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ABSTRACT 

ON THE DYNAMICS OF THE FORMATION OF MULTIPLE TROPICAL 

DISTURBANCES 

A nonlinear shallow water model on the sphere is used to study the early stages of 

t ropical cyclone genesis , namely, the formation of tropical disturbances. Two particular 

cases in which one or more tropical disturbances are produced are studied: the ITCZ 

breakdown and the formation of disturbances that lead to twin tropical cyclones. 

The ITCZ breakdown is seen to be a plausible mechanism for the formation of tropical 

disturbances. This mechanism also offers an explanation for the observations of easterly 

waves outside the Atlantic basin. In the Eastern Pacific , in particular , the time and 

space clustering of tropical cyclone genesis lend support to the hypothesis that the ITCZ 

breakdown plays a role in their formation. 

Tropical cyclone twi s are observed exclusively i:J. the Indian Ocean and in the West 

Pacific near the dateline. They are believed to form in association with super cloud 

clusters that straddle the equator in those regions. Shallow water model results presented 

herein corroborate this hypothesis. The existence of ;>referred regions for their formation 

is proposed to be associated with the life cycle and rr:.ovement of their parent super cloud 

clusters. 

The shallow water model proved to be a useful simple tool for investigating barotropic 

dynamical aspects of the formation of tropical cyclone disturbances. 
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Chapter 1 

INTRODUCTIO~ 

Tropical cyclones are intense cyclonic storms that form over the warmest waters of the 

tropical oceans. Along with earthquakes, intense tropical cyclones are the most destructive 

natural phenomena on Earth , claiming many lives and high costs in property damage every 

year. Although addressed in numerous studies, tropical cyclogenesis still awaits a widely 

accepted elucidation. This is in part due to the historical scarcity of observations over the 

oceanic regions where tropical cyclogenesis takes place. 

1.1 Tropical Cyclogenesis 

Before addressing the topic of tropical cyclogenesis , it is useful to review some relevant 

definitions. Tropical cyclone are classified in three different categories according to their 

intensity. At the bottom of the tropical cyclone hierarchy are tropical depressions which 

have a well defined low level cyclonic circulation w th maximum rotating winds of less 

than 17 m/s; next come tropical storms with maximum winds between 17 and 33 m/s; and 

finally, hurricanes ( or typhoons, as they are called in the West Pacific) are strong storms 

with sustained maximum winds that exceed 33 m/s. Tropical disturbances such as easterly 

waves or cloud clusters precede tropical cyclones in the aforementioned hierarchy and are 

characterized by broad regions ( ~ 200 - 600 km in d' a.meter) of organized convection that 

do not contain a persistent and well defined mesosca.le cyclonic circulation (Frank, 1987) . 

Tropical disturbances are composed of a number of mesoscale convective systems. 

In the literature , some confusion often occurs when different definitions are given to 

the term tropical cycloge esis. Throughout this work, tropical cyclogenesis ( or formation) 

will be understood to begin with the formation of a tropical disturbance and end when the 

tropical storm stage is reached , including the formation of the mesoscale cyclonic vortex. 
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The development of the storm beyond the tropical storm stage is called intensification 

(Frank, 1987; Zehr, 1992). 

Approximately 80 tropical storms form each year in the tropics and about 60% of these 

become hurricanes. Climatologically, tropical cyclogenesis is favored in regions where cer-

tain empirical thermodynamic and dynamic parameters are propitious (Gray, 1975) . The 

thermodynamic parameter is composed of three factors, namely, 1) a conditionally un-

stable atmosphere below 500 mb, 2) a warm and deep oceanic mixed layer, and 3) above 

average middle level moisture. The dynamic parameter combines a 1) significant value 

of planetary vorticity (typically farther than 5° away from the equator), 2) weak vertical 

wind shear of the horizontal wind and 3) high low level relative vorticity. Gray (1975) com-

bines the thermodynamic and dynamic parameters into a seasonal genesis parameter that 

successfully diagnoses the observed geographical distribution of tropical cyclone genesis. 

The thermodynamic and Coriolis parameters, however, are favorable over large portions 

of the tropical oceans during much of the year while tropical cyclones are relatively rare 

events compared to the large number of tropical disturbances that are potential candi-

dates to undergo genesis. Gray and collaborators suggested that the low level vorticity 

and the vertical wind shear are the critical parameters to distinguish between developing 

and non-developing disturbances , given that the other conditions are favorable. These 

dynamic variables were combined to calculate a genesis parameter that may be used to 

differentiate individual developing from non-developi::ig disturbances (McBride and Zehr, 

1981; Zehr, 1992). 

Large scale processes such as the El Nino-Southern Oscillation (Gray, 1989; Lander, 

1994; ENSO) , Quasi-Biennial Oscillation (Gray, 198~; QBO) and the Madden Julian Os-

cillation (Liebmann et al., 1993; MJO; see Madden and Julian , 1994, for an overview 

of observational work on the MJO) have been shown to influence tropical cyclogenesis 

through the changes they provoke in the environmental parameters discussed above. 

Over the past few decades, several theories for tropical cyclogenesis have been put 

forth. While all propose pieces of the tropical cyclogenesis p zzle, a complete understand-

ing of the role of environmental and internal processes in the genesis problem still awaits 



3 

elucidation. In this work, he initial stages of tropic 1 cyclone genesis, namely, the for-

mation of tropical disturbances, is studied. Before presenting the approach taken in this 

study, a review of relevant work is given below. Some of these theories concentrate on 

processes internal to the storm, others evoke external processes. 

1.1.1 Internal Mechanisms 

In the early years, studies of tropical cyclone genesis concentrated on searching for 

linear instabilities of the mean tropical atmosphere that would amplify resulting in a 

tropical cyclone. The main theory that emerged during this quest was that of Conditional 

Instability of the Second Kind (CISK) , proposed by Charney and Eliassen {1964) and 

Ooyama (1964). 

In CISK, the intensification of a tropical depression occurs through a cooperative 

feedback between its embedded cumulus convection and mesoscale circulations , the former 

supplying the energy (in t he form of latent heating) to intensify the vortex and the latter 

providing the boundary layer convergence that is vi al for maintaining deep convection. 

An important effect ignored in linear CISK theory is the role of time varying inertial 

stability on the intensifica ion of the storm. As the ~torm intensifies, its inertial stability 

increases gradually improving the efficiency of latent heating in further strengthening the 

storm (Schube -t and Hack , 1982). CISK, however, was intended as a theory for tropical 

cyclone intensification rather than genesis (Ooyama, 1982). 

In CISK , the energy for the growth of the disturbance is supplied by CAPE (Convec-

tive Available Potential Energy) stored in the atmos:?here. Emanuel (1986) and Rotunno 

and Emanuel (1987) argue that there is little CAPE in the tropical atmosphere and the 

source of energy for storm intensification is provided by sensible and latent heat fluxes from 

the ocean. A finite amplitude instability is then proposed, the so called Wind Induced 

Surface Heat Exchange (WISHE) , which arises through a positive feedback between latent 

and sensible heat fluxes from the ocean and the surface tangential wind in an environment 

with no initial CAPE. 

In both of the theories above, intensification is conditioned on the existence of a finite 

amplitude initial vortex. 



4 

1.1.2 External Mechanisms 

Several different types of external forcing of tropical cyclone genesis have been pro-

posed, among these are the theories of upper level forcing, low level forcing and topography 

influences which are reviewed below. 

Riehl (1945) was among the first to recognize the existence of westward moving waves 

( the so called easterly waves in the lower levels of the tropical atmosphere, and their 

importance in tropical cyclone genesis. Riehl observed that tropical easterly waves formed 

somewhere in Africa (with a frequency of about one every 2-4 days) and propagated 

westward (at 5-7 m/s), losing some intensity as they crossed the stable air over the Eastern 

Atlantic, but strengthening over the Western Atlantic and, in some cases , crossing Central 

America moving into the Eastern Pacific Ocean. 

Easterly waves have been observed in t he eastern Atlantic and West Africa (Carlson, 

1969; Burpee, 1972, 1975; Reed et al.,1977; Chen and Ogura, 1982) , Western and Central 

Pacific (Reed and Recker, 1971; Yanai, 1961) , South China Sea and India (Saha et al., 

1981) and Eastern Pacific Ocean (Chang, 1970; Tai and Ogura, 1987) . Among these , 

the most extensively documented and studied are the Atlantic and West African easterly 

waves. 

In the Atlantic basin, it is well established that approximately half of the tropical 

cyclones originate from African easterly waves (Frank , 1987) . About 60 of these waves 

form every year in eastern central Africa between May and November (Carlson , 1969a; 

Avila and Clark , 1989). They propagate westward into the Atlantic ocean (Carlson, 

1969b) often being tracked as far west as the Caribbean and Eastern Pacific (Riehl, 1945; 

Simpson et al., 1969; Frank, 1969a; Frank, 1976; Frank,1987; Avila and Clark, 1989; 

and many others). Once over the ocean, some of these easterly waves participate in 

tropical cyclogenesis. Consistent with the early observations of Riehl (1945), the average 

wavelength of these easterly waves is observed to be approximately 2500 km with westward 

propagation speed of about 8 m/ s and maximum disturbance amplitude near the 700 mb 

level (Reed et al. , 1977; Burpee, 1972). 
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Through both observational (Burpee, 1972; Norquist et al. , 1977) and numerical 

(Rennick, 1976; Simmons, 1977; Mass , 1979; Kuo, 1978, Kwon , 1989) studies, a consensus 

seems to have been achieved that African easterly waves result from combined barotropic 

and baroclinic instability of the African easterly jet. The relative importance of these two 

instability mechanisms has not yet been satisfactorily established. Although the tropical 

easterly jet is present over the southern part of the African bulge all year round, it is a well 

organized feature of the circulation only from April to November. This jet has a maximum 

of about 13 m/ s at around 650 mb and 16° N (Norquist et al., 1977) and its existence is 

usually explained in the literature through thermal wind balance over the southern part 

of the African bulge. In that region, a strong meridional temperature gradient between 

the warm Saharan air and the colder air over the Guinea Gulf, requires the existence 

of the easterly jet. Since this mechanism depends on surface boundary conditions that 

are particular to the African region, it does not appear to explain the aforementioned 

observations of easterly waves in the other oceanic basins, unless they can be shown to 

have originated in Africa. 

In the Eastern Pacific, for example, there is somE controversy regarding the frequency 

with which African easterly waves cross Central America and trigger tropical cyclones 

(Simpson et al., 1969; Frank, 1969a; Frank, 1976; Frank, 1987; Avila and Clark, 1989; and 

many others). An observational study by Tai and Ogura (1987) suggests that easterly 

waves in the Pacific Ocean are not typically related to African Waves but rather have a 

local origin. They also show that easterly wave activity is a maximum in July and August 

in the Pacific basin . Easterly wave activity is stronger in the Western Pacific, followed by 

the Eastern Pacific and finally the Central Pacific. No attempt has been made to connect 

African waves to disturbances in the Central or Wes:.ern Pacific. Nitta and Yanai (1969) , 

show that the mean zonal flow in the Western Pacific is barotropically unstable during 

some of the summer months. Given the lack of strong underlying meridional temperature 

gradients in the Pacific Ocean, a different mechanism for producing the unstable mean 

flow must be present. This will be further discussed in section 1.2.2. 

Based on observations in the West Atlantic , Riehl (1948) was among the first to 

suggest that tropical cyclone genesis is favored in regions where there occurs superposition 
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of a westerly moving upper-level trough and an easter}y moving tropical disturbance (such 

as the previously mentioned easterly waves). 

Further observational evidence attesting for th importance of upper tropospheric 

disturbances in tropical cyclone genesis and intensification is presented by Sadler (1976, 

1978). He observes that in the Western Pacific tropical cyclone genesis often occurs in the 

monsoon trough in association with a tropical upper tropospheric trough (TUTT). Sadler 

argues that the presence of a TUTT to the N-NW of a tropical disturbance provides a 

westerly outlfow channel aloft that acts to efficiently remove both mass and heat from the 

tropical disturbance, favoring its development into a tropical storm. 

Modeling studies of the role of upper level disturbances in the formation of Atlantic 

hurricanes were performed by Challa and Pfeffer (1990 , and references therein). Using 

initial conditions from developing and non-developing cloud cluster composites calculated 

by McBride (1981 a and b) and McBride and Zehr (19-81) , Challa and Pfeffer conclude that 

upper tropospheric ·eddy flux convergence of angular momentum associated with wavelike 

disturbances in the upper troposphere may act as a trigger for tropical cyclone genesis 

and intensifica ion in the developing cases . 

Montgomery and Farrel (1993) also pursued the hypothesis of cyclogenesis induced by 

upper tropospheric forcing , but used a potential vort icity (PV) dynamics approach in an 

attempt to unify the theories of tropical and extratropical cyclogenesis. They proposed a 

model of tropical cyclone genesis initiated by translating upper level PV anomalies in areas 

of deep moist neutrality which is similar, in concept , to models of extratropical cyclogen-

esis. They used both two-dimensional and three-dimensional Boussinesq semi-geostrophic 

balanced models that incorporated moist processes to simulate tropical cyclone genesis 

in near moist-neutral environments. The three-dimensional dynamics was illustrated for 

model parameters that simulated the formation of Hurricane Diana. This hurricane formed 

off the Florida coast (near 30° N) in September of 1984 associated with a westerly moving 

upper tropospheric positive PV anomaly upwind of a surface front (Bosart and Bartlo, 

1991). A surface front off the Florida coast provided the initial low level vorticity required 

for cyclogenesis. Assuming deep saturated ascent in a moist neutral environment, a small 
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scale cyclone of tropical storm intensity forms in their simulation after approximately 61 

hours. They propose that similar mechanisms may also operate in the deep tropics. 

Gray (1968, 1975) found that upper level forcing causes approximately 15% of the 

global total of tropical cyclones, with an additional 3-5% of the total storms forming in 

subtropical latitudes in association with stagnant frontal zones and upper level forcing. 

Reilly (1992) offers observational support to the upper level forcing hypothesis. He 

calculates a forcing parameter that measures an average differential P V advection near the 

tropopause using NMC (National Meteorological Center) global analyses for 11 tropical 

storms that occured in 1991 in the Northern West Pacific. He concludes that five of the 

storms studied may have been connected to the presence of a TUTT. The inclusion of 

non-developing storms in this kind of s udy may help in establishing the importance of 

TUTTS in tropical cyclogenesis. The JTWC (Joint Typhoon Warning Center), however, 

reported that none of the Western North Pacific tropical cyclones in 1991 were TUTT 

induced, even though the TUTT was often present during the summer (JTWC, 1991). 

Moreover, in a tudy of two years of tropical cyclone genesis in the Northern West Pacific , 

Zehr (1992) finds that the TUTT is just as common near non-developing cloud clusters 

as it is near developing ones. 

From the above discussion, it becomes clear that although is has long been recognized 

that upper level anomalies participat in tropical cyclone genesis, the modes of interac-

tions and the frequency with which they occur are still the subject of debate. A better 

observational network is required to shed light on this problem. 

In Zehnder and Gall (1991a, b), Zehnder (1991) and Zhong et al. (1993) , another 

mechanism for tropical cyclogenesis that is probably unique to the Eastern North Pacific 

is discussed. This basin is a peculiar region because it is located downwind of the Sierra 

Madre Mountains in Central America and has the highest frequency of tropical cyclone 

genesis per unit area in the world (Renard and Bowman, 1976). Zehnder and his collabora-

tors investigate the possibility that thi enhanced tropical cyclogenesis region exists due to 

lee cyclogenesis caused by the interactions of certain southeasterly flows with the Central 

American Sierra Madre mountains. Evidence supporting th· s hypothesis was gathered us-

ing both observations (Zehnder and Gall , 1991a; Mozer and Zehnder, 1994) and numerical 
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models. Numerical results (Zehnder and Gall, 1991b; Zehnder, 1991) show that for the 

actual orientation, shape and dimensions of the Sierra Madre mountains, a southeasterly 

flow impinging on the mountains will produce a train of waves to the west of the moun-

tains. This wave train has a cyclonic vorticity maximum just west of the mountains and a 

secondary maximum located 1000 - 2000 km downstream. The dimensions of the first of 

these cyclonic maxima are comparable to those of me3oscale vortices that are observed to 

precede cyclone genesis, but its intensity is at least ane order of magnitude smaller than 

that of the observed initial mesoscale vortex (Zehnder, 1991) . They also suggested that 

the formation of a wave train to the west of the mountain may explain episodes of almost 

simultaneous formation of more than one tropical cyclone in the Eastern Pacific (see figure 

1.3 for an example). The persistent southeasterly wind required to produce lee cyclogene-

sis is hypothesized to be associated with planetary scale Rossby waves in the troposphere 

(Zehnder, 1991). Zhong et al. (1993) use several years of NMC analyses to show that 

there is good correlation between years with enhanced Rossby wave activity in the tropics 

and years with above average tropical cyclone genesi~ in the East Pacific. Nevertheless , it 

seems that perhaps rather than explaining the existence of the initial mesoscale vortex, lee 

cyclogenesis explains the increased frequency of more mesoscale convective systems (MCS) 

on the west side of the Sierra Madres as initially proposed in Velasco and Fritsch (1987). 

This increased frequency of occurrence of MCSs would then improve the probability of 

tropical cyclone genesis perhaps through the mechanism described below. 

1.1.3 A Conceptual Model for Tropical Cyclogenesis 

A common problem among the tropical cyclogenesis theories discussed above is the 

need for a weak pre-existing cyclonic vortex for the proposed mechanisms to act. Since 

tropical cyclogenesis is the evolution from a tropical disturbance (wherein no persistent 

and well defined mesoscale cyclonic vortex exists) to a tropical storm (which contains a 

mesoscale cyclonic vortex), these theories only describe the later stages of cyclogenesis. 

Thus far , a single linear or nonlinear instability of the mean flow has not been able 

to thoroughly explain the transition from a tropica~ disturbance to a tropical storm. A 

different approach to this problem is proposed in Ooyama (1982). He envisioned the 
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genesis process as a series of events, with the probability of further evolution increasing as 

it proceeds. Zehr (1992) and Emanuel (1993) propose similar conceptual models of tropical 

cyclone genesis that contain this probabilist ic nature proposed by Ooyama (1982) . 

It is useful at this point to review a key concept in understanding the dynamics 

of tropical cyclonegenesis, the Rossby radius of deformation (Rn). In an axisymmetric 

system, Rn is defined as 

Rn= NH 
(f + ()1/2 (f + 2V/r)l /2 

where N is the Brunt-Va.isiila frequency, H is the equivalent depth, f is the planetary 

vorticity, ( is the relative vorticity of he disturbance and V is the tangential velocity at 

radius r . Inertial stability is included in the definitio:i of Rn because it is directly propor-

tional to the efficiency of a given forcing in producing a balanced circulation (Schubert and 

Hack , 1982; Hack and Schubert, 1986) . The Rossby radius of deformation separates scales 

of motion in which balanced dynamics prevails from those dominated by non-balanced 

dynamics. For instance, given a certain forcing of radius r, if r Rn , the disturbance is 

dynamically small (Cotton et al. ; 1989) , and geostrophic adjustment dictates that most 

of the energy will be dispersed away with transient gravity waves. In a dynamically large 

disturbance (r 2'. Rn) , on t he other hand , little energy propagates away with gravity 

waves, most of it being used to prod ce a balanced rotating circulation (Schubert et al. , 

1980). Thus , the above discussion implies that it is difficult to force a balanced vortex in 

a dynamically small disturbance, because in such a system the forcing will mostly excite 

transient gravity waves. 

Due to their small ( and N and the low latitudes they form at , tropical disturbances 

are an example of dynamically small systems. Consequently, tropical cyclone genesis, i.e. 

the formation of a dynamically large tropical storm within a dynamically small tropical 

disturbance, requires a local decrease in the Rossby radius of deformation. From equation 

(1.1) it is clear that at any fixed latitude, Rn can only be decreased by either increasing 

the relative vorticity or decreasing the local static ' tability. Both of these processes are 

believed to be involved in tropical cyclone genesis, as explained below. 



Zehr (1992) , proposes a conceptual model of tropical cyclone genesis that possesses the 

probabilistic nature described in Ooyama (1982). Based on observations of 52 Northern 

West Pacific tropical storms during 1983-1984, he proposes the two stage conceptual model 

for tropical cyclogenesis illustrated in F ig . 1.1. The environmental thermodynamic and 

dynamic parameters previously mentioned (Gray, 1~ 75) must be favorable at all times 

during the proposed tropical cyclone genesis process. In stage 1 of genesis, a low level 

wind surge enhances convergence in a t ropical disturbance initiating an MCS. embedded 

within the favorable environment of a tropical disturbance. In the stratiform region of 

this MCS, an inertially stable warm core mesoscale vortex is produced by mechanisms 

to be discussed later. This mesoscale convectively generated vortex (MCV) is typically 

150 - 300 km in diamete and may persist for a fow days after the parent MCS has 

dissipated, providing the tropical atmosphere with a region of decreased RD , A second 

low level wind surge may then fortuitously initiate a new episode of active convection in 

the vicinity of the existing MCV, marking the beginning of stage 2 of genesis. If the spatial 

scale of this new convective region is comparable to the local reduced RD , the efficiency of 

the latent heating in intensifying the existing balanced cyclonic circulation is high. At this 

point , a minimal tropical storm exists that will intemify provided that the environmental 

conditions continue being propitious. 

Although initially proposed for the Western Pac:fic, the sequence of events that com-

pose this conceptual model of tropical cyclone genesi3 is also observed in the Atlantic and 

E. Pacific basins (Zehr, 1993) and it is believed to b possible in all regions where genesis 

takes place. 

However, several steps of this observationally devised conceptual model for cyclogen-

esis need to be physically understood through further theoretical, modeling and observa-

tional studies before a complete picture of tropical cyclone genesis emerges. 

For instance , mesoscale convective systems are observed to produce MCVs both in 

midlatitudes (Brandes, 1990, Bartels and Maddox, 1991; Johnson and Bartels, 1992) and 

in the tropics (Velasco and Fritsch, 1987; Zehr, 1992; Emanuel et al. , 1993). However, 

the processes that lead to the formation of these vor-:; ices are still subject to investigation. 
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Figure 1.1: Schematical diagram of a conceptual model of tropical cyclone genesis proposed 
by Zehr (1992) . See text for explanation 

The formation of an MCV within the trailing stratiform region of an MCS is believed to 

occur mainly through vortex stretching (Hertenstein and Schubert, 1991; Weisman et al. , 

1993; Chen and Frank, 1993). More specifically, midl-evel convergence associated with the 

mesoscale circulations of the stratiform region and latent heating (Houze , 1989) act to 

locally amplify the vertical vorticity. This mechanism, however, is more efficient in the 

midlatit.udes , where f is larger, than in the tropics. Tilting of horizontal vorticity also 

seems to play an important role in the initial production of the vortex (Brandes , 1990; 

Verlinde and Cott.on, 1990) . Observational studies in the midlatitudes corroborate these 

findings about the origin of the MCV (see Brandes, 1990; Verlinde and Cot.ton, 1990; 

Bartels and Maddox, 1991 ; Johnson and Bartels, 1992). 

A better understanding of the origin of low level wind surges, as well as of their 

interaction with tropical disturbances is required. In the W. Pacific these low level wind 

surges were observed from all directions , with most of the cases having a westerly and/or 

southerly component (Zehr, 1992; Briegel, 1993) . The origin of these wind surges is 

still not clear, among possible suggested mechanisms are tropical easterly waves, cross 

equatorial cold surges (Love, 1985) and equatorial waves. 
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Also, the mechanisms for forrnatio of tropical disturbances and their embedded MCS 

need to be further understood. In this work a further step towards understanding some 

cases of tropical disturbance formation is taken. 

Finally, it is important to remark that the mechanisms for tropical cyclogenesis re-

viewed above need not be exclusive, in the sense that in some cases, more than one of 

them may be acting cooperatively in the genesis of a tropical storm. 

1.2 The lntertropical Convergence Zone 

Given that approximately 80% of all the tropical cyclones on the globe form near 

or within the Intertropical Convergence Zone (Gray, 1968; ITCZ), it seems reasonable to 

search for mechanisms that favor tropical cyclogenesis within the dynamics of the ITCZ. 

The ITCZ is a more or less continuous , narrow ional belt of convection that circum-

scribes the earth within tropical latitudes. It is composed of hundreds of distinct tropical 

disturbances with horizon al scales on the order of a few hundred kilometers, separated 

by regions of relatively clear skies. In terms of circulation patterns , the ITCZ lies in the 

equatorial trough , which is the region where the trade winds from both hemispheres meet, 

and constitutes the ascending branch of the Hadley cell. 

Two basic types of circulation patterns occur associated with the ITCZ, namely, the 

monsoon trough and the trade wind tro gh. The monsoon trough pattern typically occurs 

when the ITCZ is located farther than 10° away from the equator and is characterized by 

northeasterly (southeasterly) winds to he north (south) of the trough and southwesterly 

(northwesterly) winds between the trough and the equator in the Northern (Southern) 

Hemisphere. The trade wind trough is defined when the ITCZ is located within 10° of 

the equator and is characterized by northeasterly trades to the north and southeasterly 

trades to the south in either hemisphere. 

1.2.1 A Climatology of the ITCZ 

A climatology of the ITCZ calculated using a 17 year long Highly Reflective Cloud 

data set (Waliser and Ga tier , 1993) is shown in Fig.1.2 . Some of the evident character-

istics of the ITCZ are pointed out below. 
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Figure 1.2: Mean monthly 'ITCZ' structure for a) January, b} April , c) July and d) 
October. These mean monthly images are based on 17 years of monthly HRC (Highly 
Reflective Cloud) data. Values represent the number of days per month that a given grid 
point was covered by a large-scale convective system.(From Waliser and Gautier, 1993). 
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In the Western Hemisphere, the ITCZ is remarkably zonally symmetric and remains 

in the Northern Hemisphere all year round, with the except ion of the portion that lies 

over the American continent . In the Ea.stern Pacific, the ITCZ becomes wider in its 

ea.sternmost part during the Northern summer, reflecting the migration of the ITCZ from 

the Amazon region to Centr America. 

The Ea.stern Hemisphere portion of the ITCZ shows less zonal symmetry than its 

Western Hemisphere counterpart and migrates betweEn the Northern and Southern Hemi-

spheres at all longitudes. In the Western Pacific warm pool, complicated ITCZ patterns 

emerge with the prevalent circulation being of the monsoon type. Two ha.sic types of 

circulation are identified in the NW Pacific, namely, the linear monsoon trough and the 

less common monsoon gyres (Lander, 993). 

Although possessing mixed characteristics of both midlatitude frontal zones and the 

ITCZ, the subtropical frontal zones (Kodama, 1992), namely the South Pacific Conver-

gence Zone (SPCZ), the South Atlantic convergence zone and the Baiu front are also 

evident in the ITCZ climatology presented in figure 1.2. In the South Western Pacific, it 

is interesting to note that the SPCZ is present all year round, with peak activity during 

the Southern summer. 

The migration of the ITCZ across the equator in oceanic latitudes in the E. Hemi-

sphere, allows the somewhat rare occurrence of twin tropical cyclones which will be further 

discussed in chapter 5. 

1.2.2 Transience and Cyclogenesis within the ITCZ 

Depending on the context in which it is studied, the ITCZ may be regarded a.s either 

a stationary or a transient feature of the tropical atmosphere. The stationary approach 

is usually adopted in general circulation or climatology studies. The transient approach 

must be followed when daily and zonal variations of the ITCZ are considered. 

The ITCZ breakdown is a transient phenomenon which is hypothesized to aid in 

setting the stage for certain ca.ses of t ropical cyclogenesis. In satellite images , the ITCZ 

is sometimes observed to undulate , forming cloud patterns that resemble inverted V 's 

(Frank, 1969b). At times, this undulating ITCZ breaks down (Agee, 1972) into several 
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tropical cyclones. This process is referred to as ITCZ breakdown. These tropical cyclones 

then move into higher latitudes allowing the ITCZ to reform and perhaps start the cycle 

over agam. 

A classical example of ITCZ breakdown that occurred in the E. Pacific in July of 1988 

is shown in figure 1.3. From J uly 27 through July 30, five tropical depressions formed in 

the E. Pacific within about 9° longitude of each other. Four of these depressions became 

named storms (Gerrish and Mayfield, 1989). On July 26 , the ITCZ was an elongated 

zonal band of convection centered at about 10° N. Two days later, on July 28, the ITCZ 

is undulating, resulting in its breakdown into a series of tropical cyclones by August 3. 

These tropical cyclones then moved into higher latitudes allowing the ITCZ to reform by 

August 10. In the 1988 hurricane summary, Avila and Clark (1989) report that all of the 

E. Pacific tropical storms during 1988 were initiated by African easterly waves. 

The aforementioned undulations of the ITCZ may be related to the previously dis-

cussed tropical easterly waves . These waves are believed to result from combined barotropic 

and baroclinic instability of the mean zonal flow. In the African region the origin of this 

unstable mean flow is believed to be related to the strong underlying meridional temper-

ature gradients (Burpee, 1972; Norquist et al. , 1977) . However , the inexistence of similar 

temperature gradients in other regions where easterly waves are observed make it neces-

sary to find alternative mechanisms for the production of unstable mean flows and easterly 

waves outside the tropical Atlantic. The mechanism studied here and previously in Hack 

et al. (1989) , Schubert et al. (1991 , 1992) and Guinn (1992) is also combined barotropic 

and baroclinic instability of the zonal flow. The difference is that the meridional PV gra-

dient reversal · hat is necessary for the occurrence of combined barotropic and baroclinic 

instability is instead hypothesized to have been produced by latent heat release in deep 

cumulus convection within the ITCZ. This mechanism is called ITCZ breakdown. The 

presence of the strong meridional temperature gradient at the surface in the African region 

may act as an enhancing factor. Evidence for this is that the magnitude of the meridional 

shear of the zonal wind is much stronger in the Atlant ic (and African) region than in the 

Eastern Pacific. 
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Figure 1.3: GOES IR images illustrating the ITCZ breakdown in the Eastern Pacific; a) 26 
July, b) 28 July of 1988 at 16:46. 
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Figure 1.3: Continued; c) 3 August and d) 10 August of 1988. 
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The ITCZ breakdown is here hypothesized to be a mechanism for the formation of 

tropical disturbances. These tropical disturbances are large regions of increased vorticity 

and organized convection, therefore being a prime environment for the genesis of tropical 

cyclones. The ITCZ breakdown is proposed to explain the early stage of tropical cyclone 

genesis, namely, the formation of tropical disturbances. 

Chapter 2 introduces the shallow water model which is used in this work. The numer-

ical aspects of the model are presented in Appendix A. Given that the ITCZ breakdown 

results from an instability of the mean flow , the theory for instability of barotropic flows 

is reviewed in Chapter 3. The method used in the linear normal mode stability analysis 

of zonally symmetric vorticity strips on the sphere presented in Chapter 3 is outlined in 

Appendix B. Chapter 4 contains the results of model experiments which were designed 

to simulate the formation of tropical isturbances through the ITCZ breakdown process. 

The interactions between an idealized ITCZ and a nearby vortex are also shown in this 

chapter. A short climatology of East rn Pacific tropical cyclone genesis was included to 

provide some observational support to the model results. In Chapter 5, the formation of 

the tropical disturbances that lead to twin tropical cyclogenesis is simulated. The effects 

of the movement of super cloud clusters associated with the Madden Julian Oscillation 

on twin tropical cyclone formation is also addressed. A short climatology of twin tropical 

cyclone forma .ion is included. Finally, a summary of the results obtained and related 

conclusions are presented in Chapter 6. 



Chapter 2 

THE SHALLOW WATER MODEL 

In this chapter, a review of the shallow water model used later on is presented. 

The model was developed by Hack and Jakob (1992) and is based on the shallow water 

equations solved globally on the sphere using the spectral transform method. A detailed 

description of this model is given in Hack and Jakob (1992). Nonetheless, a brief de-

scription of its governing equations is presented in section 2.1. Section 2.2 reviews the 

conservation principles pertinent to the shallow water equations, and section 2.3 discusses 

the usefulness of shallow water models in the study of tropical dynamics. Finally, section 

2.4 discusses the model initialization, spatial truncation , time step and dissipation. 

2 .1 The Governing Equations 

The shallow water equations describe the motion of a single layer of homogeneous, 

incompressible and hydrostat ic fluid. On the sphere, these equations are 

8u fJu au _ ( . utan cp ) _ _ fJ<P Diff 
f) + u a>. + v fJ 20 Sm cp + --- v - a>. + Fu t a cos cp a cp a a cos cp (2.1) 

fJv fJv OV ( 2n . utan <p ) __ f)ip pDijJ 
a + U O \ + V O + t Slil <p + U - f} + v t a cos cp " a cp a a cp 

(2.2) 

{Jip a( u<P ) 8( v<P cos <p) Q pDijJ -+---+----= + at a cos cpo>. a cos cpocp 4> 
(2.3) 

where 

p Diff = -K4 [ v'4u - 4ul 
u cos¢ a4 (2.4a) 

pDiff = -K4 [ v'4v - 4v] 
V COS¢ a4 (2.4b) 

Ffff = -K4 v'4<P (2.4c) 
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and u and v are the horizontal components of the wind, <I> is the geopotential height, 

a is the radius of the earth, Q is a mass sink or source, K4 is a diffusion coefficient and 

<p and >. are latitude and longitude, respectively. The diffusion operators are added to 

control spectral blocking (i.e ., accumulat ion of energy in the smallest resolved scales) and 

the linear operators they contain are needed to prevent damping of solid body rotation 

(Jakob et al., 1993). Equations (2.1)-(2 .3) form a closed system in u, v and <I> . An 

equivalent closed system in 8, ( and <I> is obtained by replacing the momentum equations 

with the divergence and vorticity equations. This is the so called vorticity /divergence form 

of the equations of motion and it is the form integrated in this model. The horizontal 

divergence and vertical vorticity equations are 

(2.6) 

where 

8 _ au + av 
- a( - µ2)8>. a8µ ' (2. 7a) 

av au 
1J = ( + f = a(l - µ2)8>. - a8µ + f , (2. 7b) 

and U = u cos <p , V = v cos <p , µ=sin ip and f = 20 sin <p (which is the Coriolis parame-

ter) . 

The mass conservation equation may be written as 

8<I>' 
at = 

if the geopotential is given by <I>(>. , <p , t) =<I>+ <I>'(>. , <p , t). 

(2.8) 

The Helmholtz theorem states that a horizontal velocity vector (V = iu + jv) may 

be written as the sum of a rotational part plus a divergent part , that is: 

v = k x V'I/J + Vx (2.9) 

where 7/J and x are a scalar streamfunction and velocity potential, respectively and i, j, and 

k are the zonal. meridional and vertical unit vectors . From (2.9) , in spherical coordinates 
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U and V may be written as: 

u = ax _ (1 - µ2
) 8'1/J 

a8>. a 8µ 
(2.10) 

v = 8-,J; + (1 - µ2
) ax 

a8>. a 8µ 
(2.11) 

The prognostic variables T/ and 8 may be obtained as functions of '1/; and x by substituting 

(2 .10) and (2.11) into (2.7): 

(2.12) 

(2.13) 

The use of (2.12) and (2.13) eases matters because the Laplacian operator has a simple 

form in a spectral space whose basis functions are spherical harmonics (see Appendix A). 

Substitution of (2.10) through (2 .13) into (2 .5) , (2.6) and (2.8) yields a non-linear 

system of prognostic equations for </>, x and ~ , that will be solved using the spectral 

transform method in space and semi-implicit time differencing. In order to start the 

integration in time, initial fields of either T/ , 8 and or U, V and on the transform grid 

are required. For each time step the model calculates all non-linear terms and diabatic 

processes in the transform grid. Then it transforms all variables into spectral space where 

the linear terms , derivatives and time tendencies are evaluated. Finally all variables are 

transformed back to physical space and one cycle of the integration is completed. For 

more information on the numerical aspects of the model , see Appendix A. 

2.2 Conservation Principles 

For the sake of completeness, the conservation principles pertinent to the shallow 

water model (neglecting the dissipation terms) will be presented in this section. These are 

conservation of energy, angular momentum and potential vorticity. 

The principle of conservation of potential vorticity is obtained by combining equations 

(2.3) and (2.6) 
dq Q 
-=-q-dt (2.14) 
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where the potential vorticity, q, which is given by 

'f/ 
q= - , 

and the total derivative by 

d a a a -= -+u----+v--. dt 8t a cos ¢8>. a8¢ 

(2.15) 

(2.16) 

It is evident from (2.14) that in the absence of any mass sinks or sources, potential vorticity 

is conserved following the motion of a particle. If, on the other hand, a mass source (sink) 

is present, potential vorticity will decrease (increase). 

The total energy (kinetic plus potential) conservation principle is obtained by taking 

(2.1)-~u+(2.2)·~v and adding it to (2.3) • [(u2 + v2)/2 +~],which results in 

8[~(K + i)J + 8[(K + P)u~] + 8[(K + P)vcos</Jcp] = Q(K + P) 
8t a cos ¢8>. a cos ¢8¢ 

(2.17) 

where K = ( u2 + v2 ) /2 and P = <p are the kinetic and potential energy per unit mass, 

respectively. Integrating (2.17) over the whole domain of the sphere results in the conser-

vation relation 

d
d f 21r j1r/2 

~(K + p
2 

)acos</Jd>.d</J = {21r j1r/2 
Q(K + P)acos¢d>.d¢, 

t lo -1r ;2 lo -1r ;2 
(2 .18) 

i.e ., in the absence of mass sources or sinks and friction effects, total energy is conserved 

when integrated over the smface of a sphere. 

Finally, the angular momentum conservation principle is given by 

(2 .19) 

where M = (Oacos<f>+u)acos</> is the angular momentum. Integration of (2.19) over the 

entire domain of the sphere, gives 

d
d f 21rj1r/2 

M~acos¢d>.d¢= f 21rj1r/2
[(Q+Ffiff)M]acos¢d>.d¢, 

t lo -1r ;2 lo -1r ;2 
(2 .20) 

i.e., angular momentum integrated over the sphere is conserved, when mass sinks or 

sources and friction effects are absent. 

The conservation principles derived in this section will become useful in the derivation 

of flow stability theorems to be presented in chapter 3. They will also be referred to in that 

chapter for the derivation of a conservative quantity of the perturbed flow, the so-called 

wave activity. 
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2.3 Use of Shallow Water Models in Tropical Dynamics 

The use of simple models in meteorology is advantageous because it allows easier 

isolation of the processes that are important to explain a given atmospheric phenomenon. 

The shallow water system presented in section 2.1 is an example of a simple model of 

the atmosphere which is especially useful in the study of tropical dynamics. The reason 

for its usefulness is that a scale analysis of the equations of motion shows that, outside 

regions of convection, synoptic scale tropical motions are approximately barotropic and 

non-divergent {Charney, 1963; Holton, 1992) . Within regions of convection, however, 

divergent effects become very important and the barotropic non-divergent equations are no 

longer valid. The barotropic divergent equations {also known as shallow water equations) 

are more appropriate for studies that include the effects of tropical convection. 

Further justification for the use of a shallow water model in tropical dynamics is 

offered below. In a linear, compressible atmosphere, it is possible to separate the horizontal 

structure of motion from its vertical structure (Silva Dias et al., 1983; Fulton and Schubert, 

1985). Such an atmosphere may then be seen as a linear combination of numerous sets of 

shallow water equations with different equivalent depths ( 4> / g) and different corresponding 

vertical structures. For a disturbance of fixed size, different 4> have different Ross by radii 

of deformation, which will imply different partitions of energy between geostrophic and 

gravity modes. Fulton and Schubert {1985) applied a vert ical normal mode transform 

to apparent heat source profiles obtained in the Marshall Islands and GATE (Global 

Atmosphere Research Program - Atlantic Tropical Experiment) and found that important 

contributions to the forcing of the mass field come from vertical modes with speed in the 

30 - 70 m/ s range (or 4> between 900 - 4900 m2 / s2 ). Since most of the energy produced 

by convective forcing is projected onto a. single vertical mode (typically the firs t or second 

internal mode), the use of a single shallow water layer should be a. good approximation to 

the tropical circulation. This approach has been previously used in linear studies by Gill 

{1980), Silva. Dias et al. {1983), and others. 

In order to simulate the effects of convection in a. shallow water model, it is necessary 

to understand its effect in the real atmosphere. Organized cumulus convection in the 



24 

tropics has the net effect of moistening and warming the large scale environment . The 

warming is associated to adiabatic compression in the large scale compensating subsidence 

and the moistening is due to the detrainment of water from the clouds (Yanai et al., 1973). 

This convective heating produces a positive PV anomaly when located in the Northern 

Hemisphere. According to the PV equation (2.14), in a shallow water model, a mass sink 

produces a positive (negative) potential vorticity anomaly in the Northern (Southern) 

Hemisphere. Therefore, in a shallow water model, convective heating is simulated by a 

mass sink (Q) introduced in the continuity equation (2.3). 

2.4 Model Initialization 

Time integration of the shallow water model described in chapter 2 requires knowledge 

of the initial mass and momentum fields. Initializat:on of the model in cases where the 

initial wind fields are at rest and the fluid depth is comtant is straightforward. If, however , 

the initial state is not a resting one, the model should be initialized with balanced mass 

and wind fields in order to keep initial transient gravity waves to a minimum. 

In the model simulations to be shown next , given the initial relative vorticity, the wind 

and geopotential fields are obtained therefrom as follows . Assuming initially nondivergent 

flow , the streamfunction \JI is obtained from the vorticity through 

and the corresponding nondivergent wind field is giv-en by 

aw 
and V= aB>. 

(2.21a) 

(2.21b) 

where (2.21a,b) are obtained from (2 .10-2.12). At this point, it is assumed that the mass 

and wind fields obey a nonlinear balance relation which is obtained by setting the local 

time variation of divergence to zero in 2.5) (Haltiner and Williams, 1980) resulting in 

v2<Ii = 1 8(V11 ) _ 8(U11) _ v'2 [ u2 + v 2 ] 
a(l - µ2 ) 8>. a8µ 2(1 - µ2) 

(2.22) 

Therefore, given a vorticity field , equations (4.la,b) and (2.22) are used to initialize the 

model. The nonlinear terms in these equations are calculated in physical space and the 

remaining terms are most easily computed in spectral space. 
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Table 2.1 shows the values of diffusion coefficients (K4) and time steps used in sim-

ulations performed with T126 and T213 spectral truncations. According to Jakob et al. 

(1993) , the diffusion coefficients scale as [n(n + l)J-2 and are chosen to give a reasonably 

straight tail to the kinetic energy spectra. Figure 2.1 shows the rate of dissipation as a 

function of the wavenumber n. Dissipat ion increases towards higher wavenumbers. The 

use of T126 truncation implies stronger dissipation for all wavenumbers. Unless otherwise 

specified, it should be assumed that T213 was used in the shallow water experiments that 

will be shown herafter. 

Spectral Time Step (s) K4 (m4/ s) 
Truncation 

T126 2400 6.3 X 1013 

T213 1200 8.0 X 1012 

Table 2.1: Time steps and K4 used with T126 and T213 spectral truncations. 
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Figure 2.1: Rate of dissipation as a function of wavenumber, n. 
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The time steps shown in table 2.1 are consistent with the use of a semi-implicit 

time integration scheme (Appendix A) . In a semi-implicit time scheme, the time step 
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is constrained by the propagation speed of the Rossby modes, rather than that of the 

gravity modes. This allows larger time steps than would be possible with an explicit time 

integration scheme. 

Note that although the shallow water model used in this work is on the sphere, only 

the results in selected regions of interest are shown. 



Chapter 3 

STABILITY STUDIES 

The study of stability of idealized basic state flows in the presence of small perturba-

tions is a classical problem in fluid dynamics . 

Traditionally, flow stability has been studied within the context of linear normal mode 

dynamics . Nevertheless, linear stability does not guarantee stability in general. First , the 

classical linear normal mode approach taken to study linear stability, leaves out possible 

algebraically growing unstable modes that are part of the continuum frequency spectrum 

(Case, 1960; Farrel, 1982). Then, there is the question of whether or not linear stability 

will carry over to nonlinear dynamics in each specific case, a linearly stable mode may 

either excite unstable modes through nonlinear interactions or simply evolve outside the 

ambit of linear dynamics. Examples of nonlinear stable evolutions that do not have linear 

counterparts are wave breaking (Dritschel , 1986; McIntyre and Palmer, 1983 and 1984; 

Juckes and McIntyre, 1987; Polvani and Plumb, 1992) and vacillation (Dritschel, 1986). 

For both linear and nonlinear flow , theorems that establish sufficient conditions for 

the stability of the flow have been derived. The inherent differences between the concept 

of instability in linear and nonlinear flows become crucial in the procedures used to obtain 

their respective stability t heorems. In linear dynamics there is no conservation of total 

energy and the disturbances can continuously draw energy from the basic state and grow 

unbounded . In nonlinear dynamics, on the other hand, conservation of energy imposes an 

upper limit on how much energy can be extracted from the basic state by the perturbations , 

ultimately imposing an upper bound on the size that the disturbance can attain. These 

inherent differences are reflected in the kinds of stability theorems that can be obtained 

in each case. In linear normal mode dynamics, stability theorems are derived in such 
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a way as to guarantee that no exponentially growing normal modes exist. In nonlinear 

dynamics, on the other hand, stability theorems must establish upper bounds for the 

growth of distu bances. 

Linear stability theorems exist for both the nor_divergent and divergent barotropic 

equations, the quasi geostrophic and semi geostrophic theories. In nonlinear dynamics, 

stability theorems exist for the nondivergent barotropic fl.ow . 

In section 3.1 , stability theorems for linear barotropic divergent and non-divergent 

flows on the sphere are reviewed. A linear normal mode stability analysis of zonally 

symmetric vorticity strips on the surface of a rotating sphere is presented in section 3.2. 

Finally, section 3.3 presents derivations of a conservative quantity of the perturbation flow 

called wave-activity. 

3.1 Stability Theory 

The simplest possible context in which barotropic instability occurs was described by 

Rayleigh (1945). It consists of a plane parallel shea ·ed flow, u(y), in a nonrotating, un-

stratified and inviscid fluid. Rayleigh's inflection point theorem states that a necessary, but 

not sufficient, condition for instability in this flow is that d2u/ dy2 changes sign somewhere 

within the fluid. Then, if small perturbations are superimposed on this flow , barotropic 

instability may occur and the perturbations may gro-,v by drawing kinetic energy from the 

mean flow. 

As a review and for the sake of completeness, the derivations of stability theorems 

for two cases which are relevant in this work will b~ presented next. First, the theorem 

for linear stability of barotropic nondivergent flow on the sphere is presented (Schubert et 

al., 1992). Then, a theorem derived in Ripa (1983) for the stability of linear barotropic 

divergent flow on the sphere is shown. Schubert et al. (1991 ) shows a theorem derived 

by Arnol'd, which sets bounds to th nonlinear grawth of perturbations in a barotropic 

non-divergent flow. 
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3.1.1 Linear Barotropic Nondivergent Stability Theorem 

Starting with the barot ropic nondivergent equations linearized with respect to a time 

and longitude independent zonal flow , (u, v) = (u(cp) + u'(A, ¢, t), v'(A, ¢, t)) 

where , 

V(' ,d(( + f) 0 
Vt + v ad¢ = 
ou' v' cos <P ---+---=0 

a cos cpoA a cos ¢0¢ 

( = _ 8(ucos¢) 
acos¢8¢' 

v a a -=-+u---Vt 8t a cos ¢8t 

:gt being the derivative following the basic state zonal flow, and 

v' 
('=---

a cos cpoA 
8(u1 cos¢) 
acos¢8¢ 

(3.1) 

(3 .2) 

(3.3) 

Now, define a perturbation meridional particle displacement, r/ , in the following manner 

I Dry 
V =-Vt 

(3.4) 

Substituting (3.4) into (3 .1) and integrating in time gives 

(3.5) 

given that the perturbations initially obey: 

(3.6 ) 

Finally, the wave activity (A) conservation relation is obtained by multiplying (3.5) 

by v' cos¢ 

with A given by 

VA I I - = -v ( cos¢ Vt 

A= ! d(( + f\2 cos2 <P = !(2 [d(( + f)l-1 
2 adµ 2 adµ 

Using (3.2) and (3.3) the wave activity conservatior_ relation (3 .8) is written as: 

8A B[uA + ½ ( v'2 - u'2) cos¢] 8[-u' v' cos2 ¢] - + --------------'- + --=------"- = 0 
8t a cos ¢,8 A a cos ¢8¢ 

(3. 7) 

(3.8) 

(3 .9) 
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which integrated over the sphere gives 

(3.10) 

Since the integral in (3.10) is constant in time, the perturbations r,' can only grow in 

an integrated sense if the meridional gradient of absolute vorticity changes sign somewhere 

in the domain. This is Rayleigh 's famous stability theorem. 

3.1.2 Linear Barotropic Divergent Stability Theorem 

Ripa (1983) derived the necessary st ability criteria for linear shallow water flow on a 

sphere. Given that a shallow water model on the sphere is used here, Ripa's theorem will 

be presented below. 

The shallow water equations linearized with resp~ct to a time and longitude indepen-

dent mean zonal flow are given by: 

8u' u 8u' v1 8u ( utan ¢) 8if/ 
l'.l + <P n, + - n,1,. - 20sin¢ + -~ v' + o>. = 0 
ut a cos u A a u'+' a a cos <P 

(3.11) 

0V1 U 0V1 
( • 2utan <P) I 0~1 

at + a cos <P 8 >-. + 20 sm <P + a u + a8¢ = O (3.12) 

a~' u 8~' v' 8~ ( 8u' 8(v' cos <P)) O 
8t + a cos ¢ 8 >-. + ; 8¢, + a cos <PO>-. + a cos ¢8¢ = (3.13) 

The perturbation potential vorticity equation is derived similarly to (2.14) 

(3 .14) 

the perturbation potential vorticity is 

q' = 1 [ 8v
1 

_ 8(u' ccs ¢) _ q~'] 
a cos ¢8>-. a cos <j,8¢ 

(3.15) 

which may also be obtained by linearizing the totc..l potential vorticity given in (2.15) . 

Also , 
_ _ 1 [ 8(u cos ¢) !] q-= ----'----'--'-+ acos</)8¢ (3.16) 

The perturbation energy equation is derived by forming (~u'+~'u)· (3 .11) +(~v') · (3.12) 

+(uu' + ~')· (3.13) 

8E' ,l'..2- I I 8[(uu' + ~')(~u' + ~'u)] o[(u' + ~')~v' cos¢] - + '.i' UV q + -'---------...;..=. + -'------'------e...;. = 0 
8t a cos <f>{)). a cos ¢8¢ (3.17) 
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where 

E' = <I> --- + <I>'uu' + -_ ( u'2 + v'2 ) <I>'2 
2 2 

(3.18) 

Integrated over the surface of the sphere, (3 .17) becomes: 

121r J-,; /2 (f}E' -2 1 ') !l + <I> wa cos cpv q cos cpdcpd>-. = 0 
0 -1r/2 ut 

(3.19) 

where w = u/ ( a cos¢) is the angular momentum associated with the basic state zonal 

flow. 

Note here that in a linear problem there is no conservation of total energy (E + E') 

which implies that in an unstable flow , t e perturbations may draw energy from the mean 

flow indefinitely and grow unbounded. 

The equation for perturbation angular momentum is derived by taking ( <I>' a cos</>) 

· (3.ll)+(u'acos</>)· (3.13) , to obtain: 

fJM' fJ[(<I>'2 + <I>u'2 - <I>v'2 + 2u<I>'u') cos¢] fJ(<I>v'u' cos2 </>) -;-2 , , 
+ f}). + f}cp + <l> V q a COS cp = 0 (3.20) ut 2 cos </> cos </> 

where M' = u'<I>' a cos¢. Integrating (3.20) over the surface of the sphere: 

lo21r j 1r /2 (fJM' 2 ) + <I> v' q' a cos </> cos cpdcpd>-. = 0 
O -r. / 2 ut 

(3 .21 ) 

Mult iplying equation (3 .21) by an a bitrary constant , wo , and subtracting the result 

from (3.19) results in: 

lo
21r j1r/2 [8(E' - woM') -2 , , ] 

0 
+ <I> v q a cos cp(w - c.,,•0) cos cpdcpd>-. = O 

0 -1r/2 t 
(3.22) 

Now, making v' = 'D17/'Dt (where 77 is an infinitesimal perturbation displacement in the 

meridional direction) in (3 .14) a.nd integrating in time results in: 

I 77 aq 
q =---

a dcp (3.23) 

Note that in order to obtain the equation above, the perturbations were required to obey: 

a(, aq) 
f}). q + 17 ad</> = 0 and ( / aq) 

q + 17 ad</> t=O = 0 

Multiplying (3.23) by v' gives: 

v' q' = - '!?_ ( 772 dq ) 
'Dt 2a dcp 

(3 .24) 

(3.25) 
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substituting (3.24) into (3.22) gives: 

- E' - woM' + -<I> T/ -(wo -w)acos<j) cos<j)d<j)d>. = 0 d J J [ l -2 2 d7j ] 
dt 2 ad</) 

(3.26) 

Now, it is necessary to determine under which conditions ry2 is not allowed to grow in an 

area integrated sense. Note t hat this implies that the flow is stable. From (3 .26) it is 

clear that ry2 does not grow in an area integrated sense as long as E' - woM' 2 0 and 

(wo - w) cos<j)(d7j/d¢) 2: 0. Rewriting (3 .18) as 

I - I 'J!'U 12 U - 12 1 
[ ( 

;F,.t-)2 ( -2) l E = 2 <I> u + <I> + <I> 1 - <I> + <l>v (3 .27) 

it is clear that if u <I> then E' 2: 0. Also, since E' - woM' may be written as 

<I> [ ( <I>' ) 
2 

<1>'
2 

( (w - w0 )
2
a

2 
cos

2 ¢) l E' - woM' = 2 u' + <I> (w- wo) acos<j) + <I> 1 - <I> (3.28) 

if [(wo - w)a cos ¢]2 <I> then E' - woM' 2: 0. 

The above discussion leads to Ripa's stability theorem. Ripa (1983) states that if 

there exists any value of wo such that 

d7j 
( wo - w) cos <P d<j) 2 0 and [(wo - w)a cos ¢]2 <I> (3.29a, b) 

everywhere , then the fiow is stable with respect to infinitesimal perturbations that obey 

(3.24). However , the above theorem does not ensure that the flow is inertially stable . 

Inertial stability is guaranteed if f and the potential vorticity, q, have the same sign 

everywhere (Holton , 1992). 

Ripa (1983) also shows a corollary to this theorem which states that choosing wo = 
max(w) , a weaker sufficient condition for stability is obtained, namely that if: 

and max(w) min (w + v'$ A,) 
a cos'+' 

(3.30a, b) 

everywhere, then the flow is stable with respect to infinitesimal perturbations that satisfy 

(3 .24). 

Ripa's theorem reduces to Rayleigh 's inflection point theorem for the case of no 

rotation and <I> -+ oo (nondivergence). In this case , (3 .30b) is always obeyed regardless 

of the value of w or wo, and d7j/d¢ 2: 0 is the necessary, but not sufficient , condition for 

stability of the flow. 
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3.1.3 The Nature of Barotropic Instability 

Hydrodynamic shear instabilities such as barotropic and baroclinic instabilities have 

been studied for over a century. The physical mechanism trough which Helmholtz insta-

bility (which is a limiting case of barotropic instability) occurs may be simply understood 

in terms of vorticity dynamics (Drazin and Reid, 1981) . Nevertheless, the physical mech-

anisms involved in the making of barotropic and baroclinic instability are not yet well 

understood (Lindzen, 1988). Since it is argued here that barotropic instability is im-

portant in the ITCZ breakdown process, we shall concentrate on this kind of instability 

hereafter. 

Returning to the subject of the mechanics of how barotropic instability occurs, it is 

certainly not int uitive how a reversal of sign of the gradient of potential vorticity leads to 

instability. Hoskins et al. (1985) , Lindzen and Tung (1978) , and Lindzen (1988) propose 

two different ways of looking at the physical mechanisms of barotropic instability. The 

former is discussed below. 

Hoskins et al. (1985) present an explanation of the physical nature of barotropic 

instability in terms of the interactions between two counter propagating Rossby waves. 

Figure 3.la shows the variation of vorticity with latitude produced by an idealized ITCZ 

in the NH. In the NH , the ITCZ convection produces a positive vorticity anomaly which 

is equivalent to introducing a mass sink in equation (2.14). Along the northern boundary 

of the high absolute vorticity region there will be an eastward propagating Rossby wave 

(with speed cn) due to the locally reversed meridional abso~ut.e vorticity gradient. Along 

the southern boundary, however, there will be a west.ward propagating Rossby (with speed 

c8 ) wave since there d(( + f)/d¢ > 0. In figure 3.lb the two waves are depicted along with 

their induced circulations and their influence on each other. Note that the circulations 

related to the westward propagating wave influence the easterly propagating wave acting 

to slow it down (in a phase locking process) and amplify ~t . The eastward propagating 

wave has a similar effect upon the westward propagating wave. The end result is that the 

two waves amplify and propagate together at a speed Cr, r, as stated in Hoskins et al. 

(1985) , the induced velocity field of each Rossby wave keeps the other in step and makes the 
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Figure 3. 1: Interpretation of the physical mechanism for barotropic instability through the 
interactions between two counter propagating Rossby waves ; a) Zonal wind and absolute 
vorticity meridional profiles for a three region model; b) schematic of the interactions 
between the two counter propagating waves. (See text for details). 
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other grow. For the two waves to interact in the way described they should be separated 

by a distance no farther than the horizontal scale of the waves . The same mechanism is 

proposed for the explanation of baroclini instability, in which case the two waves would 

be stacked in the vertical. 

3.2 Linear Normal Mode Stability Analysis of Vorticity Strips 

It was shown in section 3.1 that a necessary, but not sufficient, condition for barotropic 

instability to occur is the existence of a meridional reversal of the absolute vorticity gra-

dient. Once it is determined that a given basic state is barotropically unstable, a linear 

stability analysis is valuable as it offers a quantitative description of the favored patterns 

of instabilities and their respective growth rates. 

Previous studies of stability of zonally symmetric vorticity strips on both the f (Guinn 

and Schubert , 1993) and ,B-planes (Kuo, 1973; Schubert et al., 1992) have shown that 1) the 

growth rate of the most unstable mode increases as the shear increases (by either increasing 

the vorticity of the strip or decreasing its width); 2) the wavelength of the most unstable 

mode increases as the vorticity of the st rip increases; and 3) the wavelength of the most 

unstable mode increases as the width of the strip increases. On an f-plane in particular, it 

is possible to show that the wavelength of the most unstable mode is approximately eight 

times the width of the strip (see Guinn, 1992, for example) . Using a three layer contour 

dynamics model on a non rotating sphere, Dritschel and Polvani (1992) found that the 

results summarized above for the planar case still hold. In addition, they find that 1) 

strips of vorticity are more prone to become unstable on the sphere than on a planar 

surface; 2) the closer a vorticity strip is to the equator, the easier it is for it to break down 

into small, long lived vortices; and 3) contrary to what occurs in the planar case where an 

annular region of vorticity is stable to wavenumber two perturbations (Dritschel, 1989), 

on the sphere, wavenumber two perturbations do become unstable . Regarding the effect 

that adverse shear would have in stabilizing those vorticity strips, they conclude that 

when a thin vorticity strip is sufficiently far from the polar region, the adverse shear 

(Dritschel, 1986) due to the polar vortex is not sufficient to stabilize it. 
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In this section a linear normal mode stability analysis of zonally symmetric vorticity 

strips on the surface of a rotating sphere is performed still within the framework of the 

barotropic nondivergent equations. The method used for these calculations is delineated 

in Appendix B. 

3.2.1 Stability Results 

The linear normal mode stability of a vorticity strip of width a, with constant relative 

vorticity, (r centered at a latitude </>c is now studied using the method outlined in Ap-

pendix B. The number of equally spaced vorticity jumps used, J , was 200, which gives a 

meridional resolution of approximately 0.9 degrees. However, this resolution was doubled 

for strips narrower than 10° of latitude. 

Fig. 3.2 shows the characteristics of the most unstable modes selected as a function 

of width and central latitude of vorticity strips in the NH with (r = 3.0 x 10-5 s- 1. It 

is important to keep in mind that only integer wavenumbers are possible on the sphere. 

Note that for each latitude, there is a width beyond which the meridional vorticity profile 

becomes monotonical and therefore no instability occurs. The following conclusions may 

be drawn: 1) wavenumbe one and two modes become unstable on a rotating sphere, 

albeit with slower growth rates; 2) the ratio between wavelength and width of the modes 

decreases with increasing width of the strip; 3) the growth rate decreases slowly with 

latitude, presenting a sharper decrease towards the lower wavenumbers. 

The dependency of thee-folding time and the wavenumber of the most unstable mode 

on the intensity of the vorticity strip i~ seen in figure 3.3. The vorticity strip is 7° wide 

and centered at 10° N. Both the e-folding time and the wavenumber of the most unstable 

mode increase as the intensity of the strip decreases. This dependency is weak, however, 

for strips with (s 2: 2.0 x 10-5 s- 1. 

Figure 3.4 shows the growth rate of modes associated with vorticity strips whose 

( s = 3.0 x 10- 5 s- 1 , centered at 10° N for varying widths. 

The linear time evolution of a vorticity strip centered at 10° N and 7° wide is shown 

in Fig. 3.5. Meridional cross sections of the zonal wind and absolute vorticity are shown 

in figure 3.6. The latter shows a reversal in the meridional gradient of absolute vorticity, 
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Figure 3.2: Stability characteristics of vorticity strips centered at a given latitude and with 
a certain width. it a) e-folding time (days) , b) nondimensional wavenumber, c) phase 
speed (m/ s), and d) wavelength (km). 
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Figure 3.3: E-folding time and wavenumber of the most unstable mode as a function of 
the intensity of the vorticity strip. 

indicating that the flow is prone to barotropic instability. Ali.hough this vorticity strip is 

unstable to wavenumber nine disturbances (see Fig. 3.2) , only one wave is shown here. 

The streamlines are initially unperturbed and after eight e-folding time intervals, the 

barotropically unstable mode is evident leaning against the shear. 

In addition, the results found in previous studies that the wavelength and growth rate 

of the instability increase with increasing shear are corroborated here. 

3.3 Wave-activity Diagnostics 

In this section, the concept of wave-activity is introduced and its mathematical for-

mulation for certain cases is derived. 

It is often convenient to decompose an atmospheric flow into a basic state and dis-

turbances therefrom. After making this arbitrary decomposition of the flow , it is possible 

to derive a conservation relation for wave-activity ( or generalized Eliassen-Palm relation) 

of the following form 
8A - + 'v · F = S + O(ci) at (3.31 ) 
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Figure 3.4: Growth rate spectra for vorticity strips of different widths centered at 10° N 
with (s = 3.0 x 10-5s- 1. Strip widths are 5, 7, 9 and 11°. 

where the wave-activity, A, and its flux, F , are quadratic (or higher order) functions of 

disturbance amplitude (a), and the source term, S, contains diabatic and frictional effects 

for the case of nonconservative flows (Edmon et al. , 1980; Andrews, 1987). The definition 

of A is not unique and is established in order to produce a conservative quantity of squared 

wave amplitude. 

The relevance of the above relation in fluid dynamics is now briefly discussed. The 

most tangible benefit that can be obtained from (3.31) is that the term 'v · F gives a quan-

titative measure of the effect of the eddies on the mean flow. Wave-activity conservation 

relations are most easily obtained for linear flows (see, for instance , Edmon et al., 1980; 

Andrews and McIntyre, 1976), but have also been derived for nonlinear flows (Andrews 

and McIntyre, 1978) with the requirement of resorting to a generalized Lagrangian mean 

formulation that presents enormous obstacles to quantitative calculations. Unfortunately, 

the nonlinear wave-activity relation derived in this section does not possess this attractive 

property of representing the forcing of the mean flow by the eddies. The wave-activity 

concept is also useful in the quest for flow stability theorems. Namely, Arnol'd 's stability 
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Figure 3.5: Streamfunctions showing the time evolution of the most unstable mode for 
</>c = 10° and a = 7°. Fields are at 0, 8 and 16 e-folding times. 
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Figure 3.6: Meridional wind and vorticity profiles for a vorticity strip centered at </>c = 10° 
and with width a = 7°. 

method consists of finding an exact disturbance invariant ( i. e. the wave-activity) and 

bounding it between two norms (Shepherd, 1990). 

Here , the approach presented in Haynes (1988) is followed in the derivation of two dif-

ferent finite-amplitude wave-activity conservation relations or diabatic, frictionless shal-

low water flows on the sphere. The firs t relation is derived for steady, zonally symmetric 

flows , based on the principle of angular momemtum conservation, the so-called disturbance 

pseudo-momer_tum. 

3.3.1 Disturbance Pseudo-Momemtum 

Using the continuity equation (2 .3), it is possible to write the PV and momentum 

equations (2.14 and 2.19, respectively) in their flux forms: 

8(M<I>) 
8t 

8( q4>) + 8( uq4>) + 8( V COS <pq4>) = Q 
8t a cos ¢8>. a cos </>8</> 

+ 8(uM<l>+ ~
2

acos</>) 8(vcos</>M<l> ) -----=----+-----= 
acos</>8>. acos</>8</> 

MQ 

(3 .32) 

(3.33) 
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At this point an arbitrary function C(q, t) (a so called Casimir), which is monotonic 

in q, is introduced. Multiplying (3.32) by Cq(q) (where Cq(q) = f (q)) and using the 

continuity equation , results in the following prognostic equation for C(q, t) in flux form 

8(C<l>) + 8(uC<l>) + 8(v cos ¢C<l>) = [C _ qC (q)] Q 
8t a cos ¢8>. a cos ¢8¢ q 

Adding (3 .33) and (3.35), gives 

8[(C + M)<l>] 
8t 

+ 8 [u<I>(C + M) + ¥a cos¢)+ 8[vcos¢<l>(C + M)] = 
acos¢8>. acos¢8¢ 

[M + C - qCq(q)] Q 

(3.34) 

(3.35) 

The total flow is now decomposed into u(>., ¢, t) = u(¢) + u'(>., ¢ , t), v(>. , ¢, t) = 

v' (>. , ¢ , t) , <I>(>. , ¢ , t) = <I>(¢) + <I>' ( >-. , ¢ , t) , where the bars indicate basic state variables and 

the primes denote disturbances or eddies. No linearization is done which implies that the 

perturbations are of finite amplitude. Note that the basic state geopotential depth and 

zonal wind are in balance. Also, this basic state is a steady, zonally symmetric solution of 

the original equations. 

Following Haynes (1988) , the next step is to choose a C(q) such that the disturbance 

part of <l>(M + C) can be written as a divergence, plus a term which is explicitly second 

order in wave amplitude. The disturbance part of <l>(M + C ) is defined as 

{ <I> [M + C(q)]}' = <I> [M + C(q)] - <I> [M + C(q)] (3.36) 

After some manipulation and using C(q) = C(q) + q'Cq(q) + O(a2) and q'<l> = (' - q<l>' , 

(3 .36) may be written as: 

[<I>(M + C)]' = <I> [C - C(q) - q'Cq(q)] + <I>' M' + 

+ 8 [v'Cq(q)] _ 8 [M'Cq(q)] + 
a cos ¢8>. a2 cos ¢8¢ 

+M' [<I>+ oCq(q) ] + <I>' [M + C(q) - qC (q)] (3.37) 
a2 cos ¢8¢ q 

The first line on the right hand side of (3.37) is second order in the disturbance amplitude 

and will turn out to be the wave-activity. The second line is the divergence of a flux. 

Next , C(q) will be chosen in such a way that the last line in (3.37) vanishes. The choice 

C(q) = - foq m(ij)dij, (3.38) 
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where 

(3.39) 

and m(q(O)) = 0, makes the last term in the square brackets in (3.37) vanish , as is next 

verified. Since 

8 [- _ _ _] _ [- 8C9 (q) ] 
- acos¢8¢ M + C(q) - qCq(q) = q <I>+ acos¢8¢ ' (3.40) 

and since the right hand side of (3.40) vanishes according to (3 .38) and (3.39). Then, 

M + C(q) - qC9 (q) = constant. This constant is zero because the left hand side vanishes 

at ¢ = 7r /2. Thus, the entire third line in (3.37) vanishes allowing it to be written as 

[<I>(M + C )]' =A+ 8 [v'C9 (q)] _ 8 [M'Cq(q)] 
a cos ¢8>. a2 cos ¢8¢ 

(3.41) 

where the wave-activity, A , is given by 

A= <I> [C - C(q) - q'C9(q)] + <I>' M' (3.42 ) 

This particular definition of wave-activity is also referred to as a disturbance pseudomo-

mentum, since its derivation is based on M . 

The disturbance momentum equations are 

8u' 8 (u' 2 + v'2 
) 8t - a cos ¢8 >. 2 + uu' + <I>' - v' q<I> = O (3.43) 

8v' 8 (u'2 + v'2 
) 8t + a8¢ 2 + uu' + <I>' + u' q<l> + u(' = 0 (3. 44) 

Finally, substituting (3.41) into (3.37), multiplying the result by a cos¢ and adding it 

to 8/8¢[C9 (q) cos ¢x (3.43)] -8/8>.[C9 (q) x (3.44)] , gives the following prognostic equa-

tion for wave-activity 

8A 
8t 

8 [ uA + 4>~
2 a cos¢ + ! ( u'2 - v'2 ) a cos¢] 8 [ v' cos ¢A + av' u' cos2 ¢<I>] 

+ --"------------~+~--------~= a cos ¢8 >. a cos ¢8¢ 

Q (A+ :M') (3.45 ) 

with the wave-activity (3.42) rewritten as 

A= <I>'u'acos ¢+<I> /49 
[m(q) - m(q)] dq, (3.46) 
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In the absence of mass sources or sinks and friction, (3.45) expresses conservation of wave-

activity when integrated over the sphere. Equation (3.45) is a nonlinear shallow water 

vesion of (3.31) for steady, zonally symmetric basic flow. However, the divergence term 

on its left hand side has no counterpart in the equation that governs the basic state , and 

consequently, says nothing about wave-mean flow interactions. 

Relations (3.45)- (3.46) allow diagnostic analysis of the shallow water model results 

in terms of wave-activity and its flux by following these steps: 1) partition the solution 

into a steady, zonally symmetric basic state whose potential vorticity varies monotonically 

with latitude, plus disturbances therefrom; 2) use (3 .39) and (3.46) to compute A; and 

3) use (3.45) to compute the flux and forcing terms. Application of these wave-activity 

relations is left for future work. 



Chapter 4 

ITCZ BREAKDOWN 

In this chapter, the formation of tropical disturbances through the ITCZ breakdown 

process is studied. Although the ITCZ breakdown is believed to occur due to combined 

baroclinic and barotropic instabilities of the zonal flow (Hack et al. 1989; Schubert et al., 

1991 and 1992; Guinn, 1992) , only the latter can be studied in a shallow water model such 

a.s the one used here. 

In the low levels, ITCZ convection produces a positive V anomaly in the NH . This 

results in a reversed meridional PV gradient on the poleward side of the ITCZ. According 

to the Charney-Stern theorem (Elia.ssen , 1983) , a flow that ha.s a reversal in the poleward 

gradient of PV may be unstable with respect to small disturbances. The ITCZ then 

starts undulat" ng under the influence of combined barotropic and baroclinic instability 

and breaks down into a series of tropical disturbances. In this sense, the ITCZ convection 

produces favorable conditions for its own instability and breakdown. 

Guinn (1992) used a doubly periodic shallow water model on an f-plane to show 

that strips of high (low) vorticity in the Northern (Southern) Hemisphere undulate and 

break down into vortices in a way that resembles the ITCZ breakdown observed in satellite 

images . He then a.ssociated he thin strips of high vorticity that link these vortices to the 

outer bands of hurricanes. 

In this model, either initially imposed PV anomalies or ma.ss sinks are used a.s proxies 

of the ITCZ. The PV anomaly then undulates and breaks down due to barotropic insta-

bility of the mean flow in a way that resembles what is observed in satellite images such 

a.s the sequence shown in Fig. (1.3). This should not imply that barotropic instability is 

the sole process involved in the ITCZ breakdown, but it t ries to isolate what may be an 

important a.sped of its dynamics. 
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In section 4.1, initial value experiments showing the nonlinear breakdown of vorticity 

strips on the sphere are presented. The interaction of a zonally symmetric vorticity strip 

and a nearby vortex is then studied in initial value experiments discussed in section 4.2. 

In section 4.3 , perhaps more realistic experiments with localized zonally elongated mass 

sinks are performed. In section 4.4 , results obtained when the mass sink is wider on its 

eastern side are presented. Finally, section 4.5 presents an analysis of the frequency of 

tropical cyclone formation in the Eastern Pacific Ocean in the past 14 years. 

4.1 Zonally Symmetric Vorticity Strips 

In this section, the no linear breakdown of zonally symmetric vorticity strips on the 

sphere is simulated in a series of initial value experiments. These vorticity strips may 

be interpreted as a highly idealized zonally symmetric ITCZ which breaks down into a 

number of tropical cyclones. 

The initial absolute vorticity field is simply given by 

((). , ¢ , 0) = { (s + f for 1¢ ~<Pel~ b/2 
f otherwise 

(4.1) 

where (s, <Pc and b are the magnitude of the vorticity strip, the latitude where it is cen-

tered and its width, respectively. Note that this initial vorticity profile satisfies Rayleigh's 

necessary, but not sufficient, criterion for barotropic instabi ity (see section 3.1). A sinu-

soidal perturbation of zonal wavenumber m. and amplitude of 10-7 s- 1 was added to the 

vorticity strip. This is done to provide the fluid wi th a finite initial disturbance which will 

grow by extracting energy from the mean flow through the barotropic instability process. 

Given the above vorticity field, the corresponding initial wind and geopotential fields 

are obtained from ( 4.1) and (2.22) as explained in section 2.4. The mean geopotential 

depth , cl> , was set to 4500 m 2 / s2 in this case which implies in a Ross by radius of~ 1800 km 

at 15° N. 

Figure 4.1 shows meridional cross sections of the wind and vorticity fields for a 7° 

wide zonal vorticity strip centered at 15° N with maximum intensity ( s = 3.0 x 10-5 s- 1 

(or about 0.8 f). This vorticity strip has a meridional wind shear of about 21 m/ s across 
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its 7° of width (see figure 4.1 for the initial meridional profiles of absolute vorticity and 

zonal wind for this strip). Alt hough time averages of zonal winds _in the region do not 

show such large meridional shears (see, for example, Tai and Ogura, 1987) , it is possible 

that high shear exists on individual days. Also, as seen in figure 3.3, weaker shear profiles 

30 30 
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20 20 

{5 
:::s 
-~ 15 15 .s 

10 

I 
10 

5 I 5 

0 0 
-10 -5 0 5 10 15 0 2e-05 4e-05 6e-05 Se-05 

u (mis) ~+f ( 1/s) 

Figure 4.1: Initial zonal wind and absolute vorticity profiles across a 7° wide zonally 
symmetric vorticity strip centered at 15° N with maximum intensity (s = 3.0 x 10-5 s-1. 

will break down as well, but with slower growth rates. A wavenumber ten perturbation 

is imposed to the initial fields. Wavenumber 10 is chosen because it is one of the most 

unstable modes selected for the same vorticity strip in the linear normal mode stability 

analysis (see figure 3.3). Moreover, when this simulation was repeated with a white noise 

initial perturbation (not shown), an unstable disturbance of wavenumber 10 emerged. 

The temporal evolution of this PV strip in the shallow water model is shown in 

figure 4.2. Initially, the geopotential, wind and PV fields are basically zonally symmetric , 

with small departures from symmetry introduced by the wavenumber 10 perturbation. 

Five days into the simulation, the PV field is undulating due to the growth of the initial 

imposed perturbation through barotropic instabili ty. After 11 days, the PV strip has 

broken down into ten vortices (of which only three are shown in Fig. 4.2) that are linked 
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Figure 4.2: Breakdown of a 7° wide zonally symmetric vorticity strip centered at 15° N 
with maximum intensity (s = 3.0 x 10-5 s- 1 ; a) initial height (in m), PV (in sm-2 , with 
contours from 0. to 1.6 x 10-8 by 0.2 x 10- 8 ) and wind fields (in m/ s); b) same fields at 
5 days. In the PV plot, values greater than 1.4 x 10-8 s m-2 are dotted. Maximum wind 
vectors are 2 m/ s and span the distance between two plotted grid points. 
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Figure 4.2: Continued. c) Same at 11 days. 

by thin PV filaments. These PV filaments are what Guinn and Schubert (1993) call 

the outer spiral bands of hurricanes. The horizontal scale of the resulting instabilities is 

approximately 3800 km with westward propagation of~ 2 m / s , very close to the 2.3 m/s 

westward propagation predicted by the linear normal mode stability calculation for the 

same mode ( see figure 3 .1 c). It is relevant to mention that the significance of the time 

frame in which breakdown occurred in this experiment is limited because breakdown is 

expedited by imposition of a larger initial perturbation. The fact that a larger amplitude 

initial disturbance causes break down in less model time offers support to the idea that 

if easterly waves indeed propagate from the Atlantic into the East Pacific (Simpson et 

al., 1969; Frank, 1976; Frank, 1987; Avila and Clark, 1989) they may trigger a faster 

breakdown of the ITCZ and perhaps allow tropical cyclone genesis to occur in the latter 

region. 

When the PV strip starts breaking down, the resulting vortices are elongated in the 

zonal direction. As time proceeds, azimuthal symmetriza ion of each individual vortex 
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is observed. This axisymmetrization is related to the stripping of vorticity by the thin 

filaments that link the vortices (Melander et al. , 1985; Guinn, 1992) . 

It is interesting to note that to the southwest (southeast) of each of these vortices, 

there is intrusion of negative (positive) PV air from the Southern (Northern) into the 

Northern (Southern) Hemisphere. In these regions, the necessary condition for occurrence 

of inertial instability, that is fq < 0, is met . However, inertially unstable modes have very 

slow growth rates for flows with a large <I> (Schubert et al., 1992) and therefore are not 

apparent in the simulations shown here. 

Additional experiments were run (not shown here) to see the effect of width and 

intensity changes upon the breakdown of the PV strip. In agreement with the linear 

normal mode stability analisis results , wider (narrower) PV strips broke down into larger 

(smaller) vortices and an increase (decrease) in shear resulted in faster (slower) breakdown. 

4.2 Interaction Between a Vortex and a Zonally Symmetric PV Strip 

In this section, experiments aimed at investigating the interaction of the ITCZ with 

a nearby tropical cyclone are performe . These are initial value experiments in which a 

vortex is placed near the zonally symmetric PV strip used in the previous section. 

An interesting example of this interaction occurred in the E. Pacific basin in July, 

1978 and is port.rayed in Fig. 4.3. Hurricane Fico began as a tropical depression in the 

ITCZ at 10.8° N , 105.9°W on July 9. It was upgraded to a hurricane on July 10 near 

13.6° N ,111.4°W. Hurricane Fico then followed a long trajectory due west at an average 

speed of about 5.3 m/s until July 21 when it recurved and moved into higher latitudes 

(Gunther, 1979). On July 17, the hurricane was detached from the ITCZ which lied about 

5° to its south. By July 18, the circulation of the hurricane had produced a perturbat ion 

on the ITCZ that accompanied the storm in its westward movement until it recurved on 

July 21. As the hurricane moved into higher latitudes, its influence on the ITCZ decreased 

and so did the amplitude of the perturbation in the ITCZ. Hurricane Gilma followed Fico 

in that season and similarly perturbed the ITCZ, though it had a more northward track 

and ceased to influence the ITCZ in a shorter period of time. 
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Figure 4.3: GOES infrared satellite images for the E. Pacific during the period between 
13 and 21 July 1978 (time is UTC). The sequence illustrates the interaction of Hurricane 
Fico with the ITCZ. 
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A highly idealized barotropic counterpart of that process is obtained if the model is 

initialized with a zonally symmetric PV strip with a circular cyclonic vortex nearby. The 

circular vortex is -initialized by 

where 

for ('+•m;;,•1 '
1
'• )' + sin2 ¢(1 + cos2 ¢)1,S 1 

otherwise 

br cos, ( br ) 
sm = 1 + b2 - 1, br + b~ 2 

( 4.2) 

1 is the length of the arc comprised by the radius of the vortex, and the latitude where 

the vortex is centered is <Pcv = arctan(bi/b2) . Equat ion (4 .2) is obtained by calculating 

the intersection of a plane with the surface of the sphere and imposing a step funct ion 

radial variation. The zonally symmetric vorticity strip is again given by equation ( 4.1). 

The radial distributions of relative vorticity and non-divergent tangential wind for a 

vortex centered at 15° N with ( v = 2 x 10-4 s- 1 and 2° in radius are shown in figure 4.4 . 

The outer core wind distribution in figure 4.4 falls wi thin the observed range of outer core 

tangential winds of tropical cyclones (:\ilerrill , 1984) . A higher spatial resolution would be 

needed to obtain a good representation of the inner core winds. However , it may be the 

case that the interaction of the idealized vortex with the PV st rip is more dependent on 

the outer core winds than on the inten ity of the storm, just as it is the case for tropical 

cyclone motion (Chan and Williams, 1987). 

The interaction of the vortex described above wi th a 7° wide zonally symmetric PV 

strip centered at 10° N with ( s = 2. x 10-5 s-1 is shown in Fig. 4.5. In order to allow 

a reasonable initially balanced state, it was necessary to set <I> = 4.5 x 104 m 2 s-2 , which 

gives a Ross by radius of about 5600 km at 15° N. The initial wind, height and PV fields 

are shown in figure 4.5a. Added to the westerly flow to the south of the PV strip and 

easterly flow to its north, are the strong meridional and zonal winds introduced by the 

vort ex. Note also that just to the north of the PV strip, the necessary criterion for 

barotropic instability is met. By day two (fig. 4.5b), the vortex is wrapping the PV strip 

around itself, producing sharp perturbations on the PV strip directly to its SE and SW. 
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Figure 4.4: Radial relative vorticity and wind distributions of the vortex used in the 
simulation of the interactions between a zonally symmetric PV strip and a nearby vortex. 

The perturbation on the SW side is constrained to the region near the vortex. On the 

southeastern side, however, eastward propagation of short Rossby wave energy causes the 

PV strip to undulate with an amplitude that decreases with increasing distance from the 

vortex. As time proceeds, these undulations will amplify through barotropic instabi ity, 

causing the PV strip to break down into a series of vortices (fig. 4.5d). Throughout 

the simulation, the vortex continuously moves towards V./-NW at an average speed of 

~ 9.1 m/ s. The initial perturbation on the PV strip just to the SE of the vortex follows 

the westward movement of the vortex at a somewhat slower speed. By the end of the 

simulation, the vortex has increased in size and its influence on the PV strip is decreasing. 

This bears resemblance with the effect of Hurricane Fico on the ITCZ in the satellite 

image sequence shown in figure 4.3. 

Regarding the breakdown of the part of the PV strip that lies to the east of the 

vortex, additional experiments ( omitted here) showed that the closer the vortex is to the 

strip , the larger the perturbation it causes, implying in faster breakdown. 
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Figure 4.5: I teraction of a vortex centered at 15° N with ( v = 2 x 10-4 s- 1 and 2° in 
radius with a 7° wide zonally symmetric PV strip centered at 10° N with (s = 3 x 10-5 s- 1. 

Height (m) , wind (m/s) and PV (sm- 2 ) fields at a1 initial fields ; b) 2 days. PV contours 
are from 0. to 5.6 x 10-9s2 /m by 0.2 x 10- 9 s2 /m and maximum wind vector is 20m/s in 
modulus and spans the dis tance between two plotted grid points. 
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Figure 4.5: Continued. c) At 6 days; d) at 9 days. 
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Figure 4.6 shows the effect of the PV strip on the trajectories of vortices initially 

centered at different latitudes. The track of the same vortex centered at 10°N in a quiescent 

environment is shown for comparison (VOR). In a resting environment, the vortex follows 

a northwestward trajectory (in the NH) known as ,8-drift . This movement is due to linear 

and nonlinear interactions between the circulation of the vortex and the meridiona.lly 

varying planetary vorticity (Elsberry, 1987; Chan and Willia.ms, 1987; Li and Wang, 1994; 

and references therein). The introduction of a zonally symmetric PV strip (NPV) to the 

south of this vortex adds a. steering flow that changes both the speed and direction of 

the ,8-drift movement of the vortex, resulting in a. faster and more zonal propagation. If 

the vortex and the PV strip are initially centered at the same latitude (CPV) , the vortex 

initially propagates northward and then westward (CPV). Finally, when vortex is initially 

centered to the south of the PV strip (SPV) , its initial movement is to the NE, turning 

to northward once it crosses the center of the strip and then to the W-NW as soon as it 

exits the northernmost boundary of the PV strip. The presence of the PV strip affects the 

movement of the vortex mainly through advection by its st eering flow , but also through 

the change in background vorticity it introduces (Evans et al. , 1991). 
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Figure 4.6: Trajectories followed by vortices initially centered at 15° (NPV) , 10° (CPV) 
and 5° (SPV), under the influence of a zonally symmetric PV strip centered at 10°. The 
trajectory of a vortex centered at 10° in a quiescent environment (VOR) is included for 
comparison. Symbols denote vortex positions at 24h intervals . 

Figure 4. 7 shows the height and PV fields at 9 and 15 days for a simulation that 

started with the vortex depicted in figure 4.4 embedded in a quiescent environment. In 
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Figure 4.7: Height (m) and PV (s m-2 ) fields for a 2° radius vortex with (v = 2 x 10-4 s-1 

and <Pc = 15° N in a quiescent environment. a) at 9 days; b) at 15 days. 
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the height field it is evident that dispersion of short Ross by waves produces a train of waves 

to the SE of the vortex (Hoskins et al. , 1977) . After 15 days, a cyclone has been produced 

just to the SE of the initial cyclone with half of its intensity. In a 20 year observational 

study in the W. Pacific, Frank (1982) found that typhoons are twice as likely to form 

to the east of existing typhoons than to their west. The simulation shown in figure 4. 7 

suggests that Rossby wave dispersion may be the mechanism that causes the formation of 

a new cyclone in the wake of an existing typhoon (Holland, 1994). However, the intensity 

of this secondary cyclone is considerably reduced when a PV strip is located to the south 

of the vortex as shown in experiment SV (compare figures 4.5 and 4.7 at 9 days) . This 

seeming preference for the formation of new storms to the east of existing ones may also 

be an artifact of the westward movement of the cyclones away from preferred regions of 

origin. Another possible mechanism to explain the observed higher frequency of tropical 

cyclone genesis to the east of existing cyclones is the breakdown of the ITCZ under the 

influence of a nearby vortex, as suggested in figure 4.5. 

4.3 Elliptical Mass Sink 

In the previous sections , the ITCZ was idealized as a zonally symmetric PV st rip 

circling the sphere near the equator. However, at any individual time, the ITCZ is a 

rather discontinuous zonal band of convection of varying widths . For this reason , perhaps 

a more realistic representation of the transient ITCZ in the model would be in the form 

of localized elliptical mass sinks near the equator. Results obtained in experiments with 

one such elliptical mass s· nk of varied dimensions and different locations are discussed in 

this section. 

The spatial variation of the mass sink, Q(>. , ¢, t) is given by 

F(>.,¢) = { 1-exp [-~exp (r~i)] , for O < r < l 
0, otherwise 

( 4.3a) 

with 

r(>. , ¢) = (>.cos¢ - >.o cos ¢0 )2 (¢ - ¢0 )2 

(err /180) 2 + (,dis t drr /180) 2 ' 
( 4.3b) 
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Figure 4.8: Nondimensional radial (F(-X)) and temporal (G( t)) variations of the mass sink 
as given by equations 4.3 and 4.4 . a) F (r) for ks = 30 and c = 4, 40, 60 and 80 (radius is 
in degrees from the center of the ellipse) ; b) G(t) for kt = 320, and T = 4 days. 

>.o and </>o are the longitude and latitude where the forcing is centered, 'Ydist is a parameter 

used to distort the ellipsoid (,di s t = 1, in this case) , c is the distance between the focus 

and the cente of the ellipse and d is the size of its minor axis (in degrees). Figure 4.8 

shows the variation of F with ,X (Melander et al., 1985) . In equation (4 .3) , setting r(-X , ¢) 

equal to different constants, defines a family of elliptical curves of aspect ratio 2c/ d. 

The time variation of the mass sink has the form 

where 

G ( t) = { 1 - exp [- exp ( P~ 1 ) ] , 

0, 

p(t) = y \-:;: - 1) 

for 0 < t < T 

otherwise 
( 4.5a) 

(4.5b) 

and T is the duration of the forcing (in days). The steepness parameters, ks and kt , 

determine how fast the mass sink decreases with increasing radius , and how fast the mass 
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sink is turned on and off, respectively. Figure 4.8 shows the nondimensional time variation 

of the mass sink when T = 4 days. 

Finally, equations (4.3) and (4.4) are combined to define the mass sink function 

(4.5) 

where I o"P / 8t I is the time rate of change of geopotential. Table 5 of Fulton and Schubert 

(1985) shows that the second internal mode calculated for the Marshall Islands apparent 

heating vertical profile has phase speed of 46.66 m/s, "P = 2177.15 m 2s-2 and I o"P/ot I= 
541 m 2s-2day- 1. The steepness parameters, ks and k1, are set to 30 and 320, respectively 

and will be kept constant hereafter. 

The model runs are initialized with a basic state at rest upon which the mass sink 

in equation (4.5) is imposed. The dimensions of the mass sink were chosen to roughly 

approximate the dimensions of observed ITCZs in the E. Pacific. 

Figure 4.9 shows the temporal evolution of the height, PV and wind fields produced 

when a zonal elliptical mass sink centered at 10° N with dimensions given by c = 60° and 

d = 4° (see figure 4.8), is applied for 4 days. 

A reversal in the PV gradient fir t appears during day 2 of integration ( diagram 

not shown) , providing the necessary condition for the occurrence of barotropic instability. 

This is in agreement with the conclusion in Hack et al. (1989) that only a couple of days 

of convection are needed to produce a reversal in the meridional PV gradient . Figure 

4.})a shows the results at 5 days, when the mass sink has already been turned off. The 

positive PV strip produced by the mass sink has rotated cyclonically around its center 

due to self-advection. Similar f-plane calculations by Guinn (1992) show a PV strip that 

rotates almost 60° around its axis by t e time it breaks down into two vortices. Here , the 

presence of a meridionally varying planetary vorticity inhibits this rotation and the PV 

strip seems to find an equilibrium inclination with respect to the equator. It would be 

interesting to check if similar patches of ITCZ convection display a preferred tilt in the 

tropics. By day 10 (figure 4.9b), the PV strip is undulating and breakdown has begun 

on its westernmost portion. After 15 days (fig . 4.9c) , the PV strip has broken down into 
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Figure 4.9: Evolution of height (m), PV (s m-2) and wind (m/s) fields for the case in 
which a zonally oriented elliptical mass sink centered at <Pc = 10° N , with c = 60, d = 4 
and T = 4 is imposed. Hatched regions in the PV plot denote regions of negative PV. 
Heavy dots indicate shape and location of mass sink; a} at 5 days ; b) at 10 days. 
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Figure 4.9: Continued. c) At 15 days; d} at 20 days. 
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three vortices linked by thin filaments of high PV, and a fourth one is being produced 

on its easternmost end. After 20 days (fig. 4.9d) , the PV strip has completely broken 

down into four distinct vortices whose horizontal scale is about 1000 km. Finally, at 25 

days (fig. 4.9e) , the westernmost vortex is being stretched into a strip by its neighbor and 

will eventually be merged into it. Also, the easternmost vortex is being stretched into a 

strip by the ambient flow. It is also noteworthy that the vortices that resulted from the 

breakdown of the strip did not move farther than 10° away from their formation region. 
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Figure 4.10: Meridional profiles of zonal winds across the center of the PV strip after 1, 
5 and 15 days. 

Figure 4. 0 shows meridional cross sections of the zonal winds through the center 

of the PV strip on days 1, 5 ond 15 of the simulation. As expected, in the first 4 days 

of the simulation, the mass sink is producing westerlies to its south and easterlies to its 

north . This flow structure resembles the tropical monsoon trough circulation pattern. 

The winds generated by the mass sink attain maximum intensity when the forcing is 

turned off, weakening thereafter. On day 5, the westerlies to the south of the PV strip are 

approximately twice as st rong as the easterlies to its north. This difference in strength 

between the easterlies and westerlies is due to weaker inertial stability to the south of 
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the PV anomaly. This weaker inertial stability region allows stronger meridional winds 

to the south of the PV anomaly and therefore stronger zonal winds are produced due 

to the Coriolis effect. As mentioned before, the establishment of the monsoonal flow 

in the model is due to the presence of the imposed mass sink suggesting that tropical 

monsoonal circulations are forced by equatorial convection. This is in agreement with 

observations (Mapes and Houze, 1992; Sui and Lau, 1992; Phoebus, 1993) that indicate 

that the monsoon flow is forced by the embedded deep convection. After 15 model days, 

the extent of the monsoonal westerlies is confined to the region just to the south of the 

PV strip, with easterlies near the equator. 

The behaviour of the breakdown at different latitudes is compared by varying </>o and 

keeping all other parameters constant. The results (not shown here) showed that the 

farther the mass sink is placed away from the equator, the faster breakdown will occur. 

This is expected because since the zonal wind shear around the mass sink is produced by 

the effect of the Coriolis force , the far her this forcing is from the equator, the faster the 

monsoon-like shear layer will evolve, expediting the breakdown process. 

Another feature observed in the model results is that t he larger the zonal extent of 

the PV anomaly, the slower the breakdown process evolves and the smaller its cyclonic 

tilt with respect to the equator. 

Results obtained by varying the widt h of the PV anomaly show that wider strips break 

down into vortices of larger horizontal scales, as expected from previous work (Guinn, 

1992) and dictated by the linear stability theory. 

4.4 Distorted Ellipsoidal Mass Sink 

Often times in the Eastern Pacific, the ITCZ is wider near Central America, perhaps 

reflecting the sea surface temperature pattern in that region and the presence of the 

American cont inent . It is also near Central America that the majority of hurricanes form 

in the E. Pacific. Figure 4.11 shows the formation of Hurricane Aletta in late May, 1978. 

On May 28, the ITCZ in the E. Pacific is an elongated line of convection that is wider on 

its eastern side. A tropical storm formed on the 30th near the coast of Mexico where the 
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ITCZ was wider. On May 31 the storm was upgraded to Hurricane Aletta and continued 

moving to the NW with landfall in Mexico that same day (Gunther, 1979). 

In this section, experiments with a mass sink that is wider on its eastern side are 

performed in order investigate how this may change the ITCZ breakdown and whether it 

can account for cases like Hurricane Aletta and perhaps offer an alternative explanation to 

the higher frequency of tropical cyclone genesis event;; near the Central American coast. 

The asymmetric mass sink used in this section is obtained by setting the distortion 

parameter, rdis t, in equation ( 4.5b) to 

a; ( O'r - 1) [ C O'r C ] 
rdist = O'r C a..Xcoscp- 2 + (ar -1) 

where O'i and O'r determine how much t e original ellipse is distorted. 

Figure 4.12 shows the evolution of the height , wind and PV fields produced by a 

zonally oriented distorted ellipsoidal mass sink centered at <Pc = 10° N , with c = 40, d = 4, 

T = 4, O'i = 2 and O'r = 2. In this mass sink, the width at c/2 is twice that at -c/2. 

The experiments shown in this section are run using truncation T126 rather than T213. 

Similarly to the evolution of the elliptical mass sink, the flow produced by the mass sink is 

barotropically unstable aft.er a couple of days of forcing. After 5 days , the cyclonic region 

produced by the mass sink is slowly rotating cyclonically a.round its axis , beginning the 

axisymmetrization process. After 10 days , axisymmetrizat.ion is occurring as the initially 

elongated PV strip sheds two high PV filaments. After 15 days, one cyclone has been 

produced where one of the filaments is still apparent. 

Figure 4.13 shows the solution after 15 days for a mass sink of the same dimensions of 

the mass sink above, but perfectly elliptical rather tr..an distorted. It shows that when the 

mass sink is elliptical, the resultant PV strip breaks down into three vortices as opposed 

to symmetrizing into one as in the distorted case. 

Additional experiments run with longer mass sinks showed that the longer the mass 

sink, the wider its eastern side has to be in order to suppress breakdown and produce 

a.xisymmetriza.tion into only one vortex instead. 

The model results shown so far , support the possibility that ba.rotropic instability is 

an important component of the ITCZ breakdown process . Some observational support to 

the occurrence of ITCZ breakdown in he E. Pacific is provided in the next section. 



66 

Figure 4.11: GOES IR satellite images for 28, 29 and 31 of May, 1978, showing the 
formation of Hurricane Aletta ( time is in UTC). 
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Figure 4.12: Evolution of a zonally oriented distorted ellipsoidal mass sink centered at 
<Pc = 10° N ,, with c = 40, d = 4, T = 4, O'.i = 3 and O'.r = 3. Heavy dots indicate shape 
and position of mass sink ; a) Height (m) , wind (m/s) and PV (sm- 2 ) fields at 5 days; b) 
Same at 10 days. 
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Figure 4.12: b) Same at 15 days. 

4.5 Frequency of Tropical Cyclone Genesis in the Eastern Pacific 

Figure 4.14 shows all Eastern Pacific tropical cyclones of at least tropical storm in-

tensity that occurred from 1980 to 1993. The storms are dated by their first denotation as 

a tropical depression. In average, 18 tropical storms forme every year in that basin, 10 

of which reached hurricane intensity. The average duration of the tropical cyclone season 

for that period was 148 days, implying an average time interval between the formation of 

two storms (hereafter referred to as intergenesis period) of about 8.4 days. It is evident 

in figure 4.14 that. tropical cyclones tend to cluster in time, with periods of frequent cy-

clogenesis interspersed with inactive periods. This t ime clustering becomes more evident 

in figure 4.15, which shows the frequencies of intergenesis periods for the storms in figure 

4.14. About 51% of these storms formed within 6 or less days from each other. 

Gray (1979) observed a similar te dency for tropical cyclones to cluster in time on a 

global scale, with active tropical cyclo e periods last ing about 1-2 weeks, followed by 2-4 

week long inactive periods. He proposed that large scale, slowly varying anomalies alter the 
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Figure 4.13: Evolution of a zonally oriented elliptical mass sink centered at <Pc = 10° N , 
with c = 40° , d = 4° and T = 4. Heavy dots indicate position and shape of the mass sink. 
Height (m), wind (m/s) and PV (sm-2) fields at 15 days. 

environmental genesis parameters such as to periodically hinder or enhance cyclogenesis, 

resulting in the observed time clustering. 

Liebmann et al. (1993) suggested that the Madden-Julian Oscillation could be re-

sponsible for time clustering of tropical cyclones in the Indian and West Pacific Oceans. 

They observed that more tropical cyclones form in these regions during the wet phase of 

the MJO, when a larger number of tropical depressions are present. 

Zehnder (1991) observes similar time clustering of tropical cyclones in the E. Pacific 

Ocean. He proposes that the interaction of a quasi-persistent favorable large scale flow with 

the topography could explain the clustering in time ( and space) of tropical cyclogenesis 

in the Eastern Pacific. 

Another possible explanation for this observed time clustering of tropical cyclones is 

the ITCZ breakdown. As seen in the previous sections, the ITCZ breakdown would tend 

to produce several tropical cyclones in an interval of a few days. The observed inactive 

periods of cyclogenesis could be accounted for by the need of some time for the ITCZ to 

reorganize and produce a. shear zone. 
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Figure 4.14: Tropical storms in the E. Pacific between 1980 and 1993. Tropical storms 
are denoted by crosses and hurricanes by dots. 

Approximately 46% of t he storms in figure 4.14 formed within 0 to 4 days apart. 

Figure 4.16 shows the initial longitude and reference date of each storm in clusters of 

storms that formed within 4 days of each other. It is noteworthy that in 60% of these 

time clusters, the formation of the westernmost storm precedes that of the easternmost 

ones. This tendency has also been observed in the W . Pacific (Frank, 1982). 

For the storms in the t ime clusters defined above, figure 4.17 shows the frequencies 

with which storms formed at certain longi tudinal di -tances from each other. About 50% 

of the tropical storms formed between 5 and 14° from each other. 

The above observed clusterings in time and space and the sequential formation of 

tropical storms from west to east are also characteristics of the ITCZ breakdown as seen 

in section 4.3 . This offers some support to the possibility that the ITCZ breakdown may 

actually occur in the E. Pacific. 
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Figure 4.15: Frequencies o occurrence of intergenesis interYals (in days) between all storms 
during 1980 through 1993. 
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Figure 4.16: Longitudes of formation of storms found in time clusters from 1980 to 1993. 
Dates on the right column indicate date of formation of storm 'O' . Storm '1' formed a day 
later, and so forth . 
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formed within the same time cluster. 



Chapter 5 

TWIN TROPICAL CYCLONES 

Exclusively in the West Pacific and Indian Oceans, there are occas10ns of nearly 

simultaneous formation of two tropical cyclones straddling the equator at about the same 

longitude and between 10° N and 10° S . These storms are called twin tropical cyclones, 

reflecting their symmetry about the equator, or simply tropical cyclone pairs. 

In section 5. 1, observational work on twin tropic 1 cyclones is reviewed and a subjec-

tive 11 year climatology of their occurrence is presentEd. Shallow water model experiments 

illustrating twin tropical cyclone formation are shown in section 5.2. A possible explana-

tion for the existence of preferred regions for twin tropical cyclone formation is offered in 

section 5.3. Finally, section 5.4 presents some results of initial value problems on tropical 

cyclone twin movement. 

5.1 Observations 

In the W. Pacific, twin tropical cyclones occur between October and May, with higher 

frequencies during the austral summer (Keen, 1982). The occurrence of tropical cyclone 

twins requires the presence of a super cloud clustet: at the equator. This requirement 

precludes the occurrence of W . Pacific twins in the c.ustral winter, when the ITCZ in the 

W. Pacific attains its farthest position from the equator (figure 1.2). In the Pacific Ocean, 

east of the dateline , and in the Atlantic Ocean no tropical cyclones occur south of the 

equator because the ITCZ is always in the Northern Hemis_ here. 

In the past few years, twin tropical cyclones have received increased attention in the 

literature due to their possible connection with WEsterly wind bursts and the El Nino 

phenomenon. 
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Nakazawa (1988) found that the convection associated with each active phase of the 

MJO is composed of several super cloud clusters (SCC) that move eastward. Super cloud 

clusters are areas of convection of horizontal scale on the order of 103 km that propagate 

eastward at speeds between 5 and 15 m/s and last from 2 to 10 days (Nakazawa, 1988; Sui 

and Lau, 1992; Mapes and Houze, 1993). The building blocks of each SCC are westward 

moving cloud clusters of horizontal scale on the order of 102 km and life times between 1 

and 2 days. The eastward propagation of the SCC is due to the continuous formation of 

new cloud clusters on its east side. 

Observational studies have shown that the convection (SCC) associated with the MJO 

forms and intensifies while s ationary in the central equatorial Indian Ocean. The SCC 

then slightly wea en.s while moving over Indonesia. Upon reaching the W . Pacific, the 

convection again intensifies near 160° E , and finally becomes stationary and dies off near 

the dateline (Wang and Rui, 1990; Weickman and Khalsa. 1990). 

Westerly wind bursts (WWB) are sporadic periods of intense equatorial westerly 

winds that occur in the warm pool region and may :ast for up to a few weeks (Torrence, 

1993; Hartten , 1993). During WWB, the low level winds at the equator, which are usually 

easterly, blow from the west at speeds in excess of ~ 10 m/ s. The origin of the WWB 

is still a subject of debate. Possible mechanisms to produce and intensify WWB are 

cold surges originating in the midlatitudes (Love , 1985) , or the MJO and its associated 

SCC (Nakazawa, 1988; Lau et al. , 1989; Sui and Lau, 1992) , or still the genesis and 

intensification of tropical cyclones near the equator (Philander, 1990; Raymond, 1993; 

Phoebus, 1993; Chen, 1993). In partic lar, it has been observed that equatorial westerly 

winds are sharply strengthened in the presence of twin tropical cyclones within about 10° 

of the equator (Lander, 1990; Phoebus, 1993) . 

The causal relat ionships between WWB and the El Nino are not yet well understood. 

However, it is believed that the former produces a perturbation in the ocean in the form of 

an equatorial Kelvin wave that advects warm water eastward along the equator, perhaps 

contributing to triggering or enhancing El Nino events (L ther et al., 1983; Miller et al. , 

1988; Phoebus, 1993; Torrence, 1993). 
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The discussion a·::>0ve suggests a possible link between the formation of twin tropical 

cyclones and El Nino events which remains to be further investigated. 

5.1.1 A 'Canonical' Tropical Cyclone Pair 

A series of GMS (Japanese Geostationary Meteorological Satellite) infrared satellite 

images illustrating the formation and evolution of a set of twin tropical cyclones in the 

Western Pacific in 1986 is shown in figure 5.1. On May 12 through 14, an SCC was 

located on the equator at ~ 155° E. Two days later , on the 16th, the convection right 

on the equator had decreased and two circular regions of convection had formed a few 

degrees away from and on either side of the equator. On May 17, these two regions 

of convection had evolved into two tropical cyclones straddling the equator. These twin 

tropical cyclones later became Supertyphoon Lola and Tropical Cyclone N amu and moved 

apart and away from the equator. This set of twins caused a strong WWB in the Western 

Pacific that produced a disturbance in the sea level of maximum amplitude of 13 cm which 

was observed to propagate across the Pacific ocean reaching 98°W (Miller et al, 1988) . 

This set of twin trop:cal cyclones and their associated WWB are among four cases of twins 

that happened in 1986 in the W. Pacific and are believed to have contributed to triggering 

the 1986-1987 El Nino. 

According to the ECMWF (European Centre for Medium Range Weather Forecast , 

1987) 850 mb wind analyses, from mid April through May 9, easterly winds prevailed 

at the equator in the W. Pacific basin. Selected ECMWF 850 mb wind analyses during 

May 1986 are shown in figure 5.2. Westerly winds first appeared at the equator on May 

9. Within the next few days, these westerly winds were intensified by the SCC shown in 

figure 5.1. On May 14, the westerly wind burst had increased in areal extent and attained 

its easternmost position. Also on the 14th, the two cyclonic circulations straddling the 

equator were first noticeable. On May 17, the WWB attained its highest intensity, with 

wind speeds in excess of 15 m/s in the region between the two tropical cyclones. As the 

tropical cyclones mcved away from the equator, the equatorial westerlies decreased in both 

intensity and areal extent and retreated to the west [see ECMWF analysis for May 20, for 

instance). On May 22 easterly winds again prevailed in the W. Pacific. This pattern of 



77 

May 1..2 

JON 

JOS 

JON 

lOS 

Mayl4 

JON 

JOS 

150E J70E 

Figure 5.1: GMS IR images for May 12 through May 20, 1986, showing the formation and 
evolution of twin tropical cyclones in the W. Pacific Ocean. The storms were called Super-
typhoon Lola and Tropical Cyclone Namu, in the Northern and Southern Hemispheres , 
respectively. Images are every 24 hours at 03:00Z (JMSC,1986) 
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Figure 5.1: Continued. 
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Figure 5.1: Continued. 
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Figure 5.2: ECMWF 850 mb wind analyses for the Western Pacific during the formation 
and demise of Supertyphoon Lola and Tropical Cyclone N amu. Analyses are for May 8, 
10, 14, 17, 20 and 22, 1986 at 12 GMT (ECMWF, 1987). 
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Figure 5.2: Continued. 
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Figure 5.2: Continued. 
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evolution of the WWB consisting of formation, eastward advance and intensification, and 

retreat and decay, is also observed by Phoebus (1993) in connection with different sets of 

twins. 

Both the cloud patterns and the circulations described above are believed to be typical 

to the formation and eYolution of twin tropical cyclones. The sequence of events that lead 

to the formation of the tropical cyclone twins may be summarized as follows: a) a SCC 

and its associated westerly winds a.re located a.cross the equator; b} a few days later, the 

convection dies off at the equator and two new regions of cyclonic circulation and strong 

convection appear straddling the equator o the west of the original SCC; and finally c) 

the two regions of convection on either side of the equator produce twin tropical cyclones. 

Lander (1990) points out that a dynamically similar evolution is obtained by Gill (1980) 

in a linear, steady st.ate shallow water model when a mass sink is applied at the equator. 

In that model, on the eastern side of the mass sink, easterlies are produced by eastward 

propagating Kelvin waves and to the west of the mass sink, westerlies occur due to Ross by 

wave influence. Another effect of the Rossby waves is the formation of the two cyclonic 

regions straddling the equator. This circulation pat.tern is also seen in the composite wind 

fields for four SCCs s~·10wn in Nakazawa (1988) . Lander (1990) proposes that the two 

cyclonic circulations straddling the equator described above are the precursors of tropical 

cyclone twins. 

The two cyclonic circulations mentioned above may be interpreted as tropical distur-

bances. The formation or not of tropical cyclones in these disturbances depends on the 

occurrence of the remaining steps in figure 1.1. Several occasions were observed when the 

two circulations were apparent in the satellite images, but did not produce two tropical 

cyclones. 

5.1.2 A Short Climatology of Tropical Cyclone Twins 

Table 5.1 lists tropical cyclone twins that occurred during 11 years, from January 1983 

to December 1993, in the tropical belt comprised between 70° E and 150°W. Inspection 

of that region in search of tropical cyclo e twins was subjective and so was the decision 

process of whether or not an event was found. The tropical cyclone twins listed in table 
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5.1 share the following common characteristics: a) they formed nearly simultaneously in 

association with the same SCC; b} they formed within 10° longitude of each other; c) they 

formed on either·side of the equator, no farther than 20° apart in latitude; and d) they 

subsequently moved into higher latitudes. The twins are listed by dates when their parent 

SCCs were still present at the equator and by an average longitude were they first formed. 

Twin Tropical Cyclones 
Date Longitude 

(o E) 

6 Dec 84 135 
2 Jan 86 80 

18 Apr 86 150 
3 May 86 85 

14 May 86 160 
8 Dec 86 170 

19 Dec 86 180 
2 Apr 87 155 
1 Jan 88 170 

14 Dec 90 170 
3 May 91 155 
2 Jan 92 170 
8 Mar 93 165 

Table 5.1: Dates and approximate longitude of format)()n of twin tropical cyclones between 
January 1983 and December 1993 in the tropical strip between 70° E and 150°W. 

Table 5.1 shows that in the W. Pacific, twin tro:;:iical cyclones were observed once a 

year between 155° E and the dateline. Another interesting feature in table 5.1 is that four 

out of the 11 cases of twins occurred in 1986 in the ·western Pacific. If this is taken into 

account, the average frequency of observed twin formation comes down to one case every 

one and a half years in the W . Pacific. Lander (1990) ays that this frequency is about one 

case every two or three years while Keen (1982) observes two per year. The differences 

in observed frequenc· es are due to differences in the definition of tropical cyclone twins 

as well as differences in the periods of time considered. Note that table 5.1 contains 
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only the so called 'can:mical' twins . However, some cases ,;ere observed in which the 

two cyclonic circulations straddling the equator were produczd by an SSC, but only one 

cyclone resulted. Inclusion of these cases in this study wotL.d have resulted in a higher 

frequency of formation. 

The high frequency of formation of twin tropical cyclones during 1986 is worthy of 

note, especially since there was an El Nino in 1986-1987. As mentioned before , the causal 

relationship between twin tropical cyclones and El Nino events is yet to be elucidated. 

It is also worth mentioning that the formation of Supertyphoon Lola and Tropical 

Cyclone N amu occurn·d only about ten days after the form3.tion of twin cyclones in the 

Indian Ocean. The formatio of twins in the Indian ocean followed by occurrence of 

twins in the W . Pacific within a few days has been observed on other occasions. This 

suggests a dynamical link between these storms whic ma} be provided by a planetary 

scale circulation system such as the MJO, for example. T his possibility is investigated 

later on in this chapter in a series of shallow water simulations. 

5.2 Twin Tropical Cyclone Formation 

In this section, the formation of twin tropical cyclones i3 illustrated within the frame-

work of a shallow water model. The model is initialized w_th a resting basic state upon 

which a meridionally elongated ellipsoidal mass sink i3 imposed. This mass sink is meant 

to simulate the presence of an SCC. 

The mass sink used is given by equation (4.5) , wi th c = 10°, d = 15° (see figure 5.3a) , 

T = 5 days (see figure 5.3b) , = 2177.15 m 2s-2 and 18~/fJt I= 864 m 2s-2day- 1. 

Figure 5.4 showi; the temporal evolution of h, PV anc winds produced by the mass 

sink described above, when centered at the equator. 

After one day of simulation, there is already evidence of Kelvin wave propagation to 

the east of the mass sink , where weak zonal easterly winds with extrema at the equator are 

observed. To the west of the mass sink , equatorial westerl=1 winds produced by westward 

propagating Rossby waves are also present. The mass Eink is producing two cyclonic 

anomalies on opposite sides of the equator. These cyclonic anomalies are produced by the 
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Figure 5.3: Nondimensional radial (F(>.)) and temporal (C(t)) variation of the mass sink 
as given be equations (4.2) and (4.3). a) F(r) for ks = 30, c = 10° and 15°. Radius is in 
degrees from the center of the ellipse; b) G (t) for kt = 320. and T = 5 and 20 days . 
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Figure 5.4: Evolution of PV (sm-2), height (m) and wind (m/s) fields produced by a 
mass sink centered t the equator with c = 10°, d = 15° , T = 5, <I> = 2177.15 and 
I o<I> / at I= 864 m 2 s-2day- 1• Heavy dots indicate the shape and location of the mass sink. 
a) Solution at day 1. 



88 

30 ~b=--)-_ -~-~,----,---_-..:----~.;::.::-.::::::=,,----::-,---~-.--=-,....i~ .-~-=h= 
l. . :· . 

'· . 

20 

10 

0 

-10 

-20 
'.22o"~-.:__:_ 

-30 L 
___ ,_ __ _.c.::_ __ ,_ __ -!... ___ ,_ _ __:::_ ___ ,_ __ ·~----:::,_:· _.:o..· __ ,__-=~ 

30 PV 

1· i· 1 · G1H 

20 ---·------ --·· :. ·-·-·-···. -- i :·-···-·-··2·t !.?.~~···. ···: .········· :---; ............. : ········-····: ... Z.5x ~o-t .......... ··· :.·············· 

: . : . : . : . ' , ,. :. 
-20 ·--··········· ~·-··········••i••············i···············f··········-•-·i••···-········~·······-······f·············•i••·········••i •-············ ' j..5x10-• ' ' ' ' ' · 2,rx10-• · ' 

-30 :· 
-50 -40 -30 -20 -10 0 10 20 30 40 50 

Figure 5.4: b) Same at 2 days. 
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Figure 5.4: d) Same at 10 days. 
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mass sink through the -(qQ/<f)) term in the PV prognostic equation (2 .14) . Since this 

term is zero right on the equator, there is no anomaly produced there. These two cyclonic 

anomalies straddling the equator will intensify until the mass sink is turned off on day 5 

of the simulation. On day two, the height and wind fields look very similar to the steady 

state results obtained by Gill (1980) when a mass sink is centered at the equator. The 

signatures of both the aforementioned Kelvin and Ross by waves are more pronounced and 

the winds are strengthening. The PV field shows two ::yclonic regions symmetric about 

the equator and to the west of the mass sink. For as long as the forcing was active , a 

tightening of the PV isolines occurred near the equator. In the upper levels, the opposite, 

that is , a loosening of t_ e PV isolines , would be expected . Interestingly, a loosening of the 

PV lines occurs in the W. Pacific and Indian Ocean 150 mb ECMWF analyses (Hoskins et 

al., 1989; Hoskins, 199_) . At five days, the mass sink is turned off and these two cyclones 

have at tained their maximum intensity. At this point, the Kelvin wave is seen to leave 

the region of the mass sink and propagate to the east. The westerly winds at the equator 

have also reached their maximum speed which is of about 15 m/s. The leading edge of 

the westerly winds ha\'e their farthest east position during the simulation. It is after this 

point in time that the two cyclones start to move westward and away from the equator. 

As the cyclones move into higher latitudes, the leading edge of the equatorial westerly 

winds retreats to the west and their intensi ty decreasE-s. This is seen in figure 5.4d which 

contains the results at 10 days of simulation. During the entire simulation, the zero PV 

line remains undistur ed, indicating that there is no exchange of mass between the two 

hemispheres. The formation of a Rossby wave wake to the east of each cyclone is also 

evident of this simulation, producing the easterly winds just to the east of the equatorial 

westerlies at 10 days. The evolution of both the cyclone circulations and the equatorial 

westerly winds in the model is similar t o the evolut:on of the cyclonic circulations and 

WWB associated with Supertyphoon Lola and Tropical Cyclone N amu discussed in section 

5.1.1. Note that as the two cyclones move away the equator, the tightening of the 

PV isolines is relaxed. 

Figure 5.5 shows the results obtained when the same mass sink is displaced 2.5° away 

from the equator. This case evolves similarly to the revious case, with some exceptions. 
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Figure 5.5: Evolution of PV (sm- 2), height (m) and wind (m/s) fields produced by a 
mass sink centered at 2.5° N with c = 10°, d = 15°, r = 5, = 2177.15 m 2 s-2day- 1 and 
I 8~/8t I= 864 m 2s-2day- 1. Heavy dots indicate the shape and location of the mass sink. 
a) Solution at day 5. 
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Figure 5.4: b) Idem at 10 days. 
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As expected, the results are not perfectly symmetric about the equator as in the previous 

experiment. When the mass sink is turned off, at 5 days., the NH cyclone is stronger than 

the SH one. This occurs because the NH cyclone forms farther away from the equator, 

where f is larger {again, this is due to the -qQ/4! term in equation {2.14)) . For the 

same reason , the H cyclone in this simulat ion is also s: ronger than both vortices formed 

in the previous simulation. The maximum intensity o: the equatorial westerly winds is 

again ~ 15 m/s, but its center is shifted northwards. AB in the previous simulation, after 

the mass sink is turned off, the two cyclones begin their movement due west and away 

from the equator, causing the equatorial westerlies tc weaken and retreat to the west. 

Moreover, in this case there is exchange of mass between the two hemispheres producing 

a region where inert ial instability is possible near the equator. This simulation may help 

explain the observations of SCCs that produced two cyclonic circulations straddling the 

equator with only one of them resulting in a tropica~ cyclone. Obviously other factors 

such as unfavorable environmental genesis parameters may also have acted to hinder the 

format ion of one of the tropical cyclones. 

The foregoing experiments offer a qualitative pi:ture of how twin tropical cyclone 

genesis might be initiated. In the next section, a series of experiments are performed 

in order to try to understand the existence of preferred regions for twin tropical cyclone 

genesis. 

5.3 Preferred Regions for Twin Tropical Cyclone Formation 

The existence of preferred regions for twin tropjcal cyclone formation is evident in 

the short climatology presented in section 5.1.2., where the vast majority of the observed 

twins formed in the W. Pacific, between 155° E and the dateline (in agreement with Keen , 

1982) . In this section, some experiments aimed at understanding the existence of preferred 

regions for the formation of twin cyclones are perfor:ned. 

The two forthcoming experiments consist of the same mass sink used in the previous 

section, centered at the equator, but this time, moving eastward at speeds of 5 and 10 

m/s. The mass sink is again turned off at T = 5 days . This is done to try to simulate the 

effect of the motion of the SCC on the formation of twin cyclones. 
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Figure 5.6 shows the PV, winds and height fields at 5 days for a meridionally elongated 

mass sink that travels eastward at a speed of 5 m/s. In this case, the mass sink moves 

~ 20° of longitude due east after 5 days. Regarding tr_e equatorial westerlies, the main 

differences caused by the introduction of a moving mass sink are the larger area they 

cover, their extension further east and somewhat weaker wind speeds. As in the case that 

had a stationary mass sink centered at the equator, two vortices are produced here on 

either side of the equator. These vortices, however, are slightly weaker, form farther east 

and are initially more elongated. As time proceeds (not shown) these vortices tend to 

axisymmetrize and move due west and away from the equator. 

The results at 5 days for the same mass sink moving due east at 10 m/s are shown in 

figure 5. 7. This mass sink moves ~ 40° of longitude d·Je east by the time it is turned off 

at 5 days. In this case, an even larger area of westerlies is formed . The leading edge of the 

westerlies is at about 43° E , compared to 25° E in the p-revious experiment and~ 10° E for 

the stationary mass sink. The westerlies produced in this experiment are even weaker than 

those obtained with the slower moving mass sink. A p erhaps trivial , but interesting result 

in this experiment is t he absence of formation of two well defined cyclones straddling the 

equator as before and the formation, instead, of two zonally elongated areas of relative 

maximum in the PV field. These areas are symmetric about the equator and have about 

30° longitude in zonal extent. Moreover, the associ:1.ted circulation patterns associated 

with these maximurr.. PV areas resembl the monsoon trough circulation. This suggests 

an explanation for the observation of double ITCZs in the Western Central Pacific (Waliser 

and Gautier, 1993). The eastward movement of the leading edge of the westerlies with 

the mass sink is also in agreement with the observation by Nakazawa (1988) of westerlies 

accompanying sec. 
In the next experiment , the same meridionally elongated mass sink is initially sta-

tionary, then accelerates to a maximum speed of 5 m/s, and after several days, decelerates 

until it stops (see figure 5.9 for time variation oft e speed of the mass sink). This ex-

periment was devised to simulate the observed movement of SCCs and investigate the 

possible implications in the formation of tropical cyclone twins. Super cloud clusters are 
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Figure 5.6: Height (m) , wind (m/s) and PV (sm- ·2) fields for a simulation in which a 
meridionally elongated mass sink centered at the equator is moving due east at 5 m/s. 
Results are for day 5 of the simulation. 
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Figure 5.7: Height (m) , wind (m/s) and PV (sm.- 2 ) fields for a simulation in which a 
meridionally elongated mass sink centered at the equator is moving due east at 10 m/s. 
Results are for day 5 of the simulation. 
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Figure 5.8: Height, wind and PV fields for a simulation in which a meridionally elongated 
mass sink centered at the equator is moving due east at variable speed. a) Height, PV 
and wind fields at 5 days. 
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Figure 5.8: d) Same at 20 days. 
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observed to be stationary in their formation region in the Indian Ocean, then cross the 

Maritime Continent at speeds between 5-10 m/s, and then become stationary again near 

the dateline (Wang and Rui, 1990) . 
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Figure 5.9: Time variation of the speed of the mass sink. 

Figure 5.8 shows the resulting height , wind and PV fields for the experiment described 

above. The spatial truncation used is T126. experiment. After 5 days, two cyclones have 

formed straddling the equator with their accompanying equatorial westerlies to the west 

and easterlies to the east. On day 10, these two cyclones have stopped moving east with 

the mass sink and were left at ~ 15° E . The contir..uing movement of the mass sink is 

evidenced by two smaller and weaker new cyclonic areas that straddle the equator at 

~ 25° E. It is also not iceable that the tightening of the PV gradient at the equator (which 

is effected by the mass sink) continues moving east. Five days later, on day 15, the mass 

sink continues on its eastward movement, leaving westerlies behind it in a large zonal 

stretch. These westerlies, however, are stronger in the region between the two init ial 

cyclones that were left behind. The first cyclone pair (westernmost) now moves due west . 

The mass sink stops moving on day 20, but forcing continues until day 22. On day 22 , 

a new pair of cyclones straddling the equator is p::-esent in the region where the mass 

sink stopped moving. This experiment suggests that the transience of the mass sink is 

necessary for its periodic shedding of vortices. 
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This last experiment may suggest a mechanism r,hrough which the same eastward 

moving SCC (which is the convective manifestation of the MJO) could be responsible for 

the formation of twin t ropical cyclones in both the Indian Ocean and the W. Pacific. 

5.4 Movement of Twin Tropical Cyclones 

In this section, initial value experiments were performed to study the movement of 

tropical cyclone twins in a resting basic st ate. In the first experiment (SYM), two vortices 

of the same intensity ((v = 2 x 10-4 s-1) and radius of 2°, are initially placed at 10° S 

and 10° N (see figure 4.4 for radial cross section of tangential wind and vorticity for these 

vortices) . In the next experiment, the intensity of the southern vortex was decreased to 

half of the intensity of the northern vortex (ASYM) . For comparison, another experiment 

was run with a singl.e vortex centered at 10° N with intensity ((v = 2 x 10- 4 s-1) and 

radius (2°). The trajectories followed by the vortices in three different experiments are 

shown in figure 5.10. 

The trajectory followed by the single vortex in a resting basic state (VOR) is to the 

N-NW as dictated by the ,B-drift. The introduction of an identical vortex to the south 

of the equator causes both vortices to move initially poleward and eastward due to the 

equatorial westerlies between them. After two days, however, both vortices start moving 

westward and away form the equator. The interaction between the two vortices causes 

their trajectories to be longer and more zonal than the trajectory of the single vortex. Note 

that this effect of m king the trajectory of the vortex longer and closer to the equator is 

also produced by a zonally symmetric PV strip located to the south of the NH vortex (see 

section 4.3). The tightening of the PV lines in the equatorial region between the vortices 

produces a PV anomaly near the equator that has t e same sign as the PV anomaly that 

would be produced by the ITCZ, likely having similar effects upon the trajectory of the 

vortex. If the southern vortex is only half as strong as the northern one (ASYM), the 

two trajectories will no longer be symmetric about the equator. The southern vortex 

initially moves to the west and after three days starts moving W-NW. The trajectory of 

the northern vortex is closer to the trajectory VOR Experiments with increasingly larger 
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Figure 5.10: Trajectories followed by twin vortices of the same intensity (SYM) and dif-
ferent intensities (ASYM) initially centered at 10° S c..Ild 10° N. In the symmetric (SYM) 
case , the two vortices have (v = 2 x 10-4 s- 1 and radius 2°. In the asymmetric case 
(ASYM) the northern vortex has the same characteristics as the ones in SYM , and is 
twice as intense as the southern vortex. The traje tory followed by a single vortex in 
a quiescent environment is also shown (VOR) for comparison. Symbols denote vortex 
positions every 24 hours. 

distances between the two vortices show that their influence on each other's trajectories 

decreases with distance until they move independently as dictated by pure ,8-drift. On 

the other hand, if the two vortices are initially placed close enough together (SYMl) , they 

will move due east instead because of the steering flow influence of the circulation of each 

vortex on the other. 



Chapter 6 

SUMMARY AND CONCLUSIONS 

A shallow water model on the sphere was used to a-tudy some aspects of the dynamics 

of of the very early stages of tropical cyclone genesis, namely, the formation of the synoptic 

sea.le horizontal circulation associated with tropical disturbances. The shallow water model 

is a very useful simple tool to study tropical atmospheric phenomena. that are dominated by 

horizontal a.dvection of vorticity, divergence and ba.rotropic instability. Two such tropical 

phenomena. addressed here a.re the ITCZ breakdown and the formation of the tropical 

disturbances that lead to tropical cyclone twins in the W . Pacific and Indian Oceans . 

Easterly waves are an important example of tro;iical disturbances which have been 

observed in W . Africa and in the Atlantic Ocean (Carlson, 1969; Burpee, 1972; Reed 

et al., 1977; Chen and Ogura., 1982) , Western and Central Pacific (Reed and Recker, 

1971; Yanai , 1961) , South China Sea and India (Sa.ha et al., 1981) and Eastern Pacific 

Ocean (Tai and Ogura., 1987). Approximately half of the Atlantic hurricanes form within 

African and Atlantic easterly waves (Frank, 1987) . A consensus seems to exist that these 

waves result from combined ba.rotropic and ba.roclin:c instability of the mean zonal flow 

(Burpee, 1972; Norquist et al., 1977; Rennick, 1976; Simmons, 1977; Mass, 1977; Kuo, 

1978; Kwon, 1989). The origin of the unstable mean flow has been explained in two 

different ways. In the African region the unstable mean flow is believed to exist due to 

the surface meridional temperature gradient between the warm Sa.ha.ran air and the colder 

air over the Guinea Gulf (see, for instance, Burpee, 1972) . However the dependence on a 

surface characteristic that is particular to the Africar:. region, makes this theory unsuitable 

to explain the existence of easterly waves in the Pacific or Indian oceans, unless African 

easterly waves propagate into these regions (as suggested in Simpson et al. , 1969; Frank, 
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1976; Frank, 1987; Avila and Clark, 1989, among others). The second explanation for the 

existence of the unstable mean flow involves the convection in the ITCZ itself (as suggested 

by Hack et al., 1989; Schubert et al. 1991, 1992; Guinn, 1992). In the lower levels, ITCZ 

convection produces a positive (negative) PV anomaly in the NH (SH). This convection 

generated PV anomaly has a reversal in the meridional PV gradient on its poleward side 

and may become unstable to small flow perturbations (Rayleigh, 1945). The ITCZ is 

then hypothesized to undulate under the effect of combined barotropic and baroclinic 

instability and to break down into a series of tropical disturbances. This mechanism is 

called ITCZ breakdown and an example of it is shown in figure 1.3. The ITCZ breakdown 

is then a plausible mechanism to explain the presence of easterly waves independently in 

each region where they are observed. In the African region, however, where the mean flow 

shear is stronger (see, for instance, Tai and Ogura, 1987) both of the above mechanisms 

may be cooperating in the formation of he unstable mean flow. 

Given that the ITCZ breakdown is caused by an instability of the mean flow which 

was studied here with a shallow water model, the theory of stability for barotropic flows 

was reviewed in chap er 3. A linear normal mode stability analysis for zonally symmetric 

vorticity strips on the rotating sphere was then performed and the results obtained were 

found to be in agreenent with results previously obtained on the f and {3 planes, namely 

that: 1) the growth rate of the most unstable mode increases as the horizontal shear 

increases (by either increasing the vorticity of the strip or decreasing its width) ; 2) the 

wavelength of the most unstable mode increases as the vorticity of the strip increases; and 

3} the wavelength of the most unstable mode increases as the width of the strip increases. 

A couple of exceptions were that on the rotating sphere wavenumber one perturbations 

did become unstable and the ratio between wavelength and width of the modes decreases 

with increasing width of the strip. The wave-activity conservation relations for a shallow 

water flow on t he sphere were derived. The usefulness of these relations is limited by the 

fact that their flux does not provide a measure of the interactions between the mean flow 

and the perturbations. Application of the derived relationships is left for future work. 

Shallow water simulations of the ITCZ breakd,Jwn were presented in chapter 4. In 

the model , initially imposed regions of high PV or mass sinks are used to simulate the 



107 

presence of the ITCZ and tropical cyclones. The first simulation presented was an initial 

value experiment that showed the breakdown of a zonal}, symmetric PV strip. The 

results obtained were b agreement with those of the linear normal mode stability analysis 

performed in chapter 3. Addi t ional initial value experiments in which a circular PV patch 

was introduced in the vicinity of the above mentioned PV strip were calculated. The 

PV strip caused the vortex to deviate from its simpl-e /3-effect induced motion by both 

introducing a steering flow and changing the background meridional vorticity gradient 

(Evans et al. , 1991). As expected, the vortex followed a lon~er and more zonal trajectory 

towards the WNW. Interestingly, short Rossby wave dispenion to the east of the vortex, 

produced perturbations on the ITCZ that caused it to break down into several vortices. 

This was suggested as an alternative mechanism to explain the observation that new 

tropical cyclones tend to form to the east of existing ones in both the Western (Frank, 

1982) and Eastern Pacific. Another possible explanation is simply the formation of a 

cyclone to the east o:· the vortex by the short Rossby wave dispersion process (Holland , 

1994). The efficiency of this process in producing a vortex, however, was shown to be 

decreased in the presence of a positive PV strip to the sou h of the vortex. 

In the next set of experiments, localized forcings were introduced as more realistic 

proxies for a zonally asymmetric ITCZ. In the first case, th~ forcing was an elliptical mass 

sink of dimensions and intensity comparable to those of the ITCZ. After a few days , the 

forcing produced a positive PV anomaly whose associated wind field resembles the trop-

ical monsoon circulation. To the north of the PV anoma~y, the meridional PV gradient 

is reversed, making the flow barotropically unstablE to small perturbations. Barotropic 

instability then occurs and the localized PV strip breaks down into a series of vortices 

whose dimensions and number depend on the dimensions of the mass sink. The vortices 

in these experiments did not form simultaneously, but sequentially, from west to east. 

Moreover, in these model experiments the resulting cyclonic vortices formed on the north-

ern side of the mass sink. This may in part explain the observation by Gray (1968) that 

approximately 80% of the total global number of tropical cyclones form within or just to 

the north os the ITCZ. 
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When the localized mass sink is made wider on its easternmost side, two types of 

evolution are observed. First, if the distortion from ellipticity is small, the mass sink 

again produces a PV anomaly that breaks down into a number of vortices. Increasing 

the ratio between the widths of the eastern and western sides of the mass sink , causes 

the resulting PV strip to axisymmetrize into only one vortex, rather than breaking down 

into a series of vorticeE. An example of the latter type of evolution is the formation of 

Hurricane Aletta in Ma.y of 1978 (see Fig. 4.11). 

A brief analyses of tropical cyclone genesis m the E. Pacific during 1980 to 1993 

showed a tendency for these storms to cluster in time. This time clustering has previously 

been observed by Zehnder (1991) and globally by Gray (1979) . Liebmann et al. (1993) 

suggests that the Madden-Julian Oscillation might be responsible for the time clustering of 

storms in the West Pacific and Indian Oceans. Zehnder (1991) proposes that the observed 

time clustering in the E. Pacific is due t o the interact:on of a. quasi-persistant favorable 

large scale flow with the Sierra Madre Mountains in Central America. In this study, 

yet another mechanism is proposed to be responsible for the observed time clustering of 

tropical cyclones, namely, the ITCZ breakdown. Time clusters were then defined as groups 

of storms in which each tropical cyclone is separated from the next or previous storm by 

no more than 4 days. Approximately 40% of the tropical cyclones in the E. Pacific during 

that 14 year interval formed in these time clusters. Moreover , in most of the observed 

clusters , the easternmost tropical cyclones were the first to form. These observations of 

time clustering, spatial distance between storms and their sequential formation from east 

to west all point to the possibility that ITCZ breakdown may have played an important 

role in their formation. 

The formation of twin tropical cyclones in the W . Pacific and Indian Oceans was 

addressed in chapter -5. A short climatology of twir.. tropical cyclones during 1983 to 

1993 revealed that W. Pacific twin tropical cyclones are observed about once every year 

preferrably between 155°E and the dateline. However, since four of the cases observed 

occurred in 1986, that frequency of formation comes down t about one case every one 

and a half years . 



109 

A series of model experime ts were then performed to study the formation and move-

ment of the tropical dis urbances that lead to the formation of twin tropical cyclones. In 

this case , a meridionally elongated mass sink was used to simulate the presence of a super 

cloud cluster in the tropics. After a few model days, this meridionally elongated mass 

sink centered at the equator produces two cyclonic circulations straddling the equator. 

These two cyclonic circulations then move poleward and westward causing the equatorial 

westerly winds between them to weaken and retreat to the west. The evolution of the cir-

culation produce by the model in this case is in agreement with that shown in ECMWF 

850 mb wind analyses during the formatio of a set of twin tr pica! cyclones in the West 

Pacific in May of 1986 (ECMWF, 1987). When the same mass sink is centered off the 

equator, the two cyclonic vortices straddling the equator have different intensity. 

Super cloud cluste::-s typically form in the Indian Ocean, then move across the Mar-

itime Continent. at speeds between 5 and 15 m/s and finally stall and dissipate near the 

dateline (Wang and Rui, 1990; Weickman and Khalsa, 1990). This inspired some model 

experiments that investigated the effects of the movement of t:ie mass sink. Experiments 

run with a mass ' ink t at moved at 5 and 10 m/s showed that the former produced two 

vortices straddling the equator, while the latter produced two elongated regions of cy-

clonic vorticity on either side of the equator. The formation o the two elongated regions 

of cyclonic vorticity straddling the equator when the mass sink is moving at 10 m/s was 

proposed to be associated wi h the occasional existence of double ITCZs in the W. Pacific . 

One last experiment. was shown in which the mass sink simulated the previously 

described movement. of the SCC accross from the Indian ocean to the dateline. In this 

experiment., the mass sink was initially stationary, then was accelerated to a speed of 

5 m/s and then finally stopped several days later. his mass sink produced two sets 

of twin tropical cyclones, the first one in the region where it was initially turned on 

and a second one in the region it stopped moving. It was then hypothesized that SCCs 

associated with the MJO produce twin tropical cyclones in the two regions where they are 

stationary, namely their region of formation in the Indian Ocean and their decay region 

near the date line. This is supported by some observations of twin formation in the Indian 
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Ocean, followed by twin formation near the dateline about 10 days later (such as the two 

sets of twins in May B86 listed in table 5.1). The rr_ovement of the SCCs then offers 

an explanation for the existence of preferred regions for the formation of twin tropical 

cyclones. 

The movement of twin tropical cyclones was studied in a series of initial value ex-

periments in which two circular patches of vorticity were introduced on opposite sides of 

the equator. It was observed that the interaction between the two vortices causes their 

trajectories to be longer and more zonal towards the WNW than the /3-drift trajectory 

of the single vor ex. When the two vortices are close enough together, they move due 

east instead because of the steering flow influence of the circulation of each vortex on the 

other. 

Both the ITCZ breakdown and the formation of the disturbances that lead to twin 

tropical cyclones are dominated by balanced dynamic~ and should be reproduced within 

the framework of a balanced model. The influences of the Kelvin waves , however, will not 

be present in most balanced models. 

The shallow water model appears to capture some important dynamical aspects of 

the very early stages of tropical cyclone genesis , namely, the formation of tropical cyclone 

disturbances in the special cases when the ITCZ breaks down and the formation of twin 

tropical cyclone~ in the W. Pacific and Indian Oceans. Baroclinic effects must certainly 

play an important. role in the formation of tropical disturbances, but they were not ad-

dressed here. Finally, the reproduction of all the processes that ultimately lead to the 

format ion of a full fledged tropical cyclone clearly requires more physics than is available 

in this simple shallow water model. 

A number of suggestions for future work can be made i both modeling and observa-

tional contexts , some of which are mentioned below. 

The inclusi n of friction effects would be important to more realistically assess the 

growth rates of the instabilit ies studied as well as the strength of the circulations produced. 

However, it should be kept in mind that the time scales and intensity of the circulations 

produced in the model are directly proportional to the intensity of either the mass sink 
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(in the forced experiments) or the initial perturbation (in the initial value experiments). 

This problem needs more attention. The inclusion of vertical structure is important to 

assess the importance of baroclinic effects in the formation of the tropical disturbances. 

Long range experiments with a more realistic model coul,d be used to study the periodicity 

of the ITCZ breakdown. Investigation of the usefulneEs of the wave-activity concept in 

barotropic tropical dynamics is also left for future work. 

Finally, an improvement of the observational network in the regions where tropical 

cyclogenesis takes place is crucial to the better understanding of its causes. Observational 

work is needed to verify the occurrence in nature of the processes studied here. 
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Appendix A 

NUMERICAL ASPECTS OF THE GLOBAL SHALLOW WATER MODEL 

The globals_ allow water model from Section 2.1 is solved using the spectral transform 

method in space and semi-implicit differencing in time. A brief review of these methods is 

presented below. A det ailed discussion of the numerical aspects of this model is presented 

in Hack and Jakob (1992). 

A.1 The spectral transform method 

The spectral transform method consists of locally calculat ing all non-linear terms and 

diabatic processes on an associated transform grid in physica space and evaluating linear 

terms, derivatives and time tendencies in spectral space. 

On the surface of a sphere, the spectral space is spanned by the eigenfunctions of 

Laplace's tidal equation. These form a complete and orthogonal set of functions called 

spherical harmonics. The completeness property of the spherical harmonics, implies that 

any function g(>., µ) ,:with sufficient continuity properties) on the surface of a sphere can 

be represented to a certain degree of precision by a linear combination of the spherical 

harmonics, that is 
00 00 

g(>.,µ) = L L g1;:p;:i(µ)eim>. (A.1) 
m=-oo n =-oo 

where P:;- (µ) are the associated Le gen re Polynomids. 

Using the orthogonality property of the spherical harmonics the coefficients 9~1 may 

be calculated using 

(A.2) 

Equations (A.1) an (A.2) above are called a transform pair since they are used to trans-

form variables back and forth between physical and spectral spaces. 
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Nevertheless, for q1.:.antitative purposes, evaluation of (A.1) requires truncation of the 

series. Using triangular truncation, (A.1) becomes 

M 

g(>-,µ) = I: (A.3) 
m=-Mn=lml 

where M is both the shortest wave included in the east-we3t direction and the highest 

degree of the associated Legendre polynomials in the oeridi:mal direction. Therefore M 

is associated to the res,:>lution of the model in both the zona~ and meridional directions. 

Numerical evaluation of (A.2) requfres approximating the double integral by two 

summations. The inner integral in (A.2) is approximated by 

(A.4) 

where each individual longitude is given by Ai = 21ri/I c..nd I is the total number of 

gridpoints in the east-west direction of the transform grid. In order to allow an exact, 

unaliased Fourier transform of quadratic terms, I :2: 3M+ 1 iE used. This Fourier transform 

is evaluated using a Fe.St Fourier Transform algorithm. The outer integral is approximated 

via Gaussian quadrature, 

(A.5) 

where the Gaussian atitudes (µj) are the roots of the L~gendre Polynomial PJ(µ), J 

is the total number of Gaussian latitudes in the north-sou:;h direction and the Gaussian 

weight is Wj = 2(1- µ3)/[JPJ-1(µj)]2. Once again, in order to permit exact, unaliased 

computations of quadratic t erms, J :2: (3M +1)/2 is used for t riangular truncation. Finally, 

plugging (A.5) into (A.4) produces the discrete form of (A..2), which is used to obtain the 

spectral space version of the governing equations given in ,:: apter 2. 

The spectral space representations of (2.5), (2.f, and (2.8) may then be written as: 

(A.6) 
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0 m J w· Z; = - ~[imAm(µj)P,:n(µ j ) - Bm(µj)H:(uj)] a(l µ~) 
J=l J 

(A.7) 

{)<I>m J w · 
otn = - ~[imCm(µj)P,:n(µj) - Dm(µj)H:(µj)]a(l _: µ~) - <I>8;;1 + Q~' (A.8) 

J =l J 

where A= Ury, B = V"l, C = U<I>, D = V<I>, E = U2 + V2/2(1- µ2 ) and A:, B;:, C~' . 

n: and E: are t heir spectral space repr sentations. Also, 

(A.9a) 

and: 

n2pm( ) im>. = _ n(n + 1) nm( ) im>. v n µe 2 .rn µ e a 
(A.9b) 

In order to close the system composed of equations (A.6)-(.-\ .8), it is necessary to obtain 

diagnostic equations for U and V as functions of 8 and ry. These diagnostic equations are 

obtained by using the spectral space representations af (2.10)-(2.13) and are given by 

J 
ry;;1 = L = [imVm(µj)P:(µj) (A.10) 

J 

8;;1 = L = [imUm(µj)P:(µj) + vm(t,;j)H:(µj)] (1 ~) 
j a µJ 

(A.11) 

Equations ~A.6)-(A.8) and (A.10)- (A.ll) form th~ closed system that is integrated y 

the model using the semi-implicit tim scheme that -.vill b~ briefly described in the next 

section. 

Finally, in spectral space, the nonlinear balance equation (2.22) used in the initial-

ization of some model runs becomes 

<Pm = n 

(A.12) 

This concludes the review of the spatial represe:nt;aticns used in the model, the t ime 

integration scheme is presented next. 
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A.2 The semi-imp I' cit time differencing scheme 

The shallow water equations represent Rossby, Kelvin, mixed Rossby-gravity and 

gravity modes. The presence of the very fast gravity modes implies that when using an 

explicit time differencing procedure, the time step must be very small due to stability 

constraints. In this model, this problem is avoided with the use of a semi-implicit time 

differencing scheme. Ir_ a semi-implicit scheme, terms that govern the propagation of the 

gravity modes (the diYergence term in tl e continuity equation and the Laplacian of the 

geopotential in the di-1ergence prognostic equation) a.re treated implicitly and all other 

terms are treated explicitly (see Haltiner and Williams, 1980, for details). Both explicit 

and implicit differentiations use a second order accurate centered time scheme. 

After semi-implicit time discretization, equations (A.6) through (A.8) become: 

(A.13) 

J 
= L {[<l>m(µj)r-1 - 26tc:1[<l>m(µj)r}P;1(µj)Wj 

j==l 

+ [1 +<1>6t2n(n+l)]-l 
a 2 f:i_ 2 a2 J n J 

-26t<l>[8m(µj )r- 1 P:;-(µ j) 

+ (126t 2) [- imCm(µj )P,7' (µj ) + Dm(µj )H:;-(µj)] 
a - µj 
- 2 
<l> (26t) [· B m( )Pm( , A'n ( )Hm( )] } -2a(l-µ~) mi µj n µj , + µj n µj Wj 

J 
(A.15) 
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where r indicates the time step. 

Equations (A.16)-(A.18) and (A.10)-(A.11) are the closed ystems used by the model 

to prognose the mass and wind fields. 



Appendix B 

LINEAR STABILITY ANALYSIS 

In this appendix, the method used in chapter 2 to calc.1late the linear normal mode 

stability of zonai vorticity strips on the sphere is delineated 

Consider the basic state zonally symmetric absolute vorticity distribution shown in 

Fig. B.l. At the co-latitudes, µ = µj (j = 1, 2, ... , J) , the vorticity jumps by an amount 

~j- The ~j can be either positive or negat ive and the distan,:::es between successiveµ= µj 

are not necessarily constant. The basic state absolute an;g lar velocity, w + 0 (where 

w = ua cos rp) , corresponding to this vorticity distribution i~ 

j ( 1 + µ ., ) J ( 1 - i-L ., ) 
w(µ) + o = L ½fr 2 + L ½fr 1 

j'=l 1 + µ j'=j +l 1 - µ 

Multiplication of (B.l) by (1 - µ2), followed by differentic.t ion with respect to µ, yields 

the basic state absolute vorticity profile 

((µ) = 20sinrp-8(ucosrp) =-d[(w+O)(l-µ.2)] 
a cos rp8rp df.. 

j J 

= L ½~j,(1 + µj') - L ½~j'( l - µj,) for 
j '=l j'=j +l 

Equation (B.2) corresponds to the stairstep vorticity pattnn shown in Fig.(B.l). 

If equation (B.1) is evaluated atµ= µj, the resulting expression can be written 

J 

where Wj = w(µj) and 

L Ajj'fr = Wj + 0 , 
j'=l 

A I 1+µ1 J - J 
{ 

l+µi, ., < . 
jj' = 2 I-µ;, ]·/ > ;·. 

1-µj 

(B.3) 

(B.4) 

The procedure used to find ~j (j = 1, 2, ... , J) from a continuous u(µ) profile is now 

delineated . First note that the continuous il(p.) profile also defines a continuous w(µ) 



µ = J. 
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~J 
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~j+l 

~ j 

I 
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I 

1 I 

~j.j+l 

Figure B.l: Stairstep distribution of vorticity. 

.. 

profile since u = wa(l - µ2) 112 . Then define µj (j = 1, 2, .. , J) , which determines Ajj' 

and Wj. And finally solve the linear algebraic system (B.3) for ~j (j = 1, 2, ... , J). The 

discretized (or interpolate ) versions of wand ( can now be plotted from equations (B.l) 

and (B.2) . 

Now suppose that each interface is slightly displacec. sinusoidally. The value of µ 

for the ph interface is µj + TJj( >. , t) , where 1Jj (>., t) = fljei,m>.-vt). For this situation the 

perturbation vorticity will be zero except near the interfaces, i .e. , (' = "v2'lj;' = 0 for 

µ -=/= µj (j = 1, 2, .. . , J). Substituting 'ljJ(>., µ, t) = '1.i'(µ)e :(m>.-vt) into this last equation 

we obtain: 
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As discussed by Dritschel and Polvani (1992), the solutions of (B.5) are C+t) m/
2 

and 

( ~!t) m/
2

, the first of which is singular at the south pole but decays to zero at the north 

pole, and the second of which is singu ar at the north pole but decays to zero at the 

south pole. Thus, a wavenumber m perturbation in the vorticity field at µ = µj, has an 

. d f . . h h a1· d [ <I-µ)(1+µ;, )] m/
2 

th f associate stream unction w1t t e norm ize structure (l+µ)(l-µi') nor o µ = µj' 

and the structure n m/
2 

south ofµ = µi'. By the superposition principle, the 

streamfunction associated with wavenumber m vorticity perturbations at all interfaces is: 

(B.6) 

for µj µ µi+l· Note that this perturbation st ream.function is continuous at the 

interfaces. Here the Bi' are constants which will be determined below in (B.6). It can easily 

be confirmed by inspection that 1/J' is continuous. Note that the meridional component of 

velocity, v' = 8-ip' / a c s ¢8>. , is also continuous. 

Now it is necessary to impose continuity of w = w + w' = w - 8-ip' /a28µ. Continuity 

of w at µj + 'T/j requires that 

lc.a2(1- µ)(1 + µ·) + mB · [(l-µ)(l+µ;)]m/2 ei(m.X-vt) 
2'>] J J (1+µ)(1-µ;) 

= lc.a2(1 + µ)(1- µ ·) - mB · [ (l+µ)(l-µ;) ]m/2 ei(m.X-vt) 
2'>J J J (1-µ)(l+µ;) (B.7) 

at µ = µj + 'T/j. Linearization of (B. 7) yields: 

(B.8) 

Imposing that the normal velocity of a particle on an interface be equal to that of the 

interface itself, i.e., 
8T/j _ 87'/j Vj COS <p im I 
8t + Wj 8).. = a = --;;;:'l/J (µj) . (B.9) 

Finally, the desired standard eigenvalue problem is obtained by substituting (B.8) into 

(B.6) and using the resulting expression in (B.9) to obtain: 

J 

(v - mwj )1Jj + I: ½~i'~~~)77i' = 0, (B.10) 
j'=l 
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where 
., < . 

J - J 
(B.11) 

j' j . 

) d (m) Once the µj and (j (j = 1, 2, .. . , J are specified, the Wj an Ijj, are determined 

from (B.3), (B.4), (B.10) and (B.11). Then, (B.10) is (for a given m) a standard ma-

trix eigenvalue problem with eigenvalue II and eigenvector T/j . This form of the eigen-

value/ eigenvector problem has also been discussed by Dritschel (1989). 
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