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Abstract The Greenland ice sheet is expected lose at least 90% of its current volume if ice sheet summer
temperatures warm by around 1.8 °C above pre‐industrial. Geoengineering by stratospheric sulfate aerosol
injection might slow Greenland ice sheet melting and sea level rise by reducing summer temperature
and insolation; however, such schemes could also reduce precipitation and affect large‐scale climate drivers
such as the Atlantic Meridional Over‐turning Circulation (AMOC). Earlier work found that AMOC
increased under geoengineering and that might lead to greater mass loss from Greenland than under
greenhouse gas forcing alone. We simulated Greenland ice sheet climates using four Earth system models
running the stratospheric sulfate aerosol injection experiment GeoMIP G4 and the CMIP RCP4.5 and
RCP8.5 greenhouse gas scenarios that were then used to drive the surface energy and mass balance model,
SEMIC. Simulated runoff is 20% lower under G4 than RCP4.5, while under RCP8.5 it is 17% higher. The
mechanism is through increased Arctic sea ice concentration and reduced humidity leading to surface
cooling of the ablation zone. Reduced absorption of outgoing longwave radiation caused by hydrological
cycle weakening dominates associated decreases in precipitation under geoengineering and stronger
AMOC than under RCP4.5. An ice dynamics model simulates 15% lower ice losses under G4 than RCP4.5.
Thus, total sea level rise by 2070 from the Greenland ice sheet under G4 geoengineering is about 15–20%
lower than under the RCP4.5 scenario.

Plain Language Summary Mass loss from the Greenland ice sheet is expected to raise sea levels
by tens of centimeters this century and far more in the further future. Rising seas are one of the most
damaging aspects of the warming climate, affecting hundreds of millions, and costing $ trillions by 2100, and
geoengineering might be one approach that could be used against this threat. But the North Atlantic climate
is a complex region where the ﬂux of warm tropical waters is being reduced by greenhouse warming,
which geoengineering would reverse. Hence, how Greenland would likely respond is a key factor in deciding
the potential utility of doing geoengineering. We examine the impact of stratospheric aerosol geoengineering
on both the surface ice sheet water runoff (which accounts for half of present‐day ice loss) and the
dynamic loss of ice from fast‐ﬂowing glaciers that are being accelerated by warming ocean currents
(accounting for the other half). We ﬁnd that aerosol injection equivalent to about ¼ Pinatubo volcanic
eruption per year can slow mass loss from Greenland by 15–20% compared with greenhouse gas forcing
alone, mainly due to reduced surface melting.

1. Introduction
As temperatures have risen over the last few decades, the Greenland ice sheet's surface mass balance
(SMB) has become increasingly more negative (Hanna et al., 2013; Rignot et al., 2008). Projections of
Greenland's future contributions to sea level rise are about 10–20 cm by the year 2100 (Jevrejeva et al.,
2016), with about half this amount coming from surface runoff, and the other half from iceberg calving
along the marine margins of the ice sheet (van den Broeke et al., 2009). In the longer term, the
Greenland ice sheet is expected lose at least 90% of its current volume if ice sheet summer temperatures
warm by around 1.8 °C above pre‐industrial (Pattyn et al., 2018). Mass loss from the ice sheet may also
impact the Atlantic thermohaline circulation by changing the density structure of the ocean near the
overturning points, and Arctic sea ice cover, both of which have implications ranging from impacts on
indigenous lifestyles to global climate change.
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Geoengineering has been proposed as a way to limit global warming by deliberately altering the climate to
both alleviate some of the consequences of anthropogenic greenhouse gas emissions (Irvine et al., 2018) and
as part of strategic approach to keep temperatures below thresholds such as 1.5 °C above pre‐industrial
(Jones et al., 2018; MacMartin & Kravitz, 2019). Climate models simulating the Atlantic Meridional Over‐
turning Circulation (AMOC) show that it decreases in intensity as atmospheric greenhouse gas concentrations and temperatures rise. Geoengineering that reduces surface temperature rises restores the AMOC to
levels close to but still lower than present‐day levels (Hong et al., 2017). However, recent simulations with
one climate model (Fasullo et al., 2018) showed AMOC to be over‐compensated when temperatures were
stabilized at present‐day levels, and hence, Greenland could actually suffer relatively more ice loss than
without geoengineering.
Stratospheric aerosol injection (SAI) with sulfate aerosols is the most commonly simulated geoengineering
proposal. Earth system model (ESM) simulations conﬁrm expectations from physical principles, that climate
system thermodynamics will change when a reduction in shortwave (SW) radiative ﬂux is designed to offset
increases in longwave (LW) absorption from greenhouse gases (Huneeus et al., 2014). Since greenhouse
gases absorb radiation within the atmosphere continuously, while incoming solar radiation mostly heats
the surface during the day, the spatial and temporal patterns of LW and SW forcing will vary depending
on how it is done; for example, with injections into the equatorial lower stratospheric, the tropics are cooled
relatively more than the polar regions (e.g., Kravitz et al., 2013). These spatial and seasonal differences in
radiative forcing patterns lead to changes in large‐scale circulation systems such as the AMOC (Fasullo
et al., 2018; Hong et al., 2017) and teleconnection patterns (Moore et al., 2014). It is this systematic bias in
spatial temperatures under equatorial SAI that led to simulations aimed at maintaining existing equator
to pole temperature gradients by specifying aerosol injection at latitudes up to 30° (Tilmes et al., 2018).
The few Greenland studies considering SAI geoengineering simulated by single ESM note nonlinearities
(Irvine et al., 2010) and hysteresis (Applegate & Keller, 2015) in the long‐term ice sheet response, so that
restoring temperatures may not lead to a recovery of the ice sheet. But solar geoengineering could slow
ice melting compared with greenhouse forcing alone, and in multi‐model simulations of the glaciers in
High Mountain Asia, this amounted to about a 30% reduction in sea level commitment by 2070 (Zhao
et al., 2017). These studies used simpliﬁed surface mass and energy balance parameterizations, often forced
by changes in temperature and precipitation only. However, ignoring changes in downward radiation ﬂux
may underestimate the effectiveness of solar geoengineering at offsetting melt in Greenland (Irvine et al.,
2018). SW radiation accounted for nearly half of the change in SMB during the Eemian period (Van de
Berg et al., 2011), with only about half due to ambient temperature. The substantial reduction in cloud cover
over Greenland during the past two decades has altered the surface radiation balance and is the likeliest
cause for recent acceleration in mass loss from the ice sheet (Hofer et al., 2017).

2. Methods
2.1. Climate Models and Scenarios
We estimate ice sheet SMB and the dynamic response of the fastest glacier and largest contributor to sea level
rise in Greenland under climate projections from four ESMs (Table 1) driven by the IPCC RCP4.5, RCP8.5
(Taylor et al., 2012), and Geoengineering Model Intercomparison project (GeoMIP; Kravitz et al., 2011)
G4 scenarios. We look at the 50‐year period of SAI, 2020–2069, and the 20 years following its termination,
2070–2089. The G4 scenario is based on the RCP4.5 greenhouse gas scenario, with the addition of SO2
injected into the equatorial lower stratosphere at a rate of 5 Tg year−1 corresponding to about ¼ of the
amount injected by the 1991 eruption of Mt. Pinatobo (Bluth et al., 1992).
We focus on RCP4.5 and G4 as the most policy relevant scenarios since the Intended Nationally Determined
Contributions greenhouse gas emissions framework would produce temperature trajectories similar to
RCP4.5 (Kitous & Keramidas, 2015); the stratospheric sulfate loading required under G4 is more plausible
than, for example, the 10 times larger injection rates (Fasullo et al., 2018; Tilmes et al., 2018) needed to offset
RCP8.5 at the end of the century. We wish to explore quantitatively how Greenland's SMB responds to SAI
combined with greenhouse gas forcing and how the regional changes in circulation and hydrological cycle
interact with local changes to modify glacier dynamics. Since each ESM represents and parameterizes various physical processes in particular ways, they produce quite different emergent features such as AMOC
MOORE ET AL.
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Table 1
Models Used in This Study
Model

Resol'n runs
a

BNU‐ESM

b

MIROC‐ESM

b

†MIROC‐ESM‐CHEM
HadGEM2‐ES

c

g

SEMIC

Positive degree day
h
(PDD )

Snowmelt scheme

Snow layers

Snow/ice albedo

Density

Runoff method
Bucket‐type following
e
TOPMODEL
Bucket‐type following
e
TOPMODEL

2.8° × 2.8°
1
2.8° × 2.8°
1
2.8° × 2.8°
3
1.25° × 1.875°
3

Common land Model
d
CoLM
f
MATSIRO

Dynamic
(max. 5)
Dynamic
(max. 3)

Age, grain size, solar zenith
angle, fresh snow
Prognosticated from snow
temperature and age

Snow depth,
compaction
−3
Fixed 300 kg m

Surface energy and
mass balance

Single

Fixed 250 kg m

TOPMODEL

0.5° × 0.5°
8 × Σruns
0.5° × 0.5°
1 × Σruns

Surface energy and mass
balance model
Linear with surface
temperature

Single

Prescribed deep snow
values with masking
by snow depth
8 types (Text S1)

Snow depth

Ice melt

—

—

−3

—

e

Ice melt

Note. Each ESM was weighted equally in the ensemble regardless of number of runs per model. MIROC‐ESM‐CHEM shares the same snowmelt and runoff
model as MIROC‐ESM.
b
c
d
e
f
g
Watanabe et al. (2011). Collins et al. (2011). Dai et al. (2003). Beven and Kirby (1979). Takata et al. (2003). Braithwaite (1995).
Krapp et al. (2017).

a
Ji et al. (2014).
h

or teleconnection patterns. Using a multi‐model ensemble provides a way of estimating across‐model
uncertainty in the response of a particular system—in this case the Greenland ice sheet that would not be
available from an ensemble of any single model, no matter if that model possesses certain very advanced
features, such as excellent stratospheric chemistry and physics.
We use all ESMs that have daily mean values of incoming SW and LW radiation, near‐surface air temperature, surface wind speed, near‐surface speciﬁc humidity, surface pressure, snowfall, and rainfall available for
G4, RCP4.5, and RCP8.5 as well as the historical period. MIROC‐ESM and MIROC‐ESM‐CHEM share many
of the same model components, and we tested the effects of de‐weighting them relative to the other models
but ﬁnd that it makes little difference to results; for example, 0.75 weights in the ensemble changes mean
SMB by <2%.
2.2. Downscaling
As the climate models have relatively coarse resolution (Table 1), we downscale them to better capture the
ablation areas around the margins of the ice sheet. The four‐ESM temperature ﬁelds were statistically downscaled to 0.5° × 0.5° using an altitude temperature lapse rate of 0.65 °C (100 m)−1. Incoming SW and LW
radiation, surface wind speed, near‐surface speciﬁc humidity, surface pressure, snowfall, and rainfall are
bilinearly interpolated into the same 0.5° × 0.5° grid. Because the correlation between precipitation and elevation is small and highly heterogeneous (Noël et al., 2016), we did not correct the precipitation for elevation
using a precipitation lapse rate. We bias corrected the downscaled daily data with Inter‐Sectoral Impact
Model Intercomparison Project (ISI‐MIP; Hempel et al., 2013) methods using 0.5° × 0.5° ERA‐Interim
(Simmons, 2006) from 1979 to 2004 as the observation‐based reference climate (Figure 1). ESM temperature
and precipitation ﬁelds, which we shall show are the main drivers of SMB changes, are well correlated with
ERA‐Interim reanalysis products spatially over Greenland. Observed precipitation tends to underestimate
snowfall under windy conditions leading to differences with estimates from the regional climate model
RACMO driven from ERA‐40 (Ettema, 2009), but applying a standard correction to snowfall (Yang et al.,
2005) offsets this effect and yields correlations of 0.9 with 20 manned stations. Our analysis of the ESM products we use and data from seven stations around the Greenland margin ﬁnds similar results and correlations of 0.87.
2.3. SEMIC
SEMIC is a physically based model utilizing an energy balance approach that can quickly compute SMB,
runoff, and snow pack properties due to its one‐layer snowpack and relatively modest data input requirement. SEMIC simulates future changes in surface temperature and SMB (Krapp et al., 2017) in good agreement with the more sophisticated multilayer snowpack model SISVAT included in the regional climate
MOORE ET AL.
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Figure 1. Historical time series of (a) annual bias‐corrected near‐surface air temperature, (b) precipitation (solid) and
snowfall (dashed), (c) downward longwave radiation, and (d) downward shortwave radiation during 1979–2005 by BNU‐
ESM (red), HadGEM2‐ES (blue), MIROC‐ESM (magenta), MIROC‐ESM‐CHEM (cyan), and ERA‐Interim (black) over
Greenland.

model, MAR (Fettweis et al., 2013). We use the same values for all free parameters in SEMIC as Krapp et al.
(2017). Surface melt causes the positive melt‐albedo feedback which results in lower albedo in high‐melt
years (Stroeve, 2001). Hence, modeled SMB is highly sensitive to albedo parameterizations. Surface albedo
is the average of snow albedo and the background albedo, and we consider two surface albedo and four
snow albedo parameterizations, making eight in total (supporting information, Text S1). Comparison
between MAR forced by ERA‐Interim and SEMIC forced by downscaled output from the four ESMs
(Figure 2) shows that the envelope of albedo parameterizations encloses the MAR results, but no
particular choice is better than the others, hence keeping all eight allows a reasonable estimate of
uncertainty.
In addition to SEMIC, we also used a simple positive degree day PDD scheme and the ESM runoff output
(Text S1 and Table 1). All three methods were tested with historical simulation data and veriﬁed by comparison with the state‐of‐the‐art regional SMB model, MAR (Fettweis et al., 2013) driven by ERA‐Interim
(Simmons, 2006) with ½° spatial and 6‐hourly resolutions from 1979 to 2004 (Figure S1). The PDD scheme
clearly underestimates runoff, while the SEMIC and ESM outputs are quite consistent with the best available
estimates during the historical period (Figure S1), although SEMIC produces more runoff than ESM estimates. The similarity of the ESM results to best estimates in the historical period is slightly surprising given
the relatively coarse model resolutions, but this also suggests that the ½° resolution SEMIC simulations are
ﬁne enough to capture important topographic effects.
2.4. Correction of SEMIC Modeled SMB Due to SMB‐Elevation Feedback
We considered the impact of changing surface topography over the 21st century—increased ablation at the
ice margin will lower it, increasing its temperature leading to further increased melt. We divided the ice
sheet into three regions and analyzed the correlation between SMB and surface elevation, in accumulation
zone and ablation zone, respectively, in each subregion over the historical period 1979–2005. Surface elevation data (Morlighem et al., 2017) were from the period of 1993–2016, and we assumed it represented that in
1979–2005. We found the only signiﬁcant (P < 0.01) correlation in ablation zone of the South‐Western
region, and this was consistent for all four ESMs. Therefore, we only applied a SMB correction to the
South‐Western ablation region. We assumed steady state for the historical period 1979–2005; that is,
MOORE ET AL.

1454

Earth's Future

10.1029/2019EF001393

Figure 2. Time series of modeled surface mass balance using the SEMIC eight albedo parameterizations driven by the four
models (blue curves and shadings showing multi‐parameterization mean and the across‐parameterization spread) and
MAR (red curves).

surface elevation change due to ice ﬂow is balanced by SMB. SMB anomalies relative to the historical
averaged SMB will cause elevation change from 2006 onward. The product of cumulative SMB anomaly
and SMB gradient gives the correction term for SMB.

3. Results
3.1. Surface Mass Balance
The multi‐model mean near‐surface air temperature under G4 is lower than that under RCP4.5 (and
RCP8.5) over the whole 2020–2089 period (Figure 3 and Table 2). Greenland is 1.1 °C cooler under G4 than
RCP4.5 during 2020–2069, while globally, the four ESMs show a reduction of 0.6 °C. There are large differences in the degree of relative cooling across the models, with the two MIROC models displaying a marked
lack of cooling. The MIROC models also show very little over‐cooling for Greenland relative to global means
—only 0.1 °C compared with 0.3 °C for HadGEM2 and 1.4 °C for BNU‐ESM (Table 2). This is consistent with
the relatively small impact of SAI on the radiative ﬂuxes in the MIROC models, especially the LW (Figure 3
and Table 2). Kashimura et al. (2017) show that changes in global mean SW ﬂuxes in MIROC‐ESM and
MIROC‐ESM‐CHEM are the smallest among six ESMs they studied. However, even with the modest contribution from the MIROC models, there is an over‐cooling of Greenland relative to the global mean, and especially relative to the other higher latitude areas which are generally under‐cooled in G4. This suggests that
factors unique to Greenland are operating.
Annual precipitation averages show increasing trends in all scenarios (Figure 3), but snowfall has no trends
in any scenario. Precipitation and, to a smaller extent, snowfall are signiﬁcantly lower under G4 than RCP4.5
(Table 2). Downward SW radiation at the surface shows decreasing trends over time due to increasing greenhouse gas emissions (Figure 3).
We calculate SMB (Figure 4) with the mass and energy balance model SEMIC (Krapp et al., 2017) driven by
½° × ½° downscaled data (Hempel et al., 2013). All models show that runoff under G4 is smaller than
RCP4.5 and RCP8.5 (Figure S2). BNU‐ESM and HadGEM2‐ES decrease runoff and increase SMB more than
MIROC‐ESM and MIROC‐ESM‐CHEM, consistent with more cooling by those models (Table 2 and
Figure 3), which is especially important during summer (Figure S3). The spatial distribution of multi‐model
mean SMB (2020–2069 and 2075–2089) under G4, RCP4.5, and RCP8.5 scenarios are very similar
(Figure S4), with very high SMB gradients along the margins where surface elevation rapidly increases.
Since the steep margins of the ice sheet are crucial in determining melt and overall SMB, we discuss only
MOORE ET AL.
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Figure 3. Annual downward longwave (LW) radiation, downward shortwave (SW) radiation, near‐surface air temperature (T), precipitation (PR, solid curves), and
snowfall (SF, dashed curves) for BNU‐ESM (left column), HadGEM2‐ES (second column), MIROC‐ESM (third column), and MIROC‐ESM‐CHEM (right column)
during 2020–2089 under G4, RCP4.5, and RCP8.5 scenarios over Greenland. Vertical dashed lines denote the end of the SAI.

Table 2
Differences (G4‐RCP4.5) in Precipitation (PR), Snowfall (SF), Downward Shortwave (SW) Radiation, Downward Longwave (LW) Radiation, Speciﬁc Surface
Humidity (q), and Near‐Surface Air Temperature (T) Over the Greenland Ice Sheet and Over the Whole Earth During 2020–2069
Model
BNU‐ESM
HadGEM2‐ES
MIROC‐ESM
MIROC‐ESM‐CHEM
Ensemble

−1

PR (mm year
−16.9
−26.0
−11.2
−9.6
−15.9

)

−1

SF (mm year
−5.8
−6.1
1.3
−10.1
−5.2

)

SW (W m
−0.2
−0.4
1.2
0.7
0.3

−2

)

LW (W m
−8.5
−5.6
−2.3
−1.9
−4.6

−2

)

q (g kg

−1

−0.102
−0.119
−0.053
−0.040
−0.078

)

Greenland T (°C)

Global T (°C)

−2.2
−1.4
−0.5
−0.4
−1.1

−0.8
−1.1
−0.4
−0.3
−0.6

Note. Entries in bold are signiﬁcant at the 95% level according to the Wilcoxon signed‐rank test.
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the results from SEMIC simulations driven by ½° downscaled climate forcing for the remainder of this article rather than the spatially much coarser ESM products. The multi‐model ice sheet mean SMB and 95%
conﬁdence intervals (N = 4) from 2020 to the end of geoengineering in
2069 are 220 ± 50 Gt year−1 (G4), half that for RCP4.5 and close to zero
(30 ± 85 Gt year−1) for RCP8.5 (Table 3). G4 reduces runoff over the 50‐
year period by 20 ± 2% (the 95% conﬁdence interval of the ensemble
mean, N = 200; taking the across‐model spread instead gives a conﬁdence
interval of 9–31%, N = 4) relative to RCP4.5 and 32 ± 2% (with across‐
model conﬁdence interval of 22–42%) relative to RCP8.5.
G4 signiﬁcantly reduces the temperature and downward LW radiation
over the ice sheet relative to RCP4.5; however, downward SW radiation
exhibits smaller and more variable changes (Figure 5 and Table 2). SMB
under G4 is larger than that under RCP4.5 mainly over ice marginal ablaFigure 4. Time series (5‐year moving average) of runoff (millimeters of sea tion region and is governed by atmospheric water content (expressed as
level equivalent) from 1979 to 2089 calculated by SEMIC under RCP4.5,
precipitation or speciﬁc humidity) along with temperature (Figures 5
RCP8.5, and G4. The SEMIC results are the mean from eight albedo parameterizations driven by the four ESMs. The gray boxed region is from MAR and 6). This is perhaps surprising given expected reductions in SW forcing
due to G4 of 0.5–1.5 W m−2 globally (Kashimura et al., 2017), but differdriven by ERA‐Interim over 1980–1999. Vertical dashed lines denote the
beginning and end of the SAI. Colored shading indicates the across‐model
ences in SW forcing for high albedo surfaces such as the Greenland ice
spread.
sheet must be small, and aerosol scattering is offset by reduced SW absorption by water vapor. SAI produces a weakened global hydrological cycle
leading to lower precipitation (e.g., Fasullo et al., 2018; Huneeus et al., 2014; Irvine et al., 2010 , 2018;
Kravitz et al., 2013) and humidity which reduces LW absorption. The dependence of SMB on temperature
and moisture suggests (Figure 6) that a modiﬁed PDD approach could produce useful SMB estimates
under SAI.
Much smaller changes occur in the accumulation region that comprises most of the ice sheet, where melting
is very small and precipitation effects dominate. Analysis of SEMIC results showed signiﬁcant trends
between elevation and SMB only in the ablation zone in the southwest quadrant of the ice sheet, which is
known to have the steepest gradients of mass balance with rising temperature (Pattyn et al., 2018), but even
there the extra ablation amounts to only an extra 8–20 Gt year−1 in SMB (Figure S9) depending on scenario
and ESM. This effect may be compared with inter‐annual variability in SMB of typically 150 Gt (Figure S2).
Hence, SMB‐elevation feedback does not materially affect the analysis here, as was also previously concluded for cases of small temperature rises (Pattyn et al., 2018). These negligible topographic effects also
imply that ice margin retreat has negligible impact on SMB estimates.
3.2. AMOC, Sea Ice, and Water Vapor
The observed AMOC as measured by the RAPID‐MOCHA array (McCarthy et al., 2015) is rather variable on
all timescales but has a mean over 2004–2012 of 17.2 ± 4.6 Sv. The ensemble mean of the four models is reasonably close to this (Figure 7b), but BNU‐ESM is slightly too high and the MIROC pair of models rather too
low. This suggests that the MIROC models are not capturing the process well, which may also contribute to
their modest differences in Greenland SMB and smaller differences in temperatures between G4 and RCP4.5

Table 3
−1
Modeled Surface Mass Balance (Gt year ) Using SEMIC Over Greenland During 2020–2069 and 2075–2089 Under G4, RCP4.5, and RCP8.5 Scenarios
(With 95% Conﬁdence Intervals, N = 4)
G4
Scenario/model
BNU‐ESM
HadGEM2‐ES
MIROC‐ESM
MIROC‐ESM‐CHEM
Ensemble

MOORE ET AL.

RCP4.5

RCP8.5

2020–2069

2075–2089

2020–2069

2075–2089

2020–2069

2075–2089

282
229
210
155
219 ± 51

210
48
80
55
98 ± 74

61
74
164
138
109 ± 49

−42
−151
75
9
−27 ± 93

−15
−70
83
117
29 ± 85

−344
−589
−234
−283
−363 ± 154
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Figure 5. Maps of spatial differences (G4‐RCP4.5) over Greenland of precipitation (PR), snowfall (SF), surface downward shortwave (SW) and longwave (LW)
radiation ﬂuxes, near‐surface air temperature (T), and surface mass balance (SMB) during 2020–2069 and 2075–2089. Stippling indicates regions where differences are not signiﬁcant at the 95% level according to the Wilcoxon signed‐rank test. The Jakobshavn Isbrae drainage basin is outlined in red in the top left panel.
Individual ESM results are shown in Figures S5–S8.

both globally and over Greenland (Table 2). Figure 7 shows that AMOC under G4 is stronger than under
RCP4.5. AMOC response under G4 in all four ESMs is much closer to present‐day conditions than under
greenhouse gas forcing alone. A similar result was observed for seven ESMs that simulated the solar dimming G1 scenario (Hong et al., 2017) which, since it counters a quadrupling of CO2 with reduced solar insolation, has a much larger signal/noise ratio than the SAI G4 experiment. However, in all geoengineering
scenarios and for all the ESMs, the AMOC was somewhat reduced compared with the control. In contrast,
the CESM running the GLENS SAI scenario (Fasullo et al., 2018) produces a stronger AMOC than present
day, and much stronger than that under the RCP8.5 scenario.
AMOC under G4 increases heat ﬂux from ocean to atmosphere relative to RCP4.5 (Figure 8e). But surface
temperatures under G4 are cooler than RCP 4.5 (Figure 8a), which is consistent with a larger sea ice extent
under G4 (Figure 8c). The combination of increased heat ﬂux but cooler surface conditions is explained by
the domination of surface radiation ﬂuxes over AMOC in determining surface temperatures. Under G1 and
G4, there is reduced air‐sea temperature contrast and hence lower ocean‐atmosphere heat exchange in the
North Atlantic (Hong et al., 2017). Reduced heat loss from ocean to atmosphere suppresses evaporation and
lowers the density of the northern North Atlantic, suppressing surface sinking under both greenhouse gas
and geoengineered climates, and so slowing AMOC. Changes in wind and precipitation minus evaporation
are much less important than those in radiative ﬂux (Hong et al., 2017). The AMOC effectively warms the
high latitude climate as it transfers heat from south to north. A weakened AMOC under greenhouse gas forcing tends to reduce high latitude surface warming, whereas a relatively less weakened AMOC under G1 and
G4 geoengineering moderates the cooling effects. Hence, the impact on Greenland SMB from AMOC reduction could be expected to be a cooler surface, reducing mass loss.
Sea ice increases under G4 relative to RCP4.5 for all models, especially during the summer melt season as
seen by the differences in September sea ice extent (Figures 7f and 8c). Increased ice cover fraction leads
to reduced atmospheric moisture content and tends to be associated with reduced low level, water‐bearing
clouds (Figure 8d). However, the linkages between sea ice and atmospheric circulation in the Arctic are
not simple, involving both barotropic and baroclinic ﬂows which vary between regions and seasons
(Moore et al., 2014; Rinke et al., 2019).
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Figure 6. The F statistic of the 31 different combinations of regression variables for SMB differences between G4 and RCP4.5 for each ESM separately as labeled and
5
the four‐model ensemble. The x axis on each panel represents the combination of components used as predictors in each regression equation SMBG4‐RCP4.5¼ ∑i¼1
ðM i X i Þ where X = {T,P,L,S,q} representing surface temperature, precipitation, downward longwave radiation, downward shortwave radiation, and speciﬁc
surface humidity, respectively. The best ﬁtting model for each ESM is marked by a blue symbol.

Low elevation water‐bearing clouds have dramatic effects on Greenland surface melt, refreezing, and net
runoff from the ice sheet (Van Tricht et al., 2016). The low elevation margins are the places where most melt
occurs and which are most affected by proximate changes across the Arctic waters. Low clouds are

Figure 7. Five‐year moving averages of forcing ﬁelds. (a) Annual mean surface speciﬁc humidity, (b) AMOC index deﬁned as the annual mean maximum volume
transport streamfunction at 30° in the North Atlantic, and (c) Arctic sea ice extent (deﬁned at limit of 15% ice concentration region) from four ESMs during
2020–2089 under G4 and RCP4.5 scenarios. Solid curves are G4 and dashed RCP4.5 results. Panels (d) to (f) show differences G4‐RCP4.5. Vertical dashed line marks
the end of SAI at 2069.
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Figure 8. Ensemble mean differences (G4‐RCP4.5) over 2020–2069 over the Arctic. (a) Sea surface temperature, (b) surface speciﬁc humidity, and (c) September sea
ice extent; red line is G4, blue is RCP4.5. (d) Low cloud and (e) heat ﬂux from ocean to atmosphere; stippling indicates regions where differences are not signiﬁcant
at the 95% level according to the Wilcoxon signed‐rank test. Panels (a) to (c) are for four‐model ensemble: BNU‐ESM, MIROC‐ESM, MIROC‐ESM‐CHEM, and
HadGEM2‐ESM. Panels (d) and (e) for only ﬁrst three models. Individual model results are in Figures S10–S14.

signiﬁcantly reduced over the Arctic, but for Greenland the reduction is modest (Figure 8d), and furthermore, clouds are notoriously difﬁcult to parameterize in ESM (Schneider et al., 2017). However, surface
humidity is highly correlated with LW radiation both in observations (Ruckstuhl et al., 2007) and in the
ESM used here (Figure S15). Surface humidity over Greenland (Figure 8b) is 4% lower (range across four
ESMs: 2–6%; Figure 7a) under G4 accounting for about 3.4 W m−2 (Figure S15) or 74% (ranging from 41%
for BNU‐ESM to 81% for HadGEM2‐ES) of the G4‐RCP4.5 difference (Table 2). This means that the ablation
regions are affected by both the globally reduced strength of the hydrological cycle under SAI (Kravitz et al.,
2013) and the increased sea ice cover reducing local atmospheric water supply. Reduced runoff under G4
relative to RCP4.5 is consistent with increases in local summer sea ice
cover, cooler surface waters, and reduced evaporation, despite AMOC
changes tending to transport somewhat more ocean heat toward
Greenland than under greenhouse forcing alone. SW forcing by clouds
has also been evoked to explain change in Greenland SMB (Hofer et al.,
2017) and that these changes are related to variations in the North
Atlantic Oscillation. For the 20 years after terminating SAI, downward
SW radiation is larger than under RCP4.5 across most of ice sheet, consistent with cooler temperatures leading to reduced humidity and decreased
radiative absorption at both SW and LW. The decadal‐scale duration suggests sea ice or oceanic drivers rather than atmospheric ones.
3.3. Ice Dynamics

Figure 9. Jakobshavn Isbrae mass loss due to grounding line retreat and
dynamic thinning. (a) Four‐ESM ensemble mean climate forcing for
Jakobshavn Isbrae under the RCP8.5, RCP4.5, and G4 scenarios: 300‐m
depth ocean temperatures near the mouth of Ilulissat fjord (solid) and
annual maximum monthly surface water runoff near the glacier terminus
given by SEMIC (dotted). (b) The ensemble mean global sea level contribution (sold lines) and four‐ESM spread (shaded) from BISICLES simulations.
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The calving of ice bergs into the ocean accounts for about 50% of ice loss
from Greenland (van den Broeke et al., 2009). The terminus of just ﬁve
dynamically thinning glaciers in Greenland, amounting less than 1% of
Greenland's area, contributed more than 12% of the net ice loss in recent
years (McMillan et al., 2016). Ocean temperatures have been shown to
explain much of the recent retreat and inter‐annular variability in terminus position of outlet glaciers (Bondzio et al., 2018; Cowton et al., 2018).
We estimate the potential impact of SAI on dynamical process by considering the three‐dimensional BISICLES ice dynamics model (Guo et al.,
2019) of Jakobshavn Isbrae (Figure 5), the fastest and largest individual
contributor of Greenland's outlets to recent sea level rise (McMillan
et al., 2016). The model has parameterizations to represent the effects of
ice mélange buttressing, crevasse‐depth‐based calving, and submarine
melting and reproduces well the glacier's recent evolution (Guo et al.,
2019). We ﬁnd (Figure 9) that dynamic ice losses are 15 ± 1% (95% conﬁdence interval, N = 200) lower under G4 than under RCP4.5 by 2070.
Figure 9 shows that both ocean temperatures and surface runoff change
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much less under RCP4.5 and G4 than under RCP8.5 over the 21st century and is reﬂected in their simulated
mass losses. The modest differences in 300‐m ocean temperatures and mass loss between G4 and RCP4.5 are
consistent with the observed forcing by ocean temperatures of Greenland outlets (Cowton et al., 2018).
The ocean warming in front of Jakobshavn Isbrae reﬂects the general warming of the North Atlantic
although the spread of warming waters around Greenland will certainly be spatially variable. This means
that it is plausible to expect a statistically similar scaling of dynamical response at other glaciers, despite their
internal dynamical variability and local bathymetric effects. The impact of SAI on the dynamical response is
less than it is on the SMB. This is due to the domination of Greenland ice dynamics by ocean forcing, which
warms relatively slowly because of the AMOC changes discussed earlier.

4. Conclusions
Our analysis of four ESMs reveals fairly large differences in implied changes to Greenland SMB (Table 3). In
particular, the two MIROC models show relatively small changes in surface temperatures, radiative ﬂuxes,
and AMOC under G4 compared with RCP4.5 (Table 2). Observed AMOC is also signiﬁcantly stronger than
simulated by the MIROC models. These deﬁciencies lead to relatively small over‐cooling over Greenland in
the MIROC models (Table 2). As we discuss in section 2.1, the two MIROC models share several common
features and are not therefore as independent as the other two models we use. Despite this, even moderate
de‐weighting (0.75 each) of the MIROC raises the runoff results by only a few percent, but altogether removing the MIROC models increases the changes in runoff under G4 relative to RCP4.5 from about 20% to 29%.
Perhaps a bigger problem with the utility of the G4 scenario is that it is quite simplistic—just assuming a constant equatorial injection into the lower stratosphere does not allow for the detailed control of the important
pole‐equator gradients that are probably very important to maintaining fundamental circulation patterns
such as the Hadley circulation (Davis et al., 2016; Guo et al., 2018). Equatorial‐only SAI leads to under‐
cooling of the high latitudes relative to tropics (Kravitz et al., 2013), and SAI without this spatial pattern,
such as produced by the GLENS simulations (Tilmes et al., 2018), might well produce more beneﬁts for
Greenland ice sheet mass conservation for the same amount of aerosol injected. The GLENS simulations
have only been published for a single ESM to date because the feedback‐control adjustments demand extensive analysis of each ESM (Kravitz et al., 2016), but such simulations will surely be more true to life of any
actual deployment of SAI in future and so should be a research priority.
The 15% reduction in the half of present‐day total mass loss due to dynamic changes, added to the 20% reduction in the half due to surface runoff, means that total sea level rise from Greenland by 2070 under G4 would
be 17.5%, lower than under the RCP4.5 scenario. The presently unquantiﬁable uncertainty in extending this
result to total dynamic losses leads us to suggest a 15–20% lower sea level rise for G4 than RCP4.5. This is less
than the 30% reduction in sea level rise from the High Mountain Asia glaciers (Zhao et al., 2017) under G4
relative to RCP4.5, mainly due to the unique response of the North Atlantic and AMOC. Sea ice, AMOC, and
cloud cover return to values essentially the same as RCP4.5 within 5–10 years following termination of SAI
in 2016 (Figure 7), but both runoff (Figure 4), and especially dynamical ice losses (Figure 9) remain well
below RCP4.5 levels until at least 2089. This is a long‐lasting effect of preserving the ice sheet during the
SAI period.
The fast‐ﬂowing Greenland glaciers mainly ﬂow into narrow, deeply incised fjords and are potentially amenable to targeted engineering approaches to restrict warm water access to their ﬂoating tongues (Hunt &
Byers, 2019; Moore et al., 2018; Wolovick & Moore, 2018). However, this localized approach to slowing ice
dynamical ice loss would likely be ineffective in isolation if surface temperatures continued to rise because
surface melt would lead to hydro‐fracture and the disintegration of any ﬂoating parts of glaciers. This means
that preventing air temperatures rising, either through aggressive greenhouse gas mitigation or through
geoengineering, would also be needed to maintain the ice sheet close to its present form. The Greenland
ice sheet is expected lose at least 90% of its current volume if ice sheet summer temperatures warm by around
a 1.8 °C above pre‐industrial (Pattyn et al., 2018). Temperatures above this, would in the long term, lead to
multi‐meter sea level rise commitments. Under G4 SAI summer temperatures rises are 1.6 °C, so likely
below this threshold—although large uncertainties remain in the way the ESMs treat stratospheric aerosol
physics and chemistry (MacMartin & Kravitz, 2019).
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Regardless of long‐term sea level rise, the 15–20% reduction in mass loss from the ice sheet under G4 compared with RCP4.5 this century endorses the view (MacMartin & Kravitz, 2019): SAI geoengineering is worth
serious consideration, both of the desirable effects and of potential unwanted side effects, in far more detail
than to date.
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