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Abstract

The idea of modifying cirrus clouds to directly counteract greenhouse gas warming has gained
momentum in recent years, despite disputes over its physical feasibility. Previous studies that analyzed
modifications of cirrus clouds by seeding of ice nucleating particles showed large uncertainties in both
cloud and surface climate responses, ranging from no effect or even a small warming to a globally
averaged cooling of about 2.5 °C. We use two general circulation models that showed very different
responses in previous studies, ECHAM6-HAM and CESM-CAMS5, to determine which radiative and
climatic responses to cirrus cloud seedingina 1.5 x CO, world are common and which are not. Seeding
reduces the net cirrus radiative effect for —1.8 W m™ > in CESM compared with only —0.8 W m ™ in
ECHAM. Accordingly, the surface temperature decrease is larger in CESM, counteracting about 70% of
the global mean temperature increase due to CO, and only 30% in ECHAM. While seeding impacts on
mean precipitation were addressed in past studies, we are the first to analyze extreme precipitation
responses to cirrus seeding. Seeding decreases the frequency of the most extreme precipitation globally.
However, the extreme precipitation events occur more frequently in the Sahel and Central America,
following the mean precipitation increase due to a northward shift of the Intertropical Convergence
Zone. In addition, we use a quadratic climate damage metric to evaluate the amount of CO,-induced
damage cirrus seeding can counteract. Seeding decreases the damage by about 50% in ECHAM, and by
85% in CESM over the 21 selected land regions. Climate damage due to CO, increase is significantly
reduced as a result of seeding in all of the considered land regions.

1. Introduction

The Paris agreement, signed by the United Nations
member states in 2015, aims to limit the anthropo-
genically driven global warming to well below 2 °C
warming with respect to preindustrial levels. Despite
the agreement, the gap between current anthropo-
genic greenhouse gas emission pathways and the 2 °C
climate goal continues to increase (IEA 2019). There-
fore, the time window to achieve the Paris goal by only
pursuing a rapid energy system transformation in
combination with negative emissions is rapidly closing
(Rogelj et al 2015). Moreover, the emission scenarios
compatible with Paris Agreement goals largely rely on

extensive use of biomass energy with carbon capture
and storage (Sanderson et al 2016), which was found to
be too ambitious (Vaughan and Gough 2016).

Yet, current political negotiations have not con-
sidered the deployment of some form of solar radia-
tion management (SRM) to help achieving the Paris
Agreement targets. Keith and MacMartin (2015) argue
that an SRM scenario which would offset only half of
the anthropogenic climate forcing can maximize the
benefits better than ones targeting a full recovery of
surface temperature, due to less dramatic changes in
hydrological cycle or ozone loss. A study by Tilmes
etal (2016) assessed the impact of a temporary applica-
tion of stratospheric sulfur injections in a delayed

© 2020 The Author(s). Published by IOP Publishing Ltd
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climate mitigation scenario. They assumed an RCP8.5
emission scenario pathway until the year 2040, when
the Earth has warmed by about 2 °C, after which the
emissions follow a decarbonisation pathway with
emissions peaking in 2050 and becoming negative in
year 2100. Following their emission scenario, strato-
spheric sulfur injections have to last for as long as 160
years, to limit some of the negative impacts of climate
change, in particular the occurrence of hot temper-
ature extremes.

Numerous studies showed that any form of SRM
significantly perturbs the climate system due to differ-
ences between longwave (LW) CO, forcing and
incoming shortwave (SW) radiative effects leading to
changes in the surface energy budget and precipitation
(Bala et al 2008, Robock et al 2008, Boucher et al 2013,
Kravitz et al 2014). A new geoengineering method has
been suggested recently, targeting mainly LW radia-
tion to better counteract the climatic impacts of a CO,
increase. Cirrus cloud seeding, first proposed by
Mitchell and Finnegan (2009), acts primarily on LW
radiation. Cirrus clouds generally form at altitudes
between 5 and 18 km at temperatures below the
homogeneous freezing temperature of water (approxi-
mately —38 °C) and are therefore composed of ice
crystals only. They have a net warming effect on cli-
mate as they reflect only little solar radiation while
they significantly modulate the LW radiation fluxes. A
decrease in cirrus cloud frequency obtained by seeding
with solid aerosols would therefore lead to larger out-
going LW radiation and a surface cooling (Lohmann
and Gasparini 2017).

The mechanism relies on the competition between
homogeneous nucleation and solid aerosol (also known
as ice nucleating particles, INPs) mediated hetero-
geneous freezing in cirrus clouds. When cirrus form by
homogeneous freezing of solution droplets (Ickes et al
2015), this leads to the formation of a large number of
small ice crystals. The introduction of a well defined
number concentration of effective INPs changes the
microphysical properties of cirrus clouds (Kércher and
Lohmann 2003, Storelvmo et al 2013). Ice crystals then
form by deposition nucleation on the surface of INPs,
allowing nucleation to occur at lower updraft velocities
or higher temperatures. This decreases the ambient
relative humidity with respect to ice (RH;.) and pre-
vents further homogeneous nucleation events leading
to a small number concentration of larger ice crystals,
which sediment faster, shorten the cirrus lifetime, and
make the cirrus clouds more transparent for radiation
(Lohmann and Gasparini 2017).

Studies using simulations of increased ice crystal
sedimentation velocity, which serve as an analog of cir-
rus cloud seeding with INPs, show that its fast, temper-
ature independent response leads to an enhancement of
the atmospheric water cycle (Kristjansson et al 2015,
Jackson et al 2016). Idealized seeding leads to enhanced
atmospheric cooling, and an increase in latent heat
fluxes and precipitation. Seeding therefore avoids the
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weakening of the hydrological cycle, thus counteracting
the effect of CO, in a better way than SRM-based
geoengineering studies. However, its impact on the pre-
cipitation extremes has not yet been studied.

The main aim of this study is to evaluate robust
and uncertain climate responses to cirrus seeding in
the ECHAM6-HAM and CESM-CAMS5 general circu-
lation models (GCMs) (also named ECHAM and
CESM in most of the text for brevity), which have been
shown previously to respond differently to the addi-
tion of artificial INPs. The study builds upon known
micro- and macrophysical changes in cirrus seeded
with INPs in the two GCMs and focuses on the
impacts of cirrus seeding on temperature and
precipitation.

2. Methods

2.1. Model and simulation setup

We use the ECHAM6 GCM (Stevens et al 2013)
coupled with the HAM?2 aerosol module (Zhang et al
2012, Neubauer et al 2014). The model has a resolution
of 1.875° x 1.875° with 31 vertical layers extending to
30 km altitude. ECHAM6-HAM uses a two moment
cloud scheme (Lohmann et al 2007) with a cirrus
microphysical scheme, which allows competition
between homogeneous and heterogeneous nucleation
and the deposition of water vapor on pre-existing ice
crystals (Karcher et al 2006, Kuebbeler et al 2014,
Gasparini and Lohmann 2016). Convection is para-
meterized by the mass-flux scheme of Tiedtke (1989)
with modifications for deep convection from Nordeng
(1994). The model has been previously evaluated with
satellite observations (Gasparini et al 2018) and was
used in several process-based studies that focused on
cirrus clouds and their responses to various forcings
(Kuebbeler et al 2012, 2014, Gasparini and Loh-
mann 2016, Gasparini ef al 2017). ECHAM6-HAM is
run in the mixed layer ocean setup, which explicitly
simulates the interactions between the atmosphere
and the surface layer of the ocean and sea ice, but
neglects possible responses of deep ocean currents.

We also use the NCAR Community Earth System
Model (CESM) version 1.2.2, which couples separate
model components for the atmosphere, ocean, land,
and sea ice (Hurrell et al 2013). We use the atmo-
spheric component Community Atmosphere Model
(CAM) version 5.3, run at a horizontal resolution of
1.9° latitude by 2.5° longitude with 30 vertical levels.
The standard configuration for CAM uses the Zhang-
McFarlane deep convection scheme (Zhang and
McFarlane 1995), with the dilute plume closure
assumption by Neale et al (2008). The shallow convec-
tion parameterization follows Park and Bretherton
(2009). The stratiform cloud scheme is handled by
two separate components: a macrophysics scheme
for grid-scale condensation and cloud fraction calcu-
lations (Park et al 2014) and a microphysics
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Table 1. Simulation terminology and their respective properties.

Simulation = CO, concentration seed

REF 353.9 ppm /

1.5CO, 530.9 ppm /

SEED 530.9 ppm 1INP1 " at night only
(ECHAM)

18 INPs1™* (CESM)

parameterization for sub-grid scale cloud processes
(Morrison and Gettelman 2008). However, for ice
nucleation in cirrus clouds, the parameterization
scheme by Barahona and Nenes (2009) was used. The
default ice cloud macrophysics scheme in CAM 5.3 is
the modified Slingo (1987) scheme as in Gettelman
et al (2008). The aerosol size distribution is described
by a 3-mode scheme described in Liu et al (2012). The
atmosphere is coupled to a Slab Ocean Model (SOM)
to include the thermodynamic effects of the ocean
mixed-layer. Its spatially varying depth is based on
observations of the annual-mean mixed-layer depth
(Kiehl et al 2006). The SOM treats the ocean as
motionless and perfectly mixed throughout its depth.

We perform three simulations with each model
(table 1): a reference simulation with present day CO,
concentrations (REF), a simulation with 1.5 X pre-
sent day CO, concentrations (1.5CO,), and a cirrus
geoengineering simulations for the 1.5 x CO, cli-
mate. The simulations are run for 80 years (ECHAM)
or 100 years (CESM), where we always consider only
the last 60 years of data with a monthly averaged out-
put frequency. The CESM simulation is longer due to a
longer equilibration time compared to ECHAM. The
seeding strategy in ECHAM follows the results of
Gasparini et al (2017): all cirrus clouds (clouds at tem-
peratures colder than —35 °C) are seeded with a con-
centration of 1 INP 17! using 50 um large seeding
nuclei only during night. Such setup does not only
decrease the amount of seeded material needed but
was also shown to increase the cooling efficacy and
decrease the convective precipitation responses (Gas-
parinietal 2017).

The CESM seeding strategy assumes a globally
uniform seeding of 18 INP 1" using 10 ;zm large seed-
ing nuclei as in the HOMHET_50% scenario in Stor-
elvmo and Herger (2014). CESM1 (unlike CESM2)
does not consider pre-existing ice crystals, primarily
because their existence has not been documented. The
differences in simulation of cirrus clouds and their
responses to seeding aerosol lead to a different choice
of seeding strategies between the two models. A
CESM-like seeding strategy would in ECHAM lead to
overseeding and a warming of climate, while seeding
with only 1 INP 1™ in CESM would lead only to a
minimal climatic cooling effect. We note that the total
mass of delivered particles is due to the cubic depend-
ence of mass on seeding aerosol radius about 3.5 times
larger in the ECHAM seeding scenario compared to
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the CESM one. We stress that the main purpose of this
study is not to understand the subtle differences in
microphysical modeling setups and underlying micro-
physical responses but to rather evaluate the climatic
responses of the modeled maximal cirrus seeding
effects in both models.

As the atmospheric models are coupled to a shal-
low mixed-layer ocean, it takes approximately 20
(ECHAM) to 40 (CESM) years to come into climatic
equilibrium. Thus we use only data from the last 60
simulated years. The CO, concentrations for the refer-
ence (present day) conditions are taken as 353.9 ppm
(1990 concentrations, Taylor et al 2012), while the
CO, concentrations in the 1.5 x CO, simulations are
530.9 ppm, roughly equivalent to the concentrations
in the last decades of the 21st century from the RCP4.5
scenario (van Vuuren et al 2011). Therefore, we can
compare our increased emission simulation result to
CMIP5 model output for years 2081-2100 (Collins
et al 2013). We use the double sided Student’s t-test at
the 95% significance level to test the robustness of our
results.

2.2. Damage function
We define a damage function with a quadratic depend-
ence on mean temperature and precipitation anoma-
lies normalised by their respective natural variability
(one standard deviation range of the present day
climate simulation) as

2 2
AT ) N Ap ' 0
T _stdev p_stdev

Damage = (

Studies assessing climate change impacts fre-
quently use quadratic damage functions (Keller et al
2004, Nordhaus 2008, Weitzman 2010, Nordhaus and
Sztorc 2013, Kravitz et al 2014) or some higher
order functional form (Goes et al 2011). However, the
precise functional shape does not considerably affect
the outcomes of our moderate climate change
scenario, when temperatures do not exceed 2 °C of
warming with respect to the reference simulation
(Weitzman 2010, Kopp et al 2012).

The function is nondimensional, and defined as
strictly positive (or equal to zero), where a higher value
means a larger damage with respect to the present day
climate. We use an arbitrary scale with no upper limit.
The calculated damage serves thus only as a tool to
compare the 1.5CO, simulation with the geoengi-
neered simulations.

To make our damage function more relevant for
the society, we consider only land gridboxes, which are
divided into 21 larger geographical units (Giorgi and
Francisco 2000), covering all continents except Ant-
arctica (table S2). The damage function input values
are area weighted means of temperature and precipita-
tion, separately shown in figures S4 and S5 are avail-
able at stacks.iop.org/ERL/15/054002/mmedia.
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Cirrus seeding effectiveness
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Figure 1. Cirrus cloud radiative effects (CRE) in reference simulations (a)—(b) and its anomaly as a response to seeding (c)—(d). Panels
(e)—(f) represent cirrus seeding effectiveness. Regions with absolute value of net cirrus CRE < 0.5 W m™ in the reference simulations

are hatched and not considered in the calculations of global mean values.

3. Results

3.1. Cirrus cloud radiative effects and radiative
responses to seeding

We define cirrus clouds as all clouds at temperatures
colder than —35 °C and compare the cloud radiative
effect (CRE) of all clouds formed at such conditions

(figures 1(a) and (b)). In both models the cirrus CRE
peaks in the tropics, particularly in the convectively
active Warm Pool region, and in the storm track
regions. CESM simulates a higher ice water content at
cirrus levels (figure S1), resulting in a more positive
net CRE (6.8Wm %) compared with ECHAM
(4.8 W m™?). Nevertheless, the radiative effects of both
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models lie within the range of the available satellite
observations of cirrus CRE (Hong et al 2016, Matus
and L’Ecuyer 2017).

The larger, more positive cirrus CRE alone,
implies a larger radiative impact of seeding in CESM
than in ECHAM, assuming the same effectiveness of
seeding strategies, which can be seen in figures 1(c),
(d). However, as shown by panels e and f, the models
do not only differ in the simulated unperturbed cirrus
and their CRE, but also in the seeding effectiveness,
defined as — 100*%
points out at a better cancellation of the (positive) cir-
rus CRE by seeding. The seeding effectiveness is larger
in most regions in CESM compared to ECHAM, with
globally averaged values of 27% and 18%, respectively.
In CESM a large fraction of extratropical cirrus are
dominated by homogeneous freezing and are there-
fore sensitive to the introduction of seeding aerosol.
Seeding aerosol decrease cirrus cloud frequency and
optical properties, leading to a globally averaged net
CRE anomaly of —1.8 Wm™? (figure 1(d)). In con-
trast, only a small fraction of cirrus simulated by the
ECHAM model forms by homogeneous freezing
(Gasparini and Lohmann 2016), limiting the overall
seeding effectiveness and the net seeding effect
to —0.8 Wm™? in the global average (figure 1(c)).
Interestingly, the seeding in ECHAM is most effective
over mountains and in parts of the tropics. The seed-
ing effectiveness in ECHAM is slightly larger in the
NH, while CESM has a 7% larger effectiveness in the
SH. The CESM model simulates a smaller dust burden
in the SH and consequently a higher proportion of
homogeneously formed cirrus clouds (Storelvmo and
Herger 2014). On the other hand, negative effective-
ness implies a more positive cirrus CRE due to cirrus
seeding, known as ‘overseeding’ (Storelvmo and
Herger 2014). Overseeding occurs particularly in areas
dominated by heterogeneous cirrus cloud formation
mechanisms, such as the Middle East and Northern
Africa in CESM (figure 1(f)), or Australia in ECHAM
(figure 1(e)). In summary, a larger reference (unper-
turbed) cirrus CRE and a higher seeding effectiveness
due to more homogeneously formed cirrus clouds
lead to a more than two times larger radiative response
to seeding in CESM compared to ECHAM (—1.8
versus —0.8 W m_z).

. Ahigher effectiveness

3.2. Climatic responses

3.2.1. Mean temperature responses

The 1.5 x CO, concentrations in ECHAM cause a
global average warming of 1.8 °C (figure 2(a)), which
falls in the middle of the likely range of the end-of-the-
century warming by the IPCC models that follow the
RCP4.5 emission scenario. CESM on the other hand
has a higher climate sensitivity (Tan et al 2016) which
results in a 2.0 °C global warming (figure 2(d)). The
mean temperature responses to a combination of
increased CO, concentration and seeding of cirrus
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clouds differ substantially between the two models
(figures 2(b) and (e)). In ECHAM seeding counteracts
about 0.6 °C of the global mean temperature increase
due to the CO,, resulting in a net global temperature
increase of 1.3 °C with respect to present day condi-
tions. Seeding is more effective in CESM, counter-
acting about 1.4 °C of the global meant temperature
increase due to CO,, leading to a warming of
only 0.6 °C.

Temperature responses to seeding are tightly con-
nected to CRE anomalies resulting from seeding
(figure 1) described in the previous subsection. The
temperature response is always stronger in the winter
hemisphere, where the scattering of SW radiation by
cirrus is minimal due to low insolation. Interestingly,
the effect of seeding in CESM is larger in the Southern
Hemisphere (SH) than in the Northern Hemisphere
(NH, figure 2(f)), while ECHAM shows the opposite
response (figure 2(c)). SH high latitude cirrus form
almost exclusively by homogeneous ice nucleation in
CESM (Storelvmo and Herger 2014), while ECHAM
preferentially forms homogeneous cirrus over moun-
tains, which are more frequent in the NH compared
with the SH (Gasparini and Lohmann 2016).

3.2.2. Mean precipitation responses

The globally averaged precipitation increase of 3.5%
(ECHAM) and 3.8% (CESM) in the 1.5CO, climate is
mainly driven by the slow, surface temperature
dependent response to the CO, concentration
increase. The rise in surface temperature increases
the amount of water vapor in the atmosphere,
enhances its radiative cooling and increases precipita-
tion (Bala et al 2010, Bony et al 2013, Pendergrass and
Hartmann 2014). Precipitation in both models
increases mainly in the tropics and high latitudes,
while many subtropical regions experience a drying
(figures 3(a), (d) and 4(a), (d)), consistent with studies
of precipitation responses to CO, forcing (Chou and
Neelin 2004, Held and Soden 2006).

SEED alone cannot compensate for the CO, dri-
ven precipitation responses—however, the global
average precipitation increase is about 40% weaker in
ECHAM and 20% weaker in CESM compared to the
respective 1.5CO, simulations (figures 3(b) and (e)).
Seeding has in absolute terms a smaller impact on pre-
cipitation in ECHAM compared to CESM. Interest-
ingly, the Intertropical Convergence Zone (ITCZ) in
the CESM SEED simulation shifts northwards
compared to both REF and 1.5CO, simulations
(figures 3(e), (f) and 5(b)), leading to a drier South
America and Maritime Continent, and at the same
time increasing precipitation in the Sahel and Central
America. The driver of the shift is the temperature
imbalance between the two hemispheres (figure 2(f)),
which pushes the ITCZ towards the warmer hemi-
sphere, as shown in previous work on anthropogenic
and volcanic aerosol emissions (Rotstayn and
Lohmann 2002, Haywood et al 2013). The drying of
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Figure 2. Temperature anomalies for 1.5CO,-REF (a)-(d), SEED-REF (b)—(e) and SEED-1.5CO2 (c)—(f). Gray shading is applied for
anomalies not significant at the 95% confidence level. The numbers below the plot represent averages over the whole Earth (mean),
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Figure 3. Same as figure 2 but for precipitation.
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the SH subtropics in CESM is centered over oceans,
limiting its potential impact on agriculture and
society. ECHAM, on the other hand, does not simulate
significant hemispheric precipitation shifts, as its
radiative and temperature responses between the two
hemispheres are more balanced (figures 2(b) and (c)).
We additionally compare normalized hydrological
responses of both models to a unit of warming by CO,
(figures 4(a) and (d)) and cooling by cirrus seeding
(figures 4(b) and (e)). The sign of the precipitation
anomalies and their regional pattern for both models
changes when comparing the warming with the
cooling case. Precipitation responses to seeding in
ECHAM are of similar magnitude but opposite sign
compared to the CO, warming case. Interestingly, in
CESM seeding leads to one third the change in globally

averaged precipitation compared to the CO, warming
simulation, which may be caused by either the direct
microphysical enhancement of precipitation due to
seeding or an increased convective activity due to seed-
ing. The zonally averaged extratropical precipitation
anomalies in CESM are, on the other hand, similar for
the warming and cooling case (figure 4(f)). In the tro-

pics, however, the signal is dominated by the north-
ward ITCZ shift.

3.2.3. Precipitation extremes

Seeding perturbations rapidly change cirrus cloud
properties, potentially leading to a direct microphysical
perturbation of precipitation. Moreover, a decreased
occurence of cirrus clouds leads to a decreased upper
tropospheric relative humidity and temperatures.
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than 1 mm h™") between SEED and 1.5CO, over land in CESM. Areas of significance at less than 90th percentile are shaded in gray.

(b) Zonally averaged extreme precipitation relative anomaly and the related physical quantities. (c) Precipitation frequency anomalies
over land with respect to the REF simulation with the respective standard deviation (shaded). (d) same as (c) but for the Sahel region only.
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The resulting increased upper tropospheric radiative
cooling implies a precipitation increase (Pendergrass
and Hartmann 2014), as observed in previous cirrus
seeding studies (Storelvmo and Herger 2014, Gasparini
et al 2017). However, as seeding cools surface temper-
atur, moisture decreases, decreasing both the mean and

the extreme precipitation (O’Gorman and Schneider
2009). It is therefore interesting to look at how extreme
precipitation events respond to seedingina 1.5 x CO,
climate. We define all precipitation events with
precipitation rates larger than 1 mmh™" as extreme
precipitation, sampled at every model timestep. We sort
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Figure 6. Mean annual temperature and precipitation anomalies normalized by their respective standard deviations. The lines connect
regions in unseeded (1.5CO,, circles) and seeded climate simulations (SEED, diamonds) to provide a qualitative impression of the
climatic shifts induced by seeding. Results of CESM model have a black marker edge, while the ECHAM ones have a red one.

the precipitation events in 29 predefined bins between
0.001 and 100mmh™'. Figure 5(a) shows relative
changes in the frequency of high precipitation events
over land between SEED and 1.5CO, simulations for

CESM model (defined as W), isolating
. 2

the seeding signal. In the global average, the frequency
of extreme precipitation decreases, particularly over the
SH and areas north of 35°N, as expected due to the
decreased atmospheric moisture content (figure 5(b)).
The SEED simulation shares a lot of the signal with the
1.5CO, simulation, which leads to a shift of precipita-
tion distribution to higher rates (figure 5(c)). Interest-
ingly, the effect of seeding alone leads to a narrowing of
the precipitation distribution, decreasing the frequency
of high precipitation events compared to 1.5CO,, and
increasing the frequency of moderate precipitation
events. The distributions shifts due to seeding result
from the interplay between the temperature-mediated
decrease in the intensity of the hydrological cycle on
one hand, and an increased convective precipitation
frequency due to enhanced atmospheric cooling on the
other hand (figure S2).

The precipitation extremes significantly increase
over central and Northern Africa and parts of the Mid-
dle East, Central America, and northernmost South
America. This increase is connected to the northward
shift of the ITCZ (figure 3(f)), and the associated increa-
ses in updraft velocities and mean precipitation
(figure 5(b)). Figure 5(d) shows changes in the pre-
cipitation distribution for the Sahel region (10°-20° N,
20°W—40°E), in which seeding increases precipitation
rates for precipitation rates of about 1 mmh™" by up to
1%. However, at the extreme tail of the distribution, for
precipitation rates beyond 2 mm h™, the frequency of
precipitation is similar or even slightly higher in the
1.5CO, simulation. We speculate that this is a response
to lower moisture availability in the colder SEED simu-
lation. Changes in moisture content were shown
to be the dominant driving mechanisms of extreme

precipitation events, increasing its relative importance
the higher the precipitation intensity (O’Gorman and
Schneider 2009, Sugiyama etal 2010).

The frequency of both convective and large-scale
precipitation extremes increases after an instanta-
neous seeding perturbation, when the surface tem-
peratures did not yet have time to adjust to the
resulting radiative imbalance (figure S2, years 1-2 of
the simulation). The origin of this increase could be
related both to a direct microphysical perturbation or
to a rapid adjustment to seeding leading to increased
atmospheric cooling. The two sources of rapid pre-
cipitation changes cannot be separated by the current
set of simulations. Consistently with figure 5(c), the
global land precipitation extremes in SEED show a
decrease for model years 40—100 compared to REF,
following a surface temperatures cooling of 1.4 °C.

3.2.4. Normalized temperature and precipitation
responses

Figure 6 shows a perspective on the relative size of the
annual mean precipitation and temperature anomalies
for the land regions in 4 selected latitudinal bands.
Temperature experiences a large positive shift of about
5-7 standard deviations with increased CO, concen-
trations. Interestingly, the normalized temperature
responses to both CO, and seeding do not show a
polar amplification pattern due to the large temper-
ature variability in the high latitudes compared with
the tropics. This is consistent with studies on the time
emergence of climate signals which first detect a
significant climate change signal in low latitude
regions (Mahlstein et al 2011, Hawkins and
Sutton 2012). The precipitation changes are less
pronounced and more uneven: NH high latitudes are
most sensitive to both CO, and seeding forcing with
increases of about 1.5 standard deviations in the
1.5CO,; simulation, compared with changes smaller
than 1 standard deviation in other regions. The NH
high latitudes also respond to seeding with the largest
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Figure 7. Climate change damage as defined by the equation (1) for ECHAM (a)-(b) and CESM (c)—(d). (a) and (c) show damages
from the 1.5CO; simulation, (b) and (d) for the SEED simulation. ‘Fraction’ stands for the ratio of SEED and 1.5CO, damages.

precipitation decreases of about 1 (CESM) or 0.5
(ECHAM) standard deviations. Interestingly, the seed-
ing in CESM leads to a small increase in precipitation
over tropical land, differently from responses of other
regions to seeding. This is related to the northward
shift of the ITCZ (figure 3(e)) and the tropical land
mass distribution, where a larger fraction of tropical
land lies north of the ITCZ. Those regions experience a
significant wetting that is driving the increase in mean
tropical precipitation. CESM SEED simulation brings
both temperature and precipitation in the selected
latitudinal bands close to the range of +2 standard
deviations from the present day climate, only within a
small distance in temperature space from the mean
climate goal (shaded area in figure 6). In ECHAM
SEED simulation the temperature deviations in these
land regions remain noticeably outside the mean
climate goal.

3.3.Damage avoided

In order to better evaluate the avoided warming and
precipitation increase by increased CO, and by cirrus
geoengineering, we assess the damages with respect to
the present day REF climate simulation with the help
of the quadratic damage function for the 21 global land
regions (Giorgi and Francisco 2000) similarly to what
Kravitz et al (2014) did for the SRM case. The annual
mean damages are the largest in the 1.5CO, simulation
(figure 7). Most of the damage is related to changes in
temperature: the regional precipitation anomalies are
small and fall within the natural variability, while
the surface temperature signal often emerges out of
the natural variability range (figures S4 and S5). The

damage by increased CO, concentrations is largest in
the Sahara, East Africa, and parts of South East Asia for
ECHAM. The damage is about 30% larger in the
CESM model due to its stronger temperature and
precipitation response to the CO, forcing. The most
affected regions are Equatorial Africa, South and
Central America.

SEED offsets about 50% of the annual average
damage compared with the 1.5CO, simulation in the
ECHAM model. The damage pattern remains similar
as in 1.5CO,, with Africa being most affected by chan-
ges in climate. However, as the seeding is most effec-
tive in high latitudes, the regions of Greenland,
Northern Asia, and Alaska are subject to considerably
smaller damage compared with the 1.5CO, simula-
tion. Seeding in the CESM model on the other hand
decreases climate damage to small values, showing
only residual temperature-related damage in several
tropical regions, as well as in northern North America
and Greenland.

4. Discussion and conclusions

We used a series of simulations of climate models
coupled to the surface ocean layer to evaluate the
responses to a cirrus seeding geoengineering strategy.
We injected efficient ice nucleating particles using the
climatically most effective known modeling strategy in
each of the two climate models used. The ECHAM and
CESM GCMs differ significantly in the modeled cirrus
clouds, their formation mechanisms, radiative effects,
and finally, also their responses to seeding (figures 1
and S1, Storelvmo and Herger 2014, Gasparini and
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Lohmann 2016, Gasparini et al 2017). Nevertheless,
the study shows several common climatic responses to
seeding in a high CO, climate:

+ Cirrus seeding in both models leads to a temper-
ature and precipitation decrease.

+ The precipitation decrease is a result of the slow,
temperature mediated, slowdown of the water cycle.
Contrary, both models have previously shown small
precipitation increases to fast responses to seeding
(e.g. Storelvmo and Herger 2014, Gasparini et al
2017).

+ Both models roughly agree on the precipitation
responses at the annual and regional level with
CESM showing a significantly larger hydrological
sensitivity compared to ECHAM both with respect
to seeding and CO, perturbations.

+ Climate damage due to a CO, increase is signifi-
cantly reduced as a result of seeding in all of the
considered land regions. In other words, there is no
region, which would experience a higher degree of
damage when seeding is applied compared with the
CO, increase only. Cirrus seeding therefore
decreases the level of global disparity caused by
climate change, which affects some regions more
than others.

Only a few studies have so far addressed the chan-
ges in climate extremes in geoengineering experiments
(Tilmes et al 2013, Curry et al 2014, Aswathy et al
2015), while none of them analyzed responses to cirrus
cloud seeding. Our study represents a first attempt to
study changes in precipitation extremes in cirrus seed-
ing simulations. Seeding was shown to reduce the fre-
quency of occurrence of high precipitation events at
the global level in CESM model. Nevertheless, some
NH subtropical regions experienced increases of
occurrence of all but the most extreme rain rates.
However, as our data is limited to results of the CESM
GCM only, results have to be taken with caution. The
analysis of mechanisms driving precipitation extreme
changes due to cirrus seeding has to be addressed in
future work with multimodel studies, including other
socially socially relevant metrics, for instance changes
in agricultural productivity (Xia et al 2014).

While the results of our seeding simulations are
consistent with previously published literature (Muri
et al 2014, Storelvmo et al 2014, Kristjansson et al
2015, Jackson et al 2016, Gasparini et al 2017, Gruber
et al 2019), care has to be taken when evaluating the
magnitude and regional patterns of the responses. Our
work points out a large discrepancy in temperature
response to seeding between the two models, which
can be traced back to the significantly different cirrus
cloud properties and formation mechanisms in the
present day climate (Storelvmo and Herger 2014,

P Letters

Gasparini and Lohmann 2016, Gasparini et al 2018).
This consequently leads to a different radiative effec-
tiveness of the simulated seeding strategies. The large
changes in simulated cirrus clouds call for a coordi-
nated modeling intercomparison study focusing on
cirrus cloud micro- and macrophysical properties,
formation mechanisms, lifecycle, and climatic
impacts. The spread in simulated cirrus properties is
not surprising, given the large uncertainties in space-
based retrievals of ice water content, ice crystal radius
and number (Duncan and Eriksson 2018, Sourdeval
et al 2018) and limited in situ measurements at cirrus
conditions, particularly at high latitudes.

Cirrus cloud seeding is one of the most recent
ideas of artificially modifying the planetary energy bal-
ance to counteract the human-caused global warming.
So far, it is still highly uncertain whether such a
scheme could effectively decrease the temperatures at
global scales. This study pointed out its uncertain cli-
matic responses, which depend on the details on the
complexity of simulated seeding method (seeding by
INPs or increasing ice crystal sedimentation velocity,
Gasparini et al 2017), the model used, the parametriza-
tion of ice nucleation in cirrus clouds (Penner et al
2015, Gasparini and Lohmann 2016), and the radius of
the seeded INPs (Gasparini et al 2017, Gruber et al
2019). At this stage we have no knowledge of the spe-
cific properties of the seeded particles, its injection
strategies, upper tropospheric diffusion and mixing or
impacts on mixed-phase clouds. Moreover, the engi-
neering side of the problem has never been addressed
in the scientific literature and it may be more challen-
ging than for example stratospheric sulfur injections.
It may well be that seeding can cool the planet only in
state-of-the-art, yet still imperfect, climate models.
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