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Abstract. A new Geoengineering Model Intercomparison Project (Gd®Mkperiment “G4 spec-
ified stratospheric aerosols” (short name: G4SSA) is pregds investigate the impact of strato-
spheric aerosol geoengineering on atmosphere, chemdgtrgmics, climate, and the environment.
In contrast to the earlier G4 GeoMIP experiment, which reggian emission of sulphur dioxide
(SO») into the model, a prescribed aerosol forcing file is proditiethe community, to be consis-
tently applied to future model experiments between 202®@418@. This stratospheric aerosol distri-
bution, with a total burden of about 2 Tg S has been derivetiutbie ECHAM5-HAM microphysical
model, based on a continuous annual tropical emission of80kgyr. A ramp-up of geoengineering
in 2020 and a ramp-down in 2070 over a period of two years atedied in the distribution, while a
background aerosol burden should be used for the last 3 decéthe experiment. The performance
of this experiment using climate and chemistry models in #irmodel comparison framework will
allow us to better understand the impact of geoengineeriddta abrupt termination after 50 years
in a changing environment. The zonal and monthly mean spagric aerosol input dataset is avail-
able at https://www2.acd.ucar.edu/gcm/geomip-g4-sigeestratospheric-aerosol-data-set.

1 Introduction

The Geoengineering Model Intercomparison Project (GeQM#&8 been successful in investigating
the impact of large scale geoengineering on various clirpatameters, including global and re-
gional temperature and precipitation, the energy budgatjce, climate extremes, and crop produc-
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tion (e.g., Kravitz et al., 2013a,b; Special Section on GE#M014). GeoMIP includes four model
experiments designed to calculate the response of theteligyatem to large-scale solar radiation
management (SRM) techniques, while offsetting anthropmggreenhouse warming (Kravitz et al.,
2011). The G1 experiment involves reduction of incomin@sadiation to counteract a radiative
forcing of four times the amount of carbon dioxidé(-) relative to pre-industrial control condi-
tions. The G2 experiment involves the same solar dimminigriiggie to offset a gradual increase
in CO4 from pre-industrial levels. Calculations indicate thdatiee to pre-industrial conditions,
solar dimming of this scale would result in a slow-down of thalrological cycle (Tilmes et al.,
2013), a reduced, but continued warming of the high latisu@hmidt et al., 2012; Kravitz et al.,
2013a), a reduction in sea-ice (Moore et al., 2014), and actéxh of agricultural production (Xia
etal., 2014). Further, SRM reduces extreme temperaturpr@eipitation changes in comparison to
a non-geoengineering scenario with four tint&3, (Curry et al., 2014).

The other two GeoMIP experiments, G3 and G4, require therergment of stratospheric sul-
phate aerosols due to the continuous emission of sulphxid#idsO-) into the tropical lower strato-
sphere for the period 2020 and 2070, using the Represemt@tincentration Pathway 4.5 (RCP4.5)
Coupled Model Intercomparison Project Phase 5 (CMIP5Yé&jbwojection (Taylor et al., 2012). G4
requires the emission of 5 Tg 80, each year on the Equator, while G3 requires counteractmg th
anthropogenic radiative forcing of the RCP4.5 future prtgm between 2020 and 2070 by increas-
ing the emission rate 0, accordingly (Kravitz et al., 2011). The impact of sulphageasols
could be different from solar dimming experiments. Both Vdodecrease the shortwave incoming
radiation. However, stratospheric aerosols heat theosfpaere, which changes the dynamics of the
atmosphere and the radiative response. In particulamaggr slow-down of the hydrological cycle
was found for the aerosol-based methods as compared tol#itesostant reduction (Ferraro et al.,
2014; Niemeier et al., 2013). A recent study by Aquila et201(4) identifies significant changes in
the Quasi-Biennial Oscillation (QBO), with a prolongatioithe QBO westerly phase at 50 hPa, if
geoengineering with stratospheric aerosols were to beéesppFurther, enhanced aerosols change
stratospheric chemistry and therefore ozone (e.g., Tikehak, 2009).

So far, only a limited number of models have performed the &8 @4 GeoMIP experiments.
The G3 experiment has turned out to be especially difficydetidorm, since it is not straightforward
to determine the changing rate ®0, emissions required to counteract the anthropogenic maeliat
forcing in the future scenario. Furthermore, not many metake the ability to perform prognostic
aerosol experiments including detailed aerosol microjgsy#\s shown by Heckendorn et al. (2009),
Niemeier et al. (2011), and English et al. (2012), aerosaisr@nd properties significantly change
with increasing emission rates, which has to be taken intowat. Since GeoMIP was designed to
build on CMIP5, most of the models did not include interaetihemistry and hence some potentially
important coupling effects are missing. The models thafiopered G3 and G4 experiments derived
very different stratospheric aerosol distributions, dueifferent assumptions of aerosol properties
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and differences in stratospheric transport and heatieg i@tthe models (Berdahl et al., 2014; Pitari
et al., 2014). Some models maintain a large burden of masgeitropics while others produce a
maximum in higher latitudes. Those differences result iny\dfferent lifetimes of stratospheric

aerosols and therefore differences in the required enmisaie for the different models. The change
in net tropopause radiative forcing of available experitaganges between -0.74 and -1.54 \W/m
(Pitari et al., 2014), which limits the identification of nadt climate impacts of geoengineering.
Furthermore, the lack of comprehensive tropospheric aradosipheric chemistry in most models
neglects the chemistry radiation coupling (mostly via a@onvhich can be important to climate
impacts.

Investigating differences in aerosol distribution dueutpbur injection as simulated by different
models may be important for studies examining the rate antiadpattern of emissions, and sub-
sequent distribution by interaction with model dynamicse Jivopose a new GeoMIP experiment
that uses a uniformly prescribed stratospheric aerosbilaliion to address the dependence of the
different parameterizations in fully-coupled chemistndalimate models and the impact of future
climate change. By constraining the prescribed stratagplerosol distribution, we reduce the
degrees of freedom from earlier model comparisons of G4chvhill reduce the spread of the re-
sponses and help identifying key sources of uncertaintiéisé chemical, dynamical, and radiative
response to geoengineering with stratospheric sulphatsels. Other applications of the strato-
spheric aerosol distribution may include comparisons $trithutions of interactive microphysical
models, which include different feedbacks.

2 Experimental design

The design of the new GeoMIP experiment G4SSA (specifietbsipaeric aerosols) is similar to the
GeoMIP G4 experiment (Kravitz et al., 2011), but defines adfigeescribed stratospheric aerosol
distribution between years 2020 and 2070, instead of requihe emission 080,. The baseline
simulation uses the RCP6.0 CMIP5 future projection (Taglaal., 2012), as discussed below, (Fig-
ure 1, top panel). A different baseline scenario could besictemed as well, for instance RCP4.5,
which is used for the original GeoMIP G3 and G4 experimentsdascribes a very similar forcing
in comparison to the RCP6.0 between 2020 and 2070. Evenesirapperiments, like time-slice
experiments for different climate and chemistry condiiocould be used to investigate the impact
of changes to stratospheric aerosol loading.

The stratospheric sulphur burden of about 2 Tg S in form gitzate was derived from the emis-
sion of 8 TgSO,, per year for 2 years until a steady-state distribution washied (Figure 1, bottom
panel). The burden has a larger radiative forcing than thggnal GeoMIP G4 experiment and will
therefore lead to more robust deviations of climate vaealiom a baseline experiment than using a
smaller emission case. A larger forcing has also a more pioeed impact on stratospheric dynam-
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ics, in particular the QBO (Aquila et al., 2014). The deriwtctospheric sulphur burden of about 2
Tg S counteracts the total anthropogenic radiative forofrabout -1.1 W/r based on earlier model
studies using ECHAM®G6 (Niemeier et al, 2013) and about -1.5%/based on the Community Earth
System Model (CESM) (not shown), but may further vary betweiferent models.

Microphysical model studies have shown that the most efficieduction of the radiative forcing
occurs for small emission rates into background condit{pleskendorn et al., 2009; Niemeier et al.,
2011; English et al., 2012). Larger burden of aerosols resltize efficiency of additional aerosols
to increase the planetary albedo. This is because largebsiaf aerosol particles coagulate faster
to form larger particles, which are less reflective per urass) and shorter-lived due to faster sedi-
mentation. This reveals important limitations of stratusyic aerosol geoengineering (see Table 1).
Table 1 is based on a specific climate model, and the resultyary between different models.
In the experiment proposed here, we assume a fixed aerossdiemrate per year, which allows
the use of a monthly varying steady-state aerosol forciegféit the entire period, except for the
ramp-up and ramp-down periods (see below).

The aerosol distribution for this experiment is derivechgsihe middle atmosphere version of
the General Circulation Model ECHAMS5 (Roeckner et al., 20@8eractively coupled to a mod-
ified version of the aerosol microphysical model HAM (Sti¢raé, 2005). HAM calculates the
formation of sulphate aerosol, which includes nucleatamtumulation, condensation, and coagu-
lation processes. Aerosol size is determined using the M@ataerosol module (Vignati, 2004),
which calculates the aerosol size distribution using séegnormal modes of prescribed standard
deviation, or sigma. M7 was modified to allow for a better ssgntation of stratospheric sulphur
aerosol according to box-model studies (Kokkola et al. 2@hd previous geoengineering studies
(Heckendorn et al., 2009). The changes include a smalledatd deviationd) of the coagulation
mode (1.2 instead of 1.59) as the valuecofletermines the development of the size distribution.
The simulation includes only sulphate aerosol. Besideg#uengineered sulphur, only dimethyl
sulphide (DMS) and carbonyl sulphide (OCS) emissions ackidted in this setup and no anthro-
pogenic emissions are assumed for the background (Nieriegdr, 2009). 8 Tg obO, per year
are emitted into a single grid box, 2.8 x 2.8 degrees in sizé lacated at a height of 60 hPa at the
Equator. Further details on the model setup and the reseligieen by Niemeier et al. (2011).

The same model setup has also been used for simulationsefdhgion of a sulphuric cloud after
a volcanic eruption and was carefully tested against measemts taken after the 1991 Mt. Pinatubo
eruption (Niemeier et al., 2009; Toohey et al., 2011). Ttseiite show a good representation of the
particle size and the global aerosol load. The modelledajlaérosol load decreases faster than the
measurements one year after the eruption. This is probelaied to the particle size being in the
upper range of the measurements and a slight overestin@tibe poleward transport. The global
distribution of the aerosols compares well to the updatad 8eries by Sato et al. (1993, with update
retrieved from data.giss.nasa.gov/modelforce/strategpecially in the Southern Hemisphere, but it
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shows an overestimation in the first months after the eroitd a shorter lifetime of the volcanic

cloud within the tropics. Top-of-the-atmosphere shorveadiative fluxes compare very well to

observations by the Earth Radiation Budget Experiment l{&gcet al., 2011) and we conclude

that the transport of the aerosols into both hemisphereglisrepresented by the model based on
observations. This model does not simulate a QBO and ratealsteady easterly phase of the
QBO.

The aerosol distribution resulting from an 8 B> emission per year experiment would be
different from a distribution of a single volcanic eruptjaas shown in Figure 2. Our calculated
geoengineered aerosol distribution has higher surfagedeesities (SAD) than the Chemistry Cli-
mate Model Initiative (CCMI) stratospheric aerosol datatfee year 1992, based on Stratospheric
Aerosol and Gas Experiment (SAGE) Il V6 satellite obsepragi(Eyring et al., 2013), especially
in the middle and high latitudes. This is due to the long-termission of aerosols and because the
CCMI data set is averaged over a period where aerosols aa&dgldecaying. Also SAD and the
aerosol burden are likely underestimated in the CCMI Pimatlata set in high latitudes due to the
lack of observational information and interpolation issue

The prescribed aerosol distribution ramps up in the first &yand down in the last 2 years,
consistent with the assumption that geoengineering itestand stopped abruptly. This will enable
the response of the atmosphere and ocean in the first fewfpdlavging the start of geoengineering
to be compared to the response of the climate system to aniocksauption with a one-off emission of
a certain aerosol burden. Also, after termination of geo®gging, the simulations will be continued
over the years 2070-2100, allowing the adjustment of thespinere and climate after a long-term
application of aerosol loading to be compared to a shont-fenposition of the radiative forcing
following a volcanic eruption

Due to the importance of stratospheric aerosols on radiatibbemistry, and dynamics, the pro-
posed experiment is well suited to be coordinated with th&Céfforts. Models engaged in CCMI
include a comprehensive description of stratospheric aipait tropospheric chemistry. The CCMI
defined core future experiment for chemistry-climate msdelthe REF-C2 experiment, covering
the period 1960 and 2100 and following the RCP6.0 CMIP5 &ifrojection (Eyring et al., 2013).
REF-C2 includes only background stratospheric aerosateput the inclusion of potential future
volcanic eruptions, and therefore serves well as a basglinghe proposed GeoMIP experiment.
REF-C2 is designed to be fully coupled using a dynamic oceahsaa-ice to allow interactions
between changes in chemistry and climate and, if possibleradduce an interactive QBO.

To perform G4SSA, the background aerosol forcing file shdaéldeplaced between 2020 and
2071 with the GeoMIP prescribed aerosols forcing file preditb the community. The zonal and
monthly mean stratospheric aerosol input dataset is dlaidd https://www2.acd.ucar.edu/gcm/geomip-
g4-specified-stratospheric-aerosol-data-set. It ireduchass and aerosol properties, and optical
depth at 550 nm wavelength on vertical pressure levels. AthisnCCMI aerosol forcing file, we
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recommend removing the prescribed stratospheric aerbstitsv the model tropopause, because
tropospheric aerosols are included separately in the model

3 Scientific questions that can be addressed with the propodexperiment

A variety of impacts of stratospheric aerosol geoengimgdnave been proposed, including changes
in ozone and ultraviolet radiation (UV) (Tilmes et al., 20P2ari et al., 2014), stratospheric chem-
istry and dynamics (e.g., Tilmes et al., 2009; Heckendoai.eP009; English et al., 2012), impacts
on the QBO (Aquila et al., 2014), and changes of the Hadleyutation (Niemeier et al., 2013).

Increased SAD due to the enhanced aerosol burden resuftsreased heterogeneous reactions.
In high latitudes, this would result in significantly moreooe depletion. In middle and low latitudes,
column ozone changes strongly depending on the stratdsgtedogen burden, which should de-
crease through the 21st Century due to international agretstimiting ozone-depleting substances.
Pitari et al. (2014) compared four models and found that ggimeering would deplete global strato-
spheric ozone until the middle of this century, after whictvould increase. Tilmes et al. (2012)
discussed the importance of very short-lived halogen corapts included in the models for quan-
tifying the effects of geoengineering on ozone and erythesiva Tropospheric chemistry may be
further impacted by the change stratospheric aerosol burtlee change in ozone column as well
as the scatter of aerosols changes the amount of UV readtertgoposphere, which likely impacts
the tropospheric chemical composition and the lifetimesajor gases.

Sulphate aerosols affect stratospheric dynamics (Rot&ix})). These impacts are only felt for
one or two years following a large tropical volcanic eruptidepending on the latitudinal distribu-
tion of the aerosols and the phase of the QBO (Trepte and tdaoh 1992). The radiative heating
of stratospheric aerosols impacts the Brewer-Dobsonleitiom (BDC), the vertical velocity in the
tropics, and with it the chemical distribution of the stigibere (Heckendorn et al., 2009; Tilmes
etal., 2009). Stratospheric circulation changes may éuithpact Upper Troposphere Lower Strato-
sphere exchange processes. Potential changes in the QBGavendditional significant impacts
on stratospheric dynamics with impacts on climate (Aquilale 2014). Changes in column ozone,
especially in high latitudes, also impact troposphericuation and the Southern Annual Mode
(e.g., Thompson et al., 2011). The quantification of thosasgks as a result of geoengineering and
their impact on surface climate, agriculture and other iotgpaan be investigated by performing the
proposed experiment within a coordinated multi-model carigon study.

Other important effects cannot be investigated in the pgeg@xperiment, since the stratospheric
aerosol distribution is prescribed. This includes intéoars between the aerosol composition, the
dynamics, and transport of stratospheric aerosols intértémosphere, which may influence cloud
properties and with this precipitation, but also troposjhieeterogeneous reactions.
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4 Summary and Conclusions

A new GeoMIP experiment “G4 specified stratospheric aesd$@4SSA) is proposed, using a pre-
scribed stratospheric aerosol distribution to estimagertipact of a 2 Tg S aerosol burden between
2020 and 2070 in climate and chemistry models. This burdéneisesult of a continuous tropi-
cal emission of 8 TGO, per year based on microphysical model calculations. Biffees in the
chemical, dynamical, and climate response between thdit@sanulation and the geoengineering
simulation can be investigated between the years 2030;20@9 the adjustment of the atmosphere
and the upper ocean. The impact of an abrupt terminationa@émgineering can be investigated in
the years between 2070 and 2100.

The following scientific questions may be addressed withpitoposed geoengineering experi-
ment, especially if performed in a multi-model framewokellCCMI: What are the impacts of geo-
engineered stratospheric aerosols and the terminatioaagrgineering on chemical composition,

dynamics, and climate, in a changing future environment on

— Stratospheric chemistry, in particular ozone and its impadJV?

— Tropospheric ozone, methane lifetime?

— Stratospheric dynamics, including stratospheric heatites, BDC, and QBO?
— Tropospheric dynamics and temperatures?

— Climate, surface temperatures and precipitation?

— Environmental impacts and agriculture?

To address the different science questions specific catpedbibf models are required. Changes in
tropospheric dynamics, temperatures, and precipitaonbe investigated based on model results
from all GCMs, some of which may not include comprehensivenaistry. In addition, most of
the CCMI models are expected to be able to simulate intenastbetween and increased aerosol
layer in the stratosphere, stratospheric chemistry andmjcs, including changes of heating rates
and the BDC, as is the case when simulating past volcanidiensp An offline UV model may
be required to identify the impact on surface UV, as done bynds et al. (2012). The impact
of geoengineering on the QBO can only be investigated if rsople@duce the QBO interactively,
which may not be the case for any participating CCMI modelaweler, applying this experiment
to other GCMs may allow producing results to investigats tiuestion. The results from models
that simulate tropospheric chemistry can be used to idethtéd impact on tropospheric ozone and
methane lifetime. Differences in the impact on methanétife will occur whether models prescribe
methane concentrations at the surface, which is likely #eecor they emit methane. Finally,
changes in agriculture and the environment due to geoeaigingemay not be addressed directly
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from any model output at this time, but offline model simudas using crop models can be applied
to investigate the impacts of geoengineering (e.g., Xid.£2@14).

The proposed GeoMIP experiment is not intended to suggestliatic geoengineering scenario,
but is aimed at identifying potential changes to the clinsyt&tem as a result of a long-term strato-
spheric aerosol forcing and an abrupt removal of this f@rcifihe use of a different microphysical
model for deriving the prescribed aerosol burden, or diffitassumptions of aerosol properties and
emission strategies may result in very different aerosstrithutions (Pitari et al., 2014; Niemeier
et al., 2011; English et al., 2012). For instance, the igadh a latitude band of 10 or 20 degrees
around the equator instead of right at the equator wouldtresa larger spread of aerosols into
mid-latitudes (English et al., 2012; Pierce et al., 201@widver, the ECHAM5-HAM model tends
to overestimate the transport into high latitudes and foesemay shift the aerosols too far towards
the poles. Comprehensive microphysical simulations theltide interactions between chemistry,
clouds, dynamics and radiation are not available to datehEtmore, geoengineering observations
are not available to evalute the models and observatioaes\aftcanic eruptions, like Mt Pinatubo,
only cover size distributions up to 0.6-0.7 microns. Morekvis needed to evaluate different mi-
crophysical models and differences of different emissicimesnes. Nevertheless, a multi-model
comparison of chemistry-climate models using the samecpbesl aerosol distribution would be
of great relevance for the estimation of the effectivenesirésk of proposed climate engineering

approaches.
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Table 1. Global average radiative forcing from a stratosphericlsale aerosol cloud needed to counteract the
anthropogenic radiative forcing from the RCP8.5 scenadtierfeier et al., 2013). The third column shows the
stratospheric aerosol emission rate per year requirecbttupe this radiative forcing, in T§O- / yr, although

the aerosols are sulphuric acid droplets. The rapidly a&irgy burden to counteract radiative forcing illustrates
the disproportionate increase in sulphur emissions oftgrehan 2 W/m due to effects of aerosol growth
and removal processes and therefore demonstrates thationg of stratospheric aerosol geoengineering. The
uncertainty of these values drastically increases witheiaging emission values larger 10 3@ per year.

Year | W/m? | Tg SO, per year
2020.0 0 0.
2023.9 0.21 1.
2026.2 0.35 2.
2030.9 0.63 4.
2034.4 0.86 6.
2037.5 1.09 8.
2041.4 1.36 10.
2044.6| 1.535 12.
2048.5 1.84 16.
2054.0 2.33 20.
2070.0 3.60 40.
2086.2 4.69 60.
2099.0 5.53 80.
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Fig. 1. Top panel: Total anthropogenic radiative forcing of the ®®Iimodel experiments RCP4.5 (black),
RCP6.0 (blue), and RCP8.5 (red) (Meinshausen et al., 20hE) dashed line indicates the radiative forcing of
the GeoMIP experiment for CCMI, using a prescribed aeromsdlidution assuming an emission of 8 B@-

per year. The amount of radiative forcing reduction due eoeghhanced aerosol burden is estimated based on
the ECHAM5-HAM model (see text). Bottom panel: Sulphur emdn Tg S (in form of HSOy) per year,
based in the CCMI prescribed aerosol data set (black) andelweGeoMIP experiment data set (blue), based
on 8 TgSO, emission per year case.
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Fig. 2. Top panel: 1992 annual average surface area density (SABibdition ingm?/cm® derived using the
CCMI stratospheric aerosol data set (Eyring et al., 2018)pwing the 1991 Mt. Pinatubo volcanic eruption.
Bottom panel: steady-state prescribed aerosol distdbudf the proposed GeoMIP experiment, based on a 8
Tg SOz/year emission scenario using the ECHAM5-HAM model (Nieznet al., 2013).
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