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Tropical cyclones near landfall can induce their own
intensification through feedbacks on radiative
forcing
Charlie C. F. Lok 1, Johnny C. L. Chan 1✉ & Ralf Toumi 2

Rapid intensification of near-landfall tropical cyclones is very difficult to predict, and yet has

far-reaching consequences due to their disastrous impact to the coastal areas. The focus for

improving predictions of rapid intensification has so far been on environmental conditions.

Here we use the Coupled-Ocean-Atmosphere-Wave-Sediment Transport Modeling System

to simulate tropical cyclones making landfall in South China: Nida (2016), Hato (2107) and

Mangkhut (2018). Two smaller storms (Hato and Nida) undergo intensification, which is

induced by the storms themselves through their extensive subsidence ahead of the storms,

leading to clear skies and strong solar heating of the near-shore sea water over a shallow

continental shelf. This heating provides latent heat to the storms, and subsequently inten-

sification occurs. In contrast, such heating does not occur in the larger storm (Mangkhut) due

to its widespread cloud cover. This results imply that to improve the prediction of tropical

cyclone intensity changes prior to landfall, it is necessary to correctly simulate the short-term

evolution of near-shore ocean conditions.
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Because the damages caused by a tropical cyclone (TC) at
landfall are very much related to its maximum winds,
referred to as intensity, the prediction of TC intensity is of

utmost importance. Previous studies1–4 to understand and
improve the prediction of intensification focused on examining
the environmental forcings. However, the skill in intensity pre-
diction has not improved much in the last few decades despite
substantial increases in data availability and enhancements in
weather prediction technologies such as data assimilation5,6.

Typhoon Hato made landfall near Macau along the South
China coast on 23 August 2017, causing tremendous damage
and at least 25 fatalities7. Just prior to its landfall, it underwent
rapid intensification from 60 to 100 knots within 24 h. Most
operational numerical weather prediction models failed to
predict this intensification process. Pun et al.8 suggested that
the rapid intensification is likely related to the very warm sea
water over the shallow continental shelf that provides the
necessary enthalpy to the TC to intensify rapidly. In general,
Ekman pumping will cause upwelling of sub-surface water,
which is cooler, and hence weakens a TC9–13. However, because
of the shallowness of the ocean due to the presence of the
continental shelf (with a depth of <200 m), such upward mixing
does not lead to any cooling and the TC can therefore
intensify8,14. The question is why the sea water can be so warm
in the first place.

We hypothesize that the extensive subsidence ahead of the TC
reduces the cloud cover there15, thus allowing strong shortwave
radiation to warm the ocean surface. This stable area of sub-
sidence is also characterized by low winds and thus low surface
heat loss. Because near the South China coast, the continental
shelf is relatively shallow, the water can be heated up within a
short period of time. The increase in water temperature then
provides a substantial increase in enthalpy supply to the TC as it

moves over this warm water, and hence intensification occurs. To
test this hypothesis, the Coupled-Ocean-Atmosphere-Wave-
Sediment Transport Modeling System version 3.2 revision 1192
(hereafter COAWST)16 is run under three conditions: the control
experiment with all the physics; the NORAD experiment with
ocean radiative heating and cooling disabled; and the NORAD-
t18 experiment with the radiation term in the ocean model turned
off for the first local day. The results show that a TC making
landfall at a coastal area with a shallow continental shelf can self-
induce intensification under certain conditions, and are presented
in the following section.

Results and discussions
Self-induced near landfall intensification. Except at the begin-
ning of the simulations, all three experiments simulate the track
of Hato very well, especially near its landfall (Fig. 1a). The
intensification process is also reproduced in these experiments,
with the TC deepening from 1000 to 973 hPa just before it enters
the continental shelf (Fig. 1d). The control TC further intensifies
to 970 hPa (blue dashed line in Fig. 1d) with maximum sustained
wind reaching 95 knots near the time of landfall. On the other
hand, in the NORAD experiment, the TC intensifies less by
~5 hPa during the same period (green dotted line in Fig. 1d) with
maximum wind of only 80 knots instead, while the TC in
NORAD-t18 has a similar intensity as that in NORAD (purple
dash-dotted line in Fig. 1d).

To understand how solar radiation might contribute to the
difference in the intensities in the three experiments, we first
analyze the results in the control experiment. Along the edge of
the continental shelf between Hainan and Taiwan Islands, the sea
surface temperature (SST) generally cools down by 2–3 °C during
the passage of Hato (between 22 August 12 UTC and 23 August

Fig. 1 Simulated tracks and intensities of TCs. Tracks of Typhoons a Hato, b Nida, and cMangkhut from the JTWC best track (red solid), the control (blue
dashed), the NORAD (green dotted) and NORAD-t18 (purple dash-dotted) experiments. Their positions at 00 UTC are marked by squares (JTWC), circles
(control), diamonds (NORAD) and crosses (NORAD-t18) respectively. Ocean isobaths of 200m are drawn in gray dashes. Time series of minimum sea-
level pressure in hPa of d Hato, e Nida and f Mangkhut, with markers indicating their passages over the continental shelf.
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12 UTC in locations A, B, and C of Fig. 2), a phenomenon in
agreement with previous studies9,14,17. On the other hand, a
strong diurnal signal (~0.8 °C) is observed in the same locations
ahead of Hato (21 and 22 August). More importantly, the

underlying ocean mixed layer is subsequently warmed by 1 °C
during the same period (Fig. 3).

To diagnose the causes(s) of such warming in the ocean mixed
layer (defined as within 0.8 °C of SST)18, the various terms in the

Fig. 2 Time series of SST during the passage of Typhoon Hato. a Simulated tracks of Typhoon Hato with makers at every 12 h, black crosses at the
locations of the time series, and ocean isobaths of 200, 600, and 1000m in gray dashes. b–e Time series of SST at the four locations crossed in a along the
edge of continental shelf during the passage of Typhoon Hato in the control (blue dashed), NORAD (green dotted) and NORAD-t18 (purple dash-dotted)
experiments. Markers indicate Typhoon Hato’s closest time of approach.

Fig. 3 Cross sections of ocean temperature during the passage of Typhoon Hato. Hovmöller diagrams of vertical ocean temperature profile in °C of the
control experiment of Typhoon Hato at the four locations along the edge of continental shelf specified in Fig. 2a for a left hand side of the track, b over the
track, c right hand side of the track, and d deeper ocean. Green dashes represent the closest time of approach to Typhoon Hato.
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Fig. 4 Time series of various terms in the SST tendency equation. Time series of ocean mixed layer temperature change rate (red solid), the sum of right-
hand side of Eq. 1 (blue dashed), net air-sea heat flux Qnet (green dotted), shortwave radiative heating (purple dash-dotted) and latent heat flux (orange
dash-dotted) from the a, c, e, g control and b, d, f, g NORAD experiments of Typhoon Hato at locations a, b A, c, d B, e, f C and g, h D specified in Fig. 2a.
Units are in 10−5 °C per second, and positive (negative) indicates heat gain (loss) by the ocean. Gray dashes indicate Typhoon Hato’s closest time of
approach.
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temperature tendency equation19 are examined as follows:

∂Tm

∂t
¼ �V

!� ∇Tm � ðwþ weÞ
Tm � Tb

h
þ κ∇2Tm þ Qnet

ρcph
ð1Þ

where Tm is ocean mixed layer temperature, Tb is the temperature
just below the mixed layer, ~V is the horizontal ocean current
vector, w the vertical velocity, we the entrainment velocity, h the
depth of ocean mixed layer, κ is horizonal viscosity coefficient,
Qnet the net heat flux at the air-sea boundary, which is the sum of
shortwave and longwave radiative fluxes, and latent and sensible
heat fluxes at the sea surface assuming no solar radiation
penetrating further below, ρ the sea-water density (1025 kg m−3),
and cp specific heat of sea-water (3850 J kg−1 °C−1).

Time series of the sum of right-hand side of Eq. 1 (blue lines in
Fig. 4) and the simulated mixed layer temperature change rates
(red lines in Fig. 4) from the control experiment are in good
agreement among the four locations, affirming that the tendency
equation can be used to diagnosis the cause(s) of the SST
warming. It is further demonstrated that the shortwave radiation
term (purple dotted lines in Fig. 4a, c, e, g) dominates the sum of
right-hand side of Eq. 1 on 21 and 22 August, which suggests that
solar radiation is the primary heat source20,21. The effect of solar
heating in location A, B and C is larger than location D due to the
shallower water. As such, there is substantial SST warming near
the coast.

The reason for the dominant contribution of shortwave
radiation to the net heating is because the atmosphere over the
continental shelf to the northwest of the TC is generally cloud-

free (see Fig. 5a) and stable with weak surface winds due to
extensive subsidence in the region15 (Fig. 5b). As such, solar
radiation is able to reach the sea surface, and warms up the
underneath ocean, which is relatively shallow. This warm pool of
water over the continental shelf then provides enthalpy for Hato
to intensify rapidly just before making landfall.

In contrast, in the NORAD run, the near-shore SST warming
no longer appears and the latent heat flux becomes the dominant
term of right-hand side of Eq. 1 instead (orange dotted lines in
Fig. 4b, d, f, h). The SST in the NORAD run is ~0.5–1 °C colder
than that in the control (Fig. 2), and the latent heat flux provided
to the atmosphere before the passage of Hato is smaller (Fig. 6).
As there is less energy available to Hato, the TC does not intensify
as much as in the control run. Even if the ocean radiative heating
is only switched off for one local day (the NORAD-t18 run), SST
over the continental shelf is still ~0.5 °C colder by the time Hato
entered the continental shelf (Fig. 2). As Hato moves closer to the
land, one day is not enough to warm up the ocean to the same
temperature as the control does in 2 days. Both the NORAD and
NORAD-t18 runs confirm that solar radiation contributes
substantially to increasing the SST over the continental shelf to
the northwest of Hato, which subsequently leads to the
intensification of Hato.

To be more confident that the self-induced intensification of
Hato is not an isolated case, we examine another typhoon, Nida
(2016) that made landfall in a similar location (Fig. 1b). The
NORAD experiment gives a minimum sea-level pressure ~5 hPa
higher than that in the control (Fig. 1e). The SST time series in
the control experiment (Fig. 7) is similar to the case of Hato (cf.

Fig. 5 Simulated cloud cover and vertical motion for Typhoons Hato and Mangkhut. Simulated a, c low-level cloud fractions and b, d 500–900 hPa layer
mean vertical motion in m s−1 at 06 UTC on a, b 22 August 2017 for Typhoon Hato and b, c 15 September 2018 for Mangkhut. Mid- and high-level cloud
fractions exceeding 80% are hatched with blue horizontal and red vertical lines respectively. Green lines are the corresponding tracks, with squares
indicating the position of the TCs. 200, 400, and 600 km distances from the TCs are drawn in green dashed lines.
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Fig. 2), with substantial heating ahead of Nida, and hence its
intensification (Fig. 1e). The difference between the two
experiments also shows not much heating in the NORAD
experiment. These results substantiate the validity of the
hypothesis of self-induced intensification.

Limitation from cloud cover on self-induced intensification.
The results from these experiments substantiate the hypothesis
that it is indeed possible for a TC to self-induce intensification.
The crucial factor seems to be whether the atmosphere ahead of
the TC over the continental shelf is cloud free. In 2018, another
typhoon, Mangkhut, moved over almost the same area along the
South China coast (Fig. 1c), which therefore provided an
opportunity to test this assertion.

The same control and NORAD experiments as in the case of
Hato are run. Although the simulated tracks are slightly west of
the actual one (Fig. 1c), the vortices move over the continental
shelf in a way similar to the case of Hato. However, no difference
can be found between these experiments in their simulated
intensities (Fig. 1f). The almost identical intensities in the two
experiments are also reflected in the SST time series (Fig. 8), with
the difference being <0.5 °C most of the time.

The reason for this lies in the fact that the simulated cloud
cover ahead of Mangkhut is very extensive (Fig. 5c). As a result,
solar radiation cannot reach the ocean over the continental shelf
to heat the water up. Turning on the radiation term would not
contribute much to the total heating, and hence the SST
distributions in the two experiments are similar.

Conclusion
To summarize, this study demonstrates that a TC near the coast
could self-induce its own intensification if the following condi-
tions are met: (1) there exists a relatively shallow continental shelf
so that water can be heated by solar radiation within the daylight
hours, and (2) the extent of the cloud cover ahead of the TC is
small so that the ocean water over the continental shelf can be
exposed to solar radiation. Of course, atmospheric factors such as
vertical wind shear22 should also support its intensification.

This result also suggests that in predicting whether a TC will
likely intensify before it makes landfall along a coast with a
shallow continental shelf, it is important to predict the cloud
cover and the ocean response to this ahead of the TC. For
numerical model predictions, it is clear that a fully-coupled ocean
model is necessary so that the SST response to cloud cover can be

Fig. 6 Differences in latent heat flux between the control and NORAD runs. Hovmöller diagram of latent heat flux differences in Wm−2 between the
control and NORAD experiments of Typhoon Hato along the edge of the continental shelf between Hainan and Taiwan islands. Green lines represent the
nearest point of the line to Hato, with squares indicating the distance less than 10 km.
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predicted. The ability of models to predict cloud cover ahead of
the TC will also need to be examined.

Methods
The COAWST modeling system. The air-sea-wave coupled model used in this
study is COAWST version 3.2 revision 119216. It consists of three models: the
Weather Research and Forecasting Model version 3.7.1 (hereafter WRF)23, the

Regional Ocean Modeling System revision 838 (hereafter ROMS)24 and the
Simulating WAves Nearshore model version 41.01AB (hereafter SWAN)25. The
three models are connected by the Model Coupling Toolkit version 2.6.0 (hereafter
MCT)26 to exchange information.

The WRF model solves the compressible, non-hydrostatic Euler equations of
the atmosphere, with the following physical packages applied for subgrid processes:
the WRF Single Movement class 6 scheme27 for microphysics, the Yonsei
University scheme28 for the planetary boundary layer, Tiedtke scheme29 for

Fig. 7 Time series of SST during the passage of Typhoon Nida. a Simulated tracks of Typhoon Nida with makers at every 12 h, black crosses at the
locations of the time series, and ocean isobaths of 200, 600, and 1000m in gray dashes. b–e Time series of SST at the four locations crossed in a along the
edge of continental shelf during the passage of Typhoon Nida in the control (blue dashed) and NORAD (green dotted) experiments. Markers indicate
Typhoon Nida’s closest time of approach.

Fig. 8 Time series of SST during the passage of Typhoon Mangkhut. a Simulated tracks of Typhoon Mangkhut with makers at every 12 h, black crosses at
the locations of the time series, and ocean isobaths of 200, 600, and 1000m in gray dashes. b–e Time series of SST at the four locations crossed in a along
the edge of continental shelf during the passage of Typhoon Mangkhut in the control (blue dashed) and NORAD (green dotted) experiments. Markers
indicate Typhoon Mangkhut’s closest time of approach.
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cumulus convection in the outer domain, the Rapid Radiative Transfer Model30 for
radiations and the revised MM5 similarity scheme31 for the surface layer. The
model has two stationary domains covering East Asia and northern South China
Sea respectively (red and green boxes in Fig. 9). The horizontal resolution of the
outer (inner) domain is 12 km (4 km), with dynamic time step of 30 s (10 s). There
are 37 vertical levels from the surface up to 20 hPa.

ROMS is a free-surface, bathymetry-following model, solving the Reynolds-
averaged Navier-Stokes equations under the hydrostatic and incompressible

assumptions for the ocean24. The model has a single domain of 6 km horizontal
resolution, covering the north South China Sea (blue box in Fig. 9). There are
21 sigma levels with higher resolution above 200 m depth.

The SWAN model solves the wave action balance equation, including physical
processes of wind-growth, whitecapping, wave breaking, bottom friction and
nonlinear wave-wave interactions25. The model run in non-stationary mode with a
time step of 2 min and has a spectral grid of 36 directions (10° resolution) and 25
frequencies. Its domain is the same as ROMS.

Fig. 9 COAWST domains. Domains of the outer (red box) and inner (green box) grids of WRF, and ROMS and SWAN (blue box). Green and blue colors
denote ocean depths of <200m and between 200 and 1000m, respectively. Black dashed line represents the data line used in the Hovmöller diagrams in
Fig. 6.

Fig. 10 Comparison of simulated SST and GHRSST. Daily mean SST in °C from a, d the control experiment and b, e the GHRSST-ABOM dataset. c, f SST
differences in °C between the model and the GHRSST dataset. a–c and d–f are dated on 22 and 23 August 2017 respectively. Green lines are the track of
Typhoon Hato, highlighted with squares on the corresponding date.
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The coupled modeling system exchanges information through the MCT26. WRF
obtains SST from ROMS, and in return provide states of the atmosphere at the
boundary and heat fluxes back to ROMS. WRF also feeds the surface winds to SWAN,
and receives states of sea-wave to modify the friction velocity. Ocean currents from
ROMS and wave energy dissipation from SWAN are shared between two models.

Experiment designs. COAWST is run for 96 h for three TCs making landfall near
Macau: Typhoon Nida (2016), Typhoons Hato (2017) and Mangkhut (2018), and it
starts at 00 UTC 31 July 2016, 21 August 2017 and 14 September 2018, respectively,
all ~48 h ahead of the observed time of landfall. To ensure consistency between the
atmosphere and the ocean, the NCEP Climate Forecast System32 model output
initialized at the same time is used to provide the initial and boundary conditions
for WRF and ROMS.

Two model runs are made for all TCs: the control run using the configurations
mentioned in the previous part, and the NORAD run which both shortwave and
longwave radiations are only considered in WRF but not ROMS, i.e., the radiative
terms in ROMS are disabled. For Typhoon Hato, an extra simulation NORAD-t18
is preformed, in which the radiative heating terms are only disabled for the first
18 h, i.e., between 00 and 18 UTC on 21 August such that no sunlight enters the
ocean for one local day.

Validating SST simulation. Because this study hinges on the correct simulation of
SST, it is important to verify that the model can simulate the actual SST. The
simulated daily mean SSTs in the case of Typhoon Hato are therefore compared
with the observed SST from the Group for High Resolution Sea Surface Tem-
perature dataset prepared by the Australian Bureau of Meteorology33 (Fig. 10). The
model reproduces similar SST distribution as observed on both days, with a root
mean square error of 0.56 °C. These results indicate that the simulations can be
used to investigate changes of SST during the passage of Hato.

Data availability
NCEP Climate Forecast System Operational Forecasts 6-Hourly Products are used to
force the COAWST model. The data for simulating Typhoon Hato are https://
www.ncei.noaa.gov/data/climate-forecast-system/access/operational-9-month-forecast/6-
hourly-by-pressure/2017/201708/20170821/2017082100/, https://www.ncei.noaa.gov/
data/climate-forecast-system/access/operational-9-month-forecast/6-hourly-ocean/2017/
201708/20170821/2017082100/ and https://www.ncei.noaa.gov/data/climate-forecast-
system/access/operational-9-month-forecast/6-hourly-flux/2017/201708/20170821/
2017082100/. For Typhoon Nida, https://www.ncei.noaa.gov/data/climate-forecast-
system/access/operational-9-month-forecast/6-hourly-by-pressure/2016/201607/
20160731/2016073100/, https://www.ncei.noaa.gov/data/climate-forecast-system/access/
operational-9-month-forecast/6-hourly-ocean/2016/201607/20160731/2016073100/ and
https://www.ncei.noaa.gov/data/climate-forecast-system/access/operational-9-month-
forecast/6-hourly-flux/2016/201607/20160731/2016073100/. For Typhoon Mangkhut,
https://www.ncei.noaa.gov/data/climate-forecast-system/access/operational-9-month-
forecast/6-hourly-by-pressure/2018/201809/20180914/2018091400/, https://
www.ncei.noaa.gov/data/climate-forecast-system/access/operational-9-month-forecast/6-
hourly-ocean/2018/201809/20180914/2018091400/ and https://www.ncei.noaa.gov/data/
climate-forecast-system/access/operational-9-month-forecast/6-hourly-flux/2018/
201809/20180914/2018091400/. The Sea surface temperature dataset used for validation
is Australian Bureau of Meteorology (2019) BLUElink Global Australian Multi-Sensor
SST Analysis (GAMSSA), daily, 1/4 degree resolution. Ver. 1.0. PO.DAAC, CA, USA.
Dataset accessed (10 August 2021) at https://doi.org/10.5067/GHGAM-4FA1A. JTWC
best track is available at https://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific. All
COAWST model output are available upon request.

Code availability
COAWST model is downloaded at: https://coawstmodel-trac.sourcerepo.com/
coawstmodel_COAWST/ All scripts to reproduce figures from the model outputs are
available at https://doi.org/10.5281/zenodo.5266350.

Received: 15 February 2021; Accepted: 12 August 2021;
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