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Abstract. With human-induced climate change leading to concentrations, polar reductions in solar radiation, if they
amplified warming in high latitudes, mitigation alone is un- could be efficiently and effectively implemented, warrant fur-
likely to be rapid enough to prevent significant, even irre- ther research as an approach to moderating the early stages
versible, impacts. Model simulations in which solar insola- of both high-latitude and global warming.

tion was arbitrarily reduced poleward of 51, 61, or 14t-
itude in one or both hemispheres not only cooled those re-

gions, but also drew energy from lower latitudes, exerting

a cooling influence over much of the particular hemispherel Introduction

in which the reduction was imposed. The simulations, con-

ducted using the National Center for Atmospheric Research'dncreases in the atmospheric concentrations of carbon diox-
CAM3.1 atmospheric model coupled to a slab ocean, indi-ide and other radiatively active substances have initiated
cated that high-latitude reductions in absorbed solar radiachanges in the global climate that are projected to become
tion have a significantly larger cooling influence than so- Substantially larger in the future (IPCC, 2007a; NRC, 2010).
lar reductions of equivalent magnitude spread evenly ovelNot only are surface temperatures increasing, but significant
the Earth. This amplified influence occurred primarily be- Shifts are also being observed in mean and extreme precipi-
cause concentrated high-latitude reductions in solar radiatioftion, drought, sea level, extent and duration of snow cover
led to increased sea ice fraction and surface albedo, therebg"Id sea ice, ocean acidification, and more (IPCC, 2007a;
amplifying the energy deficit at the top of the atmosphereBlunden and Arndt, 2012). Taken together, these changes
as compared to the response for an equivalent reduction i€ starting to adversely impact water resources, agriculture,
solar radiation spread evenly over the globe. Reductions iferrestrial and aquatic ecosystems, coastal infrastructure, and
incoming solar radiation in one polar region (either north human health (IPCC, 2007b).

or south) resulted in increased poleward energy transport In the Arctic, the amplified temperature increase in high
during that hemisphere’s cold season and shifted the Interltitudes is accelerating the loss of land and sea ice (ACIA,
Tropical Convergence Zone (ITCZ) away from that pole, 2004; AMAP, 2011), which is contributing to sea level rise
whereas comparable solar reductions in both polar region@round the world (IPCC, 2007a; Meier et al., 2007). The ex-
resulted in increased poleward energy transport, but tendeff@ solar energy being absorbed by darker ocean waters dur-
to leave the ITCZ approximately in place. Together, theselng the sunlit season appears, in turn, to be contributing to
results suggest that, until emissions reductions are sufficierghanges in the atmospheric circulation and weather in high

to limit the warming influence of increasing greenhouse gas@nd mid-latitudes in following seasons (Francis and Vavrus,
2012; Overland et al., 2012). Acceleration of the loss of mass
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from the Antarctic Ice Sheet is also contributing to global seathat this category is generally referred to as solar radiation
level rise, and the potential for a catastrophic collapse of themanagement (SRM). Mitchell and Finnegan (2009), how-
West Antarctic Ice Sheet cannot be ruled out (Truffer andever, have suggested that regional or global surface tempera-
Fahnestock, 2007; Rahmstorf, 2007) ture could also be lowered by reducing the global coverage of
The UN Framework Convention on Climate Change cirrus clouds, thereby increasing emission of longwave radi-
adopted in 1992 and the follow-on Kyoto Protocol negotiatedation to space rather than reducing incoming solar radiation.
in 1997 were intended to cut growth in global emissions, butShepherd et al. (2009) and Caldeira et al. (2013) provide re-
have had only limited success (IPCC, 2007c; Helm, 2008).cent overviews of possible approaches.
As a result, global greenhouse gas emissions have contin- With rapidly changing conditions in the Arctic creating the
ued to increase (Friedlingstein et al., 2010; IEA, 2012), andpotential for significant impacts around the world (ACIA,
atmospheric concentrations are projected to continue to in2004) and mitigation unlikely to be rapid enough to avert
crease for at least the next several decades, if not longesuch impacts, the potential that climate engineering could
(IPCC, 2007c). Unless aggressive efforts are made to reducglay a role has been raised (Khan et al., 2001; Lane et
greenhouse gas emissions, global average temperature is prak, 2007). While Arctic cooling could be accomplished as
jected to increase by at least 23 by the latter decades of part of global-scale climate engineering (Govindasamy and
the 21st century, with warming continuing into the 22nd cen- Caldeira, 2000; Rasch et al., 2008b, 2009), global climate en-
tury (Meinshausen et al., 2009; PIK, 2012). With this much gineering raises a long list of concerns about unintended con-
warming, the probability of disruptive and even “danger- sequences and governance and implementation challenges
ous” impacts to the environment and society, even presuminge.g. Bala et al., 2008; Robock, 2008; Robock et al., 2009).
plausible actions to adapt, is likely to increase significantly To potentially moderate the unintended consequences, a
(Lenton et al., 2008; PIK, 2013). number of studies have started to explore whether imposing
Even before it became apparent that cutting emissions isolar reductions in more directed ways, such as varying the
unlikely to constrain climate change enough to avoid signif- latitudinal pattern of the solar reduction, might reduce at least
icant societal and environmental impacts, suggestions haveome of the concerns and consequences of a full global inter-
been made that an alternative, or complementary, approaclvention (Lane et al., 2007; Caldeira and Wood, 2008 (here-
referred to most often ageoengineeringnight be needed after CW2008); Robock et al., 2008; MacMartin et al., 2013).
and feasible. Initial suggestions for counter-balancing the In this paper, we extend this analysis in a conceptual man-
warming influences of greenhouse gases were made in theer, considering the potential for reductions in solar radiation
1960s (PSAC, 1965; Budyko, 1969, 1974) and receivedin the Arctic and Antarctic separately and together as a means
significant attention beginning in the 1990s (NAS, 1992; of counter-balancing high latitude climate change while ex-
Leemans et al., 1995; Flannery et al., 1997; Keith, 2000;erting a modest cooling influence on middle and lower lati-
Schneider, 2001). These early proposals, however, were ndudes. Section 2 describes the model and solar reduction sce-
followed up with detailed research and engineering studiesnarios used in our conceptual study. Section 3 presents the
mainly because of expectations that emissions reductiongesults of the model simulations, comparing and contrasting
could be undertaken rapidly enough to halt ongoing globalthe effects of making the solar reductions in the two polar re-
warming (Crutzen, 2006). gions separately and together. Section 4 compares the model-
Discouraged by the lack of progress in international ne-estimated effectiveness of moderating global warming by re-
gotiations to limit greenhouse gas emissions, Wigley (2006)ducing incoming solar radiation in the polar regions versus
and Crutzen (2006) resurrected the call for geoengineerreducing solar radiation uniformly over the globe. Section 5
ing research. Since their papers, a number of high-level rethen discusses the relative strengths and weaknesses of the
view groups have called for increased research to deterpolar approach and section 6 presents the conclusions and
mine the potential strengths and weaknesses of proposed apessible implications of this study and describes shortcom-
proaches and to examine the ethical, governance, and othémngs that merit further investigation.
implications of conducting such research (e.g. Shepherd et
al., 2009; Asilomar Scientific Organizing Committee, 2010;
GAO, 2010; Rayner et al., 2010; Long et al., 2011). 2 Solar reduction scenarios
Approaches to geoengineering (although perhaps more ap-
propriately labeleatlimate engineeringcan be divided into  In that this study builds on simulations and results reported
two broad categories (e.g. Shepherd et al., 2009; Caldeira éh CW2008, we also used Version 3.1 of the National Cen-
al., 2013). The first is to increase the rate of removal 0 CO ter for Atmospheric Research (NCAR) Community Atmo-
and other greenhouse gases from the atmosphere (generaphere Model (Collins et al., 2006). The overall model con-
referred to as carbon dioxide reduction, or CDR), which will figuration was the same, with the model having a horizon-
not be treated in this paper. The second is to reduce the ugal resolution of 2 in latitude by 2.5 in longitude and
take and retention of energy by the Earth system, with mos26 vertical levels. The land surface component (Community
of these focused on reducing the amount of solar radiation skand Model 3.1) calculates energy and water fluxes based
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on surface vegetation, soil moisture, and the;@@ncentra- (named GSRM), a value that was chosen to approximately
tion. Although later versions of the NCAR community atmo- counterbalance the positive global forcing of a£{dubling
spheric model are being used by participants in the GeoengifCW2008). To examine the effects of polar instead of global
neering Model Intercomparison (GeoMIP) study (Kravitz et reductions, we then separately imposed nine different high-
al., 2011), the most critical processes in analysis of the redatitude reductions in TOA solar radiation, with the amounts
sponse to reductions in solar radiation will involve changesdepending on the latitudinal range of the reduction. As de-
in large-scale tropospheric dynamics and thermodynamicstailed in Table 1, three different high-latitude domains in the
including energy exchanges with the surface, and these praNorthern (N) and Southern (S) Hemispheres were consid-
cesses are reasonably represented in this model and welkkred, with solar reductions imposed both separately in the
documented (Collins et al., 2006). two hemispheres and together (NS).

The atmospheric model in our study is coupled to a slab Drawing from results of preliminary simulations (not re-
ocean, as in CW2008. While treating full ocean dynamicsported here), the percentage reductions in each latitude band
and thermodynamics would open an additional response pattvere chosen to roughly counterbalance the calculated warm-
for the climate system, the meridional ocean fluxes in highing in the Arctic from a doubling of the Cfconcentra-
latitudes are generally small compared to the atmospherition (CW2008). The particular scenarios selected and then
fluxes, suggesting that the changes in atmospheric dynammposed on both the Northern and Southern Hemispheres
ics and thermodynamics that are being explicitly treated bywere: 25 % reduction in TOA solar insolation poleward of
the model likely dominate the response. In addition, substan71° (71p25), 10 % reduction poleward of €161p10), and
tial computer time would be required to accurately simulate6 % poleward of 51 (51p06). Two of the Northern Hemi-
equilibrium changes in ocean temperatures and fluxes. sphere cases (i.e. the 10% (N61p10) and 25% (N71p25)

Sea ice cover is calculated in the model based on thermoreductions) are the same as the simulations Arctie@&r
dynamic considerations. While treatment of sea ice move-and Arctic710.37 of CW2008. To determine the quasi-
ment would likely be an important process to represent inequilibrium response, each of the simulations was carried out
a detailed transient simulation, the large changes in sea ictor 100 model years, with the first 40 yr discarded and the last
extent in the scenarios considered in this conceptual studg0 yr used in the analysis. For purposes of comparison of the
are likely dominated by the thermodynamic terms. How- global and regional effectiveness of each scenario, we also
ever, because of this shortcoming and possible interactionkave calculated regional and global sensitivities (reported in
with cloud cover, the results, particularly over the SouthernSect. 4).

Ocean, should be considered preliminary.

As was done in CW2008, reducing the amount of incom-
ing solar radiation at the top of the atmosphere was use® Temperature and precipitation responses to the
as a surrogate for reducing solar energy uptake. While this  reductions in solar radiation
is an idealization, technical approaches that have the poten-
tial for actually effecting reductions in roughly the defined Figure 1a shows the equilibrium, annual-average temperature
regions do seem conceivable (see Appendix A). Althoughresponse of the model to a doubling of the atmospherig CO
the detailed physics and chemistry of actual implementa-concentration. This is the same result as shown in CW2008,
tion would likely introduce a number of practical complica- and results in a global warming of 2.2, ranging from a
tions (e.g. Rasch et al., 2008a; Robock et al., 2008; Piercdit under 2C over most of the world’s oceans and to over
et al., 2010), the purpose of our idealized modeling study is4°C in the Arctic and Antarctic regions. While this is a bit
to focus on important qualitative insights and to determine iflower climate sensitivity than the mean of most full ocean-
there is a basis for more detailed scientific and engineeringatmosphere climate models, the results show the same gen-
analyses. eral characteristics, including polar amplification and greater

We carried out two control simulations to provide the base-change over the land than the oceans. For the purposes of this
line results for considering the effects of polar reductionsconceptual study, using the same model as for CW2008 en-
in polar radiation; the first imposed the preindustrial atmo- sures the results from that study can be compared to the new
spheric CQ concentration of 280 ppm (2 CO,) to repre-  simulations with reductions in Antarctic solar radiation. Of
sent a world not being affected by human activities, while thecourse, simulations with more complete and updated models
second simulation was for a world with a doubled G®@n-  will be needed if these conceptual simulations suggest polar
centration (2x CQp), although assuming no change in the reductions alone may be an effective approach to counter-
extent of the Greenland and Antarctic ice sheets. We therbalancing the significant warming and loss of land ice in the
conducted a series of simulations with solar radiation re-Arctic and Antarctic regions.
duced over various domains, each simulation starting from Starting from the climatic conditions with doubled g0
the equilibrium climate for a doubled G@oncentration. Fig. 1b shows that reduction of solar insolation by 1.8%

We first simulated the response to a global reductionreduces global warming by 2.0€, or by over 90 % of the
in top-of-the-atmosphere (TOA) solar radiation of 1.8% observed warming. The induced cooling is larger in the polar
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Table 1.Global and regional mean reductions in solar insolation and climate sensitivity for the various perturbation simulations. The baseline
simulation with doubled C®had a concentration of 560 ppm and a solar constant of 1366%VMetails of the calculations of climate
sensitivity are described in Appendix B.

Simulations with Change in solar insolation  Instantaneous change in Climate sensitivity
560 ppm CQ and  and the region where the top-of-atmosphere solar K tdymt
specified reduction  change was applied forcing (W1,
in solar insolation positive downward
Global Average over Global Sensitivity
average the region sensitivity  within the
where the region
forcing was where the
applied forcing was
applied

Global solar radiation management (GSRM) simulation

GSRM 1.8% reduction uniformly —4.14 —4.14 0.49 0.49
over the entire globe

Northern Hemisphere high-latitude forcing simulations

N51p06 6 % reduction over the -0.77 —6.86 0.69 1.45
latitudes north of 51N

N61pl10 10 % reduction overthe  —0.57 —-9.05 0.69 191
latitudes north of 61N

N71p25 25 9% reduction overthe  —0.52 —19.07 0.76 1.77

latitudes north of 74N

Southern Hemisphere high-latitude forcing simulations

S51p06 6 % reduction over the -0.75 —6.70 1.41 1.77
latitudes south of 51S

S61p10 10% reduction overthe  —0.53 —-8.41 1.65 4.27
latitudes south of 61S

S71p25 25% reduction overthe  —0.43 —15.59 1.49 1.05

latitudes south of 71S

Northern and Southern Hemisphere high-latitude forcing simulations

NS51p06 6 % reduction over the —-151 —6.78 1.03 1.53
latitudes north of 51N
and south of 51S

NS61p10 109% reduction overthe  —1.09 -8.73 1.14 2.51
latitudes north of 64N
and south of 61S

NS71p25 259% reduction overthe  —0.94 —-17.33 1.08 1.28
latitudes north of 74N
and south of 71S

regions than in low and mid-latitudes, confirming that polar  Figure 2 shows the amount of cooling that is generated by
amplification occurs for both warming and cooling. Figure 1c the three scenarios involving Arctic reductions of solar radi-
uses Ix CO, as a base to show that the residual warming isation. For these cases, the reductions in temperature are, not
small over virtually all regions, with statistically significant surprisingly, concentrated in high northern latitudes and not
warming greater than °C remaining only in the Arctic and statistically significant in the Southern Hemisphere. While
a few areas around Antarctica where ice extent and duratiothe reductions in Arctic temperatures were intended to be
are not fully restored. similar for the three simulations, there is a larger global re-
sponse for the solar reduction reaching down t8la
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perature (in Kelvins) from the doubled-G®aseline as a result of
Fig. 1. Model-calculated changes in climatological annual-mean 'MPOsing northern high-latitude solar reductions of 3 different lat-
surface air temperature (in Kelvins) in response to specified change'éUdlnal extents on a Cfdoubled climate. From the top, the solar

in radiative forcing. The top figure shows the temperature changerechCtlons are 25% north of 7N, 10 % north of 61N, and 6%

for 2 x CO, as compared with X COy, indicating that the warm- north of ST N. The hatching, mostly in the Southern Hemisphere,
ing in high latitudes is 2—3 times the warming in low latitudes. The covers regions where there is no statistically significant effect, as

middle figure shows the temperature change that results from im_explalned in the caption for Fig. 1.
posing a globally uniform reduction in insolation of 1.8 % starting
from the 2x CO;, baseline, showing changes in high latitudes con-

siderably larger than in low latitudes. The bottom figure shows thet ther bei h | to th f the d
remaining temperature change as a result of imposing thedoG- ogether being rougnly equal to the sum of the decreases

bling and a 1.8% global reduction in insolation. The hatching in- IN €aCh polar region separately. That there are some differ-
dicates areas where the changes are not statistically significant &1C€S among the various polar cases suggests that it would
the 95 % confidence level using a modified Studentésst for auto- ~ be possible to do some refining of the response by adjusting
correlated data (Zwiers and von Storch, 1995). both the extent and the intensity of the reductions in the two

hemispheres. Compared to the simulation for the global so-

lar reduction, the polar reduction simulations not surprisingly
result of more effectively inducing ice-albedo feedback, asresult in a reduced cooling influence in mid-latitude regions,
discussed in the next section. and considerably less response in low latitudes.

Figure 3 displays the latitudinal profiles of temperature Figure 4 presents the same results, but as the warming re-
change for the nine polar reduction scenarios (3 for reducmaining relative to X CO,. The curve showing the warm-
tions at each pole and 3 for reductions at both poles), andng for a CQ doubling shows a latitudinal variation from
compares these results to the temperature change achievatiout 1.5C in low latitudes to several times that much
with a global reduction in solar radiation. Poleward of in polar regions. While solar reductions in one hemisphere
about 60 in each hemisphere, the polar reductions in solartend to compensate (or even over-compensate) for the polar
radiation cause about the same decrease in annual-averageplification of a C@ doubling, they generate only a modest
temperature, with the reductions in the two hemispheregesponse in low and mid-latitudes and virtually no reduction
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that the simulations with polar reductions in solar radiation are more §
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= in temperature in the other hemisphere. Imposed together,
5 3 however, solar reductions in the two hemispheres, although
o . ‘ ‘ their responses are primarily polar, reduce global warming
9N 60N 30N EQ  30S  60S  90S for a CG doubling to roughly 2C.

Latitude Figure 5 shows the effects of the various reductions on the

Fig. 4. Latitudinal variation of the temperature change (in Kelvins) exten.t of monthly average Arctic sea '_Ce extent for QZCO
remaining after imposing both a G@oubling and the ten different  doubling and for the three solar reduction scenarios involv-
extents of solar reduction considered in this paper. The plot is lineaing changes reaching from SN to the poles. For the base-
in latitude to provide improved resolution in high latitudes; an equal line case of a C@doubling, the model generates a reduction
area weighting would show that counter-balancing of the warmingin Arctic sea ice extent during the summer and fall that is
in the simulations with polar reductions in solar radiation are morereflective of the model’s lower climate sensitivity as com-
tightly restrained to the high latitudes where the reductions werepared to other climate models. Imposing solar reductions in
imposed, and that a global reduction in solar radiation is requiredihe Northern Hemisphere tends to restore sea ice coverage;
to return mid- and low-latitude temperature increases to near the”i’educing solar radiation in the Southern Hemisphere, on the
1x CO, values. other hand, has virtually no influence on Arctic sea ice cover.
Figure 6 presents comparable results for changes in sea
ice around Antarctica. Here, the doubling of the £O
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(a) Change in JJAfrom [2xC02] (b) Change in JJA from [1xC0O2]

| A | T L 4 T LSg.! ’2 P | T T T T T T
90N 60N 30N EQ 30S 60S 90S 90N 60N 30N EQ 30S 60S 90S
2 2
(c) Change in DJF from [2xC02] (d) Change in DJF from [1xC02]

S SN
0 -.,__,..-,\‘?//\-v-_, ; _{\’W W -

90N 60N 30N EQ 30S 60S 90S 90N 60N 30N EQ 30S 60S 90S
Latitude Latitude

52 2

Fig. 7. Latitudinal distribution of the differences in precipitation (in mm day for June-July-August (JJA — top panels) and December-
January-February (DJF — bottom panels) that would result after imposing both dd@®dling and solar reductions of either 1.8 % globally

or 6 % reductions in solar radiation from Slhatitude to the pole in the Northern, Southern, or both Hemispheres. The left column shows the
effect of the solar reductions from the<2CO, simulation and the right column from thedCO, baseline.

concentration has caused a much larger retreat of summeo the Northern Hemisphere. Returning to Fig. 7b and d, the
sea ice. Polar reductions in solar radiation lead to essenease with only an Arctic solar reduction exacerbates the pre-
tially a full restoration of the Southern Ocean sea ice covercipitation perturbation caused by the €@oubling, whereas
even perhaps over-compensating, suggesting that a small¢hhe case with comparable solar reductions in both hemi-
solar reduction would be sufficient. On the other hand, thespheres somewhat counterbalances the precipitation shift,
1.8 % global reduction in solar radiation was able to fully off- leaving the net perturbation at a few percent of the model
set lower latitude increases in surface temperature, but wasalculated average precipitation at low latitudes. The main
somewhat short of restoring full Antarctic sea ice cover. conclusion suggested by these model results is that polar so-
Figure 7 shows the latitudinal response of precipitation.lar reductions can affect low latitude precipitation, and that
Figure 7b and d show that the effect of the £@bubling  the particular choice of reduction can either moderate or ex-
is primarily a southward shift of the annual average of theacerbate the shift caused by the effects of the @@ubling.
Inter-tropical Convergence Zone (ITCZ), causing changes of Figure 8 presents similar results for snowfall. Solar reduc-
about 0.5 mmday?, positive just to the south of the equa- tions in the Arctic have the effect of restoring snowfall in
tor and negative to the north; these changes amount to abolorthern Hemisphere high latitudes, but this does not fully
10% of the precipitation that is occurring at these latitudesoccur for the latitudes just to the south of the zone of solar
in the control simulation. Whereas Bala et al. (2008) see areduction. In the Southern Hemisphere, the reduction in so-
suppression of global precipitation from global imposition lar radiation essentially restores wintertime (JJA) snowfall as
of global solar reduction, we do not see this occurring as aeffectively as occurred with a global reduction in solar radia-
result of polar reductions. tion. Reducing solar radiation in both polar regions counter-
Figure 7a and c show that effects of the reductions in solabalanced the effects of the G@oubling in these areas.
radiation also have their primary effect at tropical latitudes, These results are similar to those reported by CW2008,
a result of this region being the source of energy for the natwho found that polar reductions in solar radiation do not
ural deficit in net TOA radiation in high latitudes. Reducing generally diminish the increase in high-latitude precipita-
solar radiation in the Arctic leads to a further shift of low lati- tion caused by the doubled GQ@oncentration. This is the
tude precipitation to the south, again by about 0.5 mntday case because polar solar reductions do not reduce radiation
whereas reducing solar radiation in the Antarctic region (orreaching the surface at latitudes where ocean surface heating
even in both regions) leads to an even greater shift of the raindrives evaporation and land surface heating (along with other
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Fig. 8. Latitudinal distribution of the differences in snowfall (in mm ddyof precipitation) for June-July-August (JJA — top panels) and
December-January-February (DJF — bottom panels) that would result after imposing bothdo@fling and solar reductions of either
1.8 % globally or 6 % reductions in solar radiation from 51 degrees latitude to the pole in the Northern, Southern, or both Hemispheres. The

left column shows the effect of the solar reductions from the@0O, simulation and the right column from thexiCO, baseline. Note
expanded scale compared to Fig. 7.

factors) drives the monsoon circulation. In addition, the dif- the increase in ice fraction was offset by a reduction in cloud
ferent results for the various reduction scenarios suggest th&action, such that the TOA all-sky albedo remained roughly
potential for adjusting the effects on mid-latitude precipita- unchanged.
tion patterns, as discussed in a related study by Ban-Weiss In the northern high-latitude solar reductions, the all-sky
and Caldeira (2010). albedo decreased. This occurred because cloud cover de-
creased such that the cloudy sky albedo decrease was larger
than the increase in clear sky albedo. In the southern high-
4 Relative effectiveness of the alternative solar latitude solar reductions, however, the cloud fraction in-
reduction extents creased along with the ice fraction, leading to an increase in
all-sky TOA albedo. The increases in both cloud and ice frac-
To quantitatively compare the relative counter-balancing ef-tions thus contributed to a higher climate sensitivity for the
fectiveness of polar and global reductions in solar radiation,southern than for the northern high-latitude solar reductions.
we have normalized the temperature response for each sim- Table 1 compares the numerical results from the simu-
ulation by calculating the global and regional sensitivities lations, showing that the global climate sensitivity for the
when starting from doubled G@quilibrium; details are pro-  global solar reduction in our simulation is roughly 0.5K
vided in Appendix B. Figure 9 compares the global-scale(Wm=2)~!, whereas the global climate sensitivities for
sensitivities of several parameters (specifically, the normalthe high-latitude solar reductions range from 0.7 to 1.7K
ized changes in global mean surface air temperature, TOAWm~2)~1. By contrast, Robock et al. (2008) found that,
albedo for clear and all-sky conditions, ice fraction, and normalized by mass, their global injection had an effective-
cloud fraction per unit change in radiative forcing) for each ness about 60 % greater than for their polar injection; had the
of the solar reduction simulations. Each of the simulationshigh latitude injections been mainly for the 4 months of peak
led to a decrease in surface air temperature and an increase®lar radiation in the Arctic, the relative effectiveness might
in ice fraction that, in turn, led to an increase in the TOA Well be closer to the results found in this study.
clear-sky albedo. However, the cloud response in the simu- The high polar sensitivities that we find indicate an ampli-
lations was dependent on the particular latitudinal extent offication of the direct effect of the change in solar radiation
the reduction in solar radiation. In the globally uniform solar- through interactions with the underlying geography. Primar-
reduction simulation, the increase in clear-sky albedo due tdly because of the strong response of Southern Ocean sea
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Fig. 9. Global mean changes in surface air temperature, ice fraction, TOA albedo for clear skies, cloud fraction, and TOA all-sky albedo,
with each normalized by dividing by the reduction in solar forcing averaged over the globe. The yellow bars represent the results from the
globally uniform reduction in solar insolation (G), the red bars from the northern high-latitude insolation reductions (N), the blue bars from
the southern high-latitude insolation reductions (S), and the green bars from combined northern and southern high-latitude solar reductions
(NS). For the three high-latitude reduction cases, incident solar radiation at the TOA was reduced by 6 % polevfariDdfeFioleward of

61°, and 25 % poleward of P1

%)

ice, which averaged about 2K (Wr)~1, and associated
changes in cloud cover of about a tenth of this value, the i I

global climate sensitivity for southern-latitude solar reduc- 1s m B

tions of roughly 1.5 K (Wm?)~1 and the change in global = -

average temperature were about double that for northern so = Ratio of FS to forcing
lar reductions, even though the climate sensitivity and tem-

Ratio of HT to forcin
.per.ature changes within the two regions were similar. As os a Rotio of LW feedback to
indicated by the temperature responses to the separate an forcing
combined reductions in northern and southern high-latitude o J " o o SW feedback to
solar radiation, the climate sensitivities for high-latitude so-

lar reductions appear to be roughly additive (cf. Ban-Weiss s
and Caldeira, 2010), suggesting that solar reductions in dif-
ferent latitude bands might be linearly scalable to match the

changing intensity of the greenhouse gas induced radiative
forcing. Fig. 10. Changes in the atmospheric energy balance in the region

To determine the regional climate sensitivity (i.e. the nor- where the solar reduction was imposed, normalized by the region’s

malized response for the regions where the solar reductlor(ﬁducuon in shortwave radiative forcing. The terms shown are for

d lculated the ch th | e net change in the surface-to-atmosphere heat flux (FS), the at-
was imposed), we calculate e change in the regiona enmospherlc horizontal heat flux into the region (HT), the net long-

ergy balance for the northern and southern solar reductlon§,ave energy flux (LW), and the net change in shortwave radiation
(see Appendix B). As indicated in Table 1, the S61p10 S|m-(SW)

ulation (i.e. 10% reduction in TOA solar insolation pole-
ward of 6F S) exhibited the largest regional climate sensi-
tivity (i.e. > 4K (Wm~2)~1 in this region). In contrast, the middle and low latitudes. Although our model does not ac-
regional climate sensitivity for S71p25 was less than thatcount for adjustments in ocean transport and movement of
for the similar northern forcing (i.e. N71p25). These hemi- sea ice that might, in part, compensate, Southern Hemisphere
spheric and latitudinal differences are associated with the difsolar reductions led to a larger cooling outside the polar
fering land-ocean distributions and associated differences imegion than for identical solar reductions in the Northern
surface albedo, as well as the different potential for spreadingHemisphere, with the southern reductions so strong that they
of sea ice and changes in cloud cover. In the Arctic, sea ice igven induced some cooling in the Northern Hemisphere (see
confined by geography to be mostly north of R although  Fig. 3).
in winter it can reach toware- 40° N in some regions. Figure 10 compares the changes in energy flux terms for
Around Antarctica, however, sea ice extent can be presenthe various simulations. Longwave (LW) feedback is defined
from ~ 80 to ~60° S and, due to the absence of land, canas the change in net longwave radiation at the TOA, and the
therefore increase in area more than can occur for Arcshortwave (SW) feedback as the change in net shortwave ra-
tic solar reductions. In our simulations, the larger reduc-diation at the TOA minus the imposed radiative forcing. For
tion in the net energy balance for the Southern as comparethe globally uniform solar reduction, equilibrium requires
to the Northern Hemisphere led to a sharper meridionalthat longwave radiation change to balance the TOA change
temperature gradient and a greater pull of energy fromin solar radiation (hence, a ratio of 1). For the high-latitude
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solar reduction cases, however, for which the analysis confatitudes has limited effects on precipitation outside the re-
siders only the changes within the region where the solagion of the solar reduction.
reduction is imposed, the LW and SW terms need not bal- While some warming remains in our simulations for both
ance because of contributions from horizontal transport (HT)the global and high-latitude solar reductions, appropriately
and surface exchange (FS). In the polar regions, the positivadjusting the magnitude and extent of the various high-
shortwave feedback due mainly to increased sea ice exteratitude solar reductions might, for example, make it possible
is similar in magnitude to the longwave feedback due to theto induce temperature reductions and precipitation shifts that
insulating effects of increased sea ice extent. Because of th&ould both promote regrowth of the sea ice cover and coun-
combined energy reduction that results, meridional heat flueract mass loss from glaciers and ice sheets. With warm-
convergence increases. Compared to the regional sensitivityng of the Southern Ocean being critical in loss of ice mass
in other regions, the high regional sensitivity for the S61p10from Antarctic ice shelves (Pritchard et al., 2012), simultane-
reduction resulted from the greater potential for changes irously counter-balancing warming in both hemispheres seems
sea ice extent (reflected in the relatively large value of theto reduce the C®induced changes in the particular hemi-
change in the surface flux — FS), making this region the mossphere it is applied, and to reduce the impact on the ITCZ
efficient location for imposing solar reductions, at least in from reducing solar radiation in the opposite hemisphere.
terms of induced temperature change. That such adjustments in the ITCZ might be feasible is also
suggested by idealized aqua-planet simulations conducted by
Kang et al. (2008) using an atmospheric GCM coupled to a
slab ocean. Those simulations investigated the consequences
5 Discussion of an imposed heating in the extratropics, finding that the
ITCZ shifted poleward into the warmed hemisphere.
Although idealized, our calculations do indicate that solar re- Several paleoclimate simulations have also indicated that
ductions in polar regions have the potential to counterbalanca shift in the ITCZ could result from differential hemispheric
warming in these regions and at least some of the warmindorcing. For example, a southward shift was found during
in the middle latitudes of the same hemisphere; when im-the Last Glacial Maximum when the Northern Hemisphere
posed together, simultaneous reductions in both hemispheragas more strongly cooled than the Southern Hemisphere
have the potential to partially counterbalance warming in(Koutavas and Lynch-Stieglitz, 2004; Broccoli et al., 2006).
polar regions and into lower latitudes in each hemisphereAlthough the forcing in those studies was imposed on the
In considering this potential, however, caveats to the analsurface or in an ocean mixed layer, the TOA forcing in our
ysis must be noted. First, the analysis is based on equilibsimulations imposed also resulted in a poleward shift of the
rium simulations and carried out using an atmospheric model TCZ toward the warmer (or unperturbed) hemisphere.
atop a slab ocean. More definitive exploratory simulations The greater response of the sea-ice extent (and thus the
are needed using a full Earth system model that includes afarger albedo change) resulting from the southern high-
interactive ocean and to examine the potential for counterdatitude solar reduction is also in accord with previous find-
balancing gradual warming with gradually intensifying solar ings. For example, Hall (2004) found that surface-albedo
reductions. feedback accounts for about 50 % of the warming in high
Second, the simulations are idealized, being based on simatitudes and is larger in the Southern Hemisphere than in
ply reducing the amount of solar radiation rather than actuthe Northern Hemisphere. Winton (2005) confirmed this re-
ally enhancing reflection of clouds and/or increasing aerosobult using results from the Coupled Model Intercomparison
loading. Robock et al. (2008), using a global climate modelProject (CMIP3), although the simulated surface warming
with interactive stratospheric chemistry, carried out simula-was greater in the northern high latitudes than in the south-
tions comparing the temperature responses to stratospherarn high latitudes because of differences in heat capacity and
injections of SQ into the Arctic and into the tropical strato- changes in albedo, strength of the low-lying inversion, and
sphere. They concluded that the Arctic injection would leadother feedback processes (Winton, 2006).
to cooling as far south as 30 and weaken the summermon- ~ While our study points out the importance of changes in
soons over Africa and Asia, just as was the case for tropicathe extent of Southern Ocean sea ice in determining the re-
injections. The extent to which these lower latitude changeggional and global climate response, high confidence cannot
were due to the spread of sulfate aerosols out of the Arcbe placed in the quantitative response because our simula-
tic, however, is not clear. In addition, their $@jections  tions were limited by having fixed ocean energy transport
extended through the full year, including through the polarand used a thermodynamic sea ice model. Nevertheless, our
night, which likely increased the likelihood that the sulfate study demonstrates that different regions may respond very
could spread, and overestimated the amount needed to coudifferently to differences in applied forcing.
terbalance warming in the Arctic alone. Our simulations sug- A number of the shortcomings in the simulations here are
gest that, on a latitudinal average basis, except for shiftingoeing explored in a series of controlled model simulations
the ITCZ, confining the counter-balancing effect to the high under the GeoMIP framework (Kravitz et al.,, 2011), and
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increasingly by studies of particular research groups (Jonegppendix A

et al., 2010). With the prospects for limiting the pace of

climate change through near-term emissions reductions, exPotential approaches for creating a reduction in absorbed

ploring the potential for regionally limited and time-varying solar radiation in polar regions

changes in forcing would seem to merit greater attention and

resources. This paper uses high-latitude reductions in solar radiation to
conduct a technique-independent exploration of the potential
for counter-balancing polar climate change. There are, how-

6 Summary and next steps ever, several techniques that, separately or together, may have

The simulations reported here indicate that reductions inthe potential to alter the regional energy balance to a signif-

solar radiation in polar regions can both counterbalanc icant degree, even if perhaps not capable of counter-acting

warming in the regions where the reductions are impose((a}hefu" effects of a CQ doubling. Drawing from approaches

and somewhat moderate temperature increases in lower Ia%_uggested for global SRM, possibilities include increasing

itudes. The results also suggest a potential to moderate ansc}ratosphenc solar backscatter by augmenting the aerosol

) . concentration in the lower polar stratosphere (Shepherd et
even reverse the mass loss from glaciers and ice sheets bé-

. - : o al., 2009; Rasch et al., 2008a) and brightening marine stratus
cause the increase in high-latitude precipitation caused b¥:louds by CCN injection (Latham et al., 2008), which could

the increasing greenhouse gas concentrations is not dimi ve used either in the polar regions or to cool ocean currents
ished, similar to the results of CW2008 and Ban-Weiss an;!b . b glo
. . ) hat carry heat into the polar regions.
Caldeira (2010). With the rate of sea level rise apparently ac- o S . . .
Two additional possibilities may also merit consideration

celerating, rebuilding the mass of polar land ice would seem ) :
likely to benefit coastal and island nations around the World_(MacCracken, 2009, 2011). First, the tropospheric albedo

Were solar reductions in polar regions to actually be Con_could be increased by re-creating the tropospheric haze layer

sidered, the different regional sensitivities in the two hemi- present during the late 20th century as a result of the sul-

. . ; fur dioxide emissions from power plants in Europe, Russia,
spheres suggest that deployment would likely involve differ- ST .
) o . and North America; while it would likely best be done by
ent extents and intensities in each hemisphere. In the North- .
; . ... other means, such an aerosol increment would be expected
ern Hemisphere, solar reductions north of the Arctic Circle

. S to reduce solar radiation reaching the surface, as may have

appear capable of generating a significant temperature reBeen happening since at least the 1980s (Valero et al., 1984)
duction without substantial diminution of solar radiation over : P e
Second, surface albedo could be increased by injecting mi-

lower Igtlt'udes. In the Southern Hemisphere, reduction of SO robubbles (Seitz, 2011) into open water areas such as leads;
lar radiation over the Southern Ocean would be much mor

. : ) : his could be used to reduce absorption of solar radiation, es-
effective than reducing solar absorption over the highly re- = =" """ "~ ° : .
flective Antarctica ice sheet. pecially in limited areas that might constrain bubble spread.

While our simulations have provided a number of initial Such solar reduction approaches would only need to be
P used during the third of the year when the Sun is relatively

insights, bro‘?‘der anq deeper und.erstandlng of relevant p.rqnigh in the sky (and perhaps for only the period after the
cesses and interactions will require a more comprehensive ;

. : . Ibedo of snow atop sea ice has dropped). However, the
research program. In particular, simulations are needed thaf .

. R . riefer time period would increase the albedo change that
consider the implications and consequences of plausible ap- .

. . would need to be induced compared to global or larger scale

proaches for actually reducing solar absorption (e.g. as enu-

merated in Appendix A). Beyond our equilibrium simula- approaches. In addition, because the atmosphere (and ocean,

. X ! . : I were it included) would tend to mix some of the cooling in-
tions, simulations are needed in which realistic solar reduc-,

. . . ) L : fluence to lower latitudes, there would need to be a further
tions are applied with gradually increasing intensity and the .
2 : ; ugmentation.
consequences both inside and outside the directly affected : S .
. . Although not leading to a reduction in absorption of so-
regions are compared to the consequences resulting from tr]e . : o
. ) ) : . lar energy, approaches that increase loss of infrared radiation
projected increases in greenhouse gas concentrations with- .
. : . : : could also be used. One example, as proposed by Mitchell
out climate engineering. Such increased understanding has : . N i - .
) . . X . and Finnegan (2009), is the injection of ice nuclei into cirrus
the potential to provide a richer base of information and set . .
. : o . .~ clouds to disperse the clouds and increase the rate of loss of
of choices for policymakers to consider in seeking to avoid. L . .
dangerous levels of global climate change infrared radiation t_o space. Ir_l addition, the use of |c_ebreak-
' ers to break up thin sea ice in the fall and winter might be
useful in increasing the transfer of heat from the ocean to
the atmosphere, from which it could be radiated to space
(M. C. MacCracken, personal communication, 2011). Such
ice-breaking would have the effect of thickening the sea ice,
which could help to extend its albedo effect further into the

spring or summer.
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While the implementation of the proposed approachesthis sensitivity, we included consideration of annual-average
separately or together, would be unlikely to be as precise geehange in horizontal energy transport, as was done by Boer
ographically as the solar reductions imposed in the modeland Yu (2003). Whereas Boer and Yu (2003) were success-
each of the proposed approaches could likely be imposed in &l in using the change in meridional temperature gradient
way that would tend to focus the influence within the region. to estimate changes in the energy transport, the situation is
Comparison of the temperature responses to the various exnore complex with a warming climate. Under such condi-
tents of the imposed solar reductions (see Figs. 3 and 4) sugions, although there is a decrease in the meridional temper-
gests that different boundaries for the forcing would not haveature gradient, the atmospheric poleward energy transport is
a significant impact on the results. projected by models to increase due to an increase in sensible

energy transport in low latitudes and an increase in latent en-
ergy transport in middle and high latitudes (Held and Soden,

Appendix B 2006).
o . . o Our analysis of regional climate sensitivity therefore ac-
Estimation of global and regional climate sensitivities counts directly for calculated changes in atmospheric merid-

ional energy transport, especially transport into the differ-
nt high latitude regions where solar insolation is decreased.
Doing this required that account be taken of the effects
f annual-average changes in meridional energy fluxes and
ﬁwe imposed reduction in solar radiation. To calculate the
meridional energy transpori\(#,,) at latitudep, we ignored
F?:hanges in annual-mean atmospheric energy storage and then
integrated the net horizontal energy flux from the surface to
the top of the atmosphere from the pole to the boundary lat-
tude for each of the regional solar reductions. To eliminate
r:épurlous non-zero energy transports at the poles resulting

sitivity being calculated from simulations involving changes from atmospheric variability, the global average of the net en-

in greenhouse gas concentrations because of the need to %rgy flux was subtracted uniformly at all latitudes. Because
count for the effects of rapid adjustment of stratospheric tem- ocean energy transport is held fixed for the model configu-

perlatures Whlleha changtehm S,{Oli‘r raglat|on could, in pnr: ration that we use, only changes in atmospheric meridional
cIple, cause a change In the stralospheric 6zone concentr nergy transport are included in this analysis. The radiative

tion, an adjustment is not needed in our analyses because tl? rcmg averaged at latitude thus can be calculated using
ozone concentration is held fixed. In any case, because thﬁ]e relationship (Murphy, 2010):

UV-component of solar radiation is onty 3 %, the effect of
the solar reductions would only involve a limited adjustment. F, =), AT, + AH,, (B3)
Based on the annual-average conditions at the start of the’

simulation, the RF (i.e. change in the TOA energy balance)wherey,, is the climate response parameter for the region and

Global and regional climate sensitivities are calculated as th
ratio of temperature change to radiative forcing. Radiative
forcing (RF) is conventionally defined as the change in forc-
ing at the tropopause (IPCC, 1994). Because horizontal an
vertical gradients of tropopause height make it difficult to ex-
tract changes at that level difficult, we use the value at the to
of the atmosphere (TOA) as an approximation. For simula-
tlons with changes in incoming solar radiation, this apprOX|

at the tropopause. This would not be the case were the se

at a given point (defined a¥;) is calculated as AT, is the change in the region’s mean surface air tempera-
ture relative to the Z CO, control run. The regional climate
Fi =1 -a)AS;, (B1)  sensitivity is then defined to be the inverseipf

whereq; is the annual-average of the local TOA albedo from

the 2x CO; control simulation and\S; is the imposed TOA  AcknowledgementsThe views expressed are those of the authors,

change in the annual-average solar insolation. Global meaand not necessarily their sponsoring organizations. H.-J. Shin was

RF is then calculated by integrating over the globe and divid-supported in part by the Korea Institute of Ocean and Science

ing by global surface area. Technology through project number PE99123. We thank three
Global mean climate sensitivity is calculated by dividing anonymous reviewers for their constructive comments.

the change in annual-average global mean surface air tem-

perature by the annual-average global mean RF (defined dedited by: G. Bala

F). The global climate sensitivity (1) is thus given by

F = AAT, (B2)

whereAT is the change in global mean surface air tempera-
ture.

We also calculated the regional climate sensitivity for the
regions where solar insolation was reduced. In calculating
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