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Abstract. Cloud masking is the fundamental step in accurately retrieving cloud and many other properties from satellite-based
imagers. Intercomparisons among imagers are frequently conducted to assess the agreement of cloud masks at both global and
granule scales, ensuring accuracy while also enabling the merging of multi-satellite products for use in NWP models and
climate datasets. However, common challenges arise in scenarios with reduced spectral contrast between clouds and
backgrounds, leading to generally degraded performance at polar regions and making validation through intercomparison less
reliable. Building on previous synergistic observations between CALIOP and MODIS in the A-Train constellation, this study
employed China's Aerosol and Carbon Detection Lidar (ACDL) as a new benchmark to evaluate cloud masks from 3 passive
sensors across different operational stages. Analyzing approximately 3 million collocated samples in February and August
2024, the overall hit rates for confident cloudy/clear pixels from Aqua/MODIS, FY-3D/MERSI-II, and NOAA-21/VIIRS
reached 82.9%, 79.3%, and 86.4%, respectively. Detailed examinations of monthly, day/night, and latitudinal subsets revealed
variation in each sensor's performance across scenerios and identified the reasons behind the discrepancies. The study
highlighted the importance of active-passive validation, which confirms consistency among passive imagers while also

identifying algorithmic weaknesses that need improvement for future missions.

1 Introduction

In recent decades, advances in space-borne imaging have enabled us to observe and quantify the global distribution of clouds,
and cloud masking, the process of identifying cloudy pixels in satellite imagery, has become increasingly important for both
the accurate retrieval of cloud properties (Wu et al. 2018) and for preventing cloud-induced biases (Sedano et al. 2011). Since
most satellite imagers rely on using multispectral radiance measurements to distinguish cloudy from clear-sky pixels, they face
common challenges for optically thin clouds and over highly reflective surfaces, such as snow- and ice-covered polar regions.
(Ackerman et al. 1998; Meyer et al. 2020). These shared limitations may compromise the reliability of cloud mask validation
based on intercomparisons among different satellite imagers. Therefore, independent validation using space-borne lidar, which
employs a fundamentally different principle from that of passive imagers, is essential to accurately assess and improve the

quality of cloud mask products, particularly in polar regions.
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In 2006, NASA and CNES jointly launched the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite (Winker et al. 2009). As a space-
borne lidar, CALIOP actively emits laser pulses to measure atmospheric structures, offering the advantages of high vertical
resolution (30 to 180 m from near-surface to stratosphere) and independence from illumination conditions. Validation reports
that CALIOP retrievals agree with ground-based lidars in most cases, with cloud height uncertainties less than 0.51 km
(Thorsen, Fu, and Comstock 2011), but have difficulty determining the underlying thick clouds beneath thin cirrus due to
signal attenuation (Kim et al. 2011).

CALIOP establishes a widely accepted reference for cloud mask products, especially for other sensors in the A-Train
satellite constellation. With formation flying, CALIOP has conducted synchronized observations with the Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard the Aqua satellite(Ackerman et al. 2008) on a long-term basis. Holz et al. (2008)
found that the global agreement between CALIOP and MODIS exceeded 80% for clear and cloudy conditions based on two
months of observation, while Kotarba et al. (2020) further calibrated CALIOP profiles to each of four MODIS mask categories.
The results of comparisons have made important contributions to refining the MODIS cloud mask algorithm from C5 to C6
(Baum et al. 2012). In 2011, 2017, and 2022, NASA developed and launched MODIS’ successor payloads, the Visible Infrared
Imaging Radiometer Suite (VIIRS), the latest of which is NOAA-21 (Xiong et al. 2023). VIIRS features radiation in 22 bands
instead of 36 for MODIS, and its orbits are no longer part of the A-Train constellation. As a result, CALIOP profiles have
fewer high-quality collocated pixels with VIIRS, but the agreement remains promising (Kopp et al. 2014; Frey et al. 2020).

After CALIOP retired in Aug. 2023, new spaceborne lidars are needed to continue validating cloud mask products. In
2022, China launched the Daqi-1 (DQ-1) satellite, carrying the Aerosol and Carbon Detection Lidar (ACDL). ACDL employs
a high-spectral-resolution lidar (HSRL) technique, enabling independent retrieval of the lidar ratio (Ke et al. 2022), and
therefore exhibits higher inversion accuracy than traditional Mie-scattering lidars. Dai et al. (2024) detailed ACDL's aerosol
and cloud data processing, highlighting its polarization sensitivity for distinguishing cloud phases. Liu et al. (2024) validated
ACDL's initial observations against ground-based lidars, with total attenuated backscatter coefficients agreeing to within
10.5 £ 25.4% and cloud heights matching well. ACDL has also been applied in comparisons and synergistic observations with
the Medium Resolution Spectral Imagers-11 (MERSI-II) onboard FengYun (FY)-3D, China's polar-orbiting meteorological
satellites (Chen et al. 2025).

In this paper, we employed data from Aqua/MODIS, FY-3D/MERSI-II, and NOAA-21/VIIRS in Feb. and Aug. 2024 and
compared their cloud-mask products with ACDL profiles. Results from 3 passive payloads at different operational stages gave
an evaluation of cloud mask accuracy across diverse conditions, while also enabling assessments of consistency between
ACDL-based and previous CALIOP-based validations.

The following sections are organized as follows: Section 2 briefly overviews the payload configurations of active and
passive sensors used in the study and their cloud products; Section 3 demonstrates the results of comparisons, including global

distributions of clouds from different sensors and associated analyses; Section 4 compares the results with previous studies,
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analyzes influential factors, and discusses limitations; Section 5 provides conclusions, emphasizing implications for future

satellite remote sensing advancements.

2 Data and method

This study investigates global cloud distribution using three passive satellite imagers (Aqua/MODIS, FY-3D/MERSI-II, and
NOAA-21/VIIRS) and evaluates their performance against ACDL lidar cloud profiles. The analysis focuses on spatially and
temporally collocated observations within 82°S—82°N, constrained by the lidar footprint. Two representative months (Feb. and

Aug. 2024) were selected to capture seasonal contrasts.

2.1 Instrument and platforms

Three passive sensors in afternoon orbits were selected to ensure optimal synergy with ACDL observations. Aqua/MODIS
(launched in 2002), FY-3D/MERSI-II (2017), and NOAA-21/VIIRS (2022) provide long-term continuity and inter-
comparable measurements due to their similar spectral configurations and product design. Additional details of the passive
instrument design are provided in the Appendix A.

ACDL, launched in 2022, is a spaceborne three-wavelength lidar system. In this study, only the HSRL profiles were used
to derive vertical cloud profiles, a mechanism that allowed separation of aerosol contribution from molecular backscatter,
thereby removing the lidar ratio assumption in the Mie-scattering lidar derivation (Liu et al. 2013). Initial validation indicated
an accuracy better than 20% for a strong signal backscatter profile with 24 m vertical resolution(Chen et al. 2023).

Table 1: Orbit and instrument design of Aqua/MODIS, FY-3D/MERSI-II, NOAA-21/VIIRS, and DQ-1/ACDL

Satellite Aqua FY-3D NOAA-21 DQ-1
Instrument MODIS MERSI-II VIIRS ACDL
Orbit Sun-synchronous Sun-synchronous Sun-synchronous Sun-synchronous
Altitude 705 km 836 km 833 km 705 km
Inclination 98.2° 98.75° 98.7° 98.2°
Period ~99 min ~101.5 min ~101.5 min ~99 min
Crossing 13:30 13:45-14:00 13:30 13:30
time (Ascending) (Ascending) (Ascending) (Ascending)
Instrument Scanning radiometer ~ Scanning radiometer Scanning HSRL
radiometer
Swath 2330 km 2900 km 3040 km -
# Bands 36 25 22 532/1064 nm
Temporal resolution 5 min 5 min 6 min -
Spatial resolution 250/500/1000 m 250/1000 m 375/750 m Track: 333 m

Vertical: 24 m
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2.2 Products and retrieval algorithms

For passive sensors, official L2 cloud mask products and L3 monthly cloud fraction datasets were used. These products
are based on multispectral threshold and consistency tests exploiting spectral contrasts between clouds and surface
backgrounds (e.g., visible reflectance and thermal infrared brightness temperature differences). Despite differences in spectral
band configurations, MODIS, VIIRS, and MERSI-II adopt similar cloud-detection principles, ensuring general consistency in
cloud-mask products(See Table Al). VIIRS uses a continuity cloud mask (MVCM) to maintain consistency with MODIS,
while MERSI-II applies comparable threshold-based methods.

ACDL cloud profiles were derived from attenuated backscatter signals using established layer detection and classification
approaches. The processing includes signal averaging, molecular calibration using ERAS atmospheric profiles, and cloud—
aerosol discrimination based on backscatter characteristics, described in Dai et al. (2024) and Ke et al. (2022).

Since ACDL measurements have not yet been released as official products, the procedures were briefly summarized here.
The core parameter is the backscatter coefficient ratio (R,), which is the relative magnitude between particle and molecular
signals. Theoretically, atmospheric features are identified when R, > 1, with values exceeding 5 typically classified as clouds.

It is calculated as follows:

_ [1+8@)][fm(2)—falR(z)
Ba(2) = (1) LSDOLID _ 5 () (M

where 8,(z) is the particulate backscattering coefficient at height z; ,,,(z) is the molecular backscattering coefficient; §(z)is
the total depolarization ratio; f;,,(z) and f, are the transmittance of the iodine absorption filter for molecular and aerosol
scattering, respectively; R(z) is the backscattering ratio between the 532 nm parallel channel and the HSRL channel signals;
and 6, is molecular depolarization ratio constant.

The §(z) was calculated as

_ Bm@+BE= _ Plznclk!
6(2) - ﬁﬂn(z)_{_ ‘Bg(z) - PJ‘(Z,}L)CLKJ-’ (2)

where B (2), Bl (z)and B+ (z), B!(z)is the molecular and particulate backscattering coefficients in the perpendicular
polarization direction and parallel polarization direction, respectively; P'(z,A) and P*(z,}) are the signal intensities of the
perpendicular and parallel polarization channels, respectivily; C',K",C*, and K+ are the calibration and system constants for
the parallel and perpendicular polarization channels, respectivily.

The extinction coefficient was calculated as

aa() = 2GR oy, )

where a,(z) is the particulate extinction coefficient at height z; T?(z,1) is the Two-way transmittance from height zo to z;
a,,(2) is the molecular extinction coefficient at height z.
The lidar ratio (S) was calculated as the ratio of the particle extinction coefficient to the backscattering coefficient

_ %
s= 2% @)
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Lidar ratio was used as an additional threshold in separating cloud layers from aerosols since S is around 15-30 sr (most
typical ~19 sr) for liquid clouds, 20-50 sr for ice clouds, and 20-80 sr for various types of aerosols(Omar et al. 2009).

To evaluate cloud masks from passive imagers using ACDL, it is essential to first assess the quality of ACDL's cloud
profiles. In the recently submitted paper, a one-year comparison between ACDL and CALIOP demonstrated consistent cloud

patterns, with an agreement of -1.4% in total cloud fraction across all latitudes and vertical domains (Zhang et al. 2026).

2.3 Collocation and quality control

To ensure reliable comparisons, collocation between passive sensors and ACDL was performed using a temporal
threshold of 10 minutes and a spatial threshold of 1 km. For each lidar profile (~5 km along-track extent), the nearest passive
sensor pixel was identified and expanded along track to match the lidar footprint (£2 pixels for MODIS/MERSI-II and +3
pixels for VIIRS, see Fig. S1). This approach ensured comparable spatial coverage between active and passive observations.

Pixel uniformity within the collocated region was used as a key quality control criterion. Analyses were conducted both
including and excluding heterogeneous pixel groups to assess their impact on comparison results. Additional details of the

collocation procedure and distance calculation are provided in the Appendix B.

3. Results and analysis

This section presents the key findings from the comparative analysis of cloud fraction retrievals across multiple instruments.
The examination focused on the global cloud fraction distributions derived from three passive sensors, MODIS, MERSI-II,
and VIIRS, and their validation against the ACDL cloud profile. The results were organized from large to small scales,

encompassing global analysis and collocated monthly, day/night, and latitudinal subsets.

3.1 Global cloud fraction

A comparison of the averaged cloud fractions from Feb. and Aug. 2024 revealed consistent global patterns across the
instruments (Fig. 1). The three imagers aligned well with established climatological features, such as persistent cloudiness in
tropical convergence zones and surrounding Antarctica, alongside low cloud cover in subtropical subsidence regions, the
Australian outback, and over the Antarctica continent. The globally averaged cloud fractions during the study periods were
66.9% for MODIS, 61.6% for MERSI-II, and 65.5% for VIIRS. As anticipated, MODIS and VIIRS exhibited greater
consistency with each other (1.4%), while both detected more clouds than MERSI-II (by 5.3% and 3.9%, respectively).

However, the intercomparisons highlighted notable discrepancies, particularly in regions of high and low cloud fractions.
The most pronounced differences occurred in polar regions. The MODIS-VIIRS comparison showed small positive differences
over the majority of the globe, but about -10% cloud cover over the Antarctic Peninsula, with the largest difference of -38.7%
at the eastern edge of the South Pole. In contrast, both MODIS-MERSI-II and VIIRS-MERSI-II comparisons indicated over
30% more clouds beyond 85° latitude, due to persistent failures in polar cloud detection within the MERSI-II algorithm.

5



145

150

155

https://doi.org/10.5194/egusphere-2026-6224

Preprint. Discussion started: 4 November 2026 EG U - h N

© Author(s) 2026. CC BY 4.0 License. spnere
é‘ ® Preprint repository

BY

Another major discrepancies emerged offshore along the western coasts of major continents, including North and South
America, Africa, and Australia. The elevated cloud fractions off the continent may have been associated with airborne
constituents, such as Sahara dust or biomass burning from central Africa, which led to misinterpretion as clouds. The large
discrepancy could also be linked to the fact that the MERSI-II lacks a dedicated band for turbid water clear-sky detection, as
listed in Table Al.

MODIS average cloud fraction MERSI-I| average cloud fraction VIIRS average cloud fraction

0 0.2 04 0.6 0.8 10 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
MODIS-MERSI-Il average difference VIIRS-MERSI-Il average difference MODIS-VIIRS average difference

(©

(d)

Figure 1: Global average cloud fraction (a-c) and intercomparison (d-f) among MODIS, MERSI-II, and VIIRS. Measurements from
Feb. and Aug. 2024 were averaged and gridded to 1x1°. Black lines denote the coastlines.

Agreements between passive sensors themselves did not confirm accuracy, as the cloud detection of imagers was known
to be less accurate under challenging conditions, such as high latitudes with low thermal contrast and high-reflectance surfaces.
Figure 2 presents the averaged cloud distribution derived from ACDL profiles over the study period, aggregated to a 1° x 1°
grid. The overall cloud fraction was 63.9%, which aligned with values from passive sensors and established climatological
patterns. However, the ACDL-derived cloud fractions appeared higher over land and lower over oceans, particularly at high
latitudes, highlighting the potential of underestimation in all passive sensor products. Direct comparisons between monthly
averages would have introduced substantial sampling bias. The nadir-viewing geometry and 16-day repeat cycle of ACDL
limited its sampling rate, as evidenced by the densely sampled tracks and sparsely sampled off-track grids in Fig. 2b. Therefore,
in the subsequent analyses, we focused on collocated active-passive measurements within 10 min temporal and 1 km spatial

proximity to enable more precise evaluations.
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Figure 2: (a) Global average cloud fraction from ACDL and (b) profile counts from Feb. and Aug. 2024, gridded to 1x1°.
3.2 Collocated active-passive measurements

A total of 1,055,566 pairs of profiles and pixels met the spatial and temporal criteria for collocation between ACDL and
MODIS; the corresponding numbers for MERSI-II and VIIRS were 803,992 and 1,063,318, respectively (Table 2). The main
reason for selecting a slightly broader time range for collocation, compared to the commonly used 5-min threshold in prior
studies, was to ensure a sufficient sample size. As none of the passive sensors operated on the same platform or in flying
formation with ACDL, a shorter temporal threshold would have substantially reduced the sample size and increased bias
toward higher latitudes. Currently, the proportion of matched pairs between 60°S and 60°N (nonpolar) accounted for 61.5%
of the total for MODIS, 52.6% for MERSI-II, and 69.9% for VIIRS, with seasonal variations showing elevations in Feb. and
reductions in Aug., likely attributable to minor shifts in satellite orbits.

Table 2: Total and monthly sample sizes of matched pairs for MODIS, MERSI-II, and VIIRS

Nonpolar
Sensor Month Samples %) Cloudy (%) P.cloudy (%) P.clear (%) Clear (%)
(V]

MODIS Total 1055600 61.5 66.0 5.7 6.7 21.6
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Feb 683930 65.5 65.2 59 7.1 21.9

Aug 371640 54.1 67.4 54 6.1 21.1

Total 803990 52.6 64.6 53 3.5 26.5

MERSI-II Feb 487140 59.8 64.4 5.6 43 25.7
Aug 316850 41.3 65.0 4.8 24 27.8

Total 1063318 69.9 57.7 5.6 4.9 31.8

VIIRS Feb 566983 69.8 57.2 5.6 4.5 32.7
Aug 496335 70.0 58.2 5.5 53 30.9

The selection of matched pairs with an increasing fraction at high latitudes influenced the distribution of cloud mask
categories. While the portion of confidently cloudy pixels (57.7-66.0%) approximated that reported in global monthly products
(61.6-66.9%), these values would exceed the global average if taking the probably cloudy (P.cloudy) category into account.
Although P.cloudy and probably clear (P.clear) were minor categories (<10% of the total) across all three sensors, notable
discrepancies existed. The P.cloudy fractions were roughly comparable among the sensors, but P.clear fractions for MODIS
and VIIRS were nearly twice those of MERSI-II, and this difference approximately matched the disparity in clear pixel
fractions.

For validation against ACDL, we adopted the same method as Kotarba et al. (2020) by computing the ACDL cloudy
fraction, defined as the percentage of each cloud mask category that is identified as cloudy by the lidar profile. Using ACDL
as truth, an ideal cloud mask algorithm would have yield 100% ACDL cloudy identification in its cloudy category and 0% in
the clear category. Analyses were conducted separately for daytime and nighttime observations, as well as for global (all
latitudes) and nonpolar, since the accuracy of passive sensors was expected to vary under these conditions. In addition, an
inconsistent ratio was calculated to quantify the proportion of matched pixels exhibiting heterogeneous cloud masks (i.e.,
mixed cloudy and clear classifications among 5 or 7 pixels). These inconsistent pixels represented a substantial fraction of the
matched pairs, 16.6% on average. The values were comparable among the three sensors during daytime, but showed different
degrees of increase during nighttime, with MERSI-II (26.2%) increasing more than the others (MODIS 16.7%, VIIRS 17.0%).
Results for both the full dataset(using the closet pixel only for inconsistent pixels) and the consistent subset (removing
inconsistent pixels) are reported in Table 3.

Table 3: Agreement between MODIS, MERSI-II, and VIIRS cloud mask product and matched ACDL profile, including statistics
calculated from all data and consistent measurements only(in parentheses)

Fraction of each category found to be cloudy by

i ACDL
Sensor Latitudes Day/Night Samples IHCOIZ,SIStent
Month (%) Cloudy P.cloudy P.clear Clear
(%) (%) (%) (%)
MODIS 329625 80.3 16.8 20.1
Feb. Global - Day (288855) 124 s46)  83CTN 45 (ss)
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174835 80.5 21.5 11.4
Day (147871) 154 865 SSTCTD 93y (104
Nonpolar 172386 82.7 40.6 15.2
Night (139451) 19.1 89.3) 017682559 (g3

VIIRS exhibited the highest global average accuracy in cloud detection among the three sensors. The following analysis
focused on consistent measurements, which exhibited slightly better performance compared to the full dataset. For the cloudy
category, VIIRS achieved an average day-night ACDL cloudy confirmation rate, or true positive (TP) of 90.1%, compared to
MODIS 88.4% and MERSI-II 86.3%. For the clear category, VIIRS showed the lowest false cloud detection, or false negative
(FN) rate of 28.5%, compared to MODIS 33.8% and MERSI-II 42.9%. In the p.cloudy categories, VIIRS and MODIS
performance were similar (49.7% vs. 49.3%), both lower than MERSI-II (56.6%), suggesting a more conservative assignment
for U.S. sensors. The p.clear category followed a similar trend, with VIIRS at 28.8% positioned between MODIS (18.0%) and
MERSI-II (37.0%).

Analysis of nonpolar regions showed markedly improved performance across all sensors, with substantial reductions in
FN rates under clear skies. For VIIRS, the ACDL cloudy fraction in the clear category dropped from 28.5% globally to 13.3%
in nonpolar areas, while MODIS decreased from 33.8% to 13.5% and MERSI-II from 42.9% to 25.7%. Accurate cloudy
detection declined slightly (VIIRS: 90.1% to 87.8%, MODIS: 88.4% to 83.5%, MERSI-II: 86.3% to 83.9%), but the overall
reduction in probable categories suggested enhanced reliability in non-polar areas. In other words, the evaluation highlighted
the challenges posed by polar regions, which was consistent with our expectation.

Also, as expected, nighttime observations showed consistently higher error rates than daytime, primarily due to the
unavailability of visible channels for clear sky detection. Even though TP got higher at night (VIIRS 91.1%, MODIS 90.9%,
MERSI-IT 89.9%) than in the day (VIIRS 89.2%, MODIS 85.9%, MERSI-II 82.7%), the FN rose sharply as ACDL cloudy
rate showed a large increase in the remaining categories. For most subsets across sensors and seasons, the ACDL cloudy
fraction in the p.cloudy category got about 1.7 times higher globally at night, while p.clear and clear categories were 2.3 times
higher on average, with the largest increase reaching 4.7 times for MERSI-II (global average of Feb.). The difference was, for
MODIS and VIIRS, the potential FN at night improved substantially when limited to low-mid latitudes, while the improvement
was less pronounced for MERSI-II.

Monthly variations revealed that polar night conditions in Aug. generally degraded performance more than in Feb. for
MERSI-II and MODIS, but less so for VIIRS, suggesting that the Antarctic polar night exerted greater influence than the
Arctic. Globally, measurements in Feb. showed lower FN rates day and night for MODIS (MODIS day 18.5% vs. 21.9%, night
45.1% vs. 49.7%; MERSI-II day 17.9% vs. 31.6%, night 53.6% vs. 68.6%), but opposite for VIIRS (day 19.7% vs. 18.0%,
night 40.2% vs. 36.0%). This may have stemmed from the difference between Antarctica's extensive ice-covered continent
compared to the Arctic's more ocean-dominated environment. In the nonpolar region, these seasonal differences were muted,
confirming that polar extremes drove most of the variance. The more balanced results from VIIRS were likely related to the

more even latitude distribution of its matched samples.

10
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To further illustrate the latitudinal distribution of matched samples and the corresponding performance of each sensor,
we quantified the accuracy and inaccuracy metrics for every 10° latitude band (with latitudes > 80° aggregated into the 70-82°
bin, Fig.3). Accuracy, or the hit rate, was calculated as the sum of true positives (TP) and true negatives (TN), which referred
to agreed cloudy and clear classifications between the lidar profile and imager pixels. Inaccuracy, or the false-alarm rate, was
calculated as the sum of false positives (FP), where the imager classified as cloudy but ACDL indicated clear, and false
negatives (FN), where the opposite occurred. To incorporate the influence of probable categories in cloud mask products, two
sets of metrics were calculated: one combining confident and probable categories, and the other using confident cloudy and

clear results only (in parentheses).
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Figure 3: Latitudinal distribution of (a) collocated samples, (b) accuracy metrics, and (c) inaccuracy metrics between MODIS,
MERSI-II, VIIRS, and ACDL, respectively. In panel (b), average TP and TF from Feb. and Aug. 2024 are stacked, while the monthly
accuracy is indicated using symbols. Same for FP and FN in panel (c). Metrics are calculated with measurements from confident
and probable categories, or confident only (in parentheses).

While all sensors showed increased sample density toward higher latitudes due to orbital convergence in polar regions,
VIIRS exhibited the most balanced distribution from superior orbital alignment, as indicated by nearly 70% of collocated
samples from non-polar regions, compared to 61.5% for MODIS and 52.6% for MERSI-II (Table 3). Since more samples were

collected in non-polar regions, VIIRS samples showed a lower average cloud fraction than the other sensors. The overall hit
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rates were 83.0% (86.4%) for VIIRS, 82.4% (82.9%) for MODIS, and 76.1% (79.3%) for MERSI-II, with VIIRS performing
the best. However, VIIRS's performance may have actually been comparable to that of MODIS when accounting for its
favorable sampling toward easier detection regions. The hit rate in panel 5b indicates that MODIS achieved slightly higher
accuracy than VIIRS at high latitudes. Even though VIIRS's increased cloud detection during the Antarctic winter led to better
agreement with ACDL in terms of monthly average cloud fraction, the cost of elevated FP diminished consistency in sample-
based comparisons. In contrast, MERSI-II showed the most substantial poleward bias, with more samples clustered beyond
+60°. In addition, as the orbit of FY-3D underwent slight adjustments in 2024, there were no matched samples between 20°S-
20°N in Aug.

Analysis of hit rate and false-alarm rate revealed their close association with the terrain and atmospheric circulation
patterns in each latitude band. Hit rates remained high in mid-low latitudes, where TP rates increased with higher land fractions,
while TN rates decreased. The north subtropical bands (10°-30°N) showed sensor-specific dips with increasing FP, potentially
influenced by aerosol-laden regions of the Sahara Desert (18°-30°N), where transport dust may have confounded clear-sky
detection, and complex topography over the Qinghai-Tibet Plateau (25°-40°N), where variable elevation and snow cover
challenged cloud masking algorithms. In polar regions, the accuracy of all sensors declined sharply beyond +60°, dropping to

50-70% due to increased FN rates. Seasonal variations were evident, with FN rates markedly elevated on the polar night side.

4. Discussion

In the previous section, we analyzed consistency among cloud mask products from imagers through intercomparison and
validation against ACDL. Discrepancies in the results may have stemmed from various factors, including instrument design,
retrieval algorithms, collocated sampling, and performance degradation over operational lifetimes. In this section, we
compared the results in this work with previous studies and examined the identified influential factors (surface type, alignment
conditions, aerosol loading, cirrus clouds, etc.), looking into the discrepancies while refraining from delving deep into
hardware or algorithm, which fell beyond the scope of this paper.

The referenced results come from two studies comparing MODIS cloud detection results with CALIOP data. Holz et
al.(2008) compared the MODIS cloud mask with CALIOP profiles using collocated samples from Aug. 2006 and Feb. 2007.
Analysis of 5-min and 5-km matched samples with merging the confident and probable categories indicated global agreements
of 77.0% for clear-sky conditions and 84.0% for cloudy conditions in Feb., and 75.0% for clear-sky and 85.0% for cloudy
conditions in Aug. (Table 4). In this study, the comparison between MODIS and ACDL yielded slightly lower clear-sky
agreements globally of 71.0% in Feb. and 64.8% in Aug, and comparable cloudy agreements at 85.9% and 87.8%, respectively.
The overall consistency suggested that despite MODIS having operated continuously for 21 years (till 2024), its cloud mask
product has remained stable and of high quality. The modest reduction in clear-sky accuracy may reflect differences in
alignment between different platforms. Note that though both using consistent measurements, Holz et al.(2008) reported only

7% of inconsistency, much lower than the rates in this study. Compared to MODIS, VIIRS showed robustness with slight
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advantages in cloudy detection during Feb., while MERSI-II showed a lower accuracy in detecting clear scenes, particularly
in Aug.

Table 4: Agreement between cloud mask product and matched lidar profile compared to results in Holz et al.(2008), including
statistics calculated from all data and confident data only (in parentheses).

Agreement between cloud mask product and the lidar profile

Feb. clear Feb. cloudy Aug. clear Aug. cloudy
Holz et al. based on Aug.2006 and Feb.2007
MODIS vs. CALIOP

Global 5km 77.0 84.0 75.0 85.0
Nonpolar ocean 79.0 86.0 83.0 86.0
Nonpolar land 74.0 81.0 86.0 78.0

This work based on Feb. 2024 and Aug.2024
MODIS vs. ACDL

Global Skm 71.0 (67.9) 85.9 (87.6) 64.8 (61.1) 87.8 (89.0)
Nonpolar ocean 92.1(93.3) 82.7 (83.5) 91.9 (92.9) 80.6 (81.4)
Nonpolar land 82.8 (83.8) 80.6 (85.7) 82.4 (83.2) 81.4 (87.0)
MERSI-II vs. ACDL

Global Skm 59.1 (56.1) 80.1 (81.9) 42.2 (41.3) 88.3 (89.0)
Nonpolar ocean 75.6 (73.9) 79.1 (79.8) 67.4 (67.4) 85.1 (85.5)
Nonpolar land 73.5(72.3) 74.4 (80.1) 69.2 (69.5) 81.9 (84.9)
VIIRS vs. ACDL

Global S5km 69.7 (69.5) 87.7 (89.7) 71.4 (71.9) 88.9 (90.5)
Nonpolar ocean 88.1(90.4) 86.2 (87.3) 88.1 (90.6) 86.6 (87.8)
Nonpolar land 77.4 (78.2) 83.8 (88.5) 82.4 (85.2) 83.7 (87.9)

Holz et al.(2008) further stratified the results by surface type, revealing that agreements over ocean surfaces were
generally higher than over land in nonpolar regions, with most pronounced disparity in cloudy detection in Aug. (86.0% ocean
vs. 78.0% land). This pattern may be attributed to greater thermal and spectral contrasts over water, facilitating more reliable
cloud discrimination. The present study aligned with this trend; for MODIS vs. ACDL, the agreements over the ocean were
86.6% on average, higher than 82.1% over land in nonpolar regions. Similar consistencies hold for MERSI-II (ocean average
78.1% vs. land 75.2%) and VIIRS (ocean 87.3% vs. land 81.7%).

Similarly, Kotarba et al. (2020) compared the MODIS cloud mask with CALIOP profiles from Jan. and Jul. 2015 and
matched with 5-min/1-km alignment. Their analysis reported the fraction of each cloud mask category classified as cloudy by

CALIOP as follows: 94.7% for confident cloudy, 66.6% for probably cloudy, 27.7% for probably clear, and 21.5% for
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confident clear (Table 5). The global consistency for the 1-km match tends to be higher than the 5-km match, especially for
clear scenes (85% vs. 77% in Holz et al.(2008)). Consequently, the results from the present study, comparing MODIS and
ACDL at the global 5-km scale, showed acceptably lower fractions for confident cloudy at 84.4% (88.4% for consistent data
only), and higher fractions for confident clear at 35.4% (33.8%). The day-night pattern aligned, with nighttime FP rates
substantially higher in the clear categories in all comparisons. VIIRS demonstrated slightly higher confidence cloudy fractions

of 85.2% (90.1%) and lower confidence clear fractions of 29.0% (28.5%), indicating fewer missed clouds, while MERSI-II

showed opposite trends, pointing to greater tendencies for undetected clouds, especially at night.

Table 5: Fraction of each cloud mask category found to be cloudy by lidar profile compared to results in Kotarba et al.(2020),

including statistics calculated from all data and consistent data only (in parentheses).

EGUsphere\

The fraction of each category found to be cloudy by lidar profile.

Cloudy (%) P.cloudy (%) P.clear (%) Clear (%)
Kotarba et al. based on Jan. and Jul. 2015
MODIS vs. CALIOP
Global 1km 94.7 66.6 27.7 21.5
Day only 94.7 58.4 28.4 12.7
Night only 94.7 70.7 27.1 29.5
This work based on Feb. and Aug. 2024
MODIS vs. ACDL
Global Skm 84.4 (88.4) 51.5(49.3) 20.7(18.0) 35.4(33.8)
Day only 82.1(85.9) 38.2 (35.9) 16.5(13.7) 22.7(20.2)
Night only 86.6 (90.9) 64.7 (62.7) 25.0(22.2) 48.0(47.4)
MERS-II vs. ACDL
Global Skm 82.9(86.3) 60.1 (56.6) 39.6 (36.9) 44.8 (42.9)
Day only 80.3 (82.7) 48.8 (47.1) 22.1(20.9) 26.1 (24.7)
Night only 85.5(90.0) 71.5 (66.1) 57.1(53.1) 63.5(61.1)
VIIRS vs. ACDL
Global Skm 85.3 (90.1) 53.8(49.7) 32.5(28.8) 29.0 (28.5)
Day only 84.5(89.2) 40.4 (37.2) 22.29 (20.1) 20.5 (18.8)
Night only 86.0 (91.1) 67.1(62.1) 42.7(37.4) 37.5(38.1)

Given the significant influence of surface type on cloud mask performance, we examined the distributions of surface
types and ice/snow cover in the matched samples across MODIS, MERSI-II, and VIIRS (Fig. 4). The results revealed
reasonable and highly consistent distributions for water and non-water surfaces, and ice/snow cover, with variations aligning

with seasonal patterns and latitudinal sample distributions. However, the sub-classification between land and desert surfaces
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appeared distinct for MERSI-II, particularly in polar regions, where it classified approximately 30% more land surfaces than

the other two sensors, indicating significant differences in its definition or classification between land and desert surface types.
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Figure 4: Percentage distribution of surface types and ice/snow cover in polar and non-polar regions based on matched samples of
cloud detection between MODIS, MERSI-II, VIIRS, and ACDL from Feb. and Aug. 2024. Bars are grouped by sensor, with dark
colors indicating polar (P) and light colors indicating non-polar (NP) regions.

The percentage contributions of deserts and ice/snow (highly reflective surfaces), along with other environmental and
observational factors to FP, FN, and inconsistencies among imager pixels are illustrated in Fig.5. As expected, ice/snow-
covered pixels contributed substantially to FN samples, approximately twice those observed in FP for all sensors, especially
for MODIS. Desert surfaces exhibited comparable contributions in FP and FN (33.9% versus 33.0% for MODIS, 37.7% versus
31.0% for MERSI-II, and 39.2% versus 31.0% for VIIRS), indicating a balanced challenge for the retrieval algorithm.
Dawn/dusk periods (solar zenith angles between 80°-90°), characterized by poor and rapidly changing illumination conditions,
showed slightly higher contributions to FN than to FP. Sunglint showed a negligible impact, except for VIIRS (14.1% and
9.1%). High aerosol loading (ACDL-retrieved AOD >1 at 532 nm) accounted for 12.7-26.4% of FP across the sensors, which
was minimal in FN, aligning with expectations. Thin cirrus clouds (ACDL-retrieved cloud top height >6 km and geometric
thickness <1 km), another known challenge in passive cloud retrievals, contributed 17-21% to FN, also consistent with
anticipations. Larger time differences (>5 min) would theoretically impact matching accuracy, yet their contributions remained
at or below approximately half of the samples, with no significant difference between FP and FN. This suggested that the 10-
min threshold did not introduce excessive discrepancies relative to 5-min threshold. Note that different factors can overlap,
and there were still portions of the samples that did not align with any of the analyzed factors. The possibility of additional

unidentified influences remains.
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Figure S:Percentage contributions of environmental and observational factors to false positives (a), false negatives (b), and
inconsistencies (c) based on matched samples of cloud detection between MODIS, MERSI-II, VIIRS, and ACDL from Feb. and Aug.
2024.

For inconsistent pixels, the analysis emphasized the causes of discrepancies in cloud mask within proximate
spatiotemporal domains and focused on potential changes therein. Variations in ice/snow coverage and surface types indicate
difficult geographics, while dawn/dusk and sunglint reflect fast-changing illumination conditions, and aerosols and cirrus
clouds represent complex atmospheric backgrounds. However, apart from high aerosol loadings contributing about one-fifth
(25.9%) of heterogeneous results for VIIRS, these factors exhibited generally low contributions across sensors. This implies
that inconsistencies were more likely attributable to rapid variations in the cloud layers, such as edged or fractus characteristics.
Improving the spatio-temporal resolution of passive remote sensors and their alignment with lidar observations might be more

effective strategies for mitigating such inconsistencies.

5. Conclusion

In this study, we evaluated the performance of cloud mask products from three passive satellite imagers, Aqua/MODIS, FY-
3D/MERSI-II, and NOAA-21/VIIRS, by validating them against cloud profiles from the space-borne lidar ACDL as a
reference truth. Monthly cloud fractions and collocated samples from granule-based measurements are analyzed from Feb. and
Aug. 2024, encompassing seasonal, day/night, and latitudinal subsets to assess agreement and discrepancies. The global
average hit rates reached 86.4% for VIIRS, 82.9% for MODIS, and 79.3% for MERSI-II based on pixels classified as confident
cloudy or clear, with patterns aligning closely with prior validations between MODIS and CALIOP. The high accuracy in
general confirms the enduring stability of the three sensors and their algorithms, with certain variations under specific
conditions.

VIIRS demonstrated superior performance relative to the others, evidenced by the most balanced hit rate across different
subsets. The fractions of VIIRS cloud mask categories classified as cloudy by ACDL were 90.1% for confident cloudy, 49.7%
for probably cloudy, 28.8% for probably clear, and 28.5% for confident clear on average, compared to 88.4%, 49.3%, 18.0%,
and 33.8% for MODIS, and 86.3%, 56.6%, 36.9%, and 42.9% for MERSI-II, respectively. Detailed analyses of latitude bands

showed increases in FP at low latitudes due to Sahara dust transport and complex topography over the Qinghai-Tibet Plateau.
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Day/night subsets indicated that VIIRS maintained the lowest escalation at night, with FN increasing by 1.9 times, compared
to 2.3 times for MODIS and 2.5 times for MERSI-II. Assessments of monthly fraction revealed that VIIRS has the right
tendency of increasing overall cloud detection in Antarctic winter, but sample-based analysis showed potential improvement
in accuracy being overridden by increasing FP.

The study also demonstrates ACDL's value as a reliable benchmark for the validation of cloud products, especially in
regions with high false-alarm rates for all passive sensors. Several key factors were identified from possible reasons
complicating cloud retrieval algorithms or matching precision. Ice/snow cover and thin cirrus clouds contributed more to FN,
high aerosol loading contributed to FP, and desert surfaces and dawn/dusk illumination contributed to both sides.

The assessment revealed that alignment between imagers and lidar impacts evaluation outcomes. VIIRS benefited from
optimal collocation with ACDL, including orbit design and finer spatial resolution, which led to more even sample distribution
(69.9% non-polar samples vs. 61.5% for MODIS vs. 52.6% for MERSI-II), which implies that the actual accuracy gap among
sensors is smaller than apparent. Given the inheritance between MODIS and VIIRS, their close match in precision and patterns
is reasonable. In contrast, MERSI-II underperformed particularly in clear-sky detection over polar regions and at night; further
improvements in handling low thermal contrasts over ice/snow-covered surfaces are necessary.

The performance and consistency validated in this work among passive sensors are vital not only for validating the
accuracy of individual cloud masks but also for their combined usage in merging datasets and models for long-term studies.
Considering operational stages, VIIRS onboard NOAA-21 is the latest payload used in the study, while Aqua/MODIS has
maintained robust performance after over two decades of operation, which is highly encouraging. FY-3D, on the other hand,
is designed for a much shorter 7-year lifespan and is now nearing its operational end. The results of this study provide

suggestions for the new afternoon-orbit satellite of the FY-3 series, FY-3H launched in Dec. 2025.

Appendix A: Passive instrument description

By design, MODIS is a whiskbroom scanner with 36 spectral channels spanning the visible (VIS), near-infrared (NIR),
shortwave infrared (SWIR), and thermal infrared (TIR) regions(0.4-14.4 pm). MERSI-II is a pushbroom scanner with 25
spectral channels covering VIS to TIR (0.47-12.0 pm). VIIRS is a whiskbroom scanner with 22 spectral bands covering VIS
to TIR (0.412-12 um). The success of MODIS has profoundly inspired the development of the FY-3 series, both for instrument
and product design. VIIRS serves as the official successor to MODIS, integrating its most critical features to maintain
continuity in cloud observation. The interconnections among passive sensors, especially the similarity in the product design,
greatly facilitated the cross-sensor comparisons in this study.

In its C6.1 updates, MODIS cloud detection algorithm employs up to 19 multispectral thresholds and consistency tests,
including visible reflectance thresholds, infrared brightness temperature differences (e.g., 11-12 pm split-window), and spatial
variability checks(Table 2). The principle relies on exploiting spectral contrasts between clouds and underlying surfaces, such

as high reflectance in VIS/NIR for clouds over dark oceans or land, and TIR emission differences for cloud top detection, with

17



380

385

390

395

https://doi.org/10.5194/egusphere-2026-6224
Preprint. Discussion started: 4 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

additional tests for cirrus and heavy aerosols. Based on these, a clear-sky confidence level (clear, probably clear, probably
cloudy, cloudy) is assigned to each pixel, and a cloud mask product (MYD35 12) is generated at 1 km and 5 min intervals
[23]. Additionally, the MODIS cloud mask also encodes surface type (water, coastal, desert, and land), snow/ice presence,
day/night conditions, and sun glint in its bit field. These flags were utilized in our analysis of cross-sensor comparison to
categorize and refine pixel selection and account for environmental variability. Geolocation data for MYD35, including 1-km
resolution latitude and longitude, were obtained from the corresponding MYDO3 product.

Monthly  cloud fraction of 1x1° was extracted from the L3 monthly cloud properties
product(CLDPROP_M3 MODIS Aqua), which was derived by aggregating the daily Aqua/MODIS D3 Cloud Properties
product. Mentioned products are available at the Level-1 and Atmosphere Archive & Distribution System Distributed Active
Archive Center (LAADS DAAC) online.

VIIRS has fewer bands compared to MODIS, missing water vapor absorption channels at 6.7 and 7.3 pm, and the CO2
absorption band at 13.3 pm can make a difference in the detection of clear skies in polar night conditions. A continuity MODIS-
VIIRS cloud mask (MVCM) was designed to facilitate the transition from MODIS on the Aqua and Terra platforms to the
series of VIIRS onboard Soumi NPP and other platforms, utilizing only those channels that are common to both instruments.
The VIIRS L2 cloud mask product (CLDMSK L2 VIIRS NOAA21) is also provided at LAADS DAAC with the same
structure as MODIS. L3 monthly cloud properties for NOAA-21/VIIRS were not available yet, so we aggregated 1x1° monthly
cloud fraction from the L2 product. Geolocation data for VIIRS has been included in the L2 package; therefore, no longer
needed to download separately.

Compared to MODIS and VIIRS, MERSI-II onboard FY-3D has a slightly different channel design, but the cloud masking
algorithm follows the same ideology. A combination of fixed/dynamic thresholds on VIS reflectance, NIR/SWIR ratios, and
TIR brightness temperature differences is applied to measured radiances, and ancillary flags are also recorded in the product.
L2 cloud mask product MERSI-II Cloud Mask (Granule) and L3 0.05x0.05° monthly cloud fraction product Cloud Amount
(Monthly) are available at FENGYUN Satellite Data Service online.

Table A1:MODIS, VIIRS, and MERSI-II spectral bands used in their cloud mask algorithms

Spectral Bands Used in the MODIS, VIIRS, and MERSI-II Cloud Mask

Wavelengths MODIS VIIRS MERSI-IT Band Primary Use

(um) Band Band (with adjustment)

0.412 8 M1 8 daytime desert cloud detection

0.443 9 M2 9 sun glint clear sky detection

0.555 4 M4 11 (0.550) snow/ice detection

0.645 1 M5 3(0.650) land surface cloud detection

0.859 2 M7 4(0.865) water surface cloud detection
1.24 5 M8 not use turbid water clear sky detection
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1.375 26 M9 1.38(19) transmissive cirrus cloud detection

1.64 6 M10 6 snow/ice detection, water surface cloud
detection

2.13 7 Ml11 7 snow/ice detection, water surface cloud
detection

3.75 20 M12 20(3.8) land and water surface cloud detection

3.96 21 not used not used land and water surface cloud detection

8.55 29 M14 23 water surface ice cloud detection

11.03 31 M15 24(10.8) night land and water surface cloud detection

12.02 32 M16 25(12.0) transmissive cirrus cloud detection

Appendix B: Collocation method

In this study, we used the official L2 cloud mask and the monthly L3 cloud fraction in the cloud properties package from
each passive sensor. As noted before, MODIS, MERSI-II, and VIIRS have inherent similarity in their instrument configuration,
which continued in the retrieval algorithm and product design.

ACDL profiles contain the attenuated backscatter coefficients in the parallel channel, perpendicular channel, and
molecular channel. In the pre-processing, 2 vertical bins in each profile and 15 profiles along the track were averaged to
improve SNR, resulting in vertical resolution of 48 m and along-track resolution of 5 km. Atmospheric profiles obtained from
the ERAS model were used to calculate the atmospheric molecular number density, deriving the backscattering and extinction
profiles of atmospheric molecules, serving as inputs for the layer identification algorithm. Backscatter coefficient ratio (R,)
was then calculated as the relative magnitude between particle and molecular signals.

The active and passive sensors used in this study were launched onboard separate platforms, which required time and
spatial thresholds to match high-quality collocated pixels. A temporal threshold of 10 min and a spatial threshold of 1 km were
employed as the collocation criteria to ensure proximity. For a passive sensor, the time of each granule is measured for every
pixel, while for ACDL, a timestamp is recorded for each profile. Distances between collocation points were calculated using

the Haversine formula,

d=2r- arcsin\/(sin2 (@) + cos ¢1 - cos ¢p2 - sin? (M;M )) , (B1)

where d is the spatial distance, A1 and A2 are the longitude, ¢p1, and ¢2 are the latitude of the lidar footprint and image pixels,
respectively, and 7 represents the Earth's radius.

Each lidar cloud profile is derived from 15 consecutive measurements spaced 333 m apart along the track, spanning
approximately 5 km. Spatial collocation was achieved by first identifying the closest 1x1 km MODIS or MERSI-II pixel to

each lidar footprint, followed by incorporating +2 adjacent pixels along the track direction to form a 1x5 km coverage area
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(Fig. B1). For VIIRS, with its nominal pixel resolution of 0.75%0.75 km, the process included £3 pixels along the track relative
to the central matched pixel, resulting in a total of 7 pixels to approximate the same 5 km extent. The uniformity among these
adjacent pixels served as a key quality control criterion. Accordingly, our analysis was performed both with and without
collocation pairs exhibiting heterogeneous cloud masks, while also investigating potential factors contributing to observed

discrepancies.

1x1 km Pixel

> Lidar footpript

5 km
cloud
profile

Figure B1:Demonstration of collocation between image pixels and lidar cloud profile.
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