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Abstract
We examine the climate impact of geoengineering via two different methods, namely,
stratospheric SO2 injection and increasing reflectivity of marine stratocumulus clouds.
Although both methods appear capable, in principle, of counteracting the global mean
warming due to increases in greenhouse gas concentrations, significant changes in regional
climate still result. The extent of this regional climate change appears linked to the
location and degree of inhomogeneity of the radiative flux perturbations produced by each
geoengineering method.  Crown Copyright 2010. Published with the permission of the
Controller of HMSO and the Queen’s Printer for Scotland
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1. Introduction

Alternatives to emission reduction have been proposed
to counteract the effects of increases in concentra-
tions of anthropogenic greenhouse gases (GHGs) or to
directly reduce their concentrations through removal
(Lenton and Vaughan, 2009; Royal Society, 2009).
One subset of these ‘geoengineering’ proposals aims
to manage the Earth’s radiation budget by counteract-
ing the positive radiative imbalance due to elevated
GHG concentrations by reflecting solar radiation back
to space.

Two proposed methods for increasing the Earth’s
reflectivity are (1) injection of sulphur dioxide (SO2)
into the stratosphere where it oxidises to form sul-
phate aerosol particles which scatter incoming sun-
light (Crutzen, 2006) and (2) using automated ships
to spray droplets of seawater into the marine bound-
ary layer where they evaporate to form an ele-
vated concentration of sea-salt aerosols which nucle-
ate higher concentrations of cloud droplets in marine
clouds, thereby increasing their reflectivity (Latham,
1990; Latham et al., 2008). We compare the cli-
mate impact of these two proposals simulated in
the same coupled atmosphere–ocean climate model,
based on the simulations of Jones et al. (2010) for
stratospheric SO2 injection and Jones et al. (2009)
for marine cloud brightening. We assume that GHG
concentrations rise in a ‘business as usual’ manner
and that geoengineering is employed to counter the
rise in temperature. We then assess the impact of
geoengineering on future climate and how such a
geoengineered world might differ from the current
climate.

2. Model simulations

This study uses the second version of the Met
Office Hadley Centre’s Global Environment Model,
HadGEM2-AO (Collins et al., 2008), which is a fully
coupled atmosphere–ocean model. The atmosphere
model has a horizontal resolution of 1.25◦ latitude by
1.875◦ longitude and has 38 vertical levels. The 40-
level ocean/sea-ice model has a zonal resolution of
1◦ throughout and a variable meridional resolution: 1◦
from the Poles to 30 ◦N/S, then increasing smoothly to
1/3◦ at the equator. The one small difference between
the model used by Jones et al. (2009) for cloud bright-
ening and that used by Jones et al. (2010) for strato-
spheric SO2 injection is the introduction of gravita-
tional sedimentation of sulphate aerosol in the latter.
This process is insignificant in the troposphere where
sulphate removal is dominated by wet deposition, but
when simulating stratospheric sulphate this process
must be included to ensure a realistic aerosol lifetime.

To estimate the impact of geoengineering on the
radiative balance of the Earth, we used the atmosphere-
only version of this model, where prescribed sea-
surface temperatures and sea-ice distributions appro-
priate for the late 20th century are used. Two pairs
of simulations are performed, one simulation in each
pair being a control, the other with geoengineering.
The 10-year mean difference in top-of-atmosphere net
radiation provides a measure of the radiative impact of
the respective geoengineering methods. As each sim-
ulation in a pair evolves with different meteorology,
the radiative impact is not a true radiative forcing but
a measure known as the radiative flux perturbation
(RFP) (Haywood et al., 2009).
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The climate response to geoengineering was inves-
tigated using the fully coupled model. For each
geoengineering method, we consider three simula-
tions: (1) a ‘Control’ simulation up to 2000 driven
by historical forcings; (2) a 60-year ‘A1B’ simu-
lation initialised from 2000 with GHG emissions
following the IPCC’s A1B scenario (Nakićenović
et al., 2000); and (3) a 60-year ‘A1B + geoengi-
neering’ simulation. Geoengineering could be intro-
duced gradually so that global mean temperatures
do not deviate much from current values. How
such a phasing-in might be calibrated is currently
unknown, and we therefore performed idealised sim-
ulations where geoengineering was applied fully from
2000.

For geoengineering via stratospheric SO2 injection,
we use the simulations of Jones et al. (2010) which
follows Robock et al. (2008) injecting 2.5 Tg[S]
year−1 into the lower stratosphere (∼16–23 km). The
standard version of HadGEM2 (model top at ∼40 km)
is not a dedicated ‘stratospheric’ configuration, so
to reduce any problems with stratospheric transport,
SO2 injection was applied uniformly across the globe.
For geoengineering via cloud brightening, we use
the ‘ALL’ simulations of Jones et al. (2009), which
modifies the persistent stratocumulus cloud sheets on
the eastern sides of the North Pacific, South Pacific
and South Atlantic by increasing cloud droplet num-
ber concentration to the model’s asymptotic limit of
375 cm−3.

3. Results

3.1. Radiative flux perturbation

Figure 1 shows the distribution of 10-year mean RFP
from stratospheric SO2 injection (Figure 1(a)) and
marine stratocumulus cloud brightening (Figure 1(b)).
The global mean RFP from SO2 injection is approx-
imately 25% greater than that from cloud bright-
ening for the scenarios presented here, but both
are significant compared with the positive forc-
ing due to current levels of GHGs (+2.63 Wm−2;
IPCC, 2007). Their geographic distributions, how-
ever, are completely different. The RFP from SO2
injection is quite uniformly distributed, with local
values rarely exceeding −3 Wm−2. In contrast, the
RFP from cloud brightening is concentrated solely
in the areas of marine stratocumulus, with values of
more than −30 Wm−2 over much of these regions.
This extreme inhomogeneity is of course related to
the experimental design which targets the stratocu-
mulus regions. The area of positive RFP over the
Sahara in Figure 1(b) is due to a difference in min-
eral dust concentration between experiment and con-
trol simulations. Whether this is causally related to
the cloud modification or a random fluctuation in
this highly variable quantity is a topic for further
study.

(a)

Mean = -1.23 Wm-2

-30 -10 -5 -3 -1 1 3 5 10 30

(b)

Mean = -0.97 Wm-2
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Figure 1. Annual mean radiative flux perturbation (Wm−2) for
geoengineering via (a) stratospheric SO2 injection at 2.5 Tg[S]
year−1, and (b) increasing cloud droplet concentration to
375 cm−3 in the marine stratocumulus cloud sheets at the
eastern sides of the North Pacific, South Pacific and South
Atlantic.

3.2. Climate impacts of SO2 injection

For geoengineering via stratospheric SO2 injection,
Figure 2(a) shows the time evolution of annual global
mean near-surface air temperature for the period
1990–1999 in the Control (green line) simulation,
and for A1B (red line) and A1B + geoengineering
(blue line) simulations for 2000–2060. As geoengi-
neering is applied fully from 2000 the A1B + geo-
engineering simulation cools initially, but the effect
of GHG increases eventually dominates. Warming
recommences after about 20 years, reaching late 20th
century values after ∼35 years.

We consider averages of three decades as shown
in Figure 2(a): years 1990–1999 in the Control, an
approximate measure of current climate (decade A);
the years 2028–2037 in the geoengineering simula-
tion, where the decadal mean temperature difference
from decade A is approximately zero (decade B); and
the same period as B but in the A1B run (decade
C). The climate in decade B might depend on the
trajectory of the simulation before the period in ques-
tion – for example, it might be different if geoengi-
neering could have kept the temperature constant at
the 1990–1999 level. Jones et al. (2010) performed
another simulation where geoengineering was termi-
nated in 2025. This warmed to the 1990–1999 level
faster than the standard geoengineering simulation, yet
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Figure 2. Climate impacts of geoengineering via stratospheric SO2 injection. (a) Evolution of annual global mean 1.5 m air
temperature anomaly (K) with respect to the 1990–1999 period (decade A). (b) Change in 1.5 m air temperature (K): decade C
minus decade A. (c) Change in land precipitation rate (mm day−1): decade C minus decade A. (d) As (b) but for B minus C. (e) As
(c) but for B minus C. (f) As (b) but for B minus A. (g) As (c) but for B minus A.

the climate in this period was very similar to that
in decade B, suggesting that the precise trajectory to
decade B may not be relevant. This may not hold, how-
ever, for changes on longer timescales or if the change
is so large as to trigger some irreversible feedback.

We first consider how climate might change under
the A1B scenario without any geoengineering. This
provides a baseline against which to assess the effects

of geoengineering. The impact of A1B at the given
period is shown in Figure 2(b) and (c) for annual mean
near-surface air temperature and land precipitation,
respectively; this is the difference between decades
C and A (Figure 2(a)). The changes in temperature
follow the classic signal of GHG-induced warming
(IPCC, 2007) with greater warming at high latitudes
and over land. Global mean precipitation changes by
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Figure 3. Changes in annual mean sea-ice fraction (left column) and net primary productivity (right column, kg[C] m−2 year−1)
for geoengineering via stratospheric SO2 injection: (a) and (b), impact of A1B – decade C minus decade A; (c) and (d), impact of
geoengineering – decade B minus decade C; (e) and (f), combined impact for no change in global mean temperature – decade B
minus decade A.

−0.5% and there is also a net reduction in land precip-
itation, with large reductions in Amazonia and smaller
reductions in southern Africa and around the Bay of
Bengal. The impact on sea-ice and vegetation net pri-
mary productivity (NPP) is shown in Figure 3(a) and
(b), respectively. Arctic and Antarctic sea-ice areas
reduce by approximately 3.2 and 1.8 million km2,
respectively, relative to the 1990–1999 mean values
(Arctic, 18.8, and Antarctic, 11.5 million km2). The
effects of CO2 fertilization produce a general increase
in NPP (Figure 3(b)), with the clear exception of the
northeastern region of South America.

The impact of geoengineering on the GHG-induced
warming is shown in Figure 2(d), which is the dif-
ference between decades B and C. The distribution

of cooling is similar to the warming produced by
GHGs, with more cooling at high latitudes and over
land. Global mean precipitation is reduced by 1.8%,
although there is little impact on precipitation over
land (Figure 2(e)): while the distribution of changes
generally tends to oppose that due to GHG increases,
they are much smaller in magnitude. Figure 3(c)
shows that the cooling restores some of the sea-ice,
increasing by approximately 1.8 and 0.9 million km2

in the Arctic and Antarctic, respectively. The impact
on NPP is small (Figure 3(d)).

Finally, the climate changes in a geoengineered
world compared with current conditions are indi-
cated by the differences between decades B and A.
By design the change in global mean temperature
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with respect to current levels is ∼0, but regionally
there are significant differences (Figure 2(f)). There
are large areas of cooling, with central Africa and Aus-
tralia being more than 0.5 K cooler than current lev-
els. However, there is significant high latitude warm-
ing, especially in the Arctic, where warming exceeds
3 K over a considerable area. Figure 3(e) shows that
the impact of GHGs still dominates the changes
in sea-ice, with reductions at both Poles compared
with 1990–1999 levels. Global mean precipitation is
reduced by approximately 2.3% from 3.05 to 2.98 mm
day−1, and the large reduction in precipitation over
Amazonia is still evident (Figure 2(g)), which would
have serious consequences for the rainforest, as indi-
cated by the impact on NPP (Figure 3(f)). On the other
hand, there is a general increase in NPP in other trop-
ical areas, including sub-Saharan Africa.

3.2. Climate impacts of stratocumulus
modification

Figure 4(a) shows the time evolution of near-surface
air temperature for the case of geoengineering via
marine stratocumulus modification. The Control simu-
lation is the same as in Figure 2(a), and while the A1B
run is a slightly different realization of that shown in
Figure 2, as the latter includes a treatment of the grav-
itational sedimentation of sulphate aerosol, they are in
all relevant respects the same.

As the RFP from stratocumulus modification is
about 25% smaller than that from SO2 injection,
global mean temperature in the geoengineering run
returns to the 1990–1999 mean value somewhat ear-
lier, so decades B and C are now years 2019–2028
(Figure 4(a)). As decade B is now ∼10 years ear-
lier than for SO2 injection, the impacts of GHG
increases in A1B (Figure 4(b) and (c)) are somewhat
smaller than the corresponding panels in Figure 2, but
the distributions are very similar. The same applies
to the impacts on sea-ice (Figure 5(a)) and NPP
(Figure 5(b)); at this point in time, Arctic and Antarc-
tic sea-ice cover in A1B have been reduced by 2.3 and
1.3 million km2, respectively.

The impact on near-surface temperature is shown
in Figure 4(d) (difference of decades B and C).
The cooling is more inhomogeneous than in the
case of SO2 injection, with areas of strong cooling
in the vicinity of the three persistent stratocumulus
sheets. There are also larger areas which show some
warming, the northeast of South America being one
notable region. There is less of a positive impact
on sea-ice, with increases of 0.9 and 0.5 million km2

in Arctic and Antarctic sea-ice cover, respectively.
Global mean precipitation is reduced by 1.6%, but
the changes in land precipitation (Figure 4(e)) are sig-
nificantly different from those caused by SO2 injec-
tion (cf. Figure 2(e)), with a large area of South
America showing a marked reduction in precipita-
tion. This feature is also seen in the change in NPP
(Figure 5(d)).

The distribution of temperature changes in the
geoengineered world is shown in Figure 4(f). Despite
there being no change in the global mean temperature,
there are marked regional changes. As in Figure 2(f),
there is significant warming at high latitudes and
cooling at low latitudes, but the latter is stronger in
the case of stratocumulus modification. There is also
more continental warming in the Northern Hemisphere
and increased warming in the north of South America.
As with SO2 injection, there are significant reductions
in polar ice (Figure 5(e)). Global mean precipitation
is reduced by 2.3% as in the SO2 simulations, but
the changes in land precipitation are greater than
for SO2 injection with enhanced drying in South
America (Figure 4(g)) and consequent impacts on NPP
(Figure 5(f)).

4. Discussion and Conclusion

Both geoengineering methods are successful in coun-
teracting the rise in global mean temperature caused by
increasing concentrations of GHGs, at least for a time.
To continue to balance the GHG-induced warming
after their respective B decades, the level of geoengi-
neering would have to be increased. For SO2 injection,
this would mean having to increase injection rates,
although possible nonlinear effects could reduce the
cooling efficiency of further injection (Heckendorn
et al., 2009). For the cloud brightening approach, this
would presumably entail further cloud modification, in
terms of increasing both the regions where clouds were
modified and the amount by which they were modified.
For either approach to geoengineering, the problems
that would arise should geoengineering suddenly be
terminated would only increase as time went on.

Although there is no change in global mean tem-
perature in the B decades of the geoengineering
simulations, the same is not true for global mean
precipitation, both methods producing a reduction of
2.3%, comparable with the 1.7% reduction for a sim-
ilar scenario obtained by Bala et al. (2008). As dis-
cussed by Bala et al. (2008), this illustrates one of
the problems in attempting to counteract the longwave
radiative impact of GHGs by changing the planet’s
shortwave radiation balance.

The impact of geoengineering on regional climate
for the two cases considered here has a strong depen-
dence on the homogeneity and/or location of the
applied RFP. Despite the somewhat larger RFP (−1.3
cf. −1.0 Wm−2), the negative impacts of (uniform)
SO2 injection are arguably less than those due to
(regional) stratocumulus modification. For SO2 injec-
tion, the distribution of cooling is similar to the
GHG-induced warming, and the changes in land
precipitation, while small, generally tend to oppose
those induced by GHGs. In contrast, the tempera-
ture and precipitation changes caused by stratocumu-
lus modification are quite different, and in the case
of South America, act to enhance, not reduce, both
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Figure 4. As Figure 2 but for the climate impacts of geoengineering via marine stratocumulus modification. Note that decades B
and C are earlier than in Figure 2 (2019–2028 cf. 2028–2037).

the warming and the drying caused by GHGs. It
would, of course, be possible to modify clouds in
other areas, and to a different degree than investigated
by Jones et al. (2009). Rasch et al. (2009) modified
clouds over 20–70% of the world’s oceans, com-
pared with the <5% of ocean area considered here.
They also increased cloud droplet number concen-
tration to much higher values (1000 cm−3 compared

with 375 cm−3). The results of Rasch et al. (2009)
do not show a significant reduction of precipitation
over South America, although it is not clear whether
this is due to differences in experimental design or
to the different behaviour of the two climate mod-
els. The semi-permanent marine stratocumulus cloud
sheets considered by Jones et al. (2009) are likely
the best year-round areas to apply geoengineering
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Figure 5. As Figure 3 but for geoengineering via marine stratocumulus modification. Note that decades B and C are earlier than
in Figure 3 (2019–2028 cf. 2028–2037).

(Salter et al., 2008). Not only are the cloud’s radia-
tive properties and lifetime sensitive to perturbation
by geoengineering, but the lifetime of sea-salt in the
atmosphere subsequent to injection is longer than else-
where owing to reduced precipitation. Model simula-
tions show that sea-salt aerosol lifetimes are three to
six times longer in the stratocumulus areas compared
with mid-latitude storm-track regions.

The main conclusion is that using geoengineering
to maintain the global mean temperature at current
levels is unlikely to avoid significant regional cli-
mate changes due to continued increases in GHG
concentrations: the regional changes caused by long-
wave radiative forcing by GHGs cannot be simply
offset by invoking a compensating shortwave forcing
through geoengineering. The nature and distribution

of the response to geoengineering appears to depend
on the distribution of the applied forcing, and it may
prove a challenge to understand these regional climate
responses.
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