
Ann. Geophys., 43, 651–666, 2025
https://doi.org/10.5194/angeo-43-651-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Cloudiness retrieved from All-Sky camera and MSG satellite over
Reunion Island and Antananarivo Madagascar
Jean-Marcel Rivonirina1,2, Thierry Portafaix1,7, Solofoarisoa Rakotoniaina2, Béatrice Morel3, Chao Tang3,
Kévin Lamy1,4, Marie Lothon5, Tom Toulouse6, Olivier Liandrat6, Solofo Rakotondraompiana2, and
Hassan Bencherif1

1LACy, Laboratoire de l’Atmosphére et des Cyclones (UMR 8105, CNRS,
Université de La Réunion, Météo-France), Saint-Denis, La Réunion, France
2IOGA, Institut et Observatoire de Géophysique d’Antananarivo (Université d’Antananarivo, Madagascar),
Antananarivo 101, Madagascar
3ENERGY-Lab, Université de La Réunion, France
4OSU – Réunion, Observatoire des Sciences de l’Univers – La Réunion (UAR 3365,
Université de La Réunion, CNRS, Météo-France), Saint-Denis, La Réunion, France
5Laboratoire d’Aérologie, Université de Toulouse, CNRS, UPS, Toulouse, France
6Reuniwatt, 14 rue de la Guadeloupe 97490 Sainte Clotilde de La Réunion, France
7IRD (Institut de Recherche pour le Développement) – MNHN, Antananarivo 101, Madagascar

Correspondence: Jean-Marcel Rivonirina (jean-marcel.rivonrina@univ-reunion.fr) and Thierry Portafaix
(thierry.portafaix@ird.fr)

Received: 15 June 2024 – Discussion started: 12 July 2024
Revised: 2 June 2025 – Accepted: 10 September 2025 – Published: 22 October 2025

Abstract. To gain a deeper understanding of cloud variabil-
ity over the Southwest Indian Ocean (SWIO) region, vari-
ous measurement techniques can be used. Cloud data focused
on two main sites (Antananarivo, Madagascar, and Reunion
Island) were collected over nearly three years (September
2019 to June 2022) using ground-based all-sky camera and
Meteosat Second Generation (MSG) satellite imagery. This
study primarily examined cloud fraction, although additional
analysis based on cloud types is also needed. Two image pro-
cessing algorithms were used to estimate cloud fraction by
analyzing the camera images: one provided by the manufac-
turer Reuniwatt, and the other, Elifan, initially developed by
CNRS. Their performance was compared to assess their rel-
ative strengths. Additionally, comparisons with MSG satel-
lite data were carried out to ensure consistency and evaluate
the complementarity of ground-based and satellite observa-
tions. Despite differences in methodology, the various data
sources showed strong agreement. The results indicate that
in Antananarivo, during the dry season, a high morning cloud
fraction (∼ 50 %) is typically observed, which gradually de-
creases throughout the day. In the wet season (December

to April), cloud fraction varies between approximately 30 %
and 60 %, with reduced cloudiness observed around midday
in October and November. In contrast, in Saint-Denis, Re-
union, skies are generally clear in the morning but become in-
creasingly cloudy as the day progresses, reaching up to 80 %
cloud fraction during the wet season and around 60 % during
the dry season.

1 Introduction

Clouds are primarily composed of water droplets and sus-
pended ice crystals in the atmosphere, formed through the
evaporation of seawater, rivers, and lakes, as well as through
plant evapotranspiration, with forests playing a crucial role
in increasing cloud cover, particularly in low altitudes (Du-
veiller et al., 2021). Moreover, aerosols are essential for
cloud formation as they act as cloud condensation nuclei (Ek-
ström et al., 2010). Generally, clouds cover more than half of
the Earth’s surface (Liu et al., 2023). They contribute signif-
icantly to the energy balance at the surface, playing crucial
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roles in the hydrological cycle and climate change. Cloud
data is required in various applications, such as estimating
solar energy production (Boudreault et al., 2019), or mod-
eling climate change (Roebeling et al., 2013). They pose
challenges to climatic modeling due to their rapid tempo-
ral and spatial variability, and their properties which change
with altitude, making them a complex parameter to study in
the atmosphere. Cloud variability in the south-western Indian
Ocean (SWIO), influenced by the expansive oceanic cover-
age, contributes to tropical cyclone development. Apart from
that, clouds are a major source of variability in UV radiation
reaching the earth’s surface. Clear skies increase health risks,
while fragmented clouds can amplify UV exposure. Study-
ing clouds variability in the SWIO region is crucial to un-
derstand the interactions between cloud cover and extreme
climatic phenomena which have significant societal impacts.
Recently, observation stations have been installed in the In-
dian Ocean by the UV-Indien network (Lamy et al., 2021a)
to monitor long-term variations in UV radiation and cloud
fraction. Although various climate measurement instruments
exist, information on cloud cover in the SWIO remains lim-
ited due to the lack of dedicated instruments. The installation
of cloud fraction measurement stations from the UV-Indien
network at these sites will help enrich current databases. The
SWIO region is particularly vulnerable to the effects of cli-
mate change or natural disaster, which impact the population
annually (Leroux et al., 2024). This study opens new per-
spectives for monitoring the evolution of climate variability
in this region. Our study focuses on Antananarivo (Mada-
gascar) and Reunion, two key areas in the SWIO, to better
understand the region’s climatic dynamics. These sites lo-
cated near the equatorial region, receive abundant solar ra-
diation, which serves as the primary source of cloud forma-
tion. The interaction between the ocean and atmosphere, but
also the topography in this area are crucial for cloud forma-
tion. All-sky camera and satellite were used in this study to
estimate cloud fraction. Satellites are widely used for mon-
itoring cloud evolution with excellent spatial coverage, and
provide information on a large range of temporal scales. Over
recent decades advancements in satellite technology have led
to improvements in spatial and temporal resolution, enhanc-
ing their capability to provide information across various re-
gions globally. Satellite data are generally freely accessible,
allowing for validation by researchers and significantly con-
tributing to the understanding of climate change in differ-
ent regions. Various satellite sensors can be used to iden-
tify cloud parameters such as cloud type or cloud fraction.
DARDAR (raDAR/liDAR) mask, a combination of products
from the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO) and CloudSat measurements
has been used to analyzed vertical distributions of clouds in
SWIO (Vérèmes et al., 2019). One of the most well-known
sensors is MODIS (Moderate Resolution Imaging Spectro-
radiometer), which belongs to NASA (National Aeronautics
and Space Administration) and is deployed on two satellites:

Aqua and Terra (Ning and Kaicun, 2015). MODIS provides
cloud fraction MOD06 (Terra) and MYD06 (Aqua) products
with a spatial resolution of 5 km (Nikumbh et al., 2019), of-
fering two diurnal images over the Indian Ocean. However,
geostationary satellites can offer data with high temporal res-
olution to monitor cloud variability. In this study, we have
utilized satellites MSG (Meteosat Second Generation) oper-
ated by Eumetsat (European Organisation for the Exploita-
tion of Meteorological Satellites). MSG provide images ev-
ery 15 min with 3 km resolution. Although satellite measure-
ments are freely available, all-sky cameras provide data at a
finer spatial and temporal scale. Moreover, their storage cost
is significantly lower compared to satellite images. They are
also essential for filling data gaps in case of technical issues
with satellites. Ground-based techniques employing cameras
can continuously monitor cloud evolution with good accu-
racy, and can directly compared with human observations.
They can be used to calibrate future satellite missions. Letu
et al. (2014) conducted a study using an all-sky camera to
validate the MODIS cloud mask. For all-sky cameras, im-
age processing algorithm is needed to classify images and
estimate cloud fraction. Various image processing algorithms
can be used, such as those based on pixel values and classi-
fied images using thresholding criteria (Long et al., 2006),
or object-oriented algorithms utilizing texture features (Liu
et al., 2015). Akdemir et al. (2022) use different classifica-
tion methods like K-means and Otsu to track day and night
cloudiness. Compared to satellites, the field of view of cam-
era is limited. To overcome this limitation, a new technique
was adopted by Rodríguez-Benítez et al. (2021). They use
multiple cameras to simultaneously cover large study areas,
thereby facilitating the acquisition of images in a comple-
mentary and synchronized manner. Furthermore, they apply
a normalized blue-red difference to the image to improve pix-
els classification. In our study, a proprietary industrial algo-
rithm developed by the Reuniwatt company was employed to
estimate cloud fraction acquired by all-sky cameras (Liandrat
et al., 2017). Additionally, a second algorithm, Elifan origi-
nally developed by CNRS (Centre National de la Recherche
Scientifique) was used (Lothon et al., 2019). This algorithm
was specifically adapted for application over Reunion Island.
Further details regarding these two algorithms will be de-
scribed later. Moreover, an intercomparison was carried out
to assess the performance of both algorithms, as detailed in
Sect. 3.1.1. Despite the differences observed between cam-
era and satellite data due to various factors, both observation
techniques are complementary. In this study, a comparison is
necessary to analyze how they complement each other. Since
we are comparing two different observation methods, the dif-
ferences between the measurements are apparent. These dif-
ferences are generally attributed to the distinct observation
positions of the two systems. The camera can be significantly
influenced by low clouds, whereas satellites primarily ob-
serve clouds at higher levels, especially when all three cloud
layers (low, medium, and high) are present. These discrepan-
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cies may also partly result from variations in the field of view
of the two observation methods.

The main objective of this study was to examine cloudi-
ness properties especially cloud fraction variability in the In-
dian Ocean. Cloud information produced in this study is es-
sential for enhancing climate models and forecasts. The use
of ground-based camera and satellite data has significantly
evolved in recent years, allowing for improved observation of
atmospheric and spatial phenomena. However, despite these
advancements, several unresolved issues remain, particularly
regarding the accuracy of measurements and the enhance-
ment of global coverage. This study aims to address these
gaps by exploring new application approaches for these tech-
nologies, thereby contributing to the further development of
knowledge in this field.

This paper is structured as follows: the data and methodol-
ogy section, which includes the study area, camera presenta-
tion, and algorithm description for obtaining nebulosity data;
the results section; and finally, the discussion and conclusion.

2 Data and methodology

2.1 Study area

As mentioned previously, we are working on two different
sites in SWIO; the first station is located in the city of Saint-
Denis in Reunion Island a French department, where an all-
sky camera is positioned on the roof of the Faculty of Sci-
ences at Reunion University (Fig. 1). This university is lo-
cated on the northern coast of the island, at an altitude of
70 m above mean sea level, with latitude and longitude coor-
dinates of (20.90° S, 55.49° E). To the north of the station lies
the ocean, while to the south, there are towering mountains.
The microclimate resulting from the topography of Reunion
Island presents a particularly complex subject for study. The
presence of two highest summits in the island, Piton des
Neiges at 3071 m above sea level (ma.s.l.), and the active
Piton de La Fournaise volcano at 2560 ma.s.l., influences at-
mospheric circulations in the SWIO (Mialhe et al., 2020).
The location of Saint-Denis provides a significant advantage
for studying land and sea breezes. One notable advantage
of this site is its multi-instrumentalization dedicated to at-
mospheric measurements (Baray et al., 2013; Durand et al.,
2021). Our study contributes to advancing the understanding
of this site by facilitating the comparative analysis of ground-
based instruments and spatial observations. The second site
is located in Antananarivo in the highlands of Madagascar,
where the camera is situated at a top of a pillar on the hill
of Ambohidempona, within the premises of the Institute and
Observatory of Geophysics of Antananarivo (IOGA) at the
University of Antananarivo. The coordinates of this site are
(18.92° S, 47.57° E) at an elevation of 1370 m. These both
stations were the first of the UV-Indien network, established
in 2019 (Table 1). Limited documentation is available for An-

tananarivo, while numerous studies have been conducted on
Reunion Island.

The data used in this study are presented in Table 1 be-
low. For uniformity of data, we have focused our comparison
(Sect. 3.1) between September 2019 and December 2021,
and between September 2019 and June 2022 for cloud vari-
ability (Sect. 3.2). An extended period can be applied to
establish a climatology of cloud variability when we have
enough data.

2.2 Camera

To detect Cloud Fraction (CF), we utilized the all-sky
imager “Sky Cam Vision”, a commercial camera manu-
factured by Reuniwatt company (https://reuniwatt.com/en/
2019/11/11/observe-the-sky-with-our-sky-imagers/, last ac-
cess: 26 October 2023). The camera is directed towards the
zenith of the designated site to capture images of cloud vari-
ability from the ground within the visible range. It is outfit-
ted with a “fish-eye” lens housed in a small glass dome to
shield it from rain and weather fluctuations. The camera pro-
duces hemispherical images in high definition range (HDR)
with a spherical view angle of 360°× 180° around the site
where the camera is positioned. The resolution of the images
is 2048× 2048 pixels, acquired at intervals of 30 s that can
be adjusted through the user interface. The algorithms ap-
plied on the camera images, namely Reuniwatt and Elifan,
are based on the red over blue ratio (R/B) obtained from
images, hereafter referred to as RBR. They are detailed in
Sects. 2.3 and 2.4.

2.3 Reuniwatt algorithm

Reuniwatt performs image segmentation using a Random
Forest algorithm (Breiman, 2001) to classify pixels into dif-
ferent categories. The Random Forest learning is conducted
on several color spaces using thousands of pixels from sky
cam vision images that have been manually labeled. The pix-
els were labeled into 4 categories: clear sky, thin cloud, thick
cloud, and sun. This process results in an image contain-
ing these 4 labels, which allows for two types of segmen-
tation. One segmentation identifies only thick clouds, while
the other identifies all clouds. In all cases, the sun pixels are
considered as clear sky pixels in the segmented image. In this
study, the cloud fraction used has been computed on the seg-
mentation of all clouds. The cloud fraction is then calculated
using a weighted average based on the angles of pixels in
a geometrically calibrated image. This method is described
in Long et al. (2006). The Random Forest algorithm per-
forms pixel classification utilizing texture and shape infor-
mation from the images, providing an improved segmenta-
tion compared to thresholding alone. This allows Reuniwatt
to obtain cloud fraction outputs with high accuracy. Reuni-
watt algorithm application has already been demonstrated in
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Figure 1. Cameras location, Saint-Denis – Reunion and Antananarivo – Madagascar.

Table 1. Camera and satellite dataset used in the process.

Location Parameters Instrument Algorithm Date Resolution Frequency Reference

Saint-Denis –
Réunion
Latitude: 20.90° S
Longitude: 55.49° E

Cloud Fraction Sky Cam Vision
Reuniwatt 13 Sep 2019–Present

2048× 2048 pixels 30 s
Cadet et al., 2020

Elifan 1 Sep 2019–20 Dec 2021 Lothon et al., 2019

Cloud Mask MSG/SEVIRI – 1 Sep 2019–30 Jun 2022
3 km 15 min Derrien and Le Gléau, 2005

Cloud Type MSG/SEVIRI – 1 Sep 2017–30 Jun 2022

Antananarivo –
Madagascar
Latitude: 18.92° S
Longitude: 47.57° E

Cloud Fraction Sky Cam Vision Reuniwatt Jun 2019–Present 2048× 2048 pixels 30 s Cadet et al., 2020

Cloud Mask MSG/SEVIRI – 1 Sep 2019–30 Jun 2022
3 km 15 min Derrien and Le Gléau, 2005

Cloud Type MSG/SEVIRI – 1 Sep 2017–30 Jun 2022

several previous publications (Cadet et al., 2020; Lamy et al.,
2021b).

2.4 Elifan algorithm

Elifan is an image-processing algorithm initially developed
by CNRS in 2013 and is currently used by the ACTRIS-
France community (Lothon et al., 2019). It allows us to get
daily nebulosity or cloud fraction from all-sky cameras and is
operational at various measurement sites of ACTRIS-France.
The data is processed and centralized at the AERIS data cen-
ter to ensure homogeneity. We have adapted the Elifan al-
gorithm on two new sites of ACTRIS-France located in Re-
union Island on which we have a Reuniwatt camera, at the
University of Moufia Saint-Denis and Maido Observatory
(Baray et al., 2013). Two different classification methods can
be employed: one based on pixel values (pixel-oriented) and
the other based on the texture or shape of the image (object-
oriented). In our case, the algorithm utilizes classification by
the pixel value. Two thresholding methods, namely absolute

and differential, detailed in Sects. 2.4.3 and 2.4.5, respec-
tively, are applied to the RBR to distinguish clouds from
the blue sky (Lothon et al., 2019). However, various pre-
processing steps, as outlined below, are first applied to the
images. Each thresholding method has its strengths: abso-
lute thresholding yields better estimation when the sun is ob-
scured by clouds, whereas differential thresholding is gen-
erally good in other scenarios (Lothon et al., 2019). All the
processing steps of Elifan are detailed further in Lothon et al.
(2019). Here, we will only present the steps that have been
adapted for the case of Reunion as follows:

– Cropping image and creating object masks

– Generating solar masks

– Creating a library of blue sky images

– Defining absolute and differential threshold values

In summary, the application of various mask types (sun and
object) to enhance measurement accuracy is one of the key
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strengths of this algorithm. Furthermore, the use of two dis-
tinct thresholding methods (absolute and differential) im-
proves the algorithm’s precision compared to other image
processing algorithms.

2.4.1 Cropping image and object mask creation

To crop the observed image, we have selected a 70° radius
angle around the zenith, which is equivalent to the angle
chosen in the Reuniwatt algorithm. This is done to exclude
areas near the horizon where pixels show significant distor-
tion or deformation, thus making interpretation challenging.
Another rationale for this choice is to avoid including ob-
jects such as buildings that may appear in various observa-
tion sites. The white circle in Fig. 2 delineates the boundary,
indicating that only the image inside the circle will be con-
sidered for the subsequent processing steps.

Depending on the site, certain elements with moving parts
may not be completely eliminated during the cropping step,
as observed at the Moufia Saint-Denis site (Fig. 3). To ad-
dress this issue, we have defined an additional object mask,
depicted in black (Fig. 4a). The raw images have a resolu-
tion of 2048× 2048 pixels, while the preprocessed images,
after cropping and excluding areas affected by pixel distor-
tions near the horizon and object interferences around the
site, have a resolution of 1271× 1271 pixels.

2.4.2 Solar mask

The creation of the mask is necessary to exclude the area
surrounding the sun, which tends to be oversaturated in the
image and can lead to overestimation of results. To address
this issue, a dynamic mask that varies according to solar an-
gles (zenith and azimuth) is required. Initially, we have con-
ducted the process without utilizing a sun mask by selecting
images from a day when the sun is unobscured by clouds.
The goal was to obtain samples of solar positions to establish
Eq. (1) below. We have employed cubic regression, which
provides the most accurate representation of the sun’s trajec-
tory in the image. This method draws inspiration from the
approach used by Lothon et al. (2019), where the position of
the solar mask adjusts according to both input variables: the
zenith angle (α) and the solar azimuth angle (θ ).{
IS = A1×β3

+B1×β2
+C1×β +D1

JS = A2× I 3
S +B2× I 2

S +C2× IS +D2

whereβ = sin
(α

2

)
sin
(
θ

2

)
(1)

IS represents the abscissa and JS represents the ordinates of
pixels in the image. A1, B1, C1, D1, A2, B2, C2, and D2
are the coefficients obtained from samples extracted from
the image processing of a day without a mask, where the
area around the sun in the image is not obscured by clouds.
Once we have obtained the equation, the coefficientsD1 and

Table 2. Threshold value chosen for Saint-Denis and Maïdo sites.

Site Absolute Differential

TBlue Sky TCloud T diffBlue Sky T diffCloud

Saint-Denis 0.55 0.6 0.05 0.1
Maïdo 0.5 0.55 0.1 0.15

D2 can be manually adjusted to correct deviations. We have
taken an example of 29 August 2020 (Fig. 3), a date on which
the sky is almost completely clear throughout the day.

2.4.3 Absolute thresholding

The classification is determined by applying different thresh-
olding definitions to the RBR. Two sets of values have been
defined: one set consists of values greater than the threshold
denoted by TCloud, and the other set consists of values less
than the threshold TBlue Sky. These values can be found in Ta-
ble 2. From these threshold definitions applied to the RBR,
three distinct pixel classes are derived: Cloud, Blue Sky, and
Uncertain. The thresholds are defined as follows: pixels with
RBR values less than TBlue Sky are classified as “Blue Sky”,
pixels with RBR values greater than TCloud are classified as
“Cloud”, and pixels with RBR values between TBlue Sky and
TCloud are categorized as “Uncertain”.

– Blue Sky (RBR≤ TBlue Sky)

– Uncertain (TBlue Sky < RBR≤ TCloud)

– Cloud (RBR> TCloud)

2.4.4 Blue Sky Library Creation

The establishment of the blue sky image library is essential
for conducting the process of differential thresholding. To de-
termine whether an image is clear or cloudless, we are using
the condition outlined by the following relation (Eq. 2).

min(RBR) < 0.5&max(RBR) > 0.6&count(Incertain)< 6% (2)

If an image satisfies this condition, it will bypass the algorith-
mic classification process and be directly added to the clear
sky library. The constant parameters may differ depending
on the type of camera used and the specific site being stud-
ied, as aerosol levels at each site can affect the quality of im-
age classification (Lothon et al., 2019). However, in our case,
aerosol is not taken into account in the algorithm. Threshold
values can be visually determined from the multi-color im-
age (Fig. 4). The values specified here in Eq. (2) correspond
to those of the Moufia-Saint-Denis station.

2.4.5 Differential thresholding

In the image, multiple solar reflections on the plexiglass pro-
tecting the fisheye lens are sometimes present. Additionally,
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Figure 2. Cropped area delimitation, Saint Denis (left) and Maïdo (right).

Figure 3. Simulated trajectory of the sun (red circle) on 29 August 2020, every hour from 04:00 to 12:00 UTC.

saturations that could not be eliminated by the sun mask oc-
cur. To minimize these effects, we have utilized a clear sky
image library. The principle is the same as that of the abso-
lute thresholding method using the RBR, but it is only appli-
cable when a clear sky image with the same solar angle (az-

imuth and zenith) as the processed image is available in the
library. This method is inspired from Ghonima et al. (2012).
The concept is straightforward: subtract the RBR of the pro-
cessed image from that of the reference clear sky image with
the same solar angle in the library.

Ann. Geophys., 43, 651–666, 2025 https://doi.org/10.5194/angeo-43-651-2025
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Figure 4. Intermediate image processing results at Moufia Saint-Denis – 30 September 2019 at 09:54:00 UTC. (a) Cropped image containing
the solar mask represented by the red circle, and the object mask in black. (b) Multi-color image processed using the absolute thresholding
method. (c) Tricolor image processed with the absolute thresholding method. (d) Multi-color image processed using the differential thresh-
olding method. (e) Tricolor image processed using the differential thresholding method. The color scale (dimensionless) represents the ratio
of radiometric values of the red and blue bands.

– Blue Sky (RBR−RBRLib ≤ TBlue Sky)

– Uncertain (TBlue Sky < RBR−RBRLib ≤ TCloud)

– Cloud (RBR−RBRLib > TCloud)

The threshold values defined in differential methods are
presented in Table 2 below. Depending on the camera model
and its configuration, as well as the characteristics of aerosols

or haze variability at each station, these threshold values
may vary from one site to another (Lothon et al., 2019).
These threshold values are visually identified through photo-
interpretation of the pseudo-colored images (Fig. 4b), by
comparing them with the real images (Fig. 4a). One of the
main reasons for generating the pseudo-colored images is to
facilitate this comparison. The differences between absolute
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658 J.-M. Rivonirina et al.: Cloudiness over Reunion Island and Antananarivo Madagascar

and differential methods are not significant, as demonstrated
in Fig. 4. This is why we just utilize absolute thresholding
for comparison in Sect. 3.1.

2.5 MSG / SEVIRI

Meteosat Second Generation (MSG) is a meteorological
satellite mission operated by Eumetsat. Four satellites posi-
tioned at an altitude of 36 000 km have been synchronized
to provide meteorological data. They provide images of the
full disk with dimensions of 3712×3712 pixels, covering Eu-
rope, Africa, and parts of the Indian Ocean since 2002 (Werk-
meister et al., 2015). Operating in a geostationary orbit, the
MSG mission focuses on observing various parameters in-
cluding clouds, land, and ocean surfaces. The MSG mission
concluded in 2022 and was recently replaced by the Meteosat
Third Generation (MTG-I1) satellite. The latter offers sig-
nificant improvements in spatial and temporal resolution by
providing images every 10 mn with three resolutions: 0.5,
1, and 2 km, corresponding to different wavelength bands.
MSG employs the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) sensor, which captures images in 12 spec-
tral bands ranging from visible to infrared. These include
three visible channels (0.6, 0.8, and 1.6 µm), eight thermal in-
frared channels (3.9, 6.2, 7.3, 8.7, 9.7, 10.8, 12, and 13.4 µm),
and one high-resolution broadband visible channel (Taravat
et al., 2015). The spatial resolution varies from 1 to 3 km
depending on the bands or wavelength range. In 2016, the
MSG satellites were repositioned at a longitude of 41.5° E to
center images over the Indian Ocean, continuing the service
previously provided by Meteosat 7. MSG took images ev-
ery 15 min, offering significant advantages by providing day
and night observations with infrared bands, resulting in a to-
tal of 96 images per day. This study utilizes the Cloud Mask
(CLM), a product obtained through multispectral threshold
tests that classify pixels into different categories (Bley and
Deneke, 2013). Further details of the algorithm to derive
CLM are provided in Derrien and Le Gléau (2005). The
pixel values in CLM images are defined in Table 3 below.
CLM has a spatial resolution of 3km× 3km and is available
upon request and free of charge from the Eumetsat website
https://www.eumetsat.int/ (last access: 26 October 2023).

It is important to note that CLM and cloud fraction are
two distinct variables. CLM, in binary format, only indicates
whether a pixel represents a cloud or not. In contrast, the
cloud fraction is derived through an additional calculation
applied to the CLM, yielding a value that represents a range
of measurements from 0 % to 100 %. The cloud fraction (CF)
at each site was obtained from CLM images using the follow-
ing calculation.

cloud fraction=
cloud pixel number
total pixel number

(3)

We have considered the pixels within a square window of
3× 3 pixels centered on the nearest point to the station. Fur-

Table 3. Pixels values in Cloud Mask.

Parameter Value Description

CLM 0 Clear sky over water
1 Clear sky over land
2 Cloud
3 No data

ther details regarding the selection of the window size will
be discussed later in Sect. 3.1.2.

Cloud fraction offers a broader view of cloud variability,
but it may sometimes miss specific details that can be clar-
ified through cloud type. Cloud type provides essential ad-
ditional context for interpreting certain cloud characteristics,
offering a deeper understanding of variability that cannot be
fully captured by cloud fraction alone.

Cloud Type (CT) data can be retrieved from the ICARE
(Cloud-Aerosol-Water-Radiation Interactions) data cen-
ter platform at https://www.icare.univ-lille.fr/asd-content/
extract/subset/ordergeo (last access: 26 October 2023). Due
to redundancy and the absence of certain classes in this re-
gion, reclassification is necessary. To facilitate data inter-
pretation, we have redefined the pixel values in CT, ini-
tially defined by SAFNWC (Satellite Application Facility for
supporting NoWCasting and very short-range forecasting),
into six different classes: cloud-free, low clouds, medium
clouds, high opaque clouds, fractional clouds, and high semi-
transparent clouds (refer to Fig. 5). A similar study involv-
ing the reclassification of cloud-type products has been pre-
viously conducted by Philippon et al. (2016).

2.6 Statistical parameters

To compare each measurement, the following statistical pa-
rameters were utilized. Equation (4) computes the bias, en-
abling us to estimate differences between both measure-
ments. The variability of the measurement can be determined
using the Root Mean Square Error (RMSE), as shown in
Eq. (5). The performance of each comparison can be evalu-
ated by the correlation coefficient (r), as expressed in Eq. (6).

Bias=
1
N

N∑
i=1
(xi − yi) (4)

RMSE=

√√√√ 1
N

N∑
i=1
(xi − yi)

2 (5)

r =

∑N
i=1(xi − xi)× (yi − yi)√∑N

i=1(xi − xi)
2×

∑N
i=1(yi − yi)

2
(6)

xi and yi represent the algorithms that were compared (e.g.,
xi for Elifan and yi for Reuniwatt; or xi for Elifan or Reuni-
watt and yi for MSG)
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Figure 5. Initial classification of cloud type of MSG/SEVIRI (a). Reclassification of pixels values (b).

3 Results

3.1 Comparison

3.1.1 Elifan against Reuniwatt

Table 4 compares the Elifan and Reuniwatt algorithms for
cloud fraction retrieval. It is important to note that direct
comparison is challenging because they analyze different sky
regions. Reuniwatt considers the entire sky image, while Eli-
fan masks out the area surrounding the sun to avoid satura-
tion. This masking explains the observed difference, where
Reuniwatt generally yields slightly higher cloud fractions
than Elifan. Despite this difference, both algorithms demon-
strate good agreement with a low Root Mean Square Error
(RMSE) of 6.48 % and a high correlation coefficient (r =
0.99). The small offset is likely due to Elifan’s exclusion of
the solar zone, which is often saturated and can lead to over-
estimation. This difference is more pronounced around noon
when solar irradiance is most impactful. Therefore, both al-
gorithms offer comparable performance for cloud fraction
calculations. Since Elifan couldn’t be applied at the Antana-
narivo site due to data management reasons, Reuniwatt can
be confidently used without compromising accuracy.

3.1.2 Camera against Satellite

Each measurement from ground or space-based sources
has its advantages and weaknesses. Camera images operate
within a visible wavelength range, which constitutes their
limitations. Cameras often struggle to accurately estimate
cloudiness, particularly around sunrise and sunset (Lothon
et al., 2019). The uncertainty of cloud masks from MSG
satellites is primarily related to the spatial and temporal vari-
ability of surface reflectance, caused by changes in atmo-
spheric aerosols or vegetation. Thin cirrus clouds are some-
times undetected by satellites because their spectral signa-
tures are similar to clear skies (Taravat et al., 2015). The
cloud fraction (CF) at each site was obtained from CLM im-
ages using a square window of 3× 3 pixels centered on the
nearest point to the station. The number of cloud pixels in-
cluded in the window was calculated and divided by the to-
tal number of pixels within the same window Eq. (3). Pixel
values are represented by points, as depicted over Reunion
Island in Fig. 6 below, where dark blue dots represent cloud
pixels.

The choice of pixel window size to calculate cloud frac-
tion from the Cloud Mask of MSG/SEVIRI can significantly
impact the quality of comparison. Different window sizes,
such as 3× 3, 5× 5, 7× 7, or more, can be considered. We
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Table 4. Statistical parameters (root mean square error “RMSE”, correlation coefficient “r”, and number of observation “N”) to compare
each measurement.

Site Comparison Bias (%) RMSE (%) r N

Saint-Denis – Réunion Elifan–Reuniwatt −5.48 6.48 0.99 23 244
Elifan–MSG 2.64 21.43 0.87 20 925
Reuniwatt–MSG 6.79 25.70 0.82 25 807

Antananarivo – Madagascar Reuniwatt–MSG 6.48 28.63 0.78 27 478

Figure 6. Pixels extracted from Cloud Mask of MSG/SEVIRI over
Reunion Island where cloud pixels are represented by dark blue
dots.

have opted for a dimension of 3×3, which closely aligns with
camera observations and is less influenced by topographical
variability. Increasing the window size tends to amplify the
differences between camera and satellite observations. How-
ever, the observation radius of the camera depends on two
parameters: the cloud height and the camera’s field of view.
In our case, it is primarily determined by the zenith angle of
70°, as represented by the formula below Eq. (7).

observation radius= cloud height× tan(70°)≈ 5.5km (7)

Due to the lack of data on cloud base height in Antananarivo,
we used data from Reunion Island as a reference for the
analysis of both sites. The cloud height over Réunion island
is frequently observed at 2 km above surface level (Durand
et al., 2021), and the 3× 3 pixel window used by the MSG
satellite covers a radius of approximately 4.5 km, this value
is quite similar to the one obtained from ground-based obser-
vations.

We have compared the outputs of the Elifan and Re-
uniwatt algorithms with MSG data (refer to Table 4). The
data used to calculate bias corresponded to satellite over-
passes with a 15 min interval between September 2019 and
December 2021. We have selected a time range between
08:30 and 16:30 (LT) to avoid the camera’s limitations dur-
ing sunset and sunrise. Despite differences in the dimen-

sions of the camera and satellite images, we found good
consistency between the data. Elifan exhibited the lowest
bias (Bias= 2.64 %), RMSE= 21.43 %, and high correla-
tion (r = 0.87), Reuniwatt showed slight differences (Bias=
6.79 %, RMSE= 25.70 %, and r = 0.82) for the Saint-Denis
site and (Bias= 6.48 %, RMSE= 28.63 %, and r = 0.78)
for Antananarivo. Statistical values for Saint-Denis generally
outperform those for Antananarivo in terms of consistency
between MSG and Reuniwatt. This disparity is attributed to
differences in environmental and atmospheric properties at
each site. Satellites may struggle to identify low cloud cover,
occasionally due to the presence of haze at the study site.
Cloud fraction bias is primarily influenced by image resolu-
tion and cloud distribution (Jones et al., 2012), varying be-
tween sites and being linked to atmospheric characteristics.
Pollution levels differ at each station, particularly in aerosol
concentration, which can attenuate solar radiation intensity
(Radivojevi et al., 2015). Aerosol levels are higher over An-
tananarivo compared to Saint-Denis (Lamy et al., 2021a), po-
tentially inducing slight biases between the two sites.

3.2 Seasonal cloud variability

Figures 7 and 8 have been divided into two seasons: the top
represents the wet period, and the bottom represents the dry
season. Figure 7 illustrates the seasonal variability of cloudi-
ness at the Antananarivo site as obtained from the camera
using the Reuniwatt algorithm and from the MSG/SEVIRI
satellite.

At the Antananarivo station, during the dry season, we
generally observe heavy cloud fraction in the morning,
around 50 %, which gradually decreases throughout the day.
Conversely, during the wet season, cloud fraction ranges
from around 30 % to 60 % in the morning, increasing as the
day progresses. These trends are consistent across both cam-
era and satellite observations. In the wet season, the low-
est coverage is typically observed in October and Novem-
ber, reaching a minimum close to 20 %, while the maximum
value exceeds 60 % in February. There is a slight deviation
from December to April. For the Saint-Denis site (Fig. 8), we
observe similar variability between camera and satellite data:
the sky exhibits low coverage or is almost clear in the morn-
ing, with cloudiness gradually increasing during the day. In
the wet season, maximum cloud fraction can reach 80 %,
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Figure 7. Seasonal variability of nebulosity over Antananarivo, Madagascar, obtained from Reuniwatt on the left and MSG/SEVIRI on the
right side (September 2019–June 2022). Hour in abscissa represents local time (UTC+3).

Figure 8. Same as Fig. 7, over Saint-Denis Reunion with local time (UTC+4).

compared to only 60 % during the dry season. The lowest
coverage is typically observed in May, below 20 %, while the
maximum occurs in January. Cloud fraction generally tends
to be weaker in the dry season compared to the wet season
at both sites. Despite differences in resolution, spatial dimen-

sion, and field of view between camera and satellite measure-
ments, we find good consistency between both datasets. The
selected sites exhibit significant differences in geographical
and environmental properties. The Antananarivo station, sit-
uated at an average elevation of 1370 m, experiences wind
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patterns along the mountains that influence orographic cloud
formation, as further detailed by Rana and Sathiyamoorthy
(2018). In contrast, the Saint-Denis site, located at an eleva-
tion of 70 ma.s.l., experiences various sources of cloud for-
mation, including orography influenced by the local topogra-
phy of Reunion (Mialhe et al., 2020), evaporation of seawa-
ter, and evapotranspiration due to the island’s high vegetation
coverage.

The diverse roles that clouds play on Earth’s surface un-
derscore the importance of cloud data from the UV-Indien
network. Due to the extensive sea surface coverage in some
Indian Ocean sites, the spatial resolution of satellites is some-
times inadequate for data analysis, highlighting the impor-
tance of ground-based stations.

3.2.1 Cloud frequency over Antananarivo

The occurrence of clouds each month, obtained from the
Cloud Type data of MSG/SEVIRI over Antananarivo, is il-
lustrated in Fig. 9. The histograms represent the percentage
of all observations, for a total of 47 960 observations be-
tween September 2019 and June 2022. Notably, more than
46 % of the observations depict a clear sky, with maxi-
mum monthly values exceeding 50 % observed from May
to October. Clear skies are associated with significant so-
lar irradiance. Low clouds, typically thick and dark, signif-
icantly reduce ground-level solar radiation, accounting for
approximately 21 % of observations. High semi-transparent
clouds, constituting around 16 % of observations, and frac-
tional clouds, representing more than 10 %, can intensify so-
lar irradiance. High opaque clouds and middle-level clouds
are less frequent, each representing only 3 % of observations.

The diurnal distribution of sky covers from September
2019 to June 2022 is depicted in Fig. 10, where all types
of clouds are observed. Clear skies, one of the most dom-
inant classes, are prevalent throughout the day. High semi-
transparent clouds are more frequent, while low clouds, typ-
ically thick, are predominant in the morning and less fre-
quent in the afternoon. High semi-transparent clouds are con-
sistently observed throughout the day, with a frequency of
approximately 25 %. High opaque clouds are primarily ob-
served towards the beginning of the afternoon. The variation
in cloud type during the seasons is strongly influenced by
geometric parameters such as Earth-sun distance and solar
zenith angle. Clear skies are more frequent during the aus-
tral winter compared to summer, and high opaque clouds
are absent during austral winter. Middle-level clouds are less
frequent throughout the year. Additionally, the presence of
Mandroseza lake near the station can contribute to the cloud
type in this site.

3.2.2 Cloud frequency over Saint-Denis

We have conducted an analysis of the monthly occurrence of
different cloud classes over Saint-Denis (Fig. 9). Similar to

Antananarivo, we observe a strong occurrence of clear skies,
representing 50 % of observations. The peaks in clear sky oc-
currence are evident from May to December, except in Oc-
tober and November, characterized by the strong presence of
low clouds. Low clouds are dominant in Saint-Denis, with
a frequency of approximately 23 % throughout most of the
year. High semi-transparent clouds are generally significant
(> 10 %) during the wet season from November to April,
while fractional clouds are consistently observed each month
at around 11 %. High opaque clouds are less visible except
during January, February, March, and April, with occurrence
frequencies exceeding 4 %. Mid-level clouds are less present,
with an average frequency of around 2 % each month. The
diurnal distribution of cloud types is consistent with cloud
fraction observations, particularly low clouds and fractional
clouds, which show low occurrence in the morning and in-
crease during the day.

4 Discussion and conclusion

Research on cloud variability in the SWIO is currently in-
sufficient. The high spatial and temporal resolution of the
data used in this study enhances our understanding of cloud
characteristics and variability across the region. Deviations in
each measurement were estimated using statistical analysis.
Although the methodologies employed by the Elifan and Re-
uniwatt algorithms differ, they both reliably estimate cloud
fraction (Bias=−5.48 %, RMSE= 6.48 %, and r = 0.99).
Between satellite and camera measurements, significant bi-
ases sometimes arise due to the differing spatial dimensions
of the measurements. Discrepancies often occur when clouds
outside the camera’s field of view are captured by the satel-
lite. Satellite estimates tend to overestimate when very high
clouds like cirrus are present. Conversely, cameras may over-
estimate cloudiness when fog is present around the site, mak-
ing the area more cloud-covered compared with satellite im-
ages. Additionally, satellites sometimes fail to identify low-
level cloud cover that appears dominant in ground obser-
vations (Verma et al., 2018). This study shows us the con-
sistency and inter-complementarity of camera and satellite
data. Camera and satellite statistics comparison on Saint-
Denis (Bias= 6.79 %, RMSE= 25.70 %, and r = 0.82) is
generally good compared with Antananarivo (Bias= 6.48 %,
RMSE= 28.63 %, and r = 0.78). The accuracy of compar-
isons can be further improved by using data from the MTG-
I1 satellite, which offers better spatial and temporal resolu-
tion compared to MSG. Cameras provide more consistent
data with visual observations due to their good spatial resolu-
tion and high temporal frequency, although ground measure-
ments have limitations; they are local and representative only
within a spatial scale of about 5 km. Beyond this, correla-
tions between two ground stations are inconsistent (Kalecin-
ski, 2015). Both ground-based and satellite measurements
are complementary; however, the choice depends on the spe-
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Figure 9. Monthly observation of sky from September 2019 to June 2022 over Antananarivo and Saint-Denis obtained from Cloud Type of
MSG/SEVIRI.

cific area and focus of the study. In specific cases using satel-
lites offers a good perspective, especially for areas that do
not have camera installation as in the case of some sites of
UV-Indien network. The data collected by both cameras and
satellites can be applied in various fields, such as estimat-
ing solar power plant production (Rodríguez-Benítez et al.,
2021). This study’s datasets will also enhance our under-
standing of clouds effects on UV radiation, particularly for
the UV-Indien network. Different cloud types impact solar ir-
radiance differently, underscoring the necessity of cloud clas-
sification (Akdemir et al., 2022). Additional global horizon-
tal irradiance (GHI) and diffuse horizontal irradiance (DHI)
data provide by IOS-net network composed by 20 stations
around SWIO can be used to understand these cloud effects
(Morel et al., 2021).

Incorporating other satellite data like MODIS, which of-
fers similar spatial resolution to MSG, is a promising ap-
proach. Additional observational tools, such as ground-based
cloud radar providing vertical cloud distribution or a combi-
nation of radar and lidar as used by Vérèmes et al. (2019),
can offer more detailed insights into cloud variability over
specific sites. Cloud classification errors can occur due to
overlapping clouds at different altitudes, with some cloud
types being obscured by others. Additional biases were iden-

tified when comparing Cloud Type and Cloud Mask prod-
ucts, revealing that fractional clouds sometimes mix with
clear skies. The occurrence frequency of clouds reported
here aligns with findings by Durand et al. (2021), who noted
a maximum occurrence frequency of about 45 % for low
clouds from 12:00 to 19:00 LT during the wet season, and
a peak of 15 % for high clouds from 13:00 to 18:00 LT. The
cloudiness variability presented in this study is not fully rep-
resentative due to the limited depth of our archives, but it pro-
vides a useful overview of cloud variability at poorly known
sites. This study spans nearly three years, and continuous
analysis over a longer period could reveal more about cloud
formation and variability. But even with this limited data,
we can observe the distinctiveness of cloudiness at each site,
Saint-Denis and Antananarivo. This is influenced not only
by atmospheric circulation but also by various factors such
as environmental and geographic conditions.
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Figure 10. Diurnal distribution of cloudiness over Antananarivo, Madagascar, and Saint-Denis Reunion (September 2019–June 2022).
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