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been shown to be important in understanding the response to
geoengineering (Kravitz et al., 2013b). Yu et al. (2015) cal-
culated the difference in globally and temporally averaged
near-surface air temperature of G4 (over 2030–2069) from
“baseline climate” (RCP4.5 over 2010–2029) and showed a
standard deviation of up to ±0.31 K among models, while
the model mean of the temperature difference was 0.28 K.
This spread is larger than that of ±0.21 K of temperature in-
crease in RCP4.5 scenario for the same models. Whilst the
models in G4 assume the same rate of SO2 injection, model
responses to the SRM differ widely. Investigation into what
causes such a large inter-model variability is very important
for SRM simulation studies.

A simple procedure is used for quantifying the contribu-
tions of different types of SW rapid adjustments and feed-
backs in the climate model behaviour to geoengineering with
stratospheric sulfate aerosols. Here, a rapid adjustment is de-
fined as a reaction to the SRM forcing without changes in
globally averaged surface air temperature, whereas a feed-
back is defined as a reaction due to surface air temperature
changes in the global mean induced by the SRM forcing (e.g.
Sherwood et al., 2015). (Hereafter, the term “total reaction”
refers to the sum of a rapid adjustment and a feedback.) In
recent studies of the climate change, rapid adjustments are
included in forcing agents and the concept of effective ra-
diative forcing is widely used (e.g. Andrews, 2014; Zhang
et al., 2016). However, for the study of the sulfate geoengi-
neering simulation, which is not well verified by observa-
tions and thus is expected to have many uncertainties, the
separation of the direct forcing and total reactions is impor-
tant to improve the simulation and to enhance the degree of
understanding of the sulfate geoengineering by refining in-
dividual related processes. Many studies on climate energy
balance have analysed changes in the net radiation flux at
TOA, where the energy budget is closed by SW and long-
wave radiation (LW) (e.g. Trenberth et al., 2014; Wild et al.,
2014). However, in the geoengineering study, the radiative
changes at the surface are also important, because vegeta-
tion, agriculture, and solar power generation for example will
be strongly affected by radiative changes at the surface as
well as surface temperature changes (e.g. Campillo et al.,
2012). Surface SW is also important for ocean carbon cycle
and fisheries through changes in amounts of phytoplankton
(e.g. Miller et al., 2006). Though the surface energy budget
is balanced among SW, LW, sensible heat flux, and latent
heat flux, Kleidon et al. (2015) showed that the latter three
are mainly determined by the air and/or surface temperature.
Hence, this study focuses on changes in surface air tempera-
ture and SW. The direct SW forcing to the surface are eval-
uated by considering the total reactions due to changes in
water vapour amounts, cloud amounts, and surface albedo.
Also, these total reactions are decomposed into adjustments
and feedbacks, which indicate the rapid change just after in-
jection of SO2 and the change with globally averaged surface
air temperature change by SRM, respectively. We provide

Figure 1. Annual cycle and latitudinal distribution of the prescribed
aerosol optical depth provided from the GeoMIP for G4 experiment
and used in BNU-ESM, MIROC-ESM, and MIROC-ESM-CHEM.
Line graph shows the annual mean.

results for both global and local effects, focusing on cross-
model commonalities and differences. The following section
describes the data and methods used in this study. Section 3
presents the results of the analyses. Section 4 provides a short
discussion. A summary and concluding remarks are provided
in Sect. 5.

2 Data and methods

The models analysed in this study are listed in Table 2. Note
that the method of simulating sulfate aerosols differs among
the participating models. HadGEM2-ES and MIROC-ESM-
CHEM-AMP calculate the formation of sulfate aerosols from
SO2 injected from the lower stratosphere on the equator, and
their horizontal distribution of sulfate AODs differ. BNU-
ESM, MIROC-ESM, and MIROC-ESM-CHEM use a pre-
scribed AOD, which is formulated as one-fourth of the
strength of the 1991 eruption of Mount Pinatubo follow-
ing Sato et al. (1993) and provided in http://climate.envsci.
rutgers.edu/GeoMIP/geomipaod.html. The annual cycle and
latitudinal distribution of the prescribed AOD, which is zon-
ally uniform, is shown in Fig. 1; this annual cycle is re-
peated every year during the SRM period. In CanESM2, a
constant field of AOD (⇠ 0.047) has been given to express
the effect of the SO2 injection. The MIROC-ESM, MIROC-
ESM-CHEM, and MIROC-ESM-CHEM-AMP are based on
the same framework but differ in their treatment of atmo-
spheric chemistry. An online atmospheric chemistry module
is coupled in the MIROC-ESM-CHEM and MIROC-ESM-
CHEM-AMP, whereas MIROC-ESM is not coupled with
the chemistry module. In the MIROC-ESM-CHEM, the pre-
scribed AOD is used for the stratospheric sulfate aerosols and
for the calculation of the surface area density of the sulfur.
Conversely, the MIROC-ESM-CHEM-AMP fully calculates
the chemistry and microphysics of the stratospheric sulfate
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Figure 2. Globally averaged surface air temperature in G4 (solid) and RCP4.5 (dashed) experiments. 12-month running mean is applied.
Values are offset by the RCP4.5 average from 2018 to 2022, the beginning of SRM, shown at the right bottom on each panel. In (b),
(c), and (e), black curves show the ensemble mean and grey curves show ensemble members. The vertical dashed lines indicate the SRM
termination (2070).

Figure 3. Relationship between the difference in the globally and
temporally averaged surface air temperature (x axis) and that of the
net shortwave radiation at the surface (y axis). The term of average
is from 2040 to 2069. For CanESM2, HadGEM2-ES, and MIROC-
ESM-CHEM, the ensemble mean is shown by filled symbols and
the each member by unfilled ones. The regression line is for the
filled symbols of the six models.

3.2 Time evolution of global mean forcing and SW
total reactions

The strength of the SRM forcing (FSRM) defined by Eq. (9)
and the SW total reactions due to changes in the water
vapour amount (EWV), cloud amount (EC), and surface
albedo (ESA) defined by Eqs. (10)–(12) are calculated for
each model. Figure 4 shows the time evolution of the globally
averaged values of these measures with a 12-month running
mean. 1F net

SURF and 1T are also shown in this figure. In this
section, the focus is on the qualitative features common to all
or some of the models, whilst the quantitative differences are
described in the following section.

In the models that used the prescribed or constant AOD
field for the SRM (BNU-ESM, CanESM2, MIROC-ESM,
and MIROC-ESM-CHEM), FSRM immediately reaches a
model-dependent negative value after 2020 and remains al-
most constant; it then vanishes instantly after the termina-
tion. These features are consistent with the fact that the
given AOD for the SRM was instantly added and removed
in these models. Conversely, in the models that calculate
the formation and transport of the sulfate aerosols from
the injected SO2 (HadGEM2-ES and MIROC-ESM-CHEM-
AMP), FSRM takes approximately 4 years to become satu-
rated. During the period in which SRM is imposed, FSRM in
MIROC-ESM-CHEM-AMP is almost constant, but FSRM in
HadGEM2-ES varies by approximately 1.0 W m�2.

The values of ESA are both negative and small in all of the
models. This shows that, at least for the global average, the
surface albedo under G4 is higher than that under RCP4.5.
However, changes in the surface albedo do not significantly
affect 1F net

SURF.
Both EWV and EC are positive, implying that the decreases

in water vapour and cloud amounts under SRM lead to more
downwelling SW at the surface, counteracting the enhanced
aerosol reflection by SRM. One reason for the decrease of
water vapour is the temperature reduction, which results in
less evaporation (Kravitz et al., 2013c). Less water vapour
may cause reduced cloud amounts; less water vapour and re-
duced cloud amounts increase the atmospheric SW transmis-
sivity and reduce the SRM’s cooling effect. The strengths of
EWV and EC are comparable in each model except MIROC-
ESM-CHEM-AMP (a reason for this exception is discussed
in the next section). After SRM termination, EWV remains
positive for one or two decades. This is consistent with
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assuming that the streak structures in STD and ZS0 are caused by
the same mechanism, we analyse ZS0, which does not have the
influence of the diurnal heating, to investigate the reason for
the north-south symmetry of the structure. The latitude and the
height used for Fig. 6a are where the amplitude of an equatorial

Rossby-like wave explained below is large in ZS0. The dominant
pressure anomaly has a longitudinal structure of wavenumber one
and coherently moves eastward with a rotation period of about
5.8 Earth days (about 62.1 m s−1 at this latitude; remember that
the direction of the planetary rotation is eastward in our
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Fig. 7 Composite means of pressure anomaly p′ (red-blue shading) superimposed by horizontal flow anomaly (u′; v′). Panels a, d show the composite
means on z= 65 km and 55 km, respectively, for ZS0; e shows that on z= 65 km for ZS4. Composite means are taken along the propagation speeds
associated with the dominant Rossby-like waves at z= 65 km, the equatorial values of which are 75.6 m s−1 for ZS0 and 96.0 m s−1 for ZS4, respectively.
Green hatching indicates strong downward flow (w <−0.03m s−1). b, f Temporal and zonal mean meridional transports of angular momentum by eddies
at 65 km height for ZS0 and ZS4, respectively. The period of time-average is the same as that in Fig. 5. c, g Same as b and f but for angular velocity (shaded
solid line, scales written in bottom axis) and zonal wind (thick dashed line, top axis)
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gparray = Parallel.map(da, :in_processes=>np){|i| #このブロックが並列処理される 
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