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Abstract. Stratospheric aerosol geoengineering, a form of solar geoengineering, is a proposal to add a reflective layer of 

aerosol to the stratosphere to reduce net radiative forcing and so to reduce the risks of climate change. Solar geoengineering 

could reduce temperatures and so slow melt, but the efficacy of solar geoengineering at offsetting changes to the cryosphere 15 

is uncertain. For example, shortwave forcing acts more strongly on the surface than longwave forcing so solar geoengineering 

would reduce surface melt more effectively but would also suppress the global hydrological cycle potentially reducing 

accumulation on glaciers. Regardless of how effective solar geoengineering would prove to be at offsetting surface mass 

balance changes, slow-acting changes below the surface of the ocean and ice-sheets may strongly limit its potential to reduce 

the retreat of marine glaciers and can’t be evaluated without high-quality process model studies. Here we review the literature 20 

on solar geoengineering and the cryosphere and identify the key uncertainties that research could address. Solar geoengineering 

is a contentious emerging issue in climate policy and it is critical that the potential, limits and risks of these proposals are made 

clear for policy makers. 

1 Future Sea-level rise and the potential of solar geoengineering 

How far sea-levels would rise under some scenario of future climate change depends mainly on global temperature rise, and 25 

uncertainties in projections rise rapidly as warming increases more than 2C above pre-industrial (Jevrejeva et al., 2016; Kopp 

et al., 2014). Most of this uncertainty is due to a lack of agreement on how the large ice sheets will respond (Bamber and 

Aspinall, 2013; Oppenheimer et al., 2016). For example, two recent estimates of Antarctica’s contribution (DeConto and 

Pollard, 2016; Ritz et al., 2015), both of which were published in Nature, estimated best guesses of 10 cm and about 1 m 

respectively.  30 

 

A rapid transition towards a carbon-free economy will reduce additional temperature increases but the temperature response 

to cumulative emissions—and thus the impact on sea level—will remain for millennia without measures beyond emissions 

cuts. Two broad categories of measures might reduce long-term commitments to global sea level rise: solar geoengineering 
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and carbon removal. Solar geoengineering, which describes a set of proposals to increase Earth’s albedo, offers this potential. 

Solar geoengineering is not a substitute for emissions cuts, but it could offer an independent means of reducing the growth in 

radiative forcing and thus the impacts of climate change and so be a complement to emissions cuts. The two responses may be 

synergistic: carbon removal can reduce the long-term driver of climate change, while solar geoengineering might temporarily 

reduce the net radiative forcing. Our focus is on assessing solar geoengineering impact on sea level rise because existing 5 

research is quite limited because it’s effects may not be the same as would be achieved with the same temperature change 

achieved by reduction in carbon burden through carbon removal. 

 

The human, environmental and financial costs of sea level rise are substantial. The rapidly rising concentration of population 

and infrastructure in coastal cities mean costs of flooding without adaptation measures are projected at $50 trillion per year by 10 

2100, while coastal protection would cost $15-70 billion per year (Hinkel et al., 2014). One important consideration is that sea 

level rise is not globally uniform, due to a combination of local factors: glacial isostatic adjustment and ground water extraction 

resulting in local vertical land movement, the self-gravitational influence of mass loss from the large ice sheets and changes 

in ocean dynamics and rates of volume expansion of warming sea water. Taking all these together Jevrejeva et al. (2016) find 

that the 80-90% of global coastlines will experience sea level rises about twice as large as the global ocean average. 15 

 

Whilst some, including one of us (David Keith), have been working on solar geoengineering for decades, more than ten times 

as many articles have been published on the topic since 2007 than before. Whilst many proposals for solar geoengineering 

have been made, work now focuses on a few of the more likely candidates. Marine Cloud Brightening, a proposal to increase 

the albedo of marine strato-cumulus by releasing sea-salt aerosols from ships (Latham, 1990); Cirrus Cloud Thinning, a 20 

proposal to suppress cirrus cloud persistence, and hence reduce their warming effect, by releasing ice nuclei to encourage the 

formation of larger, shorter-lived ice crystals (Mitchell and Finnegan, 2009); and Stratospheric Aerosol Geoengineering, a 

proposal to release aerosol particles into the stratosphere to create a persistent reflective aerosol layer (Budyko, 1977). Of these 

proposals stratospheric aerosol geoengineering is the most likely to be technically achievable. Multiple, independent feasibility 

assessments of the proposal conclude that a substantial cooling could be achieved with a few Terragrams of material released 25 

per year and that lifting a Terragram to the lower stratosphere (~20km) could be achieved at a cost in the range of order a 

billion US dollars per Terragram (McClellan et al., 2012; Moriyama et al., 2016). The clouds and aerosols chapter of the last 

IPCC report concluded that “there is medium confidence that stratospheric aerosol [geoengineering] is scalable to counter the 

RF from increasing GHGs at least up to approximately 4 W m-2” (Boucher et al., 2013). For this reason, here we focus on 

stratospheric aerosol injection and unless otherwise stated, solar geoengineering will heretofore refer to stratospheric aerosol 30 

geoengineering only. 

 

The tens of climate model studies of solar geoengineering prior to 2015 were summarized in the last IPCC report (Boucher et 

al., 2013): "Models consistently suggest that [solar geoengineering] would generally reduce climate differences compared to 
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a world with elevated GHG concentrations and no [solar geoengineering]; however, there would also be residual regional 

differences in climate (e.g., temperature and rainfall) when compared to a climate without elevated GHGs." This reduction in 

the magnitude of many climate trends means that solar geoengineering may offer a means to reduce the risks of climate change 

(Keith and Irvine, 2016). 

 5 

Beyond its effect on climate (which will be discussed in more depth below), stratospheric aerosol injection would have a 

number of side-effects. Simulations of stratospheric sulphate aerosol injection (the most commonly analyzed scenario of 

stratospheric aerosol geoengineering) consistently show that it would lower ozone concentrations, delaying the recovery of the 

ozone hole by a number of decades (Pitari et al., 2014; Tilmes et al., 2012). As well as scattering light back to space the 

stratospheric aerosol cloud would also scatter light downwards shifting the balance of direct to diffuse light (Kravitz et al., 10 

2012). The aerosols would also absorb radiation, warming the stratosphere affecting stratospheric chemistry and dynamics 

(Tilmes et al., 2009). The magnitude of these side-effects will depend on the properties of the injected aerosols, and alternatives 

to sulphate particles may have substantially reduced side-effects (Keith et al., 2016). 

 

In its seminal 2009 report (Shepherd et al., 2009), the United Kingdom’s Royal Society predicted that the social and political 15 

challenges posed by solar geoengineering would be far greater than the technical ones. Its potentially low cost could mean that 

individual nations or very wealthy individuals could have the resources to deploy solar geoengineering (Weitzman, 2014). The 

global impacts of any large-scale deployment could be the source of international tension and poses a serious challenge for 

international governance (Victor, 2008). 

 20 

Technical analyses and climate model simulations suggest solar geoengineering may offer a means of reducing the risks of 

climate change but it would also introduce new risks, both physical and socio-political. A robust understanding of the potential 

and limits of solar geoengineering as a means to reduce climate risks is a necessary, but not sufficient, basis for a much broader 

discussion of this idea. This study aims to highlight the key questions around the sea-level rise response to solar geoengineering 

that only the sea-level and cryosphere community will be able to resolve. In section 2, we provide a brief review of studies 25 

into the sea-level rise response to solar geoengineering noting the methodological shortcomings and gaps in the literature. In 

section 3, we evaluate how different the effects of solar geoengineering and a reduction in GHG forcing could be at reducing 

sea-level, discussing its potential effects on surface mass balance and on ocean-driven melt and discharge. In section 4, we 

discuss the ways in which solar geoengineering could be tailored to increase its efficacy at reducing sea-level and note some 

of the trade-offs involved in such decisions. In section 5, we look at long-run projections of sea-level and argue that it is critical 30 

to introduce solar geoengineering into such analyses. In section 6, we summarize the article and make a number of 

recommendations for research. 
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2 Critical review of existing literature on solar geoengineering and sea-level rise 

As solar geoengineering would reduce temperatures across the world it is clear that to first order it would reduce both the 

thermal expansion of the oceans and the melting of land ice. Wigley (2006), Moore et al. (2010) and Irvine et al. (2012) 

illustrate this using simple models of the sea-level rise response to a range of solar geoengineering scenarios. Moore et al. 

(2010) used a semi-empirical model relating radiative forcing to sea level calibrated by tide gauge data from the past 200 years 5 

to evaluate a range of different forms of solar geoengineering. Wigley (2006) and Irvine et al. (2012) adapted the simple 

models used in the Intergovernmental Panel on Climate Change third and fourth assessment reports, respectively, to evaluate 

a range of different levels of cooling from solar geoengineering. Moore et al. (2015) used the relationship observed between 

sea surface temperatures and Atlantic hurricanes to evaluate the effects of solar geoengineering on storm surges along the East 

coast of North America. 10 

In addition to these studies with models of reduced complexity there have been a few studies employing glacier and ice sheet 

models. Irvine et al. (2009) conducted a study of the response of the Greenland Ice Sheet to a range of idealized and fixed 

scenarios of solar geoengineering deployment using the GLIMMER ice dynamics model driven by temperature and 

precipitation anomalies from a climate model and found that solar geoengineering could slow and even prevent the collapse 

of the ice sheet. Applegate and Keller (2015) used a simplified ice dynamics model driven by an Earth system model of 15 

intermediate complexity to evaluate the response of the Greenland Ice Sheet to scenarios of future GHG emissions and solar 

geoengineering deployment. They found that whilst solar geoengineering could slow or halt melting, there is strong hysteresis 

and restoring temperatures would not lead to a rapid recovery of the ice sheet. Zhao et al. (2017) evaluate the response of the 

94,000 High Mountain Asia glaciers using an empirical model based on each glacier’s median elevation sensitivity to changes 

in only temperature and precipitation. Under scenarios where solar geoengineering halts regional temperature increases, 30% 20 

of present-day glaciated area will still be lost this century due to the glaciers being out of balance with present day climate.  

 These studies illustrate that if solar geoengineering were deployed it could reduce the rate of sea-level rise substantially 

compared with greenhouse forcing alone. However, all studies to date have employed simplified global models. Thus these 

studies miss out on some of the fundamental differences between scenarios of climate change with and without solar 

geoengineering. 25 

Whilst increasing the planetary albedo would undoubtedly cool the climate, the effects of a reduction in incoming light differ 

substantially from the heat-trapping effects of greenhouse gas forcing. GHG forcing acts more-or-less uniformly, whereas 

solar forcing acts only when the sun is up. Offsetting the GHG forcing with solar forcing would therefore produce seasonal, 

diurnal and latitudinal differences in radiative forcing.  

Furthermore, solar forcing acts primarily on the surface whereas GHG forcing acts most strongly on the middle troposphere 30 

where infrared radiation escapes to space. As a result solar forcing reduces the intensity of the hydrological cycle more strongly 
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than does a reduction in GHG forcing that produces the same top-of-the-atmosphere radiative forcing. Bala et al. (2008) 

evaluated the sensitivity of the global hydrological cycle, finding a 2.4 %K-1 change in global mean precipitation for solar 

forcing and only a 1.5 %K-1 for CO2 forcing. They note that insolation changes result in relatively larger changes in net radiative 

fluxes at the surface than CO2 forcing resulting in larger changes in sensible and latent heat fluxes.  

Beyond this fundamental difference in the climate response to solar forcing, some stratospheric aerosols, particularly sulfuric 5 

acid the most important single proposal, have significant near infrared absorption bands that would result in a warming of the 

stratosphere. This warming would have dynamic implications, for example McCusker et al. (2015) find significant changes in 

circulation in the Antarctic stratosphere which propagates down to affect surface winds and the mixing of waters around 

Antarctica. 

These differences between greenhouse gas and shortwave forcing matter for making predictions of the surface mass balance 10 

of glaciers and ice-sheets: Melting of ice peaks during the day in summer when it is most sensitive to changes in surface energy 

balance; Changes in snowfall amount and seasonality would affect glacier mass balance; And, solar geoengineering would 

alter atmospheric and oceanic circulation patterns which can affect the upwelling of warm waters around ice shelves weakening 

them. In the following sections we will identify how solar geoengineering could affect these factors and identify the most 

pressing uncertainties. 15 

3 How effective could stratospheric aerosol geoengineering be at reducing surface mass losses? 

Virtually all Earth System Models simulations and also glacier dynamics models have, to date, only included crude 

parametrization of surface mass balance. Essentially using a “degree-day” factor to characterize the amount of melt per degree 

above freezing at the glacier surface. Degree day factors are determined empirically and vary due to surface albedo, meaning 

that a weathered ice surface such as the Greenland ice margin are rather dark and have high degree-day factors, while pristine 20 

snow cover has a low factor.  

Fundamentally the surface melt rate depends on the availability of energy at the surface; this means that sensible, latent and 

radiative fluxes all matter. Whilst a warmer climate will be one with more energy available for melt, a look at some case studies 

reveal that changes in insolation can have outsized impacts which will likely be under-estimated by degree-day approaches. 

Increased summer insolation at high-latitudes during the Eemian interglacial period (115-130 kyr BP) raised temperatures but 25 

also directly affected surface melt. Van de Berg et al. (2011) made an attempt to separate the contributions of elevated 

temperatures and increased solar forcing and suggested that 45% of the change in surface mass balance could be attributed to 

the changed solar forcing alone.  
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Volcanic eruptions provide a more contemporary analogy to the potential effects of solar geoengineering on surface melt. 

Fettweis et al. (2007) simulated the surface mass balance of Greenland between 1979 and 2006 and find maxima for surface 

mass balance in 1983 and 1992, the years after the El Chichon and Pinatubo eruptions, respectively. Hanna et al. (2008) 

combine observations and modeling to evaluate the surface mass balance of Greenland over a longer period finding that the 

years following El Chichon and Pinatubo have the third lowest and the lowest runoff, and the third and sixth greatest surface 5 

mass balance, respectively between 1958 and 2006. 

 

Hofer et al. (2017) found that the substantial reduction in cloud cover over Greenland in the past two decades is the likeliest 

cause for the accelerated mass loss from the ice-sheet over this period. To arrive at this result they simply calculated how much 

melt would result from the change in downward surface shortwave energy received over the melt season as a result of the 10 

change in cloud cover, and compared this against the other contributions to melt and accumulation. They find that the ~10% 

reduction in summer cloud cover over Greenland in the past two decades led to a ~4000 Gt loss of mass making it the dominant 

driver of surface mass balance change in this period. 

 

These examples suggest that solar geoengineering would be more effective at changing surface melt than achieving the same 15 

reduction in temperature with a reduction in GHG forcing. An implication of this is that degree-day factors determined for one 

set of radiation conditions are not likely to predict behavior if there is a significant change in the amount of incoming radiation. 

However, the effects of these changes in radiation will not be felt evenly. The effect will be greatest for glaciers and ice sheets 

that are presently in negative mass balance and have the greatest amount of incoming solar radiation, that is glaciers at low 

latitudes such as in High Mountain Asia. Greenland is also in net negative mass balance and so also susceptible. Greenland’s 20 

mass balance is expected to become increasingly negative as surface melt, which presently accounts for about half of mass 

loss, will rapidly rise with warming temperatures (Fettweis, 2007; Fettweis et al., 2013). In Antarctica, the picture is very 

different as the ice sheet is cold enough that little melt occurs outside of the Antarctic Peninsula today and melt won’t become 

a significant factor in Antarctica’s mass balance unless temperatures rise very substantially (Morris and Vaughan, 2003). 

 25 

Accumulation would also be affected by solar geoengineering which would reduce the intensity of the hydrological cycle more 

than achieving the same reduction in temperature with a reduction in GHG forcing. This may offset, to some extent, the reduced 

melt on glaciers around the world. This effect will be most significant on the Antarctic Ice sheet where there is very little melt 

and accumulation is expected to rise with temperatures as the water-carrying capacity of air increases (Frieler et al., 2015). In 

contrast to mountain glaciers and the Greenland Ice Sheet, the surface mass balance contribution of Antarctica to future sea-30 

level rise is projected to remain negative for the foreseeable future. Ligtenberg et al. (2013) predict an increase of Antarctic 

surface mass balance of 98 Gt year-1 K-1 using the RACMO2 model and Lenaerts et al. (2016) predict an increase of 70 Gt 

year-1 K-1  using the CESM model. As solar geoengineering would lower temperatures and reduce the global intensity of the 

hydrological cycle it would reduce, and perhaps even reverse, the negative contribution of Antarctic Surface Mass Balance to 
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sea-level rise. Outside of Antarctica changes in melt have been the dominant driver of recent mass loss so it seems likely that 

changes in accumulation will be of secondary importance to changes in melt (Fettweis et al., 2013; Zhao et al., 2017). 

4 Ocean-driven melt, discharge and the stability of West Antarctica 

Global warming and solar geoengineering will also affect the rate of discharge of marine-terminating glaciers. The warming 

of the atmosphere will alter the flow of glaciers and hence the rate of calving in a number of ways: warmer ice is less viscous 5 

(though this is a slow process and negligible for the ice sheets on centennial time scales) and increased melt-water may better 

lubricate the bed of glaciers. However, in Antarctica where sub-ice shelf melt and calving are the dominant drivers of mass 

loss, increased mass loss from grounded ice is due to the weakened buttressing effect of the thinned and retreating from ice 

shelves. Fürst et al. (2016) show that ice shelves in the West Antarctic Amundsen and Bellingshausen seas are extremely 

sensitive to calving, meaning that even small amount of increased calving will trigger dynamical responses in the feeding ice 10 

streams raising sea level. Furthermore, West Antarctica’s geography makes its ice sheet especially vulnerable to such changes. 

Much of the ice sheet rests on bed-rock below sea-level, and which gets deeper further from the coast making many glaciers 

susceptible to “marine-ice sheet instability” (Mercer, 1978). In fact, observations suggest that recent increases in the 

temperature of water around Antarctica may have already triggered a process that will lead to the collapse of the Pine island 

and Thwaites glaciers (Favier et al., 2014; Joughin et al., 2014). 15 

A recent study (DeConto and Pollard, 2016), has added to fears around the fate of the Antarctic ice sheet. They suggest that 

the same processes that led to the break-up of Antarctic Peninsula ice-shelves could destabilize the much larger southern ice-

shelves in the future (Liu et al., 2015). In the Antarctic Peninsula, surface melt filled crevasses in the ice-shelves with water 

that led to a “hydro-fracturing” and dramatic collapse of the ice-shelves. Furthermore, they suggest that once large ice shelves 

begin to retreat, the large unstable ice cliffs formed could promote further rapid retreat. Together these processes combined to 20 

produce a substantially greater Antarctic contribution to sea-level rise than earlier studies which did not account for these 

highly uncertain processes (DeConto and Pollard, 2016). Properly accounting for these calving loss mechanisms is extremely 

challenging for continuum ice sheet models, for this reason, as well as West Antarctica’s inherent vulnerability, uncertainties 

in the contribution of Antarctica to future sea level rise dominates total sea level uncertainty for warmings above 2C (Jevrejeva 

et al., 2016). 25 

Stratospheric aerosol geoengineering could lower surface air temperatures reducing surface melt, and so could limit the 

potential hydro-fracturing-driven collapse of Antarctic ice-shelves projected in the study of Deconto and Pollard (2016). 

Deconto and Pollard’s study provides support for this view as they find that the dramatic Antarctic sea-level rise they predict 

is driven primarily by atmospheric warming rather than oceanic forcing. In a simulation where the ice sheet sees only the 

changes in ocean temperature (corrected to adjust for a cold bias) and no change in atmospheric temperatures the sea-level rise 30 
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contribtution of Antarctica is slashed from over 12m by 2500 to 0.75m by 2500 (compare their figure 4b with extended data 

figure 6a). 

However, these are the results of a single model and most models project that current and future melting of the Antarctic ice-

shelves will be dominated by ocean-driven basal melting. The water mass responsible for this melt is not the surface waters 

around Antarctica, but rather the deeper circumpolar waters (~500 m) that surround Antarctica. These deeper waters are able 5 

to penetrate the ice shelf cavities, reaching the grounding line where the ice starts to float and where pressure requires the ice 

to have the lowest melting point temperature. The fate of the ice-shelves is thus likely to be determined by the degree to which 

this circumpolar deep water is able to penetrate into the deep ice shelf cavities rather than by surface melt (Liu et al., 2015; 

Pritchard et al., 2012). 

A recent study of the effects of stratospheric sulphate aerosol geoengineering found that it would warm the stratosphere, 10 

changing both atmospheric and oceanic circulation patterns (McCusker et al., 2015). They simulated a greater mixing of the 

relatively warm circumpolar deep water with the colder waters under the continent’s ice-shelves relative to achieving a similar 

reduction in temperature with a reduction in GHG forcing. If this result proves robust then it suggests that the cooling effects 

of stratospheric aerosol geoengineering may be offset to some extent by dynamical changes and so it may have a limited ability 

to reduce shelf basal melt rates and so to stabilize the West Antarctic ice Sheet. 15 

5 Sea-level rise engineering? 

Solar geoengineering covers a variety of proposed technologies, each of which could be implemented in a range of ways. Solar 

geoengineering could thus be tailored to some extent to achieve particular objectives (MacMartin et al., 2013). As Kravitz et 

al. (2016) point out; this means that solar geoengineering is a design problem.  

 20 

For example, the latitude and season of stratospheric aerosol injection could be chosen and thus some control over the zonal 

and seasonal distributions of the resultant aerosol cloud is possible (Dai et al., under review; Niemeier et al., 2011). 

Furthermore, Sulphate aerosols, the most frequently discussed option, are only one possible aerosol and others could be used. 

Sulphate aerosols absorb quite a lot of radiation as well as scattering light, leading to changes in atmospheric and, consequently, 

ocean circulation changes. Alternative aerosols which absorb less radiation, such as alumina, diamond, or calcium carbonate 25 

could be released instead which may reduce these circulation changes (Dykema et al., 2016). Stratospheric aerosols provide a 

surface area for ozone-destroying reactions to occur on (Pitari et al., 2014), but calcium carbonate, for example, may be able 

to boost ozone concentrations by neutralizing the acidic species behind these reactions (Keith et al., 2016).  

 

Other methods of solar geoengineering may also be deployed instead of, or in combination with, stratospheric aerosol 30 

geoengineering. An interesting example is the idea to seed cirrus clouds with ice nuclei to dissipate them, allowing more 
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thermal radiation to escape to space (Mitchell and Finnegan, 2009). This would produce a cooling effect with less of a reduction 

of the hydrological cycle than is the case for stratospheric aerosol geoengineering (Cao et al., 2017). 

 

It will be instructive to ask the question, if solar geoengineering were deployed with the goal of stabilizing glaciers and ice-

sheets how effective could it be? Concentrating the cooling effect in the summer and at high latitudes would increase the 5 

effectiveness of solar geoengineering at limiting surface mass balance changes. There may also be ways to tailor solar 

geoengineering to limit the mixing of relatively warm waters onto the Antarctic shelves. However, we want to stress that it 

won’t be possible to isolate the effects of solar geoengineering to glaciated regions alone (Robock et al., 2008). Moreover, 

changes to the cryosphere are but one of many aspects of global change that would need to be considered when defining an 

objective for solar geoengineering. 10 

6 Conclusion and recommendations for future research 

In this study we’ve reviewed the literature on the effects of solar geoengineering on sea-level rise and highlighted a number of 

gaps in the literature and shortcomings in the approaches used to date. We’ve also highlighted important differences between 

a reduction in GHG forcing and solar geoengineering that will affect the surface mass balance of glaciers and ocean-driven 

melt of ice-shelves and so the discharge rate of marine glaciers. We will conclude by framing a number of overarching 15 

questions which we believe should guide future research into this topic as well as making a number of specific 

recommendations. 

6.1 Would solar geoengineering be more or less effective at reducing sea-level rise than achieving the same reduction 

in temperature with a reduction in GHG forcing? 

Scenarios with equivalent global radiative forcing with and without solar geoengineering will have similar global-mean 20 

temperature responses but will be importantly different in a number of other respects. Changes to the surface energy budget, 

the hydrological cycle, and to circulation patterns will affect both the surface mass balance and ocean-driven losses of ice-

sheets.  An evaluation of such equivalent scenarios will provide valuable information on the potential efficacy of solar 

geoengineering. 

As we’ve shown above there are good reasons to believe that solar geoengineering will be more effective at reducing surface 25 

mass balance losses than achieving the same reduction in temperature with a reduction in GHG forcing due to the fact that 

solar forcing has a larger effect on the surface energy budget and acts most strongly during the summer melt season. However, 

the magnitude of this difference is not certain. To resolve this uncertainty we recommend: 
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• That detailed surface mass balance simulations with full energy-moisture balance representations be conducted for 

scenarios with equivalent radiative forcing achieved through reductions in GHG forcing and with solar 

geoengineering.  

• A reanalysis of relevant paleo-climate analogues, observed local trends in cloudiness, and the records of the effects 

of large volcanic eruptions be conducted to provide an empirical grounding for estimates of the relative efficacy of 5 

solar and GHG forcing. 

• An evaluation of the discrepancy between the simple degree-day formulations for surface melt used in most ice-

sheet models and full energy-moisture balance formulations for surface melt when applied to scenarios of solar 

geoengineering. The results of this evaluation should be used to develop and apply corrections to appropriately 

represent solar geoengineering in such degree-day schemes. 10 

Changes to ocean-driven melt and the calving of ice-sheets are harder to predict than changes in surface mass balance so the 

relative efficacy of solar geoengineering at reducing these changes is much less certain. Stratospheric sulphate aerosol 

geoengineering would warm the stratosphere, changing stratospheric and tropospheric winds with effects that would propagate 

down to affect the mixing of these deep waters around Antarctica. The effect of such changes on ocean circulation is uncertain 

and whether it would be offset by the general cooling of surface waters and reduced surface melt on ice-shelves and increased 15 

sea ice extent is also unclear. To help resolve these uncertainties we recommend:  

• High-resolution coupled climate model simulations are run to evaluate the effects of the heating from stratospheric 

aerosols on the southern ocean and the mixing of deep circumpolar water around Antarctica. 

• Detailed, coupled ocean-ice models, of the type being evaluated under the Marine Ice Sheet Model Intercomparison 

Projects experiments (Asay-Davis et al., 2016), should simulate the effects of stratospheric aerosol geoengineering 20 

on the stability of ice-shelves and the evolution of the grounding line. Simulating the coupled ocean-ice interactions 

at the grounding line and below ice-shelves requires high spatial and temporal resolution and will be incredibly 

computationally demanding. This probably means that the coupled ice-ocean model be limited in regional scope 

and duration of simulation. The boundary conditions for such simulations could be derived from global coupled 

climate model simulations such as the ones described above. 25 

• That the processes responsible for driving calving be better understood and described. The susceptibility of low 

altitude Antarctic ice shelves to surface melt and hydro-fracturing should then be evaluated in models with 

improved representation of ice shelf fracturing and the weakening of their buttressing force (Benn et al., 2017). If 

the kind of hydro-fracturing induced break-up of ice-shelves that DeConto and Pollard (2016) project is realistic 

then an evaluation of the potential for solar geoengineering to prevent such an outcome should be a high priority. 30 

How solar geoengineering is deployed would be a choice and it could be tailored to better achieve certain outcomes. The 

results of the studies recommended above would be useful in clarifying how to tailor solar geoengineering to more effectively 

reduce sea-level rise. We recommend that simple metrics be developed that capture the important factors determining the 

efficacy of solar geoengineering at reducing sea-level rise. The trade-offs between tailoring solar geoengineering to better 

reduce sea-level rise and tailoring it to promote other objectives could then be evaluated in idealized climate model studies 35 

using these and other metrics. 
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6.2 What are the limits to solar geoengineering’s potential to reduce or reverse sea-level rise? 

Clark et al. (2016) stressed in a recent perspective piece in Nature Climate Change that it’s important to look beyond the 21st 

century to understand the implications of 21st Century emissions policies. CO2 emitted to the atmosphere has an incredibly 

long half-life and the warming effect of our emissions could have multi-millennial climate and sea-level rise implications as a 

result. However, Clark et al. (2016) do not evaluate the potential of solar geoengineering or carbon dioxide removal 5 

geoengineering, which both have the potential to fundamentally change this long-term outlook. Our focus is on solar 

geoengineering and we make a number of recommendations to help answer some unresolved questions about its potential to 

reduce or even reverse sea-level rise. 

Solar geoengineering could be deployed to not just reduce sea-level rise but to halt or even reverse it (Irvine et al., 2012). 

However, there is considerable inertia and hysteresis in aspects of the response of glaciers and ice-sheets to these driving forces 10 

that will limit the extent to which sea-level rise could be reduced and will shape how much cooling would be required to halt 

it (Applegate and Keller, 2015). Understanding what it would take to halt sea-level rise using solar geoengineering will provide 

valuable information on the limits of solar geoengineering in this regard. To address this we recommend: 

• Idealized studies of the response of the oceans, glaciers and the Greenland and Antarctic ice-sheets to upper-end 

scenarios of solar geoengineering deployment which return temperatures to pre-industrial levels or below. In 15 

particular, we recommend idealized studies to evaluate what level of solar geoengineering cooling would be needed 

to: 1) halt the retreat of marine-terminating glaciers that are subject to marine ice sheet instability, and 2) preserve 

glaciers in regions where they provide irreplaceable water supplies in summers and drought years. 

• The results of such idealized studies should be complemented by analysis of the ice-sheet response to paleo-climate 

events with a sudden cooling to see what constraints these events can provide on future behavior. 20 

• Multi-century scenarios including solar geoengineering are developed to provide boundary conditions for long-run 

sea-level rise simulations. These could build on the successors to the Representative Concentration Pathways and 

the work of the Geoengineering Model Intercomparison Project (Kravitz et al., 2015, p.6). Such scenarios could 

explore the different effects of solar geoengineering to slow, halt or reverse temperature change. 

It will be important to understand the potential efficacy and the limits of solar geoengineering as a means of reducing sea-level 25 

rise but it is only one of many issues that must be considered when discussing solar geoengineering. Sea-level rise is one of 

the key risks of climate change but there are others. There are likely good reasons not to deploy solar geoengineering with the 

objective of halting or reversing sea-level rise as this could require a substantial reduction in global temperatures which could 

result in potentially harmful shifts in regional climate and significant non-climatic side-effects. Furthermore, whilst an 

understanding of the potential physical consequences of climate change and solar geoengineering is necessary for a discussion 30 

of the potential use of solar geoengineering, it is not sufficient. Whether and how to deploy solar geoengineering is a question 

that demands a nuanced discussion encompassing not only the physical consequences of deployment but also a careful 

consideration and negotiation of the complex socio-political issues it raises. A good understanding of the potential and limits 
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of solar geoengineering to reduce sea-level rise will be an important part of the foundation of this much broader discussion 

which we invite you to get involved in. 

References 

Applegate, P., J. and Keller, K.: How effective is albedo modification (solar radiation management geoengineering) in 

preventing sea-level rise from the Greenland Ice Sheet?, Environ. Res. Lett., 10(8), 084018, 2015. 5 

Asay-Davis, X. S., Cornford, S. L., Durand, G., Galton-Fenzi, B. K., Gladstone, R. M., Gudmundsson, G. H., Hattermann, T., 

Holland, D. M., Holland, D., Holland, P. R., Martin, D. F., Mathiot, P., Pattyn, F. and Seroussi, H.: Experimental design for 

three interrelated marine ice sheet and ocean model intercomparison projects: MISMIP v. 3 (MISMIP +), ISOMIP v. 2 

(ISOMIP +) and MISOMIP v. 1 (MISOMIP1), Geosci Model Dev, 9(7), 2471–2497, doi:10.5194/gmd-9-2471-2016, 2016. 

Bala, G., Duffy, P. B. and Taylor, K. E.: Impact of geoengineering schemes on the global hydrological cycle, Proc. Natl. Acad. 10 

Sci. U. S. A., 105(22), 7664–7669, doi:10.1073/pnas.0711648105, 2008. 

Bamber, J. L. and Aspinall, W. P.: An expert judgement assessment of future sea level rise from the ice sheets, Nat. Clim. 

Change, 3(4), 424–427, doi:10.1038/nclimate1778, 2013. 

Benn, D. I., Åström, J., Zwinger, T., Todd, J., Nick, F. M., Cook, S., Hulton, N. R. J. and Luckman, A.: Melt-under-cutting 

and buoyancy-driven calving from tidewater glaciers: new insights from discrete element and continuum model simulations, 15 

J. Glaciol., 63(240), 691–702, doi:10.1017/jog.2017.41, 2017. 

van de Berg, W. J., van den Broeke, M., Ettema, J., van Meijgaard, E. and Kaspar, F.: Significant contribution of insolation to 

Eemian melting of the Greenland ice sheet, Nat. Geosci, 4(10), 679–683, doi:10.1038/ngeo1245, 2011. 

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., 

Lohmann, U., Rasch, P., Satheesh, S. K., Sherwood, S., Stevens, B. and Zhang, X. Y.: Clouds and Aerosols, in Climate Change 20 

2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change, edited by T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. 

Xia, V. Bex, and P. M. Midgley, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA., 2013. 

Budyko, M. I.: Climatic Changes, Waverly Press, Baltimore. [online] Available from: 

http://books.google.nl/books?id=WZxn8IhIFf4C, 1977. 25 

Cao, L., Duan, L., Bala, G. and Caldeira, K.: Simultaneous stabilization of global temperature and precipitation through 

cocktail geoengineering, Geophys. Res. Lett., 44(14), 2017GL074281, doi:10.1002/2017GL074281, 2017. 

Clark, P. U., Shakun, J. D., Marcott, S. A., Mix, A. C., Eby, M., Kulp, S., Levermann, A., Milne, G. A., Pfister, P. L., Santer, 

B. D., Schrag, D. P., Solomon, S., Stocker, T. F., Strauss, B. H., Weaver, A. J., Winkelmann, R., Archer, D., Bard, E., Goldner, 

A., Lambeck, K., Pierrehumbert, R. T. and Plattner, G.-K.: Consequences of twenty-first-century policy for multi-millennial 30 

climate and sea-level change, Nat. Clim Change, 6(4), 360–369, doi:10.1038/nclimate2923, 2016. 

Dai, Z., Weisenstein, D. K. and Keith, D. W.: Tailoring meridional and seasonal radiative forcing by sulfate aerosol solar 

geoengineering, Geophys. Res. Lett., under review. 

DeConto, R. M. and Pollard, D.: Contribution of Antarctica to past and future sea-level rise, Nature, 531(7596), 591–597, 

doi:10.1038/nature17145, 2016. 35 

The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-279
Manuscript under review for journal The Cryosphere
Discussion started: 26 January 2018
c© Author(s) 2018. CC BY 4.0 License.



13 

 

Dykema, J. A., Keith, D. W. and Keutsch, F. N.: Improved aerosol radiative properties as a foundation for solar geoengineering 

risk assessment, Geophys. Res. Lett., 43(14), 7758–7766, doi:10.1002/2016GL069258, 2016. 

Favier, L., Durand, G., Cornford, S. L., Gudmundsson, G. H., Gagliardini, O., Gillet-Chaulet, F., Zwinger, T., Payne, A. J. and 

Le Brocq, A. M.: Retreat of Pine Island Glacier controlled by marine ice-sheet instability, Nat. Clim. Change, 4(2), 117–121, 

doi:10.1038/nclimate2094, 2014. 5 

Fettweis, X.: Reconstruction of the 1979? 2006 Greenland ice sheet surface mass balance using the regional climate model 

MAR, The Cryosphere, 1(1), 21–40, 2007. 

Fettweis, X., Franco, B., Tedesco, M., van Angelen, J. H., Lenaerts, J. T. M., van den Broeke, M. R. and Gallée, H.: Estimating 

the Greenland ice sheet surface mass balance contribution to future sea level rise using the regional atmospheric climate model 

MAR, The Cryosphere, 7(2), 469–489, doi:10.5194/tc-7-469-2013, 2013. 10 

Frieler, K., Clark, P. U., He, F., Buizert, C., Reese, R., Ligtenberg, S. R. M., Broeke, M. R. van den, Winkelmann, R. and 

Levermann, A.: Consistent evidence of increasing Antarctic accumulation with warming, Nat. Clim. Change, 5(4), 348–352, 

doi:10.1038/nclimate2574, 2015. 

Fürst, J. J., Durand, G., Gillet-Chaulet, F., Tavard, L., Rankl, M., Braun, M. and Gagliardini, O.: The safety band of Antarctic 

ice shelves, Nat. Clim. Change, 6(5), 479–482, doi:10.1038/nclimate2912, 2016. 15 

Hanna, E., Huybrechts, P., Steffen, K., Cappelen, J., Huff, R., Shuman, C., Irvine-Fynn, T., Wise, S. and Griffiths, M.: 

Increased Runoff from Melt from the Greenland Ice Sheet: A Response to Global Warming, J. Clim., 21(2), 331–341, 

doi:10.1175/2007JCLI1964.1, 2008. 

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M., Nicholls, R. J., Tol, R. S. J., Marzeion, B., Fettweis, X., Ionescu, C. and 

Levermann, A.: Coastal flood damage and adaptation costs under 21st century sea-level rise, Proc. Natl. Acad. Sci., 111(9), 20 

3292–3297, doi:10.1073/pnas.1222469111, 2014. 

Hofer, S., Tedstone, A. J., Fettweis, X. and Bamber, J. L.: Decreasing cloud cover drives the recent mass loss on the Greenland 

Ice Sheet, Sci. Adv., 3(6), e1700584, doi:10.1126/sciadv.1700584, 2017. 

Irvine, P. J., Lunt, D. J., Stone, E. J. and Ridgwell, A. J.: The fate of the Greenland Ice Sheet in a geoengineered, high CO2 

world, Environ. Res. Lett., 4(4), doi:10.1088/1748-9326/4/4/045109, 2009. 25 

Irvine, P. J., Sriver, R. L. and Keller, K.: Tension between reducing sea-level rise and global warming through solar-radiation 

management, Nat. Clim. Change, 2(2), 97–100, doi:10.1038/nclimate1351, 2012. 

Jevrejeva, S., Jackson, L. P., Riva, R. E. M., Grinsted, A. and Moore, J. C.: Coastal sea level rise with warming above 2 °C, 

Proc. Natl. Acad. Sci., doi:10.1073/pnas.1605312113, 2016. 

Joughin, I., Smith, B. E. and Medley, B.: Marine Ice Sheet Collapse Potentially Under Way for the Thwaites Glacier Basin, 30 

West Antarctica, Science, 344(6185), 735–738, doi:10.1126/science.1249055, 2014. 

Keith, D. W. and Irvine, P. J.: Solar geoengineering could substantially reduce climate risks-A research hypothesis for the next 

decade: SOLAR GEOENGINEERING COULD REDUCE RISK, Earths Future, 4(11), 549–559, doi:10.1002/2016EF000465, 

2016. 

Keith, D. W., Weisenstein, D. K., Dykema, J. A. and Keutsch, F. N.: Stratospheric solar geoengineering without ozone loss, 35 

Proc. Natl. Acad. Sci., doi:10.1073/pnas.1615572113, 2016. 

The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-279
Manuscript under review for journal The Cryosphere
Discussion started: 26 January 2018
c© Author(s) 2018. CC BY 4.0 License.



14 

 

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Oppenheimer, M., Rasmussen, D. J., Strauss, B. H. and Tebaldi, 

C.: Probabilistic 21st and 22nd century sea-level projections at a global network of tide-gauge sites, Earths Future, 2(8), 

2014EF000239, doi:10.1002/2014EF000239, 2014. 

Kravitz, B., MacMartin, D. G. and Caldeira, K.: Geoengineering: Whiter skies?, Geophys Res Lett, 39(11), L11801, 

doi:10.1029/2012gl051652, 2012. 5 

Kravitz, B., Robock, A., Tilmes, S., Boucher, O., English, J. M., Irvine, P. J., Jones, A., Lawrence, M. G., MacCracken, M., 

Muri, H., Moore, J. C., Niemeier, U., Phipps, S. J., Sillmann, J., Storelvmo, T., Wang, H. and Watanabe, S.: The 

Geoengineering Model Intercomparison Project Phase 6 (GeoMIP6): simulation design and preliminary results, Geosci. Model 

Dev., 8(10), 3379–3392, doi:10.5194/gmd-8-3379-2015, 2015. 

Kravitz, B., MacMartin, D. G., Wang, H. and Rasch, P. J.: Geoengineering as a design problem, Earth Syst Dynam, 7(2), 469–10 

497, doi:10.5194/esd-7-469-2016, 2016. 

Latham, J.: Control of global warming, Nature, 347(6291), 339–340, 1990. 

Lenaerts, J. T. M., Vizcaino, M., Fyke, J., Kampenhout, L. van and Broeke, M. R. van den: Present-day and future Antarctic 

ice sheet climate and surface mass balance in the Community Earth System Model, Clim. Dyn., 47(5–6), 1367–1381, 

doi:10.1007/s00382-015-2907-4, 2016. 15 

Ligtenberg, S. R. M., Berg, W. J. van de, Broeke, M. R. van den, Rae, J. G. L. and Meijgaard, E. van: Future surface mass 

balance of the Antarctic ice sheet and its influence on sea level change, simulated by a regional atmospheric climate model, 

Clim. Dyn., 41(3–4), 867–884, doi:10.1007/s00382-013-1749-1, 2013. 

Liu, Y., Moore, J. C., Cheng, X., Gladstone, R. M., Bassis, J. N., Liu, H., Wen, J. and Hui, F.: Ocean-driven thinning enhances 

iceberg calving and retreat of Antarctic ice shelves, Proc. Natl. Acad. Sci., 112(11), 3263–3268, 20 

doi:10.1073/pnas.1415137112, 2015. 

MacMartin, D. G., Keith, D. W., Kravitz, B. and Caldeira, K.: Management of trade-offs in geoengineering through optimal 

choice of non-uniform radiative forcing, Nat. Clim Change, 3(4), 365–368, doi:10.1038/nclimate1722, 2013. 

McClellan, J., Keith, D. W. and Apt, J.: Cost analysis of stratospheric albedo modification delivery systems, Environ. Res. 

Lett., 7(3), 034019, 2012. 25 

McCusker, K. E., Battisti, D. S. and Bitz, C. M.: Inability of stratospheric sulfate aerosol injections to preserve the West 

Antarctic Ice Sheet, Geophys. Res. Lett., 42(12), 4989–4997, doi:10.1002/2015GL064314, 2015. 

Mercer, J. H.: West Antarctic ice sheet and CO2 greenhouse effect: a threat of disaster, Nature, 271(5643), 321, 

doi:10.1038/271321a0, 1978. 

Mitchell, D. L. and Finnegan, W.: Modification of cirrus clouds to reduce global warming, Environ. Res. Lett., 4(4), 045102, 30 

2009. 

Moore, J. C., Jevrejeva, S. and Grinsted, A.: Efficacy of geoengineering to limit 21st century sea-level rise, Proc. Natl. Acad. 

Sci. U. S. A., 107(36), 15699–15703, doi:10.1073/pnas.1008153107, 2010. 

Moore, J. C., Grinsted, A., Guo, X., Yu, X., Jevrejeva, S., Rinke, A., Cui, X., Kravitz, B., Lenton, A., Watanabe, S. and Ji, D.: 

Atlantic hurricane surge response to geoengineering, Proc. Natl. Acad. Sci., 112(45), 13794–13799, 35 

doi:10.1073/pnas.1510530112, 2015. 

The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-279
Manuscript under review for journal The Cryosphere
Discussion started: 26 January 2018
c© Author(s) 2018. CC BY 4.0 License.



15 

 

Moriyama, R., Sugiyama, M., Kurosawa, A., Masuda, K., Tsuzuki, K. and Ishimoto, Y.: The cost of stratospheric climate 

engineering revisited, Mitig. Adapt. Strateg. Glob. Change, 1–22, 2016. 

Morris, E. M. and Vaughan, D. G.: Spatial and Temporal Variation of Surface Temperature on the Antarctic Peninsula And 

The Limit of Viability of Ice Shelves, in Antarctic Peninsula Climate Variability: Historical and Paleoenvironmental 

Perspectives, edited by E. Domack, A. Levente, A. Burnet, R. Bindschadler, P. Convey, and  tthew Kirby, pp. 61–68, American 5 

Geophysical Union., 2003. 

Niemeier, U., Schmidt, H. and Timmreck, C.: The dependency of geoengineered sulfate aerosol on the emission strategy, 

Atmospheric Sci. Lett., 12(2), 189–194, doi:10.1002/asl.304, 2011. 

Oppenheimer, M., Little, C. M. and Cooke, R. M.: Expert judgement and uncertainty quantification for climate change, Nat. 

Clim. Change, 6(5), 445–451, doi:10.1038/nclimate2959, 2016. 10 

Pitari, G., Aquila, V., Kravitz, B., Robock, A., Watanabe, S., Cionni, I., Luca, N. D., Genova, G. D., Mancini, E. and Tilmes, 

S.: Stratospheric ozone response to sulfate geoengineering: Results from the Geoengineering Model Intercomparison Project 

(GeoMIP), J. Geophys. Res. Atmospheres, 119(5), 2629–2653, doi:10.1002/2013JD020566, 2014. 

Pritchard, H. D., Ligtenberg, S. R. M., Fricker, H. A., Vaughan, D. G., van den Broeke, M. R. and Padman, L.: Antarctic ice-

sheet loss driven by basal melting of ice shelves, Nature, 484(7395), 502–505, doi:10.1038/nature10968, 2012. 15 

Ritz, C., Edwards, T. L., Durand, G., Payne, A. J., Peyaud, V. and Hindmarsh, R. C. A.: Potential sea-level rise from Antarctic 

ice-sheet instability constrained by observations, Nature, 528(7580), 115–118, doi:10.1038/nature16147, 2015. 

Robock, A., Oman, L. and Stenchikov, G. L.: Regional climate responses to geoengineering with tropical and Arctic SO2 

injections, J. Geophys. Res.-Atmospheres, 113(D16), D16101, doi:10.1029/2008jd010050, 2008. 

Shepherd, J., Caldeira, K., Cox, P., Haigh, J., Keith, D., Launder, B., Mace, G., MacKerron, G., Pyle, J., Rayner, S., Redgwell, 20 

C., Watson, A., Garthwaite, R., Heap, R., Parker, A. and Wilsdon, J.: Geoengineering the climate: science, governace and 

uncertainty, The Royal Society, London., 2009. 

Tilmes, S., Garcia, R. R., Kinnison, D. E., Gettelman, A. and Rasch, P. J.: Impact of geoengineered aerosols on the troposphere 

and stratosphere, J. Geophys. Res.-Atmospheres, 114, 22, doi:10.1029/2008jd011420, 2009. 

Tilmes, S., Kinnison, D. E., Garcia, R. R., Salawitch, R., Canty, T., Lee-Taylor, J., Madronich, S. and Chance, K.: Impact of 25 

very short-lived halogens on stratospheric ozone abundance and UV radiation in a geo-engineered atmosphere, Atmos Chem 

Phys, 12(22), 10945–10955, doi:10.5194/acp-12-10945-2012, 2012. 

Victor, D. G.: On the regulation of geoengineering, Oxf. Rev. Econ. Policy, 24(2), 322–336, doi:10.1093/oxrep/grn018, 2008. 

Weitzman, M. L.: The Geoengineered Planet, in In 100 Years: Leading Economists Predict the Future, edited by I. Palacios-

Huerta, MIT Press., 2014. 30 

Wigley, T. M. L.: A combined mitigation/geoengineering approach to climate stabilization, Science, 314(5798), 452–454, 

doi:10.1126/science.1131728, 2006. 

Zhao, L., Yang, Y., Cheng, W., Ji, D. and Moore, J. C.: Glacier evolution in high-mountain Asia under stratospheric sulfate 

aerosol injection geoengineering, Atmospheric Chem. Phys., 17(11), 6547–6564, 2017. 

 35 

The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-279
Manuscript under review for journal The Cryosphere
Discussion started: 26 January 2018
c© Author(s) 2018. CC BY 4.0 License.


