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Abstract.

The BarthCARE satellite mission will provide new insights into aerosol-cloud and radiation interactions by means of syn-
ergistic ohservations of the Eanh's atmosphere from a eollection of sctive amd passive remote sensing instruments, fying oma
single satellite platform. The Multi-Spectral Imager (MSI will provide visible and infrared images in the cross-track direction
with & 150 km swath and a pixel sampling at 500 m. The swite of MSI eloud algorithms sall deliver cload macro- and micro-
phiysical propenties complementary 1o the vertical profiles measwred from the ATmospherie LIDar (ATLID) and the Clowd
Profling Radar (CPR) instruments. This paper will provide an overview of the MSI cloud mask algosithm {b-CM) being
developed to derive cloud Aag, cloud phase and cloud tvpe products, which are essential parameters for the clowd oprical and
phiysical properties (M-COF) as well as for the aerosel optical properties (M-AOT). The MSI cloud mask algorithm las been
apglied te simulated test data from the EanthCARE end-to-end simulator and Level-1 data from Moderate Resolution Imaging
Spectroradiometer (MODIS) as well ag Spinning Enhanced Wigible Infra-Red Imager (SEVIRD). Verification of the M51 clowd
mask algosithm o the simulated input data and the official cloud products from SEVIR] and MODIS demonstrates a good
performance of the algogithm. The MST cloud detection performance show for thin cirmas over bright surfaces like desert or

sivow @ discrepancy of detecting the clouds. This will be improved by threshold tning once real observations are available.

1 Introduction

Clouds cover about T0 % of our Banh's surface and play an important rele in the global radiation and energy budgets. The
influence of clouds on radiative Auxes exhibits a complex dependency on cloud type. phase, gerometric height as well as their
optical and microphysical properties, potentially inrodecing significant radiative feedbacks in response to climate change. The
IPOC Sixth Assessiment Beport sumimarizes the current state of knowledge, concluding that clouds are expected to amplify
global warming as a result of an increase in high-level clouds, and a reduction in low-level cloads {IPCC 2021, in press). The
report provides a best estimate of the net clowd feedback. having a positive value of 0.42 W m™* . While the uncentainty related
to eloud feedbacks has been halved compared o the previous Gfth assessment report, the response of clouds to a warming Barth

remaing one of the biggest challenges in our understanding of the climate system.
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Ahstract.

The EarthCARE satellite mission will provide new insights into aerosol-cloud and radiation interactions by means of syn-
ergistic observations of the Earth’s atmosphere from a eollection of active and passive remote sensing instruments, fying on a
single sarellite platform. The Muli-Spectral Imager (MST) will provide visible and infrared images in the cross-track direction
with a 150 ki swath amd a pixel sampling at 500 m. The suite of MSI cloud algonthms will deliver cloud macro- and micro-
physical properties complementary o the vertical profiles measured from the ATmospherie LIDar (ATLID) and the Clowd
Profiling Radar (CPR) instruments. The MEI cloud mask algorithm (M-CM) provides a cloud Aag, clowd phase and cloud type
product which are essential parameters for the cloud optical and physical properties (M-COP) as well as for the serosol optical
properties (M-A0T). Synthetic test scenes from the BEanhCARE end-to-end simulator provide a Aest overview of the expected
performance of the M-CM products before launch. Validation of the MSI chosd mask algorithm against satellite producrs from
MSG SEVIRI and MODIS demonstrates a good performance of the algorthm. The MSI cloud detection performance is sot
completely aligned with that from MODIS, which is hewever not surprising when congidering the eather limdted mumbser of
speciral chanmels of MS1 in comparizon to MODIS, The direct comparizon to MODIS shows that some threshold tuning showld
be done especially over desert or sun glint regions once real observations are available. However the MSI bands are less affected

by sun glint becawse of the asymmetric view of the imager.

1 Imteosduction

Clouds cover about 70 % of owr Eanth's swrface and play an important role in the global radiation and energy budgets. The
influence of clouds on radiative Auxes exhibits a comples dependency on cloud type. phase, geometric beight as well as their
aptical and microphysical properties, potentially introducing significam radiative feedbacks in response to climate change. The
IPCC Sixth Assessment Report summarizes the corrent state of knowledge, concluding thar clouds are expected 1o amiplify
global warming as a result of an inceease in high-level clouds, and a reduction in low-level clouds (IPCC 2021, in press). The
report provides a best estimate of the net clowd feedback, having a positive value of 0042 W m— 2. While the uncenainty related
tovcloud feedbacks has been halved compared to the previous Afth assessment report, the reaponse of clouds to a warming Earth

remains one of the biggest challenges in our understanding of the climate system.
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The determination of cloud, atmospheric and surface properies from multi-spectral satellite imagery relies on the accurate
discrimination of cloudy and cloud-free pixels. This discrimination is typically done by a cloud mask algorithm as the first step
in a processing chain of satellite imagery. Small erroes in the clowd mask can lead 1o large uncertainties, missepresentations
and misinterpretations in subseguently derived products. Many different cloud detection technigues have been developed in
e past. These technigues are mostly based on twie general assumptions, namely that clowds appear brighter in solar channels
due o the strong reflection of sunlight, and colder in infrared channels relative w clood-free surfaces, due o the decrease of
atrmosplyeric temperature with height. In additien, disceimination of clouds from clowd-free regions is commonly based on a
variety of spectral features, spatial structure measures, of temporal charscteristics in time series, because clowds are often mone
variable than the underlving surface (Saunders and Kriebel, 1988).

Operational elowd mask algorithms generally combine a variety of individual tests by means of a decision wee, as no single
test is able to achieve a suffickent accuracy for the diversity of clouds and atmospheric conditions encountered globally (e.z.
Sawmders and Kriehel, 19881, An alternative is the use of fuzey-logic based or Bayesian schemes o combine tests o yield a
confidence value or probability for the classification (e.g. Ackerman et al, 1998, Hollstein et al.. 2005). More recently, comvo-
letional newral nevworks have been applied to discriminate between different land surfaces, ocean, clowds amd clowd shadows
(Mateo-Garcia et al, 2007 Li et al,, 2019, Hughes and Kennedy, 20091 Such cloud masking approaches are often applied 1o
high-resolution satellite images (e.g. Landsat, Sentinel-2). and require large training datasets. In practice. these training datasets
have o be crested manually, and the significamt effort required for establishing high-guality treaining datasets and validating
their performance has so far ot led to operational application in global-scale long-term cloud climate data records, Rossow
and Garder { 1993) classify the differemt tests wsed in cloud mask algorithms into radiance theeshold tests, spatial variance tests,
ternpora] varance tests and tests wsing independent datasets to estimate clear-sky radiances. The performance of these tests
strongly depends on the satellite sensor specifications inclading spatial, spectral and temporal resolation.

The International Satellite Cloud Climatelogy Project (ISCCP, Schiffer and Fossow, 1983) was the earliest effort wo provide
a compechensive global cloud climatology from multi-spectral meteorological saellite imagers. s cloud detection algorithim
i described in Rossow and Garder (1993, and is based on a combination of static and dynamic threshold tests for one window
channel in the visible and one window channel in the thermal infrared wavelength range. This choice was made based on the
limited availahility of channels from early geostationary satellites, specifically the Meteosat, GMS (Geostationary Meteoro-
logical Satellite p and GOES (Geostationary Operational Enwvironmental Satellite) series.

Based on the Advanced Very High Resolution Radiometer (AVHRER) Aown on MOAA's polar-orbiting satellites since the
early 1980°s, the APOLLO (AVHRR processing scheme over clouds, land, and ocean) cloud detection scheme used both static
and dynamic threshold tests. The availability of additional spectral channels was wsed in particular o improve night-time clowd
detection performance. Dyvnamic thresholds were derived from a histegram-based scene analysis (Saunders and Kricbel, 1988:
Strabala et al., 1994).

A mew mdlestone in instrumental capabilities was reached by the MODerate-resolution Imaging Spectrometer (MODIS )
imstrument, providing observations in 36 speciral channels from NASA's Earth Observing System satellives Terra and Aqua
laupched in 1999 and 2002, respectively. The operational cloud mask product for MODIS considers the specteal information

The determination of cloud, atmosphenic and surface propenties from multi-spectral satellite imagery relies on the accurate
discrimination of cloudy and cloud-free pixels. This discrimination is typically done by a cloud mask algorithm as the fest step
in a processing chain of satellite imagery. Small erroes in the clowd mask can lead to large uncertainties, misrepresentations
and misinterpretations in subseguently derived products. Many different cloud detection technigues have been developed in
the past. These technigues are mostly based on twe general assurnptions, namely that clowds appear brighter in solar channels
due o the strong reflection of sunlight, and colder in infrared channels relative w cload-free sufaces, due o the decrease of
atrnspleeric emperature with beight. In addition, diserimination of clouds from clowd-free regions is commoenly based on a
variety of spectral features, spatial structure measures, or temporal charscteristics in e series, becanse clouds are often more
variable than the underlving surface {Saunders and Krichel, 1985).

Operational cloud mask algorithms generally combine a variety of individual tests by means of a a decision tree, as no single
test is able o achieve a sufficient accuracy for the diversity of clouds and atmospheric conditions encountered globally (e.g.
Saumders and Kriebel, 1988). An alernative is the use of fuzey-logic based or Bayesian schemes to combine tests wo yield &
confidence value or probability for the classification (e.g. Ackerman et al, 1998; Hollsein et al.. 2005). More recently, comvo-
luticmal peural nerworks have been applied to discriminate between different land surfaces, ocean, clowds and clowd shadows
(Mateo-Gaseda et al_, 2007 Liet al., 2019 Hoghes and Kennedy, 2009 Such cloud masking approaches are often apglied 1o
high-resolution satellite images (2.2, Landsat. Sentinel-2). and require large training datasets, In practice. these training datasets
have 1o be created manually, and the significam effor required for establishing high-quality raining datasets and validating
their performance has so far mot led w0 operational application in global-scale long-term cloud climate data records. Rossow
and Garder { 1993 classify the different tests wsed in cloud mask algorithms into radiance threshold vests, spatial varance tests,
ternpaoral variance tests and tests wsing independent datasets to estimate clear-sky radiances. The performance of these tests
strongly depends on the satellite sensor specifications including spatial, spectral and terporal resolution.

The International Satellite Cloud Climatelogy Project (ISCCP, Schiffer and Fossow, 1983) was the earliest effor wo provide
a comprehensive global cloud climatology from multi-speciral meteoralogical satellite imagers. Its clowd detection algorithin
is deseribed in Rossow and Gasder {1993, and is based on a combination of statie and dynamic threshold tests for one window
chanmel in the visible and one window channel in the thermal infrared wavelength sange. This choice was made based on the
limited availability of channels from early geostationary satellites, specifically the Meteosat, GMS (Geostationary Meteoro-
logical Satellite j and GOES {Geostationary Operational Environmental Satellite) series.

Based on the Advanced Very High Resolution Radiometer (AVHRR) Aown on NOAA's polar-orbiting satellites since the
carly 19807, the APOLLO (AVHRR processing scheme over clouds, land, and ocean) cloud detection scheme used both static
and dynamic threshold tests. The availabiliy of additional speciral chanmels was wsed in particular to improve night-time clowd
detection performance. Dynamic thresholds were derived from a histogram-based scene analysis (Saunders and Kricbel, 1988:
Strabala et al., 1994).

A pew milestone in instrumental capabilities was reached by the MODerate-resolution Imaging Spectrometer ({MODIS)
instrument, providing observations in 3% special channels from NASA's Earth Observing System satellives Terra amd Aqua
launched in 1999 and 2002 respectively. The operational cloud mask product for MODIS considers the speciral information
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from 19 of these channels {Ackerman et al., 2002 Platnick et al, 2003). While several spectral tests are similar o those used
by the APOLLO and [SCCP clowd detection schemes, the availability of channels in water vapor and C02 absorption bands
enabled an improved clowd detection in paticular for thin high-level clowds and for polar night conditions (e.g. Liv et al.. 2004
Makajima et al., 200 1y

EarthCARE. the Earth Clowds Avrosols and Radiation Explorer. is a joint European and Japanese mission and pant of ESA's
Living Planet Program {[lingworth en al.. 20015 Wehr et al, 2022). The mission objective is to improve our understanding
of cloud-aerosol-radistion intersctions, and the role of serosols and cloads in the Earth radiation budget. While observa-
tien of clouds have gradually improved over the past decades. the launch of the EarthCARE satellite is expected to brang a
breakthrough by means of its novel observational capabilities. To achieve the mission objective, accurate amd simultaneous
measurensents of microphysical and optical properties of aerosel and clowds wgether with solar and infrared radiation fluxes
are crucial. BarthCARE will offer the unique opporiunity to collect these observations ar global scale due to s polar orbit.
The satellite will carry an exceptional collection of active and passive remote sensing instruments, Aying on a single satellite
platform in an orbit at an altitede of 393 ki, The instruments include the ATmospheric L1Dar (ATLIDY, the Clowd Profiling
Radar (CPR), the Multi- Spectral Imager (MS1) and the BroadBamd Radiometer (BBR).

This manuscript describes the algorithm wsed o produce the cloud fag, type and phase prodects based alone on MSI
observations. The approaches selected for BarthCARE's MEI cloud mask (M-CM) products relies on the research on and
experience with cloud masking appeoaches during the past 40 years sinee the stant of the satellite era. [texploits the full spectral
information content of the MST instrament, and also inclodes a histogram-based scene analysis. It i3, however important 1o
realize that its performance s also determined by the selection of 4 solar and 3 infrared channels for MS1 having central
wavelengths of §70nrn (VIS 865 nm (NIR). 1630 nm (SWIR- 1y, 22100 { SWIR-2), 8.8 pon (TIR-1), 1008 pon (TIR-2), and
L2 pen {TIR-3). Given this specification, M5 s capabilities and sensitivity is more similar o that of AVHRER than of MODIS.
In particular, no channels within absorption bands of atmospheric gases are available. Refectances in the solar channels ane
weed 1o detect clouds by means of a visible reflectance west and a reflectance ratio west. The visible reflectance test assumes that
the reflectance of clowds exceeds the reflectance of cloud-free surfaces, with the exception of highly reflective surfaces. The
reflectance ratio test compares the ratio of the reflectances of two shostwave channels to thresholds. Complementing the solar
channel tests, a brightvess temperature test uses information from the thermal infraved {TIR) channels to detect clouds based
on the assumpiion that the brightiess temperature of clowds is significantly lower than the brightiess temperature of clowd-free
pisels.

The estimation of the expected difference in cloud-free brightvess temperatures for the three infrared channels is an important
aspect for the sccuracy of cloud detection. This difference depend on differences in atmospleric absorption (water vapory and
surface emissivity. Therefore, scene-dependent look-up tables or online radiative transfer simulations have o be elaborated 1o
determine suitable thresholds. Al tests yield a probability that a pixel is cloud-free. Some of the individual 1esis are however
miot independent from each other, becawse they rely on similar channels and principles. Hence, the resulting probabilities of
those tests are combined.

from 19 of these channels (Ackerman et al., 2002 Plamick et al_, 2003). Whilz several spectral tes1s are similar to those used
by the APOLLO and ISCCP clowud detection schemes, the availability of channels in water vapor and C02 absorption bands
enabled an improved clowd detection in particular for thin high-level chowds and For polar night conditions (e.g. Liv et al., 2004
Makajima et al., 200 1).

EarthC ARE. the Eanth Clowds Aerosols and Radiation Exploser. is a joint European and JTapanese mission and pant of ESA's
Living Planet Program {Illingworth et al., 20015 Webr et al., 2022, The mission objective is w improve our understanding
aof cloud-agrosel-radistion imersctions, and the role of serosols and clouds in the Earth radiation budget. While observa-
tion of clouds have gradually improved over the past decades. the launch of the EarthCARE satellite is expected to bring a
breakthrough by means of its movel observational capabilities. To achieve the mission objective, accorate and simultansous
measurements of microphysical and optical propenties of aerosol and clowds together with solar and infraved radiation fuxes
are crucial. BarthCARE will offer the unigue opponunity to collect these observations at global scale due o s polar ogbir.
The satellive will carry an exceptional collection of active and pasaive remote sensing instruments, Aying on a single savellite
platform in an orbit at an altinde of 393 kin, The instruments include the ATmospheric L1Dar {ATLIDY, the Clowd Profiling
Radar (CPR), the Multi- Specteal Imnager (MS1) and the BroadBand Radiomerer (BBR).

This manuscript describes the algorithm wwed o produce the cloud fag, tvpe and phase products based alone on MSI
abservations. The approaches selected for BarthCARE's MSI cloud mask (M-CM) products relies on the research on and
experience with cloud masking approaches during the past 40 years since the start of the satellive era. It exploits the full
spectral information content of the ML instrument, and also includes a histogram-based scene analysis, It is however important
1o realize that its performance is also determined by the selection of 4 solar and 3 infrared channels for MSL having central
wavelengths of §70 nra (VIS), 863 nm (NIR). 1630 nem (SWIR-1), 2210 we (SWIR-2), 8.8 pon (TIR-1), 1008 pon (TIR-2), and
L2.0 pen (TIR-3 ). Given this specification, MEI's capabilities and sensitivity is more similar 1o that of AVHRER than of MODIS.
In particular, no channels within absorption bands of amospheric gases are available. Reflectances in the solar channels are
wsed 1o detect clouds by means of a visible refectance test and a reflectance ratio test. The visible reflectance test assumes that
the reflectance of clowds exceeds the reflectance of cloud-free surfaces, with the exception of highly reflective surfaces. The
reflectance ratio test compares the ratio of the reflectances of two shomtwave channels to theesholds. Complementing the solar
chanmel tests, a brightess temperature test uses information frem the thermal infraved (TIR) channels to detect clouds based
on the assumption that the brightness iemperature of clowds is significantly lower than the braghtiess iemperature of clowd-free
pixels.

The estimation of the expected difference in cloud-free brightiess emperatures for the three infrared channels is an important
aspect for the sccuracy of cloud detection. This difference depend on differences in atmospheric absorption (water vapor) and
swrface emissivity. Therefore, scene-dependent look-up tables or online radiative transfer simulations have to be elaborated 1o
determine suitable thresholds. All tests yvield a probability that a pixel is cloud-free. Some of the individual 113 are however
mol independent from each other, because they rely on similar channels and principles. Hence, the resulting probabilities of
thase tests are combined.
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For every 300 m resolution pixel of the 150 kim-wide MEL swath, the M-CM products provide a classification whether it is
cloud-covered or cloud-free as final output. Additimsally, for the cloudy pixels, the cloud type and cloud phase of the uppermost

85 cloud layer will be reported.
This paper is strectured as follows. Section 2 deseribes the algonthims for deriving the operatiomal Level 2 M-CM products.

which comprise a binary cloud flag, clowd phase, cloud type and confidence statistics. The verification of the algorithm using
MODIS and MSG SEVIRI scenes as well as synthetic test data from the EarthCARE End-to-End sirvulator (Donovan et al..

M2 s provided in section 3. Comprehensive comparisons between the operational M-CM product and the synthetic test
100 felds are presented in the appendix. The data processing chain including the role of M-CM is explained in more detail in

Eisinger et al. (3022,

2 M-CM algorithm deseription
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Figure L. Schemiatic of the main components of the M-CM algorithm.

The MS1 clowd product processor (M-CLDY) peovides algorithms for caleulation of the cloud Aag, cloud phase, cloud type,
cloud ogrical depth, cloud panticle size, cloud water path and clowd top emperaturefpressuretheight. The processor consists

For every 500 m resolution pixel of the 150 kim-wide MSI swath, the M-CM products provide a classification whether it is
85 cloud-covernsd or cloud-free as final cutput. Additionally, for the cloudy pixels, the cloud tepe and cloud phase of the uppermost
cloud layer will be reported.

This paper is strectured o follows. Section 2 describes the algorthims for deriving the operational Level 2 M-CM products.
which comprise a binary clowd flag, clowd phase, cloud type and confidence statistics. The verification of the algorithm using
MODIS and MSG SEVIRI scenes as well as synthetie test data from the EarthCARE End-to-End simulator (Donovan et al.,
M2 s provided in section 3. Comprehensive comparisons berween the operational M-CM product and the synthetic test
felds are presented in the appendix. The data processing chain including the role of M-CM is explaned in more detail in

Eisinger et al. {2022
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Figure L Schematic of the main components of the M-CM algorithm.

The M&I clowd product processor (M-CLD) provides algorithms for caleulation of the cloud Aag, cloud phase, cloud type,
105 cloud optical depth, cloud particle size, cloud water path and clowd top temperaturs/pressureheight. The processer consists
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115

af two main parts, which are sequentially processed. First is the cloud mask (M-CM) which is mandatory for the other elowd
optical and physical propenies (M-CO0P). The present manuscript describes the clowd mask processor (M-CM), which is
schematically shown in Fig. 1.
The algornthim starts with the calculation of the reflectances at the top of the atmosphere in the shortwave channels. The
reflectances {p; b of each channel { are obained from the measured radiance (L) and the solar ireadiance By as
L (0, &, d)
Eyeos(fiy )

with the sun zenith angle 8. the viewing zeoith angle @ and the relative azimuth angle o,

il @)= b= 0L, LR, LG, 2.2 i1y

An important input for the algorithm is the day/night flag. Day time condition is considered for a cemain pixel of the sun

zemith angle f < 807 Additienally, the sun glint angle &, is calculated over ocean as

gl ] = sin(f) « sin(fo) « cosid) + cos(@) & cos{fa) 12}
If @ = 367, the pixel is flagged as sun gling provided in the surface Aag.

21 M-CF: Binary dond fag

The algorithm derives a cloud mask by applying individual threshold tests 1w brightess termperatures and reflectances of
individual channels. The threshold tests and tse way how results are combined are adopted from the MODIS cloud mask
algorithin (Ackerman et al, 202 The thresholds rely on the assumption that spectral signatures of clowd-free pixels amd
pixels covered by different cloud types differ. As the thresholds varving globally only the upper (cloady) and lower (cloud-
free) limits of the thresholds are defived and a linear function is vsed to determine the probability how close the observation is
v thee limits. Further the probability of being cloud-free from the applied tests is combined o an overall probability which may
provide in combination with the number of applied tests a measure of the confidencs of the result. From the overall probability a
binary clowd mask indicating if a pixel is cloudy or not is derived with four levels of confidence: clear, probably clear, probably
cloudy and cloudy.

1.1 Visible reflection tests

The visible reflectance st compares the reflectance in the 0,67 pm chanmel or the reflectance in the 08635 g channel with
surfsce dependent thresholds (Fig. 20 I the reflectance exceeds the wpper threshold pixels are assumed to be very likely cloudy.
Pixels with reflectances below the bower threshold are with high confidence cloud-free. The pixels in-between are classified by
calculating probability functions, as described in section 2,13,

The wpper and the lower thresholds differ for land, desert, ocean pixels outside the sun glint region and ocean pixels in
the sun glint region (Fig. 2. Whereas the thresholds are fixed for the first three classes, they depend on the sun glint angle
in the sun glint region. Over land the test applies the reflectance in the 0.67 gm-channel, while over desert the reflectance in
the 0865 pm-channe] s vsed. Ocean pixels bocated owtside the sun gling region are classified by using the reflectance in the
0.865 pm-channel. Ocean pixels affected by sun glint also apply thresholds based on the 0,865 pm-chansel, but the thresholds

110

115

af two main parts, which are sequentially processed. First is the cloud mask (M-CM) which is mandatory for the other clowd
optical and physical propenies (M-CO0P). The peesent manuscript deseribes the clowd mask processor (M-CM), which is
schematically shown in Fig. 1.

The algornthm starts with the calculation of the reflectances at the op of the atmoesphere in the shortwave channels. The

reflectances {p, ) of each channel § are obained from the measured sadiance (L) and the solar irradiance By as

x L (B500w) |
TAEe R | 06,0.8.1.6,2.2 1
Focoalgo) : th

with the sun zenith angle Sy, the viewing 2enith angle & and the relative azimuoth angle .

pil B0, B.2) =

An important input for the algorithm i the dayinight flag. Day time condition is considered for a cemain pixel of the sun
zenith angle By < 207, Additionally, the sun gling angle 6, is calculated over ocean as

cos(H, ] = sin(B) = sn(Bo) £ cos(B) + cos(B) +eos(Ba) 2)
If &, = 36°, the pixel is lagged as sun gling provided in the surface Aag.

X1 M-CF: Binary clond flag

The algosithm derives a cloud mask by applying individual threshold tests 1o brightress temperatures and reflectances of
individual ehannels. The threshold tests and the way bow results are combined are adopted from the MODIS cloud mask
algorithm (Ackerman et al., 2002). The thresholds rely on the assumption that spectral signatures of clowd-free pioels and

pixels covered by different cloud types differ. Ca wtly, each threshold test is dedicated 1o a centain cloud type. Because it

meakes na sense o apply a strict classification where a pixel is assumed to be cloudy if the et score exceeds a cemain threshold
and to classify it as clowd-free if the value is bower than the threshold, there is a probability for each pixel of being clowd-free
derived.

The probability of being cloud-free from the applied tests is combined to an overall probability which may provide in
combimation with the number of applied tests a measure of the confidence of the result. From the overall probability a binary

cloud mask indicating if a pixel is cloudy or not is derived.

211 Visible reflection tests

The visible refectance test compares the reflectance in the 067 pm chanel or the reflectance in the 08635 g channel with
surface dependent thresholds (Fig. 21016 the reflectance exceeds the wpper threshold pixels are assumed to be very likely clowdy.
Pixels with reflectances below the bower threshold are with high confidence cloud-free. The pixels in-between are classified by
calculating probability functions, as described in section 2,13,

The upper and the lower thresholds differ for Jand, desen. ocean pixels outside the sun glint region and ocean pixels in
the sun glint region (Fig. 2. Whereas the thresholds are fised for the first three classes, they depend on the sun gling angle
inthe sun glint region. Over land the test applies the reflectance in the 067 gom-channel, while over desert the reflectance in

the 0865 pmi-channe] 15 used. Ocean pixels located owside the sun gling region are clagsified by using the reflectanee in the




DiffPDF « /home/hengst/Downloads/M_CM.pdf vs. /home/hengst/Downloads/M_CM_version2.pdf « 2023-03-20

150

Figure X, Fhvw chart of visible reflactance test.

are caleulated dependemt on the sun gling angle (see Bg. 21, The lower and upper thresholds of the 00863 pm-tests depend on
predefined limits of sun gling angles between 0°-107, 10°-20 and 20°-36" {Fig. 2).

212 Reflectance ratho test

The reflectance ratio test is applied to daytime pixels over oceans and land surfaces with low reflectivities. Therefore, the land
pixels are classified in surfaces with high refectivity like desert, polar and semi-and region and low reflectivity.

Owver ocean the reflectance ratio test can be applied as well in the sun glint region. The test score is the ratio of the reflectance
in the 0865 pmi-channel and the reflectance in the 0067 gm-chanel. IF the test score is smaller than the lower theeshold the
pixel is high confidentially cloud-free. A test scose larger than the upper threshold labels te pixel as high confidential cloudy.
For pixels with valuees in-between, the confidence level is calculated in a linear way. Upper and Lower thresholds are defined
for ocean pixels outside and inside the sun gling region, respectively.

For land pixel indicated by the application mask as appropriate, the test score is a modified GEMI {Global Enviconmental
Maonitoring Index) first described by Pinty and Werstesete (1992 Tt is calenlated as

— 0125
m_gemi =il — 0.25-n) — 'ﬂh“'—: Q)
1— e
with
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Figure 1. Fhvw chart of visible reflectance test.

0865 per-channel. Ocean pixels affected by sun glint also apply thresholds based on the 0,865 pom-channel, but the thresholds
are calculated dependent on the sun glint angle. The lower and upper thresholds of the 0865 wm-tests depend on predefned
limits of swy glint angles bevween 0F- 10, 10F=20F and H°-367 (Fig. 21

212 Reflectance rathe test

The reflectance ratio test is applied v daytime pixels over oceans and land surfaces with low reflectivities. Therefore, the land
pixels are elassified in surfaces with high reflectivity like desert, polar and semi-arid region and bow reflectivity.

Ower ocean the reflectance ratio test can be applicd as well in the sun glint pegion. The test score is the ratio of the reflectance
in the 0865 pm-channel and the reflectance in the 067 gom-chanmel. IF the test score is smaller than the lower threshald the
pixel is high confidentially cloud-free. A test seore larger than the upper threshold labels the pisel as high confidential clowdy.
For pixels with valees in-between, the confidence level is calculsted in a linear way. Upper and lower thresholds are defined
for ocean pixels outside and inside the sun gling region, respectively.

For land pixel indicated by the application mask as appropriate, the test seore is a modified GEMI {Global Envisonmental
Maonitoring Index) first described by Pinty and Verstraere (1992). It is caleulated as

: e - 100 — 0.125
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If wnn_gemnd is greater than @ gemioe., the pixel is high confidentially clear and if wm_gemi is lower than o gemigo,, the
pixel is assumed 1o be high confidentially clowdy. If values in-between appear, then confidence level of being clear is caleulated

by a linear approach.
213 Brightness temperaiure tests

We e twe different approaches for the brightisess emperature tests, one using simple thresholds and the other one applying
brightness temperature differences berween different infrared channels for the separation between cloudy and chowd free pixels.
The first simple threshold st is applied on the 1085 pem-channe] for all surface tvpes during night-time.
The pixels identified as cloudy if

Tios < TJU.H_n &1

where the clear sky brightness temperature, Ty 4 ., at top of the atmosphere, is calculated with the IR radiative wansfer
madel (RTTOV, (Saunders et al., 19990} on the grid of the auxiliary meteorological (X-MET) data and then interpolated o the
geolocation and measurement time of the MESI pixel. The X-MET dataset provides additional meteorological model paramerters
required for the processing (Eisinger et al., 2022).

The details about the RTTOV forward simulation is described in Hunerbein et al. (2022 If Ty 5 is larger than Ty, ¢, the
pixel is assumed to be cloudy.

The probability of being cloud-free is calculated by assuming a linear probability function.

The tri-spectral window brighiness emperature difference test (at 8.8 poy, ot JGE pm-and at 120 pm) is only applied 1o
water surfaces during day time, The brightness temperatures at 10,8 gom o and at 1220 pm are used 1o detect thin cirrus chowds
and cloud edges, which are characterized by a higher brightness emperature difference (108 pm - 1220 gom) than cload free
surface. The pixel is detected as cloudy if:

TI-:|.|| o TI.2 [ Tdafr.'l_n. [ﬁ’

where Ty ¢y s caboulaied with RTTOV for each pixel for clear sky conditions.

By use of the temperature differences on 8.8 e - LOUE jem thin cimus clouds over all surface conditions can be detected. In
addition o equation & if the difference is relatively high cormpared to the elear sky condition then the pixel is classify as clowdy
it

Ter —Ting = Tifries (7

The probability of being cloud-free is caleulated by assuming a linear probability function. The same applies for the tri-spectral
brightisess temperature difference test. Funther investigation is needed 1o define the base threshold, which is srongly dependent

on surface and water vapor.

160

185

If a_gemi is greater than o gemise,, the pixel is high confidemially clear and if wm_gemi is lower than o gemigea,, the
pixel is assumed o be high confidentially clowdy. If values in-between appear, then confidence bevel of being clear is caleulated

by a limear approach.
213 Brightness temperaiure tests

We wse two different approaches for the brightiess temperature tests, one using simple threshobds and the other one apglving
brightiess emperature differences berween different infrared channels for the separation between eloudy and clowd free pixels.
The fiest simple threshold test is applied on the 1085 pem-chanme] for all surface tvpes during night-time.

The pixels identified as cloudy if
Tis = TJU.:c_u (&)

where the clear sky brightness temperature, T 5 . at top of the amosphere, is calculated with the IR radiative ransfer
madel (RTTOW, (Saunders et al., 1999} on the grid of the auxiliary meteorological (X-MET) data and then interpolated o the
geolocation and measurement tinse of the M1 pixel. The X-MET dataset provides additional meteorological model pararseters
required for the processing (Eisinger et al., 2022,

The details about the RTTOY forward simulation is described in Hunerbein et al, (2022, If Ty 5 is larger than Ty, o, the
pixel is assumed o be cloudy.

The probability of being cloud-free is calculated by assuming a linear probability function.

The tri-spectral window brightness emperature difference test (at 8.8 pon, at 10L& pmand at 120 pm) is only applied e
water surfaces during dav time. The brightsess temperatures at 1008 gom and at 1220 pm are used o detect thin cirrus clowds
and cloud edges, which are charscterized by a higher brightness temperature difference (1008 pm - 120 gm) than cloud free
surface. The pixel is detected as cloudy if:

TI(I.H iy TL2 [ T.ﬁfr]_:. [6’

where Ty, ¢ py ., b8 calenlated with RTTOV for each pixel for clear sky conditions.

By use of the temperature differences on 8.8 e - D08 e thin cimus clouds over all surface conditions can be detected. In
addition te equation & if the difference is relatively high compared to the elear sky condition then the pixel is classify as cloudy
if:

Ton—Tuns = Ttifraes ]

The probability of being cloud-free is caboulated by assuming a linear probability function. The same applies for the tri-speciral
brightivess temperature difference test that fusther investigation is needed 1o define the base theeshold, which are strongly

dependent on surface and water vapor.
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Figure 3. Four groups of cloud esis o make clovdy confidences.

214 Estimation of confidence level

The resulis of all tests ane combined ina two-step procedure for determination of the confidence level (Fig. 3). In the first step
the overall probability for each pixel from the teses applying reflectances is derived because these tests are not independent.
This is accomplished by Anding the minimwm probabality €, of being cloudy in both tests, In the next step the probability from
e brightness temperature test and the imermediate result from the reflectance tests are combined by calculation of the squarne
root of the multiplied values if multiple valid test resulis are available:

I I
Q= QHG' i)
i=l
Otherwise the Anal result consisig of the valid test result or 15 wsdefined. The sguare root of the multplied probabalities of
a pixel being clear enswres that the overall result does nodt tend 1o cloudy pixels as it would be the case if results where solely

mltiplied. This approach is considered clear-sky conservative.
22 M-Crype: Clowd types

The algorithm applies a Maximum-Likelihood-Classifer to reflectances and brightness iemperatures at WIS, 8WIR-2 and TIR-
2
Before the algorithm assigns a specific cloud type for a cemain pixel, the dataset needs to be trained 1o acquire statistics for

prodefined cloud classes, This procedure is deseribed in the following section.

Hight
Figure . Four growps of cloud ests o make cloudy confidences.

214 Estimation of confidence level

The resulis of all tesis are combined in a two-step procedure for determination of the confidence level (Fig. 3). In the first step
the overall probability for each pixel from the s applying reflectances is derived because these tests are nod independent.
This is accomplished by Anding the minimum probabality 07, of being cloudy in both teses, I the next step the probability from
the brightness temperature test asd the imermediate result from the reflectance tests are combised by calculation of tee square
rood of the multiplied valoes if multiple valid test resulis are available:

I s
Q= q]'[f?, (#)
i=l
Otherwise the final pesult consists of the valid test result or is wdefived. The square oot of the multiplied probabilities that
the pixel is clear ensures that the overall result does pot tend to cloudy pixels as it would be the case if results where solely

multiplied. This approach is considered clear-sky conservative.
12 M-Ciype: Clowd types

The algorithm applies a Maximum-Likelihood-Classifier to reflectances and brighiness iemperatures at W15, SWIR-2 and TIR-
2.
Before the algorithm assigns a specific cloud type for a certain pixel, the dataset needs to be trabsed 1o acquire statistics for

predefined cloud classes, This procedure is described in the following section.
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Figure 4. Observed reflectances and brightness lemperatures at VIS, SWIR-2 and TIR-2 (MODIS) for the 9 [SCCP cloud classes (cimus,

cirmostratus, deep convection, allocumulus, allodralus, nimbostratus, cumulus, stratooamulus and status) and seasonal separation.

221 Cloud type training nsing MODIS

A large number of MODIS scenes are used o leam statistics for nine predefined cloud classes (from thin to thick clouds, high.
mediwm and low clouds) and ene cloud free class, either over sea, land or desernt covers and separated into stripes of 15 degree
latitade. MWine clowd classes are categories by using the MODIS eloud top height and cloud optical thickness based on the
ISCCP cloud classification schemes (Rossow and Schiffer, 1999). From these scenes, the mean vector and covariance matris
are caleulated for all chowd classes and one cloud free class from the visible channel, the shorwave-infrared channel and the
infrared chanmel amd saved inoa look up table.

The region, season and surface are identified for each pixel. The regions are defined by circle of latitude in 157 steps.
The pixels are separated in fowr seasons (winter, spring, summer and sutumn) based on the month (Fig. 4). The surfaces are
seprarated with the land sea mask in land, water and desert pixel. The nineg ISCCP cloud classes can be clearly distinguished
berween cirmus, cirrostratus, deep convection, altocumulus, altosrates, mimbostratos, cumualus, sratecomalus and stratus, Alse
a clear shy elass is defined for the different surfsce types. regions and seasons {not shown in Fig. 4).

The statistics are then used o assign each pixel in the measured scene o a cenain class by applyving & Maximum Likelibood
Classifier. The algorithm assumes either a completely cloud covered or completely clowd-free pixel and does not take sub-pixel

clouds into secount-
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Figure 4. Observed reflectances and brightness lemperatures at VIS, SWIRE-Z and TIR-2 (MODIS) for the 9 [SOCP cloud classes (cinms,

cimmostralus, deep convecton, allooumulus, allosrabus, nimbostratus, cumulus, stratooamulus and stratus) and seasonal separation.

221 Clowod type training using MODIS

A Jarge number of MODIS scenes are used 1o leam statistics for nine predefined clowd classes (from thin to thick clowds, high,
medivm and low clouds) and ene cloud free class, either over sea, land or desen covers and separated into stripes of 15 degree
latitude, Mine clowd clagses are categories by using the MODIS clowd top height and cloud optical thickness based on the
ISCCP cloud classification schemes (Rossow and Schiffer, 1999). From these scenes, the mean vector and covariance matrix
are caleulated for all clowd classes and one cloud free class from the visible channel, the showave-infrared channel and the
infrared chanmel and saved in a look up table.

The region, season and surface are identified for each pixel. The regions are defined by circle of latitwde in 157 steps.
The pixels are separsted in four seasons (winter, spring, summer and sutomn) based on the month {Fig. 4). The surfaces are
separated with the land sea mask in land, water and desen pixel. The nine ISCCP cloud classes can be clearly distinguished
Berween cimus, cirrostais, deep convection, altocumulus, altostratus, nimbostratus, cumualus, sieatocumulus and sirams, Alse
a clear sky class is defined for the different surface types. regions and seasons {pot shown in Fig. 4).

The statistics are then used o assign each pixel in the measured scene o a cenain class by applving & Maximum Likelibood
Classifier. The algorithm assumes either a completely cloud covered or completely clowd-free pixel and does not take sub-pixel

clouds into sccount
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222 Maxinmum Likelihood classifier

The probability is computed for each MSI pixel 1w all individual classes by means of a Maximuom Likeliheod classifier. A pixel
is assigned o class § if the likelihood of class 7 is the greatest among the 9 + | classes which are selevant for the respective
surfsee. The maximom likelihood is found by

= wrgimar |:_||'[J'|rr1. Z:I:| 5

1:4‘;.1[%.'—[J'—m.]"EI_I[J'—.'rI.} 10k

Flzlm, 3.0 =

1
,'.'|-_>=;;|Zr|

with ¢ the vector of properties (reflectances and brightness ternperature ) in the considered channels, e, the mean vector of
class ¢ and 3, the covariance matrix and g the number of Maximum Likelibood classes for the respective surface.

Though also Maximum-Likelihood-Classifier exist that does nod assign a class when the maximum probability value falls
Below a cenain probability, the classifier applied here is a hard classifier assigning a class o every paxel with valid radiation
dara independent of the magnitade of the maximuom probability.

The reliability of a maximum likelihood classification sesult depends on the probability p, = fx|m;. 32 ) for the assigned
class ¢ and the probability for the next class § derived as py = fx]|ne, E.-:" The next elass s determined by mindmizing
argmin = |p; — wl] = 5.

The assignments to the niee clowd classes amd the clear shy class are determined for all pixels.
23 M-CP: Cloond phase

The discrimination of the thermodynamic phase at clowd top is based on the speciral absorption differences inice and water
clouds between the visible (067 g and the shortwave infrared (1265 pm) as well as te brighteess temperastares at 8.8, 108
and 120 pom. The cloud phase categories of the M-CP algorithin include liguid water, ice. supercooled mized-phase and clowd
overlap (e.g. multi-layer clouds). The M-CP retrieval closely follows the approsch applied o AVHRR and VIIRS (Pavolonis
et al., 2005, Pavolonis and Heddinger, 2004 ) as well as for MODIS (Swabala et al, [994).

The algorithim consists of several spectral threshold tests applied o the reflectances from the VIS, SWIR and TIR channels.
The thresholds are adapted from the coresponding AVHRR channels based on Pavolonis et al. (2005). The fine uning of these
thresholds will be done with the whole measuremsents suite of EanthCARE at nadir.

The algorithm stars with a series of threshold wests based on TIR-2, which follows the physical assumption that the clowd
top phase depends on the cloud top temperature. The liguid water category includes clouds of liguid water droplets that have a
termperature greater than 27316 K measured by TIR-2. Only non opaquee cirrus clouds can also fall in that category. To detect
semitransparent cirrus clouds over optically thick water clowds, a eloud overlap test is done. The cloud overlap detection uses
the WIS, TIR-2 and TIR-3 channels, This method is adapred from the AVHRR algorithm explained by Pavolonis and Heidinger
(2006 ). The underlving physical theory is that the VIS reflectance will not change much when having an overlapping thin

10

215

222 Maximum Likelhood classifier

The probability is computed for sach MSI pixel 1o all individual classes by means of a Maximum Likeliheod classifier. A pixel
i assigned to clags § if the likelihood of class 7 18 the greatest among the 9+ 1 classes which are relevant for the respective
surface. The maximum likelibood is found by

1 = wrgmeae |:_||'[J'|rr1. Z:I:| 8
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with = the vector of properties (reflectances and brightness ternperature ) in the considered clannels, v, the mean vector of
elass ¢ and 3, the covariance matrix and g the number of Maximum Likelilbood classes for the respective surface.

Though also Maximuwm-Likelihood-Classifier exist that does not assign a class when the maximum probabilicy value falls
below a cenain probability, the classifier applied here is a hard classifier assigning a class to every pixel with valid gadiation
dara independent of the magnitude of the maximam probability.

The relisbility of a maximum likelihood classification result depends on the probability p, = Fla|ms, 32 ) for the assigned
class ¢ and the probability for the next class § derived as py = M|, E.-:" The next class is determined by minimizing
arginin = g — ml] = 5.

The assignments to the nise clowd classes amd the clear sky class are determined for all paxels.
L3 M-CP: Cloond phase

The discrimination of the thermadynamic phase at elowd vop is based on the spectral absorption differences inice and water
clouds between the visible {0.67 pm) and the shortwave infrared (165 pm) as well as the brighteess temperatures at 8.8, 108
and 120 gem. The cloud phase categories of the M-CP algogithim include liguid water. ice. supercooled mixed-phase and chowd
averlap (e.g. multi-layer clouds). The M-CP remrieval closely follows the approsch applied o AVHRR and VITRS {Pavolonis
et al., 2005; Pavolonis and Heidinger, 2004} as well as for MODIS (Strabala et al, 1994).

The algorithm consists of several spectral threshold tests applied o the reflectances from the VIS, SWIR and TIR channels.
The thresholds are adapted from the coresponding AVHRR channels based on Pavolonis et al. {2005). The fine tuning of these
thresholds will be done with the whole measurerments suite of EanhCARE at nadir.

The algorithm stans with a series of threshold tests based on TIR-2, swhich follows the physical assumpiion the the clowd
top phase depends on the cloud top emperature. The liguid water category includes clouds of liguid water droplets that have a
ternperature greater than 27316 K measured by TIR-2. Only non opaguee cirrus clouds can also fall in that category, To detect
semitransparent cimus clouds over optically thick water elowds, a cloud overlap test is done. The cloud overlap detection uses
the VIS, TIR-2 and TIR-3 channels, This method is sdapted from the AVHRR algoeithm explained by Pavolonis and Heidinger
(200kb ). The underlving phvsical theory is that the V1S reflectance will not change much when having an overlapping thin

1n
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cirrws cloud over a thick water eloud, while the temperature difference between both clouds results in a brightness temperature
difference of the [R window channels that is larger than predicted by radiative transfer caleulations. A certain pixel is defined
as jce clowd. if the BT at 108 g < 23516 K and the overlap st fails. Supercooled mixed-phase cloud pixels are assumed
based on threshold tests with the BT at 108 jam between 23316 K and 273,16 K.

During daytime conditions, additional tests are applied using the SWIR-1 channel, which improves the detection of averlap-
ping and cirres cloads.

24 Surface flag

The surface Hag distinguishes between water, land, desert, vegetation, snow, sea ice, sun gling and wndefired. While the surface
types water, land, desert and sun gling are used as inpat for the M-CM algorithim, the types vegetation and snow are calealated
for the cloud free pixels only, by using the Normalized Differenced Vegetation Index (NDW) and the Nosmalized Different
Snow Index (NDSI)

The MDWVI is the normalized ratio of the difference in reflectance ar NIR and VIS based on the red edge feature of the

wegetation.
NDVI=(pps— sl Mo+ ooa) un

The NDSI is the normalized ratio of the difference in reflectance at VIS and SWIR- 1. The atmosphern: is transparent at both

wavelengths, while spow is very reflective at V1S and not reflective at SWIR-1.

NDST = [pos— pralfltnes + ms) (12)

The algorithm distinguishes berween sparse vegetationfocean and dense vegetation with the NDVT and identifies snow surfaces
with the NDSL

25 M-CM Quality Aags

The M-CM guality fags provide pixel-based quality information for the cloud Aag, the cloud type and the cloud phase products.
The guality Aags distinguish between high, mediom, how and poor quality. These measures do not represent probabilities, but
rather the number of tests which have been execoted for the associated pixel, the consistency among the products or the surface
fag. The definitions of the individual quality Rags are provided in table |.

The results of the M-CF and M-Crype are also combined to a final cloud mask quality fag. A high-quality flag means that

Both results are consistent.

3 Verification of the M-CM algorithm performance

The algorithm performance and processing chaining has been tested by applying the M-CM processor to scenes from the
MODIS and MSG SEVIRI instruments and atmospheric test scenes created synthetically with the EanhCARE End-to-End
simulator (Donovan et al., 2022).

cirrus cloud over a thick water eloud, while the temperature difference between both clouds resulis in a brightness temperature
difference of the [R window channels that is larger than predicted by radiative transfer calculations. A certain pixel is defined
as jce cloud. if the BT at 10.8 pm < 235,16 K and the overlap test fails. Supercooled mixed-phase cloud pixels are assumed
based on threshold tesis with the BT at 108 pm between 23316 K and 273,16 K.

During daytime conditions, additional rests are applied using the SWIR-1 channel, which improves the detection of overlap-

ping and cirrus clouds.
24 Surface flag

The surface Aag distinguishes between water, land, desert, vegetation, snow, sea ice, sun gling and wndefined. While the surfsce
types water, land, desert and sun gling are uged as input for the M-CM algorithm, the types vegetation and snow are caleulated
for the cloud free pixels only, by using the Normalized Differenced Vegetation Index (NDVT) and the Mormalized Different
Snoww Index (MDSI).

The MDVI is the normalized ratio of the diffesence in reflectance ar NIR and VIS based on the red edge feature of the
vegetation. The NDSI is the mrormalized ratio of the difference in reflectance at WIS and SWIR- 1. The atmosphere is transparent
at both wavelengths. while snow is very reflective at V1S and not reflective at SWIR-1.

The algorithm distinguishes between sparse vegetation/ocean and dense vegetation with the NDWVT and identifies smow
surfaces with the NDSL

25 M-CM Quality Aags

The M-CM guality Aags provide pixel-based guality information for the clowd fag, the cloud type and the cloud phase products.
The guality Aags distinguish between high, medium, bow and poor quality. These measures do not represent probabilities, but
rather the mumber of teats which have been execated for the associated pixel, the consistency among the products or the surfsce

fag. The definitions of the individual qualivy Aags are provided in table 1.

Cruality stalus Cloud Hay Cloud type Clowd phase
Results comsistent with BT thresh-
alds for water (BT<233. 16 K) and

e (BRT=2T3 16 K)

= All tests emecuted and resulls con. = =
High Resulls consistent with M-CF
sistent with M-Ciype

All tests executed and resalts mcon-

Mediun Surface Hag is ooeun Surface Bag iz ocean
sistent with M-Clype
Less than 50% of the tests were ex-

Law Surface Hag is land Surface Bag is desert
eculed
Only ooe test executed feg. fin

Foor Surface Hag is desert Oy night vests performed

night)
Tulble T, Dichinitians of paxel-hased quality Nags (high, medium, law, poorh for the cloud Hag. 1be claud type and the cloud phase products.
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Quality stwtus | Clownd Hayg Clond type Clawd phuse

Results consistent with BT thresh.

All bests execubed amd resulls con-
High Resulls consistend with M-CF alds for water (BT<23%. 18 K) and
sistent with M-Clype

ice (BT=273.16 K)

All tests executed and results incon-

Medium Surface Hag is coean Surface Bag is ocean
sisbemt with M-Clype
Less than 50 % of the tests were ex-

Law Surface Hag is land Surface Hag is desert
el
Only one lest executed {eg. for

Poar Surface Aag is desert Oinly might tests performed

might)
Tubde L. Definitions of pixel-based quality flags (high, medium, low, poor) For the cloud Aag. the cloud type and the chnd phase products.

31 Verification against synthetic test scenes

Three specific synthetic test scenes have been created based on forecasts from the Global Enwvironmental Multiscale Masdel { Q.
22 o vese the full chain of EarthCARE processors (Doovan et al,, 3022 These test seeses cover a variety of atmospheric
situations over ocean, land and ice surface during day and night time. The natural colowr RGE images of the three test scenes
are provided in the appendix A.

It seems very appealing to verify our clowd algorithm against the test scenes, however, the resulis should be hamdled with
care because they strongly depend on the assumptions made in the model. But since no observational EarthCARE-like dataset
exists, the syathetic mode] dataset provides the best available proxy for testing the EanthCARE processing chain and synergistic
products {Donovan et al., 2022).

The most prominent one is the HALIFAX scene covering a G000 ko bong frame starting over Greenland, crossing the castern
end of Canada and ending in the Caribbean (Fig. 5). The scene starts over the Greenland ice sheer with mixed-phase chosds
at might-time, transitioning from deeper clouds with tops up o & km around 65N 10 mized-phase clouds with wops around
3 kmat temperatares as cold as —50°C over the eastern edge of Canada. Below there is a high ice cloud regime followed by a
loww-bewel cumlus cload regime embedded in a manne aerosol laver below an elevated dirty dust Laver around 5 km altstude.
The ariginal model owtputs are generated for 7 December 2005 wsing the Canadian GEM model (Qu, 2022).

While the binary cloud fag and clowd phase product provide results for te high-lationde pant of the Halifax scene, the clowd
type peoduct does not show results there, This is due o the night-time conditions, The Maximum-Likelihood classifier requires
also inforrmation in the visible bands, which makes it impossible to classify cloud types during night-time. For the cloud flag.
only brightness temperature tests have been applied. For this reason, the cloud mask quality flag indicates only poor quality
thseri,

12

The results of the M-CF and M-Crype are also eombined to a final cloud mask guality fag. A high-quality Aag means that

both results are consistent.

3 Verification of the M-CM algorithm performance

The algogithm performance and processing chaining has been tested by applving the M-CM processor o scenes from the
MODIS and MSG SEVIRI instruments and to synthetic atmospheric test seenes created with the BanhCARE End-to-End
simulator (Donovan et al., 2022

11 Validation against synthetle test scenes

Three specific synthetic test scenes have been created based on forecasts from the Global Emvironmental Multiscale Maodel {Qu,
0220 v vest the full chain of EarthCARE processors (Donovan et al, 2022). These test seenes cover a variety of atmospheric
siations over ocean. land and iee surface during day and night tiree. The natural colour RGB images of the theee test scenes
are provided in the appendiz A.

It seems very appealing o validate our cloud algorithen against the test seenes, however the results shoulbd be handled with
care because they strongly depend on the assumptions made i the model. But since no observational EarthCARE-like dataset
exists, the synthetic mode] dataset provides the best available proxy for testing the EanhC ARE processing chain and synergistic
products {Donovan et al., 2022

The most prominent one is the HALIFAX scene covering a G000 ki bong frame stanting over Greenland, crosaing te castern
end of Canada and ending in the Caribbean (Fig. 5). The scene stans over the Greenland wce sheet with mixed-phase clowds
at might-time, transitioning from deeper clouds with wps up o & km around 65N 1o mixed-phase clouds with tops around
1 kmoat iemperatures as cold as —30°C over the eastern edge of Canada. Below there is a high ice cloud regime followed by a
lowe-bewel cumulus cloud regime embedded in a marine serosol laver below an elevated dirty dust laver around 5 ki alinsde.
The original model owtputs are generated for 7 December 2005 weing the Canadian GEM model (Cu, 2022},

While the binary cloud fAag and clowd phase product provide results for e high-latioude pant of the Halifax scene, the clowd
type product does not show sesults there, This s due to the night-time conditions. The Maximum-Likelibood classifier requires
also information in the visible bands, which makes it impossible (o classify cloud types dunng night-time. For the cloud flag.
anly brightness temperature tests bave been applied. For this reason, the cloud mask quality flag indicates only poor quality
theri.

1311 Validation of the M-CF cloud flag with 30 model cutput

The M-CF cloud Aag is validated against the owpat from the 30D model fiekds (Dongvan et al, 2022). The model chowd flag is
caleulated based on the extinction profiles at GRO am feem te model cutpar, which we consider as the wuth. In the Aest step.
we have ealeulated the cloud optical thickness (OOT) as the extinction of radiation along the path from the earth surface o the
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Figure 6. Reference cloud flag based on the 3D extinction fiekls ab 620 nm for the Halifax scene. Cloud-free and cloudy areas are identified
by applying three different thresholds an the column integrated clowd epbical thickness, COTZ0000 (left), COT2000 (meddle) and COT=1
{right). The resulting cloud fraction s 72 % (O0T=0.010, 61 % (OO0T>00 1 pand 37 %000T > 1h.

311 Verlfication of the M-CF cloud flag with 3D model input fields

Thi M-CF cloud flag is verified against the input from the 3D model fields (Domnovan et al, 2022). The model cloud fAag is
caleulated based on the extinction profiles at 630 nm from the model input, wlich we consider as the reference. In the first step.
we have caleulated the cloud optical thickness (C0OT) as the extinction of radiation along the path from the earth surface o the
o of atmosphere at 680 nm. The second step defines a cemain profile as cloudy applying three different threshold, COT =000,
COT =01 and COT=1.

Figure & shows the reference cloud flag. based on the 3D extinction profiles for theee diffesent thresholds applied w the
COT. When assuming pixels with COT=0001 10 be cloudy, the overall cloud fraction of the scene would be T2 %, The clowd
fraction decreasges to 6l % for COT =001 and w 37 % for COT > 1. This demonstrates that the refierence closd mask is very
sensitive 1o the choice of the COT threshold. The cloud fraction computed from the M-CF amounts to 50 %. (see Figure 7)
The best agreement between the cloud fraction of the reference clowd flag and the M-CF cloud Aag is schieved when apglyving
a threshold of COT=0.1. The cloud detection sensitivity of the M-CF algogithm is clearly better than OOT =1, bat in contrast
1o COT =L, a few cloudy pixels with probably optically thin clouds are not detected by the M-CF cloud Aag.

Figure 7 illustrates the confusion matrx between the M-CF clowd Aag and the reference cloud Aag based on the 30 maodel
input considering a threshold of COT =001, which is assumed to be the best choice. Both cloud flags are in good agreement
for most pans of the scene. Only a few false eloudy pinels are visible over the ocean which are most likely thin clouds with
COT-<(h] that are detected by MSL but not in the cloud Aag for COT=0.1. The orange pixels in the centre of the scene show
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Figure 6. Tnee cloud Gag based om the 30 extinction fiekls al 680 nm for the Halifax scene. Cloud-free and cloudy areas are identified
by applying three different thresholds on the column integraled closd epical thickness, COTZ000 (left), COT 2001 (meddle} and COT=1
{right). The resulting cloud fraction s 72 % (O0T=0.010, 61 % (00T =001 and 37 %(000T=1).

top af atmosphiere at GR0 nm. The second step defines a cenain profile as cloudy applying three different threshold, COT =0.01.
COT =01 and COT=1.

Figure 6 shows the tree clowd Oag, baged on the 3D extinction profles for three different thresholds applied o te COT.
When assuming pixels with COT =001 to be cloady, the overal]l clowd fraction of the scene would be 72 % The cloud frection
decreases o 61 % for COT=0.1 and w 37 % for COT>=1. This demonstrates that the tue clowd mask is very sensitive to
the choice of the COT threshold. The M-CF algorithm yields a clood fraction of 50 %. The best agreement between the clowd
fraction of the true clowd Aag and the M-CF cloud Aag is achieved when applying a threshold of COT =00 1. The eloud detection
sensitivity of the M-CF algorithm is clearly benter than COT = 1. but in contrast to COT =001, a few cloudy pixels with probably
aptically thin clouds ase not detected by the M-CF cloud flag.

Figure 7 illuswates the differences berween the M-CF clowd flag and the tree cloud flag based on the 30 model output
considering a threshold of COT =001, which is assumed w be the beat choice. Both cloud Aags are in good agreement fior most
parts of the seene. Only a few false cloudy pixels are visible over the ocean which are maost likely thin clovds with COT <001
that are detected by MSL bat not i the clood Aag for COT=0.1. The orange pixels in the centre of the scene show pixels that
are detected as clear-sky by M-CF, while the toe cloud flag defines them as cloudy. This can be explained by the fact that
different thresholds are applied for <mow amd land surface tvpes, bat there are incongistencies between the surface types in the
M-CF algorithim and the model data. The M-CF algorithm uses surface information from the X-MET data as input, while the
madel data wses slightly different surface specifications. The scattered false clear pixels in the lower part of the scene are dus
1o edge pixels of low level clouds, which are not detected by the M-CF cloud flag.
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Figure 7. M-CF chnsd fag (left) and confusion matrix between the binary M-CF and the reference cloud flag for the Halifax scene (might).
The M-CF chusl fraction is 50 %, while the referenoe cloud Bag resulls in a cloud fracton of 61 5.

pixels that are detected as clear-sky by M-CF, while the reference cloud Aag defines them as cloudy. This can be explained by
thee fact that different thresholds are applied for snow and land surface types, bat there are inconsistencies between the surface
types in the M-CF algorithm and the model data. The M-CF algorithim uses surface information from the X-MET data as inpur,
while the madel data uses slightly different surface specifications. The scattered false clear pixels in the lower part of the scene
are due to edge pixels of low kevel clouds, which are not detected by the M-CF cloud flag.

A1 Verification againsi MODIS

Algarihm M-CF | M-Ciype | M-CF + M-Ctype | MODIS

Cloud Fraciwn (%) 52 41 & #o
Tubde X, Comparisen of the scene choud Traction Between MACE M.-Crype, the combanation of M-CTF and M-Ciype amd MODME.

The M-CM clowd mask algorithm has also verified against MODIS scenes. In contrast to the synthetic scenes, the MODIS
seenes do not rely on the assumptions made in the background model. W have used the MODNS Teera Lb calibrated radiances
(MOIM2IKM) seven similar channels to MSI as well as global forecast data from the Copernicus Atmosphere Monitoring
Service (CAMS) as input for the M-CLD processor. Although the standard MODIS L2 cloud product are used for comparison.

Figure & shows the MS1 M-CM cloud flag and the MODIS cloud fag for an example over West Africa on 11 September
2L ar 1150 UTC. Both cloud flags discriminate between clear-sky, cloudy, probably cloudy and probably clear The false
color RGE image uses the MODIS bands | (620-670 mmg, band 4 (545-565 nm ) and bard 3 (439-479 pm). The MSI surfsce
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Figure 7. M-CF chunl Hag (left) amd differemces between the binary M-CF and the true cloud flag for the Halifax scene (nght). The M-CF
cloud fraction s 5%, while the e cloud flag results ina cloud fraction of 61 5.

32 Validation against MODIS

Algarihm M-CF | M-Ciype | M-CF + M-Ctype | MODIS
Cloud Fraction (%) 32 41 [543 A0
Talde 2. Comparisen of the scene choud Traction Between MACE M-Ciype, the combanation of M-CT and M-Ciype and MODIS.

The M-CM cloud mask algorithim has also validated against MODIS scenes. In contrast o the synthetic scenes, the MODIS
seenes do not rely on the assumptions made in the backgrownd model. We have used MODIS Terea Lib calibrated radiances
IMODO2 KM as well as global forecast data form the Copemicus Atmosphere Monitosing Service (CAMS) as input for
the M-CLD processor. Although ME1 and MODIS share simdlar ch | charscteristics, diffe in the cloud products are
expected due 1o differences in the central wavelength and speciral response functions.

Figure 8 shows the M31 M-CM cloud flag and the MODIS cloud Aag for an example over West Afnca on 11 September
2] an 11250 UTC. Both cloud flags discriminate between clear-sky, cloudy, probably cloudy and probably clear. The false
color RGE image uses the MODIS bands | (620-670 mm), band 4 (545-565 nm) and band 3 (459-479 nm). The MSI surfsce
fag separates between water (1), land (2}, desent (3), vegetation (4}, snow (5,6), sea ice (7)., sun glint (%) and undefined (0, the
seene over West Africa has mo snow or sea ice pixels. Both types, desert and sun glint represent difficulties for clood masking
algorithms, which iz why the largest differences between the MODIS and MSI cloud flag are found over these surface types.
The MEI cloud Aag vields a cloud fraction of 32 %, while MODIS results in 80 %. When converting the M-Crype clowd classes
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Figure 8. M-CM algarithm applied to satellite data From MODIS over West Africa on 1] Seplember Z0Z1 a1 11250 UTC. The MODIS False
ool RGE composie (usang MODIS bands 1,4 and 3 is shownoon the top lefi, the M5 sorfsce Gag oo the top right, the MODIS cloud flag
i the lower left and the MSI cloud flag on the lower nght. The M1 surface types 5, 6 amd 7 are spow amd sea ice fags. which are oot present
im the present case shady. While | (water), 2 (lamd). 3 (desert) and 8 {sun glint) are inpuis for the processor, type 4 (vegetation) s based an

the NDWT and anly calculated for clear.sky pixels i the M-CF Bag.

fag separates between water (1), land (2), desent {3), vegetation (4), snow (5,6), sea ice (7), sun glint {8) and undefinsd (0, the
seene over West Africa has mo snow or sea bee pixels. Bodh types, desert and sun glint represent difficulties for cloud masking
algorithms, which is why the largest differences between the MODIS and MSI cloud flag are found over these surface types.

The MS1 chowd Aag yields a clowd fraction of 32 %, while MODIS results in 80 %. When converting the M-Crype clond classes

Ml cl

1
r—

Figure 8. M-CM algorithm applied 1o satellite data from MODIS over West Adraca on 1] Seplember 021 a0 11:50 UTC. The MODS false
cobir RGE composie (using MODIS bands 1,4 and 3) is shown on the top left, the MSI surface Bag on the top right, the MODIS cloud flag
o the lower left and the MSI cloud fag on the lower nght. The M31 surface types 5, 6 amd 7 are spow amd sea ice flags. which are nit present

im the present case shady. While [ twater), 2 lamd). 3 (deserth and ® {sun gling) are inpats for the processor, type 4 (vegetatnm) s based on

the NDWI amd anly caleulated for clear-gky paxcels i the MACF Bag

in a binary cloud class results in a eloud fraction of 41 %. The product is independent from M-CE because it uses a Maximum
Likelihood classifier. When combining both binary M-CM cloud flags into one, the cloud fraction increases to 69 % (Tab.2).
This result demonstrates that the combination of both independent M-CM cloud products leads 1o a better agreement with

MODIS than just using one of them. The MSI algorithm misses large pans of clouds over desert, but also over the ocean in the
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in a binary clond class results in & cloud fraction of 41 %. The product is independent from M-CE because it wses a Maximum
Likelihood classifier. When combining both binary M-CM cloud flags into one, the cloud fraction increases to 69 % (Tah.2).
This result demonstrates that the combination of both independent M-CM cloud products leads to a better agreement with
MODS than just using one of them. The MSI algorithm misses large pans of clouds over desent, but also aver the ocean in the
upper part of the scenes there are clear differences. These differences are expected because the MODIS clowd tests are based
on much more spectral chanmels. For the majority of clowds, which are visible on the RGB fmage, the agreement between the
MODIS and MSI clowd flag is very good.

To get more robust statistics, the cloud mask comparison has been done for the full month of September 2021, The MSI
cloud flag systematically shows a lower clowd fraction than the MODIS cloud flag. Only in cases with a strong sun glint effect.
the combined M-CF and M-Crype clowd mask shows a higher clowd fraction than MODIS.

For assessing the overall agreement between the MSLand MODIS cloud mask, we have calculated the percentage of consis-

tency For both clear sky and cloudy for all 45 MODIS scenes in September 2021, The results are shown intable 3.

Algoeathm | MACF ve, M-Crype | MCF ws. MODMS | M-Coype vs. MODIS | M-CF + M-Cityp ws. MODIS
Full scens Bl % T6 % a5 THE
na sumglinl 9% o BT 91 %

Tubde 3. Comparizon of the two MUK clond Mags and the MODIE cloud Mag- The agreement in & 15 calculaled for 2 binary cload flag only.
whiere confident cloudy and probably chusdy is merged o cloudy and For clear sky the seme. For M-Ciype. all cloud types 1-9 are conssdered

as cloudy.

We have intercorpared the M-CF versus M-Crype products, M-CF versus MODIS, M-Ciype versus MODIS and M-CF
combined with M-Crype versus MODIS. The overall agreement berween M-CF and MODIS is 76 %, This resulis increases
to 79 % when combining M-CF and M-Crype (Tab, 3. When excluding all pixels that are labelled as son gling by the M-
CM surface flag. the agreement increases to 91 %, This finding demonstrates that large pants of the discrepancies are due 1o
differences in the handling of the algorithms in scenes effected by sun gling, which will be further investigated by tuning the

thresholds with real measurements.
3.3 Verification against MSG SEVIRI

The M-CB cloud mask was also part of a cloud setrieval intercompanison study in the framework of the Inemational Clowd
Waorking Group (1CWG). The ICWG supports the assessment of cloud retrievals applied to passive imagers onboard of geosta-
tiomary satellites (Hamann et al., 2004 Wu et al., 2007}, Therefore, the M-CM algorithin has been applied o images from the
SEVIRI instrument onboard Meteosar Second Generation (M30G). As in the comparizon with MODIS, alwo SEVIR] provides
similar channel characteristics like the MSI imager. Mevertheless, one should be aware that this leads o uncertainties through
s wdaptation o SEVIRI due to differences in central wavelength and spectral response function, radiative transfer simulations
and generated look-up-tables.
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upper part of the scenes there are clear differences. These differences are expected because the MODIS clowd tests are based
on much more spectral chamels. For the majority of clowds, which are visible on the RGB image, the agreement between the
MODIS and MSI clowd flag is very good.

To get mose robust statistics, the cloud mask companson has been done for the full moath of September 2021, The BSI
cloud flag systematically shows a lower clowd fraction than the MODIS cloud flag. Only in cases with a strong sun gling effect,
the combined M-CF and M-Crype cloud mask shows a higher clowd fraction than MODIS.

For assessing the overall agreement between the M1 and MODIS cloud mask, we have calculated the percemtage of consis-

tency for both clear sky and cloudy for all 45 MODIS scenes in September 2021, The resulis are shown in table 3.

Algornbm | M.CF vs. M-Clype | M-CF vs. MODIS | M-Ciype vs. MODIS | M.CF + M.Ciyp vs. MODIS
full scene RO %% Th % 65 % TE
na sumglin 92 % % TR 91 %

Tubde 3. Comparison of the two M2CM cloud fags and the MODIS cloud Bag. The agreement in % 15 caleolated for 2 binary cloud flag only,
where confident cloudy and probably chusdy is merged to cloudy and for clear sky the same. Far M-Clype. all cloud types 1-9 are conssdered

as cloudy.

We have intercompared the M-CF versus M-Crype products, M-CF versus MODIS, M-Crype versus MODIS and M-CF
combined with M-Crype versus MODIS, The overall agreement bevween M-CF and MODIS is 76 %, This results increases
to 79 % when combining M-CF and M-Crype (Tab. 3. When excluding all pixels that are labelled as sun gling by the M-
CM surface flag. the agreement increases 1o 91 %. This finding demonstrates that large pants of the discrepancies are due 1o
differences in the handling of the algorithms in scenes effected by sun gling, which will be further investigated by tuning the

thresholds with real measurements.
13 Validation against MSG SEVIRI

The M-CM cloud mask was also part of a cloud setrieval intercompanson stady in the framework of the Intemational Clowd
Working Group (ICWG). The IOWG supponts the assesament of cloud reievals applied to passive imagers onboard of geosta-
tionary satellites {Hamann et al., 2004, Wa et al., 200 7). Therefore, the M-CM algorithm has been applied 1o images from the
SEVIRI instrument onboard Meteosar Second Generation (M30G). As in the comparizon with MODIS, also SEVIR] provides
similar channel characteristics like the MSI imager. Mevenheless, one should be aware that this leads (o uncertainties through
the sadapraion to SEVIRI due o differences in central wavelength and spectral sesponse funetion, radiative transfer simulations
and generated look-up-tables.

Twelve groups provided clowd mask data for the SEVIRI digk. The individual input data has been iransformed into a binary
cloud mask separating between eloudy and cloud-free, The M-CM cloud mask was with a cloud fraction of 52% in the range of
the other results eanging from 3 1% to 64%_ Figure 9 shows the discrepancies of the different clowsd masks resulis. A pixel value
af 0 means, that all sl gorithms are in agreement that it is cloudy. Grey valses indicate that all algorithms consistently label the
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Figure %. Dafferences between the cloud masks of 12 algomhbms for the M3G SEVIRI disk on 13 April 2008, A valwe of 0 means, that all

algorsthms for this pariscular pivel set it ax chwsdy. The grey values mean that all algombm agree set this picel as cloud free. In iotal the
desagresment measure is mwmalized 1o 1, if the hall of the algesithm classiBes a paxel as cloudy amd the other half as chnsd free.

Different scientific institwtions (e.g., EUMETSAT central facility, the Mowcasting SAF and the Climate Monitoring SAF))
provided cloud mask data for the SEVIRI disk for the intercomparison study. The individual input data has been transformed
imto a binary cloud mask separating bevween cloudy and cloud-free. The M-CM cloud mask was with a cloud fraction of 525
in the range of the other results ranging from 31% to 64%. Figure 9 shows the discrepancies of the different cloud masks
resulis. A pixel valee of (h means, that all algogithms are in agreement that it is clowdy. Grey values indicate that all algorithms
congigtently label the pixel as clear sky. A disagrecment value of | shows that half of the algorithms classified a pixel as clowdy
and the other half as cloud free. The main discrepancies between the different cloud masks are found o be over Morthern
Africa, caused by differemt devection thresholds for thin cirms clouds over bright surface like desert in this case. It eould also
be bismass buming serosol that is classified as clowds by some algorithms, Another area of disagreements is the southern part

of the Arabian Peninsula and the adjacent sea.

4  Conclusions

In this paper, the algorithms used by the cloud mask processor (M-CM ) for the MST imager onbeand BanthCARE are described.
The algorithms provide the clowd Aag (M-CF), cloud phase (M-CP) amd clowd type (M-Crvpe)y products. The cloud flag and
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Figure ¥. Dafferences between the cloud masks of 12 algenthms for the M3G SEVIRI disk on 13 April 2008, A value of 0 means, that all
algawnthimis For this partscular pivel set it ax chusdy. The grey values mean that all algomthm agree set this pivel as cloud free. In total the
desagresment measure is wmalized 1o 1, if the half of the algenithm classfes a paxel as cloudy amd the other half a5 chnsd free.

pixel as clear sky. A disagreement value of 1 shows that balf of the algorithms classified a pixel as cloudy and the other half as
cloud free. The main discrepancies between the different eloud masks are found to be over Monbhern Africa, caused by different
detection thresholds For thin cienes clouds over bright surface like desert in this case. It could alse be biomass burning aerosol
that is classified as clouds by some algorithms, Another area of disagreements is the southern pam of the Arabian Peninsula

and the adjacent sea.

4 Conclusions

I this pager, the algorithms used by the cloud mask processor (M-CM) for the MS1 imager onboard BanhCARE are described.
The algosithms provide the cloud Aag (M-CF), cloud phase (M-CP) and clowd type (M-Crvped products. The clood flag and
cloud phase at the cloud top are based on spectral threshold tests for the visible and infrared chanpels, while the cloud type
product is based on a maximum likelihood classifier. While the cloud type product is only available during day-time, the chowd
fag and cloud phase products are also retrieved during night-time, although with & reduced number of tests (Fig. 13 The M-CM
products are an impontant ingat for the subsequent retrieval of the cloud ogtical and physical products (M-COP) (Hinerbsein
et al., 2022) and the aerosol optical properties (M-AOQT) {Docter et al., 2122,
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cloud phase at the cloud wop are based on spectral threshold tests for the visible and infrared channels, while the cloud type
product is based on a maximum likelihood classifier. While the cloud type product iz only available during day-time, the cloud
fag and cloud phase products ane also retrieved during night-time, although with a reduced number of tesis (Fig. 1). The M-CM
products are an important inpat for the subsequent retrieval of the cload optical and physical products (M-COP) (Hiierbein
et al., 2022) and the aerosol optical properties (M-AQT) {Docter et al_, 2022,

In order 1o test the algorithon performance and 1o ger a better impression of the products before the BarthCARE launch, the
M-CM algorithm has been verified in this stody against svothetic st scenes from the EanhCARE end-to-end simulator and
satellite data from MODIS and MSG SEVIRLL

Using synthetic test data, it is found that the M-CM products are in good agreement with the products from other processoss
within the EarthCARE instrument suite and with the 3D model fields vsed as input to the simulator which can thus be consid-
ered as the truth. One should keep in mind that in conrast v ATLID or CPR which provide verical profile information, b3S is
a passive instrument that retrieves cloud propenties at cloud top or for serosol and optically thin clouds, wal column integrated
information. The synergistic products using data from MSI and ATLID will kelp to better undesstand sorme of the uncertainties
of the MSI products (Haarig et al., 20225,

An overall agreement of 79 % was found between the MSI and the MODIS cloud flag using one month MODIS data
over Cape Wende in September 2021, The agreement significantly improves o 91 % when excluding the sun gling areas from
e comparizon. Ocean areas characterized by sun glint represent some of the most challenging scenes for cloud masking
alzorithms. This indicates that further adjustments are needed for the tresholds of the M-CM cloud flag for sun gling conditions
o improve the performance. However, the M5 images ane less affected by sun gling in comparison o MODIS due 1o the fact
thsat the MSI imager is tilted sideways, with 35 ko of the full 150 km swath on the sun-facing side and |15 km on the other
side of the nadir track.

The M-CM algorithm has also been applied w measurements from MSG SEVIRI, and the results have been compared
against other clowd mask algorithins in the frame of the internatiosal cloud working group. The comparison bas demonstrated
thsat the M-CM performance lies in the range of the other cloud masks.

Planned improvements of M-CM will incluede dynamic thresholds for the threshold tesis for the cloud flag. We propose that
this uning should be done post-launch once real observations will be available. A wning of the M-CM thresholds towards better
agreement with MODIS is not optimal in the current state, because of the spectral differences between MSI and MODIS. While
MSI features 7 spectral bands. MODIS has 36 spectral bands allowing a better cloud detection performance. The advantage of
e MSI observations are in conteast to MODIS, that MSI is Aying wgether with active instruments (e.g. ATLID and CPR) on
the same platform which will allow unique syoergies of cloud prodwcrs from different instruments.

The algonthm verification in e present study uses synthetic test scenes and data from other satellite platforms as basis.
During the validation phase after the EarthCARE launch, dedicated campaigns will be conducted using ground-based and
airborne instruments, which will offer the opportunity for a more comprehensive validation of the MSI cloud products. Also
geostationary satellites will be used for the validation to support the selection of suitable validation datasets and w provide

complementary reference datasets on a global scale. Meteosat Third Generation (MTG) will be launched in 2022 in the geo-

10

In order to test the algorithon performance amd o get a better impression of the products before the BarthC ARE launch, the
M-CM algorithm bas been verified in this stody against syothetic west scenes from the EanhCARE end-to-end simulator and
satellite data from MODIS and MSG SEVIRL.

Using syiwthetic test data, it is found that the M-CM products are in good agreement with the products from other processons
within the EarthCARE instrument suite and with the 3D model fields used as input 1o the simulator sehich can thus be consid-
ered as the truth. One should keep in mind that in contrast wo ATLID or CPR which provide vertical profile information, MS1 is
a passive instrument that retrieves cloud propenies at cloud top or for serosol and optically thin clouds, wtal column imegrated
information. The synergistic products using data from MS1 and ATLID will help to better understand some of the uncertainties
af the MSI products (Haarig et al., 2022,

An overall agreement of 79 % was found between the MSI and the MODIS cloud flag using one month MODIS data
over Cape Yerde in September 2021, The agreement significantly improves o 91 % when excluding the sun gling areas from
the comparison. Ocean arcas characterized by sun gling represent some of the most challenging scenes for cloud masking
algorithms. This indicates thar further adjustreents are needed for the thresholds of the M-CM cloud flag for sun gling conditions
to improve the performance. However the MST images are less affected by sun glint in comparison o MODIS due o the fact
theat the MST imager is tilted sideways, with 35 ko of the full 150 km swath on the sun-facing side and 115 km oo the other
side of the nadir rack.

The M-CM algorithm has also been applied w measurements from MSG SEVIRI, and the results have been comparsd
againat other clowd mask algorithms in the frame of the international cloud working group. The comparison has demonstrated
that the M-CM performance lies in the range of the other cloud masks.

Planned improvements of M-CM will inclede dynamic thresholds for e threshold tests for the eloud flag. We propose that
this uning should be done post-launch once real observations will be available. A wning of the M-CM thresholds towards better
agreement with MODIS is not opimal in the current state, because of the spectral differences bevween ML and MODIS. While
MSI features 7 spectral bands, BMODIS has 36 spectral bands allowing a better cloud detection performance. The advantage of
the MSI observations are in contrast to MODIS, that MSI is Aying together with active instruments {e.g. ATLID and CPR) on
the same platform which will allow unique synergies of eloud prodwcts from different instruments.

The algorithm verification in the present study uses synthetic test scenes and data from ather satellive platforms as basis.
During the validation phase afier the EarthCARE launch, dedicated campaigns will be conducted using ground-based and
airborne isstruments, which will offer the opportunity for a more cormprehensive validation of the MEI cloud products. Alse
geostationary satellites will be used for the validation to support the selection of suitable validation datasets and o provide
complementary reference datasets on a global scale. Meteosat Third Generation (MTG) will be launched in 2022 in the geo-
statipnary orbit (Holmlund et al.. 2021 ) offering with its Aexible combined imager (FCL) with 16 spectral channels and up to
500 m spatial sampling excellent opportunities for the validation and synergies with the MSI products.

Further improvements of the M-CM product are expected once real ohservations are available due to its flexible design based
on configuration fAles, which allows easy adjustment e.g. of cloud mask thresholds without modifying the source code of the
whole algorithim chain.
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stationary orbit (Holmlund et al., 2021) offering with its Aexible combined imager (FCT) with 16 spectral channels and up to
00 m spatial sampling excellent opponunities for the validation and synergies with the MST products.

Further improvements of the M-CM product are expected once real observations are available due to its flexible design based
on configuration Ales. which allows easy adjustment e g. of cloud mask thresholds without modifving the source code of the
wholbe algorithm chain.

In comtrast o the pre-launch MST test data presented by this study, the MED spectral bands are affected by a shift of the central
wavelength depending on the instrument viewing angle. This effect is caused due to imperfections in the bamdpass filiers on
the curved optical lenses (Welr et al., 2022; Wang e al., 2022, e.g. ) lovestigations are ongobng to mitigate this effect in the
Lewel 2 M-CLD and M-AOT retrievals. During the validation phase, aireraft measurements with high-spectral resolution will
further help quantifying the impact of the central wavelength shift on the MEI cloud and acrosol products.

Date availehilivye. The EantbCARE Level-2 demonstrabion products from simulated scenes, meluding the MST chusd mask proclucts discussed
i this paper, are available From hitps:Vdosorg/ IS8 L zenods. T LS (van Zadelhall et al., 2022),

Appendix A: Matural colour RGE images of the synthetic test scenes

For the three test scenes a natural colour RGB images are generated o viswalise several types of atmospheric and surface
featwres. The natural colour RGB is composed of the VIS, MIR and the SWIR- | channel data. The images have been lincarly
stretched within the reflectance ranges to the full range of display values from 0-255 bytes to improve the contrast.

The benehit is the casy interpretation because most of the colours of the image are very similar to a tree colour image of the
Earth. Figure Al shows the RGB images for the three test scenes, which includes clouds, spow, vegetation, sun glint and clear
skies. Snow on the ground as well as ice over mountains, frozen lakes and sea ice appear cyan in the RGE images (Fig. Al b).
The more homogeneous the snowlice cover is, the beighter the cyan colour will be. Snow and ice an mowntains will therefore be
depicted ina stronger cyan colour than snosy surfaces on ground which are often disrupted by vegetation. In addition, chowsds
with ice erystals appear as well cyan in the RGB images (Figure Al a) as the ice crystals refected at 0067 -om and 0.865-p0m
and absorh solar radiation at 165-pme Further the different cloud heights, ice crystal habits and sun zenith angles lead 1o
ithomogeneous colour pattern. The ocean and lakes in the RGB images appear in dark-black colour (Fig. A, ¢). Vegetation is
indicated by green colouss because of the stronger reflection of solar sadiation an 0.865-om than at (U67-pm (Fig. Al a, e.g.

Halifax Caribbean island). For detailed information how 1o interpret RGB images see the RGB-color-guide (Ewmetrain, 2022

Awrhor confributions. The manuscript was prepared by AHL 5B and HID. The M-CM code was developed by AH and SH. AW generated ke
dataset and created the plots for the WG results,
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In comtrast to the pre-launch M5 vest data presented in this study, the ME spectral bands are affected by a shifi of the centeal
wavelength depending on the instrument viewing angle. This effect is caused due to imperfections in the bandpass filiess on
the curved optical lenses (Wehr et al., 2022; Wang e al, 2022, e o) Investigations are ongoing to mitigate this effect in the
Lewel 2 M-CLD and M-AOT retrievals. During the validation phase, aircraft measurements with high-spectral resolution will
further help quantifying the impact of the central wavelength shifi on the MS1 cloud and aemosol products.

harg availehility. The EarlbCARE Level-2 demenstration products from simalated scemes, mchuding the MS1 chiud mask products discussed
in this paper, are available from hitps:idot.ong 528 L zenodo. 71 1T11S (van Zadelhall et al., 2022).

Appendix A: Matural colour RGE images of the synthetic test scenes

For the three test scenes a natural colour RGH images are generated o visualise several tvpes of atmospheric and swrfsce
featwres. The natural colour RGR is composed of the V1S, MIR and the SWIR-1 chanel data. The images have been lisearly
strefched within the reflectance ranges o the full range of display values from (-255 bytes 1o inprove the contrast.

The benefit is the easy interpretation because most of the colours of the image are very similar to a tree colour image of the
Earth. Figure Al shows the RGB images for the three test seenes, which includes clouds, spow, vegetation, sun glint and clear
skies. Snow on the ground as well as ice over mountains, frozen lakes amd sea ice appear cyan in the RGE images (Fig. Al b).
The mose homogeneous the snow/fice cover is, the brighter the cyan coloar will be. Snow and ice on mountains will therefoee be
depicted in a stronger eyan eolour than snowy surfaces on ground which ase often disrupted by vegetation. In addition, clouds
with ice erystals appear as well eyan in the RGB images (Figure AL, a) as the ice crystals reflected at 0067-pwm and 0.865-pem
and absoel solar radiation at 1.635-pm. Further the different cloud heighits, ice crysial habits and sun zenith angles lead e
irhomogeneous colour pattern, The ocean and lakes in the RGB images appear in dark-black colour (Fig. A1, ¢). Vegetation is
indicated by green colours because of the stronger reflection of solar radiation at 0CBS5-gom than at 0.67-pm (Fig. Al a, eg.

Halifax Caribbean island). For detailed information how 1o interpret RGB images see the RGR-coloe-guide (Eumetrain, 2022

Anthor contributions. The manuscopt was prepared by AH. 5B and HD. The M-CM code was developed by AH and SH. AW penerated the
dataset and created the plats for the IOWEG resulis.
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