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regionally and globally, so results from models must be interpreted carefully and
viewed cautiously. Nevertheless, climate models do provide information about
the fundamental driving forces of the hydrologic cycle and its response to changes
in radiative forcing (e.g. Annamalai et al. 2007).

The NCAR results (figure 6a), consistent with IPCC (2007c) and the 20C
models summarized there, suggest a general intensification in the hydrologic
cycle in a doubled CO2 world with substantial increases in regional maxima (such
as monsoon areas) and over the tropical Pacific, and decreases in the subtropics.
Geoengineering (figure 6b, in this case not designed to completely compensate for
the CO2 warming) reduces the impact of the warming substantially. There are
many fewer hatched areas, and the white regions indicating differences of less
than 0.25 mm dK1 are much more extensive.

The Rutgers simulations show a somewhat different spatial pattern, but,
again, the perturbations are much smaller than those evident in an
‘ungeoengineered world’ with CO2 warming. Figure 6c shows the precipitation
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Figure 6. Change in precipitation associated with perturbations to greenhouse gases and
geoengineering for two models during the June, July and August months: (a,b) shows differences
between present day and doubling of CO2 in the NCAR model CCSM using a SOM. (a) The
changes induced by 2!CO2. (b) The additional effect of geoengineering (with a 2 Tg S yrK1

source). (c,d ) The precipitation changes for the GISS model using an A1B transient forcing
scenario and full ocean model (between 2020 and 2030) with geoengineering. (c) The changed
distribution using 1.5 Tg S yrK1 injection at 688 N. (d ) The change introduced by a 2.5 Tg S yrK1

injection in the tropics. Hatching shows areas where difference exceeds 2 s.d. of an ensemble of
samples from a control simulation.

4025Review. Geoengineering by sulphate aerosols

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

Why GeoMIP? 

NCAR CCSM 
2xCO2 

NCAR CCSM 
2xCO2 + 2 Tg S/yr 

GISS ModelE 
A1B + 1.5 Tg S/yr 
(Arctic) 

GISS ModelE 
A1B + 2.5 Tg S/yr 
(Tropics) 

Rasch et al., 2008, Phil. Trans. Roy. Soc. A 
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Fig. 4. (a) Difference in annual-mean near-surface air temperature (K) between the A1B-plus-geoengineering
and A1B simulations in HadGEM2, meaned over the second decade of simulation. (b) As (a) but for ModelE.
(c) As (a) but comparing years 29-38 of the A1B-plus-geoengineering simulation with the 1990-1999 period
in a historical simulation. (d) As (a) but for change in mean June-August precipitation rate (mm day−1) in
HadGEM2; areas where changes are significant at the 5% level are indicated by dots. (e) As (d) but for ModelE.
(f) As (c) but for change in mean June-August precipitation rate.
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may be near zero (+0.01K), regionally this is far from the
case. Some land areas such as central Africa and Australia
are cooler than the 1990–1999 mean by up to 1K, whereas
the Amazon region is warmer by a similar amount. Polar
amplification due to ice-albedo feedbacks are also apparent
in the warming at high latitudes, indicating that the cooling
effect of geoengineering at these latitudes (Fig. 4a) has by
this time been overwhelmed by the warming due to GHGs.

3.4 Precipitation

The mean change in June–August precipitation rate is shown
in Fig. 4d and e for HadGEM2 and ModelE, respectively.
While the distributions clearly differ in some areas (e.g.
ModelE shows a reduction of precipitation in the eastern
USA, whereas HadGEM2 suggests an increase), nevertheless
the results from both models again share certain broad fea-
tures. Tropical precipitation maxima over the Atlantic and

www.atmos-chem-phys.net/10/5999/2010/ Atmos. Chem. Phys., 10, 5999–6006, 2010

Jones et al., 2010, ACP 
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Climate Effects of Stratospheric Geoengineering 

•  Radiation Budget 
•  Surface Temperature 
•  Precipitation (and the hydrologic cycle in general) 
•  Stratospheric Temperature 
•  Ozone 
•  Circulation (winds, geopotential height, Arctic Oscillation) 
•  Deposition 
•  Many more… 



Experiments G1-G4 B. Kravitz et al.

Table I. A summary of the four experiments included in this proposal.

G1 Instantaneously quadruple the CO2 concentration (as measured from pre-industrial levels) while simultaneously reducing
the solar constant to counteract this forcing (Figure 1).

G2 In combination with a 1% increase in CO2 concentration per year, gradually reduce the solar constant to balance the
changing radiative forcing (Figure 2).

G3 In combination with RCP4.5 forcing, starting in 2020, gradual ramp-up the amount of SO2 or sulphate aerosol injected,
with the purpose of keeping global average temperature nearly constant (Figure 3). Injection will be done at one point on
the Equator or uniformly globally. The actual amount of injection per year can be based on Hansen et al. (2005) but may
need to be fine tuned to each model.

G4 In combination with RCP4.5 forcing, starting in 2020, daily injections of a constant amount of SO2 at a rate of 5 Tg SO2
per year at one point on the Equator through the lower stratosphere (∼16–25 km in altitude) or the particular model’s
equivalent. These injections would continue at the same rate through the lifetime of the simulation (Figure 4).

got similar results, but Rasch et al. (2008a) found dif-
ferent regional patterns. Past large volcanic eruptions
have disrupted the summer monsoon (Oman et al.,
2005; Trenberth and Dai, 2007) and even produced
famine (Oman et al., 2006), but direct comparisons
between geoengineering with stratospheric sulphate
aerosols and large volcanic eruptions are limited by
the differences in forcing. Some unanswered questions
include whether a continuous stratospheric aerosol
cloud would have the same effect as a transient one
and to what extent regional changes in precipitation
would be compensated by regional changes in evap-
otranspiration. A consensus has yet to be reached on
these, as well as other, important issues.

To answer these questions, we propose a suite
of standardized climate modeling experiments to be
performed by interested modeling groups. We also
propose to establish a coordinating framework for
performing such experiments, which will be known
as the Geoengineering Model Intercomparison Project
(GeoMIP). Aside from coordinating the experiments
described here, GeoMIP may consider additional geo-
engineering experiments in response to interest from
climate modeling groups and the broader community.
The particular experiment suite outlined in this docu-
ment consists of four experiments, all of which are
relevant to the geoengineering strategy of injecting
stratospheric sulphate aerosols in an attempt to offset
greenhouse gas warming. The Program for Climate
Model Diagnosis and Intercomparison (PCMDI) has
consented to archive results from these experiments,
so they can be openly studied. We anticipate that this
set of standardized experiments will permit the level
of intercomparison necessary to achieve confidence in
the results, similar to the level of scientific consen-
sus that is published in the assessment reports of the
IPCC. Initially, largely for practical reasons, the num-
ber of simulations to be performed must be kept small
because the Climate Model Intercomparison Project 5
(CMIP5; Taylor et al., 2008) is already stretching the
capabilities of the modeling groups.

2. Experiment design

We use the codes G1, G2, G3, and G4 to refer to the
four simulations that will be conducted in this suite

of experiments. We summarize these four experiments
in Table I. G1, G2, and G3 are designed to produce
an annual mean global radiative balance at the top
of the atmosphere. We seek to determine commonal-
ities and differences among climate model responses
to these particular schemes of geoengineering. G1 and
G2 are the simplest possible explorations of balancing
increased longwave forcing with reduced shortwave
forcing, i.e. through a reduction of the solar constant.
These idealized experiments are expected to reveal the
basic model responses to this forcing balance with-
out the added complication of differing treatments of
stratospheric aerosols in the various models. The ide-
alized specification of forcing also makes it especially
easy to implement. In all of these experiments, we
define radiative forcing to be the ‘adjusted forcing’,
which applies after so-called ‘fast’ radiative responses
(e.g. stratospheric adjustment) occur, as discussed, for
example, in Hansen et al. (2005). We note that we will
unlikely be able to attain a perfect balance in radiative
forcings, but we are aiming for a net balance as close
to zero as possible. Included in CMIP5 is a historical
run, which will include simulation of past volcanic
eruptions. We will use the results of these simulations
to validate the models as a part of our interpretation
of the GeoMIP runs.

The G1 experiment will be initiated from a model
control run and will build on a CMIP5 simulation
in which the CO2 concentration is instantaneously
quadrupled. We choose this experiment to ensure a
high signal-to-noise ratio of the climate response to
radiative forcing from CO2. In G1, the global average
radiative forcing from the CO2 will be balanced by a
reduction of the solar constant. The CO2 radiative forc-
ing will be measured during the CMIP5 quadrupled
CO2 run, and the reduction in solar constant needed to
compensate for this forcing will be based on a simple
calculation using global average planetary albedo. A
correction to this first estimate of solar constant change
can be made after simulating a few years and monitor-
ing the radiative balance. If a correction is necessary,
the simulation will be restarted from the control run. In
each model, a different solar constant change may be
needed as both the CO2 radiative forcing and the plan-
etary albedo may differ from one model to the next.
The tuning procedure described above also determines
the change in solar constant that will be applied in the

Copyright  2011 Royal Meteorological Society and Crown Copyright Atmos. Sci. Let. (2011)
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Experiments G1-G4 

•  Four experiments based on CMIP5 experiments (makes doing 
control runs a lot easier) 

•  Purpose is (generally) to keep the climate “where it is” 
•  50 years of geoengineering + 20 years of cessation 
•  Two very simple simulations (turning down the solar constant) 

to assess model similarities 
•  Two complex simulations (stratospheric sulfate aerosols) to 

assess model differences 



Taylor et al., 2008 



G1:  Instantaneously quadruple CO2 concentrations (as measured from preindustrial 
levels) while simultaneously reducing the solar constant to counteract this forcing. 



G2:  In combination with 1% CO2 increase per year, gradually reduce the solar constant 
to balance the changing radiative forcing. 
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G4:  In combination with RCP4.5 forcing, starting in 2020, daily injections of a constant 
amount of SO2 at a rate of 5 Tg SO2 per year at one point on the Equator through the 
lower stratosphere (approximately 16-25 km in altitude). 



G3:  In combination with RCP4.5 forcing, starting in 2020, gradual ramp-up the amount 
of SO2 or sulfate aerosol injected, with the purpose of keeping global average 
temperature nearly constant.  Injection will be done at one point on the Equator or 
uniformly globally. 



G3solar:  Same as G3, but instead of SO2 injection, use a reduction of the solar 
constant. 



GeoMIP Goals/Services 

•  A better idea of the “robust” climate impacts of 
geoengineering 

•  Highlighting areas for model improvement 
•  Providing output to other more specialized studies (e.g., crop 

models) 
•  Provide a framework for future geoengineering experiments 



MPI-ESM (ECHAM6) Max Planck Institute for 
Meteorology  Hauke Schmidt 

IPSLCM5A Laboratoire des Sciences du 
Climat et de l'Environnement Michael Schulz, Diana Boukaram 

GISS ModelE NASA GISS/Rutgers  Ben Kravitz 
NORESM CESM-CAM5 PNNL Phil Rasch 

CESM-CAM4 (G1, G2, G3 solar) NCAR Simone Tilmes 

CESM-CAM4 Chem (G3 solar, 
G3, G4) NCAR Simone Tilmes 

CESM-WACCM4 NCAR Michael Mills 

MIROC-ESM (?) 

HadGEM2-ES Hadley Centre Andy Jones 

EMAC (ECHAM5/MESSy) Max Planck Institute for 
Chemistry  Mark Lawrence 

HadCM3 [perturbed physics 
ensemble] University of Bristol Peter Irvine 

UMUKCA (future HadGEM3-
ES)? Cambridge University Peter Braesicke, Luke Abraham 

IAPRASCM Inst. Atmospheric Phys., Russian 
Acad. Sci. Alexander Chernokulsky 



Further Information 

http://climate.envsci.rutgers.edu/GeoMIP 

GeoMIP mailing list 

email me:  benkravitz@envsci.rutgers.edu 


