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EARLY STAGE EXPERIMENT
Science Description

Experiment/Module: Vortex Alignment Module (VAM)
PIs: Michael Fischer (UM) and George Alvey

Investigator(s): Paul Reasor, Jason Dunion, Robert Rogers (AP-TCRC), David Nolan (Univ. of
Miami), Daniel Stern (NRL), Zeljka Stone (New Mexico Tech Univ.), David Raymond (New
Mexico Tech Univ.), Stipo Sentic (New Mexico Tech Univ.), David Schecter (NorthWest
Research Associates), Xiaomin Chen (University of Alabama in Huntsville), and Rosimar Rios-
Berrios (National Center for Atmospheric Research)

Requirements: TD, TS, Category 1

Plain Language Description: In early-stage tropical cyclones (TCs), the rate at which a TC
intensifies is strongly related to the vertical alignment of a storm’s circulation. However, the
physical processes responsible for changes in the alignment of a TC circulation are not well
understood. This module aims to improve our understanding of the alignment process through the
collection of relatively-high frequency observations of the three-dimensional TC structure.

Early Stage Science Objective(s) Addressed:

1. Collect datasets that can be used to improve the understanding of intensity change
processes, as well as the initialization and evaluation of 3-D numerical models,
particularly for TCs experiencing moderate vertical wind shear [APHEX Goals 1, 3].

2. Obtain a quantitative description of the kinematic and thermodynamic structure and
evolution of intense convective systems (convective bursts) and the nearby
environment to examine their role in TC intensity change [APHEX Goals 1, 3].

3. Test new (or improved) technologies with the potential to fill gaps, both spatially and
temporally, in the existing suite of airborne measurements in early stage TCs. These
measurements include improved three-dimensional representation of the TC wind field,
more spatially dense thermodynamic sampling of the boundary layer, and more
accurate measurements of ocean surface winds [APHEX Goal 2]

Motivation:

TC intensity forecast errors are particularly large for events of rapid intensification (RI; Fischer et
al. 2019; Trabing and Bell 2020). Although the environmental conditions favorable for RI are well
known (Kaplan et al. 2010; Kaplan et al. 2015), storms that rapidly intensify are often located in
similar environments as storms that intensify more gradually (e.g., Hendricks et al. 2010). In fact,
the largest operational TC intensity forecast errors occur when storms are located in favorable
environmental conditions, which suggests knowledge about the TC’s vortex and convective
structure are important for improved intensity forecasts (Trabing and Bell 2020).
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Previous studies have found that an important structural prerequisite for a TC to undergo RI is
the existence of a vertically-aligned vortex (Rios-Berrios et al. 2018; Tao and Zhang 2019;
Schecter 2020; Alvey and Hazelton 2022; Schecter 2022; Fischer et al. 2023; Nam et al. 2023;
Stone et al. 2023; Fischer et al. 2024). However, early-stage TCs often have a wide range of
vortex misalignment structures (Fischer et al. 2022; Fischer et al. 2024) and the physical
processes through which a misaligned vortex becomes aligned in nature are not well understood.
One reason for this lack of clarity has been the identification of different alignment pathways in
numerical modeling simulations and observational case studies. Nevertheless, these studies have
largely agreed diabatic processes are important in modifying the local vorticity field during the
alignment process. Thus, sampling the precipitation characteristics associated with aligning and
non-aligning TCs can help elucidate the specific processes responsible for alignment and how
these processes vary depending on the alignment pathway; however, this requires observing
strategies tailored to sampling the rapid changes in the TC precipitation and vortex structure
associated with changes in TC tilt.

This experiment is designed to better observe the precipitation and vortex processes that drive
changes in the TC tilt structure compared to the observations available from standard flight
patterns. In turn, an improved understanding of the factors dictating whether a given TC will
undergo alignment may help provide advanced warning of subsequent TC intensification and
possibly RI.

Background:

Nearly all TCs are located in environments with some degree of vertical wind shear (e.g., Rios-
Berrios and Torn 2017). The presence of a vertically sheared environmental flow has been shown
to be largely unfavorable for TC development and intensification (DeMaria and Kaplan 1994;
Riemer et al. 2010; Zhang and Tao 2013; Alland et al. 2021a, b; Rios-Berrios et al. 2024). One
reason shear is unfavorable for TC development is because a vertically sheared flow can
differentially advect, or misalign, the mid—upper level TC vortex in the downshear direction away
from the low-level vortex (e.g., Jones 1995; Reasor et al. 2004; Rios-Berrios et al. 2018; Alvey et
al. 2020). In order to maintain thermal wind balance, a tilted TC vortex is characterized by thermal
and vertical velocity azimuthal asymmetries, which induces an asymmetric TC precipitation
structure (Jones 1995; Boehm and Bell 2021; Schecter 2022; Schecter 2023). Observational studies
have demonstrated that TCs with relatively asymmetric precipitation structures tend to intensify at
lesser rates than TCs with more symmetric precipitation structures (e.g., Rogers et al. 2013; Alvey
et al. 2015; Tao et al. 2017; Fischer et al. 2018). Thus, the precipitation asymmetries associated
with a tilted TC vortex are generally unfavorable for TC intensification (Miyamoto and Nolan
2018; Schecter and Menelaou 2020; Schecter 2022).

A vertically tilted vortex has also been shown to be unfavorable for TC intensification as it
provides a pathway for low-entropy environmental air to enter the TC core (e.g., Davis and
Ahijevych 2012; Chen et al. 2019; Alland et al. 2021b; Fischer et al. 2023). Such intrusions of
low-entropy air can significantly erode the convective organization of the TC inner core, limiting
intensification or even resulting in a weakening of the storm (e.g., Fischer et al. 2023; Nam et al.
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2023). It is therefore not surprising that a number of studies have recently shown the importance
of vortex alignment to promote not only a more symmetric precipitation structure, which is
favorable for RI, but also increased resilience from surrounding environmental dry air and
vertical wind shear (Chen et al. 2019, Alvey et al. 2020; Alvey and Hazelton 2022; Fischer et al.
2023). However, early-stage TCs are often associated with misaligned vortices (e.g., Fischer et
al. 2022; Fischer et al. 2024) and it remains unclear what factors dictate whether a given TC will
experience a reduction in vortex tilt and intensify.

This lack of clarity can be partly attributed to findings that multiple pathways to alignment exist.
For instance, modeling simulations have demonstrated that a cyclonic precession of the mid-level
vortex toward the upshear region of the storm can lead to alignment as the vertically-sheared
background flow advects the mid-level circulation toward the low-level TC center (Jones 1995;
Finocchio et al. 2016; Munsell et al. 2017). Alternatively, the precession of a mid-level vortex
into the upshear-left quadrant of the storm may also lead to alignment through a diabatic vortex
merger process driven by strong convection and lower-tropospheric vortex stretching (Rios-
Berrios et al. 2018). In other instances, vortex alignment can occur via a vortex reformation event,
where robust convection and the associated stretching and tilting of vorticity lead to the
generation of a new lower-tropospheric vortex near the location of the mid-level TC center (e.g.,
Chen et al. 2018; Rogers et al. 2020; Schecter 2020; Alvey et al. 2022; Stone et al. 2023; Schecter
2023) or the development of a new mid-level circulation above the low-level circulation
(Miyamoto and Nolan 2018). Recent observational case studies have suggested increases in
sustained convective activity, particularly those associated with a bottom-heavy vertical mass
flux profile, promote vortex alignment (e.g., Rogers et al. 2020; Alvey et al. 2022; Stone et al.
2023), but also point toward the need for observational analyses of higher temporal resolution to
elucidate the dynamics associated with vortex alignment.

The characteristics of tropical precipitation have been demonstrated to be intimately connected
to the thermodynamic characteristics of the environment (Raymond and Session 2007; Raymond
et al. 2014; Raymond and Fuchs-Stone 2021). Similarly, the dynamics associated with vortex
alignment have been hypothesized to be closely related to the local environmental
thermodynamic characteristics, which are influenced by both the background, synoptic-scale
environment as well as the balanced response to a misaligned TC vortex (e.g., Gjorgjievska and
Raymond 2014; Schecter 2022). For example, Stone et al. (2023) hypothesized the presence of a
robust mid- tropospheric vortex and the corresponding balanced thermal anomalies resulted in a
region of lower instability-index and high saturation fraction values, which promoted convection
characterized by a bottom-heavy vertical mass flux profile during the alignment of Tropical
Storm Sally (2020). Similarly, Schecter (2022) found reductions in vortex misalignment and
greater rates of TC intensification coincide with an increase in mid-tropospheric relative humidity
and lower- tropospheric convective available potential energy (LCAPE) near the lower-
tropospheric TC center. Because the local thermodynamic characteristics of the environment
dictate the mode and vigor of precipitation and, furthermore, the magnitude of vorticity of an air
parcel can only be changed through divergent processes (i.e., convection; Stone et al. 2023),
observations of both the local environment and the TC precipitation structure are essential to fully
understand how vortex alignment is achieved in nature. Environmental observations must also
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include details of the kinematic environment to elucidate how vortex misalignment is related to
the vertical and horizontal structure of vertical wind shear. The collection of these observations
will allow for an examination of how the environmental characteristics differ for aligning and
non-aligning TCs, as well as an exploration of how the environment can influence the specific
pathway by which vortex alignment is achieved.

Goal(s): Collect aircraft observations of the evolution of the TC vortex misalignment and
precipitation structures (e.g., both areal coverage of precipitation and the mode of precipitation),
and how the TC environment influences this evolution, at a greater temporal resolution than that
achieved from standard flight patterns. These observations will allow for an improved
understanding of the physical processes responsible for changes in the TC tilt structure. With
repeated sampling, multi-case comparisons can be made for aligning and non-aligning TCs. If
sufficient samples exist, aligning cases can be further partitioned by their alignment pathway (e.g.,
reformation vs. precession) to explore whether pathway-specific processes exist in nature.

Hypotheses:

1. TCs experiencing a reduction in vortex misalignment exhibit a greater areal coverage
of convection in the region between the lower and mid-tropospheric TC centers
compared to non-aligning TCs. This increase in convection is associated with a local
thermodynamic environment that favors a bottom-heavy vertical mass flux profile and
vortex stretching in the lower troposphere.

2. The type of alignment pathway is determined by the strength of the TC circulation
and the local environmental conditions, which affects the vigor and spatial scale of
convection. Specifically, the vortex reformation alignment pathway occurs
preferentially in TCs with initially weak lower-tropospheric circulations and TCs
located in environments of warm sea surface temperatures and relatively large lower-
tropospheric instability. These conditions favor vigorous convection with significant
vortex stretching in the lower troposphere near the location of the midlevel TC center.
Alternatively, the vortex precession pathway to alignment occurs preferentially in
TCs with stronger circulations, capable of greater coupling between the lower and
midlevel circulations. Precession is also favored in cases with a greater frequency of
stratiform precipitation and environments of weaker vertical wind shear, which
provides less resistance to vortex precession.

Objectives:

1. Observe the evolution of the vortex tilt and precipitation structures in early-stage
TCs by repeatedly sampling the low- and mid-level TC centers.

2. Identify how the local environment influences the TC tilt and precipitation structures,
including whether certain environmental conditions favor one alignment pathway
over another.
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Aircraft Pattern/Module Descriptions (see Flight Pattern document for more detailed
information): Missions will be targeted for early-stage TCs that have yet to vertically-align based
on available observational and high-resolution numerical model forecast guidance. Due to the large
uncertainty of when alignment occurs (or if it will occur at all) missions should target any early-
stage, misaligned TC in at least moderately favorable environmental conditions (e.g., deep-layer
shear < 20 kt) when possible (i.e., subject to range, timing, and other logistical constraints). This
enables the documentation of TC structure during the time leading up to vortex alignment (if it
indeed occurs). Ideally missions will continue every 12 to 24 h (or more frequent, depending on
the Scenario below), as long as feasible.

P-3 Pattern #1: A standard Figure-4 pattern centered on the estimated low-level or mid-level
center, oriented such that the radial passes are aligned along and perpendicular to the direction of
vertical tilt of the circulation center. If possible, the first inbound-outbound center pass should be
oriented (to the best it can be determined) along the direction of the low-level to mid-level center
tilt. Adjust the pattern orientation in flight as necessary following a determination of the tilt
orientation with TDR analyses. See the Flight Pattern document for how expendables are
distributed. After completion of this pattern, it is preferred that P-3 Module #1 (“Vortex
Alignment Module”) be flown.

P-3 Pattern #2: A standard Butterfly pattern centered on the estimated low-level or mid-level
center. The butterfly should be oriented such that the downshear/downtilt portion of the storm
contains the most radial legs. If possible, the first inbound-outbound center pass should be
oriented (to the best it can be determined) along the direction of the low-level to mid-level center
tilt. If centered on the low-level center, legs in the downtilt direction may also be extended (and
uptilt legs shortened to compensate) to account for misalignment and precipitation symmetry.
See the Flight Pattern document for how expendables are distributed. After completion of this
pattern, it is preferred that P-3 Module #1 (“Vortex Alignment Module’) be flown.

P-3 Module #1 (“Vortex Alignment Module”):

Option A: A box pattern will be flown oriented along the vortex tilt vector, bounding the low- and
mid-level centers starting ~25 n mi (~45 km) uptilt of the LLC, as well as ~16 n mi downwind
(totaling ~30 n mi [54 km] away from the LLC). A leg will be flown to ~25 n mi (~45 km)
downtilt of the MLC, as well as ~16 n mi upwind of the MLC (totaling ~30 n mi [54 km] away
from the MLC), followed by a 90 degree turn downwind until reaching ~32 n mi (~60 km). The
plane will then turn 90 degrees inbound and fly a straight leg parallel to the outbound leg but
offset by ~32 n mi or 60 km (may be 40 — 80 km depending upon hazard avoidance). This pattern
may be repeated for an additional 1-3 times, with potential changes in orientation of the legs as
needed to account for evolution in the tilt magnitude and direction. Release dropsondes at
waypoints #1, 2, and 3. All dropsondes are optional at LPS discretion.

Option B: Follow the vortex tilt vector, beginning 25 n mi uptilt of the low-level (e.g., 2.0-km) or
mid-level (e.g., 6.0-km) vortex center and ending 25 n mi downtilt of the mid-level/low-level
vortex center, as identified from earlier TDR analyses. It is essential that the aircraft flies a
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sufficient distance (2025 n mi) past both the low- and mid-level centers such that the TDR can
sufficiently sample the respective circulations. Repeat this pattern for a total of at least two radial
legs (one complete cycle), but repeated cycles are preferred. Dropsondes can be released during
overpasses of the low-level center to identify the rate of TC intensity change or near the mid-level
center if center reformation is anticipated. In summary, this module allows for high-temporal
resolution analyses of the evolution of the TC tilt structure and the precipitation and kinematic
processes associated with changes in vortex misalignment.

G-IV Pattern #1: A standard Figure-4 with Double Circumnavigation pattern with radial legs in
the Figure-4 extending up to 150 n mi (275 km) and radii of 90 and 210 n mi (165 and 390 km)
for the circumnavigations. If desired, the pattern can be centered on the estimated low-level or
mid- level center, oriented such that the Figure-4 radial passes are aligned through approximately
the upshear, downshear, left-of-shear, and right-of-shear directions, or oriented relative to the
vertical tilt of the circulation. If time is not available to complete the full pattern, the Figure-4 is
prioritized with either the inner or outer circumnavigation (preference to the inner
circumnavigation).

Dropsonde are released at each turn point, midpoint, and center on each pass of the Figure-4, and
another at the midpoint of downwind leg; dropsondes also released at each turnpoint of the

circumnavigations, with option to release in between each turnpoint to increase the density.

Scenario #1: Both P-3s (Back-to-Back) and G-1V (“‘Vortex Alignment Experiment”’)

This scenario aims to maximize the on-station time within a ~12—24 hr (ideally 16—-20-hr) window
in a misaligned TC via four consecutive flights. The G-IV will begin the sequence by flying G-
IV Pattern #1 (Figure-4 with Double Circumnavigation) to observe the local thermodynamic and
kinematic environment, as well as the TC vortex structure. It is recommended that the Figure-4
component of the pattern be centered on the presumed mid-level TC center, typically found near
the region of coldest infrared brightness temperatures as identified from satellite imagery.
Otherwise, the Figure-4 can be centered on the low-level TC center with an effort to have one
radial leg fly within TDR range (~15 n mi) of the mid-level TC center. If the on-station time
needs to be shortened, it is recommended that the outer circumnavigation is not performed.

Within one hour of the departure of the G-IV from the storm environment, the first P-3 should
arrive on station to begin sampling the TC, flying a single Figure-4 from P-3 Pattern #1, centered
on the mid-level TC center. The location of the mid-level TC center will be identified from the
initial G-IV mission. Following the completion of the Figure-4, the P-3 will fly Module #1
(“Vortex Alignment Module”) following the vortex tilt vector throughout the duration of the
remaining on-station time. If vortex evolution is observed during Module #1, the azimuthal
heading and radial leg length should be adjusted according to changes in the TC tilt structure, as
identified from real-time TDR analyses. The second P-3 should be scheduled to arrive once the
first P-3 departs the storm environment. The second P-3 mission should complete the same
pattern as the first. Within one hour of the departure of the second P-3 from the storm
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environment, the second G-IV mission should begin sampling the storm, following the same
pattern as the first G-IV mission.

Scenario #2: One P-3 and the G-1V, simultaneous

One P-3 will fly Pattern #1 (Figure-4) or Pattern #2 (Butterfly), followed by Module #1 (“Vortex
Alignment Module”), depending on any operational tasking constraints. If existing constraints
allow some flexibility, it is recommended that Pattern #1 or Pattern #2 be centered on the
presumed mid-level TC center, typically found near the region of coldest infrared brightness
temperatures as identified from satellite imagery.

In this scenario, the G-IV will also fly Pattern #1 (Figure-4 with Double Circumnavigation) to
observe the local thermodynamic and kinematic environment, as well as the TC vortex structure.
As with the P-3, it is recommended that the Figure-4 component of the pattern be centered on the
presumed mid-level TC center, typically found near the region of coldest infrared brightness
temperatures as identified from satellite imagery, or identified via TDR analyses from the
concurrent P-3 mission. Otherwise, the Figure-4 can be centered on the low-level TC center with
an effort to have one radial leg fly within TDR range (~15 n mi) of the mid-level TC center. If
the on-station time needs to be shortened, it is recommended that the outer circumnavigation is
not performed. If ongoing convection prevents the G-IV from flying the initial Figure-4 pattern
passing over the TC center, the Figure-4 can be substituted with a box pattern about the TC center.
Ideally, this substitute box pattern would have legs that pass within 30 n mi of the TC center
location to maximize TDR coverage. This scenario leaves the possibility open to 12-hourly
(twice-a-day) coordinated missions. The P- 3 and G-IV may need to coordinate during their
missions to deconflict G-IV dropsondes being deployed near the P-3 flight-level.

Scenario #3: Only one P-3 available (no G-1V)

When the G-IV and 2nd P-3 is not available for coordinated operations, either because of
operational tasking requirements or aircraft unavailability, P-3 targeted observations in the near
environment and inner core can still contribute towards the objectives of the experiment. In this
scenario, it is preferred that the P-3 flies Module #1 (“Vortex Alignment Module”) after the
completion of the any operational taskings and/or P-3 Pattern #1 or Pattern #2.

Links to Other Early Stage Experiments/Modules: While this experiment does not directly tie
into any other Early Stage experiments or modules, it is complementary to the Multi-Lidar
Observations of the Tropical Cyclone Inflow.

Analysis Strategy: Multiple methods to estimate the TC tilt structure exist. Prior to the time of
the flight, the TC tilt structure can be estimated based on forecasts from high-resolution models,
such as NOAA’s HAFS model. Near the time of the flight, the model tilt forecasts can be evaluated
relative to other operational analyses, such as analyses of the environmental vertical wind shear
and geostationary satellite observations of the TC convective structure. Assuming the low-level
TC center location is near the real-time center estimate provided by the National Hurricane Center,
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the mid-level TC center is typically, but not always, located downshear-left of the low-level center
(Fischer et al. 2022; 2024). Additionally, because the mid-level center is often accompanied by
vigorous convection (Fischer et al. 2024), the region of the coldest infrared brightness temperatures
from geostationary satellite imagery can be used as a crude estimate of the mid-level TC center
location.

During the flight, the evolution of the TC tilt and precipitation structures will be determined from
P-3 and G-IV TDR analyses, which are routinely created in real-time and are further post-
processed after each season. The real-time TDR analyses are transmitted to hurricane specialists
at the National Hurricane Center for additional situational awareness and are used in real-time
data assimilation for select high-resolution numerical model guidance. Straight-and-level flight
patterns are preferred, although the TDR analysis procedure is capable of handling small bank
angles, which may be required to deviate around convection. During a mission, after a given TDR
analysis is completed, objective estimates of the geographic position of the low-level (e.g., 2.0-
km) and mid-level (e.g., 6.0-km) TC centers (following Fischer et al. 2024), as well as the
corresponding tilt magnitude and direction, are provided via chat messages onboard the aircraft.
This information can be used as a more accurate assessment of the existing tilt structure when
planning and coordinating P-3 Module #1 (“Vortex Alignment Module”).

The precipitation characteristics of the storm will be identified through a combination of TDR
reflectivity and vertical velocity estimates. Previous work by Rogers et al. (2020) has
demonstrated an objective precipitation partitioning algorithm can be applied to TDR analyses to
identify changes in the mode of precipitation, which have been linked to changes in vortex
alignment. Real- time graphics of the TDR-derived tilt and precipitation structure are routinely
made available on the HRD web server (and can be found at:
https://www.aoml.noaa.gov/ftp/pub/hrd/data/R Tradar/).

The environmental characteristics will be identified through a combination of operational
statistical guidance (e.g., the Statistical Hurricane Intensity Prediction Scheme; SHIPS) to
identify aspects such as the synoptic scale shear, humidity, and sea surface temperature.
Otherwise, high- altitude dropsonde observations from the G-IV will be used to determine
additional parameters, such as tropospheric stability and humidity. Dropsonde observations from
the G-IV are also routinely transmitted in real-time and assimilated into numerical model
guidance.
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