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“The possibilities of deliberately 
bringing about countervailing 
climatic changes...need to be 
thoroughly explored.” (PSAC, 1965) 
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Mitigation refers to “technological change and substitution that reduce resource inputs and emissions per unit 
of output. Although several social, economic and technological policies would produce an emission reduction, 
with respect to climate change, mitigation means implementing policies to reduce greenhouse gas emissions and 
enhance sinks” (IPCC, 2007: 84).  

Adaptation refers to “initiatives and measures to reduce the vulnerability of natural and human systems against 
actual or expected climate change effects. Various types of adaptation exist, e.g. anticipatory and reactive, private 
and public and autonomous and planned. Examples are raising river or coastal dikes, the substitution of more 
temperature-shock resistant plants for sensitive ones etc.” (IPCC, 2007: 76). 

Based upon the above definitions, the following schematic represents an illustration of the conceptual relationship between 
SRM, CDR, mitigation and adaptation, in the context of the interdependent human and climatic systems (Figure 1.1).  

Figure 1.1: Illustration of mitigation, adaptation, Solar Radiation Management (SRM) and Carbon Dioxide Removal (CDR) 
methods in relation to the interconnected human, socio-economic and climatic systems and with respect to mitigation and 
adaptation. The top part of the figure represents the Kaya identity. REDD stands for Reduced Emissions from Deforestation 
and forest Degradation. The Figure has been revised after the meeting. 
 
2. Emerging Issues for Consideration in the AR5  

A number of points arose repeatedly in breakout and plenary sessions and were therefore highlighted during the synthesis 
session. 

Because of the longstanding ambiguity surrounding the term geoengineering, it is suggested that in the AR5, when 
assessing geoengineering options, the individual methods discussed might be referred to more specifically, i.e., by CDR and 
SRM rather than geoengineering, or when appropriate by the specific terms, e.g., cloud brightening, stratospheric aerosols, 
ocean fertilization, etc. The term geoengineering could be introduced at the beginning of each WG report and the synthesis 
report. 

IPCC Meeting Report on Geoengineering, 2012 



reforestation) for carbon sequestration purposes is a low 

risk approach that in addition to having climate benefi ts 

could also provide economic, social and other environmental 

benefi ts. The carbon sequestration potential is however 

small to moderate.

Air capture is expected to be effective but costly, with 

relatively low environmental impacts and low risk of 

unanticipated consequences, except for those associated 

with the sequestration of the CO2 captured (which would 

be similar to those for conventional CCS, which are low in 

the present context). The visual impact of a potentially large 

number of capture installations may be an issue, however 

this cannot be estimated in the absence of detailed designs 

and location could be chosen to avoid such confl icts.

Enhanced weathering is expected to be reasonably 

effective, with costs and environmental impacts broadly 

comparable to those of conventional mineral mining 

activities. The risk of unanticipated consequences should 

be low, since the processes envisaged are similar to those 

occurring naturally, but the minerals used would need to 

Table 2.9. Comparison of maximum effectiveness of the different CDR methods

Technique

Deployed to remove 1 GtC/Yr

Ultimate constraint

Max 
reduction 
in CO2 
(ppm) ReferenceCost

Impact of 
anticipated 
environmental 
effects

Risk of 
unanticipated 
environmental 
effects

Land use and 

afforestation

Low Low Low Competition with 

other land uses, 

especially 

agriculture

n/a Canadell & 

Raupach (2008); 

Naidoo et al. 
(2008)

Biomass with 

carbon 

sequestration 

(BECS) 

Medium Medium Medium Competition with 

other land uses, 

especially 

agriculture. 

Availability of 

sequestration sites 

50 to 150 Read & 

Parshotam 

(2007); 

Korobeinikov 

et al. (2006)

Biomass and 

biochar

Medium Medium Medium Supply of 

agricultural / 

forestry waste

10 to 50 Gaunt & 

Lehmann (2008)

Enhanced 

weathering on 

land

Medium Medium Low Extraction and 

energy costs

n/a Schuiling & 

Krijgsman (2006)

Enhanced 

weathering—

increasing 

ocean alkalinity

Medium Medium Medium Extraction and 

energy costs, 

ocean carbonate 

precipitation

n/a Kheshgi (1995); 

Rau (2008)

Chemical air 

capture and 

carbon 

sequestration

High Low Low Cost availability of 

sequestration sites

no 

obvious 

limit

Keith et al. 
(2005)

Ocean Fe 

fertilisation 

Low Medium High Dynamics of ocean 

carbon system 

10 to 30 Aumont & Bopp 

(2006)

Ocean N and P 

fertilisation

Medium Medium High Cost and 

availability of 

nutrients

5 to 20 Lenton & 

Vaughan (2009)

Ocean 

upwelling, 

downwelling

Not 

possible

1 to 5 Zhou & Flynn 

(2005)
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Table 3.6. Comparison of SRM techniques

SRM technique

Maximum 
radiative 
forcing (W/m2)

Cost per year per unit 
of radiative forcing 
($109/yr/W/m2) Possible side-effects 

Risk (at max 
likely level)

Human Settlement Albedo(a) -0.2 2000 Regional Climate Change L

Grassland and Crop Albedo(b) -1 n/a Regional Climate Change

Reduction in Crop Yields 

M

L

Desert Surface Albedo(c) -3 1000 Regional Climate Change

Ecosystem impacts

H

H

Cloud Albedo(d) -4 0.2 Termination effect(h)

Regional Climate Change 

H

H

Stratospheric Aerosols(e) Unlimited 0.2 Termination effect

Regional Climate Change

Changes in Strat. Chem. 

H

M

M

Space-based Refl ectors(f) Unlimited 5 Termination effect

Regional Climate Change

Reduction in Crop Yields 

H

M

L

Conventional Mitigation(g)

(for comparison only)

-2 to -5(g) 200(g) Reduction in Crop Yields L

(a)  Radiative forcing estimate from Lenton & Vaughan (2009). Mark Sheldrick (private communication) has estimated the costs of 
painting urban surfaces white, assuming a re-painting period of once every 10 years, and combined paint and manpower costs 
of £15,000/ha. On this basis the overall cost of a ‘white roof method’ covering a human settlement area of 3.25 x 1012 m2 would be 
£488 billion/yr, or £2.4 trillion per W/m2 per year.

(b)  Radiative forcing estimate from Lenton & Vaughan (2009).

(c)  Radiative forcing estimate from Gaskill (2004).

(d)  Radiative forcing estimate from Latham et al. (2008). Cost estimate from Brian Launder assuming 300 to 400 craft per year plus 
operating costs, giving a total cost of £1 billion per year.

(e)  Costs here are the lowest estimated by Robock et al. (in press) for the injection of 1 TgC H2S per year using nine KC-10 Extender 
aircraft. It is assumed that 1 TgS per year would produce a -1 W/m2 radiative forcing (cf. Lenton & Vaughan (2009) quote 1.5 to 
5 TgS yr -1 to offset a doubling of CO2).

(f)  For a radiative forcing sufficient to offset a doubling of CO2 (-3.7 W/m2), a launch mass of 100,000 tons is assumed. Cost 
assessment is predominantly dependent on expectations about the future launch costs and the lifetime of the solar reflectors. 
Launch costs of $5000/kg are assumed. and that the reflectors will need to be replaced every 30 years. This produces a total cost 
of $17 billion per year for -3.7 W/m2, or about $5 billion per year per W/m2 (Keith 2000; Keith, private communication).

(g)  Conventional Mitigation: 0.5 to1% of Global World Product (GWP) required to stabilise CO2 at 450 to 550 ppmv (Held 2007). Current 
GWP is about $40 trillion per year, so this represents about $400 billion per year. Assuming that unmitigated emissions would lead 
to about 750 ppmv by 2100, then the unmitgated RF = 3.7/ln(2)*ln(750/280) = 5.25 W/m2, and the conventional mitigation instead 
leads to a RF = 3.7/ln(2)*ln(500/280) = 3.1 W/m2. So the net change in radiative forcing due to this mitigation effort is about 2.15 W/m2. 
On this basis the cost of conventional mitigation is about $200 billion per year per W/m2. Stern estimates 1% of global GDP per 
year, which is currently about $35 trillion (amounting to an annual cost of $350 billion per year), to stablise at 500 to 550 ppmv of 
CO2 equivalent (http://www.occ.gov.uk/activities/stern_papers/faq.pdf). This gives a similar conventional mitigation cost of $150 to 
200 billion per year per W/m2.

(h)  ‘Termination effect’ refers here to the consequences of a sudden halt or failure of the geoengineering system. For SRM approaches, 
which aim to offset increases in greenhouse gases by reductions in absorbed solar radiation, failure could lead to a relatively 
rapid warming which would be more difficult to adapt to than the climate change that would have occurred in the absence of 
geoengineering. SRM methods that produce the largest negative forcings, and which rely on advanced technology, are considered 
higher risks in this respect.

vegetated surfaces, which are variously estimated as 
offering reductions in radiative forcing of between 0.5 and 
1.0 W/m2, could make a useful contribution if suffi ciently 
widespread take-up were stimulated. However, incentives 
for growing high-albedo plant varieties instead of those 

currently grown would have to be designed and 
implemented, and the unintended effects, including 
land use confl icts, of such incentives would have to be 
carefully researched before they could be considered 
for deployment.
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included. The results of this exercise are illustrated in 

Figure 5.1. The effectiveness of the methods is plotted 

against their affordability (the inverse of the cost for a 

defi ned magnitude of effect), with the size of the points 

indicating their timeliness (on a scale of large if they are 

rapidly implementable and effective, through to small if 

not), and the colour of the points indicating their safety (on 

a scale from green if safe, through to red if not). Indicative 

error bars have been added to avoid any suggestion that 

the size of the symbols refl ects their precision (but note 

that the error bars are not really as large as they should be, 

just to avoid confusing the diagram). This diagram is 

tentative and approximate and should be treated as no 

more than a preliminary and somewhat illustrative attempt 

at visualising the results of the sort of multi-criterion 

evaluation that is needed. It may serve as a prototype for 

future analyses when more and better information becomes 

available. However, even this preliminary visual presentation 

may already be useful, simply because an ideal method 

would appear as a large green symbol in the top right-hand 

quadrant of the fi gure, and no such symbol exists. The 

nearest approximation is for stratospheric aerosols, which 

is coloured amber, because of uncertainties over its 

side-effects, as discussed in Section 3.3.3.

Analysis of technical feasibility and 5.3.1 
risks of different methods

Geoengineering by CDR methods is technically feasible but 

slow-acting and relatively expensive. The direct costs and 

local risks of particular methods would differ considerably 

from each other but could be comparable to (or greater 

than) those of conventional mitigation; in particular there 

would be major differences between contained engineered 

methods and those involving environmental modifi cation. 

The technologies for removing CO2 and many of their 

consequences are very different from those of technologies 

for modifying albedo. While CDR methods act very slowly, 

by reducing CO2 concentrations they deal with the root 

cause of climate change and its consequences.

The most desirable CDR techniques are those that remove 

carbon from the atmosphere without perturbing other 

Earth system processes, and without deleterious land-use 

change requirements. Engineered air capture and 

enhanced weathering techniques would be very desirable 

tools if they can be done affordably, without unacceptable 

local impacts. Both warrant further research to establish 

how much carbon they can remove, at what cost.

CDR techniques that sequester carbon but have land-use 

implications (such as biochar and soil-based enhanced 

weathering) may make a useful contribution, but this may 

only be on a small scale, and research is required to fi nd out 

the circumstances under which they would be economically 

viable and socially and ecologically sustainable. Techniques 

that intervene directly in Earth systems (such as ocean 

fertilisation) would require much more research to 

determine whether they can sequester carbon affordably 

and reliably, without incurring unacceptable side effects.

Implementation of SRM methods is also likely to be 

technically feasible at a direct fi nancial cost of 

implementation that is small compared to the costs of the 

impacts of foreseeable climate change, or of the emissions 

reductions otherwise needed to avoid them. However, as 

Figure 5.1. Preliminary overall evaluation of the geoengineering techniques considered in Chapters 2 and 3
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Caldeira & Wood (2008): SRM by 1.8% reduction in solar radiation 
compensates roughly for doubled CO2 induced temperature changes. 

2xCO2 + 
SRM 

2xCO2 

heat transport is greater than what the atmosphere can easily supply, resulting in
non-physical state with a very cold single grid cell near the Galapagos islands. A
10% weak to the implied zonal heat transport in the cells neighbouring the ‘bad’
point was enough to ‘fix’ the problem.)

To explore nonlinearities in the climate system, we performed additional
simulations. For each of three pairs of simulations, the top-of-atmosphere solar
insolation has been reduced by nearly the same amount, with the spatial
distribution of this reduction differing for the two members of the pair (table 1).
For example, both the Arctic61_1.84 and Global_1.84 simulations have the top-
of-atmosphere insolation reduced by 1.84 per cent (i.e. by 3.2 PW), but the
Arctic61_1.84 simulation applies this reduction in insolation power only north of
618N whereas the Global_1.84 simulation reduces insolation power by this same
amount through a fractional reduction in incoming sunlight over the entire Earth.

3. Results

We first compare results of the 2!CO2 and Global_1.84 simulations, then
examine the Arctic simulations, and finally address issues associated with the
degree of linearity exhibited in these simulations.

–1 0 1 2 3 4 5 6 7
= significant change at 0.05 level

temperature change (˚C)

(a)

(c)

(b)

(d )

Figure 1. Annual mean temperature changes in the (a,b) 2!CO2 and (c,d) Global_1.84
simulations. Shown are temperature changes from the 1!CO2 cases (a,c) and areas where the
temperature change is statistically significant at the 0.05 level (b,d ). This idealized climate
engineering simulation indicates that relatively simple climate engineering may be able to diminish
temperature changes in most of the world.

K. Caldeira and L. Wood4042

Phil. Trans. R. Soc. A (2008)
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dry wet 

less growth more growth 

2xCO2+2%SRM 

Hydrologic/Vegetation Impacts 
Dagon & Schrag (2016): Evaporation over land decreases as CO2 increases 
and solar radiation decreases; plant photosynthesis increases. 

Evaporation 
(mm/day) 

Photosynthesis 
(umol/m2s) 2xCO2+2%SRM 



Ricke et al. 2010

Attempts to optimize 
SRM on a global scale 
cannot simultaneously 
stabilize global 
temperature and 
precipitation 
everywhere.

Regional Inequalities
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Figure 3
Model-simulated global and annual mean surface air temperature (red lines) for a business-as-usual CO2
emission scenario (Matthews & Caldeira 2007). (a) Cases showing cooling when solar intensity is reduced in
years 2000, 2025, 2050, and 2075. (b) Cases in which solar intensity is decreased to compensate for increasing
CO2 content and then returned rapidly to the full value. Simulations with doubled climate sensitivity are
plotted as dashed lines. Abrupt deployment of a solar geoengineering scheme can produce a rapid cooling,
and an abrupt failure of a solar geoengineering scheme could cause a rapid rebound warming. Reproduced
from Matthews & Caldeira (2007) with permission.

climate than that yielded by a globally uniform aerosol loading. However, this polar weighting of
stratospheric sulfate tended to degrade the degree to which the hydrological cycle is restored.

Robock et al. (2008) found that both tropical and Arctic SO2 injection disrupt the Asian and
African summer monsoons. Lunt et al. (2008) reported that compared with the natural climate,
a uniform reduction in solar radiation leads to reduced El Niño–related variability and increased
North Atlantic overturning. Braesicke et al. (2011) found that a large reduction in solar radiation

236 Caldeira · Bala · Cao

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
13

.4
1:

23
1-

25
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 H
ar

va
rd

 U
ni

ve
rs

ity
 o

n 
06

/0
6/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Caldeira et al. 2013, adapted from 
Matthews & Caldeira 2007 

Termination Effect

Temperature response 
when SRM is deployed in 
the years shown 

Temperature response 
when SRM is terminated 
(dashed lines show 
doubled climate sensitivity) 
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Figure 3. Comparison of the solar reductions required to maintain a 0.1◦C per decade rate of temperature change for different
RCP emission pathways. The RCP 4.5 case is the same as in figure 2b. Each case is predicted using the box-diffusion model, and
then simulated using HadCM3L, with feedback to correct for differences between the box-diffusion model and the GCM. Note
that the box-diffusion model in this case provides a good estimate for RCP 2.6, RCP 4.5 and RCP 6.0, but that nonlinearities in
HadCM3L at high radiative forcing result in the box-diffusion model giving a poorer prediction for RCP 8.5: this illustrates the
value of using feedback, as the 0.1◦C per decade rate of change of temperature is maintained (see electronic supplementary
material, figure S1) despite the model errors. (Online version in colour.)

geoengineering deployment would lead to rapid temperature change; for example, the recent
Intergovernmental Panel on Climate Change report [28] includes the statement ‘If SRM were
terminated for any reason, there is high confidence that global surface temperatures would rise
very rapidly. . .’. While this is clearly true if some war or calamity caused a sudden termination
in the use of solar geoengineering, it is important to note that this does not follow if there was a
conscious choice to phase-out solar geoengineering for some reason, such as newly discovered
side-effects. Furthermore, if a sudden termination did occur, it is conceivable that the solar
geoengineering deployment might be rapidly re-initiated. Such a brief termination might have
characteristics of a similar magnitude but opposite in sign to those of a volcanic eruption. The
approach used here is also applicable to limit how rapidly the climate is allowed to warm, trading
off impacts from the newly discovered side-effects against the impacts from rapid warming. An
example is shown in figure 7; clearly, any warming rate can be imposed, with consequences on
how much longer some level of SRM would still be required.

3. Methods
Simulations herein use the HadCM3L fully coupled atmosphere–ocean general circulation model
[29], forced by different RCPs [22,23]. HadCM3L has a climate sensitivity of approximately 3.2◦C,
similar to the 3.4◦C average of the more current CMIP5 models [30]; it is thus well suited
to give a reasonable mid-range estimate of global mean-temperature response. The transient
response of the global mean temperature in HadCM3L is quite well captured by either a semi-
infinite diffusion model [31] or a box-diffusion model [4]; this is also consistent with the dynamic
behaviour of most of the CMIP5 models [32].

The box-diffusion model relates perturbations in surface temperature T(t) in response to
radiative forcing perturbation F(t) via

C
dT
dt

= F − λT + β
∂Td
∂z

!!!!
z=0

(3.1)

 on November 18, 2014http://rsta.royalsocietypublishing.org/Downloaded from 

MacMartin et al. (2014): % solar reduction required to maintain a 
constant 0.1°C per decade rate of temperature change 



Comparison with Emissions Pathways 

NATURE CLIMATE CHANGE | VOL 4 | OCTOBER 2014 | www.nature.com/natureclimatechange 851

opinion & comment

Taking into account the full scenario range, 
global net negative emissions would need to 
set in around 2070 for the most challenging 
scenarios and progressively later for higher-
temperature stabilization levels.

IAMs6 and Earth system models (ESMs2) 
provide different but complementary 
approaches for quantifying negative 
emissions requirements. ESMs simulate 
the compatible net CO2 emissions based on 
mass balance between atmospheric changes 
in CO2 and land and ocean carbon sinks. A 
model intercomparison of ten ESMs found 
that two-thirds of the models required net 
negative emissions in the second half of the 
century9, but the ESMs make no assumption 
on how this is technically achieved. For 
IAMs, negative emissions are an outcome of 
an economic optimization driven by a choice 
between reducing emissions and BECCS 
(gross negative emissions). Both approaches 
model the link between CO2 emissions, 
atmospheric concentrations and subsequent 
climate change. Importantly, some of the 
non-CO2 emissions (for example, CH4 and 
N2O from agriculture) will be very difficult 
to mitigate completely, as will some CO2 
emissions from industry and transportation 
below which mitigation will be economically 
and technically very difficult10. Therefore, 
to reach long-term climate stabilization 
under the 2 °C limit, there is likely to be 
a requirement for gross negative CO2 

emissions (that is, at the project level) and 
likely also for net negative emissions (that is, 
the global net balance). 

The challenges ahead
The deployment of large-scale 
bioenergy faces biophysical, technical 
and social challenges11, and CCS is yet 
to be implemented widely. Four major 
uncertainties need to be resolved: (1) the 
physical constraints on BECCS, including 
sustainability of large-scale deployment 
relative to other land and biomass needs, 
such as food security and biodiversity 
conservation, and the presence of safe, long-
term storage capacity for carbon; (2) the 
response of natural land and ocean carbon 
sinks to negative emissions; (3) the costs 
and financing of an untested technology; 
and (4) socio-institutional barriers, such as 
public acceptance of new technologies and 
the related deployment policies. In the IAM 
scenarios in AR56 that are consistent with 
warming of less than 2 °C, the requirement 
for BECCS ranges between 2 and 10 Gt CO2 
annually in 2050, corresponding to 
5–25% of 2010 CO2 emissions and 4–22% 
of baseline 2050 CO2 emissions. Huge 
upscaling efforts will be needed to reach 
this level. In comparison, the current global 
mean removal of CO2 by the ocean and 
terrestrial carbon sinks is 9.2 ± 1.8 Gt CO2 
and 10.3 ± 2.9 Gt CO2, respectively5,12. 

Concerning the capture and storage portion 
of the BECCS chain, the International Energy 
Agency’s CCS roadmap clearly illustrates 
that huge efforts would be needed to achieve 
the scale of CCS (both fossil fuel emissions 
CCS and BECCS) foreseen in current 
stabilization scenarios, as publicly supported 
demonstration programs are still struggling 
to deliver actual large-scale projects13.

It is difficult to estimate the actual costs 
of BECCS, as it is partially in competition 
for resources (land, biomass and storage 
capacity, and cost of CCS) used in other 
mitigation options and for objectives beyond 
climate stabilization. However, while negative 
emissions might seem more expensive than 
established mitigation options, including 
fossil fuel emissions CCS, the mitigation 
pathways to 2100 excluding negative 
emissions technologies are all substantially 
more expensive than the pathways including 
those technologies6,14,15.

Policymakers will need a much more 
complete picture of negative emissions 
than what is currently at hand. Issues of 
governance and behavioural transformations 
need to be better understood. The reliance 
of current scenarios on negative emissions, 
despite very limited knowledge, calls for 
a major new transdisciplinary research 
agenda to (1) examine consistent narratives 
for the potential of implementing and 
managing negative emissions, (2) estimate 

Figure 1 | Carbon dioxide emission pathways until 2100 and the extent of net negative emissions and bioenergy with carbon capture and storage (BECCS) 
in 2100. a, Historical emissions from fossil fuel combustion and industry (black) are primarily from the Carbon Dioxide Information Analysis Center4,6. They 
are compared with the IPCC fifth assessment report (AR5) Working Group 3 emissions scenarios (pale colours) and to the four representative concentration 
pathways (RCPs) used to project climate change in the IPCC Working Group 1 contribution to AR5 (dark colours). b, The emission scenarios have been grouped 
into five climate categories5 measured in ppm CO2 equivalent (CO2eq) in 2100 from all components and linked to the most relevant RCP. The temperature 
increase (right of panel a) refers to the warming in the late twenty-first century (2081–2100 average) relative to the 1850–1900 average24. Only scenarios 
assigned to climate categories are shown (1,089 of 1,184). Most scenarios that keep climate warming below 2 °C above pre-industrial levels use BECCS and 
many require net negative emissions (that is, BECCS exceeding fossil fuel emissions) in 2100. Data sources: IPCC AR5 database, Global Carbon Project and 
Carbon Dioxide Information Analysis Center.
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Fuss et al. (2014): most scenarios limiting warming to below 2°C include 
moderate amount of BECCS and even net negative emissions 



How could SRM impact solar energy? 
•  1982 eruption of El Chichon resulted in 2% decrease in total 

solar radiation, 25% decrease in direct radiation/power 
production at the Barstow prototype solar power tower 
installation (MacCracken, 2006) 

•  1991 eruption of Mount Pinatubo resulted in decrease in peak 
power output of 20% in California (Murphy, 2009; Robock et 
al., 2009) 

•  Different solar power systems respond nonlinearly to changes 
in total available sunlight, particularly concentrated solar 
(Robock, 2008) 



How could SRM impact solar energy? 

range globally averaged direct sunlight is reduced 2.7-4.8
times as much as total sunlight.

The calculations shown here are for spherical particles
with the refractive index of sulfuric acid produced after
injection into the stratosphere of either carbonyl sulfide or
sulfur dioxide. Designer particles have also been mentioned
(1). Equations 1 and 2 would still be valid, but the phase
functions S(θ) would be different from those for spherical
particles. Such phase functions would change with time as
the particles were coated with and/or dissolved by naturally
occurring sulfuric acid in the stratosphere, as is the case for
ablated meteor debris in the stratosphere (7).

Discussion
There are many consequences of large changes from direct
to diffuse sunlight. Diffuse solar radiation affects ecosystem
productivity (8). An effect considered here is the reduction
in output from central solar electric power generation. As an
alternative to flat photovoltaic panels, concentrating systems
focus sunlight either onto high-efficiency photovoltaic cells
or onto tubes to produce steam or a hot fluid. This heat is
used to generate power using a conventional generator. In

sunny locations centralized thermal plants using concen-
trated sunlight generate electricity at lower cost than
electricity from photovoltaic cells (9). There are nine SEGS
plants in California with a combined capacity of 354 peak
MW as well as plants operating and under construction
elsewhere in the world.

An important characteristic of concentrating solar col-
lectors is that they only utilize direct sunlight. The power
output of the SEGS plants therefore dropped significantly
after the eruption of Mt. Pinatubo (10, 11). The percentage
reduction in total power generation was similar to the
reduction in direct sunlight. For example, both the Mauna
Loa direct sunlight and the total power generation increased
by 13% between 1992 and 1993 as the stratosphere aerosol
layer recovered from the eruption (Figure 2). The on-peak
solar capacity was more sensitive to the decrease in direct
sunlight than was the total power generation (Figure 2b).
This is because “on-peak” is defined by peak electricity
demand (afternoons in late summer) rather than peak solar
performance. The slant path through the stratosphere is
longer at times of peak electrical demand than it is at local
noon, causing a larger reduction in on-peak power even
though the relative amount of diffuse sunlight is smaller at
large solar zenith angles (thin lines in Figure 1a).

Combining the ratio of changes in direct to total sunlight
with operation at various solar angles, each 1% reduction in

FIGURE 1. (a) Changes due to aerosols in globally averaged
direct and diffuse sunlight (thick line) as calculated from
scattering theory. Selected solar zenith angles are also shown.
For example, in the global average 0.4 µm diameter particles
scatter about 4 times as much energy out of the direct solar
beam as they reflect to outer space. The diameters labeled
“nonvolcanic” and “volcanic” are the median scat-
tering-weighted diameters of the stratospheric aerosol layer
between and after major volcanic eruptions. That is, half of the
light is scattered by particles smaller or larger than these
diameters. For this figure light scattered less than 2.8° was
considered to remain direct sunlight. The thin dashed line
diverging from the heavy global line shows the effect of having
no cutoff angle instead of 2.8°. (b) Mass scattering efficiency
for light scattered to outer space and fall velocity for standard
conditions at 20 km.

FIGURE 2. (a) Sunlight measured at Mauna Loa. The reduction
in direct sunlight and increase in diffuse sunlight following the
eruption of Mt. Pinatubo in 1991 are readily apparent.
The reduction in total sunlight was much smaller. (b) Output of
the solar electric generating systems (SEGS) solar thermal
power plants in California (data are from ref 9). The SEGS
plants had significant reductions in on-peak capacity and total
output following the eruption of Mt. Pinatubo.
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Murphy (2009) 

Sunlight at Mauna Loa Power production at solar 
thermal plants in CA 
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Figure 4 Schematic comparison between modes of mitigation. (A) Conventional mitiga-
tionmeans anymethod other than geoengineering or carbonmanagement, e.g. conservation
or use of nonfossil energy. The addition of carbon management lowers the cost of emis-
sions mitigation; however, costs will still rise steeply as one tries to eliminate all emissions.
Conversely, albedo modification from space has very high initial capital costs but can pro-
vide essentially unlimited-effect low marginal cost. (B) Sequestration based on ecosystem
modification will have costs that rise steeply at a mitigation amount (carbon flux) set by the
internal dynamics of the respective systems.

Keith 2000 



Climate Engineering: some questions 

How do we do it?  
What does it do to the climate system?  
What does it do to the Earth system? 
What might go wrong?  
Does it postpone the need to reduce CO2 emissions? 
Will it postpone the reduction of CO2 emissions? 
Who controls it? 
When should we start (if at all)?  
What do we need to know before we start? 

 

 

 




