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ABSTRACT: This study investigates the transition of a Panama Bight mesoscale convective system (MCS) into the
easterly wave (EW) that became Hurricane Carlotta (2012). Reanalysis, observations, and a convective-permitting Weather
Research and Forecasting (WRF) Model simulation are used to analyze the processes contributing to EW genesis. A
vorticity budget analysis shows that convective coupling and vortex stretching are very important to the transition in this
case, while horizontal advection is mostly responsible for the propagation of the system. In the model, the disturbance is
dominated by stratiform vertical motion profiles and a midlevel vortex, while the system is less top-heavy and is charac-
terized by more prominent low-level vorticity later in the transition in reanalysis. The developing disturbance starts its
evolution as a mesoscale convective system in the Bight of Panama. Leading up to MCS formation the Choco jet intensifies,
and during the MCS-to-EW transition the Papagayo jet strengthens. Differences in the vertical structure of the system
between reanalysis and the model suggest that the relatively more bottom-heavy disturbance in reanalysis may have
stronger interactions with the Papagayo jet. Field observations like those collected during the Organization of Tropical East
Pacific Convection (OTREC) campaign are needed to further our understanding of this east Pacific EW genesis pathway
and the factors that influence it, including the important role for the vertical structure of the developing disturbances in the
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context of the vorticity budget.
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1. Introduction

Panama Bight mesoscale convective systems (MCSs) are
important to the climate and weather of the east Pacific basin.
The convective complexes contribute to yearly average rainfall
totals ranging from approximately 2600 to 5250 mm in the region
(Mapes et al. 2003a). Velasco and Fritsch (1987) and Mapes et al.
(2003a) found that MCSs and precipitation in the Panama Bight
generally occur year-round, but most often during boreal sum-
mer. Mapes et al. (2003b) describes a mechanism for MCS
propagation away from the Colombian Andes into the Panama
Bight, where the initiated convection moves offshore due to a
gravity wave response from the elevated heating over land, and
eventually becomes more organized into MCS structures during
the night and early morning hours (Mapes et al. 2003a). These
MCS features were characterized as wide convective cores and
broad stratiform regions by Zuluaga and Houze (2015), indica-
tive of mature convection, which can support the development
of a midlevel vortex in the disturbance (e.g., Houze 2004). In
addition, the Chocé jet, a westerly wind feature that peaks at
925 hPa and extends across the Panama Bight and onshore
plays a role in the heavy precipitation of the region (Poveda
and Mesa 2000). The Chocé jet is supported by the strong SST
gradient in the region (e.g., Poveda and Mesa 2000), with
colder water to the south along the South American coast and
warmer water to the north in the east Pacific basin and the
Panama Bight (Fig. 1). The jet supports MCS development by
directing low-level moisture into the Panama Bight and to-
ward the Andes (Poveda and Mesa 2000; Zuluaga and Houze
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2015). Field campaigns like the Organization of Tropical East
Pacific Convection (OTREC; https://www.eol.ucar.edu/field_
projects/otrec) project in summer 2019 (Fuchs-Stone et al.
2020) and the ChocoJet Experiment (CHOCO-JEX) in 2016
(Yepes et al. 2019) aimed to obtain in situ observations of the
MCSs and Chocé jet to better understand their interactions.

East Pacific easterly waves (EWs) are also essential com-
ponents of the boreal summer conditions in the basin. EWs in
the east Pacific are coupled to convection (e.g., Rydbeck and
Maloney 2015; Adames and Ming 2018) and are frequently
identified as sources of east Pacific tropical cyclogenesis (e.g.,
Frank 1970; Molinari and Vollaro 2000; Dunkerton et al. 2009;
Pasch et al. 2009). East Pacific EWs are composed of both deep
convective and stratiform elements (Petersen et al. 2003), and
have their strongest circulation at midlevels (Serra et al. 2008,
2010). EWs have periods of around five days and length scales
on the order of 4000-5000 km (Serra et al. 2008) and tracks that
are near and parallel to the Central American coastline (e.g.,
Thorncroft and Hodges 2001; Serra et al. 2010). East Pacific
EWs rely primarily on convective invigoration and barotropic
conversion for growth (e.g., Maloney and Hartmann 2001;
Rydbeck and Maloney 2014), and environmental moisture
anomalies are crucial for anomalous convection in the wave
(Rydbeck and Maloney 2015). Further, modulations to the
background environment of the basin by phenomena such as the
Madden—Julian oscillation (MJO) and Caribbean low-level jet
(CLLJ) significantly alter characteristics of the EWs (Maloney
and Hartmann 2001; Crosbie and Serra 2014; Rydbeck and
Maloney 2014, 2015; Whitaker and Maloney 2018). For exam-
ple, anomalous low-level westerly phases of the MJO are asso-
ciated with stronger waves that are driven more by convective
invigoration and have tracks closer to Central America relative
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FIG. 1. ERAS mean SST from 0000 UTC 5 Jun to 2100 UTC 19
Jun 2012 (°C; color contours), WRF 500 hPa unsmoothed vorticity
maximum track for the vertical profile analysis (black stars), and
approximate region considered the ‘“Panama Bight” in this study
(gray region). Black stars from east to west correspond to the lo-
cations of the WRF disturbance at 1800 UTC 11 Jun, 0000 UTC 12
Jun, 0600 UTC 12 Jun, 1200 UTC 12 Jun, 1800 UTC 12 Jun, and
0000 UTC 13 Jun, respectively.

to easterly periods (Crosbie and Serra 2014; Rydbeck and
Maloney 2014, 2015; Whitaker and Maloney 2018). These en-
hanced EWs during westerly MJO phases also coincide with a
marked increase in tropical cyclone activity in the basin
(Maloney and Hartmann 2000), underscoring the need for
further investigations into the life cycle of east Pacific EWs
from EW genesis to development.

Recently, features and processes within the east Pacific re-
gion have been suggested as significant sources of EWs (e.g.,
Mozer and Zehnder 1996; Ferreira and Schubert 1997; Serra
et al. 2010; Toma and Webster 2010; Rydbeck et al. 2017), as
opposed to African EWs crossing Central America (e.g.,
Shapiro 1986; Pasch et al. 2009; Serra et al. 2010). Central
American topography can play an important role in local EW
genesis, with the mountains perturbing the incoming easterly
flow into downstream eddies in idealized simulations (Zehnder
1991; Mozer and Zehnder 1996). The CLLJ and the Papagayo
jet, an extension of the CLLJ through a gap in the mountains
near Costa Rica and Nicaragua, were found at times to have a
sign reversal of the meridional potential vorticity gradient near
700hPa in time-mean flows over a season from 15 June to
30 September 1991 (Molinari et al. 1997). Due to this sign re-
versal, Molinari et al. (1997) note that the Charney-Stern
necessary condition for instability is met, which allows for
synoptic disturbances like EWs to form in the jet regions. Serra
et al. (2010) found that EW genesis does in fact occur in the
Papagayo jet region, driven by barotropic energy conversions.
Tropical cyclogenesis has also been linked to gap flows from
the Papagayo jet, as well as the Tehuantepec jet in Mexico
(e.g., Holbach and Bourassa 2014).

Convective development from the east Pacific inter-
tropical convergence zone (ITCZ) and Panama Bight has
also been shown to lead to EWs (e.g., Ferreira and Schubert 1997,
Toma and Webster 2010; Rydbeck et al. 2017). Breakdown of
ITCZ convection into EW-like disturbances was simulated
in an idealized sense by Ferreira and Schubert (1997), and
was cataloged in observations and reanalysis by Wang and
Magnusdottir (2006). Near the Panama Bight, Kerns et al.
(2008) found that the track density of midlevel vorticity
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maxima extends to the coasts of Panama and Colombia,
and that this region is productive for eventual tropical
cyclogenesis—vorticity signatures originating from this area
are linked to tropical cyclone formation later on. In a modeling
study, Rydbeck et al. (2017) analyzed the transition of Panama
Bight MCSs into EWs from a composite perspective using a
vorticity budget. In that study, horizontal vorticity advection
and vortex stretching were found to be the primary contribu-
tors to transform the MCSs into EWs as they moved away from
the Bight (Rydbeck et al. 2017). EW development from an
initial convective heat source has been simulated over Africa
(Thorncroft et al. 2008), and more recently for the Panama
Bight (Torres and Thorncroft 2018) in an idealized primitive
equation model.

The purpose of this study is to investigate the Panama Bight
MCS to EW growth mechanism in a case study of the EW that
led to Hurricane Carlotta (2012). The case will be first analyzed
with reanalysis and observational data, before being examined
in detail with a regional convective-permitting simulation. The
simulation will be used to better understand the role of con-
vective processes in the MCS transition and this impact will be
quantified through a vorticity budget. While the reanalysis data
used rely on parameterized convection, the model simulation
will be able to better resolve convection in the developing
disturbance and hence should provide a potentially more re-
alistic picture of the role of convection in this transition.
Further, this simulated case will be compared with the com-
posite results for the MCS-to-EW transition found in Rydbeck
et al. (2017). Section 2 of this paper discusses the data, the
modeling setup, and the methodology applied in this study.
Sections 3 and 4 describe the case study and the results of the
vorticity budget, respectively. Section 5 investigates possible
interactions of the disturbance with low-level wind jets, while
section 6 provides a discussion of the results.

2. Data, model setup, and methodology

To select a case of EW genesis from a Panama Bight MCS,
the National Hurricane Center’s Tropical Cyclone Reports
(https://www.nhc.noaa.gov/data/tcr/) and NASA Worldview
satellite imagery (https://worldview.earthdata.nasa.gov/) were
first used. The disturbance that contributed to the development
of Hurricane Carlotta in June 2012 seemed a reasonable in-
stance of this mechanism, as the NHC report states, ‘“‘the
genesis of Carlotta can be traced back to an area of disturbed
weather that moved westward from Colombia” (Pasch and
Zelinsky 2012). True color satellite imagery from NASA
Worldview also supports this notion by highlighting a cloud
cluster in the Panama Bight on 11 June that expands in size as it
moves northwestward and has a reminiscent tilt from the
southwest to northeast on 13 June (Fig. 2), like previously
studied EWs (e.g., Serra et al. 2008).

To investigate the formation of the EW prior to Carlotta,
reanalysis, observations, and a model simulation are employed
and compared. First, the observational and reanalysis investi-
gation of the case consists of data from the new European
Centre for Medium-Range Weather Forecasts reanalysis data
[ERAS5; Copernicus Climate Change Service (C3S); C3S 2017]
and precipitation data from the NOAA Climate Prediction
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FIG. 2. Terra/MODIS true color imagery of the development of Hurricane Carlotta (10-15 Jun 2012). Red boxes
indicate the region of the developing disturbance. Imagery was taken from NASA Worldview.

Center (CPC) morphing technique dataset (CMORPH; Joyce
et al. 2004). The ERAS data for this analysis consist of 23
vertical levels from 1000 to 200 hPa, a spatial resolution of 0.5°,
and a temporal resolution of 3h from 0000 UTC 5 June to
2100 UTC 19 June. Observational sources input to ERAS in-
clude data from satellites, buoys, radiosondes, and aircraft
(C3S 2017). The CMORPH precipitation data have a spatial
resolution of 0.25° and the same temporal resolution and du-
ration as the ERAS data.

To simulate the evolution of the MCS into an EW, the
Weather Research and Forecasting (WRF) ARW Model,
version 3.9.1.1 (Skamarock et al. 2008), is used. The model
setup and simulation details are displayed in Table 1, and
highlight that WRF is run at convective-permitting scales
(4km horizontally, 40 vertical levels) without a cumulus or
shallow cumulus parameterization to better represent the
convective development of the system in the east Pacific. This
model setup contrasts with that of Rydbeck et al. (2017), which
investigated MCS-to-EW transitions in a composite sense over

several years in WRF with parameterized convection and an
inner domain grid spacing of 18 km. In addition to employing a
higher spatial resolution and removing the cumulus parameteri-
zation, this study uses the Thompson et al. (2008) microphysics

TABLE 1. WRF Model and simulation setup.

Model WRF-ARW V3.9.1.1 (Skamarock
et al. 2008)
Domain 2°-14°N, 100°-74°W

1200 UTC 11 Jun-0000 UTC 15 Jun 2012
10800 s; input data from ERAS (0.5°)

Simulation dates
Input interval

Time step 30s
Resolution 4 km (horizontal); 40 vertical levels
Cumulus None
parameterization
Microphysics Thompson (Thompson et al. 2008)
Radiation CAM (Collins et al. 2004)
Land surface model =~ Noah (Tewari et al. 2004)
PBL scheme YSU (Hong et al. 2006)
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scheme instead of the WREF single-moment 6-class scheme, forces
and initializes the model with an improved and higher-resolution
reanalysis (ERAS), and simulates a single disturbance over a
smaller domain. The Thompson et al. (2008) scheme was selected
due to its effectiveness in simulating MCS development (K. L.
Rasmussen 2018, personal communication) and has been used
in higher resolution simulations of MCSs (e.g., Rasmussen and
Houze 2016). Although the Thompson et al. (2008) scheme has
been shown to lead to more top-heavy structures and MCS orga-
nization (Feng et al. 2018), a sensitivity test with the WRF single-
moment 6-class microphysics scheme yielded similar results to the
Thompson et al. (2008) scheme used in this study. The input data
for the simulation are ERAS data that are three hourly, has 0.5°
horizontal grid spacing, and has 29 pressure levels. ERAS sea
surface temperature data are used at the same temporal and hor-
izontal resolution and are updated every 24 h. The ERAS input
data are used for the lateral boundary forcing for this single do-
main, nonnested run and are used to initialize the simulation.
Additionally, the simulation begins at 1200 UTC 11 June after the
MCS disturbance has formed (e.g., Fig. 2) and is run to 0000 UTC
15 June, as we are most interested in the model’s representation of
the MCS-to-EW transition as opposed to the initiation of the MCS
convection prior to its evolution. To account for potential model
spinup time, the analysis of the WRF run begins at 1800 UTC
11 June. Additionally, the reasonable representation of the MCS-
to-EW transition in WRF compared to ERAS gives confidence to
this initialization approach.

For a more direct comparison to the ERAS and CMORPH
data, model output and simulated precipitation rates were
degraded to approximate resolutions of 0.5° and 0.25°, re-
spectively, by averaging the higher resolution model data to
these grid sizes. Further, for displaying the model data in
Hovmoller and plan view formats, a spatial Gaussian filter was
used to smooth the data. For the WRF Hovmoller diagram,
vorticity anomalies were smoothed using a filter with a stan-
dard deviation of o = 0.5 (corresponding to a filter spatial
standard deviation of 0.25° and temporal standard deviation of
1.5h), while for all model plan view figures and the ERAS
vorticity (in Figs. 4 and 11) the contoured fields were smoothed
using a filter with a standard deviation of o = 0.6 (corre-
sponding to a filter spatial standard deviation of 0.3° for the 0.5°
resolution data and 0.15° for the 0.25° resolution data). In this
study, anomalies are calculated relative to the time mean over
each respective time period (ERAS and CMORPH: 0000 UTC
5 June to 2100 UTC 19 June; WRF: 1200 UTC 11 June to
0000 UTC 15 June). The results of ERAS anomalies are fairly
similar when calculated over the WRF simulation time period.
Further, anomalous vertical profiles for the disturbance are
calculated by taking the area-average at each pressure level
over an approximately 2° X 2° box centered on the unsmoothed
500 hPa vorticity anomaly maximum, and then subtracting off
the respective time mean over that specific region at all levels.
Finally, for analyzing the Chocé and Papagayo jets, a time
series of the area-averaged 925hPa horizontal vector wind
speed was calculated over the regions 3°-7°N, 77°-85°W and
9°-13°N, 86°-89°W, respectively. The Papagayo jet averaging
region is the same region that was defined in Whitaker and
Maloney (2018) for a CLLJ index.
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3. Case study overview

The disturbance leading to Hurricane Carlotta in June 2012
highlights the broader implication of the EW genesis mecha-
nism proposed by Rydbeck et al. (2017) (that a Panama Bight
MCS can develop into an EW, which then transitions into a
tropical cyclone) and is also documented in Pasch and Zelinsky
(2012). According to the National Hurricane Center’s report
on Carlotta (Pasch and Zelinsky 2012), the disturbance ‘“‘can be
traced back to an area of disturbed weather that moved west-
ward from Colombia to near and just south of Panama on
11 June.” In addition, Pasch and Zelinsky (2012) state that
“extrapolation and analyses ... suggest that this system was as-
sociated with a tropical wave that departed Africa in early June,
although this is uncertain since the wave became ill-defined over
the central Atlantic.” Figure 2 shows the progression of a
Panama Bight MCS into Hurricane Carlotta through true color
satellite imagery (human-vision-related visible wavelengths)
from NASA Worldview. On 10 June, sporadic deep convection
is occurring across the east Pacific, while the Panama Bight re-
gion is relatively clear. On the next day, an MCS can clearly be
identified in the imagery as a circular region of deep clouds, and
by 13 June the system has moved to the northwest and transi-
tioned into an EW having a larger area of convection that is
oriented from southwest to northeast, reminiscent of the EW
structures found by Serra et al. (2008), Rydbeck and Maloney
(2014), and others. Carlotta achieved tropical storm and hurri-
cane strength on 0600 UTC 14 June and 1200 UTC 15 June,
respectively (Pasch and Zelinsky 2012), and an eye is visible in
the satellite imagery on 15 June (Fig. 2). Ultimately, Carlotta is
reported to have made landfall near Puerto Escondido, Mexico,
and reached its maximum wind speed of 109 mph (1 mph ~
0.48ms~ ") 4h prior to landfall (Pasch and Zelinsky 2012).
Although this study focuses on the growth of the MCS into an
EW, the fact that a landfalling hurricane was produced as a re-
sult of this EW further underscores the importance of investi-
gating this pathway to EW genesis.

Figure 3 highlights the progression of the MCS in ERA5 and
CMORPH and the WREF simulation through Hovmoller dia-
grams (averaged from 11° to 2.5°N) of precipitation rate and
anomalous 700 hPa vorticity (relative to each respective time
mean). Analyses at 700 hPa have been performed in prior studies
to feature EW circulations (Serra et al. 2008, 2010; Rydbeck and
Maloney 2014) and 700 hPa is used to highlight the development
of the system from MCS to EW as well as the transition from EW
to tropical cyclone. In ERAS and CMORPH, the MCS feature
starting at 1200 UTC 11 June between 80° and 85°W has rain
rates up to 6mmh ™! that are roughly in phase with the vorticity
signature, while at later times starting around 0000 UTC 13 June
the EW has lower rain rates and generally higher vorticity.
Further, the continuous signal in both CMORPH precipitation
and ERAS vorticity from around 80° to 91°W over 2 days displays
the propagation of the disturbance from the Panama Bight at an
approximate phase speed of 7ms”'. An extension of the
Hovmoller diagram analysis further back in time and to the east
(not shown) reaffirms the findings of Pasch and Zelinsky (2012)
that there was not a definitive African EW precursor to this
disturbance, and points to this EW likely being formed locally
within the east Pacific. The WRF Model produces a similar
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FIG. 3. Hovmoller diagrams of precipitation rate (mm h™'; color
contours) and anomalous 700 hPa relative vorticity (s~ ; line con-
tours; 1 X 107 to 7 X 107°s ' by 2 X 10°s™ 1) for (top) ERA5
and CMORPH and (bottom) the WRF simulation. Data are av-
eraged from 11° to 2.5°N, and the gray vertical line at 77.5°W
represents the Pacific coast of South America. The black dots on the
longitude axis represent the approximate longitude of the vorticity
disturbance at the time of easterly wave genesis (1800 UTC 12
Jun 2012).

Hovmoller diagram to that of ERAS and CMORPH and rea-
sonably reproduces the growth of the MCS into an EW. For the
simulated MCS, the precipitation is lighter than in observations
to the east of 85°W, with maximum values only up to 4mmh ™",
which may be a consequence of using the Thompson et al. (2008)
microphysics scheme. As will be described with Fig. 5, a vorticity
feature that is tilted from southwest to northeast becomes ap-
parent by 1800 UTC 12 June. This tilted vorticity structure is
consistent with the formation of an EW and will be used as the
metric for determining EW formation in this study. The ap-
proximate longitude of EW genesis is highlighted in Fig. 3 and
occurs near 86° to 87°W. The EW feature in WRF has similar
precipitation values to the observations. Further, the model
produces a slightly more coherent propagation of the vorticity
feature in the disturbance when compared to ERAS.

Figures 4 and 5 provide a map of the evolution of 700 hPa
vorticity anomalies and precipitation for the disturbance in
both observations (Fig. 4) and in the WRF simulation (Fig. 5).

WHITAKER AND MALONEY 3571

In Fig. 4 at 0000 UTC 11 June, the initial convection is begin-
ning to develop along the western coast of Colombia and 12h
later has moved offshore forming an MCS with CMORPH rain
rates over 20mm h ™!, having similar timing to the diurnal cycle
results of Mapes et al. (2003a). For example, Mapes et al.
(2003a) found that Panama Bight precipitation maximized
around 0600 to 0800 local time in the mean diurnal cycle, which
is close to the time (1200 UTC 11 June) that the MCS structure
is shown in Fig. 4. Between 0000 UTC 12 June and 0000 UTC
13 June the disturbance moves parallel to the Central American
coastline and begins transitioning with the development of a
broad region of enhanced vorticity. By 0000 UTC 13 June an
EW structure of southwest to northeast tilted vorticity has
formed at 700 hPa, which has precipitation within and around
the disturbance. From 0000 UTC 13 June to 1200 UTC 14 June,
the EW disturbance strengthens into Tropical Storm Carlotta
(Pasch and Zelinsky 2012).

Figure 5 shows that the initialized MCS also grows into an
EW in the WRF simulation. The simulated MCS in WRF ap-
pears to be weaker than in observations, with generally lower
precipitation at 1800 UTC 11 June versus the mature MCS at
1200 UTC 11 June in Fig. 4. It is important to note that due to
the chaotic nature of convection, we do not necessarily expect
the model to perfectly match the observations and reanalysis.
Between 0000 UTC 12 June and 0000 UTC 13 June the tran-
sition from an MCS into an EW features narrow regions of
stronger precipitation that are aligned with the vortex axis,
particularly at 0600 UTC (not shown) and 1200 UTC. This
behavior is not as apparent in observations and ERAS. The
enhanced precipitation collocated with the vorticity feature
suggests that deep convection and the resulting stratiform
precipitation in WRF could be important to the MCS-to-EW
transition. Rydbeck and Maloney (2015) showed that deep
convection is important to EW development, while persistent
stratiform precipitation and heating from an MCS can help
maintain a midlevel vortex (e.g., Houze 2004). As will be
shown later, vertical profiles of the disturbance suggest strong
stratiform support in growing the disturbance. By 1800 UTC
12 June, the 700hPa vorticity is tilted horizontally from
southwest to northeast to form an EW (not shown) and the
horizontally tilted structure persists over the next 12h as the
system strengthens (Fig. 5). The simulated disturbance then
transitions into a tropical cyclone-like structure by 1200 UTC
14 June, matching the progression shown in Fig. 4. These
results support the hypothesis for EW genesis via MCS
growth proposed by Rydbeck et al. (2017) and highlight the
large role that convective processes seem to play in this
process in WRF. In summary, the timeline of this process can
be broken into three sections: MCS stage up to 0000 UTC
12 June, MCS-to-EW transition from 0000 to 1800 UTC
12 June, and EW formation at 1800 UTC 12 June with sub-
sequent development.

4. Vorticity budget

To further investigate the development of the MCS into an
EW, a vorticity budget at 500 hPa is calculated. This pressure
level is chosen to better analyze the transition of the MCS into
an EW, as the vortex tends to generally be maximized near
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FIG. 4. ERA5 700 hPa relative vorticity anomalies (s~'; line contours) and CMORPH precipitation rate (mm h™'; color contours) for the
developing disturbance. Vorticity contours are plotted for 2.5, 5, 10, 15, 25, 45, and 65 X 1073s7 L

500hPa during that period (Figs. 13, 14), and to compare
against the more generalized results in Rydbeck et al. (2017).
Similar to Rydbeck et al. (2017), the vorticity budget equation
is given as

d J J d
e (0,0 e
Jt 0x ay ap
~~~ ——
Time tendency Horizontal advection Stretching

aJ w aJ [0}
+[&(‘%—g)*®(‘%ﬂ R W

Residual

Tilting

where ¢, = (dv/dx — duldy) is the vertical vorticity, u is the
zonal wind, v is the meridional wind, n = {, + fis the absolute
vorticity, w is the vertical pressure velocity, p is pressure, {,, =
[(=1/pg)(dw/dy) — (dv/dp)(—pg)] is the zonal component of
vorticity, £, = [(du/dp)(—pg) — (—1/pg)(dw/dx)] is the merid-
ional component of vorticity, g is the acceleration due to
gravity, and p = p/RT is the density of air, with R =
287Jkg 'K ™! and T being temperature. The vorticity equa-
tion describes the evolution of vertical vorticity that is modu-
lated by the sum of the horizontal advection of vorticity, vortex
stretching and tilting, and a budget residual which accounts for
factors like friction and turbulent mixing. The budget residual
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is of the same order of magnitude as the other budget terms,
but this analysis will focus primarily on horizontal advection
and vortex stretching, the important terms in this process
identified by Rydbeck et al. (2017).

a. WRF

Figures 6-8 provide the vorticity budget analysis for the
convective-permitting WRF simulation across the MCS-to-
EW transition time period noted in Fig. 5. Vorticity budget
terms in Figs. 6-8 are not decomposed into a perturbation and
background, with the total field plotted. The total field budget
terms closely resemble the time-mean anomalies. For the

vorticity budget results, we focus primarily on the WRF
simulation as the convective processes in the model should
provide a more realistic representation of the role of con-
vection as well as its vertical structure in the MCS-to-EW
transition versus that from ERAS where convective heat-
ing is parameterized, which is of particular concern given
the data sparseness of the east Pacific. We provide more
discussion below about the different realizations of the
vertical heating structure in WRF and ERAS and impli-
cations for the vorticity budget. We also acknowledge the
chaotic nature of tropical convection in this region, and
that even a different realization of the model may produce
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somewhat different convective evolution and effect on
the vorticity budget. However, we are reassured through
examination of Fig. 3 that the WRF simulation we exam-
ine produces a plausible evolution of the vorticity growth
of the disturbance given the similarities relative to re-
analysis in the vorticity field and relationship to observed
precipitation.

Figure 6 shows the 500 hPa vorticity tendency term and
vorticity anomaly for the disturbance. During the MCS phase
at 1800 UTC 11 June, the vorticity anomaly is fairly circular
with strong positive tendency on the western side. Over the
next 24 h, the small disturbance moves northwestward, ex-
pands and horizontally tilts. A positive vorticity tendency
tends to occur on the leading side with a negative tendency
on the trailing side, consistent with propagation. However, a
positive vorticity tendency is also often found collocated
with the vortex center during these times, implying vortex
growth. Overall, a strong positive tendency near the distur-
bance center as it leaves the coast and a tendency dipole
agree with the composite results of (Rydbeck et al. 2017);

1

in the upper right of each panel). Relative vorticity contours are

however, the findings in this study are likely noisier due to
the nature of a case study.

Figures 7 and 8 depict the horizontal advection of vorticity
and vortex stretching for the simulated disturbance, respec-
tively. For horizontal advection, the pattern of positive (neg-
ative) values on the leading (trailing) sides of the system reflect
the portion of the tendency in Fig. 6 that are consistent with
propagation, especially at the EW stage. While Rydbeck et al.
(2017) found that the initial mesoscale vortex expands in the
composite over many events due to differences in horizontal
advection on either side of the system, with horizontal advec-
tion contributing to vortex growth, this process does not appear
as prominent in the model simulation for this single case. For
example, Rydbeck et al. (2017) show strong positive horizontal
advection leading the midlevel vorticity anomaly that is larger
in absolute value than the trailing negative advection. In this
case study, the leading positive horizontal advection seems to
be similar in absolute value, or even weaker than, the trailing
negative advection feature (Fig. 7). However, vortex stretching
associated with convective activity appears to have a consistent
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impact on vortex growth in our case study (Fig. 8). A positive
stretching tendency first occurs within the initial MCS feature
at 1800 UTC 11 June allowing the vortex to intensify. During
the transition period from 0000 to 1800 UTC 12 June, a strong
positive stretching feature occurs within the vorticity anomaly
and on the southwest and northeast sides of the system. This
promotes wave tilting and eddy kinetic energy growth by eddy—
mean flow interactions in a region of background cyclonic
shear of the mean zonal wind (Rydbeck and Maloney 2015). To
this end, positive stretching in these regions will support an
expansion of the vortex to the southwest and northeast,
generating a horizontal tilt. Further, a cyclonic wave tilted
from southwest to northeast in a favorable mean cyclonic shear
environment will acquire eddy kinetic energy through baro-
tropic energy conversions (e.g., Maloney and Hartmann 2001;
Serra et al. 2010). Thus, this result supports the findings of
Fig. 5 that a strong coupling between convective processes and
the vortex in the model aids EW genesis from the MCS, and is
further highlighted by the elevated rain rates in Fig. 5 being
collocated with regions of strong vortex stretching in Fig. 8,
particularly at 1800 UTC 11 June and 0600 and 1200 UTC

5.1

12 June and vertical Q1 profiles of the system center indicative
of convective activity (not shown). Further, the locations of
strong stretching within and at the flanks of the vortex center
are consistent with the composite results of Rydbeck et al.
(2017) that stretching contributes to the strengthening and
expansion of the system, especially considering that the simu-
lation is run at convective-permitting scales. Finally, while
vortex tilting in the simulation weakly supports MCS intensi-
fication in the initial stages and also produces positive vorticity
tendency on the leading side of the system in its development,
tilting does not seem to play as large of a role in the MCS
transition to an EW compared to stretching (not shown).

b. Vertical profiles

In addition to the 500 hPa plan-view snapshots of the vor-
ticity budget, anomalous area-averaged vertical profiles of the
budget terms were calculated for the MCS-to-EW transition in
WREF (Fig. 9). The vertical profile anomalies for the distur-
bance are calculated via a Lagrangian analysis by taking the
area average at each vertical level across a 2° X 2° box centered
on the unsmoothed 500 hPa vorticity anomaly maximum for
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the disturbance at a given time and location, and then sub-
tracting away the area-averaged time mean of the same current
box location. The track of this vorticity maximum is shown in
Fig. 1. By removing the model basic state, the profiles will focus
on the development of the perturbation vortex. When ana-
lyzing the full variable fields to include the background state,
the WRF budget term profiles are similar to those for the
perturbation vortex (not shown).

Figure 9 shows that vortex intensification during the MCS-
to-EW transition is dominated by stretching between 800 and
400 hPa. Each vertical profile except for 1800 UTC 11 June
has a positive maximum in stretching near 600 hPa and the
three highest values of stretching occur toward the end of the
transition to an EW at 0600, 1200, and 1800 UTC 12 June. An
analysis of the stretching term, niw/dp = {.dw/dp + fow/dp,
indicates that the term with ¢, is the dominant contributor to
stretching when compared to the Coriolis parameter (not
shown). Further, the £, contributions to the stretching profiles
in Fig. 9 are largely composed of vorticity from the EW
anomaly or convection acting within the mesoscale vortex,

rather than from the background vorticity (not shown). The
shape of the stretching profiles suggests a top-heavy convective
structure to the system where anomalous convergence is oc-
curring in the middle troposphere, which is conducive to
forming a midlevel vortex (e.g., Houze 2004; see Fig. 13). The
top-heavy structure of the disturbance was also observed in a
2° X 2° full-field analysis to incorporate the background state
(not shown). Rydbeck et al. (2017) also identified that a top-
heavy heating structure was present in their analysis. On the
other hand, horizontal advection is generally weak or negative
during the MCS-to-EW transition and is strongly negative after
an EW has formed in the final two profiles. Vortex tilting does
not seem to play as large of a role in vortex development as the
other two terms but does positively contribute to growth at
lower levels at 1200 and 1800 UTC 12 June, possibly associated
with shearing effects due to the Papagayo jet. Overall, vertical
profiles of the budget terms point to the importance of con-
vective coupling and a top-heavy structure in the EW genesis
pathway for vorticity generation in this case study, as also seen
in Figs. 5 and 8.
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Vorticity budget results for ERAS (not shown) are generally
similar to those presented for WRF in Figs. 6-9; however, there
are a few notable differences. First, the MCS vortex in ERAS
seems to expand early on through horizontal advection and has
negative stretching at 500 hPa during these times, which is not
seen in WREF. Like in WREF, stretching is very important to the
MCS-to-EW transition in ERAS, but stretching tends to have a
more consistent impact on MCS upscale growth in the model
than in observations. In terms of the budget vertical profiles,
stretching in ERAS tends to peak slightly higher in the middle
troposphere than in the WRF, but there is also evidence of
strong low-level stretching at 0000 UTC 13 June in ERAS that
does not occur in the model. This later signal has implications
for interactions with wind jets, which maximize at low levels in
this region. One interesting caveat to the WRF results in Fig. 9
is that when the box was expanded for a 5° X 5° full-field
analysis (not shown), there was an increase in low-level stretching
and low-level heating, while still maintaining strong midlevel
stretching and top-heaviness. This suggests the possibility of jet
interactions and/or deep convection in WRF further away from
the midlevel vortex and highlights some modest sensitivity of the
results to the box size.

5. Potential interactions with low-level wind jets

The Choc6 and Papagayo low-level jets have been shown to
be important in the development of MCSs, EWs, and tropical
cyclones (Serra et al. 2010; Holbach and Bourassa 2014;
Zuluaga and Houze 2015). This section will investigate the
behavior of these wind jets over the course of this case study,

and test the hypothesis that the Papagayo jet, in particular,
helps strengthen the developing MCS.

Figure 10 gives time series of the westerly Chocé and east-
erly Papagayo jet features in both ERAS and the WRF simu-
lation. As discussed above, the Chocé jet is defined as the
average horizontal vector wind speed at 925 hPa over 3°-7°N,
77°-85°W, while the 925 hPa Papagayo jet wind speed is aver-
aged over the same area that was used in Whitaker and
Maloney (2018, 9°-13°N; 86°-89°W). In ERAS, both the
Papagayo and Chocd jets are relatively weak six to three days
before the mature MCS at 1200 UTC 11 June, having wind
speeds below 6ms~'. Over the following couple of days, the
Papagayo jet strengthens to over 8ms~ ' at 0000 UTC 10 June
and then weakens over the next 24 h. Meanwhile, the Chocé jet
strengthens by roughly 4ms™! over 24 h starting at 1200 UTC
10 June and then maximizes to a wind speed of 6ms™ ' at
1200 UTC 11 June, when the MCS has formed over the
Panama Bight and when the WRF simulation begins. The
Papagayo jet begins to greatly intensify as the MCS convection
develops, starting around 0000 UTC 11 June. By the time the
MCS has formed 12h later, the jet wind speed is up to
around 10ms~ .

Looking at times following the WRF simulation start time,
both ERAS5 and WRF show that the Chocé jet steadily
weakens as the MCS disturbance propagates away from the
South American coast. However, the Papagayo jet continues to
strengthen during the MCS-to-EW transition (which occurs
between 0000 and 1800 UTC 12 June) while the disturbance
moves to the northwest toward Costa Rica and the jet region.
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In both reanalysis and the model, the Papagayo jet intensifies
by about 4ms~! from 1200 UTC 11 June to 1200 UTC 12 June
and maximizes around 14 ms ™. In fact, looking from the time
of initial MCS convective activity at 0000 UTC 11 June, ERAS

ERAS

09:00:00 UTC 10 june 2012
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documents an almost 8 m s~ ! increase in the jet to its maximum
strength a day and a half later. In the hours after peak jet
strength, the disturbance completes its transition into an
EW and the jet weakens. Finally, as the EW continues
propagating to the northwest and eventually forms Carlotta,
ERAS and WREF show that the strength of the Papagayo jet
greatly tapers off.

Figure 11 shows the evolution of 925 hPa geopotential height
(with the average diurnal cycle removed), 925hPa vorticity
anomalies (relative to the 0000 UTC 5 June-2100 UTC 19 June
time mean), and the total unfiltered 925 hPa wind during the
MCS-to-EW transition in ERAS. In the first two panels on
10 June, the weakness of the easterly Papagayo jet is evident,
even though the broader Caribbean low-level jet can be ob-
served further to the east. Further, the Choco jet begins to set
up on 10 June with westerly flow occurring around 5°N by
2100 UTC, and an increase in jet strength highlighted in Fig. 10.
Over the next 24 h during 11 June, the initiated MCS convec-
tion seen in Fig. 2 becomes apparent in the geopotential height
anomalies, with low pressure and stronger westerlies in the
Panama Bight. Additionally, the Papagayo jet is more prom-
inent by 2100 UTC 11 June, with the lower-level vorticity
feature extending out from the Central American coast and a
stronger meridional pressure gradient associated with the
strong high pressure anomalies to the north on the Caribbean
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side of Central America and the weak low pressure anomalies
in the east Pacific. A pressure gradient across the Central
American terrain has been shown to lead to an intensification
of gap wind features (Schultz et al. 1997), while a fluctuation of
the trade winds may also be supporting the Papagayo jet
(Chelton et al. 2000). During the MCS-to-EW transition from
0000 to 1800 UTC 12 June, the Papagayo jet reaches its max-
imum strength over the case study region and is accompanied
by enhanced low-level vorticity. At 0900 UTC 12 June, the
transitioning disturbance is still to the southeast of the jet and
the low-level vorticity anomaly; a broad low pressure anomaly
that is likely aided by the MCS continues to support the overall
pressure gradient across the Papagayo gap. At 2100 UTC
12 June, an elongated 925 hPa vorticity feature extends to the
southwest from the coastline and the recently formed EW
vorticity feature is starting to become almost collocated with it
(not shown). Thus, the low pressure anomaly of the MCS during
its evolution appears to have aided a broader pressure gradient
that was set up by the Caribbean high pressure anomalies, and
this pressure gradient likely forced the enhanced Papagayo gap

flow. This enhanced easterly gap flow, coupled with the mon-
soon trough westerlies produced positive low-level shear vor-
ticity on the equatorward side of the jet for the system to interact
with, as described in Holbach and Bourassa (2014). Holbach and
Bourassa (2014) also found that surface vorticity generated by
the Papagayo jet supports TC genesis.

Figure 12 shows the 925 hPa evolution of the wind jets and
geopotential height (with the average diurnal cycle removed)
in WREF. Early on during the MCS stage, the Chocd jet is ap-
parent, directing westerly flow toward the disturbance. During
the MCS-to-EW transition from 0000 to 1800 UTC 12 June, the
Papagayo jet undergoes a similar progression as in ERAS
(Fig. 11), with positive shear vorticity being generated to the
south of the jet. This low-level vorticity feature is out in front of
the midlevel vortex highlighted in Figs. 1 and 6-8, possibly
limiting its interaction with the core of the disturbance and
differing from the near collocation noted for ERAS above. So,
while WRF and ERAS have similar jet structures and evolu-
tions, differences in vertical profiles between the cases may be
important to potential interactions, as will be discussed next.
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FIG. 13. Vertical profiles of average WRF omega and vertical vorticity anomalies (Pas ' and s™! X 1075, re-
spectively) across an approximately 2° X 2° box centered on the 500 hPa vorticity maximum of the disturbance
every 6h starting at 1800 UTC 11 Jun 2012. Anomalies are relative to the time mean for the full simulation
(1200 UTC 11 Jun to 0000 UTC 15 Jun 2012) over each respective box.

Figures 13 and 14 show vertical profiles of the centered,
area-averaged anomalies of w and vorticity for the disturbance
across a 2° X 2° region in WRF and ERAS, respectively.
Figure 13 shows that the developing disturbance in WRF
generally has upward vertical motion at upper levels and
downward motion at lower levels, indicative of a stratiform
structure. In particular, this anomalous top-heavy structure is
supported by a full-field analysis of omega and Q1 (apparent
heat source) that shows that the overall structure of the dis-
turbance including the background state is also top-heavy (not
shown). Coupled with this structure is a consistent vorticity
profile that peaks at midlevels. Although the midlevel vortex
intensifies over the course of the MCS-to-EW transition, there
does not seem to be a strong increase in anomalous low-level
vorticity across the profiles, which suggests that interactions
with the Papagayo jet during this time do not produce a posi-
tive vorticity tendency beneath the midlevel center, and is
consistent with a vertical velocity structure that suggests
anomalous divergence in the lower troposphere. Figure 9 also
supports this notion, with positive stretching mostly being
confined to midlevels. Although there is some evidence of pos-
itive tilting at the level of the jet (Fig. 9), a low-level spinup due
to the jet is not reflected in the WREF vorticity profiles (Fig. 13).
An analysis of the stretching term points to the vertical relative
vorticity of the vortex itself being more important to intensifi-
cation when compared to the environmental vorticity (not
shown). So, the stratiform structure of the disturbance is per-
sistent throughout the transition into an EW in WRF.

In reanalysis, Fig. 14 shows that vertical velocity profiles are
generally not as top-heavy as in WRF. This feature also holds

for a full-field 2° X 2° analysis of omega and Q1 that includes
the background state, suggesting overall stronger low-level
vertical motion in ERAS5 versus WRF (not shown). Low-level
convergence is suggested from the anomalous vertical velocity
profiles in ERAS for several of the times, suggesting positive
vorticity generation at low-levels. During the final two profiles,
the low-level vorticity increases, indicating that the system may
be interacting with the low-level vorticity anomaly associated
with the Papagayo jet shown in Fig. 11. This interaction with
the jet comes around the time the EW has formed, and thus
may be more important to the development of the EW rather
than the transition of the MCS. So, while the disturbance in
WREF is more top-heavy with a midlevel vortex, the reduced
top-heaviness of the ERAS disturbance along with the timing
of the midlevel vortex may be allowing for stronger interac-
tions with the Papagayo jet. Interestingly, both sets of anom-
alous omega profiles suggest that as the system develops, the
profiles become less top-heavy near the vortex center, which
could be due to the system transitioning into an EW from an
MCS. In EWs, deep convection plays a more important role in
supporting the disturbance and is maintained by moisture ad-
vection from the EW circulation (Rydbeck and Maloney 2015).
Again, there is some sensitivity to the size of the averaging box
used. For example, in WRF a 5° X 5° full-field analysis finds
that stronger low-level upward vertical motion and enhanced
low-level vorticity occur in the vertical profiles, although the
Q1 and omega profiles are still top-heavy. This highlights some
sensitivity to these findings and indicates that potential jet in-
teractions and deep convection could be occurring farther
away from the midlevel vortex center. On the other hand, the
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FIG. 14. Vertical profiles of average ERA5 omega and vertical vorticity anomalies (Pas ! and s™! X 107,
respectively) across a 2° X 2° box centered on the 500 hPa vorticity maximum of the disturbance every 6 h starting at
1800 UTC 11 Jun 2012. Anomalies are relative to the time mean for 0000 UTC 5 Jun to 2100 UTC 19 Jun 2012 over

each respective box.

anomalous profiles for the perturbation vortex at the 5° X 5°
box size do not show much low-level vertical motion and have
some increased low-level vorticity (not shown).

For the same disturbance, ERAS5 and WRF have differing
vertical motion profiles near the maximum of the midlevel
vortex. These differences have important implications, such as
the model supporting a midlevel vortex through a primarily
stratiform structure and ERAS providing opportunities for
convection and vorticity generation at lower levels. In addition,
the shape of the vertical motion profiles in the disturbance are
important to understanding interactions with the Papagayo jet,
where shear vorticity has been generated to the south of the jet
(Holbach and Bourassa 2014). Low-level upward motion in the
vicinity of the jet shear vorticity anomaly would lead to addi-
tional vorticity generation there. Thus, field observations like
those collected during OTREC (e.g., Fuchs-Stone et al. 2020)
will be important to improving our understanding of the ver-
tical structure of east Pacific disturbances and their represen-
tation in models and reanalyses. What east Pacific vertical
convective structure looks like was one of the primary moti-
vations for OTREC. Given the parameterized nature of con-
vection in ERAS and the relatively data-poor east Pacific, we
are not confident that vorticity budget processes are neces-
sarily better represented in ERAS versus the model that has
higher-resolved convective processes and improved represen-
tation of the complex topography of this region.

6. Discussion
The formation of east Pacific EWs encompasses an array of
remote and local factors. While a traditional view is that east

Pacific EWs are simply African EWs that have entered the
basin (e.g., Frank 1970; Pasch et al. 2009), other studies have
proposed several mechanisms for EW genesis in the basin
without a precursor wave (e.g., Ferreira and Schubert 1997,
Toma and Webster 2010; Rydbeck et al. 2017). One such
mechanism is the upscale growth of Panama Bight MCSs, in-
vestigated in a modeling study by Rydbeck et al. (2017). The
present study reaffirms this type of EW genesis by providing a
case study of this process, and analyzes an MCS-to-EW tran-
sition that occurred on 11-12 June 2012 with a WRF simulation
at convective-permitting scales.

Echoing the findings of Kerns et al. (2008) and Rydbeck
etal. (2017), the Panama Bight MCS vortex was able to grow as
it moved northwestward, with vortex stretching being a key
aspect of the process. Vortex stretching associated with con-
vective processes, and top-heavy structures in particular, is the
driver of the MCS transition into an EW, supporting Rydbeck
et al. (2017), while horizontal advection is associated with the
propagation of the system with positive advection leading the
advancing vortex and negative advection trailing it. Positive
vortex stretching regions occur within and on the southwest
and northeast portions of the system vorticity anomaly, which
allows the smaller MCS vortex to intensify, expand, and tilt its
wave axis, assisting the transition into a structure resembling an
EW. Rydbeck and Maloney (2015) show that convection in the
southwest and northeast regions of an EW supports the tilting
of a wave and leads to continued wave growth.

Anomalous vertical profiles of stretching, vertical motion,
and relative vorticity near the midlevel vortex maximum
highlight that the MCS growth process in this case seems to be
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primarily associated with stratiform structures. Positive stretching
occurs at midlevels, which acts on and subsequently strengthens a
midlevel vortex. In the WRF simulation, Fig. 13 shows that the
peak vorticity at the EW stage (the final profile) is almost double
that of the peak vorticity at the MCS stage (the first profile).
Figure 5 highlights that precipitation is fairly collocated with the
developing vortex, and combined with the findings of a consistent
top-heavy structure and strong midlevel stretching, precipitation
processes seem to have a strong influence on the growth of the
disturbance.

In addition to conducting a vorticity budget on the devel-
oping MCS, the possible interactions of low-level wind jets
with the growth process were investigated. Similar to the
findings of Zuluaga and Houze (2015), a strong Chocd jet is
present as the MCS forms, with the horizontal vector wind
speed increasing by 4ms ™! in ERA5 from 1200 UTC 10 June
to 1200 UTC 11 June in the buildup to the MCS forming
(Fig. 10). In addition, Fig. 10 shows that the Papagayo jet
reaches its peak intensity around one day after the MCS has
formed, both in observations and in the model. Figures 13 and
14 emphasize that the disturbance in WRF is more top-heavy
than in ERAS and that the ERAS disturbance has an increase
in low-level vorticity during the later anomalous profiles, while
the vorticity in the simulated system remains concentrated at
midlevels. In light of the less top-heavy vertical motion profiles,
implied low-level convergence, and the increase in low-level
vorticity, there is evidence of stronger possible interactions
with the Papagayo jet in ERAS near the location of the mid-
level vorticity maximum. Field observations from OTREC will
be useful for better understanding the shape and variability of
vertical motion profiles of developing disturbances as well as
investigating interactions with the Papagayo and Chocé jets.
For example, Fuchs-Stone et al. (2020) found that bottom-
heavy profiles generally occurred during OTREC, which pro-
vides support to ERAS’s interactions with the Papagayo jet as
reflected in the ERAS results and serves as a caveat to WREF,
although these events occurred over different time periods.
Further modeling that spans a larger number of EW develop-
ment cases will also help to address this issue. A caveat to these
results is the selection of averaging box size. While a smaller
box size focuses on the development of the primary midlevel
vortex, a larger box size could be useful in examining more
exterior impacts on the disturbance. While the results in this
study highlight a strong stratiform profile in the WRF system,
an analysis with a larger box size suggests that deep convection
as well as interactions with the Papagayo jet could be relatively
more prominent farther from the midlevel center.

While this case study gives additional context to the MCS to
EW mechanism proposed by Rydbeck et al. (2017), many
questions still remain, for example: How often does this pro-
cess occur in a given hurricane season? Why do some Panama
Bight MCSs develop into EWs and not others? Can we im-
prove our forecasts of EWs and possibly even hurricanes by
knowing more about this process? To this end, additional
studies of this process, which will be aided by observations
gathered during the OTREC field campaign in summer 2019,
are necessary to improve our understanding of east Pacific EW
activity.
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