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When investigating the potential effects of cloud changes on climate, the interday and intraday variabilities should be distinguished. Historically, studies have focused on the long-term cloud changes, and the intraday cycles of cloud properties have been mostly ignored partly owing to the limited availability of global datasets to study higher frequency variabilities. In this regard, DSCOVR’s vantage point at the Lagrange L1 point overcomes the temporal limitations of polar orbiters as well as the limited spatial views of geostationary satellites, allowing characterization of the daytime variability of cloud properties using a single sensor. In previous analyses, we used DSCOVR’s EPIC instrument to characterize the diurnal cycles of cloud height and cloud fraction; here, we expand on previous studies to additionally investigate the variability of cloud optical thickness. We observe a recurring diurnal pattern of cloud optical thicknesses for different latitudinal zones that reaches a maximum around noon regardless of the underlying surface. Once we separate the clouds based on their optical thickness into optically thin (0–3), intermediate (3–10), and thick (10–25), we find that these cloud classes follow different optical thickness diurnal cycles on the global scale. We further explore these differences by combining the evolution of cloud fraction and optical thickness of each group to obtain the diurnal evolution of cloud-fraction-weighted optical depths.
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1 INTRODUCTION
It is known both empirically and from analyses of cloud observations that cloudiness changes over the course of the day even in the absence of strong dynamic forcing. Over land, low cloud cover tends to increase after a minimum in the early morning, reaching a peak around noon, and then decreasing later in the afternoon. Conversely, low cloud cover over the ocean exhibits an opposite cycle, with the highest cloud fraction during the night (Cairns, 1995) and minimum around noon (Delgado-Bonal et al., 2020a; Delgado-Bonal et al., 2021).
Besides the cloud fraction, diurnal variation is cloud height are crucial for understanding the global energy balance because high and low clouds may have different impacts on trapping thermal infrared radiation. Cloud height exhibits a minimum around midday for low clouds and a steady increase from morning to evening for high clouds. These general characteristics have continental/maritime contrasts, with the amplitudes of the diurnal cycles being weaker over ocean than over land (Yang et al., 2013; Delgado-Bonal et al., 2022).
Sun-synchronous satellites provide fixed-time views of the planet, while geostationary satellite (GEO) systems provide a combination of fixed spatial coverage and high-frequency sampling, addressing some limitations of the sun-synchronous satellites with restricted viewing areas. A middle-ground compromise for this is offered by the Earth Polychromatic Imaging Camera (EPIC) aboard DSCOVR, which provides a unique perspective from a distance of 1.5 million km, with the global and detailed views of the planetary cloud properties of the illuminated part of the planet being resolved in either one (boreal winter) or two hours (boreal summer) (Marshak et al., 2018).
Another approach to studying clouds exploits the combination of different types of satellite observations to achieve broader observational coverage and better temporal sampling rates. Characteristic cloud products of this kind include those obtained from the ISCCP (Rossow and Schiffer, 1991) and CERES project (Wielicki et al., 1996). Cloud property aggregations in these satellite products create almost seamless datasets by combining information from the polar and GEO satellites with measurements acquired at different temporal spans and viewing angles. DSCOVR cloud products, on the other hand, provide lower-resolution views of only the sunlit part of the planet even though they have the advantage of consistency from being based on a single sensor (EPIC); this avoids errors arising from stitching together the views from multiple sensors with different viewing angles, capabilities, and characteristics.
Clouds play a major role in controlling the global radiation budget and influencing climate on a global scale as they cover about two-thirds of the Earth’s surface (Stubenrauch et al., 2013; King et al., 2013). The diurnal variations in cloud properties have important influences on cloud radiative impacts (Bergman and Salby, 1997); through their close association with precipitation, they also influence the hydrological cycle of the planet. Since the diurnal cycles of cloud properties predicted by general circulation models are highly inconsistent (Yin and Porporato, 2017), improving our understanding of these cycles may help improve cloud simulations and their impacts on climate models (Nakajima and King, 1990).
With future clouds being the largest single source of uncertainties in climate analysis and prediction (Stephens, 2005; Baker and Peter, 2008; Boucher et al., 2013), the manner in which cloud optical thickness (COT) may change in the future, including changes in the diurnal cycles, constitutes important aspects of the cloud radiative effect and feedback (Melnikova et al., 2000; Garrett and Zhao, 2006; Zelinka et al., 2016; Chen et al., 2018). Although there is increasing literature on the diurnal variations of clouds (Chen et al., 2018; Yang et al., 2020), these reports mostly focus on the cloud fraction (Cairns, 1995; Burleyson et al., 2013; Burleyson and Yuter, 2015). We have previously studied cloud fraction as well as cloud height diurnal variations based on EPIC data and now focus on the COT, which has not been investigated much (Li et al., 2022).
Regional diurnal cycles of cloud properties have been observed with GEO satellites, such as GOES (Greenwald and Christopher, 1999; Painemal et al., 2013) and Himawari-8 (Shang et al., 2018), but EPIC is the only sensor capable of covering the entire sunlit side of the planet at once. The importance of cloud property diurnal cycles becomes apparent when these results are compared with the fixed times of the polar orbiters. In this regard, Shang et al. (2018) showed that MODIS underestimates the daytime average cloud fraction in China by approximately 4% on an annual scale with respect to the Himawari-8 measurements. Owing to the fixed MODIS overpass times, the difference can increase to up to 21% between the surface-observed and MODIS space-observed cloud fractions over specific regions on the monthly scale (Wang and Zhao, 2017).
The present study aims to provide a global view of the EPIC COT diurnal changes, thus offering a complete view of the diurnal variations of one of the major cloud properties controlling reflected sunlight. The following section provides an overview of the algorithms used and outlines our methodology. The results provide detailed insights into the diurnal cycles of COT from EPIC on the global and regional scales, detailing the behaviors for different cloud types and analyzing the diurnal correlations among different cloud properties.
2 DATA AND METHODS
The charge-coupled device (CCD) array of EPIC comprising 2,048 × 2,048 pixels and corresponding to a spatial resolution of ∼8 km at nadir provides the reflectance values across 10 channels spanning from the ultraviolet (318, 325, 340, and 388 nm) and visible (443, 551, 680, and 688 nm) to near-infrared (764 and 780 nm) parts of the spectrum. The cloud product algorithm utilizes a surface-dependent threshold method for cloud masking by employing reflectances at 388, 680, and 780 nm along with the O2 A- and B-band channels. These cloud fraction statistics match closely with those of GEO and low Earth orbit (LEO) systems when collocated, exhibiting global differences of only 1.5% (Yang et al., 2019).
The EPIC cloud mask algorithm includes confidence level flags for the cloud detection outcomes, with fewer than 3% of the pixels marked as low-confidence cloudy. EPIC derives the cloud heights from the O2 A-band (780 and 764 nm) and B-band (680 and 688 nm) observations. Owing to photon penetration of the clouds, the radiance values measured by EPIC’s A and B bands depend on not only the cloud top height but also the cloud extinction profile. Therefore, EPIC’s retrievals represent the “effective” cloud height and pressure, which differ from both the geometrical cloud top heights of active observations such as lidar and effective heights inferred from thermal IR observations (Yang et al., 2013).
The low and high cloud classes are defined by taking into account the apparent predominant cloud thermodynamic phase (liquid or ice) in the Level 2 datasets. EPIC determines the cloud thermodynamic phase from the cloud effective temperature, which is inferred from the aforementioned cloud effective pressure (Yang et al., 2019). If the effective temperature is below 240 K, the cloudy pixels are labeled as ice, and if the temperature is above 260 K, the pixels are labeled as liquid; pixels with temperatures between these values are marked as unknown to prevent potential misclassifications. This methodology has been validated against MODIS (Meyer et al., 2016), showing thermodynamic phase agreement for approximately 77% of the pixels. Around 21% of the pixels are categorized as unknown, and the misclassifications are limited to about 2% compared to MODIS. We classify clouds below 3 km with a thermodynamic cloud phase of liquid as low clouds, and all clouds above 6 km with a thermodynamic phase of ice as high clouds. Although this filtering is not applicable to all the cloudy pixels in our dataset, it helps us avoid distortions of the daytime cycles due to misclassified pixels. About 10% of the EPIC cloud mask is cataloged as high clouds, and the diurnal cycles are studied separately for the low and high clouds.
Because the EPIC channels are not sensitive to particle sizes in the shortwave or midwave infrared range, the EPIC COT retrieval employs a single-channel approach. This method is similar to the approaches used by the International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer, 1991), the Multiangle Imaging SpectroRadiometer (MISR) instrument aboard the Terra satellite (Marchand et al., 2010), and the Geoscience Laser Altimeter System (GLAS) solar background application project (Yang et al., 2008). For retrievals over the ocean and land, the 780 nm and 680 nm channels are employed, respectively. These retrievals assume fixed particle sizes based on the MODIS global cloud effective radius modes of Collection 6 (C6) MODIS cloud products (14 µm for liquid clouds and 30 µm for ice clouds). Analysis of the MODIS data has indicated that the uncertainties for a single-channel retrieval, attributed to assuming a fixed cloud effective radius, are approximately 10% for liquid clouds and 2% for ice clouds (Meyer et al., 2016).
The EPIC COT algorithm utilizes a common code base and adopts the same forward model assumptions as the existing C6/C6.1 MODIS cloud optical/microphysical property retrievals (MOD06) reported by Platnick et al. (2017) after incorporating ancillary data wherever feasible. For every cloudy pixel, the algorithm retrieves and reports two COT values by assuming liquid and ice phases separately. This methodology is similar to the approach employed by Chiu et al. (2010).
In our analysis, the datasets are split into local time zones based on the longitude and UTC acquisition time. The observations are gridded into 1° × 1° grid cells, with the average cloud properties calculated for each cell. The data are further analyzed on the basis of local hourly bins, generating 24 local time maps for each EPIC granule.
EPIC’s location at the Lagrange L1 point provides optimal pixel resolution at nadir. Off nadir, these pixels become elliptical, with the long axis larger by a factor of about 1/cos (SZA) while the short axis remains unaffected. Depending on the orbital position, there are some limitations in the polar regions owing to the Earth’s axial tilt; hence, we limit our study of COT to regions within ±60°. EPIC acquires up to 13 (in boreal winter) and up to 22 (in boreal summer) images per day, with the image center always corresponding to local noon while the left and right edges correspond to sunrise and sunset, respectively. We analyzed 7 years of data from June 2015 to June 2022 (over 22,000 full-disk images). To prevent potential artifacts at the edges of the EPIC images during sunrise and sunset, we focused exclusively on pixels with local times ranging from early morning (8:00) to late afternoon (16:00 for liquid, 15:00 for ice) and containing sufficient amounts of data to provide robust statistics (Li et al., 2022; Delgado-Bonal et al., 2021).
3 RESULTS
3.1 Global diurnal cycle maps
Following our previous investigation of the cloud fraction and cloud height diurnal patterns based on EPIC observations (Delgado-Bonal et al., 2021; Delgado-Bonal et al., 2022) and with the addition of the COT, we are now in a position to visualize the daily progressions of three major low-cloud properties (Figure 1). The panels show three contrasting global views of the mean values of the cloud properties during the early morning, noon, and evening for boreal spring (MAM, March-April-May). A transition from low optical thickness (blue) to higher values (cyan) is observed for the morning-to-noon transition, followed by an afternoon decrease that restores the characteristic deep-blue tones across much of the globe. Unlike the cloud height and cloud fraction, where the diurnal cycles are associated with the underlying surface types, the COT evolves similarly for both the ocean and continental areas, depicting a maximum around midday.
[image: Figure 1]FIGURE 1 | Global low-cloud properties at three different local times for boreal spring. The three columns show the cloud optical thickness (COT), cloud height, and cloud fraction calculated from EPIC L1 cloud products from 2015 to 2022. Regions with cloud fractions below 0.1 are excluded for cloud height and thickness.
Although these cycles generally exhibit a certain degree of global consistency, a careful examination of Figure 1 shows regional variations that are especially noticeable over land. For example, when focusing on the east coast of the United States and other land areas (e.g., Europe), a minimum COT is observed around noon in contrast to the global behavior. These differences underscore the importance of local meteorology in the diurnal cycles of cloud properties. As we will show in the next section, it should be noted that the diurnal cycles undergo small changes throughout the year, but the general features of the maximum values around midday for low clouds is a prevalent trend.
3.2 Integrated cycles
Given the wide range of possible values for the COT, comparisons between the COT values for different seasons are more appropriate based on the median observation. Otherwise, if the mean observation is used, the average of thick and thin clouds could be misrepresented as medium-thickness clouds. Figure 2 shows the diurnal cycle of median COT for different seasons decomposed by the thermodynamic phase, altitude classification, and underlying surface for the integrated area of ±60°. The diurnal evolution of COT for liquid clouds shows a characteristic shape with a maximum around noon and a smaller amplitude over ocean than over land. All seasons share this diurnal evolution with minor differences in the absolute values, revealing the existence of a pattern throughout the year. For high clouds, the underlying surface makes a difference; the high clouds over land show a steady increase from morning to evening, while this behavior is mostly flat over the ocean, with a slight increase around the middle part of the day.
[image: Figure 2]FIGURE 2 | Daytime evolutions of the median COTs for different seasons (December-January-February; March-April-May; June-July-August; September-October-November). The black lines represent the annual average trends. The analysis is separated into land/ocean and low/high clouds.
A rough estimate of the uncertainty of the median COT values in Figure 2 (and Figure 3 thereof) due to the sample size is estimated as follows. We calculate the standard deviations of the COT time series from 2015 to 2022 for each 1° cell using 22,000 granules and average them globally to provide an hourly global standard deviation. We then divide the standard deviation by the square root of the sample size and multiply the result by the Z score of a 95% confidence interval (Z = 1.96), which yields a sampling error of the mean of less than 0.02. Given our large dataset, we compute the sampling error of the median by multiplying this value by 1.253, resulting in an estimate of 0.025. Our sample size is thus sufficiently large for accurate statistical analyses, which is why the error bars are too small to be shown in the images.
[image: Figure 3]FIGURE 3 | Low-cloud optical thickness cycles based on the median values for clouds grouped into thin (COT between 0 and 3), intermediate (between 3 and 10), and thick (above 10). The different colors indicate latitudinal zones of 15° extent each, and the black lines represent the average trends for latitudes of ±60° for boreal spring.
3.3 Diurnal cycles depending on thickness
To further understand the COT behaviors, we analyzed different kinds of low clouds by grouping them into thin (COT between 0 and 3), intermediate (between 3 and 10), and thick (above 10) clouds. In addition to this categorization, we decomposed the analysis into eight latitudinal zones of 15° each, five of which are shown in Figure 3, to account for the zonal changes in meteorology. We also considered if the underlying surface type was ocean or land. The results for land (top row) and ocean (bottom row) for each of the COT groups are shown in separate columns. Figure 4 shows the diurnal evolution of the corresponding cloud fraction for each group.
[image: Figure 4]FIGURE 4 | Low-cloud optical thickness cycles, similar to those in Figure 3, for cloud fractions of the different COT groups. The contrasting diurnal cycles of the thin and intermediate clouds are highlighted around noon, while the amount of thick clouds remains mostly constant throughout the day.
For both thin and intermediate clouds, the COT reaches its maximum value around noon for almost all latitudinal zones; this behavior contrasts with that of the thick group, which exhibits a minimum (land) or flat behavior on average (ocean). The maximum peak around noon is more prominent over the tropical regions and is especially noticeable in the intermediate clouds over the ocean. The erratic behaviors of thin clouds over −60° to −40° are likely attributable to the scarcity of data for the corresponding groups around those latitudes during boreal spring, influenced by the viewing angle of the satellite during this season.
Cloud fraction averages for each of the latitudinal zones show differentiable behaviors for each group. While the thin clouds exhibit a minimum during the central hours of the day, the intermediate clouds present a maximum around the same time or an evening peak. Noticeably, the diurnal evolution of the thicker clouds does not display strong variations. The daytime evolution of cloud-fraction-weighted optical depth for each group can be obtained by combining the COT and cloud fraction. Figure 5 shows the results of this estimation for the thin, intermediate, and thick clouds, as well as all clouds combined. In our analysis, approximately 20% of the clouds are in the optical thickness range of [0,3], 40% are in the medium thickness interval [3,10], and 40% are considered optically thick [over 10]. Since the mean of the sum is different from the sum of the means, the shape and value for all clouds combined differ from the sums of the isolated groups.
[image: Figure 5]FIGURE 5 | Diurnal variability of the product of low-cloud fraction and COT for boreal spring, depicted as the cloud-fraction-weighted optical depths for all (top), thin (bottom left), intermediate (bottom middle), and thick (bottom right) clouds.
The different behaviors of both the cloud fraction and COT for each of the groups are reflected in their products. While the product remains mostly flat for the thin clouds during the day, the intermediate clouds exhibit a maximum around noon, while the thick clouds display a steady decrease through the day. When analyzing all liquid clouds together regardless of their thickness (top row of Figure 3), their evolution resembles that of the intermediately thick clouds. In our analysis, the weighted optical depths of the liquid and ice clouds differ in both their absolute values and diurnal evolutions. For the liquid clouds, this value is almost twice as much over ocean than over land, while the differences are negligible for the ice clouds.
3.4 Cloud fraction/cloud height correlation
Extant studies examining the coevolution of cloud properties have primarily focused on time-based correlations derived from daily data (Gryspeerdt et al., 2014; Painemal et al., 2013) owing to the limited availability of more frequent time samplings throughout the day. A novel approach to diurnal coevolution was presented by Delgado-Bonal et al. (2020a), where the diurnal correlation between the cloud height and cloud fraction was investigated for EPIC data. Notably, it was found that the cloud fraction over the land reached its peak around noon, in contrast with that over the ocean where the cloud fraction was minimum for the same time of the day. A similar contrasting behavior was found between land and ocean for cloud height, while the COT does not exhibit such behaviors, as shown here.
To quantify these temporal coevolutions, Spearman’s ρ was employed as the non-parametric measure of rank correlation (Myers and Well, 2003, pp. 508), ranging from +1 (indicating positive correlation) to −1 (indicating negative correlation). This statistical measure transcends linear correlations and assesses how well the relationship between two variables can be described using a monotonic function. A positive coefficient indicates that both variables increase or decrease together.
To avoid misrepresentations due to the low number of clouds in regions like the Sahara Desert, we excluded regions with cloud fractions below 0.1 in our analyses. Figure 6 shows the diurnal progressions of COT and cloud fraction (left) as well as cloud height (right). A positive correlation between COT and cloud fraction implies more extensive and thicker clouds, whereas a positive correlation between COT and cloud height indicates thicker and higher clouds.
[image: Figure 6]FIGURE 6 | Low-cloud optical thickness diurnal coevolutions with cloud fraction (left) and cloud height (right) based on Spearman’s non-parametric measure of rank correlation ranging from +1 (positive correlation) to −1 (negative correlation).
Joint examination of these two global images reveals that such changes are complementary for a large portion of the globe, such that when the COT and cloud fraction are negatively correlated, the COT and cloud height show a positive correlation. However, regional meteorology has a profound impact on these diurnal correlations, with some regions exhibiting distinct coevolutions (as expressed by the rank correlations) such as in Florida or Mexico, where both diurnal coevolutions are synchronized.
4 CONCLUSION AND DISCUSSION
Changing cloud properties are some of the main drivers of climate change; despite their importance, their diurnal variations have been poorly investigated thus far because of dataset limitations. The cloud diurnal contributions to the time-mean Shortwave flux at the surface and Top of the Atmosphere are as large as 20 W/m2 locally, and the contributions to the time-mean Longwave flux at the surface and TOA are typically 1–5 W/m2 (Bergman and Salby, 1997). Even with the recent and future increases in data availability from commercial satellites, the limitations remain since most of the satellites are polar orbiters. To analyze the full range of cloud variability properly, different vantage points in space are required.
Previous efforts to study cloud diurnal properties have used a combination of sensors, such as those included in the ISCCP, to provide a global view (Cairns, 1995) or have limited the research to specific regions using geostationary satellites (Chen et al., 2018; Delgado-Bonal et al., 2022). To this day, the only sensor capable of providing a global (albeit daytime) view is EPIC, whose capabilities are exploited in this and previous works.
In this work, we find that the COT does not exhibit different behaviors over the land and ocean for low clouds, unlike the cloud fraction and cloud height. The general diurnal evolution of the EPIC low-cloud COT is an increase from morning to noon, followed by an almost symmetric decrease in the afternoon. For high clouds, the COT over land exhibits a steady increase from morning to afternoon while that over the ocean shows a maximum around noon. The amplitudes of these cycles are generally smaller than those of the low clouds. Owing to EPIC’s daytime limitation, the nighttime changes in COT are still unknown, and further research with other instruments (including active sensors) will be required to unveil their patterns.
In our analysis of the COT, all seasons exhibit similar diurnal changes. The statistical distribution of the COT corresponds to a lognormal distribution; thus, we used the median values for comparisons between seasons rather than the means. Given their similarity, we have restricted the season to boreal spring (MAM) for this analysis. However, a zonal breakdown shows larger differences in the COT for both the absolute value and diurnal evolution. For example, low intermediate clouds over the ocean exhibit a completely different evolution over the tropics than over other regions of the planet.
We recognize the fact that clouds can be classified into different groups, and we have grouped them into ranges based on the optical thickness. By combining the diurnal cycles of COT and cloud fraction, we obtain the diurnal evolution of the cloud-fraction-weighted optical depths for low clouds, showing their contribution to the average and the distinct diurnal variability of each group.
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