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1 | INTRODUCTION

Weather forecasting is challenging because of the complex interplay between local
conditions and regional atmospheric forcings. In this article, we analyse the rela-
tionships between local daily rainfall and large-scale synoptic patterns in the geo-
graphical context of Réunion Island, a high volcanic island in the southwestern
Indian Ocean basin. Given the critical role of trade winds on weather conditions
at island scale, we analyse those relationships across seasons defined with respect
to yearly trade-wind regimes. The analysis of the distribution of inversion events’
elevation and frequency allows us to characterize the trade-wind inversion layer
(TWIL) and identify four seasons with homogeneous distributions. We characterize
the spatio-temporal variability of rainfall measured at island scale by a dense network
of rain-gauges over 37 years and relate it to large-scale weather regimes identified
using geopotential height meteorological data. After seasonal signal removal using
Fourier transforms and dimension reduction via Principal Component Analysis, we
perform Canonical Correlation Analysis to identify canonical variables relating rain-
fall and geopotential height patterns at the two different studied spatial scales. We
then combine Ascending Hierarchical Classification and partitioning k-means meth-
ods to identify homogeneous large-scale synoptic conditions within each season.
From this information, we build composite maps of geopotential height that charac-
terize weather regimes and further analyse rainfall patterns at island scale in each
regime. Elevation and orientation are used as descriptive variables at island scale as
they strongly structure the patterns. Overall, four homogeneous seasons were iden-
tified based on trade-wind regimes, within which six large-scale weather regimes
were identified for summer, the most variable season, and four for the others. Finally,
rainfall patterns at island scale are described in relation to the highlighted synoptic
regimes and local descriptive variables.
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groundwater recharge and increases water supply available
for vegetation, which in turn releases water by evapotranspi-

As part of the water cycle, rainfall drives water fluxes from
the atmosphere to the biosphere. It is a major process that
impacts on multiple geological, hydrological and ecologi-
cal processes. Rainfall influences both topography, through
erosion, and vegetation development for instance. It allows

ration. Understanding rainfall variability is key to understand
landscape-scale processes such as vegetation development
and erosion. However, the task is challenging due to the
complex nature of the factors influencing rainfall patterns;
mountains for instance have strong influence as they can force



the air to rise, leading to the formation of clouds and rainfall.
It is moreover strikingly challenging on tropical small islands
with complex topography (Hevesi et al., 1992). In an insu-
lar context, combined effects of regional drivers and complex
orography strongly influence the distribution of rainfall.

In the small volcanic island of La Réunion (21°08’S,
55°32'E), as the local geographer says: “Nowhere else the
morphology of a territory and the life of its inhabitants
evolved at such a dizzying speed” (Robert, 1986). Réunion
Island, which hosts the highest mountain summit in the Indian
Ocean, is home to the majority of worldwide rainfall records
at time-scales ranging from 30min to 15days (Quetelard
et al., 2009). Rain erosion combined with active volcanism
constantly redesigns the island’s landscapes. However, and
quite surprisingly, no local climatology of rainfall has been
produced yet for this island. At island scale, rainfall pat-
terns are mainly driven by large-scale atmospheric conditions,
defined as synoptic weather patterns. For instance, when a
tropical depression impacts Réunion Island, trade winds (TW)
tend to bring heavy rainfall to the eastern part of the island.
As different weather conditions differently affect the island
throughout the year, local rainfall varies in time at any given
location, but also in space as extreme values vary over short
distances. How synoptic conditions affect local regional- or
island-scale patterns is poorly understood.

Various statistical approaches can be used to analyse rain-
fall variability, such as the quantile perturbation method
(QPM: Ntegeka and Willems, 2008; Willems, 2013) or
empirical orthogonal functions (EOFs, also called principal
component analysis, PCA). The EOF method decomposes
multivariate time series into a set of uncorrelated, orthogonal
components ordered according to their variance, from largest
to smallest. Rodriguez-Puebla er al. (1998), for instance, used
EOF to study the spatio-temporal variability of annual rain-
fall over the Iberian Peninsula (IP) for 47 years and 51 stations
and found four regional rainfall regimes. Linking together
multivariate patterns measured at different spatial scales is a
challenging task. When daily meteorological conditions are
characterized in two different datasets, at two different spa-
tial scales for instance, canonical correlation analysis (CCA:
Hotelling, 1936; Anderson, 1984) can be used to examine
potential correlations between major axes of variation at both
scales. The CCA method has been successfully applied to
similar problems in many other fields of study (Andrew et al.,
2013): chemometrics (Montanarella et al., 1995), biology
and medicine (Vert and Kanehisa, 2004), sociology (nat-
ural language processing: Vinokourov et al., 2004, speech
processing: Choukri and Chollet, 1986; Arora and Livescu,
2013), computing (computer vision: Kim et al., 2007, or
multimodal signal processing: Sargin et al., 2007), meteo-
rology (Binaku et al., 2013), among others. Using CCA, in
a suburban area 5 km from Athens city centre (37°58'10"'N,
23°47'11""E, 240 m altitude above sea level (a.s.l.)), Halios
et al. (2012) studied meteorological patterns under different
synoptic scales using surface meteorological elements and

meteorological variables at 850 and 700 hPa. Their results
indicated that upper-air environment was strongly connected
to thermodynamics of the surface with weak relationships
with surface flow fields, demonstrating the influence of local
topography. Martinez et al. (2008) used this method to investi-
gate the relationships between large-scale atmospheric circu-
lation and rainfall events over western Europe, and Littmann
(2000) produced an empirical classification of weather types
and evidenced their relationships with rainfall in the Mediter-
ranean basin.

Numerous studies have highlighted the importance of link-
ing the weather with the climate scientific communities
in order to better address various issues and to improve
semi-seasonal and seasonal predictions (Brunet et al., 2010;
Shapiro et al., 2010).

A study by Macron et al. (2016) reported a general con-
sistency between local-scale rainfall variability in Madagas-
car and regional-scale features of climate variability. On
their part, Morel et al. (2014) analysed the capability of the
Weather Research and Forecasting (WRF) regional climate
model in regionalizing rainfall variability at very high res-
olution (680m) over Réunion Island for daily to seasonal
scales and year-to-year differences for two contrasted sum-
mer seasons (from November to April): 2000-2001 (abnor-
mally dry) and 2004-2005 (abnormally wet). Comparison of
model outputs with rain-gauge records showed that WRF is
able to reproduce seasonal rainfall amounts, although larger
differences could be noticed at the intraseasonal and daily
time-scales.

In this context, the main goal of this article is to bet-
ter understand how large-scale weather patterns influence
rainfall spatio-temporal patterns through analysing synoptic
weather patterns in relation with rainfall in time and space at
local scale on Réunion Island.

The particularly dense rain-gauge network available at Réu-
nion Island (54 rain-gauges over an area of 2,512 km?) allows
studying the spatial variability of rain at temporal scales
ranging from seasonal to diurnal, and spatial scales from
mesoscale to local scale. Time series of daily rainfall mea-
surements are analysed using multivariate methods (PCA and
CCA). The article is organized as follows. Section 2 describes
the characteristics of the island and its associated weather.
Section 3 presents the data and methods used in this study.
The results derived from the analysis of the rain-gauge data
and large-scale geopotential height fields, in terms of season-
ality, synoptic definition, and rainfall patterns for all seasons
and all classes of synoptic conditions, are presented in section
4, and discussion in section 5.

2 | SPATIAL AND CLIMATE

CHARACTERISTICS OF REUNION ISLAND

Because of its location which is close to the Tropic
of Capricorn (21°S, ~55°E), Réunion Island is subject to a



southeasterly trade-wind regime. These southeasterly trade
winds carry large amounts of humidity and consequently sig-
nificant rainfall almost all year long to the windward (eastern)
side of the island. By contrast, the leeward (western) side
receives much lower rainfall with a high seasonal variabil-
ity. Thus, the western side is much drier and thermal winds
occur often (sea and land breezes). These winds are controlled
by temperature contrasts between land and sea on one side,
and between lowland and highlands of the island on the other
side (Lesouéf et al., 2011). There is a strong diurnal cycle
associated with sea and land breeze, leading to cloud develop-
ment along the higher parts of the island in the morning (often
associated with rain). The clouds usually extend to coastal
areas by midday.

In addition to the longitudinal contrast across the entire
island, rainfall is highly variable in space due to the com-
plex topography of the island that is the result of the easily
eroded volcanic bedrock (basalt) and intense rainfall. Indeed,
the island hosts deep canyons, ravines, steep ridges, calderas
and two mountain peaks: the extinct volcano of Piton des
Neiges (3070 m), the highest summit in the Indian Ocean, and
the volcano Piton de la Fournaise (2632 m), one of the world’s
most active volcanoes.

During austral winter (May to November), thermal winds
are stronger and a strong wind inversion layer occurs usu-
ally below 2200 m. This prohibits the vertical development
of clouds and rainfall above 1700 m (Réchou et al., 2014).
Above the trade-wind inversion layer, the much drier and
warmer westerly winds blow (Mendoca and Iwaoka, 1969).
During austral summer (December to March), the ascend-
ing branch of the Hadley cell is close to Réunion Island
(Badosa et al., 2013). This deep convection is characteristic
of the rainy season and brings high rainfall regardless of ele-
vation, although with larger variability in the regions above 2
km a.s.l. (Réchou et al., 2014). Consequently, Réchou et al.
(2014) have discriminated the climate of Réunion Island into
only two seasons (rainy season from November to April and
dry season from May to October).

3 | DATA AND METHODS

3.1 | Data at oceanic basin and island scales

Rainfall data (RR as the rain rate) at island scale were avail-
able for the period 1975-2015 thanks to a large network of
54 rain-gauges covering most of the territory. The reader is
referred to Réchou and Kirkwood (2015) for more details
about this rain-gauge network. Moreover, it is worth notic-
ing that the rain-gauges are not uniformly located throughout
the island. In particular, there are only two rain-gauges over
2000 m, on the windward slope, and two rain-gauges above
1500 m (one in the southwest and another in the northwest).
Among the eight rain-gauges located between 1000 m and
1500 m, three are in the northeast part and five are in the
west coast. There is no information concerning RR higher than

1600 m in the western region. This caveat should be kept in
mind when analysing the results discussed hereafter.

At the oceanic basin scale, geopotential heights (Z) from
the European Centre for Medium-range Weather Forecasts
(ECMWF) ERA-Interim archive dataset were used to deter-
mine synoptic weather regimes. The ERA-Interim re-analysis
provides daily geopotential meteorological data (in gpm) for a
period ranging from 1979 to 2015 with a spatial resolution of
1°. Preliminary analyses led us to restrict this study to a geo-
graphic domain covering the southwest Indian Ocean basin
(0°=40°S, 30°-90°E). This domain contains 2501 grid points
providing information on the spatial distribution of geopo-
tential height levels. In order to characterize relevant weather
regimes from these data, a reference pressure value (Pyf) con-
sistent with large-scale weather patterns is further defined
from the corresponding geopotential height data (Z_Pi).
This reference pressure level is determined in relation to the
position of the Trade-Wind Inversion Layer (TWIL) and its
variations along a vertical profile measured at some relevant
geographic point. Because the meteorological conditions on
the island are strongly influenced by the (south-) easterly
trade-wind regime, the TWIL was studied at a reference point
located off the east coast of the island.

The reference pressure level, P, should be low enough to
occur above the boundary layer, and avoid the effect of the
ground while taking into account clouds formed under the
trade-wind inversion layer (Réchou et al., 2014). Thus, Pt
should be high enough to not be disconnected from weather
conditions while occurring under the TWIL. In the following,
a height of 1 km represents the typical boundary-layer thick-
ness. Consequently, P..r should be lower than 925 hPa. Before
defining this reference level, the vertical distribution of the
TWIL must be investigated.

3.2 | Method

321 |

The TWIL is the layer where the direction of the wind veers,
from easterly at low altitude to westerly at higher altitude.
The inversion prohibits vertical motion across layers and con-
tributes to the stability of the vertical profile. The height of the
TWIL is usually determined by the analysis of vertical pro-
files of temperature, humidity, mixing ratio and wind (Men-
doca and Iwaoka, 1969; Cao et al., 2007). The TWIL, which
separates the wet lower layer of the atmosphere from the dry
upper layer, is marked by either a reversal of the tempera-
ture gradient and warming, or by a reduction of the gradient
(Carrillo et al., 2016). A more classical approach defines the
TWIL as the layer where relative humidity decreases rapidly
(immediately above moist clouds), at about the same level
where the temperature increases (Grindinger, 1992). This
condition on the relative humidity is often considered as more
relevant to define the position of the TWIL and is retained in
this study.

Characterization of the trade-wind inversion layer
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FIGURE 1 Description of the statistical analysis (PCA and CCA)

In this study, the TWIL was characterized by using rela-
tive humidity () and zonal wind component () data available
from the ERA-Interim re-analysis dataset estimated at a ref-
erence point located east of the island (21°S, 56°E). We use
ugp < 0 as a first criterion to detect the occurrence of easterly
trade winds. Then we search for a sharp gradient in relative
humidity to identify the pressure level of inversion across
a profile of 10 tested levels (c; =600 hPa to c;p =900 hPa,
where ¢ indicates the pressure level). The pressure level of
inversion, ckiny, 1S defined on a daily basis as the level for
which the following condition is fulfilled:

Vijk+2 — Tik+1

< Tijr1 = Tik
Cik+2 — Cik+1 Cik+1 — Cik

where i designates the focal day. Lastly, we use a condition
on the value of relative humidity to constrain the identifica-
tion of the TWIL: relative humidity should be higher than
65% below the altitude of the inversion level: r;x 1.2 > 0.65.
This final condition only influences the detection of the TWIL

from December to April.

3.2.2 | Definition of seasons based on inversion regime

Apart from defining a reference pressure level to study
large-scale weather patterns, the distribution of the TWIL
is also used to identify seasons with consistent local wind
and inversion regimes. Based on the definition of the TWIL,
a pressure inversion level corresponding to the pressure

@

of inversion of the wind can be assigned to each day within
the period of analysis (or an indication about the absence
of inversion). Four categories of days were defined: one
for days showing no inversion along the elevation profile,
and three others with inversions occurring within the intervals
600-750, 775-825 and 850-900 hPa, which are respectively
defined as intervals of high, medium and low inversion. Using
the distribution of monthly frequency of inversion events
in the different categories, we eventually define seasons based
on similar profiles across the year.

3.2.3 | Statistical analyses

The following analyses are inspired from different experi-
ments on climate model downscaling that involve the use
of weather type classifications. The different steps of the
method are schematized in Figure 1. Whereas such classifi-
cation often relies on a combination of principal components
(PCA) from large-scale variables on one hand and local ones
(here at island scale) on the other hand, the classification
method utilized here makes use of canonical correlation anal-
ysis (CCA) applied to the two groups of variables. Here,
the local climatology, based on rainfall distribution at island
scale, is related to large-scale weather regimes identified from
ECMWEF geopotential height data. We analyse daily RR data
available for 13505 individual days and 54 rain-gauge sites.
In order to lower the large variability in the measurements,



which vary over several orders of magnitude between storm
events and dry days, we log-transform rainfall data (log(RR +
1)). At large scale, ECMWF data contain daily estimates for
the 2501 grid points at oceanic basin scale.

Pre-treatment analyses are performed on both the geopo-
tential height and the rainfall data to remove periodical
components due to seasonality from the temporal series.
Indeed, the geopotential height field, Z at Pye; (Z_P:ef) and the
rainfall pattern show strong intra-annual or seasonal variation.
For example, rainfall is generally stronger in austral summer
than in winter. Therefore, the influence of the seasonal vari-
ability is removed by analysing anomalies instead of raw data.
To remove the seasonal variability from the two datasets,
the cycle is first identified using a Fourier series decom-
position. The anomalies in geopotential height and RR are
then produced by removing the first-order harmonic from the
datasets.

The classification process for each season consists of sev-
eral steps defined as follows. First, a PCA is used to identify
the main axes of variation (Jolliffe, 2002) in the data at each
scale. This step reduces the number of dimensions of the
datasets and filters out background noise (Plaut and Simon-
net, 2001). Here we filter out 5% of the total inertia which we
consider as noise. Consequently we retain the first principal
components of the Z_P,s and RR datasets that account for
95% of the total inertia. We further consider anomalies of the
main axes by subtracting the average. Second, a CCA is per-
formed to identify the major axes of covariation across the
two sets of principal components. CCA aims at finding linear
combinations that are maximally correlated across the two
sets of variables. By construction, these linear combinations
define canonical variables that are uncorrelated pairwise
but show maximum correlations across datasets (Meuzelaar
et al., 1992). The correlation between canonical variables
decrease with their order. We designate the canonical vari-
ables identified at oceanic basin and island scale as COV and
CIV respectively.

At this stage, we define the number of canonical variables
used to characterize the relationships between the studied
phenomena at the two scales. In order to maintain a strong
enough relationship between the original data and the canon-
ical variables as well as between canonical variables at both
scales, we assess the correlations between different sets of
variables and ensure that they are strong enough: Z_P,.;/COV,
RR/CIV and COV/CIV (see Figure 1 for criterion). Here, the
first four canonical variables obtained from the CCA for each
dataset showed satisfying correlations (i.e. correlation areas
whose absolute value is greater than 0.5), with the original
data and with the canonical variables for the other dataset.

As the correlations between the Z_P,. field and the dif-
ferent canonical variables of COV varies spatially over the
studied domain, the core areas of high correlation which
constitute the geographical zones with useful information for
our purpose are easily identified. This information allows
for a reduced spatial domain to be defined that avoids areas

with noise before carrying out the classification. The PCA
and CCA are then performed on the new domain to obtain
stronger correlations. In our case, preliminary analyses lead
us to limit the study domain to a spatial grid of 2501 points
located in the SWIO region. In parallel, correlations between
RR and the CIV canonical variables show which of the 54
stations display the highest correlations and are the most
influenced by large-scale weather regimes (due to the corre-
lation between COV and CIV). For instance, a centre of low
pressure (in blue) located southwest of the island (Figure 1a)
is generally associated with more rain in the southwest
of Réunion Island than elsewhere (Figure 1b). These four
canonical variables (COV and CIV) are retained for further
analyses for each identified season.

Days showing similar large canonical variables conditions
(or large-scale conditions) are grouped using Hierarchical
Ascending Classifications (HAC: Ward, 1963; Cheng and
Wallace, 1993; Lis-Gutiérrez et al., 2018). HAC allows for
defining a full hierarchy of the sampling units (here days char-
acterized by the four large-scale canonical variables at 2501
locations) arranged in a dendrogram. The following proce-
dure is performed for each season separately. Based on den-
drogram inspection, a range of group numbers is retained as
a priori numbers of different large-scale canonical variables.
We then seek an optimal number of clusters (or classes) within
this range using k-means (Michelangeli et al., 1995; Chris-
tiansen, 2007). The k-means method seeks to partition the
observations into a number of clusters, or groups, chosen prior
analysis within the range provided by the HAC. It is run from
the minimum of clusters (or classes) to the maximum in order
to find the optimal number within this range. The k-means
partition is done on the basis of the nearest-neighbour crite-
rion: each statistical unit, here a date, is assigned to a class if
it is very close to its centroid. Classes are eventually defined
as sets of units that are as close as possible.

The solution produced by the k-means may not be unique
and depends on the definition of the initial centroids for
the clusters. In order to evaluate the stability of the solu-
tion, we performed multiple runs (n =30) based on random
centroids at the start and assessed the congruence of the parti-
tions obtained. This procedure allows for the identification of
average centroids that ensure the reproducibility of the classi-
fication. When the partitions are not congruent, the procedure
is repeated until reaching congruence.

Statistical diagnostics based on concordance (Lamarque
and Jourdain, 1994), classifiability (Michelangeli et al.,
1995) and silhouette plots (Rousseeuw, 1987) are performed
to assess the quality of the classification for each a priori
number of clusters (or classes), and determine the optimal
number of classes for each season. We retain the optimal
number of classes as the number of classes for which a
minimum of no concordance (classes must be concordant),
and maximum silhouette index and classifiability values are
determined. More details of the technique and statistical tests
are presented in the appendix.
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If the different tests provide two different numbers of opti-
mal classes, k, this number will be characterized by visual
inspection of large-scale composites maps (dates belong-
ing to each class are given by the k-means method for a
well-defined number of classes) of the composites on the Zg7s
(defining weather pattern), large-scale data, and the RR, local
scales data.

The large-scale composite maps of geopotential height
allow for the description of the different weather regimes such
as strong trade winds, polar fronts, or others.

For each season, the same procedure is repeated until the
large-scale weather regimes are defined. Rainfall data are then
analysed to characterize spatio-temporal patterns at island
scale. These classes are further used on island-scale rainfall
with respect to weather regimes. This approach allows defin-
ing a climatology of rainfall such that each day of the studied
period (1979-2015) is assigned a particular class based on
large-scale patterns.

4 | RESULTS

4.1 | Seasons based on inversion profiles

As shown by the monthly distribution of inversion levels
(Figure 2), days without inversion account for more than
20% from December to March and less than 10% in July
and August, with transitions in between those two periods.
High-level inversion events mostly occur from December to
April (between 16 and 23%) and decrease to a period of
minimal values from September to November (around 10%).
Inversion events at medium elevation are the most frequent
from June to August, over 30% each month, but with a period
of maximal values above 50%, and decrease to around 30%
during austral summer. By contrast, lower inversions show
two periods with relatively high frequency, from September
to November (above 35%) and April to May (around 27%), in
between periods of relatively low frequency from December
to March, and from June to August.



Four main seasons that are characterized by contrasting
wind regimes and rainfall are defined from the climatological
patterns (Figure 2). The first season, referred to as the austral
summer, runs from December to March (DJEM). DJFM cor-
responds to the period when inversion events at lower levels
are less frequent than during the rest of the year, and when the
absence of the inversion occurs with maximal frequency over
the year. Interestingly, the number of days with high inver-
sion is also important during DJFM and can reach up to 20%.
The second season, which extends from April to May (AM),
is characterized by some variability in the inversion regime,
with the inversion at lower elevations being the most frequent
(around 25%), but with intermediate frequencies of inversion
in the other elevation classes. The third season, called aus-
tral winter, extends from June to August (JJA). During this
period, the medium inversion levels are relatively frequent, in
contrast with days of lower inversion levels or without inver-
sion. The fourth and last season runs from September to
November (SON). It shows the highest frequency of days
with inversion at the lowest levels (around 35%). Meanwhile,
days of higher inversions are uncommon and fewer days show
inversion at high elevation. For brevity, these four seasons will
also be referred to as Summer (DJFM), Fall (AM), Winter
(JJA) and Spring (SON).
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4.2 | Description of synoptic-scale weather patterns

In order to characterize the large-scale weather regimes, we
define a relevant geopotential height at a pressure level taken
as areference below which a large majority of inversion events
could be reliably detected. In relation with the typical varia-
tion of the TWIL height distribution (Figure 2), the 875 hPa
level was defined as the reference pressure.

Multivariate analysis of large-scale data, Zg7s, based on the
2501 grid points allowed us to discriminate classes of days
with similar weather regimes at oceanic scale for each sea-
son analysed separately. Four different weather regimes are
also identified for Winter and Spring. During austral sum-
mer (Summer), which shows the highest heterogeneity in the
geopotential height field at Zg;5 gpm, six different regimes
are identified. The different classes are presented at Zgys on
Figure 3 with the island-scale rainfall patterns associated with
similar large-scale weather regimes.

Even if class 1 is associated with Strong Easterly Trade
Wind (StETW), the geopotential height field at 875 hPa is
slightly different from one season to another. It is the same
for North-Western Edge Ridge (NWER) from September to
March and Southerly Trough (ST) from April to Novem-
ber (the geopotential height fields are different from one
season to another). Moreover, class 4 and 5 are composed
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South-Easterly Trade Winds (MSETW), Southerly Trough (ST), North-Western Edge Ridge (NWER), Southerly Flow (SF), Eastern Low (EL), Western Low
(WL), Flat Low (FL). Numbers indicates the proportion of days within each season that correspond to the weather classes (% over the 37-year period).



of different weather patterns. Class 6 was only found in
Summer.

These different temporal patterns of synoptic weather
regimes can be related to the position of the intertropical con-
vergence zone (ITCZ) (Hu et al., 2007), which in turn influ-
ences the location of the Mascareigne Anticyclone throughout
the year. When the anticyclone is strong (at least 1025 hPa: Le
Borgne, 1987) and located southeast of the island, winds tend
to strengthen (around 16 knots (1 kn = 0.514 m/s)) to produce
strong trade winds. These trade winds become weaker when
the pressure gradient decreases, which occurs when the anti-
cyclone either collapses, moves eastward, or when a westerly
low-pressure system comes nearby. The strong wind regime
is then replaced by moderate/weak trade winds. This type of
weather is accompanied by a barometric drop and reduced
lower wind speeds (<13 knots) (Barcelo and Coudray, 1996).
This pattern is used to discriminate StETW from Weak East-
erly Trade Wind (WKETW). Weak and moderate trade winds
change from an easterly direction in summer and autumn, to
southeasterly during winter and spring.

In this work, the WKETW are associated with an anticy-
clone of Zg75 <1330 gpm, StETW are associated with an
anticyclone of Zg75s > 1360 gpm and Moderate South-Easterly
Trade Wind (MSETW) to an anticyclone of Zg;s around
1330-1360 gpm. However, these values can slightly change
(less than 10%) with the season (as already mentioned above).

During Summer, when the ITCZ is close to Réunion Island,
the atmosphere is warm and moist. Lower-pressure periods
are more frequent and can be separated into two classes, the
West Low (WL) and East Low (EL). A particular neutral class
also appears (Flat Low, FL) that consists of a barometric sad-
dle point where local circulations such as breeze phenomena
prevail. During this season, high oceanic pressure from the
east is infrequent. Thus, StEETW are rare with only 9% of days
being associated with this weather regime (compared with
more than 33% during the rest of the year). When present,
the anticyclone is generally weak, leading to weak TW. All
these weather regimes increased the number of no and high
inversion cases during that season.

During Fall, as the ITCZ moves northward, the anticy-
clone strengthens and regimes of low atmospheric pressure
do not occur any more. As a consequence, StETW days, as
well as NWER, are more frequent, and conditions typical of
the Southerly Trough (ST, similar to the temperate tropical
trough which affects rain in southern Africa: Vigaud et al.,
2012) appear.

During Winter, generally considered as the winter sea-
son, the ITCZ is pushed further north. Consequently, this
season is associated with strong (moderate) anticyclones,
located in the east (southeast) of Réunion Island, leading to
more frequent StETW (MSETW) weather regimes. More-
over, Southerly Flux (SF) conditions appear (20%) and ST
frequency increases (from 12% in Fall to 17%), which leads
a total of 37% of southerly perturbations during that sea-
son. These regimes are responsible for the high frequency of

days with low inversions and low frequency of days without
inversion during that season.

During Spring, trade wind conditions prevail with a 70%
frequency (39% frequency of StETW and 31% of Weak
South-Easterly Trade Wind, denoted WKSETW). Spring
WKSETW replace the Winter MSETW because the ITCZ
is closer to Réunion Island. For the same reason, SF are
prevented from developing and conditions of NWER begin
to appear. This class is associated with few winds and few
trade winds with flux from north/northeast. Note that this
NWER class is absent during winter when the anticyclone is
strong and closer to Réunion Island. With respect to Sum-
mer, the Spring ITCZ is slightly further north, which allows
ST situations (19%). This regime explains the high frequency
of lowest inversion; numerous cases of anticyclones lead to
stronger subsidence.

4.3 | Rainfall variability

Rain rates measured by the 54 rain-gauges over the 37-year
study period for each season are shown in Figure 4, as
a function of both weather regimes (Tables 1 and 2) and
elevation/azimuth of each rain-gauge (Figures 5-8). The
azimuth is relative to the summit of the Piton des Neiges,
which is the highest mountain peak (3070 m, 21°05’56"S,
55°28'44"E), 0° indicating north (N) and 90° east (E).

4.3.1 | Seasonal rain patterns

Table 1 presents the mean average of daily rainfall, standard
deviation per season and per station (rain-gauge) over the
study period, as well as the maximum observed daily rainfall.
Figure 4 presents the geographical distribution of mean daily
rainfall for each season.

At island scale (Table 1), rainfall mainly takes place dur-
ing summer (seasonal average is 11.5 mm/day) and decreases
through the year to its minimum in Spring (2.7 mm/day).
The proximity of the ITCZ to Réunion Island during Sum-
mer makes the atmosphere warm and moist. Summer is
also the tropical cyclone season (19 cyclones passed within
300km of the island during that period bringing maximum
amounts of precipitation). One cyclone was associated with
a maximum of 1760 mm/day measured by some rain-gauges.
The maximum rainfall variability is reached during Sum-
mer (40 mm/day), which can be explained by the occasional
passage of cyclones and tropical storms. The driest sea-
son (Spring) is also the season showing the minimum daily
rainfall variability (11 mm/day).

A strong east/west (E/W) asymmetry exists across the tran-
sect from Saint Joseph to Sainte Marie (Figure 4). During
Fall, the E/W asymmetry is even stronger. During Winter,
the north—northwest coast of the island is extremely dry with
less than 1 mm of rain per day, while more than 7 mm/day
can be reached in the south—southeast part of Réunion Island.
Finally, during Spring, the orographic rain gradient is less
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TABLE1 Mean average of daily rainfall, standard deviation per
season and per station (rain gauge) over the study period, as well
as the maximum observed daily rainfall

Season Mean SD Max
DIFM 11.5 40 1,760
AM 58 19 696
DA 35 12 637
SON 2.7 11 424

Note. Max: maximum observed daily rainfall; SD: standard deviation.

marked: stations located to the south and east in the lowland
show more precipitation than those located at higher eleva-
tion. This season is drier than winter although the ITCZ is
closer to Réunion Island.

43.2 | Relationships between rainfall patterns and synoptic
weather regimes

Except for Summer, when WL conditions bring maximal rain-
fall (Table 2, a maximum up to 1760 mm/day), high rainfall
amounts are associated with the occurrence of TW. Classes
other than TW and WL, i.e. NWER, EL, FL, SF and ST,
are associated with lower rainfall (Table 2). The different
conditions of low atmospheric pressure (WL, FL and EL) at
large scale bring different amounts of rainfall. As seen before,
rainfall is higher when Western Low conditions occur during
Summer, which makes that season very rainy on average even

if this class is not frequent. It is associated with storms more
or less intense (among the 28 days of cyclones mentioned ear-
lier, 25 belongs to WL, 2 belong to WKkETW and 1 to FL),
whose intensities are highly variable (standard deviation of
rain for this class of 99 mm/day for some rain-gauges). In con-
trast to the WL regime (mean average by station of daily mean
of 47 mm/day), FL and EL conditions bring weaker rainfall
(with the least important maxima during Summer: 5.9 and
5.7mm/day respectively) (Table 2). The weak rain associ-
ated with FL is not surprising since this weather pattern is
considered as a neutral class.

Rain brought by the TW is more important during Sum-
mer (an average of 9.5 mm/day, two cyclones travel within
less than 300 km of Réunion Island) and Fall (7.8 mm/day),
than during Winter (4.2 mm/day) and Spring (2.8 mm/day).
In NWER conditions, the rain associated with this class
is more important during Summer (9.1 mm/day) than Fall
(5.1 mm/day) and Spring (2.2 mm/day). During ST regimes,
rainfall associated with this class is more important during
Fall (4.2mm/day) than Winter (3.3 mm/day) and Spring
(2.9 mm/day). This is due to the humidity of the atmosphere
on the island. As mentioned before, the proximity of the
ITCZ brings large amount of humidity over the island, except
for Spring which is the drier season. During Winter, when the
ITCZ is away from Réunion Island, southern perturbations
(SF, 20%) bring rain (and humidity), which is not the case
for Spring.



TABLE2 Mean average of daily rainfall, standard deviation per season, per class of large weather regimes and per station (rain
gauge) over the study period, as well as the maximum observed daily rainfall

Season Variable C1 C2
DIFM Mean 7.8 9.5
DIFM SD 222 28.6
DIFM Max 650.0 700.0
AM Mean 58 78
AM SD 19.0 23.2
AM Max 535.0 482.0
A Mean 42 3.1
A SD 144 104
DA Max 637.0 326.5
SON Mean 2.8 28
SON SD 9.9 11.6
SON Max 424.1 3770

Note. Max: maximum observed daily rainfall; SD: standard deviation.
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43.3 | Rain as a function of azimuth

Figure 5 presents the relationships between mean daily rain-
fall and orientation for the four studied seasons together with
the class of large-scale weather regimes. For all seasons, the
mean daily rainfall varies sinusoidally with azimuth. For most

weather patterns that were characterized, an E/W asymme-
try was observed with a maximum value in the east (90°) or
southeast, and a minimum value to the west (ca. 250°). The
relief of the island contributes to create “leeward” and “wind-
ward” conditions according to the sector of the dominant
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stream. The flow, often from the east or southeast, brings
moist air and, as this air rises over the island, it cools, the
moisture condenses and generates rainfall; so, in the west part,
the air is drier as the moisture has been lost as it rises in the
east part. This process occurs for all the cases that include a
strong component of the trade wind. All such regimes bring
moist air towards the east and the maximum of precipitation
associated with the TW (strong, weak or moderate TW) is
located from 80° to 100°. The minimum value location is
between 220° and 260°. Surprisingly, TW extrema are at the
same location whether they are located in the east or south-
east MSETW, WKSETW). This result is in agreement with
Barcelo and Coudray (1996) who found that rainfall associ-
ated with TW presents a strong E/W asymmetry along the St
Joseph/St Marie transect. For EL and FL the minima are also
between 270° and 230° respectively.

Nevertheless, all the weather regimes are not associated
with easterly flow: SF and ST classes are associated with
southerly flux, and the NWER class is associated with north-
easterly flux of variable intensity.

Perturbations from the south generate important amounts
of rain in the south-southeast (maximum at around 150°),

while the northwest quarter remains almost dry (daily
rainfall <1 mm, minimum at around 320°) since the flow
does not affect the north-northeast; this introduces a north-
west/southeast asymmetry of rainfall (during the Winter and
Fall seasons). ST is a large class with, for example, cold fronts.
Different cases of ST not only bring rain in the south but
more or less in the southeast. For example, in the lee of the
cold front (or right after), the southeast of the island will
experience even more precipitation.

Finally, NWER corresponds to the end of the ridge with a
weak northeast flux (maximum of rain around 60°) making
the south of the island drier compared to other classes (asym-
metry northeast/southwest). This is clearer for Summer where
the minimum of rain obtained in that class is at around 210°,
less for Spring where the minimum is around 220°, and even
less for Fall with a minimum located around 250°.

Regarding the relationship between the variability of rain
with orientation (Figure 5), the WL class shows a larger vari-
ation range (more than 30 mm/day) than the TW classes in
summer (around 10 mm/day). Such amplitude is more impor-
tant than for NWER conditions, and even more than for EL
and FL. Due to their characteristics (weak low far away from
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Réunion Island in the first case and a neutral situation in the
second case), these last two classes are associated with less
precipitation and consequently less variation in amplitude, but
more than SF and ST’s ones (since there is more humidity
during Summer, and SF and ST are not present then). Rainfall
associated with SF during Winter presents a stronger ampli-
tude variation than that associated with ST. In fact, during
the ST weather regime, fronts reaching tropical latitudes often
occur in an attenuated form, but bring cloudy weather and
low-to-moderate rainfall so the amplitude variation of the rain
associated with that class is weak.

For the NWER weather regime, the azimuthal variation of
rain decreases from Summer to Fall, and from Fall to Spring.
For the ST regime, the azimuthal variation decreases from
Fall to Spring. For the TW regime, the azimuthal variation
decreases from Summer to Spring.

Finally, note that rain under TW depends on the humidity
in the atmosphere on the island and does not seem to depend
on the intensity of the trade winds (weak/moderate and strong
trade winds); sometimes there is more rain with StETW, at
other times with the WKETW regime.

434 |

In order to study the rain distribution as a function of the
elevation, Figures 6 and 7 present the relationships between
mean daily rainfall and elevation for the four studied sea-
sons and the different classes of large-scale weather regimes.
Figure 7 is the same representation for all the classes except
WL during Summer. To finish, Figure 8 presents the distribu-
tion of mean daily rainfall at island scale during four seasons
and different classes of large-scale weather regimes.
Associated with WL conditions during austral summer
(Summer), rainfall varies strongly with elevation. Tropical

Rain as a function of elevation

depressions produce very intense rainfall up to the sum-
mits; the orographic gradient is strongly marked. The gra-
dient of precipitation with altitude is stronger windward
than leeward: rainfall attains nearly 95 mm/day and nearly
45 mm/day, respectively (Figure 6). Moreover, that gradi-
ent is stronger above 500 m windward and 1000 m leeward.
These atmospheric situations are marked by very strong daily
rainfall gradients dependent on the altitude on both sides of
the island; rainfall gradient is around 10 mm/150 m above
1000 m leeward; WL provide the highest monthly radar quan-
titative precipitation estimation (QPE) during the summer
months. This is due to the strong humidity in the whole tropo-
sphere during storms. In comparison, the orographic effect in
trade-wind mode (StETW and WKETW) leads to daily aver-
age gradients on the order of 2 mm/100 m of altitude to the
most watered zone (Barcelo and Coudray, 1996) up to 650 m.

Considering all classes except WL (Figures 6 and 7), the
maximum of mean daily rainfall is reached at 650 m during all
the seasons along the windward slopes. On the leeward side,
the relationship between rainfall and elevation is more com-
plex. High heterogeneity of rain likely results from the inter-
action of meteorological conditions implied by large-scale
weather regimes and local phenomena such as orographic and
thermal breezes. For all the classes of weather in which atmo-
spheric flow is from the east, there is a maximum of rain
at 250 m leeward (in the west part of the island) from April
to November. During Summer, as the atmosphere is hotter
and more humid, ascending motions are higher leeward and
rainfall stronger than during the other seasons.

For classes in which atmospheric flow is from the south
(ST, SF) or northeast (NWER), the precipitation leeward
reaches higher altitudes than 250 m since the atmospheric
disturbance associated with those classes affects the west as
the east part.
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Windward, the ST class is associated with less rain at
high elevation compared to low elevation during Fall, Win-
ter and Spring. NWER and StETW also present less rain in
the upper part than over lower ground during Spring. Since
NWER, StETW and ST represent 69% during Spring and are
associated with significant rain during that season, an
inversion of the rainfall gradient is observed with altitude.
Such a result is in agreement with Barcelo (1996) which

stipulates that a high proportion of south disturbance rainfall
and low circulation systems can cause inverted rain gradi-
ents during that season, especially in October and November.
Finally, for both leeward and windward regions, the variation
in amplitude of rain with respect to altitude decreases from
Summer (up to 50 and 80 mm/day, respectively) to Spring
(down to 5 and 10 mm/day, respectively). This result should
be put in context of the humidity in the atmosphere and the



height of the TWIL: both decrease from Summer to Spring.
This can be explained by the fact that the TWIL limits the
vertical development of clouds.

5 | DISCUSSION

Spatio-temporal rainfall patterns over Réunion Island vary
strongly in relation with large-scale weather regimes in the
southwestern Indian Ocean. First, the determination of the
TWIL was realised every day with the vertical profile of u and
r in the east of the island. Patterns of inversion height are com-
parable with those documented in Hawaii’s archipelago, that
is nearly symmetric in the Northern Hemisphere regarding
latitude compared to Réunion Island. Using radiosonde data
available for the 1979-2003 period, Cao et al. (2007) found
a low frequency of their “no-inversion” class from May to
August (around 10%) and high frequency between September
to April (around 20%) in Hilo (19.72°N, 155.05°W). In Lihue
(21.97°N, 159.33°W), days without inversions were around
15% from April to August, more frequent from September to
November (more than 20%) and around 18% from Decem-
ber to March. Average frequencies of cases without inversion
are therefore similar across the two geographic situations,
although their detailed distribution is opposite, i.e. in the
Northern Hemisphere, days without inversion are important
during autumn and winter in Lihue, although in Réunion
Island (Southern Hemisphere) days without inversion are
more frequent during Summer. Moreover, the mean inversion
pressure level in Réunion Island was found around 813 hPa,
although Cao er al. (2007) found average base heights of
2225m (781.9hPa) for Hilo and 2076 m (798.8 hPa) for
Lihue. Grindinger (1992) and Tran (1995) found mean inver-
sion base heights 2322 and 2405 m in Hilo respectively. As
pointed out by Cao et al. (2007), the results may depend on
the length of the time period analysed and the analysed data.

The variation of pressure of TWIL over the year allowed
us to identify four main seasons characterized by different
atmospheric circulation regimes in Réunion Island.

The canonical correlation analysis between local rainfall
data and the 875 hPa geopotential height field also allowed
for the definition of different large-scale classes of weather
pattern occurring within each season. The orography of the
island was also found to dramatically impact rainfall dis-
tribution according to the direction of main inflow. While
heavy rainfall is frequent over the windward area (with up to
12 m/year of rain on average), the other part of the island is
excessively dry (with less than 1 m/year). As a consequence,
the foehn effect was also found to occur often over the leeward
area. This leads to warmer temperatures and a reinforcement
of the drier conditions.

During Summer, in the large WL weather class, the prox-
imity of the ITCZ to Réunion Island leads to strong storms
and cyclones, which produce a majority of the rain during
that season. Even if WL is not frequent during summer, the

orographic gradient of rain due to strong humidity over the
troposphere during WL is well observed in summer overall.
Whereas FL and EL situations account for 35% in total during
summer, they are associated with a low amount of rain with
respect to cyclones and storms.

Windward, except for WL classes, the maximum of rainfall
is around 650 m a.s.l. Leeward, for all the classes for which the
flow is easterly, it is around 250 m from April to November
and higher (between 500 and 1000 m) during Summer when
the atmosphere is hotter and moister. By Leeward, for all the
classes for which the flow is not easterly, the maximum of
rainfall is around 350 m from April to November and higher
for Summer.

During Fall, as the ITCZ moves further north, the Mas-
careigne anticyclone is deeper than during Summer. That
situation leads to more StETW and less WKETW. More-
over, the E/W asymmetry shown by the rainfall distribution
is the strongest during that season. Given that ST, StETW,
WKETW and NWER are the weather patterns identified
for that season, this result can be explained by the fact
that, compared to ST situations, TW and NWER situations
account for 88%, show respectively a stronger east/west and
east-northeast/west-southwest asymmetry in the rainfall dis-
tribution, and bring more rain.

During Winter, as the ITCZ moves further north, the
strength of the anticyclone increases again, which corre-
sponds to the season of strong trade winds. Moreover, per-
turbations from the south are numerous, with more frequent
ST and SF weather patterns (37% in total). These last two
weather patterns are associated with a south-southeast/north-
northwest asymmetry of rainfall, which leads to the seasonal
south-southeast/northwest asymmetry of rainfall.

During Spring, the ITCZ is closer to Réunion Island (than
during Winter) which prevents SF from reaching the island.
The Mascareigne anticyclone is still intense. StETW are
frequent and strong subsidence motions, which dry the tro-
posphere and lower the height of TWIL, prevent the vertical
development of clouds. Since NWER, StETW and ST repre-
sent 69% during Spring and are associated with significant
rain, during that season, an inversion of the rainfall gradient is
observed with altitude. As aresult, Spring is the less rainy sea-
son, and often windward, rain at the upper levels (>2000 m)
is less than on the coast (<250 m).

Our results should help increase the reliability of forecast-
ing models at tropical island scale.

Moreover, this study could be done in other tropical islands
in the southwest Indian Ocean (e.g. Mauritius, Seychelles) to
figure out whether the different types of identified weather
patterns affect their rainfall distributions similarly. In particu-
lar, the role of the orography could be assessed. This method
could also be applied with different types of weather pat-
terns in the islands of other basins (e.g. Atlantic, Pacific), and,
additionaly, at a subcontinent scale (e.g. South Africa).

MJO strongly affects rainfall in South Africa (Pohl et al.,
2009) and tropical cyclone genesis over the south Indian



Ocean (Bessafi and Wheeler, 2006). The impact of forcings
such as MJO and El Nifio on the interannual variations of the
weather patterns could be analysed for the southwest Indian
Ocean and other basins.

Finally, this study will be extended in Réunion Island to
analyse the variation of the raindrops (size, velocity) as a
function of the weather types.
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APPENDIX: CLASSIFICATION OF THE
LARGE-SCALE CANONICAL VARIABLES

Classification on the large-scale canonical variables and
determination of the number of classes (weather patterns) are
presented in Figure Al.

Different steps of the classification are presented on the left
side, while the results of dendrogram, and the different tests,
are presented on the right side. Inspection of the dendrogram
shows from two to eight nuclei. First of all, two classes of
dates are created as a function of the two closer groups of
COV by the k-means method. Then it is repeated until eight
classes are completed. The optimal number of classes is given
by the results of different statistical tests. The different tests
obtained for the DJFM (Summer) season is also presented in
order to define the optimal number of clusters (or classes). A
faster silhouette test (based on the comparison of its tightness
and separation of the clusters) should be the highest (yellow
line, which correspond to the maximum of classes). The
no-concordance parameter (Lamarque and Jourdain, 1994,
blue line), here in %, should be as low as possible (classes
must be concordant, which gives six classes), while classifi-
ability index should be high (five classes), which is the case
for six classes and five classes respectively. Based on these
criteria, five and six large composite classes were drawn.
Then, it is observed visually with the different composite
classes with RR and Zg;s that six classes are pertinent to
analyse the rain for Summer.
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FIGURE A1  Method description for the definition of synoptic weather regimes. In each defined season, the HAC is performed on the four retained
canonical variables at oceanic scale for all days over the 37-year study period. A range of a priori number of clusters is retained a priori for the following
k-means analyses. The results of multiple k-means analyses are compared using different statistical metrics for classification diagnosis, which allow us to
estimate the optimal number of regimes with the tested range [Colour figure can be viewed at wileyonlinelibrary.com].





