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ABSTRACT

The in situ generation of easterly waves (EWs) in the east Pacific (EPAC) is investigated using theWeather

Research and Forecasting (WRF) Model. The sensitivity of the model to the suppression of EW forcing by

locally generated convective disturbances is examined. Specifically, local forcing of EWs is removed by re-

ducing the terrain height in portions of Central and South America to suppress robust sources of diurnal

convective variability, most notably in the Panama Bight. High terrain contributes to the initiation of me-

soscale convective systems in the early morning that propagate westward into the EPAC warm pool. When

such mesoscale convective systems are suppressed in the model, EW variance is significantly reduced. This

result suggests that EPAC EWs can be generated locally in association with higher-frequency convective

disturbances, and these disturbances are determined to be an important source of EPAC EW variability.

However, EPAC EW variability is not completely eliminated in such sensitivity experiments, indicating the

importance for other sources of EW forcing, namely, EWs propagating into the EPAC from West Africa.

Examination of the EW vorticity budget in the model suggests that nascent waves are zonally elongated and

amplified by horizontal advection and vertical stretching of vorticity. Changes in the mean state between the

control run and simulation with reduced terrain height also complicate interpretation of the results.

1. Introduction

Tropical cyclones observed in nature always originate

from preexisting atmospheric disturbances. In the east

Pacific (EPAC), many studies have hypothesized that

the most prevalent precursor disturbances are easterly

waves (EWs) originating over Africa (Simpson et al.

1969; Frank 1970; Shapiro 1986; Avila and Pasch 1992,

1995; Blake and Pasch 2010; Blake and Kimberlain

2013). This study supports the alternate view that EWs

can be initiated locally in the EPAC. Mechanisms of

in situ EW and tropical cyclone (TC) initiation in the

EPAC have previously been suggested, such as inter-

tropical convergence zone (ITCZ) breakdown (Ferreira

and Schubert 1997), barotropically unstable gap wind

jets (Mozer and Zehnder 1996), inertial instabilities

arising from cross-equatorial pressure gradients (Toma

and Webster 2010a,b), and growth of vorticity noise by

barotropic conversion in the presence of a suitable

EPAC basic state (Maloney and Hartmann 2001;

Hartmann and Maloney 2001). We hypothesize that in-

tense convective forcing originating around the Panama

Bight is able to seed EWs in the EPAC. The mechanism

proposed herein is distinct from previous ideas of remote

and in situ forcing, while not excluding them.

Tropical EWs are off-equatorial low pressure con-

vective systems that migrate westward at 5–11ms21 in

tropical easterlies. EWs are characterized by zonal

wavelengths of 2000–4400 km and periods of 3–5 days

(Tai and Ogura 1987; Serra et al. 2008) and have maxi-

mum meridional wind anomalies near 850–600hPa.

Rydbeck and Maloney (2014) showed that EWs in the

EPAC are strongly energized by 1) conversions of per-

turbation available potential energy to perturbation ki-

netic energy and 2) barotropic conversions. Rydbeck

and Maloney (2015) showed that the distribution of
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convection in growing EWs supports a southwest-to-

northeast horizontal tilt of the wave. Easterly waves

with such tilts intensify in the presence of cyclonic shear

of the mean zonal winds. This process is the leading

component of the barotropic energy conversion term in

the perturbation kinetic energy budget. The present

study investigates the origins of EW vorticity anomalies

in the EPAC, building on the previous work of Rydbeck

and Maloney (2014, 2015).

EWs have been actively identified and recorded near

and within the intra-Americas seas since at least 1887

(Dunn 1933). However, the salient dynamical and con-

vective features of EWs are often difficult to track across

the tropics. When the convective signals and wind cir-

culations of EWs are undetectable, as often occurs over

the dry and hostile Caribbean, many observational

studies have used subjective measures to track EWs. For

example, some studies have assumed a continuous EW

trajectory across the Atlantic and Caribbean, even when

the wave is not observable (e.g., Avila and Pasch 1995;

Beven et al. 2005).

However, Molinari et al. (1997) questioned the ex-

isting paradigm of continuous EW propagation across

the tropical Atlantic into the EPAC, suggesting that

EWs can be characterized as dispersive Rossby wave

packets. Under this consideration, EWs would dissipate

in the absence of deep convection before reaching the

Caribbean, Gulf of Mexico, or EPAC. Supporting this

hypothesis, previous work has shown that the western

tropical Atlantic and the western Caribbean are indeed

regions of significant EW lysis (Thorncroft and Hodges

2001; Serra et al. 2010). Although some EWs do clearly

traverse the Atlantic into the EPAC (i.e., Shapiro 1986),

many studies have suggested that the primary energy

sources for EWs in the EPAC are local to the EPAC

(Maloney and Hartmann 2001; Aiyyer and Molinari

2008; Serra et al. 2010; Rydbeck andMaloney 2014). If a

large number of EWs do fully decay in the Atlantic and

Caribbean in the absence of deep convection, the initi-

ation of in situ EWs would be necessary to support the

observed number of EPAC TCs.

Hartmann and Maloney (2001) used a simple baro-

tropic model forced with vorticity noise to suggest that

EPACEWs could be generated in situ. In themodel, the

EWs generated are similar in horizontal structure, am-

plitude, and perturbation kinetic energy distributions to

those from reanalysis. Their results suggest that in situ

EW initiation and growth in the EPAC is possible given

sufficient forcing and a favorable EPAC background

state. Supporting the contention of Hartmann and

Maloney (2001), the EW energy budget analysis of

Rydbeck and Maloney (2014) suggested that a finite-

amplitude disturbance could develop into a robust

EPAC EW in approximately 1.5–2.5 days from baro-

tropic and perturbation available potential energy to

perturbation kinetic energy conversions.

Velasco and Fritsch (1987) noted a direct relationship

between several EPAC tropical cyclogenesis occur-

rences and mesoscale convective vortices associated

with mesoscale convective complexes originating over

South America. To provide another example, TC Elida

formed in the EPAC on 11 July 2008 approximately 315

nautical miles south-southeast of Puerto Angel, Mexico,

and eventually reached hurricane strength on 14 July.

TC Elida reached a peak intensity of 90 knots (kt; 1 kt5
0.51m s21) on 16 July and gradually weakened to below

hurricane strength on 18 July. As previously mentioned,

most TCs in the EPAC are said to form in association

with waves propagating from Africa. TC Elida did not

support this paradigm in that the cyclone formed in as-

sociation with a tropical wave that first appeared near

Central America (Blake and Pasch 2010).

As can be seen in a time–longitude diagram of EPAC

700-hPa vorticity and precipitation in Fig. 1 (see section

2 for description of data), no strong predecessor signals

in the total precipitation and vorticity fields are present

outside the EPAC prior to the formation of TC Elida.

The tropical wave that led to the formation of TC Elida

is only traceable back to the coast of Central and South

America, in the region known as the Panama Bight.

Westward-propagating mesoscale convective systems

with diurnal periods are well known to routinely occur in

the Panama Bight (Mapes et al. 2003a) and are evident

in the total precipitation field shown in Fig. 1. Some of

these diurnal pulses are stronger than others. These di-

urnal mesoscale convective systems typically propagate

to the west at 15–20ms21. The precise origin of the EW

responsible for seeding TC Elida is unknown, but a hy-

pothesis on the formation of EWs near the Panama

Bight is presented in this paper.

A goal of the current study is to investigate the robust

forcing associated with the convective forcing near the

Panama Bight and its role in EW formation. We hy-

pothesize that westward-propagating convective dis-

turbances originating near the Panama Bight help to

initiate and grow EPAC EWs. Many previous studies

have noted that EPACEWs appear to originate near the

coasts of Panama and Colombia, with little to no pre-

ceding signals located in the Atlantic Ocean (Nitta and

Takayabu 1985; Tai and Ogura 1987; Serra et al. 2008;

Toma and Webster 2010b; Serra et al. 2010; Rydbeck

andMaloney 2014). In that same region (i.e., the coastal

region just west of the Colombian Andes), a large

number of mesoscale convective complexes are known

to occur during boreal summer (Velasco and Fritsch

1987). In fact, that same region has been shown to have
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the highest occurrence of organized deep convection on

the planet based on the highly reflective cloud dataset,

where convective clusters in the Panama Bight propa-

gate westward diurnally (Mapes et al. 2003a). Mapes

et al. (2003b) and Warner et al. (2003) used a regional

model to show that convection is initiated in this region

when temperature anomalies associated with westward-

propagating gravity waves cool a warm capping layer

near 850 hPa, allowing the convective available poten-

tial energy of the column to be realized. The gravity

waves and attendant convection were found to be

strongly dependent on the presence of the Andes

Mountains in Colombia. The westward-propagating

mesoscale convective systems in the Panama Bight

ceased when the mountains were removed in the

model, a fact that is utilized in sensitivity tests in the

current study.

In this study, a regional model is utilized to better

understand the underlying mechanisms of EW forma-

tion in the EPAC. In particular, the local forcing of

EPAC EWs by the strong and westward-propagating

mesoscale convective systems in the Panama Bight is

investigated. The degree to which these mesoscale

convective systems seed EWs is investigated by sup-

pressing the terrain-induced precipitation variability in

the model. Section 2 describes the regional model used

for this study, the methods for suppressing mesoscale

convective systems near the Panama Bight, and the re-

analysis and observational data used for model

comparison. Section 3 examines the model simulations

to better understand the sensitivity of EPAC EWs to

local convective forcing. Section 4 expands on this

process-level investigation of in situ EW generation by

analyzing the EW vorticity budget. Section 5 presents

some discussion and conclusions.

2. Model setup and simulations

The Advanced Research Weather Research and

Forecasting (WRF) Model, version 3.4.1, (Skamarock

andKlemp 2008) is used to investigate EWs in this study.

Previous studies have successfully employed WRF to

study tropical phenomena in regional climate simula-

tions (e.g., Tulich et al. 2011;Mallard et al. 2013; Jin et al.

2013; Alaka 2014; Kim et al. 2015). Multiple model pa-

rameterization configurations/combinations were tested

in WRF using month-long sensitivity tests to find the

most suitable set to simulate tropical synoptic variability

and the mean atmosphere in the EPAC. The settings

that best represented the variability and mean state of

the EPAC include the Kain–Fritsch cumulus parame-

terization (Kain 2004), the WRF single-moment 6-class

microphysics scheme (Hong and Lim 2006), the Com-

munity Atmosphere Model (CAM; Collins et al. 2004)

shortwave and longwave radiation, the Noah land sur-

face model, and the Yonsei University (YSU; Hong

et al. 2006) planetary boundary layer parameterization.

These parameterization settings are utilized in all

FIG. 1. Time–longitude sections of (left) 700-hPa relative vorticity (s21) and (right) precipitation (mmday21)

averaged from 38 to 138N are shown. The vertical black line indicates the longitude of the Pacific coast of South

America. The black circle shows the longitude and time of genesis for Tropical Cyclone Elida.
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simulations. Other parameterizations tested include the

Grell 3 cumulus parameterization, the WRF double-

moment 6-class microphysics scheme (Lim and Hong

2010), the Thompson microphysics scheme (Thompson

et al. 2008), and the Rapid Update Cycle (RUC) land

surface model. Many of the combinations of parameters

generated excessive amounts of mean precipitation or

underrepresented EPAC EW activity.

Simulations are conducted for the summer seasons

(May–November) of 2000–09 using lateral and boundary

forcings from the European Centre for Medium-Range

Weather Forecasts interim reanalysis (ERA-Interim)

(0.758; Dee et al. 2011). SSTs and lateral boundary

conditions are updated every 6 h. The outer- and inner-

nest grid spacings are 54 and 18 km, respectively, and

encompass much of the Caribbean, Gulf ofMexico, and

EPAC warm pool, as shown in Fig. 2. The model has 31

vertical levels with the top at 50 hPa. The inner domain

is one-way nested within the parent domain.

Using the WRF, two simulations are performed:

a control simulation andmodified topography simulation.

The control simulation is run as previously described,

with no modifications. In the modified topography sim-

ulation, topography associated with the local forcing of

westward-propagating mesoscale convective systems in

the Panama Bight is modified such that elevations do not

exceed 400m over particular areas in the nested domain.

The terrain height for the control and modified topog-

raphy simulations are shown in Fig. 2. Modifying the to-

pography is similar to the approach used in Mapes et al.

(2003b) to decrease the rainfall variability in the Panama

Bight. The success of this approach at minimizing rainfall

variability in the region is examined later. The modified

topography simulation is not sensitive to reasonable

changes in the terrain-height threshold. However, it is

sensitive to the areal extent of the flattened terrain.

Orographically generated convective systems are present

in both northern South America and portions of Central

America in themodel and require the flattening of terrain

in both regions to sufficiently suppress diurnal convective

activity to the east of the EPAC warm pool.

The model simulations are compared with 6-hourly,

0.758 ERA-Interim fields as well as 6-hourly, 0.258 Tropi-
cal Rainfall Measuring Mission (TRMM; Kummerow

et al. 2000) 3B42 precipitation data from the same summer

seasons as the model integrations. The National Climatic

Data Center (NCDC) outgoing longwave radiation

(OLR) daily climate data record is also used (Lee 2014;

NOAA 2014). The 18 3 18 grid spaced data are linearly

interpolated to 6-hourly time steps and are largely con-

sistent with 6-hourly OLR data from ERA-Interim when

composited for EW periods. When comparing vorticity

between the model simulations and observations, model

winds have been linearly interpolated to the reanalysis

grid before relative vorticity is computed such that the

vorticity magnitudes may be uniformly compared.

3. Modeling results on local forcing and EWs

EPAC EWs are known to be sensitive to changes in

the background state of the atmosphere (e.g., Molinari

and Vollaro 2000; Maloney and Hartmann 2001; Aiyyer

andMolinari 2008; Crosbie and Serra 2014; Rydbeck and

Maloney 2014, 2015). Therefore, in order to prop-

erly simulate EPAC EWs, the background state must

be reasonably represented in the model. Examples of

important background features include the Caribbean

low-level jet and its extensions into the northern EPAC

through the mountain gaps of Central America, the lo-

cation and intensity of the ITCZ, low-level westerly

winds in the EPAC warm pool, and meridional shear of

the mean zonal winds. These features of the mean state

FIG. 2. Parent and nested domains of (left) the WRF control/filtered boundaries and (right) the WRF modified

topography simulations are shown. Terrain height (m; color contours) of the nested domain is shown for the re-

spective simulations.
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have been suggested to be dynamically and thermody-

namically important to the initiation and maintenance

of EWs as well as TCs in the EPAC, and some aspects

are discussed to confirm the model’s suitability for

simulating EWs.

The mean precipitation and 10-m surface winds for

both model simulations and observations are shown in

Fig. 3. In observations (top panel), a precipitation maxi-

mum of 16mmday21 is located near the Panama Bight,

just off the Pacific coasts of Colombia and Panama. The

maximum extends to the west-northwest and defines the

boreal summer ITCZ in the EPAC. Much of the ITCZ is

embedded within a westerly component of the surface

flow. The westerly component is generally stronger near

the Central and South American coasts. A weakening of

the ITCZ on its northern flank is apparent near the Costa

Rica dome (118N, 888W), a region of strong ocean up-

welling due to Ekman divergence forcing on the cyclonic

shear side of the Papagayo jet that results in anomalously

cooler SSTs (Chelton et al. 2000a,b). The Papagayo jet is

often considered to be an extension of the easterly Ca-

ribbean low-level jet across Lake Nicaragua that is still

well defined in the surface winds.

The surface winds and precipitation for the WRF

control (Fig. 3, middle panel) and modified topography

simulations (Fig. 3, bottom panel) are also shown. The

control simulation realistically represents some basic

features of the large-scale precipitation and circulation

pattern such as the westerly component of the low-level

winds, Caribbean low-level jet, west-northwest orien-

tation of the ITCZ, and a local maximum of pre-

cipitation near and to the west of the Panama Bight.

Mean precipitation rates in the ITCZ are greater than

observed and shifted to the north by a few degrees. The

contour interval is 2mmday21 for the WRF control

simulation and 1mmday21 for observations. In other

studies utilizing regional models, similar biases of the

EPAC climatology have been noted (Small et al. 2011;

Rydbeck et al. 2013). Near the Costa Rican coast, pre-

cipitation rates are much greater than observed and

likely associated with increased southerlies as well as a

local intensification of convective disturbances near the

terminus of the Papagayo jet in the east Pacific.

In the WRF modified topography simulation, the Ca-

ribbean low-level jet is well represented, precipitation

rates are comparable to those observed from TRMM,

and the precipitation hole near the Costa Rica dome is

well resolved.Westerly wind speeds within and just to the

south of the ITCZ are reduced in the WRF modified

topography simulation compared to observations. The

reduction in westerly winds and cyclonic vorticity within

the ITCZ (figure not shown) is partly considered to be a

consequence of suppressing orographically generated

FIG. 3. Mean precipitation (mmday21; color contours) and 10-m

surface winds (m s21; wind vectors) for the May–November 2000–

09 period for (top) ERA-Interim and TRMM, (middle) WRF

control, and (bottom) WRF modified topography are shown.

Reference wind vector is located in the upper-right corner of each

panel. The contour values for the WRF control simulations are

larger than for observations.
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mesoscale convective systems and, as will be discussed

below, easterly waves in the region (see Fig. 7). Holton

et al. (1971, 275–276) stated, ‘‘The concentration of pre-

cipitation, vorticity, and divergence which we call the

ITCZ is not simply a steady atmospheric state, but should

be viewed as a consequence of the properties of large-

scale equatorial wave disturbances.’’ Under this consid-

eration, suppressing easterly waves would also reduce the

mean precipitation and cyclonic vorticity of the ITCZ, as

shown in the WRF modified topography simulation.

While the considerations of Holton et al. (1971) are valid,

significant changes to the mean state independent of

changes in easterly wave variability cannot be excluded in

the WRF modified topography simulation and may

complicate the interpretation of the sensitivity tests. A

prominent and localized difference between TRMM and

the WRF modified topography simulation is the absence

of the local precipitation ratemaximumalong the coast of

Central and South America. This is an expected result

from modifying the topography and eliminating much of

the high-frequency convective variability in the region.

Wewill show below that this absence of strong mesoscale

convective forcing along the coast has important conse-

quences for the magnitude of easterly wave variability

simulated in the model.

The suppression of diurnal convective activity near

the coasts of Central and South America is further

confirmed by analyzing composite time–longitude plots

of the diurnal cycle of precipitation averaged from 38 to
118N shown in Fig. 4. The dashed line in each panel in-

dicates the 20ms21 phase speed. The WRF control

simulation captures the westward-propagating and di-

urnally oscillating rain rates observed in TRMM (Fig. 4,

top two panels), although of smaller amplitude and

lagged in time. The diurnal cycle of precipitation in the

Panama Bight for the WRF control simulation shares a

similar gravity wave propagation speed to that of

TRMM, which is also confirmed by comparing high-

pass-filtered vorticity and divergence anomalies be-

tween the model and ERA-Interim in the region (not

shown). In observations, the most intense rain rates

peak near 0700 local time just off the western coast,

while in the WRF control simulation the most intense

rain rates are delayed by about 6 h in the same area.

Similar to these results, the regional modeling simula-

tion used to analyze the diurnal patterns of rainfall in

northwest South America by Warner et al. (2003) also

underestimated the amplitude of the precipitation rates

in the Panama Bight while still capturing the overall

pattern and mechanism of diurnal rainfall. Importantly,

both TRMM and the WRF control simulation routinely

produce diurnal precipitation anomalies to the west of

808W.Mesoscale convective systems in WRF associated

with high-frequency and synoptic variability tend to

amplify along the Pacific coast of Central America, as

suggested by comparing Figs. 3 and 4. In the WRF

modified topography simulation, composite diurnal

precipitation rates are dramatically reduced in the

EPAC when compared to the control simulation and

TRMM (Fig. 4, bottom). There is no evidence of sys-

tematic precipitation propagation in the WRF modified

topography simulation.

The WRF control simulation shows westward-

propagating synoptic variability in the EPAC with am-

plitude comparable to or higher than observations, as can

be seen in a plot of 550-hPa relative vorticity averaged

from 38 to 118N during the summer of 2008 (Fig. 5, top).

Synoptic waves with similar durations and locations of

initiation are easily seen when comparing the control

simulation andERA-Interim (see Figs. 8, 9), although the

precise timing of strong EW periods does not necessarily

agree. The synoptic waves in theWRF control simulation

are generally stronger than those in ERA-Interim. Sim-

ilar behavior is consistently observed when comparing

other summer seasons. A contributing factor to the

greater intensification of EWs in the WRF control sim-

ulation may be that the waves are associated with much

stronger convective anomalies than in observations (see

Figs. 8, 9), especially near the coasts of Central America

and Mexico. The downstream development of EWs over

Africa has been strongly linked to the intensity of up-

stream convective anomalies (Thorncroft et al. 2008). In

the WRF control simulation, convective anomalies as-

sociated with developing EWs are stronger earlier in the

life cycle than in observations, possibly leading to a

quicker intensification and greater amplitude than the

observed disturbances.

Relative vorticity, averaged from 38 to 118N for the

modified topography simulation, is shown in the bottom

panel of Fig. 5. When local rainfall variability near the

Panama Bight is suppressed, EW and TC activity in the

EPAC is reduced in amplitude and regularity, suggest-

ing that high-frequency convective variability is impor-

tant to the initiation and maintenance of most EPAC

EWs. The remaining EWs appear to be associated with

preexisting disturbances entering from the Caribbean,

as can be seen most prominently around 1 July and

1 October. These results are consistent with the other

summer seasons (not shown). A more general compar-

ison of EW variance between the control and modified

topography simulation is shown below.

The relationship of EPAC EWs to those in the Ca-

ribbean is further examined by performing a lag corre-

lation of 2.5–12-day bandpass-filtered 550-hPa vorticity

anomalies between the EPAC and Caribbean over all

summer seasons (Fig. 6). The filtered vorticity anomalies

338 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 74



are averaged over 58 3 58 boxes centered at 98N, 878Win

theEPAC and 98N, 64.58Win theCaribbean. The results

are not sensitive to reasonable changes in the longitude

but are sensitive to changes in latitude, particularly

when only one of the averaging boxes is moved north or

south. Statistical significance is calculated using the two-

tailed t test with a p value of 0.05. In the control

simulation, modest, but significant, positive correlations

peak at22.25 days, when EW vorticity in the Caribbean

leads that in the EPAC. Significant positive correlations

are present in the modified topography simulation be-

tween lags 22 and 23 days. These correlations are ap-

proximately twice the value of those occurring at similar

lags in the control simulation and also larger than those

FIG. 4. Local time–longitude sections of precipitation rate (mmday21) composited for each 6-h time step and

averaged from 38 to 118N for the (top left) TRMMobservations, (top right) WRF control simulation, and (bottom)

WRF modified topography simulation. Solid black line indicates Pacific coast of South America. Dashed line

indicates a phase speed of 20m s21. The plots are repeated in time for clarity.
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in observations. This suggests that EWs in the Carib-

bean are responsible for forcing EWs in the EPAC to a

greater degree when convective variability near the

Panama Bight is suppressed, although correlations re-

main modest. The greater ability of low-level signals to

cross Central America without being blocked may also

contribute to the higher correlation in the modified to-

pography experiment.

The reduction in EW variability in the WRFmodified

topography simulation compared to the control simu-

lation is further confirmed by examining the 2.5–12-day

bandpass-filtered relative vorticity variance at 550 hPa

(Fig. 7, middle and bottom panels). In both the ERA-

Interim and WRF control simulation, a trail of vorticity

variance leads from the Panama Bight to the northwest,

although the variance is much stronger in the control

simulation through much of the EPAC warm pool. Fil-

tered vorticity variance in the modified topography

simulation is significantly reduced over most of the

EPAC EW track compared to that of the control sim-

ulation. The contour scale is logarithmic and indicates

that filtered vorticity variance is reduced by approxi-

mately half in the regions of maximum variance near

158N, 1058W when comparing the control and modified

topography simulations.

The sensitivity tests using WRF support the idea that

both EWs propagating from West Africa and those

initiated locally, associated with strong convective

FIG. 5. The 550-hPa relative vorticity averaged from 38 to 118N is shown as a function of time vs longitude for (top

left) ERA-Interim, (top right) WRF control, and (bottom) WRF modified topography for May–November 2008.

Vorticity in all WRF simulations has been interpolated to the same grid as ERA-Interim.
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pulses in the PanamaBight, are important to the number

and intensity of EWs in the EPAC. An additional sim-

ulation was performed in which EWs were filtered from

the lateral boundary forcing of WRF. Specifically,

winds, temperature, geopotential height, and moisture

were removed in the wavenumber–frequency space

typically occupied by EWs. Using the filtered boundary

forcing, EW variability is significantly reduced but not to

the same degree as observed in the WRF modified to-

pography simulation, suggesting that vigorous synoptic

variability can be generated even in the absence of re-

mote forcing. The results of this simulation are not

emphasized here because of concerns about the poor

mean state, particularly an unrealistic Caribbean low-

level jet. The next section examines the process by which

EWvorticity organizes and grows during the early stages

of EPAC EW development.

4. Easterly wave initiation and amplification

Synoptic vorticity variance is significantly reduced

across the EPAC in WRF when high-frequency convec-

tive variability near the Panama Bight is suppressed. In

this section, we investigate mechanisms through which

strong transient disturbances emerging from the Panama

Bight are able to initiate and amplify EW vorticity

anomalies. Because predecessor vorticity at midlevels is

theorized to be critical to the genesis of tropical cyclones

in the EPAC and elsewhere (e.g., Bister and Emanuel

1997; Raymond et al. 1998; Nolan 2007; Davis and

Ahijevych 2013; Raymond et al. 2014;Davis 2015), we are

interested in the processes responsible for the origination

and development of midlevel vorticity anomalies that

characterize EWs. To examine the evolution of the vor-

ticity field associated with EWs, lag composites of EWs

are shown. The composites are based on a local index of

standardized 2.5–12-day bandpass-filtered 550-hPa vor-

ticity anomalies averaged over a 58 3 58 box centered off

the coast of CostaRica (98N, 878W). [Note that significant

FIG. 6. Lag correlation of 2.5–12-day bandpass-filtered vorticity

at 550 hPa between 58 3 58 boxes centered in the east Pacific at 98N,

878W and in the Caribbean at 98N, 64.58W for ERA-Interim

(dashed), WRF modified topography (dotted), and WRF control

(solid) is shown. Red lines indicate correlations that are significant

at the 95% confidence threshold. Negative lags indicate periods

when EW vorticity in the Caribbean leads that in the EPAC.

FIG. 7. The 2.5–12-day bandpass-filtered 550-hPa relative vorticity

variance (s22; color contours) is shown for (top) ERA-Interim,

(middle)WRF control, and (bottom)WRFmodified topography for

May–November 2000–09. Stippling in the WRF modified topogra-

phy indicates variance values that reject the null hypothesis that they

are of the same population as the WRF control at the 95% confi-

dence level using the two-tailed f test. Vorticity inWRF simulations

has been interpolated to the same grid as ERA-Interim.
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power in the model and ERA-Interim is observed at EW

periods for meridional winds averaged over the 58 3 58
box (not shown).] Local maxima greater than 1.0 stan-

dard deviation in the index are defined asEWevents. Lag

composites are then generated relative to the peak of the

index at lag 0. The general evolution of the vorticity

composites is not sensitive to reasonable variations in the

box size, location, or index threshold.

Figure 8 shows the EW composites as a function of lag

for ERA-Interim 550-hPa vorticity and NCDC OLR

anomalies defined as deviations from a 10-day running

mean. This calculation of anomalies includes those at

EW and higher-frequency time scales in order to better

document the transition of strong Panama Bight dis-

turbances into downstream EWs. Two days prior to the

maximum vorticity anomaly amplitude off the coast of

Costa Rica, vorticity anomalies at 550 hPa maximize off

the northwest coast of Colombia, the same region where

strong orographically generated diurnal rainfall pulses

are well known to occur (i.e., Mapes et al. 2003a). This

maximum strengthens and elongates westward off the

south coast of Panama 12h later. At lag224h, vorticity

remains anchored on its eastern edge near the Panama

Bight, leading to a broad east–west-oriented envelope of

vorticity extending from the northwest coast of Co-

lombia to the west coast of Costa Rica. At lag212h, the

vorticity maximum is present in the EPAC with a one-

half wavelength of ;1400km, suggesting a complete

wavelength of ;2800 km that is comparable to EWs

observed in the EPAC using other EW compositing

methods (i.e., Serra et al. 2008, 2010; Crosbie and Serra

2014; Rydbeck andMaloney 2014, 2015). At the peak of

the event and the following 12h, the vorticity maximum

develops a southwest-to-northeast horizontal tilt and

propagates to the northwest. In conjunction with the tilt

of the wave, OLR anomalies are favored in the

FIG. 8. Lag composites of 550-hPa relative vorticity (line contours) and OLR (shading; Wm22) anomalies

defined as deviations from a 10-day running mean for ERA-Interim are shown. Vorticity contour interval is

5 3 1026 s21. Negative (positive) contours are solid (dashed), and the zero contour is omitted. The number of

EW events in the composites is shown in the upper-left corner.
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southwest quadrant of the wave. Both the tilt and

propagation direction of the vorticity anomalies are

analogous to EW evolution in the EPAC, as shown in

previous studies (i.e., Serra et al. 2008, 2010; Crosbie and

Serra 2014; Rydbeck and Maloney 2014, 2015).

The same methodology is employed to produce lag

composites of 550-hPa vorticity andOLR anomalies for

the WRF control simulation (Fig. 9). Between lag 248

and 236 h, a weak local vorticity maximum and OLR

minimum develop in the Panama Bight. The vorticity

anomaly intensifies and zonally broadens while mi-

grating westward between lag 236 and 212 h as the

negative OLR anomalies intensify, like the evolution of

anomalies in observations. At lag 0 h, a robust vorticity

maximum with a southwest-to-northeast-tilted struc-

ture is developed off the coast of Central America.

Similar to NCDC observations, the OLR minimum in

WRF is predominantly positioned in the southwest

quadrant of the wave. By lag 112 h, the wave has

propagated to the west-northwest as anticyclonic vor-

ticity anomalies have developed and intensified behind

the EW. In general, the evolution of midlevel vorticity

and OLR anomalies in the WRF control simulation

broadly resembles the composites observed using

ERA-Interim and NCDC data, suggesting that impor-

tant features of the EWs are sufficiently represented in

the model. However, the EW disturbances in WRF

have higher amplitudes and are more compact (note the

difference in shading and contour intervals on Figs. 8

and 9). At lags 248, 236, and 224 h, the observed

westward-propagating OLR maximum in the Caribbean

is considerably weaker in WRF. The Caribbean OLR

maximum is perhaps related to phase shifts of select

easterly waves propagating across Central America, as

FIG. 9. Lag composites of 550-hPa relative vorticity (line contours) and OLR (shading; Wm22) anomalies de-

fined as deviations from a 10-day running mean for the WRF control simulation are shown. The vorticity contour

interval is 7.5 3 1026 s21. Negative (positive) contours are solid (dashed), and the zero contour is omitted. The

number of EW events in the composites is shown in the upper-left corner.
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observed in Toma and Webster (2010a). Lag composites

of OLR and vorticity for the WRF modified topography

simulation are much noisier and weaker than the WRF

control simulation and ERA-Interim composites at all

lags. Because of the difficulty in identifying coherently

propagating features, the WRF modified topography

composite is now shown. Next, the contribution of con-

vective disturbances originating near the Panama Bight

to the EW vorticity budget is investigated using output

from the WRF control simulation.

a. Easterly wave vorticity balance

Rydbeck andMaloney (2015) previously looked at the

vertically integrated vertical vorticity budget of the

lower troposphere for EPAC EWs using ERA-Interim

data and found that the most important contributions to

the local change of EW vorticity were horizontal ad-

vection and vertical stretching. The present vorticity

budget expands on that analysis to more specifically

examine EWs in their formative stages and the impor-

tance of convective variability near the Panama Bight to

the wave’s vorticity tendency in WRF. The vertical

vorticity tendency at a particular pressure level may be

expressed as follows:

�
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�
EW

52(V � =h)
EW

1

�
h
›v

›p

�
EW

1 [= � (z
h
v)]

EW
1R , (1)

where h is the absolute vorticity, ›v/›p is the di-

vergence, z is the vertical relative vorticity, zh is the

horizontal relative vorticity, and the subscript ‘‘EW’’

represents 2.5–12-day bandpass-filtered terms. The

term on the left-hand side (LHS) of Eq. (1) represents

the local time rate of change of the vertical component

of EW vorticity. The local change of EW vorticity re-

sults from horizontal advection and the effects of

stretching and tilting, respectively, on the right-hand

side (RHS). The residual R is calculated as the differ-

ence between the vorticity tendency on the LHS and

the sum of the first three terms on the RHS. Contri-

butions to the residual include processes not repre-

sented in the terms on the RHS, such as the effects of

cumulus convection, other subgrid-scale processes, and

friction. The residual term also includes any calculation

errors in the terms comprising the budget. All variables

are interpolated to a 1.58 3 1.58 grid before budget

terms are calculated.

b. Easterly wave vorticity tendency

Composites of EW vorticity tendency and 2.5–12-day

bandpass-filtered vorticity anomalies at 550 hPa are

shown in Fig. 10. All composites shown in the vor-

ticity analysis are based on the same EW index used in

Fig. 9. We are interested in the processes occurring

during the early ‘‘spinup’’ stages of EWs, so com-

posites of terms in the vorticity budget are shown for

lags 236, 212, and 0 h. At lag 236 h, a weak vorticity

maximum is present in the Panama Bight with a

vorticity tendency maximum that is 908 out of phase
to the west-northwest of the EW vorticity maximum,

although a positive vorticity tendency exists co-

incident with the vorticity center. East of the wave

axis, near the coast of South America, the vorticity

tendency is weak and below the contour color scale.

Hence, positive vorticity preferentially grows near

and to the west of the region of enhanced vorticity.

By lag 212 h, the EW has become zonally elongated,

FIG. 10. Lag composites of 2.5–12-day bandpass-filtered

550-hPa relative vorticity anomalies (s21; line contours) and 2.5–

12-day bandpass-filtered vorticity tendency (s21 day21; color

contours) for the WRF control are shown. Vorticity contour in-

terval is 5 3 1026 s21. The thick solid line is the zero vorticity

contour. The number of EW events in the composites is shown

above the panels.

344 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 74



resulting from the leading edge being propagated

to the west-northwest while the trailing edge of the

EW is propagated in the same direction much more

slowly. The vorticity tendency maximum is 1/8

wavelength ahead of the vorticity maximum at

lag 212 h, suggesting that the disturbance is both in-

tensifying and propagating. The vorticity tendency

minimum to the east is only 35%–45% of the mag-

nitude of the tendency maximum to the west, thus

enhancing the zonally elongated structure of the

wave. By lag 0 h, the vorticity tendency minimum has

intensified to 65%–75% of the magnitude of the

tendency maximum, largely halting the zonal elon-

gation of the EW observed at earlier lags. Next, terms

on the RHS of Eq. (1) that set the zonal wavelength

of the EW and contribute to its growth are assessed.

c. Easterly wave vorticity advection

The horizontal advection of vorticity is shown in

Fig. 11 (left column). The advection is of comparable

magnitude and mostly collocated with the vorticity

tendency, suggesting that the majority of the vorticity

tendency is due to advection, similar to what is found in

observations (Rydbeck and Maloney 2015). The ad-

vection maximum is in quadrature with the EW vorticity

field at lag 236h but is between 1/4 and 1/8 wavelength

ahead of the maximum at lags 212 and 0h. Although it

is difficult to see the precise phasing of the advection in

Fig. 11 (left column), the phasing was confirmed using a

different plotting scale and is apparent when analyzing

the components of the advection term discussed later

(Fig. 11, middle and right columns). The advection

minimum is 1/8 wavelength to the east of the EW vor-

ticity maximum at lags 212 and 0h. The ratio of mag-

nitudes between the advectionmaximum to the west and

minimum to the east at each lag is comparable to that of

the tendency. This suggests that advection is the major

contributor to the zonal elongation of EWs during

their formative stages, helping to increase the EW

zonal wavelength.

To further interpret this behavior, the horizontal ad-

vection term in the vorticity budget is linearly decom-

posed into variables consisting of 10-day running means

(variables with overbars) and deviations from those

10-day running means (primed variables) such that the

advection may be expressed as follows:

FIG. 11. Lag composites of 2.5–12-day bandpass-filtered 550-hPa relative vorticity anomalies (s21; line contours) and 2.5–12-day

bandpass-filtered (left) vorticity advection anomalies (s21 day21; color contours), (middle) relative vorticity anomalies advected by the

mean wind, and (right) mean absolute vorticity anomalies advected by the wind anomalies for the WRF control are shown. Vorticity

contour interval is 53 1026 s21. The thick solid line is the zero vorticity contour. The number of EW events in the composites is shown in

the upper-left corner.
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Thus, the horizontal advection of vorticity on the LHS

of Eq. (2) is approximated as the sum of the mean

winds acting on the anomalous relative vorticity gra-

dient, the anomalous winds acting on the mean abso-

lute vorticity gradient, and the anomalous winds acting

on the anomalous relative vorticity gradient, re-

spectively. The first two terms on the RHS of Eq. (2)

are larger than the last term at each lag and describe

the majority of the horizontal advection. The lag

composites of the first term on the RHS of Eq. (2),

2(V � =z0)EW, are shown in Fig. 11 (middle column).

The mean wind acting on the anomalous vorticity

gradient strongly mirrors the total advection term and

is the largest of the three terms on the RHS of Eq. (2).

This suggests that EPAC EWs are predominantly ad-

vected by the mean flow. The effect of the anomalous

wind acting on the mean absolute vorticity gradient

has a similar structure but is slightly weaker in ampli-

tude at lags 212 and 0 h (Fig. 11, right column). A

positive contribution of this term to the vorticity cen-

ter is evident at lags 236 and 212 h resulting from the

advection of mean relative vorticity by the anomalous

winds. The anomalous winds are advecting along a

strong meridional gradient that results from a reser-

voir of maximum mean relative vorticity to the north

of the anomalous vorticity center [see Fig. 12 of

Rydbeck and Maloney (2014)]. Although not shown,

the anomalous advection of mean relative vorticity is

2–4 times greater in magnitude than the beta advection

prior to lag 0. The last term on the RHS of Eq. (2),

2(V 0 � =z0)EW, opposes the west-northwestward prop-

agation and intensification of the wave with minima

below 21.5 3 1025 s21 day21 (not shown), conse-

quently reducing the net effect of the other two terms.

d. Easterly wave vorticity stretching

The vorticity stretching term [second term on the RHS

of Eq. (1)] is shown in Fig. 12. Stretching is the largest

term in the vorticity budget composite at lag 0 and is ap-

proximately 1/8 wavelength behind the EW, leading to an

amplification in EW intensity but a reduction in westward

phase speed. The stretching anomaly on the east side of

the disturbance contributes to the zonal elongation of the

wave, thus increasing the EW’s zonal wavelength. The

positive vorticity tendency due to stretching on the east

side of the wave counters the negative vorticity tendency

there due to advection (Fig. 11, left column).

Important to the stretching term of the vorticity

budget is the nature of the convective heating in these

disturbances that drives horizontal convergences of

vorticity. Figure 13 shows the 10-day high-pass-filtered

apparent heat source (Q1) profile averaged over a 58 3 58
box that is centered on the 550-hPa vorticity maximum

and averaged over the formative phase of the EW life

cycle, specifically lags248,236, and 224h. The vertical

profile of Q1 during the incipient stages of the easterly

wave life cycle in the model is a combination of strat-

iform and deep convective heating that maximizes at

400 hPa with a value of;1.6Kday21. Composited over

the same lags, a similar Q1 profile is also evident in

ERA-Interim data, although the peak at 400 hPa is

roughly half the magnitude of that in the control sim-

ulation. Midlevel convergence inferred from the heat-

ing profile in Fig. 13 supports the patterns of vorticity

stretching discussed above. Similar to the results shown

here, Zuluaga and Houze (2015) show using TRMM

FIG. 12. Lag composites of 2.5–12-day bandpass-filtered 550-hPa

relative vorticity anomalies (s21; line contours) and 2.5–12-day

bandpass-filtered vorticity stretching anomalies (s21 day21; color

contours). Vorticity contour interval is 53 1026 s21. The thick solid

line is the zero vorticity contour. The number of EW events in the

composites is shown above the panels.
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observations that broad stratiform regions routinely form

and are associated with strong midlevel convergence

anomalies just off the Pacific coastline of South America.

To further explore the roles of vorticity and di-

vergence anomalies at various time scales to EW vor-

ticity generation, the stretching term is partitioned into

10-day running-mean variables and deviations from the

10-day running mean, as in Eq. (2), and written as

�
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(3)

The first two terms on the RHS of Eq. (3) are shown in

Fig. 14 (middle and right columns, respectively). The

anomalous stretching of the mean absolute vorticity,

(h›v0/›p)EW, is positive 1/8 wavelength behind the EW

vorticity maximum at lags 212 and 0 h, similar to the

total stretching term. The maxima of the anomalous

stretching of the mean absolute vorticity are collocated

with regions where the mean vorticity maxima in the

monsoon trough overlaps regions of anomalous hori-

zontal convergence at and to the east of the EW axis

(not shown). Maxima of the stretching of anomalous

vorticity by the mean divergence, (z0›v/›p)EW, (Fig. 12,

right column) slightly lag the EW vorticity maximum,

contributing to the intensification and slowing of the

west-northwestward propagation of the EW. Because

both of these linearized stretching terms oppose the

west-northwestward propagation of the EW pre-

dominantly on the wave’s eastern flank, the terms in-

crease the zonal wavelength of the wave by zonally

elongating the vorticity field. The last term on the RHS

of Eq. (3), (z0›v0/›p)EW, is shown in the left column of

Fig. 14. This anomalous stretching term is the strongest

of all the vorticity stretching components on the RHS

of Eq. (3). Similar to the total stretching term, the

maximum of (z0›v0/›p)EW lags the EW vorticity maxi-

mum by approximately 1/8 wavelength, thus reinforc-

ing the patterns and effects of the first two terms on the

RHS of Eq. (3).

e. Easterly wave vorticity tilting and residual

The tilting term in Eq. (2) is much weaker than the

stretching and horizontal advection terms but does

contribute to the zonal elongation of the wave during

lags 236, 212, and 0 h (not shown) with maximum

values from 0.8 3 1026 to 2.4 3 1026 s21 day21. The

positive maxima in the tilting term are confined to re-

gions over land and do not continuously propagate with

the EW as observed in the advection and stretching

terms of the vorticity budget. This suggests that sea-

breeze-type convection and/or the mechanical tilting ef-

fects of the terrain inCentralAmericamight be important.

Figure 15 shows the sum of grid-scale stretching,

grid-scale tilting, and the residual that includes

subgrid-scale effects for lags 236, 212, and 0 h. The

sum of terms shown in Fig. 15 is largely collocated with

maxima of midlevel vertical velocity anomalies, sug-

gesting that the net vorticity tendency resulting from

stretching, tilting, and the residual is strongly de-

termined by convection in the model. While the broad

pattern in Fig. 15 shows many similarities to the

stretching term in Fig. 12 and indicates a strong in-

fluence from stretching, there are some interesting

differences regarding the precise spatial location that

might influence the dynamics of the waves. At lag

236 h, the net effect of the combined residual is to

elongate the wave to the east and oppose the tendency

by horizontal advection to the west of the wave.At lags

212 and 0h, the combined residual affects a positive

vorticity tendency in the northeast quadrant of the EW

vorticitymaximum. This pattern of vorticity tendency leads

to a southwest-to-northeast horizontal tilt of the wave that

is favorable for barotropic conversions that lead to in-

creased EW kinetic energy, consistent with the results of

Rydbeck andMaloney (2015). Supplementary information

FIG. 13. Lag composites of 10-day high-pass-filtered Q1 profile

(K day21) for the WRF control simulation (solid) and ERA-

Interim (dashed) are averaged over lags 248, 236, and 224 h.

Heating rates are averaged over a 58 3 58 box centered on the

550-hPa vorticity maximum at each lag.
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regarding the vorticity balance and secondary terms can

be found in Rydbeck and Maloney (2015).

5. Discussion and conclusions

Many previous studies have suggested that the ma-

jority of EPAC EWs form in association with preexist-

ing EWs propagating from West Africa. Obvious cases

exist in which robust EWs with considerable convection

are able to propagate from West Africa and across the

Caribbean with strong signatures in satellite imagery.

However, EWs routinely weaken over the western At-

lantic and Caribbean, regions of strong EW lysis. Thus,

understanding mechanisms of EW formation and/or

reinvigoration are critical to forecasting EPACEWs and

the TCs into which they may develop.

The sensitivity of EPAC EWs to a hypothesized

mechanism of local forcing is investigated in WRF. Two

simulations are analyzed in this study: a control simu-

lation and a modified topography simulation. In the

modified topography simulation, westward-propagating

convective variance in the Panama Bight is suppressed

by reducing the model terrain height in northern South

America and portions of Central America. Under these

conditions, EPAC EW variance is significantly reduced

in the EPAC warm pool. The significant reduction in

EW variance by suppressing convective variability in

and around the Panama Bight in WRF indicates that

mechanisms of EW formation and intensification are

likewise suppressed. In this modified topography simu-

lation, extant EPACEWs increase their correlation with

EWs in the Caribbean at 2–3-day leads relative to a

control simulation, suggesting a stronger relationship to

Atlantic EWs when local forcing mechanisms are sup-

pressed. In WRF, both remote forcing and local forcing

mechanisms of EWs appear important to the distribu-

tion and amplitude of EPAC EWs.

In a separate simulation not shown in the analysis,

EWs propagating from Africa are removed from the

lateral boundary forcing of WRF. This is accomplished

by filtering winds, temperature, moisture, and geopoten-

tial height to remove westward-propagating, synoptic-

scale variability at all vertical levels. Under these

conditions, EW variance in the EPAC warm pool is

significantly reduced, although to a lesser degree than

the modified topography simulation. This result affirms

FIG. 14. Lag composites of 2.5–12-day bandpass-filtered 550-hPa relative vorticity anomalies (s21; line contours) and (left) 2.5–12-day

bandpass-filtered vorticity stretching of anomalous vorticity by the anomalous divergence (s21 day21; color contours), (middle) 2.5–12-day

bandpass-filtered stretching of mean absolute vorticity by the anomalous divergence, and (right) 2.5–12-day bandpass-filtered stretching of

relative vorticity anomalies by themean divergence for theWRFcontrol are shown.Vorticity contour interval is 53 1026 s21. The thick solid

line is the zero vorticity contour. The number of EW events in the composites is shown in the upper-left corner.
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the findings of the modified topography simulation,

which suggests that both upstream EW variability and

local mechanisms are important to the formation of

EWs in the EPAC.

We further analyzed the processes by which local

forcing is able to initiate and amplify EW vorticity

anomalies. In the WRF control simulation, the local

vorticity tendency during the formative stages of EWs

is most strongly regulated by horizontal advection and

stretching, similar to the findings of Rydbeck and

Maloney (2015) using ERA-Interim. Horizontal ad-

vection of positive vorticity anomalies preferentially

occurs on the western side of the growing vorticity

disturbance, with weaker advection of negative vor-

ticity anomalies occurring on the eastern side. The

zonally unbalanced advection leads to a zonal elonga-

tion of the wave. Additionally, vertical stretching of

vorticity anomalies largely occurs 1/8 wavelength to the

east of the wave axis. Stretching to the east of the wave

axis helps anchor vorticity anomalies there, further

supporting the zonal elongation of the EW such that

the EW zonal wavelength is increased. A partial col-

location of stretching and advection of mean vorticity

by the anomalous winds with the growing vorticity

center helps to amplify the disturbance.

Partitioning of the vorticity budget indicates an im-

portant role for mesoscale convective systems near the

Panama Bight in contributing to vorticity generation by

stretching within growing EWs.We hypothesize that the

convective systems generate seeds of EW vorticity that

are necessary for further EW growth to take place. The

vorticity seed is then able to grow into a robust EW in a

matter of days via conversions from barotropic and

perturbation available potential energy to perturbation

kinetic energy (Rydbeck and Maloney 2014). The transi-

tion of mesoscale convective features to longer time scales

has also been observed west of Sumatra and Borneo

(Johnson andCiesielski 2013) aswell asAfrica (Thorncroft

et al. 2008), suggesting that analogous processes might

occur elsewhere in the tropics. Verification of this process

requires further modeling and observational analysis. The

vorticity budget analysis distinguishes processes important

to the horizontal-scale selection of EW vorticity in a lo-

calized region of the EPAC.

EPAC EWs are well known to be sensitive to varia-

tions in the background atmosphere, particularly on

intraseasonal time scales. Rydbeck and Maloney (2015)

note that the convective intensity in the Panama Bight

remains largely unchanged when averaged over re-

spective intraseasonal phases, suggesting that the seed-

ing mechanism proposed herein might be resistant to

variations of the background atmosphere. However,

downstream growth of mesoscale convective systems

might be affected by variations to the basic state. This

requires further investigation. Related to this topic, ac-

curate representation of the EPAC mean state across

the model simulations is a limitation of this study. The

model simulation in which convective variability near

Central America is suppressed displays notable departures

of themean state from that of the control simulation.While

changes to the mean state might be a result of suppressing

EWs, we cannot rule out the alternative; changes to the

mean state result in the suppression of EWs.

In this paper, we propose a mechanism of in situ EW

generation and amplification that does not necessarily

rely upon a continuous propagation of EWs from West

Africa. In light of these results, mesoscale convective

systems that lead to strong midlevel vorticity anomalies

are hypothesized to function as nuclei for EPAC EW

formation in the absence of any preexisting EWs en-

tering the EPAC from the east. The effects of local

convective activity on EW vorticity anomalies are not

exclusive to EW formation but also apply to the

FIG. 15. Lag composites of the 2.5–12-day bandpass-filtered

550-hPa relative vorticity anomalies (s21; line contours) and sum of

the 2.5–12-day bandpass-filtered stretching, tilting, and residual

tendency (s21 day21; color contours) for the WRF control are

shown. Vorticity contour interval is 5 3 1026 s21. The thick solid

line is the zero vorticity contour. The number of EW events in

the composites is shown above the panels.
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reenergizing of atrophied EWs propagating across the

Caribbean Sea from West Africa. In this framework,

better understanding and simulations of convective or-

ganization near the Central and South American coasts

and their interactions with the background atmospheric

state will enhance forecast skill of EPAC EWs.
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