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1. Introduction

In its fourth assessment report (AR4), the Inteegomental Panel on Climate Change
(IPCC) expressed “very high confidence that thdgl@verage net effect of human activities
since pre-industrial times has been one of warmihythe same report, the global average
temperature increase up to the last decade of tkecZntury with respect to 1980-1999 is



projected to be between 1.8 and 4.0°C. Such aamniirtclimate change is expected to have
tremendous implications for humans and the biospher

In this context, various geoengineering optionsehiaeen proposed in order to prepare for the
case that mitigation efforts are insufficient topsthe most drastic impacts of climate change.
“Geoengineering”, or “climate engineering” (CE),dsenerally understood as the deliberate
manipulation of global climate through technical aseres. Two main classes of
geoengineering techniques are considered: Carbaxid® Removal (CDR) techniques
would remove CQ the most important anthropogenic greenhouse G&tG(, from the
atmosphere, while Solar Radiation Management (SRM)niques would attempt to offset
effects of increased GHG concentrations by reduttiegamount of sunlight absorbed by the
Earth.

A global-scale manipulation of the radiative budgkethe Earth applying SRM may allow a

counterbalancing of the effects of continued GHGssians on global temperature, but may
also result in undesirable side effects and riske. IMPLICC project (IMPlications and risks

of engineering solar radiation to Limit Climate @lya; http:/implicc.zmaw.de), funded by

the European Union in its Framework Programme 77)FRas designed to study the
effectiveness, side effects, risks, and economigations of proposed SRM techniques.

This document is intended to present major resfiltse project to the interested public.

2. The scientific approach

One central question that guided the work withirPIMCC was the following: What would a
climate engineered through SRM look like, in terafsmultiple aspects of characterizing
climate (not just global mean surface temperatufes)?or any other question related to the
future climate, numerical climate models are usédols to tackle this question. Given the
uncertainties in many details of the formulatiorctimate models, the community of climate
researchers has organized model intercomparisgagsaMIPS) in particular to project the
future climate under specified greenhouse gas @niscenarios. Comparing results from
several models, each performing exactly the samk-deBned numerical experiments,
allows one to identify which characteristics ofrajpcted future climate appear to be robust,
and hence are likely to be based on well-understpbgsical mechanisms. Climate
projections that differ strongly among the partatipg models depend on the differences in
the formulation of the models and need to be camsilas highly uncertain.

IMPLICC implemented such a model intercomparisonjgut to better understand the
climate response to potential future SRM. The ides to define SRM scenarios and
simulate them with three state-of-the-art Earthtesys models (ESMs) operated by the
IMPLICC partners: IPSL/CEA (model: IPSL-CM5A), MRI-(model: MPI-ESM), and UiO
(model: NorESM). However, given that wider intergssuch a numerical modelling exercise
evolved once IMPLICC was established, IMPLICC jairferces with the larger international
community, and an IMPLICC workshop in 2009 was usedefine numerical experiments
under the umbrella of GeoMIP, the geoengineeringehimtercomparison project (Kravitz et
al., 2011).

The IMPLICC project concentrated on the followitgete SRM methods:



a) space borne reflectors (e.g., placed at the Lagrangpint between the Earth and the
Sun),

b) sulfur dioxide or sulfuric acid injections into te&atosphere,
c) engineering of low level marine clouds through sainjections.

The impact of method a), realized in the modelsdnjucing the solar constant, has been
studied via balancing the radiative forcing of d&mnugpt fourfold increase of the pre-historical
CO; concentration (GeoMIP scenario G1). Climate effaaftmethods b) have been studied
in multi-model simulations following the GeoMIP seio G3 (Kravitz et al., 2011). This
scenario builds on the CMIP5 (Taylor et al., 20h2)pderate greenhouse gas emission
scenario RCP4.5 simulated by many climate modetigwters for the next IPCC assessment
report. Under G3 it is assumed that SRM would bgleyed to keep the future level of
climate forcing from GHGs at the level reachedha year 2020, i.e., to balance the future
climate forcing from additional GHGs by climate evepring. This is realized through
increasing sulfur emission rates in the stratosphetil the year 2070. In order to study the
potential rapid climate change when SRM is discar#d, the G3 scenario is continued
beyond 2070, but with the SRM measures switchedwdéthod c) is studied under a scenario
identical to G3 but using the manipulation of clsuiistead of sulfate aerosols. This scenario,
called G5, is not yet included in the GeoMIP prajeather only within IMPLICC.

Besides the pure climate model studies, effectiserand implications of methods b) and c)
have also been studied using specific numericalatsadcluding atmospheric chemistry (the
EMAC model operated at MPI-C) and aerosols (NorESMj)thermore, economic modelling

is used to study potential economic effects of SRMifferent regions of the world based on
the climate model results.

3. CE through the reduction of solar irradiance — What would an
engineered climate look like?

Changes in greenhouse gas concentrations andradiation have different impacts on the
global radiation budget. Greenhouse gases influgheelong-wave terrestrial radiation

relatively homogeneously on the global scale. Dimgnihe sun, for example by installing

reflectors in outer space, affects the short-waae pf the radiation budget. The strongest
effect can be found where solar radiation is matgnse — thus, all year round in the tropics
and during summer at the higher latitudes.

All three IMPLICC models mentioned above, plus tHadGEM2 model of the United
Kingdom Met Office (UKMO), have run the same threeenarios: 1) starting from
preindustrial conditions and allowing the simulatitm continue on with the pre-industrial
conditions; 2) applying a fourfold increase in @, concentration (“global warming”); and
3) in addition to the C@®increase, applying a reduced solar constant atséime time
(“dimming the sun”) to balance the total global iedide forcing. This Gl-scenario of
GeoMIP is not realistic since such a sudden, @@rease has not happened and is not
expected to happen. However, a radiative forcirag ttorresponds to four times the pre-
industrial CQ concentration by the end of the 21st century cabaauled out, according to
the business-as-usual scenario RCP8.5. By usirfg @uextreme scenario it is made certain
that the simulated climate signals clearly standfimum natural climate variability.



In many respects, the models involved react ropustthis very drastic radiative forcing. In
the model experiments, the effect of the increashhé greenhouse gas concentration on the
global radiation budget is balanced by the reductb solar irradiance — accordingly, the
global mean temperature remains at a pre-induséfatence level. Interestingly, 25% more
SRM than expected is required since a reduced Qbad cover appears in the scenario,
warming the planet. Also, the temperature doesstmy at the reference level all over the
world but is generally slightly higher than in theference simulation at the higher latitudes
and over continents (up to 1°C) and lower in tlopits and over the oceans. Compared to a
guadrupling of C@ however, the temperature changes are modestudmammitigated
guadrupling of CQ@leads to a global mean surface temperature inere§ to 6°C in the
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Figure 1: Differencesin precipitation (mm/day) between the simulations G1 (with climate
engineering) and the preindustrial control run, averaged over the four ESMs. In regions with
filled colour shading all models agreein the sign of the response.

models.

The G1 scenario effects on precipitation are sicguiftly stronger: the SRM applied together
with the quadrupled CO2 results in a decreaseargtbbal mean precipitation by about 5%.
In the simulation in which quadrupled €8 not compensated by SRM, precipitation, on the
contrary, would increase by about 9%. On the ragjisnale, changes in precipitation can be
even stronger in the SRM scenario than only dued@ased greenhouse gas concentrations.
While in the latter case a clear reduction in peation, e. g. in the Mediterranean is
simulated, this pattern shifts northwards when gbkar dimming is applied. Over the vast



land masses of northern Eurasia as well as ovethNamd South America, a large-scale
decrease in precipitation by more than 10% is satedl for this G1 scenario (see Fig. 1).

The model intercomparison hence shows that clireagineering by using solar radiation
management methods (here: reducing the solar eunsthich can be compared to installing
reflectors in outer space) can reduce some aspédismate change globally, but will not
restore a historical climate state such as theobmee-industrial times. It will instead create
an entirely new climate. Even if global mean terapses could be lowered to the pre-
industrial level, regional patterns of temperatatél change, and the global amount and
regional patterns of precipitation would changensigantly. Further details of this
intercomparison study are given by Schmidt et2411).

4. Implications of CE through injections of sulfurinto the stratosphere

Arguably the most discussed SRM method is the iige®f large amounts of sulfur dioxide
or sulfuric acid into the Earth’s stratosphereugiéd at ~15-50 km altitude). The sulfur
dioxide or sulfuric acid is then transformed intdfate aerosol particles, which would build
up, subsequently reflecting additional solar radigtthus changing the atmospheric energy
budget and decreasing the temperature at the Eathface. This is analogous to the climate
effect associated with the injection of sulfur dam into the stratosphere through volcanic
eruptions. For example, the eruption of Mt. Pinatuto 1991 caused a reduction of global
average surface temperature that reached a maxohabout 0.5°C.

Questions with respect to this method concernrdbalting climate; the quantification of the
expected side effects on stratospheric ozone; aadetfectiveness of the method, i.e. the
amount of sulfur needed to reach a certain cliraéfect.

With respect to the amount of sulfur needed, Niemet al. (2011) showed in a numerical
study within IMPLICC that simple extrapolation fromolcanic eruption data may not be
accurate enough to estimate the amount of sulfoessary to obtain a specific cooling. The
complex aerosol microphysics may lead to a faskemn texpected removal from the
atmosphere and hence an underestimation of thessemgeamount of sulfur. However, a
comparison with another study (Heckendorn et &Q92 shows that even complex aerosol
calculations are still highly uncertain. With anethmodel operated at MPI-C, Benduhn and
Lawrence (2012) have studied specific aspects @irsinjections. They showed that the
injection of sulfur either as sulfuric acid or agfsr dioxide would differ strongly with
respect to the formation and growth of the sulfaaeticles. For the release of sulfuric acid
into the stratosphere to be simulated faithfullyairglobal model, the subscale character of
particle formation needs to be taken into accoaind, the corresponding injection parameters
should be chosen carefully. The particles thatdigipiorm in the expanding plume after
injection have to be small enough to limit sedinaéiph losses, yet large enough to limit
upward transport, which results in more rapid disjpgm and eventual loss through the
Brewer-Dobson circulation, as well as an enhancaténtial to cause ozone depletion. In
contrast to releasing sulfuric acid, the releassutfur dioxide would be much more difficult
to steer, due to the longer chain of processesniinthe oxidation of sulfur dioxide to the
eventual formation of sulfate particles.



Numerical simulations of the effect of sulfur injfens on stratospheric ozone within
IMPLICC (with the EMAC model operated at MPI-C) leaeonfirmed earlier studies. In
particular, in the context of the polar winter ahd linked formation of a polar vortex, ozone
over both poles, especially the Antarctic, tendbddurther depleted through the additional
aerosols and the related formation of reactiveraidospecies. On the other hand, the ozone
column outside the polar areas tends to be reiatbas a consequence of the aerosol serving
as an additional sink of ozone degrading nitrateest effects are, however, relatively small,
being on the order of about 5-10% for an injecta@n2 Mt(S)/y (an amount that could
approximately balance the increase in GHG forciatyieen the years 2020 and 2035 in the
moderate emission scenario RCP4.5). Neverthelessrpact on ozone is perhaps still large
enough to be of concern, especially over populeggtbns near the poles.

Potential climate effects of sulfur injections hdeen studied by comparing results from the
three IMPLICC ESMs for the G3 scenario describedsacttion 2. As expected from the
design of the numerical experiments, the tempegaharease from 2020 to 2070 is small in
comparison to the increase of about 0.7 to 1.2%@ukited under the emission scenario
RCP4.5 without SRM. Global mean precipitation un@8ris on average in the three models
slightly reduced in 2070 compared to 2020. Theamegji patterns of precipitation response in
the three ESMs do not agree well; however, charagesin general small. This is not
unexpected, as under this scenario only a modem@déional climate forcing, projected
under RCP4.5 between 2020 and 2070, is balance8RM. Balancing a larger forcing
would likely lead to much stronger climate respenses discussed in Section 3. The
IMPLICC simulations confirm, however, the risk oéry rapid climate change if SRM is
terminated abruptly. Stopping SRM measures in 2@80done under this scenario, would
cause the global mean temperature to increaserig blse to the scenario without SRM in
less than ten years.

The climate effects of sulfur injections in comgan to those of other SRM methods will be
discussed in Section 6.

5. Implications of CE through the manipulation of marine clouds

It has been known for about 20 years that the gtrmpling effect of marine stratiform
clouds depends on the size of the cloud droplesgiven amount of water is distributed on
many small droplets the reflection of solar irramii@ is stronger than if the same amount is
distributed on few large droplets. It has been sstgyl that the injection of additional sea salt
aerosols into regions with low-level clouds wouithance the number of cloud condensation
nuclei. Water vapor can condense onto these anditethe formation of more and smaller
cloud droplets and, hence, brighter clouds that tto® climate. Contrary to the methods of
SRM discussed above, radiative effects of this oeetivould be much more regional and
hence the potential climate effects can be expetitetle different. Besides this, open
guestions remain concerning the effectivenesseofriathod.

Within IMPLICC, Alterskjeer et al. (2012) used sétel observations and the NorESM to
investigate which regions over the ocean are thetreensitive to deliberate increases in
cloud droplet number concentration. They found hggimsitivities in the tropical region
between about 38 and 30S, in particular off the west coasts of the comttse This agrees
with earlier studies. But they also found that #féectiveness of cloud seeding maybe
smaller than expected from simple estimates beca@usan be inhibited by different



processes. This includes the condensation of gasadturic acid on the injected particles,
which reduces the formation of cloud condensatiaciei by sulfuric acid itself.

Other important new results of numerical studie$gumed at UiO show that injected sea salt
may also have a strong direct radiative effecegions where it does not immediately serve
as condensation nuclei. This effect is, howevegngtatively different among numerical
models and needs to be studied further. An additionportant result is that the effect of sea
salt emissions on clouds crucially depends onitteecf the emitted particles (Alterskjeer and
KristjAnsson, 2012). If particles of a larger oradler than optimal size are emitted, the
effectiveness of this SRM method could be stromgtjuced or even inverted, i.e. leading to
an increase in surface temperatures as opposekdetaldsired cooling. Likewise, if the
injected sea salt mass is very large, the effentige is reduced because of a suppressed
supersaturation due to excessive competition ®atrailable vapor.

Global mean temperature effects of this marine c¢tlbughtening are similar to those of
sulfur injections. With the right amount of emigssoin the models, the temperature increase
after 2020 can be slowed down considerably, bur &itpotential termination in 2070 the
climate change is very rapid, i.e. the engineersnglmost forgotten within about 10 years.
As the “amount” of SRM in this numerical experiménsmall compared to the idealized G1
experiment of section 3, the effect on precipitai®relatively small. The two models having
performed the marine cloud experiment so far (NMEShd MPI-ESM) show, however,
similar patterns of precipitation response to ttealized experiment, with reductions in
middle to high latitudes, in particular over therttdeAmerican continent.

6. Comparing climate effects of different SRM methds

In order to understand differences in the climatesiuced by different CE methods, we have
simulated a scenario of the G3-type, i.e. rampediupate engineering from 2020 to 2070,
for different methods. Besides the sulfur injectiand cloud brightening approaches
discussed in sections 4 and 5, the MPI-ESM was tsgukrform two further numerical
experiments: one for a simple reduction of soleadiance, as might be realized by space
mirrors, and one with greenhouse gas concentrafigesl at 2020 levels, which can be
interpreted as a massive mitigation or carbon dexiemoval scenario. Fig. 2 (left panel)
shows a similar small temperature increase foioalt approaches which is due to the inertia
of the climate system. In the case of cloud brigimg, the temperature in 2070 is almost
0.2°C lower than for the other methods, indicating jaalg an overestimation of the amount
of sea salt emissions needed to reach a certalmgo®he right-hand panel of Fig. 1 shows
that global mean precipitation responds differeimlythe four scenarios. A fixing of GHG
concentrations leads to a further increase of pitation due to the increasing global mean
temperatures. The three solar radiation manageseearios show, however, almost no
change for the space-mirror case, and decreasewpjiation for the two other techniques.
This is at least partly related to both sea saft smatospheric sulfate aerosols not only
reflecting solar irradiance but also having a gheerse effect. Cloud effects and the lower
temperatures in the case of cloud brightening ntsy eontribute to the different evolutions
of global mean precipitation. However, these ressliggest that the strong precipitation
effects caused by a pure reduction of solar irrambain the massive SRM scenario G1
(Section 3) might be even stronger if one of theeptwo SRM techniques was employed.



Regional climate responses can also be expectdiféeo between the different techniques,
but to properly estimate such effects future mmitieel analyses will be needed.

2m temperature (°C)

precipitation {rmm/day)

Fig. 2. Time evolution of global mean temperature (°C, left) and precipitation (mm/day, right)
simulated with the MPI-ESM under four different scenarios of type G3, i.e. where it is attempted
to keep the climate forcing constant at 2020 levels through different methods. SALT:
manipulation of marine clouds; FIX: GHG concentrations fixed at 2020 levels;, SULF: injection of
sulfur into the stratosphere, SOL: reduction of solar irradiance. All results are 5-year running
means averaged over ensemble simulations with three members. The shading around the
preci pitation time series from F1X indi cates maxima and minima of the ensemble members.

7. Economic Implications of CE

The numerical economic general equilibrium modelAGR (operated by CICERO) was
used to estimate economic implications of the IMRCIclimate engineering scenarios. The
model calculates economic activity and trade betwekeven world regions influenced,
among other factors, by climate change signalenmperature and precipitation. The studied
scenarios are the high-emission scenario RCP8&5mihderate emission scenario RCP4.5
which is realized in GRACE by invoking charges o@.@missions, and the G3-type SRM
scenarios using sulfur and sea salt emissionsigagssed in Sections 4 and 5) to further limit
the climate change experienced under RCP4.5. Glimlaange information on temperature
and precipitation as calculated by the IMPLICC-ESMss used in the economic model.

It should be noted that the limitations of analgzithe costs and benefits of climate
engineering by general equilibrium models basedchmate projections are many. In
particular, most of the numerical estimates ardnlgigincertain. This includes the climate
projections, the economic data and the linkagewd®t climate indicators and economic
activities, which we must partly consider unknowAnother important criticism is that
possible side-effects of solar radiation managerotrdr than on monthly mean temperature
and precipitation have been ignored in this sty for example potential changes in the
magnitude and frequency of extreme events. The me#son is that side-effects and their
social and economic consequences are poorly undelrsand there are few, if any, studies to
base estimates on. On the other hand, this studigssks a few issues that previous studies
have left out. While impacts are usually explaisetely by the change in mean temperature,
they are related also to changes in precipitatiene.nImpacts are moreover weighted
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depending on where the activities take place: avable and forested land in agriculture and
forestry, respectively. Other impacts are weightedording to population density. As a
conseqguence, changes in coastal areas tend t@lmaeater impact than changes elsewhere.

On this background, we draw the following conclasio

1) In combination with strong efforts to reduce ssions of greenhouse gases (as
assumed in the RCP4.5 scenario), the economic itepnéfurther reducing radiative forcing
by solar radiation management are likely to be tiegaThis is partly because SRM changes
precipitation patterns with negative economic impaand partly because there are benefits
of a small warming effect in some regions. Possitdgative side-effects of geoengineering
will add to the costs of these technologies.

2) The responses differ among regions. While GRA@Eulates that SRM under the
G3 scenario causes a GDP reduction in East Asih Dyercent in 2070 in comparison to
RCP4.5, Latin America and Africa benefit up to petcent in the same year.

3) Even though the expected impacts of SRM are tivegavhen compared to the
RCP4.5 scenario, geoengineering may turn into anmpvith positive benefits if the impacts
of global warming at moderate levels suffice toctetipping points for natural processes and
ecosystems, which are not considered in this study.

4) If solar radiation management is imposed in trfu with higher emissions, the
potential for benefits may become large. In the BRGRBcenario, which causes a warming of
5 to 6°C in populated areas in 2100, negative ingpat climate change lead to reductions
between 1.5 and 9 percent in GDP, depending oromedilowever, at such a level of
warming, the impacts of both climatic changes anal i@sulting attempt to mitigate warming
by solar radiation management must be considerkedawm.

8. Summary and conclusions

Within the IMPLICC project, five partner instituté®m France, Germany and Norway have
studied the effectiveness, side effects, riskseammhomic implications of climate engineering
through different solar radiation management tephes suggested to limit climate change.
The main tools used in these studies were statlesfrt numerical Earth system models (in
some cases augmented by specific treatments ofsptradc aerosols and chemistry) and an
economic model. One central question was what eémepuld result from the application of
three different CE techniques: the reduction olisaradiance (through space mirrors); the
enhancement of the reflection of solar radiatiaonulgh stratospheric sulfate aerosols; and the
manipulation of marine clouds through injectiorsef salt. One novel aspect of IMPLICC in
the context of climate engineering research was itn@lementation of a model
intercomparison study in order to identify robughate response patterns.

In an idealized experiment with large greenhouse fgecing balanced globally by the
reduction of solar irradiance it was shown thanhiy be possible to compensate the increase
of global mean temperature. However, the increas@lobal total precipitation that is
expected in scenarios with enhanced greenhouse aasentrations would be
overcompensated by solar radiation managementoang@eered climate would have less



precipitation than a natural climate of the samebgl mean temperature. The model
intercomparison showed that precipitation decreasesder the chosen scenarios - would
particularly affect large land masses in the mididdes of the Northern hemisphere, i.e.
Canada and the US, central and northern Europdsiad

The simulation of a scenario with a much smallggrde of geoengineering, where just the
increase of climate forcing through a moderate mtease gas emission scenario after the
year 2020 would be compensated, showed, not simglyis a much smaller climate impact.
Because of the weakness of the forcing, the regioaiderns of the simulated responses are
also less robust than under strong forcing. It wemsyever, clearly shown that an abrupt
termination of climate engineering efforts woulddeto very rapid climate change.

The estimation of economic implications of climateange and climate engineering on long
time-scales has obvious limitations. However, amnusations suggest that additional climate
engineering under a moderate mitigation scenarig nw be economically advantageous.
This could be different under high-emission scessribut also it is then unclear if the
economic importance of side-effects would becorgeificant.

IMPLICC has also made progress on microphysicatgsses involved in the aerosol-based
radiation management methods, which help deterithigie effectiveness. It has become clear
that the effectiveness of the methods dependsglyram the implementation, e.g. on the size
of emitted sea salt particles. However, uncert@tconcerning the amount of aerosol
necessary to reach a certain climate effect remain.

It has become clear during the course of the profet some of the remaining uncertainties
concerning implications of climate engineering aaused by limited understanding of

climate processes in general, which are not nexdbsspecific to climate engineering. The

manipulation of marine clouds, for example, is loase aerosol-cloud interaction processes
which are one of the big open questions of clintatearch, independent of the origin of
aerosols. Injecting sulfur into the stratosphereuldonot only have radiative but also

dynamical effects. Dynamical stratosphere-tropospleupling would need to be better
understood in order to fully appreciate the eff@ttsuch climate engineering.

Finally, it needs to be noted that the climate o&se is only one aspect that has to be
considered when the implementation of climate eswiimg techniques is discussed. Other
potential side effects specific to some methodsyelsas political, ethical, legal and further
economic implications have to be taken into acco@uit the potentially strong climate
responses discussed here suggest that climateeenigig cannot be seen as a substitute for a
policy pathway of mitigating climate change througte reduction of greenhouse gas
emissions.
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