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Abstract 6 

By interacting with radiation, aerosols perturb the Earth’s energy budget and thus the global 7 

precipitation amount. It was previously shown that aerosols lead to a reduction in the global-8 

mean precipitation amount. We have further demonstrated in aqua-planet simulations that the 9 

local response to absorbing aerosols differs between the tropics and the extra-tropics. In this 10 

study we incorporate an energy budget perspective to further examine the latitudinal dependence 11 

of the effect of aerosol-radiation interaction on precipitation in idealized global simulations. We 12 

demonstrate that the transition between a positive local precipitation response in the tropics and 13 

a negative local precipitation response in the extra-tropics occurs at relatively low latitudes 14 

(~10º), indicating a transition between the deep-tropics (in which the Coriolis force is low, hence 15 

direct thermally-driven circulation, and associated divergence/convergence of energy/moisture, 16 

can form as a result of the diabatic-heating) and their surroundings. In addition, we gradually 17 

increase the level of complexity of the simulations and demonstrate that, in the case of absorbing 18 

aerosols, the effect of land is to counteract some of the response both inside and outside the deep-19 

tropics due to the reduction in surface latent-heat flux that opposes the diabatic-heating. The 20 

effect of scattering aerosols is also examined and demonstrate a decrease in precipitation over 21 

land in both the tropics and extra-tropics and no effect over the ocean. Finally, we examine these 22 

results in a more realistic set-up and demonstrate that although the physical mechanisms still 23 

operate, they are unlikely to be significant enough to be discerned from natural-variability.            24 
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Introduction 30 

Aerosol-radiation interactions are known to drive a slowdown of the hydrological cycle 31 

(Ramanathan et al., 2001) due to a reduction in the amount of solar radiation reaching the surface 32 

and consequently a reduction in surface fluxes. In addition, absorbing aerosols (such as black 33 

carbon) lead to a reduction in the global-mean precipitation due to energy budget conservation. 34 

Namely, the atmospheric diabetic-heating due to absorbing aerosol is balanced, in the global 35 

mean, by a reduction in latent heating by precipitation (Dagan et al., 2019a; Samset et al., 2016). 36 

However, previously it was shown that the local precipitation response to an aerosol perturbation 37 

in the tropics is the opposite of the global mean response and of the extra-tropical response 38 

(Dagan et al., 2019a). That is to say that the same idealized aerosol perturbation was shown to 39 

decrease precipitation in the extra-tropics and increase precipitation in the tropics. This 40 

contrasting response can be explained by the different ability of the atmosphere to diverge excess 41 

dry static-energy in the tropics and extra-tropics (Sobel et al., 2001). In the tropics an atmospheric 42 

diabatic-heating (e.g. due to absorbing aerosols) leads to a very efficient distribution of the excess 43 

energy for large scales (Gill, 1980; Matsuno, 1966), a large-scale direct thermally-driven 44 

circulation (Roeckner et al., 2006) and thus to a large increase in precipitation. In contrast, in the 45 

extra-tropics, excess energy from aerosol diabatic-heating is constrained due to the effect of the 46 

Coriolis force, causing the precipitation to decrease (to maintain energy balance Dagan et al., 47 

2019a).  48 

Here we examine the aerosol effect on precipitation from a regional energy budget perspective 49 

(Dagan et al., 2020; Dagan et al., 2019a; Hodnebrog et al., 2016; Liu et al., 2018; Muller & 50 

O’Gorman, 2011; Myhre et al., 2017; Myhre et al., 2018; Richardson et al., 2018; Samset et al., 51 

2016). According to this perspective, any aerosol-driven changes in radiation fluxes must be 52 

balanced, on long time scales, by changes in precipitation, sensible heat flux or by divergence of 53 

dry static energy.  54 

The long-time average total column atmospheric energy budget can be described as follows:  55 

𝐿𝑃 +QR +QSH  = div(s)         (1)  56 

Where LP is the latent heat due to precipitation, QSH is the surface sensible heat flux, QR is the 57 

atmospheric radiative heating, and div(s) is the divergence of dry static energy - which will 58 

become negligible on sufficiently large spatial scales (Jakob et al., 2019). Equation 1 provides 59 

information on the time mean precipitation rate and not on the distribution of rainfall intensities, 60 

which may change under aerosol forcing as well (e.g. (Zhao et al., 2019)).  61 



Local changes in precipitation due to an aerosol perturbation could be caused by microphysical 62 

feedbacks (Khain, 2009; Levin & Cotton, 2009), by local changes to the energy budget (radiation 63 

fluxes or surface sensible heat flux changes) or by changes to the general circulation of the 64 

atmosphere, caused by the inhomogeneous aerosol radiative effect (Chemke & Dagan, 2018). 65 

For example, asymmetry in aerosol radiative effect between the two hemispheres were shown to 66 

leads to cross-equatorial energy flux a thus to a shift in the intertropical convergence zone (Allen 67 

et al., 2015; Rotstayn & Lohmann, 2002; Voigt et al., 2017; Wang, 2015). Aerosols-driven 68 

changes to the extra-tropical atmospheric circulation may also lead to changes to the spatial 69 

distribution of precipitation (Allen & Sherwood, 2011; Chemke & Dagan, 2018; Ming et al., 70 

2011). 71 

In this study we use General Circulation Model (GCM) simulations in two configurations (with 72 

and without land) to study the fast precipitation response (under prescribed sea surface 73 

temperature - SST (Bony et al., 2013; Myhre et al., 2018; Richardson et al., 2018)) to idealized 74 

and more realistic aerosol perturbation at different locations. This set of simulations enable us to 75 

expand the analysis presented in Dagan et al. (2019a) in which the differences between the 76 

tropics and extra-tropics were demonstrated using idealized global simulations (using aqua-77 

planet configuration and idealized, large aerosol perturbations). This paper addresses the 78 

following questions: 1) What latitude does the local precipitation response to absorbing aerosol 79 

perturbations shifts from positive in the tropics to negative in the extra-tropics? 2) What is the 80 

effect of land on the above-mentioned response, and 3) What is the effect of the spatial structure 81 

and magnitude of aerosol perturbation when going from highly idealised to more realistic 82 

simulations? 83 

Methodology 84 

Model 85 

The ICON (icosahedral nonhydrostatic) atmospheric GCM (Crueger et al., 2018; Giorgetta et 86 

al., 2018; Zängl et al., 2015) is used in aqua-planet and AMIP (Atmospheric Model Inter-87 

comparison Project (Gates, 1992)) configurations. For both the aqua-planet and AMIP 88 

simulations we use a grid with an effective resolution of 157.8 km [R2B04 (Zängl et al., 2015)] 89 

and 47 vertical levels. 90 

The representation of the radiative effect of aerosols is through MACv2-SP [Max Planck Institute 91 

Aerosol Climatology version 2, Simple Plume (Kinne et al., 2013; Stevens et al., 2017)]. This 92 

relatively simple aerosol model prescribes the anthropogenic aerosol optical depth (AOD) and 93 



its radiative properties (the single scattering albedo – SSA, and the asymmetry parameter), as 94 

functions of time, geographical location and wavelength. The aerosol characteristics in the 95 

MACv2-SP are based on long term observations (Kinne et al., 2013; Stevens et al., 2017). There 96 

is no coupling between aerosol and cloud microphysics, i.e. only the aerosol radiative effect is 97 

considered. For more details about MACv2-SP the reader is referred to Stevens et al. (2017).   98 

Aqua-planet simulations 99 

Nine simulations are conducted in the aqua-planet configuration– one reference simulation with 100 

no aerosol forcing, and 8 simulations with different aerosol plume centres between 0o and 70o in 101 

continues increments of 10o. As in Dagan et al. (2019a), the reference simulation is run for 10 102 

years (to account for natural variability), while each of the perturbed simulations are run for 4 103 

years and reach a stationary-state. 104 

In the aqua-planet simulations, we use an idealized and strong aerosol perturbation with a simple 105 

Gaussian spatial distribution around the plume centre (Dagan et al., 2019a). The radius of the 106 

tropical plume is set to 10 in both the north-south and east-west directions. As in Dagan et al. 107 

(2019a), the AOD magnitude at the centre of the tropical plume is equal to 2.4, which is the 108 

global sum of all plumes in the default MACv2-SP setup, i.e. a very strong local perturbation. 109 

We correct for the different width of a degree longitude and for the differing amounts of 110 

incoming solar radiation between the different simulations with the different aerosol plume 111 

locations. We do that by increasing the plume zonal dimensions and the AOD magnitude at the 112 

centre of the plume by a factor of 1/cos(lat), where lat is the latitude of the plume centre. Hence, 113 

for each simulation the global mean perturbation is similar regardless of the plume location. The 114 

SSA in this case is set to 0.8. 115 

AMIP simulations 116 

In the AMIP simulations, each simulation is run either for 10 (idealized perturbations) or 30 117 

(more realistic perturbations) years. For the idealized perturbation simulations, we use similar 118 

plume characteristics as in the aqua-planet simulations (radius of 10o and AOD=2.4). The plume 119 

centre is located either at the tropics (0o – for three different longitudes, two over land and one 120 

over the ocean) or at the extra-tropics (40o – for three different longitudes, two over land and one 121 

over the ocean, Fig. 1). For each plume location two different SSA of 0.8 and 1 are used. 122 



123 

Figure 1. The locations of the aerosol plume centres for the AMIP ICON simulations forced with the MACv2-124 

SP aerosol plume model. The background represents the time-average surface precipitation over the 30 years 125 

simulation in the reference case (no anthropogenic aerosols).    126 

 127 

For the more realistic perturbations we use the default MACv2-SP setup, either including the 128 

entire global distribution of aerosol (Full plume) or specific regional plumes. Each simulation 129 

was conducted for 30 years. In the single plume simulations, the AOD in each plume was set to 130 

its value at 2005, while for the Full plume simulations the AOD in each plume changed with 131 

time according to the MACv2-SP setup for the years 1979-2009.   132 

 133 

Results 134 

The latitudinal dependence of the fast aerosol effect on precipitation 135 

To identify the latitude of the transition between the positive local precipitation response due to 136 

an absorbing aerosol perturbation in the tropics and the negative local response in the extra-137 

tropics we use the aqua-planet simulations with a stepwise change in the aerosol plume location. 138 

Figure 2 presents the atmospheric radiative heating (QR) perturbation generated in these 139 

simulations, while Fig. 3 presents the relative precipitation response (the absolute precipitation 140 

response is presented in Figs. S1-S2, SI). As expected, for all latitudes the presence of absorbing 141 

aerosols generates a positive QR perturbation. The magnitude of the QR perturbation slightly 142 

decreases with latitude due to the clouds’ response to the QR perturbation – i.e. deeper clouds 143 



formation in the tropics and hence reduction in the outgoing longwave flux and larger QR 144 

perturbation compared to the extra-tropics (Dagan et al., 2019a). The local precipitation response 145 

to this positive QR perturbation is positive in the tropics (0o and 10o) and negative in the extra-146 

tropics (30o and above – see also Fig. 4 presenting the precipitation response at the centre of the 147 

aerosol plume as a function of the location of the plume). The simulations in which the aerosol 148 

plume centre is located at 10 o and 20o demonstrates an increase in precipitation at the south part 149 

of the plume and a small or even negative response at the north part (Fig. 3). At the plume centre, 150 

the precipitation response is slightly positive for the simulation with the plume centre at 10 o and 151 

negative for the simulation with the plume centre at 20 o (Fig. 4).           152 

 153 

154 

Figure 2. The atmospheric radiative heating (QR) perturbation (each simulation minus the reference 155 

simulation) in the aqua-planet ICON simulations. For each simulation the aerosol plume centre is indicated 156 

in the title and is marked by a green diamond. 157 

   158 

 159 

 160 

 161 

 162 



163 

Figure 3. The relative precipitation change (compared to the reference simulation) for the aqua-planet ICON 164 

simulations. For each simulation the aerosol plume centre is indicated in the title and is marked by a green 165 

diamond.  166 

 167 

 168 

169 

Figure 4. The relative precipitation change (compared to the reference simulation) at the centre of the aerosol 170 

plume as a function of the centre latitude location in the aqua-planet ICON simulations. Black solid and 171 

dashed horizontal lines mark the 0 and -20% levels, respectively, for reference.  172 

 173 

Examining the meridional cross-sections of the precipitation response at the longitude of the 174 

plume centre (Fig. 5) demonstrates that the transition between a positive precipitation response 175 



at the tropics and a negative response outside the tropics occurs at roughly 10o. This result 176 

indicates that the latitude of the transition between the different responses is at fairly low 177 

latitudes, and that the positive response occurs only in the deep-tropics where the Coriolis effect 178 

is negligible. This result can be understood by the fact that at latitudes higher than 10o the Coriolis 179 

force is already sufficient, for example, to generate a tropical cyclone (Gray, 1975), and hence 180 

prevent the direct thermally-driven circulation that was shown to be generated in the tropics 181 

(Dagan et al., 2019a; Roeckner et al., 2006; Stuecker et al., 2020). At latitudes higher than 10o, 182 

geostrophic adjustment of the flow confines the heating perturbations. On the other hand, at 183 

latitudes lower than 10o, the mass field adjusts to the diabatic-heating, i.e. mass converges into 184 

the heating anomaly, which then generates vertical motion and supports an increase in 185 

precipitation. 186 

         187 

 188 



 189 

Figure 5. Meridional cross-sections of the precipitation response (compared to the reference simulation) at 190 

the longitude of the plume centre for the aqua-planet ICON simulations in which the plume centre is at 0, 191 

10 N and 20 N. The black vertical line marks a latitude of 10 N.  192 

 193 

Fast aerosol effect on precipitation over land and ocean 194 

To investigate the similarities and differences between aerosol radiative effects on precipitation 195 

over land and ocean we use the AMIP simulations. In the AMIP configuration the SST is 196 

prescribed but the land surface temperature is allowed to react to the surface energy budget. This 197 

enable investigation of the fast effect (only over land) of aerosol-driven surface temperature 198 

changes (which derive changes in QSH) on precipitation. As a first step, we force the model with 199 

a similar idealized, large aerosol perturbation as in the aqua-planet simulations, in the tropics and 200 

extra-tropics, over the ocean or land (Fig. 1). In this case we use either absorbing (SSA=0.8) or 201 



scattering (SSA=1) aerosols. Figure 6 presents the QR perturbations in these simulations and 202 

demonstrates a small perturbation in the case of scattering aerosol and a large and positive 203 

perturbation in the case of absorbing aerosols.  204 

        205 

    206 

 207 

Figure 6. The atmospheric radiative heating (QR) perturbation (each simulation minus the reference 208 

simulation) in the AMIP ICON simulations forced by idealized aerosol perturbation. For each simulation the 209 

aerosol plume centre is marked by a green indicator – circles for scattering aerosol (SSA=1) and diamonds 210 

for absorbing aerosols (SSA=0.8).   211 

 212 

Figures 7 and 8 present the precipitation and QSH response to the aerosol perturbations. It 213 

demonstrates a decrease in precipitation due to scattering aerosols over land in both the tropics 214 

and extra-tropics concomitantly with a reduction in QSH (over the extra-tropics). On the other 215 

hand, over the ocean, in a fixed SST configuration, scattering aerosols have no effect on either 216 

the precipitation or QSH. Like in the case of absorbing aerosols, we note that in the case of 217 

scattering aerosols over the tropics the local energy budget is not closed and requires large-scale 218 

convergence of energy (the opposite sign as in the case of absorbing aerosols which generate 219 

large-scale divergence of energy). This efficient large-scale energy transport is supported in the 220 



tropics (Gill, 1980; Matsuno, 1966; Sobel et al., 2001) much more than in the extra-tropics, in 221 

which the local energy budget is closer to balance. 222 

Absorbing aerosol perturbation over the ocean, unsurprisingly, generates a similar response as 223 

in the aqua-planet configuration (a positive precipitation response in the tropics and a negative 224 

response in the extra-tropics, without any effect on QSH). Over land, as in the aqua-planet case, 225 

the precipitation response to absorbing aerosols is negative in the extra-tropics and a negative 226 

QSH response is also seen. This negative QSH response is caused by a reduction of the solar 227 

radiation reaching the surface. Over tropical land, the absorbing aerosol perturbation generates 228 

a more complex precipitation response. In the case of absorbing aerosols over South-America, 229 

the precipitation response is mostly negative over land and positive over the adjacent oceans. 230 

Over Africa the precipitation response is more positive over land (although there are places in 231 

which it is negative) and, as in the South-America case, positive and larger over the adjacent 232 

oceans. The smaller precipitation response to absorbing aerosol over tropical land (compared to 233 

over the ocean) can be understood by the fact that the negative QSH response (Fig. 8) counteract 234 

some of the positive QR tendency to generate direct thermally-driven circulation. In addition, we 235 

note that the positive precipitation response over the east-tropical Atlantic is accompanied by a 236 

negative response over the west-tropical Atlantic. This is due to a zonal overturning circulation 237 

which is formed due to the aerosol effect leading to upward motion in the east Atlantic and 238 

downward motion in the west (see Figs S3-4, SI). A similar zonal response of a negative 239 

precipitation perturbation west of the plume centre (in which there is a positive precipitation 240 

response) is seen in the aqua-planet simulations (see Fig. 3, plume centre at 0o and 10o), in the 241 

simulations with the absorbing aerosol plume over South-America (showing a decrease in 242 

precipitation over the central-tropical Pacific), and over the tropical Pacific (showing a decrease 243 

in precipitation over the Maritime Continent region). In the AMIP simulations there is an 244 

additional asymmetry introduced by land.     245 

 246 

 247 



 248 

Figure 7. The precipitation latent heating change (compared to the reference simulation) in the AMIP ICON 249 

simulations forced by idealized aerosol perturbation. For each simulation the aerosol plume centre is marked 250 

by a green indicator – circles for scattering aerosol (SSA=1) and diamonds for absorbing aerosols (SSA=0.8). 251 

 252 

 253 

 254 



 255 

Figure 8. The sensible heat flux (QSH) change (compared to the reference simulation) in the AMIP ICON 256 

simulations forced by idealized aerosol perturbation. For each simulation the aerosol plume centre is marked 257 

by a green indicator – circles for scattering aerosol (SSA=1) and diamonds for absorbing aerosols (SSA=0.8). 258 

 259 

Figures 9 and 10 present the surface temperature and pressure response to scattering and 260 

absorbing aerosol perturbation, respectively, over the extra-tropics (the surface pressure is much 261 

less effected by aerosol perturbations over the tropics than over the extra-tropics due to the mass 262 

field adjustment). It demonstrates that both scattering and absorbing aerosols cause a reduction 263 

in surface temperature over land due to a reduction in surface shortwave radiation. However, a 264 

similar negative surface temperature perturbation drives a differing pressure response of an 265 

increase in the case of scattering aerosols (Fig. 9) and a slight decrease in the case of absorbing 266 

aerosols (Fig. 10). Over the ocean the surface temperature is not allowed to change so the surface 267 

pressure does not change much in the case of scattering aerosols (Fig. 9), but decreases 268 

significantly in the case of absorbing aerosols (Fig. 10). 269 

    270 

 271 



272 

Figure 9. The surface temperature change (Tsrf – compared to the reference simulation, left column), and 273 

the surface pressure change (Psrf - right column) in the AMIP ICON simulations forced by idealized aerosol 274 

perturbation located at the extra-tropics with scattering aerosols (SSA=1). For each simulation the aerosol 275 

plume centre is marked by a green circle.  276 

 277 

 278 

 279 



280 

Figure 10. The surface temperature change (Tsrf – compared to the reference simulation, left column), and 281 

the surface pressure change (Psrf - right column) in the AMIP ICON simulations forced by idealized aerosol 282 

perturbation located at the extra-tropics with absorbing aerosols (SSA=0.8). For each simulation the aerosol 283 

plume centre is marked by a green diamond. 284 

 285 

To better understand these results we examine zonal and meridional cross-sections of the 286 

temperature (T) response and three components of the wind (u, v and  for the zonal, meridional 287 

and vertical winds, respectively). We do that for the simulations in which the plume is located 288 

over North-America, as an example (Figs. 11-12, Figs S3-4, SI present similar cross-section for 289 

the simulation in which the aerosol plume is located over Africa as an example of tropical aerosol 290 

plume). These results demonstrate that scattering aerosols lead to a cooling of both the surface 291 

and the entire troposphere. This cooling of the atmospheric column causes the increase in surface 292 

pressure (Fig. 9), which generates an anti-cyclonic circulation around the plume centre (see the 293 

response of v and u in the case of SSA=1 in Figs. 11 and 12, respectively). This anti-cyclonic 294 

circulation is accompanied by a positive  perturbation (representing subsidence - Figs. 11-12) 295 

and hence also reduction in cloudiness and precipitation (Fig. 7). In the case of absorbing 296 

aerosols on the other hand, the temperature response demonstrates a reduction near the surface 297 

(due to the reduction in surface shortwave radiation - see also Fig. 10) and an increase above it 298 

(due to the direct effect of the absorbing aerosols) this contrasting temperature response with 299 

height leads to the small (mostly negative) surface pressure response (Fig. 10). In the extra-300 



tropics, absorbing aerosols generate a weak dynamical response, which mostly reflects a pattern 301 

of stationary-waves (Dagan et al., 2019a).          302 

  303 

304 

Figure 11. Zonal cross-sections across the latitude of the aerosol plumes' centre (marked by “x”) of 305 

differences from the reference simulation in eastward winds (u), northward winds (v), vertical winds (ω), 306 

and temperature (T). The left column presents the ICON simulation in which the aerosol plume is located 307 

over North-America with absorbing aerosols (SSA=0.8), while the right column presents the simulation with 308 

the same plume location but with scattering aerosols (SSA=1). 309 

 310 



311 

Figure 12. Meridional cross-sections across the longitude of the aerosol plumes' centre (marked by “x”) of 312 

differences from the reference simulation in eastward winds (u), northward winds (v), vertical winds (ω), 313 

and temperature (T). The left column presents the ICON simulation in which the aerosol plume is located 314 

over North-America with absorbing aerosols (SSA=0.8), while the right column presents the simulation with 315 

the same plume location but with scattering aerosols (SSA=1).  316 

 317 

To sum up this section, in the case of absorbing aerosols, the effect of land reduces both the 318 

positive fast precipitation response in the tropics and the negative fast response in the extra-319 

tropics due to the larger effect of QSH (compared to over the ocean), which counteract the 320 

diabatic-heating. In the case of scattering aerosols, the absence of any diabatic-heating lead to a 321 

reduction in precipitation over tropical and extra-tropical lands due to the reduction in surface 322 

shortwave radiation.  323 



Fast aerosol effect on precipitation under more realistic perturbations 324 

So far, we examined the precipitation response to idealized and very strong aerosol perturbations. 325 

This is useful for understanding the underlying physics (and a common practice in research of 326 

aerosol effect on precipitation, e.g. Myhre et al., 2017). However, one needs to remember that 327 

the effect of a more realistic perturbation, even if the same physics applies, may be obscured by 328 

natural variability (and also by other external forcings operating at the same time such as green-329 

house gases). In order to examine whether a similar response, as in the idealized perturbations 330 

case, can be detected under a more realistic perturbation, we use the default MACv2-SP setup 331 

which is based on observed anthropogenic aerosol perturbation. We note that using a non-332 

interactive SST (as in the AMIP configuration) reduces some of the internal-variability of the 333 

climate system, hence, these simulations serves as a best case for detectability of the fast aerosol 334 

effect on precipitation. As a first step we use idealised, but broadly realistic aerosol plumes in 335 

each simulation, representing different geographical locations and different aerosol properties, 336 

to examine whether or not the response is consistent with the results described above. The aerosol 337 

plumes that we use are: the two African plumes (representing relatively absorbing aerosols 338 

mostly over tropical land), the Maritime Continent plume (representing relatively absorbing 339 

aerosols mostly over tropical ocean), the two Asian plumes (representing relatively scattering 340 

aerosols centred outside the deep-tropics but spending also into the deep-tropics – latitudes lower 341 

than 10o, mostly over land) and the European plume (representing relatively scattering aerosols 342 

mostly over extra-tropical land - Table 1). 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 



Table 1. Names followed Stevens et al. (2017), location of centre, AOD (aerosol optical depth) and SSA (single 354 

scattering albedo) of the individual plumes used to force the model (the two African and two Asian plumes 355 

are used together). 356 

Source region Latitude Longitude Anthropogenic 

AOD at 550 nm 

(2005) 

SSA at 550 nm 

South central 

Africa  

-3.5 16.0 0.372 0.87 

North Africa 3.5 22.5 0.211 0.87 

Maritime 

Continent  

-1.0 106.0 0.257 0.87 

South Asia  

 

23.3 88.0 0.259 0.93 

East Asia  

  

30.0 114.0 0.636 0.93 

Europe 49.4 20.6 0.148 0.93 

  357 

Figure 13 presents the QR perturbation generated by forcing the model with each plume 358 

separately and the precipitation and QSH response to this perturbation. It demonstrates that, in the 359 

tropics, a positive QR perturbation due to absorbing aerosols generates a positive precipitation 360 

response. This is with agreement with the results from the idealized perturbations above. We 361 

note that the precipitation response over the ocean (in the case of the Maritime Continent plume 362 

and the adjacent ocean in the African case) is stronger than the response over land (Africa). As 363 

was explained above, the smaller precipitation response over land (compared to over the ocean) 364 

is due to the reduction in QSH, which weakens the formation of the thermally-driven circulation. 365 

As in the idealized perturbation, the positive precipitation response over the eastern tropical 366 

Atlantic, generated by the African plume, drives a negative response over the western tropical 367 

Atlantic due to a formation of zonal overturning circulation leading to upward motion in the east 368 

Atlantic and downward motion in the west (Figs. S3-4, SI). 369 



In the simulation which is forced by the two Asian plumes, the precipitation increases at the 370 

southern part of the plume, over the Indian ocean (reaching all the way to the deep-tropics), while 371 

it decreases over the northern part of the plume over east Asia (over land). This, again, is with 372 

agreement with the general trend presented above based on the idealized perturbation, of an 373 

increase in precipitation in the deep-tropics and a decrease outside the deep-tropics. In addition, 374 

we note here again a larger tendency toward a positive response over tropical oceans than over 375 

tropical lands due to the role of QSH. The European plume, which is confined to the extra-tropics, 376 

generates a weak QR perturbation due to a relatively low AOD and a high SSA. This weak QR is 377 

accompanied by a reduction in QSH and a negligible precipitation response. We believe that the 378 

precipitation response in this case is negligible because the perturbation is weak. To demonstrate 379 

it, we have run the model again with only the European plume but with 10 times larger AOD. 380 

Under this larger perturbation we do get a reduction in precipitation over Europe as predicted by 381 

the idealized perturbation simulation (Fig. S5, SI). However, the fact that we do not detect any 382 

significant reduction in precipitation over Europe in our simulations suggest that the magnitude 383 

of a realistic perturbation is not sufficient to cause a reduction in precipitation that could be 384 

observed.          385 

     386 

     387 

Figure 13. The atmospheric radiative heating (QR) perturbation (each simulation minus the reference 388 

simulation – left column), the precipitation latent heating change (middle column), and the sensible heat flux 389 



(QSH) change (right column) in AMIP ICON simulations forced by individual aerosol plumes (based on 390 

Stevens et al., 2017). The individual plumes considered here are as listed in Table 1. 391 

 392 

Examining regional precipitation response to local aerosol perturbation for different locations 393 

(Fig. 13) reduces the role of teleconnections. Namely, aerosol perturbation at a given location 394 

could affect precipitation at other locations as well due to changes in the large-scale dynamics 395 

and thermodynamics of the atmosphere (Allen et al., 2015; Chemke & Dagan, 2018; Dagan & 396 

Chemke, 2016; Rotstayn & Lohmann, 2002; Voigt et al., 2017; Wang, 2015). For including these 397 

effects and accounting for the global aerosol distribution we run the model with the full default 398 

MACv2-SP setup (Stevens et al., 2017), which includes, on top of the 6 aerosol plumes listed in 399 

Table 1, plumes over south and north America and over Australia. Figure 14 presents the 400 

precipitation response in this simulation. It demonstrates many similar features as in the 401 

individual plume experiments above, as well as in the idealized perturbation simulations. For 402 

example, it demonstrates an increase in precipitation over the tropical Indian ocean, a region 403 

forced by both the “Maritime Continent” plume and the south part of the “South Asia” plume. 404 

We also note a decrease in precipitation over east Asia land and the adjacent ocean, as in the 405 

Asian plume simulation. Figure 14 also shows an increase in precipitation over the east-tropical 406 

Atlantic Ocean (although less so over land), and a decrease in precipitation in the west-tropical 407 

Atlantic, a similar response as in the African plume simulation. However, the precipitation 408 

response appears to be noisy and it is not clear if it is statistically significant. In order to examine 409 

the robustness of the response presented in Fig. 14, we run the model with different magnitudes 410 

of AOD with the Full plume geographical distribution (increasing the AOD at the centre of each 411 

plume by 2, 5 and 10 times – Fig. 15). In addition, in figure 15 the locations in which the 412 

precipitation change is statistically significant (p-value < 0.05 according to a t-test) are marked. 413 

Indeed, Fig. 15 demonstrates that forcing the model with the default MACv2-SP setup (Full 414 

plume), for 30 years, generates fast precipitation changes, which are generally not statistically 415 

significant (even though its spatial structure is generally consistent with our physical 416 

understanding based on the idealized experiments).  417 

Since the Full plume experiment demonstrates precipitation changes which are generally in 418 

agreement with the idealized perturbation and the single plume experiments, we believe that the 419 

fact that it is not statistically significant is a matter of signal-to-noise ratio (the response is not 420 

significant compared to the natural variability). This is demonstrated also by the simulations in 421 

which the AOD is increased (increasing the signal-to-noise ratio). The spatial correlation of the 422 



precipitation response is relatively high between the higher AOD simulations and the Full plume 423 

simulation (0.71, 0.66 and 0.55 for the 2, 5 and 10 times AOD simulations) indicating a similar 424 

spatial structure. However, the precipitation response (with the similar spatial structure) becomes 425 

more statistically significant as the AOD increases. This suggests that the response seen in the 426 

Full plume simulation is mostly due to a robust physical driver, but is not strong enough to 427 

emerge from the natural variability (over 30 years period with a prescribed SST). These results 428 

suggest that it will probably be hard to detect from observations the aerosol-radiation effect on 429 

precipitation over the last few decades (although the slow response might be more important 430 

over this time-period and is not accounted here). We note that running the model for longer 431 

period than 30 years might increase the signal-to-noise ratio, however, 30 years is already quite 432 

long period for examining the fast precipitation response as changes in SST could become 433 

important on that time-scales (Scannell et al., 2019).                       434 

 435 

 436 

Figure 14. The precipitation latent heating change (compared to the reference simulation), in the AMIP 437 

ICON simulations forced by the full global distribution of aerosols (Full plume - based on Stevens et al., 2017).  438 

 439 



 440 

Figure 15. The precipitation latent heating change (compared to the reference simulation), in the AMIP 441 

ICON simulations forced by the full global distribution of aerosols for a few levels of AOD compared to the 442 

Full plume simulation (indicated in the title of each subplot). The spatial correlation of each simulation with 443 

the Full plume simulation is indicated in the parenthesis. Locations in which the precipitation change is 444 

statistically significant (p-value < 0.05 according to a t-test) are marked with crosses. Please note the different 445 

colour-bar as compared to Fig. 14. Figure S6, SI presents the relative precipitation change in these 446 

simulations. 447 

 448 

Summary 449 

Precipitation changes due to anthropogenic activity are hard to predict despite their importance 450 

for society (Allan et al., 2020; Dagan et al., 2019b; Knutti & Sedláček, 2013; Myhre et al., 2017). 451 

One anthropogenic driver for precipitation changes are aerosols, which can affect the amount of 452 

precipitation through interacting with clouds or with radiation. In this study, we examine fast 453 

precipitation changes (not mediated by changes in SST) due to aerosol-radiation interaction 454 

using a global model with idealised aerosol perturbations of different levels of complexities. 455 

Specifically, we expand the analysis of a previous study (Dagan et al., 2019a), which 456 

demonstrated a contrasting precipitation response in the tropics and extra-tropics based on aqua-457 

planet simulations. The goals of the current study are three-fold, however, all related to the 458 

geographical location of the aerosol perturbation: 1) to identify the latitude in which a transition 459 

between a positive aerosol-driven precipitation response to a negative precipitation response 460 

occurs, 2) to examine the effect of land on the precipitation response, and 3) to examine the main 461 

conclusions under a more realistic aerosol perturbation in terms of magnitude and spatial 462 



structure. In this study we focus on the fast precipitation response (Bony et al., 2013; Myhre et 463 

al., 2018; Richardson et al., 2018) and the related physical mechanisms. In a future study we will 464 

examine the same trends in simulations with interactive SST, looking on the slow response.  465 

Using idealized aqua-plant simulations with a stepwise increase in the aerosol plume latitude we 466 

show that the transition between an increase and a decrease in precipitation occurs at relatively 467 

low latitudes of ~10o. Equatorward of ~10o, the Coriolis effect is negligibly low, enabling a direct 468 

thermally-driven circulation to form as a response of aerosol diabatic-heating (Dagan et al., 469 

2019a; Roeckner et al., 2006). Poleward of ~10o the Coriolis force is already sufficient to prevent 470 

the direct thermally-driven circulation and a geostrophic adjustment of the flow confines the 471 

heating perturbations. Hence, the local precipitation is reduced to maintain energy balance. We 472 

note the similarity with tropical cyclone genesis (Gray, 1975), which requires a sufficient 473 

Coriolis force to form cyclonic-circulation and to prevent the air from converging into the centre. 474 

Hence, tropical cyclones do not form within a few degrees away of the equator. 475 

Next, we examine the effect of land using AMIP type of simulations with idealized aerosol 476 

perturbation (large magnitude and idealized spatial structure). These results demonstrate that, in 477 

the case of absorbing aerosols, the effect of land is to reduce both the positive precipitation 478 

response in the tropics and the negative response in the extra-tropics due to the reduction of the 479 

surface sensible heat flux. This reduction in sensible heat flux over land counteracts the diabatic-480 

heating caused by absorbing aerosols and therefore reduces the effect as compared to over the 481 

ocean. In the case of scattering aerosols, surface cooling leads to an increase in surface pressure 482 

in the extra-tropics and corresponding anti-cyclonic circulation around the plume centre. This 483 

anti-cyclonic circulation drives subsidence and a reduction in cloudiness and precipitation. In the 484 

tropics, the surface pressure is less effected, but the reduction in surface shortwave radiation (due 485 

to scattering aerosols) drives a reduction in precipitation.  486 

The fast precipitation response is also examined under more realistic aerosol perturbations (in 487 

terms of magnitude and spatial extent). This demonstrates that many of the features seen in the 488 

idealized simulations, as well as the underlying physical mechanisms, can explain the fast 489 

precipitation response under more realistic conditions. For example, we show that the absorbing 490 

aerosol perturbation near the equator (over Africa and Maritime Continent region) generates an 491 

increase in precipitation mostly over the ocean and less so over land (due to the role of the 492 

sensible heat flux). We also show that in the case of an aerosol perturbation over Asia, which 493 

extends all the way from the deep-tropics to the extra-tropics, the precipitation response is 494 

positive near the equator over the ocean and negative over land outside the deep-tropics. In the 495 



case of the realistic magnitude perturbation over Europe, we show that no precipitation response 496 

is seen and we demonstrate that this is because of a small perturbation (relatively low AOD with 497 

relatively high SSA). Forcing the model with a stronger perturbation (increasing the AOD over 498 

Europe by 10 times) generate a local reduction in precipitation, as predicted by the idealized 499 

simulations.  500 

In the last part of this paper we force the model with the entire global distribution of aerosols, 501 

which includes changes in the large-scale circulation as well as teleconnections (Allen et al., 502 

2015; Chemke & Dagan, 2018; Rotstayn & Lohmann, 2002; Voigt et al., 2017; Wang, 2015)) in 503 

addition to the local response due to changes in the energy budget. This demonstrates that many 504 

of the precipitation change features mentioned above are still relevant when the global aerosol 505 

distribution is included. However, the precipitation changes are shown to be statistically non-506 

significant (for 30 years of simulations with a prescribed SST). We show that the fact that the 507 

precipitation changes are not statistically significant is not because it is inconsistent with our 508 

physical understanding of the system but because of a low signal-to-noise ratio. This is 509 

demonstrated through simulations in which the magnitude of the perturbation (AOD) is increased 510 

continually up to 10 times the default set-up, which is based on observations (Stevens et al., 511 

2017). The precipitation changes under stronger perturbations have a similar (although not 512 

identical) spatial structure and are shown to be more statistically significant. These results 513 

suggest that the fast precipitation response to aerosol-radiative effects would be hard to observe 514 

in nature on decadal time-scales. 515 
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