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Abstract

Four tropical transition (TT) events in the North Atlantic basin are
simulated with the Weather Research and Forecasting (WRF) and the
HARMONIE-AROME (HAR) models to study the main features of the horizon-
tal kinetic energy (HKE) spectra of these kinds of high-energetic atmospheric
system. Though most of the times similar results are obtained with both models,
HAR shows a more intense filtering and numerical dissipation, whereas WRF
tends to represent overenergized spectra in the synoptic scale and especially at
smaller wavelengths. Predictability is dissimilar for the four TTs studied due to
the different spectral curve slope obtained for each case, ranging from unlim-
ited to very poor predictability at synoptic scale. Additionally, an increased
HKE is presented in the middle-upper troposphere spectra. A deep analysis
of the different terms involved in the equation of the spectral energy budget is
presented through a detailed study of one of these TTs. The role of all of them
is studied, connecting the energy spectra and the meteorological processes
involved. The energy budget terms related to the nonlinear spectral transfer, the
three-dimensional divergence, and diabatic process tendencies are identified
as the key ones, whereas the potential and kinetic conversion terms and the
vertical flux HKE and pressure divergence terms play a secondary role on mod-
ulating the spectrum behaviour. The major energetic contributions are found at
the synoptic scale, but results show that a two-dimensional energy cascade does
not fully capture the whole spectrum of a TT. The role of convection, latent heat
release, and moist convection outbursts is sketched and a link within different
vertical levels is found. Results show that a high-energetic system, such as a TT,
can effectively alter the atmospheric energy behaviour.
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1 | INTRODUCTION

Tropical cyclones are fully barotropic, diabatic, warm-core
cyclones. They have a barotropic origin in most of the
cases; for example, they develop from easterly waves,
tropical lows, or tropical troughs (McTaggart-Cowan
et al., 2013). On the other hand, under the appropri-
ate baroclinic atmospheric environments, a series of
precursor disturbances may develop a tropical cyclogen-
esis (Gray, 1968; DeMaria et al., 2001; McTaggart-Cowan
et al.,, 2013). One of the possible disturbances can be a
tropical transition (TT). The TT is a form of tropical cyclo-
genesis associated with extratropical precursors in which
a baroclinic cyclone evolves and mutates into a tropical
cyclone when affected by an upper tropospheric distur-
bance originating in midlatitudes (Davis and Bosart, 2003,
2004; Hulme and Martin, 2009; Galarneau et al., 2015;
McTaggart-Cowan et al., 2015; Bentley et al, 2017;
Calvo-Sancho et al., 2022). The upper tropospheric distur-
bance is frequently formed in conjunction with breaking
Rossby waves (McIntyre and Palmer, 1983; Thorncroft
et al., 1993; Martius et al., 2008), which can arise in an
assortment of phenomena: cut-off lows (Palmén and
Newton, 1969; Nieto et al, 2005), potential vorticity
streamers (Martius et al., 2008; Galarneau et al., 2015),
and tropical upper tropospheric trough cells (Sadler,
1976; Ferreira and Schubert, 1999; Patla et al., 2009).
Upper tropospheric disturbances have the potential
to develop TTs in environments characterized by low
sea-surface temperature (McTaggart-Cowan et al., 2015;
Calvo-Sancho et al., 2022) and moderate-to-high vertical
wind shear (Bracken and Bosart, 2000; Molinari et al.,
2004; McTaggart-Cowan et al., 2008, 2013; Calvo-Sancho
et al., 2022). Therefore, a TT is the process whereby a
baroclinic extratropical or subtropical cyclone, commonly
presenting high-to-moderate vertical wind shear, is trans-
formed into a warm-core, low vertical wind shear tropical
cyclone. In other words, during a TT the cold-core cyclone
progressively loses its asymmetrical nature and acquires
the typical features of warm-core symmetrical tropical
cyclones.

Tropical cyclones formed via TTs are likely to affect
Europe, since they occur in the Subtropics and mid-
latitudes. In fact, western Europe has been recently
threatened by several cyclones with this type of genesis.
Hurricanes such as Ophelia (2017) or Vince (2005) almost
reached the Iberian Peninsula, whereas Leslie (2018)
directly affected its northern area (Tapiador et al., 2007;
Beven et al, 2008). Furthermore, extratropical transi-
tion of ex-Hurricane Ophelia severely affected Ireland
(Moore, 2021). Calvo-Sancho et al. (2022) analysed 30
TT events over the central and eastern North Atlantic
basin during the period 1979-2019, studying their synoptic

environments to highlight their common features and
differences. In this study, the importance of poten-
tial vorticity redistribution and latent heat release on
the transition time is emphasized. In fact, the transi-
tion time is accompanied by a large latent heat release
that promotes the vertical redistribution of potential
vorticity and a reduction of the 850-300hPa vertical
wind shear. Differences between the analysed TTs devel-
oped in the central and the eastern North Atlantic are
shown. Though the TT environments in the central
North Atlantic predominantly show warm sea-surface
temperatures (>25°C) and low-to-moderate wind shear
(<15m-s71), the eastern North Atlantic ones develop in
low sea-surface temperature values (<25°C) and high
wind shear (>15m-s~1). Tropical cyclones have a severe
impact on population safety, ecological systems, and
the economy, producing widespread hazards and damage.
The most common include large effects on infrastructures,
agriculture, tourism, and even human losses (Peduzzi
et al., 2012; Lenzen et al., 2019). Consequently, improving
the understanding of these events would yield an essential
socio-economic benefit, particularly for the Iberian and
western Europe regions (Galarneau et al., 2015).

The assessment of the energy spectrum is fundamen-
tal in many studies to depict the basic atmospheric status
of the system (Bierdel et al., 2012). The spectrum analysis
reveals the energy distribution across different scales for
a particular atmospheric situation, and how this distribu-
tion changes as the energy is transferred between scales
as a function of the wave numbers (Peng et al., 2014a; Sun
et al., 2017). Furthermore, an energetic budget assessment
presents the total tendency of the atmospheric energy.
This will show the exchange of energy between different
atmospheric levels and the conversions between kinetic,
potential, or thermodynamic forms. For these reasons, the
energy spectrum and the energetic budget analysis appear
as especially appropriate to characterize the genesis and
evolution of complex systems like the TTs. The scientific
literature about the subject shows that different variables
can be considered to obtain the atmospheric energy spec-
tra. Nastrom and Gage (1985) use potential temperature
in their study, and Cho et al. (1999) derive the energy
spectra from trace gases; however, horizontal kinetic
energy (HKE) derived from wind speed is the variable
used most because of its simplicity and the availability of
observations (Nastrom and Gage, 1985; Skamarock, 2004;
Bolgiani et al., 2022).

The atmospheric HKE spectrum has been largely dis-
cussed in the scientific literature. The current knowl-
edge agrees on the fact that synoptic scale phenomena
(here defined as wavelengths A, >400km) follow a hor-
izontal wave-number spectral curve proportional to k=3
(Kolmogorov, 1941), whereas at mesoscale wavelengths
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(400 > Ap >4km) the atmospheric energy is known to
dissipate proportionally to k=3 (Nastrom and Gage, 1985;
Lindborg, 1999). These are just approximations to the
actual curve, which is estimated to be much more com-
plex (Lindborg, 1999); however, it is generally agreed
that the transition between these two power-law depen-
dences takes place at Ay ~ 500 km (Cho et al., 1999; Lind-
borg, 1999). These differences between the power-law k=3
and k= dependences of the atmospheric energy are cru-
cial to understand the role of the different scales. Although
the formation mechanisms of the energetic curve are
still a topic of research, particularly for the mesoscale
k=53 slope (Gage, 1979; Tung and Orlando, 2003; Ska-
marock, 2004; Tulloch and Smith, 2006; Wang et al., 2018;
Zheng et al., 2020), the observed atmospheric spectrum
has been replicated by many numerical weather prediction
(NWP) models (Skamarock, 2004; Hamilton et al., 2008;
Skamarock et al., 2014). Understanding the dynamics of
the mesoscale HKE spectrum provides knowledge beyond
the academic interest and into practical terms, as it is cru-
cial to computing error growth and numerical forecasting
system accuracy (Lorenz, 1969; Ricard et al., 2013; Ska-
marock et al., 2014; Weyn and Durran 2017). In fact, the
energy spectrum analysis is an important tool to evalu-
ate the model’s ability in resolving atmospheric features
at various scales and to assess the effective resolution
(Skamarock, 2004; Abdalla et al., 2013), when compared
against available theoretical power-law dependence spec-
tra (Lindborg, 1999). In addition, Lorenz (1969) concluded
that the upscale transmission over time of small-scale
error provides an effective limit to the predictability of
flows. Thus, for an atmospheric flow spectrum governed
by a k7P power-law behaviour, the error-doubling time
decreases with scale when p <3; this fast doubling of
the upstream errors renders the flow into a chaotic sys-
tem, which is inherently limited in its mathematical pre-
dictability. This has already been verified by several studies
using full-physics simulations (Selz and Craig 2015; Sun
and Zhang, 2016; Sun et al., 2017). Also, according to
Lorenz (1969), there is no such limit for flows with p > 3 as
the error-doubling times do not decrease with scale.
Recently, the contributions of different physical pro-
cesses at various scales to the energy budget of the
atmosphere have been under research using some mod-
ifications in the governing equations of NWP models
(Koshyk and Hamilton, 2001; Waite and Snyder, 2013;
Peng et al., 2014a, 2014b; Peng et al., 2015a; 2015b; Sun
et al., 2017; Wang et al., 2018; Zheng et al., 2020). Peng
et al. (2014b) analyse the role of the latent heat flux and
deep convection on the spectral kinetic energy budget of
the Mei-yu frontal system, highlighting the contribution
of latent heat in the increasing of the kinetic energy in
upper levels. They assert that the kinetic energy in the
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upper troposphere is deposited via buoyancy flux; that is,
conversion of available potential energy (APE) to HKE,
whereas in the lower troposphere the mesoscale kinetic
energy is deposited through nonlinear advective terms
and vertical pressure flux divergence. In the mature phase
of the frontal system, the mesoscale kinetic energy spec-
trum follows a horizontal wave-number spectral curve
proportional to k=3 for the smaller scales, presenting a
buoyancy term that suggests a significant input of kinetic
energy in mesoscale. Sun et al. (2017) use a high-resolution
cloud model ensemble to simulate organized convective
systems under vertical wind shear and study the asso-
ciated kinetic energy spectrum. They find that the con-
vective systems can generate by themselves a background
mesoscale kinetic energy spectrum following a curve pro-
portional to k=33, Sensitivity experiments doubling the
domain size show robust results in terms of different
model settings, proving a similar spectrum and showing
that the curve is not affected by the organization of the con-
vective systems. Using high-resolution simulations, Wang
et al. (2018) study the HKE spectra of an idealized tropical
cyclone at several atmospheric levels during its intensi-
fication and mature stages. They find a spectrum with a
higher than expected spectral curve slope at the mesoscale,
resembling a hump in the curve, both for the lower and
upper troposphere, in discrepancy with previous observa-
tions (Lindborg, 1999). Additionally, their vertically aver-
aged spectral budget distribution as a function of wave
numbers shows the specific roles of different physical
processes (convection, buoyancy, vertical propagation of
inertia—gravity waves). In line with these results, Zheng
et al. (2020) analyse mesoscale model simulations of a par-
ticular case study from the Pacific Ocean basin, concluding
that a tropical cyclone can alter the canonical atmospheric
energy spectrum during its evolution.

The present study is part of the IBERCANES research
project on TT analysis and simulations with different NWP
models. Before evaluating the meteorological character-
istics of these simulations, possible limitations must be
assessed, as we are dealing with high-resolution simula-
tions, verging on the design limits of the models. Thus,
the first step was to generate a seasonal climatology of the
HKE spectra (Bolgiani et al., 2022), both for the Northern
Hemisphere (periodic domain) and for the North Atlantic
area (limited-area domain) using the fifth generation of
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) Atmospheric Reanalysis (ERA5; Hersbach
et al., 2020). The results exhibit that ERAS5 is properly
capturing the synoptic conditions with remarkable dif-
ferences between the latitudinal domains. However, the
reanalysis’s spectra are not able to properly reproduce the
spectral curve slope rates at mesoscale due to the ERAS
horizontal resolution, which is a source of uncertainties
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to be considered when using this dataset. The sea-
sonal variability emphasizes different energetic features
throughout seasons, with winter being the most ener-
getic season and summer the least. The limited-area North
Atlantic domain results produce larger energy densities
and ranges.

Since the skill to reproduce the theoretical power-law
dependence spectra is regularly shown as evidence
of the accuracy of the formulation, implementation,
and configuration of an atmospheric model (Skamarock
et al, 2014), in the current study the HKE spectra
for several high-energetic atmospheric systems, such as
TTs, is evaluated using two NWP models. The most
severe TTs analysed by Calvo-Sancho et al. (2022) are
selected and simulated using two NWP models: the
mesoscale Weather Research and Forecasting (WRF)
and the HARMONIE-AROME. The ERAS5 climatology
of the HKE spectra is used as a reference curve to
compare against in this study, highlighting the value
of high-resolution simulations in the spectrum results
and how the models assume and manage the atmo-
spheric energy in the simulation. The HKE spectra of the
TT simulations are compared to evaluate the energetic
behaviour of these particular events and possible differ-
ences between the NWP models. Also, one of the TTs
is selected to assess the spectral budget and the devel-
opment and transmission of the energy cascade (Lind-
borg, 1999); that is, the energy transfer from large to small
scales of motion (direct energy cascade) or from small
to large scales (inverse energy cascade) during the event.
The final purpose of this study is to evaluate the abil-
ity of the models in properly simulating and diagnosing
TTs, as only scarce literature exists on this topic and is
almost non-existent for the HARMONIE-AROME model.
This is expected to be supportive for the interpretation of
other studies that include a large set of TT simulations
(Calvo-Sancho et al., 2022).

This work is organized as follows: Section 2 presents
the data used and methodology followed to obtain the

TABLE 1
Transition
NHC code Storm name time
AL292005 Delta 1200 UTC November 23, 2005
AL172017 Ophelia 0600 UTC October 9, 2017
AL132018 Leslie 1800 UTC September 29, 2018
AL302020 Theta 1800 UTC November 10, 2020

results, which are shown and discussed in Section 3.
Section 4 yields the conclusions of this study.

2 | DATA AND METHODOLOGY

2.1 | Experimental set-up
Calvo-Sancho et al. (2022) used the Hurricane Database 2
(Landsea and Franklin, 2013) to compute the wind-speed
percentile of whole TTs occurring over the North Atlantic,
which encompasses 060°W-000°W of longitude and
20°N-90°N of latitude. Over this dataset, percentiles of
wind speed are derived. The TTs analysed here are selected
considering those equal or above the 90th percentile
for wind-speed values (Table 1). These selected events
are then simulated by employing two high-resolution
limited-area NWP models: the already settled and
highly approved Advanced Research WRF model, ver-
sion 4.0.3 (Skamarock et al., 2008), and the operational
HARMONIE-AROME model, cycle 43h2.21 (HAR here-
after; Bengtsson et al., 2017). The simulations with both
models are allowed a 6hr spin-up, covering from 42 hr
before to 30 hr after the TT evaluated, with a 3 hr output.
The non-hydrostatic WRF model is configured with
two domains under a two-way nesting strategy. Each
domain is 1,000 X 1,000 grid points, with a horizontal res-
olution of 7.5km for the outer domain (D01) and 2.5km
for the inner domain (D02). The vertical resolution is 65
sigma levels unequally spaced, with a greater resolution
in the lower troposphere to obtain a better representa-
tion of the convective processes in the planetary boundary
layer. The WRF model allows for a flexible computing
mode, called adaptative time step, enabling the modula-
tion of time steps used in the simulation for increasing the
model efficiency (Hutchinson, 2007); therefore, the cal-
culations are not performed at fixed time steps but vary
within a short range. Adaptative time steps are used here
with the default WRF hurricane research configuration.

Selection of TTs above the 90th percentile wind-speed values during the period 1979-2020.

Maximum
Sea-level sustained

Latitude Longitude pressure wind speed
(°N) W) (hPa) (m-s™")
27.4 041.2 989 25.7
30.9 040.0 1,012 18.0
34.3 051.3 994 23.1
29.0 036.7 987 30.9

Note: Latitude, longitude, and sea-level pressure are referred to the centre of minimum pressure of the storm. Note that the four systems transitioned into

tropical cyclones. NHC: National Hurricane Center.
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The most important physics parametrizations used are the
WRF single-moment six-class scheme for microphysics
(Hong and Lim, 2006), the Yonsei University scheme for
the planetary boundary layer (Hong et al., 2006), the Dud-
hia short-wave scheme (Dudhia, 1989) and the rapid radia-
tive transfer model long-wave scheme (Mlawer et al., 1997)
for radiation. Cumulus is explicitly computed by the model
in D02, whereas in D01 it is parameterized using the new
Tiedtke scheme (Zhang and Wang, 2017). Finally, the ini-
tial/boundary conditions are obtained from ERAS5 (Hers-
bach et al., 2020) produced by the ECMWF with a 0.25°
horizontal resolution and 6 hr temporal resolution.

To maintain the consistency of the study, the HAR
model is configured to the resemblance of the WREF’s
set-up as far as possible, in accordance with previ-
ous studies comparing these two models for other
meteorological phenomena (Roman-Cascon et al., 2019;
Quitian-Hernandez et al., 2021; Diaz-Fernandez, Bolgiani,
Santos-Mufioz et al, 2022; Diaz-Fernandez, Bolgiani,
Sastre et al., 2022). A single domain with the same grid
and horizontal resolution used for WRF D02 is defined.
The vertical resolution, different to the WRF model, is 65
hybrid sigma-pressure vertical levels, and the HAR default
physics options are used (Bengtsson et al., 2017). The
HAR model shares several of the physical parametriza-
tions and the dynamical core used in the AROME model
(Seity et al., 2011). Both models share the Surface Exter-
nalisée surface parameterization scheme, the Morcrette
short-wave radiation scheme (Seity et al., 2011; Bengts-
son et al., 2017), and most of the ICE-3 microphysics
package (Lascaux et al., 2006). The HAR model employs
the EDMFm scheme for shallow convection (de Rooy
et al.,, 2013; Bengtsson et al., 2017) and the HARATU
scheme (Bengtsson et al., 2017) is used for parameter-
ized turbulence. The temporal resolution is set at 30s.
The configuration is convection permitting by default,
along with a non-hydrostatic spectral dynamical core
using a semi-Lagrangian and semi-implicit discretiza-
tion of the equations. This discretization allows one to
resolve the mesoscale processes better, enabling more
realistic results compared with other models (Bengtsson
et al.,, 2017), which may provide an added value to the
study of TTs.

The initial/boundary conditions are the same as those
used for WRF. It is also important to note that both models
are energy dissipative; that is, both models filter out energy
of the atmosphere at some point to maintain the physi-
cal variables under realistic conditions in the limited-area
domain. This is done by the WRF and HAR models using
numerical filters at low wavelengths, as initial/boundary
conditions provide energy mostly at large wavelengths and
a direct energy cascade is assumed (Kolmogorov, 1941;
Lindborg, 1999).

Royal Meteorological Society

2.2 | HKE methodology

2.2.1 | Spectra

The energy spectrum of each simulation is computed fol-
lowing the basic methodology set by Skamarock (2004)
and the more specific methodology already applied in pre-
vious studies by Bolgiani et al. (2022). First, the wind-speed
field is derived using the horizontal components u and
v. Then, the average wind speed is removed to obtain
the wind anomalies, which are detrended, rendering the
non-periodic data from the limited-area simulation to
periodic data, adequate for the spectral decomposition.
A longitudinal-wise HKE spectral decomposition is per-
formed using a one-dimensional discrete Fourier trans-
form (Skamarock, 2004) and then averaged over latitude,
generating a single result for each vertical level and time
step. To account for energy-mass differences, the results
are scaled by the average density of each level (Peng et al.,
2015a; Sun et al., 2017). The results are presented in the
commonly used energy density and wave-number plots. To
ease the evaluation, temporal averages are shown in the
results.

2.2.2 | Spectral budget

The spectral budget is analysed to increase the insight into
the HKE dynamics, presenting the roles of the different
physical processes in charge of the energy development
and transfer. To allow for a proper comparison with the
related literature, the budget computation follows a differ-
ent methodology from the previous spectral analysis. The
HKE is initially derived using the two-dimensional dis-
crete cosine transform (DCT; Denis et al., 2002). Let (k)
be the DCT of the field ¢(x,y), where ky = |k| = (kg ky)
is the horizontal wave vector. The HKE spectrum per unit
volume is defined as

En(k) = %E[ﬁ(k)ﬁ(k) + D)D), )

where p is the height-variant basic state density and u =
(u,v) is the horizontal wind velocity vector. According to
Peng et al. (2015a; 2015b) and Zheng et al. (2020), the
spectral energy budget can then be written as

0tEn(K) = Ca-n(K) + 9. Fp1(K) + th(K) + 9. Fny(K)
+ Dp(K) + Jh(k) + Hy(K) + Disp(K), 2)

where o.Ep(k) is the net tendency term of the HKE.
Ca-n(k) is indicative of the spectral conversion from
APE to HKE; that is, the conversion term. Fpy(k) and

858017 SUOWWOD BAIIE8.D 8(ceoljdde ay) Aq peusenob a.1e s9oile VO ‘88N JO S8|nJ o} AkeiqiTauljuQ 3|1 UO (SUOTIIPUOO-PUE-SWBILO0D" AS | 1WA eiq U [Uo//Sdny) SUONIPUOD pue SWie 1 8y} 89S *[£202/60/90] U0 Akeiqiaulluo A8|im ‘(-ouleAnge ) agqnopesy Aq £25k° b/Z00T 0T/I0p/wW00 A8 |1 Ake.q 1 jpul U0 SIBWLY//SdNY W01} pepeojumod ‘0 ‘X0/8227T



Quarterly Journal of the ERMets

CALVO-SANCHO ET AL.

Royal Meteorological Society

F,1(k) represent the vertical fluxes of HKE and pressure
respectively; therefore, d,Fyy(k) and d,Fp(K) are the ver-
tical flux divergence terms. #,(k) is the nonlinear spec-
tral transfer term. Dy (k) represents the spectral tendency
due to three-dimensional divergence. Hy(k) is the spec-
tral tendency due to diabatic processes. J,(k) and Disy (k)
are the adiabatic non-conservative and dissipative terms
respectively. The detailed expressions for the terms in
Equation (2) can be written as follows:

Casn(kK) = —c,p0Wa, 7, (3)
Fpy(k) = —c,p0r, (4)

th(k) = —pt - DCT[u - Va+uV - u/2)]
+ {04 - DCT[wu] — & - DCT[wdzu| } /2, (5)

Fiy(k) = —pti - DCT[wu]/2, (6)
Dn(k) = —pti - DCT[u(@,w + V - w)| /2, (7)
Jn(K) = —Fny (K)o, Inp, ®)

Hy(K) = cypHn 7, 9)

Disy (k) = 71 - Disy, (10)

where f = DCTIf], representing f any of the vari-
ables/term in the equations, V is the horizontal
gradient operator, w is the vertical velocity, ¢, is the
specific heat of dry air at constant pressure, 0 is
the height-variant basic-state potential temperature,
7 =x—7=(p/p)’/% — (ﬁ/po)Rd/C" is the perturbed
Exner pressure, with p, po, and p denoting pressure,
reference surface pressure, and basic-state pressure
respectively, and Ry is the gas constant for dry air. Also,
Hp = (1+1.61gy)Sy + 1.616S,, is the combined diabatic
contributions, with g, the water vapour mixing ratio, 0
the potential temperature, and Sy and S, the diabatic
contributions to df/dt and dgq,/dt respectively. Finally,
Dis, represents the dissipation of the horizontal velocity
vector.

There is a consideration to be made on the dissipa-
tive term, Disy (k). It is impossible to properly define Dis,,
from the output of semi-Lagrangian (HAR) and Eulerian
(WRF) models (Becker, 2001). Thus, Disy(k) is derived
following the methodology defined by Boville and Brether-
ton (2003) as the kinetic energy tendency considering
the specific force from the diffusion process. A priori, it

would be easier just to calculate Disy(k) as the differ-
ence of d;Ey (k) with the summatory of every other term
(Equations 3-9). However, this would reflect not only the
physical dissipation, but also the numerical dissipation
imposed by the limited-area model and the energy inputs
by the initial/boundary conditions.

The discussion about d,Fy1(k) and d,F (k) will also
include the Fyy(k) and Fpy(k). In these cases, the verti-
cal evolution of both terms allows us to understand the
relative contributions within all the terms included in
Equation (2). However, to describe the behaviour of these
two particular terms on the energy budget, it is much eas-
ier and more straightforward to consider the vertical fluxes
instead of their vertical evolution (Zheng et al., 2020). It
is also worth noting that, to be methodologically accurate,
the direction of the energy cascade should be expressed
as the accumulation of the HKE transfer from nonlinear
interactions, defined by Peng et al. (2015a) as

[T = 3 @Ak, (1)
h

k>ky,

This has been the computation used to discuss the
results of upscale and downscale propagations of t,; how-
ever, the figures are not shown for the sake of simplicity
(Supporting Information Figures S6 and S7).

The spectral budget gives an exhaustive evaluation of
the HKE dynamics and shows possible sources and sinks
driving the energy cascade. Thus, to explore a better under-
standing of how the NWP models behave in the simulation
of TTs, a case study is selected, the TT of Tropical Storm
Delta. The different terms of Equation (2) are obtained
from every tropospheric level of the HAR and WRF sim-
ulations of this TT. These are averaged over 24 hr, cover-
ing +12 hr around the time of transition. The results are
depicted as a vertical distribution along the wave-numbers
range, for both synoptic scale and mesoscale. Please note
that the spectral HKE budget results are shown on a
logarithmic scale to facilitate the comparison among the
diverse term contributions.

3 | RESULTS AND DISCUSSION

In this section, the HKE spectra of the most intense TTs
evaluated by Calvo-Sancho et al. (2022) are shown, fol-
lowed by the assessment of the spectral budget of Tropi-
cal Storm Delta as a case study. For the spectral budget,
we have chosen to present the full vertical distribution
of the results. However, most of the related literature
shows theirs vertically averaged. Thus, to ease the com-
parison with the references mentioned, the Supporting
Information includes vertically averaged results of the
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spectral HKE budget terms in three tropospheric layers:
low (surface to 850 hPa), middle (700-500 hPa), and upper
troposphere (450-250 hPa).

3.1 | HKE spectra

Early results for this study showed that the simulations
produce a steeper HKE spectrum at higher tropospheric
levels, whereas the lower levels generate shallower curves.
This is mainly noticed in the synoptic range, and it has
already been mentioned by Bolgiani et al. (2022), pre-
senting results in line with Skamarock (2004). This is as
expected, as jet streams and planetary-scale waves belong
to upper levels and the higher synoptic energy density
steepens the curve. The results for several pressure lev-
els were initially evaluated (not shown) and finally the
500 hPa HKE spectra are considered as the most represen-
tative for this work.

3.1.1 | WRF energy assimilation and model
resolution

The energy spectrum simulated is directly related with the
grid resolution of the NWP model (Skamarock, 2004). This
can be clearly seen in the ability of the models to repro-
duce the transition from k=3 to k=5 when resolution is
increased (Abdalla et al., 2013). The differences in energy
assimilation from initial/boundary conditions, and its later
management by the model, are especially noteworthy in
finite-differences models, as WRF. Figure 1 shows the
500 hPa wind HKE spectra for the averaged (42 hr before
to 30 hr after the TT) simulation of each of the four TTs
simulated with WRF at their respective D01 and D02. As
a reference of the energy levels “fed” to the limited-area
model, the ERA5 September-November climatology for
the North Atlantic basin (Bolgiani et al, 2022), with a
resolution of 27.0km, is also shown. It becomes imme-
diately clear that each increase in resolution enhances
the k=3 transition in the curves, as expected by the
Lindborg (1999, eq.71) observations. The ERAS5 initial
and boundary conditions are properly reproducing the
HKE for the synoptic scale, especially at Ay > 1,000 km,
but fall very short of the observed curve below 600 km.
This is in line with Augier and Lindborg (2013), who
found that the ECMWF Integrated Forecasting System
model, on which the ERA5 is based, is very dissipa-
tive at synoptic scales, even to the point of not being
able to feed the downscale energy cascade. Nevertheless,
this is the information assumed by the WRF model at
D01, which then yields a simulation with a much later
decay of the curves; that is, the spectra reproduce the
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FIGURE 1 The 500 hPa wind horizontal kinetic energy

spectra for the four tropical transitions simulated with Weather
Research and Forecasting at their respective inner (D01) and outer
domain (D02). The fifth generation of the European Centre for
Medium-Range Weather Forecasts Atmospheric Reanalysis (ERA5)
September-November (SON) climatology and the observed energy
horizontal wave-number spectral curve are shown for reference.
The shaded area corresponds to the wavelengths below the
theoretical effective resolution of D02, computed according to
Skamarock (2004). Vertical shaded bands (blue) indicate the
wavelength at which the spectra deviate from the expected curves.
[Colour figure can be viewed at wileyonlinelibrary.com]

transition to the mesoscale slope and show a larger range
of wavelengths reaching smaller scales. Thus, Figure 1
allows us to understand how the WRF model assimi-
lates the energy information from the initial and boundary
conditions and presents energy levels according to the
resolution.

The DO1 spectra simulated by the high-resolution
model (Figure 1) are more adequate than the ERA5
spectrum for the transition into mesoscale, down to
An ~300km, but do not properly capture the shallower
spectral curve slope rates of the mesoscale. This is clearly
done by D02, simulating a set of spectra very well adjusted
to the mesoscale down to A, =~ 40 km. To avoid any confu-
sion by the reader, it must be noted that the spectra are
corrected by density, as they correspond to 500 hPa HKE,
and this drives the final point of the curves above the
2Ax expected by Nyquist (1928). Also, there is a notable
difference in energy between D01 and D02 all along the
spectra. There is very scarce literature about this effect;
however, at finer resolutions, the simulations consider a
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larger amount of energy (Rai et al., 2017), as more grid
points can be computed in the same area, producing the
parallel shift of the curves upwards. Similar results were
already noted by Bolgiani et al. (2020) as well as in pre-
vious studies using WRF (Skamarock, 2004) and HAR
(Abdalla et al., 2013). The effect is much less noticeable
for spectral models (Abdalla et al, 2013) owing to the
mathematical approach. However, it is not negligible, as
limited-area spectral models require the simulation of a
periodic domain to handle the spectrum. This is done
in the form of a lateral buffer zone around the domain
boundaries, which creates a toroidal shape rendering the
limited domain into a periodic one (Seity et al., 2011). This
enables one to simulate the complete spectral wavelength,
which may introduce some errors in the computations.
The parallel shift makes each resolution to be more ade-
quate for a certain wavelength range when compared with
the Lindborg (1999, eq. 71) spectrum.

The results of Figure 1 are in line with
Skamarock (2004), who proves that the energy assim-
ilation of the NWP model depends on the resolution,
which should be adapted to the specific horizontal
scale to study. In accordance with this, the spectra
for WRF D02 tend to be overenergized in the synop-
tic scale, with a spectral curve slope rate a little larger
than k=3 in general terms. The transition to k=3 rate
is sharper than expected by Lindborg (1999, eq. 71),
followed by a steeper curve in the mesoscale, albeit
that the HKE density levels are very adequate down to
An ~40km. The TTs also present large differences at syn-
optic scale, which are notably reduced as the curves get
into smaller wavelengths, where the resolution is more
adequate.

3.1.2 | WRF and HARMONIE model
comparison

Figure 2 presents the spectra simulated by WRF D02
and HAR for the four TTs selected (Table 1). The results
show that HAR consistently produces a lower HKE than
WRF in synoptic scale and mesoscale, most marked for
An <40km. This is an indication that the numerical dis-
sipation (filtering) is steeper by this model. Nonethe-
less, it is noteworthy that the HAR spectra match and
even surpass the WRF spectra energy density levels at
some point in the mesoscale for every case, usually at
An ~ 200 km.

The results for the TT of Delta and Theta (Figure 2)
are very similar for both models. They show that these
events are clearly very energetic, presenting spectra above
the Lindborg curve down to A, ~ 60 km. This generates a
steeper than expected spectral curve slope rate for both

models and both cases, which makes it difficult to appre-
ciate the rate transition to k=33. On the other hand, this
steeper curve indicates that the predictability of these
high-energy systems is unlimited (p > 3) for the synoptic
flow characteristics (Lorenz, 1969; Zheng et al., 2020),
becoming limited (p < 3) for the meteorological features
below A, ~200km. Ophelia presents a spectrum that
would indicate a lower predictability at synoptic scales,
as the spectra seem to be shallower than the k=3 curve.
Also, the HKE density levels for A, <40km clearly lie
below the observed curve for the four TTs, indicating
that the energy of the fine convective processes might
not be properly reproduced to the full extent of the atmo-
spheric conditions. This is a very important question to
address, as we are evaluating one of the most convective
and latent-heat-dependent atmospheric events. It would
also be in line with the study by Quitidn-Hernandez
et al. (2021), who conclude that HAR consistently
underestimates the cloudiness in tropical cyclones
simulations.

The results for TT Leslie (Figure 2) produce an overen-
ergetic atmospheric situation down to A, ~ 60 km; how-
ever, the spectral curve slope rate is shallower than
expected for 1,000 > A, > 400 km, with a notable steepen-
ing at A, ~300km and a k=3 rate starting just above
An =200 km. Something similar, albeit at smaller wave-
lengths, was already noted by Vonich and Hakim (2018),
who attributed the effect to the higher wind speed and vor-
ticity of a tropical storm. They consider the Coriolis effect
to be partially responsible, suggesting that shallower rates
are generic to tropical environments, but this might not be
the case for our TTs (see Table 1 latitudes). The results are
also in line with Wang et al. (2018), who present a notable
steepening of the curve at similar wavelengths, which they
relate to the cyclone scale. Ophelia presents this steepening
at A, ~400km. In the cases of Delta and Theta, this “bul-
ge” in the spectrum is not as clear, due to the overenergetic
synoptic scale; however, both gain the mesoscale spec-
tral curve slope rate at A, <200km. This “hump” effect
in the mesoscale slope is related to the TT maximum
wind speed (Table 1), in line with the results by Zheng
et al. (2020), who conclude that the HKE spectra show a
k=33 slope over the central mesoscale with a “swelling”
at larger wavelengths, finding that the transition zone
between the two areas shifts downscale as the storm
intensity increases. Wang et al. (2018), as well as Vonich
and Hakim (2018), also consider that the increased HKE
(“arc-like shape”) they see in the middle-upper tropo-
sphere spectra is characteristic of tropical cyclones, mainly
due to vorticity and convection, with a distinctive peak
at A, ~ 500 km.

It must be pointed that there are notable differences
between the models in the 600 > A, > 60 km range for TT
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FIGURE 2 The 500 hPa wind horizontal kinetic energy spectra for the tropical transition selected, simulated with Weather Research

and Forecasting (WRF; outer domain, D02) and HARMONIE. The observed energy horizontal wave-number spectral curve is shown for

reference. The shaded area corresponds to the wavelengths below the theoretical effective resolution of the models (computed according to

Skamarock, 2004). [Colour figure can be viewed at wileyonlinelibrary.com]

Leslie. WRF energy density is larger near the synoptic
scale but shows a major decrease just above Ay =200 km.
Below this wavelength, the HAR spectrum is more ener-
getic, remaining over the observed curve, while WRF
underestimates the atmospheric HKE. Nonetheless, the
major differences between the simulations are shown for
TT Ophelia (Figure 2). In this case, WRF is consistently
more energetic than HAR at synoptic scale and mesoscale,
just momentarily presenting the same HKE density at

An = 200km. The WRF spectrum is below the Lindborg
curve at every point in the mesoscale, whereas HAR seems
to be unable to even capture the k=>/3 spectral curve slope
rate. These results can be related with the aforementioned
predictability of the spectra, linked to the k=P power-law
behaviour. In all, it is clear from the results that the
behaviour of the TTs can present significant variations in
the HKE spectra and that the NWP models struggle to
properly reproduce it at some wavelength ranges.
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3.2 |
Delta

Case study: TT of Tropical Storm

As mentioned in the previous section, the HKE spectrum
produced by Tropical Storm Delta is representative of a
high-energy configuration at middle tropospheric levels.
This storm is also the second most intense of those selected
in this study with regard to maximum sustained wind
speed and sea-level pressure (Table 1). Moreover, Bolgiani
et al. (2022) already used this event as an example to com-
pare with the ERA5 HKE spectra climatology. Thus, the
TT of Delta is selected here as a case study to evaluate the
energy spectral budget.

3.2.1 | Synoptic situation

Tropical Storm Delta had a severe impact on the Canary
Islands archipelago in November 2005, producing sev-
eral casualties and many injuries, flooding, landslides,
power outages, and major economic losses. The system
generated southwest of the Azores Islands on November
19, 2005, and reached subtropical cyclone characteristics
3days later. The storm experienced a TT into tropical
storm status on the November 23, 2005, and continued
intensifying until November 28. It finally decayed into an
extratropical storm with a warm core (Sanchez-Laulhe and
Martin, 2006). Increased rainfall and wind intensity were
observed on the Canary Islands prior to the effects of Delta
(Seco et al., 2009).

At the time of the transition, the atmospheric con-
figuration (Figure 3) is characterized by an upper level
cut-off low around 30°N 040°W, and Delta as an isolated
deep fully diabatic warm-core cyclone. The potential vor-
ticity is redistributed vertically by an important release
of latent heat (e.g., differential diabatic heat source; not
shown), which favours the final development of a tropical
cyclone purely governed by diabatic processes (Bolgiani
et al., 2022; Calvo-Sancho et al., 2022). On the surface
(Figure 3b), the wind field presents asymmetry at the
instant of the TT (Calvo-Sancho et al., 2022), with values
exceeding 19 m-s~! in the northwestern quadrant, sus-
tained winds around 16 m-s~! in the centre, and lower
values in the southeast quadrant of the system. At 500 hPa
(Figure 3c), the wind-speed values are remarkably larger
than the surface winds, clearly reinforced by a jet stream
located on the western area of the cyclone. This vertical
wind configuration, common in cyclones that experience
a TT process, depicts a wind-speed reduction with height
for the lower troposphere (not shown) and an increased
cyclonic wind in the middle troposphere, sustained by a
jet. In addition, deep convection dominates at the instant
of the TT (Figure 3d) and favours latent heat release, which

promotes the vertical redistribution of the potential vortic-
ity (Calvo-Sancho et al., 2022), contributing to an increase
in low-level vorticity. This atmospheric configuration is
representative of a high-energy state in the middle levels
of the atmosphere, as expected for a tropical cyclone with
baroclinic genesis, mainly forced by the jet stream present
at 500 hPa (Figure 3c).

3.2.2 | Spectral budget

To gain more insight into the dynamics of the HKE spectra,
the different processes that contribute to the tropospheric
energy evolution and transference in TT Delta are anal-
ysed here. First, it is noteworthy that the evaluation of the
HKE tendency d:Ey (k) presents a strong energy input for
2,500 > Ay > 800 km, followed by a plateau and a moder-
ate decrease of energy at 400> A, > 100km (not shown).
The behaviour is similar for both models, although HAR
presents more energy at the mesoscale tendency. In the
following we individually analyse the vertical distribu-
tion of all the terms in Equation (2) produced by the
WRF and HAR simulations for the synoptic scale and
mesoscale.

Term Ca_n(k). This term accounts for the buoyancy
forcing, determined by the energy conversion from APE
to HKE. The Ca_n contributions to HKE are moderate
in general and almost identical for HAR and WRF. At
the synoptic scale (Figure 4), both models present neg-
ative to neutral values in the lower troposphere, indi-
cating a conversion from HKE to APE. For the middle
and upper troposphere, the buoyancy forcing is impor-
tant for Ap>2,000km, presenting high positive values,
but is negligible for the lower wavelengths. These results
can also be noted in the level-averaged Ca_p results
(Supporting Information Figures S1 and S2). As the
height increases, growing values are found for the large
scales, whereas the opposite behaviour is found for small
wavelengths.

The distribution seems to be inverted at the mesoscale
(Figure 5), with negative values for the middle and upper
troposphere and a contribution from APE to HKE in the
lower troposphere and the stratosphere. The positive Ca_p
values for the low levels could be related to the direct forc-
ing of APE by the latent heating, of major importance in
these kinds of system (Calvo-Sancho et al., 2022). Simi-
lar results in the tropospheric Cx-,;, behaviour are shown
by Peng et al. (2015a; 2015b), who studied the spectral
energy budget associated with WRF baroclinic wave sim-
ulations and indicated that the energy conversion of APE
to HKE is mainly promoted by moist processes, which
take place at all the mesoscale and synoptic wavelengths
below 1,000km. Sun et al. (2017) simulate convective
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November 23, 2005, 1200 UTC. [Colour figure can be viewed at wileyonlinelibrary.com]

systems, also with WREF, revealing small buoyancy effects
with Ca_p positive values at low tropospheric levels
for Anp > 50km, because of the downdrafts promoted by
the evaporative cooling in midlevels. Also, Calvo-Sancho
et al. (2022) evaluate several TTs in the Atlantic Ocean,
finding a large release of latent heat in the hours before
the transition. This increases the low-level potential vor-
ticity and intensifies the circulation around the centre
of the cyclone in the lower troposphere. In the results
here shown, this effect is reflected in the low-level band
of positive Cx_, values found for both HAR and WREF,
indicating an APE to HKE conversion for all mesoscale
wavelengths.

Term 0.F(K). This term takes into account the
pressure vertical flux divergence, which can transfer HKE
through the propagation of inertial gravity waves (IGWs)
generated by moist convection outburst (Peng et al,
2015b). Once convection has developed in the system,
the pressure vertical flux reflects the upward (Fp; < 0) or
downward (F,; > 0) propagation of tropospheric IGWs,
influencing the HKE spectrum across the vertical lev-
els. The 0,F,;(k) contributions are moderate and simi-
lar for both models in the troposphere, albeit that they
show notable differences in stratospheric levels (Figures 4
and 5). At the synoptic scale, the 0,F,1(k) shows values
entirely positive from 2,500m up to 10,000 m at every
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wavelength and mostly negative for the remaining layers
(Figure 4), indicating that the HKE is carried away from
the middle—-upper troposphere by IGWs and deposited into
the rest of the layers. The Fy; results (Figure 6) for low
tropospheric levels present negative values at every wave-
length, indicating an upward motion taking HKE and
transferring it to upper levels due to wave propagation.
From 5,000m to the tropopause and A, >1,000km, the
general rule seems to be the downward flux, represent-
ing a transfer of HKE into the lower troposphere. This
is not the case for 1,000> A, > 600km. Between these
wavelengths, typical for tropical storm diameters (Wang
et al., 2018), negative values are found for all of the tro-
posphere, suggesting that the IGWs propagate all the way
into the stratosphere, taking HKE into higher levels. At
stratospheric levels, the results differ between the mod-
els. Whereas WRF presents an upward transfer of HKE
for every wavelength, HAR shows a downward flux for
An < 1,500 km. Nonetheless, the stratosphere is where the
vertical resolution most differs between the models, so we
should be cautious about these results.

At the mesoscale, the d,Fp;(k) shows negative values
at the middle—upper levels at every wavelength (Figure 5),
more clearly shown in the HAR results, and mostly pos-
itive in the remaining levels, denoting a transfer of HKE
by IGWs from the lower troposphere and lower strato-
sphere to the middle troposphere. The mesoscale Fp; flux
results (Figure 6) present the same near-surface layer
of upward flux as for the synoptic scale, albeit thinner.
The middle troposphere is dominated by the downward
F,; flux at every wavelength between 2,000 and 5,000 m,
whereas the upper troposphere is again showing upward
values. The WRF results show a stratosphere dominated
by upward fluxes again, but HAR presents positive values
above 15,000 m.

Additionally, the results averaged over the three tropo-
spheric layers (Supporting Information Figures S1 and S2)
show positive values in middle tropospheric levels at the
largest wavelengths for both models, indicating a deposit
of HKE. The latent heating derived from the moist pro-
cesses of the TTs increases the IGW activity, enhancing
the transfer of HKE to the middle troposphere, mainly
from lower levels, highlighting the role of moist convection
outbursts, characteristic of the TT events (Calvo-Sancho
et al., 2022). This behaviour of F,; is consistent with
Durran and Weyn (2016), who conclude that the mesoscale
spectrum slope can be derived solely from convection,
which would explain the orders of magnitude that this
term presents, rendering it a major variable for the forma-
tion of the HKE spectrum.

Term t,(K). This term accounts for the transfer of HKE
among different horizontal scales in the spectrum, pro-
moted by nonlinear interactions. It denotes the role of the

energy cascade effect on the HKE budget, as a result of
a direct (I, (kn) > 0; downscale) or indirect (I, (kn) < 0;
upscale) propagation of energy. The contributions by ¢, are
strong and very similar for both models. For the synoptic
scale (Figure 4), the energy cascade results are significant
for the larger wavelengths with a succession of alternat-
ing values in two differentiated layers and almost neutral
for A, <500km. For the levels below 2,500 m the down-
scale propagation is predominant (ITy(k,) > 0), whereas
in the middle and upper troposphere the HKE cascade
seems to flow mainly upscale (IT,(ky) < 0). This may be
partially related to the conclusions of Lindborg (2005) on
quasi-geostrophic dynamics, which show that strong rota-
tion in the flow may produce an inhibition of the direct
cascade, accumulating energy at larger scales than the dis-
tinctive wavelength of the storm, which is Ay =~ 500 km
(critical Rossby number ~0.1; Lindborg, 2005), from the
results in Section 3.1. Thus, the results for TT Delta
present a nonlinear transmission of HKE that can run in
both directions, in contradiction with the classical Kol-
mogorov (1941) cascade theory, and in line with the find-
ings by Wang et al. (2018), who conclude that any cascade
theory alone is insufficient to explain the formation of
the spectra below the distinctive wavelength of tropical
cyclones.

The mesoscale results (Figure 5) show a behaviour
dependent on the vertical levels, in line with the results
by Sun et al. (2017). Below 5,000 m the direct cascade is
predominant (ITy(ky) > 0), whereas the upper troposphere
is dominated by an indirect (ITn(kn) < 0) flow of energy
for the larger wavelengths and direct (ITy(ky) > 0) for the
lower ones. This upscale transference might be related
to the forcing of HKE by tropical storms, as noted by
Vonich and Hakim (2018), Wang et al. (2018), and Zheng
et al. (2020), who conclude that these types of event can
influence the synoptic spectral curve slope rate of the spec-
tra, producing a slope steeper than k=3 at large mesoscale
wavelengths. For A, <60km, the effect of f, is almost
negligible.

The vertical averages of this term (Supporting Informa-
tion Figures S1 and S2) present mostly positive values for
the synoptic scale at lower and middle levels, indicating
a direct HKE cascade (Supporting Information Figures S6
and S7). The upper troposphere, however, shows an area
of large negative values at A, ~ 2,000 km, indicating an
upscale energy transport. This behaviour is also shown at
middle tropospheric levels in the mesoscale.

Term 0.Fyy (k). This term is the vertical flux divergence,
and itis associated with the vertical transportation of moist
convection. The HKE vertical flux Fy,; indicates the verti-
cal upward (Fy; < 0) or downward (Fpy > 0) propagation
transport of energy due to moist convection. The d;Fy1(k)
contributions are moderate and similar for both models

858017 SUOWWOD BAIIE8.D 8(ceoljdde ay) Aq peusenob a.1e s9oile VO ‘88N JO S8|nJ o} AkeiqiTauljuQ 3|1 UO (SUOTIIPUOO-PUE-SWBILO0D" AS | 1WA eiq U [Uo//Sdny) SUONIPUOD pue SWie 1 8y} 89S *[£202/60/90] U0 Akeiqiaulluo A8|im ‘(-ouleAnge ) agqnopesy Aq £25k° b/Z00T 0T/I0p/wW00 A8 |1 Ake.q 1 jpul U0 SIBWLY//SdNY W01} pepeojumod ‘0 ‘X0/8227T



CALVO-SANCHO ET AL.

Quarterly Journal of the ERMetS 15

FIGURE 6 Distribution of the
vertical fluxes of horizontal kinetic energy
and pressure (m3-s73-kg-m™3) at synoptic

2,500 km

scale (upper panels) and mesoscale (lower
panels) for the HARMONIE-AROME and 1700
Weather Research and Forecasting
(WRF) simulations. ARW: Advanced
Research WRF. Note that the limits of the
colour bar are different for the synoptic
and mesoscale panels. [Colour figure can 2,500
be viewed at wileyonlinelibrary.com]
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at tropospheric levels (Figures 4 and 5). At the synoptic
scale, 0,Fn1(kK) shows an overall positive contribution
in the upper troposphere and negative contributions in
the lower troposphere and stratosphere (Figure 4). The
large-scale Fyy results (Figure 6) show that the lower and
middle troposphere are dominated by an upward trans-
fer at all wavelengths except for 2,000 > A, > 1,000 km,
whereas downward values can be found for almost all the
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upper troposphere. Again, similar to the results of Fp, this
highlights that the energy budget is being governed by the
convection and latent heat release associated with the TTs.
The results are in line with the work by Wang et al. (2018),
who concluded that the energy cascade theory is insuffi-
cient to explain the complete formation of the spectrum
associated with tropical cyclones, and that moist convec-
tion, IGW propagation, and vertical fluxes must be taken
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into account. In addition, Zheng et al. (2020) show that the
various terms affect the whole vertical of the troposphere
and are relatively similar among tropical cyclones.

In the mesoscale (Figure 6), the Fy; results show
a downward energy transport for the lower and mid-
dle troposphere, highlighting the role of convection and
heat release. There are positive values associated with
a downward transport in the middle-upper troposphere,
possibly related to precipitation dragging effects (Zheng
et al., 2020). The results also present a notable difference
between models in the stratosphere. Both simulations gen-
erate a downward flux, but WRF shows larger values at
all wavelengths and levels, whereas HAR becomes neu-
tral above 16,000 m for most of the spectrum. The averaged
0.Fn1 (k) (Supporting Information Figures S1 and S2).

It must be noted that Fy,; seems to behave in the oppo-
site direction to Fp; in the tropospheric mesoscale. This
would indicate that the moist convection is transporting
the HKE upwards in the lower troposphere, while coun-
teracted in similar magnitudes by the energy transported
by the propagation of the induced IGWs. When both terms
are added into a single result (not shown) it reveals that
there is not a full counterbalance and Fp; seems to dom-
inate. However, the addition of both terms for the synop-
tic scale (not shown) presents a dominance by Fy;, most
notable at 4;, < 1,000 km, coincident with the typical tropi-
cal storm diameters. This might be explained by the latent
heat release associated with the TTs, in line with Hamilton
et al. (2008), who pointed out the significant contribution
of these processes in the excitation and maintenance of the
HKE.

Term Dy(k). This term accounts for the spectral ten-
dency due to the three-dimensional divergence. The con-
tributions by Dy are strong in general and very similar
for WRF and HAR. The divergence at synoptic ranges
(Figure 7) shows a similar behaviour to ty, with alternat-
ing values in the upper troposphere, presenting a large
area of positive values at A, ~ 1,500 km. The results are also
positive at higher tropospheric levels for the mesoscale
(Figure 8), but become almost neutral for every level
at Ay <100km. The positive values of Dy indicate that
the moist processes increase the three-dimensional diver-
gence, inducing a positive contribution to APE in the
upper levels (Peng et al., 2014a). The results also reinforce
the idea that a two-dimensional energy cascade, direct or
indirect, is not enough to capture the full spectrum of a
highly convective system like a TT and that strong connec-
tions between vertical levels exist, in accordance with Sun
etal. (2017).

Term Jn(k). This term represents the adiabatic
non-conservative processes. The results of J, are almost
identical for both models, however, the contribution of
this term is so weak that it does not provide any further

insight on the behavior of the HKE spectra. If anything
should be noted, it would be only a small negative con-
tribution for the larger wavelengths of the tropospheric
mesoscale is found (Figure 8). A significant contribution
to mesoscale APE, also found by Peng et al. (2015b) in
moist processes, is related to latent heat release. According
to Peng et al. (2015b) and Wang et al. (2018), the combined
contribution of Dy, and Jy, tends to be zero. This can be
seen to a limited extent for the mesoscale, especially in the
vertical averages (Supporting Information Figure S4). This
balanced contributions by both terms would suggest that
the flow at those layers is largely restricted by the anelas-
tic approximation used in both WRF and HAR (Peng
et al., 2015b). However, this is clearly not the case for the
synoptic results (Supporting Information Figure S3).

Term Hy,(K). This term takes into account the combined
diabatic contributions to HKE. The contribution of Hy, is
strong and shows differences between the models, espe-
cially in the mesoscale. In the calculation of this term,
two counteracting effects of moist processes are consid-
ered. On the one hand, the increase in atmospheric water
vapour is directly related to the APE (Bannon, 2005). How-
ever, according to Pauluis and Held (2002), the moist pro-
cesses involved in the TTs represent sources of latent heat,
but, at the same time, they act as an atmospheric dehu-
midifier. The synoptic results (Figure 7) show alternating
patterns of positive and negative results for the lower tro-
posphere, and also for the middle and upper troposphere.
WRF seems to produce more intense values, especially
for the negative contributions in the stratosphere. In the
mesoscale (Figure 8), WRF generates three distinct layers:
a near-surface layer with negative contributions, a middle
and upper tropospheric layer with positive values, and a
negative stratosphere. HAR presents a similar but not that
intense pattern, which become negligible at Ay <100 km,
being a good example of the stronger numerical dissipation
already noted in the evaluation of the HKE spectra. The
vertical averages of Hy, (Supporting Information Figures S3
and S4) make these differences between the two models
more remarkable, showing opposite values at middle and
upper levels.

Term Disy(k). This term represents the effect of the
dissipative processes. The contributions of Dis; are weak
and very similar between the models. At the synoptic
scale (Figure 7) there is a low-level layer of weak positive
results at A > 1,000 km, which may be the reflection of the
heating produced by the frictional dissipation associated
with surface stress (Boville and Bretherton, 2003). How-
ever, the most interesting feature is the large negative area
in the upper troposphere, which indicates atmospheric
cooling (Williamson, 2002; Boville and Bretherton, 2003)
and may be the result of strong wind shear (Holtslag and
Boville, 1993), as is the case for TT Delta (Calvo-Sancho
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et al., 2022). In the mesoscale range (Figure 8), Disy, is
almost non-existent for Ay <200 km. These results are in
contradiction with Hamilton et al. (2008), who finds that
the dissipation affects mainly the smaller wavelengths,
being negligible for most of the mesoscale. However, Wang
et al. (2018) find notable values in the synoptic scale and
mesoscale, with a negative peak at A, =~ 500 km. The ver-
tical averages of Disy (Supporting Information Figures S3
and S4) depict a null contribution to the HKE spectrum.

Evaluating the energetic behaviour of TT Delta as a
whole, the forcing of HKE is governed by t,, Dy, and
Hy,. The terms Ca_p, d;Fpy, and d,Fy; are secondary con-
tributors, whereas Jy, and Disy are only minor variables.
There is evidence to state that the HKE spectrum in this
case study is greatly affected by the latent heating associ-
ated with the moist processes of the TT, supporting energy
propagation. These promote positive contributions to the
mesoscale APE while enhancing the vertical convection
by the conversion of APE to HKE. The results also show
that the major energetic contributions (positive and neg-
ative) come from the synoptic range. According to Peng
et al. (2015b), the net direct forcing of the spectral budget,
defined as the summation of all the terms of Equation (2)
except ty, and Disy, reveals how the troposphere is ener-
gized at different scales. In this case, the net direct forcing
(Supporting Information Figure S5) at the synoptic scale
shows a transfer of energy from the low and middle levels
to the upper troposphere for Ay > 1,000 km. In the range
1,000 < A, < 800 km all the levels present a negative forc-
ing in favour of the stratosphere (most clearly shown in
WRF). For An <800km, there is a weak positive forcing
for all the troposphere, propagating into the mesoscale.
In the mesoscale, the near surface and the high tropo-
sphere show a negative net forcing, with positive values
for the midlevels, which reveals that most of the energy
is taken from lower and upper levels and transferred to
the midtroposphere. The thickness of this midtroposphere
band presents large differences between the models, being
much wider and constant for WRF, but being irregular and
thin for HAR.

The final piece of this discussion is the change of
behaviour of the different terms between the synoptic scale
and the mesoscale. Though the results for the mesoscale
seem to be dependent on the vertical levels (horizontal
bands with similar characteristics across the wavelength
range in Figures 5 and 8), the energy behaviour for the
synoptic scale is much more complex and seems to be
dependant mostly on the wavelength (vertical bands across
the levels in Figures 4 and 7). This might be related to the
irruption of an overenergetic event like a TT precisely at
the lower synoptic wavelengths range, in the typical TT
extension (1,000 > Ay >400km). The strong vertical forc-
ing induced by the many effects associated with TTs seems

Royal Meteorological Society

to produce a very complex and heterogeneous energy sys-
tem, where the relationship between the different terms
is not completely clear and the transfer and conversion of
energy is very hard to track. Clearly, the HKE spectrum
is not sufficient to explain the energetic behaviour of TTs,
and even the energy budget requires more research.

4 | SUMMARY AND CONCLUSIONS

This work evaluates the energy spectral behaviour of the
simulation of TTs in the North Atlantic area, following pre-
vious studies by Peng, Zhang, Luo, and Zhang (2014), Sun
et al. (2017), Wang et al. (2018), and Zheng et al. (2020),
based on the methodology by Skamarock (2004), Denis
et al. (2002), Peng et al. (2015a, 2015b), and Sun
et al. (2017), and in continuation of previous studies by
Bolgiani et al., (2020; 2022). The aim of this study is to
assess the HKE spectra and spectral budgets to evaluate the
accuracy of the WRF and HARMONIE-AROME models in
TTs simulations. The simulations are generated using the
WRF and HAR models, at 2.5km grid resolution, taking
the ERAS as initial/boundary conditions. The HKE spec-
tra of four highly energetic TT events are first assessed for
the 500 hPa, and the energy budget of the TT Delta is then
evaluated. The major conclusions are as follows:

« The WRF model results show how the energy is
assumed from the initial/boundary conditions and com-
puted into realistic energy spectra with smaller grid res-
olutions, properly capturing the k=3 transition when
the resolution is adequate.

« The four TTs evaluated present notable differences
among the HKE spectra, probably related to the
wind-speed intensities. Nevertheless, all of them show
a highly energetic state at synoptic scales.

» Globally, both models present similar spectra. How-
ever, WRF results are consistently more energetic than
HAR, especially at the smaller wavelengths, denoting a
steeper numerical dissipation by HAR.

+ The results of the spectral budget for TT Delta are also
similar for both models, and the differences are mainly
located in the stratosphere, most probably due to the
differences in vertical resolution.

« The HKE spectral budget is mainly governed by ¢,
Dy, and Hy, mainly above A > 1,000 km. Whereas Dy
and Hy present positive contributions, f, is negative
for Ay <2,000km, but presents a large positive pool
for Ay > 2,000 km. The combined contributions partially
explain the overenergetic spectrum. This is also assisted
by the synoptic flow of #, inhibiting the direct cascade
at tropical-storm-size wavelengths.
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+ The contributions of Ca_n, 9;Fp, and 0,Fp; are rela-
tively moderate. However, these terms greatly affect the
spectrum at the synoptic scale and mesoscale, highlight-
ing that the roles of moist convection and latent heat
can exceed the energy cascade and other energy trans-
fer processes. Fy¢ is predominant at the synoptic scale
and F,; is predominant at the mesoscale.

« At the mesoscale, the contribution of each term seems
to be dependent on the vertical levels. However, at
synoptic scales the terms have a much more complex
behaviour, which seems to be dependent on the wave-
lengths.

Overall, it is clear that a high-energetic system, such as
a TT, can notably affect the atmospheric energy spectrum.
The energy budget of TT events shows a very complex
behaviour far from the simple energy cascade theory, pre-
senting a three-dimensional transfer and contribution of
energy, in line with the results of the Sun et al. (2017),
Wang et al. (2018), and Zheng et al. (2020). Moreover,
the energy transfer is very dependent on the strong links
existing between vertical levels. Both, WRF and HAR mod-
els are coincident in most of the results; however, more
research is required to fully grasp the energetic configura-
tion of TTs and how each process affects the building of the
HKE spectrum.
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