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Abstract The objective of solar geoengineering by stratospheric aerosol injection (SAI) is to lower
global temperatures, but it may also have adverse side effects. Iceland is situated close to the overturning
regions of the Atlantic Meridional Overturning Circulation (AMOC) that warms the North Atlantic area.
Hence, this may be one region where reduced irradiance by SAI may not be successful in reducing impacts
from greenhouse gas warming. We examine this proposition by estimating how the Icelandic Vatnajokull
ice cap (VIC) surface mass balance (SMB) and surface runoff changes in response to greenhouse gas and
solar geoengineering scenarios over the period 1982-2089. We use the surface energy and mass balance
model SEMIC driven by Earth System Model output under the GeoMIP G4, and CMIP RCP4.5 and
RCP8.5 greenhouse gas scenarios. Geoengineering significantly reduces VIC near-surface air temperature
by 0.4°C, downward longwave radiation by 2.4 Wm™ and increases snowfall by 4.9 mm yr relative to
RCP4.5. During the SAI period 2020-2069, modeled annual mean SMB under G4, RCP4.5 and RCP8.5 are
—0.34 + 0.18 m yr~', —0.56 + 0.06 m yr ' and —0.66 + 0.04 m yr~", respectively; surface runoff reduction
under G4 is 6 + 6% and 7 + 6% (95% confidence interval uncertainties) compared with that under RCP4.5
and RCP8.5, which is far smaller than the 20 + 2% and 32 + 2% reductions for the Greenland ice sheet.
The differences may be attributed to the reinvigoration of AMOC under G4 relative to RCP4.5 which
brings more heat to Iceland than Greenland, leading to around half the cooling and longwave radiation
reductions than for Greenland.

Plain Language Summary The unique location of Iceland, near the overturning regions of
the Atlantic thermohaline overturning circulation, makes its response to climate change rather atypical.
The overturning circulation supplies a lot of heat to Iceland, but this has been slowing, and is projected to
reduce further as greenhouse warming continues over the century. Solar geoengineering has the potential
to lower temperatures by artificially increasing planetary albedo and is predicted to reverse this decline

in ocean circulation heat transport, but also reduces the direct warming effects of increasing amounts

of greenhouse gases. Hence, the net effect on temperatures and the ice on Iceland is a delicate balance,
which we explore by simulating the response of the largest ice cap Vatnajokull. The ice cap mass loss
would indeed be slightly reduced by geoengineering (6%), but the effectiveness is much lower than for
other glaciers globally where effectiveness is 20%-35%.

1. Introduction

Icelandic glaciers are rather sensitive to climate warming (e.g., Gudmundsson et al., 2011; Schmidt
et al., 2018, 2020). This is because of their extreme maritime setting giving them high snowfall, and ice tem-
peratures that are always close to the melting point, leading to both large accumulation rates in their upper
reaches and rapid melt in their ablation zones. Iceland sits at the confluence of the warm Irminger and
cold East Iceland ocean currents (e.g., Olafsson et al., 2007) leading to a temperate maritime climate (Vilh-
jalmsson, 2002). Iceland is situated close to the overturning regions of the Atlantic Meridional Overturning
Circulation (AMOC) that brings significant heat to the North Atlantic region. Atmospheric greenhouse
gas concentration increases tend to reduce AMOC, albeit with heavily model-dependent results (Caesar
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Figure 1. Surface elevation over Vatnajokull from SRTM30 and the location of the Automatic Weather Station (blue
dots and gray fonts) as well as some outlet glaciers (black fonts). Byg and Tap are over the ablation zone, Txc and Bac are
over the accumulation zone, By is near the equilibrium line altitude. Lower right corner is the view of Iceland from
Google Earth, red dashed box is the Vatnajokull domain.

et al., 2018; Hong et al., 2017; Liu et al., 2017; Rahmstorf et al., 2015; Robson et al., 2014). Anthropogen-
ic aerosol reductions also cause a slowdown in AMOC in simulations covering the time period since the
1980s (Hassan et al., 2021; Menary et al., 2020), as well as the near future (Ma et al., 2020) when aerosols
are projected to decrease by the middle of the current century. Hence, for much of the North Atlantic, heat
flux reduction because of AMOC slowdown offsets the increased radiative forcing due to greenhouse gases
to varying degrees (potentially completely, e.g., Liu et al., 2017). The net effect in Iceland is likely to be a
delicate balance between changes in irradiation and ocean heat advection.

Glaciers and ice caps in Iceland presently cover ~11% of the land surface (Bjornsson & Pélsson, 2008).
Changes in the fraction of snow and ice are important, as they lead to major changes in albedo. Melting all
Icelandic glaciers would raise global mean sea level by only about 1 cm (Bjornsson & Palsson, 2008; Bjorns-
son et al., 2013). This is not particularly significant relative to the much larger contributions expected from
the Greenland or Antarctic ice sheets and represents only about 2% of that stored in ice caps and glaciers
outside these polar ice sheets. Here, we are interested in using Iceland impacts to explore AMOC variability
rather than examine Iceland's impacts on global climate. But, the changes predicted for Iceland would have
large impacts locally, not only on the natural ecosystems, landscape, and hydrology, but also the psychology
of Icelanders who identify themselves with the “land of ice and fire.” Mass loss from Icelandic glaciers has
been accelerating as a consequences of warming temperatures over recent decades (Bjornsson et al., 2013)
and therefore has received extensive study.

The Vatnajokull ice cap (VIC) is the largest nonpolar ice cap in Europe with an area of ~7,700 km? and a
volume of ~2,870 km? (Adalgeirsdottir et al., 2020). VIC is near the southeastern coast of Iceland and has
a maximum surface elevation of ~2,100 m above sea level (Figure 1). Mass loss from VIC has accelerated
from a slightly positive mass balance in the 1980s toward a negative balance in the mid-1990s as the result
of rising temperatures, possibly linked with a weakening of the North Atlantic subpolar gyre (Bjérnsson
et al., 2013). Mass balance continued to decrease, dropping to —0.8 m yr_1 between 1995 and 2014 (e.g.,
Palsson et al., 2015), but then it was close to zero in 2017 (Palsson et al., 2017). There have been few studies
looking at its evolution in the future, and none looking at potential geoengineering scenarios. Schmidt
et al. (2020) showed that its volume will eventually decrease by 51%-94% and area by 24%-80% by the year
2300 under the representative concentration pathway (RCP) 8.5 scenario. Flowers et al. (2005) examined the
sensitivity of VIC hydrology and dynamics over the next centuries. Their simulated ice cap area reduces by
12%-15% and volume by 18%-25% under 2°C warming by the end of the 21st century. Marshall et al. (2005)
found that VIC volume and area are very sensitive to small temperatures shifts via simulations under vari-
ous future warming rates.
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Geoengineering may be broadly defined as large-scale geotechnical approaches that deliberately modify the
climate system to counteract anthropogenic global warming (Shepherd, 2009). Geoengineering by strato-
spheric aerosol injection (SAI) has been the most thoroughly investigated methodology proposed to date.
SAI potentially mimics the climate impact of large volcanic eruptions that reduce surface temperatures by
scattering incoming solar radiation. About a dozen different Earth System Models (ESMs) have evaluated
various SAI scenarios (Boucher et al., 2013), finding consistently that SAI reduces global temperatures in
a spatially nonuniform pattern, changes precipitation patterns and lowers global mean humidity and pre-
cipitation (Kravitz et al., 2013). However, an important consideration is that SAI may also have adverse
side effects that diminish or reverse the intended environmental impacts. One such adverse impact would
be changes in global atmospheric or oceanic circulation that play important roles in redistributing energy
around the Earth.

Of the literature discussing SAI, the most relevant here deal with its impact on the cryosphere, especially
the ice sheets. Early studies considering SAI geoengineering for Greenland used a single ESM and looked
at its long-term response (Applegate & Keller, 2015; Irvine et al., 2009). These studies also used simplified
surface mass and energy balance parameterizations, often forced by changes in temperature and precipita-
tion only. Ignoring changes in downward radiation flux was expected to underestimate the effectiveness of
solar geoengineering at offsetting melt in Greenland (Irvine et al., 2018), and analysis from multiple ESMs
showed the importance of reduced humidity reducing surface temperatures via increased long wave radia-
tion into space (Moore et al., 2019).

However, the effectiveness of SAI relative to RCP4.5 on the mass balance of the Greenland ice sheet (Moore
et al., 2019), was only about half that on glaciers in High-Mountain Asia (Zhao et al., 2017) because of the
compensating changes in AMOC. Mass loss from the VIC will accelerate in the future (Schmidt et al., 2020)
under greenhouse gas forcing scenarios. Whether VIC will be more or less effectively preserved by SAI than
Greenland, is not obvious.

One issue in analysis of ice sheet response is the horizontal resolution of the atmospheric grids in CMIP5
ESMs (around 200 km), and even though improved under CMIP6, they are typically more than 50 km.
These resolutions are coarse compared with the smaller scale (km to tens of km) of the glaciers, especially
the ablation regions where melt occurs and to a large extent, the overall mass balance is shaped. We address
this by using downscaling and bias correction methods that take the ESM climate fields and modify them
according to high-resolution surface topography, along with in situ and satellite observations of albedo and
glacier mass balance. There are advantages in this methodology for Iceland and VIC in particular, which
has been well studied for many decades with a wealth of meteorological and glaciological observations (e.g.,
Adalgeirsdottir et al., 2020; J6hannesson et al., 2020).

In this study, we choose the GeoMIP G4 scenario to explore the effect of SAI because it has been performed
by several ESMs allowing across-model comparison. The G4 scenario specifies injection of sulfate aerosols
into the equatorial lower stratosphere in addition to the RCP4.5 emissions scenario. We also simulate the
VIC response under the RCP4.5 scenario as a direct control, and the more extreme high emissions RCP8.5
scenario which provide for a larger signal-to-noise ratio. We want to answer these questions: How does VIC
quantitatively respond under the RCP4.5, RCP8.5, and SAI G4 scenarios? Could SAI mitigate VIC ice loss
due to global warming? How different are the Greenland ice sheet and VIC responses, and how important
is the AMOC response to Arctic ice masses?

2. Methodology
2.1. Climate Forcing and Statistical Downscaling
2.1.1. Climate Forcing

We simulate VIC SMB and surface runoff under climate projections from four ESMs (Table 1). These are
the only ESMs that simulated both the GeoMIP (Geoengineering Model Intercomparison Project) G4 and
CMIP5 (Coupled Model Intercomparison Project Phase 5) RCP4.5 and RCP8.5 scenarios, and have daily
forcing fields as input for SEMIC (Table 2). GeoMIP has developed new experiments for use with CMIP6
level ESMs (Kravitz et al., 2015.), but yet there are relatively few models with output available. Of the ESMs
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;:’)tl; .Sl'ystem Models (ESMs) in Coupled Model Intercomparison Project Phase 5 (CMIP5) Used in This Study

Earth system model Atmosphere Ensemble Reference
BNU-ESM 2.8° % 2.8° 1 Jietal. (2014)
HadGEM2-ES 1.25° x 1.875° 3 Collins et al. (2011)
MIROC-ESM 2.8° % 2.8° 1 Watanable et al. (2011)
MIROC-ESM-CHEM 2.8° % 2.8° 3 Watanable et al. (2011)

we use, MIROC-ESM and MIROC-ESM-CHEM share most processes except for using an interactive atmos-
pheric chemistry module in MIROC-ESM-CHEM. Moore et al., (2019) estimated the differences in the en-
semble if the MIROC models were each down weighting to 0.75 of the other two models, but found it made
little difference to the mass loss. In the ESM literature, the MIROC models are considered as independent
and weighted equally with other ESMs, and we follow that practice here.

The RCP8.5 scenario used to be known as the “business-as-usual” scenario with a high radiative forcing at
8.5 Wm ™2 by 2100 (Riahi et al., 2011), however the 2015 Paris Climate Accord places the National Deter-
mined Contributions (NDCs) to greenhouse gas emissions closer to the RCP4.5 scenario (Kitous & Keram-
idas, 2015; Thomson et al., 2011), and might be now considered as the only internationally agreed political
pathway in future emissions. Although the NDCs are meant to be strengthened over time, individual states
may abrogate their commitments, and so both RCP8.5 and RCP4.5 might be considered as framing an en-
velope of plausible emissions over the 21st century. The G4 scenario specifies 5 Tg yr™' of SO, to be in-
jected into the equatorial lower stratosphere during 2020-2069 simultaneous with RCP4.5 forcing (Kravitz
et al., 2013). The simulation period we focus on, spans 1982-2089 and is comprised of the CMIP5 historical
simulations from 1982 to 2005, continuing with the RCP scenarios to 2089. G4 branches off the RCP4.5
scenario at 2020 with 50 years of SAI followed by cessation in 2069 and 20 years of RCP4.5 forcing. The final
20 years test the termination impacts of a sudden end to SAI. G4 has of course not yet been implemented,
but it is supposedly neither technologically difficult nor prohibitively expensive (Smith & Wagner, 2018). In
practice, an SAI implementation would be much more sophisticated than G4, for example, aiming to pre-
serve existing hemispheric temperature balance, as well as equator-to-pole temperature gradients (Kravitz
et al., 2016), and with seasonally varying injection rates. These types of implementations might be expected
to for example, well preserve Arctic sea ice (Lee et al., 2021), along with and AMOC and Greenland ice sheet
mass balance (Tilmes et al., 2020). Although detailed analyses of differences between this kind of SAI de-
ployment and the simple version applied here have not been done, they appear to be second order compared
with the impacts introduced by temperature rises due to greenhouse gas scenarios.

2.1.2. Bias Correction and Downscaling

We used the European Center for Medium-Range Weather Forecasts

Table 2 ERAS5 reanalysis product (Hersbach et al., 2020) during the period of
Input Climate Forcing for SEMIC Model 1982-2018 to statistically bias correct the ESM output. This product has
Variable Unit been satisfactorily evaluated for Greenland ice sheet SMB (Delhasse

2 et al., 2020) and for the surface-layer meteorology over Iceland (Renfrew
Snowfall rate ms

Rainfall rate

Downward shortwave radiation
Downward longwave radiation
Near-surface air temperature
Near-surface specific humidity
Surface wind speed

Surface pressure

Air density

et al., 2020). As ERAS has a relatively coarse resolution (30 km) over Vat-
najokull, we first downscale it to a 0.025° X 0.025° grid to better capture
Wm™ the ice topography.

Over Vatnajokull (Figure S1), surface elevation is well correlated with
daily mean downward longwave radiation (LW]; R = 0.77), shortwave
kgkg™ radiation (SW{; R = 0.74), near-surface air temperature (T; R = 0.83),
ms™ and specific humidity (Q; R = 0.77) during the period of 1982-2018. We

Pa therefore bilinearly interpolate these fields to 0.025° X 0.025° grids us-
-5 ing fitted lapse rates: LW|—11.9 Wm™ km™, SW| 15.85 Wm™ km™, T
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Figure 2. Historical time series of downscaled and bias-corrected (a) annual near-surface air temperature, (b)
downward longwave radiation, (c) downward shortwave radiation, (d) total precipitation, and (e) snowfall by BNU-
ESM (red), HadGEM2-ES (blue), MIROC-ESM (magenta), MIROC-ESM-CHEM (cyan), and downscaled ERA5 (black)
during 1982-2005 over Vatnajokull.

—54Kkm™, and Q —0.59 k k™' km™". Precipitation (PR) is adequately described by an exponential relation-
ship with surface elevation (H, unit: m) in Equation 1:

PR = PR k"0 €]

where PR, is the precipitation at a reference altitude and k is a constant. Over Vatnajokull, De Ruyter-de
Wildt et al. (2004) fit this equation by using the winter mass balance data during 1993-1999 and take k as
2.3. We applied this and downscaled precipitation using the Kriging interpolation method, which is suitable
for smooth interpolation and has been widely used in precipitation interpolation (e.g., Bajat et al., 2013;
Bostan et al., 2012; De Ruyter-de Wildt et al., 2004). The snowfall downscaling technique also follows De
Ruyter-de Wildt et al. (2004), and was derived from the downscaled precipitation, assumed equal to precipi-
tation rate when the daily mean near-surface air temperature is below 3°C. Surface wind speed, air density,
and atmospheric pressure were simply bilinearly interpolated because of their minor impact on SMB in the
SEMIC parameterizations.

After we downscaled ERAS5, we then use it as the observation-based reference climate to downscale and
bias-correct ESMs fields to the same 0.025° X 0.025° grid using the Inter-Sectoral Impact Model Intercom-
parison Projection (ISI-MIP; Hempel et al., 2013) method, which preserves the long-term absolute/relative
trend of the simulated climate forcings. The daily variability and monthly mean of simulated climate forc-
ing are adjusted with either a constant offset (near-surface air temperature) or multiplicative correction fac-
tor (other climate fields) calculated by the differences of simulated and observed data during the historical
period. Air density is generated through the corrected near-surface air temperature and surface pressure
with the ideal gas equation. We plot the five bias-corrected climate variables that are most important to SMB
in comparison the downscaled ERA5 in Figure 2; bias-corrected variables share the same means and trends
as their downscaled ERAS5 counterparts.

YUE ET AL.

50f 19



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002052

2.2. The Surface Energy and Mass Balance Model, SEMIC

The SEMIC model utilizes the energy and mass balance approach to simulate the main surface processes
involved in SMB, surface runoff, and snow-pack evolution. It is a model of intermediate complexity which
balances the computational cost with physical parameterizations and has been shown to provide good
agreement with the state-of-the art regional climate model MAR (Fettweis et al., 2013), in simulations of
Greenland ice sheet surface temperature and SMB (Krapp et al., 2017), and has been used in various future
projection scenarios for the ice sheet (Moore et al., 2019; Riickamp et al., 2018). It has not previously been
used for Icelandic glaciers, and we did not adjust the default parameters that were tuned over Greenland.
The main function of the parameters is to aid albedo parameterization, and using the Greenland parameter
values produces notable differences from observed albedo over Iceland due to features that cannot be sim-
ulated with SEMIC. To correct for this deficiency, we bias-corrected the modeled albedo (Section 2.4). In all
simulations, we apply a fixed ice mask that from SRTM30 digital elevation model (Farr et al., 2007), since
the ice extent changes less than 10% in the dynamic simulations of Schmidt et al. (2020).

2.3. Correction of SEMIC Modeled SMB Due to SMB-Elevation Feedback

Taking account of the SMB-elevation feedback is essential for estimating future SMB and surface runoff,
increased ice melt will lower the surface elevation, leading to higher temperatures and then increased
melt. We took surface elevation data from the SRTM30 digital elevation model, generated from a combina-
tion of Shuttle Radar Topography Mission data and the U.S. Geological Survey's GTOPO30 data set (Farr
et al., 2007). The SRTM30 has a spatial resolution of 1/120° and is designated for the year 2000; we assume
it represented the whole 1982-2005 period.

We analyzed the correlation between SEMIC modeled SMB and surface elevation over the whole VIC driv-
en by climate from each ESM during the historical period 1982-2005 (Figure S2). We found significant lin-
ear correlations (R* > 0.7; p < 0.01, Figure S2) between surface elevation and modeled SMB over the whole
VIC during the period 1982-2005 for all the ESMs. To estimate the SMB-elevation feedback, we assumed
steady state for the historical period 1982-2005, that is, surface elevation change is zero and the SMB was
balanced by the divergence of the ice flux. We then assume that SMB anomalies relative to the historical
averaged SMB will cause elevation change from the year 2006 onward, that is, we assume constant ice flux
divergence. The cumulative SMB anomaly and SMB elevation gradient we calculated gave the correction
term for SMB (Figure S3). This “historical steady state” assumption will not be fully correct since most of
the outlet glaciers of Vatnajokull are surge-type glaciers that have an important effect on its volume change
(Bjornsson et al., 2003). A glacier undergoing a surge causes substantial anomalous mass transport from the
upper accumulation zone to the ablation zones. Predicting outlet glacier surges is presently beyond even
sophisticated ice dynamics models (Gong et al., 2018) and these models can only capture behavior statisti-
cally rather than predictably. However, our constant dynamics assumption still improves our estimates for
surface elevation change compared with ignoring ice dynamics all together.

2.4. Surface Albedo Parameterization

Surface albedo is an important component in the calculation of surface energy balance and dominates
seasonal snowmelt and surface runoff. Recent studies have shown that dust has substantial influence on
the mass balance of VIC (Wittmann, et al., 2017). Local volcanic eruptions produce tephra and additional
dust deposition that also lower the surface albedo (Gunnarsson et al., 2021). In the northern ablation zone
of VIC, the lowest surface albedo observed by satellite imagery is less than 0.1, which was confirmed in situ
(De Ruyter-de Wildt et al., 2004; Gascoin et al., 2017). Vatnajokull's albedo could not be fully described in
the SEMIC albedo schemes due to the lack of dust-albedo parameterization (Figure 3). Instead, satellite
observations are an efficient way to analyze VIC albedo. The GLASS (Global Land Surface Satellites) data
set provides long-term continuous, gapless and self-consistent global land surface albedo product with a
0.05° x 0.05° and 8-day spatiotemporal resolution. They are generated from multisource remote sensing
data with an accuracy similar to the widely acknowledged product of the Moderate Resolution Imaging
Spectroradiometer (Liang et al., 2013). Compared to the Automatic Weather Stations (AWS) observations
(Figure 1, Schmidt et al., 2017), the GLASS product greatly underestimates the VIC winter albedo (Figure 3).
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Figure 3. Spatial distribution of mean surface albedo for spring, summer, autumn, and winter during 1982-2000 from the satellite observation of Global Land
Surface Satellites (GLASS) product (first row) and SEMIC outputs (second row). Bottom row is the difference: bias-corrected SEMIC output minus GLASS.

These unexpected values are caused by the decreased incoming solar irradiance and the increased solar ze-
nith angles that effectively lower the quality of albedo retrievals (Gunnarsson et al., 2021). However, the
low-biased winter albedo has very little impact on ice melt due to the low winter air temperatures; a change
in winter albedo from 0.1 to 0.8 increases winter melt by <10% over the whole VIC. Therefore, we assume
a winter bias has negligible effects on SMB and surface runoff, and use GLASS to bias-correct the SEMIC
modeled surface albedo. Detailed albedo parameterization in SEMIC is given in Supporting Information S1.
We regridded the GLASS albedo product during the period of 1982-2000 to a daily, 0.025° X 0.025° spa-
tio-temporal resolution to be consistent with our topographic and SEMIC grids.

The procedure we followed was to first apply the SEMIC model to simulate the VIC surface albedo for all
scenarios and ESMs (Section 2.1). Then, we used the regridded GLASS albedo as the observation-based
reference albedo to bias-correct the modeled albedo using the ISI-MIP method (Hempel et al., 2013). The
bias-corrected SEMIC and GLASS surface albedo agree well over the whole VIC (R = 0.97; p < 0.01), as is
shown in Figure 3. Finally, we used bias-corrected surface albedo and ESM fields to run SEMIC to calculate
the VIC SMB and surface runoff under historical, G4, RCP4.5, and RCP8.5 scenarios.

3. Results

3.1. Evaluation With Observations

To verify the performance of our bias-corrected ESM results, we compared three energy flux variables with
observations from five AWS (locations see Figure 1) over VIC during the months April-October for the
period 2001-2014: near-surface air temperature (T), downward shortwave radiation (SW|), and downward
longwave radiation (LW|). Table 3 shows the comparison of the modeled and observed T, SW|, and LW|
during the period 2001-2014. In general, modeled SW| over all stations were underestimated compared
to observations by all ESMs by tens of percent (Table 3, Tables S1-S4), while modeled T and LW| were
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much closer to observations. The observational uncertainties in T, SW|

Table 3
Comparison of Downscaled and Bias-Corrected Near-Surface Air and LW] are +0.2°C, £10%, and *10%, respectively (Gudmundsson
Temperature (T, °C), Downward Longwave Radiation (LW, Wm™2) and et al., 2009; Kipp & Zonen, 2000).

Downward Shortwave Radiation (LW, Wm™") for Multimodel Mean and
Observations From AWS Measurements During the Months April-October Using the minimum and maximum relative differences between bi-

for the Period 2001-2014 (Schmidt et al., 2017)

as-corrected ESM forcing and the AWS observations for each variable,

T (°C) LW (Wm™2) SW| (Wm™) we find ranges of —0.8-0.5°C in T, —5.5-5.8 Wm™ in LW, and —67.7-

T —30.3 Wm™ in SW| relative to the measured values (T,, LWy, SW1,).

Station Obs. SEMIC-Obs. Obs. SEMIC-Obs. Obs. Obs. The large differences in SW| also exist in the ERAS5 reanalysis as well as

the bias-corrected ESMs. This is likely because SW| is mainly affected by

Bas 2l = PR —5h el =S clouds and aerosols (Wild et al., 2013) that are very localized over the ice

Tas 274.0 —0.2 287.3 =33 2208  —60.3 cap and which the models do not capture well. Using the SEMIC model

T 272.1 —0.2 274.1 5.8 2472  —67.7 and bias-corrected albedos, we made a sensitivity study of surface runoff

Bac 271.6 0.8 280.9 43 236.8 —42.4 to the errors in Table 3. Over the whole VIC, a 0.8°C drop in T produc-
. —2 2 .

Byia 272.9 —06 283.9 36 22903 —499 es a 9% runoff reduction. 67.7 Wm™ and 5.5 Wm™ "~ lowerings of SW|

Note. Individual model results are in Tables S1-S4.

and LW| reduces runoff by 19% and 10%, respectively. The uncertainty
estimates in radiative flux observations are about 10%, so while these dis-
crepancies are larger than hoped, there is little that can be done given the
limitations of models. Typically, uncertainties in SMB on Icelandic ice
caps (Adalgeirsddttir et al., 2020) and the Greenland ice sheet (Mouginot et al., 2019) are 10%. Thus, uncer-
tainty in radiative flux makes significant, but not ruinous errors in estimates of SMB.

3.2. Downscaled and Bias-Corrected Forcing

During the SAI period 2020-2069, the ensemble-mean near-surface air temperature and downward long-
wave radiation under G4 is 0.4°C and 2.4 Wm™ lower than that under RCP4.5 (Figure 4, Table 4), indicat-
ing the cooling effect of the G4 scenario. Global mean cooling under G4 is similar as that over VIC, but it
is only half that over the Greenland ice sheet (Moore et al., 2019). However, the degree of relative cooling
varies across models, with little cooling effect for two MIROC models, but 1°C and 5 Wm~2 and 0.7°C and
3.7 Wm ™ for T and LW/ reductions for BNU-ESM and HadGEM2-ES (Table 4). The consistency in down-
ward shortwave radiation varies among each model, for example, it shows negative trends in all ESMs ex-
pect HadGEM2-ES; G4 significantly increases it by 3.1 Wm™ in BNU-ESM, while significantly decreases by
0.4 Wm™ in HadGEM2-ES and has insignificant differences in the two MIROC models (Figure 4, Table 4).
As noted in Section 3.1, SW| is not captured well by ESMs over polar regions, and the lack of significant
change for VIC is a repeat of the situation over Greenland (Moore et al., 2019), where no models showed
any difference in SW| between G4 and RCP4.5. However, the notable reductions in surface temperatures
attributed to reduced humidity, indicate that SAI induced changes are complex and depend on more than
simple local radiative balance. The MIROC models have been seen to produce relatively small changes
in many climate fields due to both greenhouse gas and SAI forcing in the polar areas (Chen et al., 2020;
Moore et al., 2019). Snowfall shows decreasing trends in all scenarios for all ESMs, mainly due to increasing
near-surface air temperature. However, precipitation has no significant trends in any scenarios. Precipita-
tion under G4 is slightly higher than that under RCP4.5 in all ESMs except BNU-ESM. Spatial differences
between the G4 and RCP4.5 scenarios during the SAI period 2020-2069 and post-SAI period 2075-2089
are shown in Figure 5. Perhaps surprisingly, the SAI impacts continue to hold after the termination of SAI.
Based on a Wilcoxon sign-rank test with a significance level of 95% during SAI, the G4 and RCP4.5 differ-
ences in T and LW] are significant over the whole VIC. There is decadal variability in the driving climate
actors in Figure 4. Block et al. (2020) showed that initial conditions for Arctic sea ice and phases of the long
period climate cycles driving temperature play very important roles in explaining across-ESM variability.
There are large differences between the two MIROC models (Figure 4) with notably a rise in SW| at 2070
not seen in MIROC-ESM-CHEM. Chen et al. (2020) suggest that similar large differences between the MI-
ROC models in soil temperature argues that natural variability over the 50-year simulations is as large as
differences due to model formulation, and hence supports the analysis of Block et al. (2020).
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Figure 4. Decadal mean of downscaled and bias-corrected T, LW|, SW] precipitation (PR), and snowfall (SF) during 2020-2089 over Vatnajokull ice cap
(VIC), under G4 (red), RCP4.5 (blue), and RCP8.5 (black) from (left to right): BNU-Earth System Model (ESM), HadGEM2-ES, MIROC-ESM, and MIROC-ESM-
CHEM. Vertical dotted lines indicate the termination of SAI geoengineering.

3.3. Surface Mass Balance and Runoff

Our simulated historical trend in SMB is similar with that found by Schmidt et al. (2020) who modeled it
with the regional climate model HIRHAMS, forced with the numerical weather prediction model HARMO-
NIE-AROME. However, our simulation generally overestimates SMB by a ~0.2 m yr™" over the period 1982

Table 4
Difference (G4-RCP4.5) Climate Forcing Over Vatnajokull Ice Cap (VIC) During Stratospheric Aerosol Injection (SAI)
(2020-2069)

Model T(°C) LW(Wm™@) SW(Wm™@) PR(mmyr') SF(mmyr"') GlobalT (°C)
BNU-ESM -1.0 -5.0 31 -9.5 0.8 —-0.8
HadGEM2-ES -0.7 -3.7 —-0.4 2.4 6.6 -1.1
MIROC-ESM 0.1 —-04 1.1 4.8 5.2 —-0.4
MIROC-ESM-CHEM 0 —-0.3 0.4 3.5 3.1 -0.3
Ensemble —-0.4 —2.4 1.1 —-0.2 4.9 —0.6

Note. Entries in bold are significant at the 95% level according to the Wilcoxon signed-rank test.

Abbreviation: ESM, Earth System Model; LW, longwave radiation; PR, precipitation; SF, snowfall; SW, shortwave

radiation; T, Near-surface air temperature.
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Figure 5. Earth System Model (ESM) ensemble mean spatial differences (G4-RCP4.5) in near-surface air temperature (T, °C), downward longwave radiation
(LW, Wm™?), downward shortwave radiation (SW, Wm™2), precipitation (PR, mm yr~") and snowfall (SF, mm yr~") during stratospheric aerosol injection (SAI)
2020-2069 and after termination 2075-2089 over Vatnajokull. Stippling indicates regions where differences are not significant at the 95% level by the Wilcoxon
signed-rank test. Individual model results are shown in Figures S4-S7.

2014. The modeled annual SMB averaged over the VIC is well correlated (R = 0.6; p < 0.05) with the annual
in situ mass balance measurements (interpolation of on average 60 sites available for the period 1991-2010;
Bjornsson et al., 2013). The spatial distribution of the modeled SMB over the historical period 1980-2005
is shown in Figure 6. The accumulation zone is the high-altitude regions, especially for the southern part
with surface elevations above 1,400 m (Figure 1) and SMB exceeds 8 m yr™" there, while the ablation zone
is over the ice cap margin where the surface albedo less than 0.5 (Figure 2). The low surface albedo leads to
huge surface runoff and consequently negative SMB. Through the across-model standard deviation of SMB
(Figure 6), we can conclude that individual models show relatively large differences in SMB over ablation
zones, especially over Breidamerkurjokull and eastern coast outlet glaciers, the inconsistency in ablation is
mainly caused by BNU-ESM, which has distinctly lower SMB than the other three models (Figure S8). Over
accumulation zones, modeled SMB are similar for all models with a standard deviation less than 0.2 m yr™".
Multimodel mean SMB for 2010-2020 increases both under RCP4.5 and RCP8.5 and then subsequently de-
creases over 2020-2089 (Figure 7e). During the SAI period 2020-2069, all ESMs project that SMB under G4
is larger than that under RCP4.5 and RCP8.5 (Figure 7, Table 5). G4 increases annual mean SMB by 0.19 m
relative to RCP4.5 and 0.3 m relative to RCP8.5, mainly because of the contributions from BNU-ESM and
HadGEM2-ES because the two MIROC models exhibit little SMB differences between G4 and RCP4.5 (Fig-
ures 7c and 7d). After the termination year of 2069, the mitigating impact still holds in all ESMs.

The spatial pattern of SMB differences between G4 and RCP4.5 scenario is shown in Figure 8. Clearly,
multimodel mean SMB under G4 is significantly larger than that under RCP4.5 over almost the whole VIC
both during the SAI and the post-SAI period. HadGEM2-ES predicts the largest SMB increases under G4
compared with RCP4.5, up to 800 mm yr~" over Tungnaarjokull. In the two MIROC models, the differences
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Figure 6. Spatial distribution of modeled mean surface mass balance (SMB) and surface runoff and their standard
deviation during 1980-2005 from multimodel mean.

in SMB between G4 and RCP4.5 during SAI is insignificant. This is because of their small differences (G4-
RCP4.5) in temperature and longwave radiation (Figure 4, Table 4) and the positive contribution of SMB
from increased snowfall (although Table 4 shows this is not significant at the 95% level).

Spatio-temporal changes in surface runoff is negatively correlated with SMB (Figures 6-9). During the
SAI period 2020-2069, G4 reduces runoff by 6.2 + 6.2% (uncertainties given are 95% confidence intervals,
N =4), and 7.2 £ 6.0% relative to RCP4.5 and RCP8.5, respectively. By the year 2089, the SMB-elevation
feedback under RCP4.5 and RCP8.5 yields 7 + 1% and 8 + 1% increases in runoff.
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Figure 7. Decadal means of SEMIC modeled surface mass balance (SMB) averaged over the whole Vatnajokull ice cap (VIC) by BNU-Earth System Model
(ESM) (a), HadGEM2-ES (b), MIROC-ESM (c), MIROC-ESM-CHEM (d), and ensemble mean (e) under historical (magenta), G4 (red), RCP4.5 (blue), and
RCP8.5 (black) during 1982-2089. Dotted magenta curve is SMB during 1982-2016 from Schmidt et al. (2020) from the regional climate model HIRHAMS,
forced with the numerical weather prediction model HARMONIE-AROME. Vertical dotted lines denote the start and the end of the stratospheric aerosol
injection (SAI). Color shadings in (e) are the across-model spread.
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Table 5

Modeled Surface Mass Balance (SMB) (m yr~") and Surface Runoff (m yr~") During the Stratospheric Aerosol Injection (SAI) Period 2020-2069 Over the Whole
Vatnajokull Ice Cap (VIC) by the Four Earth System Models (ESMs) and Their Ensemble Mean Under G4, RCP4.5, and RCP8.5 Scenarios and Relative Changes

Under G4 to RCP4.5 and RCP8.5 (With 95% Confidence Intervals, N = 4)

BNU-ESM HadGEM2-ES MIROC-ESM MIROC-ESM-CHEM Ensemble
SMB and runoff SMB Runoft SMB Runoff SMB Runoff SMB Runoff SMB Runoff
G4 —0.38 3.48 —0.11 3.15 —-0.37 3.55 —0.55 3.76 —0.34 = 0.18 3.46 + 0.25
RCP4.5 —0.63 3.84 —0.52 3.56 —0.48 3.59 —0.58 3.77 —0.56 = 0.06 3.69 £ 0.13
RCP8.5 —0.66 3.71 —-0.71 3.69 —0.67 3.81 —0.60 3.75 —0.66 = 0.04 3.73 £ 0.05
(G4-RCP4.5)/RCP4.5 == —9.4% -- —11.5% - 1.1% - —0.3% == —6.2 = 6.2%
(G4-RCP8.5)/RCP8.5 == —6.2% == —14.6% == —6.8% == 0.3% == —7.2 £ 6.0%
4. Discussion
4.1. Comparison of VIC and Greenland Ice Sheet Response to SAI
The overall analysis of SAI G4 simulations over the VIC in our study suggests that SAI would reduce surface
runoff by 6.2 + 6%. The relatively large uncertainty reflects the across model spread in results, particularly
the small changes simulated by the two MIROC models (Table 4), and that we give the 95% confidence
interval rather than standard error of the mean. This across-model spread of results may seem rather large,
but as shown by Chen et al. (2020) and Block et al. (2020), the initial conditions of the ESMs, reflecting
long period variability in sea ice and long-period climate system oscillations, means that this error estimate
is indicative of lack of tuning of these initial states. Even if the ESMs were tuned via data assimilation to
HadGEM2-ES EM

2020-2069

BNU-ESM

MIROC-ESM

MIROC-ESM-CH

&

2075-2089

2020-2069

2075-2089

-800
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Figure 8. Spatial differences (G4-RCP4.5) of modeled surface mass balance (SMB) (top two rows, unit: mm yr~') and surface runoff (bottom two rows, unit:
mm yr~") during the period 2020-2069 and 2070-2089 for the four Earth System Model (ESM) and their ensemble mean over Vatnajokull ice cap (VIC).
Stippling indicates regions where differences are not significant at the 95% level by the Wilcoxon signed-rank test.
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Figure 9. Decadal means of SEMIC modeled surface runoff averaged over the whole Vatnajokull ice cap (VIC) by
BNU-Earth System Model (ESM) (a), HadGEM2-ES (b), MIROC-ESM (c), MIROC-ESM-CHEM (d), and ensemble
mean (e) under historical (magenta), G4 (red), RCP4.5 (blue), and RCP8.5 (black) during 1982-2089. Vertical dotted
lines denote the start and the end of the stratospheric aerosol injection (SAI). Color shadings in (e) are the across-model
spread.

match the last decade of observations there would still be uncertainties. One reason is the less than perfect
formulation of the shortwave radiative forcing, which seem to be around 20% less than observations, al-
though these estimates of uncertainty are themselves likely to have large uncertainties of about 50% if they
are Gaussian. Furthermore, it is difficult to achieve better than 10% precision in observations of surface
mass balance, making SMB and runoff an elusive target.

The lowered ice wastage is through reduced near-surface air temperature and downward longwave radia-
tion compared with greenhouse gas forcing alone. Although the SAI cooling effect is evident in our simula-
tions, it is weaker than the 20% runoff reduction simulated over the Greenland Ice Sheet (Moore et al., 2019)
and 35% reductions in High Mountain Asia (Zhao et al., 2017) by the same four ESMs as here. Relative to
RCP4.5, G4 reduces surface temperatures by only 0.4°C and longwave radiation by 2.4 Wm™? over VIC,
which are only 36% and 52% of the reductions over Greenland. BNU-ESM projects the largest temperature
and longwave radiation reductions among four ESMs both over VIC and Greenland, while HadGEM2-ES is
moderate and the two MIROC models least (Figure 10). G4 significantly reduces precipitation and snowfall
by —15.9 mm yr~' and -5.2 mm yr™" over Greenland relative to RCP4.5, but by close to zero for precipitation
and produces a slight increase in snowfall over VIC. Furthermore, the differences (G4-RCP4.5) in shortwave
radiation over VIC and Greenland are small and inconsistent in sign (Figure 10).

The proximate cause of these differences in response is the difference in heat flux from ocean to atmos-
phere under the different scenarios local to Greenland and Iceland. Figure 11 illustrates this by showing the
(G4-RCP4.5) differences for the three ESMs with available data. In the grid cells surrounding the coasts of
Greenland and Iceland, the heat flux is very different: for Greenland the (G4-RCP4.5) differences are (—1.2,
0, and —0.5) Wm™? for BNU-ESM, MIROC-ESM, and MIROC-ESM-CHEM, respectively, while for VIC they
are (8, 7.9, and 15.6) Wm™2. Thus, mean differences are —0.6 Wm™ over Greenland, meaning a slightly
greater heat flux under RCP4.5 than G4, while for VIC, G4 has a 10.5 Wm™ higher heat flux than RCP4.5.
The significance of the increased heat flux from the ocean is high as can be gauged by comparison with the
G4-RCP4.5 differences in radiative forcing (Table 4), where the maximum difference is only 5 Wm™2. The
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Figure 10. The comparisons of the differences (G4-RCP4.5) of near-surface air temperature (T), downward longwave radiation (LW), downward shortwave
radiation (SW), precipitation (PR), and snowfall (SF) over Greenland ice sheet (circle) and Vatnajokull ice cap (star) from four Earth System Models (ESMs)
and multimodel mean during the stratospheric aerosol injection (SAI) period 2020-2069. Filled symbols show differences significant at the 95% level with the

Wilcoxon signed-rank test.

warmer sea surface around VIC under G4 accounts for the increased precipitation and snowfall (Figure 10)
despite globally reduced precipitation and humidity under SAI.

The reason for the relatively increased heat flux around VIC under G4 is that AMOC is more reduced under
RCP4.5 than under G4 (Moore et al., 2019). The reduction in AMOC strength leads to reduced heat flux to
the overturning regions, especially in the Irminger Basin to the South of Iceland, but also in the Iceland Sea
to its north. Figure 12 shows that both mass loss from Greenland and VIC depend on AMOC and how that
varies under climate scenarios irrespective of the strength of the response in individual ESMs. During the
period 2020-2089, changes in SMB over VIC (R = 0.64; p = 0.03) is more subject to the AMOC compared
to changes over Greenland (R = 0.51; p = 0.09). Furthermore, the response of SMB to AMOC is even more
significant during the 20-year period after termination of SAI than during SAI alone. This is because the
AMOC is a relatively slow process due to the large thermal inertia of the ocean and other physical factors,
especially sea ice extent, which directly influence AMOC strength.
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Figure 11. Spatial differences (G4-RCP4.5) of sea surface heat flux from ocean to atmosphere during 2020-2069
modeled by BNU-Earth System Model (ESM) (left), MIROC-ESM (middle), and MIROC-ESM-CHEM (right). Note that
we only plot the 95% significant differences through the Wilcoxon sign-rank test. HadGEM2-ES lacks this data.
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Figure 12. The linear regression analysis between mean surface mass balance (SMB) and Atlantic Meridional
Overturning Circulation (AMOC) index anomalies relative to 1990-2005 over Greenland ice sheet (GrIS; unfilled) and
Vatnajokull ice cap (VIC) (filled) during the whole period 2020-2089 (a) and only post-stratospheric aerosol injection
(SAI) period 2070-2089 under G4 (red), RCP4.5 (blue), and RCP8.5 (black) scenarios from BNU-ESM (square),
HadGEM2-ES (circle), MIROC-ESM (diamond), and MIROC-ESM-CHEM (star). The SMB over Greenland are from
Moore et al. (2019). The AMOC index is calculated as the annual mean maximum volume transport stream function at
30°N.

4.2. Limitations

This research is the first to explore the VIC response under geoengineering. Using the surface energy and
mass balance model SEMIC with bias correction and downscaling to match available remote sensing and
surface observation that allows us to use the low-resolution ESM climate output to simulate a relatively
small ice cap. Differing from the previous VIC mass balance estimate studies that we mentioned in Sec-
tion 1, we neglect calving and basal melting under VIC. Basal melting is an important component for total
mass balance because of the high geothermal heat flux and active volcanism (Hjartarson, 2015). Jéhannes-
son et al. (2020) showed this component can amount to ~20%-40% of the magnitude of the SMB over the
southern VIC during the period 1995-2019. However, basal melting due to high heat flow is not related
to climate, and hence anomalies that show differences caused by climate scenarios would be unaffected.
Calving losses from VIC are very limited for all outlets except for Breidamerkurjokull on the south side of
VIC, which calves into the terminal lake Jokulsarlén, where it amounts to about 25% of the losses from
basal melting (J6hannesson et al., 2020). This flux is likely to increase in future as the terminus of several
southern outlets retreat into over-deepened basins and are exposed to deeper water. This also impacts the
broader issue of our neglecting area change during our simulations. We assume a constant ice area in all
simulations, which may therefore overestimate the surface runoff. Schmidt et al. (2020) found that the VIC
area will lose 8% and 14% by the year 2089 under RCP4.5 and RCP8.5 scenarios, respectively.

Geoengineering by SAI entails a number of well-studied side effects. The aim of this article has focused
on mass balance and the changes in climate over the North Atlantic, but we may mention that SAI sim-
ulations show that it would lower ozone concentrations (Pitari et al., 2014), and the aerosols would also
absorb radiation, warming the stratosphere and affecting stratospheric chemistry and dynamics (Tilmes
et al., 2009). Beyond these, a key issue is that it lacks ethical and governance credibility, and reaching at least
near-global consensus is desirable. Instead of modifying the global large-scale climate, a more tractable
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approach may be targeted interventions done only regionally to conserve specific elements of the system
(Moore et al., 2020; Wolovick & Moore, 2018). One application may be on the high-leverage regions such
as ice streams and outlet glaciers (Moore et al., 2018) where melting from oceans dominates potential ice
sheet collapse. The limited exposure of Icelandic outlets to oceanic forcing tends to preclude this approach
to conserving the ice cap, although the over-deepened basins on the Southern part of VIC might make for
engineering test beds of targeted interventions.

Alternatives to the G4 scenario avoiding constant equatorial SO, injection into the lower stratosphere have
been simulated with very limited numbers of ESMs. The GLENS (Geoengineering Large Ensemble) simula-
tions follow the feedback and control approach designed to maintain temperature gradients against a rising
CO, background with dynamically adjusted injection rate at four latitudes (Kravitz et al., 2016). A GLENS
style implementation of SAI may reduce the side effects caused by SAI such as regional drought and aridity
(Irvine & Keith, 2020).

More ESMs with better parameterization of Arctic processes, especially shortwave radiative forcing would
help to narrow uncertainties in quantifying mass balance. Furthermore, the detailed response of AMOC
overturning is also model dependent, so while the models used here show largest reductions under SAI in
the Irminger basin to the South of Iceland, other models show larger changes to the southeast of Greenland
and in the Labrador Sea (Liu et al., 2019). It is doubtful that this change in the location of overturning would
affect the general conclusion that AMOC is more important for maintaining Icelandic glaciers than for
the Greenland ice sheet simply because Iceland as a maritime environment, and VIC is closer to the ocean
regions where heat is transferred by AMOC than much of the Greenland ice sheet. In future warming sce-
narios AMOC is estimated to further weaken, but the degree of weakening still remains largely uncertain,
potentially even including an unstable regime that completely collapses as it did in the past (e.g., Rahm-
storf, 2002). The AMOC may collapse after the atmospheric CO, concentration is doubled from 1990 level,
which would lead to a distinct cooling of the northern North Atlantic climates (Liu et al., 2017).

A new generation of ESM is simulating a set of new SAI scenarios, including the new Gé6sulfer scenario,
which is rather similar to G4, but its greenhouse gas background scenario follows the new CMIP6 SSP
(Shared Socioeconomic Pathways) scenarios (Kravitz et al., 2015). Few studies have examined the differ-
ences of SAI effects in CMIP5 and CMIP6. Existing studies have shown that AMOC decline under future
CMIP6 SSP scenarios is much stronger than CMIP5 models, CMIP6 averagely display a 29% and 39% AMOC
decline for SSP2-4.5 and SSP5-8.5 scenarios, which are more than the declines of 21% and 36% for RCP4.5
and RCP8.5 scenarios (Cheng et al., 2013; Schleussner et al., 2014; Weijer et al., 2020) The CMIP6 ESMs
also show a clear improvement over those in CMIP5 in capturing Arctic climate (e.g., Davy & Outten, 2020).

5. Conclusion

We simulate and project VIC SMB and surface runoff during the period 1982-2089 using the surface energy
and mass balance model SEMIC, forced with bias-corrected and downscaled climate outputs from four
ESMs.

G4 reduces runoff by 6.2 + 6% and 7.2 + 6% compared with RCP4.5 and RCP8.5 over the geoengineering
period 2020-2069. The ensemble mean VIC SMB from 2020 to 2069 are —0.34 + 0.18 m yr~' under G4,
-0.56 + 0.06 m yr~' under RCP4.5, and —0.66 % 0.04 m yr~' under RCP8.5. The lower runoff and higher
SMB under G4 demonstrate the significant cooling effect over the whole VIC, that will continue to hold
for at least a decade after the termination of SAI Thus, SAI could play a role in preserving VIC, but it is
notably less effective than it is for the Greenland ice sheet and for High Mountain Asian glaciers. The lack
of effectiveness in the VIC response is because of its proximity to the overturning of the AMOC. Greenland
was less affected by AMOC changes under SAI than Iceland, and we would therefore expect that glaciers in
Alaska and the Siberian Arctic would be the most responsive to solar geoengineering, while those in Sval-
bard and perhaps Franz Josef Land would be affected to a similar extent as Greenland. The unique location
of Iceland means that the amelioration of radiative forcing through solar geoengineering is largely offset by
SAI induced maintenance of the strength of the AMOC.
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