

http://orcid.org/0000-0001-8013-1833
http://orcid.org/0000-0003-0599-4633










@AG U Geophysical Research Letters 10.1002/2017GL076079

GHG warming Aerosol reduction Aerosol sensitivity ratio

GHGl

o 2
S 2 3 <
A —
A 2
g 0 2 =
= 5 i~
2 B
_2 1 %
5
-4 0 =
50 =
5 =
S B ‘@3
A = 4
2 2
9 0 ]
o Tm
< s Mz
a
3

Figure 2. Regional sensitivities to increases in (left column) long-lived GHG concentrations and (middle column) aerosol emission removal. (top row) Temperature.
(bottom row) Precipitation. All panels show the mean of four models. (right column) The aerosol sensitivity ratio (ASR; see section 2). The hatched regions are
where the multimodel mean is signi cantly different from the baseline mean, according to a two-tailed Student’s t test with p < 0.02 (see section 2). ASR is only
plotted where both the GHG and aerosol change are statistically signi cant.

Since the aerosol distribution is more heterogeneous compared to well-mixed GHG, the rest of our discus-
sions will focus on the regional sensitivities to GHG increase relative to aerosol removal. Figure 2 shows
the multimodel geographical responses to GHG increase (Figure 2, left column), and aerosol emission
removal (Figure 2, middle column), normalized by the global mean surface temperature change in each
model. For temperature change (Figure 2, top row), this shows the relative warming of different parts of
the world. Following well-known patterns (Collins et al., 2013; Joshi et al., 2008; Screen & Simmonds, 2010;
Sutton et al., 2007), the models predict a warming that is strongest in the polar regions, and stronger warming
over land than over oceans. This pattern is similar for aerosols, however, with even stronger polar warming,
and hot spots around the major anthropogenic aerosol emission regions (mainly China and the U.S.). To com-
pare the two, we construct the aerosol sensitivity ratio (ASR; see section 2) in Figure 2 (right column). Here we
clearly see an elevated sensitivity to aerosol reductions in the northern hemisphere, relative to GHG increase.
We attribute this mainly to the hemispherical asymmetry of present-day aerosol emissions. Note that the ASR
is plotted only for model bins where both the GHG and aerosol-induced changes are signi cantly different
from O (see section 2). We also nd an area south of Greenland with weak or no ocean surface warming when
reducing aerosol emissions, visible in all participating models (see Figures S2-S5). This resembles the
expected pattern from a slowdown of the Atlantic Meridional Overturning Circulation (AMOC) (Rahmstorf
etal, 2015). We do not follow up on this point here but link it to the anomalous northern hemispheric warm-
ing introduced by aerosol reductions that has previously been shown to lead to a reversible AMOC slowdown
on multidecadal time scales (Levermann & Meinshausen, 2014).

The apparent hydrological sensitivities, i.e., including both rapid adjustments and the response to surface
temperature changes (Figure 2, bottom row), also follow patterns seen in previous multimodel comparisons
(Allen & Ingram, 2002; Knutti & Sedla ek, 2012; Samset et al., 2016). We nd a general increase of 2—6% per °C,
dominated by the tropical ocean regions and a shift of the Intertropical Convergence Zone although with
signi cant intermodel differences. Removing aerosol emissions broadly reinforces this pattern. Natural varia-
bility in precipitation reduces the model agreement, as discussed elsewhere (see, e.g., Deser et al., 2012, and
Schaller et al., 2011). For regions where the response to GHG and aerosol changes are both signi cant, how-
ever, the ASR is again seen to be well above unity in the Northern Hemisphere, indicating a higher regional
hydrological sensitivity to aerosol removal than to GHG dominated warming.

We have here found that the global, annual, multimodel mean temperature and precipitation response to
fully removing anthropogenic aerosols is half to a third of that of a GHG-driven warming of around 1.5°C.
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Figure 3. Extreme weather sensitivity to changes in (top row) long-lived GHG and (middle row) aerosol removal. Mean of four models. (bottom row) Aerosol
response pattern (ASR). The hatching shows where all four models agree on the sign of the change. TXx: maximum daily temperature, annual mean. RX5D: maxi-
mum 5 day precipitation. CDD: consecutive dry days. ASR is only plotted where models agree on the sign of the change for both the GHG and aerosol simulations.

Extreme weather indices may not simply scale with global surface temperature, due to their dependence on
local physical conditions and regional forcing patterns (Boucher et al., 2013; Sillmann, Kharin, Zwiers, et al.,
2013; Westra et al., 2014). In the following, we compare the regional sensitivities of TXx, RX5D, and CDD
changes due to GHG-dominated warming, with removal of anthropogenic aerosol emissions.

Figure 3 shows multimodel mean maps of the changes to the extreme weather indices, per degree of global
mean surface warming, and their aerosol sensitivity ratios, computed as for Figure 2. Looking rst at the GHG-
dominated warming (Figure 3, left column), we nd a high sensitivity of the maximum annual daily tempera-
ture (TXx; Figure 3, top row) for all land areas. In Northern Africa, the Middle East, and South America the
maximum annual daily temperature increases by up to 2°C per degree of warming. All models agree on
the sign of the change over most of the land area (hatching). Maximum 5 day precipitation (RX5D;
Figure 3, middle row) increases with global warming for much of the global land area. As expected for
precipitation-related indices, model agreement is low. In particular, we note that agreement is poor in the
aerosol source regions of Europe, East Asia, and the U.S. For consecutive dry days (CDDs; Figure 3, bottom
row), the models predict an increase with warming in parts of Africa, and a strong decrease of up to 10 days
per °C in regions of the inner Eurasian continent, but again with poor agreement between the models.

We note here that the patterns seen for the change in extreme weather indices broadly follow those found in
a recent study on the climate impacts of 1.5°C and 2.0°C warming (Schleussner et al., 2016). However,
that study used a 1986-2005 reference period and looked at the 1.5°C warming period in the CMIP5
ensemble (occurring around 2030-2040 for RCP8.5), where the scenarios already include some aerosol
emission reduction.

The sensitivities of extreme weather to removing anthropogenic aerosol emissions (Figure 3, middle column)
show similar patterns to those from GHG-dominated warming. This is expected, as much of the change is
likely associated with the mean warming of the climate system stemming mainly from the removal of sulfate
cooling. As for temperature and precipitation change, however, we nd higher sensitivities in the Northern
Hemisphere. A main reason for this is likely a higher surface temperature change locally where aerosols
are removed. Regionally, we note an elevated sensitivity of TXx (ASR > 3) over the U.S,, Europe, and East
Asia. RX5D sensitivities are stronger for aerosol reductions than for GHG removal, with higher consistency
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Figure 4. Land area mean changes to temperature, precipitation, and extreme weather indices, per degree of global mean
surface temperature change. Globally (grey) and for three major aerosol emission regions (colors). The large circles

show multimodel means; the small circles show individual model values. The left values are for GHG-induced warming; the
right values (on yellow background) are for aerosol emission reductions.

between models. For CDD, the model agreement is low, but we can conclude that the patterns appear similar
for both cases. Consequently, the ASR calculation tells little for the RX5D and CDD changes, although it is >1
for the few locations in the Northern Hemisphere where we can make an assessment.

In Figure 4, we aggregate the changes seen in Figure 3, globally and for three selected aerosol emission
regions (Europe, East Asia, and the U.S.). For GHG warming, the temperature change over land (Figure 4,
top left) is 30% stronger than the global mean, with little intermodel variation. For the aerosol emission
regions, the land-to-global response ratio for GHG warming is consistent with unity. Aerosol emission reduc-
tions, however, show a 50% stronger land temperature increase than globally, consistent with previous nd-
ings (Shindell, 2014). The major aerosol emission regions see even higher ratios under aerosol removal, due
to strong reductions in local sulfate induced cooling. Similar conclusions hold for precipitation (Figure 4,
bottom left), except for a much stronger response to aerosol reductions in the East Asia region (15% per °C).

For climate extremes, TXx and RX5D follow the patterns of temperature and precipitation change, respec-
tively. For all three major aerosol source regions, we nd that the hottest day temperatures and maximum
precipitation will change more for heating due to aerosol emission reductions than for a similar global warm-
ing due to greenhouse gases. This difference needs to be kept in mind when discussing the potential regional
implications of a given combination of GHG mitigation and air quality measures. A further implication is that
even if global warming is kept below 1.5 or 2°C, regional climate may change as the composition of climate
forcers changes over time.

For CDD, the models predict changes that differ in sign. One major exception is, again, East Asia, where the
strong increase in precipitation also induces a reduction in the number of dry days in all models.

Multiple processes likely underlie the differences between GHG and aerosol perturbations shown in Figure 4.
However, we expect differences in land area heating to be dominant factor. Figure S6 shows the regional
responses normalized by local temperature change rather than global. Here we nd more similar response
patterns for mean precipitation and extreme indices (mean temperature is identical by construction),
indicating that the main difference has a thermodynamic origin. The one major deviation is East Asia, where
the precipitation responses are still signi cantly stronger for aerosol reductions. We attribute this to removal
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of rapid adjustments from black carbon emissions, which are known to reduce regional precipitation (Samset
etal, 2016).

4. Discussion and Conclusions

We have shown how climate impacts from the expected strong reductions in anthropogenic emissions of BC,
organic carbon, and SO, may compound with those from GHG-driven global warming. The models simulate
an additional global warming of around 0.7°C when fully removing anthropogenic aerosols, with a model
range of (0.5, 1.1)°C. This is comparable in magnitude to the 1°C already realized since preindustrial times.

Populated regions see stronger changes in temperature, precipitation, and extremes than the land area
mean. In the major aerosol source regions, both temperature, precipitation, and extreme weather indices
are more sensitive to a removal of anthropogenic aerosols than to GHG increases, per degree of global mean
temperature change. The geographical pattern of changes to the extreme weather indices is also different
from that expected from a similar GHG-driven surface temperature increase, with elevated sensitivities to
aerosol changes in the Northern Hemisphere. We highlight East Asia as a region where extreme precipitation
is particularly sensitive to a reduction in aerosol emissions.

One clear limitation of the present study is the low number of models, compared to larger multimodel inter-
comparisons such as CMIP5. We note, however, that the host models used here span much of the range of
previously reported climate sensitivities (Forster et al., 2013) and precipitation responses to identical pertur-
bations (Samset et al,, 2016). A related issue is the known diversity in precipitation responses in present
climate models (Knutti & Sedla ek, 2012), which also affects extreme weather index calculations. The spread
in calculated impacts shown here should therefore be taken as indicative, rather than an upper bound. A
further question, not unique to the present study, is the ability of the current generation of global models
to simulate climate extremes. We note that the performance of the CMIP5 models has recently been
evaluated in this context (Fischer et al., 2013; Sillmann, Kharin, Zhang, et al.,, 2013), with results indicating
reasonable model skills when aggregated over larger regions, such as used in the present study.

We note that the range of GHG warming simulated here, for present-day aerosols, ((1.1, 1.7)°C), occurred for a
CO, concentration range of (406, 430) ppm. For example, the GISS model found a centennial-scale global
warming of 1.4°C for only 406 ppm, a level which is close to the observed present-day values. The differences
in sensitivity shown here highlight the need for studies of future climate change to carefully consider not just
their net forcing and resulting global mean surface temperature but also the detailed balance between
greenhouse gases and aerosols in emission pathways. The differences in spatial pattern between climate
forcing and response due to greenhouse gases and aerosols mean that for low global warming scenarios,
e.g., consistent with the 1.5° target, the realized climate impacts will depend signi cantly on the path we take
toward a global temperature goal.
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