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Distinct e�ects of anthropogenic aerosols on
tropical cyclones
YuanWang1,2*, Keun-Hee Lee1,3, Yun Lin1, Misti Levy1 and Renyi Zhang1,4*

Long-term observations have revealed large amplitude
fluctuations in the frequency and intensity of tropical cyclones
(TCs; refs 1–4), but the anthropogenic impacts, including
greenhouse gases and particulate matter pollution4,5, remain
to be elucidated. Here, we show distinct aerosol e�ects
on the development of TCs: the coupled microphysical and
radiative e�ects of anthropogenic aerosols result in delayed
development, weakened intensity and early dissipation,
but an enlarged rainband and increased precipitation under
polluted conditions. Our results imply that anthropogenic
aerosols probably exhibit an opposite e�ect to that of
greenhouse gases, highlighting the necessity of incorporating
a realistic microphysical–radiative interaction of aerosols
for accurate forecasting and climatic prediction of TCs in
atmospheric models.

Tropical cyclones (TCs) represent one of the most destructive
natural weather phenomena, with an annual global occurrence
of about 90 events2. As a large and complex convective system
associated with enormous surface enthalpy fluxes, the frequency
and intensity of TCs are regulated by several environmental
conditions, including sea surface temperature (SST), vertical wind
shear, vorticity, and humidity of the free troposphere6. Both
observational and modelling studies have assessed changes in the
frequency and intensity of TCs in a warming world, but the
results often conflict because of limitations in the global historical
records and uncertainties in global climate models. For example,
although regional and global data analyses indicate a trend of
more frequent and intense TCs during recent decades1,2, explicit
and downscaled simulations using global climate models often
project decreases in the globally averaged TC frequency because of
greenhouse gas warming4. At present, the detection of long-termTC
trends and their attribution to the rising level of greenhouse gases
remain uncertain4.

In addition, atmospheric aerosols may also impact oceanic
cyclones by modifying thermodynamic and microphysical
conditions5,7–11. The warming effect due to accumulating green-
house gases along with the cooling effect exerted by anthropogenic
aerosols has been linked to long-term trends in tropical Atlantic
warmth and increasingly stronger hurricanes in recent decades12.
Satellite analysis suggests that cooling over the tropical North
Atlantic by elevated aerosols suppressed TC activities in the western
Atlantic and the Caribbean during the 2006 hurricane season13.
Recent studies of mineral dust reveal a large influence from the
Sahara Desert on the formation and development of Atlantic
hurricanes by modulating the cloud hydrometeor contents, diabatic
heating distribution, and thermodynamic structure14,15.

The microphysical role of aerosols acting as cloud condensation
nuclei (CCN) and altering TCs has been examined in several
numerical studies. Cloud-resolving model simulations indicate
that invigorated convection contributes to increased lightning
activity at the periphery of TCs, but weakened convection and
intensity in the eyewall region16–18. Moreover, the plausible impact
of submicron CCN seeding may suppress warm rain and weaken
TCs as a result of lower-level evaporative cooling of unprecipitated
raindrops19. However, few studies have examined the coupled
microphysical and radiative effects of aerosols by considering
the microphysical–radiative-dynamic interaction for TCs, even
though aerosol-induced cooling of SST and the consequent
feedback on the cyclogenesis in the ocean–atmosphere system have
been suggested7,13.

In this study we quantify and isolate the microphysical and
radiative effects of anthropogenic aerosols on TCs. Direct and
semi-direct aerosol radiative forcings are evaluated by means of a
radiative module interacting with explicit cloud microphysics20,21.
Three aerosol scenarios are simulated in our numerical experiments
(Methods and Supplementary Fig. 1), representing a cleanmaritime
case (C-case), a polluted case (P-case), and a polluted case with the
aerosol radiative forcing (PR-case) from light absorbing aerosols.
The aerosol number concentrations in the P-case and PR-case are
identical and are five times higher than that in the C-case, and
the PR-case contains 5% of black carbon internally mixed with
ammonium sulphate. Those aerosol properties are consistent with
atmospheric field measurements throughout the Gulf of Mexico
region22,23 and satellite observations of maritime conditions under
the influence of continental pollution9,10.

The TC intensity is commonly represented by the maximum
surface wind speed and minimum surface pressure. Although all
simulations reproduce the typical features of the TC evolution
(Fig. 1), namely an intensification stage (<48 h) and a dissipation
stage (>48 h), the simulated TC exhibits distinct development patt-
erns under the different aerosol scenarios (Supplementary Figs 2–4).
For example, upon reaching the maximal intensity at 48 h, the
peak maximum surface wind speed is lower whereas the nadir
minimum surface pressure is higher under the two polluted cases,
both indicating a weakened TC. Also, the simulated TC in the
two polluted cases exhibits noticeably delayed intensification, as
evident in the slower increase (decrease) in the maximum surface
wind speed (minimum surface pressure). The occurrences of the
peakmaximum surface wind speed and the nadir minimum surface
pressure are delayed by about 10 h in the two polluted cases.
The maximum surface wind speed and minimum surface pressure
are comparable between the P-case and PR-case, except that the
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Figure 1 | Tropical cyclone temporal evolution. Minimum surface
pressure (a), maximum wind speed (b) and precipitation rate (c) for
the three di�erent aerosol scenarios: a clean maritime case (C-case)
in blue, a polluted case (P-case) in dark red and a polluted case with
aerosol radiative forcing (PR-case) in green. Error bars (one s.d.) are
estimated from five ensemble simulations with di�erent initial random
temperature perturbations.

PR-case shows earlier dissipation. On the other hand, the domain
average amount of precipitation is much larger in the two polluted
cases than that in the clean maritime case. The largest difference
in precipitation between the clean and polluted cases occurs after
the TC reaches its peak intensity at 48 h. A comparison between
the P-case and PR-case indicates that the aerosol radiative effect
contributes to further enhanced precipitation.

Recent studies have indicated that deep convection systems
such as TCs are highly sensitive to initial perturbations of the
meteorological parameters24–26. To evaluate the sensitivity of
our simulations to initial meteorological perturbations, five
ensemble-member runs with different initial random tempera-
ture perturbations were carried out for each aerosol condition
(the C-, P- or PR-case). The potential errors in the predicted maxi-
mum wind speed, minimum surface pressure and precipitation are
within 3%, 25% and 5%, respectively, verifying the robustness of
the simulated aerosol effects. A further twenty simulations were
performed with identical initial and boundary meteorological
conditions, but with a varying initial aerosol number concentration
from 100 to 2,000 cm−3 at the surface (Supplementary Figs 2 and 3).
The response of the TC evolution to increasing aerosols is
almost monotonic, showing a consistently decreasing maximum
surface wind speed, increasing minimum surface pressure, and
increasing amount of precipitation as the aerosol concentration is

successively increased from the pristine (<500 cm−3) to polluted
(>1,000 cm−3) conditions.

Figure 2 depicts simulated radar reflectivities for the three
aerosol scenarios. In the C-case, precipitation occurs mainly in the
eyewall region, as evident from the maximum radar reflectivity,
which is located within a distance of 50 km from the TC centre.
For the P-case, the precipitation is reduced in the eyewall region,
but is significantly enhanced in the rainband beyond a distance of
100 km from the TC centre. An increasing amount of CCN yields
larger amounts of liquid and ice clouds in the rainband region,
because of an increased cloud droplet number concentration,
suppressed warm precipitation, and enhanced mixed-phase
processes. Hence, the microphysical effect of aerosols leads to an
invigorated convection and enhanced precipitation in the rainband
because of a greater release of latent heat (Supplementary Fig. 5).
On the other hand, an invigorated rainband region hinders the
transport of sensible and latent enthalpies toward the TC centre,
because the inflow of warm, moist air in the planetary boundary
layer to maintain the TC development is blocked by the active
rainband and is substituted by colder, drier air generated from
the downdraft of the rainband region. The radiative effect of
light-absorbing aerosols causes warming in the lower troposphere,
which further strengthens the lower-level convection and enhances
precipitation in the rainband region, leading to a further enhanced
radar reflectivity in the rainband beyond a distance of 150 km from
the TC centre in the PR-case. Similar to themicrophysical effect, the
radiative effect of light-absorbing aerosols also inhibits transport of
sensible enthalpy and moisture by the inflow and further reduces
precipitation in the eyewall region during the dissipation stage.

The invigorated rainband and weakened eyewall under elevated
aerosol conditions are also revealed by examining the air equivalent
potential temperature (θe) in the bottom level of the troposphere
(Fig. 3), which illustrates the thermodynamic instability of the TC
system27. The P-case (Fig. 3b) exhibits a distinctively decreased
θe both in the eyewall and rainband regions compared to the C-
case (Fig. 3a). This is explained by invigorated convection in the
rainband, which effectively consumes θe in the P-case. Furthermore,
the enhanced downdraft originating from falling hydrometeors
and their subsequent melting and evaporative cooling results in
drier, colder air in the planetary boundary layer, leading to further
suppression of θe. The reduced θe near the eyewall region in the
P-case indicates that the instability in the TC centre is reduced
because colder, drier air is advected into the eyewall region. A
comparison of θe between the P-case and PR-case (Fig. 3b,c) shows
that θe is enhanced both in the eyewall and rainband regions
at 48 h, probably as a result of heating due to light-absorbing
aerosols in the lower troposphere. As advection of aerosols from the
model lateral boundaries occurs at the near-surface level, heating
caused by light-absorbing aerosols near the surface in the PR-
case destabilizes the atmosphere at the TC periphery and enhances
convection in the rainband region when the TC reaches its peak
intensity. The combined aerosol microphysical and radiative effects
lead to significantly enhanced precipitation in the rainband, which
is responsible for the smallest θe at 60 h in the PR-case, whereas
the coldest, driest inflow during the dissipation stage of the PR-
case accounts for the weakest intensity and earliest dissipation of the
simulated TC.

Our results provide a quantitative assessment of the micro-
physical and radiative effects of anthropogenic aerosols on the
development of TCs. As depicted in Fig. 4, by serving as CCN,
aerosols increase the number of cloud droplets and the release of
latent heat, invigorating the peripheral rainband. Light-absorbing
aerosols heat the lower troposphere and further enhance the
convection in the rainband. The combined aerosol effects increase
rainband precipitation (Supplementary Fig. 6), but suppress eyewall
development by reducing enthalpy and moist transport of the
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Figure 2 | Vertical–radial cross-sections of azimuthally averaged radar reflectivity. Simulations for the three aerosol scenarios: C-case (a), P-case (b),
and PR-case (c). The three time periods of 24, 48 and 60 h correspond to the intensification stage, the maximal intensity and the dissipation stage of the
TC, respectively.

lower-level inflow. Overall, the coupled aerosol effects result in
a noticeably delayed, weakened and early dissipated TC, but
significantly enhanced precipitation in an enlarged rainband
region. Hence, our results corroborate the proposed mechanism
of aerosol-induced TC weakening from the previous modelling
studies, which suggest that the microphysical effect of continental
aerosols invigorates convection at the TC periphery but reduces the

lower-level inflow16–19,28. On the other hand, we further demonstrate
that the radiative effect of light-absorbing aerosols reinforces the
microphysical effect, leading to an even weaker intensity but
increased precipitation of TCs.

If the maximum surface wind speed (or the minimum surface
pressure) is considered as the deterministic representation of
the TC intensity, elevated anthropogenic aerosols may mask or
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Figure 3 | Horizontal distribution of the equivalent potential temperature. Value of θe at the lowest model level in the three simulations: C-case (a),
P-case (b) and PR-case (c).

even cancel out the effect of more intensive TCs caused by
increasing greenhouse gases, as previously suggested on the basis
of regional and global data analyses1,2. Hence, the anthropogenic
influences of greenhouse gases and aerosols probably exhibit
opposing behaviours on the development of TCs. This may be
particularly true over the Pacific, which is under the influence of
increasingly intense Asian anthropogenic pollution outflows8,9 and
biomass burning plumes from Southeast Asia29. Furthermore, it
is essential that a comprehensive index to represent the potential
destructiveness1, including not only the wind speed but also
precipitation, is developed when long-term measurements are
employed to construct the historical inter-annual variation of
TCs1,30 and evaluate the effects of aerosols5,7. Because of the

enormous economic and societal impacts, it is imperative that the
microphysical and radiative effects of anthropogenic aerosols are
fully considered in accurate forecasting and climatic projections of
TCs in atmospheric mesoscale and global climate models.

Methods
A two-moment bulk microphysical scheme under the framework of the WRF
model (Version 3.1.1), initially developed by Li et al.20, is employed in this study
to assess the effects of aerosols. The microphysical scheme calculates the
time-dependent mass-mixing ratios and the number concentrations of five types
of hydrometeors—cloud water, rain water, ice crystals, snow flakes, and
graupels—along with the aerosol mass-mixing ratio, surface area and number
concentration. To consider the radiative effect of aerosols, a module is
incorporated into the Goddard Shortwave Radiation Scheme to interact with
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Eyewall Rainbands

Figure 4 | Schematic of the microphysical and radiative e�ects of anthropogenic aerosols on TCs. The development of TCs is characterized by the vertical
velocities in the peripheral rainband and eyewall regions (vertical arrows) and the lower-level inflow (horizontal arrows) that supplies enthalpy and
moisture to the TC centre. The C-case (red) corresponds to the strongest inflow and convection in the eyewall region. For the P-case (yellow), the
microphysical e�ect suppresses warm precipitation, but enhances mixed-phase processes, leading to invigorated rainband development. For the PR-case
(orange), convective development in the rainband region is further enhanced because of lower-level heating by absorbing aerosols. The strongest
convective development in the rainbands (the longest vertical orange arrow in the outer rainband) because of the coupled aerosol microphysical and
radiative e�ects leads to the weakest inflow (the shortest horizontal orange arrow) and eyewall development (the shortest orange arrow among the three
vertical lines in the eyewall region).

aerosol and cloud microphysics and calculate online the wavelength-dependent
aerosol optical properties, including aerosol optical depth, asymmetry factor and
single scattering albedo (SSA; ref. 21).

We perform numerical simulations relevant to the conditions of Hurricane
‘Katrina’ from 00:00 UTC 27 August 2005 to 00:00 UTC 30 August 2005 using a
two-way nested grid of the WRF model. A 9-km outer domain with a nest on a
3-km mesh is integrated (see Supplementary Fig. 1a). Simulations are initialized
from six-hourly NCEP Final Operational Global Analysis (1°× 1°) and use the
NCEP global SST data. In our current cloud-resolving WRF model, no convective
parametrization is employed in the two-mesh domain.

In this study, clean maritime and polluted continental aerosols are assumed
to consist of both seasalt (NaCl) and ammonium sulphate ((NH4)2SO4). CCN
activation is treated using the Khöler theory20,31. A seasalt production scheme is
included to generate NaCl aerosols over the ocean surface9,10. For the initial and
boundary concentrations at the surface level, the concentrations of (NH4)2SO4

aerosols are 200 and 1000 cm−3, respectively, under the clean maritime condition
(C-case) and the polluted conditions (P-case and PR-case). All simulations
are initialized using a vertical aerosol profile with the maximal number
concentration at the surface and a decreasing concentration with altitude
(Supplementary Fig. 1b). In the case of the aerosol radiative effect (PR-case),
aerosols are assumed to contain an internal black carbon core surrounded by
ammonium sulphate and the mass-mixing ratios are assumed to be 5 % for black
carbon and 95 % for ammonium sulphate. The SSA of internally mixed black
carbon and ammonium sulphate aerosols in this study is calculated to be about
0.9 at the mid-visible range throughout the simulations. Atmospheric field
measurements22,23 reveal that black carbon accounts for 5–10% of the aerosol
content and the measured SSA ranges from 0.7 to 0.9 throughout the Gulf of
Mexico region, including from shipboard (NOAA R/V Ronald H. Brown)
measurements during the 2006 Gulf of Mexico Atmospheric Composition and
Climate Study. The aerosol loading is about 7 µg m−3 from the field
measurements, consistent with those in our P- and PR-cases. On the global scale,
the mass fraction of black carbon in anthropogenic aerosols is about 4%, which is
simulated in the global climate model32 using the latest emission inventory from
the Intergovernmental Panel for Climate Change (IPCC). In addition,
significantly elevated aerosol loading has been documented over the Pacific under
the influence of Asian pollution outflows on the basis of aircraft and satellite
measurements8,9,33. For the three aerosol cases, fixed aerosol concentrations (as
the initial values) are assumed on the domain boundaries, with advection of
aerosols from the lateral boundaries into the model domain occurring under
favourable wind conditions. The calculated aerosol optical depth is around 0.55 at
the model boundaries and about 0.20 averaged over the inner domain, consistent
with satellite measurements from the Moderate Resolution Imaging
Spectroradiometer (MODIS) in the Gulf of Mexico region. Several processes are
considered for ice nucleation, including deposition and immersion, contact, and

homogeneous freezing20,31. The removal of aerosols includes activation to form
cloud droplets and ice crystals, but precipitation scavenging is not included
in the present simulations. It is estimated that less than 10% of aerosols entrained
from the model boundary are transported into the eyewall region, whereas the
remaining amount is washed out by activation. A fixed model boundary and
domain are assumed throughout our simulations. The aerosol radiative
effect in the long-wave radiation is negligible compared to that in the
short-wave radiation21.
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