile from Intercomparison of Radiation Codes in Climate Models (ICRCCM) project (Barker et al., 2003) and assumes a one-layer cloud with a molecular layer both above and beneath. The O2 absorption within clouds is considered by assuming a fixed O2 molecule vertical profile. 
The cloud is assumed to be liquid droplets following a gamma size distribution with an effective radius of 10 µm and an effective variance of 0.1. The cloud layer has varied optical thickness ranging from 0.2 to 30 and cloud top height (CTOP) from 1.0 to 15 km above the ground. The cloud geometrical thickness (CGT) varies from 0.5 to 4 km. The model simulates a variety of cases with 17 solar zenith angles (SZAs) ranging from 0 to 80∘, 18 view zenith angles (VZAs) from 0 to 85∘, and 37 relative azimuth angles (RAZMs) from 0 to 180∘, all with an increment of 5∘. The lower boundary is an ocean surface with the surface roughness characterized by the Cox Munk model (Cox et al. 1954a, b). A fixed surface wind speed of 6 m/s is used (Gao et al. 2019). The model simulated reflectance under similar sun-view geometry as the EPIC observations are used for developing thresholds for cloud detection.
3 Glint distributions and impact
The sunglint region of an image can be roughly estimated by the glint angle (Θglint), which denotes the angle between the reflection received by satellite sensor and the angle of specular reflection. The glint angle is defined as
  Θglint=cos–1(cosθscosθv+sinθssinθvcosΦ)                            (1)
where θs, θv, and Φ are the solar zenith, the satellite zenith and the relative azimuth angles (between the sun and the satellite), respectively. Glint contamination are normally considered within [0°, 30°] or [0°, 40°] depending on applications. 
Figure 2 shows glint covered area from a single granule (Fig. 2a), an entire day (Fig. 2b) to an entire year (Fig. 2c).  Based on the sunglint contamination on cloud mask, we define our glint region in this study as a region with glint angle less than 30°. Figure 2 shows that sunglint covers a large fraction of a granule in the granule center if the region happens to be ocean.  At any given day, the glint center moves from east to west and creates a zonal band of about 30° in the meridional direction where the glint is centered (Fig. 2b). June 21 and December 21 represent the north (south) most position of the Sun (and glint center latitude) respectively. The glint center is located near the equator on March 21. Because sunglint appears in the entire oceanic part of the latitudinal band, if included, it is sufficiently large to affect the oceanic cloud fraction diurnal cycle analysis, and possibly mean cloud fraction in those latitudes due to the bias in the Version 2 cloud mask. This issue has been noticed by the community. For example, in the analysis of Delgado-Bonal et al. (2020), the time period with sun-glint is excluded. Lastly, the glint center migrates between -23°S to 23°N each year and creates a total glint contamination region spanning from -38° to 38° (Fig. 2c). Figure 2d shows the percentage of ocean area in each latitude which ranges from around 50% in 40°N to more than 95% in 40°S. The glint effect of      the mean zonal cloud fraction is expected to be larger in southern hemisphere, with a larger percentage of ocean coverage. 
It is important to correct the cloud mask bias in the sunglint area. The simulation of Gao et al. (2019) shows that while clear sky ocean reflectance increases over sunglint regions, the presence of thin clouds dims the glint reflectance. While this makes single reflectance threshold tests difficult, they also find that the cloudy sky A-band ratio is usually higher than that of clear sky in the glint region, making it a potential test for cloud mask in the glint region. In the following section, we will further investigate the behavior of A-band ratio in the glint region and try to incorporate it in the ocean cloud mask algorithm. 
4    Ocean cloud mask algorithm development
4.1 Sensitivity study
To demonstrate the effect of sunglint on reflectance over the ocean, the reflectance at 780 nm R780 from the EPIC simulator along a horizontal line passing the center of one granule from September 24, 2017 (Figure 2a) is shown (Figure 3). Hypothetical ocean surface is assumed everywhere. The clear sky R780 is smaller than those of cloudy sky outside the sunglint zone, but increases toward the center and surpasses the cloudy sky R780 for thin clouds with optical thickness less 3. The cloudy sky R780 generally increases with cloud optical depth (COD), even at the glint center except when clouds are very thin (COD <1). The R780 of cloudy sky is always larger than that of clear sky outside the sunglint zone, and is insensitive to cloud height (figure now shown), which makes it a good candidate for cloud detection for ocean surface outside sunglint zone. Inside the sunglint zone, however, R780 for cloudy sky can be larger or smaller than that of clear sky depending on cloud optical thickness, hence a single R780 test cannot always separate clear and cloudy pixels. 
The ratio of A-band behaves quite differently than the 780 nm channel. In the center of glint, A-band ratio of clear skies is always smaller than those of cloudy skies, regardless of cloud optical thickness and cloud height (Figure 4). The separation between clear sky and cloudy sky A-band ratio increases with cloud height and optical thickness. For low cloud at 2.5 km, a clear separation between cloudy sky and clear sky in A-band ratio would require a cloud optical thickness greater 2, while for clouds with height greater than 5 km, a thin cloud with optical thickness greater than 0.82 is sufficient to separate the two. This is due to the greater sensitivity of the absorbing channel to the cloud height and optical depth as discussed in Zhou et al. (2020). Exact conditions (combination of COD and height) of clouds that can be detected would depend on the measurement uncertainty, which is estimated to be around 1% after considering the cancelation of calibration errors in the two bands (Davis et al. 2018). The clear sky A-band ratio in the glint center is around 0.38; hence a difference between cloudy sky and clear sky A-band ratio larger than 0.04 would be above the 1% uncertainty range. It is found that 82% of the pixels at the glint center (Θglint <20°) with a cloud at 2.5 km and COD of 1.72 can satisfy this condition. Outside the sunglint region, the clear sky A-band ratio can be higher or lower than cloudy sky depending on the cloud height and COD.  This renders the A-band ratio test only good for the sunglint region where the surface reflectance is high. To summarize, the EPIC R780 can serve as a good test for cloud detection outside the sunglint region; inside the sunglint, the EPIC O2 A-band ratio can be used to separate clear and cloudy pixels when R780 fails for thin clouds. 
To derive stable thresholds for the EPIC instrument, additional investigation is necessary to examine the clear and cloudy sky data under all possible EPIC Sun-view geometry.  For this purpose, we selected one EPIC granule from each month in 2016 and extracted the Sun-view geometry for all the pixels in this dataset. This creates a representative dataset for the EPIC Sun-view geometries. The EPIC simulator results are then interpolated into all the Sun-view angles in this dataset. Figure 5 shows that the EPIC R780 and A-band ratio as a function of Θglint. The sawtooth appearance in the figure is due to the Sun-view angle spread and corresponding R780 for a given Θglint. As shown in the figure, there is a well-defined curve of R780 and A-band ratio as a function of Θglint from clear sky simulations for most of the ocean areas. The clear sky R780 increases at the glint center (Θglint <30°) and spreads slightly that overlaps with thin clouds (COD < 1.7) (Figure 5a). It remains quite flat, though not completely constant, at the Θglint range of 40°~120° before rising sharply again at Θglint > 150° with an even larger spread. Importantly, the A-band ratio for clear skies is consistently lower than that of thin clouds in the glint region (Figure 5b). The curves show that it is possible to define tabulated baseline thresholds in 1° intervals for cloud detection by combining the R780 and A-band ratio tests.
4.2 R780 and A-band ratios from EPIC observations
In this section we examine the observed Rayleigh corrected R780 (R’780) and A-band ratio as a function of Θglint (Figure 6). Choosing Rayleigh corrected reflectance is to minimize the known angle effect. The separation of clear sky and cloudy sky is based on the results derived from the collocated GEO/LEO cloud fraction (Su et al. 2018). The upper bounds of the model-simulated clear sky of R’780 and A-band ratio are plotted for comparison. We notice that the upper bounds of the model derived clear sky R’780 and A-band ratio (solid lines) represent the lower and upper bounds of their observed counterparts, respectively.  The observed clear sky R’780 distribution shows a high concentration of low values in the middle range of the glint angles, but increases toward both ends, similar to  what is shown in Figure 5. There is more spread (toward higher values) in the clear sky R’780 distribution than that of the simulation, possibly due to cloud contamination in the GEO/LEO dataset (also notice that the clear sky category we define for GEO/LEO may contain some cloud, see Table 1). The spread is larger with larger Θglint due to larger pixel size; hence more likely cloud contamination. The cloudy sky R780 is generally higher than those for  the clear sky at the same Θglint except at very small Θglint (<25°), where a large portion of the clear sky and cloudy sky R’780 are in the same range. The model simulated R780 envelops the observed reflectance in both clear sky and cloudy sky plots outside the glint region, which makes it a good candidate as a cloud masking test.  On the other hand, the model simulated clear sky A-band ratio curve falls between observed cloudy sky A-band ratios, indicating that it is not an ideal test beyond the glint region.  As expected, the large spread of the observed clear sky A-band ratio narrows towards the glint center where most clear sky values are under the simulated curve. Inside the glint region, however, the cloudy sky A-band ratio is mostly higher than that of the clear sky, which indicates that the A-band ratio can be used as a test in the glint region. 
Based on these observations, we designed the cloud mask ocean algorithm as follows:
For Θglint < 25°,
	R’780 > R0   => cloud
	R’780 < R0 &  >   => cloud
For Θglint > 25°,
	 R’780 > R0 => cloud
where the R0  values are the thresholds for Rayleigh corrected R780 and R764/R780, respectively, which are a function of Θglint. The values of R0 are modified from the model simulations (dashed curves in Figure 6). These adjustments are necessary as model derived values represent theoretical lower and upper bounds of clear sky values. 
4.3 New algorithm evaluation
4.3.1 Case study

The improvement of the new algorithm can be easily examined visually, as more than 2/3 of the granules have sunglint in the ocean. Figure 7 shows the new cloud mask for the granule at 13:31 UTC on January 1, 2016 shown in Figure 1. The new cloud mask algorithm eliminates the obvious overestimate of clouds in the glint center while keeping small cloud features in the glint intact. It is also noticeable that the old cloud mask overestimates cloud coverage in most of the edge areas of the granule (Figure 2b), especially on the right side, and the new algorithm has mitigated this issue as well.   

4.3.2 Monthly statistics

To quantitatively evaluate the new cloud mask, we conducted a comparison with the CM from the Langley LEO/GEO composite product introduced in section 2.  As in Zhou et al. (2020), we divide the GEO/LEO cloud fraction into 4 categories to match with the 4 confidence levels of CM in EPIC (Table 1).
	In addition, we define the accuracy, probability of correct detection rate (POCD) and probability of false detection rate (POFD) as: 




where a is the number of pixels that both algorithms identify as cloudy (including high and low confidence), b is the number of pixels that both identify as clear (including high and low confidence), c is the number of pixels that EPIC identifies as clear while GEO/LEO identifies as cloudy, and d is the number of pixels that EPIC identifies as cloudy while GEO/LEO identifies as clear. We note that the cloud detection in GEO/LEO is by no means the truth, hence the “accuracy” here should be interpreted as consistency with GEO/LEO rather than true accuracy. The same should be applied to POCD and POFD as they are relevant to GEO/LEO’s cloud detection.  
Figure 8 shows the matchups between EPIC cloud mask in 1 (blue), 2 (cyan), 3 (yellow), 4 (red) with the GEO/LEO cloud fraction with <5%, 5-50%, 50-95% and > 95% categories.  It is obvious that the old algorithm overestimates the cloud in the glint center, evidenced by a red bar in the first group where GEO/LEO has low cloud fraction (<5%) and virtually no blue bar in high cloud fractions (>95%) categories. The new algorithm increases the blue bar (high confident clear sky) in the clear region without overestimating clear sky in the cloudy region. Similarly in the high Θglint region (toward granule edge), the new algorithm was able to detect more clear sky (blue bar) in the clear region without overestimating clear sky in the cloudy region. Improvement is evident for the new algorithm, where most of the pixels with < 5% cloud fraction have CM = 1 or 2 (high and low confidence clear, respectively), while pixels with >95% cloud fraction more likely have CM values of 4 and 3 (high and low confidence cloudy, respectively). In the glint center, the overall consistency increases from 81.9% to 86.9% and POFD decreases from 17.3% to 7.3%. In the large glint angle region, the consistency increases from 80.3% to 86.6% and POFD decreases from 20.7% to 9.5%. For the entire global ocean, the improvement in the glint center and granule edge leads to an improvement of consistency from 86.6% to 88.7% and false detection rate from 10.2% to 6.7%.  The improvements in other months are similar to that of January and July 2017 (Table 2). Based on these results, the new ocean cloud mask algorithm increases the detection consistency in the glint center and granule edges by 4~10% and 4~6%, respectively, with a reduction of false cloud detection rate by 10~17%. Overall global ocean cloud detection consistency increases by approximately 2%.  
Systematic retrieval bias can often be revealed through examining the retrieved parameters as a function of independent variables such as viewing geometry (Zhou et al. 2020b). During the evaluation of the EPIC cloud products, we notice that the EPIC clear and cloud detection rates vary with view zenith angle. Here the clear (cloud) detection rates are computed as the number of matched clear (cloudy) pixels divided by total clear (cloudy) pixels.
	Cloud_detection_rate = a/(a+c)          (5)
Clear_detection_rate = b/(b+d)           (6)
Figure 9 shows the comparison of the clear/cloud detection rates between the old and new algorithms. It is quite obvious that the old algorithm significantly underestimates clear sky pixels in the glint center (Θglint < 30°) and large glint angles (Θglint > 100°) while detecting clouds at nearly 100% (Figure 9a). The new algorithm has a nearly constant clear and cloud detection rate of more than 90% (Figure 9b). Cloud detection rate decreases slightly when Θglint reaches zero. Pixels with Θglint > 160o appear at the very edge of the granule and retrieval uncertainty is large due to much larger pixel size and other factors such as the curvature of the earth not considered in the RTM. Cloud fraction from the new algorithm is closer to the cloud fraction from GEO/LEO composites, while the old algorithm shows much larger cloud fraction at glint center and high glint angles (Figure 9c). Similarly, the systematic bias as a function of view zenith angle from the old algorithm is significantly reduced (Figure 9d-f). These results show that the new algorithm largely eliminates systematic bias in the old algorithm as a function of the viewing geometry.  
5	 Impact on cloud diurnal cycle and zonal mean cloud fraction studies

As mentioned in section 3, sunglint affects a zonal band of 30° in any given time of the year in tropical regions from 38°S to 38°N. Since sunglint appears near the centers of the granules which correspond to local noon time, it is likely that tropical oceanic cloud diurnal cycle analysis is affected if sunglint is not properly treated. In addition, a fixed threshold would misidentify pixels near granule edges to be cloudy because of high reflectance in those areas.   
In figure 10 we examine the latitudinal distributions of daytime cycles of cloud fraction over oceans in January and July. Note the complete diurnal cycle is not available from EPIC since it only measures the sunlit side of the Earth. The daytime cycle is computed by first converting the cloud mask retrievals from universal time (UTC) to local time according to their longitudes and then sorting the pixels according to their local solar time and latitude bins. Mean cloud fraction is then computed based on cloud mask results for each of these bins.  Because the length of daytime differs with latitude, the figures are bell-shaped toward the winter hemisphere (shorter daytime in the winter hemisphere). One feature of the old latitudinal distribution of daytime cloud cycles is the circle-shaped high values in the midst of low cloud fraction near 20°S in January and 20°N in July at local noon, corresponding to glint center latitude in these two months (Figure 10a, 10e). The new algorithm has largely eliminated this artificial noon peak in the daytime cloud fraction (Figure 10b, 10f). In addition, the old cloud mask has produced near 100% cloud fraction in the beginning and ending hours of the daylight time even in dry subtropical latitudes, which is due to high-reflectance at large zenith angles. This problem is largely mitigated in the new algorithm. The difference maps clearly show reduced cloud fraction in the glint center and daytime edge hours (Figure 10c, 10g). This is especially significant in the glint center latitudes (Figure 10d, 10h), because 1) the noon peak disappears, and 2) even though diurnal cycle still features as higher cloud fraction in the morning and afternoon with minimum in local noon, the range of daytime cloud variation is greatly reduced.  
	Because of the reduction in cloud fraction in the glint center and granule edge, some reduction in the zonal mean oceanic cloud fraction is expected. Figure 11 shows that the reduction appears for different latitudes in different seasons. In January, glint related reduction of about 10% appears around 25°S and up to 10% north of 15°N (Figure 11a). In July, the opposite is observed even though glint related reduction is smaller near 25°N (Figure 11c). In March and September, the Sun is near the equator; therefore, major reductions of cloud fraction occur in the latitudinal zone of 15°S-15°N, and high latitudes in each hemisphere also incur less reduction.   
6	Summary and discussion
Even though the old EPIC cloud mask algorithm attempts to reduce the sun-view geometry impact by applying the Rayleigh correction procedure, it is shown that fixed thresholds with the visible and near infrared channels lead to biases in the EPIC cloud mask product. Because of EPIC’s unique orbit, each EPIC granule over the ocean consists of a large area near the granule center that is affected by the sunglint. The glint affected area covers a latitudinal band of about 30° at any given time and migrates between 38°S to 38°N as the direct Sun position moves with the season. The old EPIC cloud mask tends to miss-identify the clear sunglint pixels as cloud due to its fixed reflectance threshold, therefore creating an artificial cloud fraction peak in local noon time. In addition, pixels with large Sun and view zenith angle at the granule edge tend to be miss-identified as clouds because of enhanced Rayleigh scattering.  
A new ocean cloud mask algorithm is developed, which consists of two tests. The first test is based on the Rayleigh corrected 780 nm reflectance. A dynamic threshold dataset is developed as a function of glint angle to account for the enhanced reflectance in the glint region at the granule center and large glint angle region at the granule edge. The second test is based on the O2 A-band ratio, which is applied to regions where glint angles are smaller than 25o. Inside the sunglint region, the cloudy sky 780 nm reflectance can be smaller than that of the clear sky when clouds are thin. A unique property of A-band ratio is that the clear sky A-band ratio is lower than that of the cloudy A-band ratio in the glint center; thus, a supplemental A-band ratio test in the sun glint regions can make up the reflectance test. The consistency of the new ocean cloud mask algorithm, as compared with GEO/LEO cloud detection, has increased by 4~10% and 4~6%, in the glint center and granule edges respectively. The false cloud detection rate is reduced by 10~17% and the overall global ocean cloud detection consistency is increases by approximately 2%.  The new algorithm has largely eliminated the systematic biases dependent on glint-angle and view zenith angles found in the old algorithm. 
The new ocean cloud mask algorithm can help studies on the diurnal cycles of cloud fraction over ocean by reducing the artificial peak at local noon time in the glint center latitudes and by reducing early morning and late afternoon cloud fraction biases. 
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Table 1. Cloud mask classification from EPIC and GEO/LEO. CldHC, CldLC, ClrLC, ClrHC stand for cloud with high confidence, cloud with low confidence, clear with low confidence, and clear with low confidence, respectively.
	Scene Classification
	CM values
	EPIC CM
	GEO/LEO CM

	Cloud
	4
	CldHC
	

	
	3
	CldLC
	

	Clear
	2
	ClrLC
	

	
	1
	ClrHC
	



Table 2.  Comparison of EPIC ocean cloud mask performance between the Version 2 algorithm and the new algorithm at glint center (Θglint < 25°), large glint angles (Θglint >120°), and all glint angles of four additional months.
	Month
	Region
	Glint Center
(Θglint <25°)
	Large glint angles
(Θglint >120°)
	All Angles

	
	
	v1
	New
	v1
	New
	v1
	New

	2016.01
	Accuracy
	77.0
	86.7
	83.5
	88.2
	87.2
	89.4

	
	POCD
	93.6
	85.0
	98.8
	92.0
	91.5
	90.9

	
	POFD
	24.8
	7.2
	17.0
	7.4
	8.6
	5.4

	2017.03
	Accuracy
	76.4
	88.3
	84.4
	91.7
	88.5
	90.9

	
	POCD
	92.9
	93.0
	99.1
	94.3
	91.3
	91.4

	
	POFD
	25.9
	12.0
	16.5
	5.3
	8.2
	5.0

	2017.09
	Accuracy
	85.5
	91.8
	84.9
	91.1
	88.6
	90.8

	
	PCD
	95.2
	93.6
	99.0
	93.3
	91.5
	91.3

	
	POFD
	13.9
	5.0
	15.8
	5.0
	7.4
	4.3

	2017.12
	Accuracy
	82.5
	86.3
	83.7
	89.6
	89.9
	90.5

	
	POCD
	93.9
	86.0
	99.2
	93.9
	92.9
	92.3

	
	POFD
	15.6
	4.8
	17.1
	7.3
	7.4
	4.8



Figure Captions:

Figure 1. (a) Example of EPIC RGB image for granule at 13:31 UTC on January 1, 2016. (b) Cloud mask for this granule from Version 2 (old) cloud mask algorithm. Notice the enhanced glint reflectance in the center of the granule with a corresponding false positives of cloud identification in the glint region.  
Figure 2. a) Glint angles for a single granule from September 24, 2017, 04 UTC. The thick red line in the middle is the location of the simulations shown in Figure 3 and 4. b) Glint areas (within 30° of glint angle) in all granules drawn from left to right as the day progresses on June 21, March 21 and December 21, 2016 in the top, middle and low rows, respectively; pink, light pink, and pale represent areas within 10, 20 and 30 degrees of glint angle. c) Glint migration during a year. Red, pink, light pink and light purple colors mark the boundaries of 0° and 10°, 20°, 30° of glint angles. d) Ocean area percentage at each latitude.
Figure 3. Model simulations of reflectance at 780nm for clear sky and cloud with different optical thickness along the horizonal line passing the granule center in Figure 2a. Clear sky is in colored blue. 
Figure 4. Model simulations of A-band ratio (R764/R780,) for clear sky (blue curve, COD = 0) and cloudy sky with different cloud optical thickness (COD) (see color legend) and cloud top height (CTH) at a) 2.5 km, b) 5 km, and c) 7.5 km along a horizonal line passing the granule center in Figure 2a. 
Figure 5. Ensembles of simulated a) 780 nm reflectance and b) A-band ratio with geometries from 12 EPIC granules (one per month) in 2016. Black, blue, green and red shows simulations from COD = 0.0, 0.22, 0.82, 1.72 respectively. Cloud top height is 5 km and geometric thickness is 3 km.  
Figure 6. Observed Rayleigh corrected EPIC 780 nm reflectance (a, b) and A-band ratio (c, d) as a function of glint angles from January and July 2017 for clear sky (a, c) and cloudy sky (b, d). The solid black lines represent the upper bounds of the model simulated clear sky Rayleigh corrected R780 in each 1- degree glint angle bins. Dash lines represent the adjusted Rayleigh corrected R780 thresholds.
Figure 7. New cloud mask for the granule at 13:31 UTC on January 1, 2016 shown in Figure 1. The new algorithm shows mostly clear sky with small features of cloud consistent with the cloud pattern outside the sunglint region. 
Figure 8. Number of pixels in each pixel-by-pixel matchup category between the cloud mask from EPIC and cloud fraction from GEO/LEO composite over ocean surfaces for January and July 2017 at glint center (Θglint < 25°) (a, b); large glint angles (Θglint >120°) (c, d), and all glint angles (e, f). Left is from Version 2 EPIC cloud mask algorithm and the right is from the new algorithm. Blue, cyan, yellow and red bars are for EPIC cloud mask equals to 1, 2, 3, 4, respectively. POCD: probability of correct detection; POFD: probability of false detection. 
Figure 9. Comparison of cloud (red) and clear (blue) detection rates as a function of glint angle from Version 2 algorithm (a) and the new algorithm (b).  (c) cloud fraction as a function of glint angle from GEO/LEO composite (black line), Version 2 algorithm (blue) and the new algorithm (red). (e)- (f) are similar as (a)-(c) except as a function of view zenith angles. Data are from January and July of 2017.
Figure 10. Zonal mean oceanic cloud fraction as a function of latitude and local time from the original algorithm (a,b), the new algorithm (c,d) and the difference (old – new) (e, f) in January (top) and July (bottom) in 2016. g) and h) show daytime cycle of cloud fractions from glint center latitudes (10°S -30°S) in January and (10°N -30°N) in July, respectively. 
Figure 11.  Zonal mean oceanic cloud fraction with latitude from original cloud mask algorithm (black) and new algorithm (red) in January, March, July and September 2017.
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Figure 1. (a) Example of EPIC RGB image for granule at 13:31 UTC on January 1, 2016. (b) Cloud mask for this granule from Version 2 (old) cloud mask algorithm. Notice the enhanced glint reflectance in the center of the granule in (a) and corresponding false positives of cloud identification in the glint region in (b).  Blue, light blue, green and white colors indicate 4 levels of cloud mask output: confident clear, uncertain clear, uncertain cloud and confident cloud, respectively.
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Figure 2. a) Glint angles for a single granule from September 24, 2017, 04 UTC. The thick red line in the middle is the location of the simulations shown in Figure 3 and 4. b) Glint areas (within 30° of glint angle) in all granules drawn from left to right as the day progresses on June 21, March 21 and December 21, 2016 in the top, middle and low rows, respectively; pink, light pink, and pale represent areas within 10, 20 and 30 degrees of glint angle. c) Glint migration during a year. Red, pink, light pink and light purple colors mark the boundaries of 0° and 10°, 20°, 30° of glint angles. d) Ocean area percentage at each latitude.
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Figure 3. Model simulations of reflectance at 780nm for clear sky and cloud with different optical thickness along the horizonal line passing the granule center in Figure 2a. Clear sky is in color blue. 
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Figure 4. Model simulations of A-band ratio (R764/R780,) for clear sky (blue curve, COD = 0) and cloudy sky with different cloud optical thickness (COD) (see color legend) and cloud top height (CTH) at a) 2.5 km, b) 5 km, and c) 7.5 km along a horizonal line passing the granule center in Figure 2a. 
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Figure 5. Ensembles of simulated a) 780 nm reflectance and b) A-band ratio with geometries from 12 EPIC granules (one per month) in 2016. Black, blue, green and red shows simulations from COD = 0.0, 0.22, 0.82, 1.72 respectively. Cloud top height is 5 km and geometric thickness is 3 km.  
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Figure 6. Observed Rayleigh corrected EPIC 780 nm reflectance (a, b) and A-band ratio (c, d) as a function of glint angles from January and July 2017 for clear sky (a, c) and cloudy sky (b, d). The solid black lines represent the upper bounds of the model simulated clear sky Rayleigh corrected R780 in each 1- degree glint angle bins. Dash lines represent the adjusted Rayleigh corrected R780 thresholds.
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Figure 7. New cloud mask for the granule at 13:31 UTC on January 1, 2016 shown in Figure 1. The new algorithm shows mostly clear sky with small features of cloud consistent with the cloud pattern outside the sunglint region. 
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Figure 8. Number of pixels in each pixel-by-pixel matchup category between the cloud mask from EPIC and cloud fraction from GEO/LEO composite over ocean surfaces for January and July 2017 at glint center (Θglint < 25°) (a, b); large glint angles (Θglint >120°) (c, d), and all glint angles (e, f). Left is from Version 2 EPIC cloud mask algorithm and the right is from the new algorithm. Blue, cyan, yellow and red bars are for EPIC cloud mask equals to 1, 2, 3, 4, respectively. POCD: probability of correct detection; POFD: probability of false detection. 


[image: ]Figure 9. Comparison of cloud (red) and clear (blue) detection rates as a function of glint angle from Version 2 algorithm (a) and the new algorithm (b).  (c) cloud fraction as a function of glint angle from GEO/LEO composite (black line), Version 2 algorithm (blue) and the new algorithm (red). (e)- (f) are similar as (a)-(c) except as a function of view zenith angles. Data are from January and July of 2017.
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Figure 10. Zonal mean oceanic cloud fraction as a function of latitude and local time from the old algorithm (a,e), the new algorithm (b,f) and the difference (old – new) (c, g) in January (top) and July (bottom) in 2016. d) and h) show daytime cycle of cloud fractions from glint center latitudes (10°S -30°S) in January and (10°N -30°N) in July, respectively. 
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Figure 11.  Zonal mean oceanic cloud fraction with latitude from old cloud mask algorithm (black) and new algorithm (red) in January, March, July and September 2017.
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