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Abstract: In November 2016, a 95 GHz cloud radar was permanently deployed in Reunion Island
to investigate the vertical distribution of tropical clouds and monitor the temporal variability of
cloudiness in the frame of the pan-European research infrastructure Aerosol, Clouds and
Trace gases Research InfraStructure (ACTRIS). In the present study, reflectivity observations col-
lected during the two first years of operation (2016-2018) of this vertically pointing cloud radar are
relied upon to investigate the diurnal and seasonal cycle of cloudiness in the northern part of this
island. During the wet season (Dec-Mar), cloudiness is particularly pronounced between 1-3 km
above sea level (with a frequency of cloud occurrence of 45% between 12:00-19:00 LST) and 8-12
km (with a frequency of cloud occurrence of 15% between 14:00-19:00 LST). During the dry season
(Jun—Sept), this bimodal vertical mode is no longer observed and the vertical cloud extension is
essentially limited to a height of 3 km due to both the drop-in humidity resulting from the north-
ward migration of the ITCZ and the capping effect of the trade winds inversion. The frequency of
cloud occurrence is at its maximum between 13:00-18:00 LST, with a probability of 35% at 15 LST
near an altitude of 2 km. The analysis of global navigation satellite system (GNSS)-derived weather
data also shows that the diurnal cycle of low- (1-3 km) and mid-to-high level (5-10 km) clouds is
strongly correlated with the diurnal evolution of tropospheric humidity, suggesting that additional
moisture is advected towards the island by the sea breeze regime. The detailed analysis of cloudi-
ness observations collected during the four seasons sampled in 2017 and 2018 also shows substantial
differences between the two years, possibly associated with a strong positive Indian Ocean Southern
Dipole (IOSD) event extending throughout the year 2017.

Keywords: cloud radar; BASTA; Indian Ocean Subtropical Dipole; Reunion Island; integrated water
vapor; Southwest Indian Ocean; GNSS; cloudiness variability; tropical clouds

1. Introduction

Because cloudiness plays a major role in distributing the radiative energy available
in the atmosphere [1,2], knowledge of cloud properties is crucial for anticipating the im-
pacts of cloud cover and, in particular, low-level cloud feedbacks in climate change pro-
jections [3]. A better knowledge of the vertical distribution of clouds is also important for
numerical modelling, as errors in the location and vertical structure of clouds, which di-
rectly impact the radiative balance, are considered among the main sources of uncertainty
in climate and weather numerical weather prediction (NWP) models [4-6].
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In the tropics, cloudiness is principally determined by the space—time distribution of
the lower-tropospheric moisture, which controls the total water content and buoyancy of
atmospheric parcels. Humidity is essentially driven by the seasonal migration of the Inter-
Tropical Convergence Zone (ITCZ), and its associated circulation shifts, as well as by large
scale anomalies that influence atmospheric circulation at both intra-seasonal (Madden-—
Julian Oscillation [7,8]), and interannual (e.g., El Nino Southern Oscillation, Indian Ocean
Dipole, Indian Ocean Subtropical Dipole) timescales.

Thanks to their ability to cover vast areas of the globe, spaceborne cloud radars (e.g.,
CloudSat) have significantly improved our understanding of the spatio-temporal distri-
bution of clouds throughout the planet and are widely considered as one of the most effi-
cient tools to study cloud properties at the global scale [9]. These space-borne observations
are nevertheless subject to some limitations, especially at low-level, due to ground (or sea)
clutter echoes [10-12] and difficulties to penetrate thick mid-level clouds to observe the
low cloud beneath (due to their short wavelength). In this regard, ground-based cloud
radars, which feature higher spatio-temporal time resolution than space-borne sensors,
are essential to complete (and evaluate) space-borne observations, especially at the local
scale [13]. Relatively few studies have however been conducted so far to investigate trop-
ical cloud properties from ground-based cloud radars. Moreover, if one except a few stud-
ies conducted from the Atmospheric Radiation Measurement (ARM) Tropical Western
Pacific (TWP) sites [14-16], the latter were essentially conducted in the northern hemi-
sphere due to the overall lack of observation facilities available south of the equator. This
includes measurements conducted in Niger [17], in the Indian Western Ghats [18], or from
the Barbados Cloud Observatory (BCO [19]) to investigate the seasonality and vertical
distribution of low-level clouds [20,21]. This lack of observations was further exacerbated
in the last few years following the dismantling, in 2013 (Nauru) and 2014 (Darwin and
Manus) of the three permanent Pacific ARM TWP sites [22]. As a consequence, the Atmos-
pheric Physics Observatory (OPAR) of Reunion Island, a small (2512 km?) volcanic French
overseas territory located in the Southwest Indian Ocean (SWIO), has now become the
principal atmospheric research facility in the southern hemisphere.

Due to its location, located both at the edge of the subtropical jet and in the subsid-
ence region of the southern hemisphere Hadley cell, Reunion Island (20.8° S, 55.5° E) is
particularly well suited to study tropical and subtropical influences on the general circu-
lation. For this reason, OPAR’s instrumentation is principally designed to observe high
troposphere—low stratosphere interactions from a unique ensemble of lidars and radio-
metric sensors deployed at the high-altitude Maido observatory [23]. In order to extend
cloud and precipitation observation capabilities, a new coastal experimental site was,
however, recently integrated to OPAR in the frame of the pan-European research in-
frastructure “Aerosol, Clouds and Trace gases Research InfraStructure” (ACTRIS,
https://www.actris.eu, accessed on 1 July 2021), a programme aiming at collecting high-
quality observation data to constrain predictive models and improve global forecasts of
the atmosphere. This new observation facility, located on the northern coast of the island
at Saint-Denis de La Réunion (Figure 1), was notably equipped, in 2016, with a 95 GHz
radar BASTA (Bistatic rAdar SysTem for Atmospheric Studies; [24]) to collect cloud ob-
servations at high spatial and temporal resolutions. This new site is, in particular, well-
adapted to investigate coastal tropical clouds, which are known to occur over different
mid-tropospheric conditions than over the open ocean and continental areas due to the
combined effects of land—sea breeze interactions [25].



Atmosphere 2021, 12, 868

30f18

Indian Ocean

55°30'E! Saint Joseph
Figure 1. The cloud radar BASTA-REUNION located in Saint-Denis de La Réunion on the rooftop
of Reunion University (55.48° E, 20.9° S).

In this study, reflectivity observations collected during the two first years of opera-
tion of the cloud radar BASTA are used to investigate the characteristics of cloudiness in
Reunion Island as well as its relationship with local and regional tropospheric humidity
patterns inferred from radiosounding, Global Navigation Satellite System (GNSS) and
high-resolution reanalysis data. Although limited in time, the 2-y cloud radar dataset used
in this study allows us to investigate, for the first time in the SWIO, the vertical cloud
properties over a remote and climatologically important location of the Southern Hemi-
sphere, which was identified as a key component in the climate system by ACTRIS re-
search infrastructure.

This paper is organized as follows: information about data used in this study are
given in Section 2; the distribution and analysis of the seasonal cloud cover over Saint-
Denis between November 2016 and October 2018 are presented in Section 3; possible re-
lationships between observed cloud patterns and large-scale environment are thus inves-
tigated in Section 4, while Section 5 presents our conclusions and perspectives.

2. Data and Methods
2.1. Cloud Radar Observations

The present study is principally based on continuous observations collected between
November 2016 and October 2018 by a cloud radar BASTA. BASTA is a 95 GHz vertically
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pointing bistatic Doppler radar (distinct antennas for transmission and reception) devel-
oped by LATMOS (“Laboratoire Atmosphere, Milieux et Observations Spatiales”) for
cloud and fog studies [24,26]. A dedicated version of this radar (referred to as BASTA-
REUNION) was deployed in Reunion Island in November 2016 at the main campus facil-
ity of Reunion University, located in Saint-Denis approximately 100 m above ground level
(Figure 1). BASTA-REUNION provides times series of vertical reflectivity and Doppler
velocity profiles up to an altitude of 24 km. Reflectivity profiles consist of a combination
of data collected in four distinct operating modes that are each activated over a period of
integration of 3 s and later recombined to reconstruct the cloud structure throughout the
tropospheric layer every 12 s. The first operating mode, dedicated to fog and low cloud
observations, runs at the resolution of 12.5 m and provides information up to an altitude
of 12 km. The second mode, which features a vertical resolution of 25 m, is used to inves-
tigate mid-level clouds between 6 km and 18 km. Finally, the last two modes (100 m ver-
tical resolution) are used to sample high-level clouds up to 18 km and 24 km, respec-
tively —the latter mode, which is slightly more sensitive, was specifically implemented for
tropical regions. Nearly four million reconstructed vertical reflectivity profiles are used in
this study, which represent ~80% of the total number of profiles theoretically expected
over a 2-year period.

Due to its operating frequency, BASTA-REUNION can be strongly affected by radar
attenuation resulting from the absorption or reflection of transmitted signals in precipita-
tion areas. This phenomenon, which occurs at most radar frequencies, reflects the fact that
some of the energy is often lost to scattering and absorption when the radar pulse pene-
trates in heavy precipitation areas. At 95 GHz, the frequency of BASTA-REUNION, un-
certainties can be introduced in the observed cloud properties and occasionally can result
in the extinction of the radar signal in a heavy precipitation regime. As will be seen later,
this phenomenon nevertheless remains relatively uncommon in the Saint-Denis area and
does not significantly affect the statistical analysis of cloud radar data that will be pre-
sented hereafter. We thus chose to not discriminate between precipitating and non-pre-
cipitating clouds so as to be able to also identify the occurrence of rainfall in radar obser-
vations—as fog and low-level stratus never occur over Saint-Denis, radar data collected
below 1 km always reflect the presence of precipitation.

During the austral summer, the presence of the Intertropical Convergence Zone
(ITCZ) nearby Reunion Island induces low-level convergence of highly buoyant air that
favors the development of deep convection. The interactions of these unstable air masses
with the complex orography of the island can generate very intense precipitation due, in
particular, to the passage of tropical cyclones nearby [27]. In winter, as the ITCZ moves
back northwards, the local weather becomes mostly influenced by the subsided southern
branch of the Hadley cell. The resulting temperature inversion tends to inhibit atmos-
pheric upward vertical motion above ~3 km [28,29] and is further amplified by the trade
wind inversion [30-32]. Due to its complex orography, Reunion Island is also affected all
year long by thermally induced sea breeze circulations that can force onshore moist flow
at low levels and further favors the development of low-level clouds during daytime
[30,33]. Examples of observations collected by BASTA-REUNION in Austral summer (26
March 2017), Austral winter (1 August 2017) as well as during cyclonic conditions (4-6
March 2018) are presented hereafter to illustrate the general cloudiness conditions associ-
ated with the various large-scale circulation patterns that drive cloud formation in Reun-
ion Island.

In Austral summer (Figure 2a, 26 March 2017), radar observations show the existence
of a strong diurnal cycle characterized by low-level clouds forming early in the morning
and eventually dissipating in the late evening. Convective clouds, resulting from the high
convective instability that prevails over the tropical SWIO basin during summer, develop
in the early afternoon and extend up to the altitude of 10 km (all heights are given above
mean sea level). Precipitation, as evidenced by associated time series of collocated rain
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gauge measurements, is maximised around mid-day (9-11 UTC, 13-15 LST) and dissi-
pates in the early evening. During winter (Figure 2b, 1 August 2017), low-level clouds also
form in the early morning (near 03:00 UTC/07:00 LST), but never evolve into deep convec-
tive clouds due to the strong capping effect. These low-level clouds, which consist of
small, non-precipitating, scattered cumulus, are not advected from the ocean, but develop
over the slopes before expanding northwards towards the coast in the middle of the after-
noon.
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Figure 2. Time series of radar reflectivity vertical profiles (dBZ) collected on (a) 26 March 2017 (sum-
mer) and (b) 1 August 2017 (winter). The black line in (a) shows collocated rainfall measurements
every 6 min expressed in mmh- (scale to the left).

The third example (Figure 3) shows radar observations collected during the passage
of tropical cyclone Dumazile over the Mascarene Archipelago in early March 2018. On 4
March (top panel), radar observations were collected within an outer rainband located
about 700 km southeast of the TC center. Time series of vertical radar reflectivity profiles
show numerous convective cells extending forward and backward up to an altitude of 15
km. On 6 March (bottom panel), radar data are collected within a cirriform region, at the
back of the tropical cyclone. Vertical reflectivity profiles collected in this area (indicated
by the red circle on the associated MODIS image) show a layer of cirrus clouds extending
from 11 to 14 km that is characteristic of pre- and post-convective tropical cyclone regions.
As shown by collocated high-resolution (6 min) rainfall measurements, brief but ex-
tremely strong rainfall occurred on 4 March around 09:00 UTC (up to 50 mmh-') and 10:15
UTC (up to 95 mmh"). These heavy precipitation periods are associated with data gaps in
radar observations, which can also be observed in Figure 2a (between 8 and 11 UTC).
These gaps reflect the aforementioned attenuation of the radar signal by strong precipita-
tion, which principally occurs for instantaneous rain rates higher than 15 mm h-* (Figures
2a and 3). According to the climatological study of [31], which provides a detailed analysis
of the spatio-temporal variability of local rainfall patterns over Reunion Island, such situ-
ations are nevertheless uncommon in the Saint-Denis area, and not frequent enough to
significantly impact the results that will be presented in the following.
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Figure 3. Left panel: Satellite images (MODIS TERRA) of Tropical Cyclone Dumazile, recorded on
4 March 2018 (top, 9:00 UTC) and 6 March 2018 (bottom, 6:00 UTC). Right panel: corresponding
time series of BASTA-REUNION vertical radar reflectivity profiles (dBZ, UTC) with superimposed
collocated rainfall measurements every 6 min (expressed in mmh, scale to the left). The red circle
indicates the cirriform region sampled by the radar on 6 March.

2.2. Other Datasets

Additional sources of data are also relied upon to describe the local and regional
weather conditions prevailing over Reunion Island and the SWIO basin during the 2-year
period of analysis:

(i) Insitu observations of relative humidity inferred from Saint-Denis’ airport (20.88° S,
55.51° E) operational daily radiosounding data collected between 2014 and 2018;

(if) Time series of integrated water vapor (IWV) columns, inferred from the analysis of
GNSS data collected from the IGN (Institut Geographique National) station STDE
(20.88° 5-55.51° E) and the International GNSS System (IGS)’ station REUN (21.2° S,
55.57° E). GNSS data are processed following the approach used by [34,35] to pro-
duce IWV data at various locations in the SWIO basin (a complete description of
GNSS IWV retrieval and associated uncertainties can be found in the former papers).

(iif) Reanalysis data extracted from European Center for Medium-Range Weather Fore-
cast (ECMWEF)'s 5th generation reanalysis (ERA5) are used to investigate the regional
atmospheric conditions prevailing over the SWIO basin. ERA5 provides hourly esti-
mates of numerous atmospheric, land and oceanic climate variables on a 0.25 x 0.25°
horizontal grid [36]. Reanalysis data used in this study consist of wind, humidity, sea
level pressure and vertical velocity fields extracted over the period 1990-2020.

3. Diurnal and Seasonal Variability of Cloudiness over Saint-Denis in 2017 and 2018

In the following, reflectivity data collected by BASTA-REUNION are used to inves-
tigate the vertical structure of winter and summer clouds over Saint-Denis. For simplicity,
the four seasons investigated hereafter will be referred to as summer 2017 (November
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2016-March 2017), winter 2017 (June-September 2017), summer 2018 (November 2017-
March 2018) and winter 2018 (June-September 2018).

Diurnal Cycle

The seasonal composite analyses of radar reflectivity profiles aggregated over the
two sampled summer and the two winter seasons are shown in Figure 4a,b, respectively.
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Figure 4. Time series of cloud occurrence (%, normalized to 1) as a function of the time of the day
(hours) and altitude (km) for (a) aggregated summer seasons 2017 and 2018, (b) aggregated winter
seasons 2017 and 2018, (c) summer 2017, (d) winter 2017, (e) summer 2018, (f) winter 2018, (g) sum-
mer 2018 minus summer 2017 and (h) winter 2018 minus winter 2017. White lines near the altitudes
2,5 and 10 km correspond to data gap layers of ~25-50m resulting from the recombination of data
collected in the different radar acquisition modes.

In summer (Figure 4a), aggregated radar observations show two cloud layers, asso-
ciated with the diurnal cycle (leading to the formation of low-level cumulus clouds) and
convective instability (leading to the development of thunderstorm systems in mid to late
afternoon). In the lowest layer, which extends from ~0.5 to 3 km, the maximum cloud
occurrence is observed between 08:00 UTC (12 LST) and 15:00 UTC (19 LST) at an altitude
of 2 km, with a maximum probability of nearly 45% near 12 UTC (16 LST). The upper
layer, comprised between ~6 and 15 km, corresponds to deep convective and ice clouds
associated with local storms, as well as tropical storms and cyclones that passed nearby
Reunion Island. The probability of occurrence is maximised between 10:00 UTC and 15:00
UTC (14-19 LST) and reaches up to 15% at an altitude of 10 km near 14 UTC (18 LST).

In winter (Figure 4b), one can still observe a layer of low-level clouds extending from
approximately 0.5 to 2.5 km. The frequency of cloud occurrence is highest between 09:00
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UTC (13 LST) and 14:00 UTC (18 LST), with a maximum probability of about 35% near
2km altitude at 11 UTC (15 LST). While the frequency of occurrence of low-level clouds
appears similar during summer and winter periods, the depth of the low-level cloud layer
is lower in winter (maximum height of 2.5 km vs. 3 km in summer). High-level clouds are
also up to three times less frequent in winter (5% occurrence vs.15% occurrence in sum-
mer) as a result of the stronger stability of the atmosphere during this season.

To further assess the diurnal variability of cloud cover from one year to the next, time
series shown in Figure 4a,b were also individually aggregated for each of the four sampled
seasons: summer 2017 (Figure 4c) and 2018 (Figure 4e), and winter 2017 (Figure 4d) and
2018 (Figure 4f). From a qualitative standpoint, one can observe strong similarities be-
tween both summers and both winters. However, a closer look at the field of differences
(Figure 4g,h) shows important disparities from one year to the next. Hence, low-level
cloudiness appears significantly higher and deeper in winter 2017 (Figure 4h) than during
the following winter season, while significant differences could also be observed through-
out the troposphere between the two summer seasons (Figure 4g), with significantly
deeper cloud cover in 2018.

Mean vertical profiles of cloud occurrence inferred from the high-resolution BASTA-
REUNION profiles collected during the four sampled seasons shown in Figure 4c—f are
shown in Figure 5. During summer, the probability of occurrence shows much larger val-
ues in 2018 (solid blue line) at both low-level (frequency of cloud/precipitation occurrence
below 3 km ranging from 20-22% vs. 15-20% in 2017) and mid-to-high level (frequency of
cloud occurrence of 10% vs. 5% in 2017 at 6 km). These differences are even more striking
in winter. In 2017 (red dashed line), low-level cloudiness is for instance twice as large as
in 2018 (blue-dashed line, 20-22% vs. 10%) and actually bears strong resemblances with
that observed during the previous summer (solid blue line). Furthermore, one can also
observe large differences occurring at mid-levels. While the vertical cloud extension is
more or less limited to 4 km in 2018, in good agreement with previous climatological stud-
ies of [30,31], clouds occur in much more significant proportions up to an altitude of 6 km
and even beyond (frequency of occurrence of 1% at 8 km) in 2017. In the following, large-
scale environmental conditions inferred from the analysis of ERA5 data are investigated
in order to understand the possible origins of these differences.

16

—— 2017 summer
=== 2017 winter
14 —— 2018 summer
=== 2018 winter

Height (km)

000 005 010 015 020 025
Cloud occurrence (%)

Figure 5. Probability of cloud occurrence (%, normalized to 1) observed during summer (solid line)

and winter (dashed line) 2017 (red) and 2018 (blue) as a function of height.

4. Analysis of Local and Large-Scale Environmental Conditions Prevailing in 2017 and
2018
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4.1. IOSD Patterns

In the SWIO basin, the main climatic phenomenon that drives large-scale oceanic and
atmospheric circulation is the Indian Ocean Subtropical Dipole (IOSD [37]). This climate
anomaly controls the structure of the ocean’s surface layer, which, in turn, impacts the
atmospheric circulation and rainfall at the regional scale. It is characterized by three dis-
tinct phases that are defined by a reference index computed from SST anomaly differences
between the western and eastern parts of the basin: a neutral phase, corresponding to the
mean state of the ocean, a negative phase and a positive phase. Positive events, which are
characterized by above-normal SSTs in the southwestern part of the basin and below-nor-
mal SSTs off western Australia, generally start at the beginning of the Austral summer
and die off in April/May.

The evolution of the IOSD index from 2013 to 2019 (Figure 6) shows that a particu-
larly strong positive event occurred in early 2017. The latter started in Nov 2016, peaked
in January (with a high index value) and finally died off in late March 2017 (index value
of 0.2). However, one can observe that index values started to re-increase significantly at
the beginning of the winter, with an average value of ~1 throughout the rest of the year,
before finally collapsing in early 2018.

I0SD Index (2013 — 2019)

3 —— 7 days
—— 90 days

-

=]

A A!\ Ah A_taf)
(]

Index value

|
A

-2

-3

2013 2014 2015 2016 2017 2018 2019

Time (year)

Figure 6. Averaged weekly (black) and quarterly (red) IOSD index between Jan 2013 and Dec 2019.
Blue and green squares highlight index values during winter 2017 and 2018, respectively.

4.2. Large Scale Anomalies

Corresponding large-scale atmospheric and oceanic anomalies prevailing during
summers (DJF) and winters (JJA) 2017 and 2018 are shown in Figures 7 and 8. In good
agreement with the occurrence of a positive IOSD event, a positive SST anomaly, centered
near 30° S and extending from the East African coast to ~90° E, can be observed over the
SW part of the basin in summer 2017 (Figure 7a). Enhanced midlevel subsidence is also
observed over Madagascar and the central part of the basin (Figure 7e), resulting in both
positive pressure anomalies (Figure 7c) and dryer conditions in the mid-troposphere (as
inferred from IWV anomalies, Figure 7g) in these areas. Over the Mascarenes and Reunion
Island, these large-scale conditions result in a slightly positive SST anomaly, of nearly 0.5
°C, and a below-normal (negative) humidity anomaly of ~ 6-8 kg m2.
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Figure 7. (a,b) Sea Surface Temperature (SST), Mean Sea Level Pressure (MSLP), Vertical velocity at
500 hPa (W) and Integrated Water Vapour (IWV) anomalies in summer (DJF) 2017 (left panel) and
2018 (right panel), computed from ERA5 reanalysis data over the period 1990-2020.

During the next summer, a positive SST anomaly can still be observed in the southern
part of the basin (Figure 7b). The latter is however shifted southeastwards with respect to
summer 2017 and no significant surface pressure (Figure 7d) or mid-level vertical velocity
(Figure 7f) anomalies are longer observed over the central part of the basin. A moist
tongue extending northwestwards towards Madagascar could be observed, in good
agreement with the location of the positive SST anomaly (Figure 7h). Over the Mascarene
Archipelago, these large-scale conditions resulted in positive SST and moisture anomalies
of up to 1 °C and 8 kg m=, respectively.
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During winter 2017 (Figure 8a), ERA5 data show SST anomalies of up to 1 °C over
the Mascarene Archipelago, likely inherited from the IOSD event that started earlier in
the year. The Mascarene anticyclone also moved south-eastwards resulting in strong pos-
itive pressure anomalies over the central and southern parts of the basin as well as slightly

below normal sea level pressures
also accompanied by a decrease in

over the Mascarenes (Figure 8c). These anomalies are
the large-scale midlevel (500 hPa) subsidence over this

area (Figure 8e), resulting in higher humidity content at 850 hPa (Figure 8g). While this
positive SST anomaly is also present in winter 2018 (Figure 8b), the other atmospheric
parameters (Figure 8d,f,h) are nevertheless globally in phase with the climatology.
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Figure 8. (a,b) Sea Surface Temperature (SST), Mean Sea Level Pressure (MSLP), Vertical velocity at
500 hPa (W) and Integrated Water Vapour (IWV) anomalies in summer (DJF) 2017 (left panel) and
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2018 (right panel), computed from ERA5 reanalysis data over the period 1990-2020. As in Figure 7,
but for winter (JJA) 2017 and 2018.

4.3. Local Observations

Humidity observations inferred from the analysis of GNSS data collected at the IGS
station of REUN (21.2° S, 55.57° E) and radio sounding data collected at Saint-Denis’ air-
port (20.88° S, 55.51° E) are shown in Figure 9. According to time series of monthly aver-
aged GNSS-derived IWV columns (Figure 9a), significantly dryer conditions occurred
over Reunion Island during the first 4 months (Nov-March) of the wet season 2017, with
differences of up to 12 kg m= (+/-30%) compared to the same period one year after. This
tendency however inverts at the end of the summer, a period that corresponds to the dy-
ing of the 2017 positive IOSD event. GNSS-derived IWV observations also confirm that
tropospheric humidity was significantly higher during winter 2017 (JJAS, blue line) than
during winter 2018 (red line), with differences of up to 3.5 kg m=2 (+/-35%) between July
and September. A strictly similar tendency (not shown) was also observed at other GNSS
stations located along the west coast and central area of Reunion Island, indicating that
these tropospheric humidity anomalies have impacted the whole island.
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Figure 9. (a) Monthly mean of GNSS-derived IWV content at station REUN in 2017 (blue) and 2018
(red). (b) RS-derived relative humidity at Saint-Denis during summer (plain) and winter (dashed)
2017 (blue) and 2018 (red). The green line in (b) shows corresponding average RH profiles for the
period 2014-2018.

According to seasonally averaged relative humidity data inferred from operational
radio sounding observations in Saint-Denis (Figure 9b), absolute moisture conditions in
summer 2018 (red solid line) were higher throughout the troposphere compared to sum-
mer 2017 (blue solid line), with an increase ranging from 10% at low levels to 100% at mid
and high levels. The 5-y average (2014-2018) humidity profile (green solid line) also indi-
cates that humidity conditions were significantly below (resp. above) normal in summer
2017 (resp. 2018), in good agreement with moisture anomaly patterns deduced from the
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analysis of ERA5 data (Figure 7g,h). In winter 2018, the seasonally averaged relative hu-
midity profile (red dashed line) shows good agreement with the climatological mean
(green dashed line) up to 6 km, and above normal relative humidity at higher levels. In
2017 (blue-dashed line), one can however observe a significant increase in the low-level
relative humidity between 2 and 4 km altitude, ranging from +50% to +80% at a given
level.

To further investigate relationships between cloudiness and humidity over Saint-
Denis, Figure 10 shows hourly relative anomalies (difference between the hourly value
and the daily average, divided by the daily average) of integrated water vapour (IWV, %),
radar-derived low- (LLC, 1-3 km) and mid-to-high-level (HLC, 5-10 km) cloudiness (%)
as well as insolation, during summer (left panel) and winter (right panel) 2018 (as GNSS
observations collocated with BASTA-REUNION only started to be available in January
2018, we can only compare cloud occurrence and IWV for this year).
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Figure 10. Diurnal cycle of high level (HLC) and low-level (LLC) clouds, Integrated water vapour
(IWV) and insolation at Saint-Denis in 2018. Top panel: low-(1-3 km, plain) and mid-(5-10 km,
dashed) level cloud anomaly (%) during (a) summer 2018 and (b) winter 2018. Bottom panel: Diur-
nal cycles of GNSS-derived (STDE station) IWV anomaly (%, black) and insolation (hours, orange)
during (c) summer 2018 and (d) winter 2018.

The ground starts to heat up in the early morning (3 UTC/7 LST) with sunrise (Figure
10c,d), which increases the air temperature and initiates thermal instability in the bound-
ary layer. As water vapour generated by evapotranspiration starts to condense, a positive
cloudiness anomaly appears near 7:30 UTC (11:30 LST) at both low- and mid-to-high lev-
els. A positive IWV anomaly, which remains positive throughout the daytime, can also be
observed at nearly the same hour. In both summer (Figure 10c) and winter (Figure 10d)
this positive moisture anomaly is maximum near 12 UTC (16 LST) and reaches about 4.5%
(~2 kg m=2 in summer and 1.06 kg m~2 in winter). The time of this maximum likely reflects
the existence of a sea breeze regime, which is strongest in mid-afternoon, when the differ-
ence in temperature between the land and ocean is highest. This IWV anomaly maximum
also corresponds to that of the observed maximum in low-level cloudiness anomaly,
which reaches up to 60% in summer (Figure 10a) and 50% in winter. This agreement sug-
gests that the sea breeze regime may act to reinforce low-level cloud formation along the
slopes through the advection of additional moisture originating from the ocean towards
the island.
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5. Discussion and Conclusions

The permanent deployment, in 2016, of a 95 GHz vertically pointing cloud radar
BASTA in Reunion Island is an important achievement in order to reinforce cloud obser-
vations and atmospheric science research capabilities in the SWIO.

Data collected by this radar during its two first years of operation show a strong sea-
sonal cycle with significant variation of cloudiness between summers and winters. During
Austral summer, a bimodal mode characterized by two cloud layers extending respec-
tively from 1-3 km (maximum daily frequency of cloud occurrence of 45%) and 8-12 km
(maximum daily frequency of cloud occurrence of 15%) is observed. During Austral win-
ter, cloudiness is mostly limited to the low levels (maximum daily probability of occur-
rence of about 35%) due to both the northward migration of the ITCZ and the strong trade
wind inversion prevailing at this time of the year (which further limits vertical cloud ex-
tension). These results are globally in line with those obtained by [19] over the tropical
island of Barbados (using ground-based cloud radar data collected over a similar period
of two years), which have also shown the existence of a bimodal mode (in the vertical) in
summer that disappears in winter due to the circulation shifts accompanying the seasonal
migration of the ITCZ. As in [19], we also observed a slight variability in the lower tropo-
sphere cloudiness across the seasons on a diurnal scale. In summer, medium and high
clouds associated with convective developments over the island’s relief show a maximum
occurrence between 10 and 15UTC (i.e., between 14 and 19 LST), while low-level clouds
are maximised between 8 and 15 UTC (12 and 19 LST) in summer and 9 and 14 UTC (13
and 18 LST) in winter. As in Barbados, this variability appears somewhat more important
in summer (maximum value of cloud occurrence of 45% at a height of 2 km at both loca-
tions) than during winter (25% in Barbados vs. 35% in Reunion Island at a height of 2 km).
The diurnal cycle of the cloudiness is also strongly correlated with the diurnal cycle of
IWYV regardless of the season and the cloud layer considered.

The comparative analysis of seasonal cloudiness observations collected in 2017 and
2018 also shows strong differences from one year to the next, with significantly higher
(resp. lower) cloud cover in winter (resp. summer) 2017 than in 2018. The analysis of ERA5
reanalysis data and local humidity measurements derived from radio soundings and
GNSS observations suggests that these differences could be attributed to a different large-
scale context between the two years. In summer 2017 a strong positive SST anomaly,
which formed in relationship with a positive phase of the subtropical Indian Ocean dipole
(SIOD), could be observed south of Madagascar and was accompanied by positive (resp.
negative) anomalies of subsidence (resp. humidity) over the center part of the basin. This
large-scale subsidence, and associated dry air, acted to limit the vertical extension of
clouds and likely explains the significant differences in cloud cover observed between the
two summers. The two winter seasons also show important differences in terms of the
large-scale environment. In 2017, a zonal dipole of large-scale subsidence anomaly was
observed, while conditions were closer to normal in 2018. The eastward shift of high sub-
sidence values resulting from the presence of this dipole resulted in a wet anomaly over
the western part of the basin in winter 2017 that was further amplified by a positive SST
anomaly over Reunion Island (increased evaporation). As a consequence, the vertical
structure of the cloudiness and the probability of cloud occurrence in the lower half of the
troposphere were surprisingly similar throughout the year 2017.

According to regional and local humidity data, one can hypothesize that the 2017
IOSD event significantly impacted moisture conditions over Reunion Island throughout
the year 2017, resulting in lower (resp. higher) than normal humidity conditions at low-
and mid-level in summer (resp. winter). These distinct moisture conditions may have ac-
counted for the large differences observed in terms of cloudiness between Austral sum-
mers 2017 and 2018 (Figure 4). The thermodynamic structure of the atmosphere over Re-
union Island was also more unstable during Austral winter 2017 than during Austral win-
ter 2018, thus favouring low-level cloud development, which eventually happens to over-
shoot the trade wind inversion. In this regard, an exceptional and extremely intense storm,
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which locally produced more than 105 mm of rainfall in one hour in the northeast part of
the island, occurred on 29 and 30 August 2017. BASTA-REUNION reflectivity measure-
ments collected at Saint-Denis during this event (Figure 11) show convective cells with
vertical development above 7 km altitude, which is extremely uncommon in this season.
Instantaneous rainfall data collected next to the radar on 30 August around 1:30 LST con-
firms that particularly intense rainfall (up to 70 mmh-") occurred over Saint-Denis even
though the rainfall maxima was observed about 15 km SE of the radar. Additionally, note
the extinction of the radar signal at the same hour, as already observed in Figures 2 and 3.

29-30 August 2017

height [km
[zap] ausodwod 7

10/14 15/19 20/24 0/4
Time (UTC/LST)

Figure 11. As in Figure 2, but for data collected between 29 August (10 UTC/14 LST) and 30 August
(5 UTC/9 LST) 2017.

Decreased moisture at low levels during summer 2017 can also account for the lim-
ited development of deep local convective events with respect to 2018. The observed dif-
ferences in terms of cloudiness were also exacerbated by the significant cyclonic activity
that occurred over the Mascarene Archipelago during the wet season 2018. Between Jan-
uary and April 2018 (see Figure 1 in [38]), four tropical cyclones grazed the island (TC
Berguitta and Fakir) or passed in its immediate vicinity (TC Ava and Dumazile) —which
drained a large amount of mid-to-high level clouds over Reunion Island —whereas only
two tropical storms (TS Carlos and Fernando), which passed more than 200 km away from
the island, occurred in 2017.

Cloud radar observations are key to investigate the properties and variability of trop-
ical clouds, to evaluate cloud fraction forecasted by NWP systems [39] and derived from
space-borne measurements, as well as to evaluate climate model performance [40]. Alt-
hough limited in time, the preliminary analysis of the 2-y dataset of cloud radar observa-
tions analysed in this study already allows us to better understand the various and com-
plex processes that drive cloudiness in the tropical island of the SWIO such as Reunion
Island. More efforts are nevertheless obviously needed in order to thoroughly characterize
the properties of the clouds in this tropical area as well as to fully exploit the rare obser-
vations provided by research cloud radars in the Southern hemisphere.

In this regard, observations of clouds and precipitation in Reunion Island will con-
tinue to be reinforced in the frame of ACTRIS through the deployment, in late 2021, of a
second, volumetric (i.e., 360° scanning), BASTA cloud radar at the Maido observatory. A
transportable polarimetric X-band radar, aiming at complementing observations pro-
vided by Reunion Island’s two operational S-band weather radar systems, will also be
installed at Saint-Joseph (southern part of the island) in September 2021, in the frame of
the Interreg-V Indian Ocean research project ESPOIRS (“Etude des Systemes Precipitant
de I'Océan Indien par Radars et Satellites” [41]). The deployment of this additional cloud
radar, together with the enhancement of the ground-based weather radar network, will
allow for further, long-term, studies of the seasonal and inter-annual variability of tropical
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clouds, but also to benefit from multi-frequency radar observations to better understand
the formation and life cycle of clouds and precipitation over this unique tropical area. This
new setup will thus permit us to study all sorts of cloud patterns, ranging from oro-
graphic, cirrus and low-to-mid level trade clouds to deep convective storms associated
with tropical cyclones passing nearby. Altogether, these instruments will also contribute
to make OPAR and Reunion Island a precious satellite validation testbed in the southern
hemisphere for Earth observation programs, such as the upcoming EARTHCARE [42]
space mission.
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