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Aerosol effects on Maritime Continent
precipitation: Oceanic intensification and
land diurnal cycle delay
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Aerosols affect radiation, cloud properties, convection, air temperature, and large-scale circulation,
yet their influence on precipitation distribution over the Maritime Continent (MC), a complex tropical
region composed of islands interspersed with shallow seas, remains poorly understood. Using high-
resolution cloud-system resolving model simulations, satellite observations, and reanalysis data, we
demonstrate that rising aerosol concentrations amplify oceanic precipitationmore than they suppress
land precipitation, thereby increasing the sea-to-land precipitation ratio over the MC. This shift is
supported by observations and contrasts with the land-enhanced precipitation distribution seen in
pristine simulations or those without aerosol radiative effects. Our results underscore that aerosol-
induced radiative cooling stabilizes the lower troposphere more over land than over the ocean,
enhancing low-level convergence and convection over the sea. Moreover, high aerosol
concentrations delay the diurnal precipitation peak over land from late afternoon tomidnight, driven by
diminished daytime heating and subsequent nighttime increases in moist static energy—an
interesting pattern evident in some observed high-aerosol days.

Aerosols are tiny solid or liquid particles suspended in the Earth’s atmo-
sphere. These particles vary in size, composition, and origin, influencing air
quality, climate, and weather patterns. Aerosols can be natural (e.g., sea salt,
dust, volcanic ash, and organic compounds from vegetation) or anthro-
pogenic (e.g., soot, sulfates, nitrates, and industrial pollutants). Aerosols
affect atmospheric dynamics through both radiative and microphysical
processes. Radiative effects of aerosols involve the scattering and absorption
of incoming solar radiation, which alters atmospheric heating rates and
surface energy fluxes, ultimately impacting atmospheric stability1–3. On the
other hand, aerosolmicrophysical effects occurwhen aerosols serve as cloud
condensation nuclei (CCN) and ice nuclei (IN), modifying cloud micro-
physics, albedo, and lifetime4,5. For constantwater availability, these aerosols
act to reduce the sizeof clouddroplets and to increase cloudalbedo, resulting
in surface cooling. In addition, the formation of smaller and lighter droplets
leads to greater vertical cloud development and an extended cloud lifetime6.
These aerosols also affect latent heat distribution and convection
intensity1,7,8. Absorbing aerosols, however, cause heating in a cloud layer,
reducing relative humidity and leading to cloud dissipation (a phenomena
known as the semi-direct effect).

These aerosol-induced modifications influence key meteorological
phenomena as well as the regional and global energy budget. For example,
aerosols lead to surface cooling over China, reducing the land–sea thermal
contrast and subsequently weakening East Asian monsoon circulation9.
This phenomenon has been referred to as the “north drying and south
wetting” pattern over eastern China during summertime. Increased aerosol
concentrations have been found to delay the formation of tropical cyclones,
reduce their peak intensity, and lead to earlier dissipation10. However, an
increase in precipitation is observedwithin the expanded rainbands of these
cyclones. These findings suggest that while aerosols may weaken the central
strength of tropical cyclones, they can enhance rainfall in the surrounding
areas, indicating a complex role of aerosols in modulating storm behavior.
Additionally, biomass-burning-produced smoke over Central America has
been shown to enhance tornado genesis, intensity, and longevity11. Fur-
thermore, wildfire aerosols may induce interhemispheric temperature
asymmetry through radiative and microphysical effects12. As such, the
presence of aerosols can influence cloud properties, precipitation patterns,
and large-scale convective systems, ultimately affecting the regional13–16 and
global17–19 climate.
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The Maritime Continent (MC) and Southeast Asia are recognized as
major sources of both biomass-burning aerosol and industrial pollution,
primarily due to rapid industrialization and urbanization20–23. In particular,
the MC, with its complex geography of islands, coastal regions, and sur-
rounding oceanic areas, serves as a critical region for atmospheric processes
and climatic variability since this area is a region characterized by deep
convection, thereby effectively modulating atmospheric circulations and
precipitation through the above aerosol–cloud–radiation interactions24.
However, despite the recognized importance of these interactions, the exact
mechanisms through which aerosols modulate cloud microphysics, atmo-
spheric stability, and circulation over different areas of Earth’s surface (e.g.,
sea vs land) have been poorly understood.Motivated by this knowledge gap,
the present study seeks to develop a process-level understanding of how
aerosols affect clouds, precipitation, and associated circulations over both
the sea and land within the MC region, employing a modeling framework
supported by observational data.

Results
Precipitation in the MC: Sea vs. land
Unlike the open seas of the Indian and Pacific Oceans, theMC is a complex
region composed of a cluster of islands (e.g., Sumatra, Java, Borneo, and
New Guinea) interspersed with shallow seas (Fig. 1a). Most of these islands
contain mountains exceeding 500m in elevation (contours). For the
aerosol-forced simulations in this study, the Weather Research and Fore-
casting (WRF) three-dimensional non-hydrostatic compressible model25 is
employed as the Cloud-System Resolving Model (CSRM). This model
directly resolves the deep convection at the model grid scale with a 2-km
horizontal resolution. Simulations began at 00:00 UTCDecember 1st, 2011
and were run for 4 days until 00:00 UTCDecember 5th, 2011 with different
aerosol concentrations. Based on the averaged PM10 concentration during
the study period, the control simulation was performed using the back-
ground aerosol number concentration of 1500 −3; (see Methods and

Supplementary Figs. 1 and 2). The prescribed aerosol number concentra-
tions are fixed rather than interactive. To analyze the influence of aerosol
concentration on clouds, precipitation, and associated convection and cir-
culation, we conducted three additional simulations: the very-low-, low-,
and high-aerosol runs, forcedwith the background aerosol concentration of
30 cm−3, 300 cm−3, and 3000 cm−3 (Supplementary Fig. 2) at each grid point
and time step. Simulations, with aerosol radiative effects turned off, were
also performed to obtain the sensitivity of aerosolmicrophysical effect to the
aerosol concentrations (Methods). Assumed aerosol radiative properties are
also provided in the Methods section.

A large convective envelope was present over theMC in these periods.
In fact, this event is the one phase of the Madden-Julian Oscillation (MJO),
which is the dominant propagating mode of intraseasonal variability in the
tropics26,27. The phase-4 case was selected and simulated to investigate the
physical processes and associated mechanisms governing aerosol effects on
convection and precipitation. The physical parameterizations (Supple-
mentary Table 1), model configuration, case information, and experimental
details (Supplementary Table 2) can be found in Methods.

Figure 1a exhibits that during this 4-day period, oceanic pre-
cipitation over the MC exceeded precipitation over land. This particular
feature is the main focus of this study and its mechanism is explored in
this study. A cyclonic circulation in the lower troposphere is observed
southwest of Sumatra and north of Borneo (Fig. 1a), while an antic-
yclonic circulation appears in the upper troposphere over the same
region (not shown). These circulation features are characteristic of
equatorial Rossby waves with a baroclinic mode28,29. Additionally, an
easterly wind from the western Pacific flows toward the MC, associated
with the equatorial Kelvin wave, forming an equatorial Kelvin–Rossby
wave couplet as a whole28. The control aerosol-forcing experiment
(Supplementary Fig. 3b) successfully simulates all of the above features,
with pattern correlations of 0.91 for horizontal winds and 0.70 for
precipitation relative to observations.

Fig. 1 | Study domain and precipitation distribution in the Maritime Continent.
a The observed precipitation rate (TRMM3B42v7, shading, mm h−1), terrain height
(WRF, contours, m), and 850-hPa wind (DYNAMO CSU, arrows, m s−1) averaged
during simulation period (00UTC, 1st December 2011 to 00UTC, 5th December

2011). The brown solid lines (terrain height) represent only an altitude of 500 m.
b precipitation rate (mm h−1) and c 850-hPa vertical velocity (units of m s−1), and
d, horizontal divergence at 10 m (units of 10−6 s−1) for high-minus low-aerosol runs.
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Oceanic precipitation intensification
Figure 2 presents the time series of accumulated precipitation averaged over
the sea and land in the seven simulations and TRMM observations. The
control run (Fig. 2a,b) effectively captures the observed evolution of pre-
cipitation, with differences between the control run and TRMM3B42v7
remaining within 10% (Table 1). The precipitation over the sea in the

control run exceeds that over land by 18%, a similar ratio observed in
TRMM3B42v7, which is 15%. As aerosol concentration increases, pre-
cipitation over the sea intensifies, while it decreases over land. The very low-
aerosol simulation clearly shows a land-enhancedprecipitationdistribution.
This is primarily due to two factors: (1) land experiences stronger surface
heating and more daytime convection (see Fig. 6b), and (2) the land–sea

Fig. 2 | Precipitation in simulations and observations. Time series of accumulated
precipitation (mm) from observations and simulations averaged over (a) sea and (b)
land. The green solid line represents the TRMM3B42v7. The orange, blue, black, and
red solid lines depict precipitation from the very-low-aerosol, low-aerosol, control,
and high-aerosol runs, respectively, while the dashed lines represent precipitation
from the low-aerosol-norad (blue), control-norad (black), and high-aerosol-norad
(red) runs. Here, ‘norad’ refers to simulations without direct aerosol radiative effects.
The abscissa indicates the simulation period, from December 1st to December 4th,
2011. The ordinate represents accumulated precipitation in each time step.
TRMM3B42 (simulations) has a 3-hour (1-hour, respectively) temporal resolution.
c Percentage change in precipitation (%) for each experiment relative to the very-

low-aerosol run over the sea (red) and land (blue). Observed daily precipitation and
MERRA-2 AOD averaged separately for (d) sea and (e) land during October to
February for El Niño-Southern Oscillation (ENSO)-neutral years 2001, 2003, 2012,
and 2013 (i.e., El Nino and La Nina years are excluded to avoid their influence). The
correlation coefficients are also shown; based on the average e-folding timescale
(approximately 6 days) from the autocorrelation of the AODs, these values are
significant at the 95% confidence level. The orange and green dots represent aerosol
days having upper 5% and lower 5% AOD conditions (high-AOD and low-AOD,
respectively). The events are used to plot Fig. 6c, d. f Observed (TRMM3B42v7)
percentage change in precipitation (%) for sea (red) and land (blue) relative to very
low-aerosol events (AOD values less than 0.13).
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thermal contrast is stronger, further enhancing moisture convergence over
land.The sea-to-landprecipitation ratio rises from0.87 and0.97 in the very-
low- and low-aerosol runs to 1.47 in the high-aerosol run. The spatial
pattern of precipitation for the high-minus low-aerosol runs (Fig. 1b) shows
an enhancement over the ocean relative to land, a characteristic similar to
that seen in the observations (Fig. 1a).

All simulations without direct aerosol radiative effects (i.e., low-aero-
sol-norad, control-norad, and high-aerosol-norad) yield precipitation
amounts comparable to those in the full experiments, indicating a sub-
stantial role for aerosol microphysics. These also exhibit greater precipita-
tion in land than in sea (Fig. 2a,b and Table 1). Cumulative precipitation at
the final time step over land exceeds that over the sea by ~12–14% in these
norad runs. This is because land heats up quickly and destabilizes more
easily in the absence of aerosol radiative effects. Another interesting feature
in Fig. 2a,b is that as aerosol concentration increases, the relative increase in
oceanic precipitation compared to the very-low-aerosol run is greater than
the relative decrease in land precipitation, as shown in Fig. 2c. The per-
centage precipitation change over the sea is 45‒50%, which is more than
twice the absolute change over land. This ocean-preferred feature also
appears in the observations (Fig. 2d–f): both the statistically significant
increase (decrease) in precipitation over the sea (land) (Fig. 2d, e) and the
intensified sea-to-land precipitation ratio (Fig. 2f), as revealed byMERRA-2
(Modern-Era Retrospective Analysis for Research and Applications, Ver-
sion 2) aerosol optical depth (AOD) and TRMM precipitation data, occur
with increasing aerosol concentrations. This oceanic intensification is a new
discovery, and the underlying mechanism is presented.

On the other hand, from Fig. 2a, b and Table 1, it is evident that the
sensitivity of precipitation to changes in aerosol concentration is notably
smaller formicrophysical processes than for radiative ones. To show this,we
first estimated the aerosol microphysical effect by subtracting the control-
norad experiment from the high-aerosol-norad experiment and subtracting
the low-aerosol-norad experiment from the control-norad experiment
(Supplementary Table 3). The resulting changes are relatively minor, ran-
ging from just 0.1 to 1.2mm.Next, since the high-aerosolminus control and
control minus low-aerosol experiments reflect both radiative and micro-
physical influences, the aerosol radiative effect is estimated by subtracting
the above microphysical effect from the total precipitation changes (Sup-
plementary Table 3). The absolute changes in precipitation due to the
aerosol radiative effect range from 2.8 to 5.3mm, which are much larger
than those due to the aerosol microphysical effect. This suggests that
microphysical response to changes in aerosol loading is much weaker
compared to the radiative effect.

To understand how aerosols contribute to differences in precipitation
between sea and land, we analyze time–height cross sections of static sta-
bility (∂θ∂z) differences between the high- and low-aerosol runs over the sea
and land (Fig. 3a,b). Here, θ represents the potential temperature, and z
denotes altitude. Firstly, over land (Fig. 3b), an increase in aerosol con-
centration leads to greater stability in the lower troposphere (below800hPa)

due to aerosol–radiation interactions, including both absorption and scat-
tering of solar radiation. These processes reduce the amount of solar energy
reaching the surface after sunrise (around 08:00 LST), leading to surface
cooling (Supplementary Fig. 4c) and, consequently, increased atmospheric
stability. However, after sunset (approximately 20:00 LST), stability in the
lower troposphere (from the surface to 950 hPa) decreases due to surface
heating (Supplementary Fig. 4d) caused by downwelling longwave radiation
flux (Supplementary Fig. 7d) associated with higher aerosol concentrations,
which is closely related to the diurnal cycle of theMC. This relationship will
be further explored in Fig. 6.

Over the sea, by contrast, changes in atmospheric stability are very
weak and not demonstrably different from zero in the lower troposphere
(below800hPa) in thehigh-minus-lowaerosol simulations (Fig. 3a).Higher
aerosol concentrations reduce the amount of solar radiation reaching the
surface, causing a more pronounced temperature decrease over land.
Consequently, the aerosol-induced stability changes in the lower tropo-
sphere are greater over land. Figure 3c,d present vertical profiles of stability
differences between the high- and low-aerosol runs, which clearly show
increased stability in the lower troposphere (surface to 800 hPa) over land.
In contrast, aerosol-induced stability changes in the lower troposphere over
the sea are much smaller.

To further explore the role of land–sea contrast in precipitation and
atmospheric stability in response to varying aerosol concentrations, Sup-
plementary Fig. 4a,b illustrates differences in time-averaged downward
shortwave radiation at the surface and surface temperature between the
high- and low-aerosol runs. Throughout the simulation period, a higher
aerosol concentration reduces the amount of shortwave radiation reaching
the surface over both sea and land (Supplementary Fig. 4a). This reduction
induces stronger surface cooling over land due to its lower heat capacity,
whereas minimal changes in surface temperature are observed over the sea
(Supplementary Fig. 4b). The more significant surface cooling over land, in
turn, enhances stability in the lower troposphere more strongly than over
the sea (Fig. 3).

Regional and mesoscale circulations are closely linked to atmospheric
stability30,31. To examine how aerosol-induced changes in radiative forcing
and stability influence circulations, vertical motion, a key component of
circulations, is analyzed. Histograms of updraft velocity for the entire levels
over the sea and land for the low-aerosol, control, and high-aerosol runs
were created for this purpose (Supplementary Fig. 5). A higher frequency of
updrafts across all updraft-velocity ranges is associated with increased
aerosol concentrations over the sea. However, over land, the updraft fre-
quency exhibits a negative correlation with aerosol concentration. Thus,
aerosol-induced enhancements in precipitation intensity over the sea (Fig.
2a) are linked to significantly strengthened convection, which is attributed
to higher heat capacity and reduced atmospheric stability compared to land.
Conversely, over land (Supplementary Fig. 5b), a weaker aerosol-induced
convection is evident due to poor heat retention and increased stability,
leading to a reduction in precipitation (Fig. 2b,c). Vertical profiles of updraft
velocity differences over the sea and land are also depicted in Fig. 3e,f.
Strongerupdraftswithhigher aerosol concentrationsoccurover the sea (Fig.
3e), although higher aerosol concentrations weaken updraft velocity below
900 hPa (approximately 1 km). This weakening, however, is less pro-
nounced over the sea than over land. In contrast, greater atmospheric sta-
bility over land (Fig. 3d andSupplementary Fig. 4) results inweaker updrafts
with higher aerosol concentrations (Fig. 3f). Specifically, near the planetary
boundary layer (PBL) height (approximately 1.0 to 1.5 km, 900 to 850 hPa),
the aerosol-induced weakening of the ascending flow is most prominent
over land. This occurs partly because differences in aerosol concentrations
between the simulations are greater below the PBL top than above it.

In the spatial distribution (Fig. 1c,d), stronger aerosol-induced upward
motions are evident over the sea, while weaker upward motions occur over
land. The intensified upward motions over the sea correspond to enhanced
low-level convergence, indicating aerosol-induced enhancements in low-
level convergence drive stronger convection, increased updraft intensity,
and enhanced precipitation over the sea (Fig. 2a,c). In contrast, over land

Table 1 | Accumulated precipitation (mm) and ratio of
precipitation averaged over the sea to land in the observation
and each simulation. ‘norad’ refers to simulations without
direct aerosol radiative effects

Observation or Experiment Sea Land Ratio (Sea/Land)

TRMM 33.5 29.2 1.15

Very-low-aerosol 28.5 32.9 0.87

Low-aerosol 30.8 31.9 0.97

Control 35.8 30.3 1.18

High-aerosol 41.2 28.0 1.47

Low-aerosol-norad 29.4 33.3 0.88

Control-norad 30.0 34.5 0.87

High-aerosol-norad 30.1 35.1 0.86
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(e.g., Sumatra, Borneo, Sulawesi, New Guinea, and northern Australia), the
aerosol-induced increases in atmospheric stability (Fig. 3d) lead to low-level
divergence (Fig. 1d) and downdraft anomalies (Fig. 1c), which result in the
suppression of convection and precipitation (Fig. 2b,c). To confirm the
aforementioned physical sequence, we calculate the lead–lag correlation
between the static stability over land and upward motion or precipitation

over the sea (Fig. 4). The results show that an increase in land static stability
precedes oceanic upward motion or precipitation by one hour. Therefore,
changes in static stability due to aerosol radiative effect is amain cause of this
differential precipitation pattern between the sea and land. The above causal
relationships and physical processes leading to enhanced oceanic pre-
cipitation (Fig. 2c) compared to land can be further substantiated by

Fig. 3 | Static stability andupdraft velocity over the
sea and land. Time‒height cross section of differ-
ence in stability (∂θ∂z, K km−1) between the high- and
low-aerosol runs, averaged over (a) sea and (b) land
in the domain of Fig. 1a. Note that θ indicates
potential temperature and z is altitude. The abscissa
indicates LST. The ordinate represents pressure
(hPa). Vertical profile of the difference in static
stability (∂θ∂z, K km−1) between the high-and low-
aerosol runs, averaged over (c) sea and (d) land. e, f,
Vertical profile of the difference in updraft velocity
(m s−1) between the high-and low-aerosol runs,
averaged over (e) sea and (f) land.
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examining the percentage changes in static stability, updraft velocity, and
specific humidity in the high-aerosol simulation relative to the very-low-
aerosol run over both sea and land (Fig. 5), as was done in Fig. 2c. A much
stronger thermodynamic response is found over land—namely, a threefold
increase in static stability compared to the sea—resulting in a marked
suppression of updraft velocity and precipitation. In contrast, over the sea,
enhanced lower-level instability induces stronger updrafts, which, together
with abundant moisture, result in increased precipitation.

Delayed diurnal cycle peak in land
Aerosol radiative effects regulate the diurnal cycle over the MC differently
for the sea and land. Figure 6a,b presents the diurnal cycle of mean pre-
cipitation rates over both sea and land from observations (TRMM3B42v7)
and simulations. The overall evolution of precipitation in the control run
closely aligns with observations, albeit with slightly higher precipitation
rates near the peak time. During the daytime over land, strong solar
radiation increases instability, enhancing convection andprecipitation,with
peak activity occurring between 16:00 and 18:00 LST in the control run.
Over the sea, however, precipitation primarily develops at night, peaking
between 02:00 and 05:00 LST in the control run. This nighttime and early
morning peak over the sea is attributed to various factors, including strong
radiative cooling in the free atmosphere, convergencedue to land–sea breeze
circulation32, and off-shore gravity wave propagation33, which collectively
enhance convection and rainfall during the pre-dawn hours.

As aerosol concentrations increase, the peak amplitude of the diurnal
precipitation cycle over the sea intensifies (red line in Fig. 6a). However, in
simulations that exclude aerosol radiative effects, changes in aerosol con-
centration result innegligible alterations to thediurnal cycle of precipitation.
On the other hand, over land, the amplitude and peak of the diurnal pre-
cipitation cycle decrease as aerosol concentrations increase (red line in Fig.
6b). This property is closely linked to the diurnal cycle of surface tem-
perature over land (Supplementary Fig. 6). Increased aerosol concentrations
lead to reduced fluxes of solar radiation at the surface and lower surface
temperatures during the daytime. This enhanced surface cooling
strengthens lower tropospheric stability, leading toweaker convection and a
reduced diurnal precipitation cycle.Despite a slight increase in daytime land
precipitation with rising aerosol concentrations in simulations without
aerosol radiative effects, the sensitivity of the diurnal precipitation cycle to
aerosol concentrations is significantly smaller (Fig. 6b). These results

underscore that, in response to variations in aerosol loadings, radiative
effects exert a stronger influence than microphysical effects over the MC.

Interestingly, the peak time of the diurnal cycle of precipitation over
land shifts from late afternoon (17:00 LST) in the control or low-aerosol run
to midnight (23:00 LST) in the high-aerosol run as aerosol concentrations
increase (Fig. 6b). To identify the cause of this shift, differences in thediurnal
cycle of moist static energy (MSE) at 900 hPa between the high- and low-
aerosol runs are shown in Supplementary Fig. 7. Note that 900 hPa is where
differences in stability and updraft velocity over land are maximized
between simulations, as shown in Fig. 3d,f. MSE in the high-aerosol run is
lower than in the low-aerosol run during daytime; as describedbefore, lower

Fig. 4 | Temporal relationship between static stability and updraft velocity. Lead‒
lag correlation between static stability over land and updraft velocity over sea at 900
hPa for the high-aerosol minus control (red) and low-aerosol minus control (blue)
simulations. Notice that the maxima appear at lag ‒1 hour. Note that the correlation
between updraft velocity over the sea and precipitation over the sea is maximized
at lag 0.

Fig. 5 | Changes in thermodynamic and dynamic variables associated with
enhanced oceanic precipitation. Percentage changes (%) in (a) static stability, (b)
updraft velocity, and (c) specific humidity for each experiment relative to the very-
low-aerosol run over the sea (red) and land (blue), as done in Fig. 2c. The vertical
levels over which each variable is averaged are indicated in the panel titles.
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MSE over land during 08:00–16:00 LST (Supplementary Fig. 7a) is asso-
ciated with greater stability (Fig. 3d) and suppressed convection (Fig. 3f) in
the high-aerosol run compared to the low-aerosol run. At 17:00 LST, MSE
begins to exceed that of the low-aerosol run, and this enhancement persists
until sunrise (approximately 08:00 LST).

MSE is the sum of dry static energy (DSE) and latent static energy
(LSE), and high minus low simulation results for these two components
(Supplementary Fig. 7b,c) indicate similar contributions after 15 LST, with
LSE slightly greater than DSE. The negative DSE and LSE during the day-
time result from surface cooling (Supplementary Figs. 6 and 4c) and sub-
sequently weakened sensible and latent heat fluxes (not shown). However,
after 17:00 LST, positive differences in bothDSE andLSE (and consequently
inMSE, as shown in Supplementary Fig. 7a) emerge between the high- and
low-aerosol simulations. The former is primarily attributed to enhanced
downwelling longwave radiation (Supplementary Fig. 7d), resulting from
increased atmospheric warming (Supplementary Fig. 8a) caused by greater
shortwave absorption by aerosols near and above the top of the PBL in the
high-aerosol case, rather than by cloud effects (Supplementary Fig. 8b,

which shows negative cloud influence). The latter (i.e., LSE) results from
enhanced horizontal moisture advection toward inland areas due to higher
specific humidity over amore unstable sea environment in high-minus low-
aerosol simulations. The enhanced specific humidity (Supplementary Fig.
7e) is the main contributor compared to changes in wind vectors (not
shown). Note that the temporal evolution of convective available potential
energy (CAPE)and convective inhibition (CIN) (Supplementary Fig. 9) also
provides a hint for themidnight peak, with CAPE accumulating until 21:00
LST and subsequently being consumed, along with the suppression of
convection by positive CIN up to 20:00 LST.

Given the prevalence ofmountains in theMC, larger values ofMSE are
advected toward inland mountainous regions during nighttime via pre-
vailing winds (i.e., westerly wind in the lower troposphere, as shown in Fig.
1a and Supplementary Fig. 3). As a result of subsequent orographic uplift,
more precipitation occurs at night than during the day over land. These
findings are consistent with the concept of “aerosol-enhanced conditional
instability” described by a previous study34. While they focused on extreme
weather events in July 2013 in southwest China, their concept may also be

Fig. 6 | Diurnal cycle of precipitation over the sea
and land. Mean diurnal cycle of the precipitation
rate (mm hr−1) from observations and simulations,
averaged over (a) sea and (b) land. The green solid
line represents TRMM precipitation. The orange,
blue, black, and red solid lines indicate precipitation
from the very-low-aerosol, low-aerosol, control, and
high-aerosol runs, respectively, while the dashed
lines represent precipitation from the low-aerosol-
norad (blue), control-norad (black), and high-
aerosol-norad (red) runs. ‘norad’ denotes simula-
tions in which direct aerosol radiative effects are
excluded. The abscissa denotes local standard time
(LST), corresponding to UTC+ 8 h. Mean diurnal
cycle of the TRMMprecipitation rate (mm hr−1;) for
different levels of MERRA-2 AOD over (c) sea and
(d) land during October to January in the ENSO-
neutral years 2001, 2003, 2012, and 2013. The
diurnal cycles for high- and low-AOD conditions
(corresponding to upper 5% and lower 5% AOD
days, respectively) are represented by red and blue
lines, respectively. Among the high-AOD cases, two
different subsets with peaks at ~17:00 LST and
~23:00 LST are also shown as dotted and solid
orange lines. Their respective AODmeans are nearly
the same, with the former comprising two-thirds of
the population and the latter one-third. Notably, for
high-AOD cases, the 23:00 LST peak coexists with
the conventional 17:00 LST peak.

https://doi.org/10.1038/s41612-025-01215-5 Article

npj Climate and Atmospheric Science |           (2025) 8:326 7

www.nature.com/npjclimatsci


applicable to tropical meteorology. In both cases, aerosol-induced stabili-
zationduring the day allows energy to build up,which is later released under
favorable conditions, such as moisture advection or orographic forcing
during the night. This delayed release of instability contributes to the noc-
turnal enhancement of precipitation over land in the MC.

Interestingly, this unexpecteddelay in thepeakof thediurnal cycledoes
appear in some observed cases (Fig. 6d); a late night (23:00 LST) pre-
cipitation peak coexists with the conventional late-afternoon (17:00 LST)
peak in the upper 5% of aerosol concentration events, lending observational
support to the simulated shift in the diurnal precipitation cycle. This feature
may be useful for weather forecasting in this region.

Discussion
In summary, our model simulation demonstrates that as aerosol con-
centrations rise from very low to higher levels, the precipitation distribution
shifts from a land-enhanced to an ocean-dominant pattern. More impor-
tantly, the increase inoceanicprecipitation is proportionally greater than the
reduction in land precipitation in the MC region, a feature confirmed by
observations. These results are schematically presented in Fig. 7. This
oceanic precipitation enhancement is due to aerosol-induced radiative
effects, which stabilize the atmosphere more over land than over the sea.
Stronger low-level convergence and updrafts over the sea, driven by the
ocean’s lower surface sensitivity to radiative forcing and reduced atmo-
spheric stability compared to land, and the presence of abundant moisture,
contribute to enhanced precipitation. In simulations without aerosol
radiative effects, land-dominant precipitation distribution persists. This is
primarily due to stronger surface heating over land, which leads to more
intense daytime convection, aswell as the greater land–sea thermal contrast,
which enhances moisture convergence over land. It is worth noting that,
globally, increased aerosol loading generally leads to reduced incoming solar
radiation and a net suppression of precipitation, which contrasts with the
regionally enhanced oceanic precipitation observed in this study over the
MC17,35,36.

To partially test the robustness of the main results, three additional
experimentswere conducted for anoppositeMJOphase (i.e., the 2011phase
8 case) andadifferent year (i.e., the 2018phase 4 andphase8 cases).All these
cases (not shown) clearly exhibited enhanced oceanic precipitation relative
to land and a landward delay in the diurnal precipitation peak toward
midnight, suggesting that theproposedmechanism is generally applicable to
the Maritime Continent environment. A more comprehensive analysis
using a larger ensemble of MJO phases, seasons, and years is planned for

future work. This study also identifies a shift in the diurnal peak of pre-
cipitation over land from the late afternoon (17:00 LST) to midnight (23:00
LST) under high aerosol concentrations. This shift is linked to aerosol-
induced changes in MSE and delayed convective initiation due to reduced
daytime surface heating. This interesting feature also appears in several
observed high-aerosol events, suggesting that the simulation captures a
realistic phenomenon with potential implications for weather forecasting.

Aerosol-induced shifts in convection and precipitation over the MC
have implications forMJOpropagation. Previous studies37,38 suggest that the
diurnal cycle over the MC plays a crucial role in controlling MJO propa-
gation, as it determines whether deep convection develops over the sea or
remains confined to land.A strongdiurnal cycle over land can suppress fully
developed convection over the sea, thereby disrupting successful MJO
propagation across theMC. Conversely, a weakened diurnal cycle over land
can favor oceanic convection and facilitate MJO propagation. In line with
this, the present study suggests that aerosol radiative effects, which weaken
the diurnal convection cycle over land,mayhelp promoteMJOpropagation
across the MC by reducing convective suppression over the ocean. In
relation to this, a series of longer simulationswill be needed in future studies
to fully uncover the underlying physical processes. In addition, further
investigation into the relative importance of aerosol-induced reductions in
surface radiative flux (leading to decreased destabilization) versus enhanced
lower-tropospheric radiative heating (leading to increased stabilization)
mayprovide deeper insight into themechanismsunderlying this differential
precipitation response.

The present study has several implications for climate modeling and
regional weather forecasting. Regarding the former, current climate models
mayunderestimate aerosol-inducedprecipitation shifts in tropical regions39.
Improving aerosol-cloud interaction parameterizations is necessary for
more accurate weather and climate predictions40,41. Regarding the latter, this
study provides insights into how pollution and biomass-burning aerosols
impact regional precipitation42,43, which is relevant for forecasting extreme
weather events. Understanding aerosol effects on the MJO and monsoon
systems is crucial for improving seasonal forecasts. Lastly, changes in pre-
cipitation patterns over the MC could affect water resources, agriculture,
and flood risk management. Understanding aerosol influences on the
hydrological cycle can help policymakers develop strategies to mitigate
climate-related impacts. Lastly, although cloudmicrophysical processes are
also important, we focused on aerosol–radiation–circulation interactions in
this study. The detailed structure and evolution of the condensation rate,
deposition rate, freezing rates, andmass densities of cloud liquid, rain, snow,

Fig. 7 | Schematic diagram of precipitation inho-
mogeneity over the sea and land in the MC. Con-
vection and precipitation distributions in clean
(upper panel) and polluted (lower panel) environ-
ments are shown. Arrow thickness represents the
strength of convection. The ocean color is shown
relative to the temperature of the land. The sche-
matic illustrates a land-enhanced precipitation
regime in a clean air environment and an ocean-
dominant precipitation regime in a polluted air
environment. Aerosol-induced radiative cooling
stabilizes the lower tropospheremore over land than
over the ocean, enhancing low-level convergence
and convection over the sea.
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and hail, along with cloud cover, effective cloud size, and other related
factors, will be reported elsewhere.

Methods
CSRM
The Weather Research and Forecasting (WRF) three-dimensional non-
hydrostatic compressible model25 is employed as the CSRM in this study.
This model is well-suited for our purposes due to its capability to simulate
interactions among aerosol, cloud, radiation, and circulation and thus to
properly represent the aerosol’s direct, indirect, and semi-direct effects
mentioned in the Introduction, as well as the potential invigoration of
convection accordingly. The Rapid Radiative Transfer Model for GCMs
(RRTMG) shortwave and longwave radiation schemes44,45 are used to
represent radiative processes, including the reflection, scattering, and
absorption of radiation by aerosols.

In order to describe microphysical processes and associated aerosol
microphysical effects, the cloud-resolving model incorporates a double-
moment bulk scheme46–48. This scheme predicts themass mixing ratios and
number concentrations of five hydrometeor species: cloud droplets, cloud
ice, rain, snow, and graupel. A gamma distribution with fixed breadth is
assumed for the size distribution of these hydrometeor species. Detailed
descriptions of this bulk microphysics scheme can be found in their
papers46–48. The effective sizes of hydrometeors are calculated in the bulk
scheme and transferred to the radiation scheme (RRTMG) to consider the
impacts of clouds on radiation.

Additional physical parameterizations used in the CSRM include the
Yonsei University (YSU) planetary boundary layer scheme49, the five-layer
thermal diffusion land surface scheme50, theMonin-Obukhov surface-layer
scheme51, and the single-layer urban canopy model52. The summary of the
model physical schemes used is presented in Supplementary Table 1.

Topography and land surface are represented using high-resolution
static data and the slab land surface model (LSM, Supplementary Table 1).
Topography is obtained from a static geographical dataset (e.g., USGS data)
during theWRFPre-processing System stage and interpolated to themodel
grid. This LSMprimarily simulates soil heat diffusion and assumes constant
surface emissivity for upward longwave flux to enhance computational
simplicity.

Case description
This study investigates the effects of aerosols on precipitation over the sea
and land in the MC and explores the underlying physical mechanisms. A
large convective envelope, corresponding to the MJO event of November
2011, moved near the MC in early December 2011 (Fig. 1). This event was
observed during the Atmospheric Radiation Measurement (ARM) MJO
Investigation Experiment/Dynamics of the MJO (AMIE/DYNAMO) field
campaign53,54. The event was also identified by the real-time multivariate
MJO (RMM) index55, which tracks the MJO phase and equivalent location.
From December 1st to 4th, 2011, the MJO envelope was situated over the
MC, corresponding to phase 4 (retrieved from http://www.bom.gov.au/
climate/mjo/graphics/rmm.74toRealtime.txt). This case was selected and
simulated to investigate the physical processes and associated mechanisms
governing aerosol effects on convection and precipitation.

Dataset
To characterize the observed atmospheric conditions over the MC during
the selectedperiod,weutilized three-hourly precipitation estimates from the
Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7
(TRMM3B42v7)56 and version 3b of the DYNAMOgridded wind products
from the Colorado State University (CSU) Mesoscale Dynamics Group
(DYNAMO CSU)57,58. TRMM3B42v7, which features a three-hourly tem-
poral resolution and a 0.25° × 0.25° spatial resolution, is derived from a
combination of microwave measurements obtained from multiple low-
Earth-orbiting satellites and infrared precipitation estimates from geosta-
tionary satellites. DYNAMOCSUmerges observational soundings with the
European Centre for Medium-Range Weather Forecasts (ECMWF)

operational analysis, offering a three-hourly time scale, a spatial resolution
of 1° × 1°, and a vertical resolution of 25 hPa. These datasets provide an
observational basis for evaluating the model simulations.

We use AOD data from the MERRA-2 reanalysis, produced by
NASA’s GMAO. MERRA-2 AOD is constrained by multiple satellite
observations, including MODIS, MISR, and AVHRR, and is available at a
resolution of 0.5° × 0.625°. As it assimilates satellite retrievals, the data are
observationally constrained and suitable for evaluating aerosol distributions
over the Maritime Continent. However, uncertainties in satellite-based
retrievals—such as cloud contamination and surface reflectance—may
affect the accuracy of the reanalysis.

Simulation design
As seen in Fig. 1a, the modeling domain for this study covers the MC
region (20°S to 20°N, 90° to 150°E). Simulations adopt 2-km horizontal
grid spacing (3173 × 2158 grid dimensions) and 30 vertical levels with the
top at about 18 km (average vertical resolution of 600m). The National
Centers for Environmental Prediction’s Global Forecast System (GFS)
final analysis data are fed to simulations for initial, lateral, and boundary
conditions and updated every 6 hours. Simulations start at 00 UTC 1st
December 2011 and run for 4 days until 00 UTC 5th December 2011.
According to AERONETmeasurements59 for the aforementioned period
and domain, aerosols are, on average, an internal mixture consisting of
62% ammonium sulfate, 29% organic compounds, and 9% black carbon
by mass. Aerosol particles act as either CCN or IN. Using this assumed
mixture, the associated densities, the ambient relative humidity, and the
radiative and activation characteristics of aerosol particles are calculated.
In practice, aerosol hygroscopic growth and optical properties (e.g.,
extinction efficiency, single scattering albedo, and the asymmetry para-
meter) are precomputed offline based on a prescribed size distribution,
chemical composition, and a unit concentration (1 mg−3, equivalent to
1 cm−3 at 1 kgm⁻³ air density). These values are stored in a lookup table to
enhance computational efficiency. During model integration, the aerosol
number concentration and relative humidity at each grid point are used to
retrieve the corresponding optical properties from the table. To produce
background aerosol number concentration over the MC region, a parti-
culate matter with a diameter less than 10 μm (PM10) was converted to
aerosol number concentration based on a method similar to that in a
previous study60. During this period (from December 1st to 4th), PM10
concentration is about 30 μg m-3 (Supplementary Fig. 1), which is aver-
aged from four stations in Peninsular Malaysia and Malaysian Borneo
(i.e., Shah Alam, Jerantut, Kuching, and Kota Kinabalu). This PM10
concentration of 30 μg m−3 is converted to an aerosol number con-
centration of 1500 cm−3 based on the AERONET-measured aerosol
composition and size distribution, averaged over the modeling domain.
The control run is performed using this uniform aerosol number con-
centration across the spatial domain, and it reasonably simulates the
precipitation distribution over the MC.

The aerosol number concentration is assumed tobe constant in thePBL
anddecreases exponentiallywithheight above it (SupplementaryFig. 2).This
assumption follows the general patterns of aerosol vertical distributions61.
The ratio of precipitation over the sea to that over land in the control run
closely matches the observed ratio in TRMM3B42v7. To analyze the influ-
ence of aerosols on precipitation and convection, three additional simula-
tions were performed (Supplementary Fig. 2, Supplementary Table 2). The
first simulation, referred to as the very low-aerosol run (so this is a clean run),
involved the background aerosol concentration to be 30 cm−3 at each grid
point and time step. The second simulation, referred to as the low-aerosol
run, involved reducing the background aerosol concentration at each grid
point and time step by a factor of five. The third simulation, called the high-
aerosol run, increased the background aerosol concentration by a factor of
two. Additionally, to isolate the impacts of aerosol radiative effects from
microphysical effects, we repeated some of these simulations with aerosol
radiative effects turnedoff. These simulations are labeled control-norad, low-
aerosol-norad, and high-aerosol-norad (Supplementary Table 2).
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Data availability
All the datasets used in this study are publicly available. The Tropical
Rainfall Measuring Mission (TRMM) 3B42v7 3-hourly precipitation data
were obtained from NASA’s Precipitation Processing System (https://disc.
gsfc.nasa.gov/datasets/TRMM_3B42_7/summary). The Modern-Era Ret-
rospective analysis for Research and Applications, Version 2 (MERRA-2)
reanalysis data were accessed from the NASA GES DISC archive (https://
disc.gsfc.nasa.gov/datasets?project=MERRA-2). Observational data from
the Dynamics of the Madden–Julian Oscillation (DYNAMO) field cam-
paign were obtained from the Colorado State University Atmospheric
Science data archive (https://data.eol.ucar.edu/cgi-bin/codiac/fgr_form/id=
347.240). The Weather Research and Forecasting (WRF) model version
3.3.1 source code was downloaded from the NCAR Mesoscale and
Microscale Meteorology (MMM) Laboratory (https://www2.mmm.ucar.
edu/wrf/users/download/get_source.html), and the Final (FNL) operational
global analysis data used for model initialization were provided by the
NCAR Research Data Archive (https://rda.ucar.edu/datasets/ds083.2/).

Code availability
Any codes used in the manuscript are available upon request from
khseo@pusan.ac.kr.
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