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Abstract Absorbing aerosol from biomass burning impacts the hydrological cycle and radiation fluxes 

both directly and indirectly via modifications to convective processes and cloud development. Using the 

ICOsahedral Non-hydrostatic modelling framework in a regional configuration with 1,500!m convection-

permitting resolution, we isolate the response of the Amazonian atmosphere to biomass burning smoke 

via enhanced cloud droplet number concentrations Nd (aerosol-cloud interactions; ACI) and changes 

to radiative fluxes (aerosol-radiation interactions; ARI) over a period of 8!days. We decompose ARI 

into contributions from reduced shortwave radiation and localized heating of the smoke. We show ARI 

influences the formation and development of convective cells: surface cooling below the smoke drives 

suppression of convection that increases with smoke optical depth, while the elevated heating promotes 

initial suppression and subsequent intensification of convection overnight; a corresponding diurnal 

response (repeating temporal response day-after-day) from high precipitation rates is shown. Enhanced 

Nd (ACI) perturbs the bulk cloud properties and suppresses low-to-moderate precipitation rates. Both ACI 

and ARI result in enhanced high-altitude ice clouds that have a strong positive longwave radiative effect. 

Changes to low-cloud coverage (ARI) and albedo (ACI) drive an overall negative shortwave radiative 

effect, that slowly increases in magnitude due to a moistening of the boundary layer. The overall net 

radiative effect is dominated by the enhanced high-altitude clouds, and is sensitive to the plume longevity. 

The considerable diurnal responses that we simulate cannot be observed by polar orbiting satellites widely 

used in previous work, highlighting the potential of geostationary satellites to observe large-scale impacts 

of aerosols on clouds.Plain Language Summary There remain important uncertainties on how smoke from forest 

and grassland fires impacts the past, present, and future climates. In this study, we use a detailed model 

of the atmosphere over the Amazon rainforest to understand and quantify the processes by which smoke 

influences clouds and rain via two pathways: the first driven by changes to the absorption of solar radia-

tion through the smoky atmosphere, and the second driven by an increase in the number of cloud droplets 

due to smoke particles. We find that the diurnal cycle of convection that drives much of the Amazon 

rainfall is greatly affected by changes to the radiation with less activity during the day and increasing 

activity overnight. The more numerous cloud droplets make the clouds brighter and help suppress rainfall 

rates. Changes to both radiation and cloud droplet number result in more extensive and thicker ice-phase 

clouds that exert a warming effect on the climate; the longer the smoke plume persists for, the stronger the 

warming effect. Our findings highlight important processes that are not sufficiently represented in global 

climate models, and also highlight a need to use time-resolved geostationary satellite observations of the 

region to capture more of the diurnal cycle.1. IntroductionAirborne aerosol particles, such as sea salt, mineral dust, or carbonaceous material, impact our climate via 

interactions with solar and terrestrial radiation known as aerosol-radiation interactions (ARI) and via their 

ability to act as cloud condensation nuclei (CCN) and subsequent follow-up effects (known as aerosol-cloud 

interactions; ACI). Wildfires occur annually in many tropical regions across the globe (e.g., the Amazon, 

central Africa, Borneo) and often cover vast areas with optically thick layers of aerosol that can persist for 

weeks to months. These plumes can transport the carbonaceous biomass burning aerosol (BBA) high into 

the atmosphere and far from the source (Holanda et!al.,!2020), demonstrating the potential for widespread 
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Regional ICON CRM simulations (double-moment MP) over the Amazon:
- Domain: 3000 x 2000 km, 1500 m resolution, 75 vertical levels
- Aerosol: Anthropogenic radiative and microphysical perturbations using MACv2-SP

Microphysical and radiative perturbations using MACv2-SP
(Herbert et al., JGR, 2021)

Aerosol effects on deep convective cloud fields



Suppression of low updraft 
velocities / shallow cumulus

Invigoration of stronger updrafts

Microphysics:

Strong suppression of convection in early 
afternoon from reduced surface insulation 
and absorption aloft increasing CIN

Radiation:

Subsequent strengthening of convection 
over night (release of built-up of CAPE)

Total: 
Dominated by radiative effects

Aerosol effects on deep convective cloud fields

Microphysical and radiative perturbations using MACv2-SP
(Herbert et al., JGR, 2021)



Towards global km-scale simulations
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Idealised anthropogenic aerosol perturbations

Control ARI + ACI ARI ACI



Aerosol effects in global km-scale simulations
Philip Stier

Simulations
ICON CRM global simulations:

Domain: 5km equivalent grid spacing
90 vertical levels

Period: 40 days during biomass burning season

Clouds: Single-moment microphysics

Aerosols: Idealised radiative and microphysical 
perturbations using MACv2-SP



Results
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Vertically integrated  cloud water (after 10-day spin-up)

Control

Results

Liquid water path 
(after 10-day spin-up)

Control ARI + ACI

(ARI + ACI) - Control
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Global mean liquid water path (after 10-day spin-up)
Results

Control
ARI+ACI

(ARI+ACI)-Control



Aerosol effects in global km-scale simulations
Philip Stier

Liquid 
water 
path

Control

Results

ARI+ACI (ARI+ACI)-Control

Outgoing 
shortwave 
radiation 
(cloudy-sky)
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Regional Effects: Amazon

Amazon
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Regional Effects: Amazon
(minus control)
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Regional Effects: Amazon
Control minus:
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Regional Effects: Amazon
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Regional Effects: Congo Basin

Congo Basin
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Regional Effects: Congo Basin
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Regional Analysis: Indonesia

Indonesia

(Williams et al, Nat. Clim. Change, 2022)

ARTICLES
https://doi.org/10.1038/s41558-022-01415-4

1Atmospheric, Oceanic and Planetary Physics, Department of Physics, University of Oxford, Oxford, UK. 2Fredy and Nadine Herrmann Institute of Earth 

Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel. ✉e-mail: andrew.williams@physics.ox.ac.uk

A nthropogenic aerosol plays a substantial role in determining 

the influence of human activities on climate1–3. Due to their 

short lifetimes, the spatial pattern of anthropogenic aero-

sol is highly heterogeneous, and this has been shown to impact the 

climate through changes in atmospheric circulation4,5, tropical pre-

cipitation5–8 and sea-surface temperature (SST) patterns6,9,10, with 

implications for the transient climate response11.

Over the coming decades, emissions of anthropogenic aerosol 

are expected to change dramatically both in their spatial pattern 

and composition3, particularly over South-East Asia and Central 

Africa2,3. These trends are further complicated by the fact that policy 

measures often target sources of scattering and absorbing aerosol 

differently, such that even with no net change in aerosol optical 

depth (AOD), there could be climatic impacts from changes in aero-

sol composition12. Such a trend is already being seen globally; while 

the global anthropogenic AOD has been roughly constant since the 

1980s, the contribution from aerosol absorption has almost doubled 

over this period3,13. In the future, particularly under weak air-quality 

policies, these trends towards a more absorbing aerosol distribution 

will probably continue2.Given these observations, a key question arises: how does the 

evolving spatial pattern of anthropogenic aerosol (particularly 

absorbing aerosol, hereafter ‘AA’) impact climate? Crucially, how 

does the global-mean effective radiative forcing (ERF)—defined 

as the net change in radiative fluxes at the top-of-atmosphere in a 

fixed-SST experiment following a change in forcing agent, allowing 

for rapid adjustments14—respond to this changing pattern of AA? A 

robust answer to this question would have substantial ramifications 

because the impact of the spatial pattern of AA on global-mean ERF 

is not considered either in the simple energy-balance models15,16 or 

in integrated assessment models17 which form an essential part of 

the IPCC process18.Although the magnitude of, and mechanisms for, a dependence 

of ERF on aerosol location are not yet clear, there are reasons why we 

might expect location-dependence. For instance, the dependence of 

IRF on the effective albedo of the below-aerosol layer means that for 

AA there is a ‘critical surface albedo’ above which their IRF switches 

from negative to positive19,20. Additionally, localized AA (and scat-

tering aerosol) can influence atmospheric circulation4,9,21–27, with 

subsequent impacts on regional precipitation5,22,23 and cloudiness28,29. 

The component of ERF arising from changes in clouds and circu-

lation is referred to as the ‘rapid adjustments’ (Adj) and is known 

to be a larger fraction of the ERF for AA than scattering aerosol14 

due to the strong influence of AA-induced diabatic heating on moist 

processes30. However, understanding the link between AA, circula-

tion and ERF remains challenging28. Aerosol–cloud interactions are 

also known to depend on both the cloud regime and meteorologi-

cal conditions31–33. Thus, through the co-location of aerosols with 

different cloud types, we may also expect a location-dependence 

through microphysical changes (however, this pathway is not  

examined here).Recent work using emissions perturbations in key geopolitical 

regions34–36 has also shown that the global-mean ERF is a function 

of the location of aerosol emissions. However, due to differences in 

aerosol lifetimes and transport between regions, emissions-driven 

simulations can exhibit order-of-magnitude differences in regional 

aerosol burden, despite identical emissions37–39. Hence, it is not 

clear whether this ‘location-dependence’ is because of differences 

in aerosol transport and lifetimes between regions or whether there 

is a more fundamental physical mechanism linking aerosol absorp-

tion in different regions to different global-mean ERF. Furthermore, 

perturbing emissions of different aerosol species simultaneously35,36 

makes it difficult to attribute the changes to AA alone. Some of 

these issues can be circumvented using models driven by aerosol 

concentrations rather than emissions40,41. However, such approaches 

can still generate regional variations in aerosol radiative proper-

ties despite identical concentrations due to changes in the mixing 

state38,39,42–44. Furthermore, as these studies have often been tar-

geted at regions of historical emissions41, or made use of climato-

logical distributions9,29, it is still difficult to determine the distinct  

physical mechanisms by which AA in different locations can impact 

global-mean ERF.To tackle this, here we present a large ensemble of simulations 

with a state-of-the-art, atmosphere-only global climate model forced 

Strong control of effective radiative forcing by the 

spatial pattern of absorbing aerosol

Andrew I. L. Williams! ! 1 ✉, Philip Stier! ! 1, Guy Dagan! !2 and Duncan Watson-Parris! ! 1

Over the coming decades, it is expected that the spatial pattern of anthropogenic aerosol will change dramatically and the 

global aerosol composition will become relatively more absorbing. Yet, the climatic impact of this evolving spatial pattern of 

absorbing aerosol has received relatively little attention, in particular its impact on global-mean effective radiative forcing. 

Here, using model experiments, we show that the effective radiative forcing from absorbing aerosol varies strongly depending 

on their location, driven by rapid adjustments of clouds and circulation. Our experiments generate positive effective radiative 

forcing in response to aerosol absorption throughout the midlatitudes and most of the tropical regions, and a strong ‘hot spot’ 

of negative effective radiative forcing in response to aerosol absorption over the tropical Western Pacific. Further, these diverse 

responses can be robustly attributed to changes in atmospheric dynamics and highlight the importance of this ‘aerosol pattern 

effect’ for transient forcing from regional biomass-burning aerosol.
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500hPa mass flux [ ]
(minus control)
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Precipitation        [ ]
(minus control)



Conclusions
• Introduced a protocol for global km-scale 

simulations with idealized aerosol perturbations
• First results from 40-day 5km ICON simulations:

- Weather noise significant (unsurprisingly)
- Decomposition into longer-term trends and

diurnal response reveals clear effects on
convection and large-scale circulation

• Proposed DYAMOND-GAP intercomparison:
- Join breakout group tomorrow at 11:00!
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