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ABSTRACT

A 17-yr “climatology” of tropical-system activity, track, size, and 24-h intensity change in the southwest
Indian Ocean (SWIO) is developed and analyzed in comparison with other intensively studied basins such as
the North Atlantic Ocean. A first formulation of the empirical maximum potential intensity of SWIO tropical
systems is also proposed, along with the climatology of sea surface temperatures from September to June.
Systems with a 34-kt (1kt = 0.514ms ') wind radius that does not exceed 46 km are considered to be very
small or midget systems, on the basis of the 5th percentile of storm size distribution. Using the 95th percentile
of overwater intensity changes, rapid intensification (RI) is statistically defined by a minimum increase of
15.4ms ! day ™! in the maximum 10-min mean surface wind speed (VMAX). This value is similar to the 30-kt
threshold commonly used in the North Atlantic basin for 1-min sustained wind speeds. Rapid decay (RD) can
be statistically defined by a minimum weakening of 13.9ms ™! day ', although the spread in the 5th percentile
of intensity changes among the different intensity classes indicates that it is not as appropriate to use a unique
RD threshold for all systems. It is shown that 43% of all tropical systems and all very intense tropical cyclones
(VMAX = 59.6ms ') underwent RI at least once during their lifetimes. It is highlighted that systems have a
greater propensity to intensify rapidly for an initial intensity between 65 and 75 kt. Statistics indicate that
operational intensity forecast errors are significantly greater at short range for RI cases while track errors are

reduced.

1. Introduction

The southwest Indian Ocean (SWIO) has been poorly
studied so far despite having tropical-system activity
that is comparable to that of the North Atlantic Ocean
(NA) (WMO 2017). Under the responsibility of the Re-
gional Specialized Meteorological Center (RSMC) of La
Réunion for tropical-system warnings, this basin extends
from the equator to 40°S and from the African coast
(30°E) to 90°E. Tropical systems that form in this area can
affect various Indian Ocean island nations and/or various
countries along the eastern coast of Africa. Many systems
strike vulnerable islands such as Madagascar (22 million
inhabitants, with very fragile infrastructure and an
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agriculture-dominated economy) or the Mascarene Is-
lands, which include La Réunion (870000 inhabitants)
and Mauritius (1.3 million inhabitants). Some countries
are very poor and do not have adequate disaster-
warning systems or risk-mitigation strategies. They can
suffer from huge environmental, economic, and sanitary
impacts. To support international efforts toward the im-
provement of tropical-system prediction, it is important
to characterize the past and present tropical activity in the
SWIO. Tropical activity may also evolve throughout the
century in the context of a changing climate with in-
creased greenhouse gas concentrations (Emanuel 2005;
Elsner et al. 2008; Knutson et al. 2010, 2013). It will be
our ultimate goal to address this latter issue in a future
research project.

Observations are limited in the Indian Ocean, and
organized field campaigns could provide insights and
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refinements to the methods used in the SWIO. Best-track
(BT) estimates of storm wind speed and position in the
SWIO are likely not as robust as in other basins that benefit
from aircraft reconnaissance (e.g., Velden et al. 2006). The
tools and methods for estimating intensity estimates (in
terms of 10-min average maximum wind speeds) have
naturally evolved with time. Subjective Dvorak estimates
(Dvorak 1984) were the primary source of BT intensity
estimates in the SWIO beginning around 1981-82. Since
the 2000s, information from satellite scatterometers and
passive microwave imagery has provided additional, valu-
able track and intensity information. Nowadays, an in-
creasing number of BT intensities are based on blended
data that include subjective Dvorak estimates, objective
guidance [e.g., the advanced Dvorak technique (Olander
and Velden 2007), the Advanced Microwave Sounding
Unit (e.g., Brueske and Velden 2003), and the University of
Wisconsin—-Madison CIMSS Satellite Consensus Intensity
Estimates (SATCON; Herndon et al. 2010)], scatterometer
data, and subjective guidance from microwave imagery.
Surface observations are occasionally used to refine storm
intensity. They come from drifting or moored buoys, land-
based weather stations, the weather radars of La Réunion,
or the 2007 Aeroclipper campaign (Duvel et al. 2009).
A reanalysis project is being undertaken by RSMC La
Réunion, similar to what was done for the northwestern
Australian basin (Harper et al. 2008) and the northern In-
dian Ocean (Hoarau et al. 2012), specifically for system
intensity. This ongoing effort mainly focuses on the period
prior to 1998, when there was no Meteosat geostationary
satellite directly covering the Indian Ocean. It relies on the
hurricane satellite (HURSAT) database, which includes
digital imagery from the National Atmospheric and Oce-
anic Administration (NOAA) polar-orbiting satellites, geo-
stationary imagery from the Meteosat and Geostationary
Meteorological Satellite systems, and passive micro-
wave imagery from the Defense Meteorological Satel-
lite Program satellites available since 1987. Within a few
years, the reanalyzed database will include systems that
formed since 1979. Until then, we will investigate here
the 17-yr geostationary-satellite era (1999-2016) that is
considered to be homogeneous at the present time.
Previous studies have examined the climatological
characteristics of rapid intensification (RI) in the NA
(e.g., Lee et al. 2015; Kaplan and DeMaria 2003, here-
inafter KDO03; Kaplan et al. 2010, hereinafter KD10) and
eastern North Pacific Ocean (ENP) (KD10)—two ba-
sins that benefit from routine or occasional aircraft
reconnaissance. A threshold that is based on the 94th or
95th percentile of the 24-h intensity change was gener-
ally employed to define the RI of tropical systems. An
increase of 15.4ms 'day ' (30kt) in the maximum
surface winds sustained over 1 min was obtained for
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rapidly intensifying Atlantic systems, from the National
Hurricane Center best-track data (HURDAT) over the
1989-2000 (KD03) or 1989-2006 (KD10) periods. Other
thresholds for RI exist in the literature: 18.0ms ™' day
(maximum 1-min sustained wind speed) for ENP sys-
tems over the 1989-2006 period (KD10),12.9ms ' day '
(10-min average wind speed) for western North Pacific
(WNP) systems over the 2000-11 period from the final
best-track dataset of RSMC Tokyo (Gao et al. 2016),
or a minimum drop of 42hPaday ' in the central sea
level pressure as based on 79 intense tropical systems
that occurred between 1956 and 1976 over the WNP
(Holliday and Thompson 1979). Conditions conducive
to rapid decay (RD) were explored over the ENP basin
by Wood and Ritchie (2014) who arbitrarily defined RD
as a weakening of at least 15.4ms ™" in 24 h. Wang et al.
(2015) also used the —30-kt threshold to define rapid
weakening in their statistical analysis of the effects of
vertical wind shear on tropical-system intensity change
over the WNP. No statistical study has yet proposed a
proper definition for RD. So far, and by default, fore-
casting and research applications in the SWIO have used
the characteristics and thresholds derived for the NA
basin (KD03; KD10).

Despite much effort spent over the last decade in research
and operational modeling perspectives, intensification
processes are not yet sufficiently understood to allow im-
provements in intensity forecasts to equal those in track
forecasts at 24-72-h lead time (DeMaria et al. 2014). To
offer further guidance for practical intensity forecasts
over the SWIO and to better anticipate rapid changes in
intensity, a future companion study will focus on identify-
ing the dominant large-scale factors that govern the in-
tensity changes of tropical systems. The goal is to deliver a
statistical-dynamical tool to predict intensity and/or the
probability of RI at short range of the same ilk as those
developed for other basins (e.g., DeMaria and Kaplan
1994a; Knaff et al. 2005; KD10; Gao and Chiu 2012).

A key prerequisite, and the objective of this first
study, is to provide a description of the climatological
behavior (hereinafter referred to as a ““climatology””) of
tropical systems and their rapid changes in intensity in
the SWIO. A proper threshold for RI will be defined at
the 95% level of 24-h intensity change to follow the
method used for Atlantic systems (KD03; KD10) and to
enable basin intercomparisons. Likewise, the 5% level
of the whole spectrum of intensity change will be used to
define RD. Also unknown in the SWIO basin is the
statistical relationship linking the observed maximum
intensity of a tropical system to the sea surface tem-
perature (SST). Physical reasoning and previous re-
search both suggest an enhanced potential for systems
with intensities that are farther from their maximum



APRIL 2018

potential intensity (MPI) to undergo RI. The MPI that a
tropical system can reach under some given atmospheric
and oceanic conditions can be obtained theoretically
(e.g., Emanuel 1988; Holland 1997); it can also be de-
rived empirically by using BT estimates of the maximum
wind speed and SST analyses. The empirical MPI-SST
relationship can be exponential, as it is in the NA (e.g.,
DeMaria and Kaplan 1994b; Zeng et al. 2008) or WNP
(Zeng et al. 2007; Gao et al. 2016). It can also be (nearly)
linear, as it is in the ENP (e.g., Whitney and Hobgood
1997) or the Bay of Bengal (Kotal et al. 2009). Ng et al.
(2016) recently showed that there is not a uniform re-
lationship linking SST to MPI for the entire globe. Over
the SWIO basin, the MPI-SST relationship will be de-
rived on the basis of BT data and the most recent
NOAA daily Optimum Interpolation SST (OISST;
Reynolds et al. 2007) analyses, following the method of
Zeng et al. (2007) or DeMaria and Kaplan (1994b).
Another objective of this study is to provide a clima-
tology of tropical-system size in the SWIO and to define
very small tropical systems known as midget systems.
The most common metrics to measure storm size include
the radius of gale-force wind (R34) and the radius of the
outermost closed isobar (ROCI), and the inner-core size is
generally characterized by the radius of maximum wind
(RMW). In the literature, there is no consensus definition
for a midget system. The American Meteorological Soci-
ety glossary (Glickman 2000) defines it as ““a tropical
cyclone with a radius to the outermost closed isobar
of 100-200 km”* (http://glossary.ametsoc.org/wiki/Midget
tropical_cyclone), whereas, at the time of writing, Wikipe-
dia defined it as having an ROCI threshold of 2° latitude or
222 km (https://en.wikipedia.org/wiki/Tropical_cyclone). In
Fitzpatrick (2005), a system is considered to be a midget
system if its R34 is smaller than 65km (40 mi). To our
knowledge, none of these definitions are supported by a
systematic analysis. This is probably because a lack of
accurate measurements from observations means that
there are still some large uncertainties in the estimates
of structure parameters, particularly for weak storms.
Merrill (1984) studied the climatology of tropical-system
sizes in the WNP and NA basins. He found that the
ROCI of the ‘“mean’ Pacific tropical system was
about 1.5° larger than that of the mean Atlantic sys-
tem but did not attempt to give a statistical definition
for small systems. Although there has been limited
research on this class of small storms (e.g., Harr et al.
1996), they can be a challenge for intensity prediction
because they seem to be highly responsive to their
environment (in particular, at high levels), at least in
the SWIO. When discussing some of the phenomena
that seemed to be problematic for the use of Dvorak’s
technique, Lander (2004, p. 2) noted that the intensities
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of midget systems are ‘“‘often underestimated (espe-
cially in the early stages).” Also, Weatherford and
Gray (1988a,b) indicated an increased rate of in-
tensification with smaller-sized tropical systems. Satellite
observations (Chavas and Emanuel 2010) indicate that the
size of a system is only weakly correlated with its intensity.
Therefore, it is not because a system is small that it is weak,
and recent examples proved it in the SWIO basin [e.g.,
Fantala (2016) and Hellen (2014) are considered to be the
most intense systems ever recorded in the basin]. The
quantitative analysis of best-track sizes in the SWIO will
be a first attempt toward a statistical definition of midget
systems in the SWIO.

Section 2 describes the datasets and terminology used
for the statistical analysis of SWIO tropical systems.
Section 3 presents a climatology of tropical systems, their
tracks, landfall or near-landfall frequency on coastal
areas, monthly distribution, and sizes. A statistical defi-
nition for a midget system is then derived. Section 4
offers a formulation of the empirical MPI in the basin.
The 24-h intensity changes (intensification or decay) are
examined in section 5, and thresholds are derived for RI
and RD in the SWIO basin. Section 6 gives a summary
and outlines possible future investigations.

2. Data and analysis

In this study, we examine the final analysis of BT
data produced by RSMC La Réunion. We focus on the
currently most reliable 17-yr period of the geostationary-
satellite era encompassing the 1999/2000-2015/16 cyclone
seasons. The database includes 6-hourly estimates of
storm location (latitude-longitude), Dvorak current in-
tensity (CI), maximum 10-m wind speed (VMAX), cen-
tral sea level pressure, motion (speed and heading)
computed from storm positions, and different size pa-
rameters (ROCI, R34, and RMW). The World Mete-
orological Organization (WMO) standard 10-min
average is used to define the maximum wind speed.
Considering that the Dvorak scale has been traditionally
assumed to be for a 1-min sustained wind (Velden et al.
2006), forecasters employ an empirical 0.88 factor (WMO
2017) to convert the 1-min sustained estimate of peak
storm intensity deduced from the Dvorak-related in-
tensity estimate CI. The BT intensity estimates are usu-
ally provided to the nearest 5-kt interval (or 2.6ms™ '),
but occasional BT fixes have values within the nearest
2- or 3-kt interval. Because knots are the native unit for
estimating storm intensity with the Dvorak technique,
they will be used for storm categorization and wind bins
in the remainder of the paper (1kt = 0.514ms™").

The SWIO basin has a specific terminology for
tropical-system classification. Unlike most basins in
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which all systems are labeled as tropical cyclones (TC)
regardless of intensity, the term “‘tropical cyclone” is
reserved to describe systems with 10-min average
maximum wind speeds of greater than or equal to 64 kt
(VMAX = 32.9ms ). The generic term “tropical dis-
turbance” is used for a nonfrontal area of low pressure
that has organized convection and a definite cyclonic
surface wind circulation, with maximum surface winds
of less than or equal to 27kt (13.9ms™'). Beyond that
threshold, the system is designated as a tropical de-
pression. In the current study, tropical disturbances and
tropical depressions will be grouped under the same
term TD (VMAX < 34kt or 17.4ms™ ") to enable basin
intercomparisons (there is no minimum intensity
threshold in the official definition of a TD in other ba-
sins). When VM AX reaches or exceeds 34 kt, the system
is assigned a name and is classified as a moderate trop-
ical storm (TS). The ensuing stages of intensification are
severe tropical storm (VMAX = 48kt or 24.6ms '),
tropical cyclone (VMAX = 64kt or 32.9ms™ '), intense
tropical cyclone (VMAX = 90kt or46.3ms '), and very
intense tropical cyclone (VMAX =116kt or 59.6ms ™).

In this study, we consider storms that reached at least
the tropical disturbance stage, which excludes disturbed
weather zones with unorganized convection. This results
in 165 such tropical systems associated with 4869 cases
that contain a maximum wind speed estimation in the
BT dataset. This sample is used at the beginning of
section 3 to study the tracks of tropical systems in the
SWIO and to quantify how exposed the various coun-
tries of the region are. For the rest of the study, the data
are then restricted to periods during which storm centers
are over water and storms are tropical: “‘extratropical,”
“post tropical,”” and “‘subtropical’ systems are excluded
in the sampled cases, as in KDO03. This ensures the le-
gitimate use of the Dvorak technique and enables basin
intercomparisons. The maximum wind is used to di-
agnose storm intensity. The methods are the same as
employed in KD03 and KD10, and the following sen-
tence is derived from those sources with minor modifi-
cations: Intensification or weakening periods are
evaluated at the beginning (¢ = 0 h) of each 24-h interval
in the database, provided that the system remains over
water during the period from ¢t — 12 to ¢ + 24 h. The BT
dataset contains 165 overwater tropical systems associ-
ated with 4833 observations of VMAX, of which 4401
observations from 164 systems can be used to compute
changes in storm intensity over 24-h lags.

The MPI-SST relationship is derived using 0.25° daily
OISST data (Reynolds et al. 2007) provided by the
NOAA/OAR/ESRL Physical Sciences Division (http://
www.esrl.noaa.gov/psd/). For the current study, SST
values were extracted at each storm-center location
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using linear time interpolation and bilinear spatial in-
terpolation. Sea surface temperatures from the global
European Centre for Medium-Range Weather Fore-
casts interim reanalysis (ERA-Interim, hereinafter
shortened to EI; Dee et al. 2011) are also retrieved at 6-h
intervals (no time interpolation needed) and T255 (0.75°
latitude-longitude) resolution to see whether and how
the SST dataset affects the MPI-SST relationship.

3. Climatology of system tracks, impacts, activity,
seasonal variations, and sizes

This section first reports on the tracks of tropical
systems in the SWIO and how frequently the countries
of the region are exposed to storm hazards. Then, the
climatology of overwater tropical systems (number of
systems in each category; monthly distributions) is de-
scribed. A quantitative analysis of the different sizes of
SWIO storms is finally performed to provide a statistical
definition for midget systems.

a. Tracks

Tropical systems are uniformly distributed over the
basin from 35° to 95°E (Fig. 1). They mainly move
southwestward, in accordance with the prevailing en-
vironmental steering (easterly trade winds) and with
the beta effect (Holland 1983; Chan and Williams
1987), before they recurve southward or southeastward
for their extratropical transition. Over the open Indian
Ocean, TCs that are equivalent in intensity to a hurri-
cane or typhoon are mostly confined to the 10°-25°S
latitude band, north of the gradient of cool-to-colder
SSTs (Fig. 2). In the Mozambique Channel, however,
the activity shifts approximately 5° southward and TCs
occur more frequently between 15° and 30°S. This shift
is mainly due to a farther-poleward position of the
monsoon trough (which spawns most SWIO storms)
and to higher SSTs at these latitudes relative to those in
the open ocean (Fig. 2).

b. Coastal hits and threats

Table 1 lists the number of distinct tropical systems
classified as TDs, TSs, or TCs that hit or threatened each
of the SWIO basin countries mapped out in Fig. 1. Only
the coastal areas are considered here, which excludes
the two cases of Dando (2012) and Eline (2000) (Reason
and Keibel 2004) that penetrated into South Africa after
making landfall on the Mozambique coast. Counted as
threatening events are storms whose center skirted the
coast of a given territory or island within less than
100km without making landfall; their intensity was
taken at the point of closest approach from land. Any
storm hitting an island (e.g., Madagascar) several times
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FIG. 1. Tracks of all SWIO tropical systems with a VMAX observation in the BT dataset
during the 1999-2016 period. Red colors indicate that a system has reached TC intensity over
water (VMAX = 64kt or 32.9msfl). Letters SA, Mo, T, and K indicate South Africa, Mo-
zambique, Tanzania, and Kenya, respectively. Letters Co, My, Ma, F, T, S, Re, Mr, Ag, Sb, Ro,
and Ch indicate the islands of Comoros, Mayotte, Madagascar, Farquhar, Tromelin, Seychelles,
La Réunion, Mauritius, Agalega, Saint Brandon, Rodrigues, and the Chagos Archipelago,
respectively. Some islands or atolls are too small for their borders to be seen in the map. The
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total sample size is 4869.

is only counted once in Table 1 and is classified ac-
cording to the maximum landfall intensity.

Table 1 shows that many countries in the SWIO are
affected by tropical systems on a regular basis. Mo-
zambique, located on the eastern coast of Africa and
bordered in the north by Tanzania and in the south by
South Africa, was hit by tropical systems once per year,
on average, and by TCs about once every 3 years over
the period encompassing the 1999/2000-2015/16 cyclone

seasons. Those numbers double for Madagascar, the
fourth-biggest island on Earth and one of the poorest
countries in the world: it was hit twice and threatened
once per year by tropical systems and was hit once every
2 years and threatened once every 4 years by TCs,
mostly on its eastern coast. Neither the Kenyan nor the
South African coasts were impacted by tropical systems.
Forming 40 km off the coast of Tanzania was TC Hellen
(2014). Owing to their much smaller sizes, the twin

0 0
10°8 10°8
20° = oocs
30°s [ - - 30°
30°E 10°F 50°F 60°E T0°F S0°F 90°F 100°E

|
22 23 24 25 26 27 28 29 30°C

F1G. 2. Climatology of mean SSTs exceeding 22°C in the meridional part of the SWIO basin
for the active cyclone seasons from September to June during the 1999-2016 period. Tem-
peratures are extracted from the 6-h-resolution global EI dataset at 0.75° latitude—longitude
resolution (Dee et al. 2011). Letters indicate the various islands or countries as in Fig. 1. The
total sample size is 170 months.
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TABLE 1. Number of tropical systems that hit or threatened the coast of each Indian Ocean territory (listed in increasing order of
latitude) during the 1999-2016 period. “Direct hit”” means that the storm center made landfall; “‘threat”” means that the storm center was
located on the sea less than 100 km from the coast. The system categories (intensity classes) at the time of landfall or of closest approach

are indicated in the columns, with the corresponding VMAX (kt). The total numbers N of systems classified in each category according to

their lifetime maximum intensity over the 17-yr period are given in the header row.

TD (VMAX < 34; TS (34 = VMAX < 64; TC (VMAX = 64; All systems
N =6) N =177) N =82) (N = 165)
Direct hits Threats Direct hits Threats Direct hits Threats Direct hits Threats

South Africa 0 0 0 0 0 0 0 0
Mozambique 9 15 2 1 5 5 16 21
Tanzania 0 1 0 0 0 0 0 1
Kenya 0 0 0 0 0 0 0 0
The Comoros archipelago 1 0 0 3 0 0 1 3
Mayotte archipelago 0 1 1 2 0 0 1 3
Madagascar and islands 11 11 13 3 10 4 34 18
Farquhar Atoll 1 5 0 0 0 2 1 7
Tromelin 0 8 1 6 0 2 1 16
Seychelles archipelago 0 0 0 1 0 0 0 1
La Réunion 1 2 0 1 0 3 1 6
Agalega archipelago 0 4 0 3 0 2 0 9
Mauritius archipelago 0 2 0 3 0 2 0 7
Saint Brandon archipelago 2 8 1 9 1 5 4 22
Rodrigues archipelago 1 3 1 4 0 3 2 10
Chagos Archipelago 0 2 0 0 0 0 0 2

islands La Réunion and Mauritius only suffered from
seven systems during the 17-yr period, but two-thirds
of them were at or above the TS stage. The Chagos
Archipelago—located around 6°S, 72°E—is in an area
where many depressions form (Fig. 1).

c. Overwater tropical-systems climatology

During the 1999-2016 period, 165 tropical systems
were observed over water in the SWIO (Table 1); 96%
of them reached the tropical-storm stage (defined by
VMAX = 34 kt), and 50% of them reached the tropical-
cyclone stage (defined by VMAX = 64kt). Among the
82 TCs, 41 became intense (90 = VMAX < 116kt) and
14 became very intense (VMAX = 116kt). Thus, 9.7
tropical systems develop in the SWIO basin on average
each year, of which 9.4 are named as they strengthen
into tropical storms and 4.8 go on to become TCs that
are equivalent to a hurricane or a typhoon. This repre-
sents about 11% of global tropical-system activity and is
almost equal to the activity in the North Atlantic
(WMO 2017).

The official cyclone season runs between 1 July and
30 June in the SWIO, but the basin only experienced
activity from September to June during the 1999-2016
period (Fig. 3a). Note that Abela, the first system of the
latest 2016/17 season that is not included in this 17-yr
climatology, was the first SWIO event to form in July
since 1999, and it reached the stage of severe tropical
storm (defined by VMAX = 48kt). Figures 3a and 3d
also show that more than 74% of tropical systems and

81% of TCs are observed during the warm and wet
season that spans from December to March, when the
ocean is warmer.

d. Storm size and midget systems

Storm size can be measured by the radius of gale-force
wind or by the radius of the outermost closed isobar,
while a common scale for vortex size is the radius of
maximum wind. The ROCI parameter is found 3011
times in the BT dataset for 160 overwater tropical sys-
tems. Over the 1999-2016 period, the ROCI ranges from
55 to 1110km (10°), with a mean of 405km. A total of
303 observations (10%) have an ROCI of less than the
2°-latitude (222 km) threshold found in the literature.
Using the fifth percentile of storm size distribution, a
midget system in the SWIO could be defined as a system
with an ROCT that is lower than or equal to 197 km. The
quality and homogeneity of the ROCI dataset over the
period are uncertain, however.

A more robust dataset is the radial extent of the 34-kt
wind. The R34 parameter started to be estimated by the
La Réunion center and recorded by quadrants in the
best track at the beginning of the 2010/11 cyclone sea-
son. There are 817 observations available after com-
puting averages over the four quadrants of each storm.
The R34 parameter ranges from 15 to 430km, with a
mean of 152 km. A total of 115 observations (14% ) have
an R34 that is less than the 65-km threshold found in the
literature. Using the fifth percentile of storm size
distribution, a midget system in the SWIO can be
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the 1999-2016 period. The abscissa spans the 12 months. The ordinate shows frequencies for each category of
systems—(a) all, (b) TDs, with VMAX < 34 kt, (c) TSs, with 34 = VMAX < 64 kt, and (d) TCs, with VMAX = 64 kt—
obtained by dividing the number of cases per month in a given category by the total number of cases in that same

category. The total sample size is 4833.

defined as a system with R34 = 46km. With this
definition, a total of 21 of 52 systems were midget sys-
tems at least once during their lifetime. The nonmidget
observations are associated with 51 distinct systems.
Only 24% of observations that are classified as midget
cases upon the R34 criterion also verify the first midget
criterion (ROCI = 197km). This is due in part to the
natural variability of storm sizes but also most likely to
the uncertainty in the ROCI estimation. A one-sided
test that assumes unequal sample variances (the Welch
t test) is used to investigate whether statistically signifi-
cant differences exist at the 95% confidence level be-
tween the means of the midget and nonmidget system
samples defined by the R34 criteria. Distinct variables
are tested: the latitude, longitude, storm speed and
heading, maximum wind, radius of maximum wind, and
24-h intensity change computed for a maximum of 806
observations (Table 2). Both the maximum winds and

the radius of maximum winds (available for a subset of
727 observations) are statistically significantly different.
Midget systems are, on average, significantly weaker
(21.1ms ') than the rest of the sample (33.4ms 1),
possibly reflecting the frequent Dvorak underestimation
of their intensity, as noted by Lander (2004). Their mean
inner-core extension, defined by the radius of maximum
wind, is much smaller (34 km) than that of the rest of the
sample (46 km), which is consistent with both their mean
smaller R34 extension (36 vs 160 km) and mean smaller
ROCI extension (310 vs 395km). Their mean 24-h wind
speed change is also significantly higher (3.8 ms ') than
that of the rest of the sample (—1.0ms™'). They expe-
rience significantly more intensification periods (an in-
crease of the maximum wind over 24 h) and fewer decay
periods than nonmidget systems (Z test for two pop-
ulation proportions; Table 3). Samples for midget and
nonmidget systems defined by the R34 criteria are
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TABLE 2. Statistics related to midget and nonmidget events from the six cyclone seasons (2010/11-2015/16) for which the R34 parameter
was recorded; events are classified on the basis of an R34 threshold of 46 km. The N gives sample size. Highlighted in boldface are values

that are significantly different in the two samples at the 95% level. Shown here are the mean values of several BT parameters and their

statistical significance using a Welch’s one-sided ¢ test.

Midget Nonmidget
Variable Definition Units Mean N Mean N
R34 Radius of gale-force wind (34 kt) km 35.9 43 159.6 763
LAT Storm-center latitude °N -16.3 43 -17.6 763
LON Storm-center longitude °E 63.2 43 65.6 763
HDG Storm-motion heading ° 201.7 43 188.1 763
SPD Storm-motion speed ms~! 38 43 4.2 763
VMAX Max 10-min mean wind speed ms ! 21.1 34 334 693
Rmax Radius of max wind km 34.3 34 46.2 693
ROCI Radius of the outermost closed isobar km 310 42 395 700
AVyy 24-h wind speed change ms™! 38 43 -1.0 763
AV >0 Positive 24-h wind speed change ms ! 10.5 43 9.5 763
AV =0 Negative 24-h wind speed change ms ! —6.6 43 =79 763

unfortunately too small beyond a 6-h lead time to allow
running of standard ¢ statistics on operational forecast
errors and to determine whether midget systems
represent a challenge for intensity or track prediction, but
it seems so when statistics are conducted over the less-
reliable ROCI criteria (not shown). With a larger dataset
in the future, statistics could also be run with a restriction
on the initial intensity of all systems to screen out de-
veloping tropical systems that are yet to grow, both in size
and in intensity; a 48-kt-or-greater threshold would help
to distinguish developing systems from mature midgets.
Weak systems of small size may cloud the current statis-
tics and may explain, in part, why the midget sample has a
lower mean intensity than the comparison group.

4. Climatology of storm maximum intensity
a. Empirical maximum potential intensity

As shown in section 3, westward-tracking systems often
hit Madagascar; the ones that survive the long island trip
emerge weak over particularly warm waters exceeding

29.5°Cin the Mozambique Channel (Fig. 2). To work on a
sample with homogeneous characteristics, systems are
therefore filtered out after making landfall on Mada-
gascar. An exception is made for the eight systems that
managed to reintensify over the Mozambique Channel
as a result of its particularly warm waters exceeding
29.5°C (Fig. 2), because the behavior of these residual
vortices follows that of cyclogenesis in the channel. A
total of 4164 cases are thus extracted from the database to
analyze the distribution of maximum intensity versus SST
in the SWIO basin (Fig. 4).

Following DeMaria and Kaplan (1994b), ocean ob-
servations are extracted under each storm center and
divided into 1°C intervals (Table 4). They range from
21.9° to 31.0°C. There are too few observations ex-
ceeding 30.5°C to include the 31°C-midpoint group in
the following analysis. Note that, unlike DeMaria and
Kaplan (1994b) and subsequent empirical MPI formu-
lations, wind speeds are not evaluated in storm-relative
coordinates. DeMaria and Kaplan (1994b) decided to
subtract the storm translational speed from the maxi-
mum wind estimate to follow a comment made by

TABLE 3. Statistics related to midget and nonmidget events from the six cyclone seasons (2010/11-2015/16) for which the R34 parameter
was recorded; events are classified on the basis of an R34 threshold of 46 km. The N gives sample size. Highlighted in boldface are values
that are significantly different in the two samples at the 95% level. Shown here are the number of events for different thresholds of 24-h
intensity change (AV,;, ms™ ') and their statistical significance using a Z test to compare two population proportions.

Variable Definition Midget (N = 43) Nonmidget (N = 763)
Nav,,>0 Events with AV,4 > 0 (intensification) 26 303
Nav,,=o Events with AV,, =< 0 (maintaining or weakening) 17 460
Navy=154 Events with AV, = 154ms™ ! (RD 8 70
Nav,,<is4 Events with AV, < 154ms™! (non RI) 35 693
Navy=-139 Events with AV,4 = —13.9ms ™! (RD) 2 82
Nav,y>-139 Events with AV,4 > —13.9ms™! (non RD) 41 681
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FIG. 4. Scatter diagram of maximum wind speed (ms~!) vs SSTs
(°C) at storm locations during the 1999-2016 period. The SSTs
were interpolated from the OISST dataset. The green, blue, purple,
and yellow lines respectively show the observed maximum in-
tensity and the 99th, 90th, and 50th intensity percentiles for each
1°C SST bin. The red least squares curve is fitted to the binned
maximum intensity in the 22°-29° SST range and gives the empir-
ical MPI formulation. The dashed pink line shows the linear fit
obtained over the same SST range. The total sample size is 4164.

Merrill (1987, p. 10) on the SST capping function: “A
smoother relationship results if relative intensities are
used, since many of the extreme wind speeds found at high
latitudes were associated with rapidly moving storms.”
Merrill (1987) was actually discussing extratropical-
transition systems for which the strongest winds had
moved out and away from the center and were more in line
with the faster movement of the storm. As detailed in
section 2, extratropical, subtropical, and post-tropical ca-
ses were filtered out in our sample, which is reflected by a
higher minimum SST bin value of 22°C versus 12° or 15°C
for Merrill (1987) and DeMaria and Kaplan (1994b), re-
spectively. Subtracting the forward motion of the tropical
cyclone from the best-track intensity is therefore un-
necessary and would only create a bias toward slower-
moving systems. As pointed out by Courtney and Knaff
(2009, p. 174) “reducing the Dvorak-derived maximum
wind to a storm-relative value prior to calculation ignores
the fact that there is a mean TC motion implicit in the
technique.” The mean translational speed of the sample is
7.8kt (4.0ms™ ') versus 6ms ' of that in DeMaria and
Kaplan (1994b) for NA storms. The only six records in the
sample for which the storm speed exceeds 25kt (129ms™ ")
are related to five distinct tropical systems at the early
stage of their extratropicalization, 6 or 12 h before they
were eventually classified as extratropical.

The maximum wind and the 99th percentile exhibit a
decreasing trend for SSTs above 29.0°C. This result is
different from the mere flattening (but still increasing)
slope found by DeMaria and Kaplan (1994b) above
28.0°C in the NA but is more similar to the flattening or
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TABLE 4. Observations of maximum winds and SSTs stratified
into nine 1°C bins during the 1999-2016 period. The SSTs were
interpolated from the OISST dataset (Reynolds et al. 2007).

SST Avg Avg
midpoint (°C) No. obs SST (°C) intensity (ms™!)
22.0 11 22.2 20.5
23.0 17 23.0 24.6
24.0 98 24.1 26.8
25.0 256 25.1 26.5
26.0 507 26.1 28.5
27.0 1085 271 249
28.0 1358 28.0 24.6
29.0 691 28.9 23.6
30.0 130 29.8 22.9

decrease found by Gao and Chiu (2012) in the WNP
beyond 28.5°C. It reflects the unique features of the
Mozambique Channel, which spawns systems over very
warm waters but offers them very little room and time
for intensification before landfall. For that reason, the
empirical MPI function was derived with an SST cutoff
of 29°C. The shape of the maximum and 99th-percentile
curves suggested an exponential-like fit to SST obser-
vations (Fig. 4, red curve) of the form

A
MPI = {4 o BT Ty 1)
with SST within the 22°-29°C range. Using a least
squares fit, the resulting coefficients are given by A =
7829ms~!, B = 0.3603°C”', and T, = 22.69°C. The
average error between the computed MPI (Fig. 4, red
curve) and the maximum wind (green curve)is 1.6ms ™"
over the eight SST bins ranging from 22° to 29°C.
This exponential function differs from the positive
exponential fit

MPI = A’ + B'e“ 5T T0)

obtained in the NA (e.g., DeMaria and Kaplan 1994b;
Zeng et al. 2008) and WNP (Zeng et al. 2007; Gao et al.
2016). The use of the linear relationship MPI = D X
SST + E, with D = 527°C"' and E = —79.00ms™"
(dashed pink line in Fig. 4), yields an average error of
2.45ms”! over the eight SST bins.

To test the sensitivity of the MPI-SST relationship to
the SST dataset, EI ocean temperatures are also exam-
ined. They vary between 21.0° and 30.7°C over the study
period. A positive exponential fit

MPI = A’ + B'e“ ST

is obtained within the same 22°-29°C range with the
following coefficients: A’ = 9.53ms !, B’ = 70.63ms ™/,
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C' = 0.1319°C™", and T} = 30.0°C. The mean error is
2.8ms ! over the eight SST bins. The differences be-
tween the two MPI relationships (using OISST or EI SST
data) take the form of a concave curve over the 22°-29°C
interval, with a mean of 5.1ms™! and a maximum of
8.9ms~'. Correcting EI SSTs with a —1°C bias yields a
similar fit to that obtained for the OISST data [Eq. (1)]
and a considerable reduction in differences between MPI
formulas (mean 1.1ms™'; maximum 2.0ms™'). The
OISST data are finally chosen over the EI SST data in the
SWIO basin for several reasons: 1) most empirical MPI
formulas worldwide have been derived from the OISST
dataset, 2) the OISST dataset has a finer resolution, 3) the
average difference between the computed MPI and the
maximum wind in the BT dataset is minimized, and 4)
the OISST dataset is the one that is currently available to
La Réunion forecasters for operations.

b. Relationship between SST and tropopause
temperature

If one takes the temperature at 100hPa as a rough
proxy for the tropopause temperature, which provides a
lower-bound estimate of the temperature T, in the
outflow layer of the storm, Fig. 5a shows that the outflow
temperature is strongly controlled by the SST (overall
negative correlation). In Emanuel’s theory, the outflow
temperature controls the theoretical maximum wind
speed (Bister and Emanuel 1998) via the thermody-
namic efficiency ¢ of the ideal Carnot heat engine:

SST—T. \'?
e= ( = out) . (2)

out
Figure 5b confirms that ¢ is approximately a linear
function of SST, as previously noticed by Zeng et al.
(2007) in the WNP and Zeng et al. (2008) in the NA.
This proves that, to a first approximation (assuming a
uniform ambient relative humidity), the maximum in-
tensity is a function only of SST as argued by Emanuel
(1987) and therefore that the empirical MPI derived in
Eq. (1) implicitly includes the effect of the outflow
temperature on storm intensity. This conclusion holds
when lower levels—such as 150 or 200 hPa—are used to
estimate the tropopause temperature; higher outflow
layer temperatures only yield a slightly lower mean &
(closer to 0.6). The empirical MPI also implicitly in-
cludes the other factors that control storm intensity such
as the vertical wind shear [not shown here but high-
lighted in Zeng et al. (2008)].

c. Storm relative lifetime peak intensity

To assess how close a tropical system gets to its em-
pirical MPI, the SST-determined MPI is calculated at
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FIG. 5. Scatter diagrams of (a) 100-hPa temperature (°C) from EI
(Dee et al. 2011) and (b) the corresponding thermodynamic effi-
ciency e defined by Eq. (2) vs SST (°C) at storm locations during the
1999-2016 period. The SSTs were interpolated from the OISST
dataset. The total sample size is 4164.

the time of the storm’s peak intensity using Eq. (1). The
relative peak intensity is then defined as the following
percentage (Zeng et al. 2007): (VMAX/MPI) X 100%.
For the SWIO dataset, the minimum and maximum rel-
ative intensities in the sample are 20% and 109%, re-
spectively (not shown). These values are subject to possible
errors related to the SST determination at the time of
passage or to the Dvorak intensity analysis. The system that
exceeded its empirical MPI was in favorable atmospheric
environmental conditions. Cyclone Amara’s lifetime
maximum intensity reached 56.6ms ™' (VMAX = 110kt)
in mid-December 2013 over the open ocean near Ro-
drigues (20°S). The SST was quickly decreasing below
25°C, giving an MPI of 52.0ms ™ '. Storm intensity started
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FIG. 6. Frequency distribution of overwater 24-h intensity changes (AVy4; kt) stratified by storm intensity at time
t = 0 h during the 1999-2016 period. The ordinate shows frequencies obtained by dividing the number of cases in
a given 5-kt interval for a given category by the total number of cases in that category. The total sample size is 4401.

to rapidly weaken 6h afterward. The MPI was likely
exceeded because of the delayed response of storm in-
tensity to reduced SSTs.

The mean relative peak intensity of the sample is
57%, and about 53% and 20% of tropical systems
reached 50% and 80%, respectively, of their MPI (not
shown). These figures are similar to those obtained by
DeMaria and Kaplan (1994b) over the NA (55%, 58%,
and 19%, respectively), as well as the distribution of
relative peak intensity (not shown; Fig. 6 of DeMaria
and Kaplan 1994b). Unfavorable environmental condi-
tions such as vertical shear (e.g., Wang et al. 2015), dry
air intrusion from the lower or middle troposphere (Shu
et al. 2014; Ge et al. 2013), and SST cooling in the vi-
cinity of the storm (e.g., Vincent et al. 2012) are likely
the main reasons why most storms stop intensifying
before they reach their MPI. Furthermore, land in-
teractions with Madagascar on the western side of the
SWIO basin may prevent many westward-tracking sys-
tems from reaching their MPL.

5. Climatology of 24-h storm intensity changes and
rapid intensity changes

In this section, the climatology of 24-h storm intensity
changes is examined, and a definition of rapid in-
tensification is provided. Climatological characteristics
of tropical systems undergoing RI in the SWIO are then
highlighted and compared with those found in the NA
basin (KD03; KD10). Last, a definition and a climatol-
ogy for RD events are proposed.

a. 24-h intensity-changes climatology

After computing 24-h intensity-change statistics for
overwater tropical systems, the sample is reduced from
165 to 164 systems and from 4833 to 4401 cases. The
frequency distribution of AV, for all tropical systems
(Fig. 6a) indicates that intensity changes in the SWIO
are almost normally distributed, with a mean value of
1.1ms™ ! (Table 5). The distribution is less skewed to-
ward positive intensity changes in the SWIO than in the
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TABLE 5. Overwater 24-h intensity change statistics of the maximum wind speed (AV,4; ms™') for all and each category of tropical
system (VMAX; kt) during the 1999-2016 period: number of cases N, mean, standard deviation ¢, minimum, maximum, range, mean of
intensification (AV4 > 0; m;y,), and mean of weakening (AV,4 < 0; myear). Units are meters per second for all parameters but N.

Category N Mean T Min Max Range Ming Myeak
TD (VMAX < 34kt) 1808 2.5 4.6 —6.7 324 39.1 55 -22
TS (34 = VMAX < 64 kt) 1629 2.4 8.5 -18.0 35.0 53.0 8.8 =55
TC (VMAX = 64 kt) 964 -3.7 11.2 —-41.2 25.7 66.9 8.9 -11.5
All 4401 1.1 8.3 —41.2 35.0 76.1 73 —6.6

NA basin (KD03; KD10) for several possible reasons.
Tropical depressions and storms have a tendency to in-
tensify (Figs. 6b,c) with a mean AV, rate of 2.5 and
2.4ms', respectively (Table 5), but this propensity is
weaker than in the NA (3.2 and 3.4ms ™!, respectively;
Table 2 of KD03). The finding that TDs and TSs have an
average lower AV, rate in the SWIO than in the NA
may be attributable to different oceanic characteris-
tics (narrower continental shelfs on most SWIO coasts)
and/or to the impact of dry and dusty Saharan air—with
the indirect effects of aerosols—on storm development
and intensification in the NA basin (Carlson and Prospero
1972; Dunion and Velden 2004; Braun 2010; Braun et al.
2013; Herbener et al. 2014). If earlier studies following
Dunion and Velden (2004) agreed that the Saharan air
layer may slow intensification during the predepression-
to-depression stages (Braun 2010; Braun et al. 2013),
Herbener et al. (2014) showed that the modification of
cloud properties via aerosols injected into idealized TCs
may initiate interactions between cloud microphysics
and storm dynamics that can ultimately lead to a general
increase in storm intensity (and a decrease in storm
size). Table 5 also indicates that TCs have a strong
tendency to weaken, with a significantly higher mean
AV, rate of —3.7ms ! than that found in the NA basin
(—0.7ms " '; Table 2 of KDO03). This is partly because
decay occurs for 60% of TC cases (Fig. 6d), a compar-
atively higher frequency than that in the NA (about
50%; KDO03) and because the maximum decay rate for
TCs over water in the 17-yr period of study [—80kt
or —41.2ms ! per 24h for TC Hellen (2014) in the
Mozambique Channel; Table 5] is significantly greater
than the one found in the NA over a 12-yr period
(—25.7ms~! per 24 h; Table 2 of KD03). This could be
due to fewer landfalls in the SWIO, increasing the
likelihood of capturing most of the life cycle of systems
(until their extratropical transition).

Figures 6b and 6c also indicate that 73% of intensity
changes in tropical depressions are within a *=10-kt
range and that more than 36% of tropical storms have
intensity changes of greater than +10kt. This result
suggests that the more organized a tropical system is, the
more it is prone to rapid intensity changes: both the

standard deviation and range of AV,, increase with
storm intensity class (Table 5). The absolute mean 24-h
intensification and weakening rates are larger for TCs,
but the maximum 24-h intensification and weakening
rates are observed for tropical storms and cyclones, re-
spectively, with a +35 and —41.2ms ", respectively,
AV, value (Table 5). As explained by KDO03, this results
from the fact that TSs are farther away from their MPI
than TCs are and, thus, have more potential to intensify
faster. Also, a tropical depression is not yet sufficiently
organized to undergo such abrupt intensification. Con-
versely, TCs have more chance to decay quickly because
of their higher initial intensities. TCs are also more
likely to undergo an eyewall replacement cycle and
weaken significantly (Willoughby et al. 1982). Last, the
mean and median of 24-h positive Dvorak-CI changes
equal +1.0 (not shown), suggesting no bias with the
climatological intensification rate of the Dvorak tech-
nique built on NA and WNP cases.

b. Rapid-intensification threshold

Figure 7 shows the cumulative frequency distribution
of 24-h intensity changes AV, for each storm category
(storm intensity is evaluated at + = Oh). To follow
KDO03’s method, RI is defined as the 95th percentile of
this AV, distribution. The closest threshold to 95% is
94.7%, associated with an RI value of 30kt or 15.4ms ™!
(Table 6). Note that the 95th percentile of AV, is
slightly smaller (around 25kt) for depressions and
higher (around 35kt) for tropical storms (Fig. 7), in-
dicating that systems at the tropical-storm stage have a
better capacity to intensify. It seems reasonable, how-
ever, to use a unique RI threshold for all categories of
systems as in KDO03. On the basis of this 15.4ms™!
threshold, the RI sample has an average 24-h pressure
fall of 35hPa and an average 24-h CI change of +1.9
units (Table 6), about 2 times the climatological in-
tensification rate of the Dvorak technique.

It is interesting to note that KD03 and KD10 also
found a 30-kt threshold, representing about the 94th
percentile of AV, in their respective 1989-2000 and
1989-2006 samples. Their threshold was based on max-
imum 1-min sustained wind speeds. In the BT data used
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here, each 1-min sustained estimate of peak storm in-
tensity deduced from the Dvorak method was reduced
by using a 0.88 factor to estimate the maximum 10-min
mean wind speed. RI may, therefore, correspond to a
higher 24-h intensity change in the SWIO basin than in
the NA. This result must nevertheless be put into per-
spective, knowing that the HURDAT dataset benefits
from aircraft reconnaissance inputs and therefore more
reliable wind speed data. Table 6 gives RI thresholds
derived for other percentiles of the distribution and
shows that the 25-kt threshold, corresponding to the 91st
percentile, is closer to the 10-min converted intensity
threshold for NA systems. The 35-kt threshold corre-
sponds to an approximate 97th percentile of AV,y, as in
the NA (KD10).

Other parameters such as the central pressure or the
Dvorak-CI number can be used in lieu of the maximum
wind speed to diagnose storm intensity, although their
relationship with storm intensity is less linear. Holliday
and Thompson (1979) defined RI as a minimum 24-h
pressure fall of 42hPa over the WNP. In the current
study sample, RI thresholds of —28 and —47hPa are
respectively associated with the fifth and first) percen-
tiles of 24-h pressure changes. RIs of +2.0 and +2.5 CI
correspond respectively to the 96th and 99th percentiles
of 24-h CI changes. Note that a +2.5 increase of the CI
number (or +2.0 if RI starts at a weak or moderate

initial stage of intensity) corresponds to the maximum
gain of intensity allowed by Dvorak in 24 h. A forecaster
would need to break the Dvorak-CI constraints to set a
higher intensification rate, which is a difficult decision to
make in operations and even in postanalysis. It would
have been interesting to run statistics on the Dvorak raw
T number that does not have such operational con-
straints, but the raw T number is unfortunately not
stored in RSMC La Réunion BT data.

¢. Rapid-intensification climatology

If one defines RI with a 15.4ms™" (30kt) threshold,
the RI sample is composed of 232 cases (Table 6) from

TABLE 6. The different RI thresholds in meters per second (with
knots given in parentheses) as based on overwater 24-h maximum
wind speed changes (AV>4) during the 1999-2016 period. Indicated
for each threshold are the RI sample size, mean 24-h pressure fall
(AP,4; hPa), and mean 24-h Dvorak-CI change (AClyy).

Mean Mean
Exact RI No. RI AP,, for ACI,, for
Percentile percentage threshold cases RlIcases RIcases
91 91.2 129 (25) 386 —29.6 1.7
95 94.7 15.4 (30) 232 —34.9 1.9
97 96.8 180(35) 142 —40.3 2.1
99 98.8 23.2 (45) 51 —48.8 2.5
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TABLE 7. The percentage of systems that underwent RI at least once during their lifetime as a function of the maximum intensity (VMAX; kt)
attained by each system during the 1999-2016 period.

Max intensity

No. systems that underwent RI

Total no. systems Frequency (%)

TD (VMAX < 34kt) 0
Moderate TS (34 = VMAX < 48kt) 0
Severe TS (48 = VMAX < 64 kt) 8
TC (64 = VMAX < 90kt) 12
Intense TC (90 = VMAX < 116 kt) 36
Very intense TC (VMAX = 116 kt) 14
All 70

6 0.0
34 0.0
42 19.0
27 444
41 87.8
14 100.0

164 42.7

70 systems of the total sample of 4401 cases from 164
systems. Several consecutive RI events often occur over
the lifetime of the 70 tropical systems. The non-RI
sample consists of 4169 cases from 94 systems. The
mean 24-h intensification rate of all of the RI cases is
19.5ms ™! (not shown) versus 18.2ms ™! found in KD03
for the NA; that rate increases at the TS stage
(20.4ms~'; not shown) in consistence with the better
capacity of TSs to intensify (section 5b). An RI between
t and ¢ + 24 h is more frequent from an initial TS-stage
intensity. An RI is observed 8.3% of the time for those
systems, 2.2% of the time for initial TDs, and 5.9% of
the time for initial TCs (not shown). KD03 found similar
values in the NA basin, with RI occurring 4.4% of the
time for TDs, 7.4% of the time for TSs, and 5.4% of the
time for TCs. The fact that TDs in the SWIO experience
fewer RI periods than in the NA is consistent with their
average lower intensification rate (section 5a). Con-
versely, tropical storms are more prone to RI in the
SWIO than in the NA, despite a relatively lower mean
intensification rate. These figures are low as a result of
the definition of RI as a rare event, occurring about 5%
of the time for all tropical systems. Nevertheless, 19% of
systems that attained the severe-TS stage, 44% of sys-
tems that attained TC intensity, 88% of systems that
reached intense-TC strength (VMAX =463 ms '), and
all very intense TCs (VMAX = 59.6ms ') underwent
RI at least once during their lifetime (Table 7). Systems
that did not exceed the moderate-TS stage (VMAX <
24.6ms ! or 48kt) never experienced an RI period.
Note that, by definition, it is impossible for a system that
never exceeds the TD stage (VMAX < 34kt) to un-
dergo RI (+30kt) since tropical disturbances are gen-
erally followed by RSMC La Réunion well after they
reach a 4-kt intensity. Overall, 43% of all SWIO tropical
systems underwent RI. Last, the proportion of midget
systems that undergo RI is not significantly greater than
that of nonmidget systems (Z test for two population
proportions; Table 3).

The probability of RI as a function of the initial maxi-
mum wind speed of the system is mostly normal but ex-
hibits some peaks (Fig. 8). A moving mean with a window

width of 15 kt is used to smooth out some fluctuations that
are possibly linked to different biases in the assignment of
intensities in the various 5-kt bins (e.g., in operational
practices). The smoothing highlights one peak at 65-75 kt.
This peak, relating to 10-min average wind speed, is in line
with what SWIO forecasters describe as the threshold
above which systems can go wild. This result is also con-
sistent with that of Xu and Wang (2015), who found that
the intensification rate of NA storms is maximized for
storm intensity in the 70-80-kt range (maximum 1-min
sustained wind speed). They explained that such storm
intensity would allow the best compromise between
heating efficiency (linked to greater inner-core inertial
stability) and energy dissipation caused by surface friction
(linked to the cubic power of the surface wind speed). The
higher propensity for systems to intensify rapidly at an
initial intensity between 65 and 75kt may therefore be
associated with a real atmospheric process driving storm
intensification and RI. This peak could also, in part, be
induced by the application of the Dvorak technique with
satellite images that do not give the same amount of detail
at different storm intensities (e.g., prior vs after eyewall
formation), possibly inducing biases in the assignment of
storm intensities. Rapid-intensification events were not
observed beyond an initial 95-kt maximum wind speed
(Fig. 8), strengthening TCs up to 125kt after 24 h. It ap-
pears that although TC Fantala (2016) in the study sample
experienced RI periods at the TS and TC stages its peak
135-kt intensity did not follow an RI period. Also, as
shown in Table 7, systems that never reached the severe-
TS stage could not experience RI since it occurred
beyond a 25-kt initial intensity, strengthening the system
above 55kt after 24 h.

The seasonal distribution of RI cases normalized by
the seasonal distribution of tropical systems indicates
that over the 17 cyclone seasons RI only occurred be-
tween October and May (Fig. 9). TSs have a monthly
distribution with a saw-toothed shape: RI frequency
decreases by one-half in November, February, and April
(6%) relative to October, December, January, and
March (~11%). The reason for this trend is unclear. The
rapid intensification of TCs occurs preferably in March
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FIG. 8. The frequency of RI as a function of the maximum wind speed of systems at r = 0 h (VMAX; kt) during the 1999-2016 period.
The frequency is obtained by dividing the number of RI cases by the total number of cases per 5-kt bin. The green line shows the smoothed
frequency computed by moving average with window width of 15 kt. The inset graph shows the results obtained for RD events. The total

sample size is 4401, with 232 RI cases and 201 RD cases.

and April, coinciding with the end of the warm season
when SSTs are maximized. The probability of RI for
TDs peaks in January before decreasing until April,
suggesting that the large-scale atmospheric environment
(probably atmospheric waves and humidity) may play a
more important role than oceanic factors in inducing
RI for tropical systems at the depression stage. Vertical
wind shear is another factor that may alter the trend
of RL

Figure 10 shows the location of 24-h RI periods in the
SWIO basin. Some of the 24-h tracks overlap when RI
occurs for consecutive 24-h time periods. The figure in-
dicates that RI cases are fairly evenly distributed from
50° to 95°E and are confined within the 10°-20°S latitude
band with a main west-southwestward track. Very few
RI cases occur southward of 20°S, which contrasts with

the NA basin, where RI occurred in a 10°-38°N band
over the 1989-2000 period (see Fig. 4 of KDO03). This is
due to frequent Rossby-wave breaking in the SWIO
(Ndarana and Waugh 2010): strong, zonal, upper-level
winds propagate equatorward into the subtropical lati-
tudes and induce significant vertical wind shear in the
environment of tropical systems. Despite its small ex-
tension, the Mozambique Channel favors many RI cases
with RI activity shifted approximately 5° southward,
following the climatologies of tropical systems (Fig. 1)
and SSTs (Fig. 2). Only one system intensified rapidly
below 25°S. Named Favio, this long-lived system was an
exceptional phenomenon. It developed in the Chagos
in mid-February of 2007 and tracked southwesterly.
Boosted by an upper outflow channel linked to a pow-
erful subtropical jet stream south of Madagascar, it
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FIG. 9. Monthly distributions of RI frequency stratified by storm intensity at time ¢ = 0 h during the 1999-2016 period. The abscissa
spans the 12 months. The ordinate shows RI frequencies for each category of systems—(a) all, (b) TDs (VMAX < 34kt), (c) TSs
(34 = VMAX < 64 kt), and (d) TCs (VMAX = 64 kt)—obtained by dividing the number of RI cases per month in a given category by
the total number of cases per month in that category. The inset graph shows the results obtained for RD events. The total sample size is

4401, with 232 RI cases and 201 RD cases.

became the most intense cyclone ever observed south of
25°S in the Mozambique Channel since the beginning of
the satellite era and the first system to bear toward the
northwest, that is, toward lower latitudes, after skirting
the south of Madagascar.

Operational forecast errors of storm position and in-
tensity are computed at various lead times during
the 2001-16 period when forecast data were archived
(Table 8). A Welch’s unequal-variances one-sided ¢ test
is run to compare the mean errors between the small RI
sample and the large non-RI sample at the 95% confi-
dence level. As expected, intensity forecast errors are
statistically significantly larger for RI systems, at least at
short lead times until 24 h. The mean absolute error of
intensity forecasts for RI systems is 10.8ms ' at 24h
since 2001 (vs 49ms~' for non-RI events); the mean

standard deviation is also large (6.0ms '). The aver-
age track error is significantly reduced for RI systems at
12-, 24-, and 48-h lead times. This may be because
stronger systems are more easily positioned (especially
prior to the use of microwave imagery and scatterometer
data), allowing better model initialization and hence
better track forecasts. Results indicate that the mean
position error is about 120 km at 24 h over the 2001-16
period with a downward time trend (not illustrated).

d. Rapid-decay threshold and climatology

Similar to the RI thresholds described in section 5b for
rare events, RD can be defined as the fifth percentile of
the AV,, distribution. The closest threshold to 5% is
4.6% (201 of 4401 cases) and is associated with an RD
value of —27kt or —13.9ms ! (not shown). A total of
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FIG. 10. The 6-h positions (colored dots) and tracks (blue segments) of RI events over the

24-h periods of RI (five consecutive dots) duri

ng the 1999-2016 period. A black circle in-

dicates the start of a track; the systems’ intensity classes are highlighted with different colors:
yellow for TD (VMAX < 34kt), orange for TS (34 = VMAX < 64kt), and red for TC
(VMAX = 64 kt). The letters are as in Fig. 1. The total sample size is 232.

276 cases (6.3 % of the sample) weaken below the —25-kt
threshold, and the —30-kt threshold is associated with only
179 cases (4.0% of the sample; not shown). On the basis of
the —13.9ms ™' threshold, the RD sample has an average
24-h pressure increase of 34hPa and an average 24-h CI
change of —1.8 units (not shown). Note that in theory the
Dvorak technique allows a maximum 2.5 decrease of the
CI number. That constraint had to be broken for TC
Hellen (2014), which lost 4 CI units in 24 h. An additional
rule [step 9 in Dvorak (1984)] holds the CI constant for 12h
following a weakening trend. As stated in Velden et al.
(2006), regional adjustments were made to ameliorate the
deficiency of the Dvorak method “getting behind the in-
tensity curve” for rapidly weakening TCs. At RSMC La
Réunion, that inertia lag time may be reduced to 6h for
small systems at strong intensity, such as TC Hellen (2014).

Table 9 indicates that 10% of systems that attained the
severe-TS stage, 41% of systems that attained TC in-
tensity, 78% of systems that reached intense TC
strength, and 79% of very intense TCs underwent RD at
least once during their lifetime. Systems that did not
exceed the moderate-TS stage never experienced an RD
period (as for RI). Overall, 35% of all SWIO tropical

systems underwent RD. The overall lower frequencies
than those obtained for RI (Table 7) are mostly due to
the different percentages used to define RD (4.6%) and
RI (5.3%) events. Also, the ratio of midget systems
undergoing RD is not significantly greater than that of
nonmidget systems (Z test for two population pro-
portions; Table 3).

The lower part of the cumulative frequency distribu-
tion of 24-h intensity changes (Fig. 7) indicates that the
fifth percentile of AV>, is around —5kt for depressions
and around —40kt for TCs that are characterized by a
large spread of weakening rates. This result suggests that
using a unique threshold for all categories of systems
might not be as appropriate for RD as it is for RI.

Unlike RI, there is a mostly regular increase of RD
frequency as a function of the system initial maximum
wind speed (inset graph in Fig. 8); two of the three 135-kt
records (associated with TC Fantala) were RD cases.
There is no record of a 130-kt wind in the 17-yr dataset.
The seasonal distribution of the RD cases normalized by
the seasonal distribution of tropical systems clearly
shows the greater propensity for TCs to rapidly decay
than other categories of systems (inset graph in Fig. 9).

TABLE 8. Operational intensity forecast errors at 12-, 24-, 36-, 48-, and 60-h lead times for RI and non-RI cases from La Réunion RSMC
during 15 cyclone seasons (2001/02-2015/16): absolute maximum wind error (DVmE) and root-mean-square (DVm-RMSE) error (ms '),
as well as direct position mean (DPE) and root-mean-square (DP-RMSE) errors for corresponding positions (km). Mean errors are
highlighted in boldface when a Welch’s one-sided 7 test reveals that they are significantly different (larger or smaller) at the 95% level, and

N indicates the sample size.

12 24 36 48 60

Forecast time (h) RI Non RI RI Non RI RI Non RI RI Non RI RI Non RI
DVmE (m s") 5.4 3.5 10.8 4.9 13.5 6.4 9.0 7.6 7.7 8.2
DVm-RMSE (m sfl) 3.8 34 6.0 4.7 6.5 5.9 6.1 6.9 44 7.3
N 66 1973 16 1769 4 1593 4 1425 3 1247
DPE (km) 69 79 97 124 157 158 100 198 138 238
DP-RMSE (km) 49 55 52 86 60 103 64 132 92 163
N 77 2400 19 2144 4 1602 4 1439 3 1261
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TABLE 9. The percentage of systems that underwent RD at least once during their lifetime as a function of the maximum intensity
(VMAX; kt) attained by each system during the 1999-2016 period.

Max intensity

No. systems that underwent RD

Total no. systems Frequency (%)

TD (VMAX <34kt) 0
Moderate TS (34kt = VMAX < 48kt) 0
Severe TS (48kt = VMAX < 64kt) 4
TC (64kt=VMAX < 90kt) 11
Intense TC (90kt = VMAX <116kt) 32
Very intense TC (VMAX =116kt) 11
All 58

6 0.0
34 0.0
42 9.5
27 40.7
41 78.0
14 78.6

164 354

The strong role of oceanic and environmental conditions
in TC RD over the SWIO is reflected by a V-shaped
curve. TCs have more chance to rapidly decay at the
beginning and end of the season; four of the six TC cases
observed in May (67%) were rapidly decaying. This is
not as evident for tropical storms.

6. Conclusions and future work

A 17-yr climatology of tropical system activity, tracks,
impacts, sizes, and 24-h intensity changes is investigated
in an effort to thoroughly document the southwest In-
dian Ocean and provide further guidance to practical
storm intensity forecasts. A first formulation of the
empirical maximum potential intensity of SWIO tropi-
cal systems is proposed, along with the climatology of
SSTs over the basin from September to June.

A total of 165 tropical systems between the 1999/2000
and 2015/16 cyclone seasons are examined using best-
track estimates from RSMC La Réunion. The coasts of
Mozambique and Madagascar are the most exposed to
storm hazards. Madagascar is hit two times per year by
tropical systems and once every 2 years by TCs (defined
by VMAX = 64kt or 32.9ms™'). The study then focuses
on overwater tropical systems. Each year, on average, 9.7
tropical systems develop in the SWIO basin, of which 9.4
strengthen into tropical storms and 4.8 go on to become
TCs that are equivalent to a hurricane or a typhoon. This
represents about 11% of global tropical storm activity.
More than 74% of tropical systems (81% of TCs)
are observed during the wet season from December to
March. Tropical systems are uniformly distributed over
the basin from 35° to 95°E. TCs are mostly confined in the
10°-25°S latitude band except in the Mozambique
Channel, where they occur more frequently between 15°
and 30°S. The Mozambique Channel spawns systems over
very warm waters (relative to the open ocean) with a
position of the monsoon trough that is farther south, but
these systems have very little room or time for in-
tensification before landfall. Storm intensity in the SWIO,
expressed in terms of WMO standard maximum 10-min
average surface wind speed, never exceeded 69ms !

(135kt) during the 17-yr period. Statistics on RSMC op-
erational forecasts at 24-h lead time over the 2001-16
period indicate that the mean absolute intensity error is
S5ms~' and the mean position error is about 120km
with a downward time trend.

Further guidance is provided to SWIO forecasters with
the empirical MPI-SST relationship in the 22°-29°C range,
derived using BT data and daily Optimum Interpolation
Sea Surface Temperature analyses at 0.25° latitude-
longitude resolution. It was demonstrated that the de-
rived empirical MPI implicitly includes the effect of the
outflow temperature on storm intensity. The exponential
function differs from that obtained in the North Atlantic
and western North Pacific Oceans (Zeng et al. 2007; Gao
et al. 2016) and from the (nearly) linear relationship found
in the eastern North Pacific and the Bay of Bengal. The use
of EI global SST reanalyses at 0.75° spatial resolution and
6-h intervals gives a different fit with greater errors, con-
firming that the choice of the SST dataset can affect the
MPI-SST relationship within the same basin.

The distribution of storm size, as defined by the radius
of gale-force wind over the 2010-16 period or by the
radius of the outermost closed isobar over the 1999-2016
period, is analyzed. Using the fifth percentile of each
storm size distribution, a first statistical definition of a
midget, or very small, tropical system is derived. An
SWIO system can be considered to be a midget system
when R34 = 46km. Midget systems are, on average,
significantly weaker, possibly reflecting the frequent
Dvorak underestimation of their intensity as noted by
Lander (2004). Their mean inner-core extension is much
smaller, which is consistent with their smaller R34 ex-
tension. They also experience more intensification pe-
riods than nonmidget systems. With a larger midget
system sample in the future, it will be interesting to
compute statistics on operational forecast errors to de-
termine whether midget systems represent a challenge
for intensity and track prediction, as is both perceived by
forecasters and suggested by statistics run on the less-
reliable ROCI parameter. Another possibility will be to
restrict the initial intensity of all systems (e.g., 48kt or
greater) to screen out developing tropical storms that
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are yet to grow, both in size and in intensity, and then see
whether the midget sample maintains a lower mean in-
tensity than the comparison group.

The distribution of 24-h overwater intensity changes is
also analyzed following the method previously used for
NA and ENP systems (KD03; KD10) so that comparisons
can be made between basins. The distribution is less
skewed toward intensification events than in the NA,
probably as a result of fewer landfalls in the SWIO, in-
creasing the likelihood of capturing most of the life cycle
of systems. TCs have a mean tendency to weaken at a
significantly faster rate than that found in the NA basin.
This is in part because decay occurs for 60% of TC cases,
versus 50% in the NA, and because the maximum decay
rate for TCs over water (—41.2ms ' per 24 h) is signifi-
cantly higher in this 17-yr period of study. The mean and
median of 24-h positive Dvorak-CI changes equal +1.0,
suggesting no bias with the climatological intensification
rate given by the Dvorak technique that was designed on
NA and WNP cases. From the 94.7th percentile of 24-h
intensity changes, RI can be statistically defined in the
SWIO by a minimum increase of 15.4ms ™' day ' in the
maximum surface wind speed (10-min mean). It is equal
to the 30-kt official threshold determined for the NA
basin using 1-min sustained winds. It also exceeds the
129ms 'day ! threshold determined for the WNP on
the basis of maximum 10-min mean winds.

Rapid intensification events only occurred between
October and May over the 17-yr period and were fairly
evenly distributed over the SWIO basin, despite a 5°
southward shift in the Mozambique Channel. Very few
RI cases occurred southward of 20°S, which contrasts
with the NA basin, where RI occurred in a 10°-38°N
band over the 1989-2000 period (KDO03). The proba-
bility of RI for TDs (VMAX < 34ktor 17.4ms ™ !) peaks
in January and decreases until April, suggesting that the
large-scale atmospheric environment may play a more
important role than oceanic factors in inducing RI for
tropical systems at the depression stage. Statistics show
that 43% of all tropical systems, 19% of systems that
attained the severe-TS stage (VMAX = 48kt or
24.6ms '), 44% of systems that attained TC intensity,
88% of systems that reached intense-TC strength
(VMAX = 90kt or 46.3ms™ '), and all very intense TCs
(VMAX = 116kt or 59.6ms~ ') underwent RI at least
once during their lifetime. It appears that the maximum
135-ktintensity of TC Fantala (2016) in the study sample
did not follow an RI period. The mean 24-h in-
tensification rate of all RI cases in the SWIO is some 7%
higher than that in the NA, and TSs (34 = VMAX <
64 kt) are more prone to Rl in the SWIO than in the NA.
A 10-min mean maximum wind speed of 65-75 kt is the
most frequent initial storm intensity for RIin the SWIO,
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consistent with the 70-80-kt peak in the maximum in-
tensification rate of NA storms (maximum 1-min sus-
tained wind speed; Xu and Wang 2015). Operational
RSMC forecasts of RI events are characterized by sig-
nificantly larger intensity errors at short lead times until
24h (10.8ms™ ' at 24h) but significantly lower track
errors at 12-, 24- and 48-h lead times than non-RI events,
possibly as a result of a better location of the storm
center at high intensities.

Other thresholds for RI can be obtained on the basis of
both central sea level pressure and changes in Dvorak CI.
Thresholds of —27 and —46 hPa are thus associated with
the fifth and first) percentiles, respectively, of 24-h pres-
sure changes. Rapid intensification may also be defined
by a daily increase of +2.0 and +2.5 Dvorak CI, associ-
ated respectively with the 96th and 99th percentiles of
24-h CI changes, implying that the Dvorak constraints
necessarily have to be broken for systems undergoing
higher intensification rates. These statistics will be useful
to forecasters in the SWIO. It appears that one of the
main outcomes of the ongoing reanalysis process will be
that the decision making will be much less conservative
with regard to the breaking of the Dvorak constraints.
Six of the strongest systems of the 1999-2016 period may
therefore be included in the reanalysis.

Statistics over the 17-yr period show that the average
duration of the rapid-decay process is shorter than that of
RI. Rapid decay for SWIO oceanic tropical systems could
statistically be defined as a 24-h decrease of the maximum
surface winds exceeding 13.9ms ™! (27kt) on the basis of
the 4.6th percentile of all 24-h overwater intensity
changes. With that threshold, RD events would have an
average 24-h pressure increase of 34 hPa and an average
24-h change in Dvorak CI of —1.8 Dvorak number. Re-
sults suggest that, unlike with RI, it is not appropriate to
use a unique RD threshold for all categories of systems.

The results of this first study will be used to design a
statistical-dynamical tool to predict storm intensity change
or the probability of RI and to evaluate its potential use for
the SWIO basin. Several sophisticated statistical tech-
niques (neural network, decision tree, and best multilinear
regression of the most relevant environmental RI pre-
dictors) will be investigated for that purpose.

As soon as the intensity reanalysis project is completed by
RSMC La Réunion in the SWIO basin, future work will then
focus on conducting the study over 30-yr periods (1979-2009
and 1989-2019) to address climate trends. Is there, for
example, a poleward migration of the location of maximum
intensity in the SWIO, similar to what was found in the
global historical data over the 1982-2012 period (Kossin
et al. 2014) that will affect disaster-mitigation strategies in the
basin? What are the tendencies for TC maximum intensity
and intensification rates over the SWIO?
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