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Abstract
Cloud geoengineering approaches aim to mitigate global warming by seeding aerosols into clouds
to change their radiative properties and ocurrence frequency. Ice-nucleating particles (INPs) can
enhance droplet freezing in clouds, reducing their water content. Until now, the potential of these
particles has been mainly studied for weather modification and cirrus cloud thinning. Here, using
a cloud-resolving model and a climate model we show that INPs could decrease the heat-trapping
effect of mixed-phase regime clouds over the polar oceans during winter, slowing down sea-ice
melting and partially offsetting the ice-albedo feedback. We refer to this concept as mixed-phase
regime cloud thinning (MCT). We estimate that MCT could offset about 25% of the expected
increase in polar sea-surface temperature due to the doubling of CO2. This is accompanied by an
annual increase in sea-ice surface area of 8% around the Arctic, and 14% around Antarctica.

1. Introduction

The global mean temperature is increasing as a result
of human activities. This leads to a decrease in sea-
ice cover, the melting of permafrost, and a decrease
in planetary albedo—all effects that further acceler-
ate warming (Lenton et al 2008, Stroeve et al 2012,
Turetsky et al 2019, Eayrs et al 2021). Geoengineering
aims atmitigating global warming by either removing
carbon dioxide from the atmosphere or by managing
Earth’s radiation budget. Managing the radiative bal-
ance of the planet could be done either directly—
by placing reflecting aerosols or surfaces between
the Sun and the Earth—or indirectly, by modify-
ing clouds (Vaughan and Lenton 2011, Caldeira et al
2013, Latham et al 2013, Lawrence et al 2018). How-
ever, compared to a strategy seeking carbon neut-
rality, geoengineering has been received with skep-
ticism, as it presents several disadvantages and risks
(Robock et al 2008).

On average, high-level cirrus (ice) clouds have a
warming effect by trapping heat that would other-
wise escape to space, while low-level liquid clouds

have a cooling effect by reflecting solar radiation.
Temperatures between 0 ◦C and −38◦C are referred
to as the mixed-phase regime, where cloud water
and ice can coexist. The corresponding mixed-phase
regime clouds (MPRCs) can be pure-ice, pure-liquid,
or mixed-phase clouds (MPCs), which contain both
ice crystals and cloud droplets. In MPRCs, the heat
trapping and solar reflection can compensate each
other, so that the cloud radiative effect (CRE; posit-
ive for downward fluxes) can be positive or negative
depending on the incoming solar radiation and the
ice-to-liquid partition inside the cloud (Matus and
L’Ecuyer 2017).

So far, two cloud-based geoengineering meth-
ods based on aerosol injections were proposed
as options to slow down global warming. Aer-
osols can lead to droplet formation (>−38◦C;
including supercooled droplets), droplet freez-
ing (between 0 ◦C and−38◦C), or ice nucleation
(<−38◦C). They can therefore affect the CRE
(Twomey 1974) and cloud lifetime (Albrecht 1989).
In marine cloud brightening, hygroscopic aerosols
that act as cloud condensation nuclei are injected
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into low-level warm clouds to increase the cloud
droplet number concentration, leading to smaller
droplets that reflect more solar radiation into space
(Latham 1990). In cirrus cloud thinning, injecting
ice-nucleating particles (INPs) in high-level cirrus
clouds forces early ice nucleation at lower supersatur-
ation and higher temperatures compared to unper-
turbed clouds. The resulting larger ice particles sed-
iment faster and reduce the cloud’s heat-trapping
efficiency (Mitchell and Finnegan 2009). So far, the
response of MPRCs to INP seeding was studied only
indirectly for sedimenting ice due to cloud cirrus
thinning (Gasparini et al 2017, Gruber et al 2019, Liu
and Shi 2021, Tully et al 2022) and for the impact of
shipping emissions (Christensen et al 2014, Possner
et al 2017). Moreover, marine cloud brightening is
not efficient during winter or over bright reflective
surfaces. However, the Arctic ice cap is melting even
more rapidly than projected (Senftleben et al 2020,
Shu et al 2020). Thus, we are interested in exploring
geoengineering concepts that can target the heat-
trapping efficiency of clouds at high latitudes.

On one hand,multiple lines of evidence show that
natural INPs such as mineral dust may enhance cloud
glaciation in the troposphere (Villanueva et al 2020,
2021a, 2021b). On the other hand, artificial INPs such
as silver iodide and dry ice have been used to trigger
droplet freezing in MPRCs in a method called glacio-
genic seeding (Schaefer 1946, Vonnegut and Chessin
1971, French et al 2018, Flossmann et al 2019). This
process is employed for weather modification pro-
jects seeking to intensify precipitation or prevent hail
formation (Dessens 1998, Qiu and Cressey 2008).
However, the impact of glaciogenic seeding on pre-
cipitation is still a matter of open debate (Hobbs et al
1981, Kerr 1982, Miao and Geerts 2013, Tessendorf
et al 2019).

After a few cloud droplets freeze, the res-
ulting ice particles grow quickly due to the
Wegener–Bergeron–Findeisen process (Heymsfield
et al 2011, Findeisen et al 2015) and scatter less solar
radiation compared to cloud droplets. These large
ice particles fall faster than droplets, forming ice vir-
gae or precipitation, which depletes the total water
content (TWC) of the cloud. This cloud depletion
results in a weaker cloud’s heat-trapping, but also
a weaker solar reflectivity. Thus, we are interested
in identifying MPRCs with a net positive radiative
effect dominated by heat-trapping, for which glacio-
genic seeding could produce a net cooling effect. We
refer to this geoengineering concept as mixed-phase
regime cloud thinning (MCT).

2. Methods

2.1. Satellite data
For evaluating our climate model, we use a bench-
mark for the CRE of MPRCs obtained from

combining two A-Train products analogous to
Villanueva et al (2021a) for the period 2007–2009.
The cloud cover (CC) and cloud top temperature are
based on the liDAR-raDAR (DARDAR-MASK v2.0)
product (Delanoë and Hogan 2010, Ceccaldi et al
2013). The dataset is collocated with the fifth release
(R05) 2B-FLXHR-LIDAR algorithm (Matus and
L’Ecuyer 2017) that uses retrieved cloud properties
from CloudSat, CALIPSO, and MODIS to estimate
the CRE. However, our analysis relates column CRE
estimations directly to the cloud top temperature (in
bins of 3◦C) with no differentiation of multi-layer
or convective clouds. Both products are regridded
to the same horizontal resolution as ECHAM-HAM
(1.875◦ × 1.875◦) between 82.5◦ N/S.

2.2. Cloud-resolving simulations
As a first evaluation of the MCT concept, we car-
ried out glaciogenic seeding experiments in cloud-
resolving simulations of anArctic stratocumulus deck
during a cold air outbreak. We performed these
large eddy simulations (group ‘LES’) with the ideal-
ized ICOsahedral Nonhydrostatic (ICON) model
(Zängl et al 2014, Dipankar et al 2015) configured to
reproduce observations during theMixed-Phase Arc-
tic Cloud Experiment (Verlinde et al 2007, Possner
et al 2017). Except for the reference simulation, a frac-
tion of the cloud droplets between 0.01% and 1% is
forced to freeze per hour.

2.3. Climate simulations
To simulate the potential climate effect of MCT,
we use the ECHAM-HAM climate model (Lohmann
2002, Neubauer et al 2019, Tegen et al 2019). The
model includes Predicted Particle Property (P3)
microphysics and a satellite simulator for cloud-phase
observations (Bodas-Salcedo et al 2011, Morrison
and Milbrandt 2015, Dietlicher et al 2018). ECHAM-
HAM uses the PSrad radiation scheme (Pincus and
Stevens 2013) and the RRTMG (Rapid Radiative
Transfer Model for Global climate models) consid-
ering 16 shortwave bands (200 nm to 12µm) and
14 longwave bands (3µm to 1mm). In the model,
convective and stratiform precipitations are calcu-
lated separately. In ECHAM-HAM, our proxy for
natural dust INPs reaches a 100% frozen fraction at
about −27.5◦C (‘NS10K’ simulation in Villanueva
et al 2021b). At warmer temperatures, the fraction of
dust-containing droplets that freeze decreases expo-
nentially at a rate of four orders of magnitude per
10◦C (Niemand et al 2012).

In this study, for temperatures warmer
than−38◦C, only immersion freezing is considered,
as contact freezing (neglected in this study) is believed
to be of secondary importance. We use an immersion
freezing scheme derived from cloud chamber exper-
iments (NS; e.g. Connolly et al 2009, Niemand et al
2012, Ickes et al 2017, Huang et al 2018). In this
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Table 1. Summary of all simulations performed for this study, divided in four groups including N simulations each.

Model (GROUP) Perturbation Magnitude N Duration

ICON (LES) Freezing rate [% h−1] 0, 10−2, 10−1, 1 4 1 d
ECHAM (FRZ) Freezing rate [% h−1] 10−4–103 8 2 years
ECHAM (INP) INP concentration [L−1] 100–109 10 2 years
ECHAM (MLO) Freezing rate [% h−1] 0 and 1 2 25 years

scheme, the fraction of frozen droplets FF increase
with the INP surface area Aj and with the active sur-
face site density ns, which depends on temperature
(T) and the INP characteristics NA and NB, with:

FF= 1− e−Aj·ns(T), (1)

ns(T) = e−NA·(T−NB) [m−2]. (2)

Empirically, we set the temperature dependence
(NA = 1◦C−1) and temperature offset (NB =+5◦C)
as proposed in Villanueva et al (2021b).

In our reference simulation (here called ‘REF’
simulation), ECHAM-HAM is configured to recre-
ate the variability in cloud glaciation due to dust-
aerosol, as observed from space (‘NS-Tuned’ simu-
lation described in Villanueva et al 2021b). In the
first group of sensitivity simulations (group ‘FRZ’),
cloud droplets in the mixed-phase regime are forced
to freeze with an additional rate between 10−4% and
103% per hour. For rates higher than 102%h−1 all
droplets (but nomore) freezewithin less than an hour
(e.g. after only 6min for 103%per hour). The number
of frozen droplets is updated at each model timestep
(7.5min). This perturbation neglects the temperat-
ure dependence of droplet freezing; however, it allows
the assessment of all temperature levels at the same
time, which would otherwise require several scen-
arios with varying INP activation temperature, and
it is easier to replicate. The simulation with a freez-
ing rate of 1%h−1 is chosen as the optimal-seeding
and called simply ‘SEED’. In a second group of sens-
itivity simulations (group ‘INP’), instead of enhan-
cing droplet freezing homogeneously over all temper-
atures, the concentration of natural dust INP number
is enhanced by 100 l−1 to 109 l−1 for the droplet freez-
ing calculation, producing a droplet freezing rate that
decreases exponentially with increasing temperature.
Only the INP concentration in the immersionmode is
perturbed, so that ice nucleation in the cirrus regime
at temperatures colder than−38◦C is unaffected.

In the ‘INP’ and ‘FRZ’ groups, the sensitivity
simulations run for the period 2000–2001 and are
nudged to observedmeteorological conditions. In the
third group of simulations (group ‘MLO’), to study
the effect of MCT on sea-ice at equilibrium condi-
tions, the simulations REF and SEED are coupled
to a mixed-layer ocean model with interactive sea

surface temperature and run for 25 years (2001–2025)
after a 25 year long spin-up time. A summary of
the simulations used in this study can be found in
table 1.

2.4. Analysis of cloud-resolving and climate
simulations
For the cloud-resolving simulations ICON-LES, we
analyzed how the reference cloudy region responds
to glaciogenic seeding. Because the cloud deck filled
the entire simulated region, we took the spatial aver-
age over the whole domain. This cloud deck remained
stable after the first hour of simulation. Hence, we
took the time average between hour 1 and hour 18
after the start of the simulation and the vertical aver-
age between 1150m and 1900m altitude, as this is
where the reference cloud deck occurs. We excluded
other vertical levels from the analysis, as no new cloud
formation is observed outside the original cloudy
layer.

The simulated CRE is calculated as the difference
between the total and the clear-sky net radiative flux
at the top of the atmosphere. The clear-sky compon-
ent is derived during the simulations by recalculating
the radiation transfer and ignoring the contribution
of clouds. For the climate simulations with ECHAM-
HAM, we use histograms of CRE and cloud top tem-
perature at each model time step to study the radi-
ative effect of MPRCs and how it may change due to
MCT. These histograms are then averaged monthly
for the analysis. In the case of multi-layer clouds,
the cloud top temperature of the top-most cloud is
considered—analogous to the satellite data.

CREall-sky, which we refer to as CRE in this study,
depends on the CC:

CREall−sky = CREcloudy ×CC. (3)

Here, CREcloudy corresponds to the CRE in cloudy
conditions. To understand the change in the radiat-
ive effect of MPRCs, we separate the component of
CREall-sky:

∆CREall−sky ∼ CC×∆CREcloudy +∆CC×CREcloudy.
(4)

The first term on the right-hand side of
equation (4) represents the change dependent on
CREcloudy and the second term the change dependent
on CC (Chen et al 2014, Neubauer et al 2017).
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For the 2 years nudged simulations, we assess the
variability of the changes in CRE by using the regional
standard deviation between horizontally adjacent
gridboxes (Eight 1.875◦ × 1.875◦ gridboxes for each
15◦ longitude). For the 25 years mixed-layer ocean
simulations, we assess the uncertainty of the changes
in precipitation, surface temperature, and sea-ice by
calculating the signal-to-noise ratio (SNR) as:

SNR=
µ

σ
, (5)

where µ is the average change and σ is the stand-
ard deviation of the change between the 5 year run-
ning means (21 data points for the 25 year sim-
ulations). We discard changes with a SNR below
one as not meaningful. A detailed extension of the
methods above can be found in the supporting
information.

3. Results

3.1. The heat-trapping effect of polar-marine liquid
MPRCs
MPRCs aremost frequent at high latitudes, polewards
of 60◦ N/S (Zhang et al 2018). Figure 1 shows an eval-
uation of their radiative effect simulated with our cli-
mate model against satellite observations. The model
is able to correctly represent the seasonal cycle of the
CRE, mostly within one standard deviation of the
observations. However, the warming effect of MPRCs
is slightly underestimated during boreal winter and
slightly overestimated during austral winter. For gla-
ciogenic seeding, we consider months for which the
average radiative effect of MPRCs is positive. This
corresponds to the months November to February
in the Northern Hemisphere and May to August in
the Southern Hemisphere (referred from now on as
winter for simplicity).

We focus on liquid-containing MPRCs, as only
these are susceptible to droplet freezing. In our
climate model, most liquid-containing MPRCs
are pure-liquid, as only few clouds have a stable
mixed-phase (Dietlicher et al 2019). For latitudes
polewards of 45◦ N/S, liquid-containing MPRCs
dominate over pure-ice clouds for temperatures
warmer than−20◦C in the Northern- and warmer
than−33◦C in the Southern Hemisphere, respect-
ively. Figure 2 shows how the radiative effect of win-
tertime liquid-containing MPRCs varies between sea
and land for different cloud top temperatures. Over
land in the NorthernHemisphere, wintertime surface
cooling reduces the difference between the temperat-
ure at the Earth’s surface and the temperature at the
top of MPRCs, which weakens their heat-trapping
effect. Moreover, mineral dust particles acting as nat-
ural INPs emitted on land already increase the droplet
freezing rate, reducing the impact of additional arti-
ficial INPs. As a result, winter MPRCs over land have

a very low warming effect at high latitudes (60–90◦

N; 0.7± 0.4Wm−2) and a cooling effect at mid-
latitudes (45–60◦ N; −2.2± 0.9Wm−2). Therefore,
we consider only marine clouds as potential targets
for glaciogenic seeding.

Duringwinter, the column radiative effect ofmar-
ine liquid-containing MPRCs at high latitudes (60–
90◦ N/S; 4.5± 0.7Wm−2) is higher compared tomid
latitudes (45–60◦ N/S; 0.7± 0.7Wm−2). Moreover,
between 45–60◦ N/S, some winter liquid-containing
MPRCs with tops warmer than −10◦C have a net
cooling effect. Thus, we target only marine clouds at
latitudes polewards of 60◦ N/S.

3.2. Case study: glaciogenic seeding on an arctic
MPRC
With our cloud-resolvingmodel, we simulate a super-
cooled stratocumulus deck with an average cloud top
temperature of −15◦C and how it responds to arti-
ficial droplet freezing. Without perturbations, as the
supercooled droplets freeze and the formed ice crys-
tals grow, they fall down producing a total accumu-
lated surface precipitation of 0.44mm within 18 h.
Table 2 shows how the simulated cloud deck devel-
ops for different artificial droplet freezing rates. For
an artificial droplet freezing rate of 0.01%h−1, the
TWC of the cloud deck is reduced by 21%, which
weakens its solar radiative effect from −24Wm−2

to −22Wm−2. A higher artificial freezing rate of
0.1%h−1 reduces the original cloud water by 88%
and increases the accumulated precipitation by 57%.
As a result, much of the cloud liquid is depleted,
and a considerable mass fraction of the remain-
ing cloud (41%) is composed of ice particles. In
addition, the terrestrial radiative effect of the cloud
decreases by 18Wm−2, while its solar radiative effect
weakens merely by 10Wm−2. For a freezing rate of
1%h−1 almost all cloud water (i.e. 95%) is depleted.
Even though the cloud still covers 22% of the sim-
ulated region, its terrestrial radiative effect decreases
to only 3Wm−2, resulting in a net cooling effect
of 33Wm−2 compared to the reference without
seeding.

3.3. Glaciogenic seeding on polar-marine MPRCs
during winter
Figure 3(a) shows the change in the total CRE
over oceans for different artificial freezing rates
in MPRCs compared to the reference simulation
without perturbations. This also includes the indirect
response ofwarmand cirrus clouds (outside the range
between−38 ◦C and 0 ◦C) to changes in the droplet
freezing of MPRCs (e.g. through changes in humid-
ity and atmospheric stability). For artificial freezing
rates between 10−4%h−1 and 1%h−1, the resulting
cooling increases logarithmically. The cooling max-
imizes at 1%h−1 and decreases for rates higher than
100%h−1 (i.e. all droplets freeze within less than an
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Figure 1. Simulated (‘REF’ simulation with ECHAM-HAM; 2000–2001) and observed (2B-FLXHR-LIDAR) cloud radiative effect
(CRE) of MPRCs at high latitudes over the Northern Hemisphere and Southern Hemisphere. The shaded areas corresponds to the
standard deviation between the daily averages of the 4 year observation period.

Figure 2. Simulated cloud radiative effect (CRE) of liquid-containing MPRCs during winter over the Northern Hemisphere and
Southern Hemisphere for different latitude bands (‘REF’ simulation with ECHAM-HAM; 2000–2001). The radiative effect is
normalized by the width of the intervals of cloud top temperature [◦C]. The column-integrated cloud radiative effect given in the
legend corresponds to the weighted sum over the entire range of cloud top temperatures. Pure-ice clouds are excluded, but
pure-supercooled liquid clouds are included. The shaded area corresponds to the zonal standard deviation of neighboring
gridboxes within 15◦ intervals.

hour) likely due to additional droplet freezing pre-
venting the growth of ice crystals and their sediment-
ation. Therefore, we choose a freezing rate of 1%h−1

as our optimal-seeding (SEED) simulation.

For the Arctic Ocean, we consider the region
between 60◦ N–90◦ N (60◦ N–75◦ N for figure 3) and
between 30◦ W–90◦ E. For the Southern Ocean, we
consider the whole latitude band between 60–75◦ S.
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Table 2. Results of cloud-resolving simulations (group LES) for an Arctic stratocumulus deck with an average cloud top at−15◦C. In
the simulations, an additional fraction of the cloud droplets between 0.01% and 1% is forced to freeze per hour. TWC: total water
content; LW CRE: longwave (terrestrial) cloud radiative effect; CC: cloud cover; SW CRE: shortwave (solar) cloud radiative effect.

Freezing
rate
%h−1

TWC
g kg−1

Precipitation
accumulated

mm
SW CRE
Wm−2

LW CRE
Wm−2

Supercooled
fraction %

CC
%

0 (ref) 0.170 0.44 −24 57 99 99
0.01 0.135 0.45 −22 57 87 99
0.1 0.038 0.69 −12 39 59 96
1 0.009 0.73 −3 3 35 22

Figure 3. Change in the total cloud radiative effect (CRE) (also including warm and cirrus clouds) during winter over the
Southern and Arctic Ocean between 60–75◦ N/S for (a) an enhancement in the droplet freezing rate (group FRZ), and
(b) constant seeding concentrations of natural dust INPs (group INP). The perturbation is limited to MPRCs and simulated with
ECHAM-HAM (2000–2001). The shaded area corresponds to the zonal standard deviation of neighboring gridboxes within 15◦

intervals.

These regions capture most of the sea-ice-free area
over ocean during winter. For the latitudes between
60–75◦ N/S, the induced cooling over the Southern
Ocean is stronger than over the Arctic Ocean. This
is because the Artic Ocean is affected by long-range
transport of desert dust INPs (Shi et al 2022), which
results in less frequent liquid-dominated clouds

susceptible to droplet freezing (Villanueva et al
2021a).

For seeding scenarios with a single INP type,
the droplet freezing rate decreases exponentially with
increasing temperature, resulting in freezing rates too
high at low temperatures and too low at high tem-
peratures compared to SEED. Figure 3(b) shows the

6
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Figure 4. Change in the cloud radiative effect (CRE) for mixed-phase clouds between 60–75◦ S (Southern Ocean) simulated with
ECHAM-HAM (2000–2001) during winter and normalized by the range of the temperature intervals. The profiles correspond to
the simulation with artificial droplet freezing rate (1%h−1; ‘SEED’), or with constant seeding concentrations of natural dust INPs
(101 l−1, 103 l−1, and 105 l−1). The change is separated into (a) total change, (b) changes in cloud cover (CC), and (c) changes in
CREcloudy. The column-integrated change in cloud radiative effect∆CRE shown in parentheses on the legend corresponds to the
weighted sum over the entire cloud temperature range. The shaded area corresponds to the zonal standard deviation of
neighboring gridboxes within 15◦ intervals. The horizontal pink line shows the temperature below which 100% of natural dust is
active as INP (−27.5 ◦C).

change in the total CRE over oceans for different
seeding concentrations of natural dust INP, includ-
ing warm and cirrus clouds. The cooling increases
logarithmically for increasing concentrations and
maximizes at 107 l−1. Compared to the SEED sim-
ulation, concentrations of 107 l−1 lead to only 85%
and 78% of the cooling over the Southern Ocean
and Arctic Ocean, respectively. Over the Southern
Ocean, the average dust concentrations vary around
101 l−1 (Maloney et al 2022). In the Northern Hemi-
sphere, dust concentrations vary from about 103 l−1

during non-dusty conditions over the Arctic Ocean
(Kupiszewski et al 2013,Dagsson-Waldhauserova et al
2019) to 105 l−1 for dust-dominated conditions such
as inside the Saharan Air Layer over the subtrop-
ical Atlantic (Renard et al 2018). Concentrations of

107 l−1 are unprecedented in the atmosphere and
should therefore not be considered.

Figure 4(a) shows the change in the radiat-
ive effect of marine MPRCs between 60–75◦S for
the SEED simulation, and for simulations with
enhanced concentrations of natural dust. Figures 4(b)
and (c) show the change in CRE attributed to
changes in CC and CREcloudy, respectively. For arti-
ficially enhanced concentrations of fine natural dust
(103 l−1 and 105 l−1), the cooling effect over the
Southern Ocean (60–75◦ S) is lower (43% and 80%
of the effect in SEED, respectively; figure 4(a). This
is caused by a weaker cooling effect due to MCT
for clouds with cloud tops warmer than −30◦C
and −18◦C for natural dust seeding of 103 and
105 l−1, respectively, when compared to SEED. Over

7
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the Arctic Ocean, the cooling effect is even lower
compared to SEED (16% and 50%, respectively; not
shown), because the few liquid-dominated clouds
that persist occur at warmer temperatures, where nat-
ural dust INPs are less efficient. These clouds are
nevertheless susceptible to droplet freezing in the
SEED simulation, where the freezing rate is constant
for all temperatures.

To better understand MCT, we analyze the con-
tributions of CC and CREcloudy to the change in the
CRE (equation (4)). On one hand, the increased sed-
imentation of ice particles decreases the fractional
cover of MPRCs. However, as ice particles sediment
below the cloud layer they sublimate and release
water vapor, increasing the humidity and CC at
lower levels. In contrast, we discard a strong seeder-
feeder effect when ice particles reach a second cloud
(feeder) below the original cloud (seeder), as this
would likely enhance cloud depletion producing a
lower CC at temperatures warmer than −10◦C. For
austral marine clouds, in the SEED simulation the
change in the CRE due to changes in CC is positive for
cloud tops warmer than −10◦C (figure 4(b)), likely
due to sublimating ice virgae. Thus, for increasing
seeding concentrations of natural dust INPs—where
droplet freezing decreases at warmer temperatures—
the increase in the CRE due to a higher CC occurs at
increasingly warmer temperatures (see seeding sim-
ulations with dust concentrations of 101 l−1, 103 l−1,
and 105 l−1 in figure 4(b).

On the other hand, the reduction in the cloud
water content in MPRCs reduces their CREcloudy. The
change in the CRE due to reductions in CREcloudy is
proportional to the average radiative effect ofMPRCs,
with the strongest cooling at −18◦C in the SEED
simulation (figure 4(c)). For marine MPRCs between
60–75◦ S, the column-integrated change in the CRE
due to the reduction in CREcloudy is about twice as
strong compared to the radiative change associated to
changes in CC.

In our simulations, the artificial seeding was
only considered for droplet freezing calculations.
However, concentrations of 105 l−1 would pro-
duce a considerable direct radiative effect through
the absorption of terrestrial radiation by aerosols
(Dufresne et al 2002). More efficient INPs—such as
silver iodide—would activate at warmer temperatures
and require at least four orders of magnitude lower
number of seeded particles (Marcolli et al 2016). In
addition, concentrations below 103 l−1 would pro-
duce a suboptimal cooling effect even if all seeded
INP are active, as the droplet freezing rate will still
be limited by the aerosol number concentration (see
figure 4(a) for temperatures below −27.5◦C). Thus,
our results suggest that seeding concentrations of
very efficient INPs such as silver iodide at 103 l−1

could both maximize the cooling effect of MCT and

minimize undesired aerosol effects. However, com-
pared to dust INPs, even less is known about the effect
of artificial aerosol such as silver iodide in the real
atmosphere.

3.4. Cooling over the polar oceans, sea-ice
enhancement, and impacts on the water cycle
Figure 5 shows the main climatological changes due
to MCT for the SEED simulation. The annual mean
surface temperature decreases by −1.03± 0.57◦C
over the Arctic Ocean (figure 5(a)) and by −0.63±
0.33◦C over the Southern Ocean (figure 5(b)). Thus,
over these marine regions, the magnitude of the cool-
ing could offset 25% of the expected warming pro-
duced by CO2 doubling (Neubauer et al 2019).

MCT increases the winter sea-ice cover, especially
around Antarctica. Over the studied Arctic Ocean
region, the annual mean sea-ice surface area increases
by 8%, increasing by 32% during boreal winter and
decreasing by −39% during boreal summer (see
figure 5(c)). This rebound effect is likely due to an
increased poleward heat transport resulting from the
cooling at the surface. In the Southern Ocean, the
annual mean sea-ice surface area increases by 14%,
increasing by 36% during austral winter and decreas-
ing by −55% during austral summer (figure 5(d)).
Because of the larger area covered by the Southern
Ocean, the absolute increase in sea-ice surface area is
four times as large compared to the increase in the
entire Northern Hemisphere.

MCT changes the water balance in the atmo-
sphere, especially regarding the cloud water path and
convective precipitation. During austral winter, the
cloud water path in the SEED simulation decreases by
−13% and the CC decreases by −4%. In the SEED
simulation, the total annual precipitation decreases
by −3% (figure 5(e)). The convective component of
the precipitation decreases by −14% and the strati-
form component decreases by−2% (not shown). The
decrease in convective precipitation is likely related to
the increase in thermal stability as a result of the cool-
ing near the Earth’s surface. This is accompanied by
a−20% decrease in themaximum convective updraft
speed. Other than expected, in the SEED simulation,
glaciogenic seeding does not enhance precipitation
(figure 5(e)), likely because the artificially formed ice
crystals are generally too small to reach the ground.
Moreover, in a cooler climate the hydrological cycle
slows down, reducing the average precipitation.

4. Discussion

We find that—with the right timing and dosage—
MCT has the potential to cool the surface over the
Arctic and Southern Oceans. This cooling aids the
recovery and persistence of the polar sea-ice during
winter.
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Figure 5. Yearly averaged change in precipitation, surface temperature, and sea-ice cover after optimal-seeding (SEED simulation)
in ECHAM-HAM during 2001–2025 including a mixed-layer ocean model (group MLO). The regions considered for each polar
ocean are marked by the green contours. The stippling denotes data with signal-to-noise ratios higher than one. The numbers
below each plot correspond to the average within the green contours and the standard deviation among the 5 year running means.

By studying the number and altitude of cloud
droplets that freeze due to MCT, we can estimate
how many aerosols would have to be injected and at
which height. In the SEED simulation, assuming fine
INPs of 0.1µmdiameter, the total number of droplets
artificially frozen globally suggest a required aerosol
injected mass of 0.15 Tg per year. Over the Southern
Ocean, droplets freeze artificially at an average tem-
perature of−10◦C at about 1.4 km above the surface.
Over the Arctic Ocean, they freeze at an average tem-
perature of −17◦C at about 1.9 km altitude. These
heights are easily within the reach of currently avail-
able unmanned aircrafts (Axisa and DeFelice 2016).

Next to stratospheric aerosol injection, mar-
ine cloud brightening, and cirrus cloud thinning,

MCT offers a new alternative climate intervention
method. To compare MCT with these geoengineer-
ing concepts, we first assess its strengths and related
opportunities followed by its weaknesses and associ-
ated threats.

4.1. Strengths and opportunities
Similar to cirrus thinning, MCT is efficient during
polar winter, when stratospheric aerosols and cloud
brightening are not. For cirrus thinning, too many
INPs may cause an overseeding effect that increases
the warming effect of cirrus clouds (Gasparini and
Lohmann 2016), but for MCT we found no over-
seeding risk associated with too high droplet freezing
rates. In terms of its applicability, MCTwould require

9
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a lower injection height compared to cirrus thinning
and stratospheric injections. Additionally, the aero-
sol injected for MCT would have a lower lifetime
compared to stratospheric aerosols, as INPs would
be deposited through ice sedimentation, allowing a
quicker emergency shut-down. While stratospheric
injections and cloud brightening propose a perturb-
ation much larger than the natural effect of strato-
spheric sulfate (Andersson et al 2015) and of marine
aerosols (Christensen et al 2016), the perturbation in
MCT is closer to the natural effect of natural dust (Shi
and Liu 2019, Villanueva et al 2021b), which simpli-
fies its extrapolation from our current climate state.

4.2. Weaknesses and threats
MPRCs are less understood compared to cirrus or
warm clouds, so that their response to perturba-
tions are associated with a lower confidence. Immer-
sion freezing is believed to dominate over contact
freezing and was therefore neglected in this study.
However, contact freezing could increase the MPC
cooling effect observed for the constant seeding sim-
ulations, especially for MPRCs with warm cloud
tops. Compared to other concepts, MCT has a much
smaller target area, limited to high-latitude marine
regions duringwinter. In terms of seedingmagnitude,
cloud brightening and stratospheric injections are
also more scalable than MCT (Zhao et al 2021). In
terms of its risks, the impact of MCT on the hydro-
logical cycle and precipitation remains to be assessed
with more confidence, as well as its impact on the
ecosystem. Still, the main weakness of MCT remains
the rebound effect of sea-ice during summer. How-
ever, complementingMCTwith sea-ice enhancement
strategies could extend the lifetime of sea-ice into
the summer (Field et al 2018), making the concept
feasible.

5. Conclusions

If society does not achieve net-zero greenhouse gas
emissions in time to avoid global warming bey-
ond manageable levels, climate intervention concepts
might be the last resort to alleviate part of the climate
damage caused by increasing greenhouse gases. Until
then, cutting emissions remains the preferred strategy
due to its limited risks (Robock et al 2008). Moreover,
MCTmay help mitigate the temperature rise over the
poles due to melting sea-ice, which cannot be solved
by carbon neutrality alone. Thus, the main potential
of MCT is that it could avoid further decrease in sea-
ice during warmer winters.
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