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ABSTRACT

Observations from the Pre-Depression Investigation of Cloud Systems in the Tropics (PREDICT), Genesis
and Rapid Intensification Processes (GRIP), and Intensity Forecast Experiment (IFEX) field campaigns are
analyzed to investigate the mesoscale processes leading to the tropical cyclogenesis of Hurricane Karl (2010).
Research aircraft missions provided Doppler radar, in situ flight level, and dropsonde data documenting the
structural changes of the predepression disturbance. Following the pre-Karl wave pouch, variational analyses
at the meso-B and meso-a scales suggest that the convective cycle in Karl alternately built the low- and
midlevel circulations leading to genesis episodically rather than through a sustained lowering of the con-
vective mass flux from increased stabilization. Convective bursts that erupt in the vorticity-rich environment
of the recirculating pouch region enhance the low-level meso-B- and meso-a-scale circulation through vortex
stretching. As the convection wanes, the resulting stratiform precipitation strengthens the midlevel circula-
tion through convergence associated with ice microphysical processes, protecting the disturbance from the
intrusion of dry environmental air. Once the column saturation fraction returns to a critical value, a subse-
quent convective burst below the midlevel circulation further enhances the low-level circulation, and the
convective cycle repeats. The analyses suggest that the onset of deep convection and associated low-level
spinup were closely related to the coupling of the vorticity and moisture fields at low and midlevels. Our
interpretation of the observational analysis presented in this study reaffirms a primary role of deep convection
in the genesis process and provides a hypothesis for the supporting role of stratiform precipitation and the
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midlevel vortex.

1. Introduction

An understanding of tropical storm formation re-
quires insight into processes occurring at multiple spatial
and temporal scales. A synoptic-scale tropical wave can
provide a protective environment and background vor-
ticity for a predepression, but does not guarantee that
the predepression will intensify into a strong tropical
cyclone (Frank 1970; Dunkerton et al. 2009, hereafter
DMW(09). Processes on the meso-y (~2-20 km), meso-3
(~20-200km), and meso-a (~200-1000 km) scales within
the predepression must concentrate enough planetary
vorticity in the lower troposphere to organize convec-
tion and sufficiently increase the rotational wind speeds
to be declared a tropical depression or tropical storm.
The processes by which this occurs are the primary focus
of this paper.
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While spontaneous tropical cyclone (TC) formation
can occur in idealized numerical simulations (e.g., Nolan
et al. 2007), cyclogenesis in the real atmosphere occurs
within a precursor synoptic-scale disturbance such as a
tropical wave with favorable large-scale atmospheric
and oceanic conditions (Gray 1968; McBride and Zehr
1981). A new model for cyclogenesis in tropical waves
developed by DMW(9 describes a recirculation region
within the critical layer of the parent wave where air
tends to be repeatedly moistened by cumulus convec-
tion, protected to some degree from lateral intrusion of
dry air and deformation by horizontal or vertical shear,
and (thanks to its location near the critical level) able
to keep pace with the parent wave until the dominant
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vortex has strengthened into a self-maintaining entity.
The combination of the associated genesis sequence
and the overarching framework for describing how
such hybrid wave-vortex structures become tropical de-
pressions is likened to the development of a marsupial
infant in its mother’s pouch (see DMW09; Montgomery
et al. 2010; Wang et al. 2010a,b).

In late summer 2010 the Pre-Depression Investigation
of Cloud Systems in the Tropics (PREDICT) field
campaign was conducted to improve our understanding
of how tropical waves transition into tropical cyclones
and test the principal hypothesis that tropical storm
formation is greatly favored in the critical-layer re-
gion of the synoptic-scale predepression disturbance
(Montgomery et al. 2012). The National Science Foun-
dation (NSF) supported the PREDICT field campaign,
which involved 25 research flights into Atlantic tropical
disturbances. The PREDICT campaign was conducted
in conjunction with NASA Genesis and Rapid Intensi-
fication Processes (GRIP) and National Oceanic and
Atmospheric Administration (NOAA) Intensity Fore-
cast Experiment (IFEX) campaigns.

Composite analyses of developing and nondeveloping
disturbances (“‘developers” and ‘“‘nondevelopers”) us-
ing the PREDICT dataset have revealed distinctions
between favorable and unfavorable thermodynamic
environments for genesis. Montgomery and Smith
(2012), Davis and Ahijevych (2013), and Komaromi
(2013) showed that development depends strongly on
available moisture above the boundary layer. Devel-
opers had higher equivalent potential temperature 6,
in the low to midtroposphere due to both warmer and
moister air, while nondevelopers had high convective
available potential energy (CAPE) relative to the de-
velopers due to cooler and drier air at midlevels. In par-
ticular, Smith and Montgomery (2012) found that “‘the
most prominent difference between the non-developing
system [ex-Gaston] and the two developing systems [pre-
Karl and pre-Matthew] was the much larger reduction of
0. between the surface and a height of 3 km, typically 25 K
in the non-developing system, compared with only 17 K
in the developing systems. Conventional wisdom would
suggest that, for this reason, the convective downdrafts
would be stronger in the non-developing system and
would thereby act to suppress the development.”

Smith and Montgomery (2012) proposed an alternative
hypothesis “‘in which the drier air weakens the convective
updrafts and thereby the convective amplification of ab-
solute vorticity necessary for development.” This alter-
native hypothesis was tested by Freismuth et al. (2016)
for the nondeveloping case of ex-Gaston using large-
scale analyses. Freismuth et al. showed that “‘entrained,
dry air near 600hPa thwarted convective updrafts and
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vertical mass flux, which in turn led to a reduction in
vorticity and a compromised pouch at these middle levels.
A compromised pouch allows further intrusion of dry
air and quenching of subsequent convection, therefore
hindering vorticity amplification through vortex tube
stretching.” Gjorgjievska and Raymond (2014) argued
that a reduction in midlevel vorticity may have occurred
prior to the ingestion of dry air, which initially weakened
the pouch and allowed for subsequent intrusion of dry
air. The findings of both Freismuth et al. (2016) and
Gjorgjievska and Raymond (2014) point to a potentially
important positive role of the midlevel cyclonic circula-
tion by providing protection against dry-air intrusions
from the complex environment and supporting a favor-
able region for persistent convective activity and vortex
tube stretching on the system-scale circulation.
Numerical simulations and large-scale analyses by
Montgomery et al. (2010), Wang et al. (2010a, 2012),
Wang (2012), and others have now provided abundant
evidence that a deep, moist pouch is a necessary condi-
tion for the development of a tropical disturbance in the
Atlantic basin, but the specific role of the midlevel and
low-level circulations, enhanced temperature and mois-
ture at midlevels, and the relative importance of deep,
congestus, and stratiform convection in the development
process are still under debate. As an example of the di-
versity of thought on the key ingredients of the genesis
process, a competing theory on the role of the midlevel
circulation has been proposed by D. Raymond and
coworkers. The idea is that the enhanced static stability
associated with a midlevel cyclonic vortex is an essential
element of developers (Raymond and Sessions 2007,
Raymond et al. 2011; Raymond 2012; Davis and
Ahijevych 2013; Zawislak and Zipser 2014; Gjorgjievska
and Raymond 2014). This theory emphasizes the ther-
modynamic structure of the tropical disturbance, revis-
ing an early emphasis on stratiform mesoscale convective
systems (MCSs) that emerged from prior field campaigns
two decades earlier (e.g., Bister and Emanuel 1997;
Raymond et al. 1998; Simpson et al. 1997). The work of
Raymond et al. (2011) and Gjorgjievska and Raymond
(2014) has proposed a refinement of the marsupial par-
adigm, suggesting that the enhanced stability causes a
lowering of the convective mass flux and, by mass con-
tinuity, a spinup of the lower troposphere by the con-
vergence of cyclonic vertical vorticity from the near
environment. In the proposed refinement, the thermo-
dynamic structure that is in balance with the vorticity
provides a strong control on the humidity profile and
convective mass flux through a “moisture quasi equi-
librium” process (Raymond and Flores 2017).
Organized deep convection has been acknowledged
as a necessary component of genesis for several decades
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(e.g., Gray 1968; Houze et al. 2009), and is in fact part of
the definition of a TC according to the National Hurricane
Center (see http://www.nhc.noaa.gov/aboutgloss.shtml).
Observations suggest repeated bursts of vortical deep
convection are an important component of the genesis
process (Zehr 1992; Gjorgjievska and Raymond 2014;
Raymond et al. 1998; Chang et al. 2017). A key cloud-scale
process identified by numerical studies (Hendricks et al.
2004; Montgomery et al. 2006; Nguyen et al. 2008; Zhang
et al. 2011) is that low-level convergence driven by deep
convection in a rotating environment amplifies preexisting
vertical vorticity locally by vortex tube stretching, and that
the amplified vorticity outlives the deep convection that
produced it. Wissmeier and Smith (2011) and Kilroy and
Smith (2013) showed that vertical vorticity could be
amplified by an order of magnitude by even moderate,
short-lived convective updrafts in idealized numerical
simulations of tropical convection. Vortical remnants con-
centrated by deep convection will tend to aggregate within
the broader cyclonic circulation, leading to a corresponding
upscale vorticity and energy cascade and further amplifi-
cation of vertical vorticity by subsequent convective
bursts. The system-scale inflow forced by the aggregate
latent heating from the convective elements leads to an
inward advection of convectively enhanced vorticity.
Stokes’s theorem applied to a fixed area surrounding the
convection implies that there will be an accompanying
increase in the strength of the disturbance-scale circulation
on account of the import of ambient absolute vorticity.

Observations have shown evidence for the presence of
vortical deep convection in several TC genesis cases. Zipser
and Gautier (1978) concluded that a giant updraft within an
MCS accounted for the majority of upward mass flux in a
tropical depression off the coast of Africa in 1974, and that
the low-level convergence supporting the MCS could
stretch the environmental vorticity at a rate that would
account for much of the intensification of the depression.
Further evidence showing the existence and operation of
vortical deep convection has been found since those early
observations (Reasor et al. 2005; Sippel et al. 2006; Houze
et al. 2009; Bell and Montgomery 2010; Sanger et al. 2014).
However, most of these observations consist of snap-
shots or short time samples, and it has been difficult
using observations only to piece together the cumulative
effects of deep convection in the pregenesis period. The
comprehensive dataset obtained in predepression Karl
(2010) provides a unique series of aircraft observations
to help investigate the roles of convective and stratiform
precipitation processes in TC genesis.

Observations from predepression Karl collected during
PREDICT have been used in this study to quantify the
dynamic and thermodynamic effects of deep convec-
tion, stratiform precipitation, and vortex intensification
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following the recirculating pouch region for 5 days lead-
ing up to genesis. Doppler radar, in situ, and dropsonde
observations have been analyzed using a spline-based
variational technique called Spline Analysis at Meso-
scale Utilizing Radar and Aircraft Instrumentation
(SAMURALI) (Bell et al. 2012) to examine the mesoscale
structure. Similar to the results reported by Lussier et al.
(2014), circulation tendencies suggest progressive devel-
opment of the low-level circulation through low-level
convergence of vorticity in deep convective bursts. A
strong midlevel circulation develops also over this period,
consistent with the hypothesis that stratiform precipita-
tion processes also play an important role in genesis. Our
results will suggest that divergence profiles associated
with convectively inactive MCS regions in predepression
Karl contributed to a low-level spindown of the vortex.

We propose here the hypothesis that the primary role of
stratiform MCS regions is to promote midlevel conver-
gence that enhances the midlevel meso-a-scale pouch
circulation. As anticipated by the foregoing discussions,
the enhanced midlevel pouch region serves to recirculate
moisture above the boundary layer in a frame of reference
moving with the synoptic-scale disturbance. The en-
hanced moisture leads to decreased entrainment for sub-
sequent bursts of deep convection (Holloway and Neelin
2009; James and Markowski 2010; Kilroy and Smith 2013)
that can spin up the low-level circulation. This hypothesis
is distinct from the emphasis in previous studies on the
importance of the enhanced static stability leading to
genesis. Our results suggest that the low-level cooling seen
in previous composite analyses is episodic rather than
persistent, and that the upper-level warming is associated
with the developing warm-cored vortex.

In addition to the dynamic effect of enhancing the
midlevel pouch, the direct effect of low-level moistening
and cooling by stratiform rain from MCS regions is also
beneficial, and may help the recovery of the low-level
relative humidity after bursts of deep convection. A
positive phasing between the low-level cooling and
the diurnal cycle appears to have also contributed to
Karl’s genesis, consistent with the numerical study of
Melhauser and Zhang (2014). Our analysis suggests
that a critical value of saturation fraction for the layer
below 700 hPa near 85% relative humidity (RH) allows
for the onset of deep convection, similar to that analyzed
in large-scale tropical convection (Neelin et al. 2009).
The episodic nature of the convective bursts is tied
closely to moisture availability above the boundary
layer, consistent with the hypothesis of Holloway and
Neelin (2009) that the deep convective onset is due to
enhanced buoyancy of an entraining air parcel. The
saturation fraction below 700 hPa stays close to 85% in
the days leading up to genesis, with repeated bursts of
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deep convection occurring when the meso-a-scale en-
vironment exceeds this critical value, resulting in strong
low-level convergence and spinup of the TC.

An outline of the remaining paper is as follows: Section
2 describes the PREDICT dataset and the analysis
methodology used in this study. Results from the meso-
scale analysis of Karl’s genesis are presented in section 3.
The circulation dynamics of the developing tropical
cyclone are presented in section 4. Section 5 summarizes
the results and discusses their implications in the context
of recent studies.

2. Data and methodology

The NSF-National Center for Atmospheric Research
(NCAR) Gulfstream-V (GV) aircraft collected high-
altitude (~13-14km) in situ and full-tropospheric
dropsonde observations in a meso-a-scale region
encompassing the pouch and its nearby environment.
GV in situ and dropsonde data were processed and
quality controlled by the NCAR Earth Observing Lab-
oratory. A correction for a dry bias in the relative hu-
midity for dropsondes from 2010 was applied. Two
NOAA WP-3Ds (P3s) were available for three mis-
sions that collected low-altitude (~3km) in situ and
dropsonde observations, and added Doppler radar ob-
servations. The X-band (3 cm) wavelength tail Doppler
radar (TDR) aboard the P3 aircraft employed a fore—aft
scanning technique that provided radial velocity data
in a cone ~20° from the track both fore and aft of the
aircraft. Three-dimensional winds and precipitation
structure were derived from the multiple Doppler ve-
locities. Following the methodology developed by
Bosart et al. (2002), the data were first corrected for
navigational errors and manually edited to remove
ocean returns, radar sidelobes, and other artifacts. The
Doppler radar data were the only available tools to probe
the three-dimensional convective structure of the pouch
on the meso-y and meso-f scales (Marks and Houze
1984; Reasor et al. 2005), but were only available around
0000 and 1200 UTC 13 and 0000 UTC 14 September.
Limited radar echoes during the 0000 UTC 14 September
P-3 mission precluded quantitative analysis of the con-
vective structure at that time; therefore, the radar analysis
presented herein focuses on 13 September.

The SAMURALI variational analysis package (Bell
et al. 2012; Foerster et al. 2014; Lussier et al. 2014;
Foerster and Bell 2017) was used to composite the re-
search observations at horizontal node spacings of 25
and 2km to examine the predepression structure at
meso-a and meso-f3 scales, respectively. One of the ad-
vantages of variational analyses such as SAMURALI is
the capability to combine observations from different
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instruments with a prior estimate of the atmospheric
state. For this study, the 0.25° European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses
were used as an initial estimate for the 25-km Cartesian
grid analyses. The SAMURAI meso-a-scale analyses
were then calculated using dropsondes and satellite-
derived atmospheric motion vectors (AMVs; Velden
et al. 2005) in a 6-h window around the mission on each
analysis day. An isotropic, Gaussian background error
covariance was used with the error standard deviations
shown in Table 1. The ECMWF analyses were found to
have a reasonably good agreement with the observa-
tions at the meso-«a scale, such that the analyses were not
overly sensitive to the prescribed error magnitudes. The
Gaussian covariance length scale was set to 4Ax in the
horizontal to focus on the primary scales resolvable at
each nodal resolution. The vertical grid spacing was
chosen to be 500 m for all composites, with a 2Az ver-
tical covariance length scale. A conjugate gradient
algorithm was used to minimize an incremental form
of the variational cost function with a mass continuity
constraint. No other balance or physical constraints
were used in the cost function minimization. A back-
ground vertical velocity error standard deviation of
I1ms~! constrains the divergence through the mass
continuity constraint to be representative of hydro-
static vertical motions.

The 25-km SAMURAI analyses were then used
as an initial estimate for the 2-km analyses, and the
data window was reduced to ~15min. The 2-km nodal
spacing was chosen to approximately match the along-
track resolution of the NOAA P-3 tail Doppler radar
observations. Dropsondes and satellite-derived wind
vectors were included also in the meso-B-scale analyses
to allow finer spatial-scale information to be retrieved
from those data, but the wind field was primarily de-
termined from Doppler radar observations. As shown
in Table 1, the background error standard deviation
was increased to 25ms ! for all three wind components
in the 2-km analyses. The large background error es-
sentially makes the meso-B-scale analyses independent
of the initial estimate where Doppler radar observa-
tions were available. Given the poor spatial sampling
at this scale from the dropsonde data alone, the ana-
lyzed winds were removed in areas with no radar
reflectivity.

As a quantitative tool for examining the nature of
Karl’s spinup, the circulation equation was used to
calculate the contributions to changes in circulation
during the pregenesis period from the SAMURAI
analyses. The form of the equation used in this study
was derived by Davis and Galarneau (2009) and is
given by
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TABLE 1. Summary of SAMURATI settings and observations for
meso-a- and meso-B-scale analyses.

Setting Meso a Meso B

Horizontal node 25 2
spacing (km)

Horizontal error 100 8
covariance
length (km)

Background u and v 5 25
error o (ms™ ')

Background w 1 25
error o (ms~ ')

Background T 3 —
error o (K)

Background g, 1 —
error o (gkg ™)

Observations In situ, dropsondes,  In situ, dropsondes,
analyzed AMVs AMVs, TDR

aC = A
—=—ToA — #;n’v’ -ndl + J)w(kX—) -ndl
ot ap

—fi;(f(xF)-ﬁdl, 1)

where C denotes circulation, ¢ denotes time, n denotes
absolute vorticity, 6 denotes divergence, and A denotes
the area of the domain. Overbars represent averaging
around the perimeter, primes represent perturbations
from the perimeter average, and the tilde represents
areal averaging. Additional symbols denote the vertical
velocity in pressure coordinates w, the perturbation
v/ and total V horizontal vector winds, friction and
subgrid-scale forces F, unit vectors in the normal n
and vertical directions k, and perimeter length incre-
ment dl.

This form of the circulation equation results from in-
tegrating the flux form of the vertical vorticity equation
(Haynes and McIntyre 1987) and decomposing the
stretching term into mean and eddy components. As is
evident from Eq. (1), the four contributions to the cir-
culation tendency are from the area-averaged horizontal
convergence of perimeter-averaged absolute vorticity,
eddy fluxes of vorticity at the perimeter, tilting contri-
butions at the perimeter, and Reynolds stress at the
perimeter, respectively. As pointed out by Davis and
Galarneau (2009), the separation of the first two terms
into mean horizontal convergence and eddy fluxes
allows for a more straightforward interpretation of
contributions from vortex stretching and horizontal
advection, respectively. Friction was estimated follow-
ing the method described in Raymond and Loépez
Carillo (2011), using a bulk aerodynamic formula for
surface stress that decayed exponentially over a scale
height of 1.25km. Due to the extended length of time
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between flights, it is not possible to calculate the actual
circulation tendency on the left-hand side of Eq. (1) with
sufficient accuracy from the observations, but the cir-
culation budget obtained from the summation of the
right-hand side allows for insight into the leading-order
processes that contribute to vortex spinup.

3. PREDICT analysis
a. Time series analysis

Figure 1a shows the track of pre-Karl from PREDICT
research missions (thick blue line) and Karl after it was
declared by the National Hurricane Center (NHC) (best
track, thin black line). The red stars denote the sweet
spot location at 850 hPa deduced from the SAMURAI
analyses of each mission’s data. The sweet spot is de-
fined by the intersection of the critical latitude (where
the zonal flow is equal to the wave phase speed) and the
wave trough axis (where the meridional velocity is zero).
The SAMURAI analyses were first performed in a
comoving frame following the estimated motion of the
predepression disturbance from ECMWEF analyses. A
linear fit of the analyzed positions (thick blue line) was
used to derive an average system translation speed for
the final SAMURALI analyses (red stars). The analyses
shown in the next section are centered on the linear
track, but the sweet spot location varies somewhat
from mission to mission.

Previous work has typically divided the genesis and
further intensification into a series of stages, ranging
from a preconditioning phase, genesis phase, and more
mature phases of the tropical cyclone life cycle. While
these may be useful for delineating the morphological
stages in a cyclone’s evolution, we note that there is no
formal, universally accepted definition for tropical cy-
clogenesis, but rather a somewhat subjective designa-
tion within a continuum of intensifying states that meet
certain thresholds of convective organization and wind
speed. In this study, we use the operational designation
of tropical storm status by NHC to define Karl’s gen-
esis time, but a precise definition of genesis will be
sidestepped in order to focus on understanding the for-
mation process.

The NHC best track for Karl began on late 13
September, denoted by the “L” in Fig. 1, and was ap-
proximately 2° south of the comoving center. The best
track, which uses Earth-relative winds, moved north-
ward over the following day prior to tropical depres-
sion (denoted “Lx”) and tropical storm designation
(denoted by the open hurricane symbol). The genesis
location, as marked by the tropical storm designation, is
closely located near the pouch sweet spot at 1800 UTC
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FIG. 1. Track and infrared satellite snapshots of Hurricane Karl. (a) Linear predepression track (thick blue line) derived from 850-hPa
pouch centers at mission times (red stars), along with National Hurricane Center best track (thin black line) and storm evolution
(L denotes low, Lx denotes depression, open hurricane symbol denotes tropical storm, and closed symbol denotes hurricane).
(b)—(e) Infrared satellite imagery at key times. Satellite imagery courtesy of Naval Research Laboratory Monterey.

14 September. Karl continued to move westward as it
developed into a hurricane, and was subsequently sam-
pled by IFEX and GRIP research missions (gray stars).

Figures 1b—e show the infrared satellite imagery co-
incident with some of the aircraft missions leading up
to genesis. During the first GV aircraft mission at
1200 UTC 10 September (Fig. 1e), the cloud cluster was
relatively disorganized and composed mostly of cloud
tops warmer than —70°C (denoted in green and blue)
associated with stratiform MCSs. At 0000 UTC 13
September (Fig. 1d), there were isolated regions of deep
convection (<—70°C cloud tops denoted in red and
yellow) interspersed with warmer cloud tops near the
sweet spot. At 1200 UTC later that same day (Fig. 1c),
there was a north—south elongated region of active deep
convection from 15° to 19°N, with a broader region of
convective activity well to the south of the sweet spot.
This 12-h period is examined in greater detail below.
Well-organized deep convection with some banding
was evident by 1800 UTC 14 September at the time of
genesis (Fig. 1b).

Figure 2 shows a time series of the analyzed meso-a
circulation at 850 and 500 hPa over a 600 km X 600 km
domain (Fig. 2a), a 200km X 200km domain (Fig. 2b),

and areal fraction of cold-cloud tops from Davis and
Ahijevych (2012) (black line). The cold-cloud fraction
(CCF) below —60° C was calculated within 200km of
the model-consensus circulation center, corresponding
roughly to the meso-a analysis domain. There was al-
most no 500-hPa circulation (Fig. 2a, blue triangles)
above the 850-hPa circulation (red circles) at 1200 UTC
10 September on the larger meso-a domain. The weak
midlevel circulation may be due in part to misalignment
of the vortex in the vertical, such that the midlevel cir-
culation was not fully within the analysis domain. A brief
intensification of the 850-hPa circulation was seen after
the first aircraft mission that was followed by a slow
decline over the next several days.

The peaks in CCF represent the time of deep con-
vective bursts, showing the episodic nature of the con-
vection. The aircraft sampled the predepression after a
strong convective burst the morning of 11 September
when extensive stratiform precipitation was evident in
satellite imagery (not shown) and there was a marked
increase in 500-hPa circulation analyzed at 1800 UTC
11 September (see Fig. 2). The other periods where the
CCF is declining in the time series are generally asso-
ciated with the convective to stratiform transition.
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FIG. 2. Analyzed time series of meso-a absolute circulation from the initial aircraft
mission to Karl’s genesis. Mean absolute circulation at 850 hPa (red solid and green
dashed) and 500 hPa (blue long dashed and purple short dashed) over the (a) 600 km X
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The linear interpolation of circulation between air-
craft missions on 10 and 11 September most likely
obscures a more complex time series than depicted. We
speculate that the 850-hPa circulation spun down prior
to the convective burst, but was followed by some
spinup when the deep convection erupted. The net
result over this period was a slight weakening of the
850-hPa circulation. A steady, alternating intensifica-
tion of both the 850- and 500-hPa circulations fol-
lowed as the series of convective bursts continued.
Genesis declaration by NHC corresponds to the time
when the average absolute vorticity in the larger
domain exceeded 8 X 107°s™! at both the low and
midlevels.

The smaller 200km X 200 km domain (Fig. 2b) shows
larger amplitude fluctuations in the circulation over time
than in the larger domain. Like the larger domain, the
initial circulation at 500hPa was weak but increased
significantly as the first convective burst decayed, but the
decrease in 850-hPa circulation over the first 18 his more
evident in the smaller domain. The 850- and 500-hPa
circulations changes are more clearly out of phase on
this domain, with the increase at one level occurring at
the same time as a decrease at the other level. The cir-
culation increases at 850 hPa tend to occur at the peak of
the cold-cloud fraction during the convective bursts,
followed by increases at 500 hPa during the stratiform
transition period. In the upcoming section 4 a circulation
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(a) Meso-o. C, RH, and winds at 850 hPa,
0000 UTC 13 September
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FIG. 3. Low-level meso-a and meso-g structure at 0000 UTC 13 Sep. (a) Analyzed meso-a absolute vertical
vorticity (color shading, 3 X 10~s™ ! interval), relative humidity (white, 10% contour interval), and wave-relative
wind vectors (black) at 850 hPa. Red vectors indicate measured dropsonde winds. Red star indicates location of
the pouch ‘“‘sweet spot” as defined in the text. (b) Zoomed-in view [yellow box in (a)] of analyzed meso-g radar
reflectivity (color, 3 dBZ interval), absolute vertical vorticity (20 X 107°s™! contour interval, negative values
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denoted by dashed lines), and wave-relative wind vectors at 1.5-km altitude.

analysis is presented that provides more detail on the
circulation changes over the multiple day period leading
up to genesis.

b. Meso-a- and meso-B-scale structure

The 25-km SAMURATI analyses for all missions have
been performed, but here we focus on the analysis at
0000 and 1200 UTC 13 September since (i) this was
the only day that quality radar data was available to
provide a more detailed look at the meso-B-scale
structure to accompany the meso-a-scale analysis, and
(ii) we believe the 12-h evolution on this day is repre-
sentative of the processes occurring during the pre-
dominately convective and stratiform periods at other
times. Figure 3 shows the low-level SAMURALI analysis
of the meso-a- and meso-B-scale kinematic, moisture,
and reflectivity at 0000 UTC 13 September. For the
purposes of this paper, we define ““low levels’ to be below
700 hPa or 3-km altitude, “midlevels” to be between 700
and 400 hPa or 3-8-km altitude, and “upper levels” to be
above 400 hPa or 8km. To compare with previous studies
and simplify the interpretation of the circulation dy-
namics, the meso-a-scale analyses were output on con-
stant pressure levels, with the 850- and 500-hPa levels

highlighted here. Meso-B-scale analyses were composed
primarily of Doppler radar data that were more appro-
priate to analyze on constant height levels at approxi-
mately the same altitudes of 1.5 and 6 km, respectively.

The analyzed wind in the comoving frame of reference
(black vectors) indicates a broad cyclonic recirculating
flow on the meso-a scale (25-km nodal mesh) centered
around the sweet spot (red star). The red vectors indicate
the dropsonde wind observations used in the analysis
in the comoving frame. The strongest winds at 850 hPa
exceed ~9ms ™' in the comoving frame of reference and
are found ~125km south-southeast of the sweet spot.
The analyzed flow field is in good overall agreement
with the observations, with the exception of a few
instances. Recall that the analyzed fields incorporate
the global model background estimate, observation
errors, and mass continuity constraints. For example,
50km west and 125km north of the origin, denoted
here as (=50, 125), the dropsonde wind is northwest-
erly while the analyzed wind is northeasterly. The
northwesterly wind would imply strong convergence
in the presence of the northeasterly flow indicated by
the other nearby dropsondes, and is likely not repre-
sentative of the meso-a-scale flow.
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(a) Meso-o. C, RH, and winds at 500 hPa,
0000 UTC 13 September
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FIG. 4. As in Fig. 3, but for the midlevel meso-a and meso- structure at 0000 UTC 13 Sep and at (a) 500 hPa and
(b) 6-km altitude. Absolute vertical vorticity contours in (b) are lightened for clarity.

Figure 3a shows absolute vertical vorticity on the
meso-a scale with filled color contours. A southwest—
northeast elongated region of positive absolute vorticity
had an enhanced central core approximately 200 km
across centered around the sweet spot (red star). Six
negative absolute vorticity regions were found on the
periphery of the enhanced cyclonic region 125-250km
away from the sweet spot. The central core of enhanced
cyclonic vorticity was greater than approximately 3 times
the planetary vorticity at this latitude.

The thick white contours in Fig. 3a indicate RH
contoured in 10% intervals. A broad region of RH
above 75% was collocated with the recirculating flow.
RH exceeded 85% in the higher-vorticity region near
the sweet spot. The moist pouch center above the
boundary layer is consistent with the hypothesis that
recirculating air parcels within the disturbance are
repeatedly moistened by convective activity as the
predepression moved westward.

The dashed yellow box in Fig. 3a indicates the meso-
B-scale analysis region in Fig. 3b where Doppler radar
observations were collected by the NOAA P3 aircraft.
Throughout most of the domain the winds were from the
north, but on the southern end of the domain the winds
turned cyclonically to the southeast. The winds derived
from the Doppler radar are in good agreement with the
meso-a-scale winds analyzed from the dropsondes and

the global analysis. The thick black contours denote
isopleths of absolute vorticity. The vorticity in the
northern half was composed primarily of shear vorticity,
while the vorticity in the southern half was composed
primarily of curvature vorticity.

A higher level of detail is apparent in the meso-
B vorticity field in comparison to the meso-a analysis.
A southwest-northeast elongated region of vorticity
anomalies is evident in the northern half of the analysis
domain. There is a strong cyclonic vorticity maximum at
(—55,10) with a value exceeding 2 X 10~*s™'. Adjacent
to this cyclonic region are two anticyclonic vorticity re-
gions with maximum values lower than —1 X 10~*
and —2 X 10 *s™!, respectively. In the southern half
of the analysis domain there is an east-west elongated
region of cyclonic vorticity approximately 70 km in length.

The radar reflectivity is shown in Fig. 3b with filled
color contours. A broad region of stratiform precipita-
tion below 35dBZ covers most of the analysis domain,
punctuated by two convective cores near (—70, —15)
and (—60, 5). The latter convective core was deeper, and
appears to be associated with the —70°C cold cloud-top
region in the center of Fig. 1d. Satellite animations
suggest the convective core was decaying at this time
(not shown). The deeper convective core was collocated
with one of the strong cyclonic vorticity anomalies.
To the northeast of these two cores was a region of
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FIG. 5. As in Fig. 3, but at 1200 UTC 13 Sep.

moderate stratiform rain collocated with a stronger an-
ticyclonic vorticity anomaly. Another region of moder-
ate stratiform rain was collocated with the cyclonic
curvature in the southern portion of the domain.

Figure 4 shows the 500-hPa and 6-km-altitude
SAMURALI analyses in similar format to Fig. 3. The
recirculating flow is stronger at 6 km than at 1.5 km, with
the local circulation center displaced ~225km to the
southwest of the 1.5-km-altitude sweet spot. The sepa-
ration of the circulation centers at low and midlevels was
likely due to vertical shearing flow of 4ms ™" from 925 to
500hPa at this time (Davis and Ahijevych 2012; cf.
Fig. 10). The recirculating flow was elongated in the
north—south direction, and the absolute vertical vorticity
field (color) was also elongated largely in the north—
south direction, with two trailing vorticity bands
extending north-northeast and south-southwest from a
central vorticity maximum that exceeds 3 X 10~ *s™ ..
The central vorticity core is bordered by regions of neg-
ative relative vorticity, but unlike 1.5-km altitude there is
no negative absolute vorticity.

The RH field (white contours) was closely aligned
with the recirculating flow field and absolute vortic-
ity in the southwest-northeast direction. A region over
600 km long in the north-south direction where the RH
exceeded 85% was found near the central vorticity core.
The central region that was well sampled by the dropsondes
shows peak RH values exceeded 95%. A strong mois-
ture gradient was evident in the east-west direction,
with RH below 65% to the southeast and below 35% to
the northwest of the midlevel vorticity core. The close

coupling of enhanced positive vorticity associated
with recirculating flow in the translating reference
frame and enhanced moisture within this region
provide observational evidence of the protection
from dry environmental air within the marsupial
pouch at midlevels.

Figure 4b shows the Doppler radar analysis for the
dashed-box region in Fig. 3a. The broad recirculation
region present on the meso-« scale is evident also on the
meso-B scale. At a more detailed level however, there
are some distinct differences. The meso-B-scale circu-
lation center was located 75km north of the derived
meso-a-scale circulation center. Stronger northerly
winds around 15ms~ ! are found to the west of the
center, with weak westerlies south of the center in the
comoving frame.

The vorticity field on the meso-B scale depicts a
broad region of positive vorticity associated with both
curvature and shear contributions, with two distinct
maxima near (—40, —50) and (—40, 10). The northern
maximum exceeded 9 X 107 *s™! and was part of an
asymmetric vorticity dipole with a corresponding
weaker region of negative vorticity to the west that was
about —1 X 10~ *s~!. The southern maximum exceeded
1.5 X 1073s™! and was collocated with the meso-8
circulation center. The southern maximum was ap-
proximately 40 km across, which is less than two nodes in
the meso-a-scale analysis. Based on the available data it
is unclear whether the meso-f center is representative
of a distinct circulation or is just a more resolved de-
piction of the circulation evident on the meso-« scale.
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1200 UTC 13 September

300

250

-309300 -250 -200 -150 -100 -50 0
X (km) 105s'12 -6 0 &

BELL AND MONTGOMERY

2245

(b) Meso dBZ, ¢,
0 T

and winds at 6 km

T

T

0 50 60 70 80 90
5ms’—p

12 18 24 30 36 42

-5 2 7 12

17 22 27 32 37 42dBZ

FIG. 6. As in Fig. 4, but at 1200 UTC 13 Sep.

With a stronger suggestion of curved banding in the
reflectivity field at 6-km altitude compared to 1.5 km, the
reflectivity structure appears to be more congruent with
the horizontal winds at 6 km. The decaying convective
core discussed in Fig. 3b was approximately centered on
the northern asymmetric vorticity dipole. The south-
ern vorticity maximum was collocated with a region of
weaker stratiform precipitation.

Twelve hours later, the kinematics, thermodynamics,
and precipitation share many similar characteristics
with the 0000 UTC structure, but with some important
changes relevant to the genesis process. The vorticity
increased throughout the meso-a-scale domain at 850 hPa
(Fig. 5a), with almost no negative absolute vorticity
apparent near the sweet spot. RH increased also, with a
broader region exceeding 85% and a smaller region
exceeding 95% that was collocated with the highest
vorticity maximum.

Coincident with the increase in vorticity and RH on
the meso-a scale was a change in the vorticity and
convective character on the meso-B scale (Fig. 5b).
Higher concentrations of positive vorticity were col-
located with enhanced reflectivity in convective cores.
In contrast to the predominately stratiform precipita-
tion pattern seen at 0000 UTC, the reflectivity had a
more cellular appearance and was generally stronger
throughout the analysis domain. The significant out-
break of deep convection apparent in the satellite im-
agery (Fig. 1c) occurred very close to the sweet spot,
which provided higher background vorticity for low-
level vortex stretching in the convective cores. The

peak vorticity value at 1.5km exceeded 9 X 10~ *s™!
and was nearly twice as high as the observed values
at 0000 UTC.

At 6-km altitude however, the peak vorticity on the
meso-« scale has decreased by nearly one-half over
this 12-h period (Fig. 6a). The elongated vorticity
and RH region is more compact in the north-south
direction, with the 85% RH region reduced to 550 km
in length. The strong east-west moisture gradient is
still evident. On the meso-B scale (Fig. 6b), the cel-
lular convective cores are still apparent at 6-km
altitude, and are generally associated with strong
vorticity dipoles. Broad recirculating flow is still ev-
ident at this scale, but the detailed wind and vorticity
fields at 6 km are more influenced by the convective
activity and tilting of horizontal vorticity associ-
ated with local vertical wind shear (cf. Bell and
Montgomery 2010).

¢. Convective and stratiform contributions to genesis

The SAMURAI analysis at 0000 and 1200 UTC
suggests a shift from predominately stratiform to pre-
dominately deep convective activity on 13 September
that has profound implications for vortex development
at these times. The vertical divergence profile of these
two precipitation types results in positive and nega-
tive vortex stretching at different altitudes that mod-
ify the circulation. Vertical cross sections through the
meso-3-scale analysis in Fig. 7 show representative ex-
amples of the convection and vorticity that illustrate
their relationship.
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FIG. 7. Radar vertical cross sections showing radar reflectivity (color), absolute vertical
vorticity (40 X 107>s™! contour interval, negative values denoted by dashed lines), and
wave-relative wind vectors at (a) 0000 and (b) 1200 UTC 13 Sep. Cross sections are taken
along Y = (a) 26 and (b) —24 km in Figs. 3 and 5, respectively.

The stratiform cross section at 0000 UTC (Fig. 7a)
reveals layered echoes, with a broad region of stratiform
rain at low levels and weaker echoes aloft associated
with ice and snow. The wind vectors show increasing
easterly flow with height and only weak vertical velocity,
with little indication of individual convective cores.
Stratiform precipitation processes produce midlevel
convergence (not shown) with weak updrafts above the
melting level and downdrafts below it. The cross section
indicates a 8 X 10~ *s™! vorticity maximum near 6 km,
suggesting positive stretching of the background vor-
ticity associated with the midlevel convergence.

In contrast, the convective cross section at 1200
UTC (Fig. 7b) reveals cellular echoes, with strong
reflectivity near 40dBZ at low levels and echo tops
reaching 16-km altitude in the deepest convection.
Stronger updrafts are apparent in the predominately
westerly flow, with some weak easterlies associated
with flanking subsidence to the east of the convective
tower. Low-level convergence (not shown) associated
with the active convection positively stretches lo-
cal vorticity and results in the maximum vorticity at
low levels. Upper-level divergence in the convective
outflow compresses vortex tubes and results in a cor-
responding negative vorticity maximum aloft. Some of
the negative vorticity aloft is also likely associated with
vorticity dipoles from tilting of horizontal vorticity as
seen in Fig. 5b.

The observed convective and vorticity patterns on
both the meso-a and meso-B scale are consistent
with the known divergence profiles and implied vortex
stretching for active deep convective and older strati-
form precipitation processes (Mapes and Houze 1995).
The two precipitation types directly contribute to
the low-level and midlevel spinup, respectively. A key
question is why the convective character changed over
this 12-h period. To address this question, the difference
in the thermodynamic properties of the meso-a-scale
analyses averaged over the 600km X 600km domain
were examined.

Figure 8a shows the vertical profile of average dif-
ferences of several thermodynamic variables between
the two aircraft missions. The differences were calcu-
lated by averaging over the meso-«-scale domain at 1200
and 0000 UTC and subtracting the mean values. Inflec-
tion points near 4- and 12-km altitude approximately
separate the changes at low, mid-, and upper levels. The
potential temperature 0 (green dashed line) decreased
slightly at low levels and upper levels and increased
slightly at midlevels in the overnight hours. Since the
change in the average 6 value represents diabatic effects
in clear air and clouds from both radiation and water
phase changes, we can only speculate as to the domi-
nant processes. Upper-level cooling is consistent with
radiation from cloud tops. The low-level cooling is
consistent with both radiation from the surface and
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lower-tropospheric water vapor, as well as evaporative
cooling from the widespread stratiform rain. The slight
midlevel warming in # may be due to longwave warming
and latent heating in clouds or balanced temperature
responses associated with gradient wind adjustment. As
will be shown later, the low-level virtual potential tem-
perature oscillates with a period close to diurnal time
scale, while the midlevel temperature generally increases
over time.

BELL AND MONTGOMERY

2247

The water vapor mixing ratio ¢, (purple solid line)
increased at low levels, decreased slightly at midlevels,
and showed minimal change at upper levels. These
changes are consistent with the microphysical effects of
stratiform precipitation. The low-level increase is con-
sistent with rain evaporation in the stratiform MCS, but
detrainment from shallow and congestus convection and
dynamical impacts from moisture convergence may also
have contributed. The decrease in mixing ratio above
the freezing level is consistent with vapor deposition
of ice crystals, but moisture divergence may also have
played a role. Smaller amounts of water vapor at upper
levels showed little change. The changes in 6 and g, af-
fect the equivalent potential temperature 6, (black
dotted line) in generally opposite ways. The moisture
changes at low to midlevels have a larger effect on 6,
than temperature changes, such that the 6, increased
below 4-km altitude and decreased in the middle tro-
posphere. At upper levels, # and 6, were approximately
the same due to limited water vapor capacity.

We argue that the extensive stratiform precipitation in
the preceding 12h played both a dynamic and a ther-
modynamic role in aiding the early morning deep con-
vective bursts around 1200 UTC. From a dynamical
perspective, stratiform midlevel convergence increased
the depth of the recirculating flow and the protective
pouch that reduced environmental dry-air intrusions on
the circulation. The strong correlation between RH and
vorticity in the meso-a-scale analyses supports this hy-
pothesis. From a thermodynamic perspective, evapora-
tive cooling and moistening of the lower troposphere
from stratiform rain that was positively phased with
diurnal cooling provided an additional benefit for
subsequent convection. The dramatic increase in con-
vective activity (Davis and Ahijevych 2012) is consistent
with the observed power-law increase in precipita-
tion above a critical value of total column water vapor
and saturation fraction (Neelin et al. 2009). Both the
onset of deep convection (Holloway and Neelin 2009)
and the strength of updrafts and downdrafts (James and
Markowski 2010; Kilroy and Smith 2013) have been
shown to have a strong relationship with lower-
tropospheric moisture due to the effects of entrain-
ment on parcel buoyancy above the boundary layer.

The conceptual model presented here bears some
similarity with that described by Mapes and Houze
(1995) to explain an MCS observed in Tropical Cyclone
Oliver (1993). In this model, the deep convective heating
results as an opposing response to the thermal anomalies
associated with stratiform heating. The stratiform MCS
precipitation produces favorable thermodynamic con-
ditions for subsequent deep convection and convec-
tive heating that work to eliminate the low-level cool
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FIG. 9. Meso-a-scale (600km X 600km) circulation tenden-
cies with height at (a) 0000 and (b) 1200 UTC 13 Sep. Bud-
get terms are mean stretching tendency (solid blue), eddy flux
tendency (dash—dotted red), tilting tendency (long-dashed gray),
friction tendency (short-dashed purple), and net tendency cal-
culated by summation of the component tendencies (thick
solid black).

anomaly. Favorable phasing with the diurnal cycle ap-
pears to have aided these conditions in predepression
Karl. A key addition to this conceptual model in the
genesis context is the dynamical environment of the
pouch, allowing for repeated moistening of air parcels
after each convective cycle as the disturbance moves
northwestward. As will be shown below, the thermal
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anomalies oscillated with time in a similar manner to the
circulation that is consistent with this conceptual model.

4. Circulation dynamics on the meso-« scale

The analyses presented in the previous section fo-
cused on a 12-h period on 13 September to illustrate the
proposed mechanisms for intensifying the predepression
prior to genesis. To provide further evidence that vortex
stretching resulting from the convective activity was the
primary mechanism for spinup, a circulation budget in
the meso-a-scale domain was performed.

Figure 8b shows the vertical profile of average abso-
lute vorticity over the meso-a-scale domain at the two
times. The mean vorticity was maximized at 650 hPa at
0000 UTC (blue solid line) and decreased toward the
surface. At 1200 UTC (red dashed line) the vorticity
increased at low levels and decreased at mid- to upper
levels. The changes in the vertical absolute vorticity
profile are consistent with the meso-8 analyses and
the vertical divergence profiles of stratiform and deep
convective precipitation. The two precipitation regimes
alternatively spin up and spin down the mid- and low-
level circulations, with deep convective bursts that
transition to stratiform rain, that then precondition the
next convective burst.

The contributions to circulation tendency for these
two analyses times are shown in Fig. 9. At both times,
the net tendency obtained from summation of the
component terms was dominated by the mean stretching
term, with nonnegligible contributions from eddy fluxes.
Due to the large meso-a-scale domain, the average
vertical velocity was minimal at the perimeter resulting
in no significant contribution from tilting. At 0000 UTC
(Fig. 9a), the circulation tendency was dominated by the
vertical divergence profile associated with stratiform
precipitation. Mean midlevel convergence with low- and
upper-level divergence in the cyclonic flow resulted in
spinup of the midlevel circulation with spindown above
and below. Eddy fluxes generally opposed the stretching
tendency, but with a smaller magnitude. Friction con-
tributed to spindown below 800hPa, but was much
smaller than the leading-order terms. In contrast to
previous interpretations (Bister and Emanuel 1997), the
circulation tendency suggests that the large stratiform
midlevel circulation was not building down toward the
surface, and in fact was negatively impacting the low-
level circulation.

In addition to the direct spindown of the circulation
by friction at the perimeter, frictional forcing induces
convergence near the surface and divergence above the
boundary layer through an Ekman layer-like flow. The
calculated stretching tendency below 800 hPa is likely a
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Mean Stretching Tendency (color) and Mean Absolute Vorticity (contour)
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FIG. 10. Mean stretching tendency (color shading, km?s™ ! day ') and absolute vorticity
(black contours, 107> s~ 1) as a function of height and box length at (a) 0000 and (b) 1200 UTC

13 Sep.

combination of both the stratiform divergence and sec-
ondary frictional effects. Frictional convergence offsets
the stratiform divergence near the surface, but the net
effect is a spindown of the vortex above the boundary
layer. The circulation tendency suggests that the vortex
would lose approximately 35% of the equivalent circu-
lation of the Coriolis parameter at this latitude in the
12 h between missions at 850 hPa due to the low-level
divergence. However, the circulation tendency was
clearly not constant over this period so that is a very
rough estimate.

At 1200 UTC (Fig. 9b), the circulation tendency was
dominated by the vertical divergence profile associated
with convective precipitation. Strong low-level conver-
gence and weak eddy fluxes result in spinup below
700hPa that is maximized near the surface. Positive
tendencies below 700hPa approximately equal or ex-
ceed the spindown seen 12h before, consistent with a
net low-level spinup over this time period. Mid- and

upper-level divergence result in spindown above
700hPa that is offset by positive eddy fluxes above
300 hPa. There are no obvious secondary frictional ef-
fects in the profile at this time, but presumably the de-
creasing convergence with height may be partially a
result of these effects. The weaker eddy fluxes may be a
result of decreasing vertical shear between 925 and
500 hPa at this time (Davis and Ahijevych 2012).
Lussier et al. (2014) demonstrated that the specific
area chosen to calculate the circulation budget can affect
the interpretation. To verify that our interpretation is
not overly sensitive to the choice of the budget domain,
the magnitude of the mean absolute vorticity (e.g., cir-
culation) and mean stretching tendency calculated using
different sized boxes is shown in Fig. 10. The sign of the
stretching term is largely insensitive to the domain size,
except for the region below 950hPa at 0000 UTC
(Fig. 10). The tendency due to mean stretching is slightly
above zero if the domain box length is smaller than
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FIG. 11. Analyzed time series of meso-a-averaged quantities from initial aircraft
mission to Karl’s genesis. (a) Circulation tendency [107>s™! X (600 km)? day '] at 850
(red circles) and 500 hPa (blue squares) using the left abscissa and saturation fraction
up to 700 hPa (green triangles) and cold-cloud fraction below —60°C from Davis and
Ahijevych (2012) using the right abscissa. (b) Relative humidity at 850 hPa (green
triangles, %), virtual potential temperature anomaly at 850 hPa (purple squares, K),
and virtual potential temperature anomaly at 500 hPa (black diamonds, K). The
anomaly was calculated by removing the mean 6, from the time series at each respective
level. Red stars below (b) denote mission times, with 0000 and 1200 UTC 13 Sep

highlighted.

250km from the center (e.g., S00km X 500km across),
but is negative using a larger box. However, the general
pattern of stronger positive stretching at midlevels and
negative or near-zero stretching at low levels does not
depend on the domain size.

The structure of the mean absolute vorticity at
0000 UTC is also relatively insensitive to the domain
size, but the magnitude does increase as the box gets
smaller. The maximum vorticity at midlevels is consis-
tent with the stretching tendency pattern and the pres-
ence of widespread stratiform convection. At 1200 UTC,
the sign of the stretching term is the same with changing

box size except for the region near 400 hPa outside of
300 km. The maximum in positive stretching is slightly
higher inside of 150km, but a deep layer of positive
stretching up to 650 hPa is apparent at all domain sizes.
The mean vorticity maximum has a similar magnitude
at 0000 UTC, and it likewise increases as the box gets
smaller. Figure 10 confirms that the circulation tenden-
cies and vorticity structure are not overly sensitive to the
domain size, and that the 300-km radius seems to be a
reasonable choice for assessing the bulk meso-a-scale
circulation evolution and tendencies. Using a smaller
radius only magnifies the amplitude of the vorticity
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and tendencies, consistent with the evolution depicted in
Fig. 2.

The circulation tendencies provide additional evi-
dence that the meso-a circulation was strongly affected
by the convective activity, and that a transition from
predominately stratiform to deep convective activity
occurred over the 12-h period. The analyses support the
hypothesis that active deep convection was the primary
low-level spinup mechanism and stratiform precipitation
was the primary midlevel spinup mechanism, but these
illustrations are only snapshots of the predepression pe-
riod. Observational evidence from PREDICT suggests
that more than one convective burst is typically required
for genesis to occur (Montgomery et al. 2012). Karl’s
predepression period was characterized by a series of
early morning deep convective bursts followed by strati-
form transitions, which are believed to have collectively
led to genesis after several days.

A time series of the meso-a-scale characteristics
leading up to genesis is shown in Fig. 11. The symbols are
plotted at the analysis times when research observations
were available, denoted by the red stars at the bottom of
the figure. The two research missions on 13 September
described in detail above are highlighted. In Fig. 9a, the
circulation tendencies from mean stretching at 850 (red
circles) and 500 hPa (blue squares) show an alternating
oscillation through the predepression period. Periods
of low-level spinup correspond to periods of midlevel
spindown, and midlevel spinup corresponds to low-level
spindown. Note that the lines connecting each mission
are just linear interpolations, and do not capture higher-
frequency changes on the meso-a scale.

The time series of CCF illustrates the relationship
between the circulation tendencies and convective ac-
tivity. The low-level spinup tendencies correspond to
the peaks in CCF, strongly suggesting that the low-level
stretching was associated with the repeated deep con-
vective bursts. Midlevel spinup tendencies correspond
to the time periods shortly after the peak CCF as cloud
tops warmed, suggesting that the midlevel stretching
was associated with the stratiform transitions.

Saturation fraction (SF) from 1000 to 700 hPa (green
triangles) shows the integrated RH in the lower tropo-
sphere. The SF time series indicates a positive, in-phase
relationship between available water vapor, the con-
vective bursts, and the low-level spinup tendencies.
Active convective periods were characterized by SF
above (.85, suggesting a possible critical value for the
onset of deep convection. The 0.85 value is similar to the
critical values reported by Neelin et al. (2009) for trop-
ical convection.

A time series of thermodynamic variables is shown
in Fig. 11b. The RH at 850hPa (green triangle)
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oscillated around 85%, similar to the SF integrated
through 700hPa shown in Fig. 11a. The strong rela-
tionship between RH at this level and SF is consistent
with the results of Holloway and Neelin (2009) that
show a maximum in the water vapor variance in the
tropics at 850 hPa. The virtual potential temperature 6,
anomaly at 850 hPa (purple squares), calculated by re-
moving the mean from the time series, oscillated with
the diurnal and convective cycle, but also increased over
the predepression period. A diurnal time scale explains
85% of the variance in 850-hPa 6, time series, consistent
with the conceptual model of diurnal and convective
heating and cooling presented earlier.

A weaker 6, oscillation is seen at 500 hPa (black dia-
monds) that was out of phase with the low-level tem-
perature oscillation before 13 September, but then
increased steadily. The 500-hPa temperature increase is
consistent with a balanced temperature response to in-
creasing positive vorticity anomalies at and below this
level seen in dropsonde composites of developing dis-
turbances (Davis and Ahijevych 2013; Komaromi 2013;
Raymond 2012). The dropsonde composites had cold
low-level virtual temperature anomalies compared
with various environmental reference states. An im-
portant distinction between the SAMURAI analysis of
Karl and the composite profiles of those studies is the
lack of low-level cooling over the predepression period.
The current analyses are more consistent with the results
of Smith and Montgomery (2012) that showed warming
at all levels over time in their composites. Although
the low-level 6, may indeed be cold compared to non-
developing disturbances, the temperature trends do not
suggest that progressive low-level cooling was important
in Karl’s genesis process, but rather suggest the impor-
tance of episodic low-level cooling that produced fa-
vorable conditions for the onset of deep convection.

Comparison of Figs. 1la and 11b reveal that
increases in 850-hPa circulation are in phase with
increases in RH and 500-hPa 6,, and decreases in
850-hPa 0,. The phasing of the dynamic and thermo-
dynamic variables in the time series is consistent
throughout the predepression period. Correlation
coefficients between the 850-hPa stretching tendency
and RH time series were above 0.6 at all pressure
levels below 700 hPa, with a maximum value of 0.78 at
the 850-hPa level. Negative correlation with 6, below
700 hPa with similar magnitudes suggest a prominent
role of the diurnal and convective cycle in the meso-
a-scale RH time series. Positive correlations ranging
between 0.2 and 0.6 of the stretching tendency with g,
time series below 700 hPa (not shown) suggest that
moisture recovery was also important to the convec-
tive processes.
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5. Discussion and conclusions

Observations of the mesoscale processes leading to
tropical cyclogenesis were collected as part of the
PREDICT, GRIP, and IFEX field campaigns during the
summer of 2010. Eight research aircraft missions over
the five days prior to the genesis of Hurricane Karl provided
Doppler radar, in situ flight level, and dropsonde data
documenting the structural changes of the predepression
disturbance. The research observations were combined
here with satellite atmospheric motion vectors and a priori
background estimates of the atmospheric state from the
ECMWF 25-km global analyses using a spline-based
variational technique called SAMURALI. While the ob-
servations were not continuous in time, the SAMURAI
analyses at the meso-B and meso-a scales following
the pre-Karl wave pouch provide a consistent and un-
precedented depiction of the evolution of the thermo-
dynamics and dynamics in the predepression period.

Low-level spinup of the meso-a-scale cyclonic circu-
lation occurred during periods of more active deep
convection, with circulation analysis indicating that
the positive tendencies were largely due to vortex tube
stretching from mean convergence of perimeter-averaged
vorticity. Deep convective periods were also characterized
by spindown of the midlevel circulation associated with
mean divergence. As the convective bursts waned and
transitioned to predominately stratiform mesoscale con-
vective systems, the circulation tendencies transitioned to
a complementary signature of low-level spindown and
midlevel spinup corresponding with the divergence profile
of stratiform precipitation. The changes in meso-a-scale
circulation due to tendencies from vortex stretching
were consistent with the contributions from each pre-
dominant precipitation mode. The circulation tenden-
cies for closed circuits that encompass the pouch suggest
that the conclusions are not overly sensitive to the choice
of the domain size, but the magnitudes of stretching
tendencies and circulation increase as the domain size
decreases to the meso-$ scale around the sweet spot re-
gion of the pouch, consistent with Wang (2012). Doppler
radar analyses on the meso-8 scale on 13 September
confirmed the kinematic and precipitation structure
deduced from dropsondes and satellite imagery, and
showed the presence of low-level and midlevel vorticity
maxima collocated with convective and stratiform pre-
cipitation features, respectively.

The low-level and midlevel vorticity and mois-
ture fields appear to be strongly linked throughout the
pregenesis period. Specifically, a series of convective
bursts occurred near the sweet spot within the high-
vorticity recirculation region, predominately in
the early morning. The meso-a-scale thermodynamic
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environment during the bursts was characterized by
enhanced relative humidity in a deep layer, with satu-
ration fraction typically near 0.85 for a layer between the
surface and 700 hPa. These results are consistent with
the concept of a critical threshold for the onset of deep
convection in the tropics (Neelin et al. 2009). High rel-
ative humidity throughout the lower troposphere would
support deep convection by reducing dry-air entrain-
ment, thereby maintaining entraining parcel buoyancy
through a deeper layer.

The enhanced relative humidity was due to both reduced
potential temperature and enhanced specific humidity.
These characteristics are thought to be the result of both
diurnal radiational cooling and evaporative cooling in
stratiform rain in the overnight hours. The cycle of deep
convection and stratiform transitions was in phase with
the diurnal cycle, suggesting the time scale for boundary
layer moisture and CAPE recovery was similar to the di-
urnal period consistent with Li et al. (2006). We speculate
that disturbances with forced convective episodes due to
stronger vertical shear that are not in phase with the diur-
nal cycle would be less favorable for development. Further
research on the relevant thermodynamic time scales in
predepressions and their phasing is recommended.

Composite dropsonde studies from PREDICT have
suggested that higher available moisture above the
boundary layer was a critical distinguishing factor be-
tween developing and nondeveloping disturbances
(Smith and Montgomery 2012; Komaromi 2013; Davis
and Ahijevych 2013). In some respects, the thermody-
namic impact of cooling and moistening by stratiform
rain prior to deep convection is similar to that proposed
by Bister and Emanuel (1997), but we emphasize here
the role of moistening in reducing entrainment in sub-
sequent deep convection (James and Markowski 2010;
Kilroy and Smith 2013). Bister and Emanuel (1997,
p- 2667) further argue that ‘‘the stratiform rain must last
long enough to drive the midlevel vortex down to the
boundary layer.” Our results do not support this hy-
pothesis, and instead suggest that subsequent deep
convection is required to spin up the low-level circula-
tion. The low-level spindown associated with the strati-
form periods suggest that a negative dynamic impact
of the stratiform divergence profile was to weaken the
near-surface circulation. We hypothesize that the posi-
tive dynamic impact of the stratiform MCSs was to en-
hance the midlevel pouch through vortex stretching,
allowing for protection from the environmental dry
air and continued moistening of air parcels through a
deeper layer. This indirect effect provided a favorable
thermodynamic environment for the repeated onset of
deep convection within the parent synoptic-scale wave
as it moved northwestward.
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The results from this study suggest the convective
cycle in Karl alternately built the low- and midlevel
circulations leading to genesis as summarized in the
following sequence of events. The initial environment
for the development of deep convection was a modest
low-level circulation on the meso-« scale with no sub-
stantial midlevel circulation on 10 September. A strong
convective burst then erupted in the vorticity-rich en-
vironment on the morning of 11 September that en-
hanced the low-level circulation. As the convection
waned, the resulting transition to stratiform MCSs
strengthened the midlevel pouch through midlevel
convergence and vortex stretching associated with ice
microphysical processes, and protected the disturbance
from the intrusion of dry environmental air. Low-level
divergence associated with the stratiform rain acts to
spin down the low-level circulation, but surface moisture
fluxes and cooling associated with rain evaporation and
the diurnal minimum helps to increase the relative hu-
midity, lower the level of free convection, and condition
the environment for another burst of deep convection.
Once the column saturation reaches a critical value,
a subsequent convective burst below the midlevel
circulation further enhances the low-level circulation,
and the convective cycle repeats.

While cooling from evaporation and radiation ap-
pears to have provided an important modulation of
temperature, the analysis indicates a warming trend at
nearly all levels leading to genesis. The warming was
greatest at midlevels, but was nonnegligible at low
levels above the boundary layer. We note that the neg-
ative temperature anomalies observed by Davis and
Ahijevych (2013) and Komaromi (2013) were relative to
an environmental reference state, but did not appear to
get significantly stronger over time during the pre-
depression period when averaged over all cloud types
on a domain with a similar size to that used here. The
warming trend in the current analysis is consistent with
the analysis of Smith and Montgomery (2012), suggest-
ing that the interpretation of the low-level cold anomaly
appears to depend strongly on the analysis technique,
domain size, and temporal scale. Our analysis suggests
that a balanced increasing warm core in the mid- to
upper troposphere was the result of the increasing cir-
culation during the predepression period, and no tran-
sition from a cold-core structure was required.

The results suggest further that there was no sustained
lowering of the mass flux due to the increased stabili-
zation as hypothesized by Komaromi (2013), Raymond
(2012), Gjorgjievska and Raymond (2014), and Davis
and Ahijevych (2013). While the analyses are not in-
consistent with increasing stabilization as described by
the foregoing studies, the results show episodic low-level
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convergence due to repeated convective bursts within
pre-Karl’s recirculating pouch region. Our interpreta-
tion of the observational analysis presented in this study
provides a novel hypothesis for the supporting role of
stratiform precipitation in the maintenance of the midlevel
cyclonic pouch as a moisture containment vessel within the
context of the marsupial paradigm. Our interpretation
reaffirms also a primary role of deep convection in the
genesis process. The analyses suggest that the onset of
deep convection and associated low-level spinup was
closely related to the coupling of the vorticity and moisture
fields at low and midlevels. Further detailed case studies
of developing and nondeveloping storms are necessary
to further assess the hypothesis presented herein.
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