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Key Points:

e An aquaplanet simulation with convection-permitting resolution in the tropics is
presented as a tool to study tropical weather phenomena

e The structure of tropical cyclones and equatorial waves is realistically captured
despite the idealized configuration

e The simulation may be used for fundamental process-based studies of tropical cy-
clones, equatorial waves, and their interactions
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Abstract

Tropical cyclogenesis can be influenced by convectively coupled equatorial waves; yet,
existing datasets prevent a complete analysis of the multi-scale processes governing both
tropical cyclones (TCs) and equatorial waves. This study introduces a convection-permitting
aquaplanet simulation that can be used as a laboratory to study TCs, equatorial waves,
and their interactions. The simulation was produced with the Model for Prediction Across
Scales-Atmosphere (MPAS-A) using a variable resolution mesh with convection-permitting
resolution (i.e., 3-km cell spacing) between 10°S-30°N. The underlying sea-surface tem-
perature is given by a zonally symmetric profile with a peak at 10°N, which allows for

the formation of TCs. A comparison between the simulation and satellite, reanalysis, and
airborne dropsonde data is presented to determine the realism of the simulated phenom-
ena. The simulation captures a realistic TC intensity distribution, including major hur-
ricanes, but their lifetime maximum intensities may be limited by the stronger vertical
wind shear in the simulation compared to the observed tropical Pacific region. The sim-
ulation also captures convectively coupled equatorial waves, including Kelvin waves and
easterly waves. Despite the idealization of the aquaplanet setup, the simulated three-
dimensional structure of both groups of waves is consistent with their observed struc-

ture as deduced from satellite and reanalysis data. Easterly waves, however, have peak
rotation and meridional winds at a slightly higher altitude than in the reanalysis. Fu-
ture studies may use this simulation to understand how convectively coupled equatorial
waves influence the multi-scale processes leading to tropical cyclogenesis.

Plain Language Summary

Despite many advancements in the science and prediction of tropical cyclones, sci-
entists are still trying to explain the most important processes leading to the formation
of tropical cyclones. An emerging area of focus is how atmospheric oscillations, known
as Kelvin waves, may increase the likelihood that a disturbance (often times referred to
as an easterly wave) may become a tropical cyclone. However, available atmospheric datasets
are unable to capture all the fine details of tropical cyclones, disturbances, and Kelvin
waves. To alleviate this challenge, this study presents a dataset based on a computer sim-
ulation of an Earth-like atmosphere except without continents or seasons. The simplic-
ity of the simulation allows scientists to study the full life cycle of tropical cyclones—from
their formation to their transformation into powerful hurricanes. The simulation also cap-
tures the full evolution and characteristics of Kelvin and easterly waves. Results of this
study show that the simulated tropical cyclones, Kelvin waves, and easterly waves re-
semble those that happen in nature. Therefore, the simulation represents a useful dataset
that future studies can exploit to advance our understanding of how tropical cyclones
form and of how Kelvin waves affect the chances of tropical cyclone formation at a par-
ticular location and time.

1 Introduction

Aquaplanet simulations are idealized model representations of Earth’s weather and
climate. These simulations are typically configured as a water-covered sphere forced by
a time-independent surface sea-temperature (SST) profile. The simple configuration al-
lows a myriad of studies—from process-based studies of Earth’s climate and weather to
studies focused on model development and improvement (e.g., Hayashi & Sumi, 1986;
Sumi, 1992; Hess et al., 1993; Held & Suarez, 1994; Williamson & Olson, 2003; Miura
et al., 2005; Williamson, 2008; Medeiros & Stevens, 2011; Merlis et al., 2013, 2016; Chavas
et al., 2017; Maher et al., 2019; Narenpitak et al., 2020; Medeiros et al., 2021). While
most aquaplanet simulations are produced at a relatively coarse horizontal resolution [O(100
km)] to allow for multi-year integration and multi-model comparison (e.g., Blackburn
et al., 2013; Webb et al., 2017), recent studies have used aquaplanet simulations with
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high enough resolution [O(1-10 km)] to capture mesoscale and convective-scale phenom-
ena (Miura et al., 2005; Nasuno et al., 2007, 2008; Narenpitak et al., 2020; Rios-Berrios
et al., 2022, 2023). This study builds on the growing number of relatively high-resolution
aquaplanet simulations by introducing a convection-permitting aquaplanet simulation
that captures realistic equatorial waves, tropical cyclones (TCs), and their interactions.

The aquaplanet simulation presented herein was designed to study multi-scale in-
teractions leading to tropical cyclogenesis. It is widely accepted that TCs form in regions
of favorable synoptic-scale conditions, including warm SSTs, weak vertical wind shear,
and relatively moist troposphere (Gray, 1968). Recent studies suggest that those synoptic-
scale conditions and the associated chances of tropical cyclogenesis can be modulated
by the Madden-Julian Oscillation (Maloney & Hartmann, 2000, 2001; Hall et al., 2001;

Kim et al., 2008; Klotzbach, 2010; Klotzbach & Oliver, 2014; Zhao et al., 2015; Klotzbach

& Oliver, 2015) and convectively coupled equatorial Kelvin waves (Frank & Roundy, 2006;
Bessafi & Wheeler, 2006; Schreck et al., 2010, 2011; Ventrice et al., 2012; Ventrice & Thorn-
croft, 2012; Schreck, 2015, 2016; Wu & Takahashi, 2017; Lawton et al., 2022). However,

the literature offers conflicting explanations for the modulation of tropical cyclogenesis

by equatorial Kelvin waves. Some studies argue that the modulation happens primar-

ily through kinematic processes (e.g., reduced vertical wind shear, enhanced lower-tropospheric
vorticity) (Bessafi & Wheeler, 2006; Ventrice & Thorncroft, 2012; Schreck, 2015), while

other studies emphasize the role of moist convection and enhanced ascent associated with

the waves (Frank & Roundy, 2006; Roundy, 2008; Wu & Takahashi, 2017; Lawton et al.,
2022). These discrepancies motivated the design of an aquaplanet simulation with convection-
permitting resolution in the tropics to capture the convective nature of both equatorial
Kelvin waves and tropical cyclogenesis. While the aquaplanet framework may not cap-

ture the full complexities of the tropical atmosphere, this framework is a useful labora-

tory that isolates the most essential ingredients that are necessary for tropical oceanic
convective phenomena.

Aquaplanet simulations have been extensively used to study many aspects of TCs
(Merlis et al., 2013; Shi & Bretherton, 2014; Zhou et al., 2014; Ballinger et al., 2015; Reed
& Chavas, 2015; Chavas et al., 2017; Merlis & Held, 2019; Narenpitak et al., 2020; Bur-
nett et al., 2021; Stansfield & Reed, 2021; Vu et al., 2021; G. Zhang et al., 2021). Merlis
and Held (2019) provided a review of different aquaplanet configurations historically used
to study TC activity, including tropical cyclogenesis and TC motion. Those studies have
shed new light on how and why TCs may change under a warmer climate. More recent
studies have focused on specific aspects of TCs, such as the processes that distinguish
developing from non-developing tropical disturbances (Narenpitak et al., 2020), the dif-
ferent TC rainfall distributions under varying SSTs (Stansfield & Reed, 2021), and the
sensitivity of TC activity to the Coriolis force at the ITCZ location (Burnett et al., 2021).

Despite the frequent use of aquaplanet simulations to study TCs, there is limited
evidence proving that the simulated TCs are consistent with observations. Reed and Chavas (2015)
showed that aquaplanet simulations produced with the Community Atmosphere Model
qualitatively captured the radial profile of azimuthally averaged TC tangential winds.
Chavas et al. (2017) also showed that the same model captured a realistic pressure-wind
relationship associated with TCs. However, those experiments did not fully capture the
observed distribution of TC intensities owing to the absence of major hurricanes. Other
aquaplanet experiments also have this deficiency, which most likely stems from their rel-
atively coarse horizontal grid spacing (Merlis et al., 2013; Reed & Chavas, 2015; Chavas
et al., 2017). Further evidence that the simulated TC structure and evolution are real-
istic is necessary to justify the aquaplanet configuration as a useful tool for fundamen-
tal studies of TCs.

Aquaplanet simulations have also been used to assess the representation of convec-
tively coupled equatorial waves in global models (Nasuno et al., 2007; Frierson, 2007; Na-
suno et al., 2008; Frierson et al., 2011; Andersen & Kuang, 2012; Blackburn et al., 2013;
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Nakajima et al., 2013; Rios-Berrios et al., 2020; Rios-Berrios et al., 2022, 2023). This topic
gathered special attention during the Aqua-Planet Experiment (Blackburn & Hoskins,
2013), an intercomparison of 14 aquaplanet simulations produced with different global
models. An outcome of APE was the wide diversity of convectively coupled equatorial
waves produced by the different models. In a follow-up study, Nakajima et al. (2013) com-
pared the three-dimensional structure of the waves as represented by a subgroup of the
APE participating models. Their comparison suggested that the diversity of equatorial
waves and their structures could be attributed to differences in the cumulus parameter-
izations.

Rios-Berrios et al. (2020) introduced aquaplanet simulations using the Model for
Prediction Across Scales-Atmosphere (MPAS-A), a model that was designed for seam-
less prediction of weather and climate. They demonstrated that the MPAS-A aquaplanet
simulations captured convectively coupled equatorial waves, especially Kelvin waves, re-
gardless of model resolution, physics packages, and vertical grid configuration. In follow-
up studies, Rios-Berrios et al. (2022) and Rios-Berrios et al. (2023) described a variable
resolution grid configuration with 3-km horizontal cell spacing in the tropics transition-
ing to 15-km cell spacing poleward of 40°N/S. Their comparison against MPAS-A aqua-
planet simulations with different horizontal cell spacing showed that convection-permitting
resolution in the tropics produced stronger and more realistic equatorial waves. How-
ever, easterly waves were not adequately represented in the MPAS-A aquaplanet exper-
iments. They hypothesized that the SST profile (which was symmetric about the equa-
tor) was inadequate to capture the mean state and energetics that fuel easterly waves
on Earth.

As computing resources increase, convection-permitting modeling experiments (in-
cluding aquaplanet simulations) are becoming increasingly accessible. A recent model
intercomparison showcased the ability of nine global models to produce 40-day hindcasts
with convection-permitting resolution everywhere (Stevens et al., 2019). Those hindcasts
improve the realism of modeled atmospheric phenomena in global models including TCs
and equatorial waves (Stevens et al., 2019; Judt & Rios-Berrios, 2021; Jung & Knippertz,
2023); however, comparisons amongst the models reveal substantial intermodel spread,
including different TC intensity distributions and different TC structures (Judt et al.,
2021). Such spread implies that convection-permitting resolution alone will not solve many
of the underlying deficiencies of global models. It is, therefore, important to evaluate if
the computational expense of convection-permitting resolution yields valuable informa-
tion that would not be otherwise available from coarser resolution (and hence compu-
tationally cheaper) models.

To this end, the main objectives of this study are:

1. to describe a novel MPAS-A aquaplanet simulation with an off-equatorial SST max-
imum and convection-permitting resolution in the tropics,

2. to investigate if the evolution and structure of the simulated TCs are consistent
with observations, and

3. to determine if the simulated equatorial waves and their structure are adequately
captured with an off-equatorial SST maximum.

This study is building on the work from Rios-Berrios et al. (2020), Rios-Berrios et al.
(2022), and Rios-Berrios et al. (2023) by designing an experiment to investigate how TCs
are represented in convection-permitting MPAS-A aquaplanet simulations. This exper-
imental design may have implications for the representation of Kelvin waves and can en-
able future assessments of how Kelvin waves modify the cyclogenesis process in MPAS-
A aquaplanet simulations. To this end, this manuscript is organized as follows. Section 2
describes the model configuration as well as the TC tracking and equatorial wave iden-
tification methods. Section 3 presents an analysis of the simulated tropical mean state,
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Figure 1. Approximate horizontal cell spacing (blue, top abscissa) and sea-surface tempera-

ture (pink, bottom abscissa) as a function of latitude.

TC statistics and structure, and equatorial waves structure. Lastly, Section 4 presents
a summary and conclusions of this study.

2 Methods
2.1 Experimental setup

We produced an aquaplanet simulation using the Model for Prediction Across Scales-
Atmosphere (MPAS-A) (Skamarock et al., 2012). MPAS-A is a global, nonhydrostatic
model that was specifically designed for seamless simulations of multi-scale weather phe-
nomena. The model uses C-discretization on a Voronoi tessalation mesh, which allows
for either globally uniform horizontal resolution or grid refinement to yield relatively high
resolution in a sub-region within the global domain. We used the grid refinement capa-
bility to employ approximately 3-km cell spacing between 10°S-30°N (Fig. 1). The cell
spacing gradually transitions to approximately 12.3 km poleward of 55°N and 30°S. This
configuration yields convection-permitting resolution in the tropics, which is critical for
capturing the convective-scale processes associated with both TCs and Kelvin waves.

The convection-permitting resolution is not centered at the equator because the
underlying sea-surface temperature (SST) profile peaks at 10°N (Fig. 1). This profile was
first used by Ballinger et al. (2015) to simulate tropical cyclogenesis in an aquaplanet
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configuration. The SST varies with latitude (¢) according to the following formulation:

SST(6) = {SSTO {1 — % [sm2 (¢;£“w) + sint (43;;3"70} } , o —T0° < o < o+ 70°
0, elsewhere

where SSTp is the maximum SST (set as 28.5°C) and ¢ is the latitude of SSTj (set as

10°N). This hemispheric asymmetric SST profile supports an off-equator ITCZ, which

is necessary for TC formation poleward of the ITCZ where the Coriolis force provides

sufficient background vorticity (Merlis et al., 2013; Ballinger et al., 2015).

The aquaplanet configuration of MPAS-A follows closely after Rios-Berrios et al. (2020)
and Rios-Berrios et al. (2022). The model domain is configured as a water-covered sur-
face without land or sea-ice with a boundary condition given by the temporally fixed,
zonally symmetric SST profile described above. There is a diurnal cycle, but there are
no seasons owing to a perpetual equinoctial conditions (i.e., the maximum insolation is
always at the equator). Together with the SST profile, these conditions resemble the mean
September conditions. All aerosols are radiatively inactive, and the ozone distribution
is given by a hemispheric symmetric distribution following the Aqua-Planet Experiment
model intercomparison (Blackburn et al., 2013). Unlike most aquaplanet simulations dis-
cussed in Section 1, we use physics packages from the numerical weather prediction com-
munity because those packages are thoroughly tested for weather timescales, including
TCs. These packages include: the WSM6 microphysics (Hong et al., 2006), YSU plan-
etary boundary-layer scheme (Hong et al., 2004), RRTMG shortwave and longwave ra-
diation (Tacono et al., 2008), and a scale-aware version of the new Tiedtke convection
parameterization (W. Wang, 2022). The vertical grid consists of 70 levels stretching from
60-m vertical spacing near the surface to 500-m spacing between 10 km and the model
top at 40 km. Other details of the simulation are the same as in Rios-Berrios et al. (2020)
and Rios-Berrios et al. (2022).

A 160-day simulation was produced to simulate multiple tropical cyclogenesis events.
The simulation is initialized from a quiescent atmosphere and a globally-uniform ther-
modynamic profile taken from the globally averaged sounding of the 120-km aquaplanet
simulation of Rios-Berrios et al. (2020). Our results are not sensitive to the initial sound-
ing because the model is integrated for a relatively long time and it achieves its own equi-
librium. We examined the globally averaged precipitable water vapor and precipitation
rate to quantify the equilibrium of the simulation used herein. Although not shown here,
those quantities reached equilibrium shortly before 30 days. Only the last 130 days are
used for analysis. Although this simulation period is much shorter than the multi-year
period typically used with aquaplanet experiments, the simulation is long enough to yield
over 100 TCs and a variety of equatorial waves, as it will be shown later. The compu-
tational expense (approximately 32,000 core-hours per simulated day, resulting in a to-
tal of 5.1 million core hours) and data volume (approximately 360 GB per simulated
day, resulting in a total of 57.6 TB of model output) in NCAR’s Cheyenne Supercom-
puting System (?, ?) prevent us from extending this simulation at this point.

2.2 TC tracking

We used a two-step method to identify and track TCs. The first step used the TRACK
algorithm (K. I. Hodges, 1996, 1999; K. Hodges et al., 2017) to identify suitable TC can-
didates based on spectrally filtered vorticity every six hours. Details of the TRACK al-
gorithm can be found in Hodges (1996) and Hodges (1999). TRACK has been exten-
sively used to obtain TC tracks in global climate models and reanalysis datasets (e.g.,
Bengtsson, Hodges, & Esch, 2007; Bengtsson, Hodges, Esch, Keenlyside, et al., 2007; Stra-
chan et al., 2013; K. Hodges et al., 2017; Roberts et al., 2020). For this step, we conser-
vatively interpolated the MPAS-A output to an n256 Gaussian grid using the Climate
Data Operators software (Jones, 1999; Schulzweida, 2022). TRACK then interpolated



229 the output to a T63 spectral grid to retain wavenumbers 6-63. To identify TC candi-
230 dates, TRACK checked that the spectrally filtered vorticity met the following conditions:

231 « a lower-tropospheric vorticity anomaly exceeding 1072 s,

23 « the vorticity anomaly lasted for at least two days,

233 « the vorticity anomaly first appeared equatorward of 35°N,

234 « a warm core existed at one or more point in the lifetime of the vorticity anomaly,
235 where the warm core was defined as a positive difference between vorticity at 850
236 hPa and 200 hPa,

237  a vertically coherent vorticity tower existed at any point, as given by positive vor-
238 ticity at 700, 600, 500, and 200 hPa above the 850-hPa anomaly.

239 TRACK retained the entire lifecycle of each TC candidate from the first appearance of
240 a lower-tropospheric vorticity anomaly until it no longer met the TC criteria. TRACK
201 also saved the location of nondeveloping TC candidates; that is, TC candidates that only
212 met the first three conditions.

243 The second step refined the track and intensity output from TRACK based on the

244 native, unstructured MPAS-A output. Each TRACK TC candidate position was used
245 a first guess for a vorticity centroid algorithm following Nguyen et al. (2014). If the vor-
246 ticity centroid algorithm converged to a location within 250-km from the original TRACK

247 position, then the output from the vorticity centroid algorithm was designated as the

248 final cyclone position. Otherwise, the TRACK position was retained and used as the fi-

249 nal TC position. TC intensity was then diagnosed with the maximum 10-wind speed and
250 minimum mean sea-level pressure within a 200-km radius from the cyclone position. Im-

251 portantly, these wind and pressure metrics were obtained from the native (i.e., convection-
25 permitting) six-hourly model output.

253 2.3 Cyclogenesis definition

254 Most of the TCs were first identified when they were low-pressure systems (i.e., a

255 cyclonic circulation appeared in the lower troposphere, but no warm core or coherent vor-
256 tex tower was evident yet). This allowed us to objectively define tropical cyclogenesis

257 as the time when (1) the minimum sea-level pressure (after applying a 24-h running mean)
258 decreased for at least 24 h, and/or (2) a closed isobar appeared around the TC candi-

250 date center. Either or both of these criteria must have been satisfied equatorward of 30°N.
260 The first criterion characterizes tropical cyclogenesis as a process during which a warm

261 core forms and the surface pressure decreases in response to the warm anomaly. The sec-
262 ond criterion is a proxy for the presence of a closed surface circulation. Extensive test-

263 ing and analysis led us to conclude that this objective definition is more robust than choos-
264 ing a wind threshold (e.g., 17 m s~!) or simply the first appearance point of a lower-tropospheric
265 vorticity anomaly. If a cyclogenesis time was not identified with these criteria, the fea-

266 ture was considered a “false alarm” detection by TRACK and it was regarded as a non-

267 developing TC.

268 2.4 Equatorial waves identification
269 Convectively coupled equatorial waves were identified using spatiotemporal filter-
270 ing of rainfall rate. This method is successful at identifying equatorial waves in MPAS-

an A simulations (Rios-Berrios et al., 2020; Judt & Rios-Berrios, 2021; Rios-Berrios et al.,
72 2022, 2023). For this method, we first conservatively interpolated the MPAS-A output
273 onto a 0.25° x0.25° latitude-longitude grid. We then applied a fast Fourier transform

274 to rainfall rates between 5°S—10°N. We only retained the desired time periods and wavenum-
o15 bers for each wave, and then we applied an inverse fast Fourier transform to obtain wave
276 filtered rainfall rates. Kelvin waves were defined as spanning time periods between 2.5—
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20 days and wavenumbers 1-14, whereas easterly waves spanned time periods between
2.5-12 days and wavenumbers greater than six.

We employ a wave phase space when analyzing the composite structure of simu-
lated Kelvin and easterly waves. This wave phase space was thoroughly described by Rios-
Berrios et al. (2023); in short, the wave phase space consists of eight phases based on the
normalized filtered rainfall anomaly and the normalized time tendency of the filtered rain-
fall anomaly. A convectively active wave phase (labeled phase 5 in this study) occurs when
the filtered rainfall anomaly is positive and the time tendency of the filtered rainfall anomaly
is zero. Likewise, a convectively suppressed phase (labeled phase 1 in this study) hap-
pens when the filtered rainfall anomaly is negative and the time tendency of the filtered
rainfall anomaly is zero. All other phases represent the transition from convectively ac-
tive to suppressed phase and vice versa. This phase space allows us to compare waves
of different wavelengths, intensity, etc. in a common framework, while also accounting
for the wide rainfall envelope associated with equatorial waves (Riley et al., 2011; Ya-
sunaga & Mapes, 2012; van der Linden et al., 2016; Schlueter et al., 2019; Sakaeda et
al., 2020). An important difference from Rios-Berrios et al. (2023) is that we removed
grid points within a 1°x1° box around any TC before we constructed the wave phase
composites.

2.5 Observational datasets

To investigate if our aquaplanet simulation yield realistic TCs and equatorial waves,
we compared those simulated phenomena against their observed counterparts. Observed
TC structure was examined with the Tropical Cyclone Dropsondes (TC-DROPS) dataset
(Zawislak et al., 2018), which contains dropsonde data from reconnaissance, surveillance,
and research flights into and around TCs between 1996-2019. All dropsonde data are
subject to the same quality control specifications and interpolated on a common verti-
cal grid with 25-m resolution. We present TC-DROPS composites stratified by TC in-
tensity. We constructed the composites by binning the dropsonde data into radius-height
bins, and then taking the average of all data in each bin. This procedure was inspired
by the dropsonde composites from Zhang et al. (2011; 2013). To maximize the signal-
to-noise ratio, we used 25 km radial bins and required a minimum of 100 dropsondes per
each radial bin at each height.

For the mean state and equatorial waves, we used satellite rainfall rates and reanal-
ysis data as proxies for observations. We obtained rainfall rates from NASA’s Integrated
Multi-SatellitE Retrievals for GPM (IMERG; Huffman et al., 2019). IMERG contains
rainfall rates estimated from a combination of radar and infrared satellite measurements
taken by low-polar orbiting satellites. We used the “late” 30-minute product on a 0.1°x0.1°
latitude-longitude grid. As in Rios-Berrios et al. (2023), we used conservative interpo-
lation to coarse grain the IMERG rainfall rates to six-hourly intervals on a 0.25°x0.25°
grid. This grid matches the resolution of the atmospheric fields, which we obtained from
the ECMWF reanalysis 5th Generation (ERA5; Hersbach et al., 2020). The grid also matches
the interpolated MPAS-A output used to analyze the equatorial waves.

Similar to the analysis of simulated waves, we identified the waves through spatiotem-
poral filtering of rainfall rates averaged between 0-15°N. Figure 2 shows the 2001-2020
summer (July-October) filtered rainfall variance associated with the two waves of inter-
est (Kelvin and easterly wave). We focus on the region between 0-15°N and 150°E-100°W,
which encompasses the peak variance associated with these waves in the Pacific Ocean.
The spatiotemporal filtering considered all longitudes, but following identification we only
retained the waves in the Pacific Ocean (where the aquaplanet is most similar to Earth).
Lastly, we constructed wave composites using the same wave-phase-technique described
above. We removed the annual and seasonal cycle from both IMERG and ERA5 datasets
to compare anomalies between reanalysis and the aquaplanet simulation. We also removed
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Figure 2. Variance of (a) Kelvin-filtered and (b) easterly-wave-filtered rainfall rates between

2001-2020. The box on each panel marks the domain considered for the wave composites.

grid points within a 1°x1° box around any TC, where the TC information was obtained
from the International Best Track Archive for Climate Stewardship (IBTRACs; Knapp
et al., 2010). Unlike Rios-Berrios et al. (2023) who considered all seasons, we only con-
sidered waves during summer (July-October) for consistency with the MPAS-A config-
uration used in this study.

3 Results
3.1 Mean state

The time mean, zonal mean state of the aquaplanet simulation is generally con-
ducive for TC activity. Warm and moist conditions exist over the Northern Hemisphere
tropics (between 0-10°N) as characterized by relatively high moist static energy (Fig. 3a).
These conditions are accompanied by easterlies extending from the surface up to approx-
imately 150 hPa, where the winds turn into westerlies (Fig. 3a). With weak westerlies
aloft and easterlies near the surface, the tropics are associated with a mean westerly deep-
layer vertical wind shear. Broad ascent and a rainfall peak also exist within the trop-
ics in association with the rising branch of the Hadley cell (Figs. 3c,e). The ITCZ is off
the equator in this simulation, although it is intriguing that the peak rainfall is located
equatorward of the maximum SST. This is likely due to the competition between the fixed
SST (which maximizes at 10°N) and the solar insolation (which maximizes at the equa-
tor).

Conditions become less conducive for TC activity poleward of 10°N in the aqua-
planet simulation. The midtropospheric moist static energy minimum decreases by at
least 10 K between 5°N and 20°N, which is indicative of relatively dry conditions (Fig. 3a).
Rainfall rates also quickly decrease poleward of the ITCZ as indicated by daily averaged
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rainfall rates of approximately 5 mm day~! at and poleward of 10°N (Fig. 3e). An upper-

tropospheric westerly jet is also evident with its core above 12-km height and poleward

of 20°N (Fig. 3a). The strengthening westerlies aloft bring strong deep-layer vertical wind
shear exceeding 15 m s~! by 20°N. The combination of dry conditions and relatively strong
vertical wind shear are likely detrimental—on average—for TC formation and intensi-
fication.

To compare the simulated mean state against the observed mean state of the trop-
ics, Figure 3 also shows the 2001-2020 time mean, zonal mean conditions over the Pa-
cific Ocean (within the longitudinal domain marked in Fig. 2). A key difference is a gen-
eral equatorward shift of the overturning circulation in the aquaplanet simulation. While
deep easterlies and ascending moist air appear between 0—-10°N in the aquaplanet sim-
ulation, those conditions appear between 5-15°N in the Pacific Ocean (Figs. 3a-d). Like-
wise, the ITCZ peaks between 0-5°N in the aquaplanet but closer to 10°N in the satellite-
estimated rainfall. The Hadley circulation is also stronger in the MPAS-A aquaplanet
simulation as evidenced by stronger lower-tropospheric southerlies (Figs. 3a,b), stronger
vertical velocities (Figs. 3c,d), and heavier rainfall rates than in the reanalysis and satel-
lite data (Figs. 3e,f). There is also stronger vertical wind shear in the aquaplanet sim-
ulation owing to the equatorward location of the upper-tropospheric jet in comparison
to the conditions over the tropical Pacific.

3.2 Simulated TCs

Our MPAS-A aquaplanet simulation produces over a hundred unique TCs during
the 130-day analysis period. Figure 4 shows their tracks and intensities. All TCs are de-
tected in the Northern Hemisphere and at any longitude—this is a result of the prescribed
zonally symmetric SST profile with a maximum at 10°. Most of the TCs first appear in
the deep tropics (equatorward of 20°N), travel west-northwestward while also intensi-
fying, and undergo extratropical transition once they reach the middle latitudes. When
the SST profile peaks at the equator (Rios-Berrios et al., 2022), no TCs are detected.

The need for an off-equatorial SST peak to trigger TCs is consistent with Merlis et al. (2013),
who found that the number of TCs in an aquaplanet experiment is strongly tied to the
latitudinal location of the ITCZ.

Using the objective definition of cyclogenesis, we find a wide range of TC inten-
sities at the timing of cyclogenesis (Fig. 5a). Most TCs have maximum wind speeds weaker
than 17 m s~!, and no TC has yet reached hurricane strength. This result shows the ben-
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efit of using a process-based objective method to define tropical cyclogenesis; using sim-
ply a maximum wind speed threshold could detect tropical cyclogenesis either too early
or too late. Tropical cyclogenesis also happens in two primary regions in the aquaplanet

experiment, as shown in the distribution of TC latitude at the time of cyclogenesis (Fig. 5b).

The distribution shows two peaks: a primary peak equatorward of 20°N and a secondary
peak between 25-35°N. The secondary peak is associated with midlatitude cyclones that
undergo tropical transition (McTaggart-Cowan et al., 2008). For the rest of this study,
we will focus only on the TCs that undergo cyclogenesis within the primary peak (i.e.,
equatorward of 20°N).

Of all TCs that form equatorward of 20° N, 61 become hurricanes (i.e., maximum
10-m wind exceeding 33 m s~!). Figures 5c-d show distributions of intensity and lati-
tude at the time when the hurricanes reach their lifetime maximum intensity (LMI). Most
of the hurricanes are relatively weak; 29 TCs reach category-1 intensity and nine reach
category 2. Importantly, the experiment also captures 23 major hurricanes as represented
by 17 category-3 and six category-4 hurricanes. Although there are no category-5 hur-
ricanes, the presence of major hurricanes creates a distribution of intensities closer to
that of the real atmosphere. Furthermore, the absence of category 5 storms may reflect
the overall less favorable conditions for hurricane development and intensification than
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in nature (e.g., Fig. 3). More than half of the simulated hurricanes reach their LMI be-
tween 10-20°N (Fig. 5d), whereas observed TCs reach their LMI between 18-25° lat-
itude (Kossin et al., 2014; R. Wang & Wu, 2019). The slight equatorward shift of the
LMI location in the aquaplanet further suggests that the less favorable conditions may
be limiting the peak TC intensity in this simulation.

The simulated TC structure is consistent with observations. Figure 6 shows indi-
vidual snapshots of outgoing longwave radiation at the time when 20 major hurricanes
reached their LMI. These snapshots were obtained by linearly interpolating the native
MPAS-A output into TC-relative cylindrical coordinates with 5-km radial spacing and
1° azimuthal bins. Although there is substantial variability amongst the major hurri-
canes, all of them exhibit the expected structure with a clear eye surrounded by the eye-
wall and rainbands. Some hurricanes have an eye that is about 200-km radius in diam-
eter (e.g., Figs. 6a,d,i,]), while other hurricanes are much smaller and their cloud dense
overcast barely covers 200-km in diameter (e.g., Figs. 6g,h,i). Furthermore, some hur-
ricanes exhibit substantial convective asymmetry (Figs. 6b,e,i,m,p,r,s) while other hur-
ricanes appear to be more “annular” or more symmetric (Figs. 6a,d,j,0). All these prop-
erties are characteristic of the variability amongst observed TCs, demonstrating that the
aquaplanet simulation captures realistic TCs.

Further proof of the realism of the simulated TCs is their azimuthally averaged struc-
ture. Figures 7-8 show a comparison of the azimuthally averaged kinematic and ther-
modynamic structure against the dropsonde composites. The composites of simulated
TCs consider only a single snapshot per TC at its LMI. During their tropical depression
and tropical storm stage, both observed and simulated TCs are associated with a broad
cyclonic vortex (Figs. 7a,d). The peak winds appear between 50-100 km radius from the
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TC center, and a shallow layer of radial inflow exists in the lowest 1 km. A warm and
moist reservoir exists near the surface as demonstrated by the equivalent potential tem-
perature, while a warm temperature anomaly exists in the lower-to-middle troposphere
(Figs. 8a,d). Intriguingly, the simulated equivalent potential temperature is at least 5 K
lower in the aquaplanet simulation than in the TC-DROPS composites. This difference
could be due to a drier equilibrium climate in the aquaplanet simulation, biases towards
moist environments being sampled by the dropsonde data, or other factors.

As the TCs intensify, MPAS-A continues to realistically represent their structure.
Notably, the cyclonic circulation strengthens, contracts in radius, and expands in height
with increasing hurricane intensity (Figs. 7b,c,e,f). The radius of maximum azimuthally
averaged tangential wind appears around 50-100 km for minor hurricanes (Figs. 7b,c)
and inside 50-km radius for major hurricanes (Figs. 7e,f). The height of cyclonic winds
increases with hurricane intensity, reaching up to at least 14-km height for major hur-
ricanes. The boundary-layer inflow also deepens and strengthens together with strength-
ening outflow. The inner region of the simulated and observed hurricanes also warms and
moistens as indicated by increasing equivalent potential temperature and a strengthen-
ing warm core (Figs. 8b,c,e,f).

For those hurricanes that reach category-3 intensity or higher, the simulated struc-
ture exhibits several noteworthy differences from the observed structure. The simulated
hurricanes are associated with a stronger and deeper vortex than observed TCs as in-
dicated by the tangential winds (Figs. 7c,f). The height of the warm core is also at a lower
altitude than in the dropsondes composites—the warmest temperature anomaly appears
around 6-km height in MPAS-A but around 10-12 km height in the dropsondes compos-
ites (Figs. 8c,f). Stern and Nolan (2012) argue that the primary warm core of TCs should
be located around 4-8 km, although their results are based on idealized TC simulations.
The differences in the warm core height presented herein could be due to the relatively
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small sample size of dropsondes above 3-km height and inside the radius of maximum
winds.

Despite some of the differences noted between the observed and simulated major
hurricanes, MPAS-A adequately captures the kinematic and thermodynamic structural
features inherent to TCs in nature. Perhaps of equal importance, MPAS-A adequately
captures the structural progression of TC circulations from the depression stage through
major hurricane intensity.

3.3 Simulated equatorial waves

Despite the hemispheric asymmetric SST, our MPAS-A aquaplanet simulation cap-
tures tropical rainfall variability driven by convectively coupled equatorial waves (Fig. 9a).
Rainfall rates averaged between 5°S—10°N show alternating periods of relatively light
and heavy precipitation. Those alternating periods are primarily associated with east-
ward propagating disturbances that propagate at approximately 15 m s~!, which is sim-
ilar to the observed propagation speeds of Kelvin waves (Kiladis et al., 2009; Straub &
Kiladis, 2003; Roundy, 2008). Applying a spatiotemporal filter to the rainfall rates con-
firms that the eastward propagating features can be described as Kelvin waves (Fig. 9b).
Shorter-lived, smaller-scale disturbances are also evident within the broad rainfall anoma-
lies (Fig. 9a). These disturbances propagate westward, and they are associated with east-
erly waves (Fig. 9b) and westward propagating inertio-gravity waves (not shown).

A quantitative analysis of the simulated equatorial waves is shown in Fig. 9c. This
figure shows rainfall variance within different spatiotemporal domains corresponding to
Kelvin waves, easterly waves, n=0,1,2 inertio-gravity waves, mixed Rossby-gravity waves,
equatorial Rossby waves, and the Madden Julian Oscillation. The wavenumber and fre-
quency limits for each group were deduced from Kiladis et al. (2009). Kelvin waves are
the most active equatorial waves, which is consistent with other MPAS-A aquaplanet sim-
ulations (Rios-Berrios et al., 2020; Rios-Berrios et al., 2022, 2023). All other waves are
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associated with half or less than half of the rainfall variance associated with Kelvin waves.
The second most active group corresponds to easterly waves, followed by inertio-gravity
waves. Mixed Rossby-gravity waves and equatorial Rossby waves are not very active, as
determined by their small rainfall variance.

Although there is some evidence of Madden-Julian Oscillation activity, its rainfall
variance is the smallest amongst all waves considered and is nearly an order of magni-
tude smaller than the variance associated with Kelvin waves. We hypothesize that the
infrequent occurrence of the Madden Julian Oscillation and Rossby-type waves is due
to the zonally symmetric SST profile. Previous studies suggest that a zonal SST asym-
metry—mimicking the western Pacific warm pool—is needed to trigger a Madden Ju-
lian Oscillation in the aquaplanet framework (Maloney & Shaman, 2008; MacDonald &
Ming, 2022). Rossby-type waves may be present, although their signal may project onto
different wavenumber-frequency space than its theoretical values due to doppler-shift ef-
fects (e.g., Nakajima et al., 2013; Das et al., 2016)

With evidence of equatorial waves in our simulations, we proceed to investigate if
their structures are realistically represented by the aquaplanet simulation. For this pur-
pose, we constructed wave-phase composites from MPAS-A and compared them against
composites from ERAS and IMERG, as described in Section 2. Figures 10-13 show the
wave-phase composites of Kelvin and easterly waves. We focus on these two groups be-
cause of our intent to do a follow-up study on how the easterly waves are influenced by
Kelvin waves during their transition to TCs. While Rios-Berrios et al. (2023) also ex-
amined wave-phase composites in their aquaplanet simulations, it is important to inves-
tigate if the simulated waves structures are affected by the different SST profile employed
here. As a reminder, phase 5 corresponds to the convectively active phase of each wave.
The abscissa is reversed for easterly waves because those waves propagate westward and
the wave phases are chosen to represent east-west cross sections.

The MPAS-A aquaplanet experiment captures the key structural features of Kelvin
waves (Figs. 10-11). These waves are associated with anomalous lower-tropospheric east-
erlies and upper-tropospheric westerlies to the east (i.e., wave phases 5-8) of their rain-
fall and cloudiness peaks (Figs. 10). Likewise, anomalous lower-tropospheric westerlies
and upper-tropospheric easterlies appear to the west (i.e., wave phases 1-5) of the most
active convection. Their vertical structure is characterized by alternating cool and warm
anomalies during the convectively active phase (i.e., phase 5) (Fig. 11a,b). A “boomerang”
type structure exists in temperature, where the temperature anomalies tilt westward with
height up to approximately 200 hPa and then tilt eastward with height above 200 hPa.
The zonal winds, water vapor, and divergence fields also exhibit a westward tilt with height
from the surface up to approximately 200 hPa (Fig. 11c-f). Lower-tropospheric water
vapor anomalies exist to the east of the peak convection, whereas mid-to-upper-tropospheric

water vapor anomalies appear to the west of the rainfall peak (Fig. 11c,d). Lower-tropospheric

convergence, deep ascent, and upper-tropospheric divergence exist during the convec-
tively active phase of these waves (Fig. 11le,f). Consistent with their theoretical struc-
ture, rotation is very weak in these waves as represented by weak anomalies in the rel-
ative vorticity field (Fig. 11c,d). Yet, there is anomalous cyclonic vorticity co-located with
anomalous westerlies and anomalous anticyclonic vorticity co-located with anomalous
easterlies.

Several noteworthy differences are evident when comparing the simulated and ob-
served Kelvin waves. Rainfall and cloud water anomalies extend poleward and westward
from the rainfall peak in the aquaplanet simulation, but such pattern is less evident in
IMERG. Rios-Berrios (2023) also noted those differences and attributed them to the fre-
quent overlap between Kelvin waves and other westward propagating waves in the aqua-
planet simulation. Another key difference is the magnitude of the anomalies associated
with these waves. Peak temperature, water vapor, divergence/convergence, and verti-
cal velocity anomalies are at least two times stronger in MPAS-A than in ERA5. This
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Figure 12. As in Fig. 10, except for easterly waves.

difference could be due to a number of reasons, including the different sample sizes and
the different reference background (the time-mean climatology from MPAS-A, but the
annual and seasonal cycle from ERA5 and IMERG). Another plausible reason is that
MPAS-A with convection-permitting resolution has a stronger convection-circulation cou-
pling than ERA5 (which relies on a convection parameterization).

The aquaplanet simulation also captures the overall structure of easterly waves (Figs. 12—
13). Anomalous lower-tropospheric cyclonic winds appear to the west of the convectively
active phase (phases 8-5) and overlap with the heaviest rainfall and cloudiest regions of
these waves (Figs. 12a,b). Anomalous upper-tropospheric westerlies appear to the west
of the rainfall and clouds (i.e., phases 8-5), whereas upper-tropospheric easterlies appear
to the east (i.e., phases 4-2) (Figs. 12c,d). Notably, the simulated easterly waves are weaker
than their observed counterparts. The rainfall rate and cloud water anomalies are half
as strong in the aquaplanet than in IMERG and ERADB, respectively. This is in contrast
to Kelvin waves, which are substantially stronger in MPAS-A than in observations. Also,
the heaviest rainfall anomalies appear to the south of the cyclonic winds in the aqua-
planet instead of being co-located with the cyclonic winds as in IMERG/ERAS5. This
contrasting structure could be due to the overall southward shift of rainfall in MPAS-
A than in observations (Fig. 3e-f).

The vertical cross sections reveal an overall consistent structure between the aqua-
planet and reanalysis. Weak temperature anomalies appear in both ERA5 and MPAS-
A (Fig. 13a,b). A “boomerang” type pattern exists above 800 hPa, where warm anoma-
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lies tilt eastward with height up to 250 hPa and then tilt westward with height aloft. This
pattern was noted by Serra et al. (2008) for Pacific ocean easterly waves. Likewise, east-
erly waves are associated with pronounced water vapor anomalies (Fig. 13c,d). Moist
lower-tropospheric anomalies appear to the west of the peak rainfall (phases 8-5) and
moist upper-tropospheric anomalies appear during and to the east of the rainfall peak
(phases 5-3). These waves are also associated with pronounced meridional wind anoma-
lies, with anomalous northerlies located to the west of the rainfall peak and anomalous
southerlies to the east of the rainfall peak from the surface up to 400 hPa (Fig. 13a,b).
These anomalies are characteristic of the rotational flow associated with easterly waves
(Figs. 10a,b), which is confirmed with the anomalous cyclonic relative vorticity anoma-
lies (Fig. 13c,d). A reversed pattern of meridional winds exists above 400 hPa, charac-
terized by anomalous southerlies to the west of the rainfall peak and anomalous norther-
lies to the east.

A key difference between observed and simulated easterly waves is the height of their
strongest meridional wind and vorticity anomalies. While the strongest meridional wind
anomalies appear around 800 hPa in ERAS5, the strongest meridional winds appear around
700 hPa in the aquaplanet simulation. A broad cyclonic vorticity vorcity anomaly ex-
tends from 850 hPa to 400 hPa in ERA5, which is likely a combination of the charac-
teristic lower-tropospheric vorticity maximum of west Pacific easterly waves and the midtro-
pospheric vorticity maximum of east Pacific easterly waves (Serra et al., 2008). However,
the aquaplanet simulation exhibits a single anomaly centered between 600-500 hPa. These
differences likely stem from the different base states (Section 3.1) as previous studies sug-
gest that the structure of Pacific easterly waves is highly sensitive to the background winds
(e.g., Serra et al., 2008; Rydbeck & Maloney, 2014).

Notwithstanding these differences, MPAS-A also captures other key features of the
easterly waves. Anomalous ascent is evident throughout most of the troposphere dur-
ing the convectively active phase (Fig. 13e,f). This anomalous ascent is accompanied by
anomalous lower-tropospheric convergence and anomalous upper-tropospheric divergence
(Fig. 13e,f). A slight eastward tilt with height is evident in the water vapor, vorticity,
convergence, and vertical motion fields. The maximum anomalous ascent appears above
500 hPa in both datasets, but the peak ascent is weaker in MPAS-A than in ERA5. Anoma-
lously dry conditions, downward motion, and lower-tropospheric divergence exist dur-
ing the convectively suppressed phase of these waves (phases 3-1), as expected.

Intriguingly, the structure of easterly waves is more realistic in this aquaplanet ex-
periment than in the aquaplanet experiment of Rios-Berrios et al. (2023). We attribute
these more realistic structures to the underlying SST profile. Rios-Berrios et al. (2023)
used an SST profile that peaks at the equator, whereas the profile used here has a max-
imum SST at 10°N. The profile used here is a more realistic representation of Northern
Hemisphere summer conditions that support these waves in nature. Furthermore, the
mean circulation in the aquaplanet experiment is controlled primarily by the fixed SST
profile. The mean circulation in these experiments is characterized by a time mean, zonal
mean rainfall peak in the Northern Hemisphere (Fig. 3c). Likewise, the mean vertical
wind shear between 0-20 N is approximately 3-5 m s ~! weaker in these experiments
than in the experiments with the peak SST at the equator. All these factors could yield
different background conditions, which likely affects the structure of simulated easterly
waves. A future study will examine these possibilities through parallel analyses and the-
oretical considerations of the easterly waves in both simulations.

4 Summary and Conclusions

This study documents a novel aquaplanet experiment with convection-permitting
resolution in the tropics. The experiment was produced with the Model for Prediction
Across Scales-Atmosphere (MPAS-A), and it was designed to study multi-scale interac-
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tions leading to tropical cyclogenesis. A variable resolution mesh was used to employ 3-
km cell spacing between 10°S and 30°N with a transition to approximately 12.3-km cell
spacing poleward of 30°S and 55°N. This hemispheric asymmetric configuration over-
laps with an SST profile that peaks at 10°N. The simulation was integrated for 160 days,
but the first 30 days were considered model spin up and the analysis focused on the last
130 days.

Despite being a highly idealized framework, the simulation captures many of the
expected features of a tropical atmosphere. The tropical mean state is characterized by
warm and moist air that ascends within the rising branch of a Hadley cell. Easterly winds
extend from the surface up to the upper troposphere, where the winds turn into west-
erlies and yield westerly wind shear. Most TCs form within favorable large-scale con-
ditions, although a distribution of cyclogenesis location also shows that some TCs de-
velop poleward of 20°N. Visual inspection of model output (not shown) led us to con-

clude that the second group of TCs form through the “tropical transition” pathway (McTaggart-

Cowan et al., 2008) along frontal zones of midlatitude cyclones.

The simulated TCs evolve consistently with their observed counterparts. Most cy-
clones develop in the deep tropics, travel west-northwestward while intensifying, and dis-
sipate or transition into extratropical cyclones. The simulation captures 23 major hur-
ricanes, which demonstrates that convection-permitting resolution improves the statis-
tics of simulated TCs as previous aquaplanet experiments with coarser resolution than
ours did not capture major hurricanes. A comparison against multi-year dropsonde com-
posites confirmed that the simulated TC structure is also consistent with observations
across all stages—from weak tropical storm to major hurricane stage. A noteworthy dis-
crepancy between simulated and observed TCs was that the height of the warm core ap-
peared at a lower altitude in the aquaplanet simulation than in the dropsonde compos-
ite, but this could stem from relatively small samples of high-altitude dropsonde data
in the inner core of major hurricanes.

The simulation also captures the overall structure of equatorial waves. Rainfall rates
averaged between 5°S—10°N showed substantial rainfall variability predominantly asso-
ciated with eastward-propagating Kelvin waves. Smaller-scale, shorter-lived rainfall fea-
tures also exist, and those are primarily associated with easterly waves. The vertical struc-
ture of simulated Kelvin and easterly waves is consistent with their observed counter-
parts, as demonstrated by a comparison against Pacific Ocean Kelvin and easterly waves
in satellite and reanalysis data. Both types of waves are associated with substantial kine-
matic and thermodynamic anomalies that could influence the environmental and local
conditions during tropical cyclogenesis.

We conclude that the simulation is suitable for process-based and statistical stud-
ies of TCs, including tropical cyclogenesis. A major benefit of this simulation is that it
captures the complete lifecycle of over 100 TCs and multiple equatorial waves. Both phe-
nomena develop spontaneously via the model physics—that is, we do not impose an ini-
tial TC vortex or equatorial wave structure. Therefore, the simulation is able to repre-
sent the evolution of those phenomena through the model equations and physics param-
eterizations. A future study will examine the relationship between tropical cyclogene-
sis and equatorial Kelvin waves. Future studies may also consider exploiting this pow-
erful dataset to explore other aspects of TCs. However, any future study should consider
the limitations of this simulation, including the relatively short integration time and the
absence of atmosphere-ocean feedback.

5 Open Research

The original model output is too large to publicly archive; instead, we provide a
public dataset containing the interpolated model output used in this study (Rios-Berrios,
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2023). Additionally, the model code with modifications to use the aquaplanet framework
and other supporting files are provided by Rios-Berrios (2022). The IMERG dataset was
provided by NASA via https://disc.gsfc.nasa.gov/, the ERA5 dataset was provided
by NCAR'’s Research Data Archive (European Centre for Medium-Range Weather Fore-
casts, 2019), and the IBTRACs dataset was provided by NOAA’s National Centers for
Environmental Information (Knapp et al., 2018).
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Figure 7. composite_tanwind+radwind_MPAS+TC-DROPS.png
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