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ABSTRACT: A tropical cyclone (TC) that recurves into the midlatitudes can lead to signiﬁcant downstream ﬂow ampliﬁcation by way of a favorable interaction with the midlatitude waveguide. Current conceptualizations emphasize the role of
the meso-a- to synoptic-scale diabatically enhanced vertical redistribution of potential vorticity in facilitating downstream
ﬂow ampliﬁcation following the interaction of a TC with the midlatitude waveguide. Less understood, however, is the extent to which this downstream ﬂow ampliﬁcation may be facilitated by the convective-scale diabatically enhanced horizontal redistribution of potential vorticity. Consequently, this study aims to diagnose the role that deep, moist convection in an
associated predecessor rain event north of the TC played in inﬂuencing the midlatitude waveguide and potentially the
downstream evolution. A convection-allowing numerical simulation is performed on a predecessor rain event that precedes
the interaction of North Atlantic TC Irma in September 2017 with the midlatitude waveguide. Horizontal gradients in microphysical heating result in intense convective-scale potential vorticity dipoles aligned perpendicular to the vertical wind
shear vector, with the negative anomaly poleward (and thus closer to the midlatitude waveguide) of the large-scale southwesterly vertical wind shear vector. Regions of intensely negative potential vorticity persist for multiple hours after their
formation as they become deformed by the large-scale strain ﬁeld that is aligned parallel to the background vertical wind
shear vector. The deformation-driven thinning of the negative potential vorticity is associated with a transfer of energy to
the large-scale ﬂow, suggesting a nonnegligible impact to the TC–midlatitude waveguide interaction by the collection of
convective cells embedded in the predecessor rain event.
KEYWORDS: Energy transport; Atmospheric waves; Mesoscale models

1. Introduction
The recurvature of a TC from the tropics or subtropics into
the midlatitudes may lead to highly ampliﬁed midlatitude
waveguide patterns locally and downstream from the recurving TC due to interaction between the TC and an upstream
midlatitude trough (Archambault et al. 2013, 2015; Torn and
Hakim 2015; Quinting and Jones 2016). In a TC–trough interaction, strong latent heat release inside of the TC leads to the
vertical redistribution of low potential vorticity (PV) air into
the upper troposphere. When the interaction is favorable, the
TC recurves east of upstream trough, in which the low-PV air
in the core of the TC is then diabatically enhanced radially
away from the TC’s core by the TC’s secondary circulation
against the eastern ﬂank of an upstream midlatitude trough.
This advection of near-zero-PV air tightens the local PV gradient on the east side of the trough, leading to local jet streak
formation and subsequent downstream impacts that can last
for several days (Archambault et al. 2013, 2015; Grams and
Archambault 2016; Grams et al. 2011, 2013a,b). Outcomes of
TC–trough interactions depend on the inertial stability of the
jet (as dictated by the jet speed and latitude), the shape and
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phase speed of the upstream trough, the magnitude of the
TC’s outﬂow, and the phasing of the TC with the upstream
trough (Finocchio and Doyle 2019; Komaromi and Doyle
2018; Riboldi et al. 2019; Riemer and Jones 2014). The impacts from TC–trough interactions can extend several thousand kilometers downstream, with recent downstream highimpact weather such as indirect TC interactions, leading to
poor TC intensity and track forecasts (Prince and Evans
2020), high-impact precipitation events (Pohorsky et al. 2019),
blocking anticyclones (Riboldi et al. 2019), and the formation
of PV streamers, leading to TC formation (Keller 2017; Quinting
and Jones 2016; Riemer et al. 2008; Riemer and Jones 2010), being attributed to upstream TC–trough interactions.
Interactions between TCs and the midlatitude waveguide
may be occasionally accompanied by preconditioning, which
are processes that establish an extratropical environment that
supports baroclinic development (Grams and Archambault
2016; Keller et al. 2019). Preconditioning is often manifest in
the form of a predecessor rain event (PRE), a meso-a feature
composed of individual convective cells embedded in a larger
stratiform region of high-impact heavy rainfall well in advance of a recurving TC (Bosart et al. 2012; Cordeira et al.
2013; Cote 2007; Galarneau et al. 2010; Galarneau 2015).
Warm, moist air advected poleward by a TC’s outer circulation impinges upon a baroclinic zone 500–2000 km away
(Bosart and Carr 1978; Moore et al. 2013), whereupon it ascends and generates a broad region of stratiform precipitation
with embedded deep, moist convection. The vertical gradient
of diabatic heating in both deep, moist convection and
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stratiform precipitation reduces upper-tropospheric potential
vorticity (PV) through vertical redistribution. Diabatically enhanced divergent outﬂow above the PRE radially advects this
low-PV air away from the PRE near the tropopause (Archambault et al. 2013; Grams and Archambault 2016; Keller
et al. 2019). This diabatically enhanced negative PV advection
aloft associated with convective and stratiform precipitation
inside of the PRE is analogous to the diabatically enhanced
negative PV advection aloft by a TC’s secondary circulation
(Archambault et al. 2013). The diabatic processes in the PRE
can also assist with anchoring and meridional ampliﬁcation of
the midlatitude jet primarily in the vicinity of the downstream
ridge and can promote a “synergistic interaction” with the
midlatitude waveguide (Bosart and Lackmann 1995; Evans et al.
2017; Grams et al. 2011; Archambault et al. 2015; Grams and
Archambault 2016; Keller et al. 2019; Riboldi et al. 2019).
On synoptic scales, it is often assumed that vertical
diabatic-heating gradients are the primary contributors
to isentropic PV non-conservation following the motion,
with horizontal diabatic-heating gradients having a secondary, often negligible contribution. Consequently, the PV
tendency equation along an isentropic surface is often written as follows:
D
1
u̇
PV ≈ (z 1 f ) ,
Dt
s
p

(1)

where s 5 2(1/g)(p/u), z is the relative vorticity, p is pressure, u̇ is the diabatic warming rate, u is potential temperature,
g is gravity, and f is the Coriolis parameter. However, (1) does
not hold in the presence of strong horizontal diabatic-heating
gradients, such as those found with individual convective cells.
On convective scales, deep, moist convection in a vertically
sheared background ﬂow can generate PV with values an order
of magnitude larger than typical synoptic-scale PV (Chagnon
and Gray 2009; Oertel et al. 2020). In a PV framework, this is
represented by intense horizontal gradients of diabatic warming
u̇ (Chagnon and Gray 2009), which are not represented in (1)
and require the fully three-dimensional form written as follows:
D
1
PV 5 2 [(=u 3 vu 1 f k) · =u u̇ ],
Dt
s

(2)

where vu 5 (u, y, u̇ ) represents the three-dimensional wind on
an isentropic surface, =u 5 (x, y, u) represents the threedimensional gradient operator on an isentropic surface, and
k 5 (0, 0, 1) represents the unit vector perpendicular to an isentropic surface.
This process is analogous to the tilting of horizontal vorticity into the vertical by a localized updraft that produces cyclonic and anticyclonic curvature straddling the updraft (e.g.,
Davies-Jones 1986). The structure of these anomalies is dictated by the direction of the vertical wind shear vector, with
negative PV resulting to the left of the deep-layer vertical
wind shear vector and positive PV resulting to the right of the
deep-layer vertical wind shear vector (Oertel et al. 2020).
Given a primarily westerly background vertical wind shear
vector in the midlatitudes, convection inside of a PRE
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equatorward of the midlatitude waveguide between the jet
and a recurving TC (Harvey et al. 2020), would produce convective-scale strongly negative PV poleward of the convective
cell, against the waveguide (see Fig. 1 of Oertel et al. 2020).
While the PV produced by a single convective cell are small
in scale and individually insigniﬁcant on the synoptic scales, a
collection of organized convective cells may cause a meaningful impact to the large-scale ﬂow by opposing the background
horizontal ﬂow and generating a distinct negative anomaly in
wind speed (Oertel and Schemm 2021). However, whether
these impacts are meaningful on the meso-a to synoptic scales
has yet to be determined. Energy in large-scale turbulence is
generally thought to cascade into progressively smaller eddies, eventually reaching the Kolmogorov scale where viscosity dominates, and turbulent kinetic energy is dissipated into
heat (Pope 2000). In some cases, however, an inverse energy
cascade (Kraichnan 1967) may transfer energy from smaller
to larger scales (Eyink 2006a,b; Chen et al. 2006; Xiao et al.
2009). In this context, small-scale features add energy to the
large-scale ﬂow, which has been hypothesized to be supported
by a “thinning” of small-scale vorticity anomalies by the
large-scale ﬂow; however, the physical mechanism by which
this inverse cascade is accomplished is an ongoing discussion.
This study tests the hypothesis that deep, moist convection
associated with a PRE modiﬁed the synoptic-scale midlatitude
waveguide in a recent TC–midlatitude waveguide interaction
by way of the production of convective-scale intensely negative PV against the waveguide by deep, moist convection. A
convection-allowing simulation of the PRE in advance of
North Atlantic TC Irma (2017)’s interaction with the midlatitude waveguide is performed to test this hypothesis. The
paper is organized as follows. A case overview, simulation
conﬁguration details, and analysis procedures are described in
section 2. The simulation is veriﬁed in section 3. Section 4 diagnoses the physical mechanisms which produce and maintain
the convective-scale PV anomalies. Section 5 investigates the
transfer of energy in the vicinity of the PRE and the physical
mechanisms which lead to these transfers of energy. A summary and discussion are provided in section 6.

2. Methods
a. Case overview
The PRE associated with North Atlantic TC Irma in
September 2017 (Fig. 1), which caused approximately $50 billion
in damage in Florida (NHC 2018), is selected for study. TC
Irma’s interaction with an upstream midlatitude trough following the PRE ampliﬁed the initial downstream anticyclone,
which in turn inﬂuenced the track and intensity of the downstream TC Jose (Prince and Evans 2020).
At 1200 UTC 10 September 2017, TC Irma is located in the
Florida Straits (Fig. 1, denoted by I) downstream of a midlatitude trough over the southeastern United States (Fig. 1). A
PRE is located along the southeast U.S. coastline, poleward
of TC Irma and eastward of the midlatitude trough (Figs. 1;
Figs. S1 and S2 in the online supplemental material; denoted
by P). Upper-tropospheric outﬂow associated with the PRE
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FIG. 2. Simulation domains.

b. Simulation configuration

FIG. 1. The 250–150-hPa layer-mean PV (blue contours at 2, 3,
4, 7, and 9 PVU, where 1 PVU 5 1 3 1026 K kg21 m2 s21),
250–150-hPa layer-mean horizontal wind speed (gray shading in
m s21 per the color bar at right), 250–150-hPa layer-mean irrotational wind (vectors; m s21; reference vector at lower right), horizontal advection of the 250–150-hPa layer-mean potential vorticity
by the 250–150-hPa layer-mean irrotational wind (red dashed
contours at 28 and 23 PVU day21), and 24-h (0000–2359 UTC
10 Sep) accumulated precipitation (color shading; in mm per the
color bar at right) at 1200 UTC 10 Sep 2017. (a) From the ERA5
(Hersbach et al. 2020) for 24-h accumulated precipitation, which is
obtained from the 0.18 3 0.18 NASA Integrated Multi-satellitE
Retrievals for GPM (IMERG; Huffman et al. 2019) version 06 dataset, and (b) from the numerical simulation performed in this
study (described below). TC Irma, TC Jose, and the PRE are
indicated by the boldface letters I, J, and P, respectively. The black
box in (b) denotes the region over which all area averages are
performed in this study.

and TC Irma’s outer rainbands is impinging upon the upstream
trough’s eastern ﬂank, as characterized by upper-tropospheric
negative PV advection by the irrotational wind (Fig. 1), which
subsequently strengthens the upper-tropospheric PV gradient
on the trough’s eastern ﬂank. Following this time, TC Irma
favorably interacts with the upstream trough, amplifying the
downstream ﬂow, trapping TC Jose equatorward of the downstream upper-tropospheric anticyclone within a high-shear environment (Prince and Evans 2020).

A single numerical simulation is performed using the Advanced Research version of the Weather Research and Forecasting Model (WRF-ARW), version 4.0 (Skamarock et al.
2019). The WRF-ARW is a fully compressible, nonhydrostatic numerical model. A doubly nested domain is utilized,
with the outer domain containing 1000 3 1250 horizontal grid
points at a grid spacing of 9 km and the inner domain containing 1753 3 2002 horizontal grid points at a grid spacing of
3 km (Fig. 2). Both domains contain 50 terrain-following (s)
vertical levels, including seven vertical levels near the tropopause (0.15 # s # 0.25). The simulation extends 180 h from
0000 UTC 9 September to 1200 UTC 16 September 2017. The
initialization time ensures appropriate spinup time of circulations which the initial conditions are unable to represent before the initiation of the PRE (∼1200 UTC 9 September
2017). The simulation’s long duration allows for veriﬁcation
of the downstream midlatitude evolution following the PRE
(and, subsequently, TC Irma) with the upstream trough. Initial and lateral boundary conditions for the model are provided by 6-hourly 0.258 National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS; NCEP
2015). Physical parameterizations are selected following previous TC modeling studies using the WRF-ARW Model (e.g.,
Torn and Davis 2012; Rios-Berrios et al. 2016). A full list of
model conﬁguration parameters is given in Table 1.

c. PV tendency equation in isentropic coordinates
The three-dimensional PV tendency equation on an isentropic surface, including nonhydrostatic effects but excluding friction, non-microphysical diabatic processes (due to the scale
of these processes being several orders of magnitude smaller
than the microphysical tendency), and contributions from
the planetary boundary layer scheme (due to turbulent mixing
being small in the midtroposphere/free atmosphere; Attinger
et al. 2021) being excluded, is an expanded form of (2)
comprised of adiabatic advective and diabatic non-conservative
tendencies:
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TABLE 1. Model conﬁguration. Unless speciﬁed, all parameters apply to both the outer and inner simulation domains.
Model parameter
Model version
Domains
Duration
Horizontal grid spacing
Initial and boundary conditions
Deep cumulus parameterization
Microphysical parameterization
Boundary layer parameterization
Surface layer parameterization
Land surface parameterization
Longwave radiation parameterization
Shortwave radiation parameterization

u̇ mp
PV
1
5 2 vu · =u PV 1 PV
2 [(=u 3 vu 1 f k) · =u u̇ mp ],
t
u
s
(3)

where u̇ mp represents the microphysical diabatic heating
(H_DIABATIC in the WRF-ARW Model). In (3), the ﬁrst
right-hand-side term represents the conservative (adiabatic)
three-dimensional advection of PV, the second right-handside term represents the non-conservative diabatically enhanced vertical redistribution of isentropic potential vorticity, and the third right-hand-side term represents the nonconservative diabatically enhanced horizontal redistribution
of potential vorticity. Equation (3) is evaluated using model
outputs at 3-min intervals to capture the short-lived nature
of the convective elements in the simulation, with partial
derivatives approximated utilizing a forward ﬁnite difference
for time and a fourth-order-accurate centered ﬁnite difference
for space.

d. Local energy flux and the inverse energy cascade
To diagnose the potential impacts of convective-scale
processes on the larger-scale ﬂow, the local energy ﬂux,
which can be contextualized as the deformation work performed on small-scale turbulent stress by large-scale strains
(Eyink 2006a,b; Chen et al. 2006; Cai and Mak 1990; Rivière
and Joly 2006; Xiao et al. 2009), is calculated. The local energy ﬂux is negative when large-scale strains thin smallerscale turbulent stresses, describing the situation where the
larger-scale ﬂow extracts kinetic energy from the turbulent
anomalies.
To compute the local energy ﬂux, the ﬁltering approach
demonstrated in Meneveau and Katz (2000) is ﬁrst used to deﬁne a “large-scale” (uu‘ ), where uu 5 (u, y) is the horizontal
wind, and the u denotes that these calculations were performed on an isentropic surface. In this approach, a “largescale” velocity ﬁeld at length scale ‘ is introduced using a lowpass ﬁlter:

uu‘ (x) 5 dr G‘ (r)uu (x 1 r),
(4)

Selected configuration
WRF-ARW v4.0 (Skamarock et al. 2019)
Domain 1 (outer): 1000 3 1250 3 50 levels
Domain 2 (inner): 1753 3 2002 3 50 levels
180 h, 0000 UTC 09 Sep to 1200 UTC 16 Sep 2017
Domain 1: 9 km
Domain 2: 3 km
6-hourly 0.258 GFS operational analyses
Domain 1: New Tiedtke scheme (Zhang and Wang 2017)
Domain 2: No parameterization
WRF single-moment 6-class scheme (Hong et al 2006a)
YSU (Hong et al. 2006b)
Revised MM5 scheme (Jiménez et al. 2012)
Uniﬁed Noah Land Surface Model (Tewari et al. 2004)
RRTM scheme (Mlawer et al. 1997)
Dudhia scheme (Dudhia 1989)

where x is the spatial location, and r is the radial extent of the
window over which the integral is taken. The function deﬁning the window is
G‘ (r) 5

 
1
r
,
G
‘
‘2

(5)

where G‘ (r) can be any Gaussian function with unit integral
(sum equal to one). Following Xiao et al. (2009), G(r) is
deﬁned as
G(r) 5


6
exp(26r2 ),
p

(6)

where G‘ (r) represents a Gaussian convolution ﬁlter in physical space. An example of applying (6) with an arbitrary width
of 67 grid points (200 km) to the two-dimensional horizontal
wind on the 335-K isentropic surface is given in Fig. 3. A
Gaussian convolution is selected over other potential convolution ﬁlters (such as spectral and box ﬁlters) because it is quasilocal in both physical and spectral space (Xiao et al. 2009),
which allows the interpretation of the spatial properties at a
particular length scale (‘) of the ﬁeld being ﬁltered. Note that
the large-scale uu‘ deﬁned above is not identical to a Reynoldsaveraged quantity, such that the average of perturbations is not
equal to zero (uu‘ Þ 0).
The local energy ﬂux across a particular length scale ‘ is deﬁned as follows:
Pu‘ (x, t) 5 2 Su‘ (x, t) · t u‘ ,

(7)

where Su‘ is the large-scale-strain tensor, given by
1
Su‘ 5 [(=uu‘ ) 1 (=uu‘ )T ],
2

(8)

where = 5 (x, y, 0), uu‘ is the ﬁltered wind ﬁeld deﬁned in
(4), and tu‘ is the small-scale stress tensor, given by
t u‘ 5 (uu uu ) ‘ 2 uu‘ uu‘ :

(9)
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FIG. 3. Horizontal wind speed on the 335-K isentropic surface (shaded in m s21 per the color bar at right) at
0900 UTC 10 Sep 2017 (a) before and (b) after ﬁltering applied by a (c) Gaussian ﬁlter with a length scale ‘ of
200 km (width of 67 grid points).

The local energy ﬂux (7) can alternatively be viewed as a deformation work (Eyink 2006a,b; Xiao et al. 2009) done on smallscale turbulent stresses (t u‘ ) by the large-scale strain ﬁeld (Su‘ ).
As a reminder, negative deformation work represents the largescale strain extracting energy from small-scale turbulent stresses,
characterizing an inverse cascade of energy from small to large
scales, whereas positive deformation work represents the largescale strain transferring energy to small-scale turbulent stresses. A
full derivation of (7) from the ﬁltered two-dimensional Navier–
Stokes equations can be found in Xiao et al. (2009).
Although the local energy ﬂux (7) can illustrate the direction of energy transfer in physical space, it is also helpful to
evaluate the physical processes that contribute to energy
changes in spectral space to view energy transfers more readily across various wavelengths. The spectral kinetic energy
budget ﬁrst introduced by Peng et al. (2014) and applied in
Menchaca and Durran (2019) is used to do so. First, the horizontal kinetic energy budget can be deﬁned as follows:


KEh 5 T(k) 1 B(k) 1 V(k) 1 D(k),
t

(10)

where the subscript of h denotes horizontal, and k denotes
the one-dimensional wavenumber. From right to left, the
forcing terms of (10) represent the nonlinear advective transfer of energy between wavenumbers (T), the conversion
of available potential energy to horizontal kinetic energy
(associated with buoyancy B), the divergence of the vertical
kinetic energy ﬂux (V), and dissipation (D). All terms are
deﬁned following Menchaca and Durran (2019).
The nonlinear advective transfer term T(k) is given by


1
1
T(k) 5 2 r u, u · =u 1 u(= · u) 2 (z u, wu)k
2
2
k
1
1 (u, wz u)k 1 c:c:,
2

(11)
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FIG. 4. The 24-h accumulated precipitation (shaded in mm per the color bar at right) between 0000 and 2359 UTC
10 Sep 2017 from the (a) WRF-ARW simulation coarsened to 0.18 3 0.18 horizontal grid spacing and (b) 0.18 3 0.18
NASA IMERG version 06 dataset. The approximate location of the PRE is denoted in both plots.

where r is density, u 5 (u, y), = 5 (x, y, 0), and c.c. denotes
the complex conjugate of the bracketed term. Terms of the
a* (k) · ^
b(k), where a hat denotes
form (a, b)k can be written as ^
the forward Fourier transform and an asterisk denotes the
complex conjugate (Peng et al. 2014; Menchaca and Durran
2019). The overbar on density in (11) and subsequent equations denotes the average over the analysis domain.
The buoyancy forcing term B(k) is given by
B(k) 5 cp ru (w, z p )k 1 c:c:,

(12)

where cp is the speciﬁc heat at constant pressure, u is the potential
temperature, w is the vertical velocity, and p is the perturbation
Exner pressure, where p 5 (p/p0 )Rd /cp , with p being the areaaveraged pressure, p0 5 1000 hPa, and Rd 5 287 J K21 kg21.
The divergence of the vertical kinetic energy ﬂux V(k) is
given by
V(k) 5 2

1
 [r (u, wu)k ] 2 cp z [ru (w, p )k ] 1 c:c:
2 z

(13)

Finally, the dissipation term D(k) is calculated as a residual
from (10).
All terms are interpolated to height surfaces every 500 m between 5.5 and 17 km above ground level. Layer averages are
then performed for the midtroposphere (5.5–9 km), upper troposphere (9.5–13 km), and lower stratosphere (13.5–17 km),
which match the layers considered by Menchaca and Durran
(2019). Horizontal derivatives are calculated on constant height
surfaces and all partial derivatives are approximated utilizing a
second-order-accurate centered ﬁnite difference. Fourier transforms are performed on one-dimensional zonal splices of data
using the fast Fourier transform available in Python’s SciPy
package (Virtanen et al. 2020), then averaged meridionally over
the analysis domain. Given that the simulation (Fig. 2) and analysis (deﬁned in section 5) domains are limited in area, a Tukey

window is applied to the one-dimensional splices of data prior to
performing the fast Fourier transform (Bloomﬁeld 2000). This
window tapered the data to zero on both ends, which will not remove all artiﬁcial noise produced by the decomposition, yet the
tapering was selected to be gradual enough to minimize artiﬁcial
noise produced by drastic gradients in the FFT operation.
To examine energy transfer across wavenumbers, each forcing term in (10) can be expressed in terms of its cumulative
sum (PX) over all wavenumbers k (Menchaca and Durran
2019). For any variable X(k):
PX (k) 5

X(l),

(14)

k#l#N

where N is the maximum one-dimensional wavenumber. In this
framework, wavenumbers at which PX has a negative slope
(e.g., higher values at smaller wavenumbers) represent wavenumbers at which X(k) increases kinetic energy. Conversely,
wavenumbers at which PX has a positive slope (e.g., higher values at larger wavenumbers) represent wavenumbers at which
X(k) decreases kinetic energy. Since T(k) describes conservative energy transfers between wavenumbers, the sign of PT indicates whether there is an upscale or downscale cascade of
energy. Consequently, positive values of PT(k) indicate downscale energy transfer to larger wavenumbers whereas negative
values of PT(k) indicate upscale energy transfer to smaller
wavenumbers. While we have discussed spectral analyses in
terms of wavenumber up to this point, for ease of interpretability and physical understanding, the results in this paper will be
presented in a wavelength format. For context, small wavenumbers correspond to large wavelengths, while large wavenumber
correspond to small wavelengths.

3. Model verification
Given this study’s emphasis on diagnosing the inﬂuence of
convective-scale diabatically generated PV anomalies on the
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FIG. 5. (a),(c) Simulated (blue lines) and National Hurricane Center best track (black lines) tracks for (a) TC Irma
(between 1800 UTC 9 Sep and 0600 UTC 13 Sep 2017, at which time TC Irma was declared post-tropical) and (c) TC
Jose (over the simulation’s entirety). (b),(d) Simulated (dashed lines) and National Hurricane Center best track (solid
lines) minimum sea level pressure (hPa; blue lines) and maximum sustained 10-m wind speed (kt; orange lines)
for (b) TC Irma (between 1800 UTC 9 Sep and 0600 UTC 13 Sep 2017, at which time TC Irma was declared posttropical) and (d) TC Jose (over the simulation’s entirety).

midlatitude waveguide, the veriﬁcation presented herein focuses on diagnosing the extent to which the model simulation
accurately predicted rainfall within the PRE and, subsequently, the tracks and intensities of TCs Irma and Jose. TC
tracks are primarily dictated by tropospheric-deep mean ﬂow
(Velden and Leslie 1991), therefore accurate track (and subsequent intensity) forecasts for the two TCs are indicative of
the simulation accurately capturing the large-scale ﬂow pattern in the vicinity of the TCs. Additionally, while we acknowledge that Jose did not play a role in this study, we have
elected to include veriﬁcation data for it, as we hypothesize
that the upstream interaction involving the PRE and Irma
had an impact to Jose’s track and intensity (Prince and Evans
2020).
The interaction between the upstream trough, Irma, and
the PRE, appears to be well captured in the simulation, with
the placement and strength of the midlatitude jet being well
captured 36 h into the simulation (Fig. 1). Positioning of the
precipitation inside of the PRE was also well captured by the
simulation, with a distinct maximum of precipitation oriented
from east to west along the 318N (Fig. 4). While precipitation

totals were generally well represented in the simulation (mean
absolute error of 10 mm over the domain shown in Fig. 4), the
heavier precipitation covered a smaller spatial area than observed (Fig. 4), although this may be at least be partially due
to resolution differences between the two datasets. Given that
our study is interested in the amount of diabatic heating occurring in the PRE, the amount of precipitation which fell (vs. positioning the precipitation) is of primary concern, which
appears to have been well captured by the simulation (Fig. 4).
The simulation accurately predicts TC Irma’s track and intensity (Figs. 5a,b). The TC Irma lifetime average track error
is 92 km (compared to the climatological 72-h track forecast
error of 191 km; Cangialosi 2018), with a slight east bias following landfall (Fig. 5a), and the TC Irma lifetime average intensity error is 6 kt (3.1 m s21; compared to the climatological
72-h intensity forecast error of 12.6 kt (6.5 m s21); Cangialosi
2018), with the simulated minimum sea level pressure and
10-m wind speeds closely resembling their National Hurricane
Center best track values (Fig. 5b). Simulated track and intensity errors for TC Jose are slightly larger (Figs. 5c,d). Both the
simulated and observed TCs complete an anticyclonic loop;
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FIG. 6. (a),(c),(e) Simulated composite reﬂectivity (shaded in dBZ per the color bar at the left) and (b),(d),(f) 335-K
geopotential height (black contours every 600 m), 335-K PV (shaded in PVU per the color bar at the right), and
350–320-K vertical wind shear (vectors; kt; reference vector at lower right) at (a),(b) 1500; (c),(d) 1900; and
(e),(f) 2300 UTC 9 Sep 2017. The black box denotes the location of the convective cell in Figs. 7 and 8.

however, the simulated TC’s loop is somewhat more circular
and extends farther to the west (Fig. 5c). Despite these differences, however, the TC Jose lifetime average track error is
only 83 km (compared to the climatological 120-h track forecast error of 364 km; Cangialosi 2018), with a lifetime-maximum
error of 168 km at 0600 UTC 16 September 2017. Jose’s intensity
forecast errors were occasionally quite large, with a peak intensity error of nearly 60 kt (31 m s21; compared to the climatological 120-h intensity forecast error of 14.3 kt (7.4 m s21);
Cangialosi 2018) near the end of the simulation (Fig. 5d).
These large errors are potentially driven by the small size of
Jose, with the simulation being unable to depict the sharp horizontal gradients of pressure and wind near the TC’s center.
The simulated intensity traces still approximately follow the

same trends as what was observed until the last 36 h of the
simulation.

4. Convective-scale PV anomalies production and
maintenance
The PRE poleward of TC Irma is associated with two major
convective bursts, one between 1300 UTC 9 September and
0000 UTC 10 September 2017 (Fig. 6) and another between
0400 and 1300 UTC 10 September 2017 (not shown), within a
broader region of predominantly stratiform precipitation.
These convective bursts are associated with widespread intense PV dipoles along a baroclinic zone (as inferred from
the large vertical wind shear; Figs. 6a,b) extending from
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FIG. 7. (a),(c),(e) Three-dimensional advective PV tendency [term 1 on the right-hand side of (3), shaded
in PVU min21 per the color bar at right] and PV (black contours at 220, 215, 210, 25, 22, 2, 5, 10, 15,
and 20 PVU) on the 335-K isentropic surface at (a) 1433, (c) 1457, and (e) 1521 UTC 9 Sep 2017.
(b),(d),(f) As in (a), (c), and (e), but for the total non-conservative tendency [terms 2 and 3 on the righthand side of (3)].
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FIG. 8. (a),(c),(e) Vertical cross section [between 300 and 380 K, zonally averaged from 80.88 to 80.38W (the
longitudinal extent of Fig. 7) between 318 and 31.58N] of the three-dimensional advective PV tendency [term 1
on the right-hand side of (3), shaded in PVU min21 per the color bar at right] and PV (black contours at
220, 215, 210, 25, 22, 2, 5, 10, 15, and 20 PVU) on the 335-K isentropic surface at (a) 1433, (c) 1457, and
(e) 1521 UTC 9 Sep 2017. (b),(d),(f) As in (a), (c), and (e), but for the total non-conservative tendency [terms 2
and 3 on the right-hand side of (3)].
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southwest to northeast along the southeastern U.S. coastline.
Negative PV is located poleward of the corresponding positive anomalies, which is consistent with the deep-layer vertical
wind shear’s direction (Figs. 6a,b). Near initiation, while the
positive and negative anomalies remain together, the net circulation across the two is roughly equal to zero (not shown),
indicating a minimal impact to the surrounding ﬂow. Several
hours later, the positive anomalies have largely weakened
and/or remained near their initiation locations (Figs. 6c,d),
whereas the negative PV becomes elongated and begin to
merge into a narrow but long ﬁlament (Figs. 6c,d). By 8 h after initiation (Figs. 6e,f), the negative PV continues to persist
and has propagated north of their original location immediately offshore from the southeastern U.S. coastline. Altogether,
the inertially unstable negative PV persists for multiple hours
after initiation. After the negative PV separates from the positive PV, the net circulation over the remaining negative PV is
nonzero, thus its impact to the surrounding ﬂow would also be
nonzero.
The isentropic PV tendency Eq. (3) is used to diagnose the
physical processes by which the PV anomalies initiate, doing
so in the context of a representative isolated convective cell
embedded within the PRE (Fig. 7). Near initiation, horizontal
gradients of microphysical heating dominate the right-hand
side of (3), generating a PV dipole on the order of 610 PVU
in a matter of minutes (Fig. 7b). As this dipole initiates, the
background wind ﬁeld advects the newly generated anomalies, contributing to a nonzero advective tendency (Fig. 7a).
These structures extend across an isentropic depth of nearly
30 K (Figs. 8a,b), corresponding to a layer depth of approximately 5000 m (from approximately 5000–10 000 m; not
shown). The isolated updraft quickly weakens and tilts downshear, although the PV dipoles persist (Figs. 7c,d and 8c,d).
Since microphysical heating is directly tied to ascent, the contributions from the non-conservative tendencies quickly dissipate, leaving the advective tendency as the sole nonnegligible
contributor to the total PV tendency (Figs. 7c,d and 8c,d).
This process continues forward in time (Figs. 7e,f and 8e,f),
with near-zero nonconservative tendencies and nonzero advective tendencies persisting in time. Since the nonconservative tendencies are approximately zero shortly after the PV
dipoles’ initiation, it is not surprising that the PV anomalies
persist for multiple hours (Fig. 6). Over time, the intense localized negative and positive PV slowly weakens due to implicit
numerical dampening associated with the WRF-ARW Model’s
ﬁfth-order-accurate horizontal and third-order-accurate vertical advection schemes (Skamarock et al. 2019; not shown).

5. Local energy flux and the inverse energy cascade
The local energy ﬂux and spectral kinetic energy budget diagnostics introduced in section 2d are each functions of the kinematic ﬁeld, whereas the PV anomalies detailed in section 4
include both thermodynamic and kinematic structures. As
might be expected, however, there is a strong correspondence
between PV and kinetic energy anomalies (Fig. 9). PV anomalies
directly correspond to absolute-vorticity anomalies (contours in
Fig. 9), with a substantial reduction in kinetic energy between the

FIG. 9. Horizontal kinetic energy (shaded in 10 3 106 J per the
color bar at right), absolute vorticity (black contours at 210, 25, 5,
and 10 3 1024 s21), horizontal winds (vectors; kt; reference vector
at lower right), and PV (red contours at 210, 25, 5, and 10 PVU) on
the 335-K isentropic surface at (a) 1433, (c) 1457, and (e) 1521 UTC
9 Sep 2017.

PV/absolute vorticity anomalies (shading in Fig. 9). Between the
PV anomalies, the PV anomalies’ induced circulations act against
the southwesterly background ﬂow, weakening the horizontal
wind and thus kinetic energy between them (Fig. 9; Oertel and
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FIG. 10. Cumulative normalized spectral power of area-averaged (288–378N, 898–758W, matching the box in Fig. 1b) absolute vorticity on the 335-K isentropic surface (unitless; shaded per
color bar at right). The bold black line denotes the 0.9 (90%) cumulative normalized spectral
power contour; i.e., the wavelength above which 90% of the cumulative normalized spectral
power is contained.

Schemm 2021). Conversely, poleward of the negative PV
anomaly and equatorward of the positive PV anomaly, the
horizontal wind and kinetic energy are strengthened by enhancement of the background ﬂow by the circulations’ induced
ﬂows (Fig. 9c).
Before the convective cells initiate in the PRE and produce
regions of convective-scale PV/absolute vorticity, nearly all
(∼90%–95%) of the spectral power of the absolute vorticity
in the vicinity of the PRE is concentrated at the two largest
wavelengths (1200 and 600 km; Fig. 10), which is likely driven
by the size of the domain and the larger-scales having signiﬁcantly more energy (not shown). By 0900 UTC 9 September
2017 (9 h into the simulation), the model has sufﬁciently spun
up, which is highlighted by stable behavior from the 90th percentile line (Fig. 10). The percentage of spectral power concentrated at longer wavelengths decreases during the PRE’s two
convective bursts (from approximately 1300 UTC 9 September
to 0000 UTC 10 September 2017 and from 0400 to 1300 UTC
10 September 2017; Fig. 10). The primary increase in power for
both convective bursts occur in the range of wavelengths from
300 to 60 km, which is larger than a single convective cell, yet
match the approximate size of the clusters of convection identiﬁed earlier (Figs. 6 and 10). A reduction of nearly 25% in the
total spectral power contribution at the largest wavelengths
(from approximately 1300 UTC 9 September to 0000 UTC
10 September 2017 and from 0400 to 1300 UTC 10 September
2017 at k . 300 km; Fig. 10) suggests a signiﬁcant amount of
energy which is supplied to mesoscale wavelengths before being transferred upscale and going on to have a nonzero impact
to the large-scale ﬂow (Fig. 10).

While the spectral power suggests an increase in energy at
meso-a to synoptic scales, it cannot demonstrate whether that
energy is being transferred to the large scales, or not. To address this, the local energy ﬂux is calculated in the vicinity of
the PRE (Fig. 11). In the sense of the local energy ﬂux, the
localized PV, absolute-vorticity, and kinetic-energy anomalies
contribute to the u‘ upon which the large-scale strain u ‘
would act. Model-resolved convective cells are associated
with positive and negative local energy ﬂuxes (suggestive of
forward and inverse energy cascades, respectively) on the
meso-g-scale (Fig. 11a). At convective-scale wavelengths, the
small-scale positive and negative regions of the local energy
ﬂux largely cancel, causing the mean local energy ﬂux to be
closer to zero, albeit with a large amount of temporal variability (Fig. 11e). The local energy ﬂux becomes increasingly negative at larger length scales, suggestive of a broad region of
energy cascading from smaller to larger scales (Figs. 11b–d).
Area averaging of the local energy ﬂux reveals that at larger
wavelengths the temporally and area averaged local energy
ﬂux is increasingly negative, demonstrating an inverse cascade
of energy up to 1500 km in the vicinity of the PRE (Fig. 11e).
To test the existence of the “thinning” mechanism mentioned earlier, the temporally averaged large-scale strain ﬁeld
in the vicinity of the PRE is calculated (Fig. 12). The environment between TC Irma and the upstream midlatitude trough
is characterized by synoptic-scale deformation, with the axis
of dilatation (red line in Fig. 12) extending from the southeastern Gulf of Mexico northeastward across Florida and
along the Gulf Stream offshore of the southeastern U.S.
coastline. Convective cells embedded within the PRE roughly
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FIG. 11. (a)–(d) Temporally averaged (between 1800 UTC 9 Sep and 1200 UTC 10 Sep 2017) local energy ﬂux
(1025 W m22; shaded per the color bar at right) on the 335-K isentropic surface for a length scale ‘ of (a) 30, (b) 120,
(c) 300, and (d) 600 km. (e) Area- (288–378N, 898–758W, as denoted by the black box that matches the box in Fig. 1b)
and temporally (between 1800 UTC 9 Sep and 1200 UTC 10 Sep 2017) averaged local energy ﬂux as a function of
length scales between 30 and 1500 km. Error bars in (e) represent the 95th-percentile spread of the area-averaged
local energy ﬂux over time.

align with this axis of dilatation, the ﬂow associated with
which performs negative work on the turbulent anomalies as
it ﬁlaments them along the deformation ﬂow (Fig. 12).
The above analyses demonstrate the impacts convective
cells have on the local PV and kinetic energy ﬁelds and suggest the existence of an inverse cascade of energy in the

vicinity of the PRE. However, they cannot quantify the magnitude of the energy being transferred to large scales or explain the physical processes which transfer this kinetic energy
to the upper troposphere. To address these limitations, the kinetic energy framework adopted in Menchaca and Durran
(2019) is employed. It is found that convective cell updrafts
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FIG. 12. Streamlines of the temporally averaged (between 1800 UTC 9 Sep and 1200 UTC
10 Sep 2017) large-scale ﬂow u ‘ , where l 5 300 km, on the 335-K isentropic surface, and simulated composite reﬂectivity (dBZ; shaded per the color bar at right) at 1800 UTC 9 Sep 2017.
The blue line denotes the approximate axis of contraction, and the red line denotes the approximate axis of dilatation, while the black box denotes the region over which area averaging in previous and subsequent analyses are performed that matches the box in Fig. 1b.

inside of the PRE transport (by way of the vertical advective
ﬂux) kinetic energy from the lower to the upper troposphere
(Figs. 13a,b), whereupon the kinetic energy is transferred upscale by way of an inverse energy cascade (Fig. 13b). This result is insensitive to the precise bounds of the PRE region
depicted in Fig. 1b (not shown) and is described in detail in
the following two paragraphs.
The midtropospheric [5.5–9 km AGL; encompassing the
lower portion of the PV anomalies induced by convection
(Fig. 8)] kinetic energy budget in the vicinity of the PRE
(black box in Fig. 1b) is characterized by spectral transports
and buoyancy forcing that increase kinetic energy and by vertical ﬂuxes and dissipation that decrease kinetic energy (Fig.
13a). Speciﬁcally, there is a cascade of energy from large to
small scales over all wavelengths (PT . 0; Fig. 13a). The
buoyancy force also acts to increase KE from 5.5 to 9 km over
all wavelengths (PB /k , 0), which is likely driven by energy
supplied by convective updrafts (Fig. 13a). The vertical advective ﬂux, however, extracts energy away from the 5.5–9 km
layer at wavelengths of approximately 75 km and larger
(PV /k . 0; Fig. 13a), possibly as convective updrafts extract

energy from lower levels. Additionally, the dissipative term
acts to decrease KE at nearly all wavelengths and all vertical
layers (Figs. 13a–c).
In the mid- to upper troposphere [9.5–13 km AGL; encompassing the upper portion of the PV anomalies induced by convection (Fig. 8)], both the vertical advective and buoyancy ﬂuxes
are acting to add KE at nearly all wavelengths (PV /k , 0 and
PB /k , 0), suggesting a depositing of energy by convective updrafts at higher levels (Fig. 13b). After being injected into the upper troposphere by convective updraft, the energy concentrated
at wavelengths of less than approximately 200 km is cascaded
from large to small scales (PT . 0), but for energy at wavelengths greater than or equal to 200 km, there is an inverse cascade to larger wavelengths (PT , 0; Fig. 13b). In the lower
stratosphere (13.5–17 km), the vertical advective ﬂux increases
KE at all wavelengths (Fig. 13c). Additionally, the buoyancy
term has weakened signiﬁcantly at mesoscale wavelengths, likely
due to the rarity of convective updrafts traveling to heights of
.15 km (Fig. 13c). The inverse cascade of energy is no longer
present and has reversed back to a cascade of energy from large
to small scales over all wavelengths (Fig. 13c).
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6. Summary and discussion

FIG. 13. Cumulative transport (orange line), buoyancy (yellow line),
divergence of the vertical kinetic energy ﬂux (purple line), and dissipation (green line) forcing terms in the spectral kinetic energy budget, as
calculated over the black box depicted in Fig. 1b, averaged for
(a) 5.5–9 km, (b) 9.5–13 km, and (c) 13.5–17 km above ground level, and
temporally averaged from 1800 UTC 9 Sep to 1200 UTC 10 Sep 2017.

Interactions between TCs- and midlatitude troughs are
typically conceptualized as being driven by the large-scale,
diabatically enhanced vertical redistribution of PV, with the
smaller-scale, diabatically enhanced horizontal redistribution
of PV typically neglected. However, a separate vein of research has demonstrated the existence of intense convectivescale PV dipoles generated by strong latent heating in deep
moist convection. Given that diabatic processes are a potential
source of forecast error in TC–trough interactions (Anwender
et al. 2008), this study tests the hypothesis that deep, moist
convection associated with a PRE modiﬁed the synoptic-scale
midlatitude waveguide in a recent TC–midlatitude waveguide
interaction by way of the production of convective-scale intensely negative PV against the waveguide by deep, moist
convection. A convection-allowing simulation of the PRE in advance of North Atlantic TC Irma’s (2017) interaction with the
midlatitude waveguide is performed to test this hypothesis.
The physical processes that allow for convective-scale PV
anomalies to modify the synoptic-scale ﬂow can be conceptualized as follows (Fig. 14). When a convective cell initiates
within a vertically sheared ﬂow, its associated horizontal gradients of diabatic heating generate PV anomalies aligned perpendicular to the background vertical wind shear vector, with
negative PV to the left of the shear vector and positive PV to
the right of the shear vector (Figs. 6 and 7a,b). On the eastern
ﬂank of the upstream trough and to the north of Irma, the
large-scale strain ﬁeld can be approximated as having an axis
of dilatation oriented from southwest to northeast (Fig. 12).
This large-scale strain deforms the convectively generated
PV anomalies, stretching them along the axis of dilatation
(Figs. 6a,c). The newly deformed PV anomaly covers a larger
area than it did before, such that from the circulation theorem
its rotation rate must decrease. Due to the alignment of the
deformed anomaly with the large-scale strain ﬁeld, a tensile
stress is applied to the large-scale strain, thus reinforcing the
large-scale strain, and adding energy to the large-scale ﬂow
(Fig. 14). The inverse energy cascade is accomplished by the
ﬁlamentation of the negative PV (Fig. 14). It is important to
note that existence of this inverse cascade of energy is at least
partially dependent on the large-scale strain ﬁeld [Eq. (7)].
Meaning that, even in the absence of convective-scale processes, an inverse cascade of energy may still exist. However,
the existence and alignment of the small-scale turbulent eddies
with the large-scale strain ﬁeld in our study likely helps to promote a stronger ﬂux of energy from small to large scales.
This study’s results largely support Oertel et al. (2020,
2021) and Oertel and Schemm (2021), each of which demonstrate that convectively generated PV anomalies align perpendicular to the background vertical wind shear vector, the
negative PV separates from their positive PV counterparts,
and the negative PV subsequently modiﬁes the surrounding
ﬂow. The present study builds on these results by identifying
an inverse energy cascade in the PRE’s vicinity and outlines a
physical mechanism by which this cascade is accomplished following methodology presented in Menchaca and Durran
(2019).
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FIG. 14. Conceptual model demonstrating the impact of large-scale strain (black) on smallscale anticyclonically rotating turbulent eddies (red) such as those convectively generated within
a PRE. The cyclonic eddy was neglected as only the anticyclonic eddies propagate northward
against the waveguide in our simulation.

While this study identiﬁes a pathway by which convective-scale
processes inside of a PRE may modify the large-scale midlatitude
pattern, the extent to which the results are generalizable is unclear. This study considers a single numerical simulation of a single case at a single initialization time, and further investigation
over a larger sample of cases is warranted to assess the extent to
which these ﬁndings are representative of all PREs and not just
the PRE studied herein. Furthermore, our simulation does not
inhibit larger-scale processes from occurring (e.g., large-scale
stratiform precipitation) such that it cannot conclusively be said
that the PRE’s modiﬁcation of the waveguide is entirely driven
by smaller-scale processes and an upscale energy cascade. Therefore, it cannot yet be said how much of the waveguide modiﬁcation is driven by smaller scales versus how much is driven by
larger scales. This study can only demonstrate that the smaller
scales can have a larger-scale impacts in this study.
Future studies will test this sensitivity by performing sensitivity
analyses in which impacts from convection will be limited/
removed by way of piecewise PV inversion (e.g., Grams et al.
2013a,b), or by modifying the diabatic warming in the PRE’s vicinity (e.g., turning off diabatic warming in a local area, removing
large- and/or small-scale contributions to the diabatic warming).
While this study was only applied to a PRE well to the north of
Irma, it could be argued that clusters of embedded convection in
the outer rainbands of a TC could be viewed in the same fashion.
Due to the nature of a TC’s rotational wind ﬁeld, the vertical
wind shear vector around the TC would be oriented such that
negative PV would always be on the outer radius. One could
then view the TC as a feature which “radiates” negative PV,
driven by the TC’s secondary circulation.
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