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Abstract. The potential future trend in African aerosol emissions is uncertain, with a large range found in future
scenarios used to drive climate projections. The future climate impact of these emissions is therefore uncertain.
Using the Shared Socioeconomic Pathway (SSP) scenarios, transient future experiments were performed with
the UK Earth System Model (UKESM1) to investigate the effect of African emissions following the high emis-
sion SSP370 scenario as the rest of the world follows the more sustainable SSP119, relative to a global SSP119
control. This isolates the effect of Africa following a relatively more polluted future emissions pathway. Com-
pared to SSP119, SSP370 projects higher non-biomass-burning (non-BB) aerosol emissions, but lower biomass
burning emissions, over Africa. Increased shortwave (SW) absorption by black carbon aerosol leads to a global
warming, but the reduction in the local incident surface radiation close to the emissions is larger, causing a
local cooling effect. The local cooling persists even when including the higher African CO, emissions under
SSP370 than SSP119. The global warming is significantly higher by 0.07 K when including the non-BB aerosol
increases and higher still (0.22 K) when including all aerosols and CO,. Precipitation also exhibits complex
changes. Northward shifts in the Inter-tropical Convergence Zone (ITCZ) occur under relatively warm Northern
Hemisphere land, and local rainfall is enhanced due to mid-tropospheric instability from black carbon absorp-
tion. These results highlight the importance of future African aerosol emissions for regional and global climate
and the spatial complexity of this climate influence.

sions than the prior Representative Concentration Pathways

Emissions of aerosols and their precursors have substantial
and complex impacts on climate, both locally at their emis-
sion location and further afield (Liu et al., 2018; Thornhill et
al., 2021). Their overall negative radiative forcing has damp-
ened the warming effect of greenhouse gases historically,
though the exact magnitude of this dampening forcing is un-
certain (Bellouin et al., 2020; IPCC, 2021). The future of
this forcing is also uncertain and dependent on future emis-
sions scenarios, with the recent Shared Socioeconomic Path-
ways (SSPs) projecting a broader possible set of future emis-

(RCPs) (Gidden et al., 2019). The SSPs are widely used as
possible future pathways in Earth system models, including
in the recent Sixth Assessment Report of the IPCC (IPCC,
2021).

Aerosols can either absorb incident solar radiation and
therefore exert a positive radiative forcing (primarily black
carbon (BC)) or scatter the radiation, causing a negative forc-
ing (e.g. sulfate and organic carbon (OC)). The net negative
present-day aerosol forcing arises from the larger role of scat-
tering than absorbing aerosol (IPCC, 2021). The combined
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top-of-atmosphere radiative effect of OC and BC, however,
is uncertain (Grandey et al., 2018; Jiang et al., 2020; Thorn-
hill et al., 2021). The balance between negative OC and pos-
itive BC forcings depends on factors such as the underlying
surface albedo, the optical properties of the aerosols, and the
vertical distribution of the aerosol load (Hodnebrog et al.,
2014; Mallet et al., 2020; O’Connor et al., 2021; Westervelt
et al., 2020).

Due to their short lifetime of several days, aerosol im-
pacts are strongly dependent on their emission location (Per-
sad and Caldeira, 2018). Aerosols can have substantial im-
pacts on circulation patterns, including on monsoon systems
through both local and remote effects (Li et al., 2018; Shawki
et al., 2018; Wang et al., 2016, 2017; Wilcox et al., 2020),
though these changes may not significantly influence their
impact on the global scale (Johnson et al., 2019). Shifts in
the Inter-tropical Convergence Zone (ITCZ) caused by inter-
hemispheric energy imbalances under hemispherically asym-
metric aerosol emissions may have contributed to historical
changes in the West African monsoon (WAM) (e.g. Lelieveld
etal., 2019; Westervelt et al., 2018; Zanis et al., 2020); future
Northern Hemisphere aerosol emission reductions are pro-
jected to cause a consequent continued increase in Sahel rain-
fall (e.g. Baker et al., 2015; Scannell et al., 2019; Shindell et
al., 2012). The WAM is also sensitive to other factors such as
Atlantic sea-surface temperature (SST) changes (Chadwick
et al., 2017; Knippertz et al., 2015; Hill et al., 2017; Dong
and Sutton, 2015). There is substantial disagreement in fu-
ture changes of the WAM in models of the Coupled Model
Intercomparison Project phase 6 (CMIP6) generation, partic-
ularly in the western region (Chen et al., 2020; Almazroui
et al., 2020). The local rainfall analyses in this study instead
focus on areas to the south and east of the main WAM region.

Impacts of aerosol emissions on precipitation are partic-
ularly complex. Increases in scattering aerosols tend to de-
crease precipitation via their cooling effect, with this mani-
festing on multidecadal timescales; absorbing aerosols also
tend to decrease precipitation, since their shortwave (SW)
absorption represents a net source of atmospheric energy, re-
ducing the energy deposited by latent heat (Liu et al., 2018;
Richardson et al., 2018). At the global level, these effects are
energetically constrained through top-of-atmosphere (TOA)
and surface fluxes, but on regional scales horizontal energy
transport can influence this balance. Zhang et al. (2021)
found that higher African BC aerosol can increase precip-
itation locally, with the increased atmospheric energy from
both BC absorption and this increase in latent heat balanced
by horizontal energy transport.

The climate response to global and regional aerosol
changes has been studied extensively in model experiments,
using both idealised and instantaneous emissions perturba-
tions and transient scenario projections. Idealised perturba-
tions have been applied both globally and regionally across
some key areas (Kasoar et al., 2018; Lewinschal et al., 2019;
Samset et al., 2016; Yang et al., 2019), but the influence of
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tropical regions remains understudied in this regard. The ef-
fects of various differing aerosol emissions scenarios on the
climate have also been studied (Acosta Navarro et al., 2017,
Allen et al., 2021; Tebaldi et al., 2021). However, the effects
of single regions following different SSP emission trajecto-
ries to other areas have not been studied using CMIP6 mod-
els, and the effect of African emissions remains understud-
ied.

The recent SSP scenarios used in CMIP6 project a wider
range in future aerosol emissions than previous scenarios
such as the RCPs used in CMIPS5 (Gidden et al., 2019), which
may have been unrealistically narrow in their projections
(Partanen et al., 2018). This implies a wider range of possi-
bilities for the impact of aerosols on the climate system than
previously suggested. The climate impact of regional varia-
tions in these emissions scenarios has not yet been studied in
detail.

The tropics cover half the Earth’s surface and are a sub-
stantial source of aerosol emissions from a complex range
of natural and anthropogenic sources. These emissions could
therefore have a substantial effect on local and remote cli-
mates. The large population centres within the tropics sug-
gest that the societal impacts of any local climate and atmo-
spheric composition changes would be substantial too. The
human health impacts of particulate matter and ozone air pol-
lution under the African aerosol scenario experiments stud-
ied here will be analysed in a separate paper.

This study applies time-varying SSP scenarios differing
only in aerosol and reactive gas emissions over a single con-
tinent — Africa — in a fully coupled Earth system model and
investigates the impact on local and remote climates. Large,
idealised aerosol emission perturbations were also applied
over Africa and the tropics and used to inform the analy-
sis of the more complex transient experiments. The major
results presented in the main text relate to the scenario ex-
periments. This paper focuses on the impact of the scenario
experiments, due to the societal importance of realistic fu-
ture emissions scenarios; the analysis has been substantially
aided by the results of the idealised perturbations which are
presented primarily in the Supplement. The model used and
experiments performed are described in Sect. 2, the temper-
ature and precipitation responses and their mechanisms are
detailed in Sect. 3, and discussion and conclusions are pre-
sented in Sect. 4.

2 Methods

This study uses the UK Earth System Model Version 1,
UKESMLI, a participant in CMIP6 with a horizontal resolu-
tion of 1.875° x 1.25° and 85 vertical levels (Sellar et al.,
2019). The model couples the ocean, atmosphere, and land
components to Earth system components such as dynamic
vegetation and ocean biogeochemistry. Aerosols are repre-
sented by the GLOMAP-mode two-moment scheme, which
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simulates aerosol number and size in five lognormal modes
(Mulcahy et al., 2018). The aerosol scheme is coupled to
the interactive StratTrop chemistry scheme (Archibald et al.,
2020). UKESMI1 simulates black carbon (BC), organic car-
bon (OC), sulfate, sea salt, primary marine organic aerosol
(PMOA), secondary organic aerosol (SOA), and dust aerosol,
with dust simulated as an external mixture in six size bins
using an earlier aerosol scheme, CLASSIC (Bellouin et al.,
2011).

UKESMI represents the Earth’s climate well, with bi-
ases generally comparable to other CMIP6 models (Sellar
et al., 2019). Its equilibrium climate sensitivity (the steady-
state warming realised upon a doubling of CO, concen-
trations) is 5.4 K (Sellar et al., 2019). This is higher than
most other CMIP6 models, with an average across models
of 3.9K (Andrews et al., 2019; Zelinka et al., 2020), and
higher than the ARG very likely range of 2-5 K. It exhibits
the double-ITCZ bias (Sellar et al., 2019), common among
similar models (Tian and Dong, 2020); its overall precipi-
tation representation is reasonable, but like many models it
struggles to accurately represent historically observed global
temperatures. UKESM1’s BC aerosol forcing is the strongest
of all models participating in AerChemMIP, but a strong
negative sulfate forcing gives an overall aerosol forcing of
—1.09+0.04 Wm2 (O’Connor et al., 2021), close to the
multimodel value of —1.01+0.25 W m™2 (Thornhill et al.,
2021). The simulated aerosol optical depth (AOD) is low
over West Africa when compared to satellite and ground ob-
servations (Mulcahy et al., 2020), a common bias in climate
models (Wilcox et al., 2020).

The Shared Socioeconomic Pathway (SSP) emission sce-
narios, created for use in CMIP6, are used in this study to
generate transient 21st century emissions pathways. They
comprise a set of future spatially resolved emissions trajec-
tories, given particular socioeconomic and climate change
mitigation trends. They are denoted SSPx—y, with x an in-
teger from 1 to 5 indicating a different socioeconomic base-
line (O’Neill et al., 2017) and y indicating the approxi-
mate top-of-atmosphere radiative forcing in 2100 (van Vu-
uren et al.,, 2014). The two scenarios used in this experi-
ment are SSP119 and SSP370. The first of these corresponds
to strong climate mitigation, following the “Sustainability”
socioeconomic trends in SSP1 and a forcing of 1.9 W m~2
in 2100, approximately compatible with the more ambitious
Paris Agreement goals (O’Neill et al., 2016). The second
scenario instead assumes the “Regional Rivalry” associated
with SSP3, coupled with weak mitigation of both green-
house gases and aerosols, leading to a radiative forcing of
7.0Wm~2 in 2100 and high aerosol levels (Gidden et al.,
2019).

In this study, the control scenario experiment consists
of the whole globe (including Africa) following the high-
mitigation SSP119 scenario. Additional experiments are car-
ried out using hybrid scenarios of SSP119 and SSP370. In
all of them, the world outside of Africa follows SSP119 in
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Table 1. The scenario followed for African emissions of aerosols
and reactive gases and concentrations of CO» in each of the sce-
nario experiments. Non-African emissions and concentrations of all
species are taken from SSP119 in every experiment. BB: biomass
burning, OC: organic carbon, BC: black carbon. Species with
SSP119 (SSP370) emissions are in bold (italicised) to add contrast.

BB Non-BB SO, CO,

OC+BC OC+BC

and reactive  and reactive

gases gases
Control SSP119 SSP119 SSP119  SSP119
AerAll SSP370 SSP370 SSP370  SSP119
AerBB SSP370 SSP119 SSP119  SSP119
AerNonBB  SSP119 SSP370 SSp370  SSP119
CO, SSP119 SSP119 SSP119  SSP370
AerAllICO,  SSP370 SSP370 SSP370  SSP370

its entirety. Africa, however, follows the SSP370 pathway
for different subsets of emissions. Five experiments are per-
formed, named after the set of emissions for which Africa
follows SSP370. The aerosol species altered are sulfate (via
emissions of SO»), OC, and BC. The reactive gases are car-
bon monoxide (CO), nitrogen oxide (NO), ammonia (NH3),
ethane (C,Hg), propane (C3Hg), di-methyl sulfide, formalde-
hyde (HCHO), acetone (C3HgO), acetaldehyde (C,H40),
and non-methane volatile organic compounds (NVOCs);
these species are altered, and the list is provided for com-
pleteness, but the aerosol impacts drive the response under
these experiments. All the species have biomass and non-
biomass components in UKESM 1 except SO;, which has no
biomass component.

The scenario experiments are named with the species for
which SSP370 is used for African emissions or concentra-
tions. Table 1 indicates the experiments and the scenario used
for the emissions and concentrations of each species. “Aer-
All” refers to the experiment where all aerosols and reac-
tive gases follow the SSP370 scenario over Africa. “AerBB”
refers to biomass burning aerosols and reactive gases; “Aer-
NonBB” is then those emissions from non-biomass-burning
sources, i.e. fossil fuels and biofuel use. In the “CO,” exper-
iment, globally averaged CO, concentrations were increased
from the SSP119 concentrations in the control to approxi-
mately the levels reached globally if Africa had followed
SSP370 emissions of CO, whilst the rest of the world fol-
lowed SSP119. These CO, concentrations were calculated
using the MAGICC6 simplified climate model (Meinshausen
et al., 2011). Finally, “AerAllCO,” perturbs all aerosols, re-
active gases, and CO, concentrations such that Africa fol-
lows SSP370. Each experiment was carried out from 2015—
2100, and multiple ensemble members of each were used,
each with slightly different initial atmospheric and ocean
conditions to explore the internal climate variability. These
ensembles were the following: 10 members of the SSP119
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control (5 newly simulated for use here and 5 used from
the pre-existing CMIP6 ScenarioMIP experiments; Tebaldi
et al., 2021) and 7 members of each of the 5 additional ex-
periments.

While the transient scenario experiments are the focus of
this study, idealised aerosol emission perturbation experi-
ments were also performed with UKESM1. These involved
changes in similar species over similar regions as in the sce-
nario experiments but were driven by much bigger emis-
sions perturbations, which were sustained constantly until
the climate had approximately stabilised. This allows for
a clearer understanding of the general climate response to
the emissions changed in the scenario experiments. As these
idealised experiments had to be computed from an equilib-
rium climate, UKESM1 was initialised from 2015 and ran
with present-day (2006-2015 average) emissions of aerosols
and reactive gases and present-day (2015) concentrations
of greenhouse gases. The model was judged to have ap-
proximately reached equilibrium in global temperatures af-
ter 135 years (model year 2150), and the idealised emissions
perturbations were then applied:

— 10xTrop-SO, (SO, emissions multiplied by 10 in the
tropics, defined as 30° S to 30° N),

— zeroTropBB-OCBC (biomass burning (BB) OC and BC
emissions removed in the tropics),

— 10xTropBB-OCBC (BB OC and BC emissions multi-
plied by 10 in the tropics),

— 10xAfricaBB-OCBC (BB OC and BC emissions mul-
tiplied by 10 over Africa).

These perturbations were applied for 200 years; the first 50
years were discarded as spin-up, as the climate system ad-
justs to the applied forcing, and the final 150 years are anal-
ysed as the equilibrium response. This method is consis-
tent with prior studies which used similar spin-up times to
reach equilibrium under similar-sized aerosol perturbations
in earlier generation models (Kasoar et al., 2018; Myhre et
al., 2017; Shawki et al., 2018). Six control members, five of
zeroTropBB-OCBC, and two each of the experiments with
large emission increases were simulated. To more effectively
isolate the climate response to the aerosol changes, in these
idealised experiments the vegetation was held at present-day
levels, and the link between changing CH4 concentrations
and the radiative forcing of CH4 was also deactivated. Thus,
no climate impacts of changes in vegetation or CH4 com-
pared to the present-day were simulated in these idealised
experiments. In contrast, the scenario experiments used the
standard UKESM1 CMIP6 configuration, with the radiation
and vegetation schemes unaltered.

Figure 1 shows the emissions changes applied in the sce-
nario experiments. Total OC 4+ BC emissions are higher in
the AerAll experiment than in the control (panel e), while
the BB aerosol subset (panel c) shows the opposite trend.
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This is because the non-BB emissions (panel a) — from fos-
sil fuel and biofuel burning — are straightforwardly related
to the SSP scenario, with higher emissions under weaker cli-
mate mitigation, whereas the link between BB emissions and
the scenario drivers is more complex. The use of different
integrated assessment models to generate the different sce-
nario emissions (IMAGE for SSP1 (van Vuuren et al., 2017)
and AIM/GCE for SSP3 (Fujimori et al., 2017)) precludes
a complete understanding of the exact causes of the rela-
tively higher African BB emissions projected in SSP119 than
in SSP370, even when consulting the model teams, but the
dominant component of the total emissions change in Aer-
All is the higher non-BB emissions in SSP370. Non-BB car-
bonaceous aerosol emissions (panel g) are concentrated near
highly populated and industrial areas, primarily in West and
East Africa as well as the north coast. BB emissions are cen-
tred in the areas of seasonal BB activity north of the Equator
in DJF and south of it in JJA. The difference in total African
SO, emissions between the scenarios is small, with rela-
tively higher emissions in northern Africa in SSP370 offset
by projected higher industrial SO, emissions in SSP119 in
the south of the continent (except South Africa). Global SO,
emissions (panel b) drop quickly overall in both experiments,
with only a small magnitude difference by 2100. The total
aerosol emission difference between the scenarios applied in
this study is therefore dominated by changes in carbonaceous
aerosol. The CO, concentration (panel f) increases in both
scenarios from the present day, before peaking around mid-
century. It drops below 400 ppm in the (SSP119) control, but
when switching Africa’s emissions from SSP119 to SSP370
the concentration peaks later and decreases less sharply, re-
maining above 2015 levels in 2100.

3 Results

This section details the climate response to the different
emission changes, focusing on the scenarios, particularly for
the period from 2070-2100. This period is selected to max-
imise the difference between the climates, as the emissions
diverge throughout the century, while reducing internal vari-
ability through averaging over a 30-year period as well as
across ensemble members.

Figure 2 shows the global mean surface temperature in
each experiment, from both the idealised and scenario exper-
iments. Global and regional temperatures in 2070-2100 rela-
tive to a pre-industrial control UKESM1 experiment are also
indicated in Table 2 for the scenario experiments. Beginning
with the idealised experiments (panel a), as detailed in the
methodology, UKESM1 was forced with present-day emis-
sions for 135 years to reach equilibrium, before applying the
idealised perturbations for 200 years. The increased sulfate
experiment, 10xTrop-SO,, resulted in a strong global cool-
ing of —1.93 £0.07 K relative to the control, consistent with
the strong negative forcing associated with sulfate aerosol
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Figure 1. Time series of OC + BC (carbonaceous) aerosol, from non-BB (a), BB (c), and their sum (e), as well as SO, emissions (b) and the
OC /BC ratio for total emissions (d). These emission time series are shown globally and over Africa for OC + BC. CO, global concentrations
are also indicated (f). The control experiment follows the black curves, with the changed emissions labelled according to the experiment(s)
they relate to. Also shown are maps of aerosol emissions in each scenario, and their difference, in 2060 (g).

(Smith et al., 2020) and with the size of the perturbation ap-
plied here. When carbonaceous BB aerosol is increased in
10xTropBB-OCBC and 10x AfricaBB-OCBC, however, a
substantial global warming of 1.08 0.07 and 0.78 £0.07K
relative to the control occurs, respectively, while the weaker
and opposite zeroTropBB-OCBC experiment causes a slight
global cooling, with a temperature change of —0.07£0.05 K.
This is consistent with UKESM1’s positive BC forcing being
larger in magnitude than its negative OC forcing (O’Connor
et al., 2021) and indicates that this holds even for BB emis-
sions, despite the fact that they have a higher OC/BC ra-
tio than other carbonaceous aerosol sources (von Schnei-
demesser et al., 2015).

The global mean temperature in the SSP119 control ex-
periment (panel b) continues to increase from its historical
trajectory before levelling out around 2060 with a 2070—
2100 temperature 2.27 K higher than pre-industrial times
(Table 2). The experiment with increased CO, warms further,
as expected, with a significantly higher warming of 2.43 K in
2070-2100 compared to the control (Table 2). AerNonBB
also exhibits a significantly higher warming than SSP119,
though the dampening effect of reduced BB emissions causes
AerAll to not see a significant difference in the global tem-
perature change. The largest warming occurs in AerAllICO;,
where both the net warming aerosol and CO, are increased,

https://doi.org/10.5194/acp-23-3575-2023

Table 2. Changes in surface temperature from pre-industrial times
(calculated using a pre-existing PiControl simulation) to the period
2070-2100 in the control scenario and each experiment, globally
and in several regions. Africa is defined as per the emissions region,
visible in the difference panels in Fig. 1; NTropAf (northern tropical
Africa) is the high-emissions region from 0-30° E and 0-10° N; the
Arctic is 60-90° N. The values are bolded (italicised) to indicate
statistically significant higher (lower) temperatures than the control
experiment.

Global Africa NTropAf Arctic
Control 2.27 2.50 241 6.68
AerAll 2.33 2.35 1.83 6.89
AerBB 2.28 2.51 2.43 6.76
AerNonBB 2.34 2.36 1.78 6.84
CO, 243 2.68 2.58 7.01
AerAllICO, 249 2.53 2.03 7.07

giving a total global warming of 2.49 K, a level 0.22 K higher
than the control.

The effective radiative forcings (ERFs) of the idealised
aerosol perturbations, calculated via fixed-SST and sea-ice
experiments (see the Supplement), reflect the temperature
responses, with a positive ERF under increased carbona-
ceous aerosol and a negative forcing when increasing sulfate

Atmos. Chem. Phys., 23, 3575-3593, 2023
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(b) Scenario experiments GMST
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Figure 2. Global mean temperature response historically and under the idealised emissions perturbations (a) as well as through the 21st
century in the emissions scenario experiments (b). The 20-year rolling means are shown, with the control inter-member standard deviation

shown by the shaded envelopes.

aerosol. ERFs were not calculated for the scenario experi-
ments, as this would have required parallel fixed-SST and
sea-ice experiments. The TOA downward radiative fluxes
can be calculated from the coupled runs and are consis-
tent with the impacts on temperature. For example, com-
pared to the control, AerNonBB exhibits a clear-sky long-
wave (LW) flux smaller by —0.16 £ 0.08 W m~2 due to its
relatively warm temperature. This is partially offset by a
positive clear-sky SW forcing of 0.08 &0.04 W m~2, con-
centrated over Africa and due to the increased BC absorp-
tion. AerAllCO; drives a more negative clear-sky LW flux
of —0.25+0.08 Wm™2 due to its even warmer temperature
under additional CO», with a clear-sky forcing similar to Aer-
NonBB driven by the non-BB aerosols.

The effect on net surface shortwave radiation of the sce-
nario experiments — except the experiment which only per-
turbed CO; — is displayed in Fig. 3 for 2070-2100. While
the AerNonBB experiment caused a global warming, the in-
creased atmospheric aerosol burden reduced overall short-
wave radiation into the surface over and around Africa. A
consistent and opposing increase in surface shortwave radi-
ation occurs in AerBB due to the relative reduction in BB
emissions, with AerAll reflecting the combination of these
effects. The changes under AerAllCO; are consistent with
AerAll, with aerosols dominating the response and with an
additional positive surface forcing over the Arctic due to the
reduced albedo under sea-ice melt.

Turning to the spatial temperature response, Fig. 4 shows
maps of the 2070-2100 mean temperature response in DJF
and JJA under each scenario experiment. The increased
global CO, concentrations in the CO; experiment lead to a
general warming (panels g, h). While the increased aerosol
experiments (panels a, b, e, f, i, j) drive a general warming
effect, a striking local cooling over much of Africa is found.
This is consistent with the reduced net downwards surface
shortwave radiation. The cooling occurs because absorbing
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aerosol, while increasing the energy within the Earth sys-
tem and therefore raising temperatures globally, acts to re-
duce the radiation into the surface underneath it (adding to
the cooling effect of OC), which here outweighs the general
warming effect close to the perturbation, where the burden
change is largest. This local surface cooling even outweighs
the enhanced warming from additionally increased CO; in
AerAlICO,. Whereas the local cooling from increased non-
BB aerosol occurs around the main non-BB emissions areas
in northern tropical Africa in both seasons, the AerBB ex-
periment (panels c, d) exhibits the BB emissions seasonal
cycle in its local warming. This warming occurs since BB
aerosol emissions are lower under this experiment, hence in-
creasing the incident surface radiation. It should be noted that
the local cooling pattern does not exactly match the pattern
of emission changes between the scenarios; the reason for
this is linked to the background circulation pattern and is ex-
plored later in this paper. An analogous figure showing the
surface temperature response to the idealised perturbations is
given in Fig. S1 in the Supplement. Enhanced local warming
is present in southwestern Africa under AerAll; this is due
to the local reduction in SO, emissions (Fig. 1), increasing
the incident surface radiation. Statistically significant remote
impacts — warming (cooling) under increased (decreased)
carbonaceous aerosol — occur across broad land and ocean
regions, more so under the larger non-BB-changing experi-
ments, and with almost all remote areas experiencing warm-
ing under AerAlICO;.

Table 2 shows the temperature change from pre-industrial
times to the period 2070-2100 over several regions in addi-
tion to the global mean for the control scenario and each ex-
periment. The Arctic experiences substantially more warm-
ing than the global mean, occurring predominantly in DJF
(Fig. 4) as is typical of Arctic amplification (Stjern et al.,
2019). Africa, defined using the emissions region as can be
seen in Fig. 1, experiences larger overall warming since pre-
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Figure 3. Effect of each scenario experiment (except changing only CO,) on net downwards surface shortwave radiation in 2070-2100
relative to the control scenario. Stippling indicates grid cells where the change is significant with respect to intra-ensemble variation.

industrial times than the global mean, consistent with the
larger land than ocean response. However, while the CO,
experiment exhibits enhanced African warming relative to
the control, the increased non-BB aerosol in AerNonBB and
AerAll drives less overall warming over Africa than in the
control scenario by around 0.15 K. Focusing further on the
strong cooling region from 0-30° E and 0-10° N, this re-
duction in warming reaches 0.6 K in AerNonBB, reducing
the overall warming trend from pre-industrial times to 2070—
2100 by 25 %.

Turning to the effects of the scenario experiments on at-
mospheric circulation patterns, Fig. 5 shows the 2070-2100
response of vertical velocity at 850 hPa under each of the
aerosol-only experiments in DJF and JJA, as well as the back-
ground vertical velocity in the control simulations. Figure 6
shows the Atlantic zonal-mean response and background.
The ITCZ can be clearly distinguished in DJF at 0-10° N
in the control over Africa and the Pacific and slightly further
south over the Atlantic (Fig. 5g) and north of the DJF posi-
tion, particularly over land, in JJA (panel h). Since the over-
all effect of the carbonaceous aerosol in the experiments is a
positive forcing (to generate the overall warming in Fig. 2b),
and the increase in non-BB aerosol is primarily north of the

https://doi.org/10.5194/acp-23-3575-2023

Equator (see Fig. 1), the experiments with increased non-BB
represent an overall positive northern hemispheric forcing.
Positive radiative forcings act to pull the ITCZ location to-
wards the hemisphere where they occur (Schneider et al.,
2014; Voigt et al., 2017; Frierson and Hwang, 2011), so a
northward shift in the ITCZ can be expected under the in-
creased African non-BB aerosol experiments here in DJF,
though the effect in JJA may be complicated by the more
northern background ITCZ location. This is indeed clear in
DJF in the Pacific, the Atlantic, and Africa in the 850 hPa
vertical velocity maps (Fig. 5a and e) and also in the Atlantic
zonal-mean panels in AerAll and AerNonBB (Fig. 6a and e).
In the less drastic AerBB experiment, the BB aerosol emis-
sion decrease in DJF is also centred north of the Equator,
suggesting a southward ITCZ shift due to overall cooling in
the Northern Hemisphere in this case. This southward shift is
present over the Atlantic zonally (Fig. 6a) and over Africa in
panel (c) of Fig. 5 but is less clear over the Pacific, likely due
to the smaller emissions difference under this experiment.
In JJA, slight northward shifts are present in eastern Africa
and the Atlantic (Figs. 5d, 6b). Figure S2 shows consistent,
stronger effects under the much larger idealised emissions
perturbations.

Atmos. Chem. Phys., 23, 3575-3593, 2023
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where the change is significant with respect to intra-ensemble variation.

The precipitation response in both DJF and JJA is then
shown in Fig. 7 for the aerosol experiments, with maps as
well as global and Pacific zonal means, along with the control
rainfall. Figure S3 presents the same for the idealised experi-
ments, with consistent results. The Pacific zonal mean shown
as the ITCZ is coherent here and extends across a large longi-
tude range, allowing any shifts to be more readily identified.

https://doi.org/10.5194/acp-23-3575-2023

Over the Pacific, the northward shift in DJF in the AerAll
and AerNonBB experiments identified in the vertical veloc-
ity panels is also clear in the rainfall response, with a char-
acteristic wetting (drying) in the north (south) of the control
ITCZ band. No clear Pacific ITCZ shift manifests in JJA un-
der AerAll or AerNonBB, indicating that the more northern
position of the ITCZ in JJA may prevent the perturbations

Atmos. Chem. Phys., 23, 3575-3593, 2023
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Figure 6. Vertical velocity changes zonally over the Atlantic in DJF and JJA for the three aerosol perturbations minus the control (AerBB,
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when opposing.

from inducing a strong forcing asymmetry across the ITCZ
as is the case for DJF. AerBB shows little clear Pacific precip-
itation response, consistent with the vertical velocity change,
but some local effects are found, discussed shortly. Northern
South America experiences substantial decreases in precip-
itation under increased African non-BB aerosol (in AerAll
and AerNonBB), centred over areas with large background
rainfall in both DJF and JJA. While small in percentage
terms, these are relatively large-magnitude shifts, suggest-
ing that through their impacts on the ITCZ location, aerosol

Atmos. Chem. Phys., 23, 3575-3593, 2023

emissions can produce substantial changes in precipitation in
key locations remote from their emission. The representation
of the West African monsoon (WAM) in UKESM1 features
an anomalous second rainfall peak off the West African coast
(Fig. 7x), common among climate models (Raj et al., 2019).
While increased WAM precipitation occurs under AerBB,
consistent with a localised northward ITCZ shift (Fig. 7f),
the precipitation responses under changed non-BB emissions
in AerNonBB and AerAll (Fig. 71, r) appear to be dominated
by local effects. This differs from prior studies discussed in
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the Introduction, which primarily applied perturbations to re-
mote (i.e. non-African) aerosols, often resulting in substan-
tial WAM shifts. This difference is due to the relatively weak
ITCZ shifts found here — since the perturbation straddles the
Equator — coupled with the strong local effects as emissions
were perturbed within and near the WAM region.

The local pattern of precipitation change over Africa
is complex, with large increases under increased non-BB
aerosol in different regions in DJF and JJA. These responses
can be understood through an investigation of the effect of
the emissions changes on the vertical atmospheric structure.

Figure 8 shows vertical profiles of the change in car-
bonaceous aerosol burden, SW heating, potential tempera-
ture, atmospheric stability, vertical velocity, and cloud in
2070-2100 in AerNonBB. These profiles are given for three
region—season combinations, with the regions indicated in
the bottom right panel of Fig. 9: Region 1 centres on the
eastern Sahel, with profiles shown for DJF and JJA, while
Region 2 is centred on the high-emissions southern Nigeria—
western Cameroon area and the Gulf of Guinea, with just the
DJF profile shown. Figure 9 shows the background (control)
850 hPa vertical velocity and the AerNonBB-induced 2070—
2100 change in three variables: temperature at 420 m, verti-
cal velocity at 6000 m, and surface precipitation, centred over
Africa for DJF and JJA.

In Region 1 in JJA, the strong increase in emissions
(Fig. 1) coincides with a strong background upwards vertical
velocity (Fig. 9a). This allows the carbonaceous aerosol to
increase strongly throughout the column (Fig. 8a). This large
aerosol burden then generates a strong SW heating vertical
response (Fig. 8b) and also gives rise to the cooling at the
surface and in the lower atmosphere, as seen in Figs. 4 and
9. Thus, the pattern of local cooling depends not just on the
pattern of emissions change but also on the background cir-
culation, with areas of strong uplifting circulation allowing
for higher aerosol loads and consequent reductions in radia-
tion into the surface. The vertical profile of potential temper-
ature change over Region 1 in JJA (Fig. 8c) reflects this: a
significant cooling occurs up to 1.5 km, giving way to warm-
ing at higher levels. Crucially, the combination of the reced-
ing cooling effect with height and increased SW absorption
gives rise to a warming peak around 4 km, with less warming
above for several kilometres. The effect is therefore an insta-
bility anomaly in the mid-troposphere (Fig. 8d), which gives
rise to enhanced vertical velocity above 4 km (Fig. 8e). This
enhanced mid-tropospheric convection is strongly correlated
spatially with the local cooling (Fig. 9b). Cloud is enhanced
above this (Fig. 8f), with reduced mid-level cloud coinciding
with the SW heating. Precipitation is therefore strongly en-
hanced in these areas, with increased mid-level convection,
i.e. across northern equatorial Africa in JJA (Fig. 9d), en-
hancing the background rainfall (Fig. 7).

To summarise, Region 1 in JJA is associated with both
increased carbonaceous aerosol emissions and background
convection exhibiting strong uplifting of the aerosol; SW
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heating from the BC aerosol leads to a warming peak, which
generates a mid-tropospheric instability anomaly, and hence
increased precipitation.

This mechanism can be applied to different region—season
combinations. Figure 8 shows vertical profiles for Region 2
in DJF, which also features strong increased aerosol emis-
sions and background convection. Thus, a warming peak oc-
curs around 3 km (Fig. 8i), convection is strongly enhanced
above this (Fig. 8k), and precipitation is increased (Fig. 9h).
The horizontal circulation also plays a role here, with the
aerosol carried downwind generating a strong precipitation
response into the Atlantic (Fig. 9h). In contrast to the two
region—season combinations initially analysed, Region 1 in
DIJF — while having strong emissions still — is dominated by
descending air (Fig. 8q). This strongly suppresses the verti-
cal extent of the aerosol increase (Fig. 8m), precluding the
mechanism described above from manifesting, and thereby
preventing any significant precipitation response (Fig. 9h). A
further case study — over East Africa in DJF under the ide-
alised emissions perturbations — is presented in Fig. S4.

The local precipitation response, while complex, is then
intelligible when considering the patterns of both the emis-
sions and the background circulation pattern. Similar fea-
tures can be seen elsewhere, such as over East Africa, where
emissions, convection, surface cooling, enhanced mid-level
convection, and rainfall are coincident.

4 Discussion and conclusions

This study analysed the effect on local and global climates
of Africa pursuing SSP370 aerosol, reactive gases, and CO»
trajectories rather than the strong mitigation SSP119 sce-
nario. The responses are likely predominantly due to the sub-
stantial differences in aerosols, since aerosols have a larger
forcing and more important role in precipitation than re-
active gases. SSP370 comprises higher fossil fuel and bio-
fuel use, with associated higher CO; emissions and non-
biomass-burning aerosols, with BB aerosol emissions con-
versely lower than in SSP119. The state-of-the-art CMIP6
Earth System Model (UKESM1) was used in this study, with
its two-moment aerosol scheme and interactive chemistry
scheme simulating the response to changes in sulfate, organic
carbon and black carbon aerosols, and reactive gases. Analy-
sis of the transient scenario experiments was aided by several
much larger idealised aerosol emissions perturbation exper-
iments over Africa and the tropics. These idealised exper-
iments demonstrated large-scale responses consistent with
the transient scenario-based experiments, including the net
warming from carbonaceous aerosol and the broad dynami-
cal responses of the ITCZ and precipitation effects.

While SO, and carbonaceous aerosol were changed simul-
taneously, the overall difference in SO, emissions between
the experiments was small due to spatial cancellations; some
local responses were driven by local SO, changes, but global
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effects and most prominent regional changes were driven
by the carbonaceous aerosol response. UKESM1 features a
strong BC forcing, causing the BC aerosol to be the domi-
nant driver of the response. Increasing non-BB aerosol emis-
sions from Africa therefore warmed the climate significantly
more than in the control (by 0.07 K), with this difference en-

Atmos. Chem. Phys., 23, 3575-3593, 2023

hanced to 0.22 K when including the additional African CO,
emissions of SSP370 compared to SSP119. These global
temperature changes are substantial when considering the
disparate impacts between 1.5 and 2K of global warming
(IPCC, 2018).
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Figure 8. Changes in the vertical profile of carbonaceous aerosol burden (a, g, m), clear-sky SW heating (b, h, n), potential temperature
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than the control, acting to reverse the sign.

The general warming was outweighed locally by cooling
due to the reduced surface incident radiation from increased
aerosol. This local cooling persisted even when including the
increased CO; concentrations. The pattern of this cooling did
not match the emissions change, particularly in the northeast
of the cooling region in JJA, as it also depended on the back-
ground circulation. Areas with both higher emissions and
strong convection, particularly near the ITCZ over Africa,
saw strong aerosol lofting and therefore a larger radiative ef-
fect, with consequent large local cooling. This lofted aerosol
drove strong BC absorption, with a warming peak around
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3—4km and enhanced instability above this, resulting in in-
creased precipitation. The complex responses of temperature
and precipitation, including the opposing local and remote
temperature impacts, indicate the importance of investigat-
ing the regional response to specific emission trajectories in
addition to the global mean change.

A single model, UKESM1, was used in this project. While
UKESMI accurately simulates many aspects of the global
climate, its representation of some aspects of the climate
system relevant to this study is different to that of other
models. In particular, it simulates a strong present-day BC

Atmos. Chem. Phys., 23, 3575-3593, 2023



3588

C. D. Wells et al.: Local and remote climate impacts of future African aerosol emissions

(a) Control w850hPa JJA

(b) AerNonBB Tempera
7 = “?&}F

AerNonBB w 6000m | (d) AerNonBB Precipitation

oo e
WAL, g T, o
& ok % : !y -
= ] m | :
(e) Control w850hPa DJF (f) AerNonBB Temperature 420m DJF (g) AerNonBB w 6000m DJF (h)  AerNonBB Precipitation DJF
g el = RS T 3 I AT | B = T g N [ e T g re RG]
S T 7 J - [ Region 1
¥ ﬁ? . > V\!/_ K‘“ Region 2 ‘\,

1 East Africa W\ k A

-0.010 -0.005 0.000 0.005 0.010 -04 -02 0.0 0.2 0.4

ms~1 K

—0.0010 —-0.0005 0.0000 0.0005 0.0010 -04 -02 0.0 0.2 0.4

ms™1 mmd-t

Figure 9. Background 850 hPa vertical velocity in the control (a, e) and the AerNonBB-induced 2070-2100 changes in temperature at
420m (b, f), vertical velocity at 6000 m (¢, g), and surface precipitation (d, h) over Africa for JJA (a—d) and DJF (e-h). Stippling indicates

significant changes when compared to the inter-member deviation.

forcing, the largest of eight AerChemMIP models at 0.37 £
0.03 W m~2 (O’Connor et al., 2021; Thornhill et al., 2021);
the multimodel mean result was 0.154+0.17 W m 2. Its OC
forcing is similar to other models; the dominance of BC over
OC in UKESM1 may therefore be at odds with other mod-
els. Of the six AerChemMIP models which calculated both
OC and BC ERFs, UKESMI is one of only two in which
the magnitude of BC forcing outweighs that of OC. Thus
the warming found here under higher African carbonaceous
aerosol emissions is likely unrepresentative of most other
models; similar experiments changing carbonaceous aerosols
using other CMIP6 models would therefore be useful to in-
vestigate the model uncertainty in this response. However,
UKESMI1 and its earlier versions feature detailed and re-
alistic aerosol schemes, with the earlier version HadGEM?3
demonstrating better observational BB properties than most
models (Brown et al., 2021), and the aerosol scheme has un-
dergone careful improvement and evaluation against obser-
vations (Johnson et al., 2016; Mulcahy et al., 2020, 2018;
O’Connor et al., 2021).

The vertical profile of black carbon has been found to be
biased compared to observations, with too much aerosol at
high altitudes and not enough lower down, in CMIP6 models
including UKESM1; when accounting for more realistic ver-
tical profiles, the BC forcing is reduced significantly (Allen
et al., 2019). A more observationally constrained simulation
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of these scenarios would therefore likely reduce the warm-
ing effect. Potentially, the mechanism analysed here through
which precipitation is enhanced by the increased carbona-
ceous aerosol would be weaker under more accurate verti-
cal profiles, though the extent of this is less certain with-
out further experiments. Biases in underlying circulation pat-
terns, such as the double-ITCZ bias (Tian and Dong, 2020),
would also impact the specific pattern of precipitation in-
crease found here.

The scenarios applied here changed subsets of emissions,
whereas in reality specific anthropogenic activities and natu-
ral processes cause emissions of broad ranges of species. Us-
ing fossil-fuel-linked aerosols from one scenario with CO,
emissions of another neglects this link. In addition, the SSP
scenarios include interactions between continents, contrary
to the experiments here allowing the scenario to vary spa-
tially. The scenarios created here are not designed to be
specific plausible future pathways, but are instead gener-
ated to isolate the effects of a single continent varying in its
trajectory of particular emissions subsets. The SSP119 and
SSP370 scenarios feature little difference in SO, emissions
over Africa due to the spatial cancellation visible in Fig. 1.
These scenarios were created by different integrated assess-
ment models, and this cancellation may not be a robust re-
sponse. If these experiments were applied over other regions,
or for other pairs of scenarios, sulfate aerosol may play a sub-
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stantially larger role, with potentially larger local cooling and
less remote warming.

Emissions were changed only over a single continent,
Africa, in the scenario experiments, with emissions else-
where fixed at SSP119 levels in all simulations. The experi-
ments represent several possible future trajectories in emis-
sion subsets, albeit following two very different emission
pathways spanning the full range of aerosol emissions in the
SSP scenarios (Gidden et al., 2019). Only a subset of emitted
species was changed each time — either some or all aerosols
and reactive gases, with and without CO;. These relatively
small perturbations to total emissions nonetheless generated
substantial impacts on the climate, both locally and at the
global level. The large effect of the different scenarios re-
flects the far wider range in aerosol emission trajectories in
the SSP scenarios used here compared to the previous RCP
scenarios. This stresses the importance of aerosols for the
future evolution of global and regional climate and simulta-
neously highlights that further attention should be paid to the
impact of future African sulfate and carbonaceous aerosols
in particular, since they can lead to substantial modulations
of the predicted patterns of future temperature and rainfall
for different world regions.

This study highlights the importance of future African
aerosol emissions for local and global climates, showing that
the range of plausible futures over a single continent can
drive significant shifts in global temperatures and substantial
impacts on local and remote temperatures and precipitation.
Further work should be undertaken to better understand the
plausible future variation in aerosol-climate impacts, explor-
ing a range of scenarios, regions, species, and models.
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