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ABSTRACT
The study of tropical cyclones re-entering the ocean or making ‘seafall’ has been limited. Here, idealised simulations are used to 
study the re-intensification of seafalling tropical cyclones. They follow a two-stage fast-slow process driven predominately by a 
change in surface friction initially and then by heating. The previous land decay causes seafalling tropical cyclones to be larger 
and intensify more slowly with milder inner-core contraction than in ocean-only cases. Nonetheless, they reach the same inten-
sity but with almost twice the integrated kinetic energy, so that the second landfall made by seafalling tropical cyclones can cause 
more damage due to their larger footprint of destructive wind.

1   |   Introduction

After making landfall, a tropical cyclone (TC) is cut off from 
the supply of heat and moisture from the ocean and experiences 
increased surface friction, generally leading to its weakening 
(Chen and Chavas 2020, 2021, 2023; Phillipson and Toumi 2021; 
Sparks and Toumi 2022a; Hlywiak and Nolan 2021; Takahashi 
and Nolan 2024; Takahashi et al. 2024). However, if such a per-
turbed system then re-enters the ocean (hereafter seafall), it can 
re-intensify. In fact, TCs in the western North Pacific and North 
Atlantic basins often pass over land and re-intensify over the 
ocean before making another landfall. For example, Typhoon 
Noru (2022) passed through Luzon Island before making land-
fall at Da Nang, Vietnam; Hurricane Ian (2022) passed through 
Cuba and then Florida before making its third and final landfall 
at Georgetown, South Carolina. They both re-intensified upon 
seafall (Wei et al. 2024; Heidarzadeh et al. 2023).

There are a handful of studies on the statistics of seafalling TCs 
in the western North Pacific. Brand and Blelloch  (1973) and 

Brand and Blelloch (1974) are the first studies on seafalling TCs 
crossing the Philippines and Taiwan, respectively. They focused 
exclusively on the changes in TC characteristics such as inten-
sity, size, translation speed, and track before and after passage 
over land. These statistics, while somewhat helpful for the op-
erational forecaster, provide little insight regarding the physical 
processes driving the structural evolution and re-intensification 
of seafalling TCs.

The only mechanism proposed for the re-intensification of sea-
falling TCs is that of land-induced eyewall replacement as part 
of the following case studies by full simulation: Typhoon Zeb 
(1998) crossing the Philippines (Wu et al. 2009; Wu et al. 2003), 
Typhoon Megi (2010) crossing the Philippines (Wang and 
Wang  2014, 2021), Typhoon Fanapi (2010) crossing Taiwan 
(Yang et al. 2018), and Typhoon Mangkhut (2018) crossing the 
Philippines (Lau et al. 2024). However, only 57% of the TCs that 
cross the Philippines experience land-induced eyewall replace-
ment, and the figure is even lower for TCs that cross Taiwan 
(Chou et al. 2011).
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It is therefore important to establish the general processes of TC 
seafall re-intensification. A clear understanding of the physics 
behind and the associated structural evolution of seafalling TCs 
is a first step to allow for better predictions of their behaviour 
leading up to the second landfall and could aid operational fore-
cast and risk mitigation efforts.

2   |   Methods

2.1   |   Simulation Setup

The Weather Research and Forecasting (WRF) model version 
4.4.1 (Skamarock et al. 2021) is used to run idealised simulations 
of TCs re-entering the ocean after spending time over land to study 
their seafall structural evolution. Two nested square domains 
with two-way interactions are used on an f -plane of fixed latitude. 
The inner domain with 802-by-802 grid cells and 3.999 km grid 
spacing (3207.198 km side length) is embedded in the outer domain 
with 600-by-600 grid cells and 11.997 km grid spacing (7198.2 km 
side length). The two domains are centre-aligned and both have 
45 vertical levels, around 12 of which are below 2 km. The time 
steps of the inner and outer domains are 10 s and 30 s respectively.

An initial axisymmetric bogus vortex described by a near-
surface tangential wind speed profile V0(r) detailed in Wang 
and Toumi (2019) is introduced into the model at the centre of 
the domains at the beginning. The initial bogus vortex is given 
a cyclonic sense of rotation and the wind speed tapers off lin-
early upwards from V0(r) near the surface to nil at an altitude 
of around 17 km. The initial environmental conditions and lat-
eral boundary conditions throughout the simulation are given 
by the Jordan mean tropical sounding during hurricane seasons 
(Jordan 1958). No background wind is introduced into the model.

A full suite of physics parameterisations is used, including the 
WRF single-moment 6-class (WSM6) microphysics scheme 
(Hong and Lim  2006), the new Tiedtke cumulus scheme 
(Zhang and Wang 2017), the Rapid Radiative Transfer Model 
for general circulation models (RRTMG) scheme (Iacono 
et al. 2008) for both shortwave and longwave radiations, the 
Yonsei University (YSU) planetary boundary layer scheme 
(Hong et  al.  2006), and the fifth-generation Pennsylvania 
State University-National Center for Atmospheric Research 
Mesoscale Model (MM5) similarity surface layer scheme 
(Grell et al. 1994; Fairall et al. 2003) with the four-layer unified 
Noah land surface model (Tewari et al. 2004). As the inner do-
main grid size of 3.999 km is fine enough to encapsulate most 
of the structure of the simulated TCs, the cumulus scheme is 
only applied to the outer domain. The chosen combination 
of physics parameterisations follows the National Center for 
Atmospheric Research Tropical Suite documented in the WRF 
User's Guide (Wang et al.  2022) to ‘have been highly tested’ 
and has been shown to capture well the structural details of 
TCs (e.g., Khaira and Astitha 2023).

2.2   |   Experiment Design

The experiments begin with an ‘ocean’ run where the entire 
simulation domain is over an ocean surface with a fixed sea 

surface temperature (SST) of 29°C, the climatological SST 
around the Philippines (Magnaye et al. 2022) and Caribbean 
(Glenn et al. 2015) during TC season. An initial bogus vortex 
with V0,max = 18 ms−1 and R0,max = 100 km is allowed to develop 
and mature over 12 days. The chosen V0,max and R0,max are com-
mensurate with those of a weak and loose tropical storm to 
encourage the spontaneous development of a TC at the start 
of the simulation, providing TCs of varying initial states for 
landfall runs later. Then, a total of 5 landfall runs are initiated 
from the ocean run every 24 h beginning 4 days into the ocean 
run by switching the ocean surface in the entire domain into 
land making use of WRF's restart function. Such an algorithm 
has previously been successfully applied to study landfalling 
TCs with various numerical weather models including WRF 
(e.g., Sparks and Toumi  2022a; Li and Chakraborty  2021). 
Here, the land surface type of ‘croplands’ from the IGBP-
modified MODIS 20-category land use categories is chosen in 
all landfall runs, each lasting 24 h. While no one single land 
use category dominates the Tropics, ‘croplands’ is commonly 
found in the Philippines and Caribbean (Friedl and Sulla-
Menashe  2022; Sulla-Menashe et  al.  2019) and its parame-
ters are representative of the region. For example, the major 
land use categories there have roughness length and albedo 
of 0.05–0.5 m and 0.12–0.22, while those for ‘croplands’ are 
0.15 m and 0.17. Finally, a total of 20 seafall runs, each lasting 
72 h, are initiated 3, 9, 15 and 21 h into each landfall run by 
similarly switching the land in the entire domain back into 
ocean surface with a fixed SST of 29°C. Figure S1 details the 
surface history for each experiment. All simulations are per-
formed at a latitude of 22.3° N.

To study the seafall re-intensification behaviour of the sim-
ulated TCs, the following properties of the TCs in both the 
ocean and seafall runs are determined hourly: the maximum 
near-surface wind speed (Vmax), the minimum surface pressure 
(pmin), the radius of Vmax (Rmax), the gradient wind speed at the 
point of Vmax (Vgwb), the inflow angle at the point of Vmax (�max), 
the azimuthally averaged near-surface wind speed (Ṽ), the ra-
dius of maximum Ṽ  (R̃max), the azimuthally averaged relative 
angular momentum per unit mass at R̃max with respect to the 
TC centre (M̃max), the radius beyond R̃max at which Ṽ  reaches 
gale force 34 kt (R34), the integrated kinetic energy (IKE; Powell 
and Reinhold 2007) and the azimuthally averaged logarithmic 
reflectivity (Ladwig 2017) at an altitude of 5 km (L̃5kmZ ). The loca-
tion of pmin is considered to be the TC centre; Vgwb is estimated by

where f  is the Coriolis parameter corresponding to the f -plane 
latitude of the simulation domain, ||∇hp|| the magnitude of the 
horizontal gradient of pressure obtained using central differ-
ence and � the air density, both evaluated at the point of Vmax; 
�max (negative corresponding to inflow) is given by

where �⃗Rmax is the vector pointing from the TC centre to the point 
of Vmax and ��⃗V max the wind vector at the point of Vmax; and the IKE 
is integrated over the volume between 9.5 m and 10.5 m altitude 

(1)Vgwb = −
fRmax
2

+

√
f 2R2max

4
+
Rmax ||∇hp||

�
,

(2)𝛼max = atan2
(
�⃗Rmax ⋅

��⃗V max ,
|||
�⃗Rmax × ��⃗V max

|||

)
,
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with V  above gale force. Furthermore, the rates of change of Vmax 
(V̇max) and pmin (ṗmin) over a specific time window are determined 
by linearly regressing the respective time series within that time 
window.

3   |   Results

Figure 1 shows the time-evolution of Vmax, pmin and Rmax of the 
TC during the ocean, landfall and seafall runs in one experiment. 
Figure S2 shows the same for all runs. The initial intensification 
of the vortex in the ocean run lasts around 3 days as can be seen 
from both Figure 1a and Figure 1b. Meanwhile, its inner-core 
size as indicated by Rmax first contracts from the initial assigned 
value of 100 km to around 20 km over the course of 3 days and 
then slowly expands to around 40 km over the following 9 days 
(Figures 1c and S2). The maximum Vmax achieved under the en-
vironment of the experiment setup is around 120 kt, while the 
lowest pmin reached is around 925 hPa (Figure S1). Both land-
fall and seafall cause a two-stage evolution of Vmax. After seafall, 
Vmax first increases abruptly and then continues to intensify at a 
much more gradual rate. In contrast, the evolution of pmin after 
seafall is much smoother. While the intensity of the TCs in the 
seafall runs tends to relax to the value in the ocean run at the 

corresponding simulation time, the inner-core size tends to re-
main bigger.

The time-evolution of Vmax, pmin, R̃max, Vmax ∕Vgwb, �max, R34 and 
M̃max of the TC in the ocean run (5-h moving average) and the 
seafall runs (composite) are shown in Figure 2a–g. The average 
values of these variables between days 5 and 9 in the ocean run 
are also indicated as a reference, representative of the relax-
ation values in an ocean-only scenario. The seafall time series 
are shifted in the time domain so that the Vmax 2 h after seafall 
matches the ocean run value. All variables except for pmin show 
an abrupt change within the first 2 h after seafall. It can be seen 
from Figure  2a that after the initial shock, seafalling TCs in-
tensify at a reduced rate compared with the intensification in 
the ocean run from the same Vmax. The seafalling TCs take 
around 30 h longer than in the ocean run to eventually settle 
at a similar Vmax. Such reduced rate of intensification for sea-
falling TCs is also observed in terms of pmin (Figure 2b). After 
the initial shock, the R̃max, R34 and M̃max of seafalling TCs are 
all higher than during the ocean run intensification by roughly 
40% (Figure 2c,f,g). Figure 2d shows that in the ocean run, Vmax 
tends to settle at around 1.03Vgwb in the long run. By the time 
of seafall, Vmax has dropped to around 0.82Vgwb (this adjustment 
is completed within 2 h of landfall (not shown)) but recovers to 

FIGURE 1    |    Typical time-evolutions of (a) Vmax, (b) pmin and (c) Rmax during the ocean (OCN, blue), landfall (LF, green) and seafall (SF, orange) 
runs of the simulation. (a–c): Grey shading indicates the time during which the surface of the simulation domain is set to land.
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around 1.03Vgwb within 2 h after seafall. Correspondingly, �max at 
seafall is larger than in the ocean run but quickly settles around 
the ocean run value as shown in Figure 2e. Note that the quick 
recovery of Vmax ∕Vgwb to its ocean run value within 2 h of seafall 
is due mainly to an abrupt leap of Vmax as shown in Figure 2a 
while the change in pmin over this period is much more gradual 
as Figure 2b illustrates. The Hovmöller diagrams of composite 
seafall Ṽ  and L̃

5km

Z  are shown in Figure 2h,i. They suggest that 
land-induced eyewall replacement did not occur in the seafall 
runs of our experiment. This is confirmed with similar plots for 
individual seafall runs (not shown). Figure 2h,i are also consis-
tent with Figure 2c,f that R̃max is relatively stable but R34 keeps 
increasing for seafalling TCs after the initial shock.

To further study the differences in the intensification of sea-
falling and ocean-only TCs, the intensification rates, in terms 
of both Vmax and pmin, in the seafall runs over the 24-h period 
starting 2 h after seafall, thereby avoiding the initial shock, are 
compared with the 24-h intensification rates in the ocean run 
starting from similar Vmax. In Figure 3, the corresponding inten-
sification rates are scattered against the initial Vmax or pmin. The 
average R̃max, ΔR̃max and ΔM̃max over the 24-h period considered 

are also indicated. It is clear that TCs in the seafall runs have a 
lower intensification rate, both in terms of Vmax and pmin, than 
in the ocean run for a similar intensity by around 0.7 kt h−1 or 
0.6 hPa h−1. It is further observed that the R̃max (magnitude of 
ΔR̃max) of TCs in the seafall runs are generally larger (smaller) 
than in the ocean run, with the difference increasing for stron-
ger TCs. Meanwhile, the ΔM̃max of TCs of similar intensity in 
the seafall and ocean runs are somewhat similar, particularly 
for weaker TCs.

Figure 4a shows the time-evolution of the IKE of the TC in the 
ocean run (5-h moving average) and the seafall runs (composite), 
with the seafall time series shifted in the time domain so that 
the Vmax 2 h after seafall matches the ocean run value. After the 
initial shock, the IKE of seafalling TCs is higher than during the 
ocean run intensification by roughly 50%, despite the lower in-
tensification rate of seafalling TCs and hence their subsequently 
being weaker than in an ocean-only scenario (Figure 2a). By the 
time the seafalling TCs fully developed to the relaxation inten-
sity in the ocean run, the IKE is almost double that in the ocean 
run. Figure 4b,c shows the scatter plots of IKE against Vmax or 
pmin in the ocean and seafall runs, excluding the first 2 h after 

FIGURE 2    |    Five-hour averaged ocean run (OCN) and composite seafall run (SF) time-evolution of (a) Vmax, (b) pmin, (c) R̃max, (d) Vmax ∕Vgwb, 
(e) �max, (f) R34 and (g) M̃max. (a–g) Pink line indicates the corresponding value averaged between days 5 and 9 in the ocean run as a representative re-
laxation value developed purely over ocean, with shading covering one standard deviation on either side. (h) Hovmöller diagram of composite seafall 
Ṽ . Orange line is the 34 kt contour; red line marks the maximum. (i) Same as (h) but for L5km

Z
.
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seafall. The IKE of TCs in the seafall runs is typically higher 
than in the ocean run by 80% for a similar intensity, both in 
terms of Vmax and pmin.

4   |   Discussion

Idealised numerical simulations produced by the WRF model 
are used to investigate the post-seafall behaviour of TCs, with 
a particular focus on their intensification. The experiment be-
gins with an ocean run where a vortex is allowed to develop 
into a TC over an ocean surface with constant SST. The en-
tire surface is then switched to land and then back to ocean 
at various times, producing landfall and seafall runs with TCs 
of varying initial states at seafall. In the ocean run, Vmax fluc-
tuates around 3% above Vgwb after the initial intensification 
(Figure  2d). This is indicative of near gradient wind balance 
and is consistent with the non-vanishing �max (Figure 2e). By 

the time of seafall, Vmax has decreased to around 0.82Vgwb ac-
companied by a bigger �max, a clear indication that the near 
gradient wind balance is disrupted by the higher surface fric-
tion over land compared with ocean. Restoration of Vmax back 
to the level of 3% above Vgwb, that is, the relaxation value in the 
ocean run, is achieved within 2 h of seafall (Figure 2d). This 
is accompanied by a decrease in �max (Figure  2e) also to the 
relaxation value in the ocean run. Both suggest that gradient 
wind balance is restored to the level in an ocean-only scenario 
within 2 h of seafall. Land-induced eyewall replacement is ab-
sent in all of our seafall runs, unlike previous full simulation 
studies of real cases.

Seafalling TCs go through a two-stage structural evolution as 
they re-intensify. Immediately after seafall, Vmax experiences an 
abrupt leap within 2 h (Figure 2a), aligning itself close to Vgwb 
(Figure 2d). Meanwhile, the change in pmin is much more grad-
ual and lacks the abrupt leap akin to that experienced by Vmax 

FIGURE 3    |    (a) Scatter plot of 24-h rate of change of Vmax against initial Vmax 2 h post-seafall from each seafall run (circle) and corresponding rates 
for similar initial Vmax from the ocean run (triangle). Marker colour shows the average R̃max over the period. (d) Same as (a) but for the negative rate 
of change of pmin against initial pmin. (b, e) Same as (a, d) but with marker colour showing the change of R̃max over the period. (c, f) Same as (a, d) but 
with maker colour showing the change of M̃max over the period.

FIGURE 4    |    (a) Same as Figure 2a but for IKE. (b) Scatter plot of IKE against Vmax for the ocean (OCN, blue triangle) and seafall (SF, orange circle) 
runs. (c) Same as (b) but against pmin.
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(Figure  2b). This suggests that the initial response to seafall 
from Vmax is predominately due to a sharp decrease in surface 
friction. Afterwards, Vmax continues to increase at a reduced 
rate compared with the initial intensification over ocean, and 
is accompanied by a gradual decrease in pmin. This subsequent, 
much more gradual, increase in Vmax could then be understood 
as an intensification process driven thermodynamically as la-
tent heat and moisture supply to the TC from a warm and moist 
ocean surface resumes.

Spending time over land causes TCs to not only weaken but also 
expand in both inner-core and outer sizes (Figure  2c,f). This 
is in agreement with Sparks and Toumi  (2022a). Brand and 
Blelloch (1973) also observed eyewall expansion in TCs cross-
ing the Philippines. Comparing TCs in our seafall runs with 
the ocean run at similar intensity, seafalling TCs have larger 
inner-core size and also intensify at a slower rate (Figure 3a,d). 
Emanuel  (1989) and Sparks and Toumi  (2022b) have both 
shown that larger TCs tend to intensify at a slower rate from 
a similar intensity. Emanuel (1989) argued, based on Emanuel 
and Rotunno  (1989), that this behaviour in their simulations 
results from a greater proportion of the total energy being 
consumed to spin-up the larger anti-cyclone aloft a larger TC, 
leaving less energy to feed back to the surface fluxes. Sparks 
and Toumi  (2022b) applied mass conservation and derived 
the dependence of the central pressure tendency of a TC on its 
inner-core size, central pressure and column inflow/outflow 
speed from their central pressure filling model considering only 
horizontal motion. They verified the resulting pressure–time 
relationship with observations. Consistent with these theories, 
seafalling TCs, with a larger inner-core, also have a slower in-
tensification rate compared with the ocean run rate for a similar 
intensity (Figure 3a,d). Since angular momentum is the product 
of radius and tangential velocity, under similar change in M̃max 
(Figure 3c,f), a more negative change in R̃max (Figure 3b,e) im-
plies a more positive change in Ṽmax. Indeed, the intensification 
of TCs is usually accompanied by a decrease in inner-core size 
(Shapiro and Willoughby 1982; Schubert and Hack 1983; Vigh 
and Schubert 2009). The larger inner-core and gentler contrac-
tion experienced by seafalling TCs hinder their intensification.

It is worth noting that seafalling TCs, despite their reduced rate 
of intensification, eventually reach the same intensity as in the 
ocean run but with a larger inner-core size and thus almost 
double the IKE (Figure 2a,c and Figure 4a). This higher IKE is 
caused by a larger footprint of destructive wind and is already 
apparent right after the initial shock following seafall when the 
seafalling and ocean-only TCs have the same intensity. This 
gap in IKE is sustained despite the ocean-only TC intensifying 
more quickly and widens as the intensity of the seafalling TCs 
eventually catches up. Wang and Toumi (2016) have shown a 
good relationship between US hurricane costs and IKE as well 
as other integrated metrics. This means that despite the initial 
maximum wind speed reduction due to the first landfall, sea-
falling TCs can have a greater economic impact at the second 
landfall even before they can then fully develop.

With the absence of land-induced eyewall replacement in our 
simulations, the results here can be directly applied to such 
seafalling TCs. These make up about half of the cases cross-
ing the Philippines and Taiwan (Chou et  al.  2011), while no 

similar statistics for the Atlantic basin is found in the literature. 
Notwithstanding, although eyewall replacement cycles encom-
pass a weakening phase, the TC tends to eventually achieve the 
same or higher intensity with an expanded inner-core (Sitkowski 
et al. 2011), in line with the effects of land interactions on sea-
falling TCs observed here. Therefore, it is conceivable that our 
findings may also apply more broadly to seafalling TCs expe-
riencing land-induced eyewall replacement. Lau et  al.  (2024) 
pointed out the important role played by complex topography 
in triggering the secondary eyewall formation in the seafall-
ing Typhoon Mangkhut (2018). Wang et al. (2023) showed that 
a horizontal resolution of 2 km or finer is necessary to resolve 
secondary eyewall formation in idealised simulations. The lack 
of topography and choice of model resolution in our simulations 
could both have contributed to the absence of land-induced eye-
wall replacement here.

This study has demonstrated that previous interactions with 
land has a lasting impact on the structure of TCs even long after 
they have moved back over the ocean. In order for the unique 
behaviours of seafalling TCs, such as expanded inner-core and 
outer sizes and enhanced IKE, to be represented properly in op-
erational forecasts, it is therefore important that forecast models 
are set up to allow for the transition between land and ocean to 
be captured accurately. Global models may struggle with their 
course resolution compared with regional models, in terms of 
both atmospheric gird size as well as land mass details, espe-
cially for cases with land-induced eyewall replacement.

5   |   Conclusion

The re-intensification of seafalling TCs is investigated using ide-
alised WRF simulations by switching the surface of the entire 
simulation domain from ocean to land and then back to ocean 
at various model times. Seafalling TCs undergo a two-stage 
fast-slow re-intensification process. Within 2 h of seafall, the 
restoration of gradient wind balance back to ocean-only level 
causes an abrupt jump of Vmax. Subsequently, Vmax continues to 
increase at a much slower rate, eventually reaching the value 
it would have in an ocean-only scenario but taking more time. 
Throughout the entire process, which lasts for around 2.5 days, 
pmin decreases smoothly without any abrupt leaps. The first stage 
is predominately a purely dynamical response of the seafalling 
TC to a sharp decrease in surface friction; while the second stage 
is a thermodynamically driven intensification process due to a 
resumption of latent heat and moisture supply from a warm and 
moist ocean surface. In the second stage, the intensification rate 
of the seafalling TC is always slower than in an ocean-only sce-
nario for a similar intensity. This is likely a result of seafalling 
TCs having a larger inner-core size and being less capable of con-
tracting owing to previous interactions with land. Finally, it is 
worth noting that seafalling TCs can represent a greater threat 
in the second landfall because of their larger footprint of destruc-
tive wind and higher IKE, even before being fully developed.
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