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Abstract 27 

 28 

Tropospheric anthropogenic aerosols contribute the second-largest forcing to climate change, but 29 

with high uncertainty owing to their spatio-temporal variability and complicated optical 30 

properties. In this Review, we synthesize understanding of aerosol observations, and their 31 
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radiative and climate effects. Aerosols offset ~1/3 of the warming effect by anthropogenic 32 

greenhouse gases. Yet, in regions and seasons where the absorbing aerosol fraction is high—33 

such as South America, and East and South Asia—substantial atmospheric warming can occur. 34 

The internal mixing and the vertical distribution of aerosols, which alters both the direct effect 35 

and aerosol-cloud interactions, might further enhance this warming. Despite extensive research 36 

in aerosol-cloud interactions, there is still at least a 50% spread in total aerosol forcing estimates. 37 

This uncertainty is linked, in part, to the poor measurement of anthropogenic and natural aerosol 38 

absorption, as well as the little-understood effects of aerosols on clouds. Next generation space-39 

borne multi-angle polarization and active remote sensing, combined with in situ observations, 40 

offer opportunities to better constrain aerosol scattering, absorption and size distribution, thus 41 

improving models to refine estimates of aerosol forcing and climate effects.  42 

 43 

Key points 44 

 45 

• Climate models indicate at least a 30% uncertainty in aerosol direct forcing and 100% 46 

uncertainty in indirect forcing due to aerosol-cloud interactions. 47 

• The amount of aerosol light-scattering and absorption, expressed as the aerosol single 48 

scattering albedo (SSA) parameter, is critical in affecting both aerosol radiation 49 

interaction and aerosol–cloud interactions. 50 

• Current satellite sensors cannot provide global-scale 3-D SSA measurements. Future 51 

observational efforts should combine satellite-based multi-angle polarization sensors and 52 

high spectral resolution lidars with international aircraft and surface in situ observation 53 

networks. 54 

• Direct comparison of radiation properties observed by satellites with those derived from 55 

climate models that assimilate aerosol parameters will improve the understanding of 56 

aerosol microphysical properties. 57 

• Future work should investigate the mechanisms underlying aerosol-cloud interactions, 58 

especially the adjustment of cloud fraction and water for warm clouds and the 59 

microphysical processes in ice and mixed-phase clouds. 60 

 61 

 62 
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Introduction  63 

 64 

Aerosols are small liquid or solid particles suspended in the atmosphere1. They can be emitted 65 

directly (such as dust, sea salt, black carbon and volcanic aerosols) or formed indirectly through 66 

chemical reactions (including sulphate, nitrate, ammonium and secondary organic aerosols. 67 

Owing to their relatively short lifetime, aerosol concentrations typically peak near their sources. 68 

Desert regions (such as North Africa and the Middle East), industrial regions (such as East and 69 

South Asia), and biomass burning regions (such as South America and South Africa) are 70 

therefore characterized by high mass concentrations (Fig. 1). Aerosols exhibit complicated 71 

compositions and vary substantially in shape and size, typically ranging between 0.01-10 𝜇𝜇m2. 72 

Depending on these structural and compositional characteristics, aerosols can scatter and/or 73 

absorb shortwave radiation, as quantified through the single scattering albedo (SSA; Table 1). 74 

Purely scattering aerosols include sulphates, nitrates, ammonium and sea salt particles, whereas 75 

absorbing aerosols are primarily black carbon (BC), with dust and organic carbon partly 76 

absorbing in the ultra-violet spectrum3.  77 

 78 

Aerosols have a direct bearing on Earth’s energy balance, and therefore, on climate. For instance, 79 

aerosol scattering and absorption alters the radiation balance and atmospheric stability through 80 

perturbations to the vertical temperature profile. Aerosols can further serve as cloud 81 

condensation nuclei (CCN) or ice nucleating particles (INPs), which modify the reflectivity and 82 

lifetime of clouds through microphysical processes. Collectively, these influences are quantified 83 

as aerosol forcing: the change of net radiative flux at a specified level of the atmosphere, often 84 

assessed relative to estimated preindustrial conditions4.  85 

 86 

Globally, anthropogenic aerosols are estimated to produce a net cooling ~ -1.3±0.7 W m-2 at the 87 

top of atmosphere; -0.3±0.3 W m-2 is attributed to the aerosol-radiation interaction (ARI), -88 

1.0±0.7 W m-2 to aerosol-cloud interactions, ~-1.15 W m-2 to total forcing from scattering 89 

aerosols, and ~+0.12 W m-2 to BC4. This combined aerosol forcing offsets roughly one third of 90 

the warming from anthropogenic greenhouse gases (GHGs). However, the large spread in the 91 

estimated aerosol forcing leads to large discrepancies in climate sensitivity5,6. Thus, aerosols are 92 
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considered to be the largest contributor of uncertainty in quantifying present day climate 93 

change4.  94 

 95 

Much of this uncertainty in aerosol forcing arises from both the lack of separate global 96 

constraints on aerosol optical and microphysical properties (optical depth, size distribution, 97 

hygroscopicity, and mixing state, among others) and the inaccurate representation of them in 98 

climate models7-10. In particular, aerosol SSA is further thought to contribute substantially to the 99 

uncertainties in direct aerosol forcing11,12 , and might even change in sign13-15. Despite its 100 

importance, aerosol SSA is largely unmeasured by current satellite sensors. However, emerging 101 

techniques using high accuracy, multi-angle polarimetry measurements combined with space-102 

based lidars, and constrained by ground-based remote sensing and detailed in situ measurements 103 

of particle microphysical properties, represent a promising way to establish a consistent 3-D 104 

global SSA record16-21. Combined with models, this progress will thus improve the modelled 105 

aerosol parameters, better quantify aerosol forcing estimates and even climate projections. 106 

Moreover, consistent aerosol observational records will allow improved quantification of the 107 

broader environmental impacts of aerosols, including on air pollution and haze, and in turn, 108 

visibility and human health.  109 

 110 

In this Review, we focus on the aerosol impacts on climate, and synthesize the latest progress in 111 

measuring aerosol properties, understanding their spatio-temporal variability, and efforts taken to 112 

quantify their radiative and climate effects. We describe the challenges remaining in 113 

understanding the physical properties and space-time variability of different aerosol types, and 114 

propose possible approaches to better constrain aerosol forcing. 115 

 116 

Physical processes impacting climate  117 

 118 

Determining the ultimate impact of aerosol forcing on climate is complicated, as aerosols impact 119 

the energy balance and the climate system through various pathways. These pathways include 120 

direct scattering and absorption of radiation (direct effects), interaction between these two 121 

effects, as well as with clouds, as will now be discussed (Fig. 2).  122 

 123 
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Aerosol scattering effect 124 

 125 

The primary effect of aerosols in the climate system is the scattering of solar radiation1, which 126 

means that only the direction of the radiation changes. Sulfate, nitrate, and sea salt aerosols can 127 

be considered purely scattering at visible wavelengths22. Most aerosols types are relatively small, 128 

generally comparable to or smaller than the wavelength of visible light. As a result, their 129 

scattering effect is strongest in the shortwave spectrum and negligible at wavelengths longer than 130 

about a micron, with the exception of some large dust particles23. This spectral characteristic is 131 

distinct from many GHGs, which primarily absorb in the thermal infrared. The scattering 132 

increases the fraction of solar radiation reflected back to space, cooling the climate system. 133 

However, high surface albedo and the presence of clouds tend to reduce the net effect12,14,24. The 134 

vertical distribution of aerosols does not change their scattering effect; however, it can impact 135 

the radiation balance, for example, by changing the optical path over which water vapor 136 

absorption occurs25 or the aerosol layer vertical location relative to clouds.  137 

 138 

The scattering of aerosols also exhibits directional and polarization characteristics. In climate 139 

modeling, aerosols are usually assumed to be homogeneous spheres. Light interactions with 140 

spherical aerosols are governed by the Mie scattering solution; the degree of forward scattering is 141 

often represented by the asymmetry parameter (Table 1). Typical g values for aerosols are 142 

between 0.6 and 0.8, indicating primarily forward scattering26. Non-spherical particles are 143 

generally less efficient at backscattering, resulting in an increased g value, although the exact 144 

phase function can be much more complicated depending on the particle size, morphology, 145 

orientation, surface roughness, and so on27,28. In addition, radiation scattered by aerosols also 146 

exhibits polarization features, and the degree of polarization, as well as the phase function of the 147 

polarized component, are sensitive to aerosol type, especially aerosol shape, and absorption29. 148 

The linear depolarization ratio (Table 1) is zero for homogeneous spheres but can be much 149 

larger for non-spherical particles28, which has been used by polarized lidars to distinguish non-150 

spherical dust from spherical particle types30. The sky polarization pattern of scattered radiation 151 

by absorbing aerosols is mostly different from that of purely scattering aerosols and can be used 152 

to retrieve SSA in remote sensing applications29,31.  153 

 154 
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Aerosol absorption effect 155 

 156 

Some aerosols also absorb radiation. BC in aerosols makes the largest contribution to aerosol 157 

absorption32, with nearly flat spectral behavior at visible wavelengths33. Dust and organic carbon 158 

aerosols strongly absorb in the Ultraviolet (UV) range, but this absorption quickly becomes 159 

negligible beyond ~600 nm33,34. Aerosol absorption leads to a positive radiation balance anomaly 160 

in the climate system and contributes to atmospheric warming. At the surface, however, the 161 

effect is generally still cooling, as the aerosol heating occurs higher in the atmosphere35. The 162 

atmospheric heating tends to increase atmospheric stability, degrade air quality, and slow the 163 

hydrological cycle15,36-38 , which might induce a positive feedback of aerosol climate effects by 164 

decreasing aerosol wet deposition.  165 

 166 

The effect of aerosol absorption also depends on the surface albedo and the presence of clouds, 167 

and can, therefore, be more complicated. In general, absorbing aerosols appear relatively darker 168 

over brighter surfaces, which tends to enhance the net effect of atmospheric absorption12. Under 169 

a cloudy sky, when the aerosols are located above clouds, the atmospheric absorption is greatly 170 

enhanced similar to the case of aerosols above a bright underlying surface. In contrast, aerosol-171 

induced absorption will be weakened if the cloud is above the absorbing aerosol layer and even 172 

approaches zero as the cloud becomes thicker39, as much of the incoming radiation will be 173 

reflected or attenuated by the cloud before reaching the aerosols40,41.  174 

 175 

The vertical distribution of absorbing aerosols is also critical in determining their radiative 176 

effect42, and this factor is coupled with the surface albedo effect. Under clear sky, with a lightly-177 

reflecting surface, if absorbing aerosols are located at a higher altitude, more incoming radiation 178 

is available there than at low altitudes for absorption43, which induces a stronger warming effect. 179 

However, if the surface is sufficiently bright, such as over snow, the interaction of absorbing 180 

aerosols with surface-reflected radiation can become the dominant term, and thus a lower 181 

absorbing aerosol layer height might induce a stronger warming effect25.  182 

 183 
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Absorbing aerosols themselves can change the underlying surface albedo by depositing on bright 184 

surfaces such as snow and ice41,44,45. This albedo reduction results in a warming of the surface, 185 

and contributes to processes such as Arctic ice melting46 and Himalayan glacier retreat47.  186 

 187 

Combined effect of scattering and absorbing aerosols and their interaction 188 

 189 

Purely scattering and light-absorbing aerosols frequently coexist, and because many of their 190 

radiative effects are opposite, their combined effect is complicated and uncertain. The ratio of 191 

aerosol scattering to absorption, characterized by the SSA, thus critically determines the 192 

magnitude and the sign of the aerosol forcing48. Typical SSA values found at worldwide 193 

locations are between 0.8 and 1 (Ref26), with lower values indicating a tendency towards a 194 

warming effect. The critical SSA, below which the overall aerosol effect will shift from negative 195 

to positive, is generally between 0.85 and 0.95 at 550 nm13,49, and is typically higher over 196 

brighter surfaces or under cloudy sky conditions15,50.  197 

 198 

Absorbing and purely scattering aerosols interacting with each other produce additional 199 

complications. One scenario is the internal or core-shell mixing of BC with scattering aerosols 200 

that are often found in fossil fuel and biomass burning emissions; this internal mixing enhances 201 

BC absorption by 1-2.5 times, depending on the structure and morphology of the mixture51-54. 202 

Another scenario is through the vertical distribution; when scattering aerosols are concentrated 203 

below absorbing aerosols, the net aerosol absorption can be strengthened, and vice versa, 204 

analogous to the absorbing aerosol-over-cloud case. This vertical superposition of aerosol layers 205 

results in a combined direct forcing that might be different from the sum of the direct forcing of 206 

individual aerosol components. This nonlinear effect accounts for 14% of the total clear sky 207 

aerosol direct forcing globally, but can reach 100% regionally55. 208 

 209 

Aerosol–cloud interaction  210 

 211 

Aerosols can serve as CCN and change cloud microphysical properties. Water soluble aerosols, 212 

such as sulfate, nitrate, sea salt, and secondary organic aerosols are more efficient CCNs than 213 

insoluble species (mainly dust and organic aerosols having high BC content), making them major 214 
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players in ACI56. The aerosol impact on warm clouds is complicated and involves several 215 

processes. The immediate effect of an increase in aerosol number concentration is to increase the 216 

number of cloud droplets and thus cloud reflectivity, known as the Twomey effect57. The 217 

Twomey effect typically cools the climate, as more cloud droplets tend to reflect more radiation 218 

back to space. Subsequently, cloud fraction and liquid water content (LWP) adjust in response to 219 

the increase of cloud droplets, which further impact the radiative effects of aerosol-perturbed 220 

clouds9. On the one hand, aerosol-perturbation tends to produce more cloud droplets with smaller 221 

size that take longer to precipitate, thereby increasing LWP and resulting in a cooling effect. On 222 

the other hand, these smaller droplets are easier to evaporate, which also enhances the mixing of 223 

clouds with ambient dry air. This effect reduces LWP and thus causes a warming effect9. Other 224 

factors, such as meteorological conditions, also complicate the LWP adjustment58. As a result, 225 

various relationships between cloud droplet number and LWP have been observed59-62. Globally, 226 

it is likely that the above two competing effects offset each other, so the overall effect of LWP 227 

adjustment in response to increased aerosols is weak63. 228 

 229 

Aerosols can also act as INPs and impact both ice and mixed-phase clouds, especially for the 230 

intermediate absorbing species of dust and organic aerosols64,65. BC is more absorptive and could 231 

also act as an INP, but this potential function is controversial and might be negligible relative to 232 

background INPs66. The aerosol–ice cloud interaction processes are more complicated and less 233 

well understood than warm cloud interactions, especially considering the competing effects of 234 

homogeneous freezing from liquid phase particles and heterogenous freezing by INPs. If INPs 235 

are added to an ice cloud already dominated by heterogenous freezing, they will lead to more ice 236 

crystals and possibly a warming effect. Alternatively, if the cloud process is dominated by 237 

homogeneous freezing, adding INPs will decrease ice cloud optical depth and likely induce a 238 

cooling effect because ice clouds (mostly cirrus) have a positive radiative effect64.  239 

 240 

Absorbing aerosols can interact with clouds through the semi-direct effect, which refers to the 241 

heating of the ambient atmosphere, changing the temperature profile13,34. The sign of this effect 242 

depends on the relative height of the aerosol and cloud layer, as well as cloud type. BC near low 243 

clouds causes the most warming, whereas BC below clouds or near high clouds can lead to a 244 

cooling effect34,67. Overall, the majority of the latest climate models show a cooling effect by 245 
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cloud adjustment in response to BC forcing. This cooling is due to the heating in the upper 246 

troposphere by BC, which decreases upper troposphere stability, decreasing high level clouds 247 

and increasing low level clouds67-69. BC internally mixed with sulfate or organic aerosols might 248 

decrease or prevent the activation of these particles to form cloud droplets70.  249 

 250 

Measurement of aerosol properties  251 

 252 

Measurements are fundamental in investigating the role of aerosols in the climate system. Since 253 

the year 2000, aerosol observations from instruments on the surface and in space have greatly 254 

expanded. The observations have provided crucial data to understand aerosol optical and 255 

microphysical properties, space-time variability and climate effects71-74.  256 

 257 

Aerosol Measurement Techniques 258 

 259 

Aerosol observation can be generally divided into in situ, surface-based remote sensing and 260 

space-borne remote sensing. In situ observations that sample the ambient air can accurately 261 

measure the mass concentration, scattering and/or absorbing properties, and more detailed 262 

information such as chemical composition, shape, mixing states, hygroscopicity, and particle size 263 

distribution that determines CCN concentration75-77. When instruments are deployed on aircraft 264 

or tethered balloons, the vertical distribution of these properties can also be measured78. Due to 265 

their high accuracy and comprehensiveness, in situ measurements often serve as benchmarks for 266 

remote sensing observation and model simulations7. 267 

 268 

Remote sensing instruments, which measure the transmitted and/or scattered radiances that 269 

contain the scattering and absorption characteristics of aerosols, are relatively easy to operate, 270 

albeit at the cost of decreasing the measurement accuracy and properties retrieved compared to in 271 

situ measurements. From the surface, the total column loading of aerosols (aerosol optical depth 272 

(AOD), Table 1), can be inferred from the attenuation of direct solar radiation from the top of 273 

the atmosphere to the surface. Combined with diffuse radiation measured at multiple angles and 274 

spectral bands, different inversion algorithms have been developed to retrieve column averaged 275 

aerosol SSA, phase function and size distribution (Table 1)79-81 at moderate accuracy (for 276 
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example, ±0.03 for SSA), provided there is sufficient aerosol loading (typically AOD at 440nm > 277 

0.4, but also depending on surface brightness and variability)82. NASA has operated a global 278 

surface network using sky scanning photometers configured in this fashion – the Aerosol 279 

Robotic Network (AERONET)71, which has now grown to over 800 sites covering many aerosol 280 

source regions. The climatologies of aerosol retrievals from AERONET26 provide important 281 

quantitative insights into the magnitude and spectral variability of aerosol SSA and particle size 282 

distribution for different types of ambient aerosol. There are also similar regional sunphotometer 283 

networks, such as the SKYNET in Asia and Europe83 and CARSNET in China84, that offer 284 

detailed information of regional aerosol optical properties.  285 

 286 

Aerosols can also have complicated vertical distributions, with various profiles or layered 287 

structures of different types and sizes85,86 (Supplementary Figure 1). Lidars that emit a laser 288 

beam and measure the backscattered light can obtain such vertical information. For the simplest 289 

backscatter lidar, the extinction profile can be retrieved only by assuming an extinction-to-290 

backscatter ratio87. Profiles of aerosol scattering/absorption and some particle size information 291 

can be retrieved using more advanced approaches, such as the multi-wavelength Raman 292 

scattering or high-spectral-resolution techniques, or a combination of backscattering lidar and 293 

sunphotometers88. Examples of established lidar networks include MPLNET, which operates 294 

over worldwide locations89, and EARLINET90and LALINET91, which operate in Europe and 295 

Latin America, respectively. A more comprehensive understanding of aerosol properties within a 296 

single column can be estimated by combining passive sun photometers and active lidar92.  297 

 298 

Knowledge of global aerosol variability generally relies on the analysis of global satellite 299 

measurements in combination with constraints provided by global aerosol models. For passive 300 

satellite sensors that measure solar radiation scattered back to space by the Earth-atmosphere 301 

system, the channels are typically located in the visible-near-infrared spectrum, from 400 to 900 302 

nm, to optimize the detection of aerosols. After accounting for surface reflectance, molecular 303 

scattering and gas absorption, the angular spectral radiation received by a satellite sensor is a 304 

function of column AOD, column-averaged SSA and column-effective particle single-scattering 305 

phase function93. For single-view sensors, AOD is the primary parameter to be retrieved, and 306 

SSA and phase function are usually prescribed based on some prior knowledge of the global 307 
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distribution of aerosol types72. Some particle size information, primarily fine and coarse mode 308 

fraction, can be inferred from the spectral dependence of AOD, but is only reliable over the 309 

ocean72.  310 

 311 

Attempts have also been made to retrieve SSA from satellites. One approach is to use UV 312 

observations, based on the theory that the underlying surface is sufficiently dark, and that aerosol 313 

absorption can measurably change the spectral dependence of upwelling Rayleigh scattering by 314 

atmospheric gas94. This method has been applied to the Total Ozone Mapping Spectrometer and 315 

Ozone Monitoring Instrument data, and has achieved qualitative agreement with surface 316 

observations95. However, the UV technique cannot detect aerosols near the surface96, and is 317 

highly sensitive to aerosol vertical distribution97. Another approach is through multi-angle 318 

viewing geometry, represented by the Multi-angle Imaging SpectroRadiometer, which can 319 

constrain SSA by separating the directional reflectance of the surface and aerosols98. This 320 

technique, if combined with polarization, can increase the sensitivity of SSA retrieval29,99,100 .  321 

This advantage has been demonstrated in the analysis of SSA retrieved by the Earth’s first multi-322 

angle, polarization imager in space, the Polarization and Directionality of the Earth’s Reflectance 323 

(POLDER)101,102, and by the Airborne Multiangle SpectroPolarimetric Imager103.  324 

 325 

The vertical distribution of aerosols is difficult to retrieve from passive sensors, and is usually 326 

prescribed in retrieval algorithms. The height of the absorbing aerosol layer can be detected 327 

using UV104,105 radiance, near-UV polarimetry106, or oxygen A or B band absorption107-109 328 

techniques under favorable retrieval conditions. The height of near-source wildfire, volcano, and 329 

dust aerosol plumes can be derived geometrically and mapped from the parallax of plume 330 

contrast features as observed in multi-angle imagery110. However, active space borne lidar is the 331 

only reliable method to obtain global information of aerosol vertical profiles on large scales, 332 

albeit with limited areal coverage. The only current space aerosol lidar in operation, Cloud-333 

Aerosol Lidar with Orthogonal Polarization (CALIOP), is a two-channel backscattering lidar. By 334 

assuming the lidar ratio, it has the capability to derive aerosol extinction profiles from 335 

backscatter measurements, and some information about aerosol type based on depolarization 336 

sensitivity, surface type, and prior knowledge of aerosol type from surface measurements73. The 337 
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previous Cloud-Aerosol Transport System lidar111 that was deployed on the international space 338 

station demonstrated the capability of diurnal sampling of clouds and aerosols112.  339 

 340 

Limitations of current aerosol observations 341 

 342 

For each type of observation, there is a trade-off between accuracy, comprehensiveness and 343 

spatial representation. To constrain ARI, AOD, spectral SSA, the phase function and their 344 

vertical distribution are needed. In particular, both AOD and SSA need to be measured at an 345 

accuracy of ~0.01 to yield a global mean aerosol direct forcing uncertainty comparable to that of 346 

GHGs11,31,113. More detailed information is needed to constrain ACI. Model estimations require 347 

particle hygroscopicity and high-resolution size distribution (Table 1) down to sizes that cannot 348 

be distinguished with remote sensing alone114. For observational-based estimates, some proxies 349 

for aerosol size, such as aerosol index (AOD multiplied by the Ångström Exponent) have been 350 

considered115 .  351 

 352 

In situ observations are the only means to measure the complete set of parameters at the required 353 

accuracy to constrain aerosol forcing. For example, in situ instruments can measure aerosol 354 

scattering at an accuracy below 10%116 and absorption at an accuracy below 20%117,118. For the 355 

information needed to estimate ACI, surface and aircraft platforms must be jointly deployed so 356 

that the horizontal and vertical distributions of aerosol size distribution, chemical composition, 357 

and cloud microphysical parameters are accurately measured. However, some large particles and 358 

INPs are still difficult to measure with the current in situ technique119. Notably, in situ 359 

measurements typically sample only over few meters in the vicinity of the instrument. Column 360 

integrated or averaged values of some aerosol parameters can be relatively well retrieved under 361 

clear sky conditions; however, certain assumptions must be made, and only the AOD retrieval 362 

can meet the required accuracy (~0.01). Knowledge of the aerosol vertical distribution offered 363 

even by active remote sensing is mostly limited to extinction, with weaker constraints on 364 

scattering and absorption properties. Furthermore, the most obvious drawback of in situ or 365 

surface remote sensing is the lack of global coverage, particularly for quantities that vary on 366 

large spatial scales. Also, the maintenance and calibration of instruments differs by site, creating 367 

problems in integrated usage of observations from different instruments.  368 
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 369 

Although satellite remote sensing can overcome the spatial coverage and calibration limitations, 370 

it has additional sources of uncertainty compared to surface observations. The most reliable 371 

parameter retrieved quantitatively is AOD; however, existing sensors can only achieve an 372 

accuracy of ~±0.02±20% of the AERONET AOD for a large-scale average72, insufficient by 373 

itself to constrain aerosol forcing. SSA is rather difficult to retrieve to the accuracy needed to 374 

constrain aerosol forcing due to its high sensitivity to surface noise, even with current multi-375 

angle, polarization designs. The accuracy of the aerosol extinction profile retrieved from space 376 

lidar depends on the assumed lidar ratio, which is prescribed according to limited surface and in 377 

situ observations and is significantly impacted by aerosol absorption73. The vertical distribution 378 

of absorbing aerosols and SSA cannot be retrieved quantitatively with satellite remote sensing.  379 

 380 

In short, on a global scale, current remote-sensing observational techniques can only retrieve 381 

aerosol loading properties, such as AOD and the extinction profile, with moderate confidence, 382 

and the accuracy of aerosol microphysical properties retrieved by remote sensing alone is not 383 

adequate to constrain aerosol forcing to a level comparable to GHGs. The most critical factors, 384 

especially quantitative spectral SSA and its vertical distribution, are only available through 385 

limited in situ aircraft observations. 386 

 387 

Climatology and temporal changes 388 

 389 

Because of the short aerosol lifetime, the spatial distribution of different aerosol types is highly 390 

heterogeneous. Aerosol concentration over different regions also exhibits short- or long-term 391 

variability, produced by temporal changes of emissions, meteorological and climate conditions, 392 

and some extreme events. 393 

 394 

Climatology of aerosol distribution 395 

 396 

According to the CMIP6 model results, most aerosols are concentrated near their sources, which 397 

results in their highly variable horizontal and vertical distribution (Fig. 1). Sulfate aerosols are 398 

concentrated over East and South Asia, where anthropogenic emissions are the most intense. 399 
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These two regions also exhibit high BC and OC concentrations, together with South America, 400 

Southern Africa and Southeast Asia where biomass burning related BC and OC emissions can be 401 

intense120. Dust distributions emanate from deserts in North Africa, the Middle East and Central 402 

Asia, and extend to their surrounding areas. Sea salt is concentrated over the oceans. The SSAs 403 

at mid visible wavelength for dust, OC, and sulfate are typically around 0.97 at most 404 

wavelengths; sea salt has SSA essentially equal to 1. Although the simulated SSA for BC is 405 

below 0.2 (Fig. 1b, f, j, n, r), such low SSA cannot be observed as BC is typically mixed with the 406 

other species. These aerosol species combined yield relatively low SSA values found over East 407 

and South Asia, southern African, southeast Asia and southern South America, compared to 408 

other regions (Fig. 1v). The vertical distribution is expressed as the extinction weighted height 409 

(EWH, Table 1), which represents the layer that contributes the most to column AOD. Overall, 410 

EWH is lower near sources than remotely, which is reasonable as elevated aerosols typically 411 

travel longer distances. EWH at emission is the lowest for sea salt, and the highest for BC and 412 

OC over biomass burning regions and for volcanic emissions. Nonetheless, uncertainties in the 413 

above parameters can be considerable. For example, over high-aerosol-concentration regions 414 

such as North Africa and East Asia, the spread in AOD can be as large as 50% (supplementary 415 

Figure 2).  416 

 417 

Temporal changes of aerosol scattering and absorption properties 418 

 419 

To understand role of aerosols in climate change, it is necessary to monitor long-term changes in 420 

aerosol amount and optical properties. Statistically significant AOD trends since the late 1990s 421 

have been found in different parts of the world based on satellite retrievals, with declines of 422 

~0.01 y-1 over eastern US, western Europe, and the tropical North Atlantic, strong increases of 423 

0.02 y-1 over the Arabian Peninsula, and weak increases of ~0.01 y-1 over East China and the 424 

Indian subcontinent121,122. Since ~2006-2008, AOD over East Asia also began to decrease123, 425 

leaving the Indian subcontinent and Arabian Peninsula as the only regions with significant 426 

upward AOD trends (Fig. 1d).  427 

 428 

However, fewer results are available for SSA trends due to the lack of consistent, global 429 

observations. Limited SSA retrievals from surface sun photometers indicate that SSA has 430 
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systematically increased by as much as 0.03 decade-1 at sites in North America, Europe, and 431 

Northeast Asia from 2000 to 201350,124. Updated records from AERONET still indicate 432 

statistically significant SSA increases over most European, North American, African and Asian 433 

sites (Fig. 1p). These SSA changes are of great importance for both the global radiation balance 434 

and satellite retrievals. In particular, a trend in aerosol SSA will affect the accuracy of any trend 435 

in AOD retrieved if SSA is assumed constant125,126, which is the case in many passive satellite 436 

aerosol retrieval algorithms.  437 

 438 

Insights on the change of aerosol properties during the COVID-19 lockdown  439 
 440 

The lockdown induced by COVID-19 pandemic serves as a valuable opportunity to examine the 441 

effect of strict emission control measures that could take place in the future127. During the 442 

pandemic, extensive lockdown was implemented worldwide, which dramatically reduced the 443 

emission of anthropogenic aerosols and weakened their direct and indirect radiative forcing128,129. 444 

Over East Asia, anthropogenic aerosol emission decreased by 32%, resulting in an increase of 445 

surface shortwave radiation of 1.3 W m-2 (Ref130). Along with the decreased total aerosol 446 

loading, changes in aerosol composition, and thus their optical properties and radiative effects, 447 

have also been observed. In particular, absorbing carbonaceous aerosols experienced the most 448 

significant reduction in Asia (by 48%-70%)145 and Europe (by 20%-40%)131, whereas 449 

secondary aerosols that are mostly scattering even increased due to the increase in tropospheric 450 

O3 associated with the reduction of NOx emissions. Specifically, a 65% reduction of NOx during 451 

the lockdown has been observed in East China, making the atmospheric oxidizing capacity at the 452 

peak of secondary aerosol formation and increasing O3 production by as much as 100%132. 453 

Specifically, the combined effect was an increase in the reflectivity of aerosols, or increased 454 

SSA133. Although the aerosol forcing induced by these short-term perturbations is minor 455 

compared to the baseline condition134, this extreme case provides insights into future changes of 456 

aerosol scattering and absorption under different economic growth scenarios.  457 

 458 

Future projections of the change of aerosol properties 459 

 460 
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Global and regional aerosol concentrations and their optical properties might substantially 461 

change in the future. On one hand, emission-intense countries, such as China and India, have 462 

implemented or will likely implement stricter air quality control regulations in an effort to 463 

alleviate air pollution, resulting in an overall decrease in AOD (Fig. 1h). Anthropogenic aerosols 464 

have already decreased markedly in China since 2008, with a 0.2 decade-1 downward AOD 465 

trend135, a decrease that will likely continue. Aerosols in South Asia are projected to decrease at 466 

least around 2050, and could be reduced by as much as 50% by 2100136. On the other hand, 467 

emissions might shift to currently under-developed regions of Africa, Central and South 468 

America, and Southeast Asia, especially under the shared social-economic pathway (SSP) 469 

“regional rivalry” scenario (SSP3)136. Emission of natural aerosols, such as dust, biogenic 470 

aerosols formed from biogenic organic vapors, and black and organic carbon aerosols from 471 

wildfires, seem also likely to increase due to the increase of dry and hot extremes and the 472 

increase of wind speed under global warming137,138,139. Sea salt aerosol emission tends to increase 473 

with a warmer ocean surface140,141, although the amount might be small and varies in different 474 

models4,142,143. 475 

 476 

More importantly, changing anthropogenic and natural emissions alter not only total aerosol 477 

loading, but also aerosol optical properties, such as SSA. For example, with the adoption of clean 478 

energy as predicted by SSP144 experiments, the fraction of absorbing aerosols is likely to 479 

decrease, which means an increase of SSA (Fig. 1). However, increased wildfire emissions145 480 

means that more light-absorbing aerosols might be released, leading to a darkening aerosol effect 481 

regionally138.  482 

 483 

In the future, it has been projected that aerosols might induce a negative radiative forcing up of 484 

to -0.09 W m-2 due to increased aerosol concentration caused by reduced precipitation139. Dust 485 

aerosol alone can account for -0.04-0.02 W m-2 (Ref146). Strict emission controls in polluted areas 486 

such as China imply a possibly weakened projected forcing by anthropogenic aerosols, which 487 

then positively contributes to future warming because well-mixed GHGs will continue to 488 

increase147,148. However, there is little confidence about how SSA and its impact on the projected 489 

forcing will change in the future, leaving a large uncertainty for climate prediction. 490 

 491 



 17 

Aerosol radiative and climate effects 492 

 493 

There have been many attempts to quantify the different effects of aerosols, as well as their 494 

impacts on global and regional climate8. This section summarizes progresses in these areas, and 495 

discusses the remaining uncertainties. 496 

 497 

Estimating aerosol radiative forcing  498 

 499 

Aerosol radiative forcing (ARF) can be estimated readily using interactive chemistry-climate 500 

models by comparing the radiative fluxes calculated using present day and pre-industrial aerosol 501 

emissions (Box 1). Many projects have been carried out to intercompare the ARF estimated by 502 

different models, such as the CMIP149, AeroCom150 and ACCMIP151 projects. The inter-model 503 

ARF spread is often presented as its uncertainty4, although it actually represents model diversity, 504 

which is generally a lower bound on uncertainty.  505 

 506 

Global ARF has also been estimated purely from satellite observations. The direct forcing is 507 

easier to estimate, which is based on constructing the relationship between anthropogenic AOD 508 

(sometimes taken as fine particles, though this does not account for natural biomass burning, 509 

sulfate, secondary organic, and biogenic particles, nor for the fine-particle part of the dust and 510 

marine particle size spectrum) and radiative flux, using collocated radiation and aerosol 511 

retrievals by satellites152. However, this estimate is confined to clear sky conditions, which leads 512 

to an overestimate of the overall negative forcing, and also neglects the positive forcing by 513 

absorbing aerosols above clouds. Estimation of cloudy-sky direct forcing requires the vertical 514 

profiles of both aerosol extinction and SSA, which is challenging. To estimate the forcing from 515 

aerosol-cloud interaction, the relationship between retrieved cloud properties (such as cloud 516 

reflectance, effective radius and liquid water content) and AOD153 or more precise aerosol 517 

proxies115,154 needs to be established. However, the cloud and aerosol properties are typically 518 

from nearby but different pixels, as cloud and AOD retrievals cannot be strictly collocated, 519 

which creates uncertainty in the results. The effective aerosol forcing (ERF) includes aerosol-520 

radiation interaction (ERFari) and aerosol-cloud interaction (ERFaci) effects, and allows shorter 521 

time-scale atmospheric elements to adjust to equilibrium. Observation-based ERFari is slightly 522 
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larger than model-based, whereas the ERFaci estimated by the two approaches largely converge 523 

(IPCC AR6). In particular, applying the decomposition method that separates ERFaci into 524 

instantaneous forcing and rapid adjustments appears to improve the convergence of model and 525 

observation-based ERFaci155.  526 

 527 

Aerosol radiative forcing and its uncertainties 528 

 529 

The strongest aerosol forcing is found in the northern hemisphere, primarily in the mid-latitudes 530 

where most anthropogenic aerosol emissions are concentrated (Fig. 3). The largest negative 531 

forcing, reaching below -5 W m-2, is found over East Asia. Positive forcing mostly occurs over 532 

the desert regions, including northwest China, the Sahara and the Middle East, due to the high 533 

surface albedo. The forcing of BC and sulfate is representative of most absorbing and scattering 534 

aerosols, respectively, except where iron oxide absorption from mineral dust particles dominates. 535 

The sign of the forcing is mostly positive for BC but negative for sulfate, especially over land. 536 

The all-sky forcing is nearly three times as much as the clear-sky forcing based on these 537 

simulations. Considering that all sky ERFari is typically smaller than that under clear sky, the 538 

more negative all sky forcing indicates a significant contribution from ERFaci. However, the BC 539 

forcing is more negative for all-sky than clear sky conditions over the ocean, implying negative 540 

forcing from the cloud adjustments to BC forcing. Note that the spread in the ERF among 541 

different models can be considerable (Supplementary Figure 3), indicating large uncertainty. 542 

 543 

Over the past 20 years, numerous attempts have been made to estimate different components of 544 

aerosol forcing based on observation, modeling or both (Fig. 4 and supplementary Tables 1&2). 545 

Earlier observation-based estimates gave more negative direct forcing under clear-sky conditions 546 

but reached consistency with model estimates at ~-0.7 W m-2 after about 2007, driven largely by 547 

global, monthly satellite AOD products. All-sky direct forcing is estimated at about half as large 548 

as clear-sky, as cloud scattering significantly masks the scattering of aerosols. The estimated 549 

magnitude stays relatively stable after 1995, varying between -0.5–0 W m-2, with four estimates 550 

after 2020 arriving at ~0.25 W m-2 (Fig. 4b and Supplementary Table 1). The indirect forcing 551 

estimates exhibit greater uncertainty and more fluctuation over time, although the smaller effects 552 

in earlier estimates are associated with calculations of only the albedo effect. The latest model-553 
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based estimation indicates an indirect forcing of ~-0.75 W m-2, which is slightly weaker than the 554 

IPCC AR6 result that combines model and observations4. There are far fewer estimates of the 555 

semi-direct effect of absorbing aerosols than the direct and indirect effects. The mean values of 556 

different reported estimates fluctuate between -0.5 W m-2 and +0.2 W m-2, with large error bars. 557 

This effect, however, is likely a minor contribution based on current understanding4. 558 

 559 

An encouraging result is the decrease in uncertainty estimates of the direct aerosol forcing over 560 

time (Fig. 4a&b), especially for the all-sky direct radiative forcing, which tends to stabilize with 561 

an uncertainty of ~±(0.1-0.4) W m-2. The indirect forcing uncertainty is still large, reaching or 562 

exceeding 100%. Large uncertainty is also present in estimates of the semi-direct effect (Fig. 4e 563 

and Supplementary Table 2). Limited global estimates indicate an averaged negative forcing in 564 

the range of – (0.4-0.1 W m-2). Yet the uncertainty can well exceed the mean and change the 565 

forcing to weakly positive.  566 

 567 

Different methods are used to estimate the uncertainty of different forcing components, meaning 568 

that reported uncertainties might not be directly comparable. In particular, many model-based 569 

estimates consider the multi-model spread (or the model diversity) as the uncertainty, which is 570 

likely to underestimate model uncertainty, especially as model inter-comparison projects 571 

encourage modelers to adopt similar assumptions. Overall, consensus about the total aerosol 572 

forcing uncertainty shows some decrease over time9. However, substantial differences still exist, 573 

especially for the aerosol-cloud interactions. 574 

 575 

Sensitivity experiments indicate that uncertainties in SSA and the vertical distribution of 576 

absorbing aerosols contribute the most to the uncertainty of direct forcing. In particular, a ±0.03 577 

uncertainty in SSA, which is already the lower uncertainty limit of surface remote sensing, can 578 

contribute 50% of the total direct forcing uncertainty11. The vertical distribution of absorbing 579 

aerosols can also contribute to ~10-20% of the direct forcing uncertainty globally60. With respect 580 

to modeling, the assumed aerosol mass extinction and absorption efficiencies, which are needed 581 

to convert the simulated aerosol mass into optical properties, show large variations among 582 

different models but are poorly constrained by observations7.  583 

 584 
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Uncertainty in the aerosol indirect effect can be associated with both the lack of understanding of 585 

aerosol and cloud microphysical processes (such as precursor emissions, chemical reactions, 586 

nucleation and growth and hygroscopicity), incorrect/coarse representation of these in models, 587 

and the role of transport and transformation processes. For example, models disagree in 588 

characterizing the differences in the aerosol size distributions between present-day and pre-589 

industrial conditions, and mixing states of absorbing and scattering aerosols, which leads to 590 

different AOD, CCN concentrations and cloud optical properties. Aerosol vertical distribution 591 

determines the involvement of aerosol in cloud processes but is poorly constrained. Moreover, 592 

microphysical processes in ice or mixed-phase clouds are very unclear. The role of different INP 593 

types, in particular, BC as an INP, is debated but not yet well constrained by observations. 594 

Competition between homogeneous freezing and heterogeneous nucleation before adding aerosol 595 

particles might lead to opposite final forcing estimates64.  596 

 597 

The uncertainty in semi-direct aerosol forcing arises mainly from the vertical distribution of BC, 598 

and sometimes the cloud water content. A negative forcing is produced below a relatively high 599 

BC layer, which causes a cooling and an increase of low-level clouds. However, the BC loading 600 

in the upper troposphere in models might be biased high compared to observations156, and so 601 

could be responsible for the simulated negative forcing.  602 

 603 

Knowledge of preindustrial aerosols is also critical in estimating anthropogenic contributions to 604 

aerosol forcing. Different estimates of preindustrial aerosol emissions can lead to 15-60% 605 

variability in aerosol forcing estimate157, and contribute to ~45% of the total aerosol forcing 606 

uncertainty158. However, preindustrial aerosol concentration cannot be measured and is therefore 607 

typically inferred from measurements in remote areas157,159, contributing further to forcing 608 

uncertainty160. Other external factors, such as in radiative transfer calculations, absorbing gas 609 

profiles, surface albedo and dynamical background also contribute to the model-estimated 610 

forcing uncertainty146,161,162.  611 

 612 

Global climate impacts  613 

 614 
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Although the largest concentrations of aerosols and their instantaneous forcing occur near their 615 

sources, their impact on the energy balance and climate can be more geographically extensive 616 

and profound. They introduce perturbations in the radiative energy balance at the top-of-617 

atmosphere and surface, both of which are spatially inhomogeneous. The heterogeneous energy 618 

perturbation by aerosols includes a pronounced interhemispheric asymmetry that has particular 619 

implications for the climate in both hemispheres163-165. They directly change the atmospheric and 620 

oceanic circulation by altering the vertical and horizontal thermal structure on hemispheric 621 

scales. By inducing an SST response similar in pattern but opposite in sign to that of GHGs166, 622 

aerosols might have contributed to the global warming slowdown from 2000-2015167. The 623 

aerosol-induced SST changes further result in ocean circulation anomalies and can impact the 624 

Atlantic Meridional Overturning Circulation168. In contrast to the greenhouse gas effects on 625 

climate, which tend to strengthen the hydrologic cycle, aerosols tend to weaken it148,169-171.  626 

 627 

Aerosols also contribute to some large-scale climate anomalies such as Arctic warming172, 628 

extreme Northern Hemisphere winters173, precipitation reduction in the Northern Hemisphere174, 629 

as well as hemispherically asymmetric rainfall trends175. In these effects, absorbing and 630 

scattering aerosols typically induce distinct changes in the global SST pattern176, energy 631 

budget177, hydrological cycle15 and climate responses178.  632 

 633 

Regional climate impacts  634 

 635 

The local cooling or warming induced by aerosols can form a temperature gradient between 636 

polluted regions and the surrounding areas, which leads to a perturbation or shift in regional 637 

circulation. The most representative case is the monsoon scenario, especially in South and East 638 

Asia. Aerosol cooling at the surface reduces the temperature contrast between land and ocean, 639 

weakening the South and East Asian monsoons171,179-181. The fraction of absorbing aerosols plays 640 

a critical role in the monsoon shifts182. BC mixed with organic carbon forms the so-called 641 

Atmospheric Brown Clouds (ABC), first discovered over the Indian Ocean in air transported 642 

from the Indian subcontinent169. These aerosols heat the atmosphere above the ocean, reducing 643 

the temperature gradient between ocean and land, and weakening the South Asian monsoon. BC 644 

can also substantially contribute to the weakening of the African and South American 645 
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monsoons183,184. Both local and remote aerosols can affect regional changes in the hydrologic 646 

cycle in Asia185. 647 

 648 

On even smaller scales, aerosol cools the surface and increases the lower atmospheric stability. 649 

Absorbing aerosols are more efficient in this process, although the overall effect is usually larger 650 

for scattering aerosols due to their higher loading186. This process might decrease the planetary 651 

boundary layer height, resulting in the so-called aerosol-boundary layer feedback187, a process 652 

thought to significantly contribute to severe pollution events in China37.  653 

 654 

Summary and Future Prospects 655 

 656 

Aerosols are known to have an important role in the regional and global climate system. 657 

Tremendous efforts have been made, in both observation and modelling, to advance 658 

understanding of the mechanisms by which aerosols impact the climate system, and to increase 659 

the accuracy of aerosol forcing estimates. Many physical processes through which aerosols 660 

impact the global atmospheric and oceanic circulation, and regional climate anomalies, have 661 

been identified. In terms of forcing estimation, some convergence has been achieved between 662 

model-based (bottom up) and observation-based (top down) results. Unfortunately, the 663 

discrepancies among different models are still considerable. The latest models still suggest an 664 

inter-model forcing spread of ~50%188, and the actual model uncertainties are probably larger. 665 

When the models are tuned to fit the observed historical increases in temperature, this large 666 

uncertainty also impacts climate sensitivity estimates, which translates into a large uncertainty in 667 

climate projections. As such, confidence is still low in quantifying the role of aerosols in the 668 

climate system. 669 

 670 

There is now compelling evidence that human influence has warmed the atmosphere, ocean and 671 

land. Drastic reductions in global GHG emissions are required to keep the surface temperature 672 

increase within 2°C by the end of the 21st century4. It is imperative to understand the aerosol 673 

component of climate change better so that the required constraints on GHG concentrations can 674 

be defined accurately. There is thus urgent need to improve understanding of the role of aerosols 675 

in the climate system. 676 
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 677 

The fraction of aerosol absorption relative to scattering, expressed as the SSA parameter, is one 678 

the of most critical factors in quantifying the role of aerosols in the climate system. Uncertainties 679 

in SSA as well as its vertical distribution contribute substantially to uncertainties in ARI. The 680 

fraction of scattering and absorbing aerosols also impacts ACI estimates. However, there is no 681 

consistent global monitoring of SSA, leaving this parameter poorly constrained in climate 682 

models, which leads to further uncertainties in aerosol forcing estimates. In addition, aerosol size 683 

distribution, or a proxy of it, is critical in quantifying ACI. Better constraining pre-industrial and 684 

present-day aerosol SSA and size distribution from observations, and better representation of 685 

these in climate models, are thus warranted to quantify aerosol forcing.  686 

 687 

Future observation needs 688 

 689 

Future aerosol observation strategies focus on expanding the space of parameters that can be 690 

retrieved by satellite sensors, and improving the measurement accuracy. For this purpose, high 691 

accuracy, multi-angle polarization measurements could be a promising technique. The NASA’s 692 

Glory mission189 carrying the first high accuracy polarimeter with the potential to produce a 693 

more nuanced picture of aerosols, unfortunately failed at launch. China launched the country’s 694 

first multi-angle polarimeter – Directional Polarimetric Camera (DPC ) in 2018, with similar 695 

settings as POLDER, but it stopped service in 2020. AOD and the fine mode fraction over land 696 

have been retrieved from DPC with reasonable accuracy86. Two other DPCs on different 697 

platforms will be launched between 2022 and 2026. NASA’s HARP multi-angle, multi-spectral 698 

polarimeter imager was launched on a CubeSat in April 2020190, and an updated version HARP2 699 

will be launched on NASA’s PACE space mission20. Two more advanced multi-angle 700 

polarimeters, the 3MI sensor by European Space Agency18 and the SPEXone sensor on PACE, 701 

are both scheduled to orbit in the next two years. The increasing number of polarimeters and 702 

rapidly growing volume of polarimetric data, especially from orbital instruments, along with 703 

sustained advances in forward modeling, retrieval methodologies, and algorithms, serve as a 704 

compelling reason to envision multi-angle polarimetry as the main tool for global aerosol 705 

monitoring and characterization19. 706 

 707 



 24 

To derive the vertical distribution of more parameters, especially SSA, a multi-wavelength, 708 

hyperspectral resolution technique that isolates molecular scattering from aerosol scattering has 709 

been proposed, which can provide information on the profiles of aerosol extinction, absorption 710 

and size distribution191. The lidar-based technique has limited spatial sampling compared to 711 

imagers, but it promises to be implemented on satellite platforms, and many aircraft-based 712 

experiments have already been carried out21,181.  713 

 714 

A combination of the above-mentioned multi-angle, polarized passive sensor and HSRL lidar, 715 

and possible multi-channel spectrometers, can yield invaluable insights into how different types 716 

of aerosols interact with radiation, clouds and the climate system. Multiple campaigns under 717 

NASA’s Aerosol-Cloud-Ecosystem mission demonstrated the advantage of such combinations of 718 

sensors in retrieving horizontal and vertical variability of key aerosol parameters192. Several 719 

satellite platforms in development offer this configuration, including NASA’s PACE mission193, 720 

Aerosol-Clouds, Convective-Precipitation mission194 and Europe’s EarthCARE mission195. 721 

 722 

However, satellite remote sensing must be combined with in situ observations to reach the 723 

required accuracy of different parameters for constraining aerosol forcing, and to obtain key 724 

parameters that cannot be retrieved from remote sensing alone. Accurate measurement of key 725 

aerosol parameters likely requires the establishment of an international network with a routinely 726 

operating, relatively small aircraft in situ sampling program that is designed to provide the key 727 

particle microphysical property information unobtainable or inadequately constrained by remote 728 

sensing, for the major aerosol air masses identified by chemical transport models17. Such data 729 

would improve both model and satellite-retrieval assumptions about particle size distributions 730 

and CCN properties, hygroscopicity, SSA, as well as the mass extinction efficiencies used to 731 

relate satellite-derived AOD to aerosol mass in climate and air quality models. Information 732 

optimization techniques can be used to select sites where the measurements can contribute the 733 

most to reducing forcing uncertainty187. Urgently needed are highly accurate and efficient 734 

retrieval algorithms designed in line with future satellite sensors, and data synergy techniques 735 

that maximize the information of multi-sensor datasets and in situ observations. 736 

 737 
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Given the difficulty of simulating all aerosol-cloud interactions, reliable determination of the 738 

ERFaci requires global monitoring of aerosol and cloud properties. Planetary missions have 739 

demonstrated the ability of a high accuracy (~0.1%) polarimeter to obtain accurate microphysical 740 

data such as refractive index and size distribution on aerosols and cloud-top particles. A second 741 

instrument – a Michelson interferometer that simultaneously measures the spectrum of heat 742 

radiation emitted by Earth at the same spatial resolution as the polarimeter – can provide water 743 

vapor, ozone and temperature in several layers of the atmosphere, as well as cloud-top 744 

temperature and cloud properties to a greater depth than reached by the polarimeter. Along with 745 

a simple high-resolution camera, these two instruments on a small satellite would provide a 746 

monitoring capability crucial to help understand aerosol cloud interactions196. Such remote 747 

sensing must be complemented with intensive aircraft field campaigns aimed at better 748 

characterizing the microphysical processes involved in aerosol-cloud interactions, so that 749 

parameterizations of these processes in models can achieve greater accuracy.  750 

 751 

Future modeling needs 752 

 753 

Constraining ARI in models requires accurate simulation of the emissions (including primary 754 

aerosols and the precursor gases for secondary aerosols), chemical reactions, particle growth, 755 

transport, and removal, as well as the optical and microphysical properties of different aerosols 756 

species. It is necessary to take advantage of different types of observations, especially the 757 

advanced sets of satellite and in situ observations envisioned in the previous subsection, to 758 

improve the representation of aerosol extinction, absorption, size distribution, mixing and other 759 

related processes in climate models. Data assimilation techniques have been extensively used 760 

that not only assimilate AOD197 retrievals, but also aerosol absorption198 and SSA retrieved by 761 

POLDER199, and aerosol extinction profiles retrieved by CALIOP200,201. These practices 762 

effectively improved simulation results, yielding several global aerosol reanalysis datasets202,203. 763 

Nonetheless, the retrieved products themselves rely on model assumptions and their uncertainties 764 

will negatively affect the assimilation results. A comparison of the radiances derived with 765 

assimilated aerosol properties and those observed by satellites can test some of the assumptions 766 

of aerosol microphysical properties between the model and the retrieval algorithm for 767 

inconsistency. Such practices will facilitate the interpretation of the measurements, and possibly 768 
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achieve a closed assimilation-retrieval system that could be beneficial both for remote sensing 769 

and climate modeling.  770 

 771 

Constraining ACI in climate models is more challenging. More detailed aerosol schemes have 772 

been implemented in many climate models, including explicit consideration of soluble and 773 

insoluble species, secondary organic aerosols, the parameterization of aerosol nucleation 774 

schemes and CCN activation, for example204-206. Cloud microphysics parameterizations have also 775 

been refined and ice or mixed phase cloud schemes have been included207,208. Although these 776 

improvements can lead to better agreement with observations, they might not lead to improved 777 

climate projections, given the large uncertainties in particle microphysical properties and in the 778 

processes involved in ACI. For example, the increased cloud feedback in the latest climate 779 

models, partly related to the updated aerosol-cloud interaction schemes, leads to unrealistically 780 

high climate sensitivity5,209, highlighting both the complexities and insufficient understanding of 781 

ARI and ACI processes, of which the ice cloud microphysics remains the least understood. The 782 

targeted in situ observations discussed here must be implemented and carefully analyzed to 783 

further clarify the roles of dust, BC, and organic aerosols as INPs, upon which ice cloud 784 

microphysical schemes can be improved. As computational resources become yet more 785 

abundant, implementing cloud resolving simulations globally would become possible, which can 786 

avoid many parameterizations and provide better constraints on ACI and climate sensitivity, 787 

though the mechanisms themselves must also be better understood to be modeled accurately. 788 

 789 

With a series of planned space and surface observation missions globally, a large increase in the 790 

number of observations is anticipated. Combining with systematic characterization of particle 791 

microphysical properties, particle aging and ACI processes by in situ measurement, and 792 

improved integration of satellite and in situ measurements with modeling, there is hope that the 793 

uncertainties in aerosol forcing and climate effects that have persisted for decades will greatly 794 

improve in the near future. 795 

 796 

 797 

 798 

 799 
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 1354 

Table 1. Definitions, meaning and radiative effects of some basic aerosol optical and 1355 

microphysical properties 1356 

Variable Definition Physical Meaning Relevant 

radiative effect 

AOD (Aerosol 

Optical Depth, τ) 

The integration of 

aerosol extinction 

coefficient (𝛽𝛽𝑒𝑒) from 

top of atmosphere 

(TOA) to the surface. 

Quantity of direct solar 

radiation prevented from 

reaching the ground by the 

total column aerosol 

loadings. 

Direct effect. 

SSA (spectral 

Single Scattering 

Albedo, ω) 

The ratio of scattering 

coefficient (𝛽𝛽𝑠𝑠) to 𝛽𝛽𝑒𝑒. 

How absorptive and 

reflective aerosols are. 

Direct effect and 

semi direct effect. 

Phase function 

(𝑃𝑃(cos (Θ))) 

The radiance intensity 

at a certain direction 

Θ relative to the 

integral scattered 

radiance at all angles.  

The dependence of 

scattered radiance on 

scattering angle (Θ), 

representing which 

direction aerosols scatter 

the light. 

Direct effect. 

Polarized phase 

function 

(𝑞𝑞𝑎𝑎(Θ)) 

The parameter in the 

scattering phase 

matrix to describe the 

change of polarization 

of light being 

scattered. 

The polarization properties 

of scattering light, which 

is sensitive to aerosol size 

distribution and complex 

refractive index. 

Direct effect and 

indirect effect. 

asymmetry factor 

(𝑔𝑔) 

The integration of 

𝑃𝑃(cos(Θ)). 

The proportion of forward 

scattering. 

Direct effect. 

Size distribution A function that 

describes the relative 

amount of particles in 

each bin of size. 

Scattered radiance 

intensity is directly 

affected by particle sizes. 

Indirect effect. 
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Effective radius 

(𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒) 

A weighted mean of 

the size distribution of 

aerosol particles. 

Simplifies the expression 

of aerosol distributions, 

which is useful for inter-

comparisons of different 

aerosols and their retrieval. 

Indirect effect. 

AE (extinction 

Angstrom 

Exponent, α) 

A indicator describing 

how extinction AOD 

depends on the 

wavelength of the 

light 

Aqualitative indicator of 

aerosol particle size 

distribution. Typically, 

larger particles induce 

lower α. Also for direct 

forcing spectral 

dependence 

Direct and 

Indirect effect. 

Scale height (𝐻𝐻𝑝𝑝) The distance over 

which aerosol 

concentrations 

decrease 

exponentially. 

The vertical distribution is 

also important for 

assessing aerosol 

transports and material 

fluxes. 

Direct effect and 

indirect effect. 

Hygroscopic 

growth factor 

(𝑓𝑓𝐷𝐷(RH)) 

The ratio of the wet 

particle diameter 

𝐷𝐷(𝑅𝑅𝑅𝑅) at a certain 

relative humidity to 

the corresponding dry 

diameter 𝐷𝐷(𝑑𝑑𝑑𝑑𝑑𝑑). 

Determines the 

hygroscopic properties of 

aerosol particles and their 

influences, needed for 

CCN behavior and to 

interpret ambient AOD 

measurements. 

Direct and 

Indirect effect. 

Extinction 

Weighted Aerosol 

Layer Hight 

(EWH) 

A weighted mean of 

aerosol layer height 

using the extinction of 

each layer as the 

weight. 

It is a proxy of aerosol 

vertical 

distribution/profile. 

Direct, semi-

direct and indirect 

effect. 
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Figure. 1. Climatologies and trends of aerosol parameters. a| Left column: climatological 1358 

spatial distribution of aerosol optical depth (AOD) calculated over 2010-2014 for black carbon, 1359 

dust, organic carbon, sulfate, sea salt and all aerosols combined. The numbers in the top right 1360 

indicate the global mean value. Middle column: As in the left column, but for single scattering 1361 

albedo (SSA)71. Right column: as in the left, but for extinction weighted aerosol layer height, 1362 

calculated as a weighted average of the height of all layers using the total extinction of each layer 1363 

as the weight (Table 1). b| top: linear AOD trends calculated over 2002-2016 (left), and changes 1364 

in AOD by 2100 relative to 2014 for SSP 126 (middle) and SSP 370 (right) using the average of 1365 

14 CMIP6 models210. Values in the top right of each panel indicate the globally-averaged trend 1366 

or change. Bottom: as in top but for SSA. These maps provide a comprehensive understanding of 1367 

the sources, distributions, optical properties, and trends of aerosols.  1368 

 1369 

Figure 2. The radiative effects of aerosols. Schematic of radiative effects of absorbing and 1370 

scattering aerosols, as well as their interactive effects. Dark dots indicate absorbing aerosols and 1371 

gray dots indicate scattering aerosols. Scattering aerosols induce negative forcing by directly 1372 

reflecting sunlight and interacting with clouds; absorbing aerosols in general have warming 1373 

effect, although its interaction with clouds might produce slight cooling. The interaction between 1374 

scattering and absorbing aerosols enhances the absorption and thus the warming effect.  1375 

 1376 

Figure 3. Top row: all sky effective radiative forcing (ERF) for all aerosols (left) black carbon 1377 

aerosols (middle) and sulfate aerosols (right). ERF is calculated by averaging the results of 14 1378 

CMIP6 models, as the difference in net top of atmosphere radiative flux between the aerosol 1379 

forcing run for the year 2014 and preindustrial control run. The numbers in the upper right corner 1380 

represent the multi-model mean and standard deviation. Middle row: as in top, but for clear sky 1381 

ERF. Bottom row: as in top, but for cloud sky ERF. The climate forcing for scattering and 1382 

absorbing aerosols are opposite over most regions, and that for absorbing aerosols is highly 1383 

uncertainty. 1384 

 1385 

Figure 4. Aerosol radiative forcing and its uncertainty. a| Published estimates of clear sky 1386 

direct radiative forcing (DRF) since 1995 (Supplementary table 1). b| As in a, but for all sky 1387 

DRF. c| As in a, but for indirect radiative forcing (IRF). d| As in a, but for total radiative forcing 1388 
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(TRF) which includes aerosol-radiation interactions and aerosol-cloud interactions. e| As in a, 1389 

but for semi-direct forcing.   1390 
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Box 1: Modelling of Aerosol Radiative and Climate Effects 

 

Zero-D Models 

The most straightforward, intuitive effect of aerosols on the climate system is a change in the 

planetary albedo, whose first order effect can be estimated using the zero-D model by 

considering the Earth as a spherical blackbody as a whole.  

 

The impact of aerosols is reflected in the change of planetary albedo (A). For clear sky, aerosols 

can induce positive or negative changes in A that correspond to negative or positive changes in 

Earth’s temperature, respectively, depending on aerosol single scattering albedo and surface 

reflectance. Under a cloudy sky, the aerosol impact on cloud albedo also needs to be estimated. 

The impact is usually positive, but can be negative for regions with large fraction of absorbing 

aerosols or low SSA. However, the simple zero-D model cannot provide estimates of surface 

climate or reflect the dependence of aerosol forcing on its vertical distribution. 

 

1-D Models 

Because of the limitations of zero-D models, they have been extended to column radiative 

transfer models, in which the aerosol parameters, including AOD, SSA, phase function or g 

(Table 1) are prescribed for each layer. By comparing the radiative flux at TOA or the surface 

with and without aerosols, ARF can be calculated. The effect of clouds can also be accounted for 

by parameterizing their optical properties. These models work well for sensitivity experiments, 

but are not suitable for global analyses.  

 

General Circulation Models 

Aerosol modules are thus incorporated into General Circulation Models (GCMs) to investigate 

their impact on global climate. Early GCMs usually adopted an offline approach, whereby the 

aerosol mass density fields were simulated using a chemical transport model (CTM). Then by 

assuming complex refractive indices, size distributions and hygroscopic growth factors for each 

species, their masses were converted into optical properties that participate in the radiative 

transfer calculation. The CTM models the emission, chemical reaction and gas-to-particle 

conversion, transport, and dry and wet deposition processes of different aerosol species, and can 
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be driven by the GCM simulated meteorology fields or by reanalysis meteorology. This 

configuration allows aerosols to influence radiation and dynamics in the model, but the aerosol 

processes are not interactive with the dynamics.  

 

New generation GCMs are mostly two-way coupled, in which the chemistry module is driven by 

the simulated meteorology and the calculated aerosols feedback to the radiation and dynamics 

for each model step. Both the impact of aerosols on climate and the impact of climate on aerosols 

are simulated in this way. The global ARF is typically estimated as the difference between the 

TOA or tropopause net flux simulated using present day aerosol emissions and that using 

preindustrial aerosol emissions (usually for the year 1750).  

 

Earth System Models 

The newest global models—global earth system models (ESMs)—incorporate many real-world 

processes beyond the general circulation, such as those associated with vegetation, sea ice, and 

land ice. Aerosols are mostly also interactive in the ESMs. More realistic ARF estimations can 

be achieved using these models, as well as estimations of the impact of aerosols on many 

regional and global physical processes. 

 
 


