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Abstract

Stratospheric sulfate aerosol injection (SAI) and marine cloud brightening (MCB) are the two
most studied solar radiation management techniques. For the ﬁrst time we combine them in a climate
model to investigate their complementarity in terms of both instantaneous and eﬀective radiative forcings.
The eﬀective radiative forcing induced by SAI is signiﬁcantly stronger than its instantaneous counterpart
evaluated at the top of atmosphere. Radiative kernel calculations indicate that this occurs because of a
signiﬁcant stratospheric warming and despite a large increase in stratospheric water vapor that strengthens
the greenhouse eﬀect. There is also a large decrease in high-level cloudiness induced by a stratiﬁcation
of the upper tropopause. Our model experiments also show that the radiative eﬀects of SAI and MCB
are quasi-additive and have fairly complementary patterns in the Tropics. This results in less spatial and
temporal variability in the radiative forcing for combined SAI and MCB as compared to MCB alone.

1. Introduction
Solar radiation management (SRM) refers to a range of diﬀerent techniques which have been proposed to
counteract the anthropogenic greenhouse eﬀect by increasing the amount of solar radiation reﬂected back
to space (Boucher et al., 2014; Keith, 2000; Vaughan & Lenton, 2011). Among such techniques, stratospheric
aerosol injection (SAI) and marine cloud brightening (MCB) have received the most attention from a climate
modeling viewpoint. The concept of SAI dates back from the 1960s (Environmental Pollution Panel, 1965)
and has received renewed attention after the Crutzen (2006) publication calling for more research into the
subject. The concept of MCB can be traced back to the early realization that the Earth’s radiation budget is
sensitive to a fairly small variation in the droplet size of low-level clouds and was ﬁrst proposed as such by
Latham (1990) and Salter et al. (2008) with further climate modeling work thereafter (e.g., Alterskjær et al.,
2013). Notwithstanding the importance of their associated ethical, legal, technological, and ﬁnancial issues,
it has been shown that both SAI and MCB can exert a negative radiative forcing of several W m−2 and therefore have the potential to cool the planet and compensate for at least a fraction of the radiative forcing by
anthropogenic greenhouse gases (Boucher et al., 2013). It is also well known that the climate responses of
SRM and anthropogenic greenhouse gases do not compensate each other, especially in terms of precipitation
and atmospheric circulation changes (Kravitz et al., 2013; Schmidt et al., 2012). The radiative perturbations
induced by the two techniques and their associated climate responses are also known to diﬀer to each other
as shown by Jones et al. (2011). This is because the two forcing mechanisms lead to radiative forcings with
diﬀerent spatial patterns and diﬀerent impacts on the atmospheric vertical structure.
The diﬀerences in climate response can be analyzed within the framework of radiative forcings, rapid adjustments, and slow climate feedbacks (Sherwood et al., 2015). In this framework one can rigorously distinguish
between the (instantaneous) radiative forcing and the eﬀective radiative forcing. Instantaneous radiative forcing (IRF) is traditionally computed from double radiative calls at each time step of a model simulation (i.e.,
with ﬁxed surface and atmospheric conditions). Eﬀective radiative forcing (ERF) is computed as the diﬀerence in radiative ﬂuxes between two parallel simulations (one perturbed and one control simulation) with
identical prescribed sea surface temperatures (SST). The diﬀerences between instantaneous and eﬀective
radiative forcings are attributable to rapid adjustments in atmospheric temperature, humidity, and cloudiness.
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Small changes to the land surface may also contribute to rapid adjustments since only the SST are ﬁxed. Overall, the ERF has been shown to be a better predictor of global mean surface temperature change than IRF
(Sherwood et al., 2015). It is therefore important to quantify and understand rapid adjustments associated
with a particular forcing mechanism.
In this study we discuss the diﬀerences between instantaneous radiative forcing and eﬀective radiative forcing
for SAI and MCB alone and for their combination. In particular we examine whether the radiative eﬀects of SAI
and MCB are additive for a combined forcing typical of what would be required to oﬀset a doubling of the CO2
atmospheric concentration. Section 2 describes the model and methods used, while results are discussed in
section 3.

2. Model and Methods
We use a high-top version of the Laboratoire de Météorologie Dynamique atmospheric general circulation
model (Hourdin et al., 2006 version LMDZ5B). The model resolution is 96 points in longitude, 95 points in
latitude, and 79 vertical layers. The version with 39 layers has been successfully used in Coupled Model
Intercomparison Project phase 5 (CMIP5) (Dufresne et al., 2013), while the version with 79 layers is used in
Kleinschmitt et al. (2017) and will serve for CMIP6.
The model now includes a fully interactive stratospheric sulfate sectional aerosol (S3A) model which is fully
described in Kleinschmitt et al. (2017). The S3A model is used here to simulate a continuous injection of
10 Tg S yr−1 . The sulfur is injected as SO2 at a height of 17 km at the equator. It is then oxidized into gas
phase H2 SO4 which nucleates and condenses in sulfuric acid-water particles. All relevant microphysical processes (nucleation, condensation, evaporation, coagulation, and sedimentation) are included, which results
in a (generally monomodal) size distribution that varies in space and time. It should be noted that aerosols
are fully interactive with the radiative scheme; that is, aerosols modify heating rates both in the shortwave
(SW) and longwave (LW) parts of the electromagnetic spectrum. The model was shown to perform well
against observations for background (i.e., nonvolcanic) conditions and during the aftermath of the Pinatubo
eruption (Kleinschmitt et al., 2017). Sedimenting aerosols from the stratosphere do not impact the microphysical properties of ice clouds. High-level cloudiness is derived from an assumed subgrid-scale distribution of
water vapor.
For liquid clouds, droplet number concentration is a function of the soluble accumulation mode aerosol mass
concentration using a logarithmic dependence (Boucher & Lohmann, 1995):
CDNC = 102.06+0.48 log10

∑
i

mi

(1)

where cloud droplet number concentration (CDNC) is expressed in cm−3 , mi is the mass concentration of
aerosol species i in μg m−3 , and the index i runs on accumulation mode soluble species in the model (sulfate,
black carbon, organics, and sea salt). Cloud droplet size is then computed from cloud liquid water content
and cloud droplet number concentration. We only consider here the cloud albedo eﬀect and ignore any secondary eﬀects related to the impact of cloud droplet size on cloud liquid water path and precipitation, which
are highly uncertain and likely to be small (Malavelle et al., 2017). While the parametrization is very simple,
the model simulates an IRF due to aerosol-cloud interactions of about −0.8 W m−2 between preindustrial and
present-day conditions but with little additional contribution from rapid adjustments, a value which is somewhat larger to the Intergovernmental Panel on Climate Change best estimate for ERF of −0.45 W m−2 (Boucher
et al., 2013). To simulate the eﬀect of MCB, we prescribe an additional concentration accumulation mode sea
salt over the ocean between 30∘ S and 30∘ N on top of the aerosol climatology. The additional sea salt aerosol
is decreased exponentially with height between the ocean surface with a concentration of 10 μg m−3 and an
altitude of 1.5 km with a scale height of 0.5 km. In a ﬁrst set of experiments we ignore the radiative eﬀects
of the additional sea salt aerosol in clear sky. This represents an idealized case for which the sea water is only
sprayed in the presence of clouds and has minimal eﬀects in clear sky. However, the clear-sky radiative eﬀect
of sea salt was found to be important in some studies (e.g., Niemeier et al., 2013) so we also repeated the
experiments with these eﬀects activated in the model.
The model is run with ﬁxed sea surface temperatures (ﬁxed SST) and ﬁxed sea ice cover for present-day
conditions. Each experiment is integrated for 10 years. We can thus estimate radiative forcings and rapid
adjustments but not the full climate response to the imposed forcings. The land surface temperature can
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Figure 1. Zonal mean of the absolute change in cloudiness (%) between (a) the SAI and the CONTROL experiments and
(b) the MCB-I and the CONTROL experiments. The mean tropopause levels as diagnosed in the SRM and CONTROL
experiments are indicated by a solid line and a dashed line, respectively. See also Figures S1 and S4 for the results
on additivity.

adjust but only to a limited extent. In conclusion we perform six experiments: a CONTROL experiment with
background stratospheric aerosols and accumulation mode aerosols to estimate cloud droplet number concentrations, an SAI experiment which is the same as CONTROL but with a continuous equatorial injection of
10 Tg S yr−1 emitted as SO2 at 17 km altitude, an MCB-I experiment which is the same as CONTROL but with
an additional prescribed accumulation mode sea salt aerosol as described above (cloud albedo eﬀect only),
an MCB-DI experiment which is the same as MCB-I except that the clear-sky radiative eﬀects of the additional
sea salt are also considered, and ﬁnally, two experiments (SAI + MCB-I and SAI + MCB-DI) where the perturbations of both the SAI and MCB-I or MCB-DI experiments are combined together. Examination of time series of
relevant quantities shows that the model has reached equilibrium after about 3 years. We present hereafter
model averages for years 4 to 10. The results of the MCB-DI and SAI + MCB-DI experiments are only shown in
the supporting information as they do not change the conclusions.

3. Results
3.1. Rapid Adjustments
The SAI experiment shows a decrease in cirrus cloud, which in annual mean is maximum in the Tropics
but extends to midlatitudes (Figure 1a). The maximum actually shifts between hemispheres with the insolation, that is, it occurs in the Northern Hemisphere during June-July-August and in the Southern Hemisphere
during December-January-February. The decrease in cirrus is accompanied by a signiﬁcant lowering of the
tropopause in the Tropics.
A decrease in cirrus clouds was already observed in SAI experiments by Kuebbeler et al. (2012), which they
attributed to both the role of sulfate aerosols in nucleating cirrus clouds and the stratiﬁcation of the upper
troposphere. As the former mechanism is not included in our model, it is clear that the large rapid adjustments
on clouds that we observe are due to thermodynamic and dynamical processes and their impact on cirrus
clouds. This said, we cannot be absolutely sure that these rapid adjustments are not an artifact of the model
rather than a true feature as the tropopause is a delicate region for climate models to simulate. On one side,
the ozone vertical proﬁle is prescribed in our model (i.e., it does not vary with aerosol loading, temperature,
and/or circulation changes), which is a limitation of our experimental setup, as the scattering by the aerosol
increases signiﬁcantly ozone absorption in the visible. On the other side, the consistency with the study by
Kuebbeler et al. (2012) and the relatively high vertical resolution of our atmospheric model (in comparison to
previous simulations) lend more credibility to the results.
The other rapid adjustment in the SAI experiment materializes with an increase in the stratospheric concentration of water vapor (Figure 2a). It is a consequence of a temperature increase of the cold tropopause point
which at ﬁrst order controls the humidity of air masses entering the stratosphere (Figure 3a). An increase
in stratospheric water vapor leads to a positive contribution to the ERF. There is a much smaller increase in
humidity in the lower stratosphere of the South Pole, which we will come back on later.
BOUCHER ET AL.
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Figure 2. Same as Figure 1 but for the absolute change in stratospheric water vapor (ppm). White areas correspond to
tropospheric changes that are larger than spanned by the color scale. See also Figures S2 and S5 for the results on
additivity.

The humidity change can be paralleled to the increase in stratospheric water vapor expected from the climate
response to increased greenhouse gases and from methane oxidation in the stratosphere. However, the magnitude of the increase in response to SAI (up to 3 ppm) is larger than the ∼ 1 ppm increase associated with
global warming (Dessler et al., 2013, 2016; Gettelman et al., 2010) and the ∼ 1 ppm from oxidation of methane
(Revell et al., 2016) in the 21st climate projections. Furthermore, we do not expect these eﬀects to be necessarily additive in a geoengineered world because the warming of the troposphere due to greenhouse gases
would be suppressed by SAI.
Figure 1a also shows increased cloudiness in the polar stratosphere of the Northern and Southern Hemispheres. This increase occurs primarily during winter and spring and is larger in the polar stratosphere of the
South Pole. This result may sound surprising; however, it is plausible. The water is condensed by the large-scale
condensation scheme of the model, which is triggered by the additional water vapor that enters the tropical lower stratosphere and is transported to the Poles. Stratospheric ice water clouds are not uncommon and
have been observed, for example, by Dessler (2009) with the CALIPSO spaceborne lidar. We note that these
stratospheric ice clouds tend to dehydrate the stratosphere locally or at least limit the humidity increased due
to SAI (see Figure 2a).
We note that rapid adjustments in the SAI experiment also lead to a small global mean surface cooling of
0.15 K and a small global mean precipitation decrease of 8 mm yr−1 , which itself is probably induced by more
atmospheric absorption. We have performed radiative kernel calculations to quantify the relative importance,
in radiative terms, of the rapid adjustments associated to the SAI forcing (Myhre et al., 2011). The largest

Figure 3. Same as Figure 1 but for the absolute change in temperature (K). See also Figures S3 and S6 for the results on
additivity.
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Table 1
Decomposition of the Eﬀective Radiative Forcing (ERF) Into Instantaneous Radiative Forcing
(IRF) and Radiative Eﬀects Associated With Rapid Adjustments Using the Radiative Kernel
Method for the SAI Experiment
SW

LW

Net

Instantaneous radiative forcing

−4.50

+3.08

−1.43

Change in surface temperature

0.0a

+0.13

+0.13

Change in atmospheric temperature

0.0a

−1.56

−1.56

Change in atmospheric humidity

+0.02

+0.17

+0.19

Residual change (cloud)

+0.94

−0.91

+0.04

Eﬀective radiative forcing

−3.54

+0.91

−2.63

Note. The atmospheric temperature change comprises both the tropospheric and stratospheric temperature changes (but the radiative eﬀects are essentially due to the stratospheric changes). The surface temperature change comprises only land surface as SST
are ﬁxed in the experiments. The residual change is computed as the diﬀerence between
the ERF and the sum of the IRF and other estimated radiative eﬀects. It can be attributed
mostly to cloud changes but also has a contribution from surface albedo changes. a These
terms are 0 by construction.

contribution from rapid adjustments to the negative ERF comes from the large stratospheric warming
(−1.40 W m−2 out of a total of −1.56 W m−2 due to the overall atmospheric temperature change). It is only
partially compensated by the enhanced greenhouse eﬀect due to increased stratospheric humidity (Table 1).
The radiative eﬀects induced by cloud changes, diagnosed as the residual from the other terms, appear to be
weak, despite a signiﬁcant decrease in high-level cloudiness. This is due to a near-compensation between the
SW (negative) and LW (positive) radiative eﬀects, which is typical for this cloud type in our model.
Rapid adjustments in the MCB simulation are much weaker (Figures 1b, 2b, and 3b). Cloud adjustments in
MCB are very small, but the pattern is consistent with a weakening of the Hadley cells, as expected from a
cooling of the tropical region (despite the ﬁxed SST conditions). Figure 1b shows decreased cloudiness in the
subtropics and a succession of increased and decreased bands of cloudiness when going toward the Poles.
Assuming that cloud changes make up the diﬀerence between IRF and ERF, we may infer net radiative eﬀects
of the order of 0.2 to 0.3 W m−2 .
3.2. Spatial Diﬀerences Between IRF and ERF
Rapid adjustments in the SAI experiment tend to strengthen the geographical contrasts in IRF as seen on the
map of ERF (Figures 4a and 4b and S7a and S7b). The regions of negative IRF show even more negative ERF
values, while regions of weakly negative or slightly positive IRF show positive ERF values. The latter is the case
in particular over the eastern boundaries of the oceanic basins as well as over Antarctica. The same is true
for the MCB experiment with a number of regions (continents and part of the Southern Ocean) with zero IRF
(by construction) but a positive ERF (Figures 4c and 4d and S7c and S7d). However, the contrasting regional
adjustments in cloudiness result in a rather small radiative eﬀect on the global scale (Table 2).
3.3. Additivity and Complementarity Between SAI and Tropical MCB
The global mean IRF and ERF are remarkably additive for the SAI and MCB experiments (Table 2). While radiative forcing is known not to scale linearly with scattering optical depth (e.g., Boucher et al., 1998), the radiative
perturbations in the SAI experiment are too small to be inﬂuenced by the presence of MCB (or vice versa). At
the grid box level and averaged over years 4 to 10, the IRF of SAI + MCB and the sum of the SAI and MCB IRFs
are highly correlated in the 30∘ S to 30∘ N region with a correlation coeﬃcient of 0.992 (Figure S8a). The two
quantities deviate very little from the 1:1 line, with the IRF of SAI + MCB being slightly smaller (in magnitude)
than the sum of the individual IRFs. The ERF of SAI + MCB and the sum of the SAI and MCB ERFs are also highly
correlated with a correlation coeﬃcient of 0.89 (Figure S8b).
Figures 4a–4d show how the forcing patterns of our SAI and MCB-I experiments are complementary on an
annual mean basis for both IRF and ERF. Over the ocean the regions of large MCB-I forcings correspond to
regions of low IRF due to SAI. This is expected because of the larger albedo of the atmosphere underneath the
stratospheric (scattering) aerosol layer. What is more surprising is that the complementarity is much stronger
BOUCHER ET AL.
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Figure 4. Instantaneous top-of-atmosphere net radiative forcing (IRF, in W m−2 , Figures 4a, 4c, and 4e) computed from a
double radiation call for (a) SAI, (c) MCB-I, and (e) SAI + MCB-I and eﬀective net radiative forcing (ERF, in W m−2 ,
Figures 4b, 4d, and 4f ) computed from diﬀerences in top-of-atmosphere radiative ﬂuxes between parallel ﬁxed-SST
experiments for (b) SAI, (d) MCB-I, and (f ) SAI + MCB-I. See also Figure S7 for the results with the MCB-DI experiment.
Table 2
Global Mean Quantities and Their Standard Deviations From the SRM Experiments Computed Over the Years 4
to 10 of the Simulations: Top-of-Atmosphere Instantaneous Radiative Forcing (IRF) and Eﬀective Radiative
Forcing (ERF) in W m−2 , Surface Temperature (Ts ) Change in K, and Precipitation (P̄ ) Change in mm yr−1
IRF(W m−2 )

SW

SAI

MCB-I

SAI + MCB-I

Sum SAI and MCB-Ia

−4.5 ± 0.04

−1.0 ± 0.02

−5.3 ± 0.05

−5.5 ± 0.05

LWb

+3.1 ± 0.03

+0.0 ± 0.00

+3.1 ± 0.06

+3.1 ± 0.03

net

−1.4 ± 0.02

−1.0 ± 0.02

−2.3 ± 0.02

−2.4 ± 0.03

SW

−3.5 ± 0.24

−0.8 ± 0.21

−4.2 ± 0.15

−4.3 ± 0.32

LW

+0.9 ± 0.12

+0.0 ± 0.20

+0.8 ± 0.11

+0.9 ± 0.24

net

−2.6 ± 0.13

−0.8 ± 0.26

−3.4 ± 0.17

−3.4 ± 0.29

Ts

(K)

−0.15 ± 0.08

+0.01 ± 0.05

−0.14 ± 0.04

−0.13 ± 0.09

P̄

(mm yr−1 )

−7.7 ± 2.3

−0.8 ± 2.2

−8.3 ± 3.4

−8.5 ± 3.2

ERF(W m−2 )

Note. The ERF, temperature changes, and precipitation changes are computed relative to the CONTROL
Experiment. The standard deviations are computed from the annual means of years 4 to 10. a The standard
deviations for the sum of the two experiments are computed from the sum of the variances for the SAI and
MCB-I experiments assuming independence. b The LW component of the MCB-I IRF is 0 by construction.
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in terms of ERF. Given the large ampliﬁcation of the IRF by rapid adjustments in the SAI experiment and the
relative lack of ampliﬁcation in the MCB-I experiment, the ERF maxima are fairly similar in the two experiments (Figures 4b and 4d). As a consequence and given the quasi-additivity mentioned earlier, the ERF for the
SAI + MCB-I experiment is fairly uniform over the globe, with the exception of Antarctica, part of the Southern
Ocean, Greenland, the Sahara, and part of Australia, where the ERF is weak or positive (Figure 4f ).
There is also complementarity of the IRF values in time. Time series of daily IRF for SAI and MCB-I (or MCB-DI)
averaged over 10∘ latitude bands between 30∘ S and 30∘ N are generally anticorrelated (Figure S9). This does
not hold, however, for the tropical (i.e., 30∘ S to 30∘ N) daily averages, which are positively correlated because
of an interhemispheric diﬀerence in forcing which responds to seasonal variations in insolation. We cannot
assess the complementarity of the ERF values in time because ERF can only be diagnosed as the diﬀerence
between two simulations with diﬀerent meteorologies. Hence, high-frequency variations in ERF values cannot
be estimated.

4. Conclusions
We have analyzed a set of experiments aimed at diagnosing rapid adjustments in the atmosphere for the SAI
and MCB solar radiation management techniques and investigating the complementarity of the two techniques. We have shown large rapid adjustments in the case of SAI with a large stratospheric warming, an
increase in stratospheric humidity, and a decrease in high-level clouds. The former process appears to dominate the induced radiative eﬀects so the ERF is much stronger than the IRF for this technique. For the ﬁrst
time we have combined the SAI and MCB techniques in a climate model experiment. We showed that the SAI
and MCB techniques produce global mean radiative forcings that are quasi-additive. Their combination also
results in a more uniform radiative forcing in space and time. It would be interesting to see if these results are
corroborated by other climate models.
This study raises a number of additional questions. It would be interesting to investigate (i) if the rapid adjustments diﬀer in a model with interactive ozone; (ii) whether the quasi-additivity holds for other aerosol types,
larger radiative forcings, and/or diﬀerent geographical distributions for MCB; (iii) to which extent a more uniform forcing turns into a more uniform climate response; and (iv) what impact this may have on the change
in climate extremes. Fully coupled ocean-atmosphere experiments would be needed to address the last two
questions. Finally, since using more than one SRM method oﬀers more degrees of freedom, one could investigate how much scope there is and whether there is beneﬁt from adjusting further the magnitude and spatial
distribution of the diﬀerent methods in order to achieve certain climate objectives (Kravitz et al., 2016).
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