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Understanding the space-time variability of Surface Solar Radiation (SSR) is mandatory for the prediction and,
eventually, the skillful forecasting of photovoltaic energy production. This paper addresses the modulation of
local-scale SSR over Reunion, a tropical island in the South-West Indian Ocean, by the leading modes of climate
variability influencing both regional-scale and local-scale atmospheric convection and its associated cloud cover.
Analyses focus on synoptic (tropical cyclones [TCs], synoptic convective regimes, including Tropical-Temperate
Troughs [TTTs]) and intraseasonal (Madden-Julian Oscillation [MJO]) timescales. The SSR intra-daily variability
is first assessed by a diurnal classification of SARAH-E satellite SSR data, and it is then related to the climate
conditions mentioned above. SSR anomalies are found larger (smaller) on the windward (leeward) side of
Reunion and in the summer (winter) season. The island-scale “cloudy” conditions can typically last 1 or 2 days.
Nearby TCs can strongly reduce SSR by up to 50% on average, depending on their distances from Reunion, their
sizes, and particularly, their longitudinal positions, which is observed for the first time. Nearby TCs are asso-
ciated with significant negative SSR anomaly when located west of Reunion but with less significant or even
positive anomaly when located east of the island. Synoptic convective regimes (the intraseasonal MJO) have a
relatively weaker impact on SSR, with a value up to 13% (5%) of the mean value. Potential interactions between
these SSR modulators are also investigated to understand better and eventually predict the mechanisms likely to
modulate SSR (and thus photovoltaic electricity production) at sub-seasonal timescales.

to burning fossil fuels for energy to be used for heating, electricity,
transport, and industry [2]. Therefore, energy transition to use clean,
renewable resources is essential for moving towards a low-carbon future
and mitigating climate change.

1. Introduction

The impact of climate change has been observed worldwide in recent
years, and it will continue to bring more frequent and more intense

weather and climate extremes and stronger climate variability in the
foreseeable future [1]. Mitigating and adapting to climate change are
the most critical and difficult challenges of the 21% century. It is virtually
certain that global surface temperature rise and associated changes can
be limited through rapid and substantial reductions in Greenhouse Gas
(GHG) emissions. About two-thirds of global GHG emissions are linked
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Solar energy is one of the most promising renewable and clean en-
ergy sources. The installation of solar photovoltaic (PV) electricity
generation systems has continuously increased over the last decade. In
2020, over 135 GW of new solar PV were installed worldwide,
increasing the total cumulative installed capacity to over 770 GW, and
the 1 TW barrier was expected to be broken in 2022 [3]. The price of
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solar electricity is decreasing rapidly [4], benefiting from the price
reduction of solar panels and the associated battery storage to stabilize
the electricity output.

In the South-West Indian Ocean (SWIO), where Reunion is located,
many countries aim to increase the use of renewable and clean energy,
notably solar power, to reduce their dependence on fossil fuels and
decrease their GHG emissions [5,6]. For example, the Mauritius gov-
ernment has announced plans to increase the use of renewable sources
for electricity generation to 60% by 2030. Solar energy will account for
about 8% contribution to the electricity mix by 2020, while it was less
than 1% in 2014 [7]. Reunion aims to achieve energy self-sufficiency
based only on its renewable resources and become a “zero-net energy”
island by 2030, with 27% from solar electricity [8,9]. In 2018, 36.5% of
Reunion’s electric production was from renewable energy sources, with
9% from PV systems [10]. However, the large variability of the local
climate of Reunion still limits the integration of solar energy in the
electric mix [11-13].

Solar energy is still facing a challenge regarding the uncertainty in
electricity output, mainly due to the unpredictable, intermittent nature
of Surface Solar Radiation (SSR). An accurate and complete assessment
of SSR (mean state and spatiotemporal variability at different scales) is
the basis of SSR forecasting [14-16]. This assessment is also necessary
for the optimization of the electricity grid connected with multiple re-
sources of renewable energy [17], such as solar-wind combination [18],
and for the evaluation of the impacts of climate change on PV produc-
tion [19,20]. The knowledge of the drivers of the space-time variability
of SSR is, therefore, the starting point of its assessment.

A part of SSR variability is predictable and determined by the rota-
tional and translational movements of the Earth with respect to the Sun.
However, in addition to this, variability in SSR is also a function of the
weather and climate systems. Like the climate system itself, SSR varies at
different timescales: at the sub-daily scales mainly due to cloudiness and
weather conditions, at the synoptic, intraseasonal to interannual scales
due to climate variability, and at even longer timescales due to both low-
frequency natural variability and human-introduced climate change (see
for instance [21] for a review).

Reunion, located in the SWIO, experiences substantial SSR vari-
ability at different timescales [12,22-25]. Recently, the average annual
and diurnal cycles of SSR and their spatial behavior over the island have
been documented by Mialhe et al. [26] (M20 hereafter). However, SSR
can also fluctuate spatiotemporally around its mean state due to either
local effects at fine temporal and spatial scales or natural and/or
anthropogenic climate variability at larger scales, which still need to be
thoroughly investigated. This study focuses on the hourly/daily de-
partures from these average SSR cycles. We then assess the role of
convective variability from synoptic to intraseasonal timescales in
shaping this SSR “anomaly”.

At the synoptic timescale, Tropical Cyclones (TCs) in the SWIO
develop mainly from December to March (referred to as DJFM hereafter;
[27]). The associated strong convection can produce an abrupt reduc-
tion in atmospheric transparency and, thus, a significant attenuation of
SSR. Even though TCs are rare events (~7% of days in DJFM have a
nearby TC), their strong negative impact on SSR is essential to be
characterized since these extremes are among the most severe and
detrimental risks the island faces. As with other severe weather events
[28], TCs could also challenge the survivability of solar farms.

Also at the synoptic timescale, regional convective regimes have
been identified over the Southern Africa (SA)/SWIO region in the
summer season from November to February (NDJF). It consists of seven
robust and statistically well-separated patterns of large-scale organized
convection, among which three regimes (regimes 5, 6, and 7, as shown
in Supplementary Figure S1), indicative of well-defined tropical-
temperate interactions, are known as synoptic-scale Tropical Temperate
Troughs (TTTs, [29-35]). TTTs basically consist of short-lived (typically
3-7 days in NDJF), northwest-southeast-tilted large-scale convective
cloud bands over SA and the SWIO. These moving convective systems,

Solar Energy 262 (2023) 111856

which have been reported to have an impact on seasonal rainfall over SA
(e.g., [32,36,37]) and Madagascar [38], are expected to impact the
diurnal variability of SSR over Reunion during their lifecycles.

At the intraseasonal timescale, the Madden-Julian Oscillation (MJO,
[39,40]) is the dominant mode of intraseasonal variability in the tropics
(see also reviews by Madden and Julian [41], Zhang [42,43], and ref-
erences therein). The MJO can be characterized as a coupled convective-
wind tropical disturbance that develops in the tropical Indian Ocean and
slowly propagates eastward to the Maritime Continent and then to the
West Pacific basin with an intraseasonal cycle of 30-60 days [44,45].
MJO involves scale interactions across a broad spectrum, from the
diurnal cycle to interannual variability [46]. Remarkably, the MJO has
been linked with the intraseasonal variability of rainfall in East Africa
[47,48], SA [36] and the SWIO [38,49]. However, the effects of the MJO
on the diurnal variability of SSR over the SWIO are still unclear and need
to be explored.

At lower frequencies, the year-to-year variability of SSR in Reunion
could also partly be driven by the changes in global Sea Surface Tem-
perature (SST) patterns at the interannual timescale, including El Nino/
Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD, [50,51]),
and the Subtropical Indian Ocean Dipole (SIOD, [52]). Indeed, some
significant correlations are found in the teleconnection maps (see Sup-
plementary Figure S2) between the seasonal occurrence of the SSR
anomaly classifications (see Fig. 2 and sections 2, 3) and the synchro-
nous mean SST field. However, analyzing this lower-frequency climate
variability as local SSR drivers requires longer time series, both reliable
and homogeneous in time, and available at high spatial resolutions, that
do not exist today for the SWIO.

Thus, this study aims to quantify the influence of sub-seasonal
convective variability over the SWIO region on diurnal SSR variability
in Reunion at high spatial resolution (~5 km). We focus on the dominant
synoptic and intraseasonal timescales, which are responsible for the
largest proportion of convective variance [53]. An effort is also made to
quantify the degree of nonlinear interaction between these different
timescales and their consequences on SSR variability in Reunion. This
knowledge will improve our understanding of SSR variability and its
links to climate variability and thus benefit long-lead predictions of SSR
for the solar energy industry.

This paper is structured as follows: section 2 presents the climatology
of SSR in Reunion, the data used in this study, and the methods
employed to document SSR variability and to identify the convective
climate variability. Section 3 is dedicated to the description of hourly
departures from the averaged diurnal cycle of SSR, and then section 4
investigates its links with convective variabilities. The potential in-
teractions between these SSR drivers are presented in section 5. Finally,
the conclusion and discussion are made in section 6.

2. Context, data, and methods
2.1. Climate characteristics of SSR in Reunion

Reunion is a high volcanic island located in the SWIO. The average
annual and diurnal cycles of SSR, which have been described in M20, are
shaped mainly by (1) the location of the island in the SWIO, where trade
winds are generally from the east in summer and from the southeast in
winter [54]; and (2) its high altitude and complex topography (see
Fig. 1) which makes the island an isolated and especially prominent
obstacle to the atmospheric circulation in the SWIO. Hence, like most
tropical islands with a marked topography, Reunion exhibits a strong
contrast between its windward and leeward sides. According to M20, the
averaged diurnal cycle depicts an east-west contrast with maximum
values of SSR on the leeward side (at the west) of the island and mini-
mum values on the windward side (at the east) in the early morning.
This pattern then reverses over the day, leading to maximum values on
the windward side and minimum values on the leeward side. This east-
west difference in the mean diurnal cycle is related to the initiation and
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Fig. 1. Topography of Reunion (in meter) on
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- 3000 SARAH-E grid (dotted gray lines). The 89 pixels

over land are used for the diurnal SSR classifica-
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tion. This map is based on the ASTER Global
Digital Elevation Model from NASA Jet Propul-
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sion Laboratory [55]. The highest summits are
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depicted by triangles in color. The first one is the

dormant Piton des Neiges volcano in blue, peak-
ing at 3071 m asl (above sea level) in the center,
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and the other one is the active Piton de La Four-

naise volcano, in red, at 2560 m asl in the east.
Between these two lies a 1500 m-high plateau.
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Reunion exhibits a strong contrast between its

windward (east) and leeward (west) sides, which
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is shaped by this remarkable topography and the
seasonal changing trade wind direction, being
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from the east during the summer months (from
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November to April) and from the southeast during

the winter months (from May to October). (For
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interpretation of the references to color in this
figure legend, the reader is referred to the web

version of this article.)

—21.55
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evolution of cloud cover on the island, which is driven by the develop-
ment of orographic clouds due to the combined effects of trade winds
and thermal winds on the windward side, and to thermal winds solely on
the leeward side (M20). A similar east-west difference was found in
rainfall, with overall higher amplitudes and variations in the island’s
windward side (at the east-southeast;[56]). The seasonality of this
averaged SSR diurnal cycle is due to the annual changes in the synoptic
wind direction and strength, and in the sea-land contrast. In addition,
the island experiences extreme events such as heavy rainfalls and storms
as well as TCs, whose effects on SSR can be enhanced by interacting with
the marked topography [24,27,56-58]. Moreover, the complexity of the
topography also has a considerable influence on the development of
energy production sites because of their accessibility and thus impacts
the energy storage/transferring strategy over the island.

2.2. SARAH-E SSR and diurnal SSR classification

The SSR data is taken from the regional climate data record of Solar
surfAce RAdiation Heliosat - East (SARAH-E, [59,60]), which is derived
from the observations onboard the geostationary METEOSAT Indian
Ocean Data Coverage (i.e., IODC) satellites. Hourly instantaneous re-
cords are used throughout its entire period of availability, from 1999-01-
01 to 2016-12-31 (YYYY-MM-DD; we exclusively use this time format
thereafter, and hours are in REunion Time zone (RET) corresponding to
GMT+4). During this period, only daytime records (from 8:00 to 17:00)
of 6421 days are used for analysis, 154 days with missing records being
removed. Spatially, 360 pixels cover the region of (55.05 to 56°E;
—21.55 to —20.7°S), of which 89 pixels over Reunion are extracted at a
spatial resolution of 0.05°, i.e., ~5.3 km at this location (Fig. 1).

The reliability of SARAH-E against in-situ measurements has been
assessed over India [61], China [62], and particularly over Reunion by
Bessafi et al. [12] and M20. The former showed that monthly means of
SARAH-E estimates differ from the ground-based Météo-France SSR by
approximately 10% on average, with higher errors locally. M20 reported
differences of ~15% for diurnal-seasonal variations when compared
with 32 Météo-France stations in Reunion over the period 2011-2015.
SARAH-E is used in this study following M20, where the same was
employed to represent the average annual and diurnal cycles of SSR over
Reunion.

Firstly, hourly anomalies are calculated for each pixel by subtracting

755.05 55.15 55.25 55.35 55.45 55.55 55.65 55.75 55.85 55.95

the daily-hourly climatology. To obtain such a climatology, a 1% order
low-pass filter (Butterworth filter with a cut-off frequency of 28 days) is
applied to smooth out the high-frequency variations (values on the 20t
of February are removed). The border effect has been treated by
repeating the daily-hourly values in the entire 18 years three times so
that the filter is applied on 54 values each day, each hour for each pixel,
and only the filtered values in the center are taken as climatology for the
following analysis. The calculation of the anomalies is expressed as the
equation below:

SSRanomaiy (h, d, y) = SSR(h, d, ¥) — SSRctimatotogy (h, d)

where
2016
SSR ctimatotogy (h, d) = oo ‘.;999 (SSRpered(n, a. ) )

and h stands for hour, d for Julian day, and y for year.

Then, a clustering approach is performed on these anomalies to
assess SSR variability by regrouping the whole dataset (6421 daily-
hourly SSR maps) into a small number of groups. The Ascending Hier-
archical Clustering method is used here, where Ward’s criterion [63] is
applied to perform the successive groupings. The number of clusters
finally retained is 9 by considering the clustering dendrogram (classifi-
cation tree, see Supplementary Figure S3), the representativeness of
characteristics of local temporal/spatial variability of SSR, and the
abundance of details to be linked with larger scale climate variabilities
in this study (see sections 3 and 4).

The resulting 9 clusters, shown by their mean profiles in Fig. 2,
represent possible departures from the averaged diurnal SSR cycle. The
synoptic transition behavior of these clusters (section 3), along with
their distinct characteristics, such as the sign, amplitude, seasonality,
and spatial pattern, enables the exploration and analysis of the under-
lying synoptic SSR variability.

The 1% cluster (i.e., CL1) shows a sign transition from predominantly
positive to negative SSR anomalies around early afternoon; Similar sign
transition could be observed in CL8 as well, with an earlier shift that
occurs in the morning around 10:00. CL5 also presents a sign transition
but from negative to positive.

There are also clusters with generally the same sign of anomaly
throughout the day. For the positive ones: CL3 exhibits significantly
larger values of SSR anomalies compared to CL4. Furthermore, CL3
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Fig. 2. Diurnal profiles of SSR anom-
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demonstrates a more pronounced seasonal pattern, characterized by a
higher frequency during the austral summer, whereas CL4 is present
primarily during the austral winter. The spatial patterns are also
different between these two clusters. Specifically, the maximum anom-
alies of CL3 tend to concentrate in the eastern and central regions of the
island. In contrast, the most prominent anomalous pixels associated with
CL4 are primarily located close to the southeast coast. This spatial
divergence can be related to the distinct seasonality of the two clusters
and the corresponding variations in the prevailing trade wind direction.
For the negative clusters: CL2 maintains slightly negative anomalies
from early morning to the end of the day, while CL6 and CL7 experience
significant SSR attenuation. CL6 displays a maximum SSR attenuation of
about 210 W m ™2, while the amplitude of CL7 is even higher, reaching
up to 510 W m™2. This notable reduction of SSR indicates a heavy cloudy
sky condition, as usually observed in the case of a nearby TC.

Finally, CL9 exhibits a distinctive dipole pattern in SSR anomaly,
which emerges around 10:00, with positive (negative) pixels observed in
the southwest (northeast) region of the island. A dipole pattern, char-
acterized by a north-south contrast, is also observed in CL1 (especially
from 11:00 to 14:00). Nonetheless, it is noteworthy that CL1 exhibits a
considerably weaker amplitude and an opposite sign compared to the
dipole pattern observed in CL9.

These 9 clusters will be further investigated in section 3 to charac-
terize better SSR variability. Subsequently, they will be linked to the
intraseasonal convective variabilities as shown in section 4, including
TCs, synoptic convective regimes (TTTs), and the MJO, aiming to
explore the diurnal/local response of SSR in Reunion to the larger scale
convective variabilities in the SWIO.

2.3. Best-track dataset of TC

TCs are characterized using the best-track data produced by the
Regional Specialized Meteorological Center of Reunion from 1999 to
April 2016 [27]. This data has cyclone records every 6 hours. Only the
timestamps, cyclone positions, and the Radii of maximum wind speed
(Rmax) are used in this study. The nearby cyclones are selected if within
a distance of 5° from Reunion (21.1°S, 55.5°E) to take into account the
possible impact considering the size of cyclone systems (the radius of the
outermost closed isobar of a nonmidget event is about 400 km on the
mean: [27]). A TC day is defined as having at least one of the 6-hourly
records within that day.

2.4. ERAS reanalysis and OLR regimes classification

Atmospheric fields used in this study are taken from the ERAS5
ensemble reanalysis [64]. ERA5 is the fifth generation atmospheric
reanalysis released by the European Centre for Medium-Range Weather
Forecasts, providing either a deterministic member at a 0.25° x 0.25°
global resolution or a 10-member ensemble available at a 0.5° x 0.5°
resolution. We consider data from 1979 onward (the quality of the
extension to 1940-1978 needs to be carefully assessed since the density,
quality, and quantity of assimilated data are much lower in the absence
of satellite data). Available variables consist of hourly gridded outputs of
surface and atmospheric fields at the global scale. In this study, the top
net thermal radiation (J m~2, converted in W m~2), corresponding to the
net longwave radiation at the top of the atmosphere, is used to
approximate large-scale atmospheric convection, an equivalent to the
satellite-based Outgoing Longwave Radiation (OLR) used in previous
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studies (e.g., [29], FO9 hereafter; [31,32,35]). For convenience, this
reanalysis-based field is referred to as OLR in the remainder of this
study.

To obtain a set of recurrent synoptic-scale convective regimes for
assessing the large-scale organization of atmospheric convection over
SA, we replicate here the methodology proposed by FO9 on ERA5 OLR.
The method consists in a K-means clustering [65,66] of daily OLR
anomalies in NDJF during 1979-2018, after removing its mean annual
cycle. This has already been successfully used to deconstruct the ENSO
influence over SA (F09), document the TTT life cycle [31,35], and assess
its influence on rainfall over Madagascar and the nearby Mascarene
Islands [38]. This method is applied to the unperturbed member of ERA5
ensemble at a 0.25° x 0.25° resolution. Following F09, we define a
partition into 7 clusters, these resulting clusters being both statistically
significant (according to a so-called red-noise test: [66]) and physically
coherent (F09). The 7 clusters (or regimes) are then projected onto the
10-member ensemble at an upscaled 0.5° x 0.5° resolution following the
methodology presented in Pohl et al. [32,67,68]. Member convergence
and dominant cluster of the K-means clustering are shown in Supple-
mentary Figure S4.

Among these 7 regimes, three (regimes 5, 6, and 7) correspond to the
so-called TTT systems, differing primarily in their longitudinal location
between SA (regime 5), the Mozambique Channel and Madagascar
(regime 6), and the SWIO (regime 7, see Supplementary Figure S1).
Regimes 3 and 4 are generally associated with sustained tropical con-
vection (as denoted by negative OLR anomalies), with regime 3 inter-
preted as a potential precursor leading to regimes 4 and 5 (F09). In
contrast, regimes 1 and 2 refer to the drier conditions over SA and
materialize the decaying phases of the life cycle of TTT events, when the
latter propagate further east towards the central Indian Ocean basin. For
all regimes, OLR anomalies tend to be of larger magnitude than in F09,
possibly due to a higher time sampling of the diurnal cycle of atmo-
spheric convection in ERAS5 and/or a much-increased spatial resolution
(0.25° for the unperturbed member and 0.5° for the 10-member
ensemble in this study, vs. 2.5° for NOAA’s satellite estimates used in
F09).

2.5. MJO index

The Real-time Multivariate MJO (RMM) index of Wheeler and
Hendon [45] used here is available from the 1% of June 1974 to present.
The RMM index is derived from an Empirical Orthogonal Function
(EOF) analysis of daily anomalies in upper- and lower-level zonal wind
and OLR. MJO phases are defined by the principal components of the
first two normalized leading EOFs (RMM1 and RMM2). The dominant
eastward propagation of the MJO along the equator is described by 8
different phases in the two-dimensional RMM1 and RMM2 index phase
space, and the amplitude of the MJO signal is provided by the distance
from the origin. A large distance indicates a strong cycle of the MJO,
while a small distance denotes weak activity when the MJO is not
discernible above the atmospheric noise. In this study, the significant
MJO events with amplitude >1 in NDJF over the period of SARAH-E
(1999 - 2016) are used to have prominent results.

OLR anomalies of the 8 MJO phases in NDJF with high amplitude
(>1) over the SWIO are shown in Supplementary Figure S5. For refer-
ence, during phase 1 of the MJO, weak convection exists over tropical
Africa and the tropical Indian Ocean. During phases 24, this convection
strengthens over the Indian Ocean and moves eastward, reaching peak
intensity during phases 4 and 5 over the Maritime Continent. As the core
MJO convective cluster moves into the Pacific Ocean, convection is
suppressed across the Indian Ocean and over tropical Africa during
phases 5 and 6, propagating towards the Maritime continent where
strong suppression occurs in phases 7 and 8. The SSR anomaly is ex-
pected to be altered according to the propagation of the enhanced/
suppressed convection close to Reunion.
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3. SSR diurnal variability in Reunion

The average annual and diurnal cycles of SSR in Reunion are
modulated by large-scale climate conditions that drive major changes in
cloud formation. These diurnal profiles of hourly SSR anomalies
(calculated against a smoothed daily-hourly climatology) are concisely
characterized, at each pixel, by a classification (see section 2.2 for more
details). The resulting clusters are further discussed below in terms of
seasonality, spatial pattern, and cluster persistence and transition.

3.1. Diurnal SSR anomaly profile

The 9 clusters of diurnal SSR anomaly profiles are shown in Fig. 2.
During the 1999-2016 period, ~55% of the total available days (6421
days) are assigned to groups whose anomaly patterns consist primarily
of uniform-sign departures from the mean, for each pixel over and near
the island and for each hour of the corresponding days. These clusters
are hereafter referred to as uniform-sign clusters: they indicate a high
probability (more than half of the total days) of constant-sign SSR
changes from the mean state throughout the day at the scale of the is-
land. In these clusters, ~34% of the days are associated with positive
anomalies (CL3, 4) and ~21% with negative anomalies (CL2, 6, 7). In
contrast, the remaining days ascribed to CL1, 5, 8, and 9, which repre-
sent slightly less than half of the days (~45%), are associated with dif-
ferential spatial/diurnal changes in the signs of anomaly over the island.
These clusters characterized by mixed-sign pixels are referred to as
mixed-sign clusters hereafter. For these clusters, positive anomalies are
generally found in CL1 before 11:00, while negative anomalies start to
increase and become dominant over land after 14:00. CL8 shows a
similar behavior with anomalies changing from positive to negative
during the day, but the transition occurs earlier in the morning (around
10:00-11:00). Symmetrically, CL5 depicts a change from negative to
positive anomalies during the day. CL9 presents a dipole pattern of SSR
anomaly from 10:00 to the end of the day, with positive (negative) pixels
in the southwest (northeast) of the island. These first results lead us to
draw a first conclusion for solar energy production: deploying solar
panels over the most contrasted and most complementary sites of the
island could increase the efficiency of such a distributed network only
about half of the time.

3.2. Seasonality

The 9 SSR clusters are not evenly distributed in each season (Fig. 3).
CL1 (CL3) shows strong seasonality, with higher frequency in austral
winter (summer) months. In general, the clusters with the largest
anomalous SSR, either positive (CL3) or negative (CL7), are likely to be
found in the warm season. By contrast, the uniform-sign clusters with
less pronounced anomalies (the positive CL4 and the negative CL6)
primarily occur in the cold season. The annual and diurnal modifications
of each of the 9 SSR anomaly profiles are shown in Fig. 4, which again
depicts a similar seasonality of the amplitude of the diurnal SSR patterns
inside each cluster as an overview of the orbital variability of SSR.

3.3. Spatial pattern

Between the windward and the leeward sides of Reunion, major
differences in rainfall [56] and SSR (M20) have been previously re-
ported. Similar differences are also observed in diurnal SSR anomalies.
As shown in Fig. 2, in the positive anomaly uniform-sign clusters (CL3,
4), an anomaly gradient, roughly oriented from the windward to the
leeward side, is found throughout the day. The 10% highest values of
SSR anomaly on Reunion (depicted by the red up triangles) are mainly
located on the windward side of the island, while the 10% lowest values
(depicted by the white down triangles) are on the leeward side. This
pattern remains overall the same regardless of the season: CL3 has a
strong seasonality with higher occurrence in the warm season, while
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Fig. 3. Monthly occurrence (%) of the nine clusters

=eae CL1 of diurnal SSR anomaly (CL1-9, see Fig. 2) derived

wns CL2 from the hierarchical clustering approach as

san CL3 described in section 2. Red lines indicate clusters

with positive anomalies all over Reunion Island,

== CL4 including clusters 3 and 4 (i.e., CL3 and CL4). Blue

- = CL5 lines, on the other hand, depict clusters with nega-

o -= CL6 tive anomalies all over the island, including CL2,
. —_— CL7 CL6, and CL7. The remaining clusters, i.e., CL1, CL8,

and CL9, which exhibit a mixture of positive and
negative anomalies over the island, are represented
by black lines. These 9 SSR anomaly clusters are not
evenly distributed in each season. However, the ones
with higher amplitude, either positive (CL3) or
negative (CL7), are found more frequently in sum-
mer (from Nov to Apr) than in winter (from May to
Oct; see section 3.2 for further details). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

Jan Feb Mar Apr May Jun Jul
Month

CL4, which depicts similar spatial patterns, has more occurrence in the
cold season. This similarity of diurnal SSR anomaly patterns in the
annual cycle can also be observed inside each cluster, as shown in Fig. 4.
It is worth noting that in the cold season, when the island experiences a
southerly anomaly of trade winds [56], the windward and the leeward
zones are changed accordingly from east-west to southeast-northwest.

In contrast, in the negative anomaly uniform-sign clusters (CL2, 6),
the anomaly patterns are generally reversed, with the pixels of the
maximum anomalies on the leeward side and the minimum ones on the
windward side, once again regardless of season (Fig. 4): CL2 is likely to
be found more frequent in winter and CL6 in summer (Fig. 3). Addi-
tionally, the spatial patterns of the anomaly gradient, i.e., the windward-
leeward difference, in most of the uniform-sign clusters, also remain the
same throughout the day. This is especially the case for CL2, 3, 4, and 6
(except CL7), which occur in roughly 52% of the days of the studied
period (Table 1). However, this windward-leeward difference is not
evident in the mixed-sign clusters, whose spatial patterns vastly change
during the day (Fig. 2). The SSR anomaly gradient, mainly observed in
the uniform-sign clusters, implies a departure from the average diurnal
SSR with higher amplitude on the windward than on the leeward side of
Reunion.

3.4. Cluster persistence and transition

The mean persistence of each SSR anomaly cluster, expressed as a
duration of day, is shown in Table 1 (last column; more details can be
found in Supplementary Table S1 and Supplementary Figure S6). The
overall short persistence, less than about 1.5 days, confirms that the
transient disturbance of SSR, represented by the SSR clusters, is at the
synoptic timescale. This quick succession suggests that successive days
can have quite different SSR over the island and thus, different energy
production. Technologies such as complementary and storage optimi-
zation are needed to smooth out the corresponding instability caused by
these synoptic SSR disturbances.

Generally, the positive anomaly clusters (CL3 and 4) have higher
persistence (>1.33 days) than the negative ones (CL2, 6, and 7, less than
1.29 days) since the less cloudy days are usually associated with more
stable conditions. The persistence of the negative SSR group, consisting
of all negative SSR clusters (i.e., CL2, 6, and 7), is quantified to better
characterize SSR intermittency at synoptic timescale, as shown by a

Aug Sep Oct Nov Dec

violin plot in Supplementary Figure S7. It indicates the number of suc-
cessive days that could have energy production below expectations,
which is crucial for stabilizing the solar power output, such as dimen-
sioning the storage facilities of PV systems. The majority of the succes-
sive negative events can last from 1 to 2 days (the 75" percentile), which
again confirms the synoptic nature of SSR clusters. Efforts to stabilize
solar power networks would be required to account for this
intermittency.

With a large number of occurrences, the mixed-sign cluster CL1 has
the highest probability (~35%) of persisting until the following day. By
contrast, CL9 with a dipole pattern of SSR anomaly is the most unlikely
to persist in the 9 clusters, with a value of about 1 day (see Supple-
mentary Table S1). Then it is likely to be followed by the clusters with
the highest occurrence, i.e., the positive-sign CL4 (26.8%) or the mixed-
sign CL1 (20.9%).

The transition between SSR anomaly clusters, as shown in Table 1,
can give insight into synoptic SSR changes. This table shows the total
number of days in each SSR cluster (2™ column, followed by a ratio to
the total available days) as well as the percentage of those days that are
followed by days in the same and other clusters (inner part of the table,
columns 4-12). These can be seen as the conditional probabilities of
cluster transitions. The highest percentages observed on the diagonal of
the inner part of the table give an indication of high probability of self-
transition of each cluster. In contrast, CL2 is an expectation in which the
most possible preceding cluster is CL7 (23.6%, comparable with the
second highest possibility of 22.0% for self-transition) with high-
amplitude negative SSR anomaly.

Continuity in the transition between uniform-sign clusters is evident:
the positive/negative anomaly clusters have a probability of about 46.6/
36.2% (not shown) to maintain their daily sign of SSR anomaly to the
next day. However, the transition between positive and negative
anomaly clusters has a much lower probability, with 14.4% for a tran-
sition from positive to negative on the next day and 21.8% for the in-
verse transition. Inversely, the transition from mixed-sign clusters to
uniform-sign clusters is 30% for the positive anomaly clusters and
18.3% for the negative ones, which indicates a higher possibility of
shifting from partly cloudy to an overall less cloudy condition at syn-
optic timescales over the island than the inverse.

A transition from CL7 (or CL6) to CL2 with a probability of 23.6% (or
15.5%) could be regarded as a synoptic brightening process at island-
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Fig. 4. Monthly mean diurnal SSR anomaly for the 9 SSR clusters (CL1-9, see Fig. 2) derived from the hierarchical clustering approach as described in section 2. The
number of days in each month is shown in brackets with vertical labels. Values following cluster names are the total number of days in that cluster. This figure
represents the orbital variation, i.e., annual and diurnal cycles of SSR in Reunion. The spatial patterns are quite similar within each cluster, which proves the
reliability of the classification approach. More pronounced SSR anomalies are generally found in the summer months (November to April) than in the winter months

(May-October). Further details are given in the text.

scale such as in the days with a nearby TC moving away from Reunion.
Symmetrically, the island-scale synoptic dimming process depicted by
the transition between the uniform-sign clusters, from CL2 to CL6 (or
CL7), is much more unlikely to be observed, as the probability from CL2
to CL6 is 6.9% and that from CL2 to CL7 is 3.1%. The island-scale
dimming from CL3 to CL4 is 19.5% and the brightening from CL4 to
CL3 is 15%, which is comparable in both cases to the probability of
transition between positive and negative anomaly clusters discussed
above.

4. Modulation of SSR by convective variability
4.1. TC

A nearby TC can produce strong negative departures from the
average diurnal cycle of local SSR, which can be seen in the SSR clas-
sification, such as in CL7 (Fig. 2). For this cluster, 50 days out of 183
(23.0%) have a nearby TC with a distance of less than 5° of Reunion
(Supplementary Figure S8), which is much more than in the other
negative SSR anomaly clusters (~4.3% in CL6; 3.3% in CL2) and the
positive/mixed-sign ones (less than 3.1%). CL7 is characterized by
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Number and percentage of occurrences of each SSR cluster (columns 2, 3) and percentage of days followed by the same or another cluster (columns 4-12). The diurnal
profiles of the SSR clusters are shown in Fig. 2. The mean persistence as the number of days is given in the last column. Red (blue) colors in the table headers depict the
clusters with a uniform sign of positive (negative) SSR anomaly. Clusters with a mixed-sign in SSR anomaly are in gray in the table headers. Note that the number of day
i + 1 is not always equal to the number of day i, since SARAH-E has missing data. More statistics of persistence can be found in Supplementary Table S1. (For
interpretation of the references to color in this table, the reader is referred to the web version of this article.)

day =i day =i+ 1 (%) mean persistence (day)
Cluster day % CL1 CL2 CL3 CL4 CL5 CL6 CL7 CL8 CL9

CL1 1687 26.3 35.3 9.4 11.1 19.4 5.6 5.4 2.0 8.8 3.0 1.43
CL2 808 12.6 22.0 22.0 9.8 15.4 11.8 6.9 3.1 6.0 31 1.28
CL3 887 13.8 21.0 9.0 26.6 19.5 9.2 3.8 2.8 5.4 2.7 1.33
CL4 1304 20.3 24.4 10.1 15.0 31.9 7.3 2.7 0.8 4.7 31 1.42
CL5 507 7.9 20.2 18.0 15.0 18.2 19.0 3.6 2.0 3.2 0.8 1.22
CL6 347 5.4 24.6 15.5 7.6 12.0 4.1 15.5 5.6 10.0 5.0 1.15
CL7 183 2.9 18.1 23.6 6.0 4.9 4.4 7.7 22.5 5.5 7.1 1.29
CL8 472 7.4 31.7 10.4 9.8 12.1 2.4 6.9 3.9 18.2 4.6 1.21
CL9 226 35 20.9 6.4 15.0 26.8 5.0 5.0 0.9 7.7 12.3 1.15

strong negative SSR anomalies (up to about —500 W m™2) during the
whole day, indicating strong and persistent cloud cover, such as in TC
days. Additionally, this cluster also has the lowest occurrence (3%), in
agreement with the relative rareness of TCs in this area (~2.5% of the
days between 1999 and 2016 have nearby TCs). Moreover, CL7 has a
strong seasonality with more occurrence in austral summer, which fits
with the core of cyclone season in the SWIO (i.e., DJFM, which consists
of nearly 94% nearby TC days in this season, also see [27]). The zonal
anomaly gradient in CL7 changes from east-west to west-east during the
day in contrast with the other negative uniform-sign clusters with a
stable gradient all day. This change in the diurnal cycle of local SSR
implies a drastic evolution of the atmospheric conditions, as the one
observed in the case of a TC, as nearby cyclones can produce abrupt
changes in the atmospheric circulation at island-scale within a day,
especially when interacting with a complex topography like in Reunion
[69]. Finally, the link between CL7 and TCs can also be found in the
transition of the SSR anomaly clusters. CL7 has a higher probability
(53.8%, not shown) to transmit to a negative uniform-sign cluster (CL2,
6, and 7) compared to CL2 (30.0%), CL6 (36.6%), and other clusters

(less than 22%). This transition from the most pronounced negative
cluster, i.e., CL7, to other clusters with moderate attenuation (i.e.,
brightening) can happen during the passage of a nearby TC at synoptic
timescale.

The diurnal response of local SSR to the nearby TCs through their
strong attenuation can be quantified more precisely by comparing the
mean diurnal cycle of SSR during TC days with non-TC days. In DJFM
and during the study period (1999-2016), 152 days with TCs (10 TC
days in other months) evolving near Reunion (i.e., within 5° of the is-
land) are associated with a spatial mean hourly SSR of ~25% lower than
during the 1988 non-TC days (see Supplementary Figure S9: if applying
a smaller distance of 3°, instead of 5°, this value can increase to 50%, not
shown). More precisely, TCs’ influence on SSR strongly depends on their
relative location with respect to the island and on their strength (shown
as Rmax, in Fig. 5). First, the east-west difference is quite obvious,
indicating that TCs in the west of Reunion are generally associated with
negative SSR anomaly over the island. In contrast, TCs in the east are
associated with less SSR attenuation or even positive SSR anomaly. The
diurnal cycle of SSR anomalies during the eastern TC days shows very
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Fig. 5. Locations of TCs within 5° of Reunion (the green star) and the associated daily mean SSR anomalies over Reunion land area (colorbar). Symbol size depicts
the Rmax (i.e., Radii of maximum wind speed in km) of each cyclone. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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few significant pixels over land, and much of them are positive (Sup-
plementary Figure S10) located on the west coast with the steepest
slopes of Reunion. In contrast, in the western TC days, SSR anomalies are
generally negative throughout the day with a value from —90 to —260
W m~2 (much higher than that for the east TC days, that is, from —-32 to
92 W m2), except for some pixels with non-significant results in the
west coast of the island (Supplementary Figure S10). These geographical
dependencies could be necessary for SSR predictability at the synoptic
timescale, considering the typical lead time of cyclone track forecasting
of about one week [70]. Second, a significant correlation between the TC
size and their influence on SSR over Reunion is also found. The linear
correlation between Rmax and the land-area SSR anomaly is —0.7
(—0.4) within 3 (5) degrees of Reunion. This is consistent with an earlier
study that demonstrates a detectable orography impact of Reunion on
TC track and intensity at less than 250 km from the island [69]. The
mean passing time of all recorded nearby TCs, within 5° is from 1 to 6
days with an average value of about 2.7 days (Supplementary
Figure S16), when local SSR could be potentially modulated by the
strong evolution of the cloud condition associated with TCs.

4.2. Synoptic convective regimes

SSR variability over Reunion can also be potentially modulated by
the synoptic convection regimes. Seven synoptic-scale convective re-
gimes over SA and the SWIO based on OLR are identified by classifica-
tion, where 3 of them are defined as TTTs (see Supplementary Figure S1
and section 2.4). The strong negative OLR anomalies in the OLR regimes
are associated with the deep convection and thus coincide with a posi-
tive cloudiness/rainfall anomaly (F09). To investigate the synoptic
modulation of local SSR variability over Reunion in these regimes, their
association with SSR anomaly and contingency with SSR classification
are examined (Fig. 6 and Fig. 7, respectively).

The diurnal cycles of SSR anomaly in the OLR regimes are shown in
Fig. 6. Generally, the local SSR anomalies over Reunion and the sur-
rounding ocean are overall consistent with the large-scale atmospheric
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configurations associated with the OLR regimes in terms of their signs,
amplitudes, and spatial patterns, although insignificant anomalies are
found over land or even with some reverse sign signals.

The sign of SSR anomaly is strongly linked to the OLR regimes
(Fig. 6). In OLR regimes 1 and 2, negative SSR anomalies are observed
overall, which is consistent with the enhanced convective activities close
to Reunion, in the northeastern of Madagascar and Reunion for regime
1, and centered in the SWIO, with extension from the southeastern part
of Madagascar to around 30°S and 70°E for regime 2. Regimes 3, 5, and
6 are associated with overall positive SSR anomaly over Reunion and the
surrounding ocean area (Fig. 6), again consistent with the sign of the
OLR anomalies at large scale (Supplementary Figure S1). During regime
3 and the two first TTT regimes (i.e., regimes 5 and 6, corresponding to
westernmost and central TTT locations), the area covering Reunion
experiences suppressed convective conditions. Positive SSR anomaly is
found in these regimes, with higher amplitude in regime 6 than in re-
gimes 3 and 5, consistently with the highest positive OLR anomaly found
locally for that regime. Such conditions of suppressed convection are
caused by the mid-latitude wave pattern associated with TTTs, consist-
ing of alternating positive, negative, and positive OLR anomalies from
east to west (F09). In regime 7, where the TTTs reach their easternmost
location, Reunion is located between the enhanced and suppressed
convection bands, hence the lack of significant SSR anomaly in the
island’s surroundings. This association can also be found in the contin-
gency map (Fig. 7). For example, regime 6 favors more positive SSR
clusters (CL3 and CL4, though without statistical significance) and, at
the same time, less negative SSR clusters (CL6, 7).

The amplitude and spatial extension of significant SSR anomalies are
also in good agreement with the amplitude of the OLR anomalies
covering Reunion. The SSR anomalies are of low amplitude and barely
significant when the OLR anomaly is close to zero (e.g., regimes 4 and
7). Then an increase in the amplitude and an extension of the significant
area are found in the regimes with higher OLR anomaly, either positive
in regimes 3, 5, and 6 or negative in regimes 1 and 2.

Finally, the SSR anomalies display amplitudes that follow the diurnal
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Fig. 6. SARAH-E SSR anomaly in seven OLR convective regimes in NDJF. Regimes 5-7 are associated with the so-called TTTs (section 2.4). Only pixels with sig-
nificant SSR anomalies are presented in color according to Student’s t-test with the False Discovery Rate (FDR; [71]) correction at the 0.05 confidence level. Values in

the vertical axis indicate the number of days in each OLR regime.
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SSR class Fig. 7. Contingency map between SSR clus-
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cycle of SSR in almost all the OLR regimes, being smaller in the morning,
then peaking at local solar noon and decreasing in the afternoon to
sunset. The hourly SSR anomalies have a nearly constant ratio with the
multiyear mean value in NDJF throughout the day (Supplementary
Figure S11), ranging from 3% to 13% for different regimes.

However, some disagreement with the larger-scale variability is also
found. Close to the western coast of the island, where the steepest slopes
of Reunion are located, some pixels display a significant opposite sign to
the overall SSR anomaly. In regime 2, associated with enhanced con-
vection at a large scale, positive SSR anomalies are found after 11:00
local time. For regimes 3 and 5, in which clear-sky conditions prevail,
negative SSR anomaly is observed from late morning onwards in the
same location. Since such localized signals cannot be explained by large-
scale convective activity, the role of local-scale effects associated with
land-sea contrasts, such as the topography or surface properties (albedo,
land-use, sea-land/mountain-valley breeze system, etc.) and short-term
variability in monsoon flow, needs to be considered, which warrants
further investigation using high-resolution regional climate modeling.

The strong attenuation of SSR in regime 2 (with a minimum value of
about —112 W m~2 at around 13:00, which corresponds to more than
12% of the multiyear seasonal mean value) implies very high optical
depth in the atmosphere, such as the case in heavy clouds associated
with a TC. It is also evident in the contingency map (Fig. 7), where Neu’s
test [72] is applied to identify which single SSR cluster is significantly
associated with synoptic regimes (occurring more or less frequently than
the average). It is shown that regime 2 favors statistically significantly
less positive SSR clusters, i.e., CL4, and at the same time significantly
more negative SSR clusters, i.e., CL7. In addition, the occurrence of CL7
(linked to nearby TCs) within the OLR regime 2 (40 days) is extremely
high, about 30 days more than expected when assuming independence
of the SSR anomaly with the OLR regimes. However, regime 1 produces
much less SSR anomaly (less than 60 W m~2) than regime 2, which will
be further investigated in section 5.1, where the interaction between TCs
and OLR regimes is addressed.

4.3. MJO

SSR over Reunion can also be modulated by convective activities at
larger timescales. The MJO at intraseasonal timescale is investigated in
this section, even though it has a relatively more minor OLR variance
compared with the synoptic convective regimes (about three times
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smaller even at different timescales, see Macron et al. [38]), and it
evolves in a much larger spatial extension, nearly global, with a
convective center in the tropical band and thus within a distance to
Reunion. The analysis is made in austral summer in NDJF since 1) the
magnitude of SSR anomaly is larger in this warm season (section 3.2);
and 2) the MJO activity itself shows seasonal meridional migrations that
follow convection and the Inter Tropical Convergence Zone (or ITCZ),
which are stronger in this season at the latitude of Reunion (—21.55°S;
see, e.g., [45,73]). The 8 phases of the MJO (with amplitude > 1) in
NDJF are then selected (see Supplementary Figure S5). The MJO mod-
ulation of SSR is investigated by computing the average SSR anomaly
over Reunion in these 8 MJO phases (Fig. 8) and by assessing the con-
tingency with the diurnal SSR classification (Fig. 9).

Composites of intra-daily SSR anomalies in the MJO phases are
shown in Fig. 8 (Phases 1, 2, 3, and 8 displaying non-significant pixels
over the whole domain are not shown). Generally, the local SSR
anomaly over Reunion and the surrounding ocean is consistent with the
evolution of the global-scale MJO. Significant SSR anomalies are found
over the study area but with low amplitude (~30 W m~?) and barely
over land, even in the phases with large anomalous convective activities
(MJO phases 4, 5, 6, and 7).

As shown in Fig. 8, in phase 4 of the MJO, when the convection is
enhanced in the tropical Indian Ocean, several pixels with significant
negative SSR anomalies are found locally in the north of Reunion
(mainly in the late afternoon, after 15:00). During phases 5 and 6, when
the convective clusters move eastwards, and the tropical SWIO is
covered by suppressed convective conditions, larger-scale and spatially
coherent positive SSR anomalies are observed over land and nearby
ocean (Fig. 8). During phase 5, anomalies are only significant during the
afternoon, which correspond to the hours of largest cloud cover, on
average, due to the diurnal cycle of convection in the tropics. These
results are, therefore, consistent with a lower-than-normal convective
activity in the region. By contrast, during phase 6, SSR anomalies are
positive throughout the day, ranging from about 15 to 30 W m 2, less
than 5% of the multiyear seasonal mean in NDJF (Supplementary
Figure S12). These results suggest that the MJO is likely to result in a
statistically significant increase of SSR over Reunion and surrounding
ocean during its dry/clear-sky phase, while its influence during the
convectively active phase appears weaker and more uncertain. This is
partly due to the fact that Reunion is located in the periphery of the core
region of the MJO activity, where the amplitude of the MJO (OLR
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Fig. 8. The same as Fig. 6, but for the MJO phases (amplitude > 1) in NDJF. Phases 1, 2, 3, and 8 have no significant pixels over the entire domain and are therefore

not shown.
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Fig. 9. The same as Fig. 7, but for the MJO phases (amplitude > 1) in NDJF.

anomalies) is less than 30 W m~2 (Supplementary Figure S5). Over
tropical regions, such as the Maritime Continent, the diurnal cycle of
tropical deep convection [74] and rainfall [75] are reported to be
modified by the MJO, being enhanced/reduced (along with a stronger/
weaker diurnal cycle) during the convectively active/suppressed phase
of MJO.

The association between local SSR anomaly and the MJO can be
inferred from a contingency map (Fig. 9). With significance, the MJO
phase 6 is likely to induce a few negative SSR anomalies. In contrast, and
consistent with the anomaly analysis (Fig. 8), no significance is found in
the convectively suppressed phase of the MJO.
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5. Interactions between the SSR drivers:
regimes, and the MJO

TC, synoptic convective

A nearby TC can strongly reduce SSR over Reunion, thus challenging
the solar power output and reliability. In addition, the genesis and tracks
of TCs in the SWIO have been reported as related to the regional TTTs
(OLR regimes 5, 6, and 7; [76,77]) and the global MJO [78]. Further-
more, despite that TTTs have been reported to be statistically indepen-
dent in terms of occurrence of the global-scale MJO activity [38,53] , i.
e., they are equally liable to occur during any phase of the MJO, the
intensity of TTTs could be significantly, but weakly, modulated by the
MJO phases [36], and thus affect local SSR in Reunion. Therefore, the
possible interactions between TCs, synoptic convective regimes, and the
MJO are investigated in this section to characterize better and separate
their respective influence on local SSR in Reunion.
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5.1. TCs in synoptic convective regimes

Firstly, a strong association of TCs with the synoptic convective ac-
tivities is observed, for the first time, in the SWIO and in the area close to
Reunion. Results are especially clear for OLR regime 1, which appear as
the most favorable regime for TC occurrence. In the SWIO (see Fig. 10),
up to 73.1% of the days in this regime are associated with TCs. This
contrasts with the mean value in all regimes (about 44%, not shown) and
with the other OLR regimes (less than 40%, except for regime 7, which
has a value of about 50%). In addition, the geographical distribution of
the TCs’ tracks is, to some extent, coherent with the distribution of the
enhanced convection (light blue contours in the same figure) in regime 1
in the northeast of Madagascar. This spatial coherence with TC locations
can also be observed during occurrences of the central and eastern TTT
systems (i.e., regimes 6-7) in the Mozambique Channel, being consistent
with previous studies [77], while not in its early state (i.e., regime 5).

In the area close to Reunion (within 5°, where TC paths are shown in
colored bold lines in Fig. 10), the occurrence of TCs in regimes 1 and 2,
up to 16.7% and 15.6%, respectively, is much higher than the mean
value of all the 7 regimes (6.1%, not shown) and the other regimes (less
than 4.5%). Even though the ratio of nearby TC days and the TCs size
(not shown) are similar in regimes 1 and 2, the associated SSR anomaly
over Reunion are found to be quite different, the amplitude of negative
SSR anomaly being much higher in regime 2 (Fig. 6). This is likely to be
linked to the relative location of the TCs with respect to the island (see
section 4.1). Within 5° of Reunion (the boldfaced-colored TC tracks in
Fig. 10), the TCs are located more in the west in regime 2 (the median
longitude is 53.4°E), where 79% of its TC-days are with negative SSR
anomalies; in contrast, in regime 1, TCs are more in the east (the median
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longitude is 56°E), where TCs are usually associated with less SSR
attenuation or even positive SSR (54% of TC-days in regime 1 have
negative SSR anomalies).

Secondly, the respective influence of nearby TCs and the OLR re-
gimes is estimated by separating TC vs non-TC days that fall within each
regime (Supplementary Figure S13, where regimes 3 to 7 with generally
statistically insignificant pixels are not shown).

In the TC days, the OLR regime 2 has a higher amplitude of SSR
anomaly (up to —230 W m’z) compared with regime 1 (up to —180 W
m~2) with a similar number of TC days, which is likely due to the lon-
gitudinal dependence as discussed in section 4.1. In the non-TC days,
negative SSR anomaly is found only in regime 2 with some positive
pixels on the western coast of Reunion but no significant pixels in regime
1. Then the additivity reveals in regime 2: the strong negative influence
of TCs in the TC days (up to —180 W m~?) is reduced (up to —112 W
m~2) by combining with the influence of OLR regimes in the non-TC
days (—96 W m2).

5.2. TCs in MJO phases

A significant association between the occurrence of TCs and the MJO
has been observed in the SWIO and areas close (within 5°) to Reunion, as
shown in Fig. 11. More TC days in the SWIO are found at a time when the
convective center of the MJO is in the Eastern Indian Ocean (phases 2
and 3), and less TC days are found when the convective center is in the
Western hemisphere and Africa (phases 1 and 8). This result agrees with
previous works (e.g., [78]). In the area close to Reunion, more TC days
are found in phase 2 and fewer in phase 7. However, these two phases,
even though with significant associations of TCs, still produce a non-
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Fig. 10. Daily paths of TCs in the SWIO and within 5°
of Reunion (21.1°S, 55.5°E, in boldfaced-colored
lines) associated with each of the 7 OLR regimes.
For Reunion nearby TCs, the path within a day is
shown when at least one record (out of the 6-hourly
data) in that day is within 5° of the island. The
numbers of TCs in each regime over the SWIO and
nearby Reunion are shown in each subplot with the
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matched with SARAH-E data, which has missing
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to color in this figure legend, the reader is referred to
the web version of this article.)
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significant SSR anomaly over Reunion (section 4.3), which implies an
internal variability of the sky conditions within MJO phases over
Reunion caused probably by the large distance to the core of the MJO.

The respective influence of TCs and the MJO is estimated by inves-
tigating SSR anomaly in TC vs non-TC days in each MJO phase (Sup-
plementary Figure S14 and Supplementary Figure S15, respectively). In
the TC days, a statistically significant SSR anomaly is observed
depending on the TCs’ longitudinal position relative to the island (see
Fig. 5). In phase 4, when the TCs are distributed in the west of Reunion
(Supplementary Figure S14), strong negative anomalies are found up to
—350 W m~2. In contrast, in phase 7, when the TCs are located more in
the east, some pixels with positive anomalies are found in the nearby
ocean (even still insignificant over land). However, in the other phases
(phases 1, 2, 5, 6, and 8), when TCs are equally distributed in the west
and east, the associated SSR anomalies are generally insignificant
(except for phase 3, which displays significant SSR anomaly but only in
the morning). In the non-TC days, the significant SSR anomalies in the
MJO phases are generally positive (phases 3, 5, 6, and 7; see Supple-
mentary Figure S15). However, close to the northern coast of Reunion,
several pixels with significant negative anomalies are found in phase 4.

When combining the influences by TCs (TC days) and the MJO
phases (non-TC days), additivity is observed only when the nearly TCs
are in the west of Reunion, and that is unrelated to the ratio of TC days.
In the afternoon of phase 4, the small region of a limited number of
negative pixels in the non-TC days is extended to a larger area (with
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similar amplitude) by combining with the strong negative anomaly in TC
days. In contrast, despite a statistically significant more TC occurrence
in phase 2, the SSR anomaly is insignificant during neither the TC days
(Supplementary Figure S14) nor the non-TC days (Supplementary
Figure S15), and thus no additivity is found in phase 2. This is consistent
with the fact that the nearby TCs are distributed in both the east and the
west of the island (Fig. 11), and the eastern TCs may be associated with
insignificant or positive SSR anomaly (Fig. 5).

5.3. Additivity between synoptic convective regimes and the MJO

This section establishes the potential interactions between the syn-
optic convective regimes (including TTTs) and the intraseasonal MJO,
together with their possible covariation on SSR over Reunion. To
quantify the additive effect on the local SSR variability over Reunion
between intraseasonal and synoptic timescales, Fig. 12 shows the daily
(8:00 to 17:00) mean SSR anomalies in the OLR regimes (1% row)
associated with the MJO phases (amplitude > 1, 1% column) during
NDJF, and in the form of their contingency matrix.

Fig. 12 first confirms that the occurrence of TTTs is not dependent on
the MJO phases, thereby corroborating previous studies (e.g., Macron
et al. [38], Pohl et al. [53]). The only significant value for TTTs regimes
is found in OLR regime 6, showing that this regime is unlikely to happen
during MJO phase 3. OLR regime 3, with a significantly positive daily
mean SSR anomaly (mainly over the ocean), has higher mean values in
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the days ascribed to MJO phases 1-3 when the convective center is in the
tropical Indian Ocean, favoring a less convective atmosphere in the
subtropical region. In regimes 5-6, the positive SSR anomalies are
higher when associated with MJO phases 5 and 6, which indicates an
additive effect on local SSR between the MJO and the TTTs, but with
relatively few significant pixels over land. On the other hand, OLR
regime 1 (2), with enhanced convection close to Reunion and significant
negative SSR anomalies, shows significantly less coherence with MJO
phase 5 (6), which is associated with suppressed convection and positive
SSR anomaly in Reunion. However, the corresponding SSR anomaly is
insignificant, indicating a high internal variability in MJO phases or OLR
regimes. The latter could decrease the predictive skill of intraseasonal
forecasts, mostly (but not only) based on MJO activity [79-81].

6. Conclusion and discussion

This work investigates the diurnal variability of SSR in Reunion and
explores the links between this variability and its potential driving
mechanisms. We analyze convective variability at synoptic and intra-
seasonal timescales and scale interactions between them to assess the
seamless predictability of SSR in the subtropical island of Reunion,
characterized by complex topography.

Firstly, SSR diurnal variability is represented by an hourly-diurnal
classification of satellite data from SARAH-E at ~5 km spatial resolu-
tion over Reunion, where the cluster transitions reflect a fluctuation of
SSR at the synoptic timescale. This approach reveals several critical
temporal and spatial characteristics of the diurnal SSR variability.
Notably, a high probability (~55%) of uniform-sign SSR departures
from the mean state throughout the day at the island-scale is found in
the period from 1999-01-01 to 2016-12-31, either positive (~34%) or
negative (~21%). SSR variability is also found to be larger on the
windward side (at the east or southeast) of the island and during the
warm season and smaller on the leeward side (at the west or northwest)
and during the cold season. Such an SSR gradient between the east and
the west could be necessary for the complementary strategy. Successive
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negative events at the island scale, as represented by the transition of
SSR clusters, typically last 1 or 2 days (the 75% percentile), which has to
be fitted by the stabilizing efforts of solar power networks. Finally, a
diurnal SSR cluster with large negative SSR anomalies (up to about
—500 W m™2) is primarily related to nearby TCs, which may pose a
challenge for the solar power system due to the low level of SSR and the
strong wind associated at synoptic timescale.

Secondly, an effort is made to understand how convective activities
near Reunion, as drivers of its local-scale cloud cover and SSR, alter the
diurnal SSR cycle in different ways, depending on their intensity, scale,
and distance to the island. The key findings are as follows: (1) Nearby
TCs, although at low occurrence, can enormously reduce the diurnal
SSR, by up to 50% on average, depending on their distance and size;
particularly, their influence on SSR is found to have a longitudinal
dependence, which is observed for the first time, with significant
negative SSR anomaly when TCs are in the west of Reunion and with less
significant or even positive anomaly when in the east. (2) The modu-
lation of SSR by synoptic convective regimes is relatively smaller, in the
range from 5% to 13%. (3) At the intraseasonal timescale, the MJO is
associated with a statistically significant increase in SSR over Reunion
during its dry/clear-sky phase (less than 5%). In contrast, its influence
during the convectively active phase appears weaker and more uncer-
tain, mainly due to its larger scale.

Finally, potential interactions between these three SSR modulators
are investigated. (1) A strong association of TCs with the synoptic
convective regimes is observed, with high occurrence in the SWIO
(regime 1) and in the area close to Reunion (regimes 1 and 2). The
location of TCs is coherent with the convectively enhanced activities in
the northeast of Madagascar (regime 1) and in the Mozambique channel
(regimes 6 and 7, i.e., the central and eastern TTT systems), consistent
with previous studies (e.g., Mavume et al., [77]). (2) With the intra-
seasonal MJO, more TC days in the SWIO are recorded at a time when
the convective center of the MJO is in the eastern Indian Ocean (phases 2
and 3), and less are found when the convective center is in the western
hemisphere and Africa (phases 1 and 8), which corroborates previous
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studies [78]. In the area close to Reunion, more TC days are associated
with phase 2 of the MJO and fewer with phase 7, which could be another
source of predictability of SSR in the subtropics, even not directly
coupled with SSR. (3) Furthermore, the respective influence of TC and
synoptic regimes and the MJO are separated. Additivity could be found
only when the nearby TCs are in the west of Reunion in the OLR regime 2
and the MJO phase 4. (4) Finally, the additivity between the MJO and
the synoptic regimes is not statistically significant, as reported by pre-
vious studies. In contrast, higher SSR anomalies are identified in the
starting and the mature phases of a TTT before reaching their eastern-
most location, when co-occurring with phases 5 and 6 of the MJO with
suppressed convection across the Indian Ocean and over tropical Africa.

These results provide quantitative insights into solar power system
planning and management in many aspects, such as energy comple-
mentary strategy (in both space and time; [17,82]), PV output fore-
casting [23,83], and storage dimensioning technologies (e.g., Li-ion
batteries, or hydrogen; [84-86]), to smooth out the expected imbalances
between generation and demand at various temporal and spatial scales.
The investigation conducted in this study has the potential to benefit not
only Reunion but also the broader tropical and subtropical regions,
owing to the extensive spatial coverage of these examined climate
variability.

This study also confirmed that the TCs and the synoptic convective
regimes are the primary modulators of SSR in the subtropical SWIO at
the synoptic timescale. Additionally, the MJO, which is considered as a
crucial predictability source in the tropics at the intraseasonal timescale
[87], is likely to be another candidate that one could use to bridge the
gap between daily weather and climate in the subtropics, as already
proposed in other regions [88-90].

The present study underscores the appropriateness of the applied
classification at high temporal (hourly-diurnal) and spatial (5 km) res-
olutions for representing the diurnal variability of SSR over a complex
orography, as well as for examining its scale interactions with various
modes of climate variability. This approach effectively captures the
contrasted details in space, such as the difference between windward
and leeward regions in diurnal SSR variability. Furthermore, the iden-
tified clusters can be utilized for transition analysis as temporal fluctu-
ations and for investigating the links with driving mechanisms operating
on larger timescales, including those of lower frequency, when datasets
spanning longer periods are employed.

However, there are still open questions to complete the assessment of
SSR variability locally and achieve fully decarbonized energy produc-
tion. For instance, the SSR modulators assessed here for the first time
have generally strong internal variability (e.g., Lin et al., [91]), and
second-order modifications in their regional-scale anomaly patterns
could yield major modifications locally over a tropical island like
Reunion. Additional factors like sea surface temperature and land-sea
contrasts could be considered in future work to complete our findings
with more local-scale parameters that could also contribute to driving
SST variability at fine scales. Furthermore, the potential SSR drivers at
longer timescales, including both natural variability such as ENSO
[92-94], but also anthropogenically-forced climate change [19,95-98],
are crucial to consider in future research. This underscores the need for
additional studies incorporating more SSR factors over a broader range
of timescales and with improved spatial resolution to develop and
enhance the seamless predictability of solar-related renewable energy
applications.
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