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Abstract—The climatology of cycloneformation and behaviour in the South-West Indian Ocean,
including landfall in Mozambique and Madagascar, has been investigated. The records used
were obtained by merging track data from the Joint Typhoon Warning Centre with data from
La Reunion — Regional Specialised Meteorological Centre. During the period 1980-2007, 12.5
cyclones per year were formed; 85% of which in November-April (the cyclone season). The
number of intensetropical cyclonesincreased from 36 during 1980-1993 to 56 during 1994-2007,
parallel to a simultaneous but smaller decrease in the number of tropical storms. This increase
in intense tropical cyclones occurred at the same time as an increase in the mean sea surface
temperature of 0.12°C. This temperature increase seems insufficient to explain the increased
activity. In addition, investigating alonger record (1952-2007) from the same sources indicates
along-term decrease in cyclone frequency aswell asin landfall, although this was simultaneous
with a substantial increase (about 0.3°C) in sea surface temperature. However, it is recognised
that records before 1980 suffer from too few wind intensity data. From 1980-2007, the number
of land-falling cyclones was 64 (compared to 88 from 1952-1979), 16 of which came ashorein
Mozambique and 48 in Madagascar. Seasonal variationsin areas of genesis and preferred tracks
are presented and discussed in relation to a number of indices. Minimum and mean sea surface
temperatures for cyclone genesis are al so estimated.

INTRODUCTION

Cyclone identification and intensity

Tropical cyclones form in equatoria regions,
where sea surface temperatures (SSTs) exceed 26-
27°C (Palmén, 1948; McBride, 1995), but rarely
within less than 4°-5° from the Equator (Anthes,
1982). Henderson-Sellers et al. (1998) have listed
several other conditions favouring genesis, such
as (i) large values of low level relative vorticity,
(ii) weak vertical and horizontal wind shear, (iii)
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conditional instability through a deep atmospheric
layer, (iv) large relative humidity in the lower and
middle troposphere, all of which are fulfilled within
the Inter-Tropical Convergence Zone (ITCZ), and
(v) a deep oceanic mixed layer.

Fink and Speth (1998) have studied cyclone
genesis region-wise, using data from 1968-1997.
They found that most cyclones of Maximum
Sustained Wind (1-min MSW) exceeding 17 ms?
are formed in the North-West Pacific (27 out of a
total of 86 per annum). In that region, cyclones
are relatively frequent throughout the year, with
four cyclones reaching “ super-typhoon intensity”
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(MSW=>69 ms?). In the South-West Indian Ocean
(SWI0), cyclones are generated mainly between
November and April, with an average of 12 per
year. Gray (1975) hasinvestigated the period 1952-
1971, reporting a global average of 80 cyclones
per year. However, data before the satellite era
must be regarded asrelatively unreliable. Not until
the Dvorak technique was fully introduced in the
1980s, (although applicable from 1968 onwards ;
see http://www.aoml.noaa.gov/hrd/tcfaq/H1 .html;
Dvorak, 1984) could data on MSW and cyclone
tracks be regarded reliable for detailed statistics.
This should be particularly true for more remote
cyclone regions such as the SWIO, where ground
truth data and reconnaissance flights are rare.

Cyclone activity in relation to the changing
global environment

Cyclone activity, i.e. frequency and intensity
(MSW), may depend on natural cycles such asthe
El Nifio-Southern Oscillation (ENSO) according
to Pielke and Landsea (1999), the Quasi-Biennia
zonal wind Oscillation (QBO) as reported by
Landsea et al. (1999) and the Madden-Julian
Oscillation (MJO) as described by Madden and
Julian (1994). El Nifio is known to causeincreased
cyclone activity in the South and in the North-East
Pacific, but decreased activity in the North Atlantic
and in the North-West Pacific (Landsea, 2007), as
expected with regard to the deviations in SSTs. An
east phase QBO seems to reduce activity in the
North Atlantic (Gray, 1984). The MJO has been
associated with higher frequency in the Pacific
(Sobel and Maloney, 2000).

Trendsin cyclonefrequency andintensity have
been studied by several authors (i.e. Emanuel,
2005a; Trenberth, 2005; Webster et al., 2005).
Emanuel, for example, has emphasized a substantial
increase in the intensity over the past 50 years
and Webster et al. have found an ailmost 100%
increasein the number of the most intense cyclones
(MSW=>59 ms?), using data from 1974-2005.
However, there are some doubts concerning the
quality of thelonger series, particularly concerning
intensity (Landsea, 2007; Knapp and Kossin, 2007).
Some authors underline the uncertainties, claiming
that alink between increasing intensity and higher

SSTs cannot be shown (e.g. Pielke, 2005; Landsea
et al., 2006) and others emphasize that increasing
SSTs feed more intense cyclones (e.g. Emanuel,
2005b; Webster et al ., 2005; Holland and Webster,
2007). Webster et al. (2005) have aso referred to
deMaria and Kaplan (1994) who have indicated,
in a study from the North Atlantic, that thereis a
correlation between the SSTs on one hand, and the
occurrence and intensity of cyclones on the other.

Cyclone activity in the SWIO

The climatology of SWIO cyclones has been
investigated in a number of studies, i.e. by Xu
(1992), Jury (1993), Xie et al. (2002), Zhang et
al. (2004) and Ho et al. (2006). Jury has reported
increased frequency in cycloneformation during the
east phase of QBO, when upper level westerliesare
weakened. El Nifio years have lower frequencies,
as explained by increased subtropical upper-level
westerlies. Ho et al. (2006) have indicated that
El Nifio years are simultaneous with increased
frequency/genesis of tropical cyclones west of
75°E, but decreases east of 75°E, all thisviceversa
during La Nifia. The largest cyclone activity was
foundin phase 2-4 of the M JO (about 10 cyclonesin
100 days), whilethereislower activity during other
phases. Ho et al., 2006) have used the series from
JTWC (Joint Typhoon Warning Centre) for theyears
1979-2004, but have included a comparison with
the LR-RSMC (LaReunion—Regional Specialised
Meteorological Centre) record, as shown in Figure
1. Kuleshov and de Hoedt (2003) have found an
increased cyclone frequency between 85-105°E
during La Nifia years compared to El Nifio. Bessafi
and Wheeler (2006) have in turn found significantly
increased frequency of tropical cyclone formation
during the active phase of MJO.

Vitart et al. (2003) studied landfall over
Mozambique using observations and model
integrations. They have employed acyclonerecord
from Neumann (1993), the zonal wind from the
National Centers for Enviromental Prediction
(NCEP) reanalysis and SSTs (Kalnay et al.,
1996) to identify predictors and potential physical
mechanisms responsible for landfall. According to
Vitart et al. (2003), a coupled Global Circulation
Model with high horizontal resolution is capable
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of predicting landfalls. Landfall is more common
during LaNifiayears, simultaneouswith anegative
zonal mean flow (averaged for 850-200 hPa). El
Nifio years havefewer landfallsand apositive zonal
mean flow. Landman et al. (2005) have tested a
regional model with the aim to examine its ability
to reproduce landfall areas and cyclone tracks.
Their results indicate that the regional model is
able to simulate cyclone-like vortex tracks across
Madagascar and into the M ozambique Channel.

The present study examines tropical cyclone
climatology of the SWIO (west of 100°E) based on a
merged data set to achieve the maximum coverage.
The study period covers 56 cyclone seasons, from
1952-2007. The occurrence, frequency and landfall
of tropical cyclones during this period, as well as
the more detailed climatology, including seasonal
variationsinformation areas, in preferred tracksand
inintensity (1-min MSW), wereinvestigated using
data from 1980-2007. Specifically, the changes in
frequency and intensity of cyclones in relation to
globa warming and increasing SSTsare addressed,
for the accurate determination of areas of formation
and intensification. Genesis and occurrence in
relation to ENSO and other climate indices have
also been investigated.

DATA AND METHODS

One single cyclone record was constructed by
merging track data from LR-RSMC (http://www.
meteo.fr/temps) and JTWC (http://www.npmoc.
navy.mil/jtwc.html). This procedure takes JTWC
as the basic sample, since it has the longest record
availableandin addition providesaccessto updated
TC track position errors. The LR-RSMC dataset,
which is not fully updated, has been used to fill in
gaps encountered within JTWC data. The period
chosen was 1952-2007, starting from the season
1951/52 and ending with the season 2006/07.
Cyclones appearing outside the cyclone season
(defined as November to April) have been excluded
fromthisanaysis. Thesewere 15% of thetotal (see
also Figure 1). A cyclone is considered outside
the season if the majority of its days are outside
the season. The area of the SWIO is defined as
0°-40°S; 30°-100°E. All cyclones reaching storm
intensity (1-min MSW>17 ms?) have been grouped
according to the Saffir-Simpson scale (Saffir, 1974;
Simpson and Riehl, 1981), in six categories; with
tropical storms(TS) intherangefrom 17<MSW<33
ms? and then five categories of tropical cyclones;

Fig. 1. Monthly mean number of cyclones(M SW>17 ms?) formed in the South Indian Ocean (1979-2004); a comparison
between thetwo setsof recordsfrom Ho et al. (2006) as discussed in text. This figure does not take into account that the

records are using different definitions of MSW



18 A.F. MAVUME ET. AL.

category 1 with M SW between 33-42 ms?, category
2 between 43-49 ms?, category 3 between 50-58
ms?, category 4 between 59-68 ms?, and category
5with MSW>69 ms?. Thus, theword “cyclone” in
this text means that all TSs and TCs are included.

A full inspection of all cyclone data in both
records has been performed, and differencesin the
definitions of MSW have been levelled to JTWC
MSW. The JTWC had fewer missing values,
both for tracks (positions) and MSWs. However,
before 1979 there are many missing values. Some
cyclones completely escaped notice in one or the
other record. This is readily seen from Figure 2,
showing all MSW data for the periods 1952-1979
and 1980-2007, respectively. Thus, the number
of cyclones as such (which for example assumes
exclusion of low wind cyclones, with 1-min MSW
<17 ms?) is aso uncertain. Therefore the present
study has concentrated on the series from 1980-

2007, for which data are definitely more consistent
and reliable.

Origina data do not contain a full record of
cyclones by landfall location. Thus, a separate
database for land-falling cyclones, including time,
position, MSW and also Mean Sea L evel Pressure
(MSLP) in Mozambique and Madagascar has also
been produced. Landfall locations and times were
defined following Emanuel (2003). It is assumed
that landfall occurs when a part of the eye-wall
passesdirectly over the coast or an adjacent barrier
island (landfall on islands away from the coast
were not included). Some tropical cyclones make
multiple landfalls. Only landfall at the first point
of occurrence has been accounted for. Further data
treatment is explained in the results section.

Trends in cyclone and SST development and
their statistical significance have been assessed
using linear regression analysisand t-test (Cardillo,

Fig. 2. Maximum Sustained Wind (1-min, in knots) for all SWIO cyclones (November — April); upper panel (a) from

1952-1979, lower panel (b) for 1980-2007
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2007). Then, the statistical significance has been
verified by the non-parametric Mann-Kendall test
(Yueetal. 2002). It hasbeen noted that thistest gives
only the significance and directions of the trend but
not the trend itself, thus the non-parametric Sen's
slope estimator (Sen, 1968) has been employed to
verify the trend obtained by linear regression. Like
the Mann-Kendall test, Sen’s slope estimator can
be applied to data that do not come from a normal
distribution and is not affected by outliers.

RESULTS

The results section deals first with inter-annual
variability and trendsin cycloneactivity (frequency
and intensity). Then, relationships between activity
(inter-annual and seasonal), and genesis areas on
one hand, and variations in SSTs and ENSO on
the other, are analysed. We discuss the importance
of SSTs and mixed layer heat content for boosting
cyclone activity. Land-falling cyclones are dealt
with separately. Activity and genesis in the
Mozambique Channel (MC), which has higher

SSTs and weaker winds than the open SWIO, are
presented separately.

Number of cyclones, trends, cyclone
intensity and its seasonal distribution

Cyclone frequency in the SWIO and the MC (10°-
27°S; 30°-50°E), back to 1952, is given in Figure
3. Rather surprising, both seriesindicate adecrease
in cyclone frequency, if data back to the 1960s and
1950s are considered. Comparing the earlier record
(1952-1979) with the more recent one (1980-2007)
there is evidence of a decrease over the SWIO
from 330 to 303 and over the MC from 97 to 56.
However, because data before 1980 include several
uncertainties, not much attention will be devoted to
the full record. In the forthcoming analyses, only
the record from 1980-2007 is considered, omitting
another 10 out of 303 cyclones, because of missing
track data.

Table 1 presents the total number of cyclones
and mean monthly cyclonefrequency for the period
1980-2007, separated between the SWIO and the

Fig. 3. Number of cyclones (TS+TC, November-April) year by year (1952-2007) in the SWIO (a) and in the MC (b),
respectively, indicating 5-y running mean and overall average
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Table 1: Total number of cyclones and frequency month by month (November-April) in the SWIO and the

MC (1980-2007)

Mozambique Channel

South-West Indian Ocean

Month All cyclones (TC+TS) All cyclones (TC+TS)
Number Frequency Number Frequency

November 2 0.07 28 10
December 7 0.25 34 12
January 18 0.64 72 26
February 16 0.57 72 2.6
March 8 0.29 53 19
April 5 0.18 34 12
Total 56 293 105

MC. Fifty percent of the cyclones in the SWIO
and 60% of those in the MC appear in January
and February. There is a minor preponderance
of cyclones in March and April, compared to
November and December. About 20% (56 out of
293) occur in the MC (generated or entering). The
number of cyclones per seasonis10.5inthe SWIO
and 2.0 in the MC. Given another 15% outside the

season (i.e. Figure 1) and adding an estimated 10
cyclonesfrom missing track dataimpliesan annual
mean frequency of 12.5y*inthe SWIO and 2.3y
in the MC. Fink and Speth (1998), as mentioned,
found amean of 12 y* for the period 1968-1997.
Figure 4 shows the total number of cyclones
month by month, arranged by intensity, for atotal
of 293 cyclones; 118 being TSs and 175 TCs.

Fig. 4. Total number of cyclones in the SWIO and in the MC (1980-2007), month by month stratified by intensity, according
to the Saffir-Simpson scale in tropical storms (TS, 4a) and five categories (Cat 1-5) of tropical cyclones (TC, 4b-f))
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Scattered peaksare seen within al categories. These
peaks seem random except for intense tropical
cyclones (ITC), category 3-5. Intensive TCs are
much more common from February-April thanfrom
November-January (57 compared to 34). Figure 4
also shows that ITCs are less common in the MC
than in the SWIO as a whole (<10% compared to
20% for all cyclonestogether).

Cyclone activity (frequency and
intensities), ENSO and SST dependence

The number of cyclones per season is shown in
Figure 5, with a distinction being made between
TCs and TSs. The inter-annual variations are
large, from 5-15, without any obvious correlation
between TS and TC, with correlation coefficients
of TC/(TC+T9)=0.71, TS/(TC+TS)=0.49 and TS
TC=0.25, respectively. The maximum number of
cyclones (14-15) occurred in 1992, 1994 and 2005,

al of which are La Nifa years. The minimum
number, five in 1983, occurred simultaneously with
one of the strongest El Nifio years. Still, a more
rigorous analysis, using the Oceanic Nifio Index
(ONI) shows that ENSO alone does not explain the
inter-annual variations.

Figure 6 shows the number of cyclone days,
with distinction being made between TSs, less
intense TCs (1-2) and ITCs (3-5). This figure
clearly indicates the increasing number of ITCs,
and also that this increase takes place mainly at
the expense of fewer TCs (1-2). A minor increase
in the total number of cyclone days (TS and TC
combined) is also noted. The least-squares linear
regression test has been performed hereto evaluate
trends in tropical cyclones of all categories.
Trends are significantly different from zero at the
95% confidence level for Category 3-5 (increase)
and for TS (decrease), except for total activity.
For Category 1-2 the significance is lower. The

Fig. 5. Annual (November-April) number of cyclones in the SWIO, TC+TS, TC and TS, respectively
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Fig. 6. Annual number of TS and TC days (Category 1-2 and Category 3-5) days in the SWIO. Tropical cyclones plus
tropical storms (black curves), tropical cyclones (Category 3-5; red curves), tropical cyclones (Category 1-2; blue curves)
and tropical storms (green curves). Thin-marked curves indicate the year-by-year variability, and the bold-marked

curves show the 5-year running average

Man-Kendall test has been applied and verifies
these results. The increase in ITCs is consistent
with earlier work by Webster et al. (2005) who
compared regional time series for 1970-2004 and
aso the recent work by Kuleshov et al. (2008).
Given an average of 75 cyclone days per year, the
mean lifetime of a cyclone is 7-8 days. However,
theyears of many TC days (or few) arethe same as
the years of many cyclones, so thereisno apparent
change in the lifetimes of cyclones.

Looking for variations in activity, Tables
2a and 2b indicate co-variation between ENSO

and cyclone frequency. Taking the high phase of
ENSO (December—February), the total number of
cyclones is 59 during El Nifio years and 58 during
La Nifia (Table 24). For the peak cyclone months
(January-March, Table 2b) the numbers are 59 and
68, respectively, thus with a dightly higher activity
during La Nifia years. It has been noted (Vitart et
al. 2003; Reason and Keibel 2004 and Klinman and
Reason, 2008) a tendency for landfall of extreme
cyclones during La Nifia years which increases the
potentia for infrastructure damage and lost of life
during landfall over Mozambique and M adagascar.

Table 2a: Number of cyclones in the SWIO during ENSO high phase (December-February) 1980-2007. The
Oceanic Nifio Index (ONI), used for defining ENSO is based on the running 3-m mean of ERSST.v3 SST anomaly
for the Nifio 3.4 region, i.e. 5°N-5°S, 120°-170°W, with 5 consecutive months warmer than or equal to +0.5° for

El Niiio and cooler than or equal to -0.5° for La Nifa

TS Cat1 Cat 2 Cat3 Cat4 Cats Total
El Nifio 28 12 3 9 7 0 59
Neutral 21 12 11 6 10 1 61
LaNifa 25 13 5 5 10 0 58
Tota 74 37 19 20 27 1 178

Table 2b: Number of cyclones in the SWIO during the peak cyclone months (January-March) 1980-2007. ONI

used for ENSO definition, same as inTable 2a

TS Cat1l Cat 2 Cat3 Cat4 Cat5 Total
El Nifio 26 12 4 8 8 1 59
Neutral 21 12 12 10 12 3 70
LaNifa 29 14 5 8 12 0 68
Total 76 38 21 26 32 4 197
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However, if higher SSTs, caused by global
warming, are a reason for the increased intensity,
asdiscussed in theintroduction, then El Nifio years
would coincide with increased activity. Thus, itis
necessary to compare TCintensity with annual SST
variability.

Oceanic SSTs have increased substantially in
cyclone regions during the last decades, typically

by 0.2-0.5°C (Webster et al., 2005). Increased
SSTs were suggested as a reason for the increasing
numbers of ITCs, or increased activity. Then one
might expect that single years of higher SSTs would
also give higher activity. Figure 7 shows mean SSTs
for the cyclone season in the SWIO, from 1983-
2007. Comparing the SST anomaly (from Figure 6)
indicates a correlation coefficient of about 0.1. Thus,

Fig. 7. Horizontal mean SST and 5-year running mean during the cyclone season (November-April) in the SWIO, the
southern 10 and the MC. Data based on a subset of monthly global Optimally Interpolated SST (Reynolds and Smith,

1994)
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there is no obvious correlation between SSTs and
cyclone activity. Figure 7 indicates an increase of
0.12°Cinthe SWIO and 0.18°Cinthe MC, between
the first half of the period (1983-1994) and the second
(1995-2007). When performing aleast-squarelinear
regression test, the trend in SST averaged over the
MC is significantly different from zero at the 95%
level while for the SWIO (E of 50°E) slopethereis
no significance. The change is somewhat similar to
that indicated by Webster et al. (2005), about 0.1°C,
from 1980 to 2003. Asdiscussed below, thisinitself
seems too low a change to motivate an increase in
ITCsfrom 36 to 56.

Figure 8a-f, shows monthly mean wind speed
from November to April (1998-2005), indicating
the position of the ITCZ approximately north of
20S during the cyclone season. Figure 9a-f show
genesis points including cyclone tracks, for the
same period and months. Figure 9a-f aso shows
monthly mean SSTs. Genesis during November
and April is shifted towards the east and north. In
February and March, genesis takes place farther
south, which may be caused by sustained higher
SSTsthroughout March. Inthe MC the majority of
TCsare generated in January and February. There
isno formation at all in November and April, and

Fig. 8. Monthly mean wind velocity (2000-2006; QuikSCAT data). Surface wind convergence indicate the position of
the ITCZ approximately north of 20°S, during the cyclone season. Winds in the MC are light throughout the season
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Fig. 9. Point of genesis and cyclone tracks for cyclones generated from 1998-2005. Monthly mean SSTs are indicated,

with isotherms 26.5°C and 28°C highlighted

rarely in December and March, even though winds
are weak and the SSTs are high (see below).
Figure 9a-f also shows that genesis is rare in
areas where the mean SST is below 28°C. Figure
10, based on the same 1998-2005 data, shows the
number of cyclones formed during each month for
SST<28°C and SST>28°C, respectively, with an
average of about 28.7°C. It corroborates what can
be seenin Figure 9a-f, namely that itisonly in the
early and late season that genesis at SST<28°C
is more common. However, relating genesis to
climatological SSTsisnot satisfactory, becausethe
prevailing SST at the time of genesis may be quite

different. Thus SST aweek prior to the storm was
used to better represent the SST encountered at the
genesis of each of the cyclonesin the record. One
cyclone only was formed in the interval from 27°-
27.5°C (Figure 11). Mean genesis SST is29.25°C.
For cyclones generated in the MC, the mean is
29.75°C. Thus, prevailing SSTs gives about 0.5°C
higher mean genesis temperature than climatol ogy
SSTs. Sea surface temperature in relation to
longitudeindicatesthat cyclonesin the eastern part
(80-100°E) are generated at lower temperatures
(28.25°-29.75°C) than those in the western part
(50-80°E), where SSTs are 29.25°-30.25°C.
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Fig. 10. Number of cyclones formed each month in the SWIO for the mean SST values defined into category like-intervals

of SST< 28°C and SST>29°C (same data as in Fig 9)

Fig. 11. Sea surface temperature and genesis location, based on cyclone track data and weekly Tropical Rainfall Measuring
Mission’s (TRMM) Microwave Imager (TMI) SST data (averaged for 7 days ahead of the cyclone genesis date)

Further understanding of cyclone genesis in
relation to SSTs requires better information on
the mixed layer heat content. This is not readily
obtainable, although improved satellite data on
sea level heights have been used to make indirect
estimates of variations in mixed layer depth and
heat content (e.g. Chambers et al. 1997; Goni and
Trinanes 2003). L eipper and Volgenau (1972) have
suggested that prediction of TC formation and
intensification should be based on estimates of the
integrated heat anomaly, from the depth of the 26°C
isotherm to the surface;

0
TCHP = pC, f(T -26)0z

2(T)

where TCHP is the Tropical Cyclone Heat
Potential. The SWIO has small thermocline depths,
particularly compared to the North-West Pacific
Ocean. According to climatological data from

WOADOS, the mixed layer depths are 30-50 m in
the open SWIO (deeper towards the south and east)
and about 30 m in the MC. Given that a TCHP of
40 kJcm? might be a lower limit for sustaining
a TC at normal translation speed (Leipper and
Volgenau, 1972), SSTs of 29-30°C are required.
With these figures in mind, it is obvious that an
increase in the SST of 0.12°C (as observed in the
SWIO) can hardly be considered responsiblefor the
largeincrease in the number of ITCs. Such asmall
change in temperature would affect the TCHP by
afew percent only. Or, isit possible that increased
intensity counteracts increasing SSTs (and TCHPs),
because strong wind mixing caused by a sufficient
number of cyclones brings colder thermocline
waters to the surface?

Figure 12 indicates the integrated mixing power
density (proportional to the (M SW)3; see Emanuel,
2005a) of al TCsin the SWIO during 1998-2005.
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Fig. 12. Estimate of “mixing power density”, integrated for all cyclones 1980-2007. The intensity along the cyclone tracks
is indicated such that the size of the markers is proportional to (MSW)3

As seen, the intensity (in terms of mixing power
density) islargest in anarrow band from 10°-20°S
with a maximum between 50°-70°E. Mixing power
density isless in the MC. It is also apparent that
cyclones having their generation near to the Equator
(5°-10°S) rarely develop into TCs.

Genesis and track patterns in relation to
ENSO

According to Ho et al. (2006) cyclone activity
increases in the southern Indian Ocean, west of
75°E and decreases east of 75°E during El Nifio
compared to La Nifa years. Figures 13a, 13b, 14a
and 14b show genesis points and tracks for ITCs
formed during January — March and December
— February, i.e. during the peak cyclone months
and the peak ENSO months, respectively, with a
distinction being made between El Nifio and La
Nifa years. Figure 14 also shows deviations from
mean SSTsfor El Nifio and La Nifiayears.

During the peak cyclone months (Figure 13),
there is atendency for more westward generation
during El Nifio (warm) years compared to LaNifia
(cold). There are also fewer ITCs during El Nifio
years, but the difference is small; 17 compared to
20, for 8 and 9 seasons, respectively. Looking at
the ENSO peak period (Figure 14), the situationis
almost the opposite, with more ITCsin the eastern
part during El Nifio and fewer during La Nifia

Sixteen ITCs are generated during El Nifio years
and 15 during La Nifia. It seems that these results
reflect the general finding that ITCs are more
common in thelater part of the cyclone season and
also appear more frequently in the eastern part of
the SWIO. Figure 14 also showsthat genesisin the
coldest (climatology) regions is rare, both during
LaNifiaand El Nifio years.

Land-falling cyclones, trends and
seasonality,

Between 1952 and 2007, 152 cyclones out of a
total of 633 in the SWIO struck the coastlines of
Madagascar and Mozambique (Figure 15). Of these,
88 made landfall during the period 1952-1979 and
64 during 1980-2007, indicating asurprisingly large
decreasein landfall, more apparent thanin thetotal

number (330 vs 303). The recent series 1980-2007
indicates 16 landfalls in Mozambique, 9 of which
wereinthecentral part (Figures15-16). Another 48
cyclones made landfall in Madagascar, a mgjority
of which were on the east coast, particularly in
the north-east (19). As seen from Figure 15, there
are interesting differences in the statistics when
comparing the earlier and the more recent period.

Areas E and F were hit by many more cyclonesin
1952-1979, while area B was hit by fewer. Thereis
no obvious reason for this difference, but although
dataintheearly seriesislessreliable, thedifference
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Fig. 13. January-March ITC tracks during (a) warm (EI-Nifio) years (1982/83, 1986/87, 1987/88, 1991/92, 1994/95,
1997/98, 2002/03, 2004/05) and (b) cold (La Niiia) years (1983/84, 1984/85, 1985/86, 1988/89, 1995/96, 1998/99, 1999/00,
2000/01, 2005/06), definitions according to Ocean Niifio Index (see Table 2a)

isso largethat it may represent astructural change
in the cyclone tracks.

Figure 17 shows the yearly number of land-
falling cyclones in relation to the total number of
cyclonesinthe SWIO. The correl ation between the
two series is weak. During four years, there were
no landfalls at all. The genesis for land-falling
cyclones is strongly displaced towards the west,
as indicated in Figure 18 showing tracks for all
cyclones in the SWIO, during 1952-2007. Very
few cyclones generated east of 75°E made landfall.
Given that the mean cyclone lifetime is 7-8 days
and that the typical trandation velocity is of the

order of 200 km d?, this origin is natural. Earlier
results, indicating increasing cycloneintensity, but
also that many ITCsare formed further to the east,
may explain why there are fewer cyclones making
landfall during the more recent period. Still, there
are some exceptions, like the ITCs Hudah and
Eline, both of which travelled zonally across the
whole Indian Ocean in year 2000, and then made
landfall both in Madagascar and in Mozambique.
It isstill thought-provoking that the number of
landfalls seems substantially higher in the earlier
period. In the beginning of the results section, it
wasargued that thetotal number of cyclonesduring
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Fig. 14. December-February SST composite normalized anomalies from mean 1980-2007 with ITC tracks superimposed
for the same El Nifio (top panel) and La Nifia (bottom) years as in Figure 13

the period 1952-1979 could be overestimated (for
example such that TDs were counted as TSs, or that
cyclones might have been counted more than once).
However, the number of land-falling cyclones
should be more readily and accurately recorded.
This section is concluded by showing cyclone
tracks during 1952-2007, decade-wise, in Figure 19.
There were no land-faling cyclones in the 1950s
and 1960s that crossed the main part of the Indian
Ocean. During the 1950s cyclonetrackswere shorter
with an unusual genesisdistribution. Apparently the
records from the 1950s are questionable. However,
from the 1960s and onwards, tracks and genesis
seems consistent. What has changed since the

1980s is that genesis regions have been displaced
towards the north-east but also, it seems, towards
the south, thusthe genesis region has become more
widespread. However, it is noted that the record for
the first decade of 2000 is incomplete, covering only
seven years. It is also obvious that more cyclones
were produced within the MC during the 1950s-
1970s, and that several of those escaped from the
channel moving southwards. Others moved south-
eastward and made landfall in western Madagascar
(see Figure 15). Thus, there are some changesin the
tracks, which may indicate large-scale atmospheric
changes, presumably related to the position of the
ITCZ or of the Tropical Temperate Trough.
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Fig. 15. Number of land-falling cyclones in Madagascar and Mozambique, region-wise according to Fig 16

Fig. 16. Sketch of the 9 regions along the eastern and western coasts of Madagascar and the coast Mozambique where
TC have their preferred landfall locations. The number of land-falling cyclones (totally 64; 1980-2007) is indicated. Red
circles indicate the major areas of TC incidence
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Fig. 17. Annual (November-April) number of cyclones formed in the SWIO and the number of land-falling

Fig. 18. Cyclone tracks (November-April) 1952-2007. Land-falling cyclone tracks are red-marked

DISCUSSION AND CONCLUSIONS

Thefrequency and intensity of cyclonesinthe SWIO
during 1980-2007 (Figures 3-5) indicated overall
increased activity. The number of 1TCs increased
from 36 to 56 when comparing the period 1980-1993
to the period 1994-2007 and the total number of
cyclonesincreased from 138 to 155. Inthe MC, the
increasein I TCswasfrom two to seven, all of which
occurred during the cyclone period, November-
April. The number of cyclone days also increased
(Figure6), particularly for cyclonesthat reached the
ITC level. Similar patterns, i.e. increasing number
of ITCs, have been documented for other cyclone

regionsof theworld (e.g. Emanuel, 20053, b; Webster
etal., 2005). Thetotal number of cyclonesoccurring
during 1980-2007 corresponds to an annua mean
frequency of 12.5, 85% of which occurred during
the cyclone season (November-April). In the MC,
the mean frequency was 2.3 y*.

However, while there was an increase in the
number of cyclones during the period 1980-2007,
in the longer time series (1952-2007) there has
been a decrease. In the SWIO, the decrease was
from 330 (1952-1979) to 303 (1980-2007). In the
MC this is even more accentuated. However, lack
of intensity (MSW) datain earlier records precludes
comparison on a basis of intensity. It also implies
that the downward trend in the long record may be
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Fig. 19. Decade-wise cyclone tracks and genesis sites from the 1950s (8 years) to the 2000s (7 years). Land-falling tracks

are red and non land-falling tracks blue

questionable, even though the decade-wise cyclone
tracks shown in Figure 19 lend some support to a
downward trend, particularly for cyclones in the
Mozambique Channel.

The number of cyclonedays (Figure 6) indicates
increasing activity in recent years. Asthisincrease
was mainly due to many more I TCs, the integrated
mixing power of the cyclones is also increased.
Figure 12 shows that mixing power is rather evenly
distributed over vast areas, although it’s less strong
in the MC than in the open SWIO. The figure also
indicates that cyclones, developing to TCs and
particularly to ITCs, are rarely formed near the

Equator. However, these features were not explored
in more detail, because the rate of mixing power
is poorly known for winds >25 ms?. The factor
used here to visualise mixing power (MSW?3) may
overstate itsimportance.

Webster et al. (2005) have stressed the
considerable increase in SST values since the
1970s. Their figures for the southern Indian Ocean
indicate that SSTs were about 0.3°C lower during
the 1970s than during the 1980s-2000s. However,
this was due to a rapid increase of about 0.2°C in
the late 1970s and asmaller increase thereafter. Our
data show an increase of the mean SST by 0.12°C
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from 198310 2007. Thus, whilethesmall increasein
SSTssince the 1980s has occurred at the same time
asasubstantial increasein cycloneactivity, the more
substantial increase in SST over the longer period
took place while the number of cyclones decreased
(Figure 3). Changes in intensity before 1980 could
not beinvestigated, but it seemsthat the relationship
between increasing SSTsand moreintense cyclones
is ambiguous This may have several reasons, some
of which are discussed below.

An attempt was made to correlate inter-annual
variability inthecycloneactivity (Figures 9-10) with
SST variability (Figure 7) and ENSO indices (Table
2a-b; Figures 13-14) without much success. Neither
ENSO nor SSTs seem to affect cyclone activity
(or intensity) on the annual time-scale, although
occasiona co-variationindicatesthat in combination
with other atmosphericindices, related to ENSO and
ITCZ variahility, it may beimportant. A simple, but
not tested, reason could bethat moreintense cyclones
will result in deepening of the mixed layer; therefore
counteracting more substantial increases of SSTs, but
temperature variations some few tenths of a degree
may have a relatively small impact on the TCHP.

Very few cyclones in the SWIO are formed if
climatological SSTs <28°C (Figures 9-10). Mean
genesis SST for 80 cyclones formed during 1998-
2005, based on daily SSTs up to one week ahead of
the cyclones, was 29.25°C (Figure 11). In the MC,
the average was 29.75°C. These relatively high
genesis temperatures may be a result of a shallow
mixed layer, typically 30 m in the MC and 30-50 m
in the SWIO, with corresponding TCHPs of about
40 kdcm2. However, atmospheric conditions may
have an effect as well (see below).

The number of cyclones that made landfal in
Madagascar and Mozambique during the period
1952-2007 has decreased considerably, from 88 to
64. Thisis parallel to a decrease in the number of
cyclones in the MC, from 97 to 56, and a change
in landfall patterns (Figure 19). Within the recent
period (1980-2007), there is no apparent change,
either in total number or in landfall, whereas there
are changes in the track patterns compared to
earlier decades, which may berelated to large-scale
atmospheric changes.

From 1980-2007, the number of land-falling
cyclones in Mozambique was 16, a majority of
which made landfall in the centra region of the

country (Figures 15-16). Another 48 cyclonesmade
landfall in Madagascar, 37 of which on the eastern
side, mainly to the north-east. Five intensetropical
cyclones made landfall on the Mozambique coast,
while 19 hit the coasts of Madagascar. However,
there does not seem to be any correlation between
frequency in general and that of land-falling
cyclones (Figure 17).

It has been suggested that the increased number
of ITCs is due to larger mixed layer heat content
and/or higher SSTs (Vitart et al., 2003). However,
the maximum frequency of ITCs in March and of
TS in February points towards the opposite, as
heat content and SSTs are lower in March than
in February. Also, the number of ITCs is higher
during cold La Nifia years compared to warm El
Nifio years (Figures 13-14). Several authors (e.g.
Gray, 1984; Bove et al., 1998; Jury, 1993) have
argued that suppressed activity of ITCs may be
attributed to a stronger vertical westerly shear and
reduced upper layer, anti-cyclonic vorticity. Such
conditions, which aretypical for El Nifio years, may
thus hinder genesis and/or hinder a cyclone from
intensifying to become an ITC.
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