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In this study, we examine the statistics of precipitation
extreme events in a model simulation of solar radia-
tion management (SRM) geoengineering. We consider
both intensity and frequency-based extreme indices for
precipitation. The analysis is performed over both
large-scale domains as well as regional scales (22 Giorgi
land regions). We find that precipitation extremes are
substantially reduced in geoengineering simulation: the
magnitude of change is much smaller than those that
occur in a simulation with elevated atmospheric CO,
alone. In the geoengineered climate, though the global
mean of the intensity of extreme precipitation events is
slightly less than in control climate, substantial changes
remain on regional scales. We do not find significant
changes in the frequency of precipitation extremes in
geoengineering simulation compared to control simula-
tion on global and regional scales. We infer that SRM
schemes are likely to reduce precipitation extremes and
the associated impacts on a global scale. However, we
note that a comprehensive assessment of moral, social,
ethical, legal, technological, economic, political and gov-
ernance issues is required for using SRM methods to
counter the impacts of climate change.

Keywords: Geoengineering, solar radiation manage-
ment, extreme events, regional analysis.

CLIMATE change is driven by changes in various external
factors such as variation in solar radiation received by the
earth, plate tectonics and volcanic eruptions. However,
currently climate change caused by anthropogenic green-
house gas (GHG) emissions is a major concern because
much of the change in climate since the mid-20th century
can be attributed to them®. While reduction of emissions
is the best way to reduce the impacts of climate change,
alternative methods such as geoengineering have been
proposed with an aim to deliberately alter the climate sys-
tem on a large scale. The two major categories of geoen-
gineering methods are solar radiation management (SRM)
and carbon dioxide removal (CDR)?*’. SRM aims to
counter the warming associated with increasing GHG
concentrations by reducing the amount of sunlight
absorbed by the climate system. CDR aims to slowdown
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or perhaps reverse projected increases in the future
atmospheric CO, concentrations by accelerating their
natural removal and increasing the storage of carbon in
land, ocean and geological reservoirs®.

Previous modelling studies on SRM geoengineering®*’
show that geoengineering schemes can offset the changes
in global mean surface temperature or global mean pre-
cipitation, but there could be large residual climate
changes on regional scale. On a global scale, geoengi-
neering would also lead to a weakened hydrological
cycle’® if the global mean temperature changes are
exactly offset. A GeoMIP (Geoengineering Model Inter-
comparison Project) study*’ found that SRM in compari-
son to the pre-industrial climate, reduced precipitation
and evaporation over land and especially in most
monsoonal regions and in northern mid-latitudes and con-
firmed the weakening of hydrological cycle.

Climate change, driven by either natural or anthropo-
genic forcing, can lead to changes in the likelihood of
occurrence or strength of extreme events®. Since large
sections of the society are most vulnerable to impacts of
such events, a careful evaluation of future extreme events
is needed. A robust characterization in terms of frequency
and intensity is important, as planning of risk-reduction
strategies requires reliable and detailed information on
current and future climate extremes. This article is Part 1
of our two-part study on extremes under geoengineering:
Part 1 is on precipitation extremes and Part 2 (ref. 19)
discusses temperature extremes. In both the parts of this
study, we separately discuss the intensity-based and
frequency-based extreme indices.

Several modelling studies show that the intensity of
extreme events is increasing under global warming®® 2.
For example, it has been shown that slight changes in the
frequency distribution parameters can alter the precipita-
tion extremes much more than the mean precipitation®.
Two possible mechanisms control both these short-term
extreme precipitation amounts as well as changes in mean
precipitation: thermodynamic and dynamic mechanisms®.
Global warming increases the atmospheric water vapour
content (thermodynamic mechanism) leading to changes
in the hydrological cycle which include intensification of
precipitation extremes. A multi-model study estimated
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that there will be an increase of about 6% per 1° warming
in the globally averaged 20-year return values of annual
extremes of daily precipitation amounts, with a bulk of the
simulated values in the range 4-10% per 1° warming®*.
However, global climate models (GCMs) are generally
poor in simulating precipitation extremes and hence
predicted that changes in a warmer climate vary among
models®. However, another study®® showed that GCM
predictions of extremes can be constrained by observed
relationships in the present-day climate, it is found that
extreme precipitation increases by 6-10% per °C of global
mean surface warming.

Only a few studies in the past have investigated the
statistics of extreme events under SRM geoengineering.
Tilmes et al."’, using monthly output from multiple mod-
els (GeoMIP), quantified that the frequency of heavy pre-
cipitation events increases by 50% for a quadrupling of CO,
in comparison to control conditions and reduces by 20% in
geoengineering experiments. Using daily model output,
Curry et al.*® analysed the frequency of extreme events,
such as coldest night, warmest day, maximum 5-days pre-
cipitation amount and a few duration indices. They showed
that the climate extremes under geoengineering are not only
smaller than 4XCO2 conditions but also differ significantly
from those under pre-industrial conditions. They also found
that geoengineering is more effective in reducing changes
in temperature extremes compared to precipitation ex-
tremes, and also reducing changes in precipitation extremes
than means, but less effective in reducing changes in tem-
perature extremes compared to means.

The major limitation in case of Tilmes et al.'” is that
they use monthly mean precipitation data to evaluate the
change in extreme precipitation intensity. Daily time res-
olution of the data is necessary to take into account the
sub-monthly nature of extremes. Use of time-averaged
data for analysing extremes will dampen their magnitude.
Assessment of expected changes in surface temperature,
precipitation and related extremes using daily output of
the model was made by Curry et al.®, but extreme events
were defined using only a few ETCCDI (Expert Team of
Climate Change Detection and Indices). Here, we per-
form an extensive assessment of the extremes using Six
precipitation extreme indices (three for intensity and
three for frequency indices) and their projected changes
in a geoengineered climate. We also quantify the changes
in extremes over 22 Giorgi land regions and several large
domains. Part 2 of this study discusses temperature
extreme indices which are also distinctly classified into
intensity-based and frequency-based indices™®.

Model, experiments and methodology
Model details and experiments

The model used for this study is the NCAR (National
Center for Atmospheric Research) global atmospheric
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model, Community Atmosphere Model (CAM 5)%!. It is
coupled to the Community Land Model (CLM 4) and to a
slab ocean model (SOM) with a thermodynamic sea-ice
model to represent interactions with the ocean and sea-ice
components of the climate system®. CAM 5 is the atmo-
sphere component of the Community Earth System Mod-
el, version 1 (CESM1). We use horizontal resolution of
the model of 1.9° in lat and 2.5° in long. There are 30
layers in the vertical covering 40 km.

In this study, three experiments are performed: (1) a
pre-industrial control simulation ‘1XCO2’ with a CO,
concentration of 284.7 ppm and solar constant of
1367 Wm'?; (2) ‘2XC02’ with doubled atmospheric CO,
concentration (i.e. 569.4 ppm), and solar constant of
1367 Wm2, (3) ‘Geo-Engg’ with doubled atmospheric
CO, concentration (i.e. 569.4 ppm) and solar constant
reduced by 2.25% (i.e. 1336.2 W m?). All the experi-
ments are run for 100 years and daily data from the last
10 years are used for analysis. These simulations take
approximately 30 years to reach a near-equilibrium
climate state. Since a decade is the minimum time-frame
for meaningful assessments of climate change®, our
assessments of extremes use 10 years of daily data (91—
100 years). We verified that the conclusions are not
changed using another 10 year segment from the last 50
years daily output. We estimate from the 2XCO2 case
that for every 1°C of global mean surface temperature
increase, global mean precipitation increases by 2%, in
agreement with previous studies®*’.

Observational data

Version 1.2 of the Global Precipitation Climatology Pro-
ject (GPCP) one-degree daily combined precipitation da-
taset was used to evaluate the model simulated
precipitation indices®. This dataset is a first approach in
estimating global daily precipitation at the 1° x 1° scale
from observational data. It is composed of precipitation
estimates from TMPI (Threshold Matched Precipitation
Index) where available (40°N-40°S) and AdSND (adjust-
ed sounding-based estimates from TIROS Operational
Vertical Sounder and Atmospheric Infrared Sounder)
elsewhere. We used 10 years (2004-2013) of GPCP data.
As model data and observations are not at the same hori-
zontal resolution, GPCP data were regridded (extrapolat-
ed) to model data resolution of 1.9° x 2.5°.

Methodology

Climate extremes are a multifaceted meteorological
phenomenon and can be characterized in terms of intensity,
frequency or duration of one or more climatological
parameters®®. In this study, we considered a subset of
precipitation indices available in EIA (ETCCDI Indices
Archive). Even with identical amounts (i.e. means), the
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Table 1.

Set of extreme precipitation indices analysed in this study. These indices are recommended by the Expert Team of Climate Change

Detection and Indices (ETCCDI), except those marked with an asterisk (*). The index marked with ** is defined by Sillmann et al.?’ to estimate the
number of wet days

Label Index Index definition Units
99.9p* Extremely wet precipitation The intensity of precipitation events which exceed 99.9th percentile threshold mm/day
RX1day Maximum 1 day precipitation Maximum of daily precipitation amount mm
RX5day Maximum 5 days precipitation Maximum of consecutive 5 days (cumulative) precipitation amount mm
R1mm** Number of wet days Number of days with precipitation > 1 mm days
R20mm Very heavy precipitation days Number of days with precipitation > 20 mm days
R50mm* Extreme precipitation days Number of days with precipitation > 50 mm days

climate can be different if the frequency and intensity of
precipitation/temperature events differ®. Therefore, we
quantified the extreme precipitation events in terms of
both intensity and frequency. As this study is based on a
single model output, the control simulation (the 1XCOQO?2
case) thresholds were used as reference thresholds in
estimating indices instead of a base observational thresh-
old. Two new precipitation extreme indices, 99.9p and
R50mm, were also used for a comprehensive assessment
of extreme precipitation events. 99.9p represents the in-
tensity of precipitation events which exceed 99.9th per-
centile threshold and R50mm is a frequency index,
defined as the number of days with precipitation exceed-
ing 50 mm. The selected indices (Table 1) give a com-
prehensive overview of changes in precipitation extremes
in both 2XCO2 and Geo-Engg cases®’?®. Regional ex-
treme value statistics was performed for various selected
regions (Supplementary Table 1) and for Giorgi land re-
gions (Supplementary Table 2 and Supplementary Figure

1)*. Spatial statistical analysis was also performed to
estimate their uncertainties at local scale. Estimates for
land and ocean regions were also made.

Methodology of estimating all precipitation extreme
indices is not similar. We used two ways of aggregating
individual events to create samples. The first method
aggregates the events for the whole time-period (over the
entire 10-year period in this study) for each grid point.
Then precipitation extremes are estimated at each grid
point based on their respective index definition and statis-
tical analysis is performed over the spatial domain of
interest. The second method, suitable for estimating zonal
means of extremes, aggregates individual events over the
10-year period to estimate climate extreme events at each
grid point and then averages along each latitude circle.

Results

Here we discuss the changes in precipitation extremes in
a doubled CO, (2XCO2) and geoengineered climate
(Geo-Engg) relative to the 1XCO2 case. The changes in
precipitation means in a geoengineered climate have been
discussed in several previous studies®** 84 |n the
2XCO2 case, we found that the change in mean surface
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temperature was 4.1 K and mean precipitation was
0.24 mm/day (7.9%). However, in the Geo-Engg case, the
change in global mean temperature reduced to —0.07 K
and precipitation to —0.08 mm/day (—2.8%).

Evaluation of model-simulated precipitation
extremes

For evaluation of precipitation extreme statistics from the
model, we used 99.9th percentile precipitation rates as the
metric for comparison. As we are interested in the statis-
tics of extremes, we have evaluated the spatial statistics
of this quantity. Figure 1 shows the 99.9th percentile pre-
cipitation rates in control simulation (the 1XCQO2 case)
and observational data (GPCP). Spatial statistics of the
1XCO2 case and GPCP were compared over large
domains and Giorgi land regions to evaluate the model-
simulated extremes. It is evident from Figure 1 that the
model-simulated spatial statistics is similar to that of
observations over all large domains, except tropical and
subtropical land regions, where the model slightly under-
estimates the extremes. Figure 2 shows the distribution of
99.9th percentile precipitation rates around the globe. The
distribution of global daily precipitation rates (Figure 3)
and extreme (in this case, 99.9th percentile) precipitation
rates (Figure 2) shows different characteristics. The prob-
ability density function (PDF) of daily precipitation rates
is skewed towards right compared to that for precipitation
extremes (Figure 3). It can be seen from Figure 2 that
PDF of GPCP data is slightly shifted towards right com-
pared to the 1XCO2 case, showing that the model slightly
underestimates precipitation extremes. However, the
model overestimates precipitation rates for precipitation
extremes less than 40 mm/day.

We also evaluated the model-simulated precipitation
extremes using bias and correlation coefficient over
spatial pattern (Figure 4). We found that the model-
simulated intensity of precipitation extremes showed
almost similar spatial pattern (correlation coefficient for
99.9p was 0.66 and for RX5day was 0.69) to that in
GPCP observational data (for the period 2004-2013). The
mean biases were 5.6 and 3.4 mm/5 days for 99.9p and
RX5day indices respectively. The model underestimated
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Figure 1.

Comparison of the 99.9th percentile extreme precipitation rate (99.9p) of control simulation (1XCO2; blue)

with observational data (GPCP; green) for (a) large domains and (b) 22 Giorgi land regions.

the precipitation extremes over low- and mid-latitude
land regions (Figure 4). However, the frequency of
precipitation extremes (R20mm) showed a reduced corre-
lation coefficient of 0.42 only. The mean bias in this
index was 2.1 days.

Changes in intensity of precipitation extremes

The PDF of daily precipitation intensity was non-
Gaussian and skewed (Figure 4) towards right. All the
three experiments followed the same PDF, except for the
heavy precipitation events (>50 mm/day)®’. It is known
that in a skewed distribution such as that of precipitation,
a change in the mean of the distribution generally affects
its variability or spread and thus an increase in mean pre-
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cipitation would also imply an increase in heavy precipi-
tation events, and vice versa®*. Also, changes in tails have
direct implications for occurrence of extreme events.
The intensity of the extreme events (>50 mm/day)
increased in the 2XCO2 case relative to the 1XCO2 case
(inset, Figure 3). The mean and variance of precipitation
distribution increased strongly (mean = 3.03 mm/day and
standard deviation = 0.0087 mm/day for the 1XCO2
case; mean=3.28 mm/day and standard deviation =
0.0097 mm/day for the 2XCO2 case), as a result of which
precipitation extremes were more prevalent in the 2XCO2
case. It is evident from Figure 2 that in the 2XCO2 case,
the PDF of extremes is shifted towards right, implying
increase in extreme (99.9th percentile) precipitation rate
over the globe.
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Probability density functions (over space) of extreme precipitation rates (99.9th percentile) for a

10-year period (91-100 years of daily output from simulations) of three experiments performed, i.e. 1XCO?2 in
blue, 2XCO2 in red, Geo-Engg in green and observational data (2004-13), i.e. GPCP in dashed blue line. The
99.9th percentile precipitation rates are estimated as explained in the text at every grid point over the 10-year
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Figure 3. Comparison of daily precipitation PDFs of the three simulations, i.e. 1XCO2, 2XCO2 and Geo-Engg.

(Inset) The extremes (>50 mm/day)®’ from the same PDFs are highlighted.

However, in the geoengineering simulation, intensity
of the extremes was similar to the 1XCO2 case as shown
by Curry et al.*. The mean and variance in geoengineer-
ing were closer to that of the 1XCO2 case (mean =
2.96 mm/day and standard deviation = 0.0088 mm/day
for Geo-Engg). Figure 2 also indicates that the extremes
in the Geo-Engg case are brought close to the 1XCO2
case though the PDFs are not exactly identical in the two
cases: extremes are reduced relative to the 1XCO2 case
and moderate precipitation events (<40 mm/day) are in-
creased in geoengineering simulation. The tails of PDFs
differ between land and ocean regions (Supplementary
Figure 1). A disproportionate reduction of evaporation
over land compared to ocean in geoengineered climate is
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likely to cause the different tails of precipitation PDFs,
with oceans areas showing a reduction in extremes in the
Geo-Engg case'’.

We analysed the intensity of precipitation extremes
using the three indices 99.9p, RXlday and RX5day.
These indices were estimated over every grid point and
therefore the threshold of extreme precipitation events
was different for each grid point. We found that the
changes in 99.9p were above the interannual variability
(as the signal was larger than noise) than the other two
indices (Supplementary Figure 2). The changes in
RX1day and RX5day are generally small and within the
interannual variability (Supplementary Figure 2). There is
an increase in 99.9p by 17.7% in the 2XCO2 case and a
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decrease by 3.8% in the Geo-Engg case relative to the
1XCO2 case on a global basis. In the 2XCO2 case, we
found large increase in intensity of precipitation extremes
over extra-tropical regions and reduction in tropical
oceans (Supplementary Figure 2). These results are in
agreement with many previous studies'”?*%. We found
similar changes in the global mean RX1day and RX5day
indices of about 21-25% and —1.6% in the 2XCO2 and
Geo-Engg cases respectively. Though changes in RX1day
and RX5day have spatial patterns similar to 99.9p, the
magnitude of changes is greater than 99.9p but within the
interannual variability (Supplementary Figure 2). On a
regional scale, it is evident that the medians of change are
close to zero in the Geo-Engg case and the length of
whiskers (variability over the domain) is also reduced to
a large extent when compared to the 2XCQO2 case (Figure
5). This suggests that barring some exceptions, extremes
are reduced to a large extent in the Geo-Engg case when
compared to the 2XCO2 case (Supplementary Figure 3).
Further, Supplementary Figure 2 shows that though glob-
ally there is a reduction, northern high-latitude land re-
gions show increase in extreme precipitation events in the
Geo-Engg case compared to the 1XCO2 case.
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Figure 4. Spatial pattern of precipitation extreme indices 99.9p (top
panels), R20mm (middle panels) and RX5day (bottom panels; descrip-
tion of the indices is given in Table 1) for GPCP (observational data for
2004-13, left panels) and the 1XCO2 case (control simulation for 91—
100 years, right panels).
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Changes in frequency of precipitation extremes

We analysed the frequency of precipitation extremes
using the three indices R1lmm, R20mm and R50mm
(Table 1). We found that as the threshold level increased,
there was reduction in the changes in frequency of
extreme precipitation events; they were mostly within the
interannual variability (Supplementary Figure 4). There
was global mean increase in number of wet days (R1mm)
by 4.4 days in the 2XCO2 case and a decrease by 3.6
days in the Geo-Engg case with relative to the 1XCO2
case (Supplementary Figure 4). In the 2XCO2 case, we
found an increase in frequency of precipitation extremes
over all the large domains except tropical and subtropical
oceans where both increases and decreases were observed
(Supplementary Figure 4). Changes in the number of very
heavy precipitation days (R20mm) and extreme precipita-
tion days (R50mm) were very small (Figure 6) and most-
ly within interannual variability at several locations
(Supplementary Figure 4). However, we simulated a large
increase of around 15-25 and 3-5 days in R20mm and
R50mm respectively, along the coast of western Pacific
and southeast Asian region (Supplementary Figure 4). In
the Geo-Engg case, we found reduction in frequency of
wet days (R1mm) all over the globe, but with a slight in-
crease along the Inter-Tropical Convergence Zone
(ITCZ). The large increase of R20mm and R50mm in the
2XCO02 case over western Pacific and southeast Asia was
offset in the Geo-Engg case, but slight positive changes
remained (Supplementary Figure 4). On the regional
scale, the number of wet days (R1mm) had reduced in the
Geo-Engg case compared to the 2XCO2 case (Figure 6),
but frequencies of R20mm and R50mm events were
similar to those in the 1XCO2 case.

Changes in zonal mean intensity and frequency of
precipitation extremes

Zonal means of extremes (99.9p and R20mm representing
intensity and frequency of precipitation extremes respec-
tively) showed that in the 2XCO2 case zonal mean of
both intensity and frequency of extremes was larger than
that in the 1XCO2 case all over the globe by around 5—
10% in 99.9p and 2-3 days in R20mm (Figure 7). In con-
trast, the Geo-Engg case had reduced zonal mean ex-
tremes (both 99.9p and R20mm) than that in the 1XCQO2
case. The reduction in extremes was prominent over the
southern tropical region (Figure 7). This large reduction
of extremes over tropical ocean in the Geo-Engg case can
be explained by a reduction in mean surface temperature
in that region. We simulated a cooling of about 0.5 K (in
surface mean temperature) in the Geo-Engg case over the
tropical ocean resulting in smaller precipitation means
and extremes in those regions. This tropical cooling in
the Geo-Engg case relative to the 1XCO2 case is a robust
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feature, as shown by several previous studies®®*>1743:45.46

In summary, we found that the CO, induced zonal mean
extremes (99.9p and R20mm) were nearly brought back
to pre-industrial climatic conditions by geoengineering,
except over the tropical oceanic region where there was
significant reduction.

Comparison of changes in precipitation means and
extremes

As the surface warms up in the 2XCO2 case relative to
the 1XCO2 case, both means and extremes change, but at
different rates?®**3". We used 99.9p to represent the ex-
tremes for comparison with means. In the 2XCO2 case,
we found that the extreme precipitation changed at a rate
which was almost twice that of change in mean precipita-
tion all over the globe, with an exception in the extra
tropical land region where the rates of change were simi-
lar for both means and extremes (Figure 8). While global
mean precipitation increased by 7.78% for a doubling of
CO,, the extremes increased by 17.7%. In the tropical
land we simulated maximum difference between change
in mean precipitation (5%) and extreme precipitation
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(20%) (Figure 8a). In contrast, though the magnitude of
changes was small, we again simulated vastly different
changes in means and extremes in the Geo-Engg case.
Tropical Ocean (TRO) showed the highest reduction in
means (4.8%) and extremes (8.9%) (Figure 8a). In the
2XCO02 case we simulated more increase in precipitation
extremes than the means over the whole of Asia, Africa
and Australia, with the largest difference between extreme
precipitation change (22.5%) and mean precipitation
change (3.5%) over the southeast Asian region (SEA). In
the Geo-Engg case, we simulated more reduction in mean
than the extremes over most land regions (Figure 8 b).
Over a few regions such as Mexico (CAM) in both
2XCO02 and Geo-Engg cases, means had reduced whereas
extremes increased. This may result in an increase in the
frequency of both droughts and floods in those regions.
Overall, we found that there are large regional disparities
in the geoengineering simulations (Figure 8 b).

Discussion and conclusion

Here, we have analysed the precipitation extremes in a
doubled CO, climate with (the Geo-Engg case) and without
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Figure 6. Same as in Figure 5, but for the change in frequency of precipitation extremes, represented using the three indices RImm (number of

wet days; top panels), R20mm (very heavy precipitation days; middle panels) and R50mm (extreme precipitation days; bottom panels; description

of the indices is given in Table 1).

geoengineering (the 2XCO2 case) and compared them
with the 1XCO2 case. Using a subset of precipitation
extreme indices available in EIA and also some new
indices appropriately defined for this study, we have
performed a comprehensive analysis of precipitation
extremes and discuss our results by segregating these into
intensity-based and frequency-based indices. These
indices were estimated at each grid point and averaged
over corresponding domains of interest for a comprehen-
sive analysis on a regional scale. Statistical analysis was
performed over a few selected large domains and 22
Giorgi land regions.

In the 2XCO2 case, we simulated an increase in global
mean precipitation of ~7.78%, and an increase in extreme
precipitation of ~ 17.7% relative to the 1XCO2 case.
Intensity of precipitation extremes (RX1day and RX5day)
increased by ~20% in the 2XCO2 case. In the Geo-Engg
case, the mean precipitation had slightly reduced relative
to the 1XCO2 case, although the mean surface tempera-
ture change was very small'®. In agreement with previous

CURRENT SCIENCE, VOL. 114, NO. 5, 10 MARCH 2018

studies, intensity of precipitation extremes in the Geo-
Engg case was brought close to the 1XCO2 case globally,
except over the tropical ocean where the extremes were
less than those in the 1XCO2 case. This reduction can be
explained by the residual cooling over tropical oceans
that occurs in geoengineered climate!®434¢,

We simulated an increase in the global mean number of
wet days (R1mm) by up to ~4.4 days in the 2XCO2 case
relative to the 1XCO2 case. Similarly, we simulated an
increase in the frequency of heavy (R20mm; ~20 days)
and extreme (R50mm; ~5 days) precipitation events in
the 2XCO2 case. In the Geo-Engg case, the increase in
the frequency of the heavy and extreme precipitation
events due to CO, doubling was nearly offset. We simu-
lated a decrease in the global mean number of wet days
(RImm) by ~3.6 days relative to the 1XCO2 case.
However, there are small residual changes simulated in
the regions near ITCZ. We also analysed the zonal means
of extremes (99.9p and R20mm) for both 2XCO2 and
Geo-Engg cases. We simulated an increase in the intensity
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tion (R20mm) for the 10-year analysis period (91-100 years period in simulations performed) calculated for the
control (1XCO2; blue), doubled CO, (2XCO2; red) and geoengineering (Geo-Engg; green) simulations. Grey bars
represent the range of extremes in ten 5-year segments of the last 50-year data of the control simulation (1XCO?2).

(~5-10% in 99.9p) and frequency (~2-3 days in R20mm)
all over the globe in the 2XCO2 case relative to
the 1XCO2 case. However, in the Geo-Engg case, there
was a net reduction in both intensity and frequency of
precipitation extremes relative to the 1XCO2 case. This
reduction was more prominent in the tropical region, as
there is a cooling of ~0.5 K simulated in the tropical
ocean.

It is known that means and extremes vary due to differ-
ent physical processes. While the mean precipitation is
dependent on moisture content and global atmospheric
circulation®”, the physical processes on which precipita-
tion extremes are dependent, are an interesting topic for
further in-depth study. Also, understanding the effects of
these changes in climate extremes on evapotranspiration
and vegetation on a regional scale could be important, but
that is beyond the scope of this study.

1032

There are several limitations to this study. Our simula-
tions are idealized equilibrium experiments designed to
demonstrate the effects of SRM geoengineering on
extremes. The model-simulated precipitation extremes
show some biases in the precipitation extremes over a
few regions. Our model lacks deep ocean feedbacks and a
dynamic sea-ice, and hence the ocean heat transport
changes due to CO, increase and geoengineering, and
the transient effects are not modelled realistically in our
simulations. Our results are based on a single model. The
robustness of our results can be assessed only if a similar
analysis is performed using multiple models. Several
previous studies performed such a multi-model analysis
for geoengineered climate using GeoMIPdata'*°. The
reduction in precipitation extremes (such as RX 5 day
precipitation amount) due to geoengineering relative to
the pre-industrial climate has been discussed in previous
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Figure 8.

Change in precipitation means and extremes (99.9p) over (a) large domains and (b) 22 Giorgi land regions in

the 2XCO2 (red bars) and Geo-Engg (green bars) simulations relative to the 1XCO2 simulation.

studies'”*, and our results are qualitatively in agreement

with these findings.

In this study, solar constant reduction was used to
mimic geoengineering. It is not clear whether other SRM
methods would show similar results. Several studies have
recently compared the mean climate states produced by
different SRM methods***" ', For example, Kalidindi
et al.*® showed that the mean tropospheric climate change
is similar for simulations with solar constant reductions
and with equivalent stratospheric aerosols. However,
none of these studies has compared extremes under dif-
ferent SRM schemes. In a study that focused on extreme
analysis for geoengineered climate, two SRM geoengi-
neering methods — marine cloud brightening and strato-
spheric sulphate injection were compared®?. It was shown
that stratospheric sulphate injection is effective in offset-
ting precipitation over land, whereas marine cloud bright-
ening is effective over ocean. Because these two SRM
geoengineering methods showed different extreme pre-
cipitation changes®* when compared to our results, we

CURRENT SCIENCE, VOL. 114, NO. 5, 10 MARCH 2018

suggest multi-model studies on the effects of various oth-
er SRM geoengineering methods.

In conclusion, geoengineering can potentially offset the
increase in both intensity and frequency of precipitation
extremes caused by CO,-induced climate change.
However, there are large residual changes in the mean
and extreme precipitation on a regional scale.
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