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ABSTRACT 

A case study of tropical cyclogenesis in the eastern Pacific Ocean is investi

gated. The tropical cyclone developed in 1991 during the Tropical Experiment in 

Mexico (TEXMEX) project. In this case study, the initial circulation originated 

west of Central America and after a period of intensification this circulation be

came Hurricane Guillermo. The purpose of this research is to identify the physical 

mechanisms that are active in the formation of the initial circulation and the role 

that the topography plays in this formation. 

A documentation of the characteristics of the large scale-flow present prior 

to the detection of the initial circulation is performed. The observations used 

include data derived from upper-air soundings and satellite imagery. These obser

vations show that a synoptic-scale easterly wave moved over the Caribbean Sea 

and while the wave approached the topography of Central America a low-level, 

mesoscale circulation developed over the eastern Pacific. It is observed that the 

modification of the easterly flow by the mountains is an important element in 

organizing the initial circulation. 

In order to investigate the dynamics involved in the formation of the cir

culation model simulations are performed. The objective of these simulations is 

to reproduce the formation of the circulation and analyze the contribution from 

the topographic modification of the flow in the formation of the vortex. This 

objective is accomplished by performing numerical simulations with a mesoscale 

model. The model fields indicate that the initiation of the circulation occurred 

while the easterly wave axis moved close to the mountains of Central America. 

The changes in the direction of the upstream easterly flow, induced by the wave, 

and the deflection of the winds by the mountains generated a pair of easterly jets 
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in the eastern Pacific. These two elements, along with the Intertropical Conver

gence Zone (ITCZ), provided a mesoscale area of enhanced vorticity that defined 

the formation of a closed circulation. A further intensification of the circulation 

occurred and the storm evolved into a stronger system. 
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1. INTRODUCTION 

The term tropical cyclone refers to a closed, cyclonic circulation that origi

nates over the tropical oceans. In particular, a mature tropical cyclone is a power

ful storm that is associated with strong winds and intense precipitation (Huschke 

1959). If landfall occurs, this storm is able to cause severe damage to property and 

in extreme cases susbtantialloss of life. In fact, tropical cyclones are far ahead 

of other natural disasters (e.g. earthquakes, landslides, and volcanic eruptions) as 

cause of deaths and individual cyclones are capable of causing losses of life of the 

order of several hundred thousands (Anthes 1982). 

In the development of a tropical cyclone three basic stages of its life cy

cle can be considered. These stages consist of periods of genesis, then maturity, 

and finally decay of the cyclonic circulation. In the stage of genesis, a group of 

relatively scattered mesoscale clouds have the tendency to slowly organize into 

a closed circulation at low levels. In the mature stage, the cloud cluster is bet

ter organized around a center of low pressure and the flow consists of a strong 

rotational circulation with axisymmetric structure. Finally, during the stage of 

decay the circulation weakens, expands in size, and becomes asymmetric around 

the center. 

Our current knowledge of the structure of mature tropical cyclones has in

creased substantially in recent years and the structure of these systems is well 

understood. The thermodynamic structure of a mature tropical cyclone corre

sponds to that of a low-level warm core with the maximum temperature anomaly 

concentrated near the center of circulation. A tropical cyclone at this stage may 

be approximated to a vortex that has transverse and tangential circulations. The 

tangential winds are cyclonic at low levels, have a maximum intensity near the sur-
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face, and decrease slowly upward to become anticyclonic at the top of the storm, 

at about 15 km above the surface. In the horizontal, the radius at which the tan

gential winds are maximum ranges from 10 to 100 km and inside this radius the 

circulation is in nearly solid body rotation, while outside the winds fall gradually. 

Mature tropical cyclones are classified according to their intensity which is 

defined in terms of the maximum sustained, tangential winds. A tropical depres

sion is defined as a circulation with maximum winds up to 17 m s-l, a tropical 

storm has winds between 17 m s-l and 32 m s-l, and any system with winds in 

excess of 32 m s-l is classified as a hurricane. Each year approximately 80 tropical 

cyclones occur over the earth and of these about one half to two thirds become 

hurricanes (Gray 1979). 

Even though the mature stage of tropical cyclones is relatively well docu

mented, the early stages of these systems are still being investigated. The genesis 

stage of a tropical cyclone may be defined by the formation of an initial circula

tion that eventually intensifies into a tropical depression. At the present time, the 

origin of this circulation is still difficult to explain. The problem of predicting the 

time and location of the formation of tropical cyclones has proven to be difficult 

and an understanding of the physics of cyclogenesis remains as a central problem 

in tropical meteorology (Montgomery and Farrel 1993). 

From the operational point of view, forecasting the motion of already 

formed cyclones is of more concern than is the forecast of their genesis. This 

is one reason for the lack of attention to cyclogenesis. However, some forecast 

centers make efforts to predict whether a cloud cluster will produce a tropical de

pression and one good example is given by the National Hurricane Center (NHC). 

The NHC is located in the United States and its region of responsibility includes 
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the tropical and subtropical portions of the North Atlantic, the Eastern North 

Pacific, and the adjacent land masses (Sheets 1990). 

The forecasters at the NRC have observed that prior to the occurrence of 

cyclogenesis there are interactions between certain perturbations, of external ori

gin, and the local environment. Since distinct areas of enhanced vorticity and cy

clonic circulation originate from these interactions, the external perturbations are 

considered to act as sources of the initial circulations. Examples of these sources 

include Mesoscale Convective Systems (MCSs), synoptic-scale easterly waves, and 

perturbations from the Intertropical Convergence Zone (ITCZ). 

At the present time there is no theory describing how the initial develop

ment of cyclonic circulations occurs. One reason for this limitation is the lack of 

data sources in regions located over the tropical oceans. In spite of this limitation, 

the subsequent intensification of already formed circulations is better understood 

and in order to overcome the lack of observations an alternate method of study 

has been used. This method consists in the performance of numerical models that 

are able to simulate the intensification of circulations in various environments. An 

important aspect of these simulations is the ability of the models to consider these 

environments individually and to evaluate their role in the initial development of 

tropical cyclones. 

From the results of studies that include observational data it is known 

that there are specific conditions which are favorable for the intensification of 

initial circulations. In addition, the application of model simulations that include 

these conditions has been useful to identify the physical processes active in the 

mechanism of intensification. A brief discussion of the favorable conditions and 

the proposed theories of circulation intensification is given in the next section. 
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1.1 Conditions for Circulation Intensification 

It is known that tropical cyclones occur in regions where there are specific 

environmental conditions which are favorable for the intensification of pre-existing 

cyclonic circulations. These conditions have been derived from the climatological 

observations in areas with high frequency of tropical cyclone activity (e.g. Gray 

1979). The favorable conditions include the presence of a warm Sea Surface Tem

perature (SST), an unstable and relatively humid environment in the lower and 

middle troposphere, and small wind shear between the lower and upper tropo

sphere. 

Although these conditions are satisfied over large portions of the tropical 

oceans, the genesis of cyclones remains relatively infrequent. It has been observed 

that tropical cyclones form only when these conditions are perturbed to values 

above their climatological means. It is interesting to note that while the ther

modynamic conditions necessary for the intensification of initial disturbances are 

satisfied, the formation of tropical depressions does not occur until a pre-existing 

convective disturbance with above-average, cyclonic vorticity moves into a clima

tologically favorable region (e.g. McBride and Zehr 1981). 

The presence of an area of pre-existing, cyclonic vorticity forces convergence 

of the flow at low levels and a favorable environment allows the enhancement of this 

circulation. Warm SSTs, in the presence of strong winds, provide enhanced fluxes 

of energy from the ocean to the boundary layer. The instability and humidity of 

the troposphere are essential for the development of deep cumulus convection and 

the formation of a warm core at low and middle levels. The small vertical shear 

of the winds is needed to prevent the ventilation of the developing storm and then 

the warming in the core of the system may increase significantly with respect to 
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the environmental values. 

1.2 Theories of Circulation Intensification 

The combined effect of the favorable conditions for the transformation of 

pre-existing circulations into strong vortices is specified in the theories of inten

sification. At this time there are two competing theories of the mechanism of 

instability which results in the intensification of initial circulations into tropical 

cyclones. One of these theories involves the presence of conditional instability in 

the atmosphere and the other theory relies on the transfer of energy from the 

ocean to the planetary boundary layer. 

The first of theory of intensification has been proposed by Charney and 

Eliassen (1964), which is based in the Conditional Instability of the Second Kind 

(CISK). CISK is a mechanism where the cooperative interaction between cumulus 

convection and a mesoscale circulation leads to the growth of an unstable dis

turbance. Cumulus convection occurs at small scales by the action of conditional 

instability and the mesoscale circulation provides a transverse flow that transports 

more moisture into the center. The net result of this interaction is the enhance

ment of convection, warming of the core, and the intensification of the circulation. 

Charney and Eliassen state that CISK leads the development of an initially 

weak circulation into a tropical cyclone and this is demonstrated with the use of 

a numerical model. In this model, the flow is in gradient and hydrostatic balance, 

and heating is derived from the vertically integrated convergence of moist air. The 

application of the model, within a favorable environment, leads to the amplification 

of an initially weak circulation. In these simulations only initial disturbances with 

radius less than 100 km amplify, the growth rate of all scales of disturbances is 
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uniform, and smaller disturbances developed most rapidly when the humidity is 

increased. This represents an important deficiency of this theory since in the real 

tropical atmosphere the intensification of initial disturbances with larger horizontal 

scales is observed. For example, Frank (1987) states that the observed scale of 

initial circulations has a radius of about 600 km. 

An alternate mechanism of tropical cyclone intensification is described by 

Emanuel (1991). This is refered to as Wind Induced Surface Heat Exchange 

(WISHE) theory, which recognizes the importance of heat fluxes from the ocean. 

In essence, the intensification of an initial circulation responds to the increased 

surface winds that leads to the enhanced heat transfer from the ocean and the 

warming of the core. In this theory, it is assumed that the initial atmosphere is 

conditionally neutral to forced ascent of air parcels and this atmosphere is desta

bilized by increasing the equivalent potential temperature (Be) in the boundary 

layer. This increase is due to latent and sensible heat fluxes into the air parcels 

that move over a warm sea surface toward the interior of the pre-existing vortex. 

An explanation of the mechanism that allows the intensification of initial 

circulation through WISHE is given by Rotunno and Emanuel (1987). They find 

that the structure of Be in the lower and middle troposphere is the parameter that 

determines the evolution of developing circulations. In these simulations, a weak 

vortex is placed in an environment with cool and dry (low Be) air in the middle 

troposphere. Cumulus convection develops around the core of the vortex and the 

presence of the dry troposphere produces evaporation of rain, which drives the 

development of downdrafts of cool and dry air. These downdrafts transport low 

Be air to the planetary boundary layer, which tends to cool the core. At this point 

the downdrafts do not allow a net warming of the core, however when the middle 
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troposphere has been moistened significantly the vortex experiences warming and 

the intensification of the circulation occurs. The warming is the result of the 

decreased downward transport of low () e air to the core and this allows a net 

increase of () e in the lower troposphere. 

In contrast to CISK, WISHE is a finite-amplitude instability theory that is 

scale selective in that it only allows the growth of circulations that are sufficiently 

strong and large. Rotunno and Emanuel find that an initial circulation with a 

radius of about 400 km and maximum winds of 12 m s-l intensified into hurricane. 

In contrast, circulations that had radius of 800 km or intensity of 2 m S-l are not 

able to intensify. Rotunno and Emanuel argue that this is due to the presence 

of downdrafts and the effect that they cause in decreasing the effective value of 

() e' Hence, intensifying circulations must have horizontal scale of a few hundred 

kilometers and intensity of the order of 10 m s-l. 

1.3 Sources of Circulations in the Eastern Pacific 

Most of the tropical cyclone activity is observed over large areas with fa

vorable conditions for the intensification of pre-existing circulations. These areas 

are confined to the tropical and subtropical portions of the oceans and include the 

Atlantic, Indian, and Pacific. In the Pacific Ocean this activity occurs over the 

western and eastern portions of the basin. Tropical cyclones develop during all 

the seasons of the year in the western Pacific and over scattered areas that cover 

the northern and southern hemispheres. 

In contrast to the western Pacific storms, eastern Pacific tropical cyclones 

are limited in time and space. The development of these cyclones occurs only 

during summer and fall, and they are concentrated in an area that is north of 



18 

lOoN and within 85°W-130oW. In addition, the initial stages of these cyclones 

are confined to a smaller area west of Central America and south of Mexico (e.g. 

Renard and Bowman 1976; Zehnder and Gall 1991a). It is interesting to note 

that this preferred region for the development of initial circulations is downstream 

of the mountains in Central America and Mexico, with respect to the prevailing 

easterly flow. This fact suggests that cyclogenesis in the eastern Pacific may be 

linked in some way to the presence of topography. 

1.3.1 Mesoscale Convective Systems 

One proposed source of the initial circulations in the eastern Pacific are 

Mesoscale Convective Systems (MCSs) that originate over land. MCSs are group 

of clouds with some degree of organization, horizontal scale of hundreds of kilome

ters, and lifetime of hours. This scale and duration of MCSs allows their detection 

from satellite imagery, which is an important tool in the observation of the de

velopment of these systems. In general, MCSs form over the continent and are 

advected to other regions by the mean winds in the middle troposphere (700-500 

mb). One interesting feature of some MCSs is that after deep convection has 

weakened there are distinct mesoscale vortices which remain. These vortices have 

a horizontal scale of a few hunded kilometers and are confined to the lower levels 

of the troposphere, which makes them ideal candidates to intensify into tropical 

cyclones if the environmnent is favorable. 

The existence of mesoscale vortices in the lee of the Sierra Madre moun

tains in Mexico has been discussed by Smith and Gall (1989) and Farfan and 

Zehnder (1994). Smith and Gall find that these vortices seem to form from the 

decaying circulations associated with MCSs that initiated over the mountains and 
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then moved over the Gulf of California and Pacific Ocean. Farfan and Zehnder 

document the evolution of several vortices that developed over the Gulf of Cal

ifornia. The origin of these vortices is not explained in that study, however it 

is observed that the structure of the environmental flow where these vortices are 

embedded is characterized by cyclonic shear vorticity at low and middle levels. In 

these two studies the interaction of the vortices and the relatively cool SSTs in 

the Gulf of California and Pacific Ocean seems to be a condition that prohibits 

the intensification of those circulations. 

Observations from satellite indicate that the formation of tropical cyclones 

is related, in some cases, with the development of MCSs and this has been doc

umented by Velasco and Fritsch (1987) and Zehnder and Gall (1991b). Velasco 

and Fritsch find that the southern coast of Mexico, west of Guatemala and El 

Salvador, is a preferred site for MCS development. These MCSs develop over ar

eas where the low-level winds are convergent and the SSTs are above 26°C. Then, 

these systems become tropical storms while moving over the eastern Pacific, west 

of the site where they were initially detected. In other study, Zehnder and Gall 

discuss the formation of a tropical storm which appears to be developed from a 

MCS originated over land. This MCS formed over the southern section of the 

Sierra Madre mountains, was displaced to the ocean, and the eventual formation 

of a tropical storm occured as the MCS moved over warmer waters. 

1.3.2 Synoptic-scale Easterly Waves 

In addition to MCSs, another proposed source of the initial circulations in 

the eastern Pacific is given by the propagation of synoptic-scale easterly waves. 

Easterly waves are wave-like disturbances that present variations in the horizontal 
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winds and propagate from the east to west. These waves originate over the western 

coast of Africa, move over the Atlantic, and after about one week they reach the 

Caribbean Sea. It is considered that easterly waves are the main source of tropical 

systems in the Atlantic and Caribbean, and some of these waves organize into 

tropical cyclones in this region (e.g. Reed et al. 1988). 

The typical structure of easterly waves in the Atlantic is relatively well 

known. For example, Reed et al. (1977) document the structure of easterly waves 

over the eastern Atlantic, west of Africa. They find that typical waves have a 

horizontal wavelength of 2000-3000 kilometers, period of 3-5 days, and are confined 

to levels between the surface and 300 mb. In the core there is convergence, strong 

vertical motion, and warming by latent heat release in the middle troposphere. 

This gives the typical waves a thermodynamic structure that consists of a cold 

core below 650 mb and warm core above this level. 

The development of intense convection that occurs in the core allows the 

detection of these waves from satellite. Observations from satellite show that the 

passage of easterly waves over Central America leads to the development of orga

nized convection in the eastern Pacific and the subsequent formation of tropical 

depressions. This sequence suggests that easterly waves are linked in some way to 

the early stages of tropical cyclones. For example, Avila and Pasch (1992) docu

ment the tropical cyclone activity over the Atlantic and Pacific in 1991. During 

this season a total of 16 tropical cyclones developed in the eastern Pacific and 

A vila and Pasch state that most of these cyclones were initiated from easterly 

waves that originated over the Atlantic and approached Central America. 

It is accepted that easterly waves play a role in the generation of trop

ical cyclones in the eastern Pacific. However, it is not clear from the satellite 
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observations what are the physical mechanisms involved in the formation of the 

initial mesoscale circulations. The region off the western coast of Central America 

is known to be a frequent location for the development of the initial stages of 

tropical cyclones. For example, Simpson et al. (1969) state that this is a fertile 

region for tropical cyclones, which is due to the passage of easterly waves from 

the Caribbean and the persistence of favorable conditions for intensification of 

initial circulations. However, the action of easterly waves alone may not be suffi

cient to explain the preferred location for genesis of the eastern Pacific cyclones. 

Therefore, mechanisms that induce a cyclonic circulation off the western coast of 

Central America, provided that an easterly wave is present over the Caribbean, 

are required. 

One specific mechanism for the formation of enhanced, cyclonic vorticity 

from an easterly wave has been proposed by Zehnder (1991). This mechanism 

involves the modification of the wave due the presence of topography. In this 

study, the topography represents the Sierra Madre mountains and the resulting 

vorticity occurs over the region that corresponds to the eastern Pacific. By using 

a shallow water model on a beta plane, Zehnder showed that the mechanical 

interaction of an easterly wave with an isolated mountain range results in the 

generation of a cyclonic vorticity maximum in the lee of the mountains. In this 

interaction, the strong area of cyclonic relative vorticity initiates while the wave 

axis and the cyclonic portion of the wave approach the mountains. 

Zehnder argues that the formation of the maximum of relative vorticity 

may be explained in terms of the conservation of potential vorticity. While the 

leading edge of the wave approaches the mountains, the air parcels are from the 

northeast and they encounter the anticylonic flow over the top of the mountain. 
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This deflects the parcels to the south and these parcels acquire a smaller value of 

planetary vorticity due to the decreased latitude. In order to conserve potential 

vorticity, the magnitude of relative vorticity has to increase and this provides a 

source of positive vorticity in the lee of the mountains. As a result, this mechanism 

provides an area of enhanced vorticity with a horizontal scale and intensity that 

are consistent with the disturbances that intensify into tropical cyclones, provided 

that there are otherwise favorable conditions in the environment. 

1.4 Lee Cyclogenesis 

In addition to MeSs and easterly waves, another proposed source for the 

generation of cyclonic circulations is given by the interaction of zonal flow with 

topography. It is well known that the presence of mountains is able to intro

duce perturbations in the flow and one important type of these perturbations are 

mesoscale, cyclonic circulations. The interaction of easterly flow with topogra

phy is associated with the production of cyclonic vorticity in the lee side of the 

mountains. These circulations are likely to become tropical cyclones if their scale, 

intensity, and environmental conditions are favorable for intensification. 

Lee cyclogenesis may be defined as the development of cyclonic vorticity in 

the lee side of a topographic barrier, as a result of the interaction of upstream flow 

with the barrier. At the present time, there is no single theory that explains lee 

cyclogenesis and the available observations indicate that lee cyclogenesis occurs 

in many ways. In general, the effects of mountains on the flow are complex and 

depend on the direction of incidence of the upstream winds, profile of the terrain, 

and thermal structure of the atmosphere. However, it is known that the steady re

sponse of easterly, zonal flow consists of a mountain anticyclone flanked by regions 
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of cyclonic vorticity on the upstream and downstream sides of the mountains. 

A qualitative explanation of this steady pattern of vorticity can be obtained 

if the flow is assumed to be adiabatic and frictionless. These conditions allow the 

application of the principle of conservation of potential vorticity. This principle 

states that the variations of relative vorticity depend on the changes of the depth of 

a column of air over the surface and the value of planetary vorticity (e.g. Holton 

1979). In order to conserve potential vorticity, an easterly flow must acquire 

anticyclonic vorticity while moving over the mountains, since the depth of the air 

column is decreased there. The upstream vorticity maximum is the result of the 

flow adjustment that allows a steady state to be achieved and the downstream 

cyclonic vorticity is due to the slow return of the parcels to their equilibrium 

latitude. 

The described behavior of upstream easterly flow corresponds to the char

acteristic flow over tropical mountains and indicates that the presence of an area of 

cyclonic vorticity is expected in the lee. However, the intensity of the downstream 

vorticity is relatively weak for tropical cyclogenesis. In addition, it is known that 

the interaction of zonal flow with topography alone is not sufficient to generate 

tropical cyclones. Therefore, we must look for other type of interactions that 

produce lee cyclogenesis and in order to identify these interactions it is useful to 

review the known mechanism of cyclogenesis at other latitudes. 

The idea of the formation of cyclonic circulations in the lee of the mountains 

originates from studies on the genesis of middle latitudes cyclones. The results 

from these studies establish that mountainous terrain is a major contributor to 

cyclogenesis. For example, Petterssen (1956) performed a study of the geographical 

distribution of initial locations of middle latitude cyclones for the period 1899-1939 
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and found that some of the most pronounced maxima occur in the lee of mountain 

ranges. In that study, a high incidence of cyclogenesis was observed east of the 

Rocky Mountains in North America and south of the Alps in Europe. 

The proposed mechanisms of lee cyclogenesis in middle latitudes are clas

sified in two classes, which depend on the scale of the mountain ranges involved 

(Pierrehumbert 1986). One of these classes considers large scale mountains, such 

as the Rockies, for which the quasi-geostrophic approximation may be applied. 

For broad mountains the dominant balance between the Coriolis and pressure gra

dient forces allows the application of the quasi-geostrophic theory. In essence, this 

theory indicates that a zonal flow far upstream the mountains follows anticylonic 

curvature over the mountains and cyclonic vorticity on the lee side. The sub

sequent intensification of this area of lee vorticity is responsible of the eventual 

development of middle latitude cyclones. 

A second class of mechanisms that explain lee cyclogenesis focuses on 

mesoscale mountain ranges, such as the Alps. For these mountains, the dynamics 

is dominated by the ageostrophic diversion of the low-level flow around the topog

raphy. For mesoscale mountains, the quasi-geostrophic approximation is not valid 

and this theory can not be used to describe the behavior of the flow. However, it 

is known that the scale of these mountains can cause appreciable blocking of the 

low-level, incident flow. 

Blocking of the oncoming flow is associated with relatively small vertical 

motion and the tendency of the low-level flow to move around, as opposed to go 

over the mountains. Basically, the blocking effect provides deflection of the flow 

and modification of the spatial structure of the winds, which acts as a source 

of vorticity in the lee of the mountains. The detection of several cases of flow 
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blocking and cyclogenesis in the lee of the Alps has been discussed in several 

studies that make use of observations from the Alpine Experiment (ALPEX). For 

example, Chen and Smith (1987) document several cases of flow blocking by these 

mountains. In these cases, an analysis of winds and parcel trajectories shows that 

the incident flow is from the northwest and tends to go east and then south of 

the mountains. In addition, there are weak upstream winds and the flow blocking 

occurs at levels below 700 mb, which indicates that the low-level flow is decelerated 

by the terrain. 

The formation of circulations due to blocking of the flow by mesoscale 

mountains does not depend on the direction of the incident flow. This suggests 

that blocking may lead to cyclogenesis when the flow has an easterly component. In 

fact, one observed case of cyclogenesis where the incident flow is from the southeast 

is given by the detection of the Denver Cyclone (Szoke et al. 1984). This term 

is used to describe a mesoscale vortex that forms in the Denver (Colorado) area, 

which has a typical diameter of 100 km and is associated with an anomalously 

high incidence of severe weather. The localized nature of the Denver Cyclone 

suggests that the surrounding topography plays an important role in the vortex 

formation. The topography of the region is such that Denver is surrounded by 

mesoscale mountains to the north, west, and south. 

In a numerical study, Crook et al. (1990) show that one possible set of 

environmental conditions that lead to the Denver Cyclone includes an adiabatic 

and stably stratified atmosphere, with an upstream flow from the southeast. Under 

these conditions the incident, low-level flow is blocked by the northern and western 

mountains. In addition, the deceleration induced by this blocking deflects the flow 

to the south, down the pressure gradient. This provides a northerly component 
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to the flow west of Denver and this configuration of results in a region of cyclonic 

vorticity that is located over the Denver area. 

As discussed above, the effect of flow blocking by topography is responsible 

of the formation of circulations in the vicinity of mesoscale mountains. Since in 

this study we are interested in the development of vorticity by tropical mountains, 

we may consider the possibility of flow blocking being associated with cyclogenesis. 

Therefore, in the next section we discuss the proposed mechanisms of lee vorticity 

and the role of flow blocking in tropical cyclogenesis in the eastern Pacific. 

1.4.1 Mechanisms of Lee Cyclogenesis in the Tropics 

Recent model simulations propose mechanisms of interaction of easterly 

flow with topography as a source of initial circulations in the lee of tropical moun

tains. For example, Smolarkiewicz and Rotunno (1989) show that zonal flow past 

a three-dimensional obstacle, in the presence of a stably stratified atmosphere, 

generates lee vorticity. In that study, the upstream flow is irrotational and the 

formation of a pair of counter rotating and vertically oriented vortices is observed 

after the flow moves around the mountains. Smolarkiewicz and Rotunno argue 

that the generation of vertical vorticity is through the tilting of the horizontally 

oriented vorticity. This vorticity is baroclinically produced as the isentropes bend 

upward while the flow passes over the upstream portion of the obstacle. 

Other studies indicate that lee cyclogenesis may play an important role as 

a source of enhanced vorticity and under a favorable environment this vorticity 

may be organized into tropical cyclone. One of the geographical sites that has 

received some attention is the eastern Pacific. In these studies the topography 

is representative of the Sierra Madre mountains in Mexico, the incident flow is 
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associated with easterly winds, and the resulting downstream circulations have 

scales comparable with those which intensify into tropical cyclones. For example, 

Zehnder (1991) and Zehnder and Gall (1991a) demonstrate that the formation of 

lee cyclones can be obtained from the application of simple numerical models. 

Zehnder (1991) used a shallow water model to show that the trascience 

associated with a sudden acceleration of zonal flow results in the generation of 

a disturbance in the lee of the mountains. This disturbance contains a series 

of cyclonic and anticyclonic vortices that propagate downstream and toward the 

south. Zehnder suggests that these disturbances may be triggered by the sudden 

change of westerlies to easterlies during the early summer. In other study, Zehnder 

and Gall (1991a) used a quasi-geostrophic model of the flow to examine the effect 

of a mountain ridge on a uniform flow that approaches the ridge at a specific 

angle. The incidence of certain southeasterly flows result in a series of cyclonic 

and anticyclonic vorticy centers located in a direction parallel to the ridge and 

over the region that corresponds to the eastern Pacific. Zehnder and Gall suggest 

that these southeasterly flows correspond to large scale easterly waves moving over 

the Caribbean. 

In addition to the mechanisms of cyclogenesis described above, an alter

nate mechanism for eastern Pacific cyclogenesis has been proposed by Mozer and 

Zehnder (1996). Mozer and Zehnder used a primitive equation model to inves

tigate the generation of vorticity in a stably stratified atmosphere where zonal 

flow approaches idealized topography. In that study the formation of a low-level 

easterly jet is observed to the south of the mountains, which is due to blocking 

of the incident flow and provides a broad area of cyclonic, shear vorticity in the 

lee of the mountains. The existence of this jet is explained in terms of the con-
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servation of potential vorticity. As the upstream parcels approach the mountains 

they curve cyclonically, move toward lower latitudes, and the potential vorticity 

remains constant. However, after the flow passes the mountains the winds become 

zonal and the curvature decreases. In order to conserve potential vorticity, in the 

presence of decreasing curvature vorticity, the shear vorticity has to increase and 

this is realized near the southern end of the mountains. 

Mozer and Zehnder also perform a simulation using realistic topography. 

They find that the eastern Pacific is a suitable location for the development of 

a low-level jet and cyclonic vorticity. In particular, the Isthmus of Tehuantepec 

which is located in the southern edge of the Sierra Madre experiences the formation 

of these features. In this simulation, the upstream winds are uniform easterlies and 

the blocking effect forces the flow to move through the isthmus and emerge as a jet 

over the eastern Pacific. The jet that develops over the Gulf of Tehuantepec has a 

size and strength that is similar to that obtained in the simulation with idealized 

topography. This suggests that this area is a preferred site for the initiation of 

cyclonic vorticity. 

1.5 A Case Study of Tropical Cyclogenesis 

In the present study, we make an analysis of one case of tropical cyclogenesis 

in the eastern Pacific. The main objective of our study is to identify the source of 

initial circulation and the physical mechanisms that lead to the formation of this 

circulation. In particular, we wish to examine the role of the interaction of easterly 

flow, associated with the propagation of an easterly wave, with topography as a 

source of cyclonic vorticity in the lee of the Central American and Sierra Madre 

mountains. 
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As discussed before, the current understanding of the mechanisms that lead 

to the formation of initial circulations in the eastern Pacific is limited. This limita

tion is due, mainly, to the lack of observational studies in the region. Observations 

are difficult to obtain over t.he ocean and most studies on tropical cyclogenesis are 

based on the analysis of model simulations. In these studies significant results are 

obtained when the simulations include the actual topography and the observed 

fields that occur in the tropical atmosphere. 

In this study, we use observations to document the evolution of the initial 

circulation that intensified into a tropical cyclone. Special attention is given to 

the characteristics of the synoptic-scale flow present prior to the initial detection 

of the circulation. In a further step of this study, we use model simulations that 

have the purpose of investigating the mechanisms that lead to the formation of 

the circulation. In these simulations a mesoscale, numerical model is applied and 

real topography and observed fields are included. 

The results from our observational analysis show that the initial circulation 

formed off the west coast of Central America, close to the Gulf of Tehuantepec. 

After a period of intensification, this circulation became a strong tropical cyclone 

in the eastern Pacific. This case study corresponds to tropical cyclone Guillermo, 

which developed during the summer of 1991 and its initial stages were examined 

as part of the Tropical Experiment in Mexico (TEXMEX) project. 

1.5.1 The TEXMEX Project 

TEXMEX is an observational project to study the early stages of eastern 

Pacific tropical cyclones in the summer of 1991. The systems of interest consist 

of mesoscale cloud clusters and their associated circulations that intensified into 
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tropical storms south of Mexico and west of Central America. The experimental 

phase of TEXMEX was from 1 July to 10 August and during this period aircraft 

flights were performed into developing circulations to obtain in-situ measurements. 

Prior to this project there have been some reconnaissance flights into eastern 

Pacific cyclones in mature stages, however TEXMEX is the first experimental 

project that is designed to document the structure of tropical cyclones in their 

early stages. 

The principal goal of TEXMEX focuses on investigating the thermody

namic structure of the cyclonic circulations that intensified into tropical storms 

(Emanuel et al. 1991). In particular, the hypothesis that states that the warming 

and moistening of the middle troposphere is a necessary condition for the intensifi

cation of a pre-existing, low-level circulation was tested. In practice, this objective 

requires the collection of observations of the thermodynamic structure of the cir

culations that do and do not intensify. Therefore, TEXMEX may be considered a 

laboratory-type experiment that is designed to test the validity of the mechanism 

of intensification proposed by the WISHE theory (section 1.2). 

During the experimental phase of TEXMEX a total of four cases of cycloge

nesis were studied. These cases correspond to the initial disturbances that intensi

fied into tropical cyclones Enrique, Fefa, Guillermo, and Hilda. The structure and 

evolution of the initial circulations associated with these cyclones were analyzed 

with aircraft data during several Intensive Observation Periods (lOPs). An lOP 

was initiated when satellite imagery suggested the presence of a well-defined circu

lation and ended at the time that the system became an intense tropical cyclone or 

dissipated. A total of five lOPs were performed and preliminary observations from 

the NHC suggest that the initial circulations are associated with the propagation 
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of easterly waves over the Caribbean (Rappaport and Mayfield 1992). 

The structure of the circulation associated with tropical cyclone Guillermo 

was studied during lOP # 5, which covered the period 2-5 August and consisted 

of a total of six aircraft flights. The first flight was performed close to the center 

of the initial circulation and the circulation was already a hurricane by the time 

of the last flight. The initial detection of a closed circulation occured over the 

Gulf of Tehuantepec, while an easterly wave moved over Central America. Dur

ing the next several days the circulation moved south of the Mexican coast, the 

convection associated with the circulation was better organized, and the hurricane 

intensity was reached on 5 August. The circulation continued moving westward 

and weakened after 7 August, appearing as a scattered group of clouds in the 

satellite imagery. 

1.5.2 Contribution of the Study 

In this study, we wish to provide an analysis that helps to improve the 

knowledge of the mechanisms of generation of circulations that intensify into trop

ical cyclones. In the previous sections of this chapter, we provided an overview of 

the present state of the understanding of tropical cyclogenesis and the proposed 

mechanisms that "lead to the generation of initial circulations were described. Our 

goal in this research is to identify the mechanism that leads to the development 

of one case of tropical cyclogenesis in the eastern Pacific. 

The results from this study show that the source of initial circulation is 

associated with an easterly wave. Also, these results show that the mechanism 

of cyclogenesis involves the interaction of easterly flow with topography. An im

portant aspect of this study is on the identification of the role of the interaction 
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of the easterly wave with topography as a source of lee vorticity. The present 

understanding of the role of easterly waves as a sources of initial circulations has 

been discussed in section 1.3.2, however there is a lack of observational studies 

that indentify the dynamics of this interaction. In the papers appended to this 

dissertation (Appendices A, B, and C) we provide an observational description 

of the role that the changes in direction of easterly flow play in the formation of 

the Pacific circulation. These changes are associated with the propagation of the 

easterly wave over the Caribbean. 

Another relevant aspect of this study corresponds to the analysis of model 

simulations. This analysis focuses on reproducing the observed case of cyclogenesis 

and generating high-resolution fields to identify the dynamics during the origin of 

the cyclonic circulation. The simulations are performed through the application of 

a mesoscale, numerical model without and with moist thermodynamics included. 

In the case where moist thermodynamics is not included (dry simulations) the 

modification of the flow past the mountains is investigated (Appendices A, B, and 

C). A number of adiabatic mechanisms for the generation of lee vortices have been 

discussed in section 1.4.1. While some of these mechanisms may contribute in 

our case, we show that the mechanism responsible of the formation of the closed 

circulation involves blocking of the low-level flow and the development of shear 

vorticity in the lee side of the mountains. 

In the case where moist thermodynamics is included (moist simulations), 

convective parameterization schemes are used and the fields generated show that 

the model simulations are successful in reproducing the formation of the initial 

circulation. The results from the moist simulations (Appendices Band C) are 

used to study the effect of convection and moist processes in the evolution of the 
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topographically generated vorticity over the eastern Pacific. In these simulations, 

the essential elements are an easterly wave over the Caribbean and the mountains 

in Central America. The interaction of these two elements is able to generate the 

formation of a downstream flow that provides a closed, cyclonic circulation over 

the eastern Pacific. In addition, the characteristics of the simulated circulation 

are consistent with the position, structure, and intensity of the observed vortex. 

In summary, in this study we present an observational and numerical anal

ysis of the dynamics that governed the genesis stage of tropical cyclone Guillermo 

in the eastern Pacific. While the explanation of the origin of the initial circulation 

is covered in this study, the investigation of the subsequent evolution and inten

sification of the circulation is discussed in other studies. For example, Raymond 

and Lopez (1995) document the structure of the intensifying circulation through 

the observations collected by the flights during the TEXMEX lOP # 5. In other 

study, Bister and Emanuel (1996) discuss the thermodynamic processes involved 

in the mechanisms of intensification of the initially weak circulation into a warm 

core vortex. In this study, the impact of the variations of () e in the intensification 

is analyzed with the aid of observations from lOP # 5 and model simulations. 
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2. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the 

papers appended to this dissertation. The following is a summary of the most 

important findings in these papers. 

2.1 Observational Analysis 

In this study, our goal is the understanding of the formation of the circu

lation that intensified into a tropical cyclone in the eastern Pacific Ocean. This 

goal is accomplished, in part, by performing an observational analysis focused to 

identify the conditions of the flow present in a period prior to and during the ini

tial development of the cyclonic circulation. In particular, we are interested in the 

synoptic and mesoscale structure of the flow involved in the development of the 

initial circulation that intensified into hurricane Guillermo. The two important 

aspects of this analysis are the detection of an easterly wave, that may act as a 

source of initial circulation of the tropical cyclone, and the documentation of the 

early evolution of this circulation. Here, we mal(e use of the observations from 

upper-air soundings, cloud track winds, and a global analysis. 

2.1.1 Data Sources 

An analysis of the time evolution of upper-air winds at individual stations 

was used to detect the wind shifts associated with the passage of the easterly wave 

over the Caribbean Sea. At low and middle levels, the mean winds were from 

the southeast and while the passage of the leading edge of the wave occurred the 

winds shifted to a northeasterly direction. As the wave axis moved over individual 

stations, the winds were more nearly easterly and after the wave axis passed the 
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station there was a return toward the prevailing southeasterlies. The identification 

of this wind shift allowed us to determine the time of passage of the wave axis and 

the vertical structure of the wave at the stations located over the Caribbean. 

The documentation of the location of convection associated with the wave 

and the initial stages of tropical cyclone Guillermo are obtained from the Geo

stationary Operational Environmental Satellite (GOES) imagery. This imagery 

consists of the infrared (10.0-12.5 flm) and visible (0.55-0.75 flm) bands both hav

ing a horizontal resolution of 8 km. While the infrared images were useful for 

detecting organized convection, the visible imagery was used to derive cloud track 

winds. The spatial resolution of these winds is used to resolve the mesoscale struc

ture of the easterly wave and the circulation over the Pacific. We used software 

from the Man computer Interactive Data Access System (McIDAS, UCAR 1993) 

that includes a manual algorithm to derive cloud track winds. The method of 

deriving winds from cloud motion assumes that the clouds move with the mean 

winds and involves tracking clouds between two consecutive images to calculate 

displacements and directional angles. 

The three-dimensional structure of the synoptic-scale flow was derived from 

from the European Centre for Medium-Range Weather Forecasts (ECMWF) global 

analysis. The ECMWF analysis was chosen since it has been succesfully used to 

describe the structure of easterly waves and tropical cyclones in other studies. 

An examination of the ECMWF winds shows that there was a good agreement 

between the location of the wave axis in the analysis with that obtained from 

the upper-air station data. In addition, a similar agreement occurred between 

the location of the easterly wave and cyclonic circulation from the analysis and 

that from cloud track winds. This is due to the inclusion of winds from upper-
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air soundings and cloud motion in the assimilation scheme used to prepare the 

ECMWF analysis. 

2.1.2 Results from the Analysis 

The initial detection of the easterly wave associated with the cyclogenesis 

of Guillermo occurred over the eastern portion of the Caribbean on 30 July. The 

available observations indicate that the structure of the wave is consistent with 

the typical structure of easterly waves in other studies. This includes a horizontal 

scale of a few thousand kilometers, wind shifts confined in the layer from 850 mb 

to 400 mb, and a better definition of the wave at middle levels (700 and 500 mb). 

The wave moved over the Caribbean along a northwestward direction and passed 

the Central and western Caribbean during the next days. The last detection of 

the wave, within the period of time of the study, was on 4 August while it was 

moving over the Yucatan Peninsula, toward the southern Gulf of Mexico. 

The better definition of the easterly wave at middle levels caused a deficient 

detection of the structure of the wave low-levels. However, a weak signal in the 

shift of the low-level winds was still observed and this occurred in a region below 

of the location of the wave axis at 700 mb. Before the approach of the wave axis to 

the eastern coast of Central America, the low-level winds were from the northeast 

and these winds shifted to a more nearly easterly direction as the axis moved close 

to the mountains. 

During the period in which the easterly wave approached Central America, 

a modification of the incident flow appeared to be involved in the initial develop

ment of cyclonic vorticity in the eastern Pacific. Our analysis indicates that this 

modification consisted in the deflection of the low-level winds that were nearly 
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easterlies upstream into a downstream flow directed south of the mountains. The 

deflection appears to be associated with the displacement of the flow across the 

mountains and the formation of a low-level easterly jet occurred on the lee side. 

The stronger easterly winds, associated with the jet, provided a large area of cy

clonic shear vorticity at low levels. This area covered a a significant area off the 

west coast of Central America and south of Mexico. 

The initial detection of a closed, cyclonic circulation was at 12 UTC 2 Au

gust. At this time the circulation was located south of the Gulf of Tehuantepec and 

occurred while the easterly wave was over the Central Caribbean. The wave axis 

was just east of the mountains and the upstream winds were easterlies. This de

tection was observed from the cloud track winds and the ECMWF analysis, which 

indicate that the circulation had a horizontal scale of several hundred kilometers 

and was confined to the levels close to the surface. 

The structure, location, and intensity of the closed circulation were verified 

with the observations from the TEXMEX flights performed during lOP #5. These 

observations indicate that the circulation was confined to the lowest 300 mb of the 

troposphere. Also, these observations were useful to accurately define the position 

of the center of circulation during the period of time covered by the flights. The 

circulation maintained its structure during the next several days, increasing its 

strength while moving toward the west. Tropical storm and hurricane intensities 

were reached by the storm on 4 August and 5 August, respectively. 

2.2 Numerical Analysis 

The objective of the numerical analysis is on the identification of the dy

namic mechanisms active in the formation of the initial circulation. The use of 
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numerical simulations was chosen since it allows the enhancement of the spatial 

and temporal resolution of the fields, which provides a reliable source of data for 

the study of the evolution of mesoscale features of the flow. Another reason for 

performing numerical simulations is the possibility of separation of the physical 

elements that are involved in the formation of the circulation. In particular, we 

considered cases that represent the mechanical modification of the flow due to 

the mountains and this is done by performing dry simulations. These simulations 

allowed us to evaluate the contribution from orographic modification of the flow 

in the production of vorticity in the lee of the Central American mountains. A 

further analysis of the evolution of this vorticity was performed with the addition 

of convective forcing in the moist simulations. 

In this study, the numerical model used is the Pennsylvania State University 

I National Center for Atmospheric Research (PSU INCAR) Mesoscale Model. This 

is a three-dimensional model based on the numerical integration of the primitive 

equations that includes conservation of momentum, mass, thermodynamic energy, 

and moisture. The model is capable of making forecasts on the synoptic scale, 

as well as simulating flow on the mesoscale. Some of the relevant applications of 

the model are the simulation of air pollution episodes, frontal systems, convective 

systems, and perturbations induced to the flow by terrain variations. 

The PSU INCAR model was initially developed by Anthes and Warner 

(1978) and has been improved in the last years. In this study we used two par

ticular versions of the model, these are version 4 (MM4, Anthes et al. 1987) and 

version 5 (MM5, Grell et al. 1993). In general, these two versions are similar and 

include parameterization of physical processes that are important for mesoscale 

systems (e.g. cumulus convection and atmospheric radiation). One difference be-
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tween MM4 and MM5 is on the available options of cumulus parameterization 

schemes. In next section, we present a brief description of the two schemes used 

in this study. 

2.2.1 Cumulus Parameterization Schemes 

The structure and evolution of organized convective systems in the tropics 

requires the inclusion of the effects from convection and moist processes. In the 

numerical simulation of convective systems this inclusion modifies the model equa

tions by adding one term of diabatic heating to the thermodynamic equation and 

provides either warming or cooling of the atmosphere. In addition, a source term 

of moistening or drying is included in the equation of conservation of moisture. In 

the PSU INCAR model there is a variety of cumulus parameterization schemes for 

synoptic and mesoscale simulations. In this study we used the convective schemes 

described by Anthes (1977a) and Kain and Fritsch (1993). The first scheme is 

available in the two versions of the model (MM4 and MM5), while the second 

scheme is included only in MM5. 

In the scheme described by Anthes the estimation of deep convection is 

based on a scheme originally proposed by Kuo (1965). In this scheme, the amount 

of convection is partitioned into heating and moistening of the atmosphere. In the 

scheme by Anthes, the amount of convection is determined by the vertically inte

grated moisture convergence. The scheme is applied only to columns in which the 

atmosphere is conditionally unstable and the total moisture convergence exceeds 

a critical value. 

Anthes assumes that a portion of this moisture convergence is condensed 

and precipitates. This determines heating of the column and the vertical distribu-
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tion of this heating tends to be maximum in the upper half of the cloud column. 

The remaining portion of the convergence is assumed to moisten the column and 

the spatial distribution of moisture depends on the relative humidity of the envi

ronment. This distribution tends to moisten the driest layers and leave the most 

humid layers unchanged. 

The convective scheme developed by Anthes has been used in an axisym

metric model to simulate the structure of mature tropical cyclones (Anthes 1977b). 

In that simulation, the model was able to reproduce the basic characteristics as

sociated with the thermodynamic structure of observed hurricanes. The vertical 

fluxes of heat and moisture cooled and dried the lower troposphere, and warmed 

and moistened the middle and upper troposphere. This simulation also shows that 

in spite of the large changes in temperature and moisture, there is no variation 

of the profile of vertical heating. This result is not consistent with the obser

vations, since in the observed intensification of hurricanes the maximum heating 

shifts toward lower levels. 

In general, the Kuo-type schemes have been criticized because the vertical 

profiles of convective heating do not agree with those observed in real situations. 

Another problem with these schemes is the absence of some processes that are 

important in the dynamics of MCSs, such as downdrafts. These facts suggest 

that we must use alternate schemes for the realistic simulation of the effects of 

convection and one option are the schemes of convection designed for mesoscale 

systems. The advantage of using these schemes is that their resolution (few ten 

kilometers) is sufficient to resolve more accurately the internal circulations and 

cloud regions associated with MCSs. 

Another scheme for cumulus parameterization that we used in our moist 
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simulations is that developed by Kain and Fritsch (1993). This is known as the 

Kain-Fritsch scheme and has been proved to accurately represent the evolution 

of MCSs. This scheme is designed for grid resolutions of 10-40 km and considers 

an explicit formulation of entrainment and detrainment between the cloud and 

environment. In addition to this formulation, the scheme imposes the conservation 

of mass, thermal energy, moisture, and momentum. The criterion to determine 

deep convection depends on the concept of Convective Available Potential Energy 

(CAPE). CAPE is defined as the kinetic energy that a parcel would have while 

rising from the level of free convection to the cloud top. This energy can be 

released if the negative buoyancy at low levels has been eliminated and the parcel 

can reach its level of free convection. 

In the Kain-Fritsch scheme moist convection occurs when the air is forced 

to the level of free convection. Once that the convection is triggered, it is assumed 

that the subsequent convective activity is sufficient to remove CAPE in a time of 

the order of hours. This corresponds to the typical life time of mesoscale clouds. 

Initially, 100 mb deep layers within the lowest 300 mb are lifted sequentially to find 

unstable parcels and then proceed to calculate the properties of the updraft. These 

properties include the intensity of vertical motion and the amount of condensated 

moisture. Also, similar properties are calculated for the downdraft, which results 

from the mid-level intrusion of cool and dry environmental air into the moist 

updraft. Finally, the changes in the temperature and mixing ratio of the model 

grid points are the sum of the effects from the cloud updraft, downdraft, and 

environment. 

The efficiency of the scheme has been demonstrated in numerical simula

tions of tropical MCSs over the ocean. For example, Kain and Fritsch (1993) show 
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that the simulated heating profiles of deep systems are consistent with those de

rived from observations. These profiles tend to produce a maximum close to the 

surface, at about 850 mb, and decrease with height up to the cloud top. In another 

study, the scheme has been applied by Stensrud et al. (1995) for the simulation 

of the convection over the Sierra Madre mountains and the results of this study 

suggest that the scheme has skill to represent the flow over the mountains. These 

facts suggest that the Kain-Fitsch is a better scheme for our moist simulations 

since we need to reproduce the development of the flow over tropical mountains 

and a MCS over the ocean. 

2.2.2 Results from the Simulations 

In this section, we present a summary of the results from three numerical 

simulations performed with the PSU INCAR Mesoscale Model. These simulations 

include a coarse domain, with a 105 km horizontal resolution, that covers the 

tropical western Atlantic and eastern Pacific. In addition, there is a nested fine, 

grid that has a 35 km resolution and is located over Central America. The model 

fields from this grid are used to study the dynamics of the flow that is associated 

with the event of cyclogenesis. 

One of the differences among these model simulations is the total period of 

time for the integrations and this includes 24, 48, and 60 hour forecasts. Another 

important difference is related to the application of a Four Dimensional Data As

similation (FDDA) scheme or nudging. FDDA is based on a newtonian relaxation 

where forcing terms are added to the model equations to gradually nudge the 

model fields toward the observations (Stauffer and Seaman, 1990). In our simula

tions, the scheme is used to control noise and maintain the structure of the large 
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scale fields in agreement with the observed conditions. 

Our first model simulation consisted of a dry forecast with MM4. In this 

simulation the fields are nudged toward the ECMWF analysis in both the coarse 

and fine domains and the results from the forecast are presented in Appendix 

A. The purpose of this simulation is to make a preliminary evaluation of the 

performance of the model in a period of 24 hours (00 UTC 2 August to 00 UTC 3 

August). The simulations starts 12 hours before the initial detection of the cyclonic 

circulation from the ECMWF analysis and satellite imagery. At the initial time, 

the easterly wave was located over the central Caribbean, east of the mountains 

in Central America, and there is no evidence of a closed circulation in the eastern 

Pacific. 

During the first 12 hours of model simulation there was no development of 

vorticity over the Pacific and the wave was displaced toward the northwest over 

the Central Caribbean. However, during the next 12 hours the formation of an 

area of cyclonic shear and curvature vorticity occured in the Pacific. This area was 

located immediately west of the coast of Central America and developed while the 

wave axis moved east of the mountains. The structure and position of the wave 

and cyclonic circulation are consistent with that from the ECMWF analysis. This 

indicates that a dry simulation is able to reproduce the behavior of the wave when 

nudging is applied. 

Basically, this first simulation demonstrates that the application of nudging 

in both coarse and fine grids is useful to reproduce the observed fields. However, 

the ability of the model to generate its own mesoscale features is limited and this 

suggests that the use of nudging should not be included in the fine grid. Therefore, 

in a second set of simulations FDDA is applied only to the coarse domain fields 
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and the period of numerical simulations is extended to 48 hours (12 UTC 1 August 

to 12 UTC 3 August). 

In the second set of MM4 simulations (Appendix B), the fields generated 

during the dry forecast show that while the wave axis approached the mountains 

the development of an area of vorticity occured in the Pacific. This area included 

shear vorticity and the absence of curvature vorticity and a closed circulation was 

noticed. In the development of this vorticity, the presence of the mountains is 

important since the area of production is located in a region that is immediately 

downwind of the mountains. Later in the simulation, the area of enhanced vorticity 

moved to the west and its intensity decreased, which is more likely due to the lack 

of convective forcing. 

Appendix B also shows the results derived from the first moist simulation. 

This simulation was performed with the application of the Anthes scheme for 

convection in both coarse and fine domains. The fields from this simulation show 

that there is a strong similarity between the upstream winds in the dry and moist 

cases and the major difference is in the larger intensity of the relative vorticity 

in the moist case. These fields show that a closed, cyclonic circulation was well 

defined at low levels and this ·circulation had a vertical extent from surface to 

about 700 mb. However, the intensity of the simulated vortex was weaker than 

that from the ECMWF analysis. 

In an attempt to generate a circulation that is consistent with the ob

served structure and intensity, we performed a simulation that includes a convec

tive scheme that provides a more accurate representation of MCSs. Therefore, 

the third set of simulations was performed with MM5 (Appendix C) and in the 

moist case the Kain-Fritsch cumulus parametrization scheme was used in the fine 
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domain. In this simulation, the period of numerical integrations is extended to 

60 hours (12 UTC 1 August to 12 UTC 3 August) and nudging is applied to the 

coarse domain. The fields from the dry simulation are similar to those obtained 

in previous cases (Appendix A and B). However, the fields from the moist case 

indicate an improvement in the definition of the cyclonic vortex. In this simu

lation, the structure and intensity of the Pacific vortex were better defined than 

in the simulation with the Anthes scheme and are in better agreement with the 

observations. 

In this moist simulation a key element in the cyclogenesis is the easterly flow 

over the Caribbean. This includes a well defined easterly wave that changed the 

direction of the incident flow on the Central American mountains. The response 

of this upstream flow to the mountains resulted in the formation of a coastal jet in 

the Pacific. This jet is associated with the blocking of the upstream flow and the 

deflection of the flow that moved across the mountains. This blocking is observed 

from an analysis of parcel trajectories and is justified by a dimensional analysis of 

the parameters that characterize the response of the flow to the topography (wind 

speed, atmospheric stability, and mountain dimensions). One of these parameters 

is the Froude number, which is a non-dimensional number that compares the 

relative importance of inertial and buoyant forces. Another parameter used is 

that given by the combination of the Froude and Rossby numbers, known as the 

Burger number. This number determines the tendency for flow blocking by the 

mountains in a rotating atmosphere (e.g. Pierrehumbert and Wyman 1985). 

In the moist simulation, the flow from the leading edge of the wave was 

blocked by the mountains and diverted to the south in a manner similar to the 

dry simulation. The deflection of the flow resulted in the formation of a coastal 
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jet over the eastern Pacific and an accompanying region of cyclonic shear vorticity 

to the south and west of the mountains. Even though the development of this 

vorticity helps to provide a mesoscale area of enhanced vorticity, the definition of 

a closed circulation occurred with the contribution from a northeasterly jet over 

the Gulf of Tehuantepec and the southerly winds associated with the ITCZ. 

The northeasterly jet over the Gulf of Tehuantepec is the result of the up

stream flow being more northeasterly and this is associated with a better definition 

of the easterly wave at low levels. In the dry simulation, the winds over the Gulf 

of Mexico were southeasterlies and this resulted in a flow that was aligned along 

the Sierra Madre mountains. In contrast, the incident wind direction in the moist 

simulation allowed the flow to move through the Isthmus of Tehuantepec, resulting 

in the development of the northeasterly jet over the gulf. 

In addition to this jet, a northward displacement of the region of southerly 

winds associated with the Pacific ITCZ defined the closed circulation. This flow 

originates at low latitudes and while approaching the Central American mountains 

is deflected to the west, moving in a direction that is parallel to the coast and thus 

reinforcing the coastal jet. It is interesting to note that this deflection of the 

southerly winds resembles the orographic modification of the flow that explains 

the formation of the Denver Cyclone (section 1.4). This similarity strengthens the 

importance of flow blocking by the Central American mountains in the formation 

of the closed circulation. 

In summary, the moist simulation performed with MM5 indicates that the 

combined effect of three mesoscale elements that are responsible for the formation 

of the low-level, mesoscale circulation that eventually intensified. These elements 

are the coastal jet west of the Central American mountains, the northeasterly jet 
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over the Gulf of Tehuantepec, and the circulation associated with the ITCZ. In the 

dry simulation, the diabatic processes necessary to maintain the ITCZ were not 

included and this caused that the model ITCZ weakened and all that remained was 

the shear vorticity associated with the coastal jet. The lack of the ITCZ and the 

Gulf of Tehuantepec jet explains why there is no evidence of a closed circulation 

in the dry simulation. 

2.3 Conclusion of the Study 

In this study, we present an analysis of the formation of the initial circu

lation that is associated with a tropical cyclone in the eastern Pacific. We show 

that the source of circulation is associated with the propagation of a synoptic-scale 

easterly wave and the mechanism of initial circulation is given by the interaction 

of easterly flow with mountains. In this mechanism, blocking of the low-level flow 

by the Central American mountains induces the formation of a closed circulation. 

The eventual intensification of this circulation is due to the effects of convection. 

One contribution from this study is an improvement in the understanding 

of an important problem in tropical meteorology. This problem corresponds to 

the formation of initial circulations that become tropical cyclones, which at this 

time is relatively difficult to explain. There is a lack of studies that investigate the 

mechanisms of tropical cyclogenesis in real cases and the eastern Pacific Ocean 

is maybe the least well understood area. The research presented approached the 

problem by performing a comprenhensive study that includes observations and 

model simulations. This research is unique in the sense that is the first study 

where this approach is applied in the understanding of eastern Pacific cyclogenesis. 

The application of the results derived from this study may be useful in 
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improving the forecast of tropical cyclogenesis in real cases. This is possible when 

the upstream flow corresponds to the conditions identified in our study. The iden

tification of an upstream flow associated with an easterly wave would indicate the 

possibility of downstream cyclogenesis. In addition, the application of a numeri

cal model, such as the PSU INCAR mesoscale model, would provide an accurate 

description of the time, location, and intensity of the initial circulation. This in

formation would improve the forecast of the circulation motion and would enhance 

our ability to provide advance warning of tropical cyclone landfall on the south 

coast of Mexico. 
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A.I Introduction 

Our current understanding of the mechanisms responsible for tropical cy

clogenesis has increased substantially during the last years. However, there are 

some fundamental aspects that are not well understood. The genesis stage may be 

defined by the formation of an initial cyclonic circulation that eventually intensifies 

and the origin of this circulation is not well documented in some cases. 

Among the regions where tropical cyclone development is frequent, the east

ern North Pacific Ocean is one of the most prolific. This activity is concentrated 

within a limited area west of Central America and south of Mexico (e.g. Renard 

and Bowman 1976). The preferred region for cyclogenesis is on the downstream 

side of the mountains, with respect to the low-level prevailing easterly flow, and 

suggests that initial disturbances may be linked to the topography. 

The currently accepted theories of tropical cyclone intensification require 

the presence of a pre-existing cyclonic circulation over a suitable warm sea surface. 

In the eastern North Pacific one proposed source of these circulations are synoptic

scale easterly waves as discussed by Frank (1976). An association between easterly 

waves in the Caribbean Sea and cyclonic circulations off the western coast of 

Central America has been observed. This suggests that tropical cyclones may be 

induced in some way by the incident waves. 

The action of easterly waves alone is not sufficient to explain the preferred 

geographical location of the eastern North Pacific cyclones. One specific meclla

nism linking the wave passage and the cyclone generation has been proposed by 

Zehnder (1991). This mechanism requires the mechanical interaction of the wave 

with a topographic barrier and results in the generation of a concentrated cyclonic 

vorticity maximum on the lee side, relative to the direction from which the wave 
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approaches. The strong area of relative vorticity occurs when the axis of the wave 

is located upstream in the model simulation presented by Zehnder. 

In this study, we investigate the large scale wind fields associated with the 

initial stages of the eastern Pacific tropical cyclone Guillermo (1991). This cy

clone was examined as part of the Tropical Experiment in Mexico (TEXMEX) 

field project and is a case where an easterly wave and terrain interaction seem to 

be involved. The initial circulation, which eventually becomes Guillermo, is asso

ciated with a wave over the Caribbean Sea and there is evidence of the formation 

of a closed circulation while the wave axis is still located east of the mountains. 

We use cloud track winds and upper-air data to describe the circulation and the 

PSU IN CAR Mesoscale Model (MM4) to examine in detail the interaction of the 

wave with the mountains in Central America. 

A.2 Data 

The location of the convective clouds associated with the initial stages of 

Guillermo is obtained from the GOES visible and infrared satellite imagery at 

one hour time intervals. Mesoscale winds associated with both the wave and 

downstream cyclonic circulation are derived from a cloud track wind algorithm 

available as part of the MclDAS software. This is a manual algorithm that allows 

tracking the displacement of individual clouds using consecutive visible images 

and it assumes that these clouds are advected with the mean wind. We attempted 

to use clouds which appeared bright and with small horizontal scale, since these 

were more likely low-level cumulus. 

Synoptic wind data are obtained from the regular upper-air sounding net

work in the Caribbean Sea and a global gridded analysis. The network of upper-air 
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sounding sites has 19 stations located over the Caribbean Sea, Central America, 

and Gulf of Mexico. The gridded analysis is from the ECMWF, which is archived 

at NCAR and is available at a spatial resolution of 2.5 degrees. These ECMWF 

data agree with the location and structure of the wave obtained from the cloud 

track winds and this analysis is used to initialize the MM4 model. 

The topography of Central America is represented in Figure A.l. An impor

tant feature is the range of mountains from Nicaragua to southern Mexico (85°W 

to 95°W). These mountains are oriented from the southeast and northwest and 

reach altitudes above 1000 m. It is likely that these mountains are the topographic 

features involved in the interaction with the incident easterly wave. 

A.3 Observations 

The detection of the easterly wave over the Caribbean Sea is performed 

using cloud track winds and upper-air soundings. On July 31 a low to middle

level easterly wave was observed over the Eastern Caribbean Sea. The vertical 

extent and location of the wave is reflected in wind shifts from northeasterlies 

to southeasterlies that occurred in a layer from 850 to 400 mb. On July 31 the 

axis of this wave was located around 65°W and it was tilted eastward with higher 

latitudes. During the subsequent days this wave moved toward the northwest, 

along the Caribbean, and by 12 UTC 2 August was located south of Cuba with 

the wave axis close to 80oW. 

Figure A.2 shows a vertical time series of the horizontal winds at Grand 

Cayman (18.2°N, 83.3°W). There are wind shifts in the layer between 850-400 mb 

from 12 UTC 2 August to 00 UTC 3 August. These wind shifts are associated 

with the passage of the wave axis over the station. The cloud track winds indicate 
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Figure A.I. Central America topography. Contour interval is 500 m. 
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Figure A.2. Vertical profile of winds at Grand Cayman from 12 UTC 1 August to 
00 UTC 4 August. Wind barbs represent 2.5 m s-l and the triangle 12.5 m s-l. 
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that the wave axis is located east of Grand Cayman at 12 UTC 2 August and 

extended from Cuba in the northeast to Honduras in the southwest. 

In addition to the wave axis approaching Central America on the night of 

1 August, the infrared satellite images (not shown) indicate the development of a 

strong MCS. This system forms at 00 UTC over the Honduras and EI Salvador 

border and it moves rapidly toward the Pacific Ocean. The MCS may be associated 

with the presence of the wave and the flow over the terrain or it may be part of 

the natural diurnal cycle over land. Regardless, the presence of the MCS is likely 

to be important in the evolution of the circulation. 

The cloud track winds at 14 UTC 2 August (Figure A.3) show the first 

evidence of a closed cyclonic circulation system over the Pacific Ocean. This 

circulation is located at about lOoW and 91 oN, close to the southern section of the 

easterly wave axis, and south of the residual convection associated with the MCS. 

Since this cyclone was not detected the day before, it is suggested that its origin 

is related with the approach of the easterly wave in the region. It is important 

to note that this initial cyclonic circulation occurs downstream of the mountains 

(Figure A.l) and at the time that the wave is upstream, which is in agreement 

with the results from Zehnder (1991) on the wave-topography interaction. 

Additional cloud track winds and computer animation of subsequent satel

lite images show that this cyclonic system becomes better organized with time. 

This vortex continues its activity during the following days while moving toward 

the west, where warmer SSTs are present. The cyclonic system eventually be

comes a tropical depression on 4 August and is upgraded to a hurricane on 5 

August while it is off the southwestern coast of Mexico (Rappaport and Mayfield 

1992). It is during the period 2-5 August when the structure and evolution of 
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Figure A.3. GOES visible image and cloud track winds at 14 UTC 2 August. The 
dashed line represents the wave axis and letter C the cyclonic circulation. 
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Guillermo was intensively studied with aircraft research flights (lOP # 5) as part 

of the TEXMEX field observations (Renn6 et al. 1992). 

A.4 Mesoscale Model Simulations 

The interaction of the easterly wave with topography as a mechanism to 

initiate the Pacific Ocean circulation, along with the role of convection over land 

are being investigated with MM4. The mechanical effect of the terrain and the 

effect of the diabatic forcing are examined separately using dry and moist model 

simulations. The wind fields derived from these simulations are used to diagnose 

the contribution of vortex stretching, tilting, and advection to the generation of 

the initial circulation. 

Current work involves dry and moist case simulations starting at 00 UTC 

2 August, before the initial circulation was detected on the satellite images. The 

model is initialized with the ECMWF analysis and a forecast of 24 hours of model 

time is performed. This period corresponds to the easterly wave passage over 

the Central Caribbean Sea and the development of the initial circulation over the 

Pacific Ocean. Initially, the model fields do not show an area of significant vorticity 

over the Pacific Ocean, however at 12 hours into the model run the presence of a 

strong cyclonic circulation over the Pacific Ocean is detected. 

The 500 mb winds and relative vorticity for 12 UTC 2 August are shown 

in Figure AA. These fields were obtained from model simulations without any 

diabatic forcing and show two important mesoscale features, the easterly wave and 

the cyclonic circulation. A well-defined easterly wave is located over the Central 

Caribbean and a strong cyclonic vorticity system over the eastern Pacific Ocean 

are observed. The location and horizontal scale of these systems are in agreement 
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with the observations from satellite images (Figure A.3) and ECMWF fields. In 

addition, there is a significant difference between the magnitude of vorticities of 

wave and vortex, which suggests the dominant strength of the vortex. This is in 

agreement with the terrain enhanced vorticity of the wave described by Zehnder. 

A.5 Summary 

We analyzed observations and mesoscale model data on the large-scale 

winds associated with the initial stages of tropical cyclone Guillermo (1991). The 

passage of an easterly wave over the Caribbean Sea is observed using cloud tracks 

winds from McIDAS and upper-air winds. The formation of a cyclonic circulation 

system over the eastern Pacific Ocean occurs while the wave is over the Central 

Caribbean. This distribution of mesoscale wind features suggests that the initial 

formation of the cyclonic system is related with a wave-topography interaction as 

proposed by Zehnder (1991). 

In the current phase of this study dry and moist numerical simulations 

are performed with MM4. The data generated are being used to analyze the 

evolution of the relative vorticity of the initial circulation that intensifies into hur

ricane Guillermo. A dry case simulation performed is initialized with the ECMWF 

analysis and it is able to reproduce the wave and cyclone signatures previously ob

served. However, the cyclone is weaker and this suggests that diabatic forcing is 

important in the development of the initial circulation as well as the subsequent 

intensification. 

The wind fields from these simulations will be used to analyze the vortex 

dynamics. The wind fields derived from both of dry and moist simulations will 

be used to diagnose the relative contribution of vortex advection, stretching, and 
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tilting to the generation of the cyclonic circulation. This will help to determine 

the dynamic processes involved in the generation of the initial circulation. 
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B.l Introduction 

In the eastern North Pacific Ocean most of the tropical cyclone activity is 

concentrated within a limited area west of Central America and south of Mexico. 

Since this area is located downstream of the topography, with respect to the low

level prevailing easterly flow, the initial stages of these cyclones may be related to 

the presence of mountains. This suggests that the interaction of easterly flow with 

the mountains may act as a mechanism to generate these cyclonic circulations. 

The current knowledge of tropical cyclogenesis requires the presence of cer

tain conditions under which an initial cyclonic circulation develops into a stronger 

system. These favorable conditions include an area of positive relative vorticity at 

low levels and the origin of this circulation is still under investigation. One pro

posed source of initial circulations in the eastern North Pacific is synoptic-scale 

easterly waves. These waves originate over Africa, propagate across the Atlantic, 

and eventually reach the Caribbean Sea. 

Frank (1976) has suggested that the formation of cyclonic circulations over 

the Pacific Ocean are linked with the presence of easterly waves in the Caribbean. 

Zehnder (1991) showed that the mechanical interaction of an easterly wave with 

a topographic barrier results in the generation of a cyclonic vorticity maximum 

on the lee side of the mountains. This area of vorticity occurs when the axis of 

the wave is located upstream and may serve as the initial circulation which can 

be organized into a tropical cyclone. 

In this study, we investigate the dynamic mechanisms involved with the 

formation of the initial circulation associated with the eastern Pacific tropical 

cyclone Guillermo. This cyclone developed during the summer of 1991 and its 

initial stages were examined as part of the TEXMEX field project (Renno et 
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al. 1992). The initial circulation that becomes Guillermo is associated with an 

easterly wave over the Caribbean. 

The first evidence of a cyclonic circulation occurs while the wave axis is 

located east of the mountains. This suggests that the orographic modification of 

the easterly flow may play an important role in the generation of the initial circu

lation. In order to analyze the origin of the circulation and identify the significant 

elements involved in this formation, we use results from numerical simulations. 

These simulations are from the PSU IN CAR Mesoscale Model (MM4). 

B.2 Data 

The area of interest covers the Caribbean Sea and eastern Pacific Ocean, 

as shown in Figure B.lo In this figure the topography of Central America is 

represented and shows the mountain range of importance in the study. This range 

goes from Nicaragua to southern Mexico (95°W to 1000W) and reaches an altitude 

above 1000 m. The location of the initial circulation, which eventually transforms 

into Guillermo, is southwest of those mountains and they may play an important 

role in the initial development of the circulation associated with Guillermo. 

The location of the convection associated with the initial stages of Guillermo 

is obtained from GOES visible and infrared imagery. These images are available at 

a spatial resolution of 8 km and at hourly time intervals. In addition, the visible 

imagery is used to obtain low level winds associated with the Caribbean flow 

and cyclonic circulation over the Pacific. These winds are derived from a manual 

cloud track algorithm included in McIDAS and allows tracking the displacement 

of individual clouds at low levels. 

Synoptic-scale winds are obtained from the regular upper-air sounding 
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Figure B.1. Topography of Central America. 
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network and a global gridded analysis. The information from upper-air sites is 

available at 00 and 12 UTC and the network consists of stations located over the 

Caribbean Sea, Central America, and Gulf of Mexico. In addition, a global analysis 

from the ECMWF is used to identify the vertical structure of these systems and 

to initialize the numerical simulations with MM4. 

B.3 Observations 

The observation of the east.erly wave, which is linked with Guillermo, over 

the Caribbean Sea is performed with upper-air soundings and cloud track winds. 

The wave was detected entering the eastern side of the Caribbean on 29 July and 

moved across the Caribbean during the next days. From 29 July to 1 August wind 

shifts, from easterlies to northeasterlies, occurred in the layer from 850 to 400 mb. 

The direction of the wave axis was tilted toward the east with higher latitudes. 

The passage of the wave over the central portion of the Caribbean is de

tected from the low to middle level winds at San Juan, Kingston, and Grand 

Cayman. The wave axis passes the Central Caribbean from 1 August to 3 August 

and during this period the axis is extended from the Caribbean islands in the 

northeast to Central America in the southwest. At the time that the wave is over 

the eastern Caribbean, there is no area of cyclonic circulation over the western 

coast of Central America and this is observed with the winds derived from cloud 

tracks. However, the winds computed at 12 UTC 2 August suggest the presence of 

a closed circulation over the Pacific Ocean. This is the first evidence of a cyclonic 

circulation and at this time the wave axis is east of the mountains, over the central 

Caribbean. 

The subsequent cloud track winds indicate that this cyclonic circulation 
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intensified during the following day, while moving toward the west, and reached 

an intensity of tropical storm on 4 August. This system is upgraded to hurricane 

on 5 August, while its center is located southwest of the Isthmus of Tehuantepec 

(Rappaport and Mayfield 1992). In this case study of tropical cyclogenesis, the 

previous observations suggest that the interaction of the easterly flow with topog

raphy may be a mechanism present in the formation of the initial circulation. In 

order to identify if this mechanism is present and the dynamics involved in the 

formation of the initial circulation, we use results from numerical simulations from 

a mesoscale model (MM4). 

B.4 Numerical Simulations 

We performed a series of 48-hour simulations with MM4. In order to isolate 

the contribution from topographic effects we considered a moist and a dry case. 

In these simulations we have coarse and nested domains with resolution of 105 

and 35 km, respectively. The geographical extent of the coarse domain includes 

Central America and the surrounding portions of North and South America and 

the nested domain is over Central America as shown in Figure B.l. 

The initial conditions in these simulations come from the ECMWF analysis. 

This analysis has a horizontal resolution of 2.5 degrees and the initial time is 12 

UTC 1 August. The ECMWF analysis is chosen since it has been used to represent 

the flow in the tropics in other studies and it has skill to describe the structure of 

easterly waves in the Atlantic. At the initial time, the location of the wave in the 

analysis is in agreement with the observations and there is no circulation off the 

western coast of Central America at lower levels. 

B.4.1 Moist Simulation 
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The moist simulation is performed with a Kuo-type cumulus parameteri

zation scheme. In this scheme the amount of deep convection is determined from 

the moisture convergence and this provides heating and moistening of the layer. 

During the first 12 hours, after initialization, there is no indication of a cyclonic 

circulation off the coast of Central America. During this period, the flow over the 

Central America mountains is deflected to the south and this provides a region of 

cyclonic vorticity along the Pacific coast. At 24 hours of simulation there is a weak 

area of cyclonic circulation over the Pacific Ocean and at 36 hours a circulation is 

observed south of the Isthmus of Tehuantepec (Figure B.2). 

The extensive area of vorticity east of the vortex in Figure B.2 is associated 

with a line of confluence along the ITCZ. The cyclonic vortex is present in a layer 

from surface to 700 mb and is at a similar location of the cyclone observed with the 

satellite imagery. In the subsequent forecast time, 36 to 48 hours, this circulation 

is better defined and the area of positive relative vorticity increases its magnitude 

and depth to 500 mb. 

B.4.2 Dry Simulation 

In the dry forecast there is no thermodynamic effect of latent heat and 

the flow is approximately adiabatic. During the first 12 hours, the winds derived 

from this dry case show that there is no circulation over the Pacific, however 

there is a large area of positive relative vorticity west of the Central America 

mountains. This area is related with the horizontal shear of easterlies deflected by 

the mountains. These winds are stronger on the lee side of mountains and are in 

contrast with the weaker winds over the Pacific. 

During the following 24 hours the area of vorticity is displaced to the west 



, 
" , 
--' 

, ..... - .... , 
I I 

' ....... _ .. " 

Figure B.2. Relative vorticity (950 mb) at 36 hours of moist simulation. 
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and is observed south of the Isthmus of Tehuantepec. At 36 hours (Figure B.3), 

this area is over the same location of the vortex in the moist simulation and its 

vertical extent is from surface to about 850 mb. After 36 hours, the model vortex 

weakens and reduces its vertical extent. 

The winds derived from these numerical simulations suggest that the for

mation of a circulation over the western coast of Central America is induced by 

the orographically modified flow. The flow originated from the leading section of 

the easterly wave seems deflected by the mountains and this provides an extense 

area of relative vorticity over the Pacific. This area is located over the Pacific 

Ocean and covers a shallow layer above the surface. A further intensification of 

this initial vortex occurs with the addition of convective processes in the moist 

simulation. 

B.5 Summary 

The initial stages of the Pacific tropical cyclone Guillermo are studied. The 

winds from upper-air soundings and cloud tracks indicate that the formation of 

the initial cyclonic circulations is related with the passage of an easterly wave over 

the Caribbean. We performed moist and dry numerical simulations with MM4 

and these are initialized with an analysis from the ECMWF. 

At the time of initialization, the wave is located over the eastern Caribbean 

and there is no circulation over the Pacific. The moist simulation allows the forma

tion of the cyclonic circulation after the wave axis passed the Central Caribbean 

and a further intensification is observed. The results from the dry case suggest 

that an extensive area of vorticity develops off the western side of the Central 

America mountains, which may serve as the site of initial vortex. 
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Figure B.3. Relative vorticity (950 mb) at 36 hours of dry simulation. 
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These are preliminary results wich are part of a project under progress. The 

current work is focused to make a more detailed analysis of the flow-mountain 

interaction with the numerical simulations. Another aspect in development is 

related with the use of another convective scheme in the moist simulation. This 

scheme would represent in a more realistic way the convective processes that occur 

in the tropics. 

Acknowledgements 

This research is supported by NSF grant ATM-9113128. 

B.6 References 

Frank, N. 1976: Atlantic tropical systems of 1975. Mon. Wea.Rev., 104,466-474. 

Rappaport, E.N. and M. Mayfield, 1992: Eastern North Pacific hurricane season 
of 1991. Mon. Wea.Rev., 120, 2697-2708. 

Renno, N., L. Schade, M. Morgan, M. Bister, C. Wu, and D. Reilly, 1992: 
TEXMEX data report. Massachussetts Institute of Technology, 180 pp. 

Zehnder, J.A. 1991: The interaction of planetary-scale tropical easterly waves 
with topography: a mechanism for the initiation of tropical cyclones. 
J.Atmos.Sci., 48, 1217-1230. 



72 

APPENDIX C: 

SYNOPTIC AND MESOSCALE CIRCULATIONS ASSOCIATED 

WITH THE GENESIS OF HURRICANE GUILLERMO (1991) 

Luis M. Farfan and Joseph A. Zehnder 

Institute of Atmospheric Physics 

The University of Arizona 

Tucson, Arizona 85721 

January 1996 

(Submitted to Monthly Weather Review, 

American Meteorological Society) 



73 

C.l Abstract 

The early stages of a case of tropical cyclogenesis in the eastern Pacific 

Ocean are investigated. This case study is focused in the development of the 

initial circulation that eventually intensified into hurricane Guillermo in 1991. We 

document the synoptic and mesoscale winds from upper-air soundings, satellite 

imagery, and a gridded analysis. In addition, we use flight level data taken during 

the Tropical Experiment in Mexico (TEXMEX). These observations reveal that 

prior to the formation of the tropical cyclone an easterly wave moved over the 

Caribbean Sea. The initial circulation developed while the easterly wave was 

located over the central Caribbean, east of the mountains in Central America. 

Numerical simulations are used to examine the details of the structure of 

the flow which resulted in the formation of the eastern Pacific circulation. In 

this study, we used is the Pennsylvania State University I National Center for 

Atmospheric Research (PSU INCAR) Mesoscale Model. In these simulations, the 

model is initialized with the European Centre for Medium-Range Weather Fore

casts (ECMWF) global gridded analysis. The simulated fields indicate that the 

low-level flow, associated with the easterly wave, is blocked. This results in a 

southeasterly jet and cyclonic shear vorticity south of the mountains of Central 

America. In addition, a northeasterly jet and accompanying vorticity formed over 

the Gulf of Tehuantepec. The combination of these two jets, along with the In

tertropical Convergence Zone (ITCZ) circulation, produces a closed circulation. 

The position, structure, and intensity of this circulation are in agreement with the 

observations of the circulation that intensified into hurricane Guillermo. 
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C.2 Introduction 

Our understanding of the various aspects of tropical cyclones has increased 

substantially in recent years. Several aspects of the structure and maintenance 

of mature tropical cyclones are relatively well understood, however the details 

of their formation are still under basic investigation. The genesis of a tropical 

cyclone may be defined by the formation of an initial circulation that eventually 

intensifies and the specific origin of this circulation is still uncertain in many cases. 

It is known that prior to cyclogenesis certain perturbations (easterly waves, for 

example) interact with the environment. This interaction generates circulations 

that in some cases intensify into tropical cyclones. There are specific environmental 

conditions under which these cyclonic circulations are more likely to intensify. 

These conditions include low vertical wind shear, a warm sea surface, and high 

relative humidity (Gray 1979). 

The current theories that describe the initial development of tropical cy

clones are based in the intensification of a pre-existing circulation at low levels. 

One of these theories has been proposed by Charney and Eliassen (1964), which 

is based in the Conditional Instability of the Second Kind (CISK). In this theory, 

a conditionally unstable atmosphere is assumed. The presence of surface friction 

allows convergence of moist air in the boundary layer and ascending motion in 

the core of an existing low pressure center. This results in warming of the core 

by latent heat release, which enhances the convergence and the transport of more 

moisture to the center. From model simulations, Charney and Eliassen demon

strate that CISK leads to the intensification of an initial circulation into a tropical 

cyclone. 

An alternate theory of tropical cyclone intensification IS described by 
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Emanuel (1991). This is refered to as Wind Induced Surface Heat Exchange 

theory (WISHE), which recognizes the importance of heat fluxes from the ocean. 

In this theory, it is assumed that the atmosphere is conditionally neutral to forced 

ascent and it is destabilized by increasing the equivalent potential temperature 

(Be) in the boundary layer. This increase is due to latent and sensible heat fluxes 

into the air parcels that move over a warm sea surface. 

Numerical simulations based on WISHE indicate that the structure of Be in 

the lower and middle troposphere determines the evolution of the pre-existing cir

culation. In these simulations, an initially weak vortex is placed in an environment 

with low Be and deep cumulus convection develops. Some of the rain that falls 

from the convective clouds evaporates and downdrafts of dry and cool air form. 

This low-Be air is transported to the boundary layer, which inhibits the increase 

of Be from the surface fluxes. However, after that the lower troposphere is warmed 

and moistened substantially the cooling effect of the downdrafts is diminished and 

the core warms. These processes allow the intensification of the circulation. 

In contrast to CISK, WISHE is a finite-amplitude instability theory that is 

scale selective. This means that WISHE allows the growth of initial circulations 

that are sufficiently intense initially and with a large enough horizontal length 

scale. Rotunno and Emanuel (1987) find that the intensifying circulations must 

have a vorticity of the order of 10-5 s-l and horizontal scales of a few hundred 

kilometers. This result imposes an important restriction on the intensity and spa

tial scale of the systems that can be considered as precursors of tropical cyclones. 

Hence, in an environment with favorable conditions weak or very large circula

tions do not intensify. It is interesting to note that the selectivity of WISHE is in 

agreement with the observations on the scale of disturbances that intensify into 
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tropical cyclones. 

The description of tropical cyclogenesis should include the details of the 

intensification as well as the generation of the initial circulation in the region of 

interest. This is particularly important for a finite amplitude instability theory 

such as WISHE. The eastern Pacific Ocean is unique in that most of the initial 

circulations, that eventually intensify, originate in a limited area north of lOoN, 

east of 110oW, and west of Central America (e.g. Renard and Bowman 1976). 

The preferred region for eastern Pacific cyclogenesis is downstream of the 

Central American mountains, with respect to the prevailing easterly flow. This 

suggests that the initial circulations may be linked in some way to the presence 

of the orography. In fact, one proposed source of initial circulations is Mesoscale 

Convective Systems (MCSs) that originate over land. The initiation of tropical 

storms from MCSs has been observed in the eastern Pacific by Velasco and Fritsch 

(1987) and Zehnder and Gall (1991). In these studies, the MCSs tend to form over 

the Sierra Madre mountains and propagate westward over warm water where an 

intensification into tropical cyclones occurs. 

In addition to MCSs, another proposed source of precursor circulations is 

synoptic-scale easterly waves. Many of these waves originate over the western 

coast of Africa, move across the Atlantic, and eventually reach the Caribbean Sea 

(Reed et al. 1988). Observations from satellite imagery show the passage of these 

waves over Central America and the subsequent formation of tropical storms in 

the eastern Pacific. This suggests that easterly waves play an important role in 

the early stages of development of tropical cyclones (e.g. Frank and Clark 1980). 

However, it is not clear from these observations what physical mechanisms result 

in the intensification and reduction of the horizontal scale of the easterly waves 
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and why the intensification occurs in this region. 

One specific mechanism that links an easterly wave and the generation of 

cyclonic vorticity has been proposed by Zehnder (1991). Basically, this mechanism 

is based on the modification of the wave flow by topography. Zehnder performed 

numerical simulations using a shallow water model to show that the interaction of 

an easterly wave with a topographic barrier results in the generation of a relative 

vorticity maximum. This maximum is located in the lee of the mountain and is 

due to the southward deflection of air parcels by the mountain anticyclone. The 

resulting reduction of planetary vorticity is compensated by an increase of relative 

vorticity via the conservation of potential vorticity. This mechanism provides an 

area of vorticity with a horizontal scale consistent with the circulations that inten

sify, provided that there are otherwise favorable conditions in the environment. 

Another mechanism through which lee vorticity may be generated is de

scribed by Mozer and Zehnder (1996). In this study, a steady uniform easterly 

flow approaches idealized topography representative of the Sierra Madre. This 

interaction results in the production of cyclonic vorticity in the region that corre

sponds to the eastern Pacific. The production of vorticity is associated with the 

blocking of the low-level flow by topography and the development of an easterly 

jet that occurs to the south of the mountains. The existence of the jet is explained 

in terms of the conservation of the potential vorticity and provides an extensive 

region of cyclonic vorticity due to the shear of the horizontal winds. 

Mozer and Zehnder suggest that the presence of surface fluxes of heat and 

deep convection would allow for the further intensification of the vorticity that 

developed in their study. In addition, they argue that the inclusion of diabatic 

forcing would lead to the modification of the behavior of the flow over the moun-
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tains and the intensity of the jet by decreasing the stability of the environment. 

Other studies identify alternate mechanisms of the interaction of the east

erly flow with topography as a source of initial circulations in the lee of the moun

tains. For example, Smolarkiewicz and Rotunno (1989) show that low Froude 

number flow past a three dimensional obstacle generates lee vorticity. In this 

study, the initial flow is irrotational and the formation of a pair of counter rotat

ing and vertically oriented vortices is observed after the flow passed around the 

mountain. Smolarkiewicz and Rotunno argue that the vortices form as the flow 

moves around the mountain and the isentropes are deformed to follow the shape 

of the terrain. This deformation provides a vertical component to the relative vor

ticity through the tilting of the isentropes and this is realized as a pair of vortices 

in the lee of the mountain. 

In this paper, we examine the early stages of development of a case of tropi

cal cyclogenesis in the eastern Pacific. Our objective is to identify the source of the 

initial circulation that eventually intensified into a tropical cyclone. In particular, 

we wish to examine the role of the interaction of easterly flow with topography as a 

source of relative vorticity in the lee of the Sierra Madre mountains. In this study, 

we document the initial stages of tropical cyclone Guillermo which developed dur

ing the summer of 1991 and was examined as part of the Tropical Experiment in 

Mexico (TEXMEX) project. 

The primary objective of TEXMEX was a study of the thermodynamics as

sociated with tropical cyclongenesis. The focus of TEXMEX is on the understand

ing of the mechanism that allows the transformation of initially weak circulations 

into warm core vortices. The structure of the initial circulations was determined 

using Doppler aircraft data and flight-level winds (Renno et al. 1992). Several 
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cases of tropical cyclogenesis were examined during TEXMEX and preliminary 

observations suggest that their initial circulations are associated with the passage 

of easterly waves (Rappaport and Mayfield 1992). 

The structure and evolution of the circulation that became tropical cyclone 

Guillermo was examined during the Intensive Observation Period (lOP) # 5. This 

lOP covered the period 2-5 August and consisted of six flights that collected data 

primarily in the boundary layer and at 700 mb. An analysis of the data collected 

during these flights has been documented by Raymond and L6pez (1995). In 

other study, Bister and Emanuel (1996) discuss the thermodynamic structure of 

the cyclonic circulation that intensified into tropical storm Guillermo. 

In the present study, observations from satellite imagery and upper-air 

soundings are used to specify the structure and position of the easterly wave that 

is associated with the genesis of Guillermo. These observations indicate that the 

wave entered the eastern Caribbean on 31 July, moved toward the northwest, and 

eventually reached the Yucatan Peninsula on 3 August. The initial detection of 

a closed circulation was achieved using cloud track winds and occured while the 

easterly wave moved over the Central American mountains. This circulation had 

a horizontal scale of a few hundred kilometers and was located off to the western 

coast of Central America, south of the Gulf of Tehuantepec. Additional satellite 

imagery and the data collected by aircraft show that the circulation intensified 

while moving toward the west. During this period the convection associated with 

the cyclonic system became better organized, the low-level winds increased signif

icantly, and the circulation reached hurricane intensity on 5 August. 

There is evidence of the formation of a closed, cyclonic circulation over the 

eastern Pacific while part of the wave is still east of the mountains. Therefore, we 
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expect that the orographic modification of the easterly flow may play an important 

role in the generation of the initial circulation over the Pacific. In order to study 

the role of the modification of easterly flow in the cyclogenesis of Guillermo, we 

make use of numerical simulations from the Pennsylvania State University I Na

tional Center for Atmospheric Research (PSU INCAR) Mesoscale Model. These 

simulations provide a high resolution representation of the flow evolution prior to 

and during the formation of the initial circulation. 

In order to isolate the mechanical effect of flow modification by the terrain 

from diabatic processes we perform two simulations. One of these simulations is 

dry and another is performed using a convective parameterization scheme. Our 

simulations show that the development of lee vorticity occurs as a result of the 

interaction of easterly flow with the topography of Central America. This vorticity 

covers a broad area over the eastern Pacific and a subsequent organization is 

obtained with the addition of convective forcing. This enhancement of vortoicity 

leads to the formation of a closed circulation that has a structure and intensity 

that resembles the observations of the vortex that became hurricane Guillermo. 

The structure of this paper is as follows, in section C.3 we describe the 

sources of observational data used to characterize the development of the synoptic 

and mesoscale circulations. Section C.4 describes the observations of the flow prior 

to and during the development of the initial circulation associated with tropical 

cyclone Guillermo. A discussion of the model simulations that are focused to 

investigate the mechanisms that lead to the formation of the initial circulation 

is presented in section C.5. The final section (C.6) summarizes our results and 

suggests areas for future research. 

C.3 Data 
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The geographical area of interest in this study covers the Caribbean Sea, 

Central America, and the eastern portion of the Pacific Ocean. This region is 

shown in Figure C.1 along with a representation of the terrain, which has a reso

lution of 105 km. The mountains that extend from central Mexico to Nicaragua 

(l00oW-85°W) are identified as the Sierra Madre. Since the elevation of the Sierra 

Madre is above 2000 m, this range may play an important role in modifying the 

flow at low levels. For the purpose of this paper we will refer to the range from east 

of the Isthmus of Tehuantepec to Nicaragua (95°W-85°W) as the Central Amer

ican mountains. These mountains have a northwest to southeast orientation and 

an elevation of more than 1000 m. As it will be described in section CA, the initial 

location of the circulation that eventually intensifies into hurricane Guillermo is 

located to the south of these mountains. 

Observations from upper-air stations are used to identify the position of the 

easterly wave and to characterize its vertical structure. The structure and position 

of the wave was examined from 30 July to 4 August (1991) using soundings from 

a network of 12 stations located over the Caribbean and Central America (Figure 

C.1). Upper-air data were useful for locating the wave axis and determining the 

time that the wave passed a given station. However, the three-dimensional struc

ture of the wave is better represented in the global analysis from the European 

Centre for Medium-Range Weather Forecasts (ECMWF). The ECMWF analysis 

was chosen since it has been shown to accurately represent the structure of tropical 

waves in other studies. For example, Reed et al. (1988) have shown the ability of 

the analysis to represent easterly waves and tropical storms in the Atlantic Ocean. 

The ECMWF dataset we used is the spectral analysis with triangular trun

cation at wavenumber 106 (ECMWF /T106) and the gridded analysis at a resolu-
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Figure C.l. Topography of Central America and Caribbean Sea. Contour interval 
of terrain elevations is 500 meters. Boxes indicate the position of upper-air stations 
and the area bounded by thick lines represents the nested domain in the model 
simulations. 
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tion "of 2.5 degrees (ECMWF /G2.5). The ECMWF /TI06 truncation corresponds 

to a horizontal resolution of roughly 1.125 degrees and the fields are available at 6 

hour intervals (00, 06, 12 and 18 UTC). The ECMWF /G2.5 analysis is available 

two times per day (00 and 12 UTC). The ECMWF /T106 is used in the obser

vational analysis presented in section C.4 and the ECMWF /G2.5 provides initial 

and boundary conditions for the model simulations discussed in section C.5. 

An examination of both the ECMWF/T106 and ECMWF/G2.5 fields 

showed that there is a good agreement between the location of the wave axis 

in the analysis with that obtained from the axis passage at the upper-air stations. 

For this reason, we believe that the ECMWF analysis is adequate to illustrate the 

three dimensional structure of the easterly wave in section C.4 and to initialize 

the model for the simulations in section C.5. 

A further documentation of the location and intensity of the wave and 

accompanying convection associated with the initial stages of tropical cyclone 

Guillermo is obtained from satellite imagery. In particular, we used infrared 

and visible imagery from the Geostationary Operational Environmental Satellite 

(GOES). This imagery has a horizontal resolution of 8 km and covers Central and 

North America from 7°N to 55°N and from 60 0 W to 140oW. While the infrared 

images are useful for detecting the location of convective regions, the visible im

agery can be used to derive cloud track winds that resolve the mesoscale structure 

of the circulation over the Pacific. Cloud track winds have been used to iden

tify the structure of tropical systems in other studies. For example, Velden et al. 

(1992) used GOES imagery to document the horizontal and vertical structure of 

the circulation associated with hurricane Gabrielle (1989) over the Atlantic. 

In general, we observed a good agreement between the winds derived from 
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the cloud tracks and the ECMWF analysis. This agreement was expected since 

winds derived from cloud motion, among other sources, are included in the prepa

ration of the ECMWF analysis. In fact, observations from satellite are the dom

inant source of data over the tropical oceans in the assimilation scheme of the 

ECMWF analysis (Heckley 1991). 

C.4 Observations of the Synoptic-scale Circulation 

The synoptic-scale flow that preceded the formation of tropical cyclone 

Guillermo consisted of an easterly wave that propagated from the Caribbean into 

the southern Gulf of Mexico. While the wave moved north of the Central American 

mountains a closed, mesoscale circulation appeared in the eastern Pacific, south of 

the Gulf of Tehuantepec. This circulation intensified and eventually reached hurri

cane intensity while moving toward the west, under the influence of the prevailing 

easterlies. 

The initial propagation of the easterly wave over the eastern Caribbean 

was detected in the low to middle-level wind shifts at upper-air stations east of 

700 W (Figure C.1), from 30 July to 2 August. The evolution of the horizontal 

winds during this period at Curacao (12.2°N ,69°W) is shown in Figure C.2a. This 

figure shows the passage of the wave axis between 12 UTC 31 July and 00 UTC 

1 August. During this period a shift of the meridional component of the winds 

ocurred in the layer from 850 mb to 400 mb. The depth of the wind shift at this 

station is representative of the changes that ocurred in the other stations over 

the eastern Caribbean. Note that the shift is more pronounced at 500 mb, which 

suggests that the intensity of the wave was stronger at this level. The vertical 

structure of the wave is consistent with that observed in other studies (e.g. Reed 
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Figure C.2. Time series of horizontal winds for (a) Curacao for 30 July - 3 August 
1991 and (b) Grand Cayman for 31 July - 4 August 1991. Day and (UTC) time 
are indicated along the horizontal axis and winds at pressure levels (mb) in the 
vertical. Wind barbs represent 2.5 m s-l and the triangle 12.5 m s-l. 
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et al. 1977). 

The wave passed over the central Caribbean during the following days. 

Figure C.2b shows that the axis moved over Grand Cayman (19.3°N,81.3°W) 

after 12 UTC 2 August. This figure shows that the structure of the wave in the 

layer 850-400 mb was still maintained, but the shift of the winds below 850 mb is 

better defined at this station. The better definition of the wind shifts at low levels 

was also observed from the winds at Jamaica (17.9°N,76.8°W) and this suggests 

that the wave extended to levels close to the surface while moving over the central 

Caribbean. 

The location and propagation of the wave in the ECMWF /T106 analysis 

is shown in Figure C.3, which covers the period 31 July - 3 August. In this figure, 

wind vectors and isopleths of the relative vorticity at 700 mb are presented. At 12 

UTC 31 July (Figure C.3a) the wave axis was located around 65°W, with the axis 

tilted along a northeast-southwest direction. At this time the wave extended from 

east of the Windward Islands (55 OW) to south of Haiti (75°W), which suggests 

a horizontal wavelength of about 2000 km. The wave had a similar position and 

structure at 500 mb, but it was better defined at this level due to the strongly 

marked change of the wind direction around the axis. In contrast, winds at 850 

mb (not shown) were characterized by smaller shifts, as more nearly easterlies 

dominated the eastern Caribbean. This fact is consistent with the weal(er shifts 

that ocurred at 850 mb at Curacao (Figure C.2a), while the passage of the wave 

axis was detected in the winds above. 

The wave moved toward the central Caribbean and at 12 UTC 1 August 

the axis was located at 73°W, south of Haiti (Figure C.3b). At this time the wave 

was better defined, with the maximum of cyclonic vorticity located around the 
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Figure C.3. Winds and relative vorticity from ECMWF /T106 analysis at 700 mb 
and 12 UTC for (a) 31 July, (b) 1 August, (c) 2 August, and (d) 3 August 1991. 
The maximum wind vector is 15 m s-1 and the wave axis is indicated with the 
solid line. Contour interval of vorticity is 2.5 10-5 s-1 and positive vorticity is 
indicated with shading. 
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axis and flanked by regions of anticyclonic vorticity to the east and west. The 

leading edge of the wave extended to 85°W and this provided easterly winds over 

Central America. At 12 UTC 2 August (Figure C.3c), the axis was located at 

77°W, south of Jamaica, and extended from eastern Cuba in the north to Panama 

in the south. At this time, the wave was closer to the mountains of Central 

America and easterly flow persisted east of the mountains. The wave continued 

its movement toward the Gulf of Mexico and at 12 UTC 3 August (Figure C.3d) 

the wave axis passed north of the Central American mountains and was located 

over the western Caribbean. 

During the period in which the wave moved over the eastern Caribbean 

there was an absence of any organized low-level circulation over the Pacific, west 

of the coast of Central America. This lack of circulation is reflected in the winds 

and relative vorticity in the ECMWF analysis at 1000 mb shown in Figure C.4. At 

12 UTC 31 July (Figure C.4a), the low-level winds show that there were scattered 

areas of cyclonic vorticity over the Pacific and these were associated with merid

ional shear of the zonal winds. A similar situation was present in the Caribbean, 

where the flow was predominantly easterly. However, the winds over the central 

Caribbean had a meridional component from the north. This northeasterly flow 

was directed toward the Central American mountains and is associated with the 

approach of the leading edge of the wave at 700 mb. 

At 12 UTC 1 August (Figure C.4b), the winds east of the mountains were 

easterlies and this change is consistent with the winds close to the wave axis. In 

addition, the winds from Figure C.4b C.4b show a large band of cyclonic vor

ticity along 8°N, which is associated with the circulation along the Intertropical 

Convergence Zone (ITCZ). The ITCZ has easterly winds north of 8°N and strong 
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Figure C.4. Winds and relative vorticity from the ECMWF /T106 analysis at 1000 
mb and 12 UTC for (a) 31 July, (b) 1 August, (c) 2 August, and (d) 3 August 
1991. The maximum wind vector is 15 m s-1 . Contour interval of vorticity is 2.5 
10-5 s-1 , positive vorticity is indicated with shading, and blank areas are terrain 
elevations below 1000 mb. 
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southerlies to the south, which results in a broad region of cyclonic vorticity due 

to the curvature of the winds. 

The first evidence of a distinct maximum of vorticity at low levels occured 

when the leading edge of the easterly wave was just east of Central America. At 

12 UTC 2 August (Figure C.4c) a distinct area of relative vorticity was centered at 

about 9°N,93.5°W and had a horizontal extent of about 600 km. The maximum 

of vorticity had a magnitude larger than 2xl0-5 s-1 and is associated with both 

curvature and shear vorticity. In addition, the ECMWF analysis shows that the 

winds east of Central America continued to be easterly. This may be the result 

of the persistent influence of the wave axis that at this time is still east of the 

mountains. The analysis shows a more intense and better organized vortex at 12 

UTC 3 August (Figure C.4d), while an extensive area of cyclonic vorticity covered 

most of the eastern Pacific. Part of this area is associated with the cyclonic 

curvature of the winds around a center of closed circulation at 11 °N,98°W, with a 

maximum of vorticity of about 5xl0-5 s-1. This vorticity maximum was present 

in a deep vertical layer extending from 1000 mb to 400 mb. 

Another important contribution to the broad area of vorticity shown in 

Figure C.4d is provided by the region of strong easterly winds south of Mexico 

and west of Central America. The maximum easterlies have a magnitude of 10 

m s-1, which is larger than the winds along the ITCZ and this provides a source 

of relative vorticity from the shear of the winds in the north-south direction. A 

closer examination of the analysis shows that this easterly jet is still observed at 

850 mb and is present after 12 UTC 2 August. This corresponds to the time of 

the initial detection of the closed cyclonic circulation in the lee of the mountains. 

In addition, the development of the jet seems to be influenced by the mountains of 
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Central America. The 850 mb winds show that the easterly flow from the Central 

Caribbean is deflected to the south by the mountains and organizes as jet in the 

Pacific. This suggests that the development of the jet and the formation of the 

cyclonic circulation may be related in some way, however the resolution of the 

ECMWF analysis (1.125 degrees). In particular, the representation of the terrain 

at this resolution does not allow for an accurate representation of this effect. 

The absence of any organized circulation over the eastern Pacific prior to 

the approach of the wave axis to Central America and the time of development of 

the initial circulation was verified from satellite imagery. The cloud track winds 

calculated with images from 1 August show that the flow along the ITCZ was 

uniform and zonal, and there was no evidence of a closed circulation. For example, 

the winds at 22 UTC 1 August (Figure C.5a) show that an extensive area of 

convection developed west of Central America and this was confined to latitudes 

south of 13°N. The winds derived from cloud motion suggest that the uniform 

displacement experienced by the convective system was relatively weak and due 

west. This is consistent with the advection by the prevailing easterly winds in the 

region shown in Figure C.3. 

The cumulus clouds used to track cloud motion in the Pacific indicate that 

the winds in Figure C.5a are representative of the low to middle levels of the 

troposphere. This is consistent with the 850-500 mb level winds in the ECMWF 

analysis. In some cases, there are spurious winds and are the result of incorrectly 

tracked upper-level clouds having the same granular appearence on the visible 

images as the low-level cumulus. One of these cases is observed in the upper-level 

westerly winds over the central Caribbean in Figure C.5a. 

Figure C.5a corresponds to the last visible image that was available to 
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Figure C.5. GOES visible image and cloud track winds at (a) 22 UTC 1 August , 
(b) 14 UTC 2 August, and (c) 14 UTC August 3 1991. Wind barbs are in units 
of knots and the dashed line indicates the wave axis. 
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calculate cloud track winds on 1 August and the winds obtained in the morning 

of 2 August indicate the presence of a closed circulation. At 14 UTC 2 August 

(Figure C.5b), this circulation was located west of Central America and 

centered at 9°N,91.2°W. The circulation had maximum winds of about 10 m s-l 

and horizontal scale of about 400 km, which is in agreement with the vorticity 

maximum that the ECMWF represented at 1000 mb (Figure CAc). In addition, 

there was an extensive area of convection to the north and west of the center of 

circulation, which is in contrast to the lack of convection in the center and south. 

During the next hours part of the western section of this convection evolved into 

a line and moved rapidly toward the west, which is suggestive of a tropical squall

line. This feature is located south of the Gulf of Tehuantepec in Figure C.5b. 

Another interesting feature in Figure C.5b is the location of the line of wind 

shift that defines the position of the easterly wave axis. This line appears south 

of central Cuba, close to SooW, which is in agreement with the position of the 

700 mb wave from the ECMWF analysis at 12 UTC 2 August (Figure C.3c). The 

similarity in the position of the wave from the winds from cloud tracks and the 

ECMWF analysis indicates that the initial detection of the closed circulation over 

the eastern Pacific ocurred while the wave was over the central Caribbean and the 

wave axis was just east of Central America. 

The presence of the closed circulation was investigated from the TEXMEX 

flights during lOP #5. The first mission of this lOP was launched on 2 August 

and data was collected during the period 11-15 UTC. The data from this flight 

indicated that there was no evidence of a closed circulation. This was due, primar

ily, to the location of the flight pattern, which was west of the center of circulation 

shown from the satellite winds. The flight track was confined to a region located 
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at about 400 km from the center of the circulation and this area corresponds to 

the southern section of the squall-line that lead the circulation in Figure C.5b. 

The observed winds were northeasterlies and this is consistent with the winds in 

the northwestern quadrant of the circulation in the satellite imagery. 

The first detection of the circulation from flight data occurred early on 3 

August during the second flight of lOP # 5 (Renn6 et al. 1992). This flight took 

observations from 01 to 06 UTC and performed a series of penetrations that found 

a center of circulation at 975 mb and 700 mb. The area of search covered an area 

of 350 by 350 km and the center of circulation was found close to 10.3°N,95.5°W, 

with maximum winds of 10 m s-1. 

Additional cloud track winds indicate that the cyclonic circulation became 

better organized on 3 August, while moving toward the west. Cloud track winds at 

14 UTC 3 August (Figure C.5c) indicate that the cyclonic circulation was located 

south of the Gulf of Tehuantepec and centered at 10.5°N,95°W. The winds from 

cloud motion do not suggest an increase of the wind speeds. However, these winds 

show that the horizontal coverage of the vortex had increased and at this time was 

larger than 400 km in diameter. In addition to the increased horizontal scale, the 

convection associated with the Pacific circulation was more active and most of the 

developing clouds were to the north of the circulation. As the system moved to the 

west of the Isthmus of Tehuantepec more intense convection developed close to the 

Mexican coast. This intensification may be the result of the warmer sea surface 

temperatures and enhanced surface fluxes of heat that Raymond and L6pez (1995) 

found in the region immediately south of the coast. 

The subsequent evolution of the cyclonic circulation was documented from 

the remaining flights of lOP #5. The fourth TEXMEX flight (03-12 UTC 4 Au-
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gust) observed that the maximum winds in the circulation increased to about 18 

ms-1 and the National Hurricane Center upgraded the circulation to tropical de

pression. A further intensification of the depression occured later, the circulation 

was named tropical storm Guillermo late on 4 August and upgraded to hurri

cane on 5 August. The hurricane intensity was reached when the circulation was 

centered close to 15°N,103°W. 

C.5 Numerical Simulations from Mesoscale Model 

The observations discussed in section C.4 suggest that a change in the 

direction of the prevailing winds in the Caribbean may be involved in the formation 

of the circulation that eventually intensified. This change appears to be associated 

with the propagation of an easterly wave. We would like to identify the specific 

mechanisms involved in the formation of this circulation and in particular the role 

that topography plays in modifying the flow. The generation of the circulation 

could be examined using the ECMWF data described in section C.4. However, 

there are some limitations imposed by this data, in particular the relatively coarse 

spatial and temporal resolution of the fields. 

In order to improve our fields, we perform numerical simulations with a 

mesoscale model. These simulations provide a higher resolution of both the terrain 

and the corresponding flow than that available from the ECMWF analysis. An 

additional advantage of utilizing model simulations is the possibility of considering 

specific physical processes individually. In this study, we would like to separate 

the contribution of topographic modification of the flow from simple advection of 

vorticity by the large scale flow and processes associated with convection. 

We attempt to separate the orographic modification of the flow by perform-
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ing one dry and one moist simulation, with a convective parameterization included 

in the latter case. The dry simulation will be used to isolate the mechanical re

sponse of the flow to the terrain and the resulting development of lee vorticity. 

The moist simulation will provide information on the modification of the response 

of the flow to the topography and further evolution of lee vorticity maximum. The 

fields generated in these simulations will be used to evaluate the effect of the inter

action of easterly flow with the mountains. Also, these fields will help to identify 

the specific changes in the upstream flow that result in the development of the 

initial circulation in the eastern Pacific. 

C.S.1 Model Description 

We use the PSU INCAR Mesoscale Model (Grell et al. 1993), which is a 

three-dimensional primitive equation model. The model is formulated in sigma co

ordinates and includes parameterization of physical processes that are important 

for mesoscale systems. This model has been used successfully to simulate convec

tive systems in middle latitudes, such synoptic-scale cyclones and MCSs (Anthes, 

1990). 

The PSU INCAR model has also been used to study the structure and devel

opment of convective systems in the tropics. For example, Simpson and Stauffer 

(1995) examined several cases of tropical cyclogenesis over the western Pacific. 

Another relevant application of the model is the simulation of the interaction of 

flow with topography as a source of lee vorticity. For example, Kuo et al. (1988) 

simulated the development of a vortex induced by the Tibetean Plateau. In other 

study, Mozer and Zehnder (1996) performed an analysis of the interaction of east

erly flow over idealized terrain representing the Sierra Madre. Mozer ans Zehnder 
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find that the upstream flow is blocked by the topography and this results in a 

region of low-level vorticity in the lee of the mountains. 

In these simulations we use a coarse grid domain with a horizontal resolution 

of 105 km and a finer nested grid with 35 km resolution. The geographical coverage 

of the coarse grid includes Central America and the surrounding portions of North 

and South America (1O.3°S-37.6°N and 52.4°W-117.6°W). The nested grid model 

is centered over Central America as shown in Figure C.l. During the simulations 

there is a two-way interactive scheme where the coarse grid provides boundary 

conditions to the nested grid and this grid provides feedback to the coarse grid 

(Zhang et al. 1986). There are 23 sigma levels in the vertical, with six of them 

below 850 mb and the top of the atmosphere is at 50 mb. A multi-level boundary 

layer scheme, as described by Zhang and Anthes (1982), is applied to this layer. 

Diabatic forcing is represented via the Kain-Fritsch cumulus parameteri

zation scheme (Kain and Fritsch 1993). This scheme is applied on the fine grid, 

while a Kuo-type convective scheme (Anthes et al. 1987) is used in the coarse 

domain. The Kain-Fritsch scheme has been succesfully used to represent the evo

lution of MCSs and is designed for resolutions of few tens of kilometers. In this 

scheme, there is an explicit formulation of entrainment and detrainment between 

the cloud and environment and the scheme imposes the conservation of mass, 

thermal energy, moisture, and momentum. 

The Kain-Fritsch scheme has been used by Stensrud et al. (1995) to simu

late the convection associated with the North American Monsoon over the Sierra 

Madre. One relevant result described by Stensrud et al. is a representation of the 

low-level winds over the Gulf of California and the Sierra Madre mountains, which 

agrees favorably with the observations. This result suggests that the Kain-Fritsch 
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is a good scheme to use in our moist simulation since we want to simulate the 

effect of moist processes in the flow over tropical mountains. 

The effects of solar and terrestrial radiation are included in our model sim

ulations using the radiative transfer scheme described by Dudhia (1989). This 

scheme is based in the computation of the longwave emission and shortwave re

flection at individual levels and includes the effects of absorption and scattering 

due to clouds. The net result from these fluxes can be either radiative heating or 

cooling at individual levels. In addition, the net radiation at the surface is used 

in the prediction of the ground temperature, which is based on a surface energy 

budget. 

Sea surface temperatures are derived from the climatology for the month 

of August and the initial and lateral boundary conditions for the simulations are 

taken from the ECMWF /G2.5 analysis. The large scale flow is adequately repre

sented in this analysis and this was verified by comparison with the ECMWF /T106 

analysis and the cloud track and upper-air winds discussed in section C.4. The 

use of the ECMWF fields is due to availability and the ease of incorporation of 

the Four Dimensional Data Assimilation (FDDA) scheme. This scheme is based 

on newtonian relaxation or nudging where forcing terms are added to the model 

equations to gradually nudge the model fields toward the analysis. 

In our simulations we used a FDDA scheme by Stauffer and Seaman (1990), 

which is applied to both winds and temperature. The scheme is used to supress 

noise and maintain the structure of the wave during the initial period of forecast 

(first 24 hours) in the coarse and fine domains. In the dry simulation, the wave 

tends to damp during the initial 24 hours and this probably due to the removal of 

the model physics (i.e. convection) that maintains the wave in the real atmosphere. 
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Nudging is also applied in the moist simulation for consistency. In the remaining 

period of simulation, nudging is applied only to the coarse domain, which provides 

boundary conditions to the fine grid. This is done for the supression of noise 

generated at the boundary of the coarse and fine nested grid. 

The period of time covered in the model runs allows the simulation of the 

structure and evolution of the easterly wave as it approaches Central America, as 

well as the resulting response of the flow to the terrain. The model simulations 

start at 00 UTC 1 August and run for 60 hours. This period begins 36 hours 

prior to the first identification of the initial circulation from the ECMWF fields 

and satellite imagery and ends near the time when the circulation reached tropical 

depression intensity. The simulations begin sufficiently far ahead of the time that 

the initial closed circulation is detected to allow us to examine the details of 

evolution of the flow. 

C.S.2 Initial Conditions 

The wind and vorticity distributions at the time of model initialization (00 

UTC 1 August) are shown in Figure C.6 for the 500 mb, 700 mb, 850 mb, and 950 

mb levels. In this figure, the fields correspond to the coarse grid and they have 

been interpolated from their original resolution of 2.5 degrees. Figures C.6a and 

6b show that the signature of the easterly wave is evident at 500 mb and 700 mb, 

as in ECMWF /TI06 fields shown in figure C.3. At 700 mb the axis of the wave 

is located at 66°W and extends horizontally from 55°W to 75°W. At the 500 mb 

level the wave is better defined and the wave axis is shifted to the west, which 

suggests a tilting of the wave with height. Even though there is little evidence of 

wind shifts at lower levels, the signature of the wave is still present at 850 mb 
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Figure C.6. Initial winds and relative vorticity for model simulations at 00 UTC 
1 August for (a) 500mb, (b) 700mb, (c) 850mb, and (d) 950mb. The maximum 
wind vector is 15m s-1 and the wave axis is indicated with the solid line. Contour 
interval of vorticity is 2.5 10-5 s-1 , positive vorticity is indicated with shading, 
and blank areas are terrain elevations below the corresponding pressure level. 
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(Figure C.6c) and at 950 mb (Figure C.6d). This is due the shifts around 66°W, 

which tend to be northeasterly to the west and more nearly easterlies to the east 

of this location. This position is is agreement with the location of the wave axis 

at the 700 mb level 

Figure C.6 also shows that at the initial time there is no evidence of a low

level circulation over the eastern Pacific. In the southern portion of this basin the 

flow is associated with the ITCZ, which at 950 mb appears as a band of confluence 

and cyclonic vorticity along 8°N extending from Central America to the western 

edge of the domain. Note that the flow north of lOON has weaker winds and 

is covered by a large area of anticyclonic vorticity that extends to the coast of 

Mexico. At 850 mb the signature of the ITCZ is weaker and the flow south of the 

Mexican coast is still characterized by anticyclonic vorticity due to both shear and 

curvature of the winds. 

The infrared satellite imagery corresponding to the time of model initial

ization (not shown) indicates that there is relatively little organized convection 

over the Pacific, west of 85°W. This is consistent with the lack of any closed cir

culation over this area in the fields from the ECMWF analysis. In contrast to 

the relatively quiet atmosphere over the Pacific, the imagery shows that there is a 

band of deep convection along 8°N, from Central America to the northern portion 

of South America. This band may be the result of the large area of convergence 

over Panama in the low-level winds from the analysis shown in Figures C.6c and 

6d. 

C.S.3 Dry Simulation 

The discussion in section C.5.2 indicates that the general character of the 
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large scale fields in the ECMWF is adequately represented. However, there is 

relatively little cyclonic relative vorticity over the eastern Pacific, north of lOoN, 

and no indication of a closed circulation in this analysis. During the first 12 

hours of model integration, the low-level winds and relative vorticity in the dry 

simulation (not shown) are similar with those at the time the model was initialized. 

This is probably due to the nudging that was applied during the first 24 hours. 

However, the evolution of the flow during the subsequent period of simulation 

shows that an extensive area of low-level vorticity developed over the eastern 

Pacific. The production of this vorticity seems to be related to the presence of the 

mountains in Central America and the response of the flow to the better resolved 

topography. 

In order to illustrate the structure and evolution of the low-level flow during 

the dry simulation, we present the winds and relative vorticity corresponding to 

the nested grid, as shown in Figure C.7. This figure shows the fields at 24, 36, 48, 

and 60 hours into the dry simulation at the 950 mb level. Note that the fields of 

positive relative vorticity are shaded to highlight areas of cyclonic vorticity. This 

method of representing the relative vorticity is chosen to facilitate comparison 

with the moist simulation in section C.5.4, where the inclusion of the diabatic 

forcing generates numerous small scale vorticity maxima. Here, we are interested 

in the evolution of the vorticity on a horizontal scale comparable with that of the 

initial closed circulation rather than the fine scale structure. Focusing on the low

level fields helps to emphasize that the relative vorticity is being generated in the 

Pacific. This is due to the lack of vorticity in the initial fields or in the upstream 

winds that are associated with the wave in the Caribbean. 

Figure C.7a shows the fields at 24 hours into the simulation and at this 
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Figure C. 7. Winds and relative vorticity from dry simulation at 950mb for (a) 24 
hours, (b) 36 hours, (c) 48 hours, and (d) 60 hours into model run. The maximum 
wind vector is 15m s-1 and the wave axis is indicated with the solid line. Shading 
indicates positive relative vorticity and blank areas are terrain elevations below 
950mb. 
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time the Caribbean is dominated by easterly winds north of lOoN. This figure 

shows that there is a wind shift at about 78°W with southeasterlies east of this 

longitude and more nearly easterlies to the west. A similar shift in the wind 

direction is seen in the winds at 700 mb (not shown) and there is a clearly defined 

wave axis at this level. The position of the wave axis at 700 mb is close to 75°W, 

which suggests that the wind shift at 950 mb is the signature of the easterly wave 

at middle levels. There is also a maximum in magnitude of the easterly winds that 

coincides with the location of the wave axis above and the accompanying cyclonic 

shear vorticity is also part of the low-level signature of the wave. 

As the wave propagates toward the west, the winds south of 20° and east 

of Central America shift from the climatological southeasterlies to a more easterly 

direction. This results in a low-level flow that is incident on rather than along the 

Central American mountains. The change in the incident wind direction results 

in a blocking of the flow at low levels and a diversion of this flow to the south. 

This flow perturbation is confined to the levels below and immediately above the 

mountains, which is consistent with the blocking effect of the terrain. 

The blocking of the flow causes an increase in the magnitude of the east

erly winds over the eastern Pacific. In particular, the winds north of lOoN and 

close to the coast have increased over the values present at the beginning of the 

simulation (Figure C.6d). The stronger winds are located in a region that is down

wind and south of the mountains. The maximum speed is about 7 m s-1 at this 

time as compared with 3 m s-1 in the model initial fields. The location of the 

enhanced easterly flow provides an area of cyclonic shear vorticity that strengthes 

and increases the northward extent of the vorticity maximum associated with the 

ITCZ. 
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The areal coverage of the cyclonic vorticity over the eastern Pacific increases 

with time and after 24 hours of model simulation this vorticity covers most of the 

area west of the coast of Central America. This occurs while the axis of the wave 

approaches the eastern side of the Central American mountains and the upstream 

flow becomes more nearly easterly. At 36 hours of simulation (Figure C. 7b), the 

area of positive vorticity extends from lOoN to the coast of Mexico and has a 

maximum intensity of 3x10-5 S-l, close to 11 °N,93°W. The increased coverage of 

the cyclonic vorticity results from the jet of easterly winds that develops along the 

western coast of Central America. This coastal jet is oriented along a southeast

northwest direction, has maximum winds of 10 m S-1, and is confined to a few 

hundred kilometers off the coast. In addition, the jet extends from 85°W to 95°W 

and its eastern boundary is located close to the mountains. This suggests that the 

development of the jet may be related to the modification of the easterly flow that 

approaches the mountains. 

The tendency of the incident flow to be blocked by the mountains is char

acterized by the Froude number. This number is defined as Fr = U /Nh where 

U, N, and h refer to the characteristic wind speed, Brunt-Viiisiillii frequency, and 

mountain height respectively. Characteristic upstream values of the wind speed 

and Brunt-Viiisiillii frequency were obtained from the model fields. Typical values 

at the 900 mb level are U=6 m S-l, N=1.18x10-2 S-l, and h=l km, which gives 

a value of Fr=0.5. This value suggests that the flow incident upon the mountains 

is in the low Froude number regime (Fr < 0.6) which has been investigated by 

Smolarkiewicz and Rotunno (1989). Smolarkiewicz and Rotunno found that in 

this regime an initially zonal flow moves around an isolated mountain and this 

induces the development of vorticity maxima in the lee. 
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In a rotating atmosphere, the parameter that characterizes blocking by a 

two-dimensional ridge is the product of the Rossby number (Ro=U /fL) and the 

inverse of the Froude number (Pierrehumbert and Wyman 1985). Blocking is 

expected when this product is larger than unity and for isolated topography this 

would result in the tendency of the flow to go around, as opposed to go over the 

mountain. We considered a representative value of the Coriolis parameter at 15°N 

and took the characteristic length scale to be the mountain halfwidth L=300 km. 

These values, along with the Froude number described above give Ro/Fr=l.l. 

Hence, the blocking criterion described by Pierrehumbert and Wyman is satisfied 

and this suggests that the flow is more likely to be blocked rather than to go over 

the mountains of Central America. The deflection to the south is the result of the 

deceleration of the flow near the mountains and the diversion to the left, down the 

pressure gradient. 

The blocking of the flow was verified through an analysis of parcel trajec

tories (not shown). The trajectories indicate that the parcels that are part of the 

flow associated with the coastal jet originate east of the Central American moun

tains and close to the coast. During their trajectory around the southern end of 

the mountains the vertical displacement of these parcels was relatively small. This 

is a consequence of the strong stability present in this simulation. 

The relatively small vertical and large horizontal displacements of the 

parcels are further evidence that the downstream vorticity is produced in a man

ner similar to that described in the study by Mozer and Zehnder (1996). In this 

study, the existence of the jet is explained in terms of the conservation of the 

Ertel potential vorticity. As the upstream parcels are blocked they curve cycloni

cally as they move toward lower latitudes, thus conserving the potential vorticity. 
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However, after the flow passes the mountains the winds become zonal. In order 

to conserve potential vorticity, in the presence of decreased curvature vorticity, 

the horizontal shear has to increase and this is realized near the southern end of 

the mountains. Thus, the presence of the easterly jet and shear vorticity over the 

eastern side of the Central American mountains is likely to be the result of the 

blocking of the flow that ocurred in our simulation. 

Figures C. 7 c and 7 d show the 950 mb fields at 48 and 60 hours of simulation, 

respectively. At these times, the eastern Pacific is still dominated by cyclonic 

vorticity associated with the easterly jet that remains south of the mountains. 

Note that the structure of the winds along the coast is qualitatively similar to 

that present in the ECMWF winds in Figure CAd. In addition, the signature of 

the easterly wave moved over the western Caribbean and the line of wind shift at 

60 hours is close to the Yucatan Peninsula (88°W). During the period 48-60 hours 

the wave moved north of the mountains in Central America, while the low-level 

winds over the Yucatan Peninsula and Gulf of Mexico were southeasterlies and 

along the mountains. 

An important feature to note in Figure C.7 is the weakening of the struc

ture associated with the ITCZ that occurs throughout the course of the model 

simulation. During the first 36 hours of simulation there is a curvature vorticity 

in the wind field due to the easterlies that are present west of the coast and the 

southerly winds south of lOoN. However, during the period 48-60 hours the model 

is not able to maintain the characteristic structure of the ITCZ and all that re

mains is a band of weak westerly winds along lOON. This behavior of the model 

is consistent with the absence of convective processes having a major impact in 

the maintenance of the ITCZ and these processes must be included to maintain 
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its structure. If the ITCZ were still present, the cyclonic vorticity in the lee of the 

mountain would have been larger in magnitude. In this case, there would have 

been a superposition of the vorticity of the ITCZ with that of the coastal jet. 

The dissipation of the ITCZ in the dry simulation is an unfortunate aspect 

of the removal of some of the model physics. However, this simulation is still of 

value since it isolates one aspect of flow interacting with the terrain that is still 

present in the moist simulation. The results from this simulation are described in 

next section. 

C.S.4 Moist simulation 

In order to examine the response of the flow to the terrain in the presence 

of diabatic forcing we perform a moist simulation. This simulation makes use of 

the same initial fields as in the dry simulation and with the inclusion of the Kain

Fritsch convective parameterization. During the first 12 hours of moist simulation 

(not shown), the low-level winds and vorticity are similar to the fields that were 

generated in the dry case. At 12 hours, there is a region of wind shifts associated 

with the easterly wave axis. Te flow over the eastern Pacific is dominated by the 

circulation associated with the ITCZ and anticyclonic vorticity south of Mexico. 

At 24 hours of simulation (Figure C.8a) the structure of the easterly wave 

at 950 mb is better defined than in the dry case, which is evident from the north

easterly winds west of Jamaica and easterlies to southeasterlies east of the island. 

This is in contrast to the zonal easterlies ahead of the axis in the dry simulation. 

The winds associated with the leading edge of the wave provide a northeasterly 

flow which is incident on the Central American mountains. This direction of the 

prevailing low-level winds extends along most of the east coast of Central America 
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and into Mexico. 

The better definition of the wave at low levels may be the result of the 

inclusion of more representative model physics. Another possibility is that the 

convection decreases the stratification at low levels, thus providing a better surface 

signature of the wave. The ECMWF fields described above, as well as numerous 

observational studies (e.g. Reed et al. 1977) show that the easterly waves have 

a maximum amplitude between 500 mb and 700 mb. The decrease in low-level 

stability increases the Rossby depth and hence the low-level signature of the mid

level potential vorticity anomaly associated with the wave. 

The response of the low-level upstream flow shown in Figure C.8a is similar 

in some respects to that in the dry simulation. As in the dry case, there is a block

ing of the flow and diversion of the flow around the south end of the mountains 

in Central America resulting in the formation of a coastal jet. However, in this 

simulation there is a formation of an additional low-level northeasterly jet over 

the Gulf of Tehuantepec that is the result of flow through the Isthmus of Tehuan

tepec. This isthmus is a gap between the Central American mountains and the 

Sierra Madre and is located at about 94°W. The lack of this flow feature in the 

dry simulation is due to the difference in the incident wind direction. Here the 

upstream winds are northeasterly as opposed to the southeasterly flow (along the 

coast) in the dry simulation. 

Figure C.8b shows the 950 mb wind and vorticity at 36 hours into the 

model simulation. At this time the wave is still located east of the mountains 

with the wave axis at 950 mb located at around 82°W. The upstream winds are 

predominantly easterlies and there is a better definition of both the easterly coastal 

and the northeasterly jet over the Gulf of Tehuantepec. Also, note that the flow 
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Figure C.8. Winds and relative vorticity from moist simulation at 950 mb for 
(a) 24 hours, (b) 36 hours, (c) 48 hours, and (d) 60 hours into model run. The 
maximum wind vector is 15m s-1 and the wave axis is indicated with the solid line. 
Shading indicates positive relative vorticity and blank areas are terrain elevations 
below 950mb. 
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associated with the ITCZ is better defined as there are stronger southerly winds 

south of lOoN than in the dry simulation. This better defined ITCZ is maintained 

throughout the entire moist simulation as opposed to the weakening ITCZ in the 

dry case. 

The moist simulation allows us to identify three elements that are important 

in the definition of the closed circulation in the eastern Pacific. These elements are 

a coastal jet off Central America, a northeasterly jet over the Gulf of Tehuantepec, 

and the ITCZ at lower latitudes. The combined effect of these three features 

provide the first evidence of a closed, low-level cyclonic circulation. The center 

of this circulation is located at about 12°N,95°W, covers a diameter of about 500 

km, and has a maximum vorticity of more than 2.5xl0-5 s-l. At this time, the 

vortex in the model fields is confined to low levels and does not extend above the 

800 mb level. 

It is interesting to note that 36 hours into the model simulation corresponds 

to 12 UTC 2 August. This is close to the time of the first detection of a cyclonic 

circulation from the ECMWF analysis and cloud track winds. A comparison of 

the location of the region of cyclonic circulation in Figure C.8b and that from the 

ECMWF fields (Figure CAc) and cloud motion (Figure C.5b) indicates that in the 

moist simulation the model is able to generate a closed circulation in a position 

that agrees with the observations. 

During the following hours of the moist simulation, the low-level circulation 

continues to intensify and at 48 hours (Figure C.8c) the maximum relative vorticity 

is in excess of 5xl0-5 S-l. In addition, the easterly wave axis is now located north 

of the mountains of Central America (85°W) and a transition toward southeasterly 

winds behind the axis is observed east of the mountains. This causes the flow to 
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move along the mountains and then through the Isthmus of Tehuantepec. This 

results in a weakening of the coastal jet associated with the blocking and an 

enhancement of the jet over the Gulf of Tehuantepec. 

In addition, there has been a northward displacement of the region of 

southerly winds associated with the ITCZ. This flow originates south of lOoN 

and while approaching the mountains is deflected to the west, moving in a direc

tion that is parallel to the coast and thus reinforcing the coastal jet. It is possible 

that the northward movement of the region of southerly winds is due to the en

hanced low-level winds in the developing vortex. The stronger sea surface fluxes 

associated with the coastal jet and the Gulf of Tehuantepec jet enhance convec

tion, which in turn leads to stronger surface convergence. This is represented in 

the model by the stronger southerlies that extend farther north and suggests that 

the displacement of the ITCZ in the model is the result, rather that a cause of the 

cyclogenesis. 

During the remainder of simulation, the cyclonic circulation continued to 

intensify and at 60 hours is observed as a deep and intense vortex. Figure C.Sd 

shows that this cyclonic circulation is centered at 13°N,95°W, has horizontal scale 

of about 500 km, and a maximum vorticity in excess of 7.5x10-5 s-l, with winds 

close to 15 m s-l. 

Additional information on the vertical structure of the developing cyclone 

at the end of the simulation is shown in Figure C.9. The winds in Figure C.9a 

show that a large and intense area of outflow occurs at 250 mb and south of the 

Gulf of Tehuantepec, which is consistent with the intensification of the low-level 

circulation. At 500 mb (Figure 9C.b) and 700 mb (Figure C.9c) there is no closed 

circulation, however the influence of the strong low-level vortex is reflected as a 
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region of enhanced vorticity due to a sharp shift of the winds. Also, note that the 

position of the easterly wave axis at the 500 mb and 700 mb levels is still upstream 

of the mountains, over the western Caribbean. 

The cyclonic circulation reaches maximum intensity at 850 mb where the 

winds are close to 17 m s-l, as shown in Figure C.9d. The circulation at 850 mb 

has a horizontal scale that is larger than that observed at 950 mb (Figure C.8d) 

and is oriented in a northeast-southwest direction. Note that the circulation at 

850 mb is elongated with an axis that extends from southwest to northeast. This 

is also the orientation of the line of wind shift south of the Gulf of Tehuantepec 

at both the 700 mb and 500 mb levels. This orientation is in agreement with 

the observed structure of the winds from aircraft data during the TEXMEX lOP 

# 5. The flights performed on 3 August show that the winds at 700 mb had a 

closed circulation and this was tilted along a northeast-southwest direction as is 

described by Raymond and Lopez (1995). 

An assessment of the potential for flow blocking was performed in a manner 

similar to that described in section C.5.3. For the moist simulation, the represen

tative values of the Froude number show that the stability is relatively constant in 

time and is smaller than that in the dry simulation. The characteristic values of 

U and N at 900 mb were 8 m s-l and 1.10x10-2 S-l, which give a Froude number 

of Fr=0.97. This gives a value of Ro/Fr=0.97 which is less than that in the dry 

simulation and indicates that the flow would have less tendency to be blocked by 

the mountains. The analysis of the trajectories of the parcels that originate off 

the eastern coast of Central America (not shown) reveals that parcels do tend to 

move over the mountains. This is probably due to motions associated with the 

convection rather than a mechanical response to the marginal decrease in stability. 
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C.6 Summary 

The observations in section C.4 along with the numerical simulations de

scribed in section C.5 provide insight into the evolution of the cyclonic circulatio 

that eventually intensified into hurricane Guillermo. The initial circulation results 

from the interaction of an easterly wave, which propagates into the region from 

the Caribbean, with the mountains of Central America. 

The essential elements in this interaction are the easterly flow over the 

Caribbean and the wave perturbation. This perturbation changes the direction 

of the low-level flow from the climatological southeasterlies to easterlies, forcing 

it to be incident upon the mountains. The response of this upstream flow is the 

formation of a coastal jet associated with the blocking and deflection of the flow 

around the south end of the mountains. These results in the formation of a jet 

from the flow through the Isthmus of Tehuantepec. The combination of these 

flow features, along with the ITCZ, provide the first evidence of the initial closed 

circulation in the eastern Pacific. 

Early in the model simulations (0 to 24 hours), the easterly wave moves 

over the eastern Caribbean and the flow fields downstream of the terrain in the dry 

and moist cases are similar. The flow from the leading edge of the wave is blocked 

by the mountains and diverted to the south. This deflection of the flow results 

in the formation of a coastal jet and an accompanying region of cyclonic shear 

vorticity to the south and west of the mountains. Even though the static stability 

decreased in the moist simulation, the blocking effect of the mountains seems to 

be comparable in both simulations. This suggests that the change in the stability 

is not a dominant factor in the intensity of the jet that developed. This result is in 

agreement with the results of Mozer and Zehnder (1996) on the sensitivity of the 
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easterly jet to changes of the static stability. In that study, Mozer and Zehnder 

observed that for the range of Brunt-Vaisiilla frequencies from O.55xlO-2 s-l to 

1.22xlO-2 s-l a jet develops. However, the relative increase of the downstream 

wind is small so the intensity of the jet remains approximately constant for the 

range of Brunt-VaisaIla frequencies tested. 

A more fundamental difference between the dry and moist simulations is 

the development of a northeasterly jet over the Gulf of Tehuantepec. This jet was 

not present in the dry simulation and seems to be the result of the flow upstream 

of the terrain being more northeasterly in the moist simulation. This direction 

of the incident flow is associated with a better definition of the easterly wave at 

low levels over the Caribbean. In the dry simulation the winds over the Gulf of 

Mexico were southeasterlies and this resulted in a flow that was aligned along the 

Sierra Madre. In contrast, the incident wind direction in the moist simulation 

allowed the flow to move though the Isthmus of Tehuantepec. This results in the 

development of the northeasterly jet in the Gulf of Tehuantepec. 

The combined effect of the northeasterly jet, the coastal jet and the 

southerly winds associated with the ITCZ is responsible for the formation of the 

low-level circulation that eventually intensified. In the dry simulation, there is no 

jet in the Gulf of Tehuantepec and the diabatic processes necessary to maintain 

the ITCZ are not included. The latter causes the model ITCZ to weaken and all 

that remains is the shear vorticity associated with the coastal jet. The lack of 

these two key elements explains why there is no indication of a closed circulation 

in the dry simulation. 

This study identified three elements, two of which are associated with the 

presence of topography, that contribute to the organization of the initial circula-
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tion which eventually became a tropical cyclone. Due to the unique geographical 

features of this area it is unlikely that these results can be applied to other lo

cations in the tropics. An identification of the upstream flow configurations that 

result in the genesis of tropical cyclones in the eastern Pacific will enhance our 

ability to provide advance warning of tropical cyclone landfall on the west coast 

of Mexico. 

Two directions of future research are suggested by this study. The first 

involves additional case studies. The current consensus among forecasters is that 

the majority of eastern Pacific tropical cyclones are associated with the presence 

of easterly waves that approach the region. It is possible that some subset of the 

flow configurations identified in this study may be dominant in other cases. There 

is likely to be a great deal of variability of the response of the flow to the terrain 

depending on the position, structure, and intensity of the incident wave. 

A second direction of research currently underway involves using a simple 

three-layer model to generalize the results presented here. The three-layer model 

simultations will allow us to isolate the individual contributions of the primary ele

ments which are the easterly wave, the terrain, and the pre-existing shear vorticity 

associated with the ITCZ. The ease of initialization of the model and the inter

pretation of results will lend insight into the fundamental mechanisms responsible 

for tropical cyclogenesis. 
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