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Simulations from a multi-model ensemble for the RCP4.5 climate change scenario for
the 21st century, and for two solar radiation management schemes (stratospheric sulfate injection, G3, and marine cloud brightening, G3SSCE) have been analyzed in
terms of changes in the mean and extremes for surface air temperature and precipitation. The climate engineered (SRM 2060s – RCP4.5 2010s) and termination (2080s –
2060s) periods are investigated. During the climate engineering period, both schemes,
as intended, offset temperature increases by about 60 % globally, but are more effective in the low latitudes and exhibit some residual warming in the Arctic (especially in
the case of marine cloud brightening that is only applied in the low latitudes). In both
climate engineering scenarios, extreme temperatures changes are similar to the mean
temperature changes over much of the globe. The exception is in Northern Hemisphere
high latitudes, where high temperatures (90th percentile of the distribution) of climate
engineering relative to RCP4.5 rise less than the mean and cold temperatures (10th
percentile) much more than the mean. When defining temperature extremes by fixed
thresholds, namely number of frost days and summer days, it is found that both climate engineering experiments are not completely alleviating the changes relative to
RCP 4.5. The reduction in 2060s dry spell occurrence over land region in G3-SSCE is
is more pronounced than over oceans. Experiment G3 exhibits same pattern as G3SSCE albeit, stronger in magnitude. A strong termination effect is found for the two
climate engineering schemes, with large temperature increases especially in the Arctic. Mean temperatures rise faster than the extremes, especially over oceans, with the
exception of the Tropics. Conversely precipitation extremes rise much more than the
mean, even more so over the ocean, and especially in the Tropics.

Discussion Paper

Abstract

Printer-friendly Version
Interactive Discussion

5

14, 32393–32425, 2014

Climate extremes in
climate engineering
simulations
V. N. Aswathy et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|
Full Screen / Esc

Discussion Paper
|

32395

Discussion Paper

25

ACPD

|

20

Discussion Paper

15

Observed and projected global warming due to continuously increasing greenhouse
gas emissions has promoted research focusing on the mitigation of greenhouse gas
emissions as well as adaptation to climate change, and lately on alternative methods
to counterbalance global warming. Climate engineering or geo engineering has been
proposed as a means to counteract global warming in the case mitigation efforts prove
insufficient or climate change becomes catastrophic (Crutzen, 2006; Schmidt et al.,
2012). There are many proposed methods of climate engineering, which can be classified into two major categories namley Solar radiation management (SRM) and Carbon
dioxide removal (CDR). Solar radiation management aims to reduce solar radiation
absorbed by the Earth’s system by increasing its albedo.
Several SRM techniques are being discussed, among them stratospheric sulfate
aerosol injection has been suggested to be most feasible and least expensive (Lenton
and Vaughan, 2009; Robock et al., 2009). SRM by marine cloud brightening is another
technique, first proposed by Latham (1990).
A number of single model studies have adressed both the SRM techniques (Latham,
2002; Robock et al., 2008; Jones et al., 2009, 2010). Different experiment designs,
however, hinder direct model-to-model comparisons (Kravitz et al., 2011). To answer
the questions raised in independent studies, a suite of standardized climate modelling
experiments has been performed within a coordinated framework, known as the Geoengineering Model Intercomparison Project (GeoMIP). GeoMIP consists of four solar
climate engineering experiments namely G1,G2, G3 and G4 (Kravitz et al., 2011), in
which the G3 and G4 experiment investigate the effects of stratospheric sulfate aerosol
injections. Similarly a first multi-model approach with common experimental setup to
study sea salt climate engineering (SSCE), i.e. marine cloud brightening, has been
performed within the “Implications and risks of engineering solar radiation to limit climate change” (IMPLICC) project (Alterskjær et al., 2013).
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The objective of this paper is to examine multi-model simulation results in terms of
changes in mean and extreme temperature and precipitation as a consequence of reducing incoming solar radiation at the surface by these two different SRM techniques.
We compare the impact of stratospheric sulfate injection and sea salt climate engineering on change in certain climate extremes. For statospheric sulphate injection, we use
the GeoMIP G3 experiment, in which stratospheric aerosols are added gradually to
a background of RCP4.5, to balance the anthropogenic forcing and to keep the global
temperature nearly constant (Kravitz et al., 2011). The IMPLICC G3-SSCE is based on
the GeoMIP G3 experiment, but sea salt emissions by which marine cloud brightness is
altered, rather than stratospheric aerosols, are used to compensate the anthropogenic
forcing. Since this experiment is based on the GEOMIP G3 experiment, as described in
Alterskjær et al. (2013), we denote the experiment G3-SSCE. The stratospheric sulfate
experiment, G3, employs the forcing globally, whilst the sea salt climate engineering in
G3-SSCE is employed only over tropical oceans.
Kharin et al. (2007) found that the changes in temperature extremes can be expected
to generally follow changes in mean temperatures in many parts of the world. However,
especially over mid and high latitudes, temperature extremes may show larger relative
changes, and over land models show an increase in temperature variability in a warming climate (Kharin and Zwiers, 2005). According to the recent IPCC report, there will
be more hot and fewer cold temperature extremes as well as a likely increase in precipitation extremes in a warmer world (Collins et al., 2013).
The climatic properties of the G3 and G3-SSCE experiments have been presented
in previous studies. These focused mainly on the temporal and spatial distributions of
climate engineering effects on the mean climate (Schmidt et al., 2012; Alterskjær et al.,
2013; Kravitz et al., 2013). Schmidt et al. (2012) studied the responses of four Earth
system models to climate engineering in the G1 scenario. In this scenario, the radiative
forcing from quadrupling of CO2 is balanced by reducing the solar constant. Alterskjær
et al. (2013) investigated the simulation of G3-SSCE. Their results showed that a sufficiently strong application of SSCE led to the compensation of the global annual mean
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warming by RCP4.5 in all models. The models showed a suppression of evaporation
and reduced precipitation over low-latitude oceans and vice-versa over low-latitude
land regions. Kravitz et al. (2013) summarized the current knowledge as gained from
the GeoMIP simulations and remaining research gaps. They found that none of the
participating models could maintain both global-mean temperature and precipitation to
pre-industrial levels from a high CO2 scenario, in agreement with theoretical considerations.
Presently, very few studies address the impact of climate engineering on extreme
events and hardly any research has yet focused on more realistic scenarios. Recent
studies by Tilmes et al. (2013) and Curry et al. (2014) examined climate extremes in
the multi-model climate engineering experiment (G1). The study by Tilmes et al. (2013)
mainly focuses on the hydrological impact of the forcing as applied in the G1 experiment. As part of their study, they also analyze the upper percentile shifts in the annual
and seasonal precipitation from monthly averaged model output in both G1 and abrupt
4xCO2 experiments relative to the pre-industrial control state. In the Tropics, the G1
experiment tends to reduce heavy precipitation intensity compared to the control simulation. Their results showed a weakening of hydrological cycle under G1 experiment.
Curry et al. (2014) examined the temperature and precipitation extremes in the G1
scenario. They were found to be smaller than in the abrupt 4xCO2 scenario, but significantly different from pre-industrial conditions. A probability density function analysis of
standardised monthly surface temperature exhibited an extension of the high-end tail
over land and of the low tail over ocean, while the precipitation distribution was shown
to shift to drier conditions. The strong heating of northern high latitudes as simulated
under 4xCO2 is largely offset by the G1 scenario. However significant warming was
found to remain, especially for daily minimum temperature compared to daily maximum temperature for the given time period. Changes in temperature extremes were
found to be more effectively reduced compared to precipitation extremes.
In our study, we define climate extremes in Table 1 (see Methods described in
Sect. 2). Details of the experiments considered in the study, models used and methods
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are described in Sect. 2. In Sect. 3, we discuss the geographical distribution of the
climate extremes as well as the main differences in climate extremes under the two
methods during climate engineering and after its termination. In Sect. 4, we discuss
the implication of our results and present the conclusions.
Data and methodology
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Results from the three Earth system models (ESM) were available for the analysis. The
models are the Max Planck Institute for Meteorology ESM (MPI-ESM) (Giorgetta et al.,
2013), the Norwegian Climate Centre ESM (NorESM) (Alterskjær et al., 2012) and the
Institute Pierre-Simon Laplace ESM (IPSL-CM5) (Dufresne et al., 2013). The atmospheric component of the MPI-ESM lower resolution (MPI-ESM-LR), ECHAM6, runs
at a resolution of T63 (triangular truncation at wave number 63 corresponding to ap◦
◦
proximately 1.9 × 1.9 ) with 47 vertical levels. The Norwegian Earth System Model1 –
medium resolution (NorESM1-M) atmospheric model CAM4-OSLO has a resolution of
◦
◦
1.9 × 2.6 with 26 vertical levels, whilst LMDz representing the atmosphere in the IPSL
Earth System Model for the 5th IPCC report – low resolution (ISPL-CM5A-LR) runs at
a resolution of 1.9◦ × 3.75◦ with 39 vertical levels. The advantage of using models of
such different components and resolutions is that the results from the different models
are expected to span a large part of the uncertainty range of the results (Kravitz et al.,
2013).
The G3 and experiment are compared to the RCP4.5 experiment for the period 2020
to 2070. The representative concentration pathway 4.5 (RCP4.5) is a scenario that
−2
stabilizes radiative forcing at 4.5 W m in the year 2100 (Taylor et al., 2012). The aim of
the climate engineering experiments is to balance the excess radiative forcing to remain
at 2020 levels implied by the anthropogenic climate change in RCP4.5 after year 2020.
In the G3 simulation, this is achieved by prescribing aerosol optical depth (AOD) and
effective radius as given in Niemeier et al. (2013) in the stratosphere from an equatorial
injection of SO2 (Kravitz et al., 2011). This is done increasingly in time in order to reflect
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enough solar radiation to balance the increasing anthropogenic greenhouse effect. An
additional 20 year extension until 2090 is performed to explore the effect of abrupt
ceasing of the SRM, which is referred to as the “termination effect” (Jones et al., 2013).
In the G3-SSCE experiment, the globally averaged radiative forcing in RCP4.5 relative to the year 2020 is balanced via marine cloud brightening (MCB) by increasing
injections of sea salt into the tropical marine atmospheric boundary layer (Alterskjær
et al., 2013). The seeding region chosen for the experiment extends between 30◦ N and
◦
30 S over oceans. Suitable seeding regions were chosen based on an earlier study by
Alterskjær et al. (2012). For a detailed description of the G3-SSCE and experiment
design the reader is referred to Alterskjær et al. (2013).
The MPI-ESM performed three realizations for both G3 and G3-SSCE experiments.
The NorESM1-M performed two realizations for G3 and G3-SSCE, while IPSL-CM5A
has one realisation for each experiment. Based on the time period chosen for analysis,
we compute the model statistics for each ensemble member for the models where
more than one are available, and then consider the multi-model average. The multimodel mean results are given with an equal weight for all three models (i.e. first taking
the ensemble-average for the models where more than one ensemble member was
available). Prior to all calculations, all the three models ensembles are re-gridded to
◦
◦
a common resolution, choosing the lowest of the model resolutions of 1.9 ×3.75 (IPSLCM5A-LR resolution).
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In this study, climate extremes are defined by the lower and upper percentiles of the
temporal distribution at each grid-point, as well as a set of indices defined by the Expert Team of Climate Change Detection and Indices (ETCCDI) (Sillmann et al., 2013).
Climate extreme are defined for the time-series of near surface air temperature and
surface precipitation flux at individual model grid-points.
The data is provided at a daily resolution, so the sample from which the percentiles
are drawn covers approximately 3650 days. The 10th (P10) and 90th (P90) percentiles
32399
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For reference, Tables 2–4 show the changes in globally averaged values of mean and
extreme (percentile based method) values of temperature and precipitation and Table 5
shows the globally averaged mean values of other extreme event indices (Sects. 3.2
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are analysed. We also investigate higher percentiles (eg P99), but this only as a landor ocean average where statistics are large enough (as shown in Table 2). Since we do
not deseasonalize the data, the 10th percentile may be regarded as a measure of the
winter and 90th percentile that of the summer season.
Daily data for maximum (TX) and minimum (TN) temperature are directly provided
from the model. The frost days index (FD) represents the number of days when TN <
0 ◦ C and summer days (SU) define the number of days when TX > 25 ◦ C for the given
time period. The consecutive dry days index (CDD) provides the largest number of
−1
consecutive days when daily precipitation is less than 1 mm day in the analysed time
period. The climate extreme values are calculated separately for the RCP4.5 and the
two SRM experiments.
To assess the influence of climate engineering on a changing climate, for every climate extreme index analysis, the last ten years of climate engineering (2060 to 2069,
referred to as 2060s) are compared with ten-year average RCP4.5 control simulation
(2010–2019, 2010s, i.e. the pre-SRM period). The same analysis is conducted for the
corresponding RCP4.5 scenario for the same two ten-year periods.
To determine the effect of abrupt ceasing of climate engineering, upper percentile
climate indices of both temperature and precipitation for the second decade after termination, i.e. years 2080 to 2089 (referred as 2080s) is compared to the last ten years
of climate engineering (i.e., 2060s). A similar analysis is carried out for RCP4.5 as well,
to investigate the changes during the same two decades.
Both climate engineering techniques are compared with the RCP4.5 2060s (2060 to
2069) and the values are given in Table 4.
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Geographical distributions of mean, 90th percentile (P90) and 10th percentile (P10)
of near surface temperature are shown in Fig. 1 for RCP4.5 (left column), G3-SSCE
(middle column) and G3 (right column). In these maps and those which follow, regions
where the three models (ensemble average for the models that simulated more than
one ensemble member) agree on the sign of the change are represented by hatches.
In the RCP4.5 scenario, temperatures are almost everywhere warmer in the 2060s
than in the 2010s (Fig. 1), albeit with more warming over land than over ocean Collins
et al. (2013). In both SRM scenarios, the three models agree on the positive sign of
the temperature change (warming) over the extratropics and higher latitudes of the
Northern Hemisphere, and also over much of the Southern Hemisphere. In G3-SSCE,
the low latitudes show a very slight warming. The warming is also not completely offset
in the extratropics, especially in the Northern Hemisphere, which are simulated to warm
by about 1 K. In G3-SSCE, the pattern for the P90 values are similar to those for the
mean values, with not much offset of temperature (P90), indicating no shift in the tail
of the temperature distribution. In some regions, such as the Arctic, the P90 values
change somewhat less than the mean values. In G3, the result is very similar to the
G3-SSCE experiment: the P90 changes largely follow the mean changes, except for
a better mitigation of the warming in the Arctic for the upper percentile compared to the
mean.
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and 3.3). The tropical region in the table is defined as the area between 30◦ N and
30◦ S.
The main aim of the climate engineering experiment is to keep the globally averaged
top-of-atmosphere radiative forcing at the RCP4.5 2020 level, hence it does not fully
constrain the regional climate characteristics of the variables (Curry et al., 2014). Geographical patterns of the changes in climate despite climate engineering are examined
in the following section.
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At the lower end of the temperature distribution, the 10th percentile increases in both
SRM experiments broadly show a distribution of small, positive changes very similar
to the mean temperature change patterns, except for the Northern Hemisphere high
latitudes. In these, rather than a smaller increase as for the upper percentile, a much
stronger increase in temperature (P10) is simulated. This is consistently simulated by
all three models. Overall, thus both SRM schemes are simulated to substantially narrow the temperature distribution in the Arctic. This is very likely due to the fact that
both climate engineering schemes are solar radiation management approaches, by
which only during Arctic day climate change can be mitigated (as seen in the upper
percentile), while in polar night, almost no local mitigation is achieved by construction.
Warming in the lower tail of the temperature distribution may have important effects in
the Arctic.
The conclusion that over much of the globe, the extremes change as the mean for the
geoengineering schemes, except for the Arctic region, is clearly visible in the analysis
of the geographical patterns, even if in the global mean (Table 2) slight differences are
calculated.
Changes in mean and the upper percentile (P90) precipitation are shown in Fig. 2.
As documented in earlier studies Govindasamy and Caldeira (e.g., 2000), the RCP4.5
scenario shows an increase in precipitation between the 2060s and 2010s, especially
◦
◦
in the equatorial region between 5 N and 5 S. The location of this increase, however,
is not robust among the three models. Changes in P90 precipitation in the RCP4.5
scenario are stronger than changes in mean precipitation.
Both SRM schemes show small area averaged changes, with decreases in mean
precipitation in the subtropics and Tropics and slight increases elsewhere (Fig. 2 and
Table 2). The G3-SSCE differs from G3 experiment also due to the aspect that the precipitation is influenced by the emission of sea salt impacting cloud droplet number concentrations and subsequently precipitation formation in the clouds via the autoconversion process. For both the mean and extreme precipitation, the G3-SSCE experiment
shows a rather strong positive anomaly over South-East Asia. The Indian subcontinent
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Dry spells are measured as the number of consecutive dry days (CDD). These are
defined as the largest number of days per year in which precipitation is less than
32403

Climate extremes in
climate engineering
simulations
V. N. Aswathy et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Discussion Paper

Changes in dry spells

14, 32393–32425, 2014

|

3.2

Discussion Paper

25

ACPD

|

20

Discussion Paper

15

|

10

Discussion Paper

5

and surrounding regions are found to experience enhanced precipitation rates under
the G3-SSCE experiment. In contrast, most of the tropical marine regions, including
the ITCZ, Pacific, Atlantic and Indian Oceans show a negative anomaly because of G3SSCE. In the Amazon rainforest area, G3-SSCE largely produces a negative anomaly
in precipitation in accordance with the simulation of Jones et al. (2009) on MCB. As
discussed by Niemeier et al. (2013), these changes can be attributed to a reduced
vertical motion over the tropical Pacific under in the climate engineering experiments.
The mean value for the change in precipitation extremes (90th percentile) over global
−1
continents is positive at +0.08 mm day , while over oceans it is slightly negative at
−1
−1
−0.01 mm day , yielding a global-mean change of +0.02 mm day (refer Table 2).
The geographical distributions of the changes in precipitation mean and upper percentiles for the stratospheric climate engineering (G3; right column of Fig. 2) are in
general similar to the findings for the G3-SSCE simulations, albeit slightly smaller in
magnitude over global continents. When averaging globally, and over oceans in particular, however, the G3 experiment produces more positive precipitation changes both
for mean and extremes than the G3-SSCE experiment (Tables 2 and 3).
In Figs. 6–8 the precipitation changes as simulated by the individual models are
shown. In the G3 scenario, the tendency of all models to simulate moister equatorial
tropics (ITCZ) and dryer sub-tropics is even more evident than for the ensemble mean.
In P90, both MPI-ESM and NorESM1-M are consistent in simulating a wetter Eurasian
continent and wetter South Pacific Convergence Zone. The signals are similar between
mean and upper percentile, but stronger for the upper percentile. In the G3-SSCE, all
models widely agree on reduced extreme precipitation over tropical marine regions
and moister continents and these factors are prominent in G3-SSCE compared to G3
experiment.

Printer-friendly Version
Interactive Discussion

5

Climate extremes in
climate engineering
simulations
V. N. Aswathy et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Discussion Paper
|

32404

14, 32393–32425, 2014

|

25

The frequency of occurrence of cold days can be quantified as the number of frost
◦
days, defined as total number of days per year when TN less than 0 C. In RCP4.5, FD
is reduced in the mid- to high latitudes especially of the Northern Hemisphere by up to
one month per year, and widespread by 5 and more days per year over all extra-tropical
continental areas of the Northern Hemisphere (Fig. 4a).
Globally there is less decrease in the frost days under both SRM scenarios compared
−1
to RCP4.5 with mean changes of −3.3, −2.86 and −5.98 days year for G3-SSCE, G3
and RCP4.5 respectively (Table 5). RCP4.5 scenario show very few regions of increase
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1 mm day . In Fig. 3, changes in ten-year-average CDD for RCP4.5, G3-SSCE and G3
are shown for 2060s vs. RCP4.5 2010s. CDD changes show little agreement among
the three models, this is because it is derived from the more uncertain daily precipitation.
As expected, the desert regions show the extreme values. RCP4.5 has fewer CDD
−1
in the 2060s with a global mean reduction of 1.8 days year over land, while over the
−1
tropical regions there is an increase in CDD of 1.44 days year .
In the G3-SSCE experiment, shorter dry periods are simulated, especially over the
land regions. Australia, South Africa and most of Asia show a decrease by approximately 2–5 days year−1 . Over the Arabian peninsula, the decrease in CDD is up to
−1
10 days year . There are few regions where CDD increases in G3-SSCE, mostly over
parts of North Africa including Libya and Algeria. Overall the effect of G3-SSCE is
−1
most pronounced over global continents with a reduction of 0.68 days year . Hence
in G3-SSCE, the overall increase in mean and extreme precipitation (discussed earlier) over continent and decrease over oceans is reflected in the CDD values as well.
G3 experiment results in increase in CDD, over the Tropics as well as global oceans
and, reductions in CDD over large parts of extratropical continents, but more strong in
magnitude than the G3-SSCE.
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The termination effect of the G3 and G3-SSCE experiments are investigated for both
temperature and precipitation. The values are summarized in Table 3.
As expected, the termination of SRM leads to a rapid net global warming. When
following the RCP4.5 scenario (2080s vs. 2060s) a gradual warming is simulated which
is stronger for the average temperatures in the northern polar and mid-latitude regions
than the global average of +0.26 K. P90 temperatures rise at a slower rate than the
average ones, except in the Tropics where the warming rates are slightly larger for the
upper percentiles (not shown). The termination of the SRM leads to strong warming
32405
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in frost days. In comparison to RCP4.5, the SRM scenarios maintain more frost days
over NH land. However, still a strong reduction in the frequency of occurrence of FD
is simulated for both G3 and G3-SSCE, with patterns very similar to the simulated
increase in the RCP4.5 scenario. It may be concluded that the warming especially of
the lower end of the temperature distributions not offset by the SRM scenarios (see
above) is sufficiently strong. Hence, it reduces the frequency at which the freezing
threshold is reached and subsequently FD reduction is largely not alleviated.
The frequency of occurrence of hot days can be quantified as the number of Summer days (SU) defined as the the total number of days per year in which TX is greater
◦
than 25 C. Figure 5 shows the change in SU for 2060s vs. RCP4.5 2010s. As expected, RCP4.5 shows an increase in SU. This is most pronounced in the sub-tropics
with increases by up to more than one month per year, but is widespread over low- to
−1
mid-latitude continents. In the Tropics the maximum increase of 118 days year corresponds to an entire season more of SU, and the average increase is as much as
−1
26 days year (Table 5). This strong increase over the Tropics is well reduced by the
G3-SSCE scenario, however, the still substantial increase of 10–20 days year−1 over
North America and Eurasia is only slightly offset. In contrast, the extra-tropical changes
in SU are effectively reduced by the globally-applied G3 scheme, where, in turn, still
−1
substantial increases in SU over the Tropics (up to 30 days year ) are simulated.
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In this study, the results of simulations with three different Earth system models within
the SRM climate engineering model intercomparison studies of IMPLICC and GeoMIP
have been analyzed with respect to surface air temperature and precipitation and their
corresponding extreme indices. Two solar radiation management methods were implemented in these simulations, namely the injection of stratospheric aerosols (G3) and
marine cloud brightening by sea salt injections (G3-SSCE). Both solar radiation management climate engineering methods are effective at counteracting the mean global
warming caused by the RCP4.5 scenarios. In the marine cloud brightening experiment,
G3-SSCE, however, where SRM is implemented only in the Tropics, extra-tropics and
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both of average and extreme temperatures for both schemes, with slightly larger values
for the G3 simulations. The changes are stronger over land. Mean values rise the most
in the northern polar regions, while P90 values increase more at mid- and low latitudes
over land, with only moderate warming in the polar regions. The global mean values
of the temperature changes for the G3-SSCE scenario for mean, P90 and P99 are
+0.73, +0.54 and +0.56 K, respectively (Alterskjær et al., 2013). In the G3 scenario,
simulated patterns are similar to G3-SSCE, but stronger. The termination of the SRM
leads to stronger changes in extreme temperatures also in the mid- and polar regions,
compared to the G3-SSCE method. The global mean change for temperature (P99)
extremes over land is +1.13 K. A similar analysis is carried out for precipitation as well.
Termination of G3-SSCE leads to strong increases of precipitation over most regions.
However, the models simulate drying over some subtropical land regions, namely north
of Africa, Australia and some regions of Indian subcontinent due to the termination
−1
effect. The global mean change of precipitation extremes is +0.74 mm day (P99).
Especially the Tropics experience a large increase in precipitation extremes (P99) with
a net value of +1.26 mm day−1 . Under G3 termination, similar results are found, albeit
with less drying anomalies in the subtropical areas.
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high latitudes warm up during the climate engineered time. The focus of this study was
on the changes in extreme temperatures, defined here as the upper (90th, P90) and
lower percentiles (10th, P10) of the 10 year temporal distribution at each grid-point, as
well as dry-spell, frost-day and summer-day indices. In the simulations investigated,
over much of the globe, P90 temperatures change similar to the mean temperatures
despite a small global-mean difference in changes. The exception is in Northern Hemisphere high latitudes, where the warm temperatures rise slower than the mean, but
the cold temperatures much faster than the mean. This is consistent with the expectation, since SRM is effective only during polar day. Defining temperature extremes by
fixed thresholds, namely frost days as those where the minimum temperature is colder
than the freezing point, and summer days as those where the maximum temperature
is warmer than 25 ◦ C, it is found that neither SRM scheme effectively alleviates the
decrease in the RCP4.5 frost days simulated for the mid- and high latitude continental
regions, nor the scheme completely offset the increase in summer days. The patterns
for the two schemes differ – G3 better reduces the increase in the extra-tropics while
G3-SSCE better reduces the increase in the sub-tropics.
In terms of precipitation, it was found that the increases in mean and also P90 precipitation are in general well offset by both schemes. In the Tropics, especially over
marine regions, the G3-SSCE scheme leads to an overall reduction in precipitation.
The geographical patterns of the P90 precipitation change show large variability which
averages out when considering large regions. In G3, consistent among the models is
a tendency in the low latitudes to have precipitation more concentrated in the equatorial tropics, indicating an intensification of the ITCZ, and to produce more precipitation
over Eurasia. As for dry spells, G3-SSCE produce more reduction over global continents compared to the oceans. G3, in turn shows the same, albeit more strong in the
magnitude.
Strong temperature increases are simulated after the ceasing of SRM climate engineering. G3 termination results in a rapid warming of entire globe, stronger over land
in both tropical and extra-tropical regions than over oceans, and less strong over the
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Arctic for the 20 year timeframe analysed. The G3-SSCE termination effect is more
confined to the Tropics. Also precipitation responds strongly to the termination of SRM
climate engineering measures with strong increases over land regions. Extreme values, both for temperature and precipitation, show stronger increases than the mean
values for the termination effect.
This study has implications for the assessment of social costs of SRM climate engineering. Typically the extreme values of temperature or precipitation give rise to economic damages. Since changes in temperature and precipitation extremes in general
are more or less equally affected by the two SRM climate engineering methods as the
mean values, there is no substantial indication for costly side effects in this regard, except for the Arctic region. Other non-mitigated costs of greenhouse gas emissions, e.g.
sea level rise, ocean acidification, have not been assessed here. Furthermore, some
effects are subject to considerable uncertainty, such as the exact geographical pattern
of P90 precipitation change.
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CDD (days year−1 )
Land
Ocean Tropical

Global

FD (days year−1 )
Land
Ocean Tropical

Global

SU (days year−1 )
Land Ocean Tropical

−0.56

−1.8

0.12
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Figure 1. Multi-model mean change in near surface temperature (K) for RCP 4.5 (left panel),
G3-SSCE (middle) and G3 (right panel) for 2060s relative to RCP4.5 2010s. (a–c) denote
changes in mean values, (d–f) same as (a–c) but for the 90th percentile and (g–i) same as
(a–c) but for the 10th percentile of the temporal distribution at each model grid point. Hatches
denote regions where all the three models agree on the sign.
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Figure 2. Multi-model mean change in precipitation (mm day ) for RCP 4.5 (left panel), G3SSCE (middle) and G3 (right panel) for 2060s relative to RCP4.5 2010s. (a–c) denote changes
in mean values, (d–f) same as (a–c) but for the 90th percentile of the temporal distribution at
each model grid point. Hatches denote regions where models agree on the sign.
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Figure 3. Multimodel ensemble mean of change in consecutive dry days RCP4.5 (top panel),
G3-SSCE (middle) and G3 (bottom panel) for 2060s relative to RCP4.5 2010s. Hatches denote
regions where all the three models agree on the sign.
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Figure 4. As in Fig. 3 but for Frost days. Hatches denote regions where all the three models
agree on the sign.
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Figure 5. As in Fig. 3 but for Summer days. Hatches denote regions where all the three models
agree on the sign.
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Figure 6. Change in precipitation (mm day−1 ) for RCP4.5 of 2060s relative to 2010s. (a and e)
show the multi-model ensemble average, (b–d) show the mean changes and (f–h) show the
P90 changes of MPI-ESM, NorESM1-M and IPSL respectively. Hatches denote regions where
all the three models agree on the sign.
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Figure 7. Same as in Fig. 6, but for G3-SSCE. Hatches denote regions where all the three
models agree on the sign.
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Figure 8. Same as in Fig. 6, but for G3. Hatches denote regions where all the three models
agree on the sign.
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