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Abstract

There are large uncertainties in the potential impacts of solar radiation modification (SRM)
and in how these impacts depend on the way SRM is deployed. One open question concerns trade-offs
between latitudinal profiles of insolation reduction and climate response. Here, a moist energy balance
model is used to evaluate several SRM proposals, providing fundamental insight into how the insolation
reduction profile affects the climate response. The optimal SRM profile is found to depend on the intensity
of the intervention, as the most effective profile for moderate SRM focuses the reduction at high latitudes,
whereas the most effective profile for strong SRM is tropically amplified. The effectiveness of SRM is also
shown to depend on when it is applied, an important factor to consider when designing SRM proposals.
Using an energy balance model allows us to provide physical explanations for these results while also
suggesting future avenues of research with comprehensive climate models.

1. Introduction
Solar geoengineering, or solar radiation modification (SRM), refers to proposals to reduce the amount of
solar radiation incident on Earth's surface so as to partially offset the global warming effects of increased
atmospheric CO2 concentrations (Keith, 2013). A variety of SRM strategies has been suggested, from
terrestrial-based plans to brighten the roofs of buildings to space-based sunlight-reflecting mirrors, but the
most commonly discussed proposal is injecting sulfate aerosol precursors into the stratosphere (Council,
2015). Inspired by the observed cooling in response to large volcanic eruptions, sulfate injection would
enhance the optical density of the stratospheric aerosol layer and appears to be the most technically feasible
means of producing a roughly uniform increase of the Earth's albedo (Irvine et al., 2016).
Much work has been done to understand the potential impacts of sulfate SRM since it was first proposed
by Budyko (1977), mostly based on simulations with global climate models (GCMs). The recent Geoengineering Model Intercomparison Project (GeoMIP, Kravitz et al., 2011) provides a convenient resource for
identifying which of these impacts are robust across models, including, among other things, the tendency
of the tropics to overcool compared to the control climate (Govindasamy et al., 2003; Kravitz et al., 2013)
and the weakening of the global hydrological cycle compared to the control climate (Bala et al., 2008; Tilmes
et al., 2013). Recent modeling work has also investigated the possibility of optimizing SRM interventions to
achieve specific climate objectives (Dai et al., 2018; Kravitz et al., 2017), moving the conversation away from
analyzing the potential impacts of a particular intervention and toward designing interventions to achieve
specific mitigation goals.
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Nevertheless, there are still many open questions about the potential impacts of sulfate aerosol SRM. One
major issue is how the insolation reduction should be spatially distributed in order to achieve a specific
objective. Although the climate system's response to SRM scales to first order with the global mean radiative forcing (Modak & Bala, 2014), any SRM scenario involves trade-offs, as some regions will experience a
greater compensation of warming than others, leading to concerns about equity. Certain SRM interventions
will also be more effective than others at countering the global impacts of increased CO2 concentrations.
Previous SRM studies have typically assumed that the sulfate aerosol loading is adjusted so as to reduce
insolation by the same fractional amount (e.g., 1%) at all latitudes; however, there is no guarantee that
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this is the optimal distribution of aerosol loading for countering the effects of higher CO2 concentrations.
For instance, Ban-Weiss and Caldeira (2010) and MacMartin et al. (2013) explored several scenarios for
optimizing SRM in GCMs and generally found that having larger reductions at higher latitudes best counteracted the temperature response while more tropically based insolation reductions better counteracted
the precipitation change. However, these studies relied on a single model each and considered a relatively
small number of basis functions as part of their optimization procedure. Still lacking is intuition, based
on physical understanding, for how the climate system's response is affected by the latitudinal profile of
insolation reduction.
In this study, we have sought to understand the potential impacts of different SRM scenarios on the climate
system at a more fundamental level by using a one-dimensional moist energy balance model (EBM). EBMs
have proven to be a useful idealized framework for addressing many climate questions (Armour et al., 2019;
Budyko, 1969; Flannery, 1984; Frierson et al., 2007; Merlis & Henry, 2018; North, 1975; North et al., 1981;
Merlis, 2014; Rose et al., 2014; Roe et al., 2015; Sellers, 1969) but so far have not featured in the SRM literature
(though Merlis and Henry, 2018, briefly mention SRM in the context of simple estimates of polar amplification). While lacking the complexity and detail of comprehensive GCMs and also not simulating the rapid
adjustments of the climate system to external forcing agents (e.g., Smith et al., 2018), the relative simplicity of
EBMs makes their results easier to interpret, providing confidence that the results are (qualitatively) robust.
Furthermore, simple physical arguments can be used to extend EBM results beyond temperature, providing
first-order estimates for how precipitation and the large-scale atmospheric circulation would change under
a given SRM scenario.
Setting aside the engineering question of how to achieve a given aerosol loading distribution and noting that the global mean temperature change is largely constrained by the global mean radiative forcing
(Modak & Bala, 2014), the EBM provides insight into the trade-offs between different latitudinal SRM profiles. A “perfect” SRM scenario can, for example, be constructed to exactly cancel the CO2 forcing. While
this perfect SRM is an artifact of the idealized nature of the EBM, it is a useful first estimate for what an
optimal SRM profile would look like for a comprehensive GCM or for the climate system. We use the EBM
to construct latitudinal profiles of insolation reduction that achieve specific objectives, such as minimizing
the radiative forcing needed to restore global average temperature, and then examine how these results vary
with the strength of the SRM intervention.
We have also investigated the possibility that the effectiveness of SRM interventions is state dependent.
EBMs are known to exhibit two forms of bistability and associated hysteresis: for cold enough conditions, they can jump to an ice-covered state, a transition referred to as the “snowball Earth instability”
(e.g., Budyko, 1974; North, 1975; North et al., 1981), while for warmer conditions the ice caps have been
found to be unstable, leading to the “small ice cap instability” (North et al., 1984; Rose & Marshall, 2009)
(note that these studies mostly focused on dry EBMs, which diffuse dry static energy, whereas the EBM used
here diffuses moist static energy). Wagner and Eisenman (2015) showed that the latter instability can be
eliminated by including both a seasonal insolation cycle and an interactive ice albedo feedback in a dry EBM,
agreeing with comprehensive model studies that typically find Arctic and Antarctic sea ice scaling approximately linearly with global mean temperature (Armour et al., 2011; Gregory et al., 2002; Winton, 2011).
However, it is still possible that some weak hysteresis is present, such that the compensation of warming in
a given SRM scenario depends on when SRM is implemented.
The possibility that the effectiveness of SRM interventions depends on when the SRM is implemented has
not been investigated before but could be crucial for designing SRM proposals: when SRM is implemented
may be as important as how it is implemented. We have explored this issue in the context of three different
SRM scenarios, and our results suggest that investigating the state dependence of SRM interventions in
comprehensive GCMs is an urgent topic of future SRM research.

2. The Moist Energy Balance Model
The moist EBM simulates the evolution of zonal mean surface temperatures and includes interactive representations of radiative feedbacks and horizontal atmospheric energy transport, as well as seasonally varying
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solar insolation. The latter allows the EBM to capture the seasonal effectiveness of SRM interventions. The
governing equation of the EBM is (see, e.g., Merlis & Henry, 2018; Wagner & Eisenman, 2015)
C

𝜕T(t, 𝜙)
= S(t, 𝜙)[1 − a(T)] − [A + BT(𝜙)] − ∇ · H(𝜙, T) + F(𝜙),
𝜕t

(1)

where C is the heat capacity of the combined land surface and ocean mixed layer, T is surface temperature
(in units K, though we will use ◦ C for plotting and discussion purposes), 𝜙 is latitude, t is time (in unit years),
S is the insolation, a(T) is the albedo, A + BT is the outgoing longwave radiation, ∇ · H is the convergence of
the moist static energy (MSE) flux, and F is a radiative forcing, like that due to increased CO2 concentrations.
The insolation is given by (North et al., 1981)
S(t, 𝜙) = Q∕4 × (1 − 𝛾P2 ) − S1 xcos(2𝜋t),

(2)

where Q is the solar constant, 𝛾 is a constant, P2 = (3x2 − 1)∕2 is the second Legendre polynomial, x =
sin(𝜙), and S1 determines the amplitude of the seasonal insolation cycle. The albedo takes the following
temperature-dependent form (Eisenman & Wettlaufer, 2009):
(
)
T − T0
a0 + a1 a0 − a1
+
tanh
a(T) =
(3)
,
2
2
ht
so that a gradually varies from an open water value, a0 , to a sea ice value, a1 , with smoothness parameter
ht . The temperature dependence allows the EBM to represent the ice-albedo feedback.
[
]
The MSE flux is parameterized by downgradient diffusion, with −∇ · H(𝜙) = 𝜕x D(1 − x2 )𝜕x h , where h =
cp T + Lq∗ (T) is the MSE in units of ◦ C. L is the latent heat of vaporization of liquid water,  is the surface
relative humidity, q* (Ts ) is the saturation specific humidity at the surface, and cp is the heat capacity of air at
a constant near-surface pressure (1,000 hPa). We assume a fixed relative humidity of 80% at all latitudes and
for all forcings and calculate q* using the August-Roche-Magnus approximation (Lawrence, 2005). Although
the assumption of uniform relative humidity is standard in moist EBM studies (e.g., Armour et al., 2019;
Flannery, 1984; Merlis & Henry, 2018), it is an important limitation of the present work, and future studies
should investigate the influence of using more realistic relative humidity profiles. The diffusivity D is kept
fixed in all experiments, though note that we thus neglect changes in atmospheric circulation, which would
affect the value of D (e.g., Caballero & Hanley, 2012; Shaw & Voigt, 2016). Larger values of D produce flatter
meridional temperature gradients in the control climate but stronger polar amplification of warming.
The EBM is numerically integrated with a second-order finite difference discretization for the diffusion
operator and a fourth-order Runge-Kutta time-stepping scheme (see Wagner & Eisenman, 2015, for details).
The model domain spans both hemispheres (90◦ S to 90◦ N), with 360 grid points spaced uniformly in x.
Model simulations last 100 model years, unless stated otherwise, with averages taken over the last year of
each integration (the model equilibrates after roughly 20 years and has no internal variability, so averaging
over the final year of the simulations is sufficient to obtain the true responses.). The parameter settings used
in our simulations are given in the supporting information, Table S 1, and the annual mean control (i.e., no
SRM) insolation profile is shown in Figure 2a. In the absence of radiative forcing (F = 0), the moist EBM
produces an Earth-like surface temperature distribution, with a global mean surface temperature of 15.3 ◦ C,
an equator-to-pole temperature difference of 40 ◦ C (Figure 1b), and a reasonable seasonal cycle of surface
temperature (Figure 1e).
2.1. Response to 2XCO2
To mimic global warming, we set F(𝜙) to the doubled CO2 radiative forcing profile calculated by Huang et al.
(2016) (Figure 1c). This forcing is strongest in the subtropics and smallest at high latitudes (in fact, it is negative over Antarctica) and was calculated directly with a radiative transfer code (we refer the reader to Huang
et al., 2016, for more details). Hence, the forcing does not include the “rapid adjustments” which are often
included as part of the radiative forcing from increased CO2 concentrations, and the global mean forcing
of 2.2 Wm−2 is about 33% smaller than the typical global mean forcing in Coupled Model Intercomparison
Project Phase 5 (CMIP5) models (Forster et al., 2013). Nevertheless, this profile is a reasonable first-order
estimate of F(𝜙)2XCO2 , and it will be shown below that the latitudinal profile of the forcing is crucial for
evaluating the potential impacts of SRM scenarios.
LUTSKO ET AL.
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Figure 1. (a) Annual mean insolation profile used in the control energy balance model integration. (b) Annual mean
surface temperature profile in the control integration. (c) Zonal mean radiative forcing from doubling CO2
concentrations, as calculated by Huang et al. (2016). (d) Climatological zonal mean profile of precipitation (P) minus
evaporation (E) for the period 1979–2012, with data taken from the MERRA reanalysis dataset. (e) Seasonal cycle of
surface temperature in the control integration.

The global mean surface temperature response of the EBM is 1.92 ◦ C, which is lower than the equilibrium
climate sensitivity (ECS) of any CMIP5 model—Andrews et al. (2012) give a range of 2.08 to 4.67 ◦ C. The
net climate feedback of 1.14 Wm−2◦ C−1 is close to the CMIP5 mean of 1.08 Wm−2◦ C−1 (Andrews et al.,
2012), so the small ECS reflects the smaller radiative forcing compared to the CMIP5 models. The low ECS
is of secondary importance for our investigations, as the amount of SRM can be scaled for a given climate
sensitivity. More importantly, the warming profile (blue curve in Figure 2a) is consistent with observations
and GCM simulations, which typically show high latitudes warming two to four times more than the tropics
(Pithan & Mauristen, 2014, see also Figure S1).
2.2. SRM Scenarios
We focus on four SRM scenarios: “perfect” SRM, a constant fractional insolation reduction, a spatially uniform insolation reduction and an Arctic-only insolation reduction. The insolation reduction in the perfect
SRM scenario is given by
ΔSper𝑓 (𝜙, 𝛼) =

−𝛼F(𝜙)
,
1 − a(Tcon (𝜙))

(4)

where 𝛼 is a constant and Tcon is the equilibrated annual mean temperature in the control simulation of
the EBM. Thus, the perfect SRM profile is a function of the forcing and of the control climate's albedo.
LUTSKO ET AL.
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Figure 2. (a) Equilibrated, annual mean responses of the EBM's surface temperature to the radiative forcing from a
doubling of CO2 concentrations (blue curve) and to the strong SRM interventions (green, orange, red, and gray curves).
(b) Insolation reductions in the four strong solar radiation modification interventions. (c) Same as Panel (a) but for P E, calculated using equation (8). (d) Same as Panel (a) but for the moist static energy. (e) Same as Panel (a) but for the
meridional moist static energy (MSE) transport.

“Moderate” SRM is defined as 𝛼 = 0.5 (Keith & MacMartin, 2015), and “strong” SRM as 𝛼 = 1, which exactly
cancels the forcing and restores the local radiative balance. The 𝛼 = 0.5 case does not cancel the forcing
completely, so it may not be the optimal profile for moderate SRM, in terms of compensating for the effects
of global warming.
In the fractional reduction scenario S is reduced by the same fractional amount at all latitudes, as is common
in GCM simulations in which the solar constant is reduced. The fraction is chosen so that the global mean
insolation reduction is the same as in the moderate and strong perfect SRM scenarios:
ΔS𝑓 rac = −𝛽% × S(𝜙),
ΔS

(5)

(𝛼)

where 𝛽 = per𝑓 × 100, with overlines denoting global means. 𝛽 = 0.48% and 0.96% in the moderate and
S(𝜙)
strong SRM scenarios, respectively. In the spatially uniform scenario the insolation is reduced at all latitudes
by the global mean reduction in the perfect SRM scenario:
ΔS𝑓 rac = −ΔSper𝑓 (𝛼).

(6)

ΔSper𝑓 is equal to 1.66 and 3.2 Wm−2 in the moderate and strong SRM scenarios, respectively. The Arctic-only
case assumes SRM is only deployed at high northern latitudes, which has been suggested as a means of
“refreezing” the Arctic while leaving the climates of lower latitudes unperturbed (Caldeira & Wood, 2008;
Robock et al., 2008). In this case we set the insolation reduction at high latitudes to double the global mean
reduction in the perfect SRM scenario (the choice of insolation reduction in the Arctic-only case is arbitrary,
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Figure 3. (a) Equilibrated, annual mean responses of the energy balance model's surface temperature to the radiative
forcing from a doubling of CO2 concentrations (blue curve) and to the moderate solar radiation modification (SRM)
interventions (green, orange, red, and gray curves). The purple curve shown an SRM scenario designed to provide even
greater compensation of mean warming than the spatially uniform SRM, under moderate insolation reduction.
(b) Insolation reductions in the four moderate SRM interventions and in the polar-amplified SRM scenario (purple).
(c) Same as Panel (a) but for P - E, calculated using equation (8). (d) Same as Panel (a) but for the moist static energy.
(e) Same as Panel (a) but for the meridional moist static energy (MSE) transport.

and we have used a large reduction to emphasize how inefficient the Arctic-only SRM is for countering
increased CO2 concentrations.):
[
]
ΔS𝑓 rac = −ΔSper𝑓 (𝛼) 1 + tanh((𝜙 − 70◦ )∕4◦ ) ,
(7)
so that the insolation is only reduced poleward of 60◦ N.
The annual mean insolation reductions in the strong SRM scenarios are shown in Figure 2b and in the
moderate SRM scenarios in Figure 3b. The perfect SRM profile has the most typically-amplified profile of
insolation reduction, with large reductions in the tropics and subtropics, and weak reductions near the poles,
though the constant fractional SRM has a relatively similar pattern of insolation reduction, reflecting the
fact that, in the absence of rapid adjustments, CO2 radiative forcing (and hence the perfect SRM) is also
tropically enhanced.
Note that in winter the spatially uniform, perfect SRM and Arctic-only scenarios would result in the
insolation being negative at high latitudes, so we set S to zero whenever this is the case.

3. Comparing SRM Scenarios
3.1. Strong SRM
The annual mean temperature responses in the four strong SRM scenarios are shown by the red, orange,
green, and gray curves in Figure 2a (see Figure S2 for seasonal responses). As expected, the perfect SRM
LUTSKO ET AL.
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compensates the warming exactly (green curve) (on seasonal timescales there is some residual warming
because we have used the annual mean temperature profile to define the perfect SRM profile, but this can be
eliminated by prescribing a seasonally varying perfect SRM profile.). By contrast, the uniform fractional and
spatially uniform cases overcool the climate system, particularly at high latitudes (red and orange curves
in Figure 2a, though note that there is a small residual warming at high northern latitudes in the uniform
fractional case), leading to global mean coolings of −0.04 ◦ C in the uniform fractional case and −0.21 ◦ C in
the spatially uniform case. The stronger insolation reductions at high latitudes, relative to the perfect SRM,
thus enhance the high-latitude albedo relative to the control climate in these scenarios, resulting in global
mean coolings.
The results of the strong uniform fractional and spatially uniform cases contrast with GCM studies, which
have generally found that GCMs overcool in the tropics and have residual warming at high latitudes when
SRM interventions are applied (Govindasamy et al., 2003; Kravitz et al., 2013). However, this is a reflection of
the strong polar amplification of warming, as the total cooling of the high latitudes is larger than the cooling
of the tropics in these simulations (e.g., Figure 1 of Kravitz et al., 2013). Thus, our results are consistent
with the finding that SRM interventions lead to larger responses at high latitudes, and the fact that the
polar regions, rather than the tropics, experience overcooling in the EBM suggests that the diffusivity (D)
or the ice-albedo feedback are stronger in our simulations than the effective diffusivities and high-latitude
feedbacks in typical GCMs, though we have not investigated this further.
The insolation reduction at high northern latitudes is larger in the Arctic-only case than in any of the other
SRM cases (Figure 2b) but the temperature compensation is much smaller—∼ 2 ◦ C at most—highlighting
the role of energy transport for high-latitude warming. This compensation is mostly limited to north of 60◦ N,
and the global mean warming is slightly reduced to 1.78 ◦ C in this scenario.
In addition to the temperature responses, the EBM can be used to estimate how the strength of the hydrologic cycle would respond in these scenarios. To first order, changes in zonal mean precipitation minus
evaporation (P − E) can be well approximated by assuming that changes in lower tropospheric water vapor
mixing ratios dominate over changes in the flow field (Held & Soden, 2006). Neglecting changes in moisture
transports, the response of P − E to a perturbation is then given by:
Δ(P − E) ≈ 𝛾ΔT(P − E),

(8)

where 𝛾 ∼7% K−1 . So the changes in P − E are large where the climatological P − E is large, and vice versa,
following the “wet get wetter, dry get drier” paradigm. The climatological zonal mean profile of P − E, taken
from the MERRA reanalysis dataset (Rienecker et al., 2011), is shown in Figure 1d. P − E is large and positive
in the deep tropics, particularly over the Intertropical Convergence Zone in the Northern Hemisphere tropics, and large and negative in the subtropics, where most evaporation takes place. P − E is relatively small
at mid- and high-latitudes, where there is more precipitation than evaporation.
Figure 2c shows the changes in P − E predicted by combining equations (1) and (8) and using the climatological P − E. The global warming case shows an amplification of the climatological pattern with warming,
which is exactly compensated by the perfect SRM, and is overcompensated by the uniform fractional and
spatially uniform scenarios, especially at midlatitudes. This is as expected from the temperature changes.
The Arctic SRM produces a small compensation of the changes in P − E at high latitudes in the Northern
Hemisphere.
Finally, the EBM can provide insight into how horizontal atmospheric energy transports would change in
the various scenarios. The diffusive energy transport parameterization crudely represents the transport of
MSE, which in reality is achieved predominantly by the atmosphere's mean flow in the tropics and by eddies
at higher latitudes (e.g., Trenberth & Solomon, 1994; Trenberth & Stepaniak, 2003, see Figure S3 for the
MSE transport in the control simulation). While it is difficult to infer how changes in MSE transport are
partitioned between eddies and the mean flow (e.g., see Figure 3a of Armour et al., 2019), they still give a
first-order indication of how the atmosphere's large-scale circulation responds to a given perturbation.
In the global warming simulation the meridional MSE gradients are increased between the tropics and the
midlatitudes (blue curve in Figure 2d), leading to enhanced poleward MSE fluxes up to about 45◦ in each
hemisphere (Figure 2e). At higher latitudes the strong polar amplification of warming decreases the MSE
gradient, and there are large reductions in the MSE transport to high latitudes in the equilibrated state.
LUTSKO ET AL.
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Climate model simulations typically find a larger increase in the meridional MSE transport at low and
midlatitudes, and a smaller reduction (or even a small increase) of the meridional MSE transport at high
latitudes, than seen here (Huang & Zhang, 2014; Zelinka & Hartmann, 2012). Our assumption of a spatially
uniform radiative feedback (which also does not account for cloud changes) is likely a major factor in this
discrepancy (Huang & Zhang, 2014).
The perfect SRM exactly compensates the changes in the MSE profile, restoring the zonal mean MSE, and
by extension the meridional energy transport, back to the control profile (green curves in Panels d and e
of Figure 2). The overcooling of the high latitudes in the uniform fractional and spatially uniform scenarios cause strong reductions in the high-latitude MSE, so that in equilibrium the poleward MSE transports
increase in these scenarios (Figure 2e, note again that in the Northern Hemisphere of the uniform fractional
case the residual MSE transport is small). This further cools the tropics, as in both scenarios the low latitudes export more energy to high latitudes. The Arctic SRM substantially reduces the change in the Northern
Hemisphere MSE gradient (gray curve in Figure 2e), compensating for a large fraction of the change in
energy transport at high northern latitudes (Figure 2e), though there is increased energy transport at low
and midlatitudes compared to the 2XCO2 scenario.
These circulation changes are sensitive to the details of our setup and ignore changes in the diffusivity D, so
we caution against overinterpreting the results shown here. However, these calculations illustrate that the
profile of insolation reduction can have a large impact on the response of the meridional MSE gradient and,
by extension, on the atmosphere's large-scale circulation.
3.2. Moderate SRM
For moderate (𝛼 = 0.5) SRM, the perfect SRM, uniform fractional, and spatially uniform scenarios compensate slightly less than half of the temperature change in the 2XCO2 scenario (Figure 3a, seasonal responses
in Figure S4), with the global mean warming reduced to 1.08 ◦ C in the perfect SRM scenario, 1.08 ◦ C in the
uniform fractional scenario and 1.03 ◦ C in the spatially uniform scenario. The compensation of warming is
very similar between about 45◦ S and 45◦ N in all three cases, but the compensation at midlatitude and high
latitude is substantially larger for the spatially uniform case, resulting in smaller residual warming. The perfect SRM compensates more of the high-latitude warming in the Northern Hemisphere than the uniform
fractional SRM does but less of the high-latitude warming in the Southern Hemisphere, reflecting interhemispheric differences in the forcing (Figure 1c). The Arctic-only case is again ineffective at compensating the
warming, with the largest temperature difference from the 2XCO2 being only ∼1 ◦ C, and the global mean
warming slightly reduced to 1.85 ◦ C in this scenario.
The perfect SRM, uniform fractional, and spatially uniform scenarios result in substantial (∼50%) compensations of the changes in the hydrologic cycle at all latitudes (Figure 3c), and, following the temperature
changes, the compensations are similar in the tropics, but the spatially uniform case compensates for more
of the changes at higher latitudes. The Arctic SRM produces a small compensation of Δ(P − E) at high
latitudes in the Northern Hemisphere.
The perfect SRM and uniform fractional cases result in relatively flat residual MSE responses in the tropics and subtropics (green and red curves in Figure 2d), so that the residual changes in the MSE transport
are small (green and red curves in Figure 2e). In the spatially uniform case the MSE gradients between
the tropics and the midlatitudes are similar to the global warming case (even though the MSE response is
smaller), so the MSE transport at low latitudes is relatively unaffected compared to the global warming case
(compare blue and orange curves in Figure 2e). However, at higher latitudes the residual MSE transport is
much smaller in the spatially uniform case than in the perfect SRM and uniform fractional cases, reflecting
the greater compensation of warming at high latitudes. Thus, the perfect SRM and uniform fractional cases
provide a better compensation of the meridional MSE gradient at low latitudes than the spatially uniform
case, while the spatially uniform case provides a better compensation at higher latitudes. The Arctic-only
case compensates for some of the reduction in meridional MSE transport in the Northern Hemisphere but
much less than the other three scenarios.
In summary, under a moderate SRM scenario the “perfect” SRM is not optimal, and a more polar-amplified
insolation reduction profile (i.e., with a larger insolation reduction at high latitudes compared to the perfect
SRM) is most effective at compensating for warming. The spatially uniform profile provides the greatest
LUTSKO ET AL.
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Figure 4. (a) Annual and global mean temperature response for a simulation in which the forcing is linearly increased with time, reaching a value equal to a
doubling of CO2 after 70 years (black curve). The colored curves show mean temperatures during branching simulations in which perfect SRM is implemented
every 10 years. The round markers show the global mean temperature response after the SRM has been implemented for 200 years. (b) Same as Panel (a) but
the uniform fraction SRM is implemented every 10 years, with the same global mean insolation reduction as in the corresponding perfect SRM branching
simulations. (c) Same as Panel (a) but the spatially uniform SRM is implemented every 10 years, with the same global mean insolation reduction as in the
corresponding perfect SRM branching simulations.

compensation of warming, of P − E and of the changes to the MSE gradient among the four SRM scenarios.
This is consistent with the fact that the pattern of warming in response to CO2 forcing is polar-amplified.
We have experimented with various polar-amplified insolation profiles and found that these can provide
even greater compensation of warming than the spatially uniform SRM under moderate SRM, particularly
when there are minima in insolation reduction at midlatitudes. The purple lines in Figure 3 show an example
of a profile given by
[
] [
]
ΔSPA (𝜙, 𝛼) = 𝜇 × ( 1 + 3∕4 tanh((𝜙 − 70◦ )∕10◦ ) + 1 + tanh((𝜙 − 80◦ )∕5◦ ) ∕2 + W(𝜙)),
(9)
where 𝜇 is scaled to ensure that the global mean insolation reduction is the same as in the perfect SRM case
with 𝛼 = 0.5 and
{
cos(|𝜙|)
if |𝜙| ≤ 45◦
W(𝜙) =
0
if |𝜙| > 45◦ .
This profile has a large insolation reduction at high (>70◦ ) latitudes, weaker insolation reduction at midlatitudes, and a secondary insolation reduction maximum in the deep tropics (Figure 3b) but keeps the
global-mean insolation reduction the same as in the other moderate scenarios.
The new polar-amplified SRM profile provides even more compensation of warming than the spatially
uniform SRM (global mean ΔT = 0.99 ◦ C), more compensation of the P − E changes, and much better
compensation of the MSE gradient and hence of the meridional energy transport changes.

4. State Dependence of SRM Interventions
To investigate the state dependence of SRM, we have performed an experiment in which the forcing is
linearly increased for 70 years, with the increments scaled so that F(𝜙) = F2XCO2 (𝜙) after 70 years. This
mimicks the forcing in transient warming experiments in which the CO2 concentration is increased by 1%
per year, leading to a doubling after 70 years. Every 10 years of the transient simulation, three new simulations are branched off in which the forcing is kept fixed, and the three major SRM interventions (perfect,
fractionally-uniform and spatially-uniform) are applied. The insolation reductions are scaled so that the perfect SRM cancels the forcing exactly in each branch, and the branch simulations are run for a further 200
model years.
Figure 4 shows the global mean surface temperature responses in the three sets of branching simulations.
When the perfect SRM is applied, the final equilibrated state is always the same (Panel a), as the EBM is
restored exactly back to the control climate. In this case then, the effectiveness of the SRM does not depend
on when it is applied. By contrast, in the uniform fractional and, especially, the spatially uniform cases
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the final equilibrated states do depend on when the SRM is implemented (Panels b and c). In the uniform
fractional case the equilibrium global mean surface temperature cools progressively as the SRM is applied
later and later, so that if it is applied after 70 years the EBM is −0.04 ◦ C cooler than if the SRM is applied
after 10 years. In the spatially uniform case the EBM is −0.19 ◦ C cooler when the SRM is applied after
70 years than when it is applied after 10 years, primarily due to strong polar cooling, as seen in the strong
SRM calculations of section 3.1.
We have found that the state dependence of the SRM interventions can be eliminated by disabling the ice
albedo feedback, which we do by fixing the albedo profile as a(x) = 1 − a0 − a2 P2 (x), with a0 = 0.68 and
a2 = −0.2, following Merlis and Henry (2018). Even with the spatially uniform SRM, the equilibrated states
are the same in this setup, regardless of when the SRM is applied (Figure S5). This demonstrates that the
nonlinearity of the interactive ice albedo feedback is responsible for a state dependence in the EBM, causing
the effectiveness of certain SRM interventions to depend on when they are applied.

5. Conclusion
Uncertainty around SRM arises both from uncertainty in estimating the impact of a specific climate intervention and from the range of potential SRM methods and climate objectives (Ban-Weiss & Caldeira, 2010;
Keith, 2013; Kravitz et al., 2016; MacMartin & Kravitz, 2019). The design challenge of SRM thus involves
accurately predicting, and understanding, the climate's response to a large number of relevant scenarios.
Most studies of SRM have used comprehensive GCMs, which allow for detailed investigations of the potential impacts of SRM interventions but limit the ability to explore trade-offs between objectives and to gain
a fundamental understanding of the climate dynamics that determine the response to SRM. Here, we have
used an idealized moist EBM to explore how the latitudinal profile of insolation reduction affects the climate
impacts of SRM. Using simple models builds understanding at a more basic level and provides insights into
regions of the SRM intervention design space, which can then be explored with GCMs. Our main findings
are as follows:
• The optimal SRM profile, in terms of countering the climate impacts of increased CO2 concentrations per Wm−2 of insolation reduction, depends on how much insolation reduction is applied. A more
polar-amplified SRM profile is most effective for weak/moderate SRM interventions, while a more
tropically amplified SRM profile is most effective for strong SRM interventions.
• Given the latitudinal structures of the radiative forcing and the albedo in the control climate, a “perfect”
SRM profile can be defined, which exactly cancels the forcing when strong SRM is applied. For weaker
SRM interventions, however, this “perfect” profile is not the optimal profile of insolation reduction
(see above item). We also note that the perfect SRM profile is an artifact of the simplicity of the EBM,
which has a single state variable (T). Hence, by eliminating the temperature change, the perfect SRM also
exactly cancels the changes in P − E and in the meridional energy transports. This would not likely be
the case in a GCM, as there may, for instance, be residual precipitation changes even if the temperature
change is exactly compensated (see, e.g., Bala et al., 2008).
• When evaluating the potential impacts of an SRM intervention, it is important to consider the meridional
temperature and moist static energy gradients, in addition to more common metrics such as temperature
and P − E. Since these meridional gradients are the drivers of the large-scale atmospheric circulation,
compensating for their changes is key to minimizing the disruption to the atmospheric circulation. Experiments with GCMs could build on these results to explore how midlatitude eddy intensity depends on the
latitudinal gradient of SRM forcing.
• Arctic-only SRM is ineffective at countering the effects of global warming, as it ignores the horizontal
energy transports that are responsible for a substantial fraction of high-latitude warming.
• The impacts of SRM interventions depend on how much insolation reduction is required. The greater
the forcing, and the more insolation reduction is required to counteract the forcing, the more likely an
SRM intervention is to overcool (or undercool) the climate system. Verifying that this holds in GCMs is
an urgent extension of the present work.
We hope that these results, obtained in the idealized setting of a moist EBM, can help guide future investigations with comprehensive climate models, and also provide confidence that certain aspects of the climate
system's response to these SRM scenarios can be understood at a basic level. Future extensions of this work
could include investigating how the results are affected by using a meridionally varying surface relative
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humidity and by using spatially-varying temperature feedbacks (Roe et al., 2015), as well as the use of simple theories for how atmospheric diffusivity changes with climate (Shaw & Voigt, 2016). Moving forward,
it is clear that both idealized modeling work and comprehensive climate model simulations are needed to
fully understand the benefits and trade-offs of the various proposed SRM scenarios, following the “model
hierarchy” approach which is central to modern climate science (Held, 2005).
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