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Abstract This study uses convection-permitting simulations to examine the vertical extent, propagation,
and nighttime preference of diurnal pulses (DPs) in tropical cyclones (TCs). DPs are outward-moving rings of
cooler brightness temperatures near the storm center and may indicate TC intensification. Their initiation and
propagation are poorly understood due to limited high-resolution observations. Here we leverage ensemble case
study simulations of Typhoon Haiyan (2013) and Hurricane Maria (2017) to analyze DP events and quantify
their structure and propagation characteristics. Results show that DPs are deep, column-spanning features
visible in multiple atmospheric variables, including precipitation, temperature, vertical velocity, and radial
wind. Interpreted through gravity-wave theory, their speeds and vertical structure largely match theoretical
expectations, with deviations that are consistent with convectively coupled gravity waves. DPs are more
frequent at night, likely due to constructive interference with the TC's diurnal circulation. These insights into
DPs help clarify their initiation and propagation mechanisms.

Plain Language Summary Diurnal pulses (DPs) are rings of clouds that move outward from the
center of tropical cyclones (TCs) as visualized by satellites. They occur on about half of all TC days and in
storms of all strengths. Furthermore, their occurrence may be a sign that a storm is getting stronger. Their causes
and behavior are not well understood because detailed three-dimensional observations inside these storms are
rare. In this study, we used high-resolution numerical model simulations to examine how DPs form and move
and why they occur more frequently at night. Our results help paint a three-dimensional picture of DPs that is
impossible from satellites alone, showing how they influence rain, temperature, and air motions. We use this
new view to examine prior theories for their existence, finding that they are consistent with gravity waves. DPs
tend to start at night, possibly due to interactions with the storm's daily circulation cycle.

1. Introduction

Despite substantial advances in understanding tropical cyclone (TC) dynamics, forecasting TC intensity evolution
remains challenging, largely due to the complex interactions between environmental conditions and internal
storm-scale processes (Cangialosi et al., 2020; Kaplan et al., 2010; Shimada et al., 2018; X. Zhang et al., 2023).
One storm-scale phenomenon that may serve as an indicator of intensification, particularly rapid intensification,
and can enhance model forecast skill is the diurnal pulse (DP) (X. Zhang & Xu, 2021; X. Zhang et al., 2026). DPs
are defined as rings of localized brightness temperature cooling that propagate outward from the storm center
(Dunion et al., 2014). Recent studies have shown that DPs occur on approximately 52% of TC days and have been
documented across the full spectrum of TC intensity, from tropical storms to major hurricanes (Ditchek
et al., 2019; X. Zhang et al., 2023). However, the mechanisms behind their initiation and propagation remain
poorly understood, largely due to the lack of high-resolution, three-dimensional observations within TCs.

This study targets specific aspects of initiation and propagation processes by addressing the following key gaps in
our understanding:

(1) Vertical structure of DPs: To date, DPs have primarily been identified using satellite observations of
brightness temperature anomalies. However, X. Zhang and Xu (2022) found that approximately 50% of DPs
are associated with precipitation. In addition, Dunion et al. (2019) and Ditchek et al. (2020) further reported
DPs exhibiting squall-line characteristics, suggesting that DPs may represent vertically extended structures
rather than features confined to the cirrus canopy. However, their full structure remains poorly understood.

(ii) Timing of their preferential occurrence: DPs were originally defined not only by brightness temperature
anomalies but also by a highly regular “diurnal clock” behavior with initiation typically occurring between
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00:00 and 04:00 local solar time (LST) and outward propagation reaching radii of approximately 200 km by
04:00-08:00 LST (Dunion et al., 2014). This definition has been challenged by several studies (Trabing &
Bell, 2021; X. Zhang et al., 2023), although a moderate global preference for nighttime initiation remains
(X. Zhang et al., 2023). The mechanism behind this preference is not yet understood.

(iii) Propagation mechanism: The propagation mechanism of DPs remains a topic of debate. Some studies
suggest a squall-line-driven process (Ditchek et al., 2020; Dunion et al., 2019), while others propose internal
gravity waves as the primary driver (Ditchek et al., 2019; Dunion et al., 2014; Evans & Nolan, 2019; Ruppert
& O’Neill, 2019; J. Zhang & Du, 2025; X. Zhang et al., 2023). The gravity wave hypothesis has received
greater attention, but most supporting evidence remains indirect, relying on the agreement between observed
DP propagation speeds and theoretical gravity wave speeds in the relevant environment (Dunion et al., 2014;
X. Zhang et al., 2023), as well as the observed dependence of DP frequency on latitude (J. Zhang &
Du, 2025). However, these two propagation mechanisms do not have to be mutually exclusive and could act
in combination or transition into one another.

These key gaps are addressed through a case study of two TCs using convection-permitting ensemble simulations
with the Weather Research and Forecasting (WRF) model under a realistic physics configuration. We explore
three-dimensional anomaly fields during DP events to identify their structure and assess their interaction with the
diurnal evolution of the TC circulation, with the aim of explaining their preferential nighttime occurrence. In
addition, we provide more direct evidence for the propagation mechanism by examining theoretical propagation
angles and phase relationships among relevant variables, in accordance with dry gravity wave theory.

2. Data and Methods
2.1. Weather Research and Forecasting (WRF) Model Simulations

The TCs analyzed in this study are Supertyphoon Haiyan (2013) and Hurricane Maria (2017), both reaching
Category 5 intensity. These storms were selected for the modeling experiments as representative cases developing
in typical TC genesis environments, characterized by medium vertical wind shear of 6 ms~! for Haiyan (5 ms™!
for Maria) and high sea surface temperatures of 29°C for both cases (Razin et al., 2023a, 2023b). These and
similar WRF model case study frameworks are described in several prior studies (Luschen & Ruppert, 2024;

Luschen et al., 2026; Ruppert et al., 2020).

Both case studies consist of 10-member ensemble simulations conducted using the Advanced Research Weather
Research and Forecasting model (WRF-ARW, version 4.3.1; Skamarock et al. (2021)), with initial and boundary
conditions provided by the NOAA—-NCEP Global Ensemble Forecast System (Hamill et al., 2022). For micro-
physics, we use the two-moment scheme of Thompson and Eidhammer (2014), which is fully coupled to the
Rapid Radiative Transfer Model for GCMs (RRTMG:; Iacono et al. (2008)). The simulations are performed on a
vertical grid with 55 levels, and the analysis are based on output from the 3-km inner nest. Additional details on
model configuration and parameter settings are provided in supporting information of Luschen and Rup-
pert (2024) and Luschen et al. (2026). A further novelty of this work is that the analysis focuses on the early
developmental stage, prior to the time that the storms attained Category 1 intensity. Further details are provided by
Luschen et al. (2026).

Tracking of the TC center follows an approach similar to Bourdin et al. (2022), in which the storm center is
identified based on vorticity maxima across multiple vertical levels. While this method improves the represen-
tation of the track, it fails for 2 and 3 out of the 10 ensemble members of Haiyan and Maria, respectively, as
tracking weak vortices remains challenging. These members are therefore excluded from subsequent analyses.
Further details are provided in the SI.

2.2. Diurnal Pulses (DPs) in the Simulations
2.2.1. Definition and Identification of DP Signals

A DP event is defined as a continuous outward propagation of grid points exhibiting significant cooling that
satisfies the criteria of X. Zhang et al. (2023), including the 25th percentile threshold for brightness temperature
anomalies, a minimum duration of 6 hr, and a propagation distance of at least 300 km. Following a similar method
to J. Zhang and Du (2025), brightness temperature anomalies are calculated as deviations from a 24-hr triangular-
weighted moving average. Figure S3 in Supporting Information S1 presents an example of DP detection for three
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Figure 1. (a) Distribution of LST at which DPs were detected at a 200 km radius. (b) DP propagation speed (ms™') as a
function of DP duration (h). The x-axis begins at the threshold for DP classification. Mean values are indicated by red
diamonds.

ensemble members of Haiyan, illustrating the methodology and the range of variability across members. For all
subsequent analyses, we use hourly model output transformed into cylindrical coordinates centered on the TC
tracks. Within this method, DPs are treated as symmetric rings propagating outward from the TC center.
Sensitivity to asymmetric structures has not been examined and may introduce a bias in this study. Speed is
calculated from the best-fit line fitted to all features that satisfy the DP criteria. Duration is defined as the time
from the start to the end of the fitted line.

2.2.2. Characteristics of Simulated DPs

Model performance and suitability for studying DPs are assessed by comparing the frequency, propagation speed,
duration, and occurrence time of simulated DPs with observations. All reliable model members exhibit at least
one DP, consistent with the results of Ditchek et al. (2019), who showed that such DPs are common even in weak
TCs. Figure 1a shows the LST of both TCs when DPs were detected at a 200 km radius. Roughly half of the DPs
occur between night and early morning (00-05 LST), with the remainder distributed across other times of day.
This overall tendency for detections from early night through the morning hours roughly matches the “Dunion
clock” and is consistent with previous findings (Dunion et al., 2014; X. Zhang et al., 2023).

Figure 1b shows the distribution of DP propagation speeds as a function of duration, which is consistent with
previous observational results (X. Zhang et al., 2023). For longer-duration DPs, propagation speeds tend to level
off around 10-12 m s™!, in agreement with earlier measurements (Ditchek et al., 2019; Dunion et al., 2014; X.
Zhang et al., 2023).

3. Evaluation of TC Structure During DP Events

Our analysis in this and the following sections focuses on Super Typhoon Haiyan. Simulations of Hurricane
Maria showed substantially delayed intensification for reasons that remain unclear, with weaker signatures of DP
amplitudes and fewer DPs overall compared to the Haiyan simulations. Nevertheless, we still performed the
analyses for Maria, and obtained consistent results (Figures S5-S7 in Supporting Information S1).

Figure 2 highlights the coherent anomaly patterns associated with DPs propagating through the TC. By con-
struction, T’ exhibits a pronounced minimum at the DP location. P’ reaches its maximum slightly radially inward
of the 7% minimum, indicating a radial and temporal lag between the coldest cloud-tops and peak precipitation
(Figure 2a). Enhanced rainfall associated with the DP is defined as P’ within 60 km radially inward of the DP,
based on this observed lag (see Text S2 in Supporting Information S1). Median values are approximately 4 mm
h™! and decrease slightly with radial distance from the TC center. Notably, 90%-95% of DPs show an associated
rainfall enhancement, and this fraction increases with increasing radius. These results contrast with those of X.
Zhang and Xu (2022)X. Zhang and Xu (2022), who reported cloud—precipitation coupling in only about 50% of
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Figure 2. Ensemble-mean composites from Supertyphoon Haiyan showing anomalies associated with DPs detected at radii of 200 km (left), 350 km (center), and 500 km
(right) from the TC center. Shown are (a) brightness temperature (T%; red) and rainfall (P’; blue) (b) radial wind (v}; shading) and vertical velocity (w’; contours: solid/
dashed for positive/negative; ms™') and (c) temperature (T’; shading) anomalies. Solid lines in (c) show propagation angles (see Section 3). All variables are smoothed
using a 30-km running window to reduce noise.

cases. The discrepancy likely reflects methodological differences, as we consider all enhanced precipitation near a
DP, whereas X. Zhang and Xu (2022) focused on precipitation pulses, employing a method analogous to their
brightness temperature DP detection. Their inclusion of higher-shear cases may also weaken the relationship.

Figure 2b further shows a positive w’ collocated with and extending slightly ahead of the DP (i.e., radially
outward from the TC center), with a trailing negative w’. This structure is consistent with the findings of Dunion
et al. (2019), who also documented enhanced upward motion at the DP location. In the upper troposphere, a
positive v/ appears ahead of the DP, accompanied by a negative v’. in its wake, most prominently at larger radii. At
mid-levels, a negative v’ indicative of enhanced inflow is observed, while near the surface, a positive v/ consistent
with outflow is present. The magnitude of v/ in the lower and middle levels is comparable to that of the back-
ground TC secondary circulation (not shown), therefore DPs can have a substantial impact on inflow. Exami-
nation of the 7’ field (Figure 2c) reveals both upward- and downward-sloping signatures emerging from
approximately the 200-300 hPa level indicated by the black solid lines. This level can be interpreted as the
approximate location of maximum diabatic heating from which gravity waves are excited. The expected upward
and downward energy propagation above and below this level implies downward and upward phase propagation,
respectively, consistent with the observed sloped signatures.

4. DP Propagation Mechanism Within Classical Gravity Wave Theory

4.1. Propagation Speed and Angle

Consistent with previous studies (Ditchek et al., 2019; Dunion et al., 2014; X. Zhang et al., 2023), the propagation
speeds of longer-duration DPs generally stabilize around 10-12 ms~! (Figure 1), close to the theoretical speeds of
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gravity waves reported by Navarro and Hakim (2016). The estimated angles of vertical tilt from temperature
anomalies (Figure 2c¢), calculated using the arctangent between the start and end points of each line segment, are
in the order of £1° and therefore in line with expectations for gravity waves in a TC environment (O’Neill
et al., 2017). These observations indicate that DPs in our study exhibit characteristics similar to those previously
associated with gravity-wave—driven phenomena.

4.2. The Construction of the DP Phase Space

To further assess the consistency of the DP structure with gravity waves, we adapt Sakaeda et al. (2020) approach
to examine phase relationships among variables by constructing a DP phase space based on brightness tem-
perature anomalies. This approach allows assessment of these relationships regardless of the initiation time or
propagation speed of individual DPs.

The DP phase space is constructed using the brightness temperature anomaly (7%) and its temporal tendency
(dT%/df), both normalized by their respective standard deviations () A phase of 0°/360° corresponds to the peak
of the warm cloud DP (maximum positive T), while 180° represents the center of the cold cloud DP (minimum
negative %), and can be interpreted as a normalized time dimension such that phase increases monotonically with
time. The amplitude is defined as follows:

1 \2 / 2
A= (T—B) + (—dTB/ dt) €))
or, Oar/dr

Only time steps with amplitude A > 0.5 are included in the analysis to ensure focus on significant signals. The

DP phase space is divided into 12 bins of 30° width each, allowing us to compute statistics of DP characteristics as
a function of DP phase.

4.3. Phase Relationships

Gravity waves exhibit characteristic polarization relationships that provide a useful diagnostic for their identi-
fication. The following polarization relationships are adapted from established formulations in the literature
(Markowski & Richardson, 2011):

k
v =Zw! )
m
| N°T
T = —é " 3)

Here, k, denotes the radial wavenumber, m the vertical wave number, N the Brunt-Viisila-frequency, g gravi-
tational acceleration, and Q the intrinsic wave frequency. For gravity waves associated with DPs, a 90° phase lag
is expected between the temperature anomaly (7”) and the vertical velocity anomaly (w’). In addition, the radial
wind anomaly (v)) is expected to be either in phase with or 180° out of phase with w’ (Markowski &
Richardson, 2011).

Figure 3a shows the expected 90° phase lag between w’ and T’ above 200 hPa and below 400 hPa, which is
confirmed by the calculated phase difference in Figure 3d. A notable deviation occurs in the 200—400 hPa layer,
where T’ and w’ are approximately in phase.

Figure 3b shows that v). and w’ are in phase at upper levels and nearly 180° out of phase at lower levels. This
transition is confirmed by the calculated phase difference in Figure 3e. Both phase relationships are consistent
with linear dry gravity wave theory. However, under uniform propagation conditions, only one of these behaviors
would typically be expected rather than both occurring simultaneously. This apparent inconsistency can be
explained by differences in the direction of the vertical phase speed, which determines whether the anomalies are
in-phase or out-of-phase. In Equation 2, the radial wavenumber £, is assumed to be positive, corresponding to
radially outward propagation. The vertical wave number m is given by
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Figure 3. Panels (a—c) present ensemble-averaged anomalies normalized by their standard deviation for Super Typhoon Haiyan averaged over radii of 200-800 km,
including (a) temperature anomaly 7", (b) radial wind anomaly v/, and (c) latent heating anomaly Q’, as a function of the DP phase space (°) Shading shows each
variable, while contours indicate vertical velocity anomalies w’ (solid: positive, dashed: negative). Panels (d—f) show the corresponding phase differences relative to w’.
Red lines within the boxes indicate the median value across all ensemble members, and the red dashed line denotes the expected phase difference for the respective variable.

“

where c,,, denotes the vertical phase speed and 7 the wave period, which is always positive. We find positive and
negative vertical phase speeds (c,,) in the lower and upper troposphere, respectively, which are evident in the
positive and negative tilts of radial wind anomalies in the lower and upper troposphere, respectively (see Figure
S4 in Supporting Information S1 and Figure 6 in O’Neill et al. (2017)). This explains the observed sign change in
the phase relationship between v/ and w’.

Figure 3c shows that O’ and w’ are mostly in phase, as confirmed in Figure 3f, and peak Q' near 200 hPa.

4.4. Effects of Latent Heating on DPs

As discussed in Section 4.3, the middle troposphere (approximately 200-400 hPa) does not exhibit the phase
relationships between 7/ and w’ expected for dry gravity waves. One possible explanation is the presence of peak
latent heating (Q’) in this layer (Figure 3c), which influences temperature. There is also a close alignment be-
tween the structure of Q’ and w’ as discussed previously. This provides a physical explanation for the deviation
from the expected phase relationships: the adiabatic cooling associated with ascending motion is partially offset
by latent heating from convection, reducing and shifting the net 7’ and thereby altering the phase relationship
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Figure 4. Ensemble-mean composites from Super Typhoon Haiyan showing anomalies associated with (a) 03 LST, (b) night DP (detection at 200 km between 00 and 06
LST), (c) day DP (detection at 200 km after 06 LST) and (d) 14 LST as functions of pressure (hPa) and radius from the TC center (km). Upper panels show radial wind
(v!; shading) and vertical velocity (w’; contours: solid/dashed for positive/negative; ms~') anomalies. Middle panels show latent heating (Q7 ; shading) and net radiative
tendency (Q%; contours: solid/dashed for positive/negative; K day’l). Lower panels show rainfall anomalies (P’; blue). DP occurrences are excluded at 03 LST and 14
LST. All variables are smoothed similar to Figure 2.

between the variables. Similar deviations in the phase relationship between 7’/ and w’ are a feature of con-
vectively coupled gravity waves and have been attributed to latent heating (Haertel & Kiladis, 2004; Nakamura &
Takayabu, 2022). Furthermore, the structure of Q' and T’ closely resembles that reported for convectively
coupled gravity waves by Tulich et al. (2007).

The coupling between vertical motion and latent heating has additional important implications. The close
alignment of 7/, w/ and Q’ maxima indicates energy input at these levels, a pattern also evident in the figures of
Evans and Nolan (2019) for energy input through radiative processes. Furthermore, Inoue et al. (2020) argue that
this alignment of Q’ and T’ drives the instability of convectively coupled gravity waves, whereas an out-of-phase
relationship would lead to damping. Consequently, energy input from latent heating can help sustain the wave
during propagation by reinforcing its ascending branch (warm gets warmer). In this way, the coupling to con-
vection not only explains the altered phase relationships in DPs but also highlights the important role of con-
vection in maintaining the wave as it propagates away from TC center.

5. Preferential Nighttime Occurrence of DPs

Figure 4 illustrates the differences between (b) night DPs (detection at 200 km between 00 and 06 LST) and (c)
day DPs (detection at 200 km after 06 LST). Although the overall structure and outflow patterns are broadly
similar, the positive v/ in daytime DPs occurs at slightly higher altitudes and exhibits a larger peak magnitude.
Both DP types are associated with a positive Q] ahead of the DP, with the night DP showing a slightly larger
magnitude (7.9 Kday™") compared to the daytime DP (6.2 Kday™"). In terms of P/, daytime DPs display a more
pronounced P’ maximum near the DP location, whereas P’ associated with nighttime DPs is more spatially
distributed.
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When comparing DP-related features to the background diurnal circulation anomalies in TCs, with times of DP
occurrence excluded, the DP structure more closely resembles the nocturnal circulation pattern at 03 LST
(Figure 4a). All three cases, namely the nocturnal circulation pattern as well as the nighttime and daytime DP
(Figures 4a—4c), exhibit a circulation configuration that is favorable for enhanced inner-core convection and is
characterized by strengthened low-level inflow and enhanced upper-level outflow. This favorable configuration is
reflected in positive Q] associated with convection and positive w’ in the inner core region. This favorable state
for convection is further visible by widespread positive P/ during nighttime hours. These findings are consistent
with observations of nocturnal maximum rainfall in TCs (Bowman & Fowler, 2015; Dunion et al., 2014; Wu
et al., 2015) and with modeling studies linking circulation changes to convection in TCs (Ruppert &
O’Neill, 2019). In contrast, convection is suppressed during daytime at 14 LST (Figure 4d), as indicated by
negative Q’, w/ and P’, especially in the inner radii (<200 km). Additionally, substantially reduced low-level
inflow and its upward shift are less favorable for deep convection and promote dry-air import and ventilation
(Ruppert & O’Neill, 2019). The main cause of this suppression and the associated circulation change is the strong
shortwave heating of the cirrus canopy (not shown), which also leads to a lifting of the outflow region during
daytime (Ruppert & O’Neill, 2019). This lifting may explain the appearance of radial wind anomalies at higher
levels during the day DP (Figure 4.4b-c; top panel).

As discussed in Section 4.4, we claim that DPs can be interpreted as convectively coupled gravity waves, with
convection playing a central role in maintaining them. The results depicted in Figure 4 suggest a positive coupling
between DPs and the nocturnal circulation, facilitated by a more favorable environment for deep convection,
whereas destructive interference appears to occur during daytime. The constructive nocturnal interference may
explain the higher frequency of DPs observed at night compared to daytime.

Regarding the mechanisms responsible for triggering DPs, we hypothesize the existence of two distinct triggering
mechanisms depending on the time of initiation (see also Evans and Nolan (2022)). Both mechanisms generate a
gravity-wave response associated with DPs. At night, DPs are initiated by convective plumes, as evidenced by
enhanced Q] and w’ and generally stronger convection. Sudden changes in static stability due to such stronger
convection would thus excite gravity waves. Consistent with this idea, Ditchek et al. (2019) reported that
overnight enhanced deep convection in the inner core was a key precursor to cooling DPs. During the daytime,
however, this mechanism appears less likely due to a less favorable environment for convection. Instead, the
daytime onset of shortwave heating of the cirrus canopy may act as the dominant triggering mechanism as
suggested by Evans and Nolan (2019). Other mechanisms beyond the ones proposed here may also trigger diurnal
gravity-wave responses, highlighting the need for further study.

6. Summary and Conclusion

This study has examined the characteristics and underlying mechanisms of diurnal pulses (DPs) using convection-
permitting ensemble simulations of two distinct tropical cyclones (TCs). Specifically, we aimed to (a) provide a
detailed characterization of the vertical extent of DPs, (b) identify their propagation mechanism, and (c) examine
the processes responsible for their preferential nighttime initiation.

Analysis of the TC structure during DP events indicates that DPs are associated with enhanced upper-level
outflow radially outward of the DP, while anomalously weaker outflow inside the DP is only evident when
the DP is located farther from the TC center. DPs are also associated with substantially reduced low-level inflow
and enhanced midlevel inflow near the DP location. They are further associated with positive vertical velocity at
and ahead of the DP position, as well as increased precipitation in its wake. Temperature anomalies exhibit
upward- and downward-sloping structures associated with the expected dispersion of wave energy (group ve-
locity), propagating upward above and downward below the approximate level of the heat source. All anomalies
display organized vertical and radial patterns that evolve systematically as the DP propagates through the TC.

An examination of propagation speeds, propagation angles, and, most notably, the phase relationships among the
various variables within a classical dry gravity wave framework provides strong support for gravity wave
propagation as the mechanism governing DP propagation. However, departures from the expected phase re-
lationships in the 200400 hPa layer require further explanation. We provide evidence that these deviations are
attributable to interactions with convection and latent heat release, given strong consistency with convectively
coupled gravity waves (Haertel & Kiladis, 2004; Tulich et al., 2007). Furthermore, the alignment of latent heating
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with positive temperature anomalies underscores the importance of moist convection for sustaining the DP-
associated wave by driving its instability (Inoue et al., 2020).

The composite DP structure more closely resembles the nocturnal part of the diurnally varying transverse cir-
culation of the TC, characterized by enhanced low-level inflow and upper-level outflow that favor convective
development in the inner core (Ruppert & O’Neill, 2019). This background nocturnal circulation constructively
interferes with the DP-induced anomalies, potentially explaining the preferential nocturnal initiation of DPs. In
contrast, during daytime hours, reversal of these transverse circulation anomalies favor the suppression of con-
vection, which is destructive for DP signals.

Based on these results, we hypothesize the existence of two distinct initiation mechanisms for DPs. During
nighttime, enhanced inner-core convection or convective plumes associated with radiative destabilization,
particularly in the upper troposphere above 200 hPa, may perturb static stability and generate a gravity wave
response. During daytime, shortwave solar heating of the cloud canopy may act as an alternative triggering
mechanism (Evans & Nolan, 2019). Future studies are needed to further evaluate and quantify these proposed
initiation pathways.
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