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Highlights:
» Direct, non-climate effects of sulfate injectioroguce net health risk reduction
» Surface sulfur emission incurs 25 times the expofom stratospheric injection
» Disbeneficial climate change-driven health effetisinate impacts of injection
* Net impacts of injection harmful despite benefigihbtochemical response

* Injection health impacts small relative to risks@sated with climate change
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Abstract

Sulfate geoengineering is a proposed method ttapwicounteract the global radiative
forcing from accumulated greenhouse gases, poligntigigating some impacts of climate
change. While likely to be effective in slowing reases in average temperatures and extreme
precipitation, there are known side-effects aneépial unintended consequences which have
not been quantified. One such consequence is teetdiuman health impact. Given the
significant uncertainties, we take a sensitivitprach to explore the mechanisms and range of
potential impacts. Using a chemistry-transport nhode quantify the steady-state response of
three public health risks to 1°C global mean sw@femoling. We separate impacts into those
which are “radiative forcing-driven”, associatediwelimate change “reversal” through
modification of global radiative forcing, and thd'skrect impacts” associated uniquely with
using sulfate geoengineering to achieve this. \ve tihat the direct (non-radiative forcing
driven) impact is a decrease in global mortality-©8,000 annually. Here the benefits of reduced
0zone exposure exceed increases in mortality dud/tand particulate matter, as each unit of
injected sulfur incurs 1/35the particulate matter exposure of a unit of sugimitted from
surface sources. This reduction is exceeded bwtradiforcing-driven health impacts resulting
from using sulfate geoengineering to offset 1°Guface temperature rise. Increased particulate
matter formation at these lower temperatures reguk-39,000 mortalities which would have
been avoided at higher temperatures. As such weastthat sulfate geoengineering in 2040
would cause ~26,000 (95% interval: -30,000 to +@0Q)@arly deaths annually relative to the
same year without geoengineering, largely dueéddhbs of health benefits associated with,CO
induced warming. These results account only foractp due to changes in air quality and UV-B

flux. They do not account for non-mortality impaotschanges in atmospheric dynamics, and
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must be considered in the wider context of othienatle change impacts such as heatwave

frequency and sea level rise.

Keywords: Geoengineering; air quality; UV exposure; ozonertality

1 Introduction

Sulfate geoengineering is one of several possdrtes of solar radiation management
(SRM), proposed as a method to reduce the net tesulting from anthropogenic climate
change. By promoting the formation of a long-listthtospheric aerosol layer, a fraction of
incoming solar radiation can be scattered back#ee before it could be absorbed by the
atmosphere, partially offsetting the net anthromogeadiative forcing. The efficacy of a natural
or artificial sulfate layer in reducing global teerpture and precipitation has been widely
investigated. Early investigations focused on largieanic eruptions, which are known to
produce transient stratospheric aerosol laydisOormick et al 1995), while later climate
modeling studies explored the possible outcomesiifdite geoengineeringRésch et al.2008).
Although the climate and public health impactsufete geoengineering have been discussed
(NAS1992,Pitari et al.,2014,Effiong et al.,2016), to date there has not been a quantitative
evaluation of how global mortality rates might keeted by changes in air quality or UV-B

exposure resulting from such a strategy.

Air quality, specifically surface-level concentiais of ozone and fine particulate matter
(PM5), has been linked quantitatively to changes intatity rates through exposure response
functions based on epidemiological studide€k et al. 2014 Jerrett et al, 2010). A similar
function has been developed for exposure to UVdtatan, with the aim of estimating avoided

skin cancer incidence due to implementation ofMloatreal protocol $laper et al.1996). The
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existence of these functions allows the effectryf policy or technology on each of these factors
to be calculated and compared in common units. &gt air quality is estimated to cause ~8%
of all global mortality in 2015Gohen et al., 2007 and changes to air quality are frequently
considered in the context of climate change. Amestudy found that mitigation of greenhouse
gas emissions from an “unconstrained” scenario dmvhose in the IPCC RCP4.5 scenario
would result in ~1.3 million fewer mortalities pgear in 2050 due to both changes in climate
and the required changes in emissioffest et al., 2003 This estimation technique has been
applied in source-specific impacts evaluations agfor aircraft emissions (efastham and

Barrett, 2016), but has not yet been applied to an arsabfssulfate geoengineering.

The mechanisms by which an SRM proposal affectsetibetcomes can be separated into
two categories: the “direct” impacts of the methanil the “RF (radiative-forcing)-driven”
impacts. Figure 1 gives a conceptual overview aV ltese categories apply to the impact
pathways between stratospheric injection of suba®sol and human health impacts. “Direct
impacts”, shown in black, include any effects af tachnique which would occur even if there
were no effect on the climate. For sulfate geoezwgimg, an example would be the descent of
injected aerosol to the surface. Falling aerostlagid to the existing burden of near-surface fine
particulate matter, degrading surface air qualityf encurring public health damages in the form
of increased respiratory disease mortality ratéss impact would occur regardless of whether
the injected aerosol successfully reduced theawkative imbalance. A second example is the
effect of sulfate geoengineering on stratosphezane, and the resulting effect on the intensity
of surface-level UV-B radiation. Although this hasen discussed in the literature in terms of
changes in mean intensityitari et al., 2014 ,Nowack et al 2016,Xia et al.,2017), the impact

on human health has never been quantified.
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Figure 1. Influence diagram for impacts of sulfgé®engineering on public health. Only first-ord€hiences are shown here.
Minor contributions which may still be significastich as the direct scattering effect of sulfatesms on surface UV-B flux,

are not shown for the sake of clarity.

“RF-driven” impacts, shown in Figure 1 in red, indé only those which result from the
change in radiative forcing achieved by the injdaerosol. Although there are some ways in
which the effects of sulfate geoengineering aresetqul to differ from a simple reversal of
climate changeCaldeira et al, 2013), RF-driven impacts are likely to be domaaaby the
avoided effects of climate change. For exampleggging temperatures associated with climate
change are expected to increase ozone concengatigolluted regionsHjore et al, 2012). By
mitigating future increases in temperature, sulfgeengineering might reduce total mortality
due to ozone exposure relative to the avoided éugaenario. Similarly, any potential localized
benefits of climate change such as increased dsdgisyin previously-unproductive regions

(Reilly et al., 199%would also be lost.
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The relative contribution of each impact pathwayhi® total impact of sulfate
geoengineering depends on multiple uncertain quiesitiAlthough volcanic events have
provided evidence that a stratospheric sulfaterlage provide a negative radiative forcing, the
total forcing achieved per unit mass injected \sabetween studies. For a given target outcome —
for example, a 1°C reduction in global averageaaatemperature — the required rate of sulfate
injection will depend on the lifetime and propestef the aerosol layer produced, in addition to
the sensitivity of the climate to an increase mtsispheric aerosol optical depth. There are large
differences in the estimates of the RF per unfasel differences that depend, in part, on the way
sulfates are introduced to the stratosphBrer¢e et al.2010,Niemeierand Timmreck2015).

The magnitude of these variables could affect ¢ke tmpact of sulfate geoengineering, and the
contribution of each pathway. Lower RF per unifaiel means larger direct impacts per unit
climate benefit. A world with a low climate senegity (the rate of change of temperature with
respect to aerosol optical depdfi/or) will require more injected mass to achieve thaesa
temperature reduction target than a world withgh ltlimate sensitivity, but the amount of
temperature reduction used in a low-sensitivityld/avill presumably be correspondingly less.
Although temperature-related impacts would be wtddfd, impacts directly related to the
presence of more stratospheric aerosol, includiragospheric ozone changes, and therefore
UV-B exposure, will be greater for the former c#san the latter. Although a spot estimate of
geoengineering’s impacts on global mortality caratieieved in a single model run, a more
nuanced approach is required to understand whatbthtgibution of each pathway is to the total,
and how these contributions are affected by unicgytan input parameters such as climate

sensitivity.
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We use a global chemistry-transport model (CTM)dmpute the response of air quality
and population UV-B exposure to sulfate geoengingeaat a rate of 1 TgS/yr, isolating the
direct and RF-driven impacts using a hybrid modglpproach. Direct impacts of sulfate
geoengineering are estimated using offline CTM &tnens, in which meteorological fields are
specified and no climate response is simulateddffen impacts are estimated by re-running
the CTM with perturbed meteorological fields, usax@&CM to calculate temperature and
precipitation changes resulting from sulfate geaswying. For each of these simulations, the
impact of the relevant pathway is calculated by panson to a baseline simulation in which no
sulfate geoengineering is simulated. Assumingealimelationship of uncertain slope between
stratospheric AOD and temperature change, we apMpnte-Carlo method to estimate the
overall impact of sulfate geoengineering sufficiemachieve a 1°C reduction in global average
surface temperature on global mortality due tayaality and UV-B exposure, quantifying the

contribution of direct and RF-driven impact pathway the total.

2 Methods

Air quality and UV-B exposure changes resultingrrsulfate geoengineering are
calculated using a hybrid modeling approach, compgisimulations in a global chemistry-
transport model (CTM) with results from a sulfamgngineering simulation in a global climate
model (GCM). For each scenario, impacts are caiedlay calculating the difference in results

between the output from two CTM simulations.

CTM simulations are performed using prescribed orelegy, so climate feedbacks are
decoupled from the atmospheric conditions in thelehdRF-driven impacts are simulated by
imposing pre-calculated changes in temperaturgegapitation directly to the meteorological

fields within the CTM. This allows the direct andrRriven impacts to be isolated, while taking
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advantage of the modeling skill of the CTM’s cheahimechanism with respect to simulating
changes in air quality and UV-B exposure. The pridge of stratospheric aerosol under baseline
and geoengineered conditions are also calculaftately, using a dedicated aerosol
microphysics model to provide size parameters &ohecase. The model setup to simulate
atmospheric composition in 2040 with and withoufege geoengineering, and the approach

used to disaggregate impact pathways, is deschibgettion 2.1.

These CTM simulations are sufficient to providergle estimate of the net impact of
geoengineering at a rate of 1 TgS/yr on surfacquatity and UV-B exposure, in addition to the
relative contribution of each direct and RF-driveipact to the total. However, it does not
account for uncertainty in the climatological respe. By assuming linearity in the relationships
between several atmospheric and climatologicabisées, we convert our estimate of the impact
of 1 TgS/yr of aerosol injection into the impacteo$pecific target climate outcome: offsetting

1°C of global mean surface temperature increass.mithod is described in section 2.2.

We also extrapolate the effect of uncertainty e ¢hmate variables to compute the level
of uncertainty in the net impact of sulfate geoeegring on air quality and UV-B, holding the
target climate outcome constant. The Monte-Carlthoteapplied to achieve this is described in
section 2.3. Finally, we apply epidemiological espie-response functions to determine the net
change in global mortality resulting from achievihgs climate outcome, and the relative

contribution of direct and RF-driven mechanismdgsTi& described in section 2.4.
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2.1 Atmospheric modeling

Impacts of sulfate geoengineering are computed target year of 2040. Atmospheric
composition in 2040, with and without sulfate gemarering and the associated RF-driven

impacts, is calculated using the GEOS-Chem atmogpimadel.

GEOS-Chem is a global chemistry-transport modelME directly simulating
atmospheric chemistry, transport, radiative transfé&JV, emissions, and loss processes.
Following the recent implementation of a unifiedgospheric-stratospheric chemistry extension,
GEOS-Chem uses the same comprehensive chemicaamschthroughout both the
troposphere and stratosphere, including an expépitesentation of stratospheric aerosols
(Eastham et a].2014). For all CTM simulations we use meteoratagfields produced from the
NASA GMAO Global Earth Observation System (GEOSeb)the years 2004-2010. This
simulation period is repeated once to yield 14 yedwoutput. The meteorological data is made
up of 72 layers from the surface to 0.1 hPa, amddgsdded to a horizontal resolution of 4°x5°,
Boundary conditions and surface anthropogenic eomssre taken from the RCP 4.5 projection
for 2040 Wise et al.2009,Clarke et al, 2007,Smith et al 2006). Initial conditions
representative of the future atmosphere are caénilasing a prior 14-year spinup simulation,
resulting in a total integration time of 28 yearhis extended integration time is required to
ensure that the model has reached steady statdgtlte period of analysis. The effects of
geoengineering are calculated by comparing the ragaospheric state over the final five years
between two simulations (e.g. the results of a ktran with 1 TgS/yr injection are compared to
a baseline simulation in which no sulfate geoergying is employed). Surface-level Ryand
ozone concentrations are retrieved based on tipeioat the lowest model layer. UV-B exposure

is calculated based on the surface-level incidantadliation fluxes estimated by the Fast-JX
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UV radiative transfer and photolysis code embedd&sEOS-Chem, with each wavelength bin
weighted according to the SCUP-h action spectrdavaat to UV-induced DNA damage in

human skinde Gruijl and Van der Leun, 1994

The microphysical properties of the stratosphegiosol are estimated separately, using
the AER 2-D microphysical modél\eisenstein et al1997, 2007). Based on the results of these
simulations, a log-normal size distribution is estied and applied to all sulfate-based
stratospheric aerosol in the CTM. For baseline ttmms$, a modal radius of 0.06 pm is used.

More details are given in the SI.

We simulate sulfate geoengineering by directly engtaerosol into the stratosphere.
Sulfate is injected at a rate of 1 TgS/yr betwe@mi2d 25 km pressure altitude, from 30°S to
30°N, and over all longitudes. Consistent withfihdings of Pierce et al. (2010) and Benduhn et
al. (2016), we assume that sulfur is emitted diyest a sulfate aerosol with the target
microphysical properties, rather than as, 38ased on results from a 1 TgS/yr injection
simulation with the microphysical model we impodegnormal side distribution on the
geoengineered aerosol with a modal radius of Orfiegpproximately 2.7 times larger (by
radius) than under the baseline case. In an imigilbration simulation, we found that this
injection rate results in a mean stratospherics@mptical depth (AOD) of 0.079, and that the
monthly-average stratospheric burden of geoengmgattributable sulfate varies by less than
+3% over the five years used to calculate the nadarospheric state. This approach is sufficient
to capture direct impacts of sulfate geoengineanrtge absence of the climate response.
However, capturing RF-driven impacts requires thatclimate response to sulfate

geoengineering is simulated or imposed within tA&IC
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The response of climate variables (e.g. tempergatargulfate geoengineering is not
coupled to atmospheric composition in the CTM.dast, temperature and precipitation changes
are estimated based on GCM results from GeoMB\jtz et al., 2013). In GeoMIP experiment
G4, CanESM2 estimated the climate response to4x R.ihicrease in global stratospheric AOD.
We took the gridded, monthly mean output fieldsrfritnis simulation and normalized them by
the change in AOD to estimate the temperature respper unit change in the stratospheric-
average AOD{T3p/0t). The scalar rate of change of global precipitaienunit change in
global average surface temperatuie/fTsi) was also estimated. These sensitivities aredcale
by the mean change in AOD from the calibration $ation to provide an estimate of the change
in temperature and precipitation resulting fronfatel geoengineering at a rate of 1 TgS/yr.
These changes are then applied to the meteoroldgilcks within the CTM to estimate the RF-
driven impacts of sulfate geoengineering on aildiguand UV-B exposure. Changes in
temperature are applied as a 3-D, absolute chantpe temperature field, while changes in
precipitation are applied as a relative changéénglobal average precipitation rate. In both
cases, seasonal variation is captured by usinghtyomtean values rather than an annual

average. Further information is provided in the SI.
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2.2 Calculation of impacts for a fixed injecticate

As described at the start of section 2, we firftiudate the total impact of sulfate
injection at a rate of 1 TgS/yr, and separate tirapacts into direct and RF-driven pathways. To

achieve this, we run 6 separate GEOS-Chem simo&tghown in Table 1.

Table 1. Simulation parameters used for each GE®S¥Omodel run.

Sulfate Precipitatior ~ Temperaturt
Simulation Chemistry
injection adjustment adjustment
Baseline (B - - - Yes
Calibration (0 Yes - - Yes
Central (C Yes Yes Yes Yes
Precipitation sensitivity (5) Yes - Yes Yes
Temperature sensitivity 1) Yes Yes - Yes
Inert aerosol ( Yes - - -

The net impact of 1 TgS/yr of sulfate geoenginegdn air quality and UV-B exposure
is estimated by subtracting the results of the Ibessimulation (B) from those of the central
simulation (C). The exposure resulting from all esions in a given scenario (e.g. scenario S)
can be represented as E(S), such that the chamg@asure due to all effects combined is E(C)
— E(B). In the central simulation, all impact patys are simulated together. 1 TgS/yr of aerosol
is injected. Air temperatures are decreased relatithe baseline simulation according to the
pre-calculated temperature sensitivity field ddssdiin section 1.1, scaled by the 0.079
stratospheric AOD estimated from the calibrationidation. Global precipitation is also
decreased relative to the baseline. Post-simulainatysis of the simulation C showed a

stratospheric AOD increase of 0.075, within 6%hw value used for calibration.
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The contribution of direct (non-RF) pathways to thial impact of sulfate
geoengineering is estimated using results frontétibration simulation (0). Specifically, the
total contribution of direct pathways (all blackaws in Figure 1) to the net impact of sulfate
geoengineering on air quality and UV-B exposureaisulated by subtracting the “RF-driven”
impact from the total impact, as [E(C) — E(B)] {8 — E(0)]. This is equivalent to E(0) — E(B)
and does not account for second-order terms regutiom, for example, the effect of changes in
precipitation on the direct pathways. However, ¢hiesms are quantified in Appendix B and

found to be negligible.

The contribution of each of the RF-driven pathwiythe total is isolated by performing
two sensitivity simulations. Each is identical tmslation C, but without one of the two climate
perturbations. For example, in simulatiop Sulfate aerosol is injected and global precijutat
is reduced, but temperatures are left unpertureladive to the baseline. The difference in air
quality and UV-B impacts between simulationghd simulation C, calculated as (for example)
E(C) — E(S), provides an estimate of the contribution of tenagpure change (an RF-driven
impact) to the net impact of sulfate geoengineenfig refer to the contribution of each of the
two RF-driven pathways as the “offset warming” dofiset precipitation” impacts, on the basis
that these changes are offsetting impacts of cérobainge. These pathways account for the
effect that the geoengineering-attributable chandeF, and therefore the change in climate, has
on background air quality and UV-B exposure. Aganoss terms resulting from interaction
between temperature- and precipitation- driven ictgpare quantified in Appendix B and found

to be negligible.

We run one additional simulation to better disaggte the direct (non-RF-driven)

pathways. The contribution of descending injectdthte aerosol to concentrations of fine
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particulate matter at the surface is calculategdajorming a separate simulation, without
temperature or precipitation perturbations, in whacchemically unreactive aerosol is injected
(simulation 1). This aerosol undergoes the same heschanisms as sulfate aerosol. This direct
impact pathway is referred to as the “descendingsa®’ pathway. The net impact due to
descending aerosol is simply E(l), as no othersremissions or formation pathways are

included in this simulation.

Any changes in air quality and UV-B exposure obsdrmn simulation 0 which are not
present in this inert simulation are assumed tthbghotochemical response of the atmosphere
to the increased stratospheric loading, calculageflE(0) — E(B)] — E(I). This direct impact
pathway is referred to as the “photochemical” patjwspecifically, this is the contribution of
photochemical processes to the total impact oaseiljeoengineering after the impacts of RF

changes on background air quality and UV-B expokaxe been accounted for.

2.3 Impacts and uncertainty quantification forxad target warming offset

The combination of simulations listed in Table bydes an estimate of how sulfate
geoengineering at a rate of 1 TgS/yr would impaaq@ality and UV-B exposure, in addition to
the contribution from each of four direct and Rii+en pathways. Based on the mean climate
sensitivity from CanESM2 and the calculated stialtesic AOD from GEOS-Chem, this is also
the impact of sulfate geoengineering sufficienvfiset 1°C of warming. By assuming linearity
in the atmospheric response, these same resultsecased to answer a different question: the
contribution of uncertainty in the atmospheric @sge to both the total impact and the

contributions of each pathway.
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We use a Monte-Carlo approach to explore how uaiceytin three climate variables
(Table 2) affects the total calculated changeiimaality and UV-B exposure, holding constant
the target of offsetting 1°C of surface warming. ##sume a linear relationship for each of the
following pairs of variables, with the slope of baelationship treated as an uncertain variable:
between injection rate and stratospheric aerosaldru(the aerosol lifetime); between
stratospheric AOD and temperature change (the tisensitivity); and between temperature
change and precipitation change (the hydrologieastivity). In each Monte-Carlo simulation,
an independent draw of these three variables entand the total impact is recalculated by re-

weighting the contribution from each of the fouttpaays.

We assume that a reduction in the hydrologicaliteitg will result in a proportional
reduction in impacts due to the RF-driven “offsetgipitation” pathway. We assume that a
reduction in the climate sensitivity will result@proportional increase in impacts due to the
direct impacts, on the assumption that a decreelsadte sensitivity implies an increased AOD
for the same warming target, and therefore an as@e@ injection rate. Finally, we assume that a
decreased aerosol lifetime implies an increashkerdirect “descending aerosol” pathway only.
This is on the basis that decreased aerosol ligtimply an increased injection rate, but the

same overall AOD, with no effect on the overall &fhieved.

In each uncertain draw, aerosol lifetime is chds@sed on a uniform distribution
between 1 and 2.4 years. This range spans mosspedlestimatedHeckendorn et al2009,
Pierce et al.2010,Rasch et al.2008) and includes the lifetime of 2.4 years sineday
GEOS-Chem in the calibration scenario. For the alexand hydrological sensitivity parameters,

a value is randomly chosen from a set of four Gddkhperiment G4 simulations with different
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climate models (CanESM2, MIROC-ESM-CHEM, BNU-ESMigBISS-ER-2) Kravitz et al.,

2013). The parameter distributions are shown initiet Table 2.

Table 2. Uncertain parameters applied in Monte<Csirhulations when converting simulation outputrtortality estimates.
Triangular distributions are shown as the mode35% bounds. Limits of the distribution consisteiittnthe 95% bounds were
calculated at simulation time. The “discrete” disttion corresponds to random selection of ondeflisted values, taken from
the results of 4 models running the GeoMIP G4 satioihs.T denotes temperaturesgenotes stratospheric AOB;denotes

global mean precipitation ratst denotes number of premature mortalitiesienotes population-weighted concentration.

Paramete Distributior
i Discrett
Global temperature sensitivitgT/ot) (K) [7.2,-7.3, -12, -19]
. o Discrett
of k-l
Global hydrological sensitivitygP /dT) (% K™) (1.7, 2.4 2.6, 2.9]
. i Uniform
Mean stratospheric aerosol lifetime (years) [1.0 - 2.4]
Triangula
0
Ozone health response (dMJd% ppbv?) [0.100 — 0.104 — 0.107]
\ Triangula
0 -1
PM, s health response (dM@i (% (ug nt)-1) [0.500 — 1.10 — 1.60]
. Triangula
UV-B health response dose factor (unitless) [0.2-06-1.0]

This process is described in more detail in theaBd, an assessment of the accuracy of
the linearity assumption is performed in Appendideand B. Changes in second order effects
such as climate variability and atmospheric dynamihich may affect cross-tropopause mass

flux and surface-level stagnation, are not modbélgdare a clear priority for future work.

One potentially significant feedback which is notsidered here is the effect of sulfate
geoengineering on cloud formation and propertié& ificrease in cloud condensation nuclei
(CCN) and ice nuclei resulting from the descergmftted fine aerosol into the upper

troposphere could result in increased cirrus clouchation, an effect which by one estimate
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could contribute up to 60% of the net radiativecfiog due to sulfate geoengineeriuébbler,
Lohmann, and Feichter, 2012t is also possible that warm cloud formationilicobe affected by
the increase in CCN. Although this is not likelyl® significant for this study, in which the
maximum injection rate considered is ~5-10% of entianthropogenic sulfur emissioi®&(ith

et al., 201}, scenarios involving higher rates of sulfate gemeeering emissions could result in
additional changes to precipitation patterns, isitgnand frequency which could significantly
affect surface concentrations of PMChanges in cloud cover would also affect surfdeeB

intensity, potentially mitigating the skin cancemdages simulated here.

2.4 Calculation of health impacts

Once the total change in air quality and UV-B expedor a given uncertain draw has
been computed, we convert the simulated changesgulation exposure into an estimate of
global mortality. The gradients of the exposurg@osse functions (ERFs), which reflect the
sensitivity of health outcomes to population expesare treated as uncertain variables, with
distributions described in Table 2. We use the imear Jerrett et al. (2009), Hoek et al. (2013)
and Slaper et al. (1996) ERFs for ozone ,Rihd UV-B exposure respectively. The Hoek ERF
was chosen for Pp4 over the more common Krewski et al. (2009) ER# &sa global meta-
analysis of epidemiological studies including Asidiereas the latter is an in-depth
epidemiological study of the USA only. The effe€applying widely-used alternative ERFs for
PM, s such as those of Krewski or Burnett et al. (2044juantified, as is the effect of applying

concentration thresholds for both PAMand ozone.

One thousand draws are performed for all six ungesariables, using the Sobol
pseudo-random sampling sequence to improve conveeg&ensitivity of the results to each

input is calculated using the first-order contribos to total variance. This provides an estimate
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of the first-order sensitivity indices (Sobol indg), corresponding to the fractional contributions

of uncertainty in each input to the total variaircéhe output $altelli et al, 2008).

Two additional scenarios are simulated with altBmeaassumptions. The first applies
region-specific factors to precipitation changeguantify the relative importance of global and
regional precipitation changes in calculating midggtaThe second models a hypothetical low-
halogen future to account for the relative contiitms of anthropogenic halogens in sulfate
geoengineering impact calculatiorislines et al.2009,Tilmes et al.2012,Heckendorn et a|.

2009). A full description of the approach usedtf@se simulations is given in the SI.

3 Resaults

Impacts of implementing sulfate geoengineeringisigifit to offset 1°C of surface
warming in 2040 are presented below. Direct patisneag discussed first, followed by RF-
driven pathways. A summary of the total impactsrsvided in the Discussion section. In each
case, the calculated change in mortality is theltres the full Monte-Carlo simulation,
propagating uncertainty in climate sensitivity,@sl microphysics, and exposure response. All
impacts are calculated for a projected global paiparn in 2040 of 9 billion peopléJpited

Nations 2013)

3.1 Direct impacts

The first of the direct impacts considered is thea#nt of injected aerosol to the surface,
increasing the surface-level concentration o, BMVe find that this pathway results in an
additional 7,400 premature mortalities per year wwugegraded air quality (95% interval: 2,300
to 16,000). This implies that injection of aerosub the stratosphere sufficient to offset 1°C of

surface warming would result in a net increase amtatity of the same order of magnitude as
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attributable to jet fuel sulfur in 20084rrett et al, 2012), and an order of magnitude lower than
the impacts attributable to shipping in 20@(bett et al, 2007). In an additional sensitivity
simulation, we simulated continuous emission oégunal mass of aerosol at the surface,
distributed according to present-day surface-leuiir emitters. Per unit mass emitted, we find
that surface-level emissions of sulfate resultSrties greater population exposure to,RM

than results from emitting the same aerosol ingostinatosphere, while achieving a greater

radiative forcing offset due to the longer lifetimmestratospheric aerosol.

Direct photochemical changes, excluding the impéatjected aerosol descending to the
surface, is net negative, with a mean outcome 208D premature mortalities per year (95%
interval: -42,000 to -4,900). This response is d@ted by decreased ozone exposure at the
surface. Enhanced stratospheric ozone depletiattses reduced ozone mixing ratios in
surface-bound stratospheric air masses, whilentreased mid-tropospheric flux of UV
radiation reduces the photochemical steady-stateectration of ozone throughout the
tropospheredhang et al.2014). Changes in the atmospheric dynamics, divetuthe
stratosphere-troposphere ozone exchange rate diymamical effects of sulfate
geoengineering, are not considered but may affecrésult Kirtman et al, 2014). The mean
change in global mortality due to reduced ozonesy®e in this pathway is -23,000, exceeding
the mean increase in skin cancer mortality of 4d0®to increased UV-B exposure. The
reduction in ozone also prompts a small decreaBdky, resulting in -1,400 premature
mortalities (-2,400 to -520) per year. This suggéisat a small depletion in stratospheric ozone
may result in a net reduction in global mortalityis is a surprising result, and implies that
future increases in stratospheric ozone such a= thmjected under some climate change

scenariosl(i etal., 2009) might be considered as a public hehhat. However, this outcome
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may be specific to the circumstances of the stpdeisc ozone loss, and warrants further

research.

Previous studies have shown that the stratospbeoice loss due to sulfate
geoengineering is sensitive to the assumed hallogeliing, with one study even finding a
reversal of signTilmes et al.2009 Tilmes et al.2012 Heckendorn et al2009). We simulate
an alternative scenario which corresponds to teertftical minimum atmospheric halogen
loading. In this scenario all anthropogenic halogerissions are set to zero, as are the initial
concentrations for all long-lived anthropogenicdgn gases (see Sl for details). We find that
total ozone column depletion is reduced by 31%ixkeddo the scenario with RCP 4.5 halogen
emissions, resulting in 2,500 fewer premature nliigga due to skin cancer, and 4,800 fewer due
to PM, s exposure. These benefits are exceeded by theasentezone exposure in this scenario,
resulting in 7,600 additional mortalities. The netult is that the reduction in global mortality
due to direct photochemical impacts alone is smallenagnitude by 3.6% under a low-halogen
scenario, relative to the baseline scenario. Ta@srasuggests that a relative increase in ozone
concentrations may have a net public health didiienensidering only air quality and UV-B

exposure.

Considering only direct impact pathways, sulfateeggyineering sufficient to offset 1°C
of surface warming results in a net benefit, wigi@al change of -13,000 premature mortalities
per year (sum of central estimates). Although wd #,400 (2,300 to 16,000) additional
premature mortalities due to direct population expe to injected aerosol, this is counteracted
by -20,000 (-42,000 to -4,900) premature mortalitiee to photochemical impacts resulting

from the increased sulfur loading of the stratosigleerosol layer.
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3.2 RF-driven impacts

The calculated RF-driven impacts of sulfate geassgyiing on air quality are consistent
with prior literature examining the related problefithe response of air quality to G@riven
warming. Reduced temperatures relative to the pragefuture scenario result in enhanced
partitioning of HNQ from background emissions into nitrate aerosal, therefore an increase
in surface PM. We find that this dominates other RMormation mechanisms which reduce in
response to cooler surface temperatures, suctodagiion of biogenic aerosols. The result is
that, by offsetting 1°C of surface warming fronntdite change, sulfate geoengineering results in
an additional 69,000 premature mortalities annu@lly000 to 95,000). This increase is
accompanied by a significant decrease in prematortality due to the avoided effect of global
warming on ozone. Ozone concentrations in polluégibns decrease with temperature as
photochemical production is slowed, such that sellfgoengineering results in -43,000 (-67,000
to -19,000) premature mortalities per year dueztune exposure relative to the avoided future.

The effect of temperature change on UV-B exposuresgligible.

The other RF-driven impact of sulfate geoenginegisniower overall precipitation rates,
offsetting some of the increased precipitation getgd to result from climate change. Decreased
precipitation results in longer lifetimes for RMand therefore in increased PMexposure
globally. The total RF-driven impact of changegiacipitation from sulfate geoengineering is
an additional 14,000 (7,100 to 21,000) prematuretatites per year, with negligible effects on

ozone and UV-B exposure.

This approach assumes that precipitation will biéoumly affected across all locations,
and all aggregated impacts in the following sectiare calculated on this assumption. However,

sulfate geoengineering is likely to reduce preaipin by a greater proportion in some regions
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than in othersKravitz et al, 2014). We run an additional, sensitivity simwatin which
precipitation rate modifications are derived angligal on a local basis rather than a global
basis, using a separate factor derived from theMBeé &4 CanESM2 simulation for each of 21
climatologically-distinct regions (see Sl for détaiIn this scenario, the impacts of precipitation
are increased by 15%. The increase occurs almoktsexely in Asia and Eastern Europe. Here
the relative reduction in precipitation is 1.5 ah# times the global average, respectively,
resulting in longer lifetimes for PM as washout is decreased. However, whether usatogigbr
regional precipitation adjustments, impacts dueetoperature change remain dominant factor in

RF-driven mortality impact pathways of sulfate gegieeering.

The net effect of RF-driven impact pathways on glabr-quality and UV-B exposure is
a net increase in mortality, reflecting the losslohate change-driven air quality benefits
associated with increasing temperature and prati@it. We find a combined central estimate of
39,000 additional mortalities per year due to tifsetting. This total is made up of +26,000
(-12,000 to +63,000) premature mortalities duevimided temperature change, and +13,000

(+6,600 to +20,000) due to precipitation reduction.

These results are sensitive to the modeled imgaginoate change on surface air quality.
We find that, for both RF-driven pathways, sulfgémengineering offsets climate change-related
increases in ozone and decreases in £MWith the magnitude of mortality impacts from the
latter change exceeding those from the former. 8hitreases of ozone under climate change
are widely reported in the literature, the sigrihe&f impact of climate change on surface,BM
concentrations is uncertaiRigre et al 2012). The net outcome of RF-driven impactskislji to

change as our understanding of the impacts of tdirtlaange is further refined.
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4 Discussion

In total, and considering only the effects on aiality and UV-B exposure, sulfate
geoengineering sufficient to offset 1°C of warmnegults in +26,000 premature mortalities
annually (95% confidence interval of -30,000 to ;00®). Figure 2 shows a graphical
breakdown of incurred mortalities by pathway ancekgosure type, with numerical values
shown in Table 3. This total is made up of 39,000i#onal mortalities due to RF-driven
pathways, partially offset by 26,000 prevented @aldiés due to direct pathways, as outlined in
Figure 1. In 17% of cases, mortality reductions ttuéecreased ozone exposure exceed the
combined global mortality impacts of increased,RlEind UV-B exposure, resulting in a net
decrease in global mortality due to sulfate geasegyiing. Overall, surface air quality and skin
cancer impacts are dominated by increases in nitgrtiale to RF-driven pathways, whereas the

direct impact pathways of sulfate geoengineeriegn@t beneficial by these metrics.
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471  Figure 2. Annual premature mortality impacts réaglfrom sulfate geoengineering sufficient to offs€C of surface warming.
472 Impacts are separated by pathway, based on Figaredlby exposure type. The left panel shows théribaitions to each

473  pathway’s total impact, separated by exposure tfpe.right hand sub-plot shows how each impactvsagrtontributes to the
474  total. “Descending inj. mass” corresponds to diesqiosure of the population to injected aerosolsnaasit descends to the
475  surface. “Photochem. effects” corresponds to phiwtotical changes resulting from the increased akopsical depth and
476 surface area, including induced changes in stra@gpozone columns. “Offset warming” corresporaltemperature change,
477 “Offset precip.” to reductions in precipitation. li8Bobars show the mean value of Monte Carlo sintabutcomes (n = 1,000).

478  Error bars show the 2.5 and 97 Bercentile values.

479 For all four atmospheric mechanisms, mortality thusurface ozone exposure is
480 consistently decreased by sulfate geoengineeringreas mortality due to PMexposure varies

481 in sign. Increases in nitrate aerosol due to redisceface warming result, on average, in greater
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health impacts than the benefits associated withaed ozone. UV-B exposure is only
significantly affected by direct photochemical etfeof sulfate geoengineering, but the
contribution of changes in UV-B exposure to therallempact of sulfate geoengineering is an

order of magnitude smaller than the contributiohsh@nges in ozone or RMexposure.

When considering only the direct photochemical egungnces of sulfate geoengineering,
the total skin cancer mortality increase is excdduaethe ozone mortality decrease in all
uncertain variable draws. This counterintuitivetyplies that limited stratospheric ozone
destruction may be of net benefit in terms of premeamortality and human lifespan, and that
reduction of anthropogenic halogen emissions menease rather than reduce health impacts
due to sulfate geoengineering. However, this doésake into account non-mortality outcomes
of exposure to UV-B such as cataract formationramttmelanoma skin cancer, which is less
fatal but several orders of magnitude more comrhan tnelanoma skin canc&uy et al.,

2015, Slaper et al.;1996).

Uncertainty in the ERFs for PM and ozone have the greatest first-order effect on
overall variance in the global mortality impactsofifate geoengineering, contributing 44% and
50% of the total variance in the result based enctiiculated sensitivity indices. The first-order
effects of uncertainty in climate response areraeoof magnitude smaller, with the greatest
contribution being 2.5% for temperature sensitiwith respect to optical depth. Uncertainty in
the UV-B exposure response function, sensitivitpracipitation to temperature and uncertainty
in aerosol lifetime each contribute 1% or lesswerall uncertainty in the result. When
calculating mortality due to PM and ozone individually, ERF uncertainty remairns gheatest
contributor to overall variance, followed by uneenty in the temperature sensitivity to optical

depth. However, this ordering is reversed for niimiea due to UV-B exposure. Furthermore,
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application of an alternative ERF developed foibglestudies by Burnett et al (2014) results in
mortality due to geoengineering-attributable RNalling by 22%. Mortalities calculated using

several other ERFs are shown in the SI.

Table 3. Annual premature mortality impacts resgltrom sulfate geoengineering sufficient to offs®C of surface warming.
Mean outcomes are in bold, 95% intervals are shaveguare brackets (N = 1,000). The 95% intervahbisulated as the 2.5

and 97.5th percentile values of the Monte Carlautation outcomes.

Direct impact RF-driven impact

Descending Photochemice Offset Offser _

S _ - All mechanisms

injection mass effects warming precipitation
Surface - -23,000 -43,000 -660 -67,000
ozone (-45,000 : -6,600)  (-67,000 : -19,000) (-1,10@60) (-110,000 : -28,000)
PM 7,400 -1,400 69,000 14,000 88,000

= (2,300 : 16,000) (-2,400 : -520) (41,000 : 95,000) (7,100 : 21,000) (53,000 : 120,000)
- 4,100 400 -24 4,500
uUVv-B
(1,300 : 8,200) (200 : 610) (-40 : -10) (1,600,880)

All 7,400 -20,000 26,000 13,000 26,000
causes (2,300:16,000)  (-42,000:-4,900)  (-12,000 : GR)P (6,600 : 20,000) (-30,000 : 79,000)

All simulations were performed at a relatively cggmhorizontal resolution (4°x5°). A
2013 study indicated that while surface ozone exyois insensitive to grid resolution, use of
coarse horizontal resolution when calculating ootes could result in mortality due to Py
exposure being biased low by 30-40%. This is dubeaovariance of peaks in BM
concentration and population centers, which isrefiected at coarse resolutiddunger et al.,
2013). However, changes in RMdue to sulfate geoengineering are diffuse compiaredodern
anthropogenic Pl and this covariance is therefore likely to beuat. These simulations
also do not take into account the possible respohsi®udiness to the increase in cloud

condensation nuclei which could result from sulfg@eengineering, due to the descent of
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emitted fine aerosol into the upper tropospheraddition to potentially affecting the total
UV-B reaching the surface and the net RF associattdgeoengineeringuebbler et al.,
2012, changes in cloudiness through this mechanisrdaftect surface precipitation and
thereby PM s concentrations. Although outside the scope ofwuek, we consider assessment
of the response of cloudiness to be a priorityfiiture research on surface-level impacts of

geoengineering.

These results must be weighed against the riskbnoate change which sulfate
geoengineering seeks to mitigate, and the magnatiderrent and future health impacts due to
degraded air quality. A study of the 2015 globaiden of disease found that 4 million deaths
annually are attributable to degraded air qualitlyile air quality co-benefits of greenhouse gas
mitigation (including changes in precursor emiss)dmve been estimated at ~1.3 million fewer
mortalities per year in 205@0hen et al., 2017, West et al., 2D1®e find that the total air
quality and skin cancer related impacts of sulfgteengineering sufficient to induce a 1°C
decrease in surface temperature are +26,000 (9593@000 to +79,000) premature mortalities
per year. Normalizing by total population in 20#4s is equivalent to a change of +0.3 early
deaths per 100,000 population. For context, thisbmacompared to projected direct health
impacts of rising surface temperatures. A studieofperature-related mortality under a
“business as usual” (BAU) climate change scenawgepted that a 3°C increase in average
surface temperature would result in an additioa80 mortalities per year in the US alone,
corresponding to +20 deaths per 100,000 populédbeschénes et al2011). These changes are
dominated by increased vulnerability during extrerakl and extreme heat events, resulting in
greater changes at higher baseline temperatureghé&mnstudy found that aggregate economic

impacts of temperature increases are approximhtelgr in temperature, and that BAU climate
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change is estimated to reduce global average inctmyn&3% within the next 80 yeaBurke et
al., 2015). These consequences of climate changebawseighed against the risks and benefits
of sulfate geoengineering, including (but not liedtto) the impacts on air quality and UV

exposure explored in this study, which are reldyigenall and of uncertain sign.

5 Conclusions

We identify several mechanisms by which sulfateeggineering may cause changes in
air quality and UV-B exposure, and we provide tin&t fjluantitative estimates of the impact of
sulfate geoengineering on global mortality ratesnfthese causes. When sulfate geoengineering
is used to offset 1°C of temperature rise (or &@daC cooling) we find that RF-driven impacts,
associated with offsetting the effects of climatarge, result in a net increase in mortality,
while other (“direct”) impacts result in a net dease. The net effect is an increase of 26,000
additional premature mortalities per year (95%rwdk -30,000 to +79,000), although the
overall sign of the impact is uncertain. We find&3% chance of a net increase in global
mortality due to air quality and UV-B exposure, witncertainty in the exposure response

functions providing the greatest contribution tatancertainty in the result.

Of the direct impact pathways considered, desceinjected sulfate aerosol from the
stratosphere is found to be a minor contributdh®overall impact of sulfate geoengineering.
The contribution of descending, injected aerosaluidace PMs causes 7,400 additional
premature mortalities per year, compared to a dseref 20,000 premature mortalities per year
resulting from the direct photochemical effectsolfate geoengineering. This is made up of
4,100 additional skin cancer mortalities offset23/000 averted premature mortalities due to
decreased ozone exposure. By contrast, RF-drivpadts of sulfate geoengineering are found to

result in a net increase in mortality relativelie fivoided future scenario. By offsetting 1°C of
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atmospheric warming, greater concentrations of Pae formed from existing emissions,
resulting in an additional 69,000 premature marediper year. The reduction in radiative
forcing also offsets some of the anticipated insegia precipitation associated with climate
change, with longer aerosol lifetimes incurringaaiditional 14,000 premature mortalities per
year. These effects are partially offset by 44,806ided mortalities per year from RF-driven
changes in ozone exposure. The specific magnitielesnd on the amount of warming which is
being offset. The impacts of larger or smaller antswf can be approximated by scaling the

warming to our 1°C value.

This analysis does not account for ecological dimiate feedback effects related to
increased Cg) possible induced or suppressed cloudiness, dicgualth impacts beyond
changes in mortality due to air quality and UV-Begure. Deschénes et al. (2011) found that,
under a business-as-usual scenario with 3°C of wagrin 2070-2099, the direct impact of
increased temperatures due to climate change vibeu&8,000 premature mortalities per year
from extreme temperatures in the United StatesealBarke et al. (2015) estimated that
aggregate economic impacts of climate change adgllice global average incomes by 23% in the
same period. Although beyond the scope of this papsighing the broader effects of mitigating
climate change against the air quality and UV-Batp computed here would provide a more

complete understanding of the net benefits and élsulfate geoengineering.

Appendix A: Assessment of response linearity

Four additional simulations are conducted to testalidity of the assumption that
impacts will scale linearly with input. For impacise to changes in temperature and

precipitation, we simulate perturbations which atenes smaller than the CanESM2 output and
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8.6 times smaller than the “full” perturbations re@ponding to a 0.98 K cooling. A 0.5 TgS/yr
injection rate, resulting in a 0.040 increase matsspheric optical depth, was simulated to
determine impact linearity with respect to thesardities in isolation from meteorological
feedbacks. A full list is given in Table 4. Secander effects due to effect interaction (e.qg.
between precipitation impacts and injected suljates addressed in Appendix B. The output
metric shown is the total mortalities as calculatathout accounting for uncertainty in climate

or exposure response variables.
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Table 4. Perturbation parameters used in simulatiorestablish response linearity.

Input Smal perturbatiol  Large perturbatiol
Injection rate(TgS/yr) 0.t 1.C
Optical dept/ (-) 0.04(¢ 0.07¢
Offset warmini (K) 0.12 0.9¢
Offset precipitatio (%) 0.28% 2.4%

The total mortalities calculated for each pertudygtbroken down into those resulting
from exposure to PM, 0zone and UV-B, are shown in Figure 3. Interpotabetween zero and
the ‘full-scale’ perturbation shows a good agreetwéth the results of the smaller test
perturbation simulations. The exception to thigmithe case of the response to an increase in
stratospheric aerosol optical degth For aAt of 0.040, the change in mortality due to skin
cancer is 21% greater than would be calculatedhtgypolation from the impact of/s of
0.079, and the ozone reduction is 13% greater effieet on PM s exposure is negligible. This is
likely to be due to saturation, as reaction ragxome limited by factors other than surface area

density of aerosol.
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610  Figure 3. Response linearity with respect to eddh@assessed mortality mechanisms. The dasheddfmesents the linear

611 sensitivity used in each case when scaling caledlexposures for the purposes of uncertainty dfirzatton.
612 Appendix B: Second-order sensitivities

613 Four additional simulations are conducted in whiwhinputs are combined to determine
614 the effect of second order terms on the responghel first three simulations, combinations of
615 two parameters (temperature change, precipitat@ange, and injection rate) are changed

616 simultaneously. In the final simulation, all thrae modified together. For these simulations, the
617 effect of descending aerosol and the photocheraféadt of an increase in stratospheric optical

618 depth are not separated.
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The results of these simulations are shown in Eiguin each panel, the left-hand bar
shows the total mortalities as calculated by lieadding the exposure calculated by individual
simulations, whereas the right-hand bar shows totatalities as calculated using a single
simulation in which the perturbations are simulategether. These estimates do not include
uncertainty in climate variables. Inclusion of sed@rder effects changes the total calculated
number of mortalities by less than +1%, suggedtiadjinteraction between the three factors is
not significant. However, this does not addressibbs meteorological feedbacks such as

changes in cloud cover or ventilation.
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Figure 4. Comparison of mortalities estimated bgdir combination of calculated exposures from séyarturbation
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