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Recent studies have found that equatorial Atlantic sea surface temperature (SST) 

variability may be influencing tropical Indian Ocean climate (Kucharski 2009, Wang 

2009). Due to the economic and social impact of tropical cyclones, it is important to 

investigate how an Atlantic-Indian Ocean connection may be affecting tropical 

cyclone behavior in the southern Indian Ocean. In this study, the International Best 

Track Archive for Climate Stewardship (IBTrAC) tropical cyclone database is used to 

derive metrics of tropical cyclone behavior, which are then compared with indices of 

tropical Atlantic SST variability representing Atlantic Niño, and Benguela Niño 

events. Changes in tropical Atlantic SSTs are found to coincide with significant 

differences in tropical cyclone activity for portions of the southern Indian Ocean. In 

addition, for these same regions, tropical Atlantic SST variability is associated with 

changes in large-scale atmospheric conditions, including steering flow, low level 

vorticity, and humidity, typically associated with tropical cyclogenesis, and tropical 

cyclone track. The changes in steering flow related to both indices of Atlantic SST 

anomaly are reproduced by an atmospheric model. The changes in steering flow are 

also found to be linked to changes in TC translational velocity, and TC tracking. These 

findings indicate a possible link between tropical Atlantic conditions and cyclone 



activity in the Indian Ocean mediated through a teleconnection between tropical 

Atlantic SSTs and large scale atmospheric conditions over the southern Indian Ocean. 

The teleconnection related to the Benguela Niño region of SST variability was found 

to consist of a Rossby wave initiated off the coast of South America, and propagating 

into the Indian Ocean, thereby influencing several atmospheric variables, including 

steering flow. The teleconnection related to the Atlantic Niño region of SST variability 

was not well defined, although there was some evidence of a Walker circulation 

anomaly extending from the equatorial Atlantic over the continent of Africa, and 

influencing SIO steering flow.
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RELATIONSHIP BETWEEN TROPICAL ATLANTIC SEA SURFACE 
TEMPERATURE VARIABILITY AND SOUTHERN INDIAN OCEAN 

TROPICAL CYCLONES

CHAPTER 1

INTRODUCTION

 This thesis will attempt to show that there is a possible connection between the 

southern tropical Atlantic and the southern Indian Ocean (SIO) during Austral 

summer, and more specifically an impact on SIO tropical cyclones (TC’s). In order to 

present the work and ensure a proper understanding of the mechanisms involved, 

several background sections will be introduced. First, since the Indian Ocean is the 

region of primary interest in this paper a background discussion of this ocean basin 

will be presented. This discussion will begin broadly with the climatologies and 

variability observed over the entire region, as well as the causes of variability. Focus 

will then shift to the region of interest, the SIO during the most active TC months of 

December-March. The TC climatology and variability will be discussed. Once a basic 

understanding of the Indian Ocean is presented, a discussion will be presented on the 

modes of  southern tropical Atlantic variability. The physical mechanisms forcing this 

variability will be discussed, as well as the influences of ENSO on the system and the 

documented teleconnections from the tropical Atlantic to other regions. 

 Once the background information has been sufficiently discussed, the objective 

of the study will be formally presented, along with the analysis methods used in order 

to answer it. 

1.1 Indian Ocean
	
 The tropical Indian Ocean is characterized by fairly uniform, warm temperatures 

and, to a certain extent, lacks many of the atmospheric and ocean dynamics that 

produce the large zonal temperature variability manifest in the Atlantic and Pacific 

Oceans. The Indian Ocean is the only  tropical ocean in which the annual mean near-



surface equatorial winds are westerly (Xie et al. 2002). These weak westerly winds 

help  prevent shoaling of the thermocline in the eastern half of the basin, which inhibits 

the ocean - atmosphere interactions which are related to equatorial variability  found in 

the other tropical oceans (Xie et al. 2002).  In spite of this uniformity, the Indian 

Ocean is found to have its own inherent, low magnitude, variability  which is present 

as an east-west dipole mode in SST, and acts to drive atmospheric processes (Saji et  al. 

1999; Webster et al. 1999; Qian et al. 2002). 

 In the following section the availability and quality of data for the southern 

Indian Ocean, specifically with respect to TCs, will be discussed. Once the extent of 

reliable data is established, the climatological values of variables of interest for TCs, 

as well as TC behavior will be presented for the SIO. Since the main focus of this 

research is on interannual variability, the observed variability in the system will be 

presented, along with proposed causal mechanisms both local and remote. 

Tropical Cyclone Record

 The Indian Ocean Basin has recorded ocean basin measurements dating back 

to the mid 1800’s when trading vessels began making temperature and pressure 

measurements along the major shipping lanes which transect the basin. These ship 

observations allowed for a rough estimate of surface variables such as SST, pressure, 

and winds, but large sections of the ocean are not in the direct path of the shipping 

lanes, and it was necessary to extrapolate into the data sparse regions. Fig. 1.1 shows 

that during the 1950’s and 60’s vast regions of the SIO were still not measured 

frequently, and even in the later decades of the 20th century the coverage did not 

exceed 10 observations/month for much of the basin. 

 Satellites were introduced in the 1960’s and slowly added to the scope of data 

collection; polar orbiting satellites were the first to be introduced for weather data 

collection. These satellites view a given area twice a day; however, it was not until the 

2



implementation of the geostationary satellites in the 1970’s that spatial and temporal 

data coverage was nearly continuous. 

 Southern Indian Ocean Tropical Cyclone number, distribution and intensity 

were not well measured before implementation of the satellite observing systems 

during the 1960’s. Measures of cyclones prior to the satellite era instead relied on ship 

logs which due to the regions of sparse ship traffic in the SIO (Figure 1.1) provided an 

incomplete record of storm activity for this basin. Relatively complete satellite 

coverage was not achieved until the 1969/70 season (Kuleshov 2009), which 

coincided with continuos observations by a polar orbiting satellite over the Indian 

Ocean. Data from these satellites allowed for complete track records to be compiled 

beginning in the 1969/70 season, but did not allow for high reliability in determining 

storm strength. Geostationary satellites were launched in the late 1970‘s giving the 

Indian Ocean coverage for the 1979/80 cyclone season with the launch of the GOES-3 
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Figure 1.1: COADS ship observations are averaged decadaly over the SIO TC  
season, November through April, and shown as the log base 10 of the number 
of monthly observations. Grid boxes are 2ºx2º.



satellite. The geostationary satellite provided infrared imagery which allowed use of 

the Dvorak technique (Dvorak, 1975) for TC intensity estimation (Chang Seng and 

Jury, 2010). There is still some debate on when reliable tropical cyclone intensity 

measurements were first available. Ho et al (2006) and Bessafi and Wheeler (2006) 

both used intensity data beginning in the 1979/80 season while Kuleshov (2010) 

claims that reliable intensity data was not available until the 1981/82 season. The TC 

record for the southwest Indian Ocean reflects the findings of Kuleshov (2010), with 

no pressure data present before the 1981/82 season. The data from 1998 on is the most 

reliable due to the addition of the Meteosat geostationary satellite (Chang-Seng and 

Jury 2010).

Indian Ocean Climatology

 During SIO TC season (November-April) the climatological conditions include 

warm, relatively uniform SSTs and a deep thermocline. SIO SSTs are warmest during 

February and March (Figure 1.2). Fig. 1.2 also shows the extent of the 300-700 hPa 

steering flow, and the average monthly latitudinal location of the switch in steering 

flow from westerly to easterly. The southernmost limit of the westerly steering flow 

occurs in February with the transition to easterlies located near 20 S. 

 The Southern Indian Ocean TC basin is an active albeit less studied tropical 

cyclone basin. The SIO records an annual average of 12 tropical storms, with around 8 

reaching hurricane strength and activity distributed fairly uniformly across the basin 

(Ho et al. 2006). Storms occurring in this basin have devastating impacts on the 

islands of Madagascar as well as the eastern coast of Africa, as these regions have 

increased vulnerability to TCs due to lack of infrastructure and a reliance on local 

agriculture (Jury et al. 1993; Vitart et al. 2003; Chang Seng and Jury, 2010). In 

addition to the impacts felt upon landfall, this basin contains several active shipping 

lanes, as seen in Fig. 1.1, TCs can disrupt shipping, and threaten the safety of crews 

(Chang Seng and Jury, 2010). 
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 Tropical Cyclone formation in the SIO is influenced by a number of different 

atmospheric variables. Emanuel and Nolan (2004) showed that the principal 

environmental factors influencing tropical cyclone genesis are 850 mb absolute 

vorticity, 600 mb relative humidity, potential intensity (PI)--a thermodynamic variable 

(Bister and Emanuel 2002)--and 200 minus 850 mb wind shear. These quantities are 

combined in order to create the variable, genesis potential,
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tial intensity (Emanuel, 1986), relative humidity and absolute
vorticity at various levels, and vertical wind shear. The vertical
wind shear is defined as the magnitude of the vector difference
between the horizontal winds at 850 and 200 hPa, as is often
used in empirical studies of TC genesis and intensity change.

Emanuel and Nolan (2004) used monthly reanalysis data to
relate the spatial and temporal variability of genesis to a limited
number of environmental predictors. Monthly average values
of each of the predictors were then tested individually and in
combination for their ability to replicate the annual cycle of
tropical cyclogenesis rates in each hemisphere, as well as for
their ability to replicate the spatial distribution of genesis in each
month of the year. More details on the GP index can be found in
Camargo et al. (2007a). The GP index is defined as

G P =
!!105!

!!3/2

"
H
50

#3"
Vpot

70

#3

(1 + 0.1Vshear )!2 , (1)

where ! is the absolute vorticity at 850 hPa in s!1,H is the rela-
tive humidity at 700 hPa in percent, Vpot is the potential intensity
in m s!1, and V shear is the magnitude of the vertical wind shear
between 850 and 200 hPa in m s!1.

The technique used to compute potential intensity, Vpot, is a
generalization of that described in Emanuel (1995) to take into
account dissipative heating (Bister and Emanuel, 1998), in addi-
tion to SST, sea level pressure (SLP), and atmospheric tempera-
ture and mixing ratio at various pressure levels. The climatolog-
ical, or low-frequency, variability of the potential intensity was
presented in Bister and Emanuel (2002a,b), Bister and Emanuel
(2002b). A short definition of the potential intensity can be found
in Appendix A.

Although the GP was developed by a statistical fitting pro-
cedure based only on the seasonal cycle and spatial variation
of the mean genesis climatology of the reanalysis, composite
anomalies of the GP for El Niño and La Niña years reproduce
interannual variations in the observed frequency and location
of genesis with some skill for several basins (Camargo et al.,
2007a). This independent test shows that the index has some
utility for understanding the influence of climate variations on
TC activity.

To define and track TCs in the models, we use an objective al-
gorithm (Camargo and Zebiak, 2002) based in large part on prior
studies (Bengtsson et al., 1995; Vitart et al., 1997). The algorithm
has two parts. In the detection part, storms that meet environmen-
tal and duration criteria are identified. A model TC is identified
when chosen dynamical and thermodynamical variables exceed
thresholds based on observed tropical storm climatology. Most
studies (Bengtsson et al., 1982; Vitart et al., 1997) use a sin-
gle set of threshold criteria globally; however, these do not take
into account model biases and deficiencies. We use basin- and
model-dependent threshold criteria, based on each model’s own
climatology (Camargo and Zebiak, 2002). The second part is
the tracking, in which the tracks are obtained from the vorticity

centroid, defining the center of the TC using relaxed criteria.
The detection and tracking algorithms have been previously ap-
plied to regional climate models (Landman et al., 2005; Camargo
et al., 2007b) and to several global climate models (Camargo and
Zebiak, 2002; Camargo et al., 2005). The dynamics of modelTC
formation over the western North Pacific have also been explored
using this tracking algorithm (Camargo and Sobel, 2004).

The models used in our analysis are three versions of the Eu-
ropean Community-Hamburg models (ECHAM3.6, ECHAM4.5
and ECHAM5), the National Center for Atmospheric Research
(NCAR) Community Climate Model 3.6 (CCM3.6), and the
NASA Seasonal to Interannual Prediction Project (NSIPP) atmo-
spheric model. The first three models were developed at the Max-
Planck Institute for Meteorology, Hamburg, Germany (Model
User Support Group, 1992; Roeckner et al., 1996, 2003), the
fourth model at NCAR, Boulder, Colorado (Kiehl et al., 1998)
and the last one at NASA/Goddard in Maryland, USA (Suarez
and Takacs, 1995). All models were forced with observed
SSTs. The model simulations performed at IRI (ECHAM3.6,
ECHAM4.5 and CCM3.6) were forced with the Reynolds SST
dataset (Reynolds and Smith, 1994; Reynolds et al., 2002), as
were the NSIPP simulations while the ECHAM5 was forced with
the AMIP2 SST (AMIP II (Atmospheric Model Intercomparison
Project II), 2007). The NSIPP and ECHAM5 simulations were
performed by their developing institutions. Output from these
models is currently available at IRI. The model resolutions, time
periods of the simulations, and number of ensemble members
vary, as given in Table 1.

Here, the GP of the five climate models and of the National
Center for Environmental Prediction/National Center for Envi-
ronmental Research (NCEP/NCAR) Reanalysis (Kalnay et al.,
1996) is calculated using monthly mean data. The TCs in the
models are also identified and tracked using either six-hourly or
daily data output from the models, depending on data availability.

The observed TC statistics are computed from the best-track
datasets developed by the National Hurricane Center (for At-
lantic and eastern Pacific) and Joint Typhoon Warning Center (for
western North Pacific and southern Hemisphere) (JTWC, 2007;
NHC, 2007). From the observed data sets, only TCs with tropical
storm or hurricane/typhoon intensity are considered here, that is,
tropical depressions are not included.

3. Genesis potential index model climatology

In Fig. 1 the annual maximum of the monthly GP climatology
at each grid point is shown for the models and the reanalysis.
All models capture the well known TC regions, appearing as
maxima of the GP. With the exception of ECHAM3 (Fig. 1a),
and to a lesser extent CCM3 (Fig. 1b) all models have consid-
erably higher values of the GP than those in the reanalysis.
Consequently, the regions conducive to TC genesis are much
larger than those in observations in the majority of the mod-
els. Because genesis in the models may bear a quantitatively

Tellus 59A (2007), 4
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Figure 1.2: Monthly climatologies of SST (colored contours) and 300-700 hPa 
steering flow(arrows) over the period 1981 to 2011. The contours correspond 
with 1 degree C. The largest arrow has a magnitude of 20 m/s. 



a single non-dimensional metric of environmental conduciveness to TC genesis 

(Camargo et al. 2007).  As shown in Fig. 1.3 the genesis potential is highest, and high 

values cover a larger portion of the basin, during the months of January and February. 

Figure 1.3 also shows that the region of high genesis potential shifts by month. During 

November, December, and again in April, the genesis potential maximum lies closer to 

the equator, with very low values found between Africa and Madagascar. From 

January through March, the genesis potential is more widespread with a very large 

increase around Madagascar. The region of TC activity and the seasonal shift of TC 

activity are also seen in plots of individual TC genesis events, defined as the point at 

which a storm reaches a minimum central pressure of 1000 mb (Kuleshov 2009) 

(Figure 1.4, Top). The 1000 mb cutoff coincides fairly well with storms moving into 

the tropical storm classification on the Saffir-Simpson scale. The black dots which 
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Figure 1.3: Shows seasonal progression of the genesis potential in the 
Southern Indian Ocean.  Contour intervals are 1 (SI). 



represent genesis during the months of January-March, typically occur farther south 

and much more frequently around Madagascar than the red. Figure 1.4 (Bottom) 

shows the agreement between the monthly average genesis potential and average 

number of genesis events. January and February are the most active months, with an 

average of around 3 storms attaining a minimum pressure of 1000 mb. TC activity 

slowly drops off through April. 
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 Once a storm has formed there are a number of variables that will determine its 

future intensity and track.  Cyclone intensity is modulated by sea surface temperature 

(SST), wind shear, stability of the atmosphere, and the large-scale atmospheric 

dynamics in which the storm is embedded. The potential intensity index, a measure of 

the theoretical maximum wind speed, is calculated by combining several atmospheric 
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variables and SST. This index has been associated with the statistics of TC intensity 

(Emanuel 2000); therefore, spatial and temporal trends in potential intensity should be 

correlated with climatological patterns in actual TC intensity. 

 Figure 1.5 (Bottom) shows the number of TC’s that intensify below given 

central pressure thresholds (1000 mb, 975 mb, and 950 mb) which correspond roughly 

to tropical storm, category 1 hurricane, and category 3 hurricane classification on the 

Saffir-Simpson scale. The number of storms intensifying beyond the 975 and 950 mb 

thresholds is highest during March, which sees a reduction in total TC’s but also sees a 

maximum in average PI. Figure 1.5 (Top) shows the climatological number of TC 

days for all TC’s, as well as the spatial distribution of average TC minimum central 

pressure.  The TC days index is a good representation of spatial distribution of TC 

activity and is created by breaking up the basin into a grid, then for each grid box and 

each year the total number of days that a tropical cyclone was present is summed. To 

be included as a TC a minimum central pressure threshold of 1000 mb was used. 

Storms of greater intensity are more likely to occur slightly south and west of the 

region of highest TC days (Figure 1.5 Top). The regions of more intense storms are 
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December - March. Colored contour intervals are 10 (SI).



located close to the regions where low wind shear is accompanied by high values of PI 

(Figure 1.6). 

 The majority of SIO cyclones form between 50 and 110 east, and 10 and 20 

south. In this region the climatological steering wind is a weak easterly flow (Figure 

1.2). This steering flow slowly directs storms from the east towards the west. The 

typical storm then slowly moves to the south and is eventually picked up in the higher 

latitude westerlies. If a storm can keep from recurving, or if it forms far enough west, 

it can make landfall on Madagascar or the east coast of Africa. Storms which form in 

the Mozambique channel encounter weak steering, and generally drift south and 

recurve to the east below Madagascar. 

Indian Ocean variability

 The Indian Ocean basin displays much less interannual variability than either 

the Atlantic or the Pacific Oceans. This is mainly due to the uniformly deep 

thermocline present in the Indian Ocean, which discourages large scale ocean-

atmosphere interactions (Latif and Barnett 1995). Of the variability that is present, 

Pacific SSTs play the major role, by causing changes in wind and cloud cover over the 

Indian Ocean (Wallace et al. 1998; Klein et al. 1999). Acting on a smaller magnitude, 

there also exists a locally controlled mode of variability which manifests itself as a 

dipole in SST, and can act independently from ENSO (Saji et al. 1999; Qian et al 

2002). Using EOF analysis Qian et al. (2002) find that 38% of SST variability in the 

SIO is due to ENSO, while 12% is found to relate to the SIO dipole. Both of these 

mechanisms will be discussed along with their influence on SIO TCs. 

 ENSO events are characterized by a change in the location of deep convection 

in the Pacific Ocean, this change in turn influences global weather patterns (Trenberth 

et al. 1998). Due to its proximity with the Pacific Ocean, there is a direct influence of 

ENSO  on conditions in the Indian Ocean. This influence manifests itself in the Indian 

Ocean as a basin-wide warming (Wallace et al. 1998). Klein et al. (1999) find that 

ENSO events induce anomalous subsidence over much of the Indian Ocean, 
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decreasing cloud cover, and enhancing solar heating, which in turn leads to the 

anomalous SST signal. SSTs in the southwest Indian Ocean (SWIO) are found to be 

influenced by ENSO in a separate mechanism. Xie et al. (2002) find that significant 

variance in southwest Indian Ocean SST can be explained by remotely forced oceanic 

Rossby waves, which are mainly forced by impacts from ENSO events. During 

positive ENSO events anomalous easterly winds force a downwelling Rossby wave in 

the eastern Indian Ocean, which propagates to the west and interacts with the surface 

SSTs in a region of the southwest Indian Ocean that contains a shallower thermocline 

depth.

 ENSO has also been found to influence TC behavior in the SIO. The influence 

begins with cyclogenesis, with an east/west dipole in genesis events observed between 

El Niño and La Niña years. Genesis in the west is increased (decreased) during El 

Niño (La Niña), and decreased (increased) in the east during El Niño (La Niña) (Ho et 

al, 2006; Kuleshov et al, 2009). Ho et al. (2006) used a data record of 1979-2004, and 
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defined genesis when a storm reaches sustained winds of 17 m/s, they found that the 

dipole border in genesis events is located at 75E. Kuleshov et al. (2009) used a data 

record of 1969-2006, and defined genesis when a storm reaches a minimum central 

pressure of 1000 mb, they found that the dipole border in genesis events is located at 

85E. My own analysis of ENSO influence on genesis agrees, with a composite of 
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1979-2008 Genesis events, and GP (Fig. 1.7), which shows the border located between 

75 and 80E. This dipole structure agrees with the overall structure of the SIO response 

to ENSO discussed above, an increase of subsidence in the eastern part of the basin, 

and increased SST without subsidence in the west. Kuleshov et al. (2009) analyzed the 

specific relationships between ENSO and SST, RH, wind shear, and vorticity 

anomalies, and concluded that the changes in RH and vorticity are the most highly 

correlated to changes in cyclogenesis. Kuleshov et al. (2009) used NCEP reanalysis 

data for  RH, RV, and wind shear. Figure 1.7 is in agreement with this assessment, 

with the GP index, which includes these variables, agreeing with the actual genesis 

locations for much of the basin. 

 The effects of ENSO on TC behavior have been examined by numerous papers 

(Xie et al. 2002; Vitart et al. 2003; Ho et al. 2006; Kuleshov et al. 2008; Chang-Seng 

and Jury 2010). By using a tropical cyclone days index, it is shown that the number of 

tropical cyclones which pass through the eastern Indian Ocean during El Niño (La 

Niña) is decreased (increased) (Ho et al. 2006). This agrees with Fig. 1.8 which shows 

increased TC-days east of 80 E during La Nina events. The ENSO influence on TC-

days in the western half of the basin is slightly more complicated with Figure 1.8 

(Top), as well as the analysis by Ho et al. (2006), showing an area of increased TC-

days further south between 60 and 80 E and decreased TC-days from 60E to the 

African coast in response to El Nino. These changes to TC activity can mostly be 

explained by the change in steering flow caused by ENSO. Vitart et al. (2003) show 

that zonal steering flow is more westerly (easterly) during El Niño (La Niña), this is 

also shown in Figure 1.8 (Bottom). This change in flow induces a change in the storm 

trajectory, with storms occurring during La Niña following more zonal trajectories and 

having a higher likelihood of impacting Madagascar and Africa, while those that occur 

during El Niño have a higher likelihood of recurving to the south (Vitart et al. 2003; 

Ho et al. 2006; Kuleshov et al. 2009).  Chang-Seng and Jury (2010) find that the 

overall impact of La Niña events results in more TC days over the SWIO. 
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 Two dipole modes in Indian Ocean SSTs have been found, one exists along the 

equator  (Saji et al., 1998), the other is situated in the subtropical southern Indian 

Ocean (Qian et al. 2002). Both modes lead to significant SST variability, with typical 

events for both experiencing between a 1.5 °C and 2 °C difference in SST anomaly 

between the east and west sections of the dipoles (Qian et al. 2002). The equatorial 

mode exhibits peaks in SST anomaly during austral winter, while the SIO mode 

contains many peaks during the austral summer (Qian et al. 2002) Both modes of 
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variability are typified by significant changes in basin wide wind patterns, which could 

influence TC behavior. 

 Both modes of variability have been studied relatively little with respect to SIO 

TCs, with the major findings mainly related to TC trajectory (Liu and Chan, 2012; Ash 

and Matyas, 2010). Liu and Chan (2012) completed an EOF analysis on TC 

occurrence and found that the second EOF mode has a dipole structure, to which the 

equatorial Indian Ocean Dipole (IOD) as well as ENSO are found to be correlated. 

This dipole structure is in agreement with Fig. 1.9 which shows the TC-days pattern 

found by compositing positive and negative IOD years. Ash and Matyas (2010) found 

that by analyzing both SIO dipole mode and ENSO a more useful picture of tropical 

cyclone trajectory is found. Specifically, when ENSO is in a neutral or cool phase and 

SIO dipole mode is positive, trajectories are much more westward, while those 

experienced during warm ENSO and negative SIO dipole are more likely to recurve 

before striking Madagascar. 

 Various other systems outside the Indian Ocean have been hypothesized as 

affecting TC interannual variability in the SIO. Among these are the QBO, NAO, 

PDO, South Amazon OLR, and Atlantic zonal wind (Chang-Seng and Jury, 2010). 

Within the Indian Ocean, the depth of the thermocline off the east coast of Madagascar 

is discussed as a potential driver of SIO TC activity (Xie et al, 2002; Chang-Seng and 

Jury, 2010), although this may be mostly related with ENSO (Xie et al. 2002). The 

Antarctic Oscillation (AAO) is also mentioned by Ho et al (2006) to possibly have 

some effect on TC in the SIO. 

! While no formal research related to the impact of the equatorial and south 

Atlantic on SIO TCs has been completed, several studies have addressed possible 

connections between the basins (Wang et al. 2009; Kucharski et al. 2009; Losada et al, 

2010). The modes of Atlantic variability will be discussed in the next section, along 

with the possible connections to the Indian Ocean.
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1.2 Atlantic Ocean Background

 In order to investigate the impact the tropical Atlantic Ocean may have on 

conditions in the Indian Ocean basin, it is important to understand the dynamics of the 

tropical Atlantic Ocean. Tropical Atlantic Ocean SSTs possess a strong seasonal cycle 

that is related to the seasonal cycles of wind stress and movement of the Intertropical 

Convergence Zone (ITCZ) (Munoz et. al. In Press). The maximum in the seasonal 

cycle of SSTs is reached in April (Figure 1.11 top), which is coincident with the period 

of weakest equatorial winds as well as the maximum solar insolation and greatest 

thermocline depth (Xie and Carton 2004). After reaching a maximum the trade winds 

begin to increase, and the thermocline in the eastern Atlantic lifts and coastal 

upwelling occurs. These processes lead to a distinct equatorial cold tongue during the 

months of July and August (Xie and Carton 2004).  
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 Variability in equatorial Atlantic SST is maximized during the boreal summer 

months of June, July, and August during which monthly SST anomalies can exceed 1 

degree C (Xie and Carton 2004). The fact that such warming events are coincident 

with a relaxation of the trade winds and shifts in convection has led to this phenomena 

being called the Atlantic Niño (Merle 1980). Another period of marked, but lower, 

interannual variability occurs in the austral summer months of November through 

December (Okumura and Xie, 2006), which is of interest for potential connections to 

the Southern Indian Ocean during TC season. Figure 1.10 shows the standard 

deviation of SST’s averaged for the months December through March. The Atlantic 

Niño events occur in the region of higher variability that extends west from the coast 

of Africa along the equator, and are quantified using the Atlantic3 index (Keenlyside 

and Latif 2007), which is defined as the average SST from 20W to 0W, and from 3N 

to 3S. 

 Another region, with smaller spatial extent, but higher variability, is found 

centered at 10 E and 15 S. This region of variability is caused by movement of the 

Angola-Benguela frontal zone which can be seen in Figure 1.10 as the rapid transition 

from warm to colder SST (Florenchie et al. 2003). The variability in this region is at a 

maximum during the boreal spring, and especially large events are termed Benguela 

Niños (Florenchie et al 2004). Benguela Niño events are quantified by the ABA index, 

defined as the average SST from 8E to 14E and 12S to 22S (Florenchie et al. 2004). 

These two phenomena, their causes and teleconnections will be discussed in detail 

below. 

Atlantic Niño

The Atlantic Niño is an event similar to the Pacific El Niño/La Niña. The Niño 

(Niña) phase is measured as an increase (decrease) of SSTs in the equatorial Atlantic 

Ocean. Atlantic Niño events straddle the equator in the eastern Atlantic Ocean, and are 

generated by wind anomalies occurring over the western Atlantic. These wind 

anomalies create a vertical displacement of the thermocline, which creates SST 
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anomalies. The region has two peaks in variability. The larger peak occurs during 

austral winter when the trade winds are seasonally at a maximum (June/July) 

(Keenlyside and Latif, 2007). The second maximum occurs during Nov/Dec, and is 

coincident with a second peak in the easterly winds (Okumura and Xie, 2006). This 

second peak shoals the thermocline and allows for anomalous ocean-atmosphere 

interaction. This interaction is similar to that found during the boreal summer 

manifestation of the Atlantic Niño, as well as ENSO (Okumura and Xie 2006). Figure 
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Figure 1.11: (Top) Black line shows monthly average temperatures for the 
Atlantic 3 region. The red line shows the temperature during 1988, a strong 
positive Atlantic Niño event, while the blue line shows the temperature during 
1997, a strong negative Atlantic Niño event. (Bottom) The bottom plots show 
the monthly distribution of positive and negative events, with events defined as 
SST one standard deviation above or below the mean. Events are recorded 
over the period 1981 to 2011. 



1.11 (Bottom) shows both of these peaks as an increase of events in which the monthly 

SST is greater that one standard deviation above the mean. The austral winter peak 

occurs during June-August for positive events and May-July for negative events. The 

austral summer peak occurs during November and December for both positive and 

negative events. The warmest months, February through April, correspond to fewer 

Atlantic 3 events, although the number of negative events is not strongly reduced. 

Warm phases occur when the trade winds are anomalously weak, and the thermocline 

is deeper than normal. Figure 1.11 (Top) shows two years which exemplify the types 

of events that can occur during the peak SIO TC season of DJFM. 1988 is 

characterized by strong positive anomalies, whereas 1997 had strong negative 

anomalies. It can be seen that during 1988 SSTs remain warmer than average 

throughout the year, while for 1997 cold SST anomalies for the first 9 months 

transition to warm anomalies at the end of the year. 

Benguela Niño

 Variability in SST centered at around 15 S and 10 E is due to shifts in the 

Angola Benguela Front (ABF). The ABF marks the transition from cold water 

upwelled along the coast of Africa and brought north by the cold Benguela Current, 

and warm tropical waters brought south by the Angola Current. Changes in the 

position of the front can create regions of anomalous SST. Especially large positive 

events are called Benguela Niño’s and are due to a poleward intrusion of warm 

Angolan Current water breaching the ABF (Gammelsrod et al., 1998). The variability 

peaks in March/April and can approach upwards of 5 °C in limited areas (Florenchie 

2004). Figure 12 (Bottom) affirms this, with the highest number of events exceeding 1 

standard deviation occurring during March and April. More events seem to occur 

during non peak months than for Atlantic Niño events. Figure 12 (Top) shows that the 

months of peak variability (March/April) occur when seasonal temperatures are 

warmest. Figure 12 (Top) also shows two years with large austral summer SST 

anomalies. The temporal extent of these ABA anomaly events ranges from a few 
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months to over six months in rarer cases, with cold events typically lasting longer than 

warm events (Florenchie 2004). 

 There is some disagreement over whether ABA events are forced locally, or 

remotely.  The theory behind remote forcing is based on the propagation of Kelvin 

waves from the equatorial Atlantic. The Kelvin waves are generated through wind 

stress events in the west-central equatorial Atlantic, propagate eastwards, then turn 

south upon reaching the African coastline, and eventually outcrop along the south-

west African coast at the ABF (Florenchie, 2003). The Kelvin waves induce a change 
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in the thermocline, thus changing the SST. The strength and location of the induced 

SST anomaly relies on various factors such as strength of the initial event, spatial and 

temporal characteristics of the thermocline, as well as whether local winds are 

upwelling or downwelling favorable (Florenchie 2004).  

 The local forcing mechanism is proposed as a change in the local wind stress, 

causing a change in the upwelling, as well as meridional advection. One proposed 

cause is a southward shift in the South Atlantic Anticyclone which would induce a 

southward shift in the Angola Benguela Frontal Zone, and thus a southward protrusion 

of the warm Angola current (Colberg and Reason, 2006). Polo et al. (2008) find that 

SST anomaly patterns in the Angola/Benguela region are initiated via anomalous 

alongshore wind stress. They postulate that the wind stress could be generated by 

anomalous subsidence over the Amazon basin. 

Relationship Between Atlantic and Benguela Niños 

 The Atlantic and Benguela Niño regions of SST variability are highly 

correlated (Figure 1.13 Top), with peak correlation occurring when SST anomalies in 

the equatorial Atlantic lag anomalies in the ABF region by a few months (Lübbecke et 

al., 2010). This high lagged correlation would seem to suggest that Benguela Niño 

events were causing the nearby equatorial Atlantic variability which appears to be 

inconsistent with the mechanism for Benguela Niño initiation introduced by 

Florenchie et al. (2003, 2004), which, as described above, involves an equatorial 

Kelvin wave caused by anomalous wind stress in the western equatorial Atlantic 

propagating to the ABF. However, Lübbecke et al. (2010) show that the Kelvin wave 

theory need not be inconsistent with the observed correlations since the initial passage 

of the wave would occur during a season when the eastern equatorial thermocline is 

too deep for a signal to be seen at the surface. They propose that the Kelvin wave 

begins to be observed as the seasonal shallowing of the thermocline occurs around 

June. In contrast Polo et al. (2008) propose local upwelling as the cause for the 

Benguela Niño events, and a connection to the equatorial Atlantic whereby an 
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anomalous zonal SST gradient is established, changing the thermocline slope. This 

anomaly is then propagated westward through Rossby waves, initiating the equatorial 

events.   
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Connection between equatorial Pacific and Atlantic

 Variability in equatorial Pacific SST influences global climate, and describes a 

large amount of the climate variance in many regions (Trenberth et al. 1998). These 

influences are well documented, and are the result of a number of different 

teleconnections from the tropical Pacific to remote locations (Trenberth et al. 1998). 

These teleconnections can result in a number of different regional climate changes, 

including altered remote SST, changing storm tracks, and altered wind and rainfall 

patterns (Ropelewski and Halpert 1987). Most of the well-established teleconnections 

are robust, and correspond fairly linearly with ENSO, and thus the ENSO signal can 

be used as a predictor; however, the connection between tropical Pacific SST 

anomalies and tropical Atlantic SSTs is not as straight forward. 

Figure 1.13 (bottom) shows the time series of the two Atlantic regions as well 

as the Niño 3.4 index, which is computed from the monthly average SSTs in the region 

bounded by 5N to 5S, and 120W to 170W. It can be seen that the Atlantic events are 

shorter duration, and occur more frequently than ENSO; this conclusion is also 

reached by Deser et al. (2010). Figure 1.13 (Top) shows the cross correlations between 

both the Benguela Niño and Atlantic Niño indices, and the ENSO index.  The cross 

correlation shows that the time lagged correlation between Atlantic indices and Nino 

3.4 maximize at a lag of between 3 and 10 months. The maximum anti correlation 

found between the Benguela Nino index and Nino 3.4 is -0.4 and occurs at a lag of 9 

months. The maximum anti correlation between the Atlantic Nino index and Nino 3.4 

is -0.38 and occurs at a lag of  six months. This is consistent with Kozlenko (2009) 

who found that ENSO lags Atlantic SST’s.  

A very thorough discussion of the Pacific-Atlantic SST connection is presented 

by Chang et al. (2006). They conclude that the relationship is fragile, and relies not 

only on the atmospheric response propagated from the Pacific to the Atlantic, but also 

on the state of the Ocean-Atmosphere system in the Atlantic. They show that although 

positive ENSO events cause a concurrent, positive change in tropospheric temperature 

over the Atlantic Niño region, the impact on SSTs is negative, and not statistically 
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significant. Their conclusion is that ENSO can influence the Atlantic, but only when 

the preexisting temperature anomalies in the Atlantic Basin allow. This results in low 

correlation coefficient values between the two SST indices while the correlation 

between ENSO and the proposed teleconnection mechanism is high. 

Wang et al. (2009) found that an index of the SST gradient between the 

tropical Pacific and Atlantic is correlated to the overall circulation across the South 

American continent. The index is simply the difference between the Niño 3.4 index 

and the Atl3 index. They propose this as a diagnostic of the level of interaction 

between the two basins, and another potential cause for the modulation of the ENSO 

effects on the Indian monsoon by the tropical Atlantic. The physical interaction acts as 

a positive feedback on the temperature anomalies.

The general consensus seems to be that the impacts of ENSO on the southern 

tropical Atlantic are present, but are not linear. This apparent non-linear linkage makes 

the deconvolution of the two systems difficult. 

Connection between Atlantic and Indian Oceans

 Several recent papers have postulated a connection between the south tropical 

Atlantic and the Indian Ocean (Robertson and Farrara, 2003; Hansingo and Reason, 

2009; Wang et al., 2009; Kucharski et al., 2007, 2009; Losada et al., 2010). These 

studies used a combination of observational data and model runs in order to analyze 

the response of the Indian Ocean to anomalous southern tropical Atlantic SST’s. 

 The majority of these studies focus on Atlantic SST anomalies encompassing 

30°W to 10°E, and 20°S to 0°S, and the northern hemisphere response during boreal 

summer (Wang et al., 2009; Kucharski et al., 2007, 2009; Losada et al., 2010). This 

large region of SST is found to be highly correlated with the Atlantic 3 region, with a 

correlation value of 0.89, found over the period 1950-2004 (Wang et al., 2009). The 

general findings of these studies, summarized by Wang et al. (2009), show that the 

anomalous tropical Atlantic SSTs result in anomalous upper level winds over the 

equator in both basins. This anomalous flow was found to be similar to a pure 
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equatorially trapped Gill-Matsuno response (Wang et al., 2009). The 200 hPa 

streamfunction was found to resemble a quadrupole centered over Africa, with 

negative anomalies centered over both the southern tropical Atlantic, and east of India. 

The quadrupole is found to have a baroclinic structure, with a resulting low level 

anticyclone located over India. This pattern is proposed to influence low level winds, 

and precipitation over the northern Indian Ocean. 

 In addition to these studies which focus on boreal summer, Robertson and 

Farrara, (2003) completed a similar model analysis forced with SSTs that had a more 

southerly extent for the months of April-June. This study identified a quadrupole in 

200 hPa stream function, similar to that discussed by Wang et al. (2009), as well as 

decreased precipitation north of Madagascar. 

 Hansingo and Reason, (2009) ran a model experiment forced with positive 

SST anomalies in the ABA region of the Atlantic Ocean, for February-April. A strong 

response in precipitation was found over the southwest Indian Ocean, with positive 

anomalies found to extend from the coast of Africa out to around 70E.  

 

1.3 Objective

 The objective of this study was to determine the impact that equatorial and 

southern tropical Atlantic Ocean SST anomalies may play on the southern Indian 

Ocean, specifically with respect to tropical cyclones. Results from previous studies 

have shown that equatorial and southern Atlantic Ocean SST anomalies can impact the 

Indian Ocean basin, for boreal summer, boreal spring, as well as austral summer 

(Robertson and Farrara, 2003; Hansingo and Reason, 2009; Wang et al., 2009; 

Kucharski et al., 2007, 2009; Losada et al., 2010). The connection between the 

Atlantic and Indian Oceans was analyzed for the austral summer months, December-

March, in order to determine possible impacts on tropical cyclone behavior. 

 The connection between the basins was analyzed by creating indexes of 

Atlantic Ocean variability. The Atlantic 3 region, which was shown to capture the 
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Atlantic Niño mode of SST variability, will be used along with the ABA region, which 

represents the Benguela Niño mode of variability. The years with strongest SST 

anomalies were identified for each index. TC metrics, which reflect the behavior of the 

TCs in the SIO were created, and analyzed by compositing with respect to years of 

positive and negative SST anomalies. The composites of TC metrics were then 

compared to composites of ocean and atmospheric variables known to influence TCs, 

in order to determine the cause of anomalous TC behavior. 

 The connection between the ocean and atmospheric variables, and the SST 

indexes was verified using the CAM4 atmospheric general circulation model, forced 

with SST anomalies typical of positive and negative events for both the Atlantic 3 and 

ABA indexes. The variable composites created through the model experiment were 

compared with the observational data. 

 The variables most related to the TC metrics, as defined through the literature 

as well as spatial agreement found in the composite analysis were then compared with 

the most robust patterns found in TC behavior. Both the patterns of TC behavior, and 

the patterns in ocean and atmospheric variables were analyzed for temporal correlation 

with respect to the tropical Atlantic SST anomalies (Atlantic 3 and ABA). In order to 

analyze any competing influences other modes of tropical SST anomalies may play in 

the SIO, the equatorial IOD, the southern subtropical IOD , and the ENSO patterns of 

SST variability were also analyzed for temporal correlation with the other indexes.  

 Once the relationship between the SST anomalies, the ocean and atmosphere 

variables, and the TC metrics was elucidated, an attempt was made to determine the 

teleconnections between the tropical Atlantic Ocean and the Indian Ocean, which were 

most responsible for anomalous TC behavior. 
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CHAPTER 2 

METHODS

2.1 Data

 The TC data used in this study is from the International Best Track Archive for 

Climate Stewardship (IBTrACS) data set (Knapp et al. 2010; Kruk et al. 2010). This 

data set combines records from all of the regional warning centers. Where multiple 

entries occur for the same storm from different warning centers, an average is 

computed. The record consists of 6-hourly data of position, wind speed, and sea level 

pressure and also includes the statistics of multiple entries if they exist. Different 

warning centers use different definitions of wind speed, using averaging periods of 1-, 

2-, 3-, and 10- minutes. Documented relationships are used to convert all speeds to a 

10-minute average. Sea level pressure on the other hand is consistent for all agencies. 

The data were retrieved from the following location: http://www.ncdc.noaa.gov/oa/

ibtracs/.

 In order to analyze the SST variability in the Atlantic Ocean as well as the 

response found in the Indian Ocean, the Extended Reconstructed SST (ERSST) 

version 3b record was used (Smith and Reynolds 2008). This data product is produced 

using the International Comprehensive Ocean-Atmosphere Data Set (ICOADS), as 

well as satellite data from the AVHRR Pathfinder from 1985 to the present. The 

satellite data improved the accuracy of the SST estimates over the entire globe, but 

especially in the southern hemisphere. 

 The majority of the atmospheric variability was analyzed using the products of 

the NCEP NCAR reanalysis (NNR) project. This project utilized the following data 

products: rawinsonde data, COADS marine data, aircraft data, surface data, and 

several satellite data products. These data products are pre-processed and then 

incorporated into the NCEP Global Model (Kanamitsu et al. 1991) in order to produce 

a consistent gridded data product at a resolution of 2.5x2.5 degrees. The data used 

from reanalysis were winds, vorticity, and RH (Kalnay et al. 1996). 
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 The reliability of this data product differs based upon the variables of interest. 

There are some variables which are very directly derived from the observations, such 

as upper air temperature, rotational wind, and geopotential height, which are the most 

reliable. Some variables are influenced both by the observations and the model such 

as, moisture variables, divergent wind, and surface parameters, these are less reliable 

than those derived mostly from observations. The last group of variables are derived 

solely from the model, and includes surface fluxes, heating rates, and precipitation, it 

is recommended that these products be used with caution, and in conjunction with 

other data derived products (Kistler et al. 2001). Kistler et al. (2001) also recommend 

that data from the period before 1979 be analyzed separately due to disparities in the 

data record due to the addition of satellite data. For the southern hemisphere the 

quality of the data before 1979 is also brought into question as observations in this 

region are much scarcer than for the northern hemisphere (Kistler et al. 2001). The 

present study focused on the period 1981-2008, which fell wholly within the satellite 

era. 

 Precipitation was analyzed using the Climate Prediction Center (CPC) Merged 

Analysis of Precipitation (CMAP) (Xie and Arkin, 1996; Xie and Arkin 1997). This 

data set is constructed by merging rain gauge data, several different satellite estimates 

of precipitation, and precipitation estimates from the NNR dataset. By merging the 

three sources, biases found in each of the individual datasets are minimized  (Xie and 

Arkin, 1996). Monthly average data is retrieved with a 2.5x2.5 degree resolution grid, 

the entire 1981-2008 period is covered by the dataset. 

 Outgoing Longwave Radiation (OLR) is analyzed using a dataset created 

through a technique presented by Liebmann and Smith (1996). The technique uses 

data collected by the Advanced Very High Resolution Radiometer (AVHRR) 

instrument aboard NOAA polar orbiting satellites. Erroneous values are removed, and 

missing values are interpolated. Monthly average data is retrieved at 2.5x2.5 degree 

resolution, and the entire 1981-2008 period is covered by the dataset. 
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2.2 Analysis

TC Metrics

 In order to compare the spatial and temporal variability of TC behavior with 

tropical Atlantic SSTs, several indices must be created. Several aspects of TC behavior 

are of interest and importance, including genesis, distribution, intensification, and 

tracks. Different methods were utilized to analyze each of these components. The TC 

seasons were analyzed from 1981/82 to 2008/09. The start of the record was set to the 

1981/82 TC season based on findings of Kuleshov et al. (2010) discussed earlier. In 

addition, there are no pressure data available within the IBTrACS dataset before this 

point. The pressure data are not required to determine genesis location, or tracking; 

however, in order to maintain consistency, the main analysis for all metrics were 

constrained to these date ranges. 

 A TC genesis index was created using the dates and locations of the TC genesis 

events that occurred over the period of interest. The SIO was broken up into a grid, 

and each genesis event in a season was binned into a grid box corresponding to its 

coordinates. This created an index with each grid box containing the number of 

genesis events that occurred during each TC season. In order to best capture the 

genesis behavior an optimal grid size was preferable, if the size is too small many grid 

cells would be left blank, if it is too large spatial resolution would be lost. These 

aspects are analyzed and a grid size of 5°x5° was chosen. The criterion for genesis was 

a minimum central pressure cutoff of 1000 mb. This same cutoff is used by Ho et al. 

(2006), and is representative of a storm becoming a TC. 

 TC distribution is represented by a TC days index. This index breaks the SIO 

into a grid, much like the genesis index and sums the number of days that a TC was 

present in each grid box. The IBTrACS dataset presents TC data for 6-hourly intervals, 

for each interval that a TC was present within a grid box a quarter of a day is added. In 

order to be added to the index the TC must be be below a given minimum central 

pressure cutoff, or within a range of central pressures. Varying the central pressure 
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cutoff allows the index to be used to analyze the behavior of TCs at different 

intensities. By analyzing the changes in the TC days index for varying grid size, an 

optimal grid size was found to be 5°x5°.  

Atlantic Variability Metrics

 High tropical Atlantic SST variability is observed at the equator, due to 

Atlantic Niño events, as well as close to the African coast near Angola, due to 

Benguela Niño events. Atlantic Niño events are represented by the Atlantic 3 region, 

which encompasses 20°W to 0°, 4°N to 4°S (Figure 10). Benguela Niño events are 

represented by the ABA region, which encompasses 8°E to 14°E, 12°S to 22°S (Figure 

10). Average monthly SSTs for each region are calculated using the ERSST dataset. 

This average SST gives a monthly value for the index, which can be used to determine 

monthly lagged correlations between the tropical Atlantic and other indices. In order to 

get a yearly index, the monthly index is averaged over the active SIO TC months of 

December through March. 

 Using these indices it is then necessary to define what constitutes an event. 

Analysis of the Atlantic 3 and ABA variability finds that a cutoff of 1 standard 

deviation is appropriate for determining the impact on the Indian Ocean. Any DJFM 

averaged event that was 1 standard deviation or higher above the mean were logged as 

a positive event. Those 1 standard deviation or more less than the mean were defined 

as negative events.  Atlantic 3 positive events are found for December-March of: 

1981/82, 1987/88, 1994/95, 1997/98, and 2002/03. Negative events: 1991/92, 

1996/97, and 2001/02. ABA positive events: 1983/84, 1994/95, 1995/96. Negative 

events: 1981/82, 1986/87, 1991/92, 1996/97.  

Compositing Method

 Atmospheric and ocean variables of interest were composited with respect to 

the two Atlantic tropical ocean indices. Composites were constructed by averaging all 

positive years, then averaging all negative years. At each location the negative values 
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were subtracted from the positive values, which displayed the difference between 

positive and negative anomalies. It is sometimes appropriate to view only the positive 

or negative composite anomalies.  This was accomplished by subtracting the mean 

from either the positive or negative year anomalies. The two anomaly patterns could 

then be analyzed for consistency between the negative and positive years. 

Model Run

 In order to validate the results found compositing variables, a general 

circulation model was run. The model used was the Community Atmospheric Model 4 

(Haoming et al. 2010), the atmospheric portion of CCSM 4. The model consists of a 

1.9°x2° horizontal grid and 26 vertical levels and was run under perpetual January 

climatological conditions. Perpetual January conditions were used because January is 

close to the center of the TC season, and conditions present in this month could 

influence the rest of the season. Each run was initialized with the January 1, 2000 state 

of the atmosphere. The model was forced with climatological January SSTs over the 

majority of the globe, except the Atlantic Ocean, where forced SSTs were used. The 

forced SSTs are calculated by compositing the SSTs over the tropical Atlantic from 

10N to 20S, for December-March with respect to both the Atl3 and the ABA indexes. 

Since the composited value is the combination of a negative anomaly subtracted from 

a positive anomaly, the magnitude of the response must be halved in order to represent 

an anomalous year, this is done by cutting the magnitude of the composite forcing in 

half. The anomaly is then added to climatological global SSTs. A total of 5 model runs 

were completed, one run was done with purely climatological forcing, then one 

positively forced, and one negatively forced for both the Atlantic and Benguela Niño 

events. Figure 2.1 shows the forcing used for the positive Atl3 and ABA runs, the sign 

of the forcing is reversed for the negative runs. 

 The model is run for 240 January’s (20 years), with a 6-hour time step. The 

first 10 years of model output are not used in order for the state of the atmosphere to 
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equilibrate with the SST forcing. This leaves 120 months of model data used to 

develop a mean January response to a given SST forcing. 

32

40 W 20 W 0 20 E
−30
−20
−10

0
10
20
Atlantic Nino Forcing

 

 

0

0.5

1

40 W 20 W 0 20 E
−30
−20
−10

0
10
20
Benguela Nino Forcing

 

 

0

0.5

1

Figure 2.1: The colored contours represent the average SST anomaly present 
in the Atlantic Ocean during positive Atl3 events (Left), and positive ABA 
events (Right) during the months December through March, for the period 
1981-2008. Contour intervals are 0.1 °C. 



CHAPTER 3

RESULTS

 The impact of both the Atlantic Niño (Atlantic 3 index) and Benguela Niño 

(ABA index) regions of anomalous Atlantic Ocean SSTs on SIO TCs were examined 

first. A dipole pattern in TC days was identified in both regions, and found to agree 

with a dipole pattern identified by Liu and Chan (2012), who found correlations with 

both ENSO and the IOD. In order to better understand this dipole pattern, it was 

analyzed in the same manner as the the SST anomalies in the Atlantic. The connection 

between the indexes of SST in the Atlantic, as well as the IOD and ENSO indexes 

were then compared to an index capturing the variability of the TC days dipole using 

correlation analysis. Once the dipole structure was shown to be related to Atlantic 

SSTs, the mechanisms of this correlation were investigated. 

3.1 Atlantic Niño

 Figure 3.1 shows the composited state of the world oceans with respect to the 

Atlantic 3 index. It can be seen that most of the southern Atlantic is significantly 

warmer than normal; there are also statistically significant anomalies present in the 

equatorial Pacific. The overall impacts in ocean and atmospheric variables, as well as 

TC metrics, in the Indian Ocean will be examined through composite analysis. The 

significance of the fields is tested using a bootstrapping technique outlined in Chapter 

2. Visual comparisons are made between the fields, and statistically significant 

agreements are analyzed with respect to known TC behavior. Spatial correlation 

analysis is completed between different composite fields in order to quantify the 

overall agreement between fields. Due to the complicated nature of determining 

statistical significance of spatial correlations, agreement with the visual comparisons 

will only be used in support of relationships already identified. An attempt to elucidate 

which impacts are specifically related to the SST anomalies in the equatorial Atlantic 
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will be made using the CAM 4 atmospheric model. Additional information on the 

relationship between the confounding ENSO signal seen above, and the results given 

can be found in the Correlations section in this chapter, as well as the Conclusion.

TC metrics

 Figure 3.2 (Top) shows the southern Indian Ocean TC behavior co-occurring 

with anomalous equatorial Atlantic SST anomalies by compositing the TC days index 

with respect to the Atlantic 3 index. A minimum central pressure cutoff of 985 mb was 

chosen in order to get a general sense of the TC behavior. Figure 3.2 (Bottom) shows 

the actual tracks of the tropical cyclones, with tracks for positive (negative) years in 

red (blue). It should be noted that there were five positive anomaly years, and only 

three negative anomaly years during the data record. Since the compositing process 

averages the positive and negative years, the TC behavior during negative years will 

receive a higher individual weighting. By comparing the TC days index with the 

tracks, the index can be evaluated for accuracy. Overall the index does a good job, 

with the cluster of positive tracks from 60°E to 75°E being well represented in the 
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Figure 3.1: The colored contours represent SSTs composited with respect to 
the Atlantic 3 index. The data is from the ERSST dataset, and averaged for 
the months December-March for the years 1981-2008. Contour intervals are 
0.25 degrees C, zero contours omitted. Gray shaded regions represent areas 
that are statistically significant to the 95% level via bootstrapping.



index. The large negative anomaly seen in the eastern half of the basin may be 

presented with too much uniformity, as the tracks do show an area of few TCs for 

negative Atl3 between 80°E and 85°E, this discrepancy is mainly an artifact of the grid 

boundaries. The tracks also give an idea of what regions of the composite analysis are 

reliable, it can be seen that in general the region between 10°S and 20°S is more 

highly populated with TC data, and the results more reliable. 
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Figure 3.2: (Top) The colored contours represent composited TC days Index in 
the SIO, with respect to the Atlantic Nino Index, computed for the SIO TC 
season of July (Year 1) - June (Year 2), for the period 1981-2008. A minimum 
central pressure cutoff of 985 mb was used. Contour intervals are 0.5 days of 
TC presence/year. Gray shaded regions represent areas that are statistically 
significant to the 95% level via bootstrapping. (Bottom) Individual TC tracks for 
positive (negative) years shown as red (blue) lines.



 The TC days composite shows a notable east-west dipole, with fewer (greater) 

TC days present in the east (west) during positive (negative) Atlantic 3 index years. 

The region of negative anomalies is larger, reaching from 75°E to 95°E, and including 

5 statistically significant grid boxes. The largest negative anomaly is centered at 90°E 
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Figure 3.3:(Top) The colored contours represent the average Genesis Index in 
the SIO, computed for the SIO TC season of July (Year 1) - June (Year 2), for 
the period 1981-2008, contour intervals are 0.2 genesis events/year. (Bottom) 
The colored contours represent the composited Genesis Index in the SIO, with 
respect to the Atlantic Nino Index, contour intervals are 0.2 genesis events/
year. The dots represent genesis location, with red (blue) representing years 
with positive (negative) Atlantic 3 SST anomalies. Gray shaded regions 
represent areas of the Genesis Index composite that are statistically 
significant to the 95% level via bootstrapping. 



and 15°S, and has a value of around -3 TC days. Since there is an average of 2 TC 

days/year in this region (Figure 1.5) a 3 TC day anomaly amounts to an average 

reduction from 2 TC days to 0.5 during positive years, and an increase from 2 to 3.5 

TC days during negative years. The positive dipole is present from 60°E to 75°E, and 

contains only 2 statistically significant grid boxes, with a maximum anomaly of 1.5 

TC days. This dipole response is insensitive to minimum central pressure cutoff level, 

i.e. a similar, statistically significant dipole pattern was found using alternate central 

pressure cutoffs of 1000 mb, 985 mb, 975 mb, and 950 mb. In order to gain more 

insight into the mechanisms behind this response, other TC metrics and atmospheric 

variables were analyzed. 

 The TC genesis index, a measure of genesis location, is composited with 

respect to the Atlantic 3 index (Figure 3.3, Bottom). The genesis composite agrees 

with the dipole structure found in the TC-days index. Since storms in this basin tend to 

move west and south, one would expect the regions of anomalous genesis to occur east 

and north of the regions of anomalous TC-days. This behavior is observed, with a 

statistically significant region of favorable genesis during negative years, from 90°E to 

110°E, and positive years from 65°E to 80°E. The negative genesis anomaly centered 

at 65°W and 7.5°S could also lead to the slightly negative anomaly in TC-days from 

50°W to 60°W. 

Atmospheric Response

 The atmospheric response to the SST anomalies observed in the equatorial 

Atlantic Ocean was examined using NCEP-NCAR reanalysis data, CMAP 

precipitation data, and OLR, for the same time period as the tropical cyclone records 

(1981-2009). These responses are compared with the responses in the TC metrics. 

 The first TC characteristic presented is the change in storm speed and 

direction. By looking at the composited steering flow (Figure 3.4 Bottom), it can be 

seen that there is a large anomaly present in the same region as the negative anomaly 

in tropical cyclone days (75°E-100°E) (Figure 3.2 Top). The anomaly represents a 
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Figure 3.4: Atlantic Niño composites for December - March for the period 
1981-2008. (Top) 850 hPa zonal wind, contours are 0.5 (m/s), NNR data used. 
(Middle) 850 hPa meridional wind, contours are 0.5 (m/s), NNR data used. 
(Top and Middle) Gray shaded regions are statistically significant to the 95% 
level via bootstrapping. (Bottom) 300:700 hPa aggregate steering flow, largest 
arrows correspond to 1.5 (m/s). Regions are colored gray if the larger of either 
the zonal or meridional component is statistically significant. 



relative strengthening of the entire westward steering flow present between the equator 

and 20S during positive events, from an average of 1.5 m/s during negative events to 

2.5 m/s during positive events. The majority of the anomalous steering flow centered 

at 10 S has significance above the 95% level, as indicated by the gray shading. This 

anomalous flow is consistent with enhanced zonal propagation of storms during 

positive years, and reduced zonal movement of storms in negative years. This result 

was analyzed quantitatively by averaging the zonal speed of storms over both the 

region of positive tropical cyclone days anomaly (50°E to 75°E, 5°S to 25°S), and the 

region of negative anomaly (75°E to 100°E, 5°S to 25°S) for years with positive, and 

negative Atlantic 3 anomalies. It is found that during negative Atlantic 3 years, zonal 

storm motion is reduced by half, a decrease from 2 m/s during positive years to 1 m/s 

during negative years, in the area of negative tropical cyclone day anomalies. This 

reduction in zonal motion is accompanied by a slight increase in meridional motion 

towards higher latitudes. Taken together this leads to storms with slower motion, 

which recurve further to the east. 

 These steering wind changes can explain both the negative anomaly in the days 

index, through slower storm motion, and the positive days anomaly through an 

eastward shift in recurvature during years with a negative Atlantic Nino event. It is 

also interesting to note that the 850 hPa wind response (Figure 3.4 Top and Middle), is 

stronger than the steering flow response, and is present as a weakening (strengthening) 

of the cyclonic rotation centered at 80°E and 20°S during positive (negative) events. 

This same feature, present in Figure 3.5 as a positive vorticity anomaly, is discussed 

later. 

 The second set of variables, representing ocean and atmosphere variables 

which influence storm genesis and strength, were composited using the Atl3 index. 

These composites were tested for significance, and analyzed for agreement with the 

TC metric composites. In addition to visual comparison of the regions of statistical 

significance, the variable composite fields were compared with the TC metric 

composite fields using spatial correlation analysis. This correlation analysis of 
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composited fields (Table 3.1) includes TC genesis index, TC days index, 850 hPa 

relative vorticity, 600 hPa relative humidity, 200-850 hPa wind shear, genesis potential 

index, Potential Intensity, and outgoing longwave radiation. The spatial correlation 

shows the fields most highly correlated with the TC days composite are OLR, GP, and 

RH, with a lesser correlation with the TC genesis index. The RH composite can be 

seen in Figure 3.5 (Top), which shows a clear dipole structure very similar to that seen 

in the TC days index, with a large region of statistically significant anomalies present 

in the east. Figure 3.5 (Bottom) shows 850 hPa relative vorticity, with the region of 

statistically significant positive vorticity present between 80°E to 100°E and 10°S to 

20°S.  It should be noted that the broader basin-wide correlation between RV and TC 

days is fairly low; however, the anomaly at 80°E-100°E, 10°S-20°S is consistent with 

a reduction of TC days in that area by reducing TC genesis, of which vorticity is a 

major contributor (Camargo et al, 2007). 

 The OLR response (Figure 3.7 Bottom) shows the same dipole structure as 

RH, and as expected shares a high correlation with both the RH and the TC days 

index. This high correlation with OLR and RH is not unexpected, as increased TC 

activity, possibly due to other factors, would tend to increase both of these variables. It 
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Table 3.1: Spatial correlations between the following Atlantic 3 variable 
composite fields for the SIO. The analyzed variable fields, were created by 
averaging over the period December-March, and composited with respect to 
Atlantic 3 events. The area analyzed is from 50 to 100E and 5 to 30S. 



is unclear from the composite analysis performed, whether the agreement in the RH 

and OLR fields reflect changes in TC activity, or drive it. The high correlation with 

GP (Figure 3.6 Top) is also not unexpected due to RH being one of the key ingredients 

included in creating the GP index. Correlations are not computed for precipitation 

(Figure 3.7 Middle) as it matches OLR very closely. 

 The TC genesis index is most highly correlated with RH, GP, OLR and TC 

days. RH is found to have the highest spatial correlation with genesis (Figure 3.5 Top). 

41

Figure 3.5 Atlantic Niño composites for December - March for the period 
1981-2008. (Top) 600 hPa Relative Humidity, contours are 2 (%), NNR data 
used. (Bottom) 850 hPa Relative Vorticity, contours are 2*10^-6 (s^-1), NNR 
data used. (All plots) Gray shaded regions are statistically significant to the 
95% level via bootstrapping. 



In addition to the high spatial correlation, RH also has a region of statistically 

significant anomalies present in a region of anomalous genesis centered around 100°E 

and 10°S. GP is also found to have high spatial correlation, but there is not much 

agreement within the statistically significant regions (Figure 3.6 Top). High spatial 

correlation is also found with the TC days and OLR fields.  These correlations are 

expected, as these fields are inherently linked. Although the overall spatial correlation 

between RV and genesis is low, there does seem to be some agreement within the 

statistically significant regions present over much of the western half of the basin, as 
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Figure 3.6: Atlantic Niño composites for December - March for the period 
1981-2008. (Top) Genesis Potential, contours are 0.5 (SI), data derived from 
NNR. (Bottom) 200 - 850 mb wind shear, contours are 2 (m/s), NNR data 
used. (All plots) Gray shaded regions are statistically significant to the 95% 
level via bootstrapping. 
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Figure 3.7: Atlantic Niño composites for December - March for the period 
1981-2008. (Top) Potential Intensity, contours are 1 (m/s), derived from NNR 
data. (Middle) Precipitation, contours are 1 (mm/day), CMAP data used. 
(Bottom) Outgoing longwave radiation, contours are 2 (K), AVHRR.(All Plots) 



44

Figure 3.8: CAM 4 perpetual January model runs, forced with anomalous 
Atlantic 3 SSTs. Composited for positive and negative events. (Top) 850 hPa 
zonal wind, contours are 0.5 (m/s). (Middle) 850 hPa meridional wind, 
contours are 0.2 (m/s). (Bottom) 300:700 hPa aggregate steering flow, largest 
arrows correspond to 1.25 (m/s). 
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well as centered at 95°E and 5°S. This, along with the RH result, agree well with 

Kuleshov et al (2009), which finds cyclogenesis in the SIO to be most related to 600 

hPa relative humidity and 850 hPa relative vorticity.

Model Runs

 In order to elucidate which portions of the observational composite results are 

specifically due to the Atlantic 3 region SST anomalies, an atmospheric GCM, the 

Community Atmospheric Model 4, or CAM4, was used. Two model runs were 
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Figure 3.9: CAM 4 perpetual January model runs, forced with anomalous 
Atlantic 3 SSTs. Composited for positive and negative events. (Top) 600 hPa 
Relative Humidity, contours are 2 (%). (Bottom) 850 hPa Relative Vorticity, 
contours are 1*10^-6 (s^-1). 



completed with respect to Atlantic 3 SST anomalies, one forced with SST’s typical of 

a positive event, the second with negative event SST’s. Composites for some of the 

same variables, including RV, winds and RH, were computed using the two model 

runs. Figure 3.8 (Bottom) shows that the model results are in agreement for the zonal 

steering flow, in the region of negative days anomaly and with the NNR composites 

(Figure 3.4). This agreement is also found in the 850 hPa zonal winds (Figure 3.9 Top, 

Middle). Of the remaining variables, 850 hPa RV is the only one that shows some 

agreement. Figure 3.9 (Bottom) shows that the positive vorticity anomalies centered at 

85°E and 20°S, and 40°E and 30°S are reproduced, as well as the negative vorticity 

anomaly centered at 75°E and 30°S.  These model composites indicate that tropical 

Atlantic SST anomalies during arboreal summer induce changes in atmospheric flow 

over the southern Indian Ocean consistent with altered TC steering and genesis.

3.2 Benguela Niño

 Figure 3.10 shows the composited state of the world oceans with respect to the 

ABA index.  There is a large area of positive SST anomalies off the coast of Africa, 

this region of statistically significant anomalies extends across the Atlantic Ocean to 

the coast of South America. A standard negative ENSO like response is seen in the 

Pacific Ocean, while this anomaly is not statistically significant, it does point to the 

possibility of ENSO influences. A statistically significant dipole pattern in SST is also 

seen in the SIO, which matches that given in Qian et al. (2002). This dipole pattern, as 

well as the ENSO response, will be discussed later for their potential impacts on TC 

behavior. The overall impacts in the Indian Ocean will be examined through 

composite analysis, and impacts related to the SST anomalies in Angola Benguela 

Frontal zone will be identified using an atmospheric model. 
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TC metrics

 Figure 3.11 (Top) shows the southern Indian Ocean TCs concurrent with 

anomalous southern Atlantic (Benguela) SST anomalies. Compositing the TC days 

index with respect to the ABA index, a maximum central pressure cutoff of 985 mb 

was chosen in order to get a general sense of the TC behavior. Figure 3.11 (Bottom) 

shows the actual tracks of the tropical cyclones, with tracks for positive (negative) 

years in red (blue). It should be noted that there were only three positive anomaly 

years, and four negative anomaly years during the data record. This weights each 

positive year slightly higher than each negative year. 

 Similar to the analysis of the Atlantic 3 Index, a dipole in TC days is found; 

however, unlike the equatorial Atlantic, the south Atlantic SST anomalies show a 

stronger response in the western half of the basin, with positive TC days anomalies 

seen in Figure 3.11 (Top), extending from the coast of Africa, located at 40E, to the 

center of the SIO at 70E. The negative response does not encompass any regions of 

statistical significance, but is still present over the eastern half of the basin. The entire 
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Figure 3.10: The colored contours represent SSTs composited with respect to 
the ABA index. The data is from the ERSST dataset, and averaged for the 
months December-March for the years 1981-2008. Contour intervals are 0.25 
°C, with the zero contour omitted. The positive anomaly centered at 10E and 
20S has a maximum value of 3 °C. Gray shaded regions represent areas that 
are statistically significant to the 95% level via bootstrapping.



response is not as statistically significant as that found for the Atlantic 3 index. This 

dipole response is found independent of the chosen pressure cutoff, with more 
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Figure 3.11: (Top) The colored contours represent composited TC days Index 
in the SIO, with respect to the ABA Index, computed for the SIO TC season of 
July (Year 1) - June (Year 2), for the period 1981-2008. A minimum central 
pressure cutoff of 985 mb was used. Contour intervals are 0.5 days of TC 
presence/year, with the zero contour omitted. Gray shaded regions represent 
areas that are statistically significant to the 95% level via bootstrapping. 
(Bottom) Individual TC tracks for positive (negative) years shown as red (blue) 
lines.



statistical significance found for a higher pressure cutoff that includes less intense 

storms. 

 Figure 3.12 shows the tropical cyclogenesis response to ABA region SST 

anomalies. Only one region is found to be statistically significant, and the overall 

spatially heterogeneous response pattern is not consistent with the dipole response in 

TC days (Figure 3.11).

Atmospheric Response

 The atmospheric response to the SST anomalies observed in the southern 

Atlantic Ocean was examined using NCEP-NCAR reanalysis data, CMAP 

precipitation data, and OLR, for the same time period as the tropical cyclone records 

(1981-2009). These responses are compared with the responses in the TC metrics. 
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Figure 3.12: The colored contours represent the composited Genesis Index in 
the SIO, with respect to the ABA Index, contour intervals are 0.2 genesis 
events/year. The dots represent genesis location, with red (blue) representing 
years with positive (negative) ABA SST anomalies. Gray shaded regions 
represent areas of the Genesis Index composite that are statistically 
significant to the 95% level via bootstrapping. 
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Figure 3.13: ABA index composites for December - March for the period 
1981-2008. (Top) 850 hPa zonal wind, contours are 0.5 (m/s), NNR data used. 
(Middle) 850 hPa meridional wind, contours are 0.5 (m/s), NNR data used. 
(Top and Middle) Gray shaded regions are statistically significant to the 95% 
level via bootstrapping. (Bottom) 300:700 hPa aggregate steering flow, largest 
arrows correspond to 3 (m/s). Regions are colored gray if the larger of either 
the zonal or meridional component is statistically significant. 



 The first TC characteristic presented is the change in storm speed and 

direction. A large anomaly in composited steering flow (Figure 3.13 Bottom), is 

present across the region of TC activity, (10S to 20S, 50E to 110E). The anomaly 

represents a relative strengthening of the entire westward steering flow, between 10S 

and 20S, during positive events, from an average of 0.5 m/s during negative events to 

1.7 m/s during positive events. Some of the anomalous steering flow feature centered 

at 15 S has significance above the 95% level, as indicated by the gray shading. This 

anomalous flow is consistent with enhanced zonal propagation of storms during 

positive years, and reduced zonal movement of storms in negative years. This result 

was analyzed quantitatively by averaging the zonal speed of storms over both the 

region of positive TC day anomaly (50 to 75 E, 25 to 5 S), and the region of negative 

anomaly (75 to 100 E, 25 to 5 S) for years with positive, and negative ABA anomalies. 

It is found that during anomalous ABA years, zonal storm motion is reduced from an 

average of 2.8 m/s during positive years to 1.25 m/s during negative years, this 

response is consistent across the entire longitude of the SIO basin. 

 The changes in steering flow can explain the negative anomaly in the days 

index, through both slower storm motion towards the west during negative years, and 

faster storm motion during warm years, this difference allows for more TC days to 

accumulate during negative years. The positive anomaly in TC days can be explained 

by the preferential entry into the western half of the basin from the east during positive 

events, due to increased steering flow, and the suppression of westward motion during 

negative events. 

 The second set of variables were composited using the ABA index. These 

composites were then compared with the TC metric composites using spatial 

correlation analysis. This correlation analysis of composited fields (Table 3.2) includes 

TC genesis event index, TC days index, 850 hPa relative vorticity, 600 hPa relative 

humidity, 200-850 hPa wind shear, genesis potential index, Potential Intensity, and 

outgoing longwave radiation. The spatial correlation shows which ocean, or 

atmospheric variable fields are most highly correlated with either TC days, or TC 
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genesis. The variable composite most correlated to TC days is wind shear, with a value 

of -0.26. Since a reduction in wind shear leads to increased storm activity, a negative 

correlation is expected. However, no statistically significant regions of wind shear are 

found to correspond with the the anomalous TC days pattern observed earlier (Figure 

3.14, Bottom). All other correlations with the TC days index are either small, or in a 

manner which would not agree with the physical relationship between the variable and 

TC behavior, i.e. a reduction in RH is not generally accepted to have a beneficial 

impact on TCs.  

 The variable composites most correlated to the TC genesis composite are: 850 

hPa RV, and 600 hPa RH, with correlations of -0.33 and 0.28 respectively. The 

negative RV correlation is the opposite of what is physically expected, with a positive 

anomaly representing increased cyclonic rotation during positive years relative to 

negative years, and enhanced genesis. This disagreement is interesting, as it suggests a 

potential limit on the usefulness of analyzing a group of individual events using 

seasonal averages. No regions of statistically significant RV are found in agreement 

with regions of anomalous genesis (Figure 3.15, Bottom). In addition to a high spatial 

correlation between RH and genesis events, a statistically significant RH anomaly is 
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Table 3.2: Correlation matrix, showing spatial correlations between composite 
fields of the stated variables. The analyzed variable fields, were created by 
averaging over the period December-March, and composited with respect to 
ABA events. The area analyzed is from 50E to 100E and 5S to 30S. 

Genesis TC Days RV RH Shear GP PI OLR
Genesis 1.00 -0.21 -0.33 0.28 0.11 0.08 0.02 0.06
TC Days -0.21 1.00 0.10 -0.25 -0.26 0.21 -0.24 0.21
RV -0.33 0.10 1.00 -0.45 -0.24 -0.29 0.12 0.18
RH 0.28 -0.25 -0.45 1.00 0.23 0.34 0.30 -0.06
Shear 0.11 -0.26 -0.24 0.23 1.00 -0.31 -0.32 -0.54
GP 0.08 0.21 -0.29 0.34 -0.31 1.00 -0.15 0.04
PI 0.02 -0.24 0.12 0.30 -0.32 -0.15 1.00 0.61
OLR 0.06 0.21 0.18 -0.06 -0.54 0.04 0.61 1.00



found in agreement with a region of statistically significant genesis anomaly centered 

at 60E and 20S (Figure 3.15, Top).  

 Outgoing longwave radiation, PI, and precipitation, were also analyzed and 

found to have little apparent relation with either TC days or genesis.
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Figure 3.14: ABA composites for December - March for the period 1981-2008. 
(Top) Genesis Potential, contours are 0.5 (SI), data derived from NNR. 
(Bottom) 200 - 850 mb wind shear, contours are 2 (m/s), NNR data used. (All 
plots) Gray shaded regions are statistically significant to the 95% level via 
bootstrapping. 



Model Runs

 In order to elucidate which portions of the observational composite results are 

specifically due to the ABA region SST anomalies, we used the CAM4 amospheric 

GCM. Two model runs were completed with respect to ABA SST anomalies, one 

forced with SST’s typical of a positive event, the second with negative event SST’s. 

Composites were computed for many of the same variables as the earlier analysis, 

including RV, winds and RH. 
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Figure 3.15: ABA composites for December - March for the period 1981-2008. 
(Top) 600 hPa Relative Humidity, contours are 5 (%), NNR data used. 
(Bottom) 850 hPa Relative Vorticity, contours are 5*10^-6 (s^-1), NNR data 
used. (All plots) Gray shaded regions are statistically significant to the 95% 
level via bootstrapping, zero contours are omitted. 
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Figure 3.16: CAM 4 perpetual January model runs, forced with anomalous 
ABA SSTs. Composited for positive and negative events. (Top) 850 hPa zonal 
wind, contours are 0.25 (m/s). (Middle) 850 hPa meridional wind, contours are 
0.1 (m/s). (Bottom) 300:700 hPa aggregate steering flow, largest arrows 
correspond to 0.5 (m/s). 



 Figure 3.16 (Bottom) shows that the model results for steering flow agree with 

the statistically significant NNR composited results for steering flow over the region 

of statistically significant TC days. This region encompasses 40E to 100E, and 10S to 

20S. This agreement is also found in the 850 hPa winds (Figure 3.16 Top, Middle). Of 

the remaining variables, 600 hPa RH is the only one which shows some agreement 

with the observationally based composite results. Figure 3.17 (Top) shows that the 

negative RH anomaly centered at 60E and 20S, and is reproduced. These model 

composites indicate that southern Atlantic SST anomalies during austral summer 
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Figure 3.17: CAM 4 perpetual January model runs, forced with anomalous 
ABA SSTs. Composited for positive and negative events. (Top) 600 hPa 
Relative Humidity, contours are 1 (%). (Bottom) 850 hPa Relative Vorticity, 
contours are 5*10^-7 (s^-1). 



induce changes in atmospheric flow over the southern Indian Ocean consistent with 

altered TC steering, and possibly genesis.

3.3 TC Dipole

 Earlier analysis shows an east-west dipole of tropical cyclone days is related to 

both the Atlantic 3 index (Figure 3.2 Top), and the ABA index (Figure 3.11 Top). This 

same dipole feature was identified using an empirical orthogonal function (EOF) 

analysis of TC days by Liu and Chan (2012), and found to account for the the second 

highest amount of variability. The principal component (PC) time series related to this 

EOF had high correlation with both ENSO and the IOD. My own analysis of the IOD 

response agrees with this correlation, as a dipole is present in TC days (Figure 1.9); 

however, ENSO is shown to have a more basin wide response (Ho et al., 2006). Liu 

and Chan performed the EOF analysis for a region covering both the SIO and south 

Pacific, and the dipole in the Indian Ocean was accompanied by a dipole in the south 

Pacific.  Also, Liu and Chan used TC data spanning the period 1970 - 2008. The pre 

satellite data behaves differently and could have an influence on the EOF analysis and 

explain the discrepancy between their analysis and mine. 

 Several theories have been put forward in order to explain the TC Dipole 

feature in terms of ENSO and IOD (Ho et al., 2006; Ash and Matyas, 2010), the 

phenomena itself has not been studied however. In order to better understand the 

relationship between the different patterns of ocean SST anomalies, and the dipole in 

TC days, a TC dipole index was created by averaging the TC days in the western SIO 

(50°E to 75°E, 10°S to 20°S) and eastern SIO (75°E to 100°E, 10°S to 20°S). TC days 

were calculated using a minimum central pressure of 985 mb. The eastern average was 

then subtracted from the western average in order to create a yearly value. The largest 

positive and negative dipole events were analyzed in the same manner as anomalous 

Atlantic SSTs, by computing variable composites. In addition to the TC dipole index, 

the EOF analysis performed by Liu and Chan (2012) is repeated for the period 
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concurrent with satellite data, 1981-2008, and for a range restricted to the SIO. Both 

the TC dipole index, and the EOF analysis will be discussed further.

 The TC Dipole index was created, and found to have eight years with large 

positive anomalies, as well as eight years with large negative anomalies. The positive 
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Figure 3.18: (Top) The colored contours represent composited TC days in the 
SIO, with respect to the TC dipole Index, computed for the period 1981-2008. 
A minimum central pressure cutoff of 985 mb was used. Contour intervals are 
0.5 days of TC presence/year. Gray shaded regions represent areas that are 
statistically significant to the 95% level via bootstrapping. (Bottom) Individual 
TC tracks for positive (negative) years shown as red (blue) lines.



years are: 1985/86, 1988/89, 1989/90, 1993/94, 1994/95, 2002/03, 2003/04, and 

2006/07. Negative years: 1981/82, 1983/84, 1990/91, 1991/92, 1996/97, 1998/99, 

2004/05, and 2005/06. Figure 3.18 (Top) shows the TC days composite for these 

years, it can be seen that a dipole is present, with the majority of the statistically 

significant response occurring in the western half of the basin. The positive year tracks 
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Figure 3.19:(Top) The colored contours represent the average Genesis Index 
in the SIO, computed for the period 1981-2008, contour intervals are 0.2 
genesis events/year. (Bottom) The colored contours represent the composited 
Genesis Index in the SIO, with respect to the TC days dipole Index, contour 
intervals are 0.2 genesis events/year. The dots represent genesis location, 
with red (blue) representing years with positive (negative) Atlantic 3 SST 
anomalies. Gray shaded regions represent areas of the Genesis Index 
composite that are statistically significant to the 95% level via bootstrapping. 



(Figure 3.18 Bottom) show organized zonal movement with recurvature to the south. 

The negative year tracks show less organized behavior, with more frequent changes in 

direction. This leads the majority of storms to linger in the eastern half of the basin 

until dissipation. 

 Figure 3.19 (Bottom) shows genesis events composited for the TC Dipole 

index, there is an increase in genesis events in the west (east) during positive 

(negative) years. This finding is consistent with the dipole in TC days, and would 

suggest that a main cause of the dipole structure seen in the TC days is genesis. 

Agreement is found between the dipole in genesis events and the GP composite 

(Figure A1), the contributions to GP most responsible for this agreement are: 600 hPa 

RH, and 850 hPa relative vorticity (Figure A2). 

 Liu and Chan (2012) performed an EOF analysis on TC occurrence in the 

southern hemisphere, and found the second highest weighted EOF corresponds with 

an east-west dipole in the SIO. Their analysis was performed on the entire southern 
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Figure 3.20: Loading patterns of anomalous TC days for (Top left) EOF 1, 
(Bottom left) EOF2. Contours intervals are 0.1 (TC days). Time series of (Top 
right) PC1, (Bottom right) PC2.  



hemisphere for the time period 1970-2008. They note that the years before 1980 seem 

to behave differently than those after 1980, this discrepancy is likely due to a lack of 

reliable TC data prior to 1980, as was discussed earlier. In order to confirm the 

existence of the dipole in TC days, the Liu and Chan analysis was repeated using the 

1981-2008 time period, for the SIO only. The analysis was performed on the TC days 

index using a maximum central pressure cutoff of 985 mb. 

  The leading two EOFs are shown in Figure 3.20. The leading EOF matches 

the TC days dipole, and accounts for 15% of the variability in the TC days index. The 

second EOF also has east-west variability, with an added region of negative TC-days 

closer to Madagascar, and accounts for 13% of the variability. The PC time series 

related to the spatial patterns will be compared to other indexes in the correlations 

section. 

3.4 Correlations

 Different contributions to the dipole structure in TC days were analyzed using 

correlations between indexes representing ocean and atmospheric variability, and the 

TC Dipole index, described above. After the initial correlation analysis with the TC 

Dipole corresponding with a pressure cutoff of 985 mb, a secondary analysis was 

conducted examining the response to changes in the TC Dipole maximum central 

pressure cutoff. A brief overview of the ocean and atmosphere indices is given below. 

 The first indexes analyzed corresponded to large-scale SST patterns analyzed 

earlier, as well as those analyzed in previous papers by other authors. These SST 

patterns are: ENSO, represented by the Niño 3.4 region of variability, Indian Ocean 

Dipole, represented by the equatorial dipole region, Atlantic Niño, represented by the 

Atlantic 3 region, and Benguela Niño, represented by the ABA region. 

 The second group of indices relates to atmospheric variability, these regions of 

variability have been discussed previously for their potential to influence TC behavior. 

This variability includes RH, OLR, PI, and steering flow. RH is identified in the 
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literature as a major contributor to TC genesis in the SIO (Kuleshov et al, 2009), and 

thus a dipole in RH anomalies may contribute to anomalous genesis. A RH index was 

created by differencing the western and eastern halves of the basin. OLR was found to 

be present in a dipole structure in a similar manner to TC days, the exact relationship 

between OLR and TCs is not known, but it is useful to perform correlation analysis. 

An OLR index was created in the same manner, as RH. PI is shown to influence TC 

statistics (Emanuel 2000), and was seen to be related to TC days in a few of the 

composites. A PI index was created by differencing the two halves of the basin. 

Steering flow is analyzed based on the pattern related to the Atlantic 3 region, as well 

as the pattern related to the ABA region. For the Atlantic 3 region a statistically 

significant region of anomalous steering flow encompasses 50°E and 100°E and 5°S 

and 15°S (Figure 3.4), this region is proposed to influence TC movement. An index is 

created by averaging steering flow over the region of statistically significant 

anomalies, this index is labeled in Table 3.3 as Steer1. A similar statistically significant 

response is found when steering flow is composited with respect to ABA events. This 

region is further south, and encompasses 50°E to 100°E and 12.5°S to 22.5°S (Figure 

3.4). This region is also seen to have a strong response related to ENSO (Figure 1.8), 

and IOD (Figure 1.9), the index is labeled Steer2. All SST and atmospheric variable 

indexes correspond to December-March averages of the variable in question for each 

year between 1981 and 2008. 

 Since spatial changes in TC genesis will also impact TC days, an index for a 

dipole in TC genesis is created in order to account for this. The number of genesis 

events occurring in both the western half (50°E to 75°E) and the eastern half (75°E to 

100°E) are summed, the number of genesis events in the eastern half is subtracted 

from the western half in order to create a yearly Genesis Dipole index. The last two 

indexes correspond to the time series for the EOF modes accounting for the highest 

variability in TC days, details on this analysis are presented earlier. 

 The correlations between these time series are computed and shown in matrix 

form in Table 3.3. Correlations with the TC Dipole are presented first, with the 
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correlations between other indices discussed after. EOF1 is found to have the highest 

correlation with the TC Dipole index, with a correlation of -0.90. Due to the high 

correlation between TC Dipole and EOF1, both can be used as indices of the same TC 

Dipole variability. In agreement with the findings of Liu and Chan (2012), the IOD 

index is found to be correlated with the TC Dipole index, as well as EOF1 with values 

of 0.41 and -.38. This agreement does not extend to the ENSO index, with correlations 

of 0.01 and 0.17. The Atlantic 3 and ABA regions have marginal correlation with TC 

Dipole, with values of 0.22 and 0.26 respectively, slightly lower correlations are found 

for EOF1, with -0.15 and -0.25 respectively.

 The highest correlations between the TC Dipole and potential causal 

mechanisms are found with OLR and the Genesis Dipole index, with correlations of 

-0.43 and 0.27 respectively, these high correlations are also found for the EOF1 index, 

with correlations of 0.23 and -0.31 respectively. In addition to the indexes in which 

correlations are consistent between the TC Dipole index and EOF1, the Steer1 region 

has a correlation of 0.24 with EOF1, but lower correlation with TC Dipole. The other 

indexes created did not have high correlations with either EOF1, or TC Dipole. The 

high correlation with OLR could be due to either a change in OLR directly related to 
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Table 3.3: Cross correlation matrix for selected indexes. All correlations are 
computed for the period 1981 to 2008. TC Dip in this table corresponds to the 
TC Dipole index created using a minimum central pressure of 985 mb. 
Correlations given in bold are significant to the 95% level. 

TC Dip IOD Atl3 ENSO ABA Genesis Steer1 Steer2 OLR RH PI EOF1 EOF2
TC Dip 1.00 0.41 0.22 0.01 0.26 0.27 -0.08 -0.08 -0.43 0.17 0.02 -0.90 0.27
IOD 0.41 1.00 0.34 -0.08 0.29 0.10 -0.36 -0.32 -0.23 0.47 0.20 -0.38 -0.05
Atl3 0.22 0.34 1.00 0.13 0.47 0.12 -0.45 -0.29 -0.22 0.43 0.12 -0.15 0.22
ENSO 0.01 -0.08 0.13 1.00 -0.24 0.43 -0.04 0.68 -0.69 0.16 0.51 0.17 0.16
ABA 0.26 0.29 0.47 -0.24 1.00 -0.07 -0.30 -0.50 0.15 0.06 -0.11 -0.25 0.12
Genesis 0.27 0.10 0.12 0.43 -0.07 1.00 0.07 0.32 -0.58 -0.22 0.31 -0.31 -0.09
Steer1 -0.08 -0.36 -0.45 -0.04 -0.30 0.07 1.00 0.59 0.13 -0.62 -0.30 0.10 -0.08
Steer2 -0.08 -0.32 -0.29 0.68 -0.50 0.32 0.59 1.00 -0.50 -0.18 0.26 0.24 0.09
OLR -0.43 -0.23 -0.22 -0.69 0.15 -0.58 0.13 -0.50 1.00 -0.32 -0.65 0.23 -0.26
RH 0.17 0.47 0.43 0.16 0.06 -0.22 -0.62 -0.18 -0.32 1.00 0.45 -0.01 0.26
PI 0.02 0.20 0.12 0.51 -0.11 0.31 -0.30 0.26 -0.65 0.45 1.00 0.07 0.14
EOF1 -0.90 -0.38 -0.15 0.17 -0.25 -0.31 0.10 0.24 0.23 -0.01 0.07 1.00 0.00
EOF2 0.27 -0.05 0.22 0.16 0.12 -0.09 -0.08 0.09 -0.26 0.26 0.14 0.00 1.00



TC presence, or a third variable causing both, such as subsidence. The high correlation 

with genesis also makes sense, as a dipole in genesis events with all other variables 

equal would tend to create a dipole in TC days as well. The fact that the TC Dipole 

index did not capture the Steer2 correlation as well as EOF1 would indicate that 

caution should be used in inferring a relationship between steering flow and the TC 

days dipole feature. 

 The highest correlation between the SST indices (e.g. ENSO, Atl3) and the 

Genesis Dipole index is for ENSO, with a correlation value of 0.43. The other regions 

do not show a high correlation with TC genesis. This agreement between ENSO and a 

SIO TC Genesis Dipole is found in the literature as well (Ho et al, 2006; Kuleshov et 

al, 2009). ENSO has the highest correlation with OLR as well, with a correlation of 

-0.69. This ENSO influenced OLR feature is due to changes in subsidence in the 

eastern half of the basin (Kuleshov et al, 2009). It is also interesting that ENSO is 

highly correlated with the Steer2 index, with a correlation of 0.68. This connection is 

presented in the literature (Vitart et al., 2003). A negative correlation with the Genesis 

Index corresponds with higher genesis numbers in the west (east) during positive 

(negative) ENSO events. When ENSO is in its negative phase, storms form 

preferentially in the eastern half of the basin; however, once formed, the storms face a 

higher easterly steering flow, which drives more storms to the west. The combined 

impact results in a more basin-wide response to ENSO seen in the TC days index, and 

may explain why the overall correlation with a TC Dipole index is so low. ENSO 

seems to prove the validity of both genesis and steering flow as influences on TC 

variability, however in the specific case of the TC Dipole the two seem to cancel out, 

resulting in no dipole response. 

 While the correlations seen for Genesis and OLR are by far the highest with 

ENSO, the steering flow indexes also show high correlations with the other SST 

indexes. Besides ENSO, Steer2 is found to be correlated with ABA, IOD, and Atl3 as 

well, with correlations of -0.50, -0.32, and -0.29 respectively. The highest correlations 
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for Steer1 are: Atl3, IOD, and ABA, with correlations of  -0.45, -0.36, and -0.30 

respectively. 

 In order to assess any changes in correlations due to different storm intensity, 

the analysis was repeated using TC Dipole indices created using alternate maximum 

central pressure thresholds or a specified range of central pressures. The first TC 

Dipole represents the number of days that a storm whose central pressure was between 

985 and 1005 mb is present. This pressure range corresponds to cyclones of tropical 

storm, or weak category 1 strength, with respect to the Saffir Simpson rating. The 

second range was storms with a central pressure below 985 mb, this is the same cutoff 

used in Table 1, and is shown for comparison. The third range used was between 965 

and 985 mb. This pressure range corresponds to stronger category 1 or category 2 
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Table 3.4: Cross correlations between TC Dipole indexes created using 
different minimum central pressure ranges, and selected indexes. All 
correlations are computed for the period 1981 to 2008. Column 1; TC Dipole 
created using pressure range 985-1005 mb. Column 2; TC Dipole central 
pressure below 985 mb. Column 3; TC Dipole central pressure range 965-985 
mb. Column 4; TC Dipole central pressure below 965 mb. Correlations in bold 
are significant to the 95% level.

TC Dip_1005_985 TC Dip_985 TC Dip_985_965 TC Dip_965
IOD -0.04 0.41 0.22 0.49
Atl3 0.27 0.22 0.13 0.27
ENSO 0.45 0.01 0.02 -0.03
ABA 0.08 0.26 0.11 0.38
Genesis 0.75 0.27 0.38 0.12
Steer1 0.01 -0.08 0.23 -0.38
Steer2 0.25 -0.08 0.17 -0.34
OLR -0.46 -0.43 -0.41 -0.31
RH -0.18 0.17 -0.03 0.28
PI 0.36 0.02 -0.07 0.05
EOF1 -0.14 -0.90 -0.68 -0.85
EOF2 0.07 0.27 0.35 0.03



storms. The last range was all storms below 965 mb, which usually corresponds to 

storms of category 3 or higher. 

 Table 3.4 shows the results of this analysis. For the TC Dipole corresponding 

to a pressure range of 985-1005, ENSO plays the dominant role among the SST 

indexes, with a correlation of 0.45. The majority of this correlation seems to be due to 

the high correlation of this TC Dipole index with the Genesis Dipole index, with a 

correlation of 0.75. The agreement between this TC Dipole index and the Genesis 

index is expected, as these lower intensity storms have a higher chance of only 

existing close to their genesis locations. A similar, but less defined reliance on genesis 

is found for the TC Dipole created for the pressure range of 965-985 mb. 

 The TC Dipole created for a maximum central pressure cutoff of 965 mb is 

found to have a low correlation with the Genesis index, with a correlation value of 

0.12. This TC dipole is found to be more heavily influenced by steering flow, with 

high correlations observed with both Steer1 and Steer2, -0.38, and -0.34 respectively. 

Given the uniformly high correlations between the IOD, Atl3, and ABA indexes and 

the steering flow indexes, combined with the uniformly high correlations between the 

IOD, Atl3, and ABA indexes and the TC Dipole index, it is difficult to determine 

which of the SST indexes contribute most to the TC Dipole. In Addition, since 

correlations are a linear analysis, any non-linearity in the system will not be well 

captured by the analysis. 

3.5 Teleconnections

 Previous studies have shown connections between tropical Atlantic SST 

anomalies and the Indian Ocean (Robertson and Farrara, 2003; Hansingo and Reason, 

2009; Wang et al., 2009; Kucharski et al., 2007, 2009; Losada et al., 2010). The 

analysis performed for both the Atlantic 3 region, and the ABA region showed that a 

dipole like response was present in TC days composited for both indexes. Steering 

flow anomalies were found to be the most related with this feature for stronger storms, 
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while genesis was most related for weaker storms. The steering flow response found in 

the Atlantic 3 and ABA composites was found to be statistically significant, as well as 

being replicated by model runs. The model runs were designed to remove extraneous 

variability from the Indian Ocean response. With a response in steering flow shown to 

be robust, the potential mechanisms of teleconnection from the Atlantic to the Indian 

Ocean was be analyzed. The mechanism from the Atlantic 3 region will be analyzed 

first, followed by the mechanism of the ABA region.

Atlantic Niño Teleconnections

 Atlantic 3 events are characterized by a 0.5 degree C SST anomaly. This 

anomaly was located mainly along the equator (Figure 3.1). Figure 3.21 shows the 
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Figure 3.21: Colored contours: Atlantic 3 composite wind anomalies located 
along latitude 10S. Contour intervals of 0.5 m/s. Gray regions are statistically 
significant to the 95% level.



vertical structure of the steering flow anomaly located along 10S. Wind anomalies 

related to enhanced convection are found over the Atlantic, with positive low level 

wind anomalies leading into the region of heating, combined with negative upper level 

flow leading away. There is some agreement found in the Indian Ocean as well, with 

large negative anomalies located near the surface leading to the Atlantic, and slight 

positive anomalies located at the highest levels. A more spatially complete analysis of 

200 hPa winds and relative vorticity was done, with no features identified as relating 

to the steering flow anomaly (Figure B1). Figure 3.22 shows the model results for the 

same variables as Figure 1. The model seems to have some agreement, although the 

location of the switch from easterly to westerly low level flow changes from 40E in 
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Figure 3.22: Colored contours: CAM 4 perpetual January model runs, forced 
with anomalous Atlantic 3 SSTs. Composited for positive and negative events. 
Colored contours represent composite wind anomalies located along latitude 
10S. Contour intervals of 0.2 m/s. 



the observations, to 10E in the model. This could be due to enhanced convection over 

the continent of Africa, which is not being captured by the model. 

 Another region of interest exists over the southern Indian Ocean, and includes 

the enhanced low level vorticity centered at 80E and 20S, seen in Figure 3.5. The 

exact causal mechanism of this feature is unknown, and further work is needed. 200 

hPa winds and relative vorticity composites for both observations, and the model runs 

can be found in Appendix B. As a whole the mechanisms for Atlantic 3 region 

influence on the SIO must be further analyzed.

Benguela Niño Teleconnections

 Benguela Nino events are characterized by over 1 degree C of warming/

cooling in the region shown in Figure (3.10). This warming has been shown to cause 

direct influences on the nearby regions of Africa, as well as the Indian Ocean near 

Madagascar (Hansingo and Reason, 2009).  The composites related to this index have 

been identified as creating a steering flow anomaly over the Indian Ocean centered at 

15S. This steering flow anomaly has not been analyzed previously with respect to 

SST anomalies in the Atlantic. 

 A wave pattern was identified in the 200 hPa winds and relative vorticity 

(Figure 3.23). This feature seems to originate from a region of positive RV anomaly 

centered at 40W and 20S (Figure 3.23, Top). Robertson and Farrara, (2003) show that 

this region is influenced by Atlantic SSTs, and warm anomalies in the eastern south 

Atlantic result in reduced convection in this region. This anomaly in convection is also 

found in a composite of OLR and precipitation with respect to the ABA region (Figure 

3.24). The wave train begins off the coast of South America, and propagates across the 

south Atlantic, and into the SIO, terminating with a positive RV anomaly centered at 

90E and 30S in the central Indian Ocean. Shimizu et al. (2012) discuss teleconnection 

patterns seen in the southern hemisphere during austral summer, and find a very 

similar pattern originating off the coast of South America, and propagating in much 

the same manner as that seen in Figure 1. The 200 hPa RV anomaly found in the 
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Figure 3.23: ABA index composites for December - March for the period 
1981-2008. (Top) 200 hPa RV, contours are 0.5*10^-5 (s^-1), NNR data used. 
(Middle) 200 hPa zonal wind, contours are 2 (m/s), NNR data used. (Bottom) 
200 hPa meridional wind, contours are 1 (m/s). Gray shaded regions are 
statistically significant to the 95% level via bootstrapping. 



Indian Ocean was analyzed at the 500 hPa level in order to determine the possible 

impacts on steering flow (Figure 3.25). The anomaly, as well as the entire wave train 

pattern were found to be consistent, with the region of statistically significant 500 hPa 

RV anomaly in the SIO shifting slightly north and west. The region of statistically 

significant steering flow centered at 15S, noted earlier, is clearly present in the 500 

hPa zonal winds, and seems to be at least partially driven by this RV anomaly (Figure 

3.25 Middle). 

 A correlation analysis was done in order to elucidate the relationship between 

ABA region SST anomalies and the observed wave train. This correlation matrix was 
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Figure 3.24: ABA composites for December - March for the period 1981-2008. 
(Top) Precipitation, contours are 1 (mm/day), CMAP data used. (Bottom) 
Outgoing longwave radiation, contours are 5 (K), AVHRR.(All Plots) Gray 
shaded regions are statistically significant to the 95% level via bootstrapping. 



computed for the following variables: SST anomaly indexes, steering flow indexes 

introduced earlier, OLR for the region off of South America (encompassing 10S to 

20S, and 30W to 50W, and denoted as OLR1), 500 hPa RV centered at 80E and 30S 
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Figure 3.25: ABA index composites for December - March for the period 
1981-2008. (Top) 500 hPa RV, contours are 0.5*10^-5 (s^-1), NNR data used. 
(Middle) 500 hPa zonal wind, contours are 2 (m/s), NNR data used. (Bottom) 
500 hPa meridional wind, contours are 1 (m/s). Gray shaded regions are 
statistically significant to the 95% level via bootstrapping. 



(encompassing 25S to 35S, and 70E to 90E, and denoted by RV1). The correlations 

are shown in Table 3.5. 

 Bold values found in Table 3.5 are significant with a 95% confidence interval. 

The proposed source region of RV (OLR1), is found to be significantly correlated with 

the ABA index, with a correlation value of 0.67. This is a very high correlation, and 

suggests a strong relationship between the two time series. It is also interesting to note 

that OLR1 also has a statistically significant correlation with the Steer1 index, and 

IOD. In order to prove the connection between the basins, the correlation between 

OLR1 and the RV anomaly found centered at 80E and 30S are compared. This 

correlation was found to be statistically significant, with a value of 0.44. The RV 

feature encompassed by RV1 is also found to be significantly correlated with ENSO, 

ABA, and both steering flow indexes. A higher correlation was found between RV1 

and ABA, than between RV1 and ENSO, supporting the idea of a teleconnection from 
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Table 3.5: Cross correlations between SST anomaly indexes, steering flow 
indexes, and wave train indexes, OLR1, and RV1. All correlations are 
computed for the period 1981 to 2008. Those values above 0.49 are 
significant to 99% confidence interval, those above 0.59 are significant to a 
99.9% confidence interval.

OLR1 RV1
IOD 0.39 0.32
Atl3 0.34 0.25
ENSO -0.24 -0.38
ABA 0.67 0.47
Steer1 -0.37 -0.46
Steer2 -0.39 -0.70
OLR1 1.00 0.44
RV1 0.44 1.00



the Atlantic Ocean. The RV1 feature is highly correlated with Steer1, which was found 

to be highly correlated with the ABA index in earlier analysis. 

 Taken together this seems to be good evidence of influence extending from the 

ABA region of the Atlantic Ocean through an atmospheric teleconnection triggered off 

the coast of South America by anomalous convection. 

74



CHAPTER 4

CONCLUSION

4.1 Summary

 Regions of anomalous SST in the tropical oceans are known to influence both 

local and remote climate. Although global variability is dominated by SST anomalies 

in the equatorial Pacific characterized by ENSO events (Trenberth et al., 1998), 

regions of the Atlantic Ocean, as well as the Indian Ocean have also been shown 

influence climate variability (Saji et al. 1999; Florenchie et al., 2003). SST anomalies 

in the southern tropical Atlantic Ocean, related to both the Atlantic Niño, and 

Benguela Niño phenomena, have been shown to influence local climate (Reason and 

Rouault, 2006; Hansingo and Reason, 2009), with more recent work beginning to 

show influences on both the Pacific Ocean, as well as the Indian Ocean (Robertson 

and Farrara, 2003; Wang et al., 2009; Losada et al., 2010). Due to the scarcity of 

research on southern Indian Ocean TCs, as well as the social and economic impact 

these storms have on Madagascar and the east coast of Africa (Chang Seng and Jury, 

2010), it is important to investigate the possible influence of tropical Atlantic SST 

anomalies on these storms.

 This study uses TC data taken from the IBTraC dataset, and establishes metrics 

for interannual variability in both TC storm days, and TC genesis events. These 

metrics were then compared with the regions of Atlantic Ocean SST anomaly using a 

composite analysis. Statistically significant anomalies in TC storm days were found 

relating to both regions of Atlantic SST anomaly. The anomalies in TC days were 

found to resemble an east-west dipole pattern in storm activity in both cases, with a 

border located around 75E. By comparing the large scale atmospheric conditions over 

the SIO with Atlantic SST anomalies, it was determined that statistically significant 

steering flow anomalies played a role in controlling the anomalies observed in TC 

days, through a modulation of storm translational velocity, and track direction. This 
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steering flow response was centered at 10S during Atlantic Niño events, and 17S 

during Benguela Niño events.

 In order to isolate the steering flow anomalies as originating from tropical 

Atlantic SST anomalies, the CAM4 atmospheric model was forced with anomalous 

SSTs in the Atlantic Ocean characteristic of both positive and negative events for both 

Atlantic and Benguela Niños. The model results reproduced steering flow anomalies 

which were similar to those seen in the observations.

 The TC days dipole feature, found in the composites for both Atlantic and 

Benguela Niños, is also identified by Liu and Chan (2012), who find correlation 

between a dipole structure and SST anomaly indexes associated with ENSO and IOD. 

Due to multiple regions showing influence on a dipole in TC days, a correlation 

analysis was done in order to determine the primary influences. The dipole structure in 

TC days was found to be significantly correlated to both genesis and steering flow, 

with genesis being most important for less intense storms (greater than 985 mb 

minimum central pressure), and steering flow more important for more intense storms 

(minimum central pressure below 965 mb). ENSO was found to influence both 

steering flow, and genesis, both of which can physically explain a dipole in TC days, 

however due to the opposing influence of the pattens of TC genesis and steering flow 

found during ENSO, the combined influence is not conducive to a dipole in TC days. 

This conclusion is supported by the low correlation between the dipole index for 

storms with a central pressure below 965 mb, and ENSO. 

 With the ENSO influence on TC days dipole largely removed for storms below 

965 mb, the 965 mb and below dipole is found to be significantly correlated with both 

the IOD and the region associated with Benguela Niño events. The TC days dipole 

index created for storms below 965 mb was also significantly correlated with Steer1, 

and nearly significantly correlated with Steer2. Steer1 was found to be significantly 

correlated with the Atl3 index, while Steer2 was found to be significantly correlated 

with Steer2. IOD was nearly significantly correlated with both indexes of steering 
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flow. Taken together, there seems to be a statistically significant influence on SIO 

steering flow, and thus TC days, originating from the tropical Atlantic. 

  The influence related to Steer2, as well as that seen in the Benguela Niño 

composite, was found to be related to a Rossby wave pattern identified in the 200 hPa 

winds and relative vorticity. This feature seems to originate from a region of positive 

RV anomaly located in the southwestern tropical Atlantic, created by anomalous 

convection in this region. The wave train begins off the coast of South America, and 

propagates across the south Atlantic, and into the SIO, terminating with a positive RV 

anomaly centered at 90E and 30S in the central Indian Ocean. The RV anomaly in the 

Indian Ocean was found to extend from 200 hPa down to 850 hPa, thereby influencing 

steering flow across much of the SIO. The relationship between the Benguela Niño 

region, and the wavetrain was confirmed through correlation analysis. The exact 

nature of the mechanism governing this relationship must be elucidated in future 

research.

 The method of influence between the Atlantic Niño mode of SST variability 

and the SIO was less conclusive, with some evidence, as well as past literature 

pointing to a Walker type circulation extending across the African continent (Wang et 

al., 2009). 

 Taken as a whole, there is strong evidence to support the claim that tropical 

Atlantic SST anomalies influence large scale atmospheric variables in the SIO through 

a Rossby wave train emanating from a region of the tropical Atlantic influenced by 

Benguela Niño SST anomaly events. This teleconnection results in a change in 

steering flow across the region of the SIO most highly populated by TCs. The change 

is steering flow in turn results in a change in storm translational speed and track 

direction.  
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Appendix A 

Additional TC Dipole Composited Variables
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Figure 3.6: TC Dipole composites for December - March for the period 
1981-2008. (Top) Genesis Potential, contours are 0.5 (SI), data derived from 
NNR. (Bottom) 200 - 850 mb wind shear, contours are 2 (m/s), NNR data used. 
(All plots) Gray shaded regions are statistically significant to the 95% level via 
bootstrapping. 
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Figure A2: TC Dipole composites for December - March for the period 
1981-2008. (Top) 600 hPa Relative Humidity, contours are 5 (%), NNR data 
used. (Bottom) 850 hPa Relative Vorticity, contours are 5*10^-6 (s^-1), NNR 
data used. (All plots) Gray shaded regions are statistically significant to the 



Appendix B

Additional Atlantic 3 Teleconnection Composites
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Figure B1: Atlantic 3 index composites for December - March for the period 
1981-2008. (Top) 200 hPa RV, contours are 0.25*10^-5 (s^-1), NNR data used. 
(Middle) 200 hPa zonal wind, contours are 1 (m/s), NNR data used. (Bottom) 
200 hPa meridional wind, contours are 1 (m/s). Gray shaded regions are 
statistically significant to the 95% level via bootstrapping. 
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Figure B2: CAM4 Atlantic 3 forced composites. (Top) 200 hPa RV, contours 
are 1*10^-6 (s^-1). (Middle) 200 hPa zonal wind, contours are 0.5 (m/s). 
(Bottom) 200 hPa meridional wind, contours are 0.5 (m/s). 


