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Abstract
Stratospheric aerosol injection (SAI) is a prospective climate intervention technology that would seek to abate climate change
by de�ecting back into space a small fraction of the incoming solar radiation. While most consideration given to SAI assumes
a global intervention, this paper considers an alternative scenario whereby SAI might be deployed only in the subpolar regions.
Subpolar deployment would quickly envelope the poles as well and could arrest or reverse ice and permafrost melt at high
latitudes. This would yield global bene�t by retarding sea level rise. Given that effective SAI deployment could be achieved at
much lower altitudes in these regions than would be required in the tropics, it is commonly assumed that subpolar deployment
would present fewer aeronautical challenges. An SAI deployment intended to reduce average surface temperatures in both the
Arctic and Antarctic regions by 2°C is deemed here to be feasible at relatively low cost with conventional technologies.
However, we do not �nd that such a deployment could be undertaken with a small �eet of pre-existing aircraft, nor that
relegating such a program to these sparsely populated regions would obviate the myriad governance challenges that would
confront any such deployment. Nevertheless, given its feasibility and potential global bene�t, the prospect of subpolar-focused
SAI warrants greater attention.

1. Introduction
The three Working Group reports issued by the Intergovernmental Panel on Climate Change (IPCC) as a part of the Sixth
Assessment Report present a sobering picture of the status of the changing climate and humanity’s response to date. The
average global surface temperature in 2011–2020 was 1.09°C higher than that in 1850–1900 whereas by 2018, the global
mean sea level had already risen by 0.20 m above the 1901 average (IPCC 2021). Under all shared socioeconomic pathways
that serve as a basis for climate projections assessed by the IPCC, global surface temperatures continue to rise until at least
mid-century (IPCC 2021). Perhaps most concerning, many changes caused by past and future greenhouse gas emissions are
irreversible for centuries to millennia (IPCC 2021, 2022). The Arctic faces a particularly dire threat from climate change,
warming at roughly twice the global average (IPCC 2021). In fact, due to this “Arctic ampli�cation”, the Arctic annual mean
surface temperature had already increased by over 3°C between 1971 and 2019 (AMAP 2021). In addition, the average
September sea ice extent in 2010–2019 was 40 percent lower than that in 1979–1988 (IPCC 2021). By mid-century, if not
earlier, summer Arctic sea ice will likely have effectively disappeared, with potentially catastrophic climate consequences for
both the Arctic and the planet as a whole (AMAP 2017). Though polar ampli�cation in the Antarctic is less pronounced, it too is
warming faster than the planetary average and there remain concerns about Antarctic ice sheet melt as a climate change
tipping point (Clem et al. 2020; IPCC 2021; DeConto et al. 2021).

Stratospheric aerosol injection (SAI) is a prospective climate intervention that would seek to abate global warming by slightly
increasing the re�ectiveness of the earth’s upper atmosphere. SAI is a potential supplement to (but not a replacement for) other
climate strategies including mitigation, adaptation, and carbon dioxide removal. However, it remains controversial, and
research on SAI technology and its governance are still at very early stages. The vast majority of SAI simulations involve
deploying aerosols (or their precursors) globally in order to lower temperatures worldwide. For example, the Stratospheric
Aerosol Geoengineering Large Ensemble (GLENS) project and the Geoengineering Model Intercomparison Project's (GeoMIP)
G6Sulfur experiment both involve injecting SO2 at low latitudes (30°S-30°N for GLENS, above the equator for GeoMIP G6) to
offset climate change-driven increases in global mean temperature (Kravitz et al. 2015; Tilmes et al. 2018).

In contrast to global solar geoengineering, subpolar geoengineering would involve geographically limited deployments at
latitudes of roughly 60°N/S. Because the tropopause is considerably lower at high latitudes, aerosols or their precursors would
not need to be lofted as high, reducing the engineering challenges relative to a global deployment. Only a few existing studies
consider Arctic and/or polar SAI deployment. In one of the earliest simulations, (Robock et al. 2008) modelled both tropical and
Arctic SAI deployments, �nding that Arctic injection was more effective per unit of SO2 at preserving sea ice than equatorial
injection. (Jackson et al. 2015)also modelled the sea ice impacts of Arctic injection of SO2, �nding that injection masses in
excess of 10 Tg-SO2/yr would be required inde�nitely to recover sea ice. A recent study by (Lee et al. 2021) �nds that, per

teragram of SO2 injected, spring-only injection at 60ON restores approximately twice as much summer sea ice and achieves
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approximately 50% more Arctic and global mean temperature reductions than year-round injection at that latitude. While Arctic-
only SAI deployment has been found to be highly effective, there are also potential concerns. (MacCracken et al. 2013) and
(Nalam et al. 2018) �nd that deployment of SAI at higher latitudes in the Northern Hemisphere moves the Inter-Tropical
Convergence Zone (ITCZ) southward, affecting global precipitation patterns. However, both papers also �nd that if
counterbalancing SAI is deployed in the Southern Hemisphere, the position of the ITCZ can remain relatively unchanged
(MacCracken et al. 2013; Nalam et al. 2018). These early �ndings motivate our focus on not only Arctic SAI deployment, but
also on Antarctic SAI deployment.

Studies to date are limited to modeling the climate impacts of high latitude SAI deployment. No existing study builds a
complete bi-hemispheric polar or subpolar SAI deployment scenario including logistical and cost considerations, nor do
existing studies clarify whether existing aircraft would be suitable for this mission. In section 2 of this paper, we establish a
subpolar SAI deployment scenario. In section 3, we lay out the logistics and costs of the scenario. In section 4, we consider the
scenario’s climate impacts both regionally and globally.

2. Sai Subpolar Deployment Scenario
To clarify the feasibility of subpolar SAI, we seek here to articulate a plausible deployment scenario for which we can thereafter
assemble a logistical plan. The key parameters of our deployment scenario are as follows:

Temperature anomaly target: As mentioned earlier, the polar ampli�cation has caused a substantially greater warming in
the high latitudes compared to the global average warming over the last several decades. With global greenhouse gas
emissions still rising, this additional warming means that the conditions at the poles are likely to be substantially warmer
on the threshold of a prospective deployment than they are today. If the objective of such a deployment were to arrest ice
and permafrost melt and therefore constrain global sea level rise, a substantial temperature anomaly would seem
warranted rather than a barely detectable one. With these considerations in mind, we propose that a plausible temperature
anomaly target for a Polar SAI program might be 2°C in the Arctic (calculated as the area-weighted average of surface
temperatures between 60°N and the pole). We do not argue that this is an optimal or likely target, but as the impacts of
deployments in the mass range discussed herein are reasonably linear, readers seeking to estimate the logistics and costs
of a smaller or larger deployment may reasonably interpolate or extrapolate from our �gures below.

North/south symmetry: In order to minimize disturbances to distant weather and circulation patterns, any deployment in
the Northern Hemisphere must take account of its impact on the Southern Hemisphere. Previous studies have done so by
countervailing Northern deployments with roughly similar southern deployments, thereby reducing any shift in the
Intertropical Convergence Zone (Ban-Weiss and Caldeira 2010; Kravitz et al. 2016). To simplify the calculations and
optimize aircraft usage, we de�ne “symmetry” here as calling for an equivalent aerosol mass deployment in the Antarctic
rather than an equivalent temperature anomaly.

Injection seasonality: Building on the conclusions reached in (Lee et al. 2021), we propose to inject only in the spring and
early summer months, which is to say March – June in the Northern Hemisphere and September – December in the
Southern. Since the intended effect of deployment is to de�ect incoming sunlight, deployment in the local winter would
have limited impact, as there is little sunlight in the region (Peixoto and Oort 1992). Spring deployment takes advantage of
the waxing days and resulting solar intensity, remaining aloft through the polar summer. Aerosols deployed in the very
high latitudes have considerably reduced stratospheric endurance relative to that deployed at low latitudes, but since the
effective season for de�ecting sunlight is merely six months long, the earlier sedimentation of this material at the poles is
of limited impact on its e�cacy.

Deployed material: (Lee et al. 2021) assumes injections of SO2, which will oxidize into H2SO4 (the sulfur species that is
effective for radiative forcing) and coagulate into liquid super cooled aerosols after a month in the stratosphere. While
recent studies have explored the direct injection of accumulation mode-H2SO4 as an alternative to SO2 (Vattioni et al.
2019; Weisenstein et al. 2021), neither the aeronautical tradeoffs associated with carrying this heavier substance nor the
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mechanics of venting it at the optimal particle size have been convincingly explored. Therefore, despite the prospective
advantages of deploying other species of sulfur, we have retained the selection of SO2 as made in (Lee et al. 2021).

Injection locations: We propose target injection latitudes of 60°N and 60°S, which delimit zones that include the entirety of
both Greenland and Antarctica. In the Northern Hemisphere, this is roughly the latitude of Oslo, Helsinki, Homer Alaska,
and Magadan in eastern Siberia. In the Southern Hemisphere, the 60th parallel lies entirely in the Southern Ocean well
south of the tip of Patagonia. It should be noted that these latitudinal bands delimit an area roughly twice as large as
either the Arctic or the Antarctic, each of which are properly de�ned as the areas poleward of 66.30°. Our descriptions of
deployment in the “Arctic” and “Antarctic” should be understood in all cases herein to refer to these greater subpolar
regions rather than merely to the areas poleward of 66.30°. Given the e�cient East/West mixing, particularly at these high
latitudes, we assume that injection longitudes are irrelevant to the design of the injection program and should instead be
determined by the location of capable air bases proximate to the intended injection latitudes.

Deployed masses: (Lee et al. 2021) estimates that a 12 Tg-SO2/yr spring deployment at 60°N would force a -3.7°C
annualized average surface temperature anomaly in the region north of 60°N. Assuming for simplicity a linear radiative
forcing in these mass ranges, this would suggest that each Tg of SO2 begets approximately − 0.3°C of temperature
response in the target zone. Given Arctic temperature forcing targets of -2.0°C and the assumption of an equivalent mass
deployment in the Antarctic, this calls for 6.7 Tg-SO2/yr in each hemisphere or a total annual deployed mass of 13.4 Tg.

Injection altitude: (Lee et al. 2021) assumed an injection altitude of 14.8 km. Seeking to balance radiative forcing e�cacy
of deployed aerosols with operational e�ciency, we reduce the assumed injection altitude herein to 13 km. Average
tropopause altitudes in June (the �nal month of the northern deployment season) exceed 10 km, and to allow for
longitudinal and diurnal tropopause height variability among other factors, 13 km is considered here to be a feasible and
prudent deployment altitude, but we do not plan for higher deployments. While we acknowledge that there may be a small
difference in the radiative forcing that may result from this lower deployment, we have assumed that the results would be
broadly similar and have therefore applied no decrement to the radiative forcing e�cacy assumed in (Lee et al. 2021).

3. Logistical Discussion
With the deployment scenario described in Section 2 as the objective, we pivot to the matter of how it might be ful�lled. We will
assume for this exercise that deployment is undertaken in what would, from an operational standpoint, be idealized conditions,
wherein a single global monopolist deployer is able to operate continuously and consistently across multiple national airspace
regimes without local interference. We do not seek here to address how such a legitimate global mandate might be secured
other than to note that it would be very di�cult. Alternatively, deployment plans that instead assume multiple uncoordinated
actors, funding challenges, airspace sovereignty disputes, and other routine complications could only be less e�cient than
what is described below.

3.1. Platforms
For the sort of globally effective SAI deployment in the tropics and sub-tropics envisioned in (Smith and Wagner 2018) and
(Smith 2020), a deployment altitude of 20 km is commonly assumed in order to remain well above the tropopause, which can
often appear as high as 17 km in the tropics. Injection of large masses of aerosols at 20 km is not judged to be feasible with
existing aircraft, requiring the development of new lofting platforms designed for this mission as envisioned in (Bingaman et
al. 2020). A threshold question arising in respect of the lower 13 km deployment altitude su�cient for a polar program is
whether existing platforms can serve in this instance. After consideration, the simple but surprising answer is – only poorly,
and therefore, likely not at all. Experimental sub-scale initial deployments could potentially reuse existing tanker designs, but to
implement a program of the scale considered here, a much larger �eet would be required than could be assembled from used
aircraft, and the reduced capabilities of existing designs would clearly justify a new, purpose-built platform.

In surveying existing platforms that would seem most likely to serve, the obvious starting point is the large air-to-air refueling
tankers used to extend the operational range of military aircraft. In common with our prospective polar SAI deployment
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platform, these tankers are designed to haul a dense, heavy load of liquid (in their case, jet fuel) into the heavens and transfer it
to other aircraft at altitude. By far the most numerous large tanker is the aged but still capable KC-135, which is still aiding US
military efforts more than 60 years after its entry into service (U.S. Air Force). These are projected to remain operational at low
utilization levels (U.S. Government Accountability O�ce 2020) through 2040 (U.S. Defense Science Board 2004), but will
remain in service until each encounters its �rm structural fatigue limits. This means there is not and likely will not be a
substantial �eet of retired but operable KC-135s that can be drafted into service for SAI. Their replacements are two current-
production tankers: the Boeing KC-46 and the Airbus A330 MRTT (Tegler 2022). An earlier but discontinued replacement tanker
is the KC-10. For completeness, we have also considered a theoretical replacement tanker modi�ed from the A340, whose four
engines give it an advantage over its twin-engine challengers (KC-46, A330) in this competition. All �ve of these aircraft are
capable of hauling fuel loads of at least 200,000 pounds to altitudes of at least 30,000 feet (roughly 9 km) and would therefore
seem ideally suited to the SAI deployment mission.

However, none of these aircraft is capable of ascending with that full payload the additional 4 km necessary to get to our
minimum target altitude of 13 km. To sustain a substantial rate-of-climb above their optimal cruise altitude in the 9–10 km
range, each of these aircraft would need to get lighter by leaving payload on the ground. Flying reduced loads would enable
these aircraft to reach as high as 12 km, but only the KC-135 has a service ceiling enabling it to get comfortably to 13 km.
Nonetheless, to facilitate cost comparisons between all of these platforms, we will assume (perhaps unreasonably) that all can
be stretched incrementally above their current service ceilings to attain 13 km, albeit with reduced payloads, which in turn
increases �eet requirements and costs.

Since each of these pre-existing platforms achieves a dismal payload fraction (net payload/ maximum take-off weight) at 13
km (roughly 43,000 feet), we have added to the platform set a version of the SAIL-01 (Bingaman et al. 2020) recon�gured
speci�cally for the subpolar deployment mission. The “SAIL-43K” could loft a payload nearly �ve times as great as its
predecessor given that the air density at 13 km is so much greater than that for which the SAIL-01 was designed. Even with this
huge payload increase, the SAIL-01’s six engines are overkill for the 13 km mission, so SAIL-43K has merely four (see Fig. 1
below for a diagram of the SAIL-43K).

The much greater payload on the SAIL-43K required more robust structure and landing gears than SAIL-01, leading to a roughly
18% increase in operating empty weight despite the two fewer engines. Structural augmentation was also required to bring the
ultimate load factor up to 4.5 g (from 3.0 g previously), such that it presents an apples-to-apples comparison with the former
airliners being alternatively considered. Given these changes, the SAIL-43K could achieve a payload fraction of 56%, making it
vastly more e�cient for the subpolar mission than the alternatives (see Table 1 below).

Table 1
Candidate aircraft (The methodology behind the calculation of the TOW for 43,000 ft has been explained in Appendix I.)

AIRCRAFT SERVICE
CEILING
(FT)

MAXIMUM
TAKEOFF
WEIGHT (LB)

TAKEOFF
WEIGHT FOR 43K
FT (LB)

NET PAYLOAD
AT 43K FT (LB)

NET PAYLOAD
AS % OF
PAYLOAD

DERIVATION

KC-135R 50,000 322,500 219,400 105,200 33% Converted
B707

A330
MRTT

42,700 514,000 357,105 88,300 17% Converted
A330

KC-46A
PEGASUS

40,100 415,000 256,500 74,870 18% Converted
767

KC-10 42,000 590,000 376,000 128,801 22% Converted
DC-10

A340F 40,100 840,000 492,000 102,761 12% Converted
A340

SAIL-43K 47,000 299,397 299,397 167,971 56% Purpose
built
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Another platform category often casually considered for high altitude �ight is top-of-the-line business jets such as the
Bombardier Global Express 6000 and the Gulfstream G650, both of which have service ceilings above 15 km. However, these
aircraft can achieve such high altitudes in part because they are designed to carry essentially nothing – a handful of well-
tailored passengers and their suitcases. Were these same aircraft to be freighted down with their full maximum structural
payloads, they too would be forced to remain at much lower altitudes, with payloads substantially smaller than those of the
medium widebody tanker platforms noted above. For a tanker or freighter, the operative question is not how high the plane can
get empty and out of fuel, but rather how high it can climb with a full payload at the commencement of cruise, which is a very
different matter.

Despite the dramatically lower target altitude required in the polar deployment scheme relative to the global scheme, a purpose-
built aircraft would still be warranted for this mission.

3.2. Fleet and Activity
Another factor that would favor the development of a purpose-built deployment platform for subpolar SAI is that the �eet size
required for a -2°C temperature anomaly target would number in the hundreds, such that the development cost for such a novel
aircraft would not overwhelm the program economics. Shown in Table 2 below are �eet counts and annual sorties required to
deploy 13.4 Tg-SO2/yr at an altitude of 13 km in just eight operating months – four in each hemisphere. The same �eet is
assumed to be utilized in both hemispheres, such that after four operational months in the Northern Hemisphere, the entire
�eet would be ferried south for maintenance in July and August, and then positioned at the southern bases by September 1 for
the four-month southern operational season. They would �y north into maintenance bases in January, and back to the northern
�ight line by March 1.

Table 2
Activity and �eet requirements (Aircraft are scheduled for 240 deployment days per year, with a dispatch rate of 95%.)

AIRCRAFT DEPLOYMENT
FLIGHT
HOURS

FERRY
FLIGHT
HOURS

TOTAL ANNUAL
FLIGHT HOURS

SORTIE REQUIRED
FOR TARGET
MASSES

SORTIES PER
DEPLOYMENT
DAY

AIRCRAFT
REQUIRED

KC-135R 288,652 11,762 300,414 279,347 2,328 245

A330
MRTT

343,898 14,013 357,911 332,811 2,773 292

KC-46A 405,586 16,526 422,112 409,029 3,271 344

KC-10 235,761 9,607 245,367 228,162 1,901 200

A340F 295,503 12,041 307,544 285,977 2,383 251

SAIL-43K 180,783 7,366 188,149 174,957 1,458 153

Even with the more capable and e�cient SAIL-43K, an SAI program intended to cool the polar regions by 2°C would be a
massive undertaking, requiring over 150 planes and nearly 175,000 sorties per year. This is roughly equivalent to two days of
global commercial air tra�c or half the annual �ights departing New York’s Kennedy Airport. This assumes that sortie length is
kept to an absolute minimum: a 30-minute climb, a 2-minute cruise during which the tanks are quickly vented, and a 30-minute
descent, for a 62-minute total �ight time. Planes are planned to operate �ve cycles per day at a 95% dispatch rate. No night
operations are assumed. Pole to pole �eet migrations are assumed to be accomplished in three eight-hour legs in each
direction.

3.3. Bases
In the Northern Hemisphere, there is no shortage of existing major commercial air�elds that could serve as operational bases
for a polar SAI operation, without the need to additionally consider military bases. Oslo, Stockholm, Helsinki, and St Petersburg
(Russia) are all located less than half a degree from the 60th north parallel. Anchorage, with three runways longer than 10,600
feet (Alaska Department of Transportation and Public Facilities), is located at 61.2°N latitude – close enough for our purpose.
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Moreover, the vast majority of the 60th north parallel falls on land – principally in Russia and Canada -- on which additional
bases could theoretically be built should they be required.

Not so at its southern counterpart. The 60th south parallel touches land nowhere in its circumference, and the islands to which
it is closest are uninhabited. The Antarctic bases in the South Shetland Islands off the northern tip of the Antarctic Peninsula
are south of 62 degrees and none have air�elds with runways long and robust enough to support large tanker aircraft. The
closest major air�elds to the 60th south parallel are in Chile and Argentina at the southern tip of Patagonia. Puerto Williams in
southern Chile is at 54.9°S, but its sole runway is less than 5,000 feet long (Great Circle Mapper). Ushuaia in neighboring
Argentina at 54.5°S has a single paved runway exceeding 9,000 feet (Aeropuerto Ushuaia). A yet larger air�eld at Punta Arenas
Chile (53.0°S) has three runways including one over 9,000 feet (SkyVector Aeronautical Charts). Sub-optimal though these may
be relative to our 60°S target, these Patagonian bases at approximately 54°S will have to serve. Rather than cruise the
additional 6 degrees and approximately 420 nautical miles south to deploy exactly at 60°S, it is assumed herein that the
impacts from deployment at 54°S and 13 km will be su�ciently similar to what would have obtained at 60°S to require no
decrement despite the slightly higher tropopause altitude that should be expected at that latitude.

While Anchorage and Punta Arenas could ful�ll the need for air�elds in roughly the right geographies for the purpose of a
subpolar SAI program, neither these nor any of the air�elds discussed herein have even a small fraction of the capacity
required to handle the volume of �ights required for this program. In 2019 (and therefore before the impact of COVID),
Anchorage Airport (among the world’s busier cargo airports) handled 166,000 take-offs and landings (Alaska Department of
Transportation and Public Facilities)– an average over the full year on a 24-hour clock of nearly 20 per hour. Atlanta’s
Harts�eld-Jackson Airport (the world’s busiest by passenger volume, with �ve long runways) handled over 900,000 operations
the same year – slightly over 100 per hour (Airports Council International 2020). The subpolar SAI program envisioned herein if
carried out with the SAIL-43K would require over 120 operations per hour during a 12-hour operational day – six times the
hourly pace of operations at Anchorage and more than the pace that is observed at the world’s busiest airport. Not only would
such an operational tempo require more and longer runways at each of these air�elds, but a similar expansion of ground
infrastructure of every sort would be required – hangars, fuel tanks, SO2 storage facilities, crew accommodations, ground
support vehicles, skilled maintenance personnel, airport ground staff, food preparation and service, staff housing – everything.
And while this infrastructure build-out could be spread over many air�elds (at least in the Northern Hemisphere), the same
expansion of capacity would be required irrespective of how it is distributed geographically. It must also be built redundantly, in
both hemispheres.

3.4. Speed to launch and governance
The development and build-out of the �eet of deployment aircraft, the ground infrastructure, and the cadre of personnel needed
to implement this program are decadal time-scale projects. A reasonable developmental timeframe for a new aircraft program
is in the range of �ve to seven years. The build rate for the KC-46 tanker program is currently 15 per year (Insinna 2020), which
is close to the rate (18 per year) at which the KC-135s are scheduled to be retired (NDAA Subcommittee on Seapower and
Projection Forces FY22). A deployment �eet of over 150 aircraft procured on such a schedule could take 15 or more years to
develop and manufacture. It seems unlikely that the required ground infrastructure (ideally at multiple redundant air�elds) in
both hemispheres could be assembled much more quickly assuming normal peacetime procurement processes.

Therefore, it should not be assumed that a -2°C polar SAI program of the sort contemplated herein could be hastily assembled
with a few spare KC-135s as a climate quick �x. Limiting oneself to current production tankers such as the A330 MRTT or KC-
46 would obviate the �ve to seven-year developmental cycle, but would roughly double the required �eet size, meaning that the
time necessary to ramp into a -2°C subpolar SAI program is unlikely to be materially reduced.

Nor is it plausible to assume that an intervention in these remote regions of the world could bypass the global deliberations
and governance challenges that would likely be necessary to establish its legitimacy. Indigenous people of the far north who
have already expressed concerns about SAI would remain disproportionately affected, though whether those effects would be
positive or negative remains unclear.
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Though the Arctic Council and the Antarctic Treaty System would appear to be the logical fora in which to commence
discussions of subpolar SAI governance, neither is endowed by their existing members/signatories with the legislative and
executive powers that would be needed to make tactical decisions about such a program. Nor does it seem likely that
uninvolved nations would consent to granting either of these organizations exclusive governance dominion over a climate
intervention that would have global repercussions. One should expect that every nation on earth and a long list of non-state
actors and constituencies would demand a voice in the process and perhaps a seat at the table as decisions are made
affecting polar thermostats. The roll out of any such program therefore should be assumed to be a long and deliberate affair
rather than a potentially rapid response to a climate emergency.

3.5. Costs
In estimating the costs of a subpolar SAI program, we employ here a model similar to that developed for (Smith and Wagner
2018) and employed again in (Smith 2020) and (Smith et al. 2022). It starts by estimating the developmental costs required to
design and certify a novel aircraft type – either a modi�ed version of a preexisting aircraft or a novel platform such as the
SAIL-43K. It then establishes a production run based on the size of the �eet required for a -2°C program and amortizes the
aggregate development cost equally over the production run. A manufacturing cost for each ship is also estimated. The
manufacturing cost per ship, the amortized portion of the development costs, and an allocation for an initial package of spare
parts are all combined to form the capital cost of each aircraft. These capital costs are multiplied by a lease rate factor that
assumes the assets are purchased by an external leasing company and leased in to the “airline” that operates them. A market-
standard lease rate factor is assumed here, although the unique nature of these aircraft and the lack of alternative uses for
them would require extraordinary (likely governmental) lease guarantees were this �nancial structure actually utilized. The
above mechanics establish the monthly capital cost for the aircraft and initial spares.

Operating costs are built up on a per-aircraft basis and account for airframe heavy maintenance, line maintenance, engine
overhauls, landing gear overhauls, crew costs, insurance, and maintenance of the specialized equipment particular to the
aerosol carriage and dispersal. Ground handling charges, navigational charges, and landing fees are also factored in. Fuel is
modeled at a level price of $3.50 per gallon, which assumes a base price of $3.00 plus a 50-cent surcharge that approximates
a $50 per tonne future carbon price. We have used the price of SO2 as suggested by (de Vries et al. 2020). However, the amount
of SO2 required yearly for meaningful impact on radiative forcing would be a substantial fraction of current global demand,
meaning that such a program could strain the current supply chain for sulfur and increase future prices beyond what is
assumed here. Operational costs are variously driven by block hours, aircraft/engine cycles, aircraft-months, gallons, or pounds
as may be appropriate to each item. An overhead charge per aircraft-month is added to account for the management of the
operation. Details on cost build up methodology may be found in the Appendix.

Predicting costs for a hypothetical global aeronautical endeavor operating a large �eet of conjectural aircraft in politically
speculative circumstances decades into the future is a necessarily theoretical exercise, and we mean here to articulate merely
order-of-magnitude cost estimates rather than to imply precision. With those caveats, our model estimates the cost of
implementing the subpolar SAI program described herein to be ~$14 billion annually in 2022 dollars assuming the use of the
SAIL-43K. This is a bit less than 40% of the ~$36 billion annual cost estimated in (Smith 2020) to cool surface temperatures of
the entire globe by 2°C. On a cost-per-deployed-tonne basis, the ~$1,000 subpolar costs are a similar proportion of the ~$2,400
cost required for a global deployment at 20 km. Subpolar deployment with any of the other platforms considered here would
be substantially more expensive, as shown in Table 3 below. These results will further reinforce the recurring theme that
relative to other possible strategies by which to combat either the impacts or causes of climate change, SAI remains
extraordinarily inexpensive.
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Table 3
Costs (A breakdown of individual cost components has been included in Appendix II.)

AIRCRAFT UPFRONT COST ANNUAL COST COST
PER
LOFTED
TONNE

Program
development
cost

Mfg
cost
per
aircraft

Fleet
acquisition
cost

Fleet
acquisition
cost

Fuel
cost

Payload
cost

All other
operating
costs

Total
cost

Million USD Million
USD

Million
USD

Million
USD

Million
USD

Million
USD

Million
USD

Million
USD

USD

KC-135R 2,500 175 45,381 5,642 2,228 4,667 4,372 16,909 1,268

A330
MRTT

500 300 88,080 11,037 4,488 4,667 6,550 26,742 2,006

KC-46A 500 250 86,575 10,940 3,617 4,667 6,801 26,025 1,952

KC-10 2,000 275 57,038 7,165 3,243 4,667 4,821 19,895 1,492

A340F 2,500 350 90,298 11,438 3,628 4,667 7,564 27,296 2,047

SAIL-43K 5,000 175 31,856 3,946 2,405 4,667 2,723 13,740 1,031

4. Expected Climate Impacts
The subpolar SAI intervention described herein is calibrated to reduce the average surface temperatures north of 60°N by a
year-round average of 2°C. For simplicity, we have assumed an identical amount of deployed aerosols in the Southern
Hemisphere. While the Antarctic is not heating as fast as the Arctic and may have a similarly muted response to SAI, we
assume that such an intervention might offset a similar proportion of local warming. Despite the general poleward �ow of the
Brewer-Dobson Circulation into which the SO2 would be injected, some of the aerosols would actually �ow towards the equator
rather than towards the poles. Both because of this, and because of changes in atmospheric and oceanic heat transport, the
resulting cooling would not be con�ned northward of 60°N and would instead be detectable throughout most of the Northern
Hemisphere (Lee et al. 2021). Similar results north of the deployment zone can be expected with injections in the high latitudes
of the Southern Hemisphere (Nalam et al. 2018).

Several studies have shown that SAI at low- to mid-latitudes could be effective in reducing and reversing the losses of sea ice
and permafrost brought on by global warming, since the injected aerosols would eventually �ow poleward, enveloping the
entire earth (Moore et al. 2019; Chen et al. 2020; Lee et al. 2020). Furthermore, due to increased Arctic cooling per unit of
aerosol optical depth, strategic injections at higher latitudes are more effective at reversing sea ice loss than global or mid- to
low-latitude injections (Caldeira and Wood 2008; MacCracken et al. 2013; Kravitz et al. 2016). (Lee et al. 2021) show that
spring injection of 12 Tg of SO2 annually restores the September sea ice extent in a climate model simulation by 5.0 million

km2. Annual Northern Hemisphere sea ice extent also increases considerably in the Arctic injection scenario.

Arctic SAI has been expected to shift the ITCZ southward, with potentially serious implications for the distribution of tropical
precipitation (Robock et al. 2008; MacCracken et al. 2013; Nalam et al. 2018; Lee et al. 2020). Balancing the Arctic injection
with an Antarctic injection is expected to nearly nullify such a shift (Nalam et al. 2018).

Similar to the results from global or tropical injections, subpolar SAI will also result in heating of the lower stratosphere
(Niemeier et al. 2013; Ferraro et al. 2015), although because the aerosols would be focused at higher latitudes, there would be
less heating per unit injection. In addition, the introduction of aerosols into the stratosphere enhances the aerosol-induced
surface area density which leads to an increase in heterogeneous reactions required for halogen activations (Solomon 1999;
Tilmes et al. 2021), though as the aerosols would primarily be present during the summer this may be less of an effect than for
global SAI. Consequently, subpolar SAI may impact stratospheric ozone concentrations through a combination of dynamical
and chemical effects, possibly slowing the recovery of the Antarctic ozone hole, or at higher deployed masses, reversing it
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(Pitari et al. 2014; Lee et al. 2021; Tilmes et al. 2021). Further, both wet and dry depositions of the added sulfates pose a risk to
humankind and ecosystem. Previous studies have shown that, under global injection, only a small fraction of the sulfate
deposition takes place at high latitudes (Visioni et al. 2020). Even under injections at 60°N, a signi�cantly larger fraction of the
injected aerosols can be expected to deposit southward of the injection latitude (Lee et al. 2021). All of these effects would
need more research to evaluate.

In addition to the direct climatic impacts resulting from the interaction of injected aerosols with the stratosphere, the carbon
footprint associated with the manufacture and operation of the aircraft and the production and transportation of injection
material also carries environmental risks (de Vries et al. 2020). Moreover, any additional aviation activity brings the risk of
additional contrails, which have been demonstrated to contribute to warming at the earth’s surface (Azar and Johansson
2012). However, the extraordinarily short cruise phase of the SAI �ights considered here would render this effect almost
negligible.

5. Conclusion
Based on the foregoing, several conclusions emerge. While it has yet to be established that the physical or societal impacts of
any SAI program would prove to be net positive, it seems clear that a program focused on substantially cooling the world’s
polar and subpolar regions would be logistically feasible. This could arrest and likely reverse the melting of sea ice, land ice,
and permafrost in the most vulnerable regions of the earth’s cryosphere. This in turn would substantially slow sea level rise
globally. Spring-only seasonal deployment would achieve substantially higher radiative e�cacy per unit of mass deployed and
would therefore minimize other negative environmental impacts relative to a year-round program. Despite the fact that Arctic
warming is outpacing Antarctic warming, any deployment in one hemisphere should be countervailed by a roughly equivalent
injection in the opposite hemisphere.

On the other hand, effective subpolar SAI could not be achieved with a small �eet of hand-me-down tankers or other pre-
existing aircraft. Despite the roughly one-third reduction in deployment altitudes compared to a globally-focused program,
operational economics would still call for a purpose-built platform, and the required �eet size would be large enough to justify
such a new developmental effort if it were backstopped by government guarantees. If pre-existing tanker designs were
employed instead, this would roughly double the required �eet size without shortening the time required to stand up such a
program.

It is not merely the �ight assets but the ground infrastructure that would need to be greatly enhanced in order to accommodate
such a program. Appropriately located bases exist in multiple locations in the Northern Hemisphere, whereas in the Southern
Hemisphere, the tip of Patagonia is the only plausible option and even it is not ideally proximate to the proposed deployment
latitude. A single �eet of aircraft could be feasibly deployed to serve in both hemispheres. The design and build-out of both the
�ight and ground infrastructure would require more than a decade, such that a large subpolar SAI program is not a feasible
emergency response to acute climate stress.

Nonetheless, as with alternative SAI applications, this would be extraordinarily cheap compared to other climate responses
such as mitigation, adaptation, or carbon capture and sequestration. However, these are apple/orange comparisons since SAI
would merely ameliorate a key symptom of climate change without curing the underlying disease. A subpolar SAI program
would also be much cheaper than a program intended to cool the entire globe by the same − 2°C target.

While the cooling would be most pronounced poleward of the deployment latitudes, it would also be expressed in temperate
latitudes. Hemispherically symmetrical deployments could likely minimize substantial shifts in the ITCZ, but other artifacts of
SAI such as increased sulfur deposition, retarded ozone layer recovery, and increased stratospheric heating would remain. The
deployment effort itself would add marginally to the CO2 and non-CO2 radiative forcings resulting from aviation via fuel
combustion, supply chain-related emissions, and increased contrails.
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Though deployment at or near 60°N/S would take place over the airspace of no more than a dozen countries and require bases
in even fewer, it is unclear that this would substantially ease the governance and legitimacy challenges that would confront
such a program. Therefore, a subpolar deployment seems unlikely to bypass the awesome governance challenges that would
confront any SAI program, though this would seem to be a crucial avenue for subsequent social science research.

Nonetheless, an SAI program with global bene�ts that would entail deployment directly overhead of far less than 1% of the
world’s population and nearly none of its agriculture may prove an easier sell to a skeptical world than a full-on global
deployment. Given its apparent feasibility and low cost, this scenario deserves further attention.
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