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Abstract This study investigates the characteristics and mechanisms of diurnal pulses (DPs) in tropical
cyclones (TCs) over the Northwest Pacific. Previous studies have noted discontinuities in DP propagation with
respect to radius, but lacked an explanation for this phenomenon. Our findings reveal that this discontinuity
results from the superposition of an outward-propagating mode driven by inertial-gravity waves and quasi-
phase-locked signals associated with the diurnal variations in the TC secondary circulation. DP occurrence
exhibits strong latitude dependence. DPs occur more frequently within 0°-30°N latitude, likely driven by
inertial-gravity waves originating from the TC inner core at the tropopause. North of 30°N, DP propagation is
primarily influenced by the TC outflow winds, with the DP propagation speed strongly correlated to outflow
strength. Additionally, DPs share similarities in characteristics and mechanisms with the offshore propagation
of coastal rainfall, both governed by inertial-gravity waves in lower latitudes and by wind advection at higher
latitudes.

Plain Language Summary Diurnal pulses (DPs) are outward-propagating cold cloud features at high
altitudes found in tropical cyclones (TCs). Previous studies have observed an apparent break in DP propagation,
where DP composite pattern shows “two-segment” propagation in the inner and outer regions of the TC. Our
study explains that although DPs move continuously outward, they are superimposed with quasi-phase-locked
diurnal signals associated with the TC secondary circulation, creating the appearance of a discontinuity. We
propose that analyzing DP anomalies can help separate the true continuous DP signal from the combination of
these two behaviors. In addition, DPs in TCs share similarities with offshore propagation of coastal rainfall.
Both occur more frequently within 0°-30°N latitude, mainly influenced by inertial-gravity waves, while at
higher latitudes, their movements are largely dependent on TC outflow or background winds.

1. Introduction

Diurnal variations in radiation play a crucial role in the development of convection systems over the ocean.
Nighttime cooling enhances nocturnal instability (Kraus, 1963; Randall et al., 1991) and relative humidity
(Dudhia, 1989; Tao et al., 1996). The differential nighttime cooling between cloud-covered and cloud-free re-
gions strengthens low-level convergence (Gray & Jacobson, 1977). These mechanisms contribute to nighttime
intensification and the pronounced diurnal cycles in clouds, rainfall and convective structures (Ruppert &
Hohenegger, 2018; Ruppert & Johnson, 2016).

Tropical cyclones (TCs), as organized mesoscale convective systems over the ocean, also display significant
diurnal variations in intensity, structure, and convection (Bowman & Fowler, 2015; Hong & Wu, 2023; Leppert &
Cecil, 2016; Ruppert & O’Neill, 2019; Tang & Zhang, 2016; Wu & Ruan, 2016; Wu et al., 2015; X. Zhang &
Xu, 2024). The extensive TC cirrus canopy plays a critical role in radiative and convective diurnal changes. At
night, enhanced cloud top longwave cooling promotes the inner-core deep convection and the lower-to-mid-level
circulation, accompanied by observed increases in boundary layer inflow within the TC (J. A. Zhang et al., 2020).
During the day, shortwave radiation suppresses deep convection, promotes upper-level circulation and enhances
TC outflow (Navarro et al., 2017; Ruppert & O’Neill, 2019).

A prominent feature of the TC diurnal cycle is the cooling signal of upper-level cold clouds, characterized by low
brightness temperatures (BT), which propagate radially outward from the TC center and are referred to Diurnal
Pulses (DPs) (Ditchek, Molinari, et al., 2019; Dunion et al., 2014; Piersante et al., 2023; X. Zhang et al., 2023).
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Figure 1. The composite Hovmoller diagrams of azimuthally averaged brightness temperatures (al—e1) daily anomalies (K) and (a2—e2) 6-hr trends (K) for (al, a2) all
tropical cyclone (TC) days, (b1, b2) diurnal pulse (DP) days, (c1, c2) non-DP days, (d1, d2) the difference between DP days and non-DP days, and (el, €2) the difference
between DP days and all TC days (DP anomaly). Dots indicate grids used for speed calculation, with a 20th percentile threshold for each subplot. Speeds are derived
from the temporal medians of grid points corresponding to each radius via linear regression.

DPs typically form in the inner core near sunset and propagate several hundred kilometers outward by the
following afternoon (Dunion et al., 2014), occurring on 52% of TC days globally (X. Zhang et al., 2023).
Although there is quasi-continuous propagation within individual DP events, composite DP signals show a
discontinuity between the inner and outer regions with two-segment propagations (Fig. 8 in X. Zhang et al. (2023)
and Figure 1). This discontinuity is characterized by a distinct weakening and deceleration of the pulse between
09:00 and 12:00 local standard time (LST) within 200400 km radius, followed by reacceleration and intensi-
fication beyond 400 km after 15:00 LST—a phenomenon that remains unexplained.

Previous studies have documented that DPs are closely related to changes in TC structure and intensity, with
evidence of coupling between DP, precipitation, and deep convective structure (Ditchek et al., 2020; Ditchek,
Corbosiero, et al., 2019; Ditchek, Molinari, et al., 2019; Trabing & Bell, 2021; X. Zhang & Xu, 2022, 2024). DPs
are also considered a significant precursor to TC rapid intensification (X. Zhang & Xu, 2021). Outward-
propagating signals in convection have been detected in deep layer alongside DPs (Dunion et al., 2014), and a
squall-line-like feature in vertical velocity has been observed throughout the TC environment (Ditchek
et al., 2020; Dunion et al., 2019). These findings suggest that DPs might not be confined to the outflow layer, but
instead correspond to coupled oscillations extending through the deep layer of the TC environment.

Given the significant influence of diurnal variations in radiative and convective heating on TCs, previous studies
suggest that DPs are associated with diurnal inertial-gravity waves, with an average propagating speed of 11—
13 m sfl, similar to the phase speed of these waves (Ditchek, Corbosiero, et al., 2019; X. Zhang et al., 2023).
Similar to clouds and precipitation, numerical models show spatially coherent diurnal changes in temperature and
radial wind, both horizontally and vertically, consistent with gravity waves characterized by horizontal wave-
lengths of approximately 1,000 km. These waves are triggered by diurnal forcing at the height of TC outflow layer
(13-14 km) (Navarro & Hakim, 2016; O’Neill et al., 2017). However, while the inertial-gravity-wave mecha-
nisms of DPs have primarily explored through numerical simulations, the evidence provided by statistical ana-
lyses calls for further investigation.

Similarly, near global coastlines, land-sea breeze circulations can excite inertial-gravity waves in response to
land-sea thermal contrast (Du & Rotunno, 2015; Jiang, 2012; Rotunno, 1983), resulting in the nighttime offshore
propagation (OP) of coastal precipitation (Du & Rotunno, 2018; Kilpatrick et al., 2017; Li & Carbone, 2015). OP
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occurs along 78% of global coastlines at an average speed of approximately 13 m s™', with a strong latitude
dependence: within 0°-30° latitude, OP is primarily controlled by inertial-gravity waves, whereas poleward of
30°, offshore background winds play a dominant role (Fang & Du, 2022). OP shares conceptual similarities with
the DPs in TCs in both propagating speeds and its association with inertial-gravity waves, suggesting a possible
connection between the two phenomena.

The Northwest Pacific (WNP) is the most active TC genesis basin worldwide, and TCs in this region exhibit the
highest occurrence rate of DPs among all ocean basins (X. Zhang et al., 2023). This study revisits DPs of TCs over
the WNP and seeks to address three key scientific questions to deepen our understanding of DP characteristics and
the dynamic mechanisms driving TC diurnal variations:

1. What causes the discontinuity in composite DP signal between the inner and outer regions?
2. Do DPs exhibit a latitude-dependent inertial-gravity wave mechanism based on observed statistics?
3. What is the relationship between DPs in TCs and OP near the coast?

2. Data and Methods
2.1. Data

Three-hourly TC track data from 2001 to 2022 are obtained from the International Best Track Archive for Climate
Stewardship (IBTrACS) version 4 (Kenneth et al., 2019; Knapp et al., 2010) to acquire time series and central
coordinates for each TC. Cloud top infrared BT with a three-hour temporal resolution and a spatial resolution of
0.07¢ are obtained from NOAA's Gridded Satellite (GridSat) B1 data set (Knapp et al., 2011) to characterize TC
cold clouds and identify DP events.

Atmospheric variables are derived from the hourly fifth-generation global atmospheric reanalysis data sets
(ERAS) produced by ECMWE. ERAS data have a horizontal resolution of 0.25° and include 37 vertical levels
from 1,000 to 1 hPa (Copernicus Climate Change Service, 2018). ERAS data are used to diagnose TC outflow,
cloud, secondary circulation and gravity-wave features, as well as to calculate radiative heating rate. Previous
studies have confirmed that ERAS offers reliable and validated data sets for examining diurnal-scale gravity
waves, particularly in large-scale statistical analyses (Chen & Du, 2024; Chen et al., 2025; Du, 2023). To ensure
temporal consistency, only ERAS data corresponding to IBTrACS timestamps are used for calculations. All data
are linearly interpolated to hourly LST and regridded onto a TC-center polar coordinate system: BTs data are
mapped with 5-km radial spacing (0-800 km) and 2-degree azimuthal intervals, while ERAS data adopt 20-km
radial spacing and 6-degree azimuthal intervals.

2.2. Definition and Identification of DP Signals

Following the approach outlined by X. Zhang et al. (2023), we identify DP events for 543 WNP TCs from 2001 to
2022 using two methods: (a) daily BT anomaly, calculated as the difference from a 24-hr moving average, and (b)
6-hr BT trend difference, determined as the current BT minus the BT from 6 hr prior. Significant cooling grid
points are identified through azimuthally averaged Hovmoller diagrams at 20-km radial and 3-hourly temporal
resolutions, For each method, significant cooling is identified using the 25th percentile thresholds: —3.02 K for
the daily anomaly method and —3.96 K for 6-hr trend method.

A DP event is defined as a continuous propagation of significant cooling grid points that meets the criteria set by
X. Zhang et al. (2023), including a minimum duration of 6 hr, a propagation length of at least 300 km, and the
selection of the largest cluster per day. Based on these criteria, we identify a total of 1926 DP events from
4598 TC days using the daily anomaly method, and 1789 DP events using 6-hr trend method. In addition, TC days
containing DP events are classified as DP days, while those without are categorized as non-DP days.

3. Results

3.1. Characteristics of DP Occurrence
3.1.1. DP Under Different Definitions

To analyze the characteristics of DP occurrence, we compose cloud top infrared BT's for all TC days, DP days, and
non-DP days using both the daily anomaly and 6-hr trend methods (Figure 1).
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Figure 2. Probability distribution function of diurnal pulse events characteristics, categorized by (a) initial time (LST), (b) initial radius (km), (c) duration (hr),
(d) propagating distance (km), (¢) propagating speed (m s™"), and (f) pulse amplitude (K). Red lines represent all events; purple and green lines correspond to events
initiating within 0-200 km and beyond 200 km radius, respectively. Orange and blue bars indicate events occurring within 0°-30°N and north of 30°N, respectively.

The composite BT patterns obtained from the two methods are largely consistent, but the 6-hr trend method
identifies DP initiation approximately 3 hr earlier. While the daily anomaly method yields slightly weaker
amplitude signals, both methods exhibit comparable propagation speeds. On DP days (Figures 1b1 and 1b2), both
methods display two distinct outward-propagating cooling signals, consistent with X. Zhang et al. (2023). The
first signal occurs within 0-200 km from night to early morning, while the second develops within 200-800 km
from afternoon to evening, with the latter propagating at a faster rate.

The discrepancies observed in initial time and amplitude between the daily anomaly and 6-hr trend methods arise
from differences in calculation. A variable exhibiting diurnal variation can be represented as
fH) = A sin(t X ﬁ + (p) + C, where ¢ is the LST (hour), A is the amplitude, ¢ is the initial phase, C is constant,
and the 24-hr period reflects the diurnal cycle. In the daily anomaly method, the diurnal signal is extracted by
subtracting the diurnal mean (C) from f(z), yielding f, () = A sin (t X 55 + q)). In contrast, the 6-hr trend method
approximates the diurnal variation by differencing values separated by 6 hr: f,(r) = Asin
(t X &+ @) — Asin[(t — 6) X & + 9] = V2Asin(r X £ + ¢ + %) = \2Asin[.(t + 3) X & + @] This
indicates that the trend method amplifies the diurnal signals by a factor of \/5 and introduces a n/4 phase lead,
equivalent to a 3-hr advance in time. Despite these differences, both methods yield consistent initial location,
duration, propagating distance, and propagating speed. However, DPs identified using the daily anomaly method
peak later and exhibit weaker amplitudes (Figures 2a and 2f) compared to X. Zhang et al. (2023) that used the trend
method, highlighting the sensitivity of the diurnal phase to the chosen definition method. While the daily anomaly
method better preserves the natural diurnal cycle, the trend method enhances signal strength but introduces a phase
shift. Since the daily anomaly approach more accurately represents the natural diurnal phase compared to the trend
method, it is used for the subsequent analysis in this study.

Another interesting observation is that a portion of DP events exhibit an “off-the-clock” behavior (Figure 2a),
initiating at different LST from the “diurnal clock” described by Dunion et al. (2014). The second most common
initial time for all DPs, especially for DPs within 0°~30°N, occurring between 9 and 15 LST, is mainly attributed
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Figure 3. Azimuthally averaged cross-sections of radiative heating rate (shaded, K day™"), diurnal anomalies in secondary
circulation (vectors) and specific cloud ice + liquid content (contour, mg kg™') on non-DP days: (a) nighttime (23-02 LST)
and (b) daytime (11-14 LST). Bold arrows indicate the relative two-layered circulation structure.

to events initiating from the outer region beyond a 200-km radius. This latter initial time may reflect signals which
are indiscernible in the inner-core but become detectable in the outer region. In contrast, DPs initiating from the
inner-core (0-200-km radius) occur most frequently at night, consistent with the “diurnal clock,” with a smaller
fraction of “off-the-clock.”

3.1.2. Decomposition of the DP Signal

While individual DP events propagate continuously outward from the core of TC, the composite DP signal ex-
hibits a discontinuous propagation pattern characterized by a distinct “two-segment” feature (Figure 1b1), which
has not been fully explained in previous studies. However, our analysis reveals that DP anomaly, the difference
signal between DP and non-DP days or all days (Figures 1d and le), exhibits continuous outward propagation.
These composite DP anomalies initiate in the early morning from the inner core and travel at approximately
10 ms™', reflecting the diurnal-wave nature of DPs. Additionally, similar propagation behavior is observed in the
upper-level ice condensate (figure not shown), indicating the correlation between BT cooling and condensate
growth. Unlike DP composites, the propagating mode can be isolated by analyzing DP anomalies.

Interestingly, BT on non-DP days shows two quasi-phase-locked signals: one from the inner core (0-200 km
during 03—06 LST) and another from the outer-region component (200—-800 km during 13-20 LST) (Figure 1cl).
The outer-region component extends to approximately 1,200 km radius (figure not shown), likely corresponding
to the typical outer boundary of the TC secondary circulation. Therefore, the composite DP-day signal results
from the combination of an outward-propagating mode and two inherent phase-locked modes, which naturally
explains the observed discontinuous propagation and the “two-segment signal,” where weakening occurs between
09 and 12 LST. This finding suggests the observed discontinuity is not caused by distinct propagation mecha-
nisms between inner and outer regions, but rather is a result of the interaction between these multiple modes.

The quasi-phase-locked signals are driven by diurnal variations in the TC's secondary circulation. Figure 3
displays the radiative heating rate Oy and diurnal anomalies in vertical-radial flow during both nighttime and
daytime on non-DP days. Qp (K day™') is calculated from the Lagrangian derivative of moist static energy
h=cT+Lg+gz( kg™') with tangential average as derived by Ruppert and Hohenegger (2018):

D_hz(cll—i_%)QR )

Dt 86400
where ¢, = 1005 J kg™' K™! is the specific heat of dry air at constant pressure, L = 2.54 x 10® — 2910 X
(T — 273) J kg~ is the heat of condensation, where T (K) is the temperature. During the nighttime on non-DP
days, surface convergence enhances upward motion at mid-to-lower levels (Figure 3a), promoting stronger deep
convection. The deep convective clouds undergo longwave cooling in the inner-core cloud top, which is reflected
in the cooling BT observed within 200 km at night (Figure 1c1).
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Conversely, during the daytime on non-DP days, shortwave radiation heats the upper-level clouds and promotes
the mid-to-upper-level secondary circulation (Figure 3b). This leads to an overall lifting of the cirrus canopy and
an increase in condensate due to adiabatic cooling. The increased cloud top height and enhanced ice crystal
content contribute to the quasi-phase-locked BT cooling observed in the afternoon over the TC's outer-region
(Figure 1cl).

Therefore, this finding offers the first statistical explanation for the observed DP discontinuity supported by
observational evidence, improving upon previous studies that lacked such decomposition.

3.2. Latitude Dependence of DP

The DP continuous propagation mode has been hypothesized to be linked to inertial-gravity waves. Based on
wave theory, the dispersion relation for the hydrostatic inertial-gravity waves in a rotating, stably stratified at-
mosphere (Navarro & Hakim, 2016; O’Neill et al., 2017) is:

N2k?
g @)

w2=f2+

where o is the diurnal frequency, f is the Coriolis frequency at a specific latitude, N is the Brunt—Viiséld fre-
quency, k is the radial wavenumber and m is the vertical wavenumber. Note that Equation 2 neglects the inertial
component associated with relative vorticity, which is a reasonable approximation in a TC environment, except
the very near-core region (Navarro & Hakim, 2016; O’Neill et al., 2017). Given w* — f 2 = %]2‘, > 0, the inertial-

gravity waves only survive within latitudes of 0°-30°.

If diurnal inertial-gravity waves play a key role in DP behavior, DPs should exhibit strong latitude dependence.
Our statistics show that DPs occur on 49.1% of TC days within 0°-30°N, which is significantly higher than the
11.0% occurrence north of 30°N. Within 0°-30°N, DP anomalies display clear outward propagation with
continuous phase and speed, along with a farther-reaching distance (Figure 4a). In contrast, north of 30°N, DP
anomalies propagate slightly faster, and exhibit a more pronounced propagation at larger radii compared to the
inner core (Figure 4b). Individual DP events north of 30°N generally have shorter duration, smaller propagation
distance, and weaker amplitude (Figures 2c, 2d and 2f). Additionally, these DPs tend to initiate later and display
more variable propagation speeds (Figures 2a and 2e), suggesting that factors other than inertial-gravity waves
influence DP behavior at higher latitudes.

To confirm the presence of inertial-gravity waves associated with DPs within 0°-30°N, we further examine the
wave polarization relationship. The wet equivalent potential temperature 05 (K) is calculated as derived in
Rossby (1932):

1000\ 1o

65 = T(T) e"’T, (3)

where L is the heat of condensation, ¢ is the specific humidity, T is the temperature, and P is pressure. The spatial
average within an 800-km radius is subtracted to remove the diurnal shortwave heating influence. Figure 4c il-
lustrates the phase relationship between potential temperature and vertical velocity at 175 hPa. Both warming and
upward anomalies display diurnal outward propagation at approximately 10 m s~', consistent with DP behavior.
The observed 90° phase lag between temperature and vertical velocity aligns with the expected polarization
relationship of inertial-gravity waves (Nappo, 2012).

To diagnose vertical wave propagation, we analyze the vertical cross-section of horizontal divergence anomalies
in the TC outer region. Figure 4d shows opposing vertical propagation directions below and above an altitude of
14 km, with wave phases propagating upward in the troposphere and downward in the stratosphere. According to
the linear gravity wave theory (Nappo, 2012), this pattern indicates that the group velocity, representing wave
energy, propagates downward in the troposphere and upward in the stratosphere, originating from a wave source
at the tropopause.

ZHANG AND DU

6o0f 11

85U SUOWILLIOD AIERID 9|qeal|dde au Aq peusenob aJe SajoiLe YO ‘88N Jo Sa|nJ Joj Aid18ulUQO 8|1/, UO (SUOTIIPUOD-PUE-SWIS) 0D A8 |IM"Akeq 1 [pul [UO//:SdNL) SUONIPUOD PUe SW.B | 8y} 89S *[G20z/20/6T] Uo Akeiqi auljuo A8|IM ‘PSSITT 19G5202/620T 0T/10p/wod A |1m Arelqpuluo 'sgndnfe//:sdny wouy pepeojumod ‘vT ‘5202 ‘L008YY6T



A~y
M\\I Geophysical Research Letters 10.1029/2025GL116554
ADVANCING EARTH
AND SPACE SCIENCES

a) DP Ano (<=30N) b) DP Ano (>30N)
21 8 214 8
S 18 . S 18
g e !
o 15 4 o 15
£ £
5 12 2 sl 5 12
g 0 3 0
kel ©
5 § 09
(%] (]
© 1 g -
§ 1 § 06 1
03
-3 -3
—————— 00 +———1—r——1—
400 600 800 200 400 600 800
radius (km) radius (km)
c) 175hPa theta & w (<=30N) 5 d) 500-800km Div Ano (<=30N)
- 20
21 .05 2o y 9
3'® 0o 7 1 3
=
- B F
= < _ - 12 <
° 12 0 o 200 = 0
8 2 250 S
S 09 S 300 - 2
s * 400 -8
K] -.02 h -3
8 06 500
03 I 700 ¢
-.05 850 -9
00 lll4 1000 T T T T T
0 200 400 600 800 00 03 06 09 12 15 18 21
radius (km) Local Standard Time (hour)
e) Outflow Ano & 150hPa theta (<=30N) f) Outflow Ano (>30N)
3 21 3
5 S 18
-50, A g A
o o 15
£ £
5 5 12
3 0 3 :
el el
5 § 09
(%] 7]
z -1 8 -
§ A :o’ 06 A
03
-3 -3
00 . . : 00
0 200 400 600 800 0 200 400 600 800
radius (km) radius (km)

Figure 4. The composite azimuthally averaged daily anomaly characteristics. Diurnal pulse anomalies (K) (a) within 0°—
30°N and (b) north of 30°N. Dots indicate grids for speed calculation. (c) Anomalies in potential temperature (shaded, K) and
vertical upward motion (hatched, values less than —2 X 10~* Pas™") within 0°~30°N at 175 hPa. (d) Vertical section of 500—
800 km radius-averaged horizontal divergence anomalies (10~ s™") within 0°~30°N. TC outflow anomalies (radial wind
anomalies at 150 hPa, m s™") (e) within 0°~30°N and (f) north of 30°N, with hatched area indicating warming anomalies at
150 hPa.

We hypothesize that DPs occurring north of 30°N are driven by upper-level TC outflow through wind advection
effects. The statistical relationship between DP speed and outflow speed (quantified as the radial wind at 150 hPa
averaged over the 200-800 km radius) further highlights the latitude dependence of DPs. For TCs north of 30°N,
DP speed exhibits a positive correlation with outflow speed, with statistical significance exceeding the 95% level
in the Student's #-test (Figure 5a2). This suggests that the afternoon-enhanced outflow, which peaks in strength
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Figure 5. Box plots of diurnal pulse (DP) speeds and corresponding tropical cyclone outflow winds: (al) within 0°~30°N and
(a2) north of 30°N. (b) Box plot of DP speeds and their corresponding initial latitudes, with top and bottom 3% of outliers
(dots) removed. Yellow diamonds represent the mean values, and solid lines represent linear regression, with red lines
indicating statistical significance at the 0.05 level.

between 300 and 600 km radius (figure not shown), is likely responsible for the propagating signal observed in the
composite DP anomalies at higher latitudes (Figure 4b). Conversely, within 0°-30°N, DP speed does not
significantly correlate with outflow strength (Figure 5al). This indicates that while DP initiation at all latitudes
may be linked to common drivers such as convection or radiative processes, the mechanisms governing propa-
gation may differ. Specifically, the propagation of DPs north of 30°N is likely influenced by the advection of TC
outflow, whereas the propagation of DPs within 0°-30°N are likely governed by inertial-gravity waves.

The investigation in diurnal radial wind anomalies at 150 hPa reveals distinct differences in outflow behavior
within 0°-30°N and north of 30°N. North of 30°N, outflow is enhanced during daytime (Figure 4f), consistent
with the strengthening of TC's upper-level secondary circulation during the day (Figure 3b). In contrast, within
0°-30°N, outflow anomalies exhibit outward propagation (Figure 4¢) similar to DP signal. Specifically, inten-
sified radial wind anomalies precede warming anomalies, aligning with the expected wave polarization rela-
tionship. Therefore, diurnal outflow signals within 0°-30°N result from inertial-gravity waves, whereas north of
30°N, they are driven by the diurnal variations in the TC secondary circulation.

4. Discussion: Comparisons Between DP and OP

Comparing the results of this study with those of Fang and Du (2022), both DPs in TCs and OP of coastal rainfalls
exhibit a strong dependence on latitude. Within 0°-30° latitude, both DP and OP occur more frequently than
poleward of 30° latitude, and both are similarly driven by inertial-gravity waves. According to the dispersion
equation for hydrostatic inertial-gravity waves (Equation 2), the horizontal phase speed can be calculated as:

w w
=22 = )

This equation suggests that the wave speed theoretically increases with latitude within 0°-30° due to the Coriolis
effect. Consistent with this theoretical expectation and previous findings on OP (Fang & Du, 2022), the DP speeds
increase in mean values with latitude but show a more dispersed distribution (Figure 5b). This dispersion might
arise from the complex background conditions within the TC environment and internal vortex dynamics,
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including the effects of relative vorticity on inertial stability (Evans & Nolan, 2019; Knaff et al., 2019), which
contrasts with OP, where the environment is typically more stable and closer to the ideal conditions for gravity
wave propagation (Coppin & Bellon, 2019; Short et al., 2019).

Poleward of 30° latitude, in absence of inertial-gravity waves, background wind advection becomes the dominant
factor influencing both OP and DP propagation. Fang and Du (2022) found that OP occurrence frequency in-
creases under offshore winds, and similarly, DP speed positively correlates with TC outflow velocity
(Figure 5a2).

5. Conclusions and Discussion

The study revisits the characteristics of outward-propagating cold-cloud DPs in TCs over the WNP from 2001 to
2022. Previous studies identified a DP discontinuity, characterized by a “two-segment signal” in composites over
DP days. This study aims to explore this previously unexplained feature and investigate the underlying physical
mechanisms driving this phenomenon.

1. The observed DP discontinuity results from a combination of an outward-propagating mode originating from
the TC center and two inherent quasi-phase-locked modes. Unlike DP composites, the propagating mode can
be isolated using DP anomalies. This outward-propagating mode initiates at 04—05 LST from the inner core
and propagates continuously at a speed of approximately 10 m s™', close to phase speed of gravity waves.
Meanwhile, the quasi-phase-locked modes are associated with diurnal variations in the TC secondary circu-
lation. During the night, enhanced inner-core deep convective clouds undergo radiative cooling, while during
the day, the upper-level circulation strengthens to lift and cool the cirrus canopy with more condensate away
from the core.

2. DPs strongly depend on latitude, highlighting the potential role of inertial-gravity waves. Within 0°-30°N,
DPs exhibit higher frequency, longer propagating distance, and stronger amplitude, likely driven by inertial-
gravity waves. The wave source is located at the tropopause, where outward-propagating signals simulta-
neously propagate both upward or downward. North of 30°N, DPs occur less frequently, and their propagation
speeds are closely linked to TC outflow strength due to background wind advection.

3. DPs in TCs and OP of coastal rainfall share similar mechanisms, both are associated with inertial-gravity
waves within 0°-30° latitude, though originating from different wave sources. Poleward of 30°, both phe-
nomena are primarily influenced by advective winds.

This study suggests that DPs are associated with inertial-gravity waves through a statistical approach, which
differs from previous studies that used numerical models (Dunion et al., 2019; Navarro & Hakim, 2016; O’Neill
et al., 2017; Ruppert & O’Neill, 2019). However, it remains unclear whether these waves are primarily excited by
diurnal variations in radiation or convection (Dunion et al., 2014; O’Neill et al., 2017). Additionally, the impact of
vertical shear direction on TC inertial-gravity waves and DPs is still not fully understood.

Moreover, while our results reveal a quasi-phase-locked cooling signal associated with the overall cloud top
lifting in the afternoon on non-DP days, the all-days composite Hovmdller diagram from simulations (Figure 3a in
Ruppert and O’Neill (2019)) suggest that the greater cloud top heights at larger radii propagate outward diurnally,
at speeds consistent with typical DPs. This difference may arise because the all-days composite includes con-
tributions from DP events, which exhibit outward-propagating signals not present on non-DP days.

Additionally, we find both propagating and quasi-phase-locked modes exhibit distinct characteristics across
varying TC intensities and sizes, particularly in terms of propagating speed, spatial extent, and signal amplitude
(Text S1 and S2, Figures S1 and S2 in Supporting Information S1). These variations may provide valuable in-
sights into the mechanisms behind DPs, and their underlying causes require further investigation.

Future research could expand this analysis to other ocean basins to evaluate the generality of our conclusions.
Additionally, further studies will explore the impacts of convection and radiation on TC diurnal gravity waves, as
well as the asymmetric effects of vertical wind shear, to further advance our understanding of the DP mechanism
and diurnal changes in TCs.
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