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Marine heatwave events strengthen the intensity of
tropical cyclones
Hwan-Young Choi1,2, Myung-Sook Park 2,3✉, Hyeong-Seog Kim 1,3✉ & Seonju Lee2

Marine heatwaves become more frequent and stronger due to global warming. It is necessary

to clarify how and by which process marine heatwaves affect marine weather systems. Here,

we examine how marine heatwaves strengthen tropical cyclones. We analyze 128 tropical

cyclones that intensified with marine heatwaves and 184 tropical cyclones that intensified

without marine heatwaves over the western North Pacific and Atlantic. Marine heatwaves

finally lead to a maximum intensity of 35.4% stronger (106.72 kts) tropical cyclone. Notably,

satellite data reveal that marine heatwaves are associated with precipitation-richer tropical

cyclone conditions despite similar tropical cyclone intensities. Due to the increased latent

heat flux during marine heatwaves, intensified precipitation near the tropical cyclone center

contributes to the intensification process. This study provides insights into how more fre-

quent marine heatwaves by global warming impact tropical cyclones.
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Marine heatwaves (MHWs), extreme ocean warming
events that last from several days to weeks, have
attracted social and scientific attention due to their

devastating effects on marine ecosystems and economic impacts
on fishery industries1. In addition to ecological and social effects,
MHWs with a warm ocean thermal structure2–4 can physically
interact with atmospheric phenomena such as the El Niño-
Southern Oscillation5, atmospheric heatwaves6, and tropical
cyclones (TCs)7. As MHWs become more frequent and robust
under global warming1,8,9, it is crucial to understand how and by
which process MHWs affect marine weather systems.

TCs last a few days to several weeks and are short-term marine
weather events that can cause enormous social and economic
damage. In general, previous studies10–12 using high-resolution
global climate models have shown that in a warming climate, the
frequency of TCs tends to decrease, but the frequency of intense
TCs (Category 3 or higher-level) increases. Additionally, the TC-
related precipitation rates increase as the moisture content in the
atmosphere increases due to anthropogenic global warming13,14.
Nevertheless, previous investigations of the global warming
impact on TCs have mainly focused on the annual means of TC
activities and frequencies rather than the short-term TC evolu-
tion. Some of the previous studies15,16 also show the extremely
high Sea Surface Temperature (SST) impact on TC intensity, but
most were limited to a few TCs and specific cases only. Thus, in
this study, we conducted a large-scale statistical analysis of
interactions between an extremely warm environment and TC
evolution on a time scale of several days during MHW.

Following previous studies17,18, the warm ocean thermal
structure induced by MHW events might be a favourable envir-
onment for TCs. When an MHW occurs, increased shortwave
radiation due to the shallower mixed layer depth enhances
warming and increases upper ocean stratification19,20. Moreover,
the strong stratification reduces vertical mixing and heat
transport21. This structure elevates the upper ocean heat content
and lifts warm anomalies from the subsurface. Recently,
Dzwonkowski et al.7 showed that an MHW in the northern Gulf
of Mexico developed due to an atmospheric heatwave and a
preceding TC. This MHW event, with a high SST (>32 °C) and
strong ocean stratification, supplied thermal energy and led to the
intensification of Hurricane Michael (2018) to Category 5.
Rathore et al.22 showed the interactions between an MHW and
TC Amphan in the Bay of Bengal in 2020. The TC heat potential
increased by anomalously high thermal stratification maintained
the MHW and contributed to TC Amphan intensification.

These impacts of an MHW on a single TC case motivated the
current comprehensive investigation of how MHWs affect mul-
tiple TCs. We analyzed 312 TCs that intensified over the western
North Pacific (WNP) and the Atlantic (ATL) Oceans from 1982
to 2019. In this study, we mainly focus on the intensity change of
the TC when the MHW event occurred before reaching the
maximum TC intensity. Therefore, we examined the day-to-day
evolution of TC intensification from 5 days before the lifetime
maximum intensity (LMI) to 2 days after the LMI. By analyzing
the convection and the air–sea interaction, we determined by
which process the MHW events contribute to TC intensification.
We analyzed the precipitation and surfaced latent heat flux near
the TC center. The results show that TCs intensify more rapidly
under the influence of MHWs via much larger latent heat flux
from the ocean and precipitation-rich conditions to boost TC
intensification.

Results
MHW impacts on TC intensity and intensification evolution.
This study first examines the evolution of TC intensity between

MHW versus non-MHW TCs in Fig. 1a. Notably, significant
distinctiveness exists in TC LMIs. The average LMI (106.72
knots) for the MHW TCs was 28 knots higher than that for the
non-MHW TCs (78.80 knots). The apparent intensity difference
began to appear on Day –3 (3 days before LMI), although MHW
TCs were slightly weaker on Day –5. From Day –3 through LMI
Day, the MHW TCs intensified more rapidly (12.52 knots day–1 on
Day –2 and 17.32 knots day–1 on Day –1) than the non-MHW
TCs, with 95% significance. The TC intensification rates for MHW
TCs are about three times higher than those for non-MHW TCs:
4.5 vs. 12.5 knots day–1 on Day –2. The more substantial intensi-
fication of MHW TCs can also be seen in the proportion of TCs in
the Saffir-Simpson Hurricane category (Fig. 1d). The ratio of
Category 4 and Category 5 (called a super typhoon/hurricane) is
53.9% for MHW TC and 22.8% for non-MHW TC. The TCs that
experienced MHWs are more than twice as likely to grow into
super hurricanes/typhoons as they do not. The drastic strength-
ening of TCs that pass anMHW area is consistent with a case study
by Dzwonkowski et al.7 or Rathore et al.22.

The TC intensity evolution in the WNP and ATL regions
shows similar trends, although slight differences exist. In the
WNP, the intensity difference between the MHW and non-MHW
TCs is 4.8 knots on Day –2, 13.76 knots on Day –1, and 27.28
knots on LMI Day with 95% significance. In addition, the
intensity difference for ATL is 13.45 knots on Day –2, 17.85 knots
on Day –1, and 27.37 knots on LMI Day, which reveals larger
intensity differences in the ATL than in the WNP. Nevertheless,
the TC intensification rate for MHW TCs in the WNP (19.97
knots day–1) is ~2.5 times more rapid than the ATL case (7.89
knots day–1) on Day –1. As a result, the ratios of the super
typhoon/hurricane for MHW TCs are 58% in the WNP and
39.3% in the ATL, while those for non-MHW TCs are 25.6% and
14.9%, respectively. Mean SST over the WNP warm pool area is
climatologically higher than ATL, and the MHW intensity is also
0.2 °C higher in the WNP than ATL, which may result in a
difference in TC intensity rate between WNP and ATL. The
doubling in the chances of developing into a super typhoon/
hurricane for MHW TCs occurs in both basins. It confirms that
MHWs are favorable to strengthening TCs in both basins.

Precipitation evolution near the TC center. The characteristics
and distribution of convection are closely related to TC intensity
changes. Chang et al.23 showed that the multiday evolution of
convective bursts in weak wind shear conditions is critical during
WNP tropical cyclone development. The convective bursts in the
pre-TC had a lower tropospheric maximum in latent heat, which
makes these conditions more advantageous for TC genesis and
intensification24–26. Within convection, convective hot towers
processing cyclonic vorticity (vortical hot towers; VHT)27,28

affecting TC development and intensification29 produce intense
precipitation.

Figure 2 shows the evolution of TRMM TMPA precipitation
from Day –5 to LMI Day within 5 degrees from the circulation
center. The mean precipitation for MHW TCs within 5 degrees
from TC center is ~1.5–2 times greater than that for non-MHW
TCs. Notably, the precipitation for the MHW TC is much
stronger from Day –5 to Day –4 despite the MHW TCs’
intensities remaining similar to non-MHW TCs during that
period (Fig. 1). Moreover, the mean MHW TC precipitation
increases rapidly from Day –4 to Day –2 (75.47%; 5.3 mm hr−1 to
9.3 mm hr–1) (Fig. 2 k). In non-MHW TCs, the precipitation
continues to increase until reaching the LMI, but the precipitation
is weaker.

In particular, the MHW TCs have extremely heavy precipita-
tion (>10 mm hr−1, red contours in Fig. 2h–j) concentrated
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within a radius of 1–2 degrees from Day −3 to 0 Day. Without
the MHW events, TCs do not reach such high precipitation near
the center (Fig. 2a–e). The precipitation-rich conditions for
MHW TCs may result from more vigorous convection at the
ocean-atmosphere boundary. As in Molinari and Vollaro30, the
rapid deepening of Tropical Storm Gabrielle in 2001 is attributed
to the development of the intense cell that enhanced diabatic
heating close to the center in a region of high efficiency of kinetic
energy production. In the MHW TCs, heavy precipitation near
the storm center means that vigorous convection feeds off
moisture convergence, and the release of LH near the center of
the TC drives the overturning secondary circulation in the vital
updraft region (Supplementary Figs. 1 and 2). In non-MHW
conditions, such center-concentrated precipitation patterns
remain unclear until Day −3, and only moderate precipitation
(dashed line in Fig. 2c–e) evolved from Day −2. Overall, the
impacts of the MHWs on TCs induce precipitation-rich
conditions with the heavy precipitation peak (~convective cells)
near the TC center, which may continue to lead to faster TC
intensification. Such precipitation intensity and pattern during
the MHW events may be attributed primarily to the favorable
ocean environments.

How MHWs induce precipitation-rich TCs (air–sea interac-
tions). To understand how warm subsurface ocean water layers
during an MHW induce precipitation-rich TCs and subsequent
TC intensification, we examine surface latent heat flux changes in

the interaction between the ocean and the atmosphere. Figure 3
shows the spatial distribution of the surface latent heat flux near
the TC circulation center and the time series of the spatially
averaged latent heat flux. In ECMWF, latent heat flux was cal-
culated using the following equation:

Jq ¼ �ρCQ Un

�
�

�
� αsurf qsatðTskÞ�αnqn

n o

ð1Þ

where Jq is the surface humidity flux; ρ is the density; CQ is the
transfer coefficient for moisture; |Un| is the horizontal wind
speed; αn and αsurf are the updraft fraction at the lowest model
level and at the surface; qn is the specific humidity at the lowest
model level; qsat is the saturation specific humidity at the surface
temperature Tsk 31. Following this equation, the surface latent
heat flux (Jq) resulting from water phase changes, such as eva-
poration or condensation between the sea surface and the
atmosphere through the effects of turbulent air motion.

Both non-MHW TC and MHW TC cases show negative-
signed latent heat fluxes, indicating the latent heat supply from
the ocean to the atmosphere. The latent heat flux for MHW TC is
1.8 to 3 times more than non-MHW TC throughout the TC
intensifying period. The latent heat flux supply for MHW TCs
increased broadly near the TC center from the early stage. In
particular, the rate of release increases by 82.97% (–98.11Wm−2

to –179.51Wm−2) from Day –4 to Day –2 (Fig. 3k). After Day
−2, increasing latent heat fluxes are concentrated particularly
within the eyewall surrounding the TC center (Fig. 3i, j). For the

Fig. 1 TC evolution and category of MHW TC and non-MHW TC. a–c TC evolution of non-MHW TCs (blue line) and MHW TCs (red line) with different
time steps based on LMI. The shading indicates the 95% confidence level value. a ALL (WNP+ATL) b for WNP region c ATL region. d–f Proportion of the
Saffir-Simpson Hurricane categories for non-MHW TC (blue bar) and MHW TC (red bar). * and ** indicate that the difference between the two groups is
statistically significant at the 90% and 99% confidence levels.
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non-MHW TC case, the latent heat flux peak near the center was
not apparent until Day –3 (Fig. 3c–e). Compared to that of MHW
TCs (Fig. 3f–i), the development of non-MHW TCs is slower.

The latent heat supply from the ocean to the atmosphere can
be attributed to two factors: higher surface wind speeds and/or
moisture disequilibrium between the ocean surface and the
atmosphere28,32. Figure 4 shows the time series of the two main
factors of latent heat flux: different specific humidity between the
ocean surface and atmosphere (qsatðTskÞ � qn) and magnitude of
surface wind speed (|Un|).

The higher magnitude of latent heat fluxes for the MHW cases
at the earlier phase (−5 Day to −3 Day) is dominated by the
moisture disequilibrium (Fig. 4a) over the extremely high ocean
temperature. During MHW event, the subsurface temperature is
high, and the warming area is deeper and wider, resulting in high
ocean heat contents (Supplementary Fig. 3). When a TC passes
over a high ocean heat content area with MHWs, it can gain more
latent heat flux from the ocean32,33 than a TC without such
extreme ocean warming. In this process, the increased latent heat
flux over the MHW TC region triggers more vigorous convection
(Fig. 2) near the TC center by providing the energy needed for
moisture to evaporate from the ocean surface and then condense
in the atmosphere, which leads to precipitation-rich conditions
(Fig. 2) and favors more drastic intensification (Fig. 1) in the
following days. The increased latent heat flux pattern in rapidly
intensifying TCs was seen in previous studies17,34–38.

From Day −3 (TC intensity: MHW TCs >Non-MHW TC,
Fig. 1), the surface wind speeds for MHW TC have overtaken

those for Non-MHW TCs (Fig. 4b). Once TCs become
powerful, stronger TC-induced surface wind can extract more
latent heat from the ocean to the atmosphere, especially near
the TC center (Fig. 3i, j). This positive feedback in the air–sea
interaction can further accelerate the TC intensification process.
Accordingly, the TC intensification occurs more rapidly as
approaches to LMI.

Discussion
In this research, we present evidence that TCs intensify more
strongly and rapidly under the influence of MHW events. This
study shows comprehensive analyses of the relationship between
the MHW and TCs using multiple TCs over the WNP and ATL
oceans (128 MHW TCs and 184 non-MHW TCs). We focus on
the daily evolution of the TC intensity change from Day –5 Day
to Day +2 relative to the TC maximum intensity day (Fig. 1).
After passing the warm anomaly associated with MHW events,
the averaged LMI of all MHW TCs (106.72 kts) is 27.92 knots
higher than that of non-MHW TCs (78.80 kts), showing
remarkable intensity discrepancies from Day –3. Satellite inves-
tigation of precipitation evolution near the TC center was per-
formed to understand the role of convection over the underlying
warm ocean anomaly during MHW events (Fig. 2). Despite the
similar TC intensities at the beginning, more vigorous convection
in association with MHWs is evident near the TC center from
Day –4 over the underlying warm ocean anomaly. In the air–sea
interaction process, a much larger latent heat flux (Fig. 3) would

Fig. 2 TC precipitation changes in MHW TC and non-MHW TC. Composite mean precipitation (mm hr−1) at relative times (Day −5 to Day 0) to the LMI
Day. Precipitation was composited with a radius of 5 degrees based on the TC’s center. a–e non-MHW TC and f–j MHW TC precipitation changes
(shading, color bar at the right) with two precipitation intervals, 10 (5) mm hr−1 in red solid (dashed) line. k Time series of mean precipitation averaged
over a circle within a radius of 5 degrees. The red line represents MHW TCs, and the blue line represents non-MHW TCs. The color shading shows a 95%
confidence interval.
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Fig. 3 TC Latent heat flux changes in MHW TC and non-MHW TC. a–j Composite mean latent heat flux at different times with respect to LMI Day and
k spatially averaged latent heat flux for MHW TC (red) and non-MHW TC (blue) for 6-hour interval. The 95% confidence intervals are shaded with paint
color.

Fig. 4 TC Moisture disequilibrium and surface wind speed changes in MHW TC and non-MHW TC. Same as Fig. 3k, except for a the difference in the
saturation specific humidity at the surface temperature (Qsat) and specific humidity at the lowest atmosphere level (Qn), and b the magnitude of surface
wind speed (Un). The 95% confidence intervals are shaded with paint color.
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fuel the continuous convection process and promote heavy pre-
cipitation. Without an MHW event, the latent heat flux tends to
be low, which is less favorable to heavy rainfall near the TC center
and subsequent TC intensification. Increasing water vapor in the
atmosphere due to the warm ocean anomaly during MHW events
is favorable for initiating convective updraft regions, which would
be expected to lead to a VHT in a vorticity-rich
environment24,39,40. The aggregation and merging of VHTs into
system-scale circulation can cause intense TCs28,40.

We also investigate whether favorable atmospheric conditions
under the marine heatwaves can boost TC intensification. The
vertical wind shear, one of the atmospheric dynamic conditions
affecting TC intensification, was not critical for TC intensification
for the MHW TCs. That is, the large-scale vertical wind shear
magnitudes during the MHW TCs were about 1.4–4.7 ms−1

larger than those during non-MHW TCs, which rather inhibiting
TC intensification22,39–41 (Supplementary Fig. 4a). By contrast,
the atmospheric thermodynamic conditions (e.g., moisture con-
vergence and mid-level relative humidity) for the MHW TCs are
more favorable to intensify TCs, which are physically reasonable
given higher SST condition (Supplementary Fig. 1 and Fig. 4b).
Over higher SST anomaly region during the MHWs, moisture
disequilibrium between air and sea (with more significant latent
heat fluxes) may provide more water vapor contents in lower
atmosphere, which induce more robust moisture convergence
and mid-level humidity. These favorable thermodynamic atmo-
spheric conditions during the MHWs are fundamentally con-
nected to a precipitation-rich environment, leading to a more
efficient TC intensification process.

Accordingly, this study highlights the critical role of MHWs in
intensifying TCs by providing more latent heat flux from the
ocean and heavier precipitation near the TC center. At the early
stage of the MHW TC intensification process, the moisture dis-
equilibrium plays a more critical role in the latent heat supply
from the warm ocean to the atmosphere. Also, as TC with the
MHW strengthens, the TC-induced stronger surface wind speed
induces more latent heat supply from the sea. In this positive
feedback, TC can rapidly intensify up to the LMI. This study
establishes the physical connection between MHW events and TC
intensity. Until now, the global warming impacts on TCs have

been understood mainly through changes in the annual TC
intensity10–12. Recently, CMIP6 model simulations42 have shown
that MHWs will become more frequent and last longer under
global warming. Thus, the current comparison framework
between MHW TCs and non-MHW TCs will provide new
insights into how global warming will alter the short-term TC
evolution mechanism. The current study shows the physical
impact of MHW events on the intensity of TC, which is one of
the extreme weather systems, implying an overall physical
influence on other marine weather systems interacting with the
ocean, such as tropical mesoscale convective systems and rainfalls
over the ocean43.

Methods
Data. This study includes analyses of TCs over the WNP and the
ATL from May to October (MJJASO) of 1982–2019. The TC
position and intensity were obtained from the Joint Typhoon
Warning Center (JTWC) Best Track data and the hurricane
database (HURDAT2) for the WNP and ATL, respectively. In
this study, the formation of a tropical depression (maximum
sustained wind speed of 25 knots or more) was considered TC
genesis. We also use the daily gridded SST data obtained from the
National Oceanic and Atmospheric Administration Optimum
Interpolation Sea Surface Temperature (OISST) version 244 with
a spatial resolution 0.25° to detect MHW events. The atmospheric
variables, including winds, specific humidity and latent heat
fluxes were obtained from the European Centre for
Medium–Range Weather Forecasts ERA5 reanalysis45 with a
spatial resolution 0.25°. To understand the related change in TCs,
we use precipitation data from TRMM (TMPA) Level 3 Version 7
data with a horizontal resolution of 0.25° and temporal resolution
of 3 hours, available only from 1998 to 2019. In analysis, we
composited the precipitation into a daily time scale to remove the
diurnal fluctuations in TC rainfalls46.

Definition of MHW TC and non-MHW TC. The current study
mainly focuses on comparing MHW TCs and non-MHW TCs to
assess the impact of MHWs on TC intensification. For the clas-
sification into two groups, we first detected the MHWs following

Fig. 5 The genesis and LMI locations of the MHW and non-MHW TCs. a, c show the WNP TC cases and b, d show the ATL TC. The dots colored red and
blue denote the MHW and non-MHW TCs, respectively, and the faint colored dots denote the TCs excluded in this study. The black box line indicates the
main development region.
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Hobday et al.47. MHW events are defined as periods when the
daily SST exceeds a seasonally varying 90th percentile for a
minimum of five consecutive days. The daily climatology of the
90th percentile was calculated based on the early 30-year period
(1982–2011) by smoothing with an 11-day window centered on
each day of the year. MHW duration is the length of the start to
end date, intensity is the temperature anomaly above the clima-
tology, and we count events in a particular period to define the
frequency (Supplementary Fig. 5).

To examine the impact of an MHW on a TC in the
intensification phase, we defined an MHW TC as a TC whose
center stayed within 1 degree of an MHW area for two days or
more before reaching the LMI. TCs that never encountered
MHWs in their lifetime were defined as non-MHW TCs. This
spatial threshold (1 degree of an MHW area) can cover the TC
core area, so it can directly impact TC and the time threshold
(more than 2 days) is enough time for impact on the TCs15,16.
Additionally, TCs that encountered an MHW region <24 hours
before reaching the LMI or TCs that passed an MHW region after
the LMI were excluded from this study. Examples of MHW TCs
and non-MHW TCs are illustrated in Supplementary Figure 6.
We also applied the geographical limitation on TC formation
because the distribution of MHW and non-MHW TCs is
unbalanced (Fig. 5a, b). Most MHW TCs formed over the
southeastern area of the basin. The TCs that developed over this
area could be more intense because they traveled over warm
tropical oceans longer48. To focus on the effect of MHWs and
remove the possible influences from the formation location, we
consider only the TCs that formed over the main development
regions where about 79% of all major TC develop of the MHW
TCs, which are marked as the box region of 128°–180°W,
5°–20°N for WNP (Fig. 5a) and 80°–15°W, 10°–20°N for ATL
(Fig. 5b). Secondly, the latitude of the LMI was limited (Fig. 5c, d)
under the 30°N because LMI latitude also affect the TC
intensity49,50. As a result, we defined a total of 128 MHW TCs
and 184 non-MHW TCs, including 100 MHW TCs and 137 non-
MHW TCs in the WNP and 28 MHW TCs and 47 non-MHW
TCs in the ATL. All MHW TCs in this study have experienced
the MHW more than two days in the last five days before LMI.

Data availability
NOAA 1/4° daily Optimum Interpolation Sea Surface Temperature is available from
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. TC best track data are
from the Joint Typhoon Warning Center (https://www.metoc.navy.mil/jtwc/jtwc.html?
best-tracks) and Best Track data and the hurricane database (https://www.nhc.noaa.gov/
data/). We obtained daily total precipitation from the TRMM(TMPA) Rainfall Estimate
L3 V7 from https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary. Atmospheric
variables, including the latent heat flux, specific humidity, relative humidity, horizontal
wind, and vertical velocity, are from the ECMWF Reanalysis version 5 (https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-complete?tab=form). Daily
vertical ocean temperature data are from the GLORYS (https://data.marine.copernicus.
eu/products). The data used to create the figures can be found at https://github.com/h-
ychoi/MHW-TC.

Code availability
Codes used to generate main figures are available on request from the authors.
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