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H I G H L I G H T S

• Integrate an atmospheric microplastics (MPs) model and a radiative transfer model.
• Quantify the Direct Radiative Effects (DRE) of MPs.
• Reveal the spatial distribution pattern of MPs’ DRE.
• Identity main affected-areas and critical factors of MPs’ DRE.
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A B S T R A C T

Atmospheric microplastics (MPs) have emerged as novel atmospheric pollutants, with the potential to impact 
ecosystems and human societies in numerous ways. As aerosols, MPs can both absorb and scatter radiation, 
influencing atmospheric flux and possibly contributing to global climate change. In this study, we quantify the 
direct radiative effects (difference of atmospheric flux with and without MPs) (DREs) of MPs by integrating an 
atmospheric transport and radiative transfer model. The results reveal a global annual mean shortwave radiation 
DRE of − 9.07 (− 40.57–2.04) μW m− 2 and a longwave radiation DRE of +2.73 (0.61–12.21) μW m− 2. Our 
findings suggest that the total DRE of MPs is concentrated in densely populated and arid regions, driven by high 
emission rates and favorable atmospheric conditions. The contribution of ocean sources to the DRE is relatively 
low compared to land-based sources. We find that MPs exert stronger radiative effects at the top of the atmo
sphere, comparing to at the Earth’s surface, as the magnitude of net DRE decreases from − 6.34 (− 28.36–1.43) 
μW m− 2o − 1.93 (− 8.68–0.44) μW m− 2. Additionally, the DRE is size-dependent, with larger effect as MP size 
increases. As plastic pollution continues to rise, the contribution of MPs to radiative effect and climate change is 
expected to grow. We emphasize the urgent need for early actions to control atmospheric MPs to mitigate 
potentially severe climate impacts.

1. Introduction

Plastics have become an indispensable part of modern life, indicating 
the onset of a plastic age. In 2021, the global plastic production reached 
391 million metric tons (Global plastic production share by region 2023, 
2024), far surpassing the world crude steel production in the same year 
if compared in volume (World Steel in Figures 2022 - Worldsteel. Org, 
2023). However, mismanaged plastic waste has emerged as a significant 
environmental contaminant, including in the atmosphere, due to its 
durability, ubiquity, and potential impact on the climate, ecosystem, 

and human health (Allen et al., 2022; Fu et al., 2023; Luo et al., 2024; 
Revell et al., 2021). Among these, microplastics (MPs) and nanoplastics 
(NPs) with sizes of 1–5000 μm and < 1um, respectively, resulting from 
the fragmentation of larger plastic debris, are of particular concern due 
to its long residence times and transport potential in the environment 
(Chen et al., 2023; Cózar et al., 2014; Evangeliou et al., 2020). Here we 
focus on the direct radiative effect (DRE) of atmospheric MPs.

The radiative effect of MPs depends on their optical properties and 
atmospheric abundance (Revell et al., 2021). Owing to their good op
tical characteristics, microplastics are composed of synthetic polymers, 
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which have been widely used in aerospace, optical lens, electronics, and 
solar cells (Zhang et al., 2020). Studies for the radiative effects of at
mospheric MPs remain rare and cannot cover all types of polymers, 
however, few experimental studies on the scattering cross-sections of 
non-pigment fragments and fibers indicate that MPs are efficient at 
scattering ultraviolet and visible radiation, which has a cooling effect on 
surface climate (Revell et al., 2021). Meanwhile, they can absorb 
infrared radiation, especially at the ‘atmospheric window’ (8–12 μm) 
where the atmosphere is relatively transparent, contributing the 
greenhouse effect (Revell et al., 2021). There is large spatiotemporal 
variability in the atmospheric abundance of MPs (Allen et al., 2022). As 
an initial effort, Revell et al. (2021) estimated the net directive radiative 
effect (net DRE) of MP as 0.044 ± 0.399 mW m− 2 by assuming a uniform 
MP concentration of 1 items m− 3 in the surface and an exponential 
decrease vertical profile. Confining MP in the boundary layer changes 
the net DRE to − 0.746 ± 0.553 mW m− 2 (Revell et al., 2021). Yang et al. 
(2024) also calculate the net DRE of MPs to be between − 30 and 30 mW 
m− 2 at the top of atmosphere and − 90 to 720 mW m− 2 at the Earth’s 
surface by using much higher MP concentrations (200–464 items m− 3) 
observed in a megacity in the North China Plain.

Atmospheric MPs have been extensively monitored around the world 
in recent years, as summarized by Allen et al. (2022) and Fu et al. 
(2023). Three types of data exist in the literature: air concentration, 
deposition, and surface sampling data, which measure the MP concen
trations in surface air (including land and ocean), falling flux to the 
ground, and accumulation at the surface such as road dust/snow, and 
ice, respectively. These data indicate a relatively low concentrations of 
MPs (<10 items m− 3) in the marine boundary layer but are potentially 
relatively high at terrestrial and urban sites (approximately 100-1000 
but up to 1000–10,000 items m− 3). The MP deposition fluxes often 
range from 10 to 100 items m− 2 per day in remote areas but can be 
elevated to 1000–10,000 items m− 2 per day in urban areas or regions 
subjected to long range transport. These variabilities are caused not only 
by spatiotemporal variations in its emissions and transport, but also by 
the non-standardized analytical methods used in this study (Fu et al., 
2023). The surface sampling data vary even more drastically depending 
on the type of sample media and its representative time scale for MP 
accumulation (Chen et al., 2023; Yang et al., 2024).

Here, we calculate the DRE of atmospheric MPs by employing at
mospheric MP concentrations derived from Bayesian inference and data 
assimilation techniques (Brahney et al., 2021; Fu et al., 2023; Long et al., 
2022). These studies developed atmospheric MP transport models at 
regional or global scales (e.g., CAM5, WRF-MP, and GC-MP). With hy
pothesized emission sources (e.g., road dust, ocean spray, and agricul
tural dust), they derived best estimated emissions by minimizing the 
model-observation difference (i.e., optimal estimation method). They 
adopted observations for the atmospheric MP deposition flux over the 
western United States or suspended MP concentrations over Asia and 
adjacent oceans (Brahney et al., 2021; Long et al., 2022). Fu et al. (2023)
developed the GC-MP model and achieved a global coverage by using all 
available suspended MP concentration and deposition flux data world
wide. They suggested global atmospheric MP emissions of 324 
(73–1450) Gg year− 1. We employ the atmospheric MP concentrations 
simulated by the GC-MP model and estimate the DRE by using the rapid 
radiative transfer model for general circulation models (RRTMG), which 
is offlinely coupled with the GC-MP and standard GEOS-Chem full 
chemistry models with optical properties following Revell et al. (2021). 
Our objectives are to: i) estimate the DRE of MPs by quantifying their 
impacts on shortwave and longwave radiation; ii) analyze the spatial 
patterns of DRE to identify key regions where MPs contribute signifi
cantly to radiative flux; iii) evaluate the contributions of MPs of different 
sizes and sources to DRE.

2. Method

2.1. Atmospheric microplastic simulation

We simulate both the vertical and horizontal distributions of MPs in 
the atmosphere via the GEOS-Chem-Microplastic (GC-MP) model (Fu 
et al., 2023). The GC-MP model is based on the global three-dimensional 
GEOS-Chem model version 14.1.1 (https://wiki.seas.harvard.edu/geos 
-chem/index.php/GEOS-Chem_14.1.1), with a horizontal resolution of 
0.5◦ latitude × 0.625◦ longitude and 72 vertical layers extending to 0.01 
hPa. The emission, transport and deposition of MPs with six different 
aerodynamic diameters size bin (0.3, 2.5, 7, 15, 35, and 70 μm) are 
simulated in the GC-MP model, following the methodology of Brahney 
et al. (2021). Spherical shapes of all MPs are used in this model for 
simplicity. The residence time of MPs ranges from 0.04 to 6.5 days 
depending on their aerodynamic dimeters. The transport of MPs in this 
model is computed by adapting the TPCORE advection algorithm (Lin 
and B. Rood, 1996) and the convective transport method comes from Wu 
(2004). Multiple deposition processes of MPs are incorporated into the 
GC-MP model, including wet deposition, scavenging of aerosols by snow 
and cold/mixed precipitation, dry deposition, and gravitational depo
sition (Alexander et al., 2005; Duncan Fairlie et al., 2007; Jaeglé et al., 
2011; Liu et al., 2001; Q. Wang et al., 2011; Wu, 2004). Meteorological 
data from the GEOS are used in this model (https://gmao.gsfc.nasa.go 
v/GMAO_products/NRT_products.php). We run this model from 2018 
to 2020, and the simulated distributions of MPs (as depicted in Fig. 1) 
are used to further estimate the DRE of MPs.

2.2. MP emission sources

Emissions of MPs from various sources, including aerosolized marine 
plastic, traffic-related sources, resuspension of mismanaged plastic 
wastes (MMPW) and agricultural plastic waste, and generic sources 
associated with residential activities are considered in this model. 
However, the contributions from each source to atmospheric MPs 
emission are generally unclear due to the lack of comprehensive atmo
spheric emission inventories. To estimate the magnitudes of the five MPs 
emission sources mentioned above, Fu et al. (2023) adapted an optimal 
estimation method based on simulation results and observation data, 
compiling an atmospheric MPs inventory (Brahney et al., 2021; Long 
et al., 2022). The optimized atmospheric MPs emission is 324 Gg year− 1, 
with a 95 % confidence interval (CI) ranging from 73 to 1450 Gg year− 1. 
The ocean sources represent the largest emission source (171 Gg 
year− 1), followed by the terrestrial sources (154 Gg year− 1), the road 
sources (115 Gg year− 1), the agricultural sources (38 Gg year− 1), the 
residential sources (0.8 Gg year− 1), and the MMPW Residential sources 
(0.11 Gg year− 1).

2.3. Atmospheric aerosols

We also run a standard full chemistry simulation of GEOS-Chem 
14.11 to simulate other aerosol tracers contemporaneous with MPs in 
the atmosphere. The simulation resolution for these aerosols is 4◦ × 5◦

horizontally and 72 levels vertically. We further input aerosols such as 
the sulfate aerosols, aerosol ammonium salts, black carbon, and dust 
into the direct radiative effect calculation. These concentrations are also 
linear interpolated to the same resolution as the atmospheric MP 
concentrations.

2.4. Direct radiative effect calculation

We use the RRTMG model to calculate the DRE of atmospheric MPs 
(Clough et al., 2005; Heald et al., 2014). The RRTMG model is a rapid 
radiative transfer model that uses the correlated-k approach to calculate 
fluxes and heating rates both efficiently and accurately. We also treat the 
MPs in the RRTMG as spherical shapes in consistence with the 
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atmospheric MP simulation. With GEOS-Chem simulated aerosol mass, 
we calculate optical properties including aerosol optical depth (AOD), 
single scattering albedo (SSA) and asymmetry factor (ASY) for MPs 
based on the refractive indices of pure polymers of MPs following Revell 
et al. (2021) and other aerosols (sulfate aerosols, nitrate aerosols, dust 
and others based on Wang et al. (2024)). The surface albedo is based on 
the multi-wavelength land composites from MODIS with 0.05 × 0.05◦

horizontal resolution (Heald et al., 2014; Schaaf et al., 2002). The color 
of atmospheric MPs is not included in our simulation and calculation as 
they are assumed to be non-pigmented in Revell et al. (2021)’s optical 
property measurement experiment. The RRTMG model considers 16 
bands of wavelengths at longwave and 13 bands of wavelength at 
shortwave as shown in Table S1 and Table S2.

These optical properties are used as inputs for RRTMG, along with 
other information from GEOS-Chem (Heald et al., 2014), to derive 
radiative fluxes. The longwave and shortwave DRE of MPs (DRESW and 
DRELW) are calculated as the differences between the total flux and the 
flux without MPs: 

DRESW/LW =Radiative fluxesSW/LW(withMPs) − Radiative fluxesSW/LW(withoutMPs)

(1) 

where Radiative_fluxesSW/LW(withMPs) and Radiative_fluxesSW/LW(wioutMPs) 
represent the radiative fluxes with and without MPs calculated by the 
RRTMG. The net DRE (DREnet) can be further calculated as: 

DREnet =DRESW + DRELW (2) 

We also calculate the contribution of MPs from different emission 

sources and with different size bins to DRE by separating DRESW/LW with 
emission source (src) and size bins (bin): 

DRESW/LW(src(n)) =Atmospheric fluxesSW/LW(src(n))

− Atmospheric fluxesSW/LW(withoutMPs) (3) 

DRESW/LW(bin(m)) =Atmospheric fluxesSW/LW(bin(m))

− Atmospheric fluxesSW/LW(withoutMPs) (4) 

where src(n) with n = 1 to 5 represents atmospheric MPs from the ocean 
sources, the MMPW sources, the agricultural sources, the residential 
sources, and the road sources, respectively; bin(m) with m = 1 to 6 
represents atmospheric MPs with a radius of 0.3 μm, 2.5 μm, 7 μm, 15 
μm, 35 μm, and 70 μm, respectively. A Gamma distribution was adopted 
to calculate the radiative effects of atmospheric MPs based on a 
wavelength-dependent refractive index. Both the size distribution and 
optical properties included in the model followed (Revell et al., 2021), in 
which they are reflective of observations.

3. Results and discussion

3.1. Atmospheric MPs distribution

Our simulation reveals uneven distributions of atmospheric MPs 
both horizontally and vertically as depicted in Fig. 1. The abundance of 
atmospheric MPs in terrestrial regions is generally linked to human 
activities. Coastal areas such as East Asia and major river deltas like the 

Fig. 1. Annual average atmospheric concentrations of MPs A) at 5 km above the ground, B) at 1 km above the ground, and C) at the near ground [the circles 
represent observation data summarized by Allen et al. (2022) from observation studies]; D) Vertical profile of atmospheric MPs concentrations.
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Ganges Delta exhibit significantly elevated concentrations of MPs, with 
notable hotspots near densely populated areas. Regions like northern 
India and the coasts of the Persian Gulf show particularly high MP 
concentrations, exceeding 10 items m− 3 near the ground (Fig. 1C). These 
regions are characterized by substantial human activity and inadequate 
waste management infrastructure, leading to increased emissions of 
plastic debris into the environment. Atmospheric MPs suspended over 
the oceanic regions are influenced not only by the long-range transport 
of plastic pollution from densely populated land areas, such as Southeast 
Asia, but also by the abundant stock of oceanic plastics, such as the Great 
Garbage Patch in both hemispheres as depicted in Fig. 1C. In contrast, 
remote regions far from urban centers, such as the Amazon rainforest, 
the Sahara Desert, and the polar regions, have much lower MP con
centrations, reflecting reduced input sources and limited long-distance 
transport of MPs in the atmosphere (Fu et al., 2023). Coastal and 
near-shore oceanic regions also display moderate atmospheric MPs 
concentrations, likely influenced by deposition from ocean-sourced MPs 
and proximity to human activity. Our modeling results indicate that the 
global annual average concentration of atmospheric MPs near the 
ground is 0.14 items m− 3 as shown in Fig. 1D. Due to the different ranges 
of observation data used in models, our estimation of atmospheric MPs 
concentrations is lower than Evangeliou et al. (2022) (1–8 items m− 3), 
but close to Long et al. (2022) (0.024–0.39 items m− 3). Our modeling 
results for atmospheric MPs concentrations is still robust, with 
root-mean-squared errors (RMSE) between logarithm-transformed 
modeling results and observations of 0.65 and 0.37 order of magni
tude for atmospheric concentrations and depositions, respectively (Fu 
et al., 2023). Moreover, some studies report higher observed concen
tration of atmospheric MPs of 100s and even 1000s items m− 3 in 
megacities (Zhu et al., 2021), these high measurement values cannot 
represent regional mean condition of atmospheric MPs distribution. Our 
study is focusing on global and region DRE of atmospheric MPs, rather 
than resolving the local influence of DRE from atmospheric MPs.

The concentration of atmospheric MPs decreases exponentially from 
the near ground to the top of atmosphere (Fig. 1A, B, and 1D). Due to 
gravitational settling, most airborne MPs remain below an altitude of 20 
km. The global annual average concentration of atmospheric MPs near 
the ground is 0.14 items m− 3, but it decreases by 50 % at 1 km above the 
ground and further drops to 0.005 items m− 3 at 5 km. This pattern re
flects the limited vertical transport of MPs. The model simulates fewer 
MPs at higher altitudes over the ocean compared to land (Fig. 1A & B). 
Despite the significant decrease in MPs concentration in most densely 
populated regions worldwide at altitude above 5 km, substantial con
centrations still accumulate over the Middle East region. Notably, the 
maximum MPs concentration in this area is simulated to be 0.24 items 

m− 3 (Fig. 1A).
We also simulate the concentrations of atmospheric MPs with 

different sizes (Fig. 2). The mid-sized MPs (7 μm, 15 μm and 35 μm) 
account for more than 85 % of total MPs near the ground. The spatial 
distribution of MPs also depends on the particle sizes. These particles are 
primarily emitted from anthropogenic sources, such as industrial ac
tivity, road transport, and agricultural practices (Yang et al., 2024), 
leading to regional hotspots in East Asia, Europe, and North America. In 
contrast, smaller particles (e.g., 0.3 μm and 2.5 μm) exhibit a more 
uniform distribution, reflecting their ability to be transported over 
longer distances. Larger particles (e.g., 70 μm) remain concentrated near 
their sources, with limited spatial dispersion due to relatively rapid 
gravitational settling.

3.2. DRE of atmospheric MPs

We calculate the radiative effect of atmospheric MPs by running the 
RRTMG model with the simulation results from the GC-MP model. The 
RRTMG model calculates a global mean radiative effect of − 9.07 and +
2.73 μW m− 2 for shortwave and longwave radiation, respectively, with a 
net DRE of − 6.34 μW m− 2 at the top of atmosphere, as shown in Fig. 3. 
This indicates cooling and warming effects of MPs at the top of atmo
sphere for shortwave and longwave wavelengths, respectively. We also 
calculate the net DRE of atmospheric MPs at the Earth’s surface, which is 
− 1.93 mW m− 2. The net DRE of atmospheric MPs is lower than the es
timate of Revell et al. (2021), 44 μW m− 2, due to lower atmospheric MP 
abundance modeled from our GC-MP simulation used. Indeed, Revell 
et al. (2021) assumed a uniform concentration of the atmospheric MPs 
as 1 items m− 3 based on limited observation data, which were mainly 
obtained in densely populated areas, ignoring remote areas with sparse 
human activities. Furthermore, they only considered atmospheric con
centration measurements. In contrast, GC-MP model integrates both 
atmospheric concentration and the deposition data for MPs and improve 
the simulation results by using an optimal estimation method (Fu et al., 
2023). As a result, our simulated spatial distribution and concentrations 
of MP are potentially more accurate, with varying concentrations in 
different locations within the atmosphere.

The model also suggests significant spatial variability, with the 
highest annual mean DRE of − 465 μW m− 2 for shortwave radiation 
(referred as DRESW) and 85.6 μW m− 2 for longwave radiation (hereafter 
referred as DRELW) in regions such as the Middle East, North India, and 
East Asia. The annual mean DRE of atmosphere MPs for shortwave ra
diation follows a similar spatial pattern to that of MPs distribution as 
shown in Fig. 1. For shortwave radiation, atmospheric MPs exhibit sig
nificant negative radiative effect in regions with high plastic abundance, 

Fig. 2. Annual average concentration of the atmospheric concentration of MPs with different sizes: A) bin1 (0.3 μm), B) bin2 (2.5 μm), C) bin3 (7 μm), D) bin4 (15 
μm), E) bin5 (35 μm), F) bin6 (70 μm).
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particularly over East Asia, South Asia, the Middle East, and parts of 
Africa (Fig. 3A). These areas are hotspots for plastic pollution due to 
thriving human activities and common waste mismanagements, which 
lead to significant atmospheric plastic emissions. The negative radiative 
effect (nearly lower than − 400 μW m− 2) of atmospheric MPs for 
shortwave radiation, modeled in these regions, suggests that MPs may 
contribute to localized atmospheric cooling. For instance, Yang et al. 
(2024) also calculates a negative DRE of − 30,000 μW m− 2 in a megacity 
in the East Asia with high atmospheric MPs concentration (with detected 
atmospheric MPs there ranging from 200 to 464 items m− 3).

The radiative effect caused by atmospheric MPs for longwave ap
pears milder, with the annual mean DRE in most areas being less than 
40 μW m− 2, as depicted in Fig. 3B. For longwave radiation, MPs in the 
atmosphere absorb infrared radiation and re-emit it, partially back to
ward the surface, creating a heat-trapping effect like greenhouse gases. 
The highest DRELW is primarily simulated over the Middle East, where 
surface temperature is high, and drought conditions prevail. In areas 
with high water vapor content, the dominance of water vapor absorp
tion can overshadow the DRELW of MPs, making their contribution 
relatively smaller. However, arid regions allow MPs to have more pro
nounced radiative effect. Additionally, the warming effect of MPs may 
be enhanced in these regions, as MPs lifetimes can be extended due to 
low precipitation. In contrast, regions with low plastic concentrations, 
such as the Southern Hemisphere and polar areas, exhibit minimal 
longwave effects. While the DRELW of MPs is generally weaker than their 
DRESW, it remains a critical component of the overall climate impact of 

MPs. This spatial contrast further underscores the role of human activ
ities and proximity to source regions in driving the radiative impact of 
MPs under radiation.

To further investigate the spatial distribution of the atmospheric MPs 
DRE, we compare the DRE of MPs over the ocean and land. We observe 
notable differences in their impact on DRESW and DRELW. Specifically, as 
shown in Fig. 3A and B, the DRE of MPs over the ocean is considerably 
smaller than over land, with the effects being less pronounced on the 
ocean surface. For instance, the annual mean DRESW and DRELW of MPs 
at the top of the atmosphere over land are − 14 μW m− 2 and 4.5 μW m− 2, 
respectively, whereas over the ocean, DRESW and DRELW are − 7.1 μW 
m− 2 and 2.0 μW m− 2, respectively. This reflects higher atmospheric MP 
concentrations over the land. Even though the total oceanic sources 
(170.5 Gg/yr) are slightly larger than the terrestrial sources (153.5 Gg/ 
yr) (Fu et al., 2023), but the atmospheric MP concentrations are lower 
over the ocean due to the larger surface area and faster deposition of 
coarse aerosols. Such disparity may be explained by the lower surface 
albedo of the ocean than of the land (Heald et al., 2014). This difference 
in radiative effect results in a greater net DRE over land than over the 
ocean. Specifically, the net DRE on land is − 9.5 μW m− 2, which is larger 
than the ocean’s value of − 6.34 μW m− 2. These findings suggest that 
terrestrial MP exert a more pronounced impact on altering the energy 
balance, potentially leading to more significant local and regional 
climate variations compared to MP over the ocean.

Fig. 3. Annual mean all-sky MPs DRE at the top of atmosphere. A) DRESW; B) DRELW. Please note the DRESW is plotted in an opposite sign to use the same scale 
with DRELW.
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3.3. Uncertainties of DRE

One of the primary sources of uncertainty in the calculated DRE 
arises from the estimation of the total mass of atmospheric MPs, which is 
based on the GC-MP model. The GC-MP model adapts inverse modeling 
techniques to optimize the MP emission and subsequently the atmo
spheric MP abundance (Fu et al., 2023). Inverse modeling involves using 
observed data to infer the total emissions of MP from atmospheric MP 
concentrations and deposition measurements. However, this approach 
relies on several assumptions about the initial distribution, atmospheric 
transport, and deposition rates of MPs, which could introduce un
certainties. The uncertainty in the total mass estimate is further com
pounded by limited observational data, especially for remote or oceanic 
regions. As a result, variations in the total mass of MPs could lead to 
discrepancies in the calculated DRE. Revell et al. (2021) estimate the net 
global mean TOA radiative effect of atmospheric MPs to be − 746 
μW/m2, assuming a global atmospheric MPs concentration of 1 items 
m− 3. Yang et al. (2024) report a much higher value of − 30,000 μW m− 2 

based on a higher concentration of atmospheric MP of 464 items m− 3. In 
our study, the optimized annual emissions of the atmospheric MPs are 
324 Gg year− 1, ranging from 73 to 1450 Gg year− 1 as the 95 % CI. 
Corresponding global average and maximum atmospheric MPs con
centrations are 0.14 items m− 3 (95 % CI: 0.03 to 0.63 items m− 3) and 19 
items m− 3 (95 % CI: 4.28 to 85.03 items m− 3), respectively. We calculate 
MPs’ DRE under different emission scenario as shown in Fig. 4, finding 
annual mean DRESW and DRELW of − 40.57 to − 2.04 μW m− 2 and 
0.61–12.21 μW m− 2 at the top of the atmosphere. However, these ranges 
of DRE may not be sufficient to describe the uncertainties from the es
timate of the atmospheric MPs mass as much higher emissions are re
ported in other studies, such as nearly 10,000 Gg year− 1 reported by 
Yang et al. (2025) and 8738 Gg year− 1 reported by Brahney et al. (2021). 
Due to the resolution limitation of our model, our study is also limited to 
reflect the potential significant enhanced DRE in high plastic polluted 
urban areas such as that reported by Yang et al. (2024). Future efforts to 
refine inverse modeling methods, along with more precise data on MP 
emissions and atmospheric concentrations, will help reduce this uncer
tainty. Meanwhile, understanding the transport and radiative behavior 
of MPs from different sources is also crucial for accurately assessing their 
environmental impacts.

The size distribution of atmospheric MPs is a significant source of 

uncertainty. In our study, we focused on three size bins: 15 μm, 35 μm, 
and 70 μm, based on their prevalence in atmospheric MP samples. 
However, the true size distribution of MPs in the atmosphere is not well 
understood, particularly for particles smaller than 0.7 μm or larger than 
70 μm. While our study suggests that MPs of 35 μm and 70 μm contribute 
the most to radiative effect, uncertainties in the distribution of smaller or 
larger particles may influence the DRE results. Smaller particles (less 
than 0.7 μm) may be underrepresented in our study due to their lower 
atmospheric concentrations. The Gamma size distribution used in our 
study may underestimate atmospheric MPs with smaller size as recent 
observation suggests that smaller MPs are more abundant than larger 
MPs (Morioka et al., 2024). Meanwhile, their ability to transport long 
distances, and influence cloud formation is still uncertain. Larger MPs 
(>70 μm) could interact with radiation differently, especially in terms of 
scattering and absorption efficiency, and may contribute differently to 
radiative effect than our model predicts. Therefore, a better under
standing of the global size distribution of atmospheric MPs, particularly 
for extremes in particle sizes and their representation in atmospheric 
models are needed to reduce uncertainties in DRE calculations.

The shape of MPs is another factor that could influence their radia
tive effects. Microplastics can exist in a variety of shapes, including 
spheres, fibers, and irregular fragments. While shape can affect the 
scattering and absorption properties of the particles. previous studies 
have found for other aerosols, irregulate shape usually make extinction 
larger than pure sphere, so our estimates are likely to be at the lower 
bound (Huang et al., 2023). In this study, we assumed a spherical shape 
for simplicity, which is a common assumption in radiative transfer 
models for aerosols. However, more detailed studies of the optical 
properties of different microplastic shapes could refine this assumption 
and provide more accurate estimates of their radiative effects. Although 
shape is likely not the most significant source of uncertainty in this 
study, further research on the variation in particle morphology may help 
improve future radiative effect models.

The color of MPs is also likely an important factor that influences 
their DRE but remains uncertain. The color of MP influences their ab
sorption and scattering properties, as dark-colored particles tend to 
absorb more radiation, while lighter-colored particles scatter more. 
However, we cannot fully account for this factor in our model due to the 
lack of available data on the color distribution of MPs in the atmosphere. 
In addition, there is also knowledge gap in the absorption and scatter 

Fig. 4. Annual mean DRESW and DRELW of MPs at top of atmosphere under maximum emission A) and C); under minimum emission B) and D).
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coefficients of MP in different colors. Under the effect of photochemical 
aging by UV radiation and oxidants (Leresche et al., 2021), atmospheric 
MPs with different initial colors may gradually fade or even become 
non-pigmented, which has similar optical properties as measured in 
Revell et al. (2021). However, the aging process of MPs may also result 
in browning and increased radiation absorption (Xu et al., 2024). 
Moreover, initial colors of MPs also play key roles in its photochemical 
aging (Zhao et al., 2022). Therefore, the impact of color on the radiative 
effects of MPs remains speculative. However, as research on the optical 
properties of MPs advances, we will be able to integrate effects of color 
and aging on atmospheric MPs optical properties into future models to 
improve the accuracy of DRE estimates.

3.4. Plastic emission sources’ contribution to DRE

We calculate the DRE of MPs at the top of atmosphere from different 
emission sources. Given the uncertainty of our estimate for individual 
sources, we use the middle values to calculate these contributions, but 
the contributions from the high and low scenarios can be calculated by a 
similar approach. As illustrated in Fig. 5A, B and 5C, the contributions 
from the ocean, agriculture, and road to the total DRESW are 29 %, 25 %, 
and 46 %, respectively. However, these three sources’ contribution to 
atmospheric MPs emission are 52 %, 12 %, and 35 %, respectively. Such 
difference can be explained by the higher surface albedo in areas with 
developed road networks and regions with intensive agriculture activ
ities compared to the ocean. The contribution to DRE from the same 
atmospheric MPs emission source also varies with different wavelength 
as the contribution proportion of these three sources to DRELW are 17 %, 

33 % and 50 %, respectively. Such difference is most significant for 
ocean-sourced MPs as ocean-sourced MPs is more dispersed at higher 
altitudes, which may reduce their exposure to strong long-wave radia
tion from the surface and the atmosphere. Meanwhile, the lower 
contribution of DRELW from ocean-sourced MPs comparing to DRESW 
can also be explained by the stronger overshadow of water vapor above 
the ocean. The contribution of these emission sources to the net DRE is 
similar to their contributions to DRESW, at 34 %, 21 % and 45 %, 
respectively. In contrast, the contribution from residential sources and 
the MMPW sources exert minimal influence on both DRESW and DRELW, 
as illustrated in Fig. S1. DRELW from ocean, agricultural, and road- 
sourced MPs all show similar spatial patterns to DRESW, with the same 
regions exhibiting the strongest impacts as shown in Fig. 5C, D and 5E.

Different sources of MPs exhibit varied spatial distribution patterns 
in their associated DRE. The spatial pattern of DRESW from ocean- 
sourced MPs (Fig. 5A) mirrors the distribution of oceanic plastic pollu
tion, as described by Zhang et al. (2023). The radiative effect caused by 
ocean-sourced MPs is particularly concentrated in the coastal waters 
along the west of the Atlantic Ocean and the Pacific Ocean, as well as 
parts of the Pacific Ocean, with the magnitude of DRESW greater than 
− 20 μW m− 2, which is direct linked to the spatial distribution of the 
atmospheric concentration of MPs as illustrated in Fig. 1. Fig. 5B illus
trates the DRESW from the Agricultural sources. The associated DRE is 
higher in regions with intensive agricultural practices such as the West 
Africa (up to − 81 μW m− 2), of the northern India (up to − 91 μW m− 2), 
and the East Australia (up to − 218 μW m− 2). These regions have higher 
concentrations of MPs from agricultural runoff, plastic mulches, and 
other farming-related activities. The high DRE calculated in these 

Fig. 5. Annual mean DRESW of MPs at top of atmosphere from A) Ocean Source, B) Ocean Source, C) Road Source, and DRELW from D) Ocean Source, E) Ocean 
Source, F) Road Source.
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regions suggests that agricultural MP pollution may exacerbate local and 
regional climate changes, particularly in areas already experiencing 
warming trends due to land-use changes and industrialization. The 
DRESW from the road sources is most concentrated in urbanized regions 
and areas with dense road networks, such as Europe, North America, the 
Middle East, and East Asia. These urbanized areas, with their high levels 
of traffic and industrial activity, exhibit significant shortwave radiative 
effect due to the presence of MPs in the atmosphere. i.e. The average 
DRESW and DRELW due to the atmospheric MPs in the North China Plain 
of the East Asia are − 67 μW m− 2 and 8.1 μW m− 2, respectively. The 
urban heat island effect, already contributing to warming in these areas, 
could be further exacerbated by the absorption of longwave radiation by 
road-sourced MPs.

We find that the contributions of different MP sources to DRESW and 
DRELW also vary significantly with altitude. The contribution of ocean- 
sourced MPs to total DRESW decreases from 29 % at the top of the at
mosphere to 2.6 % at the surface. Meanwhile, the contributions from 
agricultural and road sources increases significantly with the altitude 
decreases, which increase from 24.6 % to 38.3 % and from 46.1 % to 
60.3 %, respectively. A similar trend is calculated for DRELW, where the 
contribution of ocean-sourced MPs drops from 16.7 % to 5.7 % with 
decreasing altitude. This indicates that the ocean-sourced MPs are a 
more significant contributor to both shortwave and longwave radiative 
balance at the top of the atmosphere. Moreover, while ocean-sourced 
MPs account for 52.6 % of the total MPs suspended in the atmosphere, 
their smaller contribution to the thermal radiation balance at different 
altitudes highlights the effects of the lower surface albedo of ocean and 
the vertical transport limitation of MPs.

Similar significant uncertainties also exist when estimating the 
contribution of different emission sources to DRE. For example, our 
estimation of the ocean-sourced MP emission is 171 Gg year− 1 (Fu et al., 
2023). In contrast, Brahney et al. (2021) suggests a much higher 
ocean-sourced MPs emission of 8600 Gg year− 1. Meanwhile, Bucci et al. 
(2024) and Yang et al. (2025) report the ocean-sourced MPs emissions 
that are one to two orders of magnitudes lower than our model results 
(~1.2 and ~10 Gg year− 1, respectively). These discrepancies may arise 
from differences in emission and observation data used, as well as fac
tors such as the seasonal variability of emissions and sea-to-air particle 
transfer limitations. In addition, there may be significant difference 
between real-world conditions and simulation/theorical estimations. 
Considering the varying contribution capabilities of different atmo
spheric MPs emission sources and the impacts of environmental and 
meteorological conditions, estimating the DRE from different atmo
spheric MPs emission sources is likely to be more complex and highly 
uncertain. So, more field observations at different locations worldwide 
are thus of vital importance to further constrain the emissions and 
reduce uncertainties. Moreover, conducting multi-model fusion and 
intercomparison studies in the future could effectively reduce un
certainties stemming from data, model structure and parameter differ
ences. While uncertainties in atmospheric plastic emissions do affect the 
accuracy of estimating the contribution of different emission sources to 
DRE, but our results as a first cut in estimating the relative contribution 
from these sources still make sense. Furthermore, our results indicate 
that the DRE of atmospheric MPs is not only simply linearly related to 
plastic emission, but is also affected by surface albedo, water vapor 
content, and other factors. This insight will be meaningful for guiding 
future efforts to effectively regulate atmospheric plastic emissions from 
the perspective of reducing the DRE of atmospheric plastics.

3.5. DRE from MPs with different size bins

We also calculate the DRE of MPs with different size bins due to the 
unequal size composition of the atmospheric MPs and the significant 
impact of particle size of MPs on radiative effect. The contributions from 
different size bins are directly calculated based on the size distribution of 
atmospheric MPs, not normalized by the mass concentration of each bin. 

Despite the large uncertainties associated with our estimate of the size 
distribution of atmospheric MPs, our model results indicate that MPs 
with different sizes are not equal in contributing DREs. MPs with the size 
of 15 μm, 35 μm and 70 μm contribute more than 97 % to the total 
DRESW and DRELW from MPs. However, the impact of smaller particles 
(<7 μm) is less pronounced, likely due to their much smaller concen
tration in the atmosphere (Fig. S2). Our results suggest that MPs with a 
size of 35 μm have the largest radiative impact, with the annual mean 
DRESW (Fig. 6B) and DRELW (Fig. 6E) at the top of the atmosphere being 
− 4.83 μW m− 2 (53.3 % of total DRESW) and 1.44 μW m− 2 (52.8 % of 
total DRESW), respectively. Meanwhile, the contribution of MPs with the 
size of 15 μm and 70 μm to DRESW are 18.1 % and 26.6 % (similar 
contributions to DRELW). However, the three size bin s MPs only account 
for 43.6 % (15 μm), 20.0 % (35 μm) and 2.4 % (70 μm) of total MPs in the 
atmosphere. These significant disparities between their contributions to 
concentration and DRE indicate that the DRE of MPs is highly influenced 
by their size within a certain particle size range, as large MPs have 
greater DRE magnitudes than small MPs at the same number concen
tration level. This can be explained by their different optical cross- 
section constrained by sizes. Although, the proportion of atmospheric 
MPs with large size is relatively small, their ability to affect radiative 
fluxes make them cannot be ignored. Meanwhile, abrasion and frag
mentation of large-sized-MPs can continue emit small-sized-MPs in the 
atmosphere. As the emission of atmospheric MPs is keep rising, regu
lating the emission of large-sized-MPs can effectively reduce the DRE of 
MPs.

4. Conclusion

In this study, we quantify the direct radiative effects (DRE) of the 
atmospheric microplastics (MPs) and analyze their spatial distribution, 
source contribution, and size-dependent impacts. Our findings indicate 
that the total DRE of MPs is predominantly concentrated in densely 
populated and arid regions, where high MP emissions and favorable 
atmospheric conditions allow MPs to exert a stronger radiative influ
ence. These areas experience both shortwave cooling and longwave 
warming effects from MPs, but the net DRE in these areas is negative, 
indicating the overall cooling effects of MPs and their potential impli
cations for regional climate dynamics. Despite the high proportion of the 
ocean-sourced MPs in the total atmospheric MP concentration, their 
contribution to DRE is relatively low compared to land-based sources. 
This discrepancy suggests that ocean-sourced MPs may be less optically 
active or are more likely to remain suspended in lower-impact regions of 
the atmosphere. Meanwhile, the contribution to DRE from road-sourced 
MPs is relatively high, which indicates that regulating road plastic 
emission may be meaningful for reducing atmospheric MPs’ DRE. The 
vertical difference of annual mean net DRE, reveal that MPs exhibit 
stronger radiative effects with the altitude rising. The vertical differ
ences highlight the complex interactions between MPs and atmospheric 
radiation and underscore the need for further research into MPs long- 
range transport and deposition mechanisms. Our study also confirms 
that MP size plays a key role in determining DRE, with larger MPs 
exhibiting larger radiative effects when their mass is the same as that of 
smaller MPs. This is due to their higher efficiency in interacting with 
radiation per unit mass, which results in increased scattering and ab
sorption capabilities compared to smaller MPs. Consequently, the size 
distribution of MPs in the atmosphere is a crucial factor in estimating 
their overall radiative impact.

Although the current DRE of MPs is relatively small compared to the 
DRE caused by other aerosols, plastic pollution is continuously esca
lating, and the concentration of airborne MPs will continue to increase. 
As a result, MPs’ radiative effect effects will be enhanced with the 
projected growth of plastic production and plastic waste, and the at
mospheric burden of MPs may become an increasingly significant factor 
in climate forcing. Additionally, as aerosol concentrations from other 
sources (e.g., sulfate and black carbon) decrease due to emission 
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reduction policies, the relative importance of MPs in atmospheric radi
ative effect will grow. The long-term influence of MPs on the Earth’s 
radiation budget may become more pronounced, further reinforcing the 
need for comprehensive atmospheric monitoring and modeling of MPs’ 
DRE. Finally, we acknowledge that MPs may also exert indirect effects, 
such as interacting with clouds and other aerosols, which could alter 
their overall radiative impact (Aeschlimann et al., 2022). For example, 
MPs may have similar ice nucleating activity to mineral dust under 
certain temperature range (Busse et al., 2024). Tatsii et al. (2025) find 
that ice-active MPs can account for more than 40 % of the total INP (ice 
nucleating particles) number in the tropical. Atmospheric MPs’ impacts 
on climate may be non-negligible after combing their direct (DRE) and 
indirect impacts (INP). Therefore, future studies should explore these 
potential synergistic and antagonistic effects to improve our under
standing of MPs’ impacts on climate. Given the growing urgency of 
plastic governance and climate policy, understanding the atmospheric 
role of MPs is essential for developing effective strategies that address 
both environmental pollution and climate change simultaneously. Our 
work provides a crucial foundation for future research and policy con
siderations in this emerging field.
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