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in excess of 10 °C relative to the periphery of the storm have been 
observed42,43. As TCs move polewards, they transfer heat from the 
tropics to higher latitudes, thereby contributing to meridional energy 
transport in the atmosphere.

Above the warm core there is often a cool layer caused by adiabatic 
cooling from the rising and expanding air. The layer occurs around 
the tropical tropopause layer44,45 (Fig. 2a), which is a transition zone 
between the troposphere and stratosphere46. The cool layer has a depth 

of about 2–5 km and width of approximately 1,000 km, with a tempera-
ture anomaly of −6 °C to −1 °C relative to the periphery of the storm, and 
cooling rates of 0.1–1 °C day–1 during TCs45,47,48. This cool layer enhances 
vertical thermal instability, potentially allowing convection to reach 
higher altitudes and form taller, colder cloud tops47,48. Deep convec-
tion in TCs accounts for only about 3–7% of the total deep convection 
in the tropics49,50. However, TCs account for approximately 13–15% of 
overshooting convection that penetrates into the stratosphere with 

a   Air flow and temperature anomalies of TCs

b   Ocean temperature anomalies
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Fig. 2 | Air–sea energy and water budgets during tropical cyclones. a, Cross 
section of the simulated primary circulation (red contours at intervals of 
10 m s−1), secondary circulation (blue streamlines, with line thickness denoting 
the relative magnitude of the velocity) and temperature anomaly (shaded) of 
Typhoon Francisco (2013)88 averaged over a 24-h period (20 to 21 October 2013). 
b, Composite pattern of ocean temperature anomalies across tropical cyclone 
(TC) tracks in the Northern Hemisphere during 1993–2022 (ref. 248; daily HYbrid 
Coordinate Ocean Model). c, Left, spatial distribution of annual mean TC-induced 
surface enthalpy flux during 1993–2016 (based on reconstructed wind and flux 
field data71). Right, the associated meridional values (red bars) and percentages 

(blue curve), indicating the zonal distribution. The TC regime is defined by a 
radius of 500 km, and TCs are identified using best-track data from IBTrACS249, 
version 4 (details in Supplementary Note 1). d, As in c, but for TC-related kinetic 
energy loss during 1993–2016 (based on reconstructed wind and flux field data71). 
e, As in c, but for accumulated TC rainfall during 2002–2022 (ref. 33; 3-h Global 
Precipitation Measurement satellite product). TCs perturb the ocean (from the 
surface down to at least several hundred metres) and atmosphere (from the 
troposphere to the stratosphere) during their passage, causing tremendous 
energy and water transport.
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temperatures lower than the tropopause50,51 and 29% of clouds with 
top temperatures 15 °C colder than the tropopause50. Consequently, 
the contribution of TC convection to total deep convection is dispro-
portionately large50,51.

Upward and downward motions within and surrounding 
TCs lead to the exchange of air masses across the tropopause. Dry 
ozone-rich stratospheric air near TCs can intrude downwards into 
the upper or middle troposphere52 and, in some cases, even reach 
the Earth’s surface53, increasing the concentration of ozone in the 
troposphere by 20–50 ppbv (parts per billion by volume)53,54. For 
comparison, the marine boundary layer has a background ozone 
concentration of 10–30 ppbv (ref. 55). Although such downward 
intrusions occur, upward motion prevails in TCs. The boundary-layer 

or lower-tropospheric air, which is typically low in ozone but rich 
in water vapour, methane and aerosols, can be lofted to the upper 
troposphere56 and then either transported away by the TC outflow57 
or injected into the stratosphere58. This upward mass flux leads to 
ozone decreases in the upper troposphere and lower stratosphere58, 
which compete with the increases caused by stratospheric intrusion54. 
These contrasting processes are both important to the global climate 
system and highlight the uncertainties about the impacts of TCs on 
the composition of the upper troposphere and lower stratosphere.

At the top of the atmosphere, TC clouds modulate the Earth’s 
radiative budget59. TC clouds can reflect incoming solar radiation, 
emit longwave radiation, and absorb thermal energy from the Earth’s 
surface, leading to a net cooling or warming effect. The net radiation 

Table 1 | A summary of the energy and water changes associated with tropical cyclones

Changes Observation or reanalysis Model simulation

Immediate effects

Energy budget Radiative cooling 26 TW at the top of the atmosphere (CERES60) NA

Latent heat release 1.2 PW (GPM33); 0.99 PW (TRMM32) 0.58 PW (regional atmospheric model15)

Surface enthalpy flux Typical values for individual cases range from ~300 W m−2 
to >2 kW m−2 (ref. 12) (Supplementary Fig. 2)

0.17 PW (regional atmospheric model15); 
0.25 ± 0.04 PWa

Kinetic energy loss 5.4 TW (TRMM76) 4.5 TW (ocean general circulation model75); 
8.8 ± 1.5 TWa

Surface wave NA 1.62 TW (regional atmosphere–ocean coupled 
model18)

Near-inertial wave 0.028–0.065 TW (Argo and reanalysis data96) 0.03 TW (regional atmosphere–ocean coupled  
model18); 0.05 TW (regional atmosphere–ocean  
coupled model94); 0.07 TW (global atmosphere– 
ocean coupled model95)

Water budget Rainfall 15.6 ± 2.0 × 1015 kg yr−1 (GPM33); 12.5 ± 1.6 × 1015 kg yr−1 (TRMM32) 7.3 × 1015 kg yr−1 (regional atmospheric model15)

Evaporation NA 1.9 × 1015 kg yr−1 (regional atmospheric model15); 
2.8 × 1015 kg yr−1 a

Moisture 
convergence

5.1–14 × 1015 kg yr−1 (70–90% of total rainfall15,16,105)b

Short-term effects

Near-inertial wave vertical energy flux O(10−1) to O(10−3) W m−2 for individual cases (ADCP and CTD mooring 
data138,139)

NA

Increased shortwave and longwave 
radiation at the top of the atmosphere

8–10 W m−2 over individual cold wakes (CERES242; Fig. 4h) NA

Reduced moist static energy 3–6 kJ kg−1 5–20 days after TC passage (reanalysis data; Fig. 4d) NA

Reduced rainfall rate 0.04–0.08 mm h−1 over individual cold wakes (TRMM151; Fig. 4f) NA

Reduced surface enthalpy flux 12–15 W m−2 over individual cold wakes (IFREMER243; Fig. 4e) NA

0.3–1.65 PW (inferred from the sum of surface enthalpy flux during TCs and TC-induced ocean heat uptake; 
Supplementary Note 2)b

Surface evaporation decrease 3.4–18.7 × 1015 kg yr−1 derived from 0.27–1.49 PW (90% of surface enthalpy flux decreases; Supplementary Note 2)b

Long-term effects

Ocean heat uptake 0.26 PW (reanalysis data244); peak value of 0.6 PW (satellite 
SST data76); 0.20 ± 0.05 PW (satellite SST data245); 0.22–0.27 PW 
(satellite SST data187); 0.32 ± 0.15 PW (satellite sea surface height 
data186); 0.19 ± 0.03 PW (Argo data185); 0.34 PW (Argo data230)

1.4 ± 0.7 PW (regional atmosphere–ocean  
coupled model21); 0.35 PW (ocean general 
circulation model246); 0.48 PW (ocean  
general circulation model75); 0.13 PW  
(ocean general circulation model247)

Values represent annual mean of global tropical cyclones (TCs) unless stated otherwise. The data sources are specified in parentheses. aCalculated based on data in ref. 71. 
bValues across two columns indicate that they are obtained from both datasets. ADCP, acoustic Doppler current profilers; CERES, Clouds and the Earth’s Radiant Energy System;  
CTD, conductivity–temperature–depth; GPM, Global Precipitation Measurement; NA, not available; SST, sea surface temperature; TRMM, Tropical Rainfall Measuring Mission.
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emitted and reflected by a TC’s clouds over its lifetime ranges from –1  
to 1 TW (1 TW = 1012 W), depending on the solar elevation angles, and 
shows a diurnal cycle much stronger than that of the background 
climatology60,61. Globally and annually averaged, TCs have a net cooling 
effect of approximately 26 TW (ref. 60), offsetting about 6% of Earth’s 
mean energy imbalance (based on an estimated ocean heat content 
increase of 0.92 ± 0.08 W m−2 during 2007–2024 (ref. 62)).

TCs are sources of gravity waves in the tropics and mid-latitudes63. 
Strong upward motion in TCs perturbs the surrounding stably strati-
fied atmosphere, generating vertical displacements that excite gravity 
waves in which gravity and buoyancy serve as the restoring forces. 
TCs are associated with a 15% increase in gravity-wave amplitude64. 
These waves are characterized by vertical wavelengths of 1–3 km  
(ref. 65), horizontal wavelengths spanning sub-mesoscales (<10 km) to 
synoptic scales (1,000 km)65,66, and periods of 1 h to 2 days (refs. 65,67), 
with a particularly broad spectral distribution in the stratosphere. 
The associated momentum flux is of the order of 10−3–10−1 N m−2 in the 
upper troposphere and the stratosphere63,68. By transporting angular 
momentum upwards and over spatial scales many times larger than 
TCs64, TC-induced gravity waves can affect the atmosphere across mul-
tiple layers, even into the thermosphere69. Additionally, momentum 
forcing from gravity waves modulates atmospheric circulation near 
the tropopause and well above, as seen in the quasibiennial oscillation, 
semiannual oscillation and Brewer–Dobson circulation70.

Air–sea energy exchange
The strong winds of TCs can greatly enhance the heat and moisture 
exchanges at the air–sea interface. The surface enthalpy flux (the sum 
of sensible and latent heat flux) is proportionally dependent on surface 
wind and air–sea thermodynamic disequilibrium. A high-resolution 
ocean general circulation model, driven by prescribed atmospheric 
forcing, suggests that on average, the surface enthalpy fluxes are about 
300 W m−2 for tropical storms, increasing to approximately 600 W m−2 
for Category-5 TCs71 (Supplementary Fig. 2). However, surface enthalpy 
fluxes of 764 W m−2 have been observed under a TC with wind speeds of 
52 m s−1 (Category 3), and up to 2,189 W m−2 for winds reaching 72 m s−1 
(Category 5)12, which is an order of magnitude larger than the clima-
tological value14. The substantial discrepancy between the two obser-
vations, and between the modelled and observed values, indicates 
huge storm-to-storm variability in time and space, and non-negligible 
uncertainties that hinder accurate assessments of the air–sea energy 
budget under TCs.

The substantial heat fluxes under TCs result in a net transfer of 
energy from the ocean to the atmosphere. The annual average surface 
heat loss induced by TCs is estimated to be 0.17 PW within a 400-km 
radius from the storm centre, corresponding to a global average 
heat flux of 0.33 W m−2 (ref. 15). This value is probably a conserva-
tive estimate, because TC effects can extend beyond 400 km. Recon-
structed TC wind fields71, with a radius of 500 km, yield an estimate 
of 0.25 ± 0.04 PW, with roughly 90% coming from surface latent heat 
flux, namely surface evaporation (Supplementary Fig. 3). This sur-
face enthalpy flux peaks at 0.04–0.08 PW around 20° N/S (Fig. 2c and 
Supplementary Note 1). However, biases in the representation of TC 
surface wind fields, including spatial patterns and magnitudes, lead 
to uncertainty in estimates of surface enthalpy flux.

Frictional dissipation leads to substantial kinetic energy loss, 
which scales with the cube of the surface wind speed19. A portion of 
the lost kinetic energy contributes to dissipative heating that recycles 
back to intensify TCs by 10–30%19,72,73. The remaining portion drives the 

dynamic ocean response via turbulent momentum flux (wind stress) 
and then redistribution of thermal energy in the ocean18. The kinetic 
energy dissipation rate for an average Atlantic TC, with a maximum 
wind of 50 m s−1 at a radius of 30 km, is estimated to be 3 TW; the value 
increases to 30 TW for an extreme case with a maximum wind speed of 
80 m s−1 at a radius of 50 km (ref. 74). Averaged over the entire year, the 
kinetic energy loss of TCs is estimated to be 4.5 TW based on best-track 
wind data75, 5.4 TW from satellite data76, and 8.8 TW using the recon-
structed TC wind data71 (Table 1). Kinetic energy loss peaks at 2–3 TW in 
TC-active latitudes (20° N/S), accounting for 7–14% of the zonal global 
mean in this region (Fig. 2d).

Upper-ocean response
The air–sea energy exchange drives vigorous changes in the sea surface 
conditions. Through vertical mixing, upwelling, and enhanced sur-
face heat fluxes, TCs leave behind long, trail-like cold wakes at the sea 
surface77. These wakes can be as large as 500 km in width and several 
thousand kilometres long. The sea surface temperature (SST) anomalies 
associated with the cold wake range from –1 °C to –10 °C (refs. 78,79) 
and depend on the pre-storm temperature and salinity structure, the 
surrounding ocean circulation system, and TC intensity, translation 
speed and size80–83. Although the processes that generate cold wakes 
also increase surface salinity, heavy rainfall associated with TCs fresh-
ens the upper ocean. Therefore, the salinity of the wake depends on 
a balance between these terms, with weak TCs (<33 m s−1) tending to 
cause a fresh wake but intense TCs generating a salty wake84. TCs also 
accelerate surface currents by 1–2 m s−1 (ref. 81), generate surface waves 
with peak to trough amplitudes of up to 19 m (ref. 85) and produce 
bursts of sea spray86.

These TC-induced sea surface changes regulate air–sea energy 
exchange. The SST decrease reduces the air–sea temperature differ-
ence and suppresses TC intensity87, reducing surface enthalpy flux by 
approximately 16% for typical TCs81 and up to 50% in extreme cases88 
relative to pre-storm conditions. Surface currents driven by TC winds 
reduce the wind stress by decreasing the wind speed relative to the 
ocean’s surface89. Additionally, large surface waves generated by 
TCs increase the surface roughness and drag coefficient, acting to 
increase wind stress and slow the winds of a TC. However, as wind speed 
increases above ~30 m s−1, the surface roughness and drag coefficient 
level off or decrease, limiting further increases in wind stress90,91. Sea 
spray droplets initially release sensible heat and then evaporate by 
absorbing heat from the environment92. Surface waves can greatly 
increase surface momentum flux, and spray-induced enthalpy flux 
increases the total surface enthalpy flux by 10–40%86.

Wind forcing from TCs inputs mechanical energy to the ocean and 
drives mixing. TCs are estimated to make an annual mean contribution 
of 1.62 TW to surface waves18, representing 2.7% of the total wind energy 
input to surface waves (60 TW; ref. 93). Globally, near-inertial waves, 
as internal gravity waves in the ocean, contain much less energy than 
the surface wave field93,94, but the relative contribution of TCs is more 
salient. Atmosphere–ocean coupled models estimate that the power 
of TC winds on near-inertial waves is 0.03–0.07 TW (refs. 18,94,95), 
and this large range is mostly attributed to differences between model 
frameworks. Consistent with these model results, observational esti-
mates indicate that the wind power of TCs contribute 0.028–0.065 TW 
to near-inertial waves, accounting for 8–17% of the global wind power 
on near-inertial waves96.

The thermal conditions of the upper ocean are greatly altered 
by the mechanical energy input and air–sea interactions of TCs80,97. 
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The acceleration of currents in the upper layer increases velocity shear 
between the mixed layer and the thermocline, increasing the depth of the 
ocean mixed layer by several metres98 to more than 100 m (refs. 99,100). 
Strong mixing driven by TC winds can often penetrate through the mixed 
layer, bringing colder water to the surface and placing warmer water at 
depth101. Additionally, beneath TCs, within approximately a 200-km 
radius from the storm centre, upwelling leads to a uniform deep cool-
ing down to depths of 800 m (ref. 102) (Fig. 2b). Anomalous warming, 
centred at a depth of about 50–100 m, occurs on the right and left sides 
of the TC track. This effect is much more pronounced on the right in the 
Northern Hemisphere103 (Fig. 2b), owing to a resonance effect between 
the turning of the wind stress vector and the mixed layer velocity80.

Water budget
TCs are typically associated with heavy rainfall. Individual TCs are char-
acterized by peak rain rates of 3–20 mm h−1, which generally increase 
with TC intensity (Supplementary Figs. 4 and 5; refs. 104,105). During 
Hurricane Harvey’s lifetime of roughly 2 weeks, the average rainfall 
reached 120 mm over an area of 2.0 × 1012 m2 (ref. 106), which is com-
parable to the surface area of Mexico. The accumulated TC rainfall 
shows strong spatial heterogeneity, peaking at about 1,000 mm yr–1 in 
TC-active regions of the western North Pacific and decreasing inland 
(Fig. 2e). Regional atmospheric models estimate an annual total TC 
rainfall of 7.3 × 1015 kg yr−1 (based on a latent heat release of 0.58 PW and 
a conversion factor of 1 PW = 12.6 × 1015 kg yr−1 using the latent heat of 
vaporization of water)15. Additionally, rainfall estimates from satellite 
observations range from 12.5 × 1015 kg yr−1 (ref. 32) to 15.6 × 1015 kg yr−1 
(ref. 33) (Table 1).

TC rainfall accounts for 8–17% of total precipitation between ±20° 
latitudes (Fig. 2e). Regionally, TCs contribute substantially to the total 
annual rainfall in tropical coastal areas, for example 20–30% in Hainan 
Island107,108, 40–50% in Taiwan109, and 35–55% in the northern Philippines 
and Baja California, Mexico110,111. The contribution of TCs to rainfall 
is even more pronounced during TC seasons, reaching 40–70% of 
monthly or seasonal precipitation110,112, and 50–60% of extreme rainfall 
in coastal regions of East Asia and Western Australia113,114. TCs can also 
induce heavy rainfall remotely through interactions with midlati-
tude systems such as upper-level troughs115,116. However, quantitative 
estimates of indirect TC-induced rainfall remain uncertain.

One source of water vapour for heavy rainfall in TCs is surface 
evaporation, which corresponds to local water vapour sources. 
Surface evaporation under TCs, which is equivalent to the surface 
latent heat flux, is typically 1–3 mm h−1 (using a conversion factor 
of 1 mm h−1 = 694 W m−2 based on the latent heat of vaporization of 
water; refs. 105,117). The accumulated surface evaporation in TC-active 
regions can reach up to 120 mm yr–1 (Supplementary Fig. 3). Over a year, 
the global surface evaporation under TCs is estimated at 1.9 × 1015–
2.8 × 1015 kg yr−1 (Supplementary Note 2). However, this local surface 
evaporation accounts for only 10–30% of TC precipitation15,16,105 
(Fig. 2e and Supplementary Fig. 3f).

The second water vapour source is the convergence of low-level 
moisture, in which the water vapour mostly has a far-field origin from 
outside the precipitation area of a TC15. The near-surface TC atmos-
pheric circulation typically extends 3–5 times beyond the radius of the 
visible storm and brings moisture into the storm31,118. Therefore, TCs 
can affect the water flux in a vast region, for example increasing surface 
evaporation by more than 50% annually over the tropics119.

TCs also modulate the transport of moisture by the atmosphere120,121.  
They are estimated to account for approximately 30% and 53% of the 

poleward moisture transport over key TC-active regions during TC 
seasons in the Northern and Southern Hemispheres, respectively122. 
In East Asia, TCs become a crucial or even dominant (with substantial 
geographical variation) source of moisture as the summer monsoon 
withdraws113. Over North America, about 7–18% of the total onshore 
moisture flux is attributed to Atlantic TCs123. After a TC loses its circu-
lation, its moisture can contribute to atmospheric rivers. However, in 
some regions, TC-induced wind disturbances to large-scale atmos-
pheric circulation can suppress moisture supply and lead to drying, 
such as reduced rainfall by 1–4 mm day−1 over the Maritime Continent120 
and Southern China124.

Updraughts in TCs transport water vapour from the boundary 
layer to the upper troposphere, or even into the lower stratosphere57,125. 
In the layer where TC outflow prevails (between 300 and 150 hPa) 
intense TCs can increase the water vapour mixing ratio by 10–50% 
(several tens of parts per million by volume (ppmv)) over an area 
of approximately 1,500 km2 during their lifetimes57. This localized 
enhancement increases the overall hydration of the upper tropo-
sphere by 2–10% across the entire ocean basin in which TCs occur57. In 
the tropical tropopause layer or lower stratosphere, TCs can induce 
hydration or dehydration, depending on the pre-storm conditions126. 
If the air is subsaturated, hydration occurs through ice sublimation 
and water vapour injection127,128; however, if the air is supersaturated, 
dehydration occurs through the condensation of water vapour onto 
settling ice particles129,130. TC-induced changes in the concentration of 
water vapour in the stratosphere are generally in the range of ±1  ppmv  
(refs. 127,131), comparable in magnitude to climatological values132.

In summary, TCs induce substantial energy and water transport 
(Table 1 and Fig. 3). They extract 1.9 × 1015 to 2.8 × 1015 kg yr–1 of water 
from the ocean and 5.1 × 1015 to 14 × 1015 kg yr−1 from the lower atmos-
phere. For the energy flow, TCs annually transfer about 0.17–0.25 PW of 
heat from the ocean to the atmosphere and release a total of 0.58–1.2 PW  
of latent heat.

Short-term effects
After the passage of a TC, the atmosphere and ocean mixed layer gradu-
ally return to climatological conditions. This recovery period extends 
from the time of TC departure until the SST anomaly in the cold wake 
decays, which typically takes less than 30 days (ref. 20). This section 
discusses the short-term oceanic and atmospheric responses to TCs, 
and the impacts on successive TCs and other weather systems, roughly 
within 30 days after TC passage (Fig. 4).

Oceanic energy changes
TC-induced ocean surface cooling (Fig. 4a) disrupts the local surface 
heat balance in the atmosphere, resulting in an anomalous downward 
heat flux that gradually restores the cold wake to the pre-storm state. 
This anomalous downward heat flux arises because there is less upward 
heat flux from the surface of the ocean in the cold wake to offset the 
warming effect of solar radiation. Therefore, the downward heat flux 
depends on the magnitude of the SST anomaly to first order. One week 
after TC passage, the surface enthalpy flux over the cold wake is on 
average 12–15 W m−2 lower than before the storm, amounting to 9–12% 
of the pre-storm flux (Fig. 4e). The heat input into the ocean leads to a 
net ocean heat uptake accompanying the cold wake recovery21.

Below the sea surface, ocean currents are characterized by 
near-inertial waves formed by TC wind impulses133 (Fig. 4b). Like other 
wind-driven near-inertial waves, these waves propagate horizontally 
and vertically with frequencies near the local Coriolis frequency 
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(2.5–7.3 × 10−5 s−1 between 10–30° N/S), and often persist for more 
than 7 days (refs. 94,134). TC-induced near-inertial waves dominate 
large near-inertial kinetic energy events across TC-active regions in 
the tropics134, with oceanic current speeds occasionally exceeding 
2 m s−1 (ref. 135). The vertical energy typically propagates at speeds of 
several tens of metres per day136 and in some cases exceeds 100 m day−1 
(ref. 137). Estimates of the associated vertical energy flux range from 
O(10−1) W m−2 to O(10−3) W m−2 (refs. 138,139), depending on the back-
ground oceanic conditions. The downward radiation of near-inertial 
waves is around 1.8 × 10−2 W m−2 in a cold-core eddy and could increase 
up to 12.1 × 10−2 W m−2 in regions with a deep thermocline that favours 
deep energy propagation, such as the Gulf of Mexico Loop Current139.

TC-induced near-inertial waves affect energy redistribution in the 
deep ocean. Approximately 22–29% of the kinetic energy generated by 
two typhoons in the South China Sea propagated to the seabed, reach-
ing the seabed 12–24 days after the passage of the typhoons137. During 
propagation, some near-inertial waves transform into super-inertial 
(more than double the frequency of local Coriolis parameter) waves or 
dissipate into turbulence, promoting internal mixing at large distances 
from the TC-forcing region140. The TC-induced near-inertial waves 

transiently enhance turbulent diffusivity in the deep ocean by a factor 
of 3–8, providing about 42% of the energy driving diapycnal mixing in 
the ocean interior after the passage of a TC141.

TCs can also generate topographic Rossby waves that are baro-
clinic, sub-inertial and bottom intensified135. Steep continental slopes 
alter the relative vorticity of TC-induced currents. Topographic Rossby 
waves are generated when this slope is steep enough that the change 
in relative vorticity outweighs the β effect (the Earth’s planetary vorti-
city gradient). These TC-excited waves have periods of 2 to more than 
10 days and wavelengths spanning tens to hundreds of kilometres, per-
sisting 7 or more days and propagating along the slope with the shallow 
side on their right in the Northern Hemisphere135,142. As their energy is 
concentrated near the ocean bottom, TC-induced topographic Rossby 
waves can impact continental slopes143 and contribute to a sea level rise 
of approximately 1 m (ref. 144).

The strong waves and currents generated by TCs make them 
key drivers of bottom scour and the coastal sediment budget145. The 
near-bottom currents under Hurricane Ivan had speeds of around 
0.4–1.2 m s−1 at depths of 60–90 m, which is large enough to transport 
sediment and generate scour146. One TC can deposit up to 108 metric 
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Supplementary Note 2. Immediate impacts (timescales 0–1 days) of TCs alter 
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http://www.nature.com/natrevearthenviron


Nature Reviews Earth & Environment

Review article

tonnes of sediment147, which is comparable to the annual sediment 
discharge by the Mississippi River. Moreover, the displacement of warm 
surface water during the TC transfers heat to the underlying sediment 
and changes its thermal structure. This heat is subsequently released, 
warming the bottom water by up to 5 °C for around 4 days after the 
passage of a TC148, demonstrating the persistent influence of TCs on 
the ocean bottom heat budget.

Regional atmospheric energy and moisture changes
The reduction in surface sensible and latent heat flux over cold wakes 
exerts a strong influence on the local atmosphere, suppressing cloud 
formation and rainfall. The decrease in surface sensible heat flux sta-
bilizes the boundary layer and generates a high-surface-pressure cell 
above the cold wake149. This enhanced stability inhibits vertical mix-
ing of momentum, leading to weakened surface winds relative to the 
surrounding environment150. Meanwhile, the high-pressure anomaly 
and associated pressure gradient drive surface wind divergence. The 
reduction in surface latent heat flux results in a diminished moisture 
supply, which, together with boundary layer stabilization and surface 
wind divergence, effectively suppresses clouds and rainfall. One week 
after TC passage, rain rates, cloud fraction and rain probability over cold 
wakes are on average decreased by approximately 17% (1–2 mm day−1, or 
equivalently ~0.04–0.08 mm h−1), 7% and 14%, respectively151 (Fig. 4f,g). 
These reductions depend on SST anomalies in the cold wake and can 
last as long as the cold wake is present.

The reduced cloud cover alters radiative fluxes at the top of the 
atmosphere, increasing the incoming solar (shortwave) radiation 
and outgoing longwave radiation. On average, the shortwave and 
longwave radiation fluxes at the top of the atmosphere both increase 
by 8–10 W m−2 over the cold wake (2–3% of their pre-storm values), 
nearly offsetting each other (Fig. 4h). On a seasonal basin-wide scale, 
shortwave and longwave radiation perturbations associated with cold 
wakes show large variability but reach up to 1 W m−2 in the eastern North 
Pacific152. This magnitude is smaller than, but regionally comparable 
to, the anthropogenic radiative forcing of approximately 1–2 W m−2 
(ref. 153). The resulting anomalous radiative flux affects the sea surface, 
feeding back on SST–cloud interaction cycles154.

The heavy precipitation and subsidence in the periphery of TCs 
lead to a drying of the atmospheric column following TCs155,156. This 
dehydration reduces the greenhouse effect of water vapour, contribut-
ing to tropospheric cooling155. Correspondingly, the local moist static 
energy, an integrated measure of latent energy, enthalpy and potential 
energy, is reduced by 3–6 kJ kg−1 in the lower and middle troposphere 
for 5–20 days after TC passage (Fig. 4d). TC-induced cold wakes and 
Rossby waves, and their interactions with large-scale atmospheric 
phenomena enhance this negative moist static energy anomaly, which 
extends 3,000 km to the west of the TC-active area157.

TCs moving westwards and polewards emit Rossby wave energy 
because of the β effect158,159. These waves propagate eastwards and 
equatorwards in the wake of TCs, forming synoptic-scale wave trains 
characterized by alternating anticyclonic and cyclonic circulations 
(Fig. 4c), with wavelengths of 2,000–3,000 km (refs. 160,161). Intense 
TCs are more likely to generate Rossby wave trains than weak TCs; in 
the western North Pacific during 2000–2001, Rossby wave trains were 
produced by 87% and 31% of intense and weak TCs, respectively162.

Impacts on successive TCs and other weather systems
Cyclonic disturbances in TC-excited Rossby wave trains contain plen-
tiful moisture and positive vorticity, making them potential seeds 

for new TC genesis under favourable environmental conditions163,164. 
These conditions include weak vertical shear, high moisture in the 
middle troposphere, and convergence of the large-scale environmental 
flow161,162,165. In the western North Pacific, approximately 18–30% of TC 
genesis events are linked to energy dispersion from preceding TCs162,165. 
The initial TC can persist after spawning a new TC; therefore, the two 
TCs can coexist in the same basin, leading to multiple TC events165. For 
instance, between 14 August and 5 September 2004, seven TCs formed 
sequentially in a train-like manner over the western North Pacific166 
(Supplementary Fig. 6). Globally, about 34–57% of TCs occur as mul-
tiple TC events. Rossby wave dispersion contributes to a substantial 
proportion of these events (possibly 38–45%) across the North Atlantic, 
eastern North Pacific and western North Pacific basins167. Additionally, 
anticyclonic disturbances in Rossby wave trains can interact with envi-
ronmental flows, potentially causing abrupt deflections in the tracks 
of subsequent TCs168.

The persisting cold wakes left behind by precursor TCs can also 
affect subsequent TCs. On average, 7.5%, 11% and 15% of TCs in the 
Atlantic, eastern Pacific and western North Pacific basins, respectively, 
encounter cold wakes169. These interactions reduce TC intensities by 
3.2%, 4.6% and 6.5% in each basin, with the changes reaching 12–15% in 
TC-active years (years with the largest numbers of TCs)169. Cold wakes 
can also suppress TC genesis, typically reducing the annual number of 
TCs by 5–20%170–172, although large uncertainties remain in projections 
of TC frequency from global models. By inhibiting subsequent TC 
development, cold wakes could also be associated with a systematic 
shift in TC track density172.

After moving out of the tropics, TCs often undergo phase transi-
tions to extratropical cyclones or hybrid (subtropical) cyclones. Extrat-
ropical cyclones have a cold core and are driven by baroclinic instability, 
whereas subtropical cyclones have a warm core at low levels but a 
cold core at upper levels173. The transition to extratropical cyclones is 
more common, with approximately half of TCs in the western North 
Pacific and the North Atlantic undergoing this transition174,175, making 
them essential connections between the tropics and midlatitudes176. 
These extratropical cyclones can then feed into atmospheric rivers and 
contribute to heavy rainfall177.

During the phase transition to extratropical cyclones, some storms 
recurve and reintensify by interacting with midlatitude systems, trigger-
ing or amplifying midlatitude planetary-scale Rossby wave packets. The 
frequency and amplitude of Rossby wave packets downstream of recurv-
ing TCs are enhanced by 12–20% (18–30% above climatology) and 2 m s−1 
(30% above climatology), respectively, over the western North Pacific, 
and by 15% (30% above climatology) and 2 m s−1 (20–30% above climatol-
ogy) over the South Indian Ocean178. These changes persist for approxi-
mately 5–7 days after the phase transition178,179 and can strongly affect 
downstream weather patterns, leading to phenomena such as blocking 
anticyclones180, cyclogenesis181 and heavy precipitation events182. Addi-
tionally, upper-tropospheric warm pools associated with the remnants 
of TCs can also be transported to midlatitudes, modifying hemispheric 
flow patterns for up to 14 days after the dissipation of the TC176.

The poleward-propagating planetary-scale Rossby waves that are 
influenced by TCs modulate midlatitude to high-latitude atmospheric 
circulations, serving as a teleconnection mechanism linking the trop-
ics to the polar latitudes. Through this pathway, TCs can substantially 
affect Arctic sea-ice variability183. There is a strong positive correlation 
between western North Pacific TC activity and Arctic sea-ice concen-
tration, with August TC activity explaining over 30% of the variance in 
Arctic sea-ice changes 30 days later184.
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In summary, TCs have short-term impacts on the atmosphere and 
ocean through persisting waves in the ocean, residual cold wakes, gen-
erated Rossby wave dispersion and modified planetary-scale Rossby 
waves (Fig. 5a and Table 1). Cold wakes annually increase global energy 
transfer from the atmosphere to the ocean by 0.3–1.65 PW; reduce evap-
oration from the ocean surface by 3.4–18.7 × 1015 kg yr–1; reduce rainfall; 
and increase shortwave and longwave radiation at the top of the atmos-
phere by reducing the cloud fraction. TC-generated Rossby waves can 
act as precursors for new TCs and alter the tracks of subsequent TCs. 

The effects of these processes can oppose one another, leading to 
uncertainty in the role of TCs in climate.

Long-term effects
TCs can leave a long-lasting (more than 1 month) imprint on the climate 
system and can affect climate variability from intraseasonal to decadal 
scales. They cause subsurface ocean changes that affect ocean climate 
processes and phenomena such as ocean heat uptake, meridional heat 
transport and large-scale ocean circulation; affect the characteristics of 
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mesoscale ocean eddies; and provide feedback to the El Niño–Southern 
Oscillation (ENSO), as discussed in this section.

Ocean heat uptake and transport
The restoration of cold wakes to normal conditions is associated with 
an increase in the ocean heat content21, often referred to as ocean heat 
uptake (Fig. 6a, left). The total TC-induced increase in ocean heat con-
tent per year estimated from observations, reanalysis and various types 
of models ranges from 0.13 PW to 1.4 PW (Table 1). The magnitude of 
this increase primarily depends on TC intensity. Weak TCs do not pro-
duce noticeable subsurface warming185 and might even lead to a net 
cooling of the ocean column186. By contrast, although Category 3–5 
TCs comprise fewer than 15% of all TCs, they contribute to more than 
50% of the TC-induced increase in ocean heat content187 (Fig. 6a, right).

TC-induced ocean subsurface heat anomalies can stay in the ocean 
interior for months to years because the subsurface water is isolated 
from direct air–sea energy exchange. However, in the subsequent 
winter season, when the mixed layer deepens and mixing increases 
from convection and stirring, some of the anomalous heat deposited in 
the seasonal thermocline can be entrained into the near-surface water 
and then released back to the atmosphere (a re-emergence mecha-
nism)188. This heat release can reduce the seasonal SST cycle by 10% 
within 30° of the Equator75, and it potentially affects the subsequent 
winter climate patterns, for example by decreasing the meridional 
temperature transport of standing waves189.

The residual subsurface anomalies are advected by the back-
ground currents and contribute to ocean heat transport. For example, 
in the western North Pacific, over 50% of TC-induced ocean heat uptake 
is advected westward, joins the Kuroshio current and is transported 
polewards to the Kuroshio extension one year later190. Estimates of the 
contribution of TC-induced heat to the peak poleward heat transport 
range from 0.02 PW to 0.2 PW and up to 1.4 PW, depending on the 
methods used21,75,191,192 (Fig. 6b), and are subject to substantial uncer-
tainties. The range of these estimates is comparable to the total oceanic 
meridional heat transport from the tropics to higher latitudes (2 PW). 
Additionally, a small fraction (about 0.015 PW) of the ocean heat uptake 
is transferred downwards by TC-induced near-inertial waves193.

TCs also generate upper-ocean cooling within their inner-core 
regions through upwelling, a process that is especially pronounced 
for slow-moving TCs194. This upper-ocean cooling has an opposite 
effect to the subsurface warming on a comparable timescale but has 

received much less attention103,195. If the cooling and warming anomalies 
do not merge and dissipate, assessments based on net heating of the 
upper ocean or sea surface height anomalies would underestimate 
the impact of TCs on ocean heat uptake and the associated meridional 
heat transport.

Mesoscale oceanic eddies
TC perturbations can induce substantial changes in mesoscale oceanic 
eddies, whose lifetimes typically range from several months to more 
than a year196. Over 90% of TCs encounter eddies during their lifetimes197, 
and about 15% of eddies in TC-active basins are affected by TCs (Supple-
mentary Fig. 7). TCs disrupt the geostrophic balance of existing eddies 
during their passage, deforming cold-core and warm-core eddies198. 
However, the injection of positive potential vorticity by TCs gener-
ally intensifies cold-core eddies but weakens warm-core eddies199,200 
(Supplementary Fig. 8). In some cases, TCs can generate new cold-core 
eddies in the cold wakes of TCs201 (Fig. 4a). Additionally, TC-induced 
downwelling ocean responses can strengthen pre-existing warm-core 
eddies202. Therefore, the relative position between the track of a TC and 
the eddy determines whether the positive potential vorticity is strong 
enough to take effect, and whether the ocean’s response is dominated 
by upwelling or downwelling.

TCs alter long-term heat and water transport of mesoscale ocean 
eddies. On average, for cold-core eddies, the amplitude and surface cur-
rent speed increase by 7.6% (about 1 cm) and 5.7% (about 2 cm s−1), respec-
tively, but for warm-core eddies, they decrease by 13.6% (about 1.5 cm) 
and 6.9% (about 2 cm s−1)203. The corresponding changes in the kinetic 
energy and available gravitational potential energy of the eddies range 
from O(102) TJ to O(103) TJ (ref. 204). Additionally, the total meridional 
heat transport by mesoscale oceanic eddies in the tropics and subtrop-
ics is within the range of ±0.6 PW, primarily equatorwards in the tropics 
but polewards in the subtropics205. Based on this value (assuming that 
15% of eddies are affected by TCs), if the TC-induced intensity changes 
of eddies, roughly of the order of 10%, directly correspond to changes 
in eddy temperature, the resulting variations in the eddies’ meridional 
heat transport are estimated to be within ±9 TW over TC-active basins.

Ocean circulation
Wind forcing, precipitation and evaporation caused by TCs alter 
the thermal structure and stratification of the ocean, leading to 
changes in ocean circulation, which can last for months or even years. 

Fig. 4 | Short-term changes in energy and water transport in the atmosphere 
and upper ocean. a, The track (black triangles, storm centres at 24-hr 
intervals249), cold wake (colour map, sea surface temperature (SST) anomaly 
calculated as the difference between the SST on 19 October and an average of 
9–16 October 2013; ref. 250) and sea surface height anomaly of newly generated 
mesoscale ocean eddies (contours251) of Typhoon Wipha (10–15 October 2013). 
The red star and white ellipse indicate the storm centre of Typhoon Wipha on 
20 October and the generated cold-core eddy88. The coloured lines and circles 
indicate the subsequent passage of Typhoon Francisco (16–25 October 2013) 
and its categories at 24-h intervals88. b, Observed cross section of meridional 
near-inertial velocity waves induced by Typhoon Lan (2017)141. The grey line 
indicates the time of typhoon passage. c, Composite 3–8-day bandpass-filtered 
850-hPa wind fields (streamline) and relative vorticity (shaded) for all tropical 
cyclones (TCs) that generate new TCs to the east–southeast over the western 
North Pacific during 2006–2011 (ref. 164). The relative latitude and longitude 
denote the distance from the composite centre of TC samples. d, Cross section of 

moist static energy anomalies relative to the climatology, averaged over a 5° × 5° 
region centred on global landfalling TCs during 1998–2022 (ERA5 reanalysis 
data252, Supplementary Note 3). Stippling denotes statistical significance  
(99% confidence level Mann–Whitney U test). e, Spatial distributions of composite 
TC-induced surface enthalpy flux anomalies (shaded151), the percentage relative 
to the pre-storm value during 1998–2016 (contour) and surface wind anomalies 
during 1999–2009 (vector151). Pre-storm and post-storm values are averaged over 
days –7 to –5 and days +6 to +8 relative to TC passage, respectively. The multiyear 
average of the annual cycles of the climatological value was subtracted from the 
data. f, As in panel e, but for rainfall anomalies during 1998–2016 (ref. 151). g, As 
in panel e, but for cloud fraction anomalies during 2005–2016 (ref. 151). h, As 
in panel e, but for shortwave (shaded) and longwave (black contour) radiation 
anomalies and their percentages relative to the pre-storm values (blue and white 
contours, respectively) during 2001–2016 (ref. 242). The restoration of the 
atmosphere and upper-ocean conditions after a TC leads to anomalous energy 
and water transports within and between the atmosphere and ocean.
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TC-induced wind forcing and associated changes in surface buoyancy 
fluxes, ocean temperature and abyssal mixing, can modify the Atlantic 
meridional overturning circulation by approximately 4% (about 0.9 Sv; 
1 Sv = 106 m3 s−1)103. These changes help to maintain deep circulation 
in the South China Sea206 and enhance the Northern Hemisphere sub-
tropical gyre by 2.5 Sv (ref. 207). Such modifications in ocean circu-
lation affect oceanic heat transport. For example, enhanced ocean 
density caused by surface evaporation can intensify the Atlantic 
meridional overturning circulation, which enhances poleward heat 
transport by about 20 TW. In contrast, freshwater input from TC rainfall 
reduces ocean density, weakens the Atlantic meridional overturning 
circulation, and decreases poleward heat transport by about 30 TW  
(ref. 208). The associated variations in meridional SST also lead to 
changes in the large-scale atmospheric circulations, such as alterations 
in the Hadley cells191,209.

The western boundary currents can be modulated by TCs through 
direct wind forcing and indirect thermal changes. Although the effect 
of direct wind forcing persists on timescales of several days210,211, 
TC-induced thermal changes can have a long-term (months or longer) 
effect on the western boundary currents. In the western North Pacific, 
TCs collectively induce subsurface warming to the right of the Kuro-
shio current and cooling along the main axis. These thermal structure 
changes lead to anomalous geostrophic currents, strengthening the 
upper right flank by 15% and weakening the main axis by 4%71. Conse-
quently, the net poleward heat transport of the Kuroshio is reduced 
by 20 ± 20 TW (ref. 71).

TC-induced changes in eddy characteristics also affect ocean 
circulation. The systematic intensification of cold-core eddies and 
weakening of warm-core eddies by TCs result in a net positive potential 
vorticity anomaly between them. As these eddies propagate westwards 
and impinge on western boundary currents, such as the Kuroshio in 
the western North Pacific and the Gulf Stream in the North Atlantic, 
the associated positive eddy potential vorticity flux accelerates these 
currents199,200 (Fig. 6c).

El Niño–Southern Oscillation
The variability of TC activity is closely correlated with ENSO. As the 
largest single interannual climate signal in the tropics, ENSO strongly 
regulates the genesis location, intensity, track and lifetime of TCs212,213, 
through changes in large-scale atmospheric circulation and SST pat-
terns. Overall, during El Niño, the eastern Pacific is characterized by 
high SST, low vertical wind shear, and ascending motion due to a shift 
of the Walker circulation, whereas the Atlantic corresponds to high 
vertical wind shear, a descending branch of the Walker circulation and 
associated high atmospheric stability. Consequently, TC frequency 
and intensity typically increase in the eastern North Pacific but are 
suppressed in the Atlantic214. In the western North Pacific, there is a 
southeast shift in genesis location, associated with increases in TC 
lifetime and intensity. During La Niña, these patterns are reversed, 
and changes in atmospheric wind shear and large-scale subsidence 
typically suppress TC activity in the Pacific.

The impacts of cumulative TC activity on westerly wind bursts and 
the discharge–recharge cycle of ocean heat content can feed back on 
ENSO characteristics215,216. Low-latitude TCs can generate westerly wind 
bursts on their equatorial side217. Approximately 69% of westerly wind 
bursts in the western North Pacific during 1979–2015 were associated 
with concurrent TCs218. These TC-induced westerly wind bursts can 
contribute to weakening of the Walker circulation, drive anomalous 
eastward sea surface currents and excite eastward-propagating equa-
torial Kelvin waves219,220. Consequently, the thermocline deepens in 
the tropical eastern Pacific and shoals in the western Pacific216. The 
reduced zonal thermocline gradient is favourable for the strengthen-
ing El Niño events and weakening La Niña events219. Thus, TC activity 
is positively correlated with ENSO indices, with TC activity leading 
ENSO by up to 6 months213. For example, July–August–September 
TCs in the western North Pacific account for approximately 51% of the 
variance in the October–November–December Niño-3.4 index during 
1970–2016 (ref. 219).

In past climates, the feedback to ENSO by TCs could have been 
more substantial than it is today. Fully coupled Earth system model 
experiments indicate that accounting for the impacts of TCs increases 
the occurrence of strong to extreme El Niño events from 7 to 10 in a 
100-year period under preindustrial climate conditions216. Most general 
circulation models can produce ENSO with TCs that are much weaker 
than observed221, suggesting that TCs might modulate ENSO magnitude 
but not its occurrence in the present day. In contrast, during the early 
Pliocene epoch (approximately 5 to 3 million years ago), simulated 
TC trajectories intersected more with the low-latitude wind-driven 
ocean circulation than those of present-day storms, and thus TCs were 
essential for maintaining permanent El Niño-like conditions222.

In summary, the long-term responses of energy and water trans-
port to TCs are primarily attributed to ocean heat uptake and modula-
tion of ocean circulation and climate modes (Fig. 5b and Table 1). TCs 
lead to a net annual mean increase of ocean heat content of 0.13–1.4 PW, 
with a meridional heat transport of 0.02–1.4 PW. Inadequate informa-
tion on ocean temperature and currents during and after TCs, and 
limited confidence in model performance are responsible for the large 
ranges of these estimates.

Climate change
Anthropogenic climate change can alter TC characteristics. Increas-
ing ocean temperatures makes more energy available to the atmos-
phere and increases the surface enthalpy flux223. These changes 
can lead to increased TC activity, which can manifest as increased 
intensity, lifetime and rainfall. However, inferring these changes 
from the observational record can be difficult, owing to the short 
range of reliable data and the many ways in which a TC can evolve. 
Since the 1980s, it is likely that the proportion of TCs classified as 
intense (Category 3–5) has increased globally23, and that the aver-
age location at which TCs attain their peak intensity has migrated 
polewards224. Climate warming could also influence the destructive  
potential of TCs, although such trends remain under debate225,226.

Fig. 5 | Short-term and long-term effects of tropical cyclones. a, The water 
budgets (blue boxes) and energy budgets (red boxes) associated with the 
short-term effects of tropical cyclones (TCs). When data are available (sources 
in Table 1), these budgets are calculated for individual cases (pink circle) and 
as an annual mean (orange circle). Details of the calculations are provided in 
Supplementary Note 2. TCs generate waves in the ocean, cold wakes at the sea 

surface, and Rossby wave dispersion in the atmosphere; they can also modify 
planetary Rossby waves (dashed line, waves without TCs; thick blue line, waves 
with TC effects), which can modulate Arctic sea-ice variability. b, As in panel a, but 
for long-term and climate effects. TCs alter global energy and water cycles across 
various spatiotemporal scales. ENSO, El Niño–Southern Oscillation.
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Climate-change-induced changes in TC activity and the atmos-
pheric and oceanic states alter the impact of TCs on water transport 
and air–sea energy exchange. TC rainfall rates increased by 1.3% yr–1 
during 1998–2016 (ref. 25). However, the inner-core rain rate might 
have decreased, owing to the strengthening cold wakes227 or the 
increasing static stability of the atmosphere228 with anthropogenic 
warming. Atmosphere–ocean coupled model simulations indicate 
that the mechanical energy input from TCs to the ocean increased by 
16% during 1984–2003 (ref. 18). Correspondingly, TC-induced wave 
energy increased by 9% decade–1 during 1979–2022, with the maximum 
height and area of the waves increasing by 3% decade–1 and 6% decade–1, 

respectively229. Furthermore, TCs might have contributed to a 10% 
increase in ocean heat uptake since 1970 (ref. 230), which is consistent 
with the observed strengthening of cold wakes since the 1980s (ref. 231).

Projections of future TC activity under anthropogenic warming 
remain uncertain. Changes in TC frequency are particularly difficult 
to model. Although most global simulations predict that the total 
number of TCs will decrease, by a median of 13% for 2 °C of anthro-
pogenic warming26, a robust increase in TC frequency by 6% has also 
been reported232. Additionally, frequency trends are inconsistent 
between different basins and hemispheres233. Such diversity is partly 
attributed to the stochastic nature of cyclogenesis. The TC intensity, 
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Fig. 6 | Long-term impacts of tropical cyclones on climate patterns. a, Global 
distribution of annually accumulated ocean heat uptake (OHU) induced by 
tropical cyclones (TCs) (left) and their zonal averaging classified by TC intensity 
(right) during 2003–2018 (ref. 187). b, Modelled estimates of TC-induced 
meridional heat transport (MHT) anomalies: Zhang et al.71 (averaged over 
1993–2016); Li et al.103; Li et al.207; Vincent et al.75 (averaged over 1978–2007); 

Manucharyan et al.191 (scaled by a factor of 0.1). c, Linear gradient of the trends 
of eddy potential vorticity (shaded) and the annual accumulated power input 
(contour) of TCs, superimposed by Kuroshio current (vectors) over the western 
North Pacific during 1994–2013 (ref. 199). TCs affect ocean circulation and heat 
transport over timescales of months to years through modulations of the ocean 
heat pump and mesoscale oceanic eddies.
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the proportion of intense TCs, and TC rainfall are mainly predicted 
to increase in the future26,232. More intense and slower storms would 
cause stronger ocean responses, and heavier rainfall could contribute 
to strengthened water transports. Global climate model projections of 
the effect of anthropogenic warming on TC size are inconsistent234,235. 
However, the size changes are likely to be modest, because TC size 
depends primarily on relative SST rather than absolute SST236. Fur-
thermore, if TCs continue to shift polewards, their contributions to 
higher-latitude regions will become more pronounced.

The uncertainties in projections of future TC activity make it dif-
ficult to understand how the impacts of TCs on global water and energy 
cycles will change in a warming climate. The observed and possible 
future trends of many aspects of TC-related energy and water trans-
port under climate change have not been assessed. For example, how 
the ocean heat uptake and transport might evolve with changing TC 
characteristics and ocean stratification remains poorly understood. It 
is also unclear what the optimal statistics and metrics are to quantify 
changes in TC activity. For example, if a TC undergoes more frequent 
eyewall replacements, and thus grows bigger and lasts longer, it is 
unclear whether the statistics should be calculated over the lifetime of 
the storm, only when winds exceed some threshold, or averaged over 
an area that moves with the storm. A single storm that lasts weeks and 
tracks over extensive distances might have the same role in the climate 
system as several shorter-lived storms, and hence simply counting 
storms could lead to a skewed estimate of future TC activity.

Summary and future perspectives
TCs influence global energy and water cycles across multiple spatial 
and temporal scales. In TC-active latitudes, TCs account for up to 17% of 
rainfall, 2% of surface enthalpy flux or evaporation, and 14% of kinetic 
energy dissipation. Over a period of days to one month after the passage 
of a TC, the atmosphere is characterized by a decrease in moist static 
energy, Rossby wave dispersion and enhanced planetary-scale Rossby 
waves, which can influence local and remote weather patterns. In the 
ocean, TC-induced near-inertial waves, topographic Rossby waves, 
and currents propagate and dissipate, modulating turbulent diffu-
sivity, diapycnal mixing, sea level variations and sediment transport. 
Over longer timescales, TCs contribute to climate variability through 
enhanced ocean heat uptake, modulation of ocean circulation and 
mesoscale oceanic eddies, and feedback to ENSO. Further research is 
needed to better observe, understand, simulate and project the role 
of TCs in the Earth system, as discussed in this section.

TC-induced energy and water budgets warrant more thorough char-
acterization. Although the qualitative understanding of the interac-
tions between TCs and local and global energy budgets is relatively well 
established, quantitative assessments are still inadequate. The very large 
spatial and temporal variability of TCs also makes it difficult to accurately 
quantify the cumulative contributions of TCs. Purposely designed obser-
vational projects, such as integrated long-term monitoring and tracing of 
oceanic processes following TC passages, are needed to better understand 
the climate impacts of TCs on ocean circulation and heat transport.

The ability of models to accurately resolve TCs should be a focus 
of future model evaluation and development. Large discrepancies 
exist among global models in capturing many aspects of TCs22. To 
build confidence in projections of future TC changes and their impacts, 
model results must be validated against observational records. Models 
such as those in the Coupled Model Intercomparison Project phase 6 
(CMIP6) with order 100-km resolution cannot simulate TCs other than 
as broad cyclonic areas. Atmospheric grids of ~4 km are needed to 

explicitly resolve convection237. Multiyear simulations at higher resolu-
tions have provided an improved representation of TC characteristics, 
including intensity238. Similarly, ocean simulations require high resolu-
tion with order 1-km grids. Such resolutions are not yet available for 
global climate models. Improving model resolution requires more than 
increased computational power as it necessitates advances in model 
frameworks, in particular the numerical discretization stability and 
scale adaptivity of parameterizations.

Furthermore, there are still large uncertainties in model physics. 
For example, the difference in cumulus mixing rate of the convective 
parameterization scheme can alter the modelled number of global TCs 
by ~100%239. Additionally, parameterizations of Langmuir turbulence 
result in differences in sea surface cooling of up to 0.7 °C and reduce the 
surface enthalpy flux by ~10%240. Advancing model physics will require 
improvements in the parameterization of key processes central to TC 
development and intensification, such as turbulent ocean mixing, 
air–sea interactions and surface fluxes, atmospheric boundary layer 
dynamics, convection and cloud microphysics, and longwave and 
shortwave radiation in the presence of complex clouds.

Advanced synthesis and reanalysis of available data could help to fill 
the gaps that exist in many historical datasets of TC-related metrics241. 
Field missions12,97,202 have used dropsondes to obtain detailed informa-
tion about the atmosphere, and air-deployed expendable bathyther-
mographs, profiling floats, drifters and buoys to detect ocean changes. 
Multiplatform satellite data are also available, and the resolution, fidel-
ity and coverage of satellite instrumentation continue to improve. 
Although these data are not homogeneous, they can complement each 
other with improved integration of the available data. Reanalysis data-
sets at higher resolution and with effective assimilation of TCs should 
also be considered based on these satellite data and in situ observations.

Linking the understanding of TC energy and water flows to impact 
and risk assessments is essential. The impacts of TCs on energy and 
water transport can cause serious damage, for example via strong 
winds, heavy rainfall, storm surge, coastal erosion and flooding. How-
ever, the effects of TCs on land infrastructure and populations are highly 
nonlinear, as most damage is caused by the very intense storm events, 
which are projected to increase in a warming climate232. Improved quan-
tification and prediction of TC energy and water fluxes, particularly 
for landfalling cases, can support the understanding of these risks and 
help to build resilience and to inform flood and hazard assessments.

Data availability
The observation and model data used in Figs. 2, 4 and 6 of this Review 
are available at http://www.ocean.iap.ac.cn/ftp/cheng/Ma_etal_NREE_ 
TC_energywater_data/.
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