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RESEARCH ARTICLE
10.1002/2016JC012028

Variability of upper-ocean characteristics and tropical cyclones
in the South West Indian Ocean
D. Mawren1 and C. J. C. Reason1

1Department of Oceanography, University of Cape Town, Cape Town, South Africa

Abstract Track and intensity are key aspects of tropical cyclone behavior. Intensity may be impacted by
the upper-ocean heat content relevant for TC intensification (known as Tdy) and barrier layer thickness (BLT).
Here the variability of Tdy and BLT in the South West Indian Ocean and their relationships with tropical
cyclones are investigated. It is shown that rapid cyclone intensification is influenced by large Tdy values,
thick barrier layers and the presence of anticyclonic eddies. For TC generation in the South West Indian
Ocean, the parameter Tdy was found to be important. Large BLT values overlay with large Tdy values during
summer. Both fields are modulated by the westward propagation of Rossby waves, which are often associat-
ed with ENSO. For example, the 1997–1998 El Nin~o shows a strong signal in Tdy, SST, and BLT over the South
West Indian Ocean. After this event, an increasing trend in Tdy occurred over most of the basin which may
be associated with changes in atmospheric circulation. Increasing SST, Power Dissipation Index and frequen-
cy of Category 5 tropical cyclones also occurred from 1980 to 2010. To further examine the links between
tropical cyclones, Tdy, and BLT, the ocean response to Category 5 Tropical Cyclone Bansi that developed
near Madagascar during January 2015 was analyzed. Its unusual track was found to be linked with the
strengthening of the monsoonal north westerlies while its rapid intensification from Category 2 to Category
4 was linked to a high-Tdy region, associated with a warm core eddy and large BLT.

1. Introduction

Tropical cyclones (TCs) are the most devastating weather phenomenon in nature with the powerful storm
surge events occurring when severe and large TCs make landfall along coastlines. In the South West Indian
Ocean (0–408S, 30–908E), tropical storms (including tropical cyclones) are generated mainly from late
November to April, with on average 10 per season [Mavume et al., 2009; Malan et al., 2013] and typically
peak during the months of January and February.

Although there have been significant strides in the TC track forecasts over the last 30 years, skills in TC
intensity prediction still lag behind. Similar to cyclones in other tropical ocean basins, tropical cyclones in
the South West Indian Ocean also cause significant social and economic damage in southeastern Africa and
Madagascar. There have been marked cases in the South West Indian Ocean (e.g., TCs Eline and Favio) in
the last two decades [Reason and Keibel, 2004; Klinman and Reason, 2008] where sudden intensification of
storms has caused loss of life and major damage to property in Mozambique and Madagascar. Such intensi-
fication can happen when cyclones pass over regions of positive upper-ocean thermal anomalies [Scharroo
et al., 2005; Lin et al., 2009b].

To forecast TC intensity more accurately, monitoring upper-ocean conditions in the South Indian Ocean is of
top priority. The factors controlling the intensity of TCs are poorly understood due to complex mechanisms
[DeMaria et al., 2005], including internal dynamics [Gray, 1979; D’Asaro et al., 2011], upper-ocean interaction
[Holliday and Thompson, 1979; Mainelli et al., 2008; Lin et al., 2005, 2008, 2009a, 2009b, 2011; Pun et al., 2011;
Lin et al., 2013a; Vincent et al., 2014; Balaguru et al., 2015] and TC interaction with the surrounding environ-
ment [Merrill, 1988; Emanuel and �Zivkovic-Rothman, 1999; Emanuel et al., 2004]. While tropical cyclone tracks
are broadly determined by the large-scale steering flow, storm intensity is influenced to a greater extent by
smaller-scale features both in the atmosphere and ocean [Emanuel, 1986]. In order to establish useful warning
systems for tropical cyclones, it is necessary to accurately predict both storm track and intensity.

One of the metrics for tropical cyclone-ocean interaction is the tropical cyclone heat potential (TCHP)
[Leipper and Volgenau, 1972; Shay et al., 2000]. It represents the integrated ocean heat content between the
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sea surface and the depth of 268C isotherm [Goni et al., 1996, 2009; Shay et al., 2000; Goni and Trinanes,
2003; Pun et al., 2007; Ali et al., 2013]. Oceanic regions with deep mixed layers of temperature above 268C
and hence large TCHP can fuel storm intensification by making more ocean heat energy available for
uptake by the cyclone.

In recent years, intensity prediction in relation to the underlying thermodynamic structure has been an
important problem for investigation. Ali et al. [2007] presented evidence that a well-mixed upper-ocean lay-
er provides better information for TC prediction than do SST fields. Goni et al. [2009] argued that TC intensi-
fication can be linked to high TCHP contained in subsurface warm features such as eddies, assuming
favorable atmospheric conditions are met. Malan et al. [2013] showed that the TCHP in the South West Indi-
an Ocean has followed an upward tendency in recent decades with an associated increase in severe TC
days but a decrease in overall TC frequency. Ocean heat content and vertically averaged water temperature
have also been studied to improve TC intensity forecasting [Price, 2009; Ali et al., 2013; Lin et al., 2013b; Bala-
guru et al., 2015]. Other studies have used different characteristics for calculating the integrated tempera-
ture over a depth of 80 m [Lin et al., 2013a,2013b] or 100 m [Price, 2009]. Recently, Balaguru et al. [2015] put
forward a new metric of TC-ocean interaction, known as Tdy to compute the vertically averaged temperature
over a variable mixing length. This parameter takes into account both the atmospheric and oceanic compo-
nents which depend on the storm state and is investigated here for the South West Indian Ocean.

The impact and response of the ocean during the passage of a tropical cyclone may also be influenced by
the ocean salinity stratification and barrier layer thickness (BLT). When the halocline is shallower than the
thermocline, a layer is established between the density mixed layer depth (MLD) and the temperature
mixed layer (ILD or Isothermal Layer Depth) which is known as the barrier layer. Several studies have
reported the importance of barrier layers related to TC [Sengupta et al., 2008; McPhaden et al., 2009]. Wang
et al. [2011] observed that the pre-existence of BLT can inhibit cyclone induced cooling in the surface and
subsurface layers by vertical mixing. Pailler et al. [1999] analyzed high vertical resolution measurements of
salinity and temperature to show that high SSTs in the northwest Tropical Atlantic are often associated with
low sea surface salinity and thick BLT (>40 m). Balaguru et al. [2012] examined the effect of BLT on TC inten-
sification to show that in the presence of a thick BLT and a favorable atmosphere, tropical storms are
energized.

Several studies have highlighted the importance of the Seychelles-Chagos thermocline ridge (SCTR) in the
tropical South West Indian Ocean for the regional climate [Hermes and Reason, 2008, 2009] and the intensifi-
cation of tropical cyclones [Xie et al., 2002; Reason and Keibel, 2004; Malan et al., 2013]. Hence, this study
considers the variability in Tdy, BLT, and other parameters in the SCTR region (5–128S, 50–708E) as well as
more generally over the South West Indian Ocean and their relationships with TC frequency. A case study
of the intensification of TC Bansi in relation to Tdy, SST, and BLT is also presented. Note that no studies have
been conducted as yet to quantify the impact of BLT during the passage of a tropical cyclone in the South
West Indian Ocean basin.

2. Data and Methods

Monthly mean temperature and salinity data from the Simple Ocean Data Assimilation reanalysis (SODA)
v2.2.4 at 0.58 zonal and 0.58 meridional resolution for the period 1980–2010 were used to compute Tdy and
BLT. BLT depends on the MLD which is defined as the uppermost layer of constant density and tempera-
ture, and acts as the interface for air-sea interactions. During high fresh water input, a uniform density
mixed layer becomes shallower than the uniform temperature layer due to the influence of salinity. The
region between the base of the mixed layer and the base of the isothermal layer is defined as the BLT:

BLT5ILD2MLD (1)

The MLD determination is based on a density-based criterion that includes salinity but implying that the
density changes from the ocean surface corresponding to a temperature change of 0.28C. A fixed tempera-
ture criterion of 0.28C is used to define the Isothermal Layer Depth (ILD) [Kara et al., 2003; de Boyer Mont�egut
et al., 2007]. The barrier layer acts as a barrier to entrainment cooling and vertical mixing [Balaguru et al.,
2012]. Because this layer is a prominent feature of warm regions of the tropical ocean where TCs are active,
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they may occur along TC tracks. SODA reanalysis (http://apdrc.soest.hawaii.edu/datadoc/soda_2.2.4.php) is
used to quantify the impact of BLT on TC intensification.

The Power Dissipation Index (PDI) [Emanuel, 2005] is used to investigate the relationship with TC intensity.
This parameter is calculated by summing the cubes of the estimated maximum sustained wind speeds of
every active tropical storm up to the point they reach Category 4 (the maximum wind speed 64 knots at 6 h
intervals). The unit of PDI is 106 kt3.

PDI5
ðs

0
V 3

maxdt (2)

A metric of TC-ocean interaction which gives a better representation of ocean stratification [Balaguru et al.,
2015] and which is analyzed in this study is Tdy. The variable mixing length (L) used to compute Tdy is based
on the ocean state underneath the storm and is computed as follows:

L5h1
2qou3

�t
jga

� �1
3

(3)

where h is the initial mixed layer depth, qo is the sea water density, u� is the friction velocity, t is the average
time period of mixing under the storm (3 h as in Balaguru et al. [2015]), j is the von K�arm�an constant, g is
the acceleration due to gravity, and a is the rate of increase of potential density with depth beneath the
mixed layer. The vertically averaged temperature over the mixing length L is calculated as:

Tdy5
1
L

ðL

0
TðzÞdz (4)

where T(z) is the temperature as a function of depth z. Tdy is averaged from November to April over the
period 1980 to 2010, using temperature, salinity profiles from SODA reanalysis data, and a wind speed of
60 m s21 (>115 knots) for a Category 5 tropical cyclone (33 m s21 for a Category 1 TC) (based on Meteo-
France’s intensity scale) and a duration of 3 h. The spatial and temporal mean over the November to April
season, as well as the standard deviation relative to this mean for both Tdy and BLT were calculated. The
anomaly is computed as the difference between each parameter and its mean value. A strong positive
(negative) anomaly represents an anomaly with magnitude larger than one positive (negative) standard
deviation. Due to its greater spatial and temporal coverage in the South West Indian Ocean, the SODA data
set was chosen as the preferred reanalysis product to assess the role of Tdy and BLT in this basin.

The International Best Track Archive for Climate Stewardship (IBTrACS) data set [Knapp et al., 2010] (1980–
2010) is used to examine TC numbers, intensity, and tracks as well as the main characteristics of tropical
cyclone Bansi, the case study presented in section 6. These data include the position of the TC center, TC
central pressure, and 10 min average maximum sustained wind speed every 6 h. To analyze the ocean struc-
ture during the transit of Tropical Cyclone Bansi, which occurred after the period for which SODA data are
available, daily temperature and salinity profiles from HYCOM 1 NCODA Global data (https://hycom.org/
dataserver/glb-analysis) were used. Briefly, the Hybrid Coordinate Ocean Model (HYCOM) is a data-
assimilative isopycnal-sigma-pressure coordinate ocean model developed to improve the representation of
oceanic processes [Bleck, 2002; Wallcraft et al., ]. The present configuration has a horizontal resolution of
0.088 3 0.088, 33 vertical layers and uses a nonlocal K-profile parameterization (KPP) for the boundary layer
mixing scheme [Large et al., 1994, 1997].

3. Tdy and BLT Influences on TC Frequency

In order to better understand the upper-ocean’s role and more specifically the salinity effect on TCs, Tdy was
analyzed by subsampling similar regions of high/low Tdy and stratifying them as regions of weak or strong
BLT. All TCs generated in the South West Indian Ocean (5–208S; 40–908E) were analyzed from 1980 to
2010 and based on their genesis location, their individual Tdy and BLT in time and space were investigated
(Table 1). A total number of 131 TCs have been recorded over the study period, including 36 very intense
tropical cyclones (VITCs; Category 5 TCs only). This approach provides a better understanding about the
oceanic state under which TCs are generated.
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Table 1 indicates that the vast majority of TCs are generated under positive Tdy anomalies (77%) (15% occur-
ring under strong positive anomalies).The common parameter statistics show that 47% of TCs are generated
under positive Tdy only while just 2% are being formed under BLT-favorable condition. The Tdy accounts for
salinity not only through the MLD but more importantly through the stratification beneath the mixed layer.
Thus, the temperature of the upper ocean appears to be the main control parameter for the generation of
TCs. An equivalent result is found for VITCs (line 2, Table 1). It is also interesting to note that a large portion
of TCs (68%) are generated under negative anomalies in BLT, 20% of which are formed under adverse oce-
anic conditions (both negative Tdy and BLT anomalies). However, no TC is generated when both parameters
are strongly negative. As shown below, BLT appears to be important for the intensification of TCs once they
have generated.

4. Variability of Tdy, BLT, and TC Intensity

The South West Indian Ocean basin features a region of upwelling between 50–908E and 5–128S, known as
the Seychelles-Chagos Thermocline Ridge (SCTR). This region has attracted attention due to its distinct oce-
anic variability at different time scales which can have a direct impact on weather and climate, in particular
cyclogenesis in the tropical South Indian Ocean [Xie et al., 2002; Vialard et al., 2009; Malan et al., 2013]. Using
SODA data from 1980 to 2010, the climatological mean of Tdy, SST, and BLT in the tropical Indian Ocean dur-
ing November to April are calculated and shown in Figure 1 (left column). Both Tdy and BLT show weak val-
ues across the SCTR region but high values in the southeastern part (75–958E and 12–228S) and in the
equatorial eastern region. Tdy also has large values near the East African Coast and extending across the
equatorial zone whereas BLT has weak values in this zone between the coast and about 758E. Large number
of TCs seem to be generated in and just south of the SCTR where there are large values of Tdy and SST near
288C. Many VITCs (red circles) are generated close to areas of maximum Tdy values.

To understand the dominant variability patterns over the South West Indian Ocean, Tdy, SST, and BLT are
decomposed using Empirical Orthogonal Function (EOF) analysis. Figure 1 (middle column) shows the spa-
tial patterns of the first EOF mode of the seasonally averaged (November to April) Tdy, SST, and BLT anoma-
lies, where the percentage of variance explained by each EOF1 is 6.1%, 25.3%, and 6.0%, respectively. Their
corresponding time coefficients vary strongly on interannual time scales (Figure 1, right), with the strongest
signal recorded during the mature phase of the strong 1997–1998 El Ni~no. The Ni~no 3.4 index and the SST
PC were found to correlate with a coefficient of 0.54 while the correlation of Ni~no 3.4 with Tdy was
0.42 (4 month lag), both significant at 99%. The EOF1 of Tdy exhibits largest variation in the Mozambique
Channel and in the central SCTR with maximum amplitude near 108S. The distinct pattern in Tdy (Figure 1a)
observed just south of the equator was also noted for upper-ocean heat content by Ke et al. [2012].
Figure 1b shows an SST pattern typical of the response of the Indian Ocean to ENSO associated with
westerly wind anomalies over the SCTR region [Reason et al., 2000]. The EOF1 of BLT has some similarities in
pattern with that of Tdy with largest values in the SCTR and in the far northeast (opposite sign).

Table 1. The Number and Percentage of TCs (Line 1: 131 TCs; Line 2: 36 VITCs) Generated From 1980 to 2010 According to Their Tdy and BLT
Anomaliesa
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Figure 2 illustrates the normalized amplitudes of Tdy derived from SODA reanalysis using a 10 year running
mean. The period of analysis stretches from 1980 to 2010 and focuses on the November to April season so
as to capture the highest signals of Tdy that coincide with cyclone activity in the South West Indian Ocean
(5–208S; 40–908E). Tdy is well correlated with normalized values of SST (SODA data), BLT (derived from
SODA), and the number of very intense tropical cyclones (VITCs; Category 5 TCs only) with correlation coeffi-
cients of 0.84, 0.47, and 0.77, respectively (significant at 99%). Note that for all the statistical values estimat-
ed in this study, the significance level was assessed with a Monte Carlo technique by comparing the
squared correlation to that of a randomly scrambled ensemble. A higher correlation value, 0.95 (99% signifi-
cant), of SST with VITCs is noted. This result is not unexpected since a warmer upper ocean helps to sustain
cyclone intensity over a much longer period of time by an uninterrupted supply of sensible and latent heat
fluxes from the ocean to the surface.

During 1980–1998, VITC activity seems to strengthen with an increase in Tdy, SST, and BLT values. However,
a jump is observed in both the Tdy and BLT around 1997–1998. After 1997, the frequency of VITCs increases
(0.08 yr21) along with a warming in SST and Tdy of order 0.108C and 0.118C per year, respectively. However,

Figure 1. Climatological maps (col 1), spatial structures of EOF1 (col 2) and corresponding principal components (col 3) of (a) Tdy (SODA reanalysis) overlaid with genesis locations of (I) Cat 1–
2 (black circles), (II) Cat 3–4 (blue circles), and (III) Cat 5 (red circles), (b) sea surface temperature (SST; SODA reanalysis) and (c) barrier layer thickness (BLT; SODA reanalysis) over the South
West Indian Ocean (SWIO) basin during the summer season (November to April) 1980 to 2010. The first EOF mode accounts for 6.1%, 25.3%, and 6% of the variance, respectively.

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
−2

−1

0

1

2
SST
BLT
TDY
VItcs

Figure 2. 10 year running mean of: very intense tropical cyclones over central SWIO (50–908E, 0–408S), SST, Tdy, and BLT all computed
across the SCTR region from 1980 to 2010 averaged over the peak cyclone season (November to April).
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a decreasing tendency in BLT is noted after 1997(0.22 m yr21).These tendencies are statistically significant
at the 99% significance level.

In order to investigate TC numbers and TC intensity in the South West Indian Ocean, the time series of the
accumulated Power Dissipation Index (PDI) [Emanuel, 2005, 2007] was examined. The PDI index is used to
represent the total energy dissipated by tropical storms, incorporating their lifetime and their maximum
sustained wind speed (>35 knots). Figure 3a shows the annual accumulated PDI (40–908E; 5–208S) comput-
ed from 1980 to 2010, averaged for the peak months (November to April). In addition to interannual vari-
ability, there is an upward trend in the annual accumulated PDI and number of VITCs of the order of 0.014
kt3 yr21 and 0.031 yr21, respectively, indicating that storms are becoming more intense (statistically signifi-
cant at 95%). PDI was found to correlate strongly with VITC frequency with a correlation coefficient of 0.63
as compared to 0.44 with TC frequency (both statistically significant at 95%). The power spectral density
(Figures 3b and 3c) performed for accumulated PDI and number of TCs over the period 1950–2010 reflects
strong interannual to multidecadal variability. Spectral peaks in the number of TCs (Figure 3c is prominent
near 2, 6, and 8 years (all above 95% confidence level). The 2 and 6 year peaks are close to the frequencies
at which ENSO and IOD are prominent [Saji et al., 1999; Allan et al., 2003]. Although the power spectral den-
sity of PDI (Figure 3b) has peaks at 2, and 6 years, they are not statistically significant. A 20 year peak, close
to the multidecadal signal found over the Indian Ocean [Allan et al., 1995] is also apparent in TC numbers
but needs to be viewed with caution since these data only extend over 60 years. However, several studies
[Allan et al., 1995, 2003; Reason, 2000; Han et al., 2014] have identified decadal to multidecadal variability in
the Indian Ocean region during austral summer and such variability was observed in both atmospheric and
oceanic parameters such as temperature, wind, sea level pressure, salinity, and sea level. These low frequen-
cy oscillations may then influence Tdy and thermocline characteristics in the basin. Over the North Indian
Ocean, Rao et al. [2008], Krishna [2009], Evan et al. [2011], and Wang et al. [2012] have also observed that an

Figure 3. (a) The annual values of the Power Dissipation Index (PDI, which accounts for cyclone strength, duration and frequency—green line) and the number of tropical cyclones (blue
line)/ very intense tropical cyclones (yellow circles). (b) Power spectral density of Power Dissipation Index and (c) power spectral density of number of TCs; the broken horizontal lines
present an estimate of the 90% and 95–99% confidence limit in Figures 3b and 3c, respectively; blue vertical dashed lines are spectral peaks significant at 95%.
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intensification of Arabian Sea premonsoon TCs is related to decadal variations in SST over the whole Indian
Ocean.

An important turning point in the climate of the Indian Ocean region occurred around 1997/1998, which
was shown to be associated with significant changes in sea surface temperature, chlorophyll, and atmo-
spheric circulation over the Indian Ocean [Manatsa et al., 2012; Dilmahamod et al., 2016] and indeed a jump
can be seen about this time in Figure 2 in Tdy and BLT, and to a lesser extent, SST. It is therefore of interest
to look at the epochal variability, pre-1997/1998 and post-1997/1998 in Tdy over the Indian Ocean. The spa-
tial trends of November to April averaged Tdy calculated using SODA data [Carton et al., 2000] for two differ-
ent time periods, epoch 1: 1980–1996 and epoch 2: 1998–2010, are shown in Figure 4. The linear trends
were computed using the least square linear regression that fits the data and the statistical significance of
these trends (Figure 4; black contours) was determined by performing a t test. The first epoch (1980–1996;
Figure 4a) shows a declining Tdy trend over several areas in the Indian Ocean, particularly east of Madagas-
car and across the basin near 6–88S. During the second epoch (1998–2010; Figure 4b), there is an increasing
trend in Tdy in the Mozambique Channel, in the central South Indian Ocean (central to eastern SCTR), and in
some areas in the North Indian Ocean, with trends reaching 0.2, 0.3, and 0.48C yr21, respectively, significant
at 90%. Figure 4 also reveals that more VITCs have occurred in the 1998–2010 epoch compared to the earli-
er one. Many but not all VITCs occur near regions of increasing Tdy trend. This result is consistent with the
overall statistics indicated in Table 1, where TCs/VITCs can also be generated over regions of shallow BLT.

On interannual time scales, climate modes such as ENSO and the Indian Ocean Dipole (IOD), which have a
strong signal over the Indian Ocean [Saji et al., 1999; Reason et al., 2000], may influence tropical cyclone
activity through their effect on the large-scale atmospheric and upper-ocean environment in which the
storms evolve. For example, there is large-scale warming of the tropical Indian Ocean during positive IOD
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Figure 4. Spatial trend of November to April averaged Tdy (SODA data) during the period (top) 1980–1996 and (bottom) 1998–2010 over-
laid with very intense tropical cyclones tracks and their genesis locations; contours highlight areas at 90% significance.
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and El Nin~o events which may increase the number of tropical cyclones in the South West Indian Ocean, as
observed on decadal scales for VITCs in Figure 2. These climate modes induce interannual variations of the
subsurface oceanic stratification which may enhance TC activity. However, some studies [Girishkumar and
Ravichandran, 2012; Girishkumar et al., 2015] have argued that although El Nin~o leads to positive SST anom-
aly in the Bay of Bengal, the number of tropical cyclones decreases due to changes in less favorable atmo-
spheric conditions. In addition to ENSO, the Subtropical South Indian Ocean Dipole (SIOD) [Behera and
Yamagata, 2001; Reason, 1999, 2001, 2002] is also known to influence the SST of the South Indian Ocean
and regional rainfall over Southern Africa in summer. Ash and Matyas [2012] provided evidence of an influ-
ence of the SIOD on TC trajectories in the South West Indian Ocean while Matyas [2015] found relationships
between the SIOD, TC tracks, and formation in the Mozambique Channel. Seasonal correlations (NDJFM) of
Tdy and BLT with the Nin~o 3.4 index (ENSO), DMI index (Indian Ocean Dipole) [Saji et al., 1999], and SIOD
(subtropical South Indian Ocean Dipole) [Behera and Yamagata, 2001] were performed for the period 1980–
2010. Tdy and BLT are positively correlated with the Nin~o 3.4 index with correlation coefficients of 0.42 (4
month lag) and 0.53 (2 month lag), respectively (significant at 99%). For the IOD, the correlation coefficients
are 0.30 (6 month lag) and 0.36 (3 month lag), respectively, which are statistically significant at 99%. A
weaker relationship exists with the SIOD, r 5 0.17 for Tdy and r 5 0.38 for BLT (99% significant).

5. Rossby Wave Influences

Since Rossby wave propagation across the South West Indian Ocean including the SCTR [Hermes and Rea-
son, 2008, 2009] is often prominent and is modulated by the ENSO, the IOD, and the SIOD, it is interesting
to see how these waves impact on Tdy and BLT. A Hovmoller diagram of Tdy anomalies and SSH (Figures 5a
and 5b) along 108S clearly shows the westward propagation of upper-ocean signals with elevated values
observed during 1997–1998, 2002–2003, and 2006–2007. El Nin~o events occurred during all these years.
The speed of propagation of the increased Tdy and SSH signals (downwelling wave) (Figures 5a and 5b) was
calculated as 0.28 m s21, which is roughly consistent with the phase speed of the first baroclinic mode
Rossby waves, 0.21 m s21 along 108S [Subrahmanyam et al., 2001]. As the thermocline deepens, a thick bar-
rier layer is established partly due to heavy precipitation or by anomalous westward advection of fresher
water from the Indonesian throughflow [Vialard et al., 2009] via the South Equatorial Current [Gordon et al.,
1997; Liu and Alexander, 2007]. Although not as clear as the SSH signals, the BLT computed from SODA
reanalysis (Figure 5d) also reveals the westward migration of this layer due to the displacement of the ther-
mocline depth associated with the downwelling Rossby wave, particularly in 1997–1998, 2002–2003, and
2006–2007.

The Indian Ocean ITCZ is located near the SCTR during austral summer and is therefore likely to be sensitive
to changes in SST and Tdy. Increased SST as well as Tdy leads to strong positive precipitation anomalies [Xie
et al., 2002] (TRMM 1 GPCC precipitation data at 0.258 resolution) across the SCTR (Figure 5c) during 1998,
2002, 2004, 2006, and 2008. Low-salinity values at the surface increase stratification of the water column,
creating thick BLT formation [Chowdary et al., 2009], visible notably in 1998, 2002, 2003, 2004, and 2007.
The vertical displacement of the thermocline depth associated with the downwelling Rossby wave is in turn
forced by easterly wind stress all over the 108S band across the South West Indian Ocean (40–1008E), as can
be seen (negative anomalies) for 1998, 2002, 2003, 2004, 2006 and 2007 (Figure 5e). These easterly winds
lead to anticyclonic wind stress curl over the tropical South East Indian Ocean and generate downwelling
Rossby waves [Schott et al., 2009]. The increased SSH, Tdy, and BLT are then favorable for TC intensification.
However, the variability of these parameters are more important along actual cyclone tracks and are exam-
ined further in the case study of Bansi below.

6. Upper-Ocean Response to TC: A Case Study of Bansi

In this section, a case study of severe TC Bansi is presented with the objective of investigating how changes
in BLT and Tdy may have influenced its evolution. In the South Indian Ocean, most cyclones originate just
south of the Inter Tropical Convergence Zone (ITCZ) and move westward until near Madagascar before
recurving east and back into the open South Indian Ocean. However, severe TC Bansi formed near northern
Madagascar, intensified and moved toward the east-southeast during 11–18 January 2015 (Figure 6a). Sev-
eral weeks of very heavy rainfall occurred over Malawi and Mozambique, associated with the passage of TC
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Bansi and tropical storm Chedza, caused widespread flooding, which displaced more than 100,000 people
and led to several deaths and considerable damage (http://www.bbc.com/news/magazine-30980324,
http://edition.cnn.com/2015/01/17/africa/malawi-flooding/). The 850 hPa Geopotential height anomaly prior
(5–10 January) to Bansi (Figure 6b), shows that strong anticyclonic conditions were present to the west-
northwest of the formation region of Bansi, thus making propagation toward Madagascar unlikely. The
movement of Bansi may be explained by the strengthening of the monsoonal north westerlies toward
northern Madagascar, steering the storm toward the southeast (Figure 6c).

Figure 5. Time-longitude sections at 108S of (a) Tdy anomalies (8C), (b) SSH (m), (c) precipitation (mm/d), (d) BLT (m), and (e) zonal wind stress (N/m2).
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On the 13 January 2015, Bansi intensified to a Category 5 cyclone with maximum sustained wind speed of
220 km/h and minimum pressure of 923 hPa as monitored by Meteo France. Under WMO agreements,
Meteo France through the RMSC at La Reunion, is responsible for forecasting TCs in the South West Indian
Ocean. On the 14 January 2015, the eye of Bansi was about twice as large as the size of Mauritius due to
eyewall replacement (Moderate Resolution Imaging Spectroradiometer aboard NASA’s Aqua satellite) and
decreased its intensity to Category 2 before strengthening back to Category 4 within 24 h. On the 15 Janu-
ary, the maximum sustained winds reached 185 km/h, with a minimum pressure of 940 hPa (http://www.
meteofrance.re/cyclone/saisons-passees/2014-2015/dirre/BANSI). Thus, Bansi was one of the most powerful
cyclones to occur in the South West Indian Ocean.

Maps of Tdy, SST, and SSH for January 2015 overlaid by TC Bansi track are illustrated in Figure 7. The storm
was generated on the 11 January near 558E, 168S in a region of relatively high Tdy and SST close to 288C. On
14 January, it weakened in intensity while moving over lower Tdy values (568E, 178S; Figure 7a) and cooler
SST (Figures 7b and 8d). This decrease in Tdy implies that air-sea heat exchange [Price, 2009] may have
played a major role in the weakening of TC Bansi. A link between SSH (Figure 7c) and TC intensification is
also apparent in this area, showing that Bansi weakened on the 14 January while traveling over a cyclonic
eddy (588E,178S) and went through a period of rapid intensification within 24 h (15 January) after traversing
over an anticyclonic feature (608E, 188S). Several studies [Ali et al., 2007; Lin et al., 2013b; Vissa et al., 2013;
Wu et al., 2007; Wada and Usui, 2010] in other regions have also shown how TC may intensify after passing
over such eddies in the upper ocean. However, this is the first time this type of intensification has been ana-
lyzed in the South West Indian Ocean. Figure 8 indicates that the rapid intensification on the 15th occurred
in a region when the Tdy was higher than when Bansi was Category 2, and both SST and BLT were increased.
The system maintained a Category 4 status on the Meteo-France scale on the 16 January (high Tdy and thick
BLT; Figures 8a and 8c) until it left the warm eddy (668E, 208S). Balaguru et al. [2012] suggested that when a
TC passes over such regions, the mixing induced by it can cause water of similar temperature to enter the
mixed layer. This process then leads to a weaker SST cooling (Figure 8d) and an increase in Tdy (Figure 8c),
as happened with Bansi, which can then energize the TC through changes in air-sea enthalpy flux transfer.

The response of the upper ocean to the passage of Bansi including the role that the barrier layer had in modu-
lating the surface cooling is now considered. A comparison between Bansi as Category 2 (14 January) and as
Category 4 TC (15 January) is illustrated in Figure 9. On the 14 January, when Bansi started to lose its intensity,
it caused further SST cooling (Figure 8d) around the region with a shallow BLT (Figure 9a) following stronger
cooling evident on the 13. Bansi then gradually entered a region of deep BLT of 20 m thick (Figure 9b), high
Tdy and SST (Figures 8c and 8d) around 15 January. This thicker barrier layer reduced the mixing up of deeper
cooler waters. When Bansi started to dissipate near 728E–258S on 17 January, no barrier layer existed.

The increase in BLT, Tdy, and D26 values on the 15 January could be attributed to the presence of anticy-
clonic eddies (warmer SST) and the propagation of downwelling Rossby waves deepening the thermocline
depth near 50–608E as shown on the D26 Hovmoller plot (Figure 10a).The latter were computed from the
monthly GODAS data set at a horizontal resolution of 1/38. The thick warm layer seems to have started
around November 2013, near 85–908E, sloshing west across the basin. The thermocline was deepened (Fig-
ure 10a) thus making it harder for the deeper and colder water to mix with the surface waters. The deep
warm subsurface layer observed around November 2014 to January 2015, near 50–658E could have favored
the intensification of Bansi by constraining the cyclone’s self-induced negative feedback from ocean surface
cooling [Cione and Uhlhorn, 2003; Lin et al., 2009b]. Figure 10b illustrates the ocean heat content (OHC)
anomalies calculated over the depths 0–300 m for 50–1008E along the 168S band (where Bansi reached Cat-
egory 4), highlighting higher than average OHC values in January 2015 over the whole basin as compared
to previous years. More energy therefore became available via latent heat flux exchange to fuel Bansi’s sud-
den intensification. The results imply that in the presence of thicker BLT, deeper thermocline, and higher Tdy

(anticyclonic eddies), the intensification of Bansi was favored.

7. Summary and Discussion

Assessing the interannual variability and trends of upper-ocean characteristics has become increasingly
important for understanding tropical cyclone intensity. Focusing on the Seychelles-Chagos Thermocline
Ridge (an area of particular interest for cyclogenesis in the South Indian Ocean) [Vialard et al., 2009], this
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study used monthly temperature and salinity profiles from SODA reanalysis data set (40 vertical levels, 0.58

3 0.58 horizontal resolution) to evaluate Tdy [Balaguru et al., 2015] and BLT variability over the past three
decades (1980–2010) and relate that to TC characteristics.

Figure 6. (a) Track of TC Bansi from 11 to 18 January 2015, colored circles represent the location and intensity of the cyclone on a daily
basis plotted over the bathymetry, (b) geopotential height anomaly before (5–10) January Bansi (NCEP/NCAR Reanalysis), and (c) 500 hPa
zonal winds (NCEP/NCAR Reanalysis) during Bansi.
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Figure 7. Maps of (a) Tdy (8C), (b) SST (8C), and (c) SSH (m) (Aviso) mean January 2015 fields overlaid with the daily position of Bansi starting on 11 January and ending on 18 January
2015.
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Empirical orthogonal function analysis of Tdy reveals the important role of the variability across the SCTR in
the South West Indian Ocean. Time series of the seasonally averaged (November to April) BLT and Tdy esti-
mated from oceanic reanalysis data across the SCTR showed largest values around 1997–1998, 2003–2004,
and 2006–2007, which coincide with El Nin~o years. Downwelling Rossby waves propagate westward across
the basin and the associated warming in the upper ocean can enhance precipitation [Xie et al., 2002]. Their
speed of propagation determined in this study through lagged correlation is consistent with the phase

Figure 8. Values of (a) barrier layer thickness (m), (b) D26 (m), (c) Tdy (8C), and the (d) difference between zonal SST average and SST (8C)
under Bansi. Purple bar indicates a decrease in TC intensity when Bansi was at Category 2.
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speed of the first baroclinic mode Rossby wave. The Hovmoller plots of Tdy and BLT confirm the significance
of Rossby wave propagation for upper-ocean characteristics in the South West Indian Ocean that are impor-
tant for tropical cyclone behavior. BLT is sensitive to freshwater inputs by both precipitation and the advec-
tion of low-salinity waters by the South Equatorial Current. During positive IOD or/and positive El Nin~o, the
westward advection of negative SSS anomalies give rise to a thicker barrier layer due to increased salinity
stratification. As mentioned in Vinayachandran and Nanjundiah [2009] and Grunseich et al. [2011], SSS

Figure 9. BLT change during Bansi passage (a) Category 2 and (b) Category 4 (bold red line: salinity, blue: density, black: temperature).

Figure 10. (left) Time-longitude of D26 and (right) ocean heat content anomalies at latitude 168S. White patches on the left are missing
values in winter due to temperature below 268.
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anomalies take less than 2 months to travel across the Indian Ocean during El Nin~o events. The BLT
responds quickly to precipitation and is also sensitive to atmospheric circulation anomalous associated with
ENSO.

In order to understand the role of the upper ocean, and more specifically the salinity effect on TCs, the Tdy

parameter was analyzed by subsampling regions of Tdy and stratifying them as regions of weak or strong
BLT. All TCs generated in the South West Indian Ocean were analyzed from 1980 to 2010 and based on their
genesis location, their individual Tdy and BLT in time and space were investigated. This approach provides a
better understanding of the oceanic state under which TCs are generated. The result indicates that the
majority of TCs (77%) were generated under positive Tdy anomalies while 68% were formed under shallow
BLT. Thus, the temperature of the upper ocean appears to be most important for the generation of TCs
while BLT may play a role in their intensification.

The analysis performed here suggests that an important change occurred after the 1997/1998 El Nin~o, con-
sistent with Manatsa et al. [2012] who provided evidence that a turning point in the climate of the Indian
Ocean occurred around this time. An epochal variability of Tdy trends pre-1997/1998 and post-1997/1998
shows large areas of decreasing trend near Madagascar pre-1997 and an increasing trend in the Mozam-
bique channel and in the central tropical South Indian Ocean after 1998, consistent with Goni et al. [2010]
and Rajeevan et al. [2013]. A 10 year running mean through the data across the SCTR region shows that
VITC frequency, SST and Tdy have increased throughout the 1980–2010 period as has the Power Dissipation
Index. However, the BLT only increased until 1997 after which it started to decline. Areas of increased Tdy,
along with the warming in SST over most of the basin particularly around central SCTR region, are favorable
for the occurrences of strong TCs, several of which have caused severe devastation and loss of life in the
region [Reason and Keibel, 2004; Klinman and Reason, 2008].

A case study of TC Bansi and its relation to upper-ocean heat content, Tdy, and BLT was presented. This trop-
ical cyclone is of interest due to its unusual track and also because of all the damage it caused. Anomalously
deep thermocline and high Tdy values were observed around December 2014 to January 2015 in the South
West Indian Ocean and analysis of the upper-ocean structure during Bansi showed that its rapid intensifica-
tion to Category 4 was related to its passage over a high Tdy (warm core) eddy region and a deep barrier lay-
er. The presence of a pronounced westward propagation of subsurface warming around November 2014 to
February 2015 also may have contributed to its strengthening. This case study of Bansi further confirms that
tropical cyclone characteristics (both track and intensity) are strongly sensitive to upper-ocean conditions.
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